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Monday 29 July

08:00–18:00 Registration 
Halls 1 and 2

08:45–09:00 Opening Ceremony  
Clyde Auditorium        

Plenary Session 1
Clyde Auditorium          

09:00 Nuclear Forces from Lattice QCD  
Tetsuo Hatsuda, RIKEN iTHEMS, Japan

09:30 Physics opportunities with reactions induced by relativistic rare beam: Unveiling neutron-star secrets  
Lola Cortina, Universidad de Santiago de Compostela, Spain 

10:00 Rare isotopes as laboratories for fundamental-interactions studies  
Oscar Naviliat-Cuncic, Michigan State University, USA  

10:30 Refreshment Break 
Halls 1 and 2   

Plenary Session 2
Clyde Auditorium    

11:00 The nucleus as a femtometer laboratory: Hadronization, 3D tomography and more  
Kawtar Hafidi, Argonne National Lab, USA        

11:30 Short-range correlations in nuclei  
Arnau Rios Huguet, University of Surrey, UK      

12:00 Application of radionuclides in theranostics  
Ulli Köster, Institut Laue-Langevin, France      

12:30 Lunch and Exhibition 
Halls 1 and 2         

Sunday 28 July

14:00–19:00 Registration
Halls 1 and 2

18:00–19:00 Welcome Reception
Halls 1 and 2

Programme overview

13:30–15:10 Nuclear 
Astrophysics 
Forth Room 

Nuclear Reactions A 
Lomond Auditorium 

Nuclear Structure A 
Alsh Room 1 

Nuclear Structure B 
Alsh Room 2 

Nuclear Structure C 
Boisdale Room 1 

New Facilities and 
Instrumentation A 
Boisdale Room 2 

Societal Impact 
and Applications of 
Nuclear Science 
Carron Room 1 

Fundamental 
Symmetries and 
Interactions in 
Nuclei 
Carron Room 2 

QCD: Hadron 
Structure and 
Spectroscopy 
Dochart Room 1 

Hot and Dense 
Nuclear Matter 
Dochart Room 2 

Neutrinos and 
Nuclei 
M4 Room 

15:10 Refreshment Break 
Halls 1 and 2        
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Tuesday 30 July

08:30–18:00 Registration 
Halls 1 and 2

Plenary Session 3
Clyde Auditorium          

09:00 High-Resolution Laser Spectroscopy for the Study of Exotic Nuclear Properties  
Xiaofei Yang, Peking University, China     

09:30 Exploring Hot-QCD Matter Properties with Jets  
Joern Putschke, Wayne State University, USA     

10:00 Progress towards a nuclear clock:Properties of the 229-Thorium isomer  
Peter Thirolf, Ludwig-Maximilians-Universität München, Germany   

10:30 Refreshment Break 
Halls 1 and 2     

Plenary Session 4
Clyde Auditorium    

11:00 Revealing the Origin of Mass 
Craig Roberts, Argonne National Laboratory, USA     

11:30 From Nuclei to the Cosmos: Tracing Heavy-Element Production with the Oldest Stars  
Anna Frebel, Massachusetts Institute of Technology, USA   

12:00 The future of neutrino physics and neutrino oscillations  
Mark Thomson, STFC, UK   

12:30 Lunch and Exhibition
Halls 1 and 2

13:30–15:10 Nuclear 
Astrophysics 
Forth Room 

Nuclear Reactions A 
Lomond Auditorium 

Nuclear Structure A 
Alsh Room 1 

Nuclear Structure B 
Alsh Room 2 

Nuclear Structure C 
Boisdale Room 1 

New Facilities and 
Instrumentation A 
Boisdale Room 2 

Societal Impact 
and Applications of 
Nuclear Science
Carron Room 1 

Fundamental 
Symmetries and 
Interactions in Nuclei 
Carron Room 2

QCD: Hadron 
Structure and 
Spectroscopy 
Dochart Room 1 

Nuclear  
Reactions B 
Dochart Room 2

Outreach and 
Engagement 
M4 Room  

15:10 Refreshment Break 
Halls 1 and 2        

15:40–17:20 Nuclear 
Astrophysics 
Forth Room 

Nuclear Reactions A 
Lomond Auditorium 

Nuclear Structure A 
Alsh Room 1 

Nuclear Structure B 
Alsh Room 2 

Nuclear Structure C 
Boisdale Room 1 

New Facilities and 
Instrumentation A 
Boisdale Room 2 

Societal Impact and 
Applications of Nuclear 
Science 
Carron Room 1 

Hot and Dense Nuclear 
Matter 
Carron Room 2 

QCD: Hadron Structure 
and Spectroscopy 
Dochart Room 1 

QCD: Partonic 
Phenomena 
Dochart Room 2 

17:20–18:30 Poster Session A 
Halls 1 and 2        

19:00 Civic Reception 
Glasgow Science Centre, 50 Pacific Quay, Glasgow G51 1EA   

20:00 Close
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Wednesday 31 July

08:30–13:30 Registration 
Halls 1 and 2

Plenary Session 5
Clyde Auditorium          

09:00 Gravitational waves as Probes for Nuclear Physics  
Jo Van Den Brand, Nikhef and VU University of Amsterdam, the Netherlands     

09:30 Electron scattering for short-lived nuclei  
Toshimi Suda, Research Center for Electro-Photon Science, Tohoku University, Japan

10:00 Explosive scenarios in astrophysics: Observations, models and nuclear inputs  
Ani Aprahamian, University of Notre Dame, USA

10:30 Refreshment Break 
Halls 1 and 2     

Plenary Session 6
Clyde Auditorium    

11:00 Probing the NN interaction up to 1 GeV/c using measurements of Short- Range Correlations in nuclei  
Or Hen, MIT, USA   

11:30 Relativistic heavy-ion collisions for the investigation of strongly-coupled quark-gluon plasmas  
Chun Shen, Wayne State University, USA 

12:00 The decay of silver-129  
Robert Shearman, National Physical Laboratory, UK  

12:30 Lunch and Exhibition 
Halls 1 and 2

13:00 Excursion: Cruise of Loch Lomond 
Buses depart from Car Park 5

13:15 Excursion: Tour of Stirling Castle 
Buses depart from Car Park 5

15:40–17:20 Nuclear 
Astrophysics 
Forth Room 

Nuclear Reactions A 
Lomond Auditorium 

Nuclear Structure A 
Alsh Room 1 

Nuclear Structure B 
Alsh Room 2 

Nuclear Structure C 
Boisdale Room 1 

New Facilities and 
Instrumentation A
Boisdale Room 2 

Societal Impact 
and Applications of 
Nuclear Science 
Carron Room 1 

Neutrinos and 
Nuclei 
Carron Room 2 

New Facilities and 
Instrumentation B 
Dochart Room 1 

QCD: Partonic 
Phenomena 
Dochart Room 2 

Outreach and 
Engagement 
M4 Room  

17:20–19:00 Poster Session B and Exhibitor Reception 
Halls 1 and 2         

Public Lecture 
Clyde Auditorium        

19:15–20:15 Nuclear Physics and the Making of the Modern Periodic Table 
Professor Jim Al-Khalili, University of Surrey, UK

20:15 Close
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Thursday 1 August

08:30–18:00 Registration 
Halls 1 and 2

Plenary Session 7
Clyde Auditorium          

09:00 Challenges in Laser Spectroscopy of the Heaviest Elements  
Michael Block, GSI/HIM/JGU, Germany 

09:30 Nuclear pear shapes studied with radioactive ion beams  
Liam Gaffney, University of Liverpool, UK

10:00 Searching for the quark-gluon plasma from proton-proton to heavy-ion collisions  
Alice Ohlson, Lund University, Sweden 

10:30 Refreshment Break 
Halls 1 and 2

Plenary Session 8
Clyde Auditorium    

11:00 Nuclear astrophysics in underground laboratories  
Francesca Cavanna, National Institute for Nuclear Physics, Italy

11:30 Exotic Meson Spectroscopy  
Justin Stevens, College of William & Mary, USA

12:00 Towards quantum computations of atomic nuclei  
Gaute Hagen, Oak Ridge National Laboratory, USA

12:30 Lunch and Exhibition 
Halls 1 and 2

13:30–15:10 Nuclear 
Astrophysics 
Forth Room 

Nuclear Reactions A 
Lomond Auditorium 

Nuclear Structure A 
Alsh Room 1 

Nuclear Structure B 
Alsh Room 2 

Nuclear Structure C 
Boisdale Room 1 

New Facilities and 
Instrumentation A 
Boisdale Room 2 

Societal Impact 
and Applications of 
Nuclear Science 
Carron Room 1 

Hot and Dense 
Nuclear Matter 
Carron Room 2 

QCD: Hadron 
Structure and 
Spectroscopy 
Dochart Room 1 

QCD: Partonic 
Phenomena 
Dochart Room 2 

Neutrinos and 
Nuclei 
M4 Room  

15:10 Refreshment Break 
Halls 1 and 2        

13:30–15:00 Whisky Tasting
Boisdale Room 2

13:30–19:00 Outreach Session (with LEGO)
Clyde Auditorium         

14:00–19:00 IUPAP Committee Meeting (closed) 
Carron Rooms 1 and 2

14:30 Excursion: Auchentoshan Distillery 
Buses depart from Car Park 5
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Friday 2 August

09:00–15:30 Registration 
Halls 1 and 2

Plenary Session 9
Clyde Auditorium

09:30 Recent advances in the description of reactions involving exotic nuclei  
Pierre Capel, Institut für Kernphysik, Germany

10:00 Anti-atom physics  
Michael Doser, CERN, Switzerland

11:00–12:40 Nuclear 
Astrophysics 
Forth Room 

Nuclear 
Reactions A 
Lomond 
Auditorium 

Nuclear 
Structure A 
Alsh Room 1 

Nuclear 
Structure B 
Alsh Room 2 

Nuclear 
Structure C 
Boisdale Room 1 

New Facilities and 
Instrumentation A 
Boisdale Room 2 

Societal Impact and 
Applications of Nuclear 
Science 
Carron Room 1 

Hot and Dense Nuclear 
Matter 
Carron Room 2 

QCD: Hadron Structure 
and Spectroscopy 
Dochart Room 1 

QCD: Partonic 
Phenomena 
Dochart Room 2 

Fundamental 
Symmetries and 
Interactions In Nuclei
M4 Room

12:40 Break

Plenary Session 10
Clyde Auditorium

13:30 Evolution of nuclear structure in exotic nuclei  
Alexandra Gade, Michigan State University, USA

14:00 Quo vadis Neutrino?  
Juan Jose Gomez-Cadenas, DIPC, Spain

14:30 IAEA activities in support of nuclear physics research and applications  
Danas Ridikas, The International Atomic Energy Agency, Austria

15:00 Closing Ceremony 

15:15 Close and Depart

15:40–17:30 Nuclear 
Astrophysics 
Forth Room 

Nuclear Reactions A 
Lomond Auditorium 

Nuclear Structure A 
Alsh Room 1 

Nuclear Structure B 
Alsh Room 2 

Nuclear Structure C 
Boisdale Room 1 

New Facilities and 
Instrumentation A 
Boisdale Room 2 

Societal Impact 
and Applications of 
Nuclear Science 
Carron Room 1 

Nuclear Reactions B 
Carron Room 2 

New Facilities and 
Instrumentation B 
Dochart Room 1 

QCD: Partonic 
Phenomena 
Dochart Room 2 

Fundamental 
Symmetries and 
Interactions In 
Nuclei 
M4 Room  

17:20–18:30 Poster Session C 
Halls 1 and 2        

19:00–23:30 Conference Dinner 
Merchant Square, Corner of Candleriggs & Bell Street, Glasgow G1 1LE
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Poster programme
Poster Session A
Monday 29 July, Halls 1 and 2 

P01 Studies of low-energy K– interactions with light nuclei by AMADEUS 
 Raffaele Del Grande, INFN-LNF, Italy

P02  Imaging of prompt gamma emissions during proton cancer therapy for geometric and  
dosimetric verification 
Hamed Alshammari, University of Liverpool, UK

P03 Electric Monopole Transitions (E0) in the study of 70Ge 
 Abraham Aungwa Avaa, iThemba Labs, South Africa

P04 Development of a spectrometry system for measurement of internal-pair studies 
 Maluba Vernon Chisapi, iThemba Labs and Stellenbosch University, South Africa

P05  Infrsastracture ACI fabric based on EVPN MPBGP data transfer protocols for Tier 1 and  
Tier 2 data centers 
Andrey Baginyan, JINR, Russia

P06 A compact RFQ cooler buncher for CRIS experiments 
 Ben Cooper, University of Manchester, UK

P07 Novel experiments with ion catcher facilities 
 Timo Dickel, GSI Helmholtz Center for Heavy Ion Research, Germany

P08 Performance test of 200 µm Scintillation-Fiber Detector with Silicon Photomultiplier Readout 
 Ashton Falduto, Technische Universität Darmstadt, Germany

P09 Development of a photon polarimeter prototype 
 Simon Gardner, Glasgow University, UK

P10  Efficiency investigation of wide area gas proportional counter in relationship with  
pressure and type of filled gas 
Seyedmohammad Golgoun, Pars Isotope Co., Iran

P11 The neutrino self-interaction and MSW effects on the neutrino-process for supernovae 
 Myung-Ki Cheoun, Soongsil University, Republic of South Korea

P12 Towards renormalization invariant equation of state of nuclear matter 
 Mehdi Drissi, University of Surrey, UK

29 July – 2 August 2019 
Scottish Event Campus, Glasgow, UK

International Nuclear 
Physics Conference 2019
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International Nuclear 
Physics Conference 2019

P13  Investigation of high-lying (α,γ) resonances in 22Ne through one-neutron transfer in inverse 
kinematics with SHARC/TIGRESS 
Stephen Gillespie, TRIUMF, Canada

P14 Study of the excitation functions and isomer ratios for 184m,gRe and 186m,gRe isomeric pairs 
 Roza Avetisyan, A.Alikhanyan National Science Laboratory, Armenia

P15  Isospin influence on the reaction mechanisms in the 78Kr +40Ca and 86Kr +48Ca collisions at  
10 AMeV 
Gnoffo Brunilde,  INFN Sez. di Catania and Università degli Studi di Catania, Italy

P16 First advanced studies of isospin dynamics with FAZIA 
 Alberto Camaiani, Università degli Studi and INFN di Firenze, Italy

P17  On evaluating correction to the surface energy of the nuclei due to the surface curvature  
and its influence on the orientation effects in fusion reactions 
Kostyantyn Cherevko, Taras Shevchenko National University of Kyiv, Ukraine

P18 On nuclear fragmentation at the intermediate energy head-on heavy ion collisions 
 Kostyantyn Cherevko, Taras Shevchenko National University of Kyiv, Ukraine

P19 Fission rate of excited nuclei at variable friction in the energy diffusion regime 
 Maria Chushnyakova, Omsk State Technical University, Russia

P20 Isomeric cross section ratios data as a test for codes descriptive of nuclear reactions 
 Tatjana Chuvilskaya, Moscow State University, Russia

P21 Isospin triplet A=12: search for states with enhanced radii 
 Andrey Danilov, Kurchatov Instute, Russia

P22 Cosmic ray, meteorites, planetology: which spallation reactions modeling is helpful? 
 Jean-Christophe David, CEA, France

P23 Estimate of breakup-induced three-body force effects in the incident channel of (d,p) reactions 
 Michael Dinmore, University of Surrey, UK

P24 Isospin Effect on fragment production and reaction mechanisms for Ni+Ca  systems at 25 AMeV 
 Elena Geraci, University of Catania and INFN Catania, Italy

P25 Influence of angular momentum induced shape transitions on level density and emission spectra 
 Mamta Aggarwal, University of Mumbai, India

P26 Decay spectroscopy of the proton rich isotopes 176,177Tl 
 Muneerah Alaqeel, University of Liverpool, UK

P27 Quasi-free scattering off neutron-rich ions at relativistic beam energies at R3B 
 Tahani Almusidi, University of York, UK

P28 Bogoliubov many-body perturbation theory 
 Pierre Arthuis, University of Surrey, UK

P29 Investigations of the bound and unbound 2+ states in 20C 
 Liam Atkins, Department of Physics, UK
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P30 Exploring the triaxial deformation of 163Ta through plunger lifetime measurements 
 Liam Barber, University of Manchester, UK

P31  Evolving shapes and shape coexistence in the neutron-deficient selenium isotopes studied  
by Coulomb excitation 
Kevin Belvedere, University of Surrey, UK

P32 Interplay between single particle and collective excitation in 49V 
 Abhijit Bisoi, Indian Institute of Engineering Science and Technology, India

P33 Gamma ray and conversion electron decay spectroscopy of neutron-rich francium isotopes 
 Michael Bowry, University of the West of Scotland, UK

P34 Discovery of the new nuclides 160Os and 156W 
 Andrew Briscoe, University of Liverpool, UK

P35 Half-life measurements in 164Dy and 166Dy using the NuBALL Spectrometer 
 Rhiann Canavan, University of Surrey, UK

P36 A quest for the two-photon gamma-decay physics-case and a commissioning test for ELIGANT 
 Luigi Capponi, Extreme Light Infrastructure -Nuclear Physics, Romania

P37 Lifetime of excited states in 228Th following β-decay and systematics of its octupole deformation 
 Muhammad Majid Rauf Chishti, University of the West of Scotland, UK

P38 Structures at the neutron drip-line: probing the halo nature of 19B using Coulomb breakup 
 Kaitlin Cook, Tokyo Institute of Technology, Japan

P39 Precision fast-timing measurements in neutron-deficient Po isotopes at IFIN-HH 
 Cristian Costache, IFIN-HH, Romania

P40 Neutron occupancies of neutrinoless double-beta decay candidate nuclei 
 Benjamin Cropper, University of Manchester, UK

P41 Signals of a new symmetry in atomic nuclei 
 Jozsef Cseh, Institute for nuclear research of the Hungarian academy of sciences, Hungary

P42 SRC based model for the nuclear structure 
 Ranjeet Dalal, Guru Jambheswar University, India

P43 Lifetime measurement and decay spectroscopy of 117,118 Sn 
 Sangeeta Das, Saha Institute of Nuclear Physics, India

P44 Nuclear Structure properties significant to neutrino-less double beta decay of 124Sn 
 Vivek Datar, TIFR, India

P45 81Ga spectroscopy: probing 78Ni neutron-core excitations 
 Jérémie Dudouet, CSNSM, France

P46 Nuclear incompressibility from spherical and deformed nuclei 
 Gianluca Colò, Università degli Studi di Milano, Italy

P47  Teaching university physics to students from different school systems: Australia’s state-based 
education 
Paul Fraser, UNSW Canberra, Australia 9
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P48 Photocouplings of hidden-charm pentaquarks 
 Roelof Bijker, ICN-UNAM, Mexico

P49 Beam asymmetries from light scalar meson photoproduction on the proton at GlueX 
 Stuart Fegan, George Washington University, USA

P50 Simulation of a neutron source at the KFSH&RC CS-30 cyclotron 
 Shaykhah Alsaidan, King Saud University, Saudi Arabia

P51 Position reconstruction of gamma ray interactions in monolithic scintillators 
 Faten Alsomali, University of York, UK

P52  Developments at AWE in support of the Comprehensive Nuclear-Test-Ban Treaty  
– Ultra sensitive measurements of airborne nuclear debris 
Richard Britton, AWE, UK

P53  Development of a 3D position sensitive monolithic scintillation detector 
 James Brown, University of York, UK

Poster Session B
Tuesday 30 July, Halls 1 and 2

P54 Towards the X-ray measurement of kaonic deuterium at J-PARC 
 Tadashi Hashimoto, Japan Atomic Energy Agency, Japan

P55 Collectivity Studies in the Neutron-Deficient A=80 Region 
 Ryan Llewellyn, University of York, UK

P56 Momentum spectroscopy in neutron beta decay with NoMoS 
 Daniel Moser, Stefan Meyer Institute and OEAW, Austria

P57 Measurement of isospin mixing in the β decay of 36K 
 Shloka Chandavar, Michigan State University, USA

P58 Subatomic nuclear activity in the Hydrogen based Rydberg matter state 
 Sveinn Ólafsson, Science Institute University of Iceland, Iceland

P59 Double beta decay and the quest for Majorana neutrinos 
 Jenni Kotila, University of Jyväskylä, Finland

P60 New generation S = -2 spectroscopy opened with active fiber target  
 Takeshi Harada, Kyoto University, Japan

P61 High energy gamma source and its applications 
 Chuangye He, China Institute of Atomic Energy, China

P62  The development of novel pulse shape analysis algorithms for the advanced gamma  
tracking array (AGATA) 
Fraser Holloway, University of Liverpool, UK

P63  Imaging of prompt gamma emissions during proton therapy for geometric and dosimetric 
verification: NPTool simulation 
Sarah Kalantan, University of Liverpool, UK 10
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P64 Stable ion beam experiments with the DRAGON recoil separator at TRIUMF 
 Uwe Greife, Colorado School of Mines, USA

P65 Low energy stopping power measurements of hydrogen and helium ions in light gases 
 Uwe Greife, Colorado School of Mines, USA

P66  Insights on the carbon burning at astrophysical energies by fast-timing gamma-particle  
coincident measurements 
Marcel Heine, IPHC and Universite de Strasbourg, France

P67  Mass measurement of neutron-rich 122Rh, 123,124Pd and 125Ag nuclides with Rare RI Ring at  
RIBF in RIKEN 
Hongfu Li, RIKEN, Japan

P68 Properties of rotating compact stars at different evolutionary stages 
 Sarmistha Banik, BITS pilani, India

P69 Rapid differentially rotating hot neutron stars within relativistic model 
 Sarmistha Banik, BITS pilani, India

P70 Experimental study of 4n with 8He(p,2p) reaction 
 Siwei Huang, RIKEN Nishina Center, China

P71 Fission fragment mass distributions of Astatine isotopes within collective clusterization approach 
 Amandeep Kaur, Thapar Institute of Engineering and technology, India

P72 Investigation of fusion dynamics for reactions induced by Si isobars at similar Ec.m. 
 Amandeep Kaur, Thapar Institute of Engineering and technology, India

P73 Statistical and dynamical bimodality in fragmentation of finite nuclei 
 Swagata Mallik, Variable Energy Cyclotron Centre, India

P74 Scaling with deformation in the exotic medium mass region 
 Fnu Manju, IIT Roorkee, India

P75 Identification of gamma-ray vorticies with compton scattering 
 Tomoyuki Maruyama, Nihon University, Japan

P76 Width and shift of longitudinal momentum distribution in fragmentation process at  
 intermediate energies 
 Sadao Momota, Kochi University of Technology, Japan

P77 Energy dependence of reaction cross section for 17Ne on proton target 
 Tetsuaki Moriguchi, University of Tsukuba, Japan

P78  New method to evaluate the averaged squared radius of the nuclei in the process of direct  
and isomer fission 
Cristiana Oprea, JINR, Russia

P79 Cross sections of tagged neutron reactions with emission of charged particles 
 Cristiana Oprea, JINR, Russia

P80 Lifetime measurements beyond ¹³²Sn with the ν-ball array 
 Guillaume Häfner, CSNSM, France

11
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P81 Developing techniques for lifetime measurements in the heavy elements 
 Jacob Heery, University of Liverpool, UK

P82 Coulomb excitation of 142Xe 
 Corinna Henrich, IKP TU Darmstadt, Germany

P83 Weak coupling of 1p1h states to platonic shapes in 208Pb 
 Andreas Heusler, Heidelberg, Germany

P84 Nuclear spectroscopy of r-process nuclei in the vicinity of N=126 by using KISS 
 Yoshikazu Hirayama, Wako Nuclear Science Center, Japan

P85 Investigation of 150Sm nuclear structure using the (p,t) reaction 
 Alina-Nicoleta Ionescu, Horia Hulubei National Institute for Physics and Nuclear  
 Engineering (IFIN-HH), Romania

P86 Investigation of deuteron scattering from ¹³C at low energy 
 Shaheen Jazrawi, University of Surrey, UK

P87 Lifetime measurements of the non-yrast structure in 102Mo 
 Alison Bruce, University of Brighton, UK

P88 Investigating the structure properties of the low-lying states of 140Ba 
 Ahmed Khaliel, National and Kapodistrian University of Athens, Greece

P89 Nuclear reactions in the storage ring ESR with EXL 
 Thorsten Kröll, TU Darmstadt, Germany

P90 g-factor measurement of the 11/2- isomeric state in ¹³³La 
 Md. Sazedur Rahaman Laskar, Tata Institute of Fundamental Research, India

P91 Quantitative analysis of tensor effects in the relativistic Hartree-Fock theory 
 Haozhao Liang, RIKEN and University of Tokyo, Japan

P92  Fast-timing studies in 214,216,218Po following the beta-minus decay of 214,216,218Bi isotopes 
at the ISOLDE Decay Station 
Razvan Lica, IFIN-HH, Romania

P93 Nucleon occupancies of the A=124 neutrinoless double beta-decay system 
 Patrick MacGregor, University of Manchester, UK

P94 Shape coexistence in neutron deficient mercury isotopes 
 Andrew MacLean, University of Guelph, Canada

P95  Decay spectroscopy of neutron-rich molybdenum and implications for the ground-state  
properties of isobaric niobium isotopes 
Aj Mitchell, Australian National University, Australia

P96 Unbound states of neutron-rich, even-even C isotopes 
 Silvia Murillo-Morales, University of York, UK

P97 Investigation of the Pygmy Dipole Resonance in photon scattering experiments 
 Miriam Müscher, University of Cologne, Germany

12
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P98 Coulomb energy density functionals for nuclear systems 
 Tomoya Naito, The University of Tokyo and RIKEN Nishina Center, Japan

P99 Role of pair-vibrational correlations in forming the odd-even mass difference 
 Kai Neergård, Denmark

P100 Shape coexistence in the Pb region: A systematic study of the even-even 188-200Hg with  
 GRIFFIN 
 Bruno Olaizola, TRIUMF, Canada

P101 Outreach and engagement in Australia and the Indo-Pacific region 
 Aj Mitchell, Australian National University, Australia

P102 Experimental constraint on the quantum number of Λc(2765)+ 
 Changwoo Joo, University of Tokyo, Japan

P103  Studying neutron structure at Jefferson Lab through electron scattering off the deuteron,  
using CLAS12 and the Central Neutron Detector 
Paul Naidoo, University of Glasgow, UK

P104  Pulse shape discrimination capable plastic scintillator formulations with enhanced mechanical 
hardness 
Uwe Greife, Colorado School of Mines, USA

P105  Use of a broad energy germanium (BEGe) detector for tomographic interrofations of radioactive 
waste drum 
David Igwesi, University of Liverpool, UK

P106 TRITIUM: A real-time tritium monitor system for water quality assesment 
 Marcos Martinez, Universidad de Valencia, Spain

Poster Session C
Thursday 1 August, Halls 1 and 2

P107 A versatile plastic neutron spectrometer for nuclear reaction and application: NArCoS 
 Emanuele Vincenzo Pagano, INFN, Italy

P108 Hybrid Array of Gamma Ray Detectors (HAGRiD) 
 Xesus Pereira-Lopez, University of York, UK

P109 Development of a photoionization mass spectrometer for 85Kr detection  
 Holly Perrett, University of Manchester, UK

P110  Considerations on the composition and spectra of the secondary radiation fields inside  
the E1 experimental area at ELl-NP 
Radu Alin Vasilache, Bucharest Polytechnical University, Romania

P111 An implantation Diamond detector as a beam monitor for an intense radioactive ion beam 
 Jennifer Sanchez Rojo, University of York, UK

P112 MIRACLS – The Multi Ion Reflection Apparatus for Collinear Laser Spectroscopy 
 Simon Sels, CERN, Switzerland
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P113 The SIDDHARTA-2 Apparatus for Kaonic Deuterium X-Ray Measurements at DAFNE 
 Marlene Tüchler, Stefan Meyer Institute for Subatomic Physics, Austria

P114  Optimising sensor geometry of a photodiode based detector for the direct detection of strontium 
90 in groundwater 
Graeme Turkington, University of Glasgow, UK

P115 Characterisation of the QADRO detector response at proton and electron beams 
 Radu Vasilache, Canberra Packard SRL, Romania

P116  Monte-Carlo simulation of ion distributions in a gas cell for multinucleon transfer reaction 
products at LENSHIAF spectrometer 
Junying Wang, Chinese Academy of Sciences, China

P117 Fine optimization of SCRIT facility for short-lived nuclei experiment 
 Masamitsu Watanabe, RIKEN, Japan

P118 Silicon vertex tracker studies for a future electron-ion collider 
 Håkan Wennlöf, University of Birmingham, UK

P119  Commissioning and initial operation of the electromagnetic mass analyser (EMMA) at the  
TRIUMF ISAC-II Facility 
Matthew Williams, TRIUMF, Canada

P120  Systematic study of pasta nuclei in neutron stars with families of the empirical nuclear  
equations of state 
Kazuhiro Oyamatsu, Aichi Shukutoku University, Japan

P121 Impact of d* degree of freedom on nucleonic equation of state 
 Alessandro Pastore, University of York, UK

P122  Iterative gaussian process emulation for learning energy surfaces for the inner crusts  
of neutron stars 
Matthew Shelley, University of York, UK

P123  The structure of proto-neutron stars using the variational method with explicit energy functionals 
taking account of the two-pion-exchange force 
Kaoru Shoji, Waseda University, Japan

P124 Isovector effects in neutron stars 
 Anthony Thomas, University of Adelaide, Australia

P125 Energy dependence of the total cross sections for the reactions 4,6,8He + 28Si and  
 6,7,9,11Li + 28Si 
 Mikhail Naumenko, Joint Institute for Nuclear Research, Russia

P126 Study of fission dynamics by K x-ray measurement 
 Arindam Kumar Sikdar, Variable Energy Cyclotron Center, India

P127 The discovery of the surprising-large 88Zr thermal-neutron capture cross section 
 Nicholas Scielzo, Lawrence Livermore National Laboratory, USA

P128 Measuring fission prompt gamma multiplicities and energies with STEFF 
 Adhitya Sekhar, University of Manchester, UK14
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P129  Implementation of a “Known-Mass” three parameter neutron multiplicity technique to underpin 
the decommissioning of challenging waste stream material  
Ryan Simpson, AWE, UK

P130 Fusion hindrance and pauli blocking in 58Ni + 64Ni 
 Alberto M. Stefanini, INFN, Italy

P131 Lifetime measurement of the 26O g.s. at SAMURAI 
 Sonja Storck, TU Darmstadt, Germany

P132 The application of chiral forces with the semi-local regularization in momentum space to the  
 deuteron and 3H photodisintegrations 
 Vitalii Urbanevych, Jagiellonian University, Poland

P133 Analysis of the three pion production channel using machine learning techniques 
 Robert Wishart, Department of Physics and Astronomy, UK

P134 Quasi-elastic excitation function for 16O+169Tm system: role of hexadecapole deformation 
 Abhishek Yadav, Jamia Millia Islamia, India

P135 Laser spectroscopy of neutron-deficient tin approaching 100Sn 
 Fredrik Parnefjord Gustafsson, KU Leuven, Switzerland

P136 Hartree-Fock and J Projection approach to K-Selection rule violation in 174Yb and 175Lu 
 Z. Naik, Institute of Physics, India

P137 Lifetime determination via the particle-γ coincidence Doppler-shift attenuation method 
 Sarah Prill, University of Cologne, Germany

P138 Using α-transfer reactions to populate new radioactive isotopes 
 Fitzgerald Ramírez, Universidad Nacional de Colombia, Colombia

P139  Fundamental properties of nuclear ground and isomeric states in neutron-deficient indium  
from laser spectroscopy 
Christopher Ricketts, University of Manchester, UK

P140 Collectivity of 66Zn through Coulomb excitation 
 Marco Rocchini, INFN Florence, Italy

P141 Sub-nanosecond K-isomers in 178W 
 Matthias Rudigier, University of Surrey, UK

P142 Investigation of the Dipole Response of 58Ni and 60Ni 
 Jacqueline Sinclair, University of the West of Scotland, UK

P143 Coulomb Excitation of 222,224Rn 
 Pietro Spagnoletti, University of the West of Scotland, UK

P144 Probing single-particle and more complex configurations in 55Co and 55Ni 
 Mark Spieker, National Superconducting Cyclotron Laboratory, USA

P145 Shape coexistence of proton-rich mercury isotopes studied through β decay 
 Marek Stryjczyk, KU Leuven, Belgium
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P146 Lifetime measurements of excited ²²O 
 Luke Tetley, University of York, UK

P147 Examining isospin symmetry via one- and two- nucleon knockout reactions 
 Sivahami Uthayakumaar, University of York, UK

P148 Suppressed and unsuppressed E2 branches in 78Ge and neighboring nuclei 
 Anne Forney, University of Maryland, USA

P149 Testing isospin symmetry through Coulomb excitation of nuclei along N=Z 
 Kathrin Wimmer, University of Tokyo, Japan

P150  Investigation of the nuclear structure of ³³Al through beta-decay of ³³Mg to probe the island  
of inversion 
Tammy Zidar, University of Guelph, Canada

P151 Mass-dependent cuts in longitudinal phase space 
 Peter Pauli, University of Glasgow, UK

P152  Analysis of 2 vector-meson photoproduction with CLAS12 at the Thomas Jefferson Laboratory, 
Virginia USA 
Adam Thornton, University of Glasgow, UK

P153  Recent results for forward J/ψ production in Pb–Pb Ultra-Peripheral Collisions at  
√SNN = 5.02 TeV with the ALICE detector 
Simone Ragoni, University of Birmingham, UK

P154 Measuring the skewness dependency of generalized parton distributions 
 Eric Voutier, Institut de Physique Nucléaire, France

P155 A generalised gamma spectrometry simulator for developing nuclide identification algorithms 
 Anthony Turner, University of Birmingham, UK
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Monday, 29 July 

Plenary session 1 

Nuclear forces from lattice QCD 

T Hatsuda 

RIKEN, Japan 

After briefly reviewing the theoretical concepts and numerical methods in lattice QCD, recent simulation results of 

the hadron masses and hadron interactions with nearly physical quark masses are presented. Special emphasis is 

placed on the baryon-baryon interactions on the basis of the HAL QCD method where the integro-differential 

equation for the equal-time Nambu–Bethe–Salpeter amplitude plays a key role to bridge a gap between the multi-

baryon correlation and the scattering observable such as the phase shift [1,2,3,4].  Recent highlights on the 

nucleon-hyperon and hyperon-hyperon interactions are presented [5,6]. 

[1]   HAL QCD Collaboration, JHEP 1610 (2016) 101A 

[2]   HAL QCD Collaboration,  Phys.Rev. D96 (2017) 034521  

[3]   HAL QCD Collaboration, Phys.Rev. D99 (2019)  014514 

[4]   HAL QCD Collaboration, arXiv:1812.08539 [hep-lat] 

[5]   HAL QCD Collaboration, Phys.Rev.Lett. 120 (2018) 212001  

[6]   HAL QCD Collaboration, arXiv:1810.03416 [hep-lat] 

Physics opportunities with reactions induced by relativistic rare beam: unveiling neutron-star secrets 

D Cortina 

University of Santiago de Compostela, Spain 

The detection of gravitational waves from a neutron-star merger by the LIGO collaboration, followed by the 

observation of electromagnetic radiation by numerous telescopes, boosted experimental and theoretical work in the 

nuclear physics field. 

Experiments of reactions induced by relativistic radioactive beams in inverse kinematics are a powerful tool to 

extract properties of short-lived nuclei and gain information on nuclear matter. These studies have a very large 

scope and cover from pure single-particle information to collective excitations. Information on the role of nucleon-

nucleon correlations in nuclei and its dependence on neutron-proton asymmetry, comprehension of the different 

reaction mechanisms involved and connection with the density dependence of the symmetry energy of EoS 

emulating the conditions met in neutron-stars, can be addressed. 

R3B experiment at the NuSTAR pillar of FAIR will be a perfect test ground to conduct those advanced research 

projects combining the action of intense heavy neutron-rich beams and new generation nuclear physics equipment. 

We will give in this talk an overview on selected physic cases that would contribute to a better understanding of 

nuclear matter in the next years. 
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Rare isotopes as laboratories for fundamental-interactions studies 

O Naviliat-Cuncic 

Michigan State University, USA 

This talk will review recent selected results and current progress in tests of fundamental symmetries and searches 

for new physics beyond the Standard Model through precision measurements at low energies. The focus will be put 

on the use of rare isotopes for such studies. These include the searches for new mechanisms of CP violation through 

searches for permanent electric dipole moments, tests of atomic parity violation, measurements of correlation in 

nuclear beta decay, as well as the unitarity test of the Cabibbo-Kobayashi-Maskawa quark mixing matrix. 

Plenary session 2 

The nucleus as a femtometer laboratory: Hadronization, 3D tomography and more 

K Hafidi 

Argonne National Laboratory, USA 

Inclusive deep inelastic scattering experiments have been instrumental in advancing our understanding of the 

Quantum Chromodynamics (QCD) structure of nuclei and the effect of nuclear matter on the structure of hadrons. A 

great example is the observation by the European Muon Collaboration (EMC) of a deviation of the deep inelastic 

structure function of a nucleus from the sum of the structure functions of the free nucleons, the so-called EMC 

effect. On the theory side, despite decades of theoretical efforts with increased sophistication, a unifying physical 

picture of the origin of the EMC effect is still a matter of intense debate. To reach the next level of our understanding 

of nuclear QCD and unravel the partonic structure of nuclei, experiments need to go beyond the inclusive 

measurements and focus on exclusive and semi-inclusive reactions. The nucleus is the perfect laboratory for these 

studies. It plays a role of the detector when one studies quark propagation and hadronization in the nuclear 

medium. It also becomes the object of studies for understanding how quarks and gluons distributions are affected 

when they are embedded in nuclei compared to free nucleons. In this talk, results of the first exclusive measurement 

of deeply virtual Compton scattering off He-4 will be presented. Future measurements at Jefferson Lab 12 GeV will 

be discussed. 

Short-Range correlations in nuclei 

A Rios Huguet 

University of Surrey, UK 

Short-range correlations arise as a direct consequence of the nature of the strong force and have an observable 

impact in different aspects of nuclear physics, from nuclear structure to reactions and neutrino physics [1]. In this 

talk, I will discuss the latest experimental results obtained with both electron scattering techniques and hadronic 

probes [2, 3]. I will also review the theoretical tools that have been used to quantify short-range physics [4, 5, 6]. I 

will particularly emphasize the newly-discovered interplay between short-range physics and isospin degrees of 

freedom [7]. This new direction calls for further experimental scrutiny of nuclei with large neutron excess, as well as 

for the development of short-range-physics methods for nuclei and neutron stars. 

[1]  N. Fomin, D. Higinbotham, M. Sargsian, and P. Solvignon, Ann. Rev. Nucl. Part. Sci. 67, 129 (2017), 

doi:10.1146/annurev-nucl-102115-044939.  

[2]  R 3B Collaboration, Phys. Rev. Lett. 120, 052501 (2018), doi:10.1103/PhysRevLett.120.052501. 

[3]  S. Terashima et al., Phys. Rev. Lett. 121, 242501 (2018), doi:10.1103/PhysRevLett.121.242501. 
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[4]  A. Rios, A. Polls, and W. H. Dickhoff, Phys. Rev. C 89, 044303 (2014), 

doi:10.1103/PhysRevC.89.044303. 

[5]  C. Colle et al., Phys. Rev. C 92, 024604 (2015), doi:10.1103/PhysRevC.92.024604. 

[6]  R. Weiss, R. Cruz-Torres, N. Barnea, E. Piasetzky, and O. Hen, Phys. Lett. B 780, 211 (2018), 

doi:https://doi.org/10.1016/j.physletb.2018.01.061. 

[7]  M. Duer et al., Nature 560, 617 (2018), doi:10.1038/s41586-018-0400-z. 

Application of radionuclides in theranostics 

U Köster 

Institut Laue-Langevin, Grenoble, France 

Nuclear medicine is famous for its diagnostic applications where SPECT and PET provide functional imaging with 

high sensitivity. On the other hand, the therapeutic use of radiopharmaceuticals was long time limited to relatively 

rare diseases such as thyroid cancer. Today, new targeted radionuclide therapies are coming into clinical practice 

for different types of cancer and other diseases. In theranostics, a targeted radionuclide therapy is individually 

optimized based on imaging results with a companion diagnostic radiopharmaceutical. Theranostic applications 

with “established” and “novel” radionuclides will be presented� 

Parallel sessions 1 

Nuclear Astrophysics 

(Invited) Nuclear reactions of astrophysical interest: ab-initio studies within chiral effective field theory 

L Marcucci1, 2 

1University of Pisa, Italy, 2INFN - Pisa Branch, Italy 

In this talk, I will present a review of ab-initio studies of few-nucleon reactions of astrophysical interest, with 

particular attention to those relevant for Big Bang Nucleosynthesis (BBN) and stellar evolution through the pp-chain. 

I will discuss the main ingredients of these studies, and in particular the realistic phenomenological models for the 

nuclear interaction and currents. I will then discuss the limitations of this approach, and I will explain how these 

limitations can be overcome within the so-called chiral effective field theory framework. I will present the first steps 

toward this direction and conclude with an outlook for this promising research field. 

(Invited) Resonances in stellar carbon burning 

A Diaz-Torresa1, M Wiescherb2 

1University of Surrey, UK, 2University of Notre Dame, USA 

A quantitative study of the astrophysically important sub-barrier fusion of 12C + 12C will be presented [1]. Low-

energy collisions are described in the body-fixed reference frame using wave-packet dynamics within a nuclear 

molecular picture. A collective Hamiltonian drives the time propagation of the wave-packet through the collective 

potential-energy landscape. The fusion imaginary potential for specific dinuclear configurations is crucial for 

understanding the appearance of resonances in the fusion cross section. In contrast to other commonly used 

methods, such as the potential model and the conventional coupled-channels approach, these new calculations 

reveal three resonant structures in the S-factor, as shown in Fig. 1. The structures correlate with similar structures in 
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the data. The structures in the data that are not explained are possibly due to cluster effects in the nuclear 

molecule, which need to be included in the new approach. 

 

Fig 1: The astrophysical S-factor excitation function for 12C + 12C. Measurements (symbols) are compared to model 

calculations (lines), indicating that molecular structure and fusion are interconnected. The model calculations are 

shown for (i) two global factors that multiply the collective potential-energy landscape (thin solid and dashed lines), 

and (ii) a reduction by 15% of the curvature of the potential pockets (thick solid line). The latter greatly improves 

the location of the predicted resonant structures. 

[1]  A. Diaz-Torres and M. Wiescher, Physical Review C 97 (2018) 055802-1-8 

Nuclear structure of proton drip-line nuclei below Z=50 as an input to nuclear astrophysics 

L Ferreira and E Maglione 

Universidade de Lisboa, Portugal 

Nuclear structure far from stability plays a crucial role in the processes that lead to the formation of the elements. In 

the specific case of the proton drip-line, its location constrains the path of nucleosynthesis in explosive 

astrophysical scenarios such as in supernovae and X-ray bursters. In such scenarios, the density and temperature 

are so high, that rapid proton capture can occur, and unstable nuclei will be generated up to and beyond the proton 

drip-line. The path for these reactions depends on the level structure and existence of resonances in proton rich 

nuclei. In order to achieve a theoretical understanding of the rapid proton capture (rp) process, the separation 

energies of proton drip-line nuclei are needed as input in the network calculations. 

Direct experiments with unstable nuclei are still challenging, creating an obstacle to our understanding of their 

structure. However, the observation of proton emission and its theoretical interpretation has made possible to 

access the nuclear structure properties in the neutron deficient region of the nuclear chart, for nuclei with charges 

50<Z<81. The model we have developed, that describes odd-even and odd-odd emitters with axial and triaxial 

symmetry, has been quite successful to interpret decay data and infer the structure properties of proton emitters [1-

6]. It has also provided an indirect way to determine separation energies. 

Proton radioactivity from nuclei with Z<50 is of particular interest to estimate the time scale of the (rp) capture path, 

controlled by the properties of the waiting points isotopes, like for example the nucleus 72Kr, whose properties have 

not yet been constrained by direct measurements. The knowledge of the proton separation energies, and half-lives 

of the neighbour nuclei, would allow to establish the most probable path through 72Kr. This can be achieved 

analysing the decay properties of Rb isotopes, recently produced in multifragmentation experiments at Riken[7], 

and deduce limits for the separation energies. Similar study of other decays in this region of the nuclear chart, 

would also help to constrain nuclear mass models. 
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It is the purpose of this talk to discuss the theoretical interpretation of recent decay data on proton drip line nuclei 

with Z<50 [7,8], identify properties of their spectra and shape, and deduce constraints to the astrophysical 

processes. 

[1]  L. S. Ferreira and E. Maglione, Phys. Rev. Lett. 86 (2001) 1721 

[2]  Fiorin, E. Maglione and L. S. Ferreira, Phys. Rev.C 67 (2003) 054302 

[3]  P. Arumugam, L. S. Ferreira, E. Maglione, Phys. Lett. B680 (2009) 443 

[4]  L. S. Ferreira, E. Maglione, and P. Ring, Phys. Lett. B 701 (2011) 508; ibid B 753 (2016) 237 

[5]  M.Taylor, D. M. Cullen, M. G. Procter, A. J. Smith, A. McFarlane, V. Twist, G. A. Alharshan, L. S. Ferreira, E. 

Maglione, et al. Phys. Rev. C 91 (2015)044322 

[6]  S.Modi, M.Patial, P.Arumugam, E.Maglione, and L.S.Ferreira, Phys. Rev. C 95 (2017) 054323 

[7]  H. Suzuki, L. Sinclair, P. –A Söderström, G. Lorusso, P. Davies, L. S. Ferreira, E. Maglione, et al.Phys. Rev. 

Lett. 119 (2017) 192503 

[8]  Celikovic, et al. Phys. Rev. Lett. 116 (2016) 162501 

Impact of uncertainties in astrophysical reaction rates on nucleosynthesis beyond Fe 

T Rauscher1, 2, N Nishimura3, R Hirschi4, G. Cescutti5 and A Murphy6 

1University of Basel, Switzerland, 2University of Hertfordshire, UK, 3Kyoto University, Japan, 4Keele University, UK, 
5INAF Trieste, Italy, 5University of Edinburgh, UK 

Low-energy reaction cross sections are required to determine astrophysical reaction rates and to constrain the 

production of nuclides in various astrophysical environments. Even along stability not all rates can be constrained 

experimentally and combinations of experimental data and nuclear theory have to be used. Furthermore, off stability 

only theoretically predicted reaction rates are used in nucleosynthesis calculations, both for neutron-rich and 

proton-rich nuclides. In the first part of my talk I will very briefly outline some open problems in theoretical 

predictions for neutron-, proton-, and alpha-induced reactions on intermediate and heavy nuclei, close to and off 

stability, and impacting nucleosynthesis beyond Fe. 

In the second part of the talk I will address an important question in the context of astrophysical applications: how 

uncertainties in nuclear cross sections and rates propagate into the final isotopic abundances obtained in 

nucleosynthesis models. This information is important for astronomers to interpret their observation data, for groups 

studying the enrichment of the Galaxy over time with heavy elements, and in general for disentangling uncertainties 

in nuclear physics from those in the astrophysical modelling. We developed a new method based on a Monte Carlo 

(MC) method to allow large-scale studies of the impact of nuclear uncertainties on nucleosynthesis.The MC 

framework “�iz|uin” can perform postprocessing with large reaction networks of trajectories obtained from a variety 

of nucleosynthesis sites. Temperature-dependent rate uncertainties combining realistic experimental and theoretical 

uncertainties are used. This is necessary because experiments can only constrain ground state contributions to the 

stellar rates. From detailed statistical analyses uncertainties on the final abundances are derived as probability 

density distributions. Furthermore, based on rate and abundance correlations an automated procedure to identify 

the most important reactions in complex flow patterns from superposition of many zones or tracers is used. This 

method is superior to visual inspection of flows and manual variation of limited rate sets. 

The method so far was already applied to a number of processes: the gamma-process (p process) in core-collapse 

supernovae, the production of p-nuclei in white dwarfs exploding as thermonuclear (type Ia) supernovae, the weak 

s-process in massive stars, the main sprocess in AGB stars, and the neutrino-p process for a large range of 

conditions in various sites. Especially the studies of nucleosynthesis in thermonuclear supernovae and for the 

neutrino-p process were computationally very demanding and necessitated the use of the HPC system DiRAC in the 

UK. The full reaction network containing about 3000 nuclides had to be run several 107 times. Highlights from these 

results and from those for the other processes will be presented, demonstrating the impact of current nuclear rate 

uncertainties on astrophysical simulations. 
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Realistic shell-model calculations for astrophysically relevant Gamow-Teller distributions 

N Itaco1, 2, L Coraggio1, 2, R Mancino1, 2 

1�niversita‘ della }ampania “�uigi �anvitelli”  �taly  2Complesso Universitario di Monte S. Angelo, Italy 

Electron-capture reaction rates on medium-heavy mass nuclei are an important ingredient for modeling the late 

evolution of stars in many astrophysical scenarios. The estimation of these rates requires the knowledge of Gamow-

Teller strength distributions and most astrophysical models rely on electron-capture rate tables largely based on 

theoretical models. 

In this connection, it is worth to mention that at the beginnning of the 90s Aufderheide, Mathews and collaborators 

[1,2] pointed out that shell model is the method of choice for the calculation of stellar weak-interaction rates. 

We will present the results for some astrophysically relevant Gamow-Teller distributions obtained in the framework of 

the so called realistic shell model [3, 4], a model that has been widely employed with success to explore various 

regions of the nuclear landscape during the last 20 years. 

[1]  M.B. Aufderheide, Nucl. Phys. A 526 (1991) 161 

[2]  M.B. Aufderheide, S.D. Bloom, D.A. Ressler, G.J. Mathews, Phys. Rev. C47 (1993) 2961 

[3]  L. Coraggio, A. Covello, A. Gargano, N. Itaco, and T. T. S. Kuo, Prog. Part. Nucl. Phys. 62, 135 (2009) 

[4]  L. Coraggio, A. Covello, A. Gargano, N.Itaco, and T. T. S. Kuo, Ann. Phys. 327, 2125 (2012) 

Application of error analysis in theoretical nuclear models to the outer crust of a neutron star 

A Pastore1 

1University of York, UK 

The concepts of measurement and error are strictly related to each other. Actually, in most cases errors are more 

important the measured value, since to some extent they quantify the quality of the measurement. Similarly, 

theoretical models relying on adjustable parameters do contains errors and the extrapolated theoretical values 

should be equipped with an error bar. This is already the case in some physical domains [1], but it is also becoming 

more and more common in theoretical nuclear structure [2]. 

The main question is how to estimate an error in a theoretical model? In most cases, this implies to explicitly 

calculate a covariance matrix once the least square minimization of the parameter on a given pool of data is 

finished. From the covariance matrix, one applies standard methods to propagate statistical errors [3]. 

Several astrophysical calculations rely on pseudo-data obtained from theoretical model calculations. For example 

the properties of the outer crust of a neutron star rely entirely on extrapolated values of binding energies of neutron 

rich nuclei. New statistical methods may help us providing a better insight of these extrapolations [4]: by estimating 

correct error bars, it is possible to obtain more plausible equation of states. 

In a recent article [5], I have investigated the use of simple Monte Carlo techniques to improve the estimation of 

error bars of model parameters. In particular, I have illustrated how to use such methods to take into account, in a 

simple and model-independent way, correlations in the data set.  

Similarly to Ref. [6], I have used block-bootstrap to better estimate error bars of parameters of a simple liquid-drop 

model. I have shown that such effects may change estimated errors on binding energies of a factor of six [4]. 

In my presentation, I will illustrate block-bootstrap by using the most advanced Duflo-Zucker mass mode [7]: I will 

also discuss how error bars are affected by residual correlations. Finally I will present a first application to evaluate 

the role of error bars on mass models in evaluating the chemical composition of a neutron star. 

[1]  The Editors. Editorial: Uncertainty estimates; Phys. Rev. A 83 040001, (2011) 

[2]  J. Dobaczewski, W. Nazarewicz and P.G. Reinhard; Journal of Physics G 41, 074001 (2014) 
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[3]  R. J. Barlow; Statistics: a guide to the use of statistical methods in the physical sciences. John Wiley & 

Sons, 1989 

[4]  R. Utama, J. Piekarewicz and H.B. Prosper. arXiv preprint arXiv:1508.06263 (2015) 

[5]  A. Pastore;   arXiv:1810.05585 (2018) 

[6]  G. F. Bertsch and D. Bingham; Phys. Rev. Lett. 119, 252501 (2017) 

[7]  J. Mendoza-Temis, J.G. Hirsch and A.P. Zuker, Nucl. Phys. A843 (2010) 

Nuclear Reactions A 

(Invited) Reaction theory and advanced CDCC 

A Moro 

Universidad de Sevilla, Spain 

Nuclear reactions studies in the proximity of the driplines have to deal necessarily with the problem of the treatment 

of continuum states. This is indeed the case of reactions leading to unbound states of the reaction products, such 

as transfer A(d,p)B reactions populating unbound states of the B nucleus. But, even in the case of processes 

leading to bound states of the residual nuclei, the intermediate couplings to the unbound states can affect 

significantly the reaction observables. In either case, the modeling of these reactions must include a reliable 

description of the continuum states of the weakly bound (or unbound) systems and their effect on the reaction 

dynamics. 

In the case of reactions involving nuclei with a few-body structure, which are typically found in the light region of the 

nuclear chart, the most accurate approach to evaluate the elastic, inelastic and breakup observables is the so-

called Continuum-Discretized Coupled-Channels (CDCC). Originally devised to account for the effect of the breakup 

channels in deuteroninduced reactions [1], the method has been refined and extended in recent years in several 

directions. Among these developments, we may cite (i) the inclusion of deformation and excitations of the 

fragments [2,3], (ii) the simultaneous inclusion of projectile and target breakup [4], (iii) the extension to three-body 

projectiles (such as Borromean nuclei), or (iv) the inclusion of the microscopic structure of the clusters (the so-

called microscopic CDCC) [5]. 

Despite these extensions, the model is limited by construction to the calculation of the so called elastic breakup 

observables, in which the projectile fragments escape after the collision. Yet, the CDCC wavefunction can be 

combined with a suitable reaction framework to provide other non-elastic breakup observables, such as complete 

and incomplete fusion. 

In this contribution, we review some of these developments of the CDCC method, including its extension to the 

calculation of non-elastic breakup, and complete/incomplete fusion cross sections. 

[1]  G.H. Rawitscher, Phys. Rev. C9, 2210 (1974) 

[2]  N.C. Summers, F.M. Nunes and I.J. Thompson, Phys. Rev. C74,014606 (2006) 

[3]  R. de Diego, J.M. Arias, J.A. Lay, A.M. Moro, Phys. Rev. C 89 (2014) 064609 

[4]  P. Descouvemont, Phys. Rev. C 97, 064607 (2018) 

[5]  P. Descouvemont and M. S. Hussein, Phys. Rev. Lett. 111, 082701 (2013) 

[6]  Jin Lei and Antonio M. Moro, Phys. Rev. Lett. 122, 042503 (2019) 
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Nuclear structure and dynamics from ab initio theory  

� �avr til1, S Quaglioni2 and G Hupin3 

1TRIUMF, Canada, 2Lawrence Livermore National Laboratory, USA, 3IN2P3/CNRS, France 

A realistic description of atomic nuclei, in particular light nuclei characterized by clustering and low-lying breakup 

thresholds, requires a proper treatment of continuum effects. We have developed a new approach, the No-Core 

Shell Model with Continuum (NCSMC) [1,2], capable of describing both bound and unbound states in light nuclei in 

a unified way. With chiral two- and three-nucleon interactions as the only input, we are able to predict structure and 

dynamics of light nuclei and, by comparing to available experimental data, test the quality of chiral nuclear forces.  

We will discuss our NCSMC calculations of polarization effects in the 3H(d,n)4He fusion and its mirror reaction 
3He(d,p)4He [3]. These transfer reactions are relevant for primordial nucleosynthesis and 3H(d,n)4He in particular is 

being explored in large-scale experiments such as NIF and ITER as a possible future energy source. Next, we will 

present latest NCSMC calculations of weakly bound states and resonances of exotic halo nuclei 11Be and 15C and 

discuss the photo-dissociation of 11Be and 14C(n,γ)15C capture. We will also present our results for their unbound 

mirror nuclei 11N and 15F, respectively. We will point out the effects of continuum on the structure of mirror 

resonances and highlight the role of chiral NN and 3N interactions.   

Supported by the NSERC Grant No. SAPIN-2016-00033 and by by the U.S. Department of Energy, Office of 

Science, Office of Nuclear Physics, under Work Proposals No. SCW1158 and SCW0498. TRIUMF receives federal 

funding via a contribution agreement with the National Research Council of Canada. 
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Modelling nuclei far from stability with a multichannel approach 

P Fraser1, K Amos2, 3, L Canton4, S. Karataglidis2, 3 and D van der Knijff2  

1UNSW Canberra, Australia, 2University of Melbourne, Australia, 3University of Johannesburg, South Africa, 4INFN 

Padova, Italy 

Much can be learned about nuclear away from the valley of stability by modelling them as a nucleon or an α-

particle plus a core nucleus undergoing collective motion. One technique is to determine a nuclear potential 

between the clusters of the stable mirror system and then account for Coulomb effects to describe the more exotic 

system. The multichannel algebraic scattering (MCAS) method [1] uses this approach to predict the spectra and 

scattering observables of such systems, while preserving the Pauli principle between the nucleons of the core and 

those of the impinging particle. MCAS can be used in cases where the core itself is particle-unstable, which has 

applications in modelling nuclei studied with RIB [2,3]. 

15F is an exotic nucleus about which little is known and which has been a recent topic of much research. In an initial 

MCAS study of 15F (treated as p+14O), unbound states were predicted which were later found experimentally [4,5].  

An updated analysis and new predictions are presented here. 

One strength of MCAS is that any model of nuclear structure may be used as a basis for describing the core cluster 

and thus its coupling to the impinging particle. Using a recently-developed potential derived from a collective model 

of vibrational character [6], 19O (treated as n+18O) is investigated and results presented. 18O states used have 

phonon admixtures consistent with known spectral energies and B(E2) and B(E3) transition rates. Application to 

particle-unstable 19F is in progress. 
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Fig 1: p+oxygen-14 elastic scattering cross section 

 

 

Fig 2: Oxygen-19 spectrum from experiment, MCAS and a shell model 
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The role of tensor force in heavy-ion fusion dynamics 

L Guo1, C Simenel2, L Shi1and C Yu1 

1University of Chinese Academy of Sciences, China, 2Australian National University, Australia 

The tensor force is implemented into the time-dependent Hartree–Fock (TDHF) theory so that both exotic and stable 

collision partners, as well as their dynamics in heavy-ion fusion, can be described microscopically. The role of 

tensor force on fusion dynamics is systematically investigated for 40Ca+40Ca, 40Ca+48Ca, 48Ca+48Ca, 48Ca+56Ni, and 
56Ni+56Ni reactions which vary by the total number of spin-unsaturated magic numbers in target and projectile. A 

notable effect on fusion barriers and cross sections is observed by the inclusion of tensor force. The origin of this 

effect is analyzed. The influence of isoscalar and isovector tensor terms is investigated with the TIJ forces. These 

effects of tensor force in fusion dynamics are essentially attributed to the shift of low-lying vibration states of 

colliding partners and nucleon transfer in the asymmetric reactions. Our calculations of above-barrier fusion cross 

sections also show that tensor force does not significantly affect the dynamical dissipation at near-barrier energies 

[1].  
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The surrogate reactions method for indirectly constraining (n, ) cross sections 

A Ratkiewicz1, J Cizewski2, J Escher1 and G Potel3 

1Lawrence Livermore National laboratory, USA, 2Rutgers University, USA, 3Michigan State University, USA 

In the rapid neutron capture process (the r process) of nucleosynthesis, the neutron-capture reaction is responsible 

for forming nearly half of the elements heavier than iron. However, because many r-process nuclei are very short-

lived, it is difficult or impossible to directly determine their (n, ) cross sections. Due to the importance of these cross 

sections, indirect techniques must be developed to constrain them. One such technique is the Surrogate Reactions 

Method (SRM) [1,2], which allows cross sections to be experimentally constrained through measurements of 

reactions that form the same compound nucleus as would be formed in the desired, in this case (n, ), reaction. A 

recent measurement of the 95Mo(d,p ) reaction in normal kinematics demonstrates the validity of the (d,p ) reaction 

as a surrogate reaction for (n, ) in the framework of SRM [3]. The resulting experimentally-constrained surrogate 

cross section is in excellent agreement with previous direct measurements and evaluations of the (n, ) cross section 

as a function of neutron energy. In parallel, techniques have been developed to measure the (d,p ) reaction with 

radioactive ion beams in inverse kinematics [4]. The demonstrated validity of the SRM, together with these new 

experimental techniques set the stage for important measurements in areas of the nuclear chart, which, with the 

advent of next-generation rare isotope accelerators, will soon become available for experiment. The present 

contribution would summarize the (d,p ) surrogate (n, ) reaction validation efforts and present an overview of these 

new experimental capabilities, which will allow the SRM to be used to constrain neutron-capture reaction cross 

sections on the radioactive r-process nuclei that determine the final abundance pattern. 

This work was supported in part by the U.S. Department of Energy National Nuclear Security Administration under 

the Stewardship Science Academic Alliances program, NNSA Grants No. DE-FG52-09NA29467 and No. DE-

NA0000979, Lawrence Livermore National Laboratory Contract No. DE-AC52- 07NA27344 and LDRD 16-ERD-022, 

Texas A&M Nuclear Physics Grant No. DE-FG02-93ER40773, the Office of Nuclear Physics, and the National 

Science Foundation. 
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Role of dissipative transfer reactions in suppressing heavy-ion fusion 

E Simpson, D Rafferty, M Dasgupta, D Hinde 

Australian National University, Australia 

Above-barrier heavy-ion fusion reactions present a major challenge to our understanding of nuclear reaction 

dynamics. Measured above-barrier fusion cross sections are consistently lower than predictions of single-barrier 

penetration model [1] or coupled channels calculations [2]. This suppression of fusion is widespread [1], having 

been observed in collisions from 16O+208Pb to 40Ca+208Pb, with the degree of suppression increasing with charge 

product ZpZt. The cause is thought to be dissipative reactions occurring early in the collision [1]. Even at sub-barrier 

energies with relatively light projectiles such as 16O, 18O, 19F [3,4] and 32S [5], multi-nucleon transfer reactions 

populate excitation energies of several tens of MeV. If this reduction in kinetic energy results in thermalization then it 

can reduce the probability of overcoming the fusion barrier, and thereby suppress fusion cross sections. Clearly 
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these dissipative transfers are critical to understanding above-barrier fusion suppression, but including the 

increasingly complex transfer channels between the colliding nuclei (i.e. transferring many nucleons, populating 

Ex=0-30 MeV) in coupled channels models is very challenging. 

Here we discuss a first step towards a consistent description of high-Ex transfer, deep inelastic scattering, and 

fusion. The approach [6-9] has been developed to retain the effects of low-lying discrete states via a coupled 

channels calculation for the transmission coefficients [10], with transfer channels included as a phenomenological 

modification of the transmission. Transfers reduce the flux in the incident channel, and alter the transmission 

coefficient relevant to fusion by changing the effective energy of the collision, E → E + (Q–Qopt) – Ex, enhancing or 

reducing transmission. The energy shift properly accounts for the reaction Q-value, the approximate change in the 

Coulomb energy (via Qopt), and the residual excitation energy Ex. The transfer probabilities are parameterized in 

terms of the distance of closest approach Rmin and excitation energy Ex, and constrained to reproduce experimental 

results at sub-barrier energies. 

We consider the specific example of 16O+208Pb, including -1p, -2p, -α, +1n and +2n transfer channels [4]. Charge 

transfer channels tend to populate significantly larger excitation energies than neutron transfers, lending greater 

capacity for energy dissipation. Inclusion of transfer reduces the above-barrier fusion cross sections, though the 

degree of reduction is sensitive to the exact parameterization of the transfer probabilities. We will discuss the 

sensitivities of the approach, and the possible application to heavier systems (e.g., 40Ca+208Pb) where the 

dissipation is significantly stronger. 
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Nuclear Structure A 

(Invited) Ab initio description of open-shell nuclei 

V Somà1, F Raimondi1, C Barbieri2, T Duguet1,3, and P Navrátil4 

1CEA Saclay, France, 2University of Surrey, UK, 3KU Leuven, Belgium, 4TRIUMF, Canada 

In the last decade, advances in many-body approaches and inter-nucleon interactions have enabled significant 

progress in ab initio calculations of nuclear systems. At present, several complementary methods to solve the (time-

independent) many-body Schrödinger equation are available, tailored to either light systems, medium-mass nuclei 

or extended nuclear matter [1]. New developments, which promise to extend (most of) these methods to higher 

accuracy and/or heavy nuclei, are being currently proposed [2]. 

A major step forward was achieved when wave-function expansion methods, previously applicable only to closed-

shell isotopes, were generalised to singly open-shell systems, i.e. to nuclei where either protons or neutrons are 

open-shell while the other species remains of closed-shell character. This enabled ab initio calculations of long mid-

mass isotopic and isotonic chains, addressing fundamental questions like the emergence and the evolution of 

magic numbers or the microscopic description of nuclear superfluidity [3,4].  

The key idea behind these approaches is to allow the reference state, on which the expansion of the exact solution 
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is performed, to break a symmetry of the underlying Hamiltonian. For singly open-shell nuclei, the relevant 

symmetry to be broken is the U(1) global gauge symmetry associated with particle-number conservation, which 

allows to handle the complexity arising from the partially filled character of the last proton or neutron shell. In similar 

fashion, extending these ab initio methods to doubly open-shell systems, where deformation effects play a 

significant role, would require the additional breaking of the SU(2) symmetry associated to rotational invariance.  

In this talk I will review the key ideas behind U(1)-breaking ab initio techniques and their most recent applications 

to mid-mass isotopic chains around Z=20 [5]. The emergence of magic numbers and nuclear pairing will be 

highlighted. Finally, the extension to doubly open-shell nuclei will be discussed. 
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Self-organization in atomic nuclei and nuclear collectivity 

T Otsuka1, Y Tsunoda1, T Abe1, N Shimizu1, and P Van Duppen2 

1University of Tokyo, Japan, and 2KU Leuven, Germany 

The interplay between the single-particle states and the collective modes has been one of the central subjects of 

nuclear physics since the very beginning. If the single-particle aspect is too strong, for instance, with a large gap 

between relevant orbits, it suppresses the collective mode. Thus, the single-particle states and the collective modes 

have been considered to counteract each other, and the former behaves as a resistance against the latter. However, 

an opposing idea has arisen recently. The nuclear force is characterized by components driving a given collective 

mode, like the quadrupole interaction for the ellipsoidal shape and, in addition, by the monopole component that 

can reduce the resistance against collective modes. The energies of single-particle orbits can thus be optimized for a 

given mode with favorable configurations. In fact, the monopole components of the central and tensor forces show 

strong orbital dependences, and can shift single-particle energies effectively depending on the configurations of 

other nucleons. This mechanism can be interpreted as a quantum self-organization, and is consistent with the 

general self-organization concept. Its effect can be seen in the quantum phase transition of Zr isotopes1), and more 

generally in the shape evolution in Sm isotopes as well as the band structure of 154Sm. The state-of-the-art Monte 

Carlo Shell Model calculations with reasonable interactions produce properties of these nuclei in good agreement 

with experiments. The monopole-controlled optimization is shown to be essential as if it is switched off, this good 

agreement disappears. One of the striking results is that contrary to the traditional idea, side bands of strongly 

deformed nuclei may not be beta or gamma vibration of the ellipsoidal shape, but can be consequences of many-

body correlations due to nuclear forces, beyond the liquid drop model. A textbook example of 166Er shows that its 

key properties are reproduced by the shell-model solution obtained around a triaxial minimum with strong gamma-

instability, including the relatively strong 0+
1  2+

2 E2 excitation. Prospects over heavy nuclei and fission processes 

and possible experimental challenges will be discussed. 

[1] T. Otsuka, Y. Tsunoda, et al., EPJ Web of Conferences 178, 02003 (2018) 
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Searching for shape coexistence in 70Se 

J Smallcombe1, A Garnsworthy2, W Korten3, P Singh3, C Andreoiu4, S Ansari3, G Ball2, C Barton5, S Bhattacharjee2, M 

Bowry2, R Caballero Folch2, A Chester2, S Gillespie2, G Grinyer6, G Hackman2, B Melon7, M Moukaddam8, A Nannini7, 

P Ruotsalainen9, K Starosta4, C Svensson10, R Wadsworth5, J Williams4  

1University of Liverpool, UK, 2TRIUMF, Canada, 3CEA Saclay, France, 4Simon Fraser University, Canada, 5University of 

York, UK, 6University of Regina, Canada, 7INFN Firenze, Italy, 8University of Surrey, UK 9University of Jyväskylä, 

Finland, 10University of Guelph, Canada 

The shape coexistence phenomenon is prevalent in the Z~34 region, with multiple neutrondeficient even Ge [1] , Se 

[2] and Kr [3] isotopes each exhibiting the characteristic low-lying coexisting 0+ bands which display quadrupole 

deformation different to that of the ground states. 

In the selenium isotopes, coexisting shapes in 72-78Se seem to show a prolate ground structure with coexisting oblate 

excitation [4,5,6], while in 68Se the oblate structure appears to have become the ground state [7]. In 70Se however, 

not only is the ground state shape uncertain [8], a low-lying 0+ state has yet to be identified. Recent work in 

neighbor Kr isotopes has pushed to 70�e’s isospin partner 70Kr and identified states thought to be part of a shape 

coexisting structure [9]. With our picture of the region rapidly evolving the uncertain structure of 70Se stands out as a 

clear remaining question. 

The Spectrometer for Internal Conversion Electrons (SPICE) is one of the latest generation of tools for studying 

Internal Conversion Electrons (ICE) [10]. The spectroscopic study of ICE is one of the primary means available for 

the study of electric monopole (E0) transitions, which are themselves a key observable in the study of nuclear 

shapes and shape coexistence. 

Using SPICE an experimental investigation was undertaken at the TRIUMF ISAC-II facility which aims to confirm the 

presence of the anticipated coexisting 0+ band-head in 70Se. Details of the device and experiment will be presented, 

alongside the latest results of analysis. 
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On the meaning of nuclear shape 

A Poves3, F Nowacki1,2 

1IN2P3-CNRS, France, 2Université Louis Pasteur, France, 3Universidad Autónoma de Madrid, Spain 

How to interpret the nuclear observables in the laboratory frame in terms of the deformation parameters (β and γ) 

pertaining to an intrinsic, symmetry breaking, description, is a classical theme in nuclear structure. In this 

contribution we make use of the quadrupole invariants <Qn> to clarify the meaning and limits of these 

interpretations. In particular we submit that in most cases, β has a non-negligible degree of softness and γ is 

meaningless. 
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Shape evolution in selenium; triaxiality and coexistence 

J Henderson1, C Wu1, J Ash2,3, B Brown2,3, P Bender4, R Elder2,3, B Elman2,3, A Gade2,3, M Grinder2,3, H Iwasaki2,3, E 

Kwan2, B Longfellow2,3, T Mijatovic2, D Rhodes2,3, M Spieker2, D Weisshaar2  

1Lawrence Livermore National Laboratory, USA, 2National Superconducting Cyclotron Laboratory, USA, 3Michigan 

State University, USA, 4University of Massachusetts, Lowell, USA 

Nuclei in the upper fpg shell undergo a transition from moderate deformation dominated by prolate configurations 

around N=50 towards highly deformed structures around the N=Z line, with oblate configurations thought to become 

important. Triaxiality has also been found to play a role around stability in the mass region, with axially-symmetric 

shapes insufficient to explain the low-lying nuclear structure of germanium isotopes (see e.g. Ref. [1]). Selenium 

isotopes are thought to exhibit both of these effects, with data indicating a transition towards a predominantly 

oblate deformation at 70Se and low-lying 2+

γ states indicative of triaxiality. Prior to the present measurements, 

however, the degree of triaxiality around stability was unclear, as was the point at which the shape transition occurs. 

We present two results from the first sub-barrier Coulomb excitation science campaign performed at the ReA3 

facility at the NSCL. A reorientation effect measurement of 72Se [2] - the first radioactive beam “safe” }oulomb 

excitation measurement performed at ReA3 - is used to determine the point of shape transition. A multi-step 

Coulomb excitation measurement of 76Se, meanwhile, coupled with the use of rotationally invariant shape 

parameters allows us to quantify the degree of triaxiality in stable selenium isotopes. 

Results will be presented in the context of both macroscopic models and shell model calculations.  

[1] A. D. Ayangeakaa et al., Phys. Lett. B 754, 254 (2016) 

[2] J. Henderson et al., Phys. Rev. Lett. 121, 082502 (2018) 

Describing quadrupole collective excitations of nuclei within self-consistent methods 

D Muir1, L Próchniak2, A Pastore1 and J Dobaczewski1 2 3 

1University of York, United Kingdom, 2University of Warsaw, Poland, 3Helsinki Institute of Physics, Finland 

To fully describe medium to heavy mass nuclei, it is necessary to account for collective degrees of freedom in 

addition to single-particle degrees of freedom. In this work, we aim to discuss a set of microscopic Hartree-Fock-

Bogoliubov (HFB) calculations of potential energy surfaces and self-consistent cranking mass parameters used to 

construct the General Bohr Hamiltonian, and thus to describe collective quadrupole excitations (rotations and 

vibrations) of even-even nuclei. Following the formalism presented in [1], we perform a systematic sensitivity study 

of low lying 2+ and 4+ states using different Skyrme functionals. This work follows on from previous studies 

undertaken with the Gogny functional [2], and aims to understand which parameters of various Skyrme functionals 

have the most impact on the spectra obtained in collective calculations. Based on the outlined study we aim to 

inform the functional parameters in the initial fitting stage. From [3] we know that the limits of the Skyrme-like 

family of functionals have been reached. Thus, new novel approaches should be implemented if we wish to explore 

the use and applicability of this family of functionals in future work.    

Whilst in principle this approach can be applied across the nuclear chart our focus is to examine the mass region (Z, 

N) = (50, 82) – (82, 126). This approach uniquely connects calculations in the intrinsic frame to measurements 

made in the laboratory frame making it easy to compare theoretical and experimental work. The novelty of this work 

is to create a database of nuclei, which can continuously expand in future to the majority of the nuclear chart and 

encompass a large number of Skyrme EDFs. Furthermore, as the database grows we can look to identify trends of 

the nuclear properties in the nuclei examined as well as similarities and differences between the observables 

computed by various EDFs. In turn, this could ultimately result in the development of more accurate functionals in 

future. 
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Additionally, for certain EDFs where the covariance matrices are known [3], there is the opportunity to calculate 

associated theoretical uncertainties of collective observables. In principle, such an approach could be expanded 

using Monte Carlo sampling of the parameter set in order to create a more realistic uncertainty quantification for the 

approach as a whole. 
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Nuclear Structure B 

(Invited) Structure at the extremes: In-beam gamma-ray spectroscopy at the RIBF 

K Wimmer 

University of Tokyo, Japan 

At the Radioactive Isotope Beam Factory in-beam gamma-ray spectroscopy experiments take advantage of the wide 

range of radioactive ion beams produced by the projectile fragmentation and fission. Isotopes of interest are 

separated by the BigRIPS fragment separator and guide to a secondary target. Reaction residues are identified 

either in the ZeroDegree spectrometer or with the SAMURAI setup. Gamma rays emitted at the reaction target are 

detected with high efficiency in the DALI2 NaI(Tl) array. The physics program includes a wide range of topics in 

nuclear structure addressing collective and single-particle structure of nuclei very far from stability. In this talk I will 

give an overview of recent results on proton- and neutron-rich nuclei and discuss future experimental campaigns at 

the RIBF. 

Spectroscopic studies of the structure of neutron-rich 129Sn and 133Sn 

F Garcia1, C Andreoiu1, K Ortner1, K Raymond1, K Whitmore1, G Ball2, N Bernier2,3, H Bidaman4, V Bildstein4, M 

Bowry2, D Cross1, I Dillman2,5, M Dunlop4, R Dunlop4, A Garnsworthy2, P Garrett4, G Hackman2, J Henderson2, J 

Measures2,6, D Mucher4, B Olaizola2, J Park2,3, C Petrache7, J Pore1, J Smith2, D Southall2, C Svensson4, M Ticu1, J 

Turko4, T Zidar4 

1Simon Fraser University, Canada, 2TRIUMF, Canada, 3University of British Columbia, Canada, 4University of Guelph, 

Canada, 5University of Victoria, Canada, 6University of Surrey, United Kingdom, 7Universite Paris-Saclay, France 

The study of exotic nuclei around the magic shell closures is key to the development of modern nuclear structure 

models. The tin isotopes, in the vicinity of 132Sn, are doubly important as they are key inputs to nuclear shell 

evolution models and they lie along the pathway of astrophysical processes required to produce heavy elements. 

The 129Sn isotope, with three neutron holes relative to the doubly-magic 132Sn core, has been studied since the late 

1960s [1-5], but despite this, only the ground state and its first isomeric state have been assigned definite spins 

and parities. The data on 133Sn are sparse, with only two β-decay studies undertaken since the late 1990s [6,7], 

where the single neutron states were examined. Study of the 129Sn and 133Sn isotopes was conducted at the ISAC 

facility at TRIUMF, located in Vancouver, Canada, following the β-decay of their indium parents, 129In and 133In, 

respectively. Indium ions were produced by the bombardment of a beam of protons onto a UCx target, coupled to 

the IGLIS source. The GRIFFIN spectrometer, consisting of 16 HPGe detectors, for measurement of γ-rays, and 

SCEPTAR, a segmented plastic scintillator detector for β-tagging, were used to generate βγ and γγ coincidence and 

timing spectra. These powerful detectors allow for expansion of the level schemes, improved half-life values, 

computation of angular correlations for spin assignments and precise calculation of β-delayed neutron emission 

probabilities. New transitions and excited states observed in the 9/2+ ground state and 1/2- isomers of 129Sn will be 

presented and the challenges associated with the study of 133Sn will be discussed. 

31



 

[1]  B.J. Dropesky, C.J. Orth, J. Inorg. Nucl. Chem. 24, 11 (1962) 

[2]  T. Izak, S. Amiel, J. Inorg. Nucl. Chem. 34, 5 (1972) 

[3]  L.-E. De Geer, G.B. Holm, Phys. Rev. C 22, 5 (1980) 

[4]  H. Gausemel et al. Phys. Rev. C 69, 054307 (2004) 

[5]  �� �ică et al. Phys. Rev. C 93, 044303 (2016) 

[6]  P. Hoff et al., Phys. Rev. Lett. 77, 6 (1996) 

[7]  M. Piersa et al., Phys. Rev. C 99, 024304 (2019) 

Beta decay of 132Cd: exploring the puzzle of decay half-lives southeast of 132Sn 

M Madurga1, R Grzywacz1,2, A Fijalkowska3, A Gottardo4, M Borge5, R Lica6 

1University of Tennessee, USA, 2Oak Ridge National Laboratory, USA, 3University of Warsaw, Poland, 4INFN, Italy, 
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The region of nuclei around doubly magic 132Sn [1] offers a unique window to study nuclear structure. Collective 

effects such as deformation quickly come into place a few proton numbers above tin [2]. On the other side of the 

Z=50 line, nuclei with proton number below Sn, such as Cd and Pd, are typically treated to be good shell model 

nuclei [3,4]. These calculations are in turn used to provide for nuclear parameters in models of isotope productions 

in stellar rapid neutron capture (r-process) [5]. However, recent measurements of the decay half-lives in the region 

show systematic discrepancies with shell model calculations. These discrepancies account for the majority of the 

deviations of calculated rprocess yields with solar abundances around the A~130 peak [6] 

In order to investigate the origin of the large discrepancies in beta-decay half-lives, the beta decay of Z=48, N=84 
132Cd was studied at the ISOLDE facility, CERN. The large majority of the beta-decay strength was expected to 

populate the unbound lowest-energy 1+ state through a Gamow-Teller transformation of a g 7/2 neutron into a g 9/2 

proton [3,4], resulting in a (observed [7]) large neutron emission probability. In order to identify this state, the 

neutron time-of-flight array VANDLE [8,9] was installed at the ISOLDE decay station. The setup consisted in 26 

VANDLE bars, for a 5% detection efficiency at 1 MeV, as well as 4 HPGe clovers, 3% efficiency at 1 MeV. We 

observed none of the gamma lines previously observed in 132In in the decay of 133Cd [10], nor any other gamma 

line that could be assigned to be in 132In, suggesting a neutron branching ration close to 100%. Large Gamow-Teller 

strength was observed in the neutron time-of-flight spectra, as evidenced by 2/3 of the neutron intensity being 

emitted at 2 MeV. Analysis of the data indicates the Gamow-Teller strength occurs through 4 transitions to 4 

individual 1+ states in 132In. The presence of multiple competing states, fragmenting the overall strength, offers a 

compelling explanation for the experimental half-life of 132Cd being longer than state-of-the-art calculations [3]. The 

fragmentation of the 1+ strength will be discussed in the framework of shell model and ab initio calculations using 

neutron-hole excitations of the 132Sn core. 
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Direct lifetime measurements of excited states in 136Te and 138Te 
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Blanc5, A Bruce6, G de France7, M Jentschel5, J Jolie4, W Korten10, U Köster5, T Kröll9, S Lalkovski11, N Marginean8, P 

Mutti5, P Regan12,13, N Saed-Samii4, T Soldner5, C Ur14 W Urban15 
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Nuclei with few valence particles outside of a doubly-magic core provide valuable information about single-particle 

energies, the nucleon-nucleon effective interaction and the onset of collectivity in the proximity of shell closures. The 

region around 132Sn draws particular attention not only because of the unexpected modifications of the shell 

structure and the appearance of collective effects, but also it is one of the areas of the nuclear chart not fully 

explored yet. 

Here we concentrate on the 136Te nucleus, with two protons and two neutrons coupled to the doubly-magic 132Sn 

(Z=50 and N=82), and its isotone 138Te, with two more neutrons. The nucleus 136Te is a good case to test the 

phenomena described above, but in addition it has been experimentally shown that it has an anomalously low 

electric quadrupole transition rate B(E2; 2+ → 0+) [1], which does not follow the trend of 132,134Te and is also at 

variance with the neighboring Xe and Ba isotopes. This feature cannot be fully explained by shell-model 

calculations, and has been attributed to a reduced pairing in this nucleus. Although subsequent measurements 

[2,3,4] have reduced the anomaly, the experimental values are not fully consistent. In this respect a new direct 

measurement will contribute to shed light on this issue. More importantly the measurement of the B(E2; 2+ → 0+) 

transition rate in next isotope, 138Te, is of the utmost interest. 

In this work we report on a new direct measurement of the 2+ state lifetime in 136Te, using the fast-timing    t) 
method with fast-scintillators, which allows the derivation of the B(E2; 2+ → 0+) rate in 136Te. Lifetime 

measurements of the 4+ and, for the first time, 6+ and 8+ states are also performed. We also report on the 

preliminary measurement of the B(E2; 2+ → 0+) transition rate in 138Te. Data were obtained in the EXILL-FATIMA 

campaign, which took place at the Institute Laue-Langevin (ILL) in Grenoble. Prompt-fission γ-ray measurements 

were performed at the PF1 beam line of the reactor, after fission induced by cold-neutrons on actinide targets. The 

measurements were carried out using the EXILLFATIMA mixed HPGe/LaBr3(Ce) array [5]. 
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Observation of the beta-decay of 135In 
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For the exotic 135In (Z=49, N=86) isotope only the identification and beta half-life have been established [1,2], but 

nothing is known about its beta-decay and the population of the level structures in magic Sn isotopes. In this work 

the beta-decay of the 135In isotope has been investigated for the first time. The study was carried out in the 

framework of the IS610 experiment at the ISOLDE-CERN facility where In was produced by spallation neutrons in a 

thick UCx target, selectively ionized by the ISOLDE Resonance Ionization Laser Ion Source, mass separated and 

transported to the ISOLDE Decay Station. The latter was equipped with a plastic beta-particle detector, four high-

efficiency clover-type Ge detectors, and a compact set-up for fast timing studies. 

Gamma rays arising from the decay of 135In have been identified by their time distribution. The analysis yields a 

beta-decay half-life of 135In in good agreement with literature [1,2]. The decay very intensely populates 134Sn. In 

particular strong  -rays at 174, 348 and 726 keV are observed, corresponding to the de-excitations of the three first 

excited levels in 134Sn. The amount of statistics allows for a coincidence study, which reveals the presence of new 

gamma transitions in 134Sn. We will report on these findings. In addition, the beta-delayed one- and two-neutron 

emission probabilities will be discussed. Being 135In one of the waiting-point isotopes in the rapid neutron-capture 

nucleosynthesis of elements in the A~130 peak, these quantities and the beta-decay half-life are relevant. 

Several other peaks corresponding to short-lived   -rays can be identified in the spectrum. Owing to the lifetime and 

lack of coincidences some of them are good candidates for the first identification of gamma decay in 135Sn. The 

proposed low-lying structure of 135Sn will be discussed based on the experimental information and in the light of the 

systematics and the comparison to single-particle states in 133Sn. 

[1]  G. Lorusso, et al., Phys. Rev. Lett. 114, 192501 (2015) 
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Parameter optimization in the latest quark-meson coupling model  
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The Quark Meson Coupling (QMC) model1 self-consistently relates the dynamics of the internal quark structure of a 

hadron to the relativistic mean fields arising in nuclear matter. It offers a natural explanation to some open 

questions in nuclear theory, including the origin of many-body nuclear forces and their saturation, the spin-orbit 

interaction and properties of hadronic matter at a wide range of densities. The QMC energy density functionals, 

QMC-� and ��}π-I have been successfully applied to calculate ground state observables of finite nuclei in the 

Hartree-Fock plus BCS approximation, as well as to predict properties of dense nuclear matter and cold non-rotating 

neutron stars. We will report the latest development of the model2  ��}π-II, extended to include higher order self-

interaction of the π meson� { derivative-free optimization algorithm has been employed to determine a new set of 

the model parameters and their statistics  including errors and correlations� ��}π-II predictions for a wide range of 

properties of even-even nuclei across the nuclear chart, with fewer adjustable parameters, are comparable with 

other models. As an example, we show below the two-neutron separation energies for Ca and Ni isotopes. 

Predictions of ground state binding energies of even-even isotopes of superheavy elements with Z>96 are 

particularly encouraging. 
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Fig 1: Two-neutron separation energies for calcium (Z = 20) and nickel (Z = 28) isotopes as a function of the 

neutron number. Shell closures are visible at N = 20 for Ca, N = 28 for both Ca and Ni and N = 50 for Ni isotopes 

and are indicated by dashed lines. Also added for comparison are results for FRDM, SV-min and UNEDF1.  

[1]  P.A.M. Guichon, J.R. Stone and A.W. Thomas, Prog. Part. Nucl. Phys. 100 (2018) 262-297  

[2]  K.L. Martinez, A.W. Thomas, J.R. Stone and P.A.M. Guichon, arXiv: 1811.06628 

Nuclear Structure C 

(Invited) Superheavy element studies using BGS+FIONA 

J Gates 
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The search for new elements has netted us six additions to the periodic table this decade, bringing the total to 118 

known elements. These elements must be formed one-atom-at-a-time in complete-fusion evaporation reaction. 

Once formed, the atoms typically exist for just seconds or less before they decay into other elements. While we have 

made great progress in making and studying these elements, there is much that is still unknown, including detailed 

information about their nuclear structure, nuclear shapes, decay modes and chemical properties. Even information 

as basic as the proton and neutron numbers of the recently discovered elements have yet to be experimentally 

confirmed. 

Recently, the Berkeley Gas-filled Separator (BGS) at the Lawrence Berkeley National Laboratory (LBNL) was 

coupled to a new mass analyzer, FIONA. The goal of BGS+FIONA is to provide a M/ M separation of ~300 and 

transport nuclear reaction products to a shielded detector station on the tens of milliseconds timescale.  These 

upgrades will allow for direct A and Z identification of i) superheavy nuclei such as those produced in the 48Ca + 

actinide reactions ii) new actinide and transactinide isotopes with ambiguous decay signatures such as electron 

capture or spontaneous fission decay and iii) products from chemical reactions. In addition, we will be able to 

perform spectroscopy measurements on the heaviest nuclei or dive into determining chemical reaction rates. 

Here we will present recent results from the FIONA commissioning and first scientific experiments, including mass-

number measurements of superheavy nuclei and studies on the nuclear structure and chemistry of transactinide 

elements. 
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Study of the evolution of octupole collectivity in 217Ra  
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The reflection-asymmetric deformation of nuclei is now a well-established phenomenon in nuclear physics [1]. The 

β3 term in the expansion of the nuclear shape describes octupole deformation which causes the nucleus to take on 

a pear shape, and this type of deformation is strongest in the region just beyond the N = 126 and Z = 82 closed 

shells [2]. The nucleus 217Ra is on the edge of the region of octupole correlations in this region of the nuclear chart 

[3]. Previous studies [4,5] have shown that 217Ra (Z=88, N=129) exhibits some single-particle excitations as well as 

the beginning of a interleaving-parity band, which is a clear signature of octupole deformation. This nucleus is of 

significant interest as it is a transitional nucleus which can be studied to help understand the development of 

octupole correlations as N increases. In order to study octupole transitional radium nuclei, an experiment has been 

performed at the INFN Legnaro National Laboratory. The 217Ra nuclei were produced using the 208Pb(16O,  3n) 

reaction. Prompt gamma-ray transitions were detected using the Galileo gamma-ray spectrometer, in coincidence 

with evaporated charged particles, detected in the Euclides Si-detector ball, and evaporated neutrons, detected in 

the Neutron Wall liquid-scintillator array [6]. The detection of an evaporated alpha particle in Euclides has helped to 

suppress the large background of gamma rays from prompt fission. A high-fold gamma-ray coincidence analysis has 

enabled new excited states to be identified in an alternating-parity band. The band has been studied using 

B(E1)/B(E2) ratios and systematics of the positions of excited states. The current status of the analysis will be 

presented and discussed, particularly in terms of the onset of octupole deformation as N increases above the 

N=126 shell gap.  
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Measurement of nuclear magnetic dipole moments of 196-198Ir with laser spectroscopy at KISS 
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The study of nuclear properties of neutron-rich nuclei around neutron number of N = 126 is important because they 

are strongly connected to an origin of the 3rd peak in the r-abundance pattern. It is essential to investigate the 

nuclear wave functions of them to improve the theoretical models for predicting nuclear properties of the waiting-

point nuclei which are experimentally inaccessible. Nuclear magnetic dipole moment, which can be investigated by 

laser spectroscopy, is sensitive to the nuclear wave function. The nuclear magnetic dipole moments of neutron-rich 

isotopes of refractory elements (Z = 71 – 79) were not so much studied so far because of difficulty of the extraction 

from a conventional ion source. 

 KEK isotope separation system (KISS) [1] specialized in multi-nucleon transfer reactions such like 136Xe + 198Pt [2] 

36



 

can supply the neutron-rich nuclei neighboring the target nuclei. The target-like fragments, which are neutralized in 

the argon gas cell, are re-ionized element-selectively by applying an in-gas-cell laser resonance ionization 

technique. We obtained the hyperfine spectra of 196-198Ir (Z = 77, N = 119 – 121) by measuring the dependency of 

b-ray counts on excitation laser wavelength. We deduced nuclear magnetic dipole moments of them from the 

measured hyperfine spectra and the nuclear quadrupole deformation parameters (b2) from the measured isotope 

shifts. We presumed the nuclear wave functions and nuclear spin values by comparing the deduced nuclear 

magnetic dipole moments and calculated-ones by using a semi-empirical method [3]. The systematic trend of 

nuclear magnetic dipole moments and b2 values suggest a slightly larger deformation at 197Ir as predicted by FRDM 

[4]. We need to measure the nuclear electric quadrupole moments for these isotopes to clarify a possibility of 

nuclear shape transition with improved spectral resolution obtained by using an in-gas-jet laser ionization [5]. 

We will give the details of the experimental and analysis methods in the presentation. 
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Singly-magic nuclei in the vicinity of a doubly-magic core are in the scope of interest of modern nuclear physics. 

Their properties can be described by the few protons (or neutrons) situated outside of the doublymagic core, 

therefore, they constitute an excellent playground for various theoretical studies and, in particular, provide a test for 

the shell model predictions of the single-particle energies and two-body matrix elements. One of the most 

interesting yet weakly known regions to investigate the nature of excitation near closed shells is placed south-east of 

the heaviest doubly-magic 208Pb nucleus. 

Due to the inherent difficulty in populating neutron-rich N=126 nuclei, not much information is known about these 

neutron-rich isotopes. One such example is 206Hg and to date, only the energy of the 21 + state is known, along with a 

number of higher-spin yrast states. The rest of the low-spin level scheme has only been predicted in shell model 

calculations due to the existence of the long-lived 5- isomeric state at 2.102 MeV blocking access to the low-spin 

region below it and to the non-yrast levels. 206Hg is also expected to exhibit strong octupole collectivity, resulting in a 

complex nuclear shape and as such, investigations into the structure of this nucleus will infer the behaviour of 

isotopes in the surrounding region. 

A successful Coulomb excitation experiment to study the structure of 206Hg isotope was undertaken in November 

2017 at the HIE ISOLDE facility at CERN. The 206Hg beam was produced by impinging the ���� μ{ proton beam on 

the molten lead target and purified using the RILIS laser ionisation system. The 206Hg beam energy of 4.195 MeV/u 

was chosen to enhance the Coulomb excitation cross-section. The average beam intensity delivered to the 

experimental setup was 7.75x105 pps. Due to the heavy Hg projectile nucleus under investigation, the experiment 

was conducted in inverse kinematics with lighter mass targets (94Mo and 104Pd, both 2 mg/cm2 thick). To detect 

scattered particles, a DSSSD array was placed in the forward angles, and the MINIBALL spectrometer consisting of 8 

HPGe detectors was used to detect the gamma rays coming from the de-excitation of both projectile and recoil 

nuclei. 

The Coulomb excitation experimental technique allowed extraction of a range of nuclear properties of 206Hg, 

including the determination of the low-spin level scheme of this isotope as well as the deduction of the transition 

probabilities between the low-lying states. Finally, this measurement provided direct information on the 

spectroscopic quadrupole moment of the 21 + state, allowing discussion of its deformation. 
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In addition to the nucleus under consideration, there was a substantial amount of 130Xe beam contaminant observed 

in the experimental data. The structure of this stable nucleus, to date, is not well understood and as such, has been 

also in the scope of interest of the present analysis. As a result, unknown spectroscopic properties of the structure 

of 130Xe have also been determined, including the B(E2; 41
+ → 21

+), B(E2; 22
+ →21

+) and B(E2; 22
+ → 01

+) values. 

Weak coupling of 1p1h states to platonic shapes in 208Pb 

A Heusler 

Heidelberg, Germany 

Rotating and vibrating platonic shapes of nuclei were first envisaged by Wheeler more than 80 years ago [1]. 50 

years ago five states were known to be not described by simple 1p1h configurations. Yet only two years ago they 

were recognized as the five heads of the four basic tetrahedronal rotational and vibrational bands [2]. The crucial 

proof rests on the firm identification of the 2- member of the 2± parity doublet done only now by use of the Q3D 

magnetic spectrograph at Garching (Germany). Complete spectroscopy is defined as the description of all states up 

to a certain energy with spin, parity, and dominant structure. In 1965 it started with the study of the proton decay of 

isobaric analog resonances in 209Bi. In 2016 the lowest 150 states became rather completely known [3]. Most 

states consist of 1p1h configurations. The median deviation of their energy from shell model calculations is about 

30 keV. Yet six states are tetrahedronal, four states pairing vibrational, and 16 states 1p1h configurations coupled 

to the 3- yrast state. The 6+ yrast and 12+ yrare states are of unknown structure with suggested other platonic 

shapes. 

A γ-cascade with 22 states excited by deep inelastic scattering on 208Pb [4] is described by a weak coupling 

model. The model is constructed by assuming no residual interaction between 1p1h configurations and the 3-. 4+, 

6+ yrast and the 12+ yrare states. The model predicts high spins up to 36+ and 35-. The uncertainty of the model 

energy derives from (i) the residual interaction among the 1p1h configurations with typically 30 keV and (ii) the 

interaction of the 1p1h configurations with the 3-. 4+, 6+ yrast and the 12+ yrare states assumed to be less than 

about 0.2 MeV in total. Starting from the peculiar 9061 keV state the measured γ-transitions are used to determine 

spin, parity and structure in the weak coupling model for the next higher state. The measured multipolarity may 

change the subsequent spin in both directions, but often no such spin is predicted by the model within a range of 

0.2 MeV. A unique ladder of either increasing or decreasing spins is thus found for six states above the 9061 keV 

state (Table 1). In a tentative manner spin, parity, and weak coupling configuration is determined for the complete 

set of 22 states starting with the 16362 keV state and ending in the peculiar 9061 keV state. 

 

Fig 1: Selected states excited by deep inelastic scattering on 208Pb [4]. 
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Atomic nuclei constitute a formidable challenge for scientists who are still striving to answer the fundamental 

question: how do complex nuclear phenomena emerge from the interactions between the neutrons and protons? 

While several approaches can be used to study nuclear structure, Density Functional Theory (DFT) has definitely a 

quite broad range of applicability. 

A few years ago, we started to develop new Energy Density Functionals (EDFs) with the goal of being able to predict 

both ground-state and excited-state results. In particular, we wanted to look at nuclear excitations in a broad sense, 

including those that involve the spin and isospin degrees of freedom.  

In this contribution, we wish to start by showing that the study of the excited states is not merely of interest by itself, 

but it is of paramount importance if one wants to deduce from the experiment the so-called nuclear equation of 

state (EoS), that is, the relationship between pressure and density in nuclear matter. In turn, the EoS is as essential 

input for the study of compact objects like neutron stars, of their mass vs. radius relationship, and of their merging. 

We will discuss the recent EDFs developed by our group, based on ab initio calculations of neutron-proton drops 

[1], and show their predictive power for spin-isospin excitations and other observables. We will also touch upon 

isospin symmetry and its breaking. We will mention how considering it turns out to be essential to reconcile the 

results of different experimental measurements [2]. We will conclude with some remarks about the different 

strategies to fit new EDFs. 

[1]  S. Shen, G. Colò, and X. Roca-Maza, Phys. Rev. C (submitted) 
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FAIR is one of the flagship facilities for basic science in the coming decades and will become operational around 

2025. FAIR will open unprecedented research opportunities in hadron and nuclear and atomic physics, nuclear 

astrophysics as well as materials research, plasma physics and radiation biophysics. FAIR is under construction as 

an international facility at the campus of the GSI Research Centre in Darmstadt, Germany. Some of the experimental 

detectors and instrumentation are already available and are used since summer 2018 in a dedicated research 

program. The progress of FAIR realization and the prospects of science at FAIR will be presented. 
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JUROGAM 3 at MARA – unparalleled equipment to study proton-rich nuclei employing in-beam spectroscopy 

J Pakarinen 

University of Jyväskylä, Finland 

For more than a decade, the two incarnations of JUROGAM Ge-detector arrays have provided great wealth of in-

beam spectroscopic data in recoil-decay tagging experiments at the RITU gas-filled separator [1]. In order to 

address our physics program for nuclei located around the N=Z line, a new vacuum mode separator MARA has been 

developed [2]. MARA allows for separation of recoil products from the primary beam in symmetric and inverse 

kinematics fusion-evaporation reactions. It has proven to be an ultimate tool for decay-spectroscopy of very proton-

rich nuclei - nuclei ranging from 45Cr to 169Au have been successfully studied including discovery of five new 

isotopes.  

The advent of MARA in conjunction with the JUROGAM 3 spectrometer (to be commissioned in February 2019) will 

raise sensitivity to probe the exotic nuclei around the N=Z line employing in-beam spectroscopy to a new level. The 

JUROGAM 3 spectrometer consists of 24 EUROGAM Clover detectors and 15 Phase1 or GASP detectors provided by 

the European Gamma-Ray Spectroscopy pool and it can be moved between RITU and MARA separators while 

keeping Ge detectors biased. Together with a prompt charged-particle detector array, investigations of e.g. beta-

decaying proton-rich nuclei can be conducted with unprecedented fashion.  

As of now, more than 170 days of beam time have been allocated to experiments employing JUROGAM 3 at MARA. 

These address physics questions related to e.g. isospin symmetry breaking, neutron-proton interaction and shape 

coexistence. In this presentation, the first results from in-beam spectroscopy campaign from JUROGAM 3 at MARA 

will be shown.  

 

Fig 1: The JUROGAM 3 spectrometer in conjunction with the MARA separator 

[1] M. Leino et al., Nucl. Instr. and Meth. B 99 (1995) 653  

[2]  J. Sarén et al., to be published 
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SiPM based fast scintillators for fast timing applications 

J Rodriguez Murias1,2, P Mutti1, L Fraile2, E Ruiz-Martinez1 

1Institut Laue-Langevin, France, 2Universidad Complutense de Madrid, Spain 

This research is focused on applications on the study of nuclear structure, specifically, the neutron rich nuclei. The 

evolution of shell structure far from the β stability line is one of the great challenges over the past two decades. 

Neutron rich nuclei near magic numbers show modifications of their expected properties. For the study of these 

nuclei, the ADT (Advanced Delayed Technique) βγγ(t) technique is used. Developed by Henry Mack [1,2] this 

technique combines gamma spectroscopy and fast-timing coincidences to measure half-lives of excited states. The 

knowledge of the level scheme and the half-lives allows to extract transition probabilities that make it possible to 

compare with theoretical calculations. For the construction of the level scheme HPGe detectors are used, due to 

their good energy resolution. For the study of the half-lives a fast scintillator is needed; the most popular are 

LaBr3(Ce) crystals. This scintillator combines a fast response with a high detection efficiency and a good photon 

yield. Nowadays, lifetimes up to the range of the 10ths of ps have been studied by coupling LaBr3 scintillator 

crystals to photomultiplier tubes. 

Motivated from this kind of experiments, high-performance arrays are under development. One of these arrays is the 

Fission Product Prompt gamma-ray Spectrometer (FIPPS) at Institut Laue-Langevin (ILL), Grenoble (France). 

Currently operational, this germanium detector array carries out high resolution gamma-ray spectroscopy providing 

an excellent tool to the nuclear structure community. Next phases of the project will include the installation of a gas 

filled magnet of 1.6T with a 1/R field characteristic to boost the capabilities of the setup for fissioning targets. 

Photomultiplier tubes are not a real option for sensing the light emitted from the LaBr3(Ce) with the new FIPPS 

configuration due to the proximity of the high magnetic field. Recently, a good alternative to photomultiplier tubes 

are the silicon photomultipliers. Since their development, silicon photomultipliers have been evolving to become the 

alternative to the photomultiplier tubes. Among their properties [3], SiPM are insensitive to magnetic fields up to 

10T and have a quantum detection quantum detection efficiency on the same magnitude as the photomultiplier 

tubes. Silicon sensors have reported to have a timing resolution of 100ps, so is expected to be a great replacement 

for these experiments. A digital acquisition system has been developed using CAEN digitizer cards with a high 

sampling rate for proper timing determination and high throughput to treat the amount of data generated. Our goal 

is to produce a SiPM based system for fast scintillator detectors hosting not only the electronics needed to drive the 

SiPM but also the digital conversion and processing stage. We will develop a 1 GHz fast digitizer coupled with an 

FPGA implementing the energy filter as well as the digital constant fraction discriminator for the accurate timing 

determination along with algorithms for on-line gamma-gamma coincidences. Each SiPM system will be read-out 

via a dedicated optical link to minimize the losses due to the transport of the analog signals over long distances. 

On this research we have done a comparison between the timing resolution of Hamamatsu SiPM and 

photomultiplier tubes coupling them to LaBr3(Ce) crystals. Energy and timing resolution are compared between 

detectors, measuring the spectra of well-known 22Na. 

Keywords: LaBr3(Ce), FIPPS, SiPM, PM, time resolution, digital, fast-timing, spectroscopy 

[1] Mach, H., Gill  �� ��  & �oszyński  �� (����)� Nuclear Instruments and Methods in Phys. Res. A280(1), 49-

72 

[2] �oszyński  ��  & �ach  �� (����)� Nuclear Instruments and Methods in Phys. Res. A277(2-3), 407-417 

[3] Renker, Dieter. Nuclear Instruments and Methods in Phys. Res. A 567.1 (2006): 48-56 
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CERN MEDICIS: A facility for novel radioisotope production for medical application  

S Stegemann1, T Cocolios1, J Correia2, 3, K Dockx1, O Poleshchuk1, J Ramos1, 2, J Schell2,4, T Stora2, J Vleugels1 

1KU Leuven, Belgium, 2CERN, Switzerland, 3Universidade de Lisboa, Portugal, 4University of Duisburg–Essen, 

Germany 

Radioisotopes are commonly used in medical applications for functional imaging and are expected to play an 

enhanced role in the treatment of various types of cancer, towards the so-called personalized healthcare. In that 

respect, novel radioisotopes, such as 149,152,155Tb, 213Bi, or 225Ac are currently widely discussed with respect to their 

therapeutic and diagnostic benefit. Access to these isotopes is, however, limited. Therefore, the CERN MEDICIS 

facility (MEDical Isotopes Collected from ISOLDE) was constructed, for the production of dedicated medical batches 

for radiopharmaceuticals and new accelerator technologies for medical applications. MEDICIS extends the 

capability of the ISOLDE facility and utilizes the accelerator technologies and the vast expertise of ISOLDE regarding 

radioactive ion beam production. Since 2018, medical radioisotopes are produced at MEDICIS and shipped to 

partner facilities all over Europe for further chemical purification and synthesis of novel radiopharmaceuticals. A new 

radiochemistry laboratory will be implemented into MEDICIS, allowing on-site chemical purification and 

radiosynthesis. As a result, MEDICIS will be able to deliver new radiopharmaceuticals directly to the hospital, and 

will therefore play an important role in overcoming shortages of medical radioisotope for research. 

The facility also offers new opportunities to further develop isotope separation online (ISOL) technologies. 

Characterization and irradiation of new target materials, aiming to improve efficiencies and release properties of 

relevant radioactive species, has become possible. For example in the study of the production of 11C for hadron 

therapy. MEDICIS has also recently been used to support a winter physics programme at ISOLDE, by using pre-

irradiated targets. 

In this contribution, the MEDICIS facility will be introduced in the context of its possible impact in nuclear medicine 

and recent highlights will be presented.   

Prompt gamma-ray imaging for real-time in vivo range/dose verification in proton and carbon ion therapy  

M Xiao1, S Paschalis1, P Joshi1, T Price2  

1University of York, UK, 2University of Birmingham, UK  

In vivo range verification is desirable to understand the range uncertainties, minimizing beam delivery errors during 

hadron therapy. The aim of this project is to develop a novel prompt gamma-ray imaging (PGI) prototype detector 

for the absolute and relative range verification of hadron therapy, which can be used in clinical tests. The detection 

system consists of arrays of scintillator LFS (Luteium Fine Silicate) crystals coupled to silicon photomultiplier (SiPM) 

arrays. A passive tungsten multi-slit collimator has been constructed in-house and used for the PG profile along the 

depth of PMMA and water phantoms. In the meantime, the proton dosimetry is estimated using a microprobe that is 

inserted into the phantom. The correlated measurements from both detectors will be used for the determination of 

the relationship between “|ragg peak” and �� peak� �e will present preliminary results from in-beam 

measurements using the MC40 cyclotron at Birmingham with a proton beam at 36 MeV and the KVI CART facility 

with proton and Carbon beams with energies of around 150MeV and 90 MeV/nucleon, respectively. Time-of-flight 

resolution, energy response and gamma-ray profiles will be shown for an energy window corresponding to 3 – 

4.5MeV gamma rays. The results are also compared to a Monte Carlo (MC) Geant4 simulation model that was 

developed within this project. 
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Societal Impact and Applications of Nuclear Science 

(Invited) Treaty verification with resonance phenomena 

A Danagoulian, E Engel, E Klein and W Koch 

Massachusetts Institute of Technology, USA 

Arms control treaties are not sufficient in and of themselves to neutralize the existential threat of the nuclear 

weapons. Technologies are necessary for verifying the authenticity of the nuclear warheads undergoing 

dismantlement before counting them towards a treaty partner’s obligation� �e have developed two novel concepts 

which leverage isotope-specific nuclear resonance phenomena to authenticate a warhead's fissile components by 

comparing them to a previously authenticated template.  Most actinides such as uranium and plutonium exhibit 

unique sets of nuclear resonances when interacting with eV neutrons. When measured, these resonances produce 

isotope-specific features in the spectral data  thus creating an isotopic “fingerprint" of an object� {ll information in 

these measurement has to be and is encrypted in the physical domain in a manner that can amounts to a physical 

zero-knowledge proof system. Using Monte Carlo simulations and experimental proof-of-concept measurements 

these techniques are shown to reveal no isotopic or geometric information about the weapon, while readily 

detecting hoaxing attempts.  

The talk will discuss the policy context, the concept of the techniques, along with results from Monte Carlo 

simulation and experimental measurements. 

Spallation reaction study for long-lived fission products in nuclear waste 

H Wang 

RIKEN, Japan 

Treatment on high-level radioactive waste from nuclear power plants is one of the major issues in worldwide for the 

use of a nuclear power plant. As a promising solution, research and development has been devoted to the 

partitioning and transmutation technology where long-lived nuclides are converted to stable or short-lived ones for 

reduction and recycling. In particular, the transmutation on the long-lived fission products (LLFPs) has received 

much attention because the LLFP nuclei have large radiotoxicities and they can be produced continuously in the 

accelerator driven systems and next-generation nuclear reactors. However, experimental reaction data for LLFP 

nuclei are very limited. 

Nuclear physics plays an essential role in addressing the treatment on LLFP, because the reliable reaction data and 

models are necessary towards a possible solution for LLFP transmutation. Aiming at bringing an invention to the 

nuclear transmutation on LLFP, we have systematically studied the proton- and deuteron-induced spallation 

reactions for the long-lived fission products (137Cs, 90Sr, 107Pd, 93Zr, 126Sn and 79Se) at different reaction energies 

ranging from 50 to 200 MeV/u at the RIKEN RI beam factory. The inverse kinematics technique was adopted. 

Namely, LLFP beams were used and proton/deuteron targets were conducted to induce the reactions. Such method 

provides a direct measurement on each reaction product. The LLFP beams were produced by in-flight fission of a 
238U primary beam at 345 MeV/nucleon in the BigRIPS in-flight fragment separator. The reaction residues were 

analyzed by the ZeroDegree spectrometer. Both the LLFP beams and reaction products were unambiguously 

identified event-by-event.  

The present work focuses on 137Cs, 90Sr and 107Pd. Cross sections on proton and deuteron were successfully 

obtained for these three LLFP nuclei. Both target and energy dependences of reactions were systematically 

investigated. The new data were compared with theoretical calculations with intra-nuclear cascade and evaporation 

processes by using the PHITS framework. In the presentation, the results on 137Cs, 90Sr and 107Pd, spallation reaction 

mechanism, as well as the potential of spallation reaction on the LLFP transmutation will be discussed.  

43



 

This work was supported and funded by ImPACT Program of Council for Science, Technology and Innovation 

(Cabinet Office, Government of Japan). 

Muon tomography for nuclear industry applications 

G Yang1, A Clarkson1, S Gardner1, D Ireland1, R Kaiser1, D Mahon1, R Al Jebali1, C Shearer2, M Ryan2 

1University of Glasgow, UK, 2National Nuclear Laboratory, UK 

Muon tomographic imaging is a new imaging technique which can be used to visualize the internal structures of an 

object using the Coulomb scattering and/or the energy loss of cosmic ray muons. Because high energy cosmic rays 

have a very high penetrating power, they can be used to image large bulky objects, especially objects with heavy 

shielding where other techniques like X-ray CT scanning will often fail. There are two forms of muon imaging 

techniques - muon absorption imaging and muon multiple scattering imaging. The former is based on the flux 

attenuation of a muon beam, and the latter is based on the multiple scattering of muons in matter.  In this talk, the 

principles of muon imaging will be reviewed. Image reconstruction algorithms such as FBP and MLEM will be 

discussed. The capabilities of these two muon imaging techniques are reviewed, with a focus on potential 

applications in the nuclear industry. Experimental and Geant4 simulation results are shown and preliminary results 

about how to use machine learning techniques to improve the muon imaging quality will be included as well. 

Flexible silicon-based alpha particle detector 

D Jenkins 

University of York, UK 

A recognised issue in nuclear decommissioning, such as at the Sellafield site in the UK, is the contamination of the 

interior of pipework with alpha-only emitters such as Pu-239. Detectors are required that can sensitively identify 

very low levels of contamination without the need to cut up the pipe and inspect it manually. Given the short range 

of alpha particles in air, the curved nature of the pipe wall and the likely presence of high levels of background 

radiation, it would be advantageous to have a detector which was essentially insensitive to anything other than 

alpha radiation and which could conform to the geometry of the pipe wall. We have shown that silicon wafers of 

around 50-um thickness can be bent and conformed toa cylindrical geometry compatible with the interior of a 

typical 2" diameter pipe. Alpha-particle detectors have been formed from such wafers following appropriate doping 

and preparation [1]. A prototype pipeline inspection gauge based on such flexible silicon detectors has been 

demonstrated and a patent filed. Applications may also be foreseen for nuclear and particle physics where a 

cylindrical geometry is desirable. 

[1]  C.S. Schuster et al., Appl. Phys. Lett. 111, 073505 (2017) 

Applying nuclear science and immersive technologies together to plan interventions in radioactive areas 

A Cryer, R French, G Kapellmann-Zafra and H Marin-Reyes 

University of Sheffield, UK 

Careful estimation and optimisation of the individual & collective dose for personnel is an essential part of all 

nuclear decommissioning planning. Here we present ongoing work on a novel approach to radiation personnel 

intervention planning using Virtual Reality (VR). The software combines a virtual environment with integrated 

dosimeters that can be applied for various radiation critical interventions, where detailed CAD drawings and dose 

maps are readily available. The concept was developed to allow workers a realistic experience interacting with the 
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target environment without the associated radiation exposure. A VR headset and controllers allow an immersive 

experience of the rendered area. 

The system monitors every individual within the environment, tracking movements and integrated radiation dose. 

Informative checkpoints show predetermined areas of intervention, with estimated time required for work needed, 

and associated radiation dose. These are interactive and can be modified to better reflect intervention activities, 

shown in Fig.1a. 

 
Fig1a: A worker modifying an interactive checkpoint within an ATLAS Mockup Environment 

A complimentary application of the system is the review of radiation exposure from existing location data. An 

animated worker follows the 3D-motion path given by such coordinates, and the system tracks and records their 

radiation exposure. 

This allows for more intuitive identification of high risk areas, offering a confirmation for other Radiation Protection 

(RP) analyses, shown in Fig.1b. 

 
Fig1b: A review of radiation exposure from existing location data within an ATLAS Mockup Environment 

The first application of the system is in preparation for the decommissioning of the ATLAS Inner Detector (ID) in 

2024 (LS3), which will be replaced by the new ATLAS Inner Tracker (ITk)[1]. As CERN prepares for the High 

Luminosity LHC upgrade (HL-LHC), several detectors & components of the experiments need to be replaced with 

upgraded versions, designed to take full advantage of the increased luminosity. The virtual rendering of the ATLAS 

detector is shown in Fig.1c. 
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Fig1c: Inside the full Virtual ATLAS Environment 

The ATLAS ID has been exposed to intense high energy beams for several years, creating a challenging radiation 

environment for personnel. It will require significant manpower over several months for a complete removal of the 

detector and its associated services. 

By combining existing CAD models of the detector with dose maps from an improved radiation simulation (FLUKA), 

a 3D virtual environment was created which monitors the instantaneous dose rate with respect to position within the 

environment. As activated components are removed from the detector, the dose map is revised accordingly. 

Further work demonstrating the system in different environment is currently in progress. 

[1]  ATLAS-}ollaboration  “�he atlas experiment at the cern large hadron collider ” �ournal of �nstrumentation  

vol. 3, no. 08, p. S08003, 2008. [Online]. Available: http://stacks.iop.org/1748-

0221/3/i=08/a=S08003 

Fundamental Symmetries and Interactions in Nuclei 

(Invited) From light-nuclei to neutron matter within chiral dynamics 

M Piarulli 

Washington University, USA 

A major goal of nuclear theory is to explain the wealth of data and peculiarities exhibited by nuclear systems in a 

fully microscopic approach. In such an approach, which we refer to as the basic model of nuclear theory, the 

nucleons interact with each other via many-body (primarily, two- and three-body) effective interactions, and with 

external electroweak probes via effective currents describing the coupling of these probes to individual nucleons and 

many-body clusters of them. These effective interactions and currents are the main inputs to ab-initio methods that 

are aimed at solving the many-body Schr¨odinger equation associated with the nuclear system under 

consideration. In this talk, I will review recent progress in Quantum Monte Carlo calculations of low-lying spectra and 

electroweak properties of light nuclei as well as nucleonic matter equation of state. Emphasis will be on calculations 

based on chiral effective field theory approach. 
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Searching for hints of CP violation in the radioactivity of polarized ions: the MORA project  

P Delahaye1, E Liénard2, I Moore3, M Benali2, M Bissell4, L Canete3, T Eronen3, A Falkowski2, X Fléchard2, M 

Gonzalez-Alonso5, W Gins6, R De Groote3, A Jokinen3, A Kankainen3, M Kowalska5, N Lecesne1, R Leroy1, Y Merrer2, G 

Neyens5,6, F De Oliveira Santos1, G Quemener2, A De Roubin3, B Retailleau1, T Roger1, N Severijns6, J Thomas1, K 

Turzo1, P Ujic1  

1GANIL, France, 2CNRS, France, 3University of Jyväskylä, Finland, 4The University of Manchester, United Kingdom, 
5CERN, Switzerland, 6Instituut voor Kern- en Stralingsfysica, Belgium  

Why are we living in a world of matter? What is the reason for the large matter–antimatter asymmetry observed in 

the Universe (Fig. �)? �he ���{ (�atter’s �rigin from the �adio{ctivity of trapped and oriented ions) project aims 

at searching for possible hints in nuclear beta decays, through the measurement of the so-called D correlation. The 

MORA project started a year ago [1]. The D correlation offers the possibility to search for new CP-violating 

interactions in a region that is less accessible by EDM searches, in particular via the Leptoquark model. With a 

sensitivity on D close to 10−5, the MORA apparatus will additionally permit to probe the FSI (Final State Interactions) 

effects for the first time. Technically, MORA uses an innovative in-trap orientation method, which combines the high 

trapping efficiency of a transparent Paul trap with laser orientation techniques. Recent studies have shown that a 

polarization degree close to 100% could be obtained with 23Mg+ ions in the trap after a few pulses of a laser system 

based on Ti:Sa cavities. The transparent Paul trap and beam optics have been designed with numerical methods to 

optimize the trap performances while maintaining large solid angles for the detection. The tests of the detection 

setup are progressing. The MORA apparatus will be first commissioned in the IGISOL beam lines at JYFL where the 

laser system is readily available, before moving back to GANIL where its nominal sensitivity to New Physics will 

eventually be obtained with the intense beams of SPIRAL 1.  

The authors acknowledge the financial support of Region Normandie for the MORA project. 

 

Fig 1: Artist view of the matter-antimatter asymmetry problem. The known Universe is almost exclusively made of 

matter, while the standard model of particle physics predicts that an equal amount of matter and antimatter was 

created during the Big-Bang. A large CP violation is a necessary ingredient to account for the asymmetry, for which 

MORA can find possible hints in nuclear beta decay.  

[1] P. Delahaye et al., arXiv:1812.02970, proceedings of the TCP 2018 conference, to appear in Hyp. Int 
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Final Results for the n3He Parity Violating Asymmetry Measurement 

M McCrea 

University of Kentucky, USA 

The goal of the n3He experiment was to measure the parity-violating directional asymmetry in the proton emission 

direction relative to the initial neutron polarization in the capture of polarized cold neutrons in the reaction 

n+3He→T+p. Data taking was completed at the end of 2015, and two independent analyses of the proton parity 

asymmetry have since been completed and are in agreement. I will present the methods used to calculate the 

asymmetry, and the final results with systematic and statistical uncertainties. 

Presented on behalf of the n3He Collaboration 

Recent progress in the construction of covariant chiral nuclear forces 

L Geng 

Beihang University, China 

Over the past twenty years, one has seen remarkable progress in ab initio studies of nuclear structure and reactions 

with chiral nuclear forces. In a series of recent studies [1-5], we have shown that it is possible to construct chiral 

nuclear forces using covariant baryon chiral perturbation theory, which enjoy a number of appealing features. For 

instance, they are manifestly covariant and therefore can be applied in ab initio studies based on covariant 

frameworks, such as the Dirac-Brueckner Hartree-Fock approach. Second, they converge relatively faster than their 

non-relativistic counterparts both in the two-body [1-5] and in the three-body sector [6]. In this talk, we explain in 

detail how they are built from covariant baryon chiral perturbation theory [1,2], highlight their applications to lattice 

QCD simulations in the hyperon-nucleon/hyperon sector [3,4], and show the recent progress in going to higher 

chiral orders in this endeavor [5].  

[1] Leading order relativistic chiral nucleon-nucleon interaction, Xiu-Lei Ren, Kai-Wen Li, Li-Sheng Geng, Bing-

Wei Long, Peter Ring, Jie Meng, arXiv:1611.08475 [nucl-th], Chin.Phys. C42 (2018), 014103 

[2] Leading order relativistic hyperon-nucleon interactions in chiral effective field theory, Kai-Wen Li, Xiu-Lei 

Ren, Li-Sheng Geng, Bing-Wei Long, arXiv:1612.08482 [nucl-th], Chin.Phys. C42 (2018), 014105 

[3] �trangeness �=−� hyperon-nucleon interactions: Chiral effective field theory versus lattice QCD, Jing Song, 

Kai-Wen Li, Li-Sheng Geng, arXiv:1802.04433 [nucl-th], Phys.Rev. C97 (2018), 065201 

[4] Strangeness $S=-2$ baryon-baryon interactions in relativistic chiral effective field theory, Kai-Wen Li, 

Tetsuo Hyodo, Li-Sheng Geng, arXiv:1809.03199 [nucl-th], Phys.Rev. C98 (2018), 065203 

[5] Covariant chiral nucleon-nucleon contact Lagrangian up to order $\mathcal{O}(q^4)$, Yang Xiao, Li-Sheng 

Geng, Xiu-Lei Ren, arXiv:1812.03005 [nucl-th] 

[6] Short-range three-nucleon interaction from A=3 data and its hierarchical structure, L. Girlanda, A. Kievsky, 

M. Viviani, L.E. Marcucci, arXiv:1811.09398 [nucl-th] 

New experimental limits on exotic spin- and velocity-dependent interactions with a spin-exchange relaxation-free 

atomic magnetometer 

Y Kim, P Chu, I Savukov, Shaun Newman 

Los Alamos National Laboratory, USA 

Many theoretical extensions of the Standard Model of particle physics predicted exotic spin-dependent interactions 

between ordinary particles, such as electrons and nucleons, that contain static spin-dependent operators or both 

spin- and velocity-dependent operators. Exotic interactions can be mediated by new fundamental spin-0 or spin-1 

bosons such as the axion and axionlike particles. The new bosonic particles may explain several important unsolved 
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mysteries in physics, for example, the matter-antimatter asymmetry of the Universe and the existence of the dark 

matter. 

To explore the exotic interactions, we recently proposed a new experimental approach based on a spin-exchange 

relaxation-free (SERF) atomic magnetometer, the most sensitive cryogen-free magnetic-field sensor reaching 

femtotesla sensitivity [1]. Unlike existing experiments, the SERF magnetometer in this approach serves as both a 

source of polarized electrons and a high-sensitivity magnetic-field sensor, which leads to a simple tabletop 

experimental design. This approach studies exotic interactions between optically polarized electrons in a SERF vapor 

cell and atoms from an external solid-state mass. In the SERF magnetometer, a weak external magnetic field tilts 

the ���� polarized electron spins by small angle proportional to the field’s strength  which is measured with a probe 

laser beam. Similarly, the effective magnetic field from exotic interactions can tilt the spins, which can be detected 

in the magnetometer. 

We conducted a search for exotic spin- and velocity-dependent interactions for polarized electrons with our 

experimental approach [2]. Many experiments have been conducted for static spin-dependent interactions, while 

spin- and velocity-dependent interactions have not been well investigated. The experiment aims to detect magnetic-

fieldlike effects from the exotic interactions between the polarized electrons in a SERF vapor cell and unpolarised 

nucleons of a closely located solid-state mass. In this talk, we report experimental results on the exotic interactions, 

which set new experimental limits on the electron-nucleon coupling strength at the interaction range above 10-4 m, 

corresponding to the mediator boson mass less than 10-3 eV. 

[1]  P.-H. Chu, Y. J. Kim, I. Savukov, Phys. Rev. D 94, 036002 (2016) 

[2]  Y. J. Kim, P.-H. Chu, I. Savukov, Phys. Rev. Lett. 121, 091801 (2018) 

Construction of nuclear effective interactions of new generation 

D Davesne1, P Becker2, A Pastore2, J Navarro3 

1Université de Lyon, France, 2University of York, United Kingdom, 3CSIC, Spain 

In a recent series of papers [1-4], we investigated extensions of zero-range (Skyrme-like) and finite-range (gaussian 

and Yukawa form factors) interactions and explained the link between them [5]. We have reached the conclusion 

that the traditional Gogny interaction has to be extended with a third gaussian in order to be able to reproduce G-

matrix elements or spin-isospin channels of infinite nuclear matter [6]. Using microscopic considerations, we will 

show how it is possible to determine numerically the new ranges for this new interaction and fit its parameters to 

reproduce both finite nuclei and infinite matter constraints. 

Moreover, we will present how it is possible to avoid unphysical instabilities directly at the level of the fitting 

procedure by using the linear response formalism. Such a method has been presented in great details in Ref. [7], 

for a Skyrme functional including both spin-orbit and tensor terms. Generally speaking, the response function of the 

system to an external probe is the well-adapted tool to exhibit finite-size instabilities [7-8], but it has also direct 

applications in astrophysical calculations of neutrino opacities in neutron stars. 

We will present here the first results concerning the response functions for finite-range interactions including spin-

orbit and tensor terms and show how some of commonly used interactions exhibit instabilities. 

[1] Partial wave decomposition of the N3LO equation of state, D. Davesne, J. Meyer, A. Pastore, J. Navarro, 

Physica Scripta 90 (2015) 114002 

[2] Infinite matter properties of extended Skyrme pseudo-potential, D. Davesne, J. Navarro, P. Becker, R. 

Jodon, J. Meyer, A. Pastore, Phys. Rev. C91 (2015) 064303 

[3] Extended Skyrme pseudopotential deduced from infinite nuclear matter properties, D. Davesne, J. Navarro, 

P. Becker, R. Jodon, J. Meyer, A. Pastore, Phys. Rev. C91 (2015) 064303 

[4] Extended Skyrme equation of state in asymmetric nuclear matter, D. Davesne ,A. Pastore, J. Navarro, 

Astronomy and Astrophysics 585 (2016) A83 
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[5] Infinite matter properties and zero-range limit of non-relativistic finite-range interactions, D. Davesne, P. 

Becker, A. Pastore, J. Navarro, Annals of Physics 375 (2016) 288-312 

[6] Does the Gogny functional need a third gaussian?, D. Davesne, P. Becker, A. Pastore, J. Navarro, Acta 

Physica Polonica B 48 (2017) 265 

[7] Linear response of homogeneous nuclear matter with energy density functionals, A. Pastore, D. Davesne 

and J. Navarro, Phys. Rep. 563 (2015) 1-67 

[8] Solution of Hartree-Fock-Bogoliubov equations and fitting procedure using the N2LO Skyrme pseudo 

potential in spherical symmetry, P. Becker, D. Davesne, J. Meyer, A. Pastore, J. Navarro, Phys. Rev. C96 

(2017) 044330 

QCD: Hadron Structure and Spectroscopy 

(Invited) Hyperon and antihyperon physics  

A Kupsc 

Uppsala University, Sweden  

Last year has brought an important result in hyperon physics which calls for reinterpretation of all polarization 

results for the Λ hyperon [1]. The result was obtained using a novel method in the exclusive hyperon-antihyperon 

pair production at an electron-positron collider in the tau-charm region. The method uses nearly half million of the 

hyperon-antihyperon pairs collected at the 𝐽/𝜓 resonance by the BESIII Collaboration. Possible further applications 

of the method include detailed studies of hyperon decays and could lead to the observation of direct CP violation in 

strange baryon decays.  

The cross section for the exclusive hyperon-antihyperon pair production in the electron-positron collisions is directly 

related to the hyperon electromagnetic structure as given by the time-like form factors. For the spin one-half 

hyperons there are two complex form factors and if the relative phase  ΔΦ, is non-zero the produced hyperons are 

transversely polarized [2-6]. The transverse polarization is accessible from the joint angular distribution of the 

hyperon decay products via asymmetries arising due to the interference between parity conserving and parity 

violating amplitudes in the weak decays.  

The production of the hyperon-antihyperon pairs is strongly enhanced at 𝐽/𝜓 or 𝜓′ resonances and the description 

of the process also involves two hadronic form factors [7]. In the recent BESIII measurement a large value for the 

ΔΦ phase, close to 45°, is found for the 𝑒+𝑒−→𝐽/𝜓→   ̅�process. The observed transverse polarization and the 

spin correlations allow to measure decay parameters for   and  ̅�hyperons simultaneously. Of particular interest is 

the decay parameter  _ for Λ→𝑝𝜋−, the decay commonly used to determine Λ polarization. The new value from 

BESIII:  _ = 0.750±0.009±0.004 [1] is 17(3)% larger than the world average of  _ =0.642±0.013 [8] used in all 

experiments. This calls for reinterpretation of all polarization results for Λ hyperon. A comparison of decay 

parameter  _ and the corresponding parameter  + for  ̅�→ 𝑝  𝜋+ results in the most precise to date, direct CP test 

violation in the Λ decays.  

[1]  BESIII Collaboration, arXiv:1808.08733 [hep-ex] 

[2]  A.Z. Dubnickova et al., Nuovo Cim. A109 (1996) 24 

[3]  G.I. Gakh et al., Nucl.Phys. A771 (2006) 169 

[4]  H. Czyz et al. Phys.Rev. D75 (2007) 074026  

[5]  G. Fäldt, Eur.Phys.J. A51 (2015) 74 

[6]  G. Fäldt, Eur.Phys.J. A52 (2016) 141 

[7]  G. Fäldt, A.Kupsc, Phys.Lett. B772 (2017) 16 

[8]  M. Tanabashi et al., Phys. Rev. D98, 030001 
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(Invited) Progress on unresolved problems in hypernuclei  

A Gal 

Hebrew University of Jerusalem, Israel  

This talk will briefly review progress made in the last few years by me and my collaborators (see Refs. listed below) 

on several major unresolved problems in hypernuclei, consisting of: (i) Charge symmetry Breaking in Lambda 

hypernuclei [1] . (ii) The overbinding problem of Lambda-5He and its repercussions to neutron stars [2]. (iii) The 

Lambda-3H (hypertriton) lifetime puzzle [3]. 

[1] D. Gazda, A. Gal, Ab-initio calculations of charge symmetry breaking in the A=4 hypernuclei, Phys. Rev. 

Lett. 116 (2016) 122501  

[2] L. Contessi, N. Barnea, A. Gal, Resolving the Lambda hypernuclear overbinding problem in pionless 

effective field theory, Phys. Rev. Lett. 121, (2018) 102502  

[3] A. Gal, H. Garcilazo, Revisiting the hypertriton lifetime, arXiv:1811.03842, to be published in Phys. Lett. B 

(2019)  

Has the neutral double hypernucleus 
4

         n been observed? 

F Schupp1, S Bleser1, M Bölting1, T Gaitanos2, J Pochodzalla1, 3and M Steinen1 

1Helmholtz Institute Mainz, Germany, 2Aristotle University of Thessaloniki, Greece, 3Johannes Gutenberg University 

Mainz, Germany 

Despite several promising experimental results, the question whether bound or resonant light neutral nuclei exist is 

not yet answered beyond doubt. Particularly, the existence of neutral nuclei which contain more than one hyperon 

would have a considerable impact on our understanding of dense baryonic matter. The E906 experiment was the 

first fully electronic experiment to produce and study double hypernuclei with large statistics [1]. Two dominant 

structures were observed in the correlated --- momentum matrix at (p-H,p-L) = (133,114) MeV/c and at 

(114,104) MeV/c. In this work we argue that the interpretation of the structure at (133,114) MeV/c in terms of 
3H 

+ 
4Hpairs remains questionable. By means of a statistical multifragmentation model (SMM) we show, that neither a 

scenario where the hypernuclei are produced after capture of a stopped Ξ- by a 9Be nucleus nor interactions of 

energetic Ξ- with 9Be nuclei in the target material can produce a sufficient amount of such twin pairs. We have 

therefore explored the conjecture that decays of the 
4n may be responsible for the observed structure. Indeed, the 

inclusion of 
4n with a two-body - branching ratio of 50% in a statistical multifragmentation model allows to 

describe the E906 data remarkably well. On the other hand, a bound 
3n nucleus would cause a striking structure in 

the momentum correlation matrix which is clearly inconsistent with the observation of E906. We will briefly discuss 

the possibility to detect this neutral double  hyperncleus in present and future experiments. 
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Fig 1: left: Momenta of two correlated pions measured by E906 [1, 2]; right: SMM production probabilities folded 

with the pionic two-body weak decay branching ratios and the momentum resolution of the E906 experiment. The 

box marks the region of the enhancement seen by E906. 

[1]  J. K. Ahn et al., Phys. Rev. Lett. 87, 132504 (2001) 

[2]  S. D. Randeniya and E. V. Hungerford, Phys. Rev. C 76, 064308 (2007) 

Study of Ξ-nucleus and Ξ-atom based on the ΞN interaction from QCD on lattice  

T Inoue  

Nihon University, Japan  

We will report theoretical study on Ξ-nucleus and Ξ-atom based on the ΞN interaction extracted from QCD on lattice.  

Traditionally, hyperon interactions have been built in meson exchange models, quark models, and so on. Because 

experimental date of the interactions is limited, there are some uncertainties in those model interactions. In 2006, a 

new method was invented to extract nucleon-nucleon interaction from QCD on lattice [1]. This HAL QCD method has 

been improved and extended continuously, and applied successfully to various multi-hadron systems. In fact, 

recently, interaction potentials of all octet baryon pairs in S-wave are extracted in lattice QCD with almost physical 

quark masses [2]. It is very interesting to see what does the QCD induced hyperon interaction predicts about 

hypernuclei, hyperons in matter, and so on.  

Recently, we have studied hyperon single particle potentials in nuclear matter by using the QCD induced hyperon 

interactions [3]. We found that Ξ hyperon receives an attraction about 4 MeV in the symmetric nuclear matter with 

the normal nuclear matter density ρ0. This result supports bound Ξ-nuclei and suggests downward shifts of Ξ-atom 

levels. It is very interesting to compare such a theoretical prediction to coming experimental data. 
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Fig 1: (a) Spin-averaged ΞN G-matrix potential; (b) Single folded Ξ-60Ni potential.  

Fig 1(a) shows S-wave spin-averaged ΞN G-matrix potentials from the QCD hyperon interaction in the symmetric 

nuclear matter with density 0.5×ρ0. Fig 1(b) shows a preliminary estimation of Ξ-60Ni potential for example, which is 

obtained by simply folding the ΞN G-matrix potential with a theoretical nucleon density of 60Ni. By solving the 

Schrödinger equation including this potential, we can obtain properties of Ξ-hypernucleus and Ξ-atom. We will try 

more sophisticated folding procedure such as the local density approximation. We will study also effect of the 

imaginary part of ΞN G-matrix potential.  

[1]  N. Ishii, S. Aoki and T. Hatsuda, Phys. Rev. Lett. 99, 022001 (2007) 

[2]  K. Sasaki et al. [HAL QCD Collaboration], EPJ Web Conf. 175, 05010 (2018) 

[3]  T. Inoue for HAL QCD Collaboration, PoS INPC 2016, 277 (2016) 

Study of ΣN interaction from the Σp scattering experiment at J-PARC 

K Miwa1, Y Akazawa2, N Fujioka1, S Hayakawa3, R Honda1, S Hoshino3, K Matsuda, R Nagatomi3, Y Nakada3, T 

Nanamura5,4, S Ozawa1, T Takahashi2, H Tamura1, M Ukai2, T Yamamoto1,  

1Tohoku University, Japan, 2KEK, Japan, 3Osaka University, Japan, 4Japan Atomic Energy Agency, Japan, 5Kyoto 

University, Japan 

One of the most important purposes of strange nuclear physics is to investigate the Baryon Baryon (BB) interaction. 

This is because the BB interaction is the basic interaction to describe a system including hyperons such as 

hypernuclei and a high density matter in neutron stars. The understanding of the BB interaction also becomes a key 

to understand the origin of the short range repulsive cores in nuclear force and the BB interaction. However, the 

hyperon proton scattering experiment is quite difficult due to the short life time of hyperons and data of hyperon 

proton scattering are quite limited. 

In order to overcome its experimental difficulty and to investigate the ΣN interaction, we proposed a Σp scattering 

experiment (J-PARC E40) to measure differential cross sections of the Σ+p, Σ−p elastic scatterings and the Σ−p → 

Λn inelastic scattering in the momentum range of 400 < p (MeV/c) < 850. The physics motivation is to verify the 

large repulsive force due to Pauli effect in the quark level in the Σ+p channel. We also investigate the ΣN interaction 

systematically by separating isospin channels.  

The Σp scattering experiment (J-PARC E40) has been launched in the K1.8 beamline at J-PARC in June 2018. In this 

experiment, we do not use the imaging method such as a hydrogen bubble chamber or a scintillating fiber active 

target which were used in the past experiment. We use a liquid hydrogen target as both Σ production target and Σp 

scattering target. Then we kinematically identify Σp scattering events by detecting two successive two-body 

reactions of the Σ production by the πp → K+Σ reaction and the Σp scattering with magnetic spectrometers (the 

KURAMA spectrometer) and recoiled proton detector (CATCH), respectively. CATCH is a key detector for E40 and 

consists of a cylindrical fiber tracker (CFT), BGO calorimeter and scintillation hodoscope. The trajectory and kinetic 
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energy of the recoil proton are measured by CFT and BGO calorimeter, respectively, to identify the Σp scattering 

event. In order to identify the πp → K+Σ reaction, the KURAMA spectrometer is utilized, which is suitable to detect a 

large number of K+ events thanks to its large acceptance and short flight length of ∼3 m. We use a very high 

intensity pion beam of 107Hz to produce sufficient number of Σ particles. 

In the first run which were performed in June 2018, we accumulated data for the Σ−p and Σ−p → Λn scatterings for 

two days beam time in order to check our experimental feasibility. In this beam time, we accumulated about 

700,000 Σ− beam particles and successfully identified about 150 events of the Σ−p elastic scattering events and 

about 150 events of the Σ−p → Λn inelastic scattering events. From these results, we could demonstrate that our 

experimental method was quite suitable for the high statistics Σp scattering experiment. The second run is 

scheduled from February 2019 and we are going to accumulate about 15 times more statistics for these channels. 

Data for the Σ+p elastic scattering will be also accumulated. In this contribution, we would like to present the 

preliminary results for these Σp scattering data. 

Hot and Dense Nuclear Matter 

(Invited) Heavy flavour theory 

A Beraudo 

Istituto Nazionale di Fisica Nucleare, Italy 

Heavy-flavour particles detected in the final state are an important diagnostic tool of the medium formed in 

relativistic heavy-ion collisions, which can affect their distributions in angle and energy with respect to the proton-

proton case. From the comparison of theoretical calculations with experimental data one can extract information on 

the coupling of charm and beauty quarks with the hot QCD plasma and on the initial condition, energy density and 

expansion of the system. I will provide an overview of the results one can obtain through transport calculations, with 

a special emphasis on some recent developments. 

The surprising heavy hadrons production in pp, pA and AA collisions: hadrnization within coalescene and 

fragmentation 

V Minissale1, S Plumari1, 2, G Coci1, 2 and V Greco1, 2 

1INFN-LNS, Italy, 2Università degli studi di Catania, Italy 

The hadronization process of heavy hadrons with bottom and charm quarks, especially for bayrons Λc and Λ0, in a 

dense QGP medium is largely not understood [1]. 

We present within a coalescence plus fragmentation model [2] the predictions for D0, D8, Λc, B and Λ0 spectra and 

the related bayron to meson ratios at RHIC and LHC in a wide range of transverse momentum region up to 10 GeV 

[1], moreover we show the effect of the hadronization mechanism which plays a fundamental role to describe 

simultaneously the experimental data for the nuclear suppression factor RAA wnd the elliptic flow v2 9p10 of heavy 

hadrons from RHIC to LHC energies [3]. 

In particular, we show the considerable change of the Nuclear modification factor of D mesons due to the large Λc 

production, explaining RAA(p1)<1 observed by STAR at low momenta. 

We will discuss how our model can naturally predict values of the order of O(1) for Λ0/D0 as recently measured at 

both RHIC and LHC [4][5], and we present the novel predictions for Λb/B not yet measured, which are much larger 

than the expectations from fragmentation. 

Moreover assuming that are the LHC top energies there can be the formation of QGP, we show that in the same 
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scheme due to considerable volume effect a still large Λ0/D0≈��� is predicted as seen by ALICE [5] in pp and pA 

collisions. 

Furthermore in the same scheme can be predicted a bayron to meson ratio Λc/D0 in pp collisions assuming that at 

the LHC top energies there can be the formation of QGP matter. 

The results show a considerable volume effects that significantly reduce the ratios, but still predict quite larger 

values with respect to fragmentation, in agreement with recent data from ALICE in pp collisions [5]. 

[1]  S. Plumari, V.Minissale, S.K. Das, G. Coci and V. Greco, Eur.PhysJ. C 78 (2018) no.4, 348 

[2]  V. Minissale, F. Scardina, and V. Greco, Physc. Rev. C 92, 054904 (2015) 

[3]  F. Scardina, S.K. Das, V. Minissale, S. Plumari, V. Greco, Phys.Rev. C 96 (2017) no.4, 044905 

[4]  STAR Collaboration, Nucl.Phys. A 967 (2017) 620-623 

[5]  ALICE collaboration, JHEP 1904 92018) 108 

Survival of heavy flavored hadrons in a dense medium 

B Kopeliovich and I Potashnikova 

Federico Santa María Technical University, Chile 

Production of hadrons with open heavy flavor can serve as an alternative probe for the dense medium created in 

heavy ion collisions. Surprisingly strong suppression of D and B mesons, produced with a high transverse 

momentum, is caused by final state interactions. The space-time pattern of hadronization of a highly virtual heavy 

quark is controlled predominantly by the intensive gluon radiation, ceases at a short time scale in accordance with 

perturbative QCD calculations and LEP measurements of the fragmentation functions. Nevertheless, production of 

heavy flavored hadrons lasts a long time due to prompt multiple breakups of these hadrons caused by in-medium 

interactions. This fact and the specific shape of the heavy quark fragmentation function allow to explain the 

observed strong suppression of D and B mesons. 

On the other hand, survival of mesons with hidden heavy flavor (charmonia, Upsilon mesons) is controlled by 

different mechanisms. 

Attenuation of a colorless heavy flavor Q-Qbar dipole propagating with a large momentum through a hot medium 

originates from two sources, Debye color screening (melting), and inelastic collisions with the surrounding medium 

(absorption). The former never terminates completely the production of a bound quarkonium in heavy ion collisions, 

even at very high temperatures.  The latter, is controlled by the magnitude of the dipole cross section, related to the 

transport coefficient, which is the rate of transverse momentum broadening in the medium.  A novel procedure for 

Lorentz boosting of the Schroedinger equation is  developed,  which  allows to calculate  the quarkonium survival 

probability, by employing  the  path-integral  technique,  incorporating  both  melting  and  absorption. 

 

Transport properties of heavy Quarks: anisotropic flows    and their correlations to the bulk dynamics and initial 

electromagnetic field 

S Plumari1,2, G Coi1,2, V Minissale2, Y Sun2, V Greco1,2 

1Universitá degli studi Catania, Italy, 2INFN, Italy 

We study the propagation of charm quarks in the quark-gluon plasma (QGP) by means of a relativistic Boltzmann 

transport approach. The non-perturbative interaction between heavy quarks and light quarks is described by means 

of a quasi-particle approach in which light partons are dressed with thermal masses. It permits to have an Equation 

of State close to lattice QCD thermodynamics and naturally induce a non-perturbative interaction that entails only a 

weak dependence on the temperature, especially around the critical temperature TC. It plays a fundamental role to 
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describe simultaneously the experimental data for the nuclear suppression factor RAA and the elliptic flow v2(pT) of D 

mesons from RHIC to LHC energies. Moreover, it will be discussed the role of the initial state fluctuations to generate 

high order anisotropic flows v3(pT) and v4(pT) of D mesons. In particular is will be investigated the role of QCD 

interaction in developing correlations between the light and the heavy flavor anisotropic flows (vn
light,vn

heavy) providing 

novel and powerful constraints for the transport coefficients. Finally, as recently as recognized, very strong initial 

electro-magnetic (e.m.) fields are created in Ultra-relativistic Heavy-Ion Collision (HIC) that induce a vorticity in the 

reaction plane that is odd under charge exchange. We show within relativistic Boltzmann transport approach 

coupled with e.m. field that the strong initial e.m. field entails a transverse motion of both heavy quarks (HQ), 

resulting in a splitting of directed flow v1 and of D and anti-D mesons of few percent, that is much larger compared 

to the observed charged particles. Moreover, we discuss for both RHIC and LHC energies, the role played by the 

initial large bulk vorticity coming from the angular momentum conservation on the build up of rapidity odd HQ flow 

v1. 

[1] S Plumari, Eur.phys.J C79 (2019) no.1,2 

[2] S Plumari, V Minissale, S K Das, G Coci, V Greco, Eur. Phys. J. C78 (4) (2018) 348 

[3] F Scardina, S. K. Das, V Minissale, S Plumari, V Greco, Phys.Rev. C96 (2017) no.4, 044905 

[4] S K Das, S Plumari, S Chatterjee, J Alam, F Scardina, V Greco, Phys.Lett. B768 (2017) 260 

[5] S K Das, F Scardina, S Plumari, V Greco, Phys.Lett. B747 (2015) 260 

Measuring space-time properties of baryon resonances around 1 GeV using Bose-Einstein Correlations 

Q He1,2  

1Nanjing University of Aeronautics and Astronautics, China, 2Tohoku University, Japan 

It is still challenging to measure the space-time properties of the excited nucleons of ultrashort lifetime in the non-

perturbative QCD energy region using Bose-Einstein Correlations (BEC) between identical bosons, because viable 

BEC observing techniques for low-multiplicity reactions are still not satisfactory. BEC effect was used for the first 

time in the 1950s by Hanbury-Brown and Twiss [1] to measure the sizes of astronomical objects and later 

introduced in particle physics to study the space-time properties of hadron reaction region [2], especially for 

particle/heavy-ion collisions with large multiplicity at high energies (perturbative QCD energy region). 

In this work, we try to measure the Δ(����) radius using |ose-Einstein correlations (BEC) between two neutral 

pions from photo-production off a hydrogen/deuterium target at the incident photon energies around 1 GeV. The 

photo-production experiment was carried out at the Research Center for Electron Photon Science (ELPH) in Tohoku 

�niversity with a �π electromagnetic calorimeter complex  named ������� �or this purpose  we are developing an 

event mixing technique for low-multiplicity BEC effects measurements through adding additional mixing constraints 

to delicately reduce the impact of other non-BEC correlations arising from global conservation law and resonance 

decays. In addition, a new BEC observing model is being established to extract radius information from BEC effects 

in the presence of resonance decays. 
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Fig 1: BEC provides a tool to measure the space-time properties of the boson emission source. 

[1] Hanbury-Brown R and Twiss R Q: Phil. Mag. 45 (1954) 663 

[2] Alexander G, Rep. Prog. Phys. 66 (2003) 481-522 

Neutrinos and Nuclei 

(Invited) Neutrino oscillations and the nucleus: energy reconstruction and cross-sections 

F Sanchez 

Universite de Geneve, Switzerland 

Neutrino flavour transmutation are one of the most exciting results provided by particle physics during the last years. 

This is the first and only indication so far that neutrinos have mass. The neutrino oscillation is also a mechanism 

providing CP violation in the lepton sector similar to the quark sector. Current and future neutrino oscillation 

experiments rely on the neutrino production and detection in the range from 500 MeV/c to few GeV/c where 

neutrinos interact primordially with the target nuclei. The reconstruction of the neutrino energy is a critical element in 

the experiments due to the techniques to produce neutrinos. The energy reconstruction depends strongly on the 

neutrino-nucleus cross-sections and in the modelling of the nucleus. In this talk, we will describe the experimental 

methods and their relation to the neutrino-nucleus crosssection. We concentrate also o the models used by the 

experiments, their limitations and possible future improvements envisaged by the community. 

Nuclear models for neutrino-nucleus interactions 

M Barbaro1, G Megias2, I Ruiz Simo3, R Gonzalez-Jimenez4, J Amaro3, J Caballero2, T Donnelly5, A De Pace1, M 

Ivanov6, A Antonov6 

1 University of Turin and INFN, Italy, 2 University of Seville, Spain, 3 University of Granada, Spain, 4 Universidad 

Complutense of Madrid, Spain, 5M.I.T, USA, 6 INRNE/Sofia, Bulgaria 

The precise knowledge of neutrino-nucleus interactions in the GeV region is a crucial ingredient for the analysis of 

ongoing and future long-baseline neutrino oscillation experiments, performed at FermiLab and J-PARC. This requires 

a consistent treatment of nuclear effects over a wide kinematical domain, going from the quasi-elastic to the deep-

inelastic regime. 

We will give an overview of the current status and challenges of theoretical models [1], focusing in particular on the 

“superscaling” model  based on the connection between electron- and neutrino-scattering. The model relies 

microscopically on Relativistic Mean Field theory and includes the important contribution of two-body meson-

exchange currents [2]. 

The validation of the model against electron scattering data and the comparison with neutrino data from the 

MiniBooNE, T2K and MINERvA experiments will be shown and the implementation of the model in Monte Carlo event 

generators will be discussed (see [2-6] for the most recent developments). 

[1]      L. Alvarez-Ruso, et al., Prog. Part. Nucl. Phys. 100, 1 (2018)  

[2]      G.D. Megias, et al., Phys. Rev. D 94, 093004 (2016) 

[3]      G.D. Megias, et al., J. Phys. G 116, 015104 (2019) 

[4]      M. Ivanov, et al., Phys. Rev. C 99, 014610 (2019) 

[5]      M.B. Barbaro, et al., Phys. Rev. C 98, 035501 (2018) 

[6]  I. Ruiz Simo, et al.,  Annals Phys. 388, 323 (2018) 
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Impact of most recent Total Absorption Gamma-ray Spectroscopy data of fission fragments on reactor antineutrino 

spectra and comparison with the Daya Bay results  

M Estienne1, M Fallot1, L Le Meur1, V Guadilla1, J A Briz1, A Porta1, A Algora2,3 J L Tain2, J Agramunt2, J Äystö5, M 

Bowry4, V M Bui1, R Caballero-Folch6, D Cano-Ott7, S Cormon1, A Cucoanes1, V-V Elomaa8, T Eronen8, E Estévez2, G F 

Farrelly4, A R Garcia7, W Gelletly2,4, L Giot1, M B Gomez-Hornillos6, V Gorlychev6, J Hakala8, A Jokinen8, M D Jordan2, 

A Kankainen8, P Karvonen8, V S Kolhinen8, F G Kondev9, T Martinez7, E Mendoza7, F Molina2, I Moore8, A Perez2, Zs 

Podolyák4, H Penttilä8, P H Regan4,10, M Reponen8, S Rice4, J Rissanen8, B Rubio2, T Shiba1, A A Sonzogni11, E 

Valencia2,  C Weber8, A-A Zakari-Issoufou1, and IGISOL collaboration 

1University de Nantes, France, 2IFIC (CSIC-Univ. Valencia), Spain, 3MTA ATOMKI, Hungary, 4University of Surrey, UK, 
5University of Helsinki, Finland, 6Universitat Politécnica de Catalunya, Spain, 7CIEMAT, Spain, 8University of 

Jyväskylä, Finland, 9Argonne National Laboratory, USA, 10National Physical Laboratory,UK,  11Brookhaven National 

Laboratory, USA 

The accurate determination of reactor antineutrino spectra is still a challenge. In 2017 the Daya Bay collaboration 

released a measurement of the evolution of the antineutrino flux with the fuel content of the reactor core [1]. The 

observed deficit of the detected flux compared with the predictions of the conversion model was quasi totally 

explained by the data arising from the fissions of 235U while the part dominated by the fissions of 239Pu was in good 

agreement with the conversion model. The summation method [2] was employed by [3] lately to analyse the Daya 

Bay results and still predicts a reactor anomaly. The TAGS collaboration has carried out two experimental campaigns 

during the last decade at the University of Jyväskylä, Finland, measuring a large set of data in order to improve the 

quality of the predictions of the summation method. These measurements allow correcting from the Pandemonium 

effect [4] the nuclear data of nuclei contributing importantly to the antineutrino spectra. 

In the first part of this presentation, new results about the TAGS measurements of 99Y, 138I and 142Cs [5] and their 

impact on reactor antineutrino spectra will be presented. In the second part, the impact of the TAGS measurements 

performed by our collaboration during the last decade [5-7] on the detected antineutrino flux will be shown, and the 

results will be compared with the Daya Bay ones showing the best agreement between model and data ever 

obtained [8]. The flux deficit observed by Daya Bay with respect to the summation method is reduced significantly 

and no shape anomaly between 5 and 7 MeV in antineutrino energy is observed. 

[1]  F. P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett. 118, 251801 (2017) and APS Viewpoint by M. 

Fallot 

[2]  M. Fallot et al., Phys. Rev. Lett. 109  , 202504 (2012) 

[3]  A. C. Hayes et al. Phys. Rev. Lett. 120, (2018) 022503 

[4]  J. C. Hardy et. al., Phys. Lett. B 71, 307 (1977) 

[5]  L. Le Meur PhD thesis 2018, Univ. Of Nantes, France 

[6]  A. Algora et al., Phys. Rev. Lett. 105, 202501 (2010). D. Jordan et al. Phys. Rev. C 87, 044318 (2013). 

A.-A. Zakari-Issoufou et al., Phys. Rev. Lett. 115 , 102503 (2015). J.L. Tain et al., Phys. Rev. Lett. 115, 

062502. E. Valencia et al., Phys. Rev. C 95, 024320 (2017). S. Rice et al., Phys. Rev. C 96, (2017) 

014320 

[7]  V. Guadilla et al., accepted in Phys. Rev. Lett. 

[8]  M. Estienne et al., submitted to Phys. Rev. Lett. 
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Search for eV sterile neutrinos: Status of the STEREO experiment 

I Atmani1,2 

1CEA Saclay, France, 2FSAC-Université Hassan II, Morocco 

Reactor neutrinos have played a key role in understanding neutrino physics since their discovery. 

The so-called reactor-antineutrino-anomaly (RAA), a ~6.5% deficit of the mean observed neutrino flux compared to 

the prediction appeared recently. This anomaly could be interpreted by the existence of a fourth, sterile, neutrino 

and this hypothesis is currently being tested by the very short baseline experiment STEREO. 

STEREO is installed at very short distance (9 -11m) from the compact core of the ILL research reactor in Grenoble-

France and collecting data since November 2016. The ILL core is highly enriched in 235U and releases a nominal 

thermal power of 58.3 MW. The geometry of the STEREO detector, segmented into six identical cells filled with Gd-

loaded liquid scintillator, is designed for a direct test of a new oscillation pattern in the L/E range around 1 m/MeV, 

relevant for the RAA. 

First published results of STEREO have demonstrated the mitigation of the background induced by the reactor and 

the cosmic-rays and a good energy response. The data taking is now in progress with very stable conditions 

favorable for an improved accuracy. 

We will present an overview of the experiment and an update of the analysis with 2 times more statistics. The 

measurement of the shape of the neutrino spectrum from the fission of 235U and its comparison with the predicted 

spectrum will be discussed. 

Perspectives of lowering CUORE thresholds with optimum trigger 

V Dompè11, 16,D Adams1, C Alduino1, K Alfonso2, F Avignone III1, O Azzolini3, G Bari4, F Bellini5,6, G Benato7, A 

Bersani8, M Biassoni9, A Branca9, 10, C Brofferio9, 10, C Bucci11, A Caminata8, A Campani8, 12, L Canonica11, 13, X Cao14, 

S Capelli9, 10, L Cappelli7, 11, 15, L Cardani6, P Carniti9, 10, N Casali6, D Chiesa9, 10, N Chott1, M Clemenza9, 10, S 

Copello11, 16, C Cosmelli5, 6, O Cremonesi9, R Creswick1, J Cushman17, A D'Addabbo11, D D'Aguanno11, 18, I Dafinei6, C 

Davis17, S Dell'Oro19, S Di Domizio8, 12, A Drobizhev7, 15, D Fang14,G Fantini11,16, M Faverzani9, 10, E Ferri9, 10, F Ferroni5, 
6, 16, E Fiorini9, 10, M Franceschi20, S Freedman7, 15, a, B Fujikawa15, A Giachero9, 10, L Gironi9, 10, A Giuliani21, P Gorla11, 
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CUORE is a cryogenic experiment that focuses on the search of neutrinoless double beta decay in 130Te and is 
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located at the Gran Sasso National Laboratories. Its detector consists of 988 TeO2 crystals operating at a base 

temperature of ∼ 10mK. It is the first ton-scale bolometric experiment ever realized for this purpose. Thanks to its 

large target mass and ultra-low background, the CUORE detector is also suitable for the search of other rare 

phenomena. In particular the low energy part of the spectra is interesting for the detection of WIMP-nuclei scattering 

reactions. One of the most important requirements to perform these studies is represented by the achievement of a 

stable energy threshold lower than 10 keV. Here, the CUORE capability to accomplish to this purpose using a low 

energy software trigger will be presented and described. 

Final results of the CUPID-0 Phase I experiment 

L Pagnanini5, 6, O Azzolini1, M Barrera1, J Beeman2, F Bellini3, 4, M Beretta5, 6, M Biassoni6, C Brofferio5, 6, C Bucci7, L 
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{ ~’{ddabbo7 I Dafinei4, S Di Domizio9, 10, F Ferroni3, 4, L Gironi5, 6, A Giuliani11, 12, P Gorla7, C Gotti5, 6 G Keppel1, S 

Morganti4, S Nagorny7, 13, M Nastasi5,  6, S Nisi7, C Nones14, D Orlandi7, M Pallavicini9, 10, V Palmieri1,L Pattavina7, 13, 

M Pavan5, 6, G Pessina6, V Pettinacci4, S Pirro7, S Pozzi5, 6, E Previtali6, A Puiu5, 6, C Rusconi7, 15, K Schäffner7, 13, C 

Tomei4, M Vignati4  and A Zolotarova14 

1INFN Laboratori Nazionali di Legnaro, Italy, 2Lawrence Berkeley National Laboratory, USA, 3Sapienza Università di 

Roma, Italy, 4INFN Sezione di Roma, Italy, 5 Università di Milano Bicocca, Italy, 6 INFN Sezione di Milano Bicocca, 

Italy, 7 INFN Laboratori Nazionali del Gran Sasso, Italy, 8Massachusetts Institute of Technology, USA, 9Università di 
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A convincing observation of neutrino-less double beta decay relies on the possibility of operating high-energy 

resolution detectors in background-free conditions. Scintillating cryogenic calorimeters is one of the most promising 

tools to fulfill the requirements for a next-generation experiment. Several steps have been taken to demonstrate the 

maturity of this technique, starting form the successful experience of CUPID-0. The CUPID-0 experiment collected 10 

kg x y of exposure, running 26 ZnSe crystals during two years of continuous detector operation. The complete 

rejection of the dominant alpha background was demonstrated, measuring the lowest counting rate in the region of 

interest for this technique. Furthermore, the most stringent limit on the Se-82neutrino-less double beta decay was 

established. After a technical stop, CUPID-0 will start over in 2019 with an upgraded detector configuration. In this 

contribution we present the final results of CUPID-0 Phase I, including a detailed model of the background and the 

measurement of the two-neutrinos double beta decay half-life. 

Parallel sessions 2 

Nuclear Astrophysics 

(Invited) Overview on the trojan horse method and its relevance for nuclear astrophysics 

L Lamia1, 2 

1University of Catania, Italy, 2INFN-LNS Catania, Italy 

The aim of experimental nuclear astrophysics is the measurement of astrophysically relevant burning reaction cross 

sections at the Gamow peak. However, in spite of the improvements for measuring at low-energies, the Gamow peak 

often remains far to be fully explored mainly in the case of charged-particles induced reactions. In such cases, both 

Coulomb barrier penetration and electron screening phenomena strongly affect the bare-nucleus cross section 

determination thus leaving extrapolation procedures as the only way for accessing the Gamow energy region. 
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Among the available and developed indirect techniques, the Trojan Horse Method (THM) allows the experimentalist 

to measure the bare-nucleus cross-section of a relevant reaction a+xàc+C by properly selecting the quasi-free (QF) 

contribution of an appropriate reaction a+Aàc+C+s, performed at energies well above the Coulomb barrier, where 

the nucleus A has a dominant x-s cluster configuration. Thanks to its momentum-energy prescription, the THM 

allows to explore a wide energy window in the center of mass system a + x by only using a monoenergetic beam. 

Such advantage appears of great importance also in the case of nuclear reactions involving exotic nuclei or neutron 

induced reactions, thus justifying the recent THM application to reactions involved in explosive or primordial 

nucleosynthesis. The talk is aimed at giving an overview of the role played by the THM measurements in solving 

proper issues of interest for nuclear astrophysics by particularly emphasizing our latest experimental results. 

New investigations on the 32S(3He,d)33Cl reaction at 9.6 MeV bombarding energy  

T Marchi1,M Cinausero1, M Vigilante2, I Lombardo3  � ~’{ndrea3  ~ ~ell’{quila4, F Gramegna1, S Carturan1, M 

Cicerchia1, G Mantovani1, D Fabris5, L Scomparin5, R Bolzonella5, M Bruno6, G Casini7, A Buccola7, S Valdrè7, S 

Piantelli7, G Pasquali7, S Barlini7, P Ottanelli7, C Frosin7, M Degerlier8, A Kordyasz9, T Kozik10, A Lepine-Szily11 and L 

Romero Gasques11 
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3INFN Sezione di Catania, Italy, 4Michigan State University, USA, 5Università di Padova and INFN Sezione di Padova, 

Italy, 6Università di Bologna and INFN Sezione di Bologna, Italy, 7Università di Firenze and INFN Sezione di Firenze, 
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11Universidade de São Paulo, Brasil 

The angular distribution of the differential cross section in (3He,d) one-proton transfer reactions gives the possibility 

to probe the structure of nuclei by comparisons with shell model calculations, allowing to calculate the 

spectroscopic factor for a variety of nuclei [1].  Indeed, the calculation of the spectroscopic factor it is in most cases 

the only way to estimate the strength of low energy resonances in (p, ) reactions relevant for various hydrogen-

burning scenarios in stellar evolution [2]. In this context, an interesting case study is the 32S(3He,d)33Cl reaction for 

which contrasting results have been reported [3].  A new measure to determine the one-proton spectroscopic factor 

for the GS, 0.810, 2.356, 2.686 and 2.860 (doublet) MeV states in 33Cl has been performed at the CN Van De 

Graaf accelerator of the Laboratori Nazionali di Legnaro. The new solid state telescope OSCAR [4], particularly 

suited for the identification and correlations of low energy particles, has been used to identify the emitted deuterons 

and to measure their energy. Good quality angular distribution in a broad angular range (20°-60°) has been 

achieved thanks to the segmentation of the OSCAR strip detector. Preliminary results of this new measure will be 

presented and compared both with theoretical calculations and data available in the literature. 

[1] P. Hodgson, Nuclear Structure and Nuclear Reactions, Clarendon (1971)                                                                                     

[2] C. Iliadis et al, Astr. J. Suppl. Ser. 134 (2001) 151                                                                                                     

[3]  J. Chen and B. Sing, Nucl. Data Sheets 112 (2011) 1393                                                                                            

[4]  ~� ~ell’{quila et al�  �ucl� Instrum. Meth. A 877 (2018) 227 

Observation of the Hoyle state rotational excitation via -triple- angular correlations 

R Garg1, 6, C Diget1, H Fynbo2, I Alonso3, C Barton1, S Courtin4, S Fox1, G Fruet4, A Howard2, A Illana3, D Jenkins1, O 

Kirsebom2, M Lund2, I Moore5, A Pastore1, J Refsgaard2, J Riley1, S Rinta-Antila5, L Sinclair1 and O Tengblad3 

1University of York, UK, 2Aarhus University, Denmark, 3Instituto Estructura de la Materia, CSIC, Spain, 4Institut 

Pluridisciplinaire Hubert Curien, France, 5University of Jyväskylä, Finland, 6University of Edinburgh, UK 

The second 2+ state of the 12C nucleus is of great importance to nuclear astrophysics reaction rate calculations and 

to nuclear cluster structure studies. The triple-α process, which is responsible for 12C production, primarily proceeds 

through a resonance in the 12C nucleus, famously known as the Hoyle state. The cluster nature of the Hoyle state 
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allows the formation of a rotational band to be built upon it. The first member of the band is thought to be in the 9-

11 MeV region, with Jπ=2+ [1-4], with the most recent data indicating an energy of 10.03 MeV [5]. Knowledge of 

this state would help not only to understand the debated structure of the 12C nucleus in the Hoyle state, but also to 

determine the high-temperature (> 1 GK) reaction rate of the triple-α process more precisely [6,7], which is 

required to be able to understand the final stages of stellar nucleosynthesis and the elemental abundances in the 

universe. Due to the significance of the resonance, a reconciliation of the data from different available probes is 

highly desirable. 

We will present an observation of this second 2+ resonance of 12C populated in the β-decay of 12N and studied 

through the novel technique of β-triple-α coincidence detection at the IGISOL facility at JYFL, Jyväskylä. To 

determine the strength of the 2+ state relative to that of the 0+ in the energy region of interest, β-α1 angular 

correlation has been analysed. In the present work, the anisotropy in the aforementioned angular correlation has 

been observed to be of two orders of magnitude larger than the theoretical prediction for the allowed β-decay [8]. 

We will further discuss the role that the higher order matrix elements can play in the allowed β-decay and provide 

the potential explanation for the unusually large observed anisotropy. 

[1] H. O. U. Fynbo, C. Aa. Diget, Hyperfine interactions 223, 1-3 (2014) 

[2] S. Hyldegaard et al., Phys. Rev. C 81, 024303 (2010) 

[3] M. Itoh et al., Phys. Rev. C 84, 054308 (2011) 

[4] M. Freer et al., Phys. Rev. C 80, 041303(R) (2009) 

[5] W. R. Zimmerman et al., Phys. Rev. Lett. 110, 152502 (2013) 

[6] C. Angulo et al., Nucl. Phys. A 656, 3 (1999) 

[7] R. H. Cyburt et al., Astrophys. J. Suppl. Ser. 189, 240 (2010) 

[8] M. Morita et al., Prog. Th. Phys. 47, 2 (1972) 

First experimental constraint of the spectroscopic amplitudes for the alpha-cluster in the 11B ground state 

B Guo, Y Shen, Z Li and W Liu1 

China Institute of Atomic Energy, China 

The alpha-transfer reactions are of particular interest for the study of astrophysical alpha-particle induced reactions 

which are one kind of the most important reactions in nuclear astrophysics. In addition to (6Li, d) and (7Li, t), the 

(11B, 7Li) reaction has been extensively utilized to investigate the alpha-particle induced reactions occurred in stars. 

However, the spectroscopic amplitudes for the alpha-cluster in the ground state of 11B, which are required when 

interpreting alpha-cluster transfer reactions, still remain unknown experimentally. This largely puts application of the 

(11B, 7Li) reaction in doubt. 

In this work the spectroscopic amplitudes for the \alpha-cluster in the 11B ground state have been determined 

experimentally using a high-precision magnetic spectrograph. The spectroscopic amplitudes for the 3S0 and 2D2 

components were extracted to be 0.64 ± 0.09 and 0.74 ± 0.09, respectively. We also studied the impact of this 

new value on the ANCs for the 6.917 MeV 2+ subthreshold state in 16O and the 6.356 MeV 1/2+ subthreshold state 

in 17O by fitting the previous data on the 12C(11B,7Li)16O and 13C(11B,7Li)17O reactions [1,2], respectively. Our 

experimental value yields a significant change for the ANCs of 16O and 17O, when comparing with the ones obtained 

with the previous two spectroscopic amplitudes of 11B from shell model calculation. Furthermore, this led to 

significant decreases of the astrophysical S-factors up to 51% and 53% for the relevant subthreshold resonances in 

the 12C(α, γ)16O and 13C(α, n)16O reactions, which could have a potential influence on the nucleosynthesis related 

to these two astrophysical reactions [3]. 

[1]  B. Guo*, Z. H. Li, M. Lugaro et al., Astrophys. J 756 (2012) 193 

[2]  Y. P. Shen, B. Guo*, Z. H. Li et al., arXiv preprint arXiv:1811.06220 (2018) (submitted to Phys Rev C) 

[3]  Y. P. Shen, B. Guo*, T. L. Ma et al., submitted to Phys. Lett. B 
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A possible nuclear solution to the 18F deficiency in novae 

M La Cognata1, R Pizzone1, J Josè2, 3, M Hernanz3,4, S Cherubini1, 5, M Gulino1, 6, G Rapisarda1 and C Spitaleri1 

1INFN - Laboratori Nazionali del Sud, Italy 2Universitat Politecnica de Catalunya, Spain 3�nstitut d’�studis �spacials 

de Catalunya, Spain 4Institut de Ciencies de l'Espai, Spain 5Università di Catania, Italy 6Kore University, Italy 

Crucial information on nova nucleosynthesis can be potentially inferred from γ-ray signals powered by 18F decay 

[1]. Therefore, the reaction network producing and destroying this radioactive isotope has been extensively studied 

in the last years. Among those reactions, the 18F(p,α)15O cross-section has been measured by means of several 

dedicated experiments, both using direct and indirect methods. The presence of interfering resonances in the energy 

region of astrophysical interest has been reported by many authors including the recent applications of the Trojan 

Horse Method (THM). 

The THM is an indirect method using direct reactions to populate 19Ne states of astrophysical importance, with no 

suppression by the Coulomb and centrifugal barriers. In this work, we evaluate what changes are introduced by the 

Trojan Horse data in the 18F(p,α)15O astrophysical factor recommended in a recent R-matrix analysis [2, 3, 4], 

accounting for existing direct and indirect measurements [5]. We will particularly focus on the role of the THM 

experiment, since it allowed to cover the 0-1 MeV energy range with experimental data, with no need of 

extrapolation and with unprecedented accuracy (better than 20%). 

Then, the updated reaction rate (Fig.1) is calculated and parameterized and implications of the new results on nova 

nucleosynthesis are thoroughly discussed. In particular, while no change on the dynamical properties of the 

explosion is found due to the revised reaction rate, important differences in the chemical composition of the ejected 

matter is observed, with a net reduction in the mean 18F content by a factor of 2 and a corresponding increase in the 

detectability distance [4].  

 

Fig 1: 18F(p,α)15O THM reaction rate ratio to the one reported in the JINA REACLIB database [6]. In the plot, the 

uncertainties of the reaction rate are represented as a shadowed band, while the solid line is the recommended 

value. 

[1]  J. Josè, Stellar Explosions: Hydrodynamics and Nucleosynthesis (Boca Raton, FL, London: CRC/Taylor and 

Francis, 2016) 

[2]  R. G. Pizzone et al., Eur. Phys. J. A 52, 24 (2016) 

[3]  S. Cherubini et al., Phys. Rev. C 92 015805 (2015) 
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Benchmarking the (d,p) reaction for obtaining (p, ) rates for N=Z nuclei  

S Pain 

Oak Ridge National Laboratory 

In both quiescent stellar burning and explosive scenarios, radiative capture rates via low-lying proton resonances 

are of astrophysical interest for understanding chemical evolution, energy generation and production rates of 

individual radionuclides. However, these reactions are difficult to measure directly due to the small proton widths 

through which the radiative capture proceeds, especially for reactions on radioactive nuclides. These rates can be 

constrained indirectly by measuring (d,n) reactions on these nuclides to determine energies, J  assignments, and 

spectroscopic factors of proton resonances. However, practical considerations of neutron measurement in inverse 

kinematics reactions currently limit the applicability of the technique. Alternatively, the (d,p) reaction can be used to 

determine these properties for the mirror neutron states in the conjugate nucleus. Guided by Shell Model Embedded 

in the Continuum calculations [1,2], (p, γ) rates can be calculated. This technique is especially applicable to 

capture on self-conjugate (N=Z) nuclei, as the ground state of the "target" nucleus is common to both systems; 

several such nuclei are of particular astrophysical interest, including 26Al, 30P, 34Cl and 38K.  

We have benchmarked resonance strengths extracted from the 26Al(d,p) reaction [3] against direct measurements of 

the 26Al(p,γ) reaction for several resonances, guided by analysis of almost 30 bound states and elastic scattering 

differential cross sections. Using ORRUBA (the Oak Ridge Rutgers University Barrel Array) [4] and the GODDESS [5] 

coupling of ORRUBA to the GRETINA gamma-ray tracking array, this technique is planned to be applied to other N=Z 

nuclei in imminent experiments at the ATLAS facility at Argonne National Laboratory and the ReA3 facility at the 

National Superconducting Cyclotron Laboratory/Facility for Rare Isotope Beams (FRIB). The results of the 26Al(d,p) 

benchmarking, and its implications for measurements on other N=Z nuclei, will be presented.  
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[1]  J. Okolowicz, M. P loszajczak, and I. Rotter, Phys. Rep. 374, 271 (2003) 

[2]  J. Okolowicz, N. Michel, W. Nazarewicz, and M. Ploszajczak, Phys. Rev. C 85, 064320 (2012) 

[3]  S. D. Pain, et al., Phys. Rev. Lett. 114, 212501 (2015) 

[4]  S. D. Pain, et al., Nucl. Instr. and Meth. in Phys. Res. B 261, 1122 (2007) 

[5]  S.D. Pain et al., Physics Procedia 90, 455 (2017) 

Nuclear Reactions A 

(Invited) Tensor blocking and nuclear shell structure understanding magic numbers in neutron-rich nuclei by tensor 

blocking mechanism 

I Tanihata1,2 

1Beihang University, China, 2Osaka University, Japan 

A new paradigm for nuclear structure that includes blocking effects of tensor interactions is proposed. All of the 

recently discovered magic numbers (N=6, 14, 16, 32 and 34) in neutron-rich nuclei can be explained by the 

blocking effects. A large amount of binding energy is gained by high-momentum correlated pairs of nucleons 

produced by the tensor interaction. Such tensor correlations strongly depend on the configuration space available 

for exciting the 2p-2h states. When additional neutrons occupy a new orbital, the previously available configuration 

may be lost, resulting in a sudden loss of binding energy otherwise gained by the 2p-2h excitation. Such tensor 

blocking effects enlarge the energy gaps at all observed new magic numbers. Tensor blocking also explains 
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consistently the observed peculiar configurations of neutron-rich nuclei at the borders of shells. 

Study of low-lying E1 excited states of 208Pb via coincidence measurement of inelastic scattering of 80-MeV protons 

and gamma decay  

N Kobayashi1, N Aoi1, A Bracco2, M Carpenter3, J Carroll4, F Crespi3, V Derya5, Y Fang6, G Gey1, M Harakeh7, T 

Hashimoto8, N Ichige9, E Ideguchi1, J Isaak10, C Iwamoto11, T Koike10, M Liu6, S Noj12, P von Neumann-Cosel10, N 

Pietrall10, M Raju1, D Savran13, J Schmitt12, C Sullivan12, A Tamii1, V Werner10, Y Yamamoto1, R Zegers12, S Zhu3, X 

Zhou6, A Zilges5  

1Osaka University, Japan, 2INFN, Italy, 3Argonne National Laboratory, USA, 4Army Research Laboratory, USA, 
5Universität zu Köln, Germany, 6Chinese Academy of Sciences, China, 7University of Groningen, The Netherlands, 
8Institute for Basic Science, Korea, 9Tohoku University, Japan, 10TU Darmstadt, Germany, 11University Tokyo, Japan, 
12Michigan State University, USA, 13GSI, Germany 

The Pygmy Dipole Resonance (PDR) is one of the hottest topics in the recent nuclear physics [1]. PDR is generally 

interpreted as the anti-phase oscillation of the excess neutron skin and core. On the other hand, some theoretical 

studies suggest that the conventional interpretation is not perfect to describe the PDR. For instance, Inakura et al. 

[2] pointed out that the valence neutrons with low orbital angular momenta play important roles in the strength of 

the PDR. Thus description of the PDR is still under debate theoretically and experimentally for now.  

In this context, we performed experimental study of low-lying electric dipole states of 208Pb via (p,p’  ) reactions at 

Ep = 80 MeV. This experiment is one of the campaign-type experiments called CAGRA+GR campaign at RCNP, Osaka 

University in 2016. CAGRA stands for Clover Array Gamma-ray spectrometer at RCNP/RIBF for Advanced research, 

and the array was constituted by 12 clovers borrowed from Argonne National Laboratory in US, Army Research 

Laboratory in US, Institute of Modern Physics in China, and Tohoku University in Japan. The angular differential cross 

sections in the angular range of 3.5-11.5 degrees were measured in coincidence with gamma rays emitted from the 

inelastically excited states. The non-interacted beam on the target was guided to the wall dump by the newly 

constructed Grand Raiden forward-mode beam line (GRAF). In the presentation, we will discuss the preliminary 

results of the angular distribution of 208Pb(p,p’ ) reactions  

[1]  D. Savran, T. Aumann, and A Zilges, Prog. Part. Nucl. Phys. 70, 210 (2013) 

[2]  T. Inakura, T. Nakatsukasa, and K. Yabana, Phys. Rev. C 80, 021302(R) (2011) 

Emergence of new features around the drip-lines at N = 8 and 20 with reaction spectroscopy 
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Momiyama20, I Murray16, T Nakamura21, H Ong22, S Paschalis23, A Prochazka13, C Scheidenberger13, 14, P Schrock24, Y 

Shimizu16, D Steppenbeck, D Suzuki16, H Suzuki16, S Takeuchi21, M Takechi25, H Takeda16, R Tanuchi20, K Yoshida16 

and K Wimmer20 
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Nuclei at the limits of binding, the drip-lines, in the nuclear landscape offer a wealth of new knowledge on how 

nature organizes protons and neutrons in such neutron-proton asymmetric systems. Unexpected features appear in 

such regions breaking down conventional rules and challenging our knowledge of the nuclear force. Exotic forms 

such Borromean nuclei tend to appear at the drip-lines where discovery of new structures advance our concept of 

the nuclear models. This presentation will describe how recent reaction spectroscopy measurements at different 

energy regimes have uncovered new features at the proton and neutron drip-lines. 

At the low-energy end, deuteron inelastic scattering measurement at TRIUMF using a reaccelerated 

ISOL beam of 20Mg and a solid D2 target at the IRIS facility will be discussed. The results will illustrate how the 

observation of new excited states in this proton drip-line nucleus opens new challenges to our understanding of the 

nuclear force and brings new insight into shell evolution [1]. 

The neutron-rich landscape is unfolding changes in nuclear shells where a region of interest has been the island of 

inversion around N = 20. Theoretical predictions suggest the Fluorine isotopes to be at the south border of this 

island with substantial normal configuration [2]. Exploration of the N = 20 neutron drip-line nucleus 29F using 

intermediate energy in-flight beams at RIBF will be presented. New observations will be reported addressing the 

persistence or disappearance of the shell closure and if any exotic structure appears. 

[1]  J.S. Randhawa et al., Phys. Rev. C (Rapid Comm.), in press 

[2]  E. Caurier, et al., Phys. Rev. C 90, 014302 (2014) 

Two-neutron transfer in the 6He + 120Sn reaction 

R Lichtenthäler1,S Appannababu1, M Alvarez2, M Rodríguez-Gallardo2, A Lépine--zily1, K Pires1, O Santos1, U Silva1, P 

de Fari3a, V Guimarães1, E Zevallos1, V Scarduelli1, M Assunção4, J Shorto5, A Barion4i, J Alcántara-Núñez1, V 

Morcelle6 

1Universidade de São Paulo, Brazil, 2Universidad de Sevilla, Spain, 3Universidade Federal Fluminense do Rio de 

Janeiro, Brazil, 4Universidade Federal de São Paulo, Brazil, 5Instituto de Pesquisas Energéticas e Nucleares, Brazil, 
6Universidade Federal Rural do Rio de Janeiro, Brazil 

A large yield of α particles produced in the 120Sn(6He, α) reaction was measured at 20.3-, 22.2-, 22.4-, and 24.5-

MeV bombarding energies. The α particles are distributed over a broad energy range in the vicinity and below the 

elastic scattering 6He peak. Energy integrated α-particle cross sections have been obtained at θlab = 36°, 40°, and 

60°. The α energy distributions have been analyzed at a fixed laboratory angle (≈60°) in terms of the reaction Q 

value, considering the 2 -transfer reaction kinematics 120Sn(6He, α)122Sn. A kinematical analysis of the Q-value 

distribution shows that the recoil system 120Sn + 2  is formed in highly excited states in the continuum, at 

increasing excitation energies as the bombarding energy increases� �t is shown that by using |rink’s formula, the 

excitation energy depends on the transferred angular momentum following a linear relation with the square of the 

angular momentum, indicating that some kind of dinuclear rotating system is formed after the reaction. 

Reaction dynamics induced by the Radioactive Ion Beams 7Be and 8B on a 208Pb target at energies around the 

Coulomb barrier  

M Mazzocco1, 2, N. Keeley3, A Boiano4, C Boiano5, M La Commara4, 6, C Manea2, C Parascandolo4, D Pierroutsakou4, 

C Signorini1, 2, E Strano1, 2, D Torresi1, 2, H Yamaguchi7, D Kahl7, L Acosta8, 9, P Di Meo4, J Fernandez-Garcia9, T 

Glodariu10,  J Grebosz11, A Guglielmetti5, 12, N Imai7, 13, Y Hirayama13, H Ishiyama13, N Iwasa14,  S Jeong13, 15, H Jia16, 

Y Kim13, S Kimura13, S Kubono17, G La Rana4, 6, C Lin16, G Marquinez-Duran8, I Martel8, H Miyatake13, M Mukai13, T 

Nakao18, M Nicoletto2,  A Pakou19, K Rusek20, Y Sakaguchi7, A Sanchez-Benitez8, T Sava10, O Sgouros19,  V 

66



 

Soukeras19, F Soramel1, 2, E Stiliaris21, L Stroe10, T Teranishi22, N Toniolo23,  Y Wakabayashi17, Y Watanabe13, L 

Yang16, Y Yang24 and H Zhang16 

1Università di Padova, Italy 2INFN-Sezione di Padova, Italy 3National Centre for Nuclear Research, Poland 4INFN-

Sezione di Napoli, Italy 5INFN-Sezione di Milano, Italy 6�niversità di �apoli “�ederico ��”  �taly 7Center for Nuclear 

Studies (CNS) Wako, Japan 8Universidad de Huelva, Spain 9INFN-Sezione di Catania, Italy, 10NIPNE, Romania, 
11Institute of Nuclear Physics, Poland, 12Università di Milano, Italy 13KEK, Japan, 14Tohoku University, Japan, 

15Institute for Basic Science (IBS), Korea, 16China Institute of Atomic Energy, China, 17RIKEN, Japan, 18Japan Atomic 

Energy Agency, Japan, 19University of Ioannina, Greece, 20University of Warsaw, Poland, 21University of Athens, 

Greece, 22Kyushu University, Japan, 23INFN-LNL, Italy, 24Chinese Academy of Sciences, China 

The reaction dynamics induced by light weakly-bound Radioactive Ion Beams (RIBs) at Coulomb barrier energies 

has attracted the interest of the Nuclear Physics community for the last 25 years at least. Compared to standard 

well-bound nuclei, breakup related effects largely enhance, especially at sub-barrier energies, the reaction 

probability for these RIBs and the investigation has moved towards understanding what processes are mainly 

responsible for the reaction cross section enhancement. Studies performed with n-halo nuclei indicated transfer 

channels as the most relevant reaction mechanisms at sub-barrier energies, while results for the interaction of the p-

halo 8B with medium-mass targets, such as 58Ni, showed an enhancement of the sub-barrier fusion cross section.  

With the aim of shedding some light on this topic, we investigated for the first time the elastic scattering process for 

the reaction 8B+208Pb at Coulomb barrier energies. The experiment was performed with the CRIB facility in Japan. 

The study was integrated by the first measurement of the elastic scattering differential cross section for the system 
7Be+208Pb at three energies around the Coulomb barrier, being 7Be the core nucleus of the weakly-bound p-halo 

nucleus 8B (Sp = 0.1375 MeV). This second experiment was performed in Italy with the facility EXOTIC. The collected 

data were analyzed within the framework of the optical model in order to extract the reaction cross sections. The 

comparison with the results obtained for reactions induced by other light weakly-bound nuclei indicates an 

enhancement by a factor of 2 for the 8B reaction cross section. Preliminary theoretical investigations suggest that 

this enhancement should be mainly due to the breakup process 8B→7Be+p. 

Observation of excited states of 31Ne using nuclear breakup reaction 

T Tomai1, T Nakamura1, Y Togano2, Y Kondo1 

1Dept. of Physics, Tokyo Institute of Technology, Japan, 2Dept. of Physics, Rikkyo University, Japan 

In our report, we will present the experimental result on 31Ne excited states. The 31�e is located in the “�sland of 

inversion” on nuclear chart� It is known that although the nuclei in the island of inversion are located around magic 

number N=20, they are strongly deformed because of the 2p-2h configuration between the 1d3/2 and the 1f7/2 

orbitals.  

The 31Ne is consisted of the 30Ne core and one valence neutron. According to our previous studies [1,2], its ground-

state spin and parity is 3/2- and separation energy Sn=0.15-0.10
+0.16 MeV. Other study [3] reported its large 

interaction cross section. These experiments show that the 31Ne is one-neutron p-wave dominant halo nucleus. In 

addition, strong deformation 0.46<β<0.59 is also estimated from comparison with Nilsson model diagram [4]. 

Experiments around the island of inversion were difficult so far since these nuclei are located around the neutron 

drip line. Our experiments on 31Ne is aimed to observe a rotational band in this nucleus and determine the 

deformation parameter β. 

The experiment was performed at SAMURAI, RIBF at RIKEN. Incoming beam including 31Ne and 32Ne at 230 

MeV/nucleon reacted at 2.15 g/cm2-thick carbon target to populate excited states of 31Ne. The excited states 

decayed immediately into 30Ne and one neutron because of low neutron separation energy. We measured the 

momenta of the charged fragment 30Ne by plastic scintillator array and multi-wire drift chambers, and neutron by 

large neutron detector arrays NeuLAND and NEBULA. At the same time, coincidence γ-rays from excited state of 
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30Ne were detected by CsI (Na) crystal array CATANA. From the momenta and the γ-ray energies, we reconstructed 

the energy of the excited states in 31Ne using the invariant mass method. The results on the excited states will be 

discussed in our presentation. 

[1]  T. Nakamura, N. Kobayashi et al., Phys. Rev. Lett. 103, 262501 (2009) 

[2]  T. Nakamura, N. Kobayashi et al., Phys. Rev. Lett. 112, 142501 (2014) 

[3]  M. Takechi et al., Phys. Lett. B 707, 357(2012) 

[4]  I. Hamamoto, Phys. Rev. C 81, 021304(R) (2010) 

 

 

 
Nuclear Structure A 

(Invited) Nuclear physics with multi-reflection time-of-flight mass spectroscopy at WNSC 

P Schury1, M Wada1 , H Ishiyama2, Y Ito7, H Haba2, Y Hirayama1, S Ishizawa1, 6, S Jeong3, D Kaji2, S Kimura2, H 

Miyatake2, J Moon3, K Morimoto2, T Niwase1, 5, M Rosenbusch2, Y Watanabe1 and H Wollnik4 

1Wako Nuclear Science Center (WNSC), Japan, 2RIKEN, Japan, 3Institute for Basic Science (IBS), Republic of Korea, 
4New Mexico State University, USA, 5Kyushu University, Japan, 6Yamagata University, Japan, 7Japan Atomic Energy 

Agency, Japan 

In recent years the multi-reflection time-of-flight mass spectrograph (MRTOF) has rapidly begun to become a 

standard tool in on-line nuclear physics facilities. These devices allow high mass resolving powers exceeding 

Rm=105 with observation times of less than 10 ms for even the heaviest of atomic ions. At the Wako Nuclear Science 

Center (WNSC) – a collaborative effort between RIKEN Nishina Center and KEK – we have successfully completed a 

large atomic mass measurement campaign which has resulted in new mass data for over 80 isotopes, including first 

experimental masses for 4 isotopes and first direct measurements of many more. 

In addition to use in precision atomic mass, the device can be used a high-purity isobar separator to provide, in 

some cases, even isomerically pure beams. By operating two MRTOF in tandem – as an isobar separator and a 

mass spectrograph – we plan to study beta-delayed neutron emission multiplicity without the need to detect 

neutrons. By combining the MRTOF with radioactive decay measurements, we plan to use the device to investigate 

the nuclear structure in isotopes of the superheavy elements nihonium (Z=113) and moscovium (Z=115). 

We plan to present an overview of recent results and details of future plans. 
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Fig 1: An overview of the regions of isotopes studied at WNSC in our first mass measurement campaign from 

2016/2017 

The Atomic Mass Evaluation: a journey from the lightest to the heaviest nuclei 

W Huang1, G Audi2, M Wang3, F Kondev4, S Naimi5 

1 Max-Planck-Institut für Kernphysik, Germany, 2 Université Paris-Saclay, France, 3Chinese Academy of Sciences, 

China, 4 Physics Division, Argonne National Laboratory, USA, 5 RIKEN, Japan 

�ollowing �apstra’s spirit  the {tomic Mass Evaluation (AME) has been regularly published for more than six 

decades, challenged by increasingly higher accuracy data, typically one order of magnitude per decade. The latest 

atomic mass table (AME2016) include a large number of mass data ranging from hydrogen (Z=1) to oganesson 

(Z=118), largely extending our knowledge on the chart of nuclei. In this presentation, the philosophy of the AME will 

be illustrated through two examples. 

The mass difference between the tritium and helium-3 atoms provides a crucial input to the understanding of the 

shape of the tritium beta-decay spectrum, which allows to set an upper limit for the anti-neutrino mass. In this 

presentation, inconsistent results of ultra-high precision measurements reported by two different research groups, 

one at the Florida State University and the other at the University of Washington, Seattle will be discussed, together 

with the way this case treated in AME2016.  

Superheavy nuclides up to 295Og have been synthesized in laboratories, but their absolute masses remain 

unknown, since none of them are directly connected to the known region of the nuclear chart. By using the method 

for mass extrapolation based on the regularity and the smoothness of the mass surface, and by combining the 

experimental alpha-decay energies, we can gain knowledge about the masses of superheavy nuclides. The 

extrapolated masses for these superheavy nuclides reveal new structure effects.  

Work at ANL is supported by the U.S. Department of Energy, Office of Nuclear Physics, under Contracts No. DE-

AC02-06CH11357. 
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High-precision mass measurements of the heaviest elements with SHIPTRAP 

F Giacoppo1,2  | {ndelić2,3, K Blaum4, M Block1,2,5, S Chenmarev5,6, P Chhetri1,7, C Droese8, C Düllmann1,2,5, M 

Eibach1,8, J Even3, S Eliseev4, P Filianin4, S Götz1,2,5, Y Gusev6, M Gutiérrez9, F Herfurth1, F Heßberger1,2, N Kalantar-

Nayestanaki3, O Kaleja1,4,5, J Khuyagbaatar1,2, J van de Laar2,5, M Laatiatoui2, S Lohse2,5, N Martynova10, E Minaya-

Ramirez11, A Mistry1,2, T Murböck1, Y Novikov6,10, S Raeder1,2, D Rodriguez9, F Schneider2,5, L Schweikhard8, P 

Thirolf12, A Yakushev1 

1GSI Helmholtzzentrum für Schwerionenforschung, Germany, 2Helmholtz-Institut Mainz, Germany, 3University of 

Groningen, Netherlands, 4Max-Planck-Institut für Kernphysik, Germany, 5Johannes Gutenberg-Universität Mainz, 

Germany,6Petersburg Nuclear Physics Institute, Russia, 7Technische Universität Darmstadt, Germany, 8Universität 

Greifswald, Germany, 9Universidad de Granada, Spain, 10St. Petersburg State University, Russia, 11Institut de 

Physique Nucléaire, France, 12Ludwig-Maximilians-Universität München, Germany 

During summer 2018 the first direct mass measurements of the transfermium isotopes 251No (Z=102), 254Lr (Z=103) 

as well as the superheavy element 257Rf (Z=104) have been successfully achieved, with the reconfigured SHIPTRAP 

mass spectrometer [1]. Moreover, exploiting the enhanced resolving power of the Phase-Imaging Ion-Cyclotron-

Resonance technique [2], it was possible to resolve, for the first time, the low-lying isomeric states 251mNo and 
254m,255mLr and the K π=8− isomer 254mNo with a Penning-trap system. 

These results will shed light on the evolution of nuclear shell effects in regions of enhanced shell stabilization as for 

instance the deformed neutron shell at N=152. These effects are closely linked to the existence of these heavy 

nuclei as bound systems. Furthermore, such investigations will enable a better understanding of the nature of the 

underlying strong interaction at the upper limit of the nuclear chart and will help to constrain predictions for the 

location of the next spherical shell closures, expected by different models around Z=114~126, N=184, the so-

called island of stability. 

The latest experiments at SHIPTRAP allowed extending Penning-trap mass spectrometry to very exotic nuclei 

produced in fusion-evaporation reactions with very low rates, down to few ions per day, including low-lying isomers. 

In order to face this challenge, very efficient ion preparation and manipulation, in addition to high-sensitivity and 

high-resolution detection, had to be applied. 

In this talk an overview of the recent experimental campaign will be presented. A summary of the latest optimization 

of the SHIPTRAP setup and its enhanced performances will be included. 

[1]  F. Giacoppo, et al., Acta Physica Polonica B 48, 423 (2017) 

[2]  S. Eliseev, et al., Appl. Phys. B 114, 107-128 (2014) 

Binding energy studies at the extreme of the nuclear landscape with ISOLTRAP 

M Mougeot1, P Ascher2, D Atanasov3, K Blaum1, R Cakirli4, T Cocolios3, S Eliseev1, S George11, S Herfurth5, A Herlert6, 

W Huang1, Y Litvinov5, J Karthein1,7,8, D Lunney9, V Manea3, D Neidherr5, A de Roubin10, L Schweikhard11, T 

Steinsberger7, A Welker8,12, F Wienholtz9,11, R Wolf1, K Zuber12 

1Max-Planck-Institut für Kernphysik, Germany, 2CENBG, Gradignan, France, 3KU Leuven Instituut voor Kern en 

Stralingsfysica, Belgium, 4Istanbul Üniversitesi, Turkey, 5GSI, Germany, 6FAIR, Germany; 7Universität Heidelberg, 

Germany, 8CERN, Switzerland; 9Université Paris-Sud, France; 10University of Jyvaskyla, Finland; 11Universität 

Greifswald, Germany; 12Technische Universität Dresden, Germany 

Binding energies are among the first observables reaching in yet uncharted regions of the nuclear chart and their 

trends are sensitive to a wide range of nuclear-structure phenomena. As such, they provide invaluable inputs to all 

nuclear models. 

Over the last years the ISOLTRAP high-precision mass spectrometer [1-2], located at ISOLDE/CERN, was intensively 

used to probe the region around N=82 below the tin isotopic chain. More specifically, the strength of the N=82 shell 
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closure in neutron-rich Cd isotopes near 130Cd and its implications on the r-process nucleosynthesis has already 

been studied [3]. Recent results from an extension of this campaign to Cd isotopes beyond N=82 will be presented. 

Additionally, several odd-even Cd isotopes below N=82 were shown to exhibit long-lived isomeric states [4]. 

Conventional Penning-trap mass spectrometry techniques had already provided direct measurements of the 

excitation energies of 125m,127mCd [5] but the energy of the elusive 129mCd state has yet to be measured. The 

successfully commissioned phase-imaging ion-cyclotron-resonance technique [�] now completes ������{�’s 

arsenal of high-resolving power and high-sensitivity mass spectrometry techniques thus enabling for isomeric 

separation within a few hundred milliseconds. Thus, recent results from the application of this technique for 127Cd 

and 129Cd will be presented. 

On the opposite side of the nuclear chart, a mass measurement campaign was dedicated to the study of neutron-

deficient In isotopes in the vicinity of the doubly-magic 100Sn. This campaign performed at the extreme of the 

nuclear landscape was successful and the mass measurement of 99-101In allowed us the investigation of the Z=N=50 

shell closure in close proximity with the proton drip-line. This contribution will also present results from this 

campaign. 

[1]  Mukherjee et al., Eur. Phys. J. A 35, 1-29 (2008) 

[2]  R. Wolf, F. Wienholtz et al., Int. J. Mass. Spectrom. 349-350, 123-133 (2013) 

[3]  D. Atanasov, et al., Phys. Rev. Lett. 115, 232501 (2015) 

[4]  D.T. Yordanov, et al., Phys. Rev. Lett. 110, 192501 (2013) 

[5]  D. Lascar, et al., Phys. Rev. C 96, 044323 (2017) 

[6]  S. Eliseev et al., Phys. Rev. Lett. 110, 082501 (2013) 

New precision measurements long-living alpha decays 

H Wilsenach, K Zuber 

TU Dresden, Germany 

The study of long-living alpha decays is still a very important source to study nuclear properties and also can be 

used in cosmo-chronology. With a special designed low background ionisation chamber and a large sample area 

these nuclides can be studied [1]. The chamber has a background of only about 0.5 events/day in the region of 2-3 

MeV, where a large number of long-living isotopes are present. After a first test, a very high precision measurement 

of Sm-147 has been performed [2]. This was followed up with a precise measurement of the decay of Pt-190 whose 

half-live is about a factor 5 longer and the abundance a factor 1000 lower [3]. This turned out to be the first 

laboratory measurement in agreement with geo-chronological data. The results will be presented in more detail and 

it is expected to present new results at INPC 2019 as analyses on various isotopes are ongoing. 

[1]  A. Hartmann et al., NIM A. 814, 12 (2016) 

[2]  H. Wilsenach et al., Phys. Rev. C. 95, 034618 (2017) 

[3]  M. Braun et al., Phys. Lett. B. 768, 317 (2017) 
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Nuclear Structure B 

The radiative width of the Hoyle state from pair conversion and proton-gamma-gamma coincidence measurements*  

T Kibèdi1, T Eriksen1,2, B Alshahrani1,3, J Dowie1, A Stuchbery1 

1 Australian National University, Australia, 2 University of Oslo, Norway, 3 King Khaled University, Saudi Arabia 

Stellar formation of carbon occurs when three alpha particles fuse and form the excited 7.654 MeV 0+ Hoyle state in 
12C. Stable carbon is only formed if the excited nucleus decays to the ground state. The Hoyle state is located above 

the 3a threshold, which makes the triple alpha process very unlikely as the excited carbon nucleus decays back to 

three alpha particles ~99.96% of the time. The remaining 0.04% will lead the formation of stable carbon. The 

process is therefore a bottleneck in nuclear astrophysics, and good knowledge about the production rate is 

imperative for accurate modelling of carbon formation in the universe. The internal decay of the Hoyle state occurs 

either by a 7.654 MeV E0 transition to the 0+ ground state, or by a 3.215 MeV E2 transition to the first-excited 2+ 

state. The current value of the radiative width, Grad, has been determined in an indirect way, resulting in a ~12.5% 

uncertainty on the 3a rate. 

 

Fig 1: The triple-alpha process. 

Here we report on two experiments to improve our knowledge on Grad. In both experiments the Hoyle state was 

excited with proton bombardment of natural carbon. In the first experiment [1], carried out at the Oslo Cyclotron 

Laboratory, using the CACTUS and SiRi arrays, the cascading gamma-rays of E2 multipolarity and 3.215 MeV and 

4.439 MeV energy were observed. The Grad / G ratio was determined from the ratio of singles proton events to 

number of proton-gamma-gamma triple coincidences. The new value of Grad/G  is about 30% lower than the 

currently adopted value. 

The second experiment, carried out at the Australian National University [2], using the Super-e spectrometer [3], 

searched for the pair conversion of the 3.215 MeV E2 and 7.654 MeV E0 transitions [4], de-exciting the Hoyle 

state.  Here we report on a new determination of the GE0/G ratio from the measured 7.654 MeV E0 and 4.439 MeV 

E2 pair conversion ratios, as well as single proton intensities. While the GE0/G agrees reasonably well with the 

adopted values, our value is factor two more accurate, thus reducing the uncertainty on the triple-a reaction rate to 

about ±6%. 

[1}        B. Alshahrani, PhD Thesis, ANU (2016) 

[2] T.K. Eriksen, PhD Thesis, ANU (2018) 

[3] L.J. Evits et al., Phys. Lett. B779 (2018) 396 

[4] T. Kibèdi, et al., in Proc. Capture Gamma-Ray Spectroscopy and Related Topics, World. Sci. (2013) 382 
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The gamma decay probability of the Hoyle and higher excitation energy states of 12C  

N Martorana1,2, G Cardella1
,
 F Favela1, L Acosta3,1, L Auditore 4,1, A Camaiani1, E De Filippo1, S De Luca 4,1, N Gelli1, B 

Gnoffo1,5, D Marín-Lámbarri3, G Lanzalone 1,6, C Maiolino1, A Nannini1, A Pagano1, E Pagano1, M Papa1, S Pirrone1, G 

Politi5,1, E Pollacco7, L Quattrocchi 4,1, F Rizzo5,1, P Russotto1, A Trifirò4,1, M Trimarchi4,1 

1INFN, Italy, 2CSFNSM, Italy, 3Universidad Nacional Autónoma de México, Mexico, 4Università di Messina, Italy, 
5Università di Catania, Italy, 6Università Kore, Italy, 7CEA IRFU Saclay, France 

The gamma decay of excited levels above the energy for the particle emission threshold is very important. It is in fact 

one of the main ways to produce nuclei in astrophysical environments. For instance, after the 3-alpha process 

happening in stars [1] an excited 12C is produced at an excitation energy above the particle emission threshold. The 

main de-excitation process of these levels (the Hoyle state at 7.6 MeV or in some cases the state at 9.64 MeV) is 

the alpha-decay. Only if such levels emit a single or cascade gamma-rays to the ground state a 12C is produced. The 

Hoyle state decays by emitting a cascade of two E2 gamma-rays passing through the 4.44 2+ level. The 9.64 MeV 

level can decay directly to the ground state by emitting a single E3 transition or with a E1, E2 cascade again 

passing through the 4.44 MeV level. We present here a new attempt to precisely measure the gamma decay 

probability of the Hoyle state whose probability of decay is known to be of the order of 4x10-4 [2], and of the 9.64 

MeV 3- state for which only a lower level decay probability bound of the order of 10-7 is known [3]. The 

measurement was performed at INFN-LNS in Catania using the CHIMERA multidetector [4]. In order to measure 

such low probability channels we need to strongly reduce background contributions. For this reason, we performed a 

4-fold coincidence measurement. 12C was excited by using a beam of 64 MeV alpha particles produced by the 

superconducting cyclotron of INFN-LNS. The scattered alpha particles, and the recoiling 12C were detected and 

identified by using the 1192 Si-CsI(Tl) telescopes of the CHIMERA detector by DE-E and ToF methods. The emitted 

gamma rays were detected and identified by using the second stage of the telescopes, CsI(Tl) scintillators with 

photodiode readout, using fast-slow techniques [5]. Kinematical constraints and energy conservation laws were 

used to further constraint the data analysis. Within this experiment also the 3-alpha decay of highly excited nuclei 

were detected so measurements of all the available decay channels were also made. Preliminary results of the data 

analysis will be shown. 

[1]  F. Herwig, S.M. Austin and J.C. Lattanzio, Phys. Rev. C 73, 025802 (2006) and ref. therein 

[2]  R.G.Markham et al., Nucl. Phys. A 270 (1976) 489 

[3]  D. Chamberlin et al., Phys. Rev. C 10 (1974) 909 

[4]  A. Pagano et al., Nucl. Phys.  A 734 (2004) 504 

[5]  G. Cardella et al., NIM A 799 (2015) 64 and ref. therein 

Evidence for Z=6 subshell closure in neutron-rich carbon isotopes 

H Ong1, D Tran1, G Hagen2, T Morris2, N Aoi1, S Terashima3, Y Kanada-�n’yo4, T Suzuki5, L Geng3, I Tanihata1,3, T 

Nguyen6, Y Ayyad7, P Chan1, M Fukuda8, H Geissel9, M Harakeh10, T Hashimoto11, T Hoang1, E Ideguchi1, A Inoue1, G 

Jansen2, R Kanungo12, T Kawabata4, L Khiem13, W Lin14, K Matsuta8, M Mihara8, S Momota15, D Nagae16, N 

Nguyen17, D Nishimura18, T Otsuka19, A Ozawa20, P Ren14, H Sakaguchi1, C Scheidenberger9, J Tanaka1, M Takechi21, 

R Wada14, T Yamamoto1� 

1Osaka University, Japan, 2Oak Ridge National Laboratory, USA, 3Beihang University, China, 4Kyoto University, 

Japan, 5Nihon University, Japan, 6HCM University of Science, Vietnam, 7LBL, USA, 8Osaka University, Japan, 9GSI, 

Germany, 10KVI, The Netherlands, 11IBS, South Korea, 12�t� �ary’s �niversity, Canada, 13VAST-IOP, Vietnam, 14Peking 

University, China, 15Kochi University of Technology, Japan, 16 RIKEN, Japan, 17Dong Nai University, Vietnam, 18Tokyo 

City University, Japan, 19University of Tokyo, Japan, 20Tsukuba University, Japan, 21Niigata University, Japan 

The nuclear shell structure, which is characterized by the magic numbers, provides important insights on nuclear 

structure. The magic numbers as we know in stable nuclei consist of two different series of numbers. The first series -

- 2, 8, 20 -- is attributed to the harmonic oscillator potential, while the second one -- 28, 50, 82, and 126 -- is due 
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to the spin-orbit (SO) interactions. Besides these known magic numbers, Mayer had mentioned the SO originated 

magic numbers at 6 and 14 in 1963 [1], but surmised that the energy gap between the 1p1/2 and 1p3/2 orbitals is 

fairly small. Theoretical [2] and experimental [3] studies on unstable nuclei in recent decades, however, have 

revealed a possible subshell closure at N=6 in very neutron-rich 8He isotope. For Z=6 and 14, possible subshell 

closures have been suggested in the semi-magic 14C [4,5] and 34Si [4]. 

In this talk, we will present experimental evidence for a prevalent subshell closure at proton number Z=6 in the 

neutron-rich carbon isotopes [6]. We investigated (i) the point-proton density distribution radii, combining our 

recent data for Be, B and C isotopes measured at RCNP, Osaka University and GSI, Darmstadt, with the data from 

the literature, (ii) the atomic masses, and (iii) the electromagnetic transition strengths for a wide range of isotopes. 

Our systematic analysis revealed marked regularities which support a prominent proton subshell closure at Z=6 in 
13-20C. The results are consistent with the predictions by Shell-Model calculations and Coupled-Cluster calculations 

with chiral NN and 3NFs interactions. 

[1]  M. G. Mayer, Nobel Lectures in Physics, 20 (1963) 

[2]  T. Otsuka, R. Fujimoto et al., Phys. Rev. Lett. 87, 082502 (2001) 

[3]  F. Skaza, V. Lapoux et al., Phys. Rev. C 73, 044301 (2006) 

[4]  I. Angeli and K. P. Marinova, J. Phys. G: Nucl. Part. Phys. 42, 055108 (2015) 

[5]  B.A. Brown, Prog. Part. Nucl. Phys. 47, 517 (2001) 

[6]  D.T. Tran, H.J. Ong et al., Nature Comm. 9, 1594 (2018) 

Towards a more precise measurement of the Q(2+) of 12C: testing state-of-the-art ab initio theories 

J Saiz Lomaz1, M Petri1,2, I-Y Lee3, J22 collaboration1,2,3,4 

1University of York, UK, 2Technische Universität Darmstadt, Germany, 3Lawrence Berkeley National Laboratory, USA, 
4University of Jyväskylä, Finland 

Electromagnetic diagonal matrix elements are sensitive to the details of the nuclear interaction and can constrain 

NN+3N Hamiltonians derived from chiral Effective Field Theories (EFT) used in ab initio calculations [1-3]. Large-

scale No Core Shell Model calculations for the quadrupole moment of the 2+ state of 12C [4] show a significantly 

smaller uncertainty when compared to the currently adopted experimental value [5,6]. Thus, a more precise 

measurement of the Q(2+) provides an excellent opportunity to test, benchmark and refine these state-of-the-art ab 

initio theories. 

A Coulomb excitation experiment was performed at the JYFL in Jyvaskyla using a 12C ion beam and a 208Pb target. 

The aim of the experiment was to extract the quadrupole moment of the 2+ state of 12C. The Jurogam II array was 

used to measure the 2+ state de-exciting γ rays in coincidence with backward-scattered 12C ions, measured with a 

CD Si detector. The uncertainty in the measured Q(2+) is considerably improved and will provide unparalleled 

testing ground for modern ab initio calculations. The results of the analysis will be presented as well as their impact 

on ab initio calculations using state-of-the-art interactions derived from 

chiral EFT. 
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Investigation of deuteron scattering from 13C at low energy 

A Aimaganbetov5, D Janseitov1, 2, 3, N Burtebayev1, Z Kerimkulov1, M Nassurlla3, A Demyanova4 and A Danilov4,  

1Institute of Nuclear Physics, Kazakhstan, 2Joint Institute for Nuclear Research, Russia, 3al Farabi Kazakh National 

University, Kazakhstan, 4NIC Kurchatov Institute, Russia, 5L.N. Gumilev Eurasian National University, Kazakhstan 

Study of elastic and inelastic interaction of deuterons and nuclei is one of the main sources of information on the 

properties of basic and low-lying excited states of atomic nuclei. These processes proceeding a deuteron collisions 

with energies of a few tens MeV, provides to take valuable information about the structure of specific nuclear states. 

The most probable candidate having the structure of α-particle condensate is still considered a known Hoyle state 

of 7.65 MeV (0+
2) in the 12C nucleus. In the context of α-particle hypothesis, the level of 7.65 MeV in the nucleus 

12C is the simplest example of α-particle condensate state and plays an important role in the testing of this problem. 

In the work [1], it is proposed that similar Hoyle state can be detected in some neighboring nuclei, such as excited 

state 8.86 MeV (1/2-) in the nucleus 13C. 

Besides analogue Hoyle state, nucleus 13C is interesting by the fact that in the spectrum of different structures may 

coexist, for example, halo structure. The discovery of the neutron halo has become one of the most exciting 

discoveries in nuclear physics, made at the end of the last century. So far neutron halo was observed almost 

exclusively in the ground states of some radioactive nuclei. But the halo phenomenon may be detected at stable 

nuclei. In particular, in the work [2], it was assumed that the first excited state of 3.09 (1/2-) of nucleus 13C may 

have a structure of halo with increased radius. 

In this work, new results are obtained for the root-mean-square (rms) radii of the “exotic” excited states of the 13C 

nucleus at an energy of incident deuterons E(d) = 14.5 MeV, calculated within the framework of modified diffraction 

model. 

[1] M. Milin and W. von Oertzen, EPJ A. Vol. 14, (2002) 

[2] T. Otsuka, N. Fukunishi and H. Sagawa, Phys. Rev. Lett. Vol. 70, (1993) 

Odd-mass nuclei in the Cluster Shell Model  

R Bijker  

ICN-UNAM, Mexico  

I present the Cluster Shell Model which is an analogue of the Nilsson model, but for cluster potentials [1,2]. Special 

attention is paid to the consequences of the discrete symmetries of the geometric configuration of alpha particles 

for the cases of the dumbbell, triangle and tetrahedron. Each of these configurations is characterized by a special 

structure of the rotational bands which can be used as a fingerprint of the underlying geometric configuration. As an 

application I present an analysis of the energies and electromagnetic form factors and transition rates of 13C in the 

framework of the }luster �hell �odel  and discuss the evidence for triangular ~’(�h) symmetry in this nucleus [�]� 

These results are based entirely on symmetry considerations and, as such, provide benchmarks for microscopic 

calculations of the cluster structure of light nuclei.  

[1] V. Della Rocca, R. Bijker and F. Iachello, Nucl. Phys. A 966, 158 (2017) 

[2] V. Della Rocca and F. Iachello, Nucl. Phys. A 973, 1 (2018) 

[3] R. Bijker and F.Iachello, submitted to Phys. Rev. Lett. [arXiv:1902.00451] 
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Nuclear Structure C 

Half-life measurements in 164Dy and 166Dy using the NuBALL Spectrometer 

R Canavan1,2, M Rudigier1, P Regan1,2, P Söderström3,4, M Lebois5,6, J Wilson5,6, N Jovancevic5,6, S Bottoni7, 

MBrunet1, N Cieplicka-�ryńczak8, S Collins2, S Courtin9, D Doherty1   � �adyńska-�lęk1, M Heine9  Ł �skra8,  V 

Karayonchev10, A Kennington1, P Koseoglou3,4, G Lotay1, G Lorusso1,2, M Nakhostin1  } �ită11, S Oberstedt12, Z 

Podolyak1, L Qi5,6, J-M Régis10, R Shearman1,2, P Walker1 and W Witt3,4 

1University of Surrey, UK, 2National Physical Laboratory, UK, 3Technische Universität Darmstadt, Germany, 4GSI 

Helmholtzzentrum für Schwerionenforschung GmbH, Germany, 5IPN Orsay, France, 6Université Paris-Saclay, France, 
7Università degli Studi di Milano and INFN sez. Milano, Italy, 8Institute of Nuclear Physics, Poland, 9Universite de 

Strasbourg, France, 10Institut für Kernphysik der Universität zu Köln, Germany, 11Horia Hulubei National Institute of 

Physics and Nuclear Engineering (IFIN-HH), Romania, 12European Commission, Belgium 

The analysis is presented from the first in-beam experiment using the NuBALL hybrid HPGe-LaBr3 coincident 

gamma-ray spectrometer at IPN, Orsay, which was performed in November 2017 to investigate the low-lying state 

transitions rates in the N=100 nucleus 166Dy. In the configuration used during the experiment, the NuBALL 

spectrometer comprised 24 Compton suppressed four-element HPGe Clover detectors, 10 coaxial HPGe Compton 

suppressed spectrometers, and 20 single-element LaBr3 detectors supplied by the FATIMA collaboration. These 

detectors were read out using a fully-digital data acquisition system. Excited states in 166Dy were populated via the 
164Dy(18O,16O)166Dy two-neutron transfer reaction using a pulsed 18O beam with energies of 71, 76 and 80 MeV 

provided by the tandem van de Graaff accelerator at IPN Orsay. The aim of this work was to determine excited state 

lifetimes in the vicinity of the valence maximum nucleus 170Dy104 [1], using the HPGe-gated, LaBr3-LaBr3 fast-timing 

time difference technique. The states identified as populated in 166Dy will be compared with results of previous 

spectroscopic studies of this quadrupole deformed nucleus, using deep-inelastic reactions to populate high-spin 

cascades [2,3], and  (t,p) transfer reactions on 164Dy [4] and β-decay from 166Tb [5] which are more selective for 

lower-spin states. A value for the previously unknown half-life of the first excited 2+ state in 166Dy is presented. 

Values for the half-lives of the first excited 2+ and 4+ states in 164Dy are also presented, obtained using direct 

gamma-gamma time differences for the first time [6]. Methods of channel selection used to enhance the peak-to-

total ratio for the 166Dy and discriminate these from the 178W populated via the competing fusion-evaporation 

channel [7,8] will be demonstrated. In particular, the effects of total energy-total gamma multiplicity and prompt-

delayed coincidence timing will be discussed. 

[1]  P-A. Söderström et al., Phys. Lett. B762, 404 (2016) 
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[5]  S. Ichikawa et al., Nucl. Inst. Meth. Phys. Res. A374, 330 (1996) 

[6]  B. Singh et al. NDS 147, 1 (2018) 

[7]  M. Rudigier et al., Nucl. Phys. A847, 89  (2010) 

[8]  C.S. Purry et al., Nucl. Phys. A632, 229 (1998) 

Phase transition between the isovector to isoscalar pairing correlations in deformed N=Z nuclei  

E Ha1, M Cheoun1, H Sagawa2  

1Soongsil University and OMEG Institute, Korea, 2 RIKEN, Japan 

We investigate neutron-proton np pairing correlation effect on the shell evolution of ground state energies along with 

the deformation for N = Z nuclei in sd- and pf-shell. We start from a simple shell-filling model constructed by a 

deformed Woods-Saxon potential characterized as beta_2 deformation, and then we include all kinds of pairing 
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correlations in the residual interaction. In this work, like- and unlike-pairing correlation decomposed as isoscalar 

(IS) T = 0 and isovector (IV) T = 1 component are explicitly taken into account to estimate the ground state energies. 

The IS condensation turns out to be able to explain the oblate deformation for72Kr. We also test those effects on 

Gamow-Teller (GT) transition and spin M1 transition for N = Z nuclei, which explicitly exhibits the effects by the IS 

condensation and the deformation. Interesting phase transition from the IV pairing to IS pairing correlations in the 

np pairing within a deformed mean field was found as shown in Fig.1, whose physics will be detailed in the talk.  

 

Fig 1: Ratio of IV and IS pairing contribution to the np pairing gaps by the enhanced IS pairing correlations in a 

deformed potential for 24Mg, 48Cr, 108Xe. Red (black) lines are IS (IV) contribution. 

[1]  Eunja Ha, Myung-Ki Cheoun, H. Sagawa, Phys. Rev. C 97, 024320 (2018) 

[2]  Eunja Ha, Myung-Ki Cheoun, H. Sagawa, W. Y. So, Phys. Rev. C, 064322 (2018) 

Disentangling decaying isomers and searching signatures of collective excitations in beta decay 

V Guadilla1, M Fallot1, A Algora2, J Tain 2, J Agramunt2, J Äystö3, J Briz1, A Cucoanes1, T Eronen3, M Estienne1, L 

Fraile4, E Ganioglu5, W Gelletly6, D Gorelov3, J Hakala3, A Jokinen3, D Jordan2, A Kankainen3, V Kolhinen3, J 

Koponen3, M Lebois7, L Le Meur1, T Martinez8, M Monserrate2, A Montaner-Pizá2, I Moore3, E Nácher9, S Orrigo2, H 

Penttilä3, I Pohjalainen3, A Porta1, J Reinikainen3, M Reponen3, S Rinta-Antila3, B Rubio2, K Rytkönen3, T Shiba1, V 

Sonnenschein3, A Sonzogni10, E Valencia2, V Vedia4, A Voss3, J Wilson7, A Zakari-Issoufou1 

1CNRS-IN2P3, France, 2University of Valencia, Spain, 3University of Jyväskylä, Finland, 4Universidad Complutense, 

Spain, 5Istanbul University, Turkey, 6University of Surrey, UK, 7IPN, France, 8CIEMAT, Spain, 9CSIC, Spain, 10NNDC, 

USA 

Some neutron rich niobium and yttrium isotopes in the region A=100 exhibit isomeric state close in energy to the 

ground states. The disentanglement of the beta decays of these levels requires a good separation technique and a 

well-controlled detection set-up. Challenging measurements of the decays of 96Y and 98,100,102Nb, each with an 

isomeric state (at 1540 keV, 84 keV, 313 keV and 94 keV, respectively), have been performed at IGISOL (Jyväskylä, 

Finland) [1]. The JYFLTRAP double Penning trap system [2] was used for precision trapassisted separation, and 

different strategies were followed to study each pair of beta decaying isomers separately. The Total Absorption 
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Gamma-ray Spectroscopy (TAGS) technique was employed to determine the beta intensity probabilities populating 

the excited states in the daughter nuclei [3]. TAGS has been shown to be a powerful tool to obtain such probabilities 

free of the systematic Pandemonium error [4]. In this contribution we will discuss the importance of these decays 

for the understanding of the reactor antineutrino spectrum [5]. A large impact of some of the present results on 

reactor summation calculations has recently been reported [6]. 

The production of exotic nuclei with large beta decay energy windows has motivated the search of collective 

excitations in beta decay experiments [7,8]. Here we will discuss this possibility for the decay of 96gsY (Qβ=7.1MeV), 

which directly populates 1- levels that are though to be associated with low-lying pygmy dipole modes [7]. The 

advantage of TAGS is twofold: the sensitivity to high lying strength in the daughter nuclei [9] and the possibility of 

detecting the decay of collective modes, that occurs preferentially by one or two very energetic gamma-rays, without 

being affected by the Pandemonium effect. Possible discrepancies of the experimental TAGS data with respect to 

statistical model predictions will be discussed, trying to shed light on the quest of signatures of collective modes in 

beta decay. 
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Evolution of deformation in Ba isotopic chain 

G Benzoni 

Istituto Nazionale di Fisica Nucleare, Italy 

The occurrence of permanent octupole deformation is a rare phenomenon, which can occur in nuclei with opposite-

parity single-particle levels with Δl = Δj = � near the �ermi surface  that is to say for the "octupole magic numbers" 

56, 88, 134, etc.. When these conditions are fulfilled, the presence of strong octupole correlations is expected [1]. 

Non-axially symmetric, pear-like, nuclear shapes have been found in heavy nuclei around 220Rn and 224Ra [2], while 

the occurrence of octupolar correlations in the Ba isotopic chain has been recently established experimentally up to 

N=90, with the measurement of large B(E3:3− →  
0+) transition probabilities [3, 4]. 

To further extend the systematics, the evolution of shapes in the most neutron-rich members of the Z = 56 isotopic 

chain accessible at present, 148,150Ba, has been studied via β decay at the ISOLDE Decay Station [5]. 

In this contribution, the first measurement of the positive- and negative-parity low-spin excited states of 150Ba will be 

presented, together with an extension of the decay scheme of 148Cs. Employing the fast timing technique, half-lives 

for the   
  level in both nuclei have been determined. The systematics of low-spin states, together with the 

experimental determination of the B(E2: 2+ → 0+) transition probabilities, indicate an increasing collectivity in 
148,150Ba, towards prolate deformed shapes. The experimental data will be compared to Symmetry Conserving 

Configuration Mixing calculations [6], confirming an evolution of increasingly quadrupole deformed shapes with a 

definite octupolar character in these nuclei. 
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Dipole polarizability of 68Ni 

J Simonis1, S Bacca1, G Hagen2,3 

1Johannes Gutenberg-Universität, Germany, 2Oak Ridge National Laboratory, USA, 3University of Tennessee, USA 

The calculation of nuclei as strongly correlated many-body systems based on nucleonic degrees of freedom is an 

intriguing challenge of nuclear structure and reaction theory. Recent developments in the derivation of nuclear 

forces within chiral effective field theory (EFT), rooted in the symmetries of quantum chromodynamics, and the 

emergence of systematically improvable many-body methods allow the calculation of light to medium-mass nuclei 

from chiral two- and three-nucleon forces. 

The calculation of electromagnetic reactions is more complex due to the presence of excited states in the 

continuum, where, depending on the excitation energy, the nucleus is broken up into several pieces. Their direct 

calculation can be avoided by using the Lorentz Integral Transform (LIT) method [1], where the problem is reduced 

to a bound state Schrödinger-like equation. 

While the LIT method was first applied in light nuclei using the effective interaction hyperspherical harmonics 

approach and the no core shell model, merging it with coupled-cluster theory allowed the study of breakup 

observables also for medium-mass nuclei [2]. 

Recently, the role of leading-order three-particle-three-hole (3p-3h) excitations for the ground state, excited states, 

and the similarity transformed dipole operator were investigated [3], enabled by the systemically improvable 

truncation scheme of the coupled-cluster method. 

In this talk we will present a detailed study of the dipole polarizability of 48Ca and 68Ni, employing different chiral 

two- plus three-nucleon Hamiltonians, as well as the comparison to experimental results [4]. 

[1] V. D. Efros, W. Leidemann, G. Orlandini, and N. Barnea, J. Phys. G 34, R459 (2007) 
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Strong one-neutron emission from two-neutron unbound states in decays of neutronrich Ga isotopes 

R Yokoyama1,R Grzywacz1,2, B Rasco1,2, N Brewer1,2, K Rykaczewski2, I Dillmann3, J Tain4, S Nishimura5 

1University of Tennessee, USA, 2Oak Ridge National Laboratory, USA, 3TRIUMF, Canada, 4Instituto de Fisica 

Corpuscular, Spain, 5RIKEN, Japan 

Beta-delayed neutron emission is found in neutron-rich nuclei where the decay energy window is high enough to 

populate states above the neutron separation energy in the daughter nucleus. Understanding of the neutron 

emission process is important since the neutron-rich nuclei on the  -process path are either one or multi-neutron 

emitter. Delayed neutron emission shapes the final abundance pattern due to the modification of the isotopic 

population of the β-decay path back to stability and by contributing significantly to the neutron flux after freeze-out. 

However, experimental data of multi-neutron emission probabilities for the r-process nuclei are almost non-existent. 

One-neutron and two-neutron branching ratios (𝑃1  and 𝑃2 ) have been measured in the decay of neutron-rich Ga 

isotopes 𝐴 = 84 to 87 at the RI-beam Factory at the RIKEN Nishina Center using a high-efficiency array of 3He 

neutron counters (BRIKEN) [1]. Two-neutron emission was observed in the decay of 84, 85, and 87Ga for the first 
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time after the analysis described in Ref. [2]. 𝑃1  values are also obtained with more precision than previous 

measurements. 

The observation of the large 𝑃1  values compared to the 𝑃2  values in the Ga isotopes are interpreted as a signature 

of one neutron emission from the two-neutron unbound excited states in Ge daughters. We demonstrated that 

inclusion of Hauser Feshbach statistical model [3] reproduces our experimental results better both on QRPA [4] and 

Shell Model [5] ~no calculations. This shows the relevance and importance of a statistical description of neutron 

emission for the prediction of the decay properties of multi-neutron emitters and that it must be included in the  -

process modeling. 

[1] A. Tarifeño-Saldivia et al., Jour. of Instr. 12, P04006 (2017) 
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New Facilities and Instrumentation A 

(Invited) Preparing for the next decade @ GANIL 

N Alahari 

Grand Accélérateur National d'Ions Lourds, France 

The GANIL facility has a wide range beams ranging from intense stable and short-lived unstable beams (ISOL and 

fragmentation) including a variety of unique and state of art equipment. These are used to study the evolution of the 

properties of the quantum many body system, the nucleus, as a function of the three axis of nuclear physics namely 

excitation energy, angular momentum and the asymmetry of neutrons and protons. In this talk we will introduce the 

facility and give an overview of the arsenal of tools and their upgrades at GANIL that provide new vistas for searching 

and understanding the simple and regular patterns that are found in the structure of complex nuclei and also to 

understand the dynamics of colliding nuclei. In this talk we will discuss the recent upgrade of its ISOL facility 

(SPIRAL1) highlight the status of the various tests towards the startup of the LINAC along with the associated 

equipment (SPIRAL2 phase 1). A brief highlight of recent results will also be presented. 

(Invited) New perspectives in nuclear physics with extreme photon beams at ELI-NP 

C Ur 

IFIN-HH, Romania 

Extreme Light Infrastructure – Nuclear Physics (ELI-NP) is a new research center where two scientific communities, 

laser physics and nuclear pysics, have joined their efforts to establish a new field of research based on the 

interaction of extreme photon beams with matter. The center will provide high-power laser and gamma beams with 

unprecedented characteristics to be used for nuclear physics, plasma physics, quantum electrodynamics, material 

science research [1]. The high power laser system consisting of 2 x 10 PW lasers will create ultra dense, ultra short, 

high–energy and high–resolution nuclear beams as well as coherent X–ray sources. The gamma beams to be 

delivered at ELI–NP will exhibit high spectral density of about 104 photons/s/eV, high monochromaticity (relative 

bandwidth of less than 0.5%), continuously tunable energy up to about 20 MeV, linear polarization of more than 

95%. 

The high-power laser system will provide pulses with intensities as high as 1023 W/cm2. Day-1 nuclear experiments 

with the high-power lasers at ELI-NP aim at measuring the magnitude and scaling of the achievable laser intensity 
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via laser-γ conversion efficiency. Ion acceleration schemes by using Radiation Pressure Acceleration and Target 

Normal Sheath Acceleration mechanisms will be investigated aiming at achieving a better understanding and 

control of high intensity laser-driven ion sources [2]. 

The outstanding quality of the gamma beam which will be available at ELI-NP is almost perfectly suited for very 

sensitive Nuclear Resonance Fluorescence experiments. It allows the direct, model-independent determination of 

key information about the nuclear excited states: excitation energy, spin quantum numbers, parities, branching 

ratios as well as level widths and gamma decay branching ratios. Photonuclear reactions experiments will largely 

benefit of the outstanding features of the gamma beams provided at ELI–NP. The electromagnetic dipole response 

of rare nuclei available in nature in extremely low quantities, such as p–nuclei, will become possible at ELI–NP. 

Measurements of reaction cross sections of astrophysical interest will become possible following (gamma,p) or 

(gamma,alpha) photo–disintegration processes. 

A broad biomedical research program anchored in the unique ELI-NP capabilities is currently being developed at 

ELI–NP and addresses topics, such as: production of radiotherapy relevant nuclear beams, radiobiological effects of 

laser and gamma nuclear beams, medical imaging research with laser X-ray sources and medical isotope 

production research with laser-driven nuclear beams. Production of radioisotopes with medical relevance via nuclear 

reactions driven by laser and gamma beams is also considered. 

Highly penetrating gamma beams with very small energy dispersion are the perfect tools for active interrogation of 

special nuclear materials, industrial radiography and tomography, and cultural heritage studies [3]. 

An overview of the ELI-NP research infrastructure and of the main research topics to be studied at ELI-NP will be 

given. 

[1]  S. Gales, et al., Physica Scripta 91, 093004 (2016) 

[2]  F. Negoiță  et al., Rom. Rep. Phys. 68, S37 (2016) 

[3]  G. Suliman, et al., Rom. Rep. Phys. 68, S799 (2016) 

A Facility for Ultra-cold Caesium Isotopes and Isomers 

L Marmugi 

University College London, United Kingdom 

University College London, University of Surrey, and University of Jyväskylä are collaborating for producing ultra-cold 

samples of }s isotopes and isomers [�]� �he project’s long-term goals are: 1) high-precision measurement of 

isotopic and isomeric shifts, specifically in A,AmCs pairs; 2) trace detection and determination of isotopic ratios for 

security and environmental monitoring; and 3) realisation of a new state of matter – a Bose-Einstein condensate of 

nuclear isomers – for investigating novel collective phenomena [2]. 

In this talk, we will describe the experimental facility for the production of ultra-cold atomic Cs isotopes and isomers 

installed at the Accelerator Laboratory of the University of Jyväskylä (Finland). The desired ACs+/AmCs+ species is 

produced by proton-induced fission or fusionevaporation. Ions are then mass-separated, delivered to a low-energy 

chamber, and implanted in a thin Y foil. Thermal diffusion from the foil produces a vapour of neutral ACs/AmCs atoms, 

then laser cooled and trapped in a magneto optical trap. In this way, atomic samples of density 1010 cm-3 at 150 μK 

are obtained: ACs/AmCs is brought from 104 eV to 10-8 eV in around 5 s. The current status of the facility and the 

planned upgrades will be reviewed, as well as the strategies for the preliminary determination of still unknown 

optical transitions. Finally, perspectives towards the Bose-Einstein condensation will be discussed. 

This work was partially funded by the H2020-EU.1.3.2 programme through the Marie Curie Fellowship 2020-MSCA-

IF-���� “�{��{�{�” (�roj� �ef� ������)  and by the �oyal �ociety (��������)� Support is also received by the 

PhD programmes of EPSRC – Grants EP/N509395/1 and EP/R512400/1. 
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Studying the use of Thallium Bromide as a gamma ray sensor 

O Voyce1, T Veal1, D Judson1, P Nolan1, A Datta2, L Harkness-Brennan1 

1The University of Liverpool Physics Department, UK, 2CapeSym Inc, USA 

Gamma ray spectroscopy is a common assay method used in the identification and characterisation of radioactive 

samples at nuclear sites as it can be used to extensively survey, identify and assess the magnitude of waste in 

contaminated areas of such facilities. Research is currently being undertaken at the University of Liverpool, with 

collaboration from CapeSym inc. into the development of a ground breaking, novel detector fabricated from the 

compound semiconductor Thallium Bromide (TlBr). This material is expected to excel as a portable, room 

temperature detector owing to its wide band gap (2.68eV), large bulk resistivity (1010-1011Ωcm) and high detection 

efficiency. Composition from high atomic number elements (ZTl=81, ZBr=35) and large density of 7.56 g/cm3 equips 

TlBr sensors with enhanced sensitivity compared to existing competing materials such as CZT. The long term 

performance of these sensors however is inhibited by the degradation of the device through ionic polarization of the 

crystal and subsequent reaction of bromine with the electrode materials. To this end, studies are currently underway 

to assess and quantify the mechanism of this phenomenon, in addition to developing methods to inhibit the 

degradation. The expected outcome of this work is the development of a novel portable gamma ray sensor with 

significantly reduced counting times and improved isotope identification compared to existing technologies, this will 

be discussed in the presentation. Furthermore, the fabrication methods of TlBr detectors as well as current energy 

resolution results will be presented, in addition to a discussion of the limitations of manufacturing these detectors. 

BEARTrap: A new dedicated setup for Beta-delayed neutron studies  

G Wilson1, 2, B Alan3, A Aprahamian4, J Clark2, K Kolos3, A Laminack1, S Marley1, G Morgan1, J Munson5, T Nagel3, E 

Norman5, G Savard2,6, N Scielzo3, K Siegl4  

1Louisiana State University, USA, 2Argonne National Laboratory, USA, 3Lawrence Livermore National Laboratory, 

USA, 4University of Notre Dame, USA, 5University of California Berkeley, USA, 6University of Chicago, USA  

Beta-delayed neutron (βn) emission is relevant to many applications of nuclear physics. For example, β-delayed 

neutrons play a vital role in nuclear reactors. They contribute to the neutron flux and the long timescale of delayed 

neutrons allows the reactor to be controlled in a slow fashion using control rods and blades. β-delayed neutrons 

also play an important role in the last stage of the r-process, so-called freeze-out, when neutron density drops and 

the nuclei β decay back to stability. If the probability of β-delayed emission of one or more neutrons is high enough 

however, this decay sequence back to stability can be via a different mass chain. In addition, these β-delayed 

neutrons provide an additional source of neutrons in these environments, causing neutron capture at later times. 

Without detailed information about β-delayed neutron emitters, such as the probability of neutron emission, the 

understanding of the r-process and the observed isotopic abundances is incomplete.  

Recent successes in using recoil-ion time-of-flight spectroscopy to study βn precursors with the Beta-decay Paul 

Trap (BPT) at Argonne National Laboratory (ANL)[1,2] have led to the development of the BEtA-Recoil ion Trap 

(BEARTrap), a dedicated ion trap and detector array used for the study of βn emission with beams from the 

CAlifornium Rare Isotope Breeder Upgrade (CARIBU) at ANL. This is a novel approach to studying rare isotopes 

without the experimental difficulties associated with neutron detection and spectroscopy. BEARTrap (the BEtA-

Recoil ion Trap) comprises a Radio Frequency Quadrupole trap, surrounded by a detector array. A small amount of 

precursor ions are confined in a ~1 mm3 ion cloud in the centre of the trap. Emitted β particles are detected in 

plastic scintillator ΔE-E telescopes, and the recoil ions detected in Microchannel Plate detectors (MCPs). In 

addition, HPGe detectors are placed behind the MCPs, to detect γ emission from states in the recoiling nucleus. The 
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time difference between the β and the recoiling ion is used to distinguish β and βn events, eliminating the need for 

neutron detection. From this powerful technique, a neutron energy spectrum can also be reconstructed from the 

conservation of energy and momentum. The β-delayed neutron branching ratio is then determined by three 

methods: comparing the number of delayed-neutron associated recoil ions to the total number of β decays of 

interest determined by (1) characterising the detected β particles, (2) characteristic β-delayed γ rays, and (3) 

characterising all β-recoil ion coincidences.  

Simion and GEANT4 have been used to simulate experimental measurements taken with the BPT [2,3]. These 

simulations have then been used in the design of BEARTrap, for the optimisation of the detector design and 

improved background rejection. Results of these simulations will be presented, as well as preliminary tests of the 

BEARTrap system.  

[1]  R. M. Yee et al, PRL 110 (092501) 2013  

[2]  J. M. Munson et al, NIM A898 (2018) 60-66  

[3]  K. Siegl et al, PRC 97 (035504) 2018 

Societal Impact and Applications of Nuclear Science 

(Invited) Nuclear data evaluation and applications 

E McCutchan, A Sonzogni 

Brookhaven National Laboratory, USA 

The goal of the United States Nuclear Data Program (USNDP) is to provide the most reliable nuclear data available 

to scientists and engineers working in academic research, national security, isotope and energy production, and in a 

wealth of other applications. This is accomplished through the development of the flagship databases, ENSDF and 

ENDF, which encapsulate more than 60 years of research on nuclear structure and nuclear reactions as well as 

through web-based applications maintained at www.nndc.bnl.gov, which allow easy and rapid access to the 

databases. This talk will highlight the key features of the main databases and web-based nuclear data tools and 

their use in traditional applications. Our efforts to identify and remedy gaps in the data to aid in the advancement of 

applications like nuclear medicine, national security and energy production will be presented. Finally, as a specific 

example, the use of the databases in current issues relating to reactor antineutrino experiments will be discussed. 

(Invited) Polarized beams for applications in chemistry and biology, and soon medicine 

M Kowalska1 

1UNIGE and CERN, Geneva, Switzerland 

This talk tells the story of how we are applying polarised radionuclei not only in nuclear physics and fundamental-

interaction studies, but now also in chemistry and biology, and soon also in medicine. The common point of these 

versatile studies is the fact that beta or gamma decay from polarized radioactive nuclei is anisotropic in space.  

Our experimental setup devoted to laser polarization of short-lived nuclei [1] is located at the CERN-ISOLDE facility, 

where over 1300 different isotopes are available for research. Since its commissioning in 2016, we have already 

used it to polarize 35Ar beam with the aim to determine more precisely the Vud matrix element of the CKM quark 

mixing matrix [2]. Soon, we plan to perform nuclear structure studies by measuring angular beta-gamma 

coincidences in order to assign spins and parities of nuclear excited states in regions of the nuclear chart, where 

observations are especially challenging for nuclear theory [3]. 

The transfer of our expertise to chemistry and biology concerns beta-detected Nuclear Magnetic Resonance (NMR), 

which is up to 10 orders of magnitude more sensitive than conventional NMR [3]. This is thanks to a much higher 
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degree of spin polarization and a much more efficient resonance detection via beta-decay asymmetry. We aim at 

using it for the studies of the interaction of proteins and DNA with metal ions, such as Na, Cu, Zn, which are crucial 

in many biological processes  including {lzheimer’s and �arkinson’s diseases� �he first studies concern �a 

interaction with DNA G-quadruplex structures [4]. A further development concerns gamma-detected Magnetic 

Resonance Imaging (MRI), which can combine the strengths of the high sensitivity of PET and SPECT techniques 

with high spatial resolution of MRI by using polarized beams of longer-lived gamma-decaying nuclei. The first nuclei 

we aim at polarizing here are long-lived isomers of Xe [5]. 

In this talk I will introduce asymmetry of beta and gamma decay, will mention principles of laser polarization and 

the experimental setup, and will concentrate on the first applications of beta-NMR in chemistry and biology and 

gamma-MRI in medical diagnosis.  

[1]  M. Kowalska et al., J. Phys G. 44 (2017) 084005; W. Gins et al., NIM B, in print (2019), 

https://doi.org/10.1016/j.nima.2019.01.082  

[2]  W Gins, PhD Thesis (2019), KU Leuven, https://cds.cern.ch/record/2654181?ln=en  

[3]  M Madurga, M Kowalska, et al., ISOLDE Scientific Proposal (2017) 

https://cds.cern.ch/record/2288198?ln=en  

[4]  M Kowalska et al, ISOLDE Scientific Proposal (2018), https://cds.cern.ch/record/2299798?ln=en  

[5]  R. Engel, master thesis, U Oldenburg, https://cds.cern.ch/record/2638538?ln=en  

Hadrontherapy and radioprotection in space with the FOOT experiment 

R Spighi and G Traini 

INFN, Italy 

In recent years the Charged Particle Therapy has gained attention as a promising method for treatment of deep-

seated tumours. The most wide-spread technique is using a proton beam, while several facilities utilizing a carbon-

ion (12C) beam are already operational in the world. Given that most of the charged-particle’s energy is released in 

a localized region, characterized by the Bragg peak, the dose delivered to the surrounding healthy tissues is 

minimized. Nevertheless, secondary particles produced by nuclear interactions between the beam and patient 

tissues can pose an additional hazard that has to be carefully taken into account in clinical treatment plans. In 

proton therapy, the fragmentation of target is the main source of secondary radiation, represented by low energy 

and short range fragments produced along the proton path. In case of the 12C beam, the projectile fragmentation 

generates long range fragments that release dose in healthy tissues around the tumour. Understanding of these 

processes is one of the main goals of the FOOT (FragmentatiOn Of Target) experiment, an international project 

funded by the Istituto Nazionale di Fisica Nucleare (Italy). To overcome the great technical difficulties in detecting 

fragments traveling a few microns in the target, the inverse kinematic approach will be used by colliding an 16O or 

12C therapeutic beam on graphite and hydrocarbons targets. The same configuration also allows to measure the 

projectile fragmentation of the mentioned beams using direct kinematics. Current space programs focus on 

exploration of the Solar system. For manned deep space missions, exposure to galactic cosmic rays is 

acknowledged as the main health risk. For risk assessment and mitigation, Monte Carlo or deterministic transport 

codes are commonly used to calculate organ doses through different shielding materials. The FOOT experiment will 

measure differential fragmentation cross sections of high-energy light ions in different shielding materials. These 

measurements are necessary to improve the accuracy of the transport codes. The FOOT experiment is designed as a 

portable detector that can be easily transported to various facilities around the world for collecting experimental 

data with different beam conditions. The detector is designed to possess good particle identification capabilities for 

84

https://doi.org/10.1016/j.nima.2019.01.082
https://cds.cern.ch/record/2654181?ln=en
https://cds.cern.ch/record/2288198?ln=en
https://cds.cern.ch/record/2299798?ln=en
https://cds.cern.ch/record/2638538?ln=en


 

heavy fragments by measuring their trajectory, energy and time of flight, while the position and direction of the 

incident beam particle is measured by the beam monitor. For the measurement of light fragments all the 

subsystems after the beam monitor are substituted with an emulsion spectrometer, which measures the charge, 

energy and mass of the fragments. The ultimate goal of the FOOT experiment is to measure differential cross 

sections of each type of fragments with ~5% uncertainty for different beam-target combinations. In this work the 

final design of the experiment will be presented together with performance of its subsystems. 

 

Future plans for Neutron Metrology at NPL 

M Bunce, D Thomas, G Taylor, N Hawkes, N Roberts, A Boso 

Nuclear Metrology Group, National Physical Laboratory, UK 

The National Physical Laboratory has provided UK industry with fluence and dose standard neutron fields since the 

����’s� �ectors such as civil nuclear power  defence  radiation-protection and fusion generation rely on NPLs 

facilities to operate safely and ensure traceability back to an internationally recognised UK primary standard.   

A central part of the capability is the 3.5 MV Van de Graaff accelerator which, using light ions, generates 

monoenergetic fields of neutrons ranging from a few keV to 20 MeV and intense thermal fields. This accelerator is 

reaching the end of its operational life and a project to replace it is underway. 

This presentation will outline the plan for the replacement accelerator and new areas of science that will be open for 

investigation. These include nuclear data measurement, neutron imaging, hardness and vulnerability testing and the 

production of radioisotopes. 

Production of the 229Th nuclear clock isomer with brilliant X-ray 

A Yoshimi1, T Masuda1, A Fujieda1, H Fujimoto2, H Haba3, H Hara1, T Hiraki1, H Kaino1, Y Kasamatsu4, S Kitao5, K 

Konashi6, Y Miyamoto1, K Okai1, N Sasao1, M Seto5, T Schumm7, Y Shigekawa4, K Suzuki1, S Stellmer7, K Tamasaku8, 

S Uetake1, M Watanabe6, T Watanabe2, Y Yasuda4, A Yamaguchi3, Y Yoda9, T Yokokita3, M Yoshimura1, K Yoshimura1 

1Okayama University, Japan, 2AIST, Japan, 3RIKEN, Japan, 4Osaka University, Japan, 5Kyoto University, Japan, 
6Tohoku University, Japan, 7TU Wien, Austria, 8RIKEN, Japan, 9Japan Synchrotron Radiation Research Institute, 

Japan 

The first excited nuclear isomer state of Thorium-229 is known to be an only laser-accessible excited state; the 

excitation energy is around 10 eV. If fact, it is the lowest nuclear excited state found in Nature so far. The quantum 

state of nucleus is quite insensitive to outer environment compared to electronic states in atomic shell. Therefore, 

the optically controllable nuclear state of 229Th is not only a valuable exception in nuclear physics, but also expected 

to be useful for ultra-precise measurement of time and space. Such optical "nuclear clock" is expected to be 

superior to currently most precise atomic clock where atomic transition is exploited in the isolated atom [1]. The 

nuclear clock, whose expected fractional uncertainty is less than 10-19, will detect tiny difference of height ( 1 mm) 

on earth by precisely measuring geopotential via general relativity effect. 

Although the accurate measurement of the isomeric state energy is quite difficult due to its smallness for nuclear 

energy scale, some recent experiments have gradually revealed the possible region; 7.8  0.5 eV [2] or 6.3 eV < E 

< 18.3 eV [3]. Direct determination of its energy and the radiative lifetime of the state is strongly motivated as an 

important step to expand the related researches. 
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Fig 1: Energy level of 229Th nucleus 

A few optical excitation experiments to the isomeric state has been performed, where the synchrotron radiation 

around 7.8 eV irradiated to 229Th target and the emitted photon from the level would be detected. These experiments 

showed null results. To date, no experiments of such optical excitation to the isomeric state have been 

demonstrated. We have proposed to perform spectroscopic measurement of the isomeric transition through 

excitation to the second excited state (29 keV) with high-brilliance synchrotron radiation X-ray. By detecting the 

decay from the 29-keV level, the optical excitation to the isomer state can be confirmed, and then the isomeric 

decay can be analyzed with well controlled way. We upgraded this resonant nuclear excitation, known as Nuclear 

Resonant Scattering (NRS) in material science, for application to short-lived 29-keV state (  0.1 ns) of 229Th [4]. 

This development includes (1) high-quality 229Th target, (2) fast time response X-ray detector, and (3) efficiently 

focused X-ray beam. We will report the first optical excitation into the isomeric state with NRS scheme [5] and 

present status for spectroscopy of the isomeric transition. 

[1]  E. Peik and C. Tamm, Europhys. Lett. 61, 360 181 (2003) 

[2]  B.R. Beck et al. Phys. Rev. Lett. 98, 348 142501 (2007) 

[3]  L. von der Wense et al. Nature 533, 47-51 (2016) 

[4]  A. Yoshimi et al. Phys. Rev. C 97, 024607 (2018) 

[5]  T. Masuda et al. submitted 

Hot and Dense Nuclear Matter 

(Invited) Recent open heavy flavour results from RHIC and LHC  

S Radhakrishnan 

Lawrence Berkeley National Laboratory, USA 

Heavy quarks (c and b), owing to their large masses, are produced predominantly in initial hard-scatterings in 

heavy-ion collisions at RHIC and LHC. Their production cross-sections are amenable to perturbative QCD 

calculations, and thus are ideal probes to study the properties of the deconfined phase of QCD matter, Quark Gluon 

Plasma (QGP), created in these relativistic heavy-ion collisions. Measurements at RHIC and LHC of open charm 

hadrons have shown large suppression in their production at high transverse momenta (pT > 5 GeV/c) and large 

values of elliptic flow coefficient, indicating significant energy loss and interactions of heavy flavour quarks with the 

QGP. Further, hadronization through coalescence is expected to play an important role in the presence of a QGP 

medium, altering the hadrochemistry of heavy flavour hadrons in heavyion collisions, compared to that in p+p 

collisions. The high statistics datasets at the LHC and the recent upgrade with the Heavy Flavour Tracker detector at 

the STAR experiment at RHIC have produced extensive set of new results with much improved precisions on the pT, 

flavour and collision system size dependences of the hight pT suppression and flow harmonics, as well as yield 

ratios of various heavy flavour hadrons that significantly improve our understanding of the parton energy loss in 
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QGP, transport properties of the QGP and heavy quark hadronization in heavy-ion collisions. 

In this talk I will summarize the recent open heavy flavour measurements in heavy-ion collisions and also in small 

collision systems (p+p, p+A/d+A) of high multiplicity from RHIC and LHC and discuss how they impact our 

understanding of the QGP and heavy quark interactions with the QGP. 

(Invited) Recent quarkonia results from RHIC and LHC 

D Röhrich 

University of Bergen, Norway 

According to lattice QCD calculations, relativistic heavy-ion collisions create a hot and dense fireball of a relatively 

long-lived deconfined state, dubbed Quark-Gluon Plasma (QGP), which allows the study of QCD in a new regime 

with respect to proton-proton (pp) or elementary particle collisions. Heavy quarks constitute an important probe for 

QGP studies since they are created during the pre-QGP stage of the collision, with a relatively well known cross 

section, and their number is conserved throughout the collision history. The way they are affected while traversing 

the medium provides key information on the QGP properties like the temperature, viscosity and diffusion coefficient. 

A precise knowledge of the production mechanisms in proton-proton and proton-nucleus collisions is paramount for 

the understanding of the interplay between quarkonium suppression and regeneration in nucleus-nucleus collisions.  

In the past few years, heavy-flavor physics made substantial advances due to the increase in beam luminosity at 

the LHC but also due to new observables explored with heavy-flavor probes (e.g. collective flow, particle 

correlations). In this talk, an overview of the most recent measurements on quarkonia in nuclear collisions at RHIC 

and LHC energies will be given. 

Measurement of ΛC baryon in pp, p–Pb and Pb–Pb collisions with ALICE at the LHC 

C Hills 

University of Liverpool, UK 

Heavy flavour quarks (charm and beauty) are effective probes to study the strongly-interacting medium, known as 

the Quark-Gluon Plasma (QGP), created in ultra-relativistic heavy-ion collisions. They are produced in the early 

stages of the collision, in hard scattering processes, and interact with the QGP throughout its entire evolution. The 

measurement of the ΛC baryon and of the charmed mesons allows the baryon-to-meson ratio (ΛC /D0) to be 

evaluated, probing hadronisation and thermalisation mechanisms of charm quarks in the medium. The 

measurement in pp collision system, besides constituting a natural reference for larger collision systems, allows for 

testing of the expected universality of charm fragmentation at the TeV energy scale. The measurement in p–Pb 

collisions can help to separate the hot and cold nuclear matter effects seen in Pb–Pb collisions. 

The ALICE detector, with its excellent vertex reconstruction and hadron identification capabilities, allows for the 

study of ΛC production. In this contribution the measurement of the pT-differential cross section of the ΛC baryon 

through the ΛC → p�π decay channel in pp and p–�b collisions at √sNN = 5.02 TeV will be discussed. In addition, 

combined results from both the p�π and pK0
s decay channels will also be shown as well as a comparison to 

previous results in pp, p–Pb and Pb–Pb collisions. In addition, the experimental results will be compared with 

theoretical models. 
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Exploring the hot and dense QCD matter with HADES 

G Kornakov1,2 

1TU Darmstadt, Germany, 2GSI, Germany  

�e have analyzed � |illion {u+{u collisions at √sNN=2.42 GeV, recorded with the HADES detector located at the 

SIS18 at GSI. The goal of this experiment is to deduce bulk properties of QCD matter at high net-baryon densities 

and to study the microscopic properties of matter under such conditions. It is expected, that under such conditions 

the matter can be understood as resonance matter, characterized by abundant regeneration of baryonic resonances 

due to meson-baryon and baryon-baryon scattering processes.  We will present a measurement of the fireball 

temperature based on the dilepton excess radiation extracted for four centrality classes.  Particle multiplicities have 

been used to extract the temperature and baryo-chemical potential of a potential chemical freeze-out of the fireball 

on the basis of a Statistical Hadronization Model. We also observe a universal scaling behavior of strangeness 

production, independent of the Q-value of the most probable elementary production channel. Two-particle 

correlations of identical and non-identical hadrons are analyzed to assess system size and resonance production, 

respectively. 

We also report on complementary measurements using pion-induced reactions. New inside is provided into the 

electromagnetic structure of baryonic excitations and in the production and propagation of strangeness in cold 

matter.   

Recently, the detector has been upgraded with an Electromagnetic Calorimeter and a new photo-detection plane of 

the ��}� detector based on �{���’s in synergy with the }|� collaboration. HADES plans to perform 

measurements during the FAIR Phase-0 program at SIS18 and then continue its broad physics program at FAIR. 

Effect of Fock terms on nuclear symmetry energy based on Lorentz-covariant decomposition of nucleon self-

energies  

T Miyatsu1, M Cheoun2, C Ishizuka3, K Kim4, T Maruyama5, K Saito1  

1Tokyo University of Science, Japan, 2University, Korea, 3Tokyo Institute of Technology, Japan, 4Korea Aerospace 

University, Korea, 5Nihon University, Japan  

Using relativistic Hartree-Fock (RHF) approximation, we study the effect of Fock terms on the nuclear properties not 

only around the saturation density but also at higher densities. In particular, we investigate how the momentum 

dependence due to the exchange contribution affects the nuclear symmetry energy, by considering the Lorentz-

covariant decomposition of nucleon self-energies in an extended version of the RHF (ERHF) model, in which the 

exchange terms are adjusted so as to reproduce the nucleon optical potential at the saturation density.  

Using the Hugenholtz–Van Hove theorem, the nuclear symmetry energy,     , can be separated into the kinetic and 

potential terms,     
    and     

   
. In addition,     

   
 is divided into the scalar, time, and space components, based 

on the Lorentz structure of nucleon self-energies [1].  

In Fig. 1, the density dependence of     ,     
   , and     

   
 is presented. We show the results calculated in 

relativistic Hartree (RH) approximation as well as the RHF and ERHF models. The results of      in the RH, RHF, and 

ERHF(low) models are consistent with the calculation given by the isospin-dependent Boltzmann-Uehling-Uhlenbeck 

(IBUU04) transport model [2]. It is also found that, in the RHF model, the Fock contribution suppresses     
    at the 

densities above the saturation density,   = 0.16 fm−3. The     
   

 in the RHF model satisfies the constraint from the 

heavy-ion collision data using the improved quantum molecular dynamics (ImQMD) transport model [3]. 

Furthermore, it is noticeable that not only the isovector-vector ( ) meson but also the isoscalar-scalar ( ), isoscalar-

vector ( ) mesons and pion make significant influence on     
   

 through the exchange diagrams.  
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Fig 1: Density dependence of      (top panel),     
    (middle panel), and     

   
 (bottom panel). 

[1]  B. J. Cai and L. W. Chen, Phys. Lett. B 711, 104 (2012) 

[2]  L. W. Chen, C. M. Ko, and B. A. Li, Phys. Rev. Lett. 94, 032701 (2005) 

[3]  M. B. Tsang, et al., Phys. Rev. Lett. 102, 122701 (2009) 

QCD: Hadron Structure and Spectroscopy 

(Invited) Recent results from the CBELSA/TAPS experiment at ELSA 

A Thiel1,2 

1University of Glasgow, UK, 2Universitaet Bonn, Germany 

The dynamics of the quarks and gluons inside the nucleon are a long-standing question in hadron physics. To shed 

more light on this topic, the excitation spectrum of the nucleons needs to be measured and compared to theoretical 

models like constituent quark models or lattice QCD calculations. Until now, several of the predicted resonances 

have not been found by experiments, which is the well-known missing resonances problem. 

The excitation spectrum of the nucleon consists of strongly overlapping resonances, which makes it difficult to 

disentangle and identify them. To determine their exact contributions, a solution of the partial wave analysis has to 

be found. For an unambiguous solution, at least 8 well-chosen single and double polarization observables are 

needed. 

With the CBELSA/TAPS experiment, the measurement of several single and double polarization parameters in 

different reactions is possible by using a circularly or linearly polarized photon beam on a longitudinally or 

transversally polarized butanol target� �he }|���{/�{�� setup provides a nearly �π angular coverage and a high 

detection efficiency for neutral states, which gives an ideal condition for the study of final states comprising neutral 

mesons. 

In this talk results of different polarization observables for single and double meson pho- toproduction will be 
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presented. Additionally, the impact of the polarization data will be shown and an outlook on the further perspectives 

will be given. 

Supported by the DFG (SFB/TR16). 

Measurement of the proton scalar polarizabilities at MAMI 

E Mornacchi 

Johannes Gutenberg University Mainz, Germany 

The electric (   ) and magnetic (   ) scalar polarizabilities describe the response of the nucleon to an applied 

electric or magnetic field. They are not only fundamental properties related to the internal structure and dynamics of 

the nucleon, but they are important also in other areas of physics, such as atomic structure. The values of     and 

   quoted by the Particle Data Group were determined using data on the unpolarized differential cross-section of 

the Compton scattering  𝑝   𝑝. The measurement of the beam asymmetry   , provides an alternative approach 

to the extraction of the scalar polarizabilities, with different sensitivity and systematics compared to the unpolarized 

cross-section. This asymmetry was measured recently for the first time below the pion photoproduction threshold by 

the A2 Collabo- ration with the Crystal Ball/TAPS experiment at MAMI (Mainz, Germany). A linearly polarized photon 

beam impinged on a liquid hydrogen target and the scattered photons were detected with the Crystal Ball/TAPS 

setup, providing almost 4  coverage. 

A new high precision measurement of both unpolarized cross-section and beam asymmetry    is ongoing at MAMI 

and the polarizabilities    and    will be extracted with unprecedented precision. The impact of the recently 

obtained and expected results on the extraction of the scalar polarizabilities will be discussed in this talk. 

On the behalf of A2 Collaboration. 

Bootstrap-based fit of proton scalar polarizabilities to real }ompton scattering data  using fixed−t subtracted 

dispersion relations 

S Sconfietti1,2, B Pasquini1,2, P Pedroni2 

1Università degli Studi di Pavia, Italy, 2INFN, Italy 

I will discuss the results of the the extraction of static scalar polarizabilities from real Compton scattering (RCS) data 

off the proton, obtained from a bootstrap-based fit combined with the theoretical framework of dispersion relations 

(DRs) [1]. Nucleon scalar polarizabilities αE1 and βM1 are structure constants that parametrize the pinindependent 

response of the nucleon to an external quasi-static electromagnetic field. 

�n the framework of fixed−t subtracted ~�s  the � functions that parametrize the �}� amplitude are obtained from 

dispersive integrals, with an additional subtraction constant for each function. Specific combinations of these 

constants are related to 6 polarizabilities: four of them are spin-dependent, the remaining two are the electric αE1 

and magnetic βM1 polarizabilities. 

In this framework, I performed a fit of αE1 and βM1 to the data of unpolarized proton RCS differential cross section, 

using a bootstrap-based technique. The main idea of this technique is the Monte Carlo sampling of replicas from the 

probability distribution of the original data. The conventional χ2 fitting strategy is recovered when only statistical 

errors are included in data analysis, while the inclusion of systematic sources of uncertainties modifies the limit 

probability distribution of the minimization function [2]. 

I will discuss the global fitted values of αE1 and βM1, their comparison with the previous extractions (obtained in the 

framework of unsubtracted DRs and chiral perturbation theory), and the statistical features of the bootstrapbased 

strategy. 
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[1]  B. Pasquini, P. Pedroni and S. Sconfietti, in preparation 

[2]  P. Pedroni and S. Sconfietti, in preparation 

Measuring baryon radiative decays in time-like region with HADES 

P Salabura  

Jagiellonian University, Poland  

Radiative transitions of an excited baryon to a nucleon with emission of a virtual massive photon converting to 

dielectron pair (Dalitz decays) provides important information about baryon-photon coupling at low q2 in time-like 

region. A prominent enhancement in the transition rates due to a strong baryon coupling to intermediate vector 

mesons (/) has been predicted by calculations and attributed to meson-cloud  (see for example [1]).  An 

important role of the meson cloud in baryon structure has already been concluded from analysis of electro-

scattering experiments in the complementary space-like region [2]. Hence, measurements in time-like region would 

allow to study q2 evolution of the respective transition form factors and particularly the role played by the vector 

mesons. The understanding of the baryon-photon coupling in time-like region is also of primary importance for 

measurements of the emissivity of QCD matter studied in heavy ion collisions via dilepton emission [3]. The results 

from various HI experiments indicate the dominant role played by the rho meson with the spectral function strongly 

modified by interactions with baryons in the fireball.  Both aspects have been attacked by the HADES detector at 

GSI/FAIR. Dedicated measurements of baryon Dalitz decays in proton-proton and recently pion-proton scattering 

[4] and HI collisions have been conducted. The first measurement of the   (1232) Dalitz decay has been already 

performed and the branching ratio of this rare decay has been concluded [5]. The new results of the first 

measurements of dielectron production in pion-proton scattering in the second resonance region will also be 

presented together with complementary information obtained from partial wave analysis of 2pion production. The 

results point strong effects on baryon-virtual photon coupling due to off-shell  meson. The consequences of these 

findings for interpretation of HI collisions will be stressed as well. 

[1] G. Ramalho and M. T. Pena, Phys. Rev. D 85, 113014 

[2] I. G. Aznauryan and V. D. Burkert, Prog. Part. Nucl. Phys. 67, 1 (2012) 

[3] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000) 

[4] J. Adamczewski-Musch et al. [HADES Collaboration], Eur.Phys.J. A53 (2017) no.9, 188 

[5] J. Adamczewski-Musch et al. [HADES Collaboration], Phys. Rev. C 95 (2017) no.6, 065205 

Analysis of K0 + photoproduction off the proton using CLAS at Jefferson Laboratory 

L Clark 

University of Glasgow, United Kingdom 

The study of baryon resonances is an important tool for investigating QCD in the non-perturbative region. 

Phenomenological models explaining the behaviour observed in hadronic processes are constrained by the 

"polarization observables" associated with these resonances. I present the analysis of an experiment to extract 

these observables performed with the CLAS detector and the Hall B tagged-photon beam at the Thomas Jefferson 

National Accelerator Facility. The experiment comprised a 1.3 GeV to 2.1 GeV beam of linearly polarized photons 

incident on a liquid hydrogen target, and the analysis focuses on the photo-production of the    hyperon in the 

reaction  p   K0 +. The methods to identify the channel from its pion decay and extract the observables from the 

angular distributions of the hyperon are described. The preliminary results I show are a first measurement for three 

of the five observables extracted and will add to the world-data available for constraining resonance models of the 
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proton. 

Photoproduction of the Λ (1520) hyperon with a 9 GeV photon beam at GlueX 

P Pauli 

University of Glasgow, UK 

The GlueX experiment is located at the Thomas Jefferson National Accelerator Facility (JLab) in Newport News, VA, 

USA. It features a hermetic 4  detector with excellent tracking and calorimetry capabilities. Its 9 GeV linearly 

polarized photon beam is produced from the 12 �e� electron beam  delivered by ��ab’s }ontinuous �lectron |eam 

Accelerator Facility (CEBAF), via bremsstrahlung on a thin diamond and is incident on a LH2 target. GlueX recently 

finished its first data taking period and published first results [1]. 

The main goal of GlueX is to measure gluonic excitations of mesons. These so-called hybrid or exotic mesons are 

predicted by �uantum }hromodynamics (�}~) but haven’t been experimentally confirmed yet� �hey can have 

quantum numbers not accessible by ordinary quark-antiquark pairs which helps in identifying them using partial 

wave analysis techniques. The search for exotic mesons requires a very good understanding of photoproduction 

processes in a wide range of final states, one of them being pK+K- which contains many meson and baryon 

reactions. The Λ(1520) is a prominent hyperon resonance in this final state and is the subject of this presentation. 

This talk will give an introduction to the GlueX experiment and show preliminary results for the photoproduction of 

the Λ(1520) hyperon. The measurement of important observables like the photon beam asymmetry will be 

discussed and an outlook to possible measurements of further hyperon states in the pK+Kfinal state will be given. 

[1]  H. Al Ghoul et al. (GlueX Collaboration), Phys. Rev. C 95, 042201 (2017) 

QCD: Partonic Phenomena 

(Invited) Polarized electron-deuteron deep-inelastic scattering with spectator nucleon tagging 

W Cosyn1, C Weiss2 

1Ghent University, Belgium, 2Jefferson Lab, USA 

Polarized deep-inelastic scattering (DIS) on the deuteron with detection of a proton in the nuclear fragmentation 

region (spectator tagging) represents a powerful method for measuring the neutron spin structure functions and 

studying spin-dependent nuclear phenomena. The measured proton recoil momentum controls the nuclear 

configuration during the high-energy process and enables a differential analysis of nuclear effects. 

We calculate the nuclear structure factors in the longitudinal double-spin asymmetries using methods of light-front 

nuclear structure. A unique feature of the spin-1 system is that spin asymmetries can be formed either relative to 

the cross section in all three spin states (λd = ±1, 0) or in the two maximum-spin states only (±1, involving tensor 

polarization). We find that the two-state deuteron spin asymmetry at small spectator proton momenta permits 

accurate extraction of the neutron structure function g1n. 

Such measurements become possible with a future electron-ion collider (EIC) with polarized electron and deuteron 

beams and forward proton detectors. 
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Probing Meson Structure via Tagged Deep Inelastic Scattering at Jefferson Lab  

R Montgomery1, D Dutta2, T Horn3, C Keppel4, P King5, N Liyanage6, K Park7, B Wojtsekhowski4, J Zhang6 

1University of Glasgow, United Kingdom, 2Mississippi State University, United States of America, 3The Catholic 

University of America, United States of America, 4Jefferson Lab, United States of America, 5Ohio University, United 

States of America, 6University of Virginia, United States of America, 7Hampton University, United States of America  

A future tagged deep inelastic scattering experiment is planned in Hall A of Jefferson Lab, in which the elusive 

mesonic content of the nucleon will be probed directly. This pioneering experiment will measure low momentum 

recoiling (and spectator) protons and pions in coincidence with small xBj and high    deeply inelastically scattered 

electrons from hydrogen (and deuterium) targets. A tagging technique will enhance deep inelastic scattering from 

partons in the meson cloud and provide access to both the pion and kaon structure functions via the Sullivan 

process. This proposed experiment will be the first to explore the kaon structure function, extracting information on 

the strangeness content of the nucleon through its meson cloud. The setup will utilise a ��μ{  ���e� electron beam 

incident upon a 40cm gaseous target. The target will be either hydrogen or deuterium, to measure either the 

charged or neutral pion cloud. The target will be surrounded by a GEM-based multiple time projection chamber 

(mTPC), having a length of 40cm and an outer radius of 15cm. This innovative mTPC will be an extremely high-rate 

capable detector and will be optimized for measuring protons and pions spanning momenta of 60-400MeV/c. A 

solenoid magnet will encapsulate both the mTPC and the target. The Hall A Super BigBite Spectrometer, a large 

acceptance detector package, will be used to measure the scattered electrons. An overview of the measurement, 

experimental setup and projected results will be given. 

Pion and kaon SIDIS multiplicities off a pure H target, and ratios of K-/K+ and pbar/p multiplicities off a deuteron 

target, from COMPASS. 

F Kunne1 and E-M Kabuss2 

1IRFU, France, 2Johannes Gutenberg-Universität Mainz, Germany 

First, we present preliminary COMPASS results on pion and kaon multiplicities produced in semi-inclusive deep 

inelastic scattering of 160 GeV muons off a pure proton (LH2) target. The results constitute a data set of more than 

600 points for pions and 600 for kaons, covering a large x, Q2 and z domain in a fine binning with W>5 GeV2. The 

results from the sum of the z-integrated multiplicities M(π+) + M(π-) and M(K+) + M(K-) are presented versus x and 

compared to  earlier COMPASS results on a deuteron target and to other experiments. 

In addition, we show the K-/K+ as well as pbar/p multiplicity ratios measured for hadrons carrying a large fraction z 

of the virtual-photon energy, 0.5 < z <1. The data were obtained using a 160 GeV muon beam and an isoscalar 

6LiD target. For values of z larger than 0.8, the results contradict expectations obtained using the formalism of (next-

to-) leading order perturbative quantum chromodynamics. In particular the data show a strong dependence upon 

the missing mass Mx, not expected from the calculations. The results suggest that additional corrections to the 

formalism may be required to take into account the phase space available for hadronization. 
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Measurement of Longitudinal Single-Spin Asymmetry for W Boson Production in Polarized Proton-Proton Collisions 

at STAR 

Q Xu 

Shandong University, China 

The contribution from the sea quark polarization to the nucleon spin is an important piece for complete 

understanding of the nucleon spin structure. The production of W± bosons in longitudinally polarized p+p collisions 

at RHIC provides a unique probe to the sea quark polarization, through the parity-violating single-spin asymmetry, 

AL. At STAR, the W bosons through the W→eν channel at mid-rapidity (|η|<1.3) can be effectively determined with 

the Electromagnetic Calorimeters and Time Projection Chamber. The STAR measurements of AL for W boson from 

datasets taken in ���� and ���� at √s =��� �e� [�]  have been included in the global analysis of polarized 

parton distribution functions, and provided significant constraints on the helicity distribution functions of u-bar and 

d-bar quarks. The final AL results from 2013 STAR data sample will be reported [2], which is about three times larger 

than the total integrated luminosity of previous years. The combined results of AL for 2011-2013 data will also be 

given, together with double spin asymmetry ALL for the W and Z bosons. 

[1] L. Adamczyk et al., [STAR Collaboration], Phys. Rev. Lett. 113: 072301 (2014) 

[2] J. Adam et al., [STAR Collaboration], arXiv:1812.04817, submitted to Phys Rev. D 

Gluon polarization measurements from longitudinally polarized proton-proton collisions at STAR 

Z Chang 

Brookhaven National Laboratory, USA 

The gluon polarization contribution to the proton spin is an instrumental part to solve the longstanding proton spin 

puzzle. At the Relativistic Heavy Ion Collider (RHIC), the STAR experiment has measured jets produced in mid-

pseudo-rapidity, |η| < 1.0, and full azimuth, ф, from longitudinally polarized 𝑝𝑝 collisions to study the gluon 

polarization in the proton. At center of mass energies √  = 200 and 510 GeV, jet production is dominated by hard 

QCD scattering processes such as gluon-gluon (  ) and quark-gluon (  ), thus making the longitudinal double-

spin asymmetry     ) sensitive to the gluon polarization. Early STAR data of inclusive jet     results at √  = 200 

GeV provided the first evidence of the non-zero gluon polarization at momentum fraction   > 0.05. The higher center 

of mass energy √  = 510 GeV allows to explore the gluon polarization as low as     0.015. In this talk we will 

present the recent STAR inclusive jet and di-jet     results at √  = 510 GeV, and discuss the relevant new analysis 

techniques for the estimation of trigger bias and reconstruction uncertainty, the underlying event correction on the 

jet energy and its effect on jet ALL. Di-jet results are shown for different topologies in regions of pseudo-rapidity, 

effectively scanning the  -dependence of the gluon polarization. 
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Poster Session A 

P1 Studies of low-energy K- interactions with light nuclei by AMADEUS 

R Del Grande 

INFN-LNF, Italy 

The AMADEUS collaboration aims to provide high precision information on the  ̅N strong interaction in nuclear 

medium, exploiting low-energy K- hadronic interactions with light nuclei. The investrigation of the antikaons 

dynamics in nuclear medium is fundamental for the understanding of the non-perturbative QCD in the strangeness 

sector, with implications going from nuclear physics to astrophysics. Studies of hyperon-nucleon/nuclei (YN) and 

hyperon-pion (Y ) correlated production are performed with the aim to explore the possible existence of kaonic 

bound states in nuclei and the properties of hyperon resonances in nuclear environment. AMADEUS takes 

advantage of the DA NE collider, which provides a unique source of monochromatic low-momentum kaons (   

  127 MeV/c). As a first step, we explore the hadronic interaction of the negative kaons in the materials of the 

KLOE detector, which is used as large acceptance and resolution active target, providing a high statistic sample of K- 

nuclear absorption on H, 4He, 9Be and 12C nuclei. Future plans will be also discussed. 

P2 Imaging of prompt gamma emissions during proton cancer therapy for geometric and dosimetric verification 

H Alshammari1, 3, L Harkness-Brennan1, A Boston1, A Caffrey1, B Le Crom2, C Unsworth1, D Judson1 and E Rintoul1 

1University of Liverpool, UK, 2University of Edinburgh, UK, 3Imam Abdulrahman bin Faisal University, Saudi Arabia 

Protons are used in radiation therapy of cancerous tissue as they have the potential benefit of sparing dose to 

healthy tissue, due to manipulation of the positioning of the Bragg Peak as a function of depth in the body[1]. 

However, there is a need for a more precise method for range verification and the monitoring of dose delivery in real-

time[2]. The University of Liverpool have developed the prompt-gamma imaging (PGI+) system, to measure the 

prompt gamma rays emitted and therefore the dose distribution of the proton beam during proton therapy. The PGI+ 

system is composed of a triple-layer semiconductor Compton camera (two position-sensitive scatter detectors and 

an absorber detector). The prompt gamma rays can deposit their energy across the detector system in a large 

variety of sequences� �he system’s performance has so far been investigated using the simplest event sequence, 

which is a single interaction event in each detector. In this case, a spatial image resolution of around 5 mm was 

determined. However, for high photon energies, such as those observed in proton therapy, multiple interaction 

events are probable. In this study, the effective use of multiple interaction events will be discussed. The poster will 

also outline plans for an experiment to be conducted at the Clatterbridge Cancer Centre, UK, as part of the next 

phase of the project. 

[1]  L. Kelleter et al.  “�pectroscopic study of prompt-gamma emission for range verification in proton therapy ” 

Phys. Medica, vol. 34, pp. 7–17, 2017 

[2]  �� }� �olf  ~� �ackin  �� �ee  �� {very  and �� |eddar  “~etecting prompt gamma emission during proton 

therapy¡ �he effects of detector size and distance from the patient ” Phys. Med. Biol., vol. 59, no. 9, pp. 

2325–2340, 2014 
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P3 Electric monopole transitions (E0) in the study of 70Ge  

A Avaa1, 2, P Jones1, M Chisapi1, 4, I Usman2, B Zikhali1, 3, L Msebi1, 3 and T Kibedi5 

1iThemba LABS, South Africa, 2University of the Witwatersrand, Johannesburg, South Africa, 3University of Western 

Cape Town, South Africa, 4University of Stellenbosch, South Africa,  5Australian National University, Australia  

Monopole transition studies has been of theoretical and experimental interest for over 50 years now. Since gamma 

decay is forbidden between two 0+ states, the study of nuclear structure through the usual technique of gamma 

measurement cannot be useful in such a case. Hence, the decay mode of spin zero state is most probable by 

electron emission. Depending on the probable transition energies, this can be achieved through either internal 

conversion or by internal pair formation. Therefore, measurement of electrons is crucial for E0 studies.  

In order to implement E0 studies at iThemba labs, an electron spectrometer has been refurbished and characterised 

using calibration sources of internal conversion electrons (ICE): 133Ba and 207Bi. The results of the spectrometer 

characteristics are described. The spectrometer coupled with an array of fast timing detectors and Low energy 

photon spectrometer (LEPS) was successfully implemented for in-beam experiment.  

Preliminary result will be presented for the measured conversion coefficient and monopole strength parameter in 
72Ge and 72Se determined from electron-gamma coincident experiments from 70Ge( , ′) reaction. 

P4 Development of a spectrometry system for measurement of internal-pair studies 

M Chisapi1, 2, P Jones1, R Newman2, A Avaa1, 3, B Zikhali1, 4 and L Msebi1, 4 

1iThemba Laboratory for Accelerator Based Sciences, South Africa, 2Stellenbosch University, South Africa, 
3University of Witwatersrand, South Africa, 4University of Western Cape, South Africa 

Excited nuclei eventually de-excites mainly through electromagnetic transitions, e.g. gamma-ray transitions or 

electric monopole (E0) transition in an event that the former is forbidden. E0 transitions proceed via conversion 

electrons and electron-positron pairs (for transition energies _ 1022 keV). Compared to gamma-ray transitions that 

are predominantly studied across the chart of nuclides, a great deal of E0 transitions and their associated excited 

0+ states are still not firmly characterized. 

Apart from being the only alternative means of unambigously assigning spin and parity to states, E0 tansitions also 

offer a reliable thumbprint for shape coexistence in nuclei, as the E0 transition strength can be used in the 

calculation of the mixing parameters for shapes suspected to be coexisting.Measurements of E0 transitons also 

helps elucidate phenomena relating to nuclear compressibility and isotope and isomer shift as well as provide 

sensitive tests on various models of nuclear structure [1][2][3][4]. 

A new facility, namely the electron spectrometer, for measuring E0 transitions was recently commissioned at 

iThemba Laboratory for Accelerator Based Sciences (LABS). The current work is aimed at giving the equipment new 

capability by adapting a segmented germanium (LEPS) detector into the spectrometer in order for it to be used to 

measure e�/e+ pairs of higher (> 3 MeV) energies as well. The LEPS detector is opted for owing to the scarcity (or 

exorbitant prices if found) of thick segmented Si (Li) detectors around the globe. The refurbishment is being aided 

by Geant4 simulations with magnetic field mapped out of the solenoid magnetic lens using OPERA-3D software [5]. 

The Transmission, efficiency, momentum resolution and other parameters of the spectrometer, obtained using 

Geant4 simulations, will be presented. On-going investigation on the feasibility of using a LEPS detector to measure 

internal pairs will also be discussed. 

Once the facility is fully operational, the physics case will involve measuring E0 transitions in 50Ti, which will 

provide information that will subsequently be used to investigate the previously suspected existence of admixtures 

of 0+ excited states with 2+, 3+ and 4+ states [6][7][8]. 

[1]  Michael Taylor et al. A triplet of differently shaped spin-zero states in the atomic nucleus 186Pb. Nature, 
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405:430{433, 5 2000 

[2]  JL Wood et al. Coexistence in even-mass nuclei. Physics Reports, 215(3-4):101{201, 1992 

[3]  Tibor Kibedi and Ray H Spear. Electric monopole transitions between 0+ states for nuclei throughout the 

periodic table. Atomic Data and Nuclear Data Tables, 89(1):77{100, 2005 

[4]  JL Wood et al. Electric monopole transitions from low energy excitations in nuclei. Nuclear Physics A, 

651(4):323{368, 1999 

[5]  Opera Electromagnetic FEA Simulation Software. Opera-3D software. [Online]. https://operafea.com/, 

[Accessed: 28 December 2018] 

[6]  DS Oakley et al. Pion elastic and inelastic scattering from 48;50Ti, 52Cr, and 54;56Fe at 180 MeV: 

Determination of neutron and proton multipole matrix elements. Physical Review C, 35(4):1392, 1987 

[7]  JG Pronko et al. -ray deexcitation of Ti 50 states in the region of 4-MeV excitation. Physical Review C, 

10(4):1345, 1974 

[8]  HP Morsch. Monopole transitions in the inelastic 3He-scattering on Ti-isotopes. Physics Letters B, 

47(1):21{23, 1973 

P5 Infrastructure ACI fabric based on EVPN MPBGP data transfer protocols for Tier 1 and Tier 2 data centers 

A Baginyan 

JINR, Russia 

This paper presents the network architecture of the TIER 1 data center at JINR using the modern multichannel data 

transfer protocol TRILL[1]. The obtained experimental data direct our activity to further study the nature of traffic 

distribution in redundant topologies. There are several questions. How the distribution of packet data occurs on four 

(or more) equivalent routes? What happens when the download on one of the four communication channels 

reaches peak values? 

The paper presents a future data center topology, all network elements of which will be interconnected in the Virtual 

Cluster Switching (VCS) fabric[2]. Such architecture will allow building highly reliable, mobile, multi-port network 

segments. 

The network segment project is being designed using EVPN MP-BGP (Ethernet Virtual Private Networks Multiprotocol 

Border Gateway Protocol) technology in conjunction with an external Application Centric Infrastructure (ACI) 

controller based on VXLAN technology using a multicast broadcast domain [3]. 

Today, technology analysis shows that this is the most acceptable choice, tested in several R @ D divisions of the 

world's largest vendors. 

Finally, the results of the comparison of Virtual Cluster Switching (VCS) fabric based on TRILL and EVPN MP-BGP are 

predicted.  

[1]  A high performance, low-latency switch for data center Ethernet connectivity 

http://www.brocade.com/en/products-services/switches/data-center-switche<br>s/vdx-6740-

switches.html  viewed 20 October 2018. 

[2]  Cisco Data Center Spine-and-Leaf Architecture: Design Overview. White paper. 

[3] VXLAN network with MP-BGP EVPN control plane: 

http://www.cisco.com/c/en/us/products/collateral/switches/nexus-9000-series-switches/guide-c07-

734107.html viewed 12 December 2018 
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P6 A compact RFQ cooler buncher for CRIS experiments 

B Cooper 

University of Manchester, UK 

The CRIS technique (Collinear Resonance Ionisation Spectroscopy) has been shown to be an efficient method for 

accessing fundamental nuclear properties of exotic isotopes [1]. Currently, radioactive ion beams are produced via 

proton impact with a suitable target at the ISOLDE (Ion separator On-line) facility at CERN. The resulting beam is 

then trapped, cooled, and bunched using the ISCOOL RFQ cooler buncher following mass separation. The ion 

bunches are then directed through a charge exchange cell for the purpose of neutralisation via interactions within an 

alkali vapour. The beam of atoms is then collinearly overlapped with multiple pulsed laser fields. This enables 

Doppler-free measurements of atomic hyperfine structure, leading to the determination of model-free nuclear 

properties. The technique has been shown to reveal properties such as nuclear spins, magnetic and electric 

quadrupole moments, and isotopic variations in the nuclear mean square charge radii. The multiple step excitation 

and ionisation scheme depends on the element to be studied. The CRIS method has so far revealed fundamental 

nuclear properties of neutron deficient Francium isotopes [2], among others. We envisage significant improvements 

to the technique following the installation of an independent RFQ cooler buncher as an alternative to ISCOOL. This 

would reduce set up times prior to time constrained experiments at the ISOLDE facility. It would enable constant 

optimisation of beam transport and quality. It would also trivialise switching from an exotic beam to a stable 

reference isotope from our independent offline ion source. Spatial limitations at CRIS require that the new RFQ 

cooler buncher is compact (<80 cm in length). SIMION calculations estimate that an early prototype device could 

achieve a trapping efficiency of ~ 40% with a mean energy spread of ~ 4 eV. Testing of the device is being 

conducted using an offline Ga ion source at the University of Manchester.  

[1]  T.E Cocolios et al: Nucl, Inst, Methods in Phys Res B 317 (2013)  

[2]  K.T. Flanagan et al Phys rev lett 111, 212501 (2013) 

P7 Novel experiments with ion catcher facilities  

T Dickel1,2, D Amanbayev1, S Ayet San Andres1,2, D Balabanski3, S Beck1,2, J Bergmann1, P Constantin3, H Geissel1,2, 

F Greiner1, L Gröf1, E Haettner2, C Hornung1, A Kankainen4, A Karpov5, G Kripko-Koncz1, I Mardor6,7, I Moore4, I 

Miskun1, S Purushothaman2, W Plaß1,2, C Scheidenberger1,2, A Spataru3, J Winfield2  

1Justus Liebig University, Germany, 2GSI Germany, 3IFIN-HH, Romania, 4University of Jyväskylä, Finland, 5JINR, 

Russia, 6Tel Aviv University, Israel, 7Soreq Nuclear Research Center, Israel  

The conversion of a high-energy beam of exotic ions (>MeV/u) into a low-energy beam (~eV) enables experiments 

with high precision such as mass measurements, mass-selected decay spectroscopy and laser spectroscopy. This 

conversion is done in a gas volume, where the ions lose their energy via collisions with the stopping gas. Such 

systems have been installed and are routinely operated at many laboratories around the world. One of them is the 

FRS Ion Catcher at GSI/FAIR [1]. Here, projectile and fission fragments are produced in-flight at relativistic energies 

at the FRS, are thermalized in a cryogenic stopping cell (CSC) and transported to a multiple-reflection time-of-flight 

mass spectrometer (MR-TOF-MS) [2]. Direct mass measurements of more than 30 exotic nuclei have been 

performed, achieving relative mass accuracies down to 6*10-8.  

Besides such conventional experiments, several novel types of experiments are possible with facilities such as the 

FRS Ion Catcher. These novel experiments will be presented in this contribution:  

1. Spontaneous fission studies. The system will be used for a new direct method to measure fission product yield 

distributions, isomeric yield ratios, and masses of rare fission fragments. Fission fragments are generated in the CSC 

via a spontaneous fission source. The extraction time of the CSC, 10 milliseconds, will enable, for the first time, to 

measure the high-fission-peak isotope yield distribution. The ability to resolve isomers will further enable direct 

extraction of numerous isomeric yield ratios while measuring the fission product distributions.  

98



 

2. Reaction studies. For these experiments a reaction target is installed in the CSC, or the stopping gas itself is used 

as target. This is a novel approach and a universal method for the production and identification of isotopes 

produced in multi-nucleon transfer or fission reactions with stable and unstable beams. The method is very sensitive 

and has a high angular acceptance for the reaction products. The identification and quantification of the reaction 

products is performed by a high resolution and broadband mass spectrometer, therefore reaction products are 

completely identified by their mass. In a first approved experiment for FAIR phase-0, the reactions of a 238U beam on 

several targets will be studied.  

3. Simultaneous measurements of masses, half-lives, decay branching ratios and isomer excitation energies. For 

this measurements the gas-filled stopping cell is used as an ion trap. This novel concept allows the capture and 

storage of recoil ions after a decay with energy up to 100MeV. The precursor ions, produced in the FRS, are stored 

for selectable durations (0.01 to 10 s) in the CSC and can decay via single or multiple channels. The precursor and 

recoils are extracted to the MR-TOF-MS, where they are identified and counted. The feasibility of the method was 

demonstrated in experiments employing the alpha decay of 216Po and the isomer-to-ground transition in 119m2Sb. For 
119Sb, this is the first direct mass measurements of the ground and second isomeric states, clarifying previous 

discrepancies in excitation energy data. The method is the basis for an approved experiment for FAIR phase-0 to 

measure beta-delayed neutron emission.  

[1]  W.R. Plaß et al., Nucl. Instr. Meth. B 317, 457 (2013) 

[2]  T. Dickel, et al., Phys. Lett. B 744, 137 (2015) 

P8 Performance test of 200 μm scintillation-fiber detector with silicon photomultiplier readout  

A Falduto1, J Tanaka1,2, D Rossi1,2, T Aumann1,2  

1Technische Universität Darmstadt, Germany, 2GSI Helmholtzzentrum, Germany 

Tracking is a crucial ingredient for experiments using magnetic spectrometers, i.e. R3B experiments with the GLAD 

magnet. Good position resolution and less multiple scattering are especially required for heavy ion trackers. Fine 

fiber detectors can fulfill both of these requirements at the same time. However, the often used photomultiplier-tube 

readout will be influenced by magnetic fields. In order to solve this, we have developed a new fiber detector with a 

Silicon-Photomultiplier (SiPM) readout system, which is insensitive to magnetic fields[1]. This fiber detector 

employs a new combination of SiPM, preamplifier and discriminator ASIC[2] and FPGA-based Clock TDC[3]. This 

detector consists of over two thousand ��� μm round scintillation fibers arranged on a flat sheet. Eight fibers are 

bundled together and attached to each SiPM. Each fiber has both ends connected to different SiPMs from which the 

hit fiber can be uniquely identified. In addition, by detecting the rising and falling edges of the signal from the SiPM, 

the real event can be separated from the background noise with using the time-over-threshold analysis. We will 

present the preliminary results of the detector performance test from the commissioning experiments for the R3B 

collaboration.  

This work is partially supported by the BMBF and the GSI-TU Darmstadt cooperation.  

[1]  Rob Hawkes, et al., IEEE Nuclear Science Symposium Conference Record (2007) 3400 

[2]  M. Ciobanu, et al., IEEE TRANSACTIONS ON NUCLEAR SCIENCE 61 (2014) 1015 

[3]  L. Iafolla et. al., NIMA 718 (2013) 213-214 
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P9 Development of a photon polarimeter prototype 

S Gardner 

Glasgow University, UK 

The degree of photon linear polarisation has become the dominant error for recent photoproduction measurements, 

due to increased statistics. 

A prototype compact polarimeter directly measures the polarisation by taking advantage of the analysing power of 

electron-positron pair production. 

Details of the detector and our novel analysis technique are presented alongside preliminary experimental results. 

P10 Efficiency investigation of wide area gas proportional counter in relationship with pressure and type of filled gas 

S Golgoun, M Aminipour, M Shohani, S Taheri, A Alinia, M Davarpanah 

Pars Isotope Company, Iran 

In this research we studied multi-wire gas proportional counter to find out the effect of using gas and gas pressure 

on efficiency of this detector with the Mylar window. We used pure and mixed gases with different pressures from 

below to above pressure of atmosphere. Our results show that for true mixture of gas, the signal to noise ratio is 

much higher than pure gases, due to the existence of noble gas as quenching parameter. Thus for detector with 

mixed gas, the efficiency of detector for beta radiation (Sr-90 radioactive rectangular source) is clearly higher than 

pure filled gas. Also increasing the pressure of the detector is the main reason of multiplication factor decreasing 

and therefore lower efficiency. 

P11 The neutrino self-interaction and MSW effects on the neutrino-process for supernovae 

M-K Cheoun1, 2, 3 and 4, H Ko1, 2, M Kusakabe3, 4, T Kajino3, 4, 5, T Hayakawa6 

1Soongsil University, Korea, 2OMEG Institute, Korea, 3Beihang University, China, 4University of Tokyo, Japan, 
5National Astronomical Observatory of Japan, Japan, 6National Institutes for Quantum and Radiological Science and 

Technology, Japan 

We investigate the neutrino oscillation effects by the neutrino self-interaction near to the neutrino sphere and the 

MSW effect far from the sphere on the element abundances. The representative synthesized elements by neutrino 

from supernova explosion are known as 7Li, 11B, 92Nb, 98Tc, 138La, and 180Ta. Near to the neutrino sphere, the 

neutrino density is about 1032 / cm3, whose number is high enough to consider the neutrino self-interaction. 

Their effects on the neutrino flux are estimated in the Boltzmann equation with a collision term for the neutrino 

density under the mean field approximation. Due to the propagation of the shock wave we also have to take the 

neutrino propagation in matter, i.e. MSW effects. One of the important MSW regions is the O/Ne/Mg layer given by 

the progenitor and the hydrodynamics models. 

In this work, we discuss how the neutrino self-interaction and the MSW effects influence on the element production 

by using the modified neutrino spectra and the neutrino-nucleus interactions calculated by QRPA. Our results show 

that the neutrino-process element abundances are increased by the self-interaction rather than the MSW effect. 

Dependence on the mass hierarchy is also discussed as shown in the following figure. 

Also effects of the sterile neutrino on the supernova and neutrino-process are also discussed with the feasibility of 

the sterile neutrino. 
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Fig 1: (a) Heavy elements abundances; (b) Light element abundances 

[1] T. Hayakawa et al. to be published in Phys. Rev. Lett (2018) 

P12 Towards renormalization invariant equation of state of nuclear matter 

M Drissi 

University of Surrey, UK 

The current paradigm to describe the nuclear interaction is within the frame of Chiral Effective Field Theory (χEFT) 

which organizes contributions to nuclear observables in a series of decreasing importance. Within this framework the 

leading contribution already requires to solve exactly the many-body Schrödinger equation with a particular 

Hamiltonian [1,2]. Nevertheless, such calculations are numerically intractable for A-body observables whenever A 

≫ 10. 

Consequently, following the EFT program to describe infinite nuclear matter, and in particular its Equation of State 

(EoS), appears to be challenging. In this talk I will focus in particular on Many-body Perturbation Theory (MBPT) and 

more generally on many-body approximations that can be expressed as a sum of perturbation diagrams. Such 

additional approximations depart from the original EFT program. The goal of this talk is thus to emphasize the impact 

of many-body approximation on the renormalization invariance of many-body observables. I will also present new 

formal developments that pave the way to a systematic approach for renormalization-invariant many-body 

calculations [3,4]. In practice, these developments could lead, in the near future, to a reduction of systematic 

theoretical uncertainties of nuclear many-body observables. 

 

Fig 1: Energy per particle in (a) the ladder approximation (b) the Hartree-Fock approximation. Both many-body 

approximations require different renormalizations of the nuclear Hamiltonian. 

[1]  S. Weinberg, Phys. Lett. B251:288 (1990); Nucl. Phys. B363:3 (1991) 
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[2]  P. F. Bedaque and U. van Kolck, Annu. Rev. Nucl. Part. Sci 52 (2002) 339–96 

[3]  M. Drissi, Eur. Phys. J. A (2019). To be published 

[4]  M. Drissi, Ph.D. thesis, University of Paris-Saclay (2019) 

P13 Investigation of high-lying (α,γ) resonances in 22Ne through one-neutron transfer in inverse kinematics with 

SHARC/TIGRESS 

S Gillespie1, B Greaves2 and D Muecher2 

1TRIUMF, Canada, 2University of Guelph, Canada 

19F observed in the solar system is currently believed to be produced in AGB stars through the 18O(p,α)15N(α,γ)19F 

reaction pathway. At present, however model predictions underpredict 19F production compared to the observed 

abundances. It has been suggested that 19F is produced in Type II supernova and the He burning stage in Wolf-

Rayet stars, which could account for this discrepancy, however 19F has yet to be observed in these environments. A 

more likely explanation for the discrepancy is due to uncertainties in other reactions particularly the 18O(α,γ)22Ne 

reaction which directly competes with the 18O(p,γ) reaction [1]. Furthermore the subsequent 22Ne(α,n) reaction is 

believed to be a major source of neutrons for the s-process [2]. Constraining the production rate of 22Ne is 

therefore essential to understanding reaction rates in the s-process. 

18O(α,γ)22Ne reaction rate uncertainties are currently attributed to the lack of spectroscopic information in the 

astrophysically relevant energy region. Energy levels in 22Ne at ~10 MeV are known [3], however there is little 

information on spin/parity and resonance strengths. Measurements of these parameters are crucial to a 

determining the 18O(α,γ)22Ne reaction rate and understanding the origin of 19F observed in the solar system. 

The 21Ne(d,p) reaction was measured at TRIUMF in inverse kinematics using the TIGRESS HPGe array and the highly 

segmented silicon array SHARC. We have measured for the first time γ rays from states in 22Ne relevant to the 
18O(α,γ)22Ne reaction, allowing for precision measurements of excitation energies. Using these newly identified γ ray 

transitions we can cleanly identify individual resonances and extract proton angular distributions. These distribution 

have been compared to DWBA calculations to assign spin and parity to the astrophysically relevant states which is 

crucial to reducing uncertainties in the 18O(α,γ)22Ne reaction rate. 

[1]  C. Abia, K. Cunha., S. Cristall, and P. D. Laverny, A&A, 584 (2015) 

[2]  R. Reifarth., C. Lederer, F. Kaeppeler, J. Phys. G 437, 053101 (2014) 

[3]  F. Kaeppeler et al. ApJ. 437, 396 (1994) 

P14 Study of the excitation functions and isomer ratios for 184m,gRe and 186m,gRe isomeric pairs 

R Avetisyan, I Kerobyan 

A.Alikhanyan National Science Laboratory, Armenia  

The investigation on excitation functions and Isomeric Cross-section Ratios (ICR) of nuclear reactions are of 

considerable importance in testing the nuclear reaction models and in practical applications. ICR depends on the 

magnitude of spins of the ground and isomeric states, energy difference between the levels, presence of 

intermediate states and some dependence on decay modes as well as on the onset of pre-equilibrium emission. 

The experimental and theoretical investigations of the ICR, as a function of incident particle energy and reaction 

channel, could lead to useful information about the spin-cutoff parameter and on the level structure of the product 

nucleus. Different theoretical models variously describe nuclear reaction mechanisms. The information about the 

isomer ratio of residual nuclei is needed to verify the different models used to explain the nuclear reaction 

mechanism, optimize the production yield and estimation of the impurities of radioisotopes simultaneously 

produced. The excitation functions for the 184m,gRe and 186m,gRe isomeric pairs are calculated by different models of 

TALYS 1.9 and EMPIRE 3.2 codes. The influence of reaction channel on ICR of 184m,gRe isomeric pair through various 
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reaction channels from reaction threshold up to 50 MeV (184W(p,n), 186W(p,2n), 184W(d,2n), 186W(d,4n), 181Ta(α,n)) 

is determined. The theoretical investigation of production of 186gRe medical radionuclide by above mentioned codes 

was performed. The excitation function and yields of 186gRe production by 186W(p,n) reaction have been calculated. 

The results of pre-experimental calculations for 186m,gRe isomeric pair are putted together. Calculations were carried 

out for the proton beam energy up to 30 MeV. The excitation functions of proton-induced reactions have been 

compared with available experimental data. The experimental measurements based on low energy cyclotron 

C18/18 will be done in future. The comparisons of theoretical calculations and the available experimental data for 

the reactions were done. 

P15 Isospin influence on the reaction mechanisms in the 78 Kr +40Ca and 86 Kr +48Ca collisions at 10 AMeV 

B Gnoffo1,2, S Pirrone 1, G Politi1,2, E De Filippo 1, P Russotto3, G Cardella1, E Geraci 1, N Martorana3, A Pagano1,2, E 

Pagano3, E Piasecki4, L Quattrocchi1, 2, F Rizzo3, M Trimarchi1, 5 and A Trifirò1,5 

1INFN Sezione di Catania, Italy, 2Università degli Studi di Catania, 3Laboratori Nazionali del Sud, 4Heavy Ion 

Laboratory, University of Warsaw, Poland, 5Dipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e 

Scienze della Terra, Università di Messina, Italy 

The Isospin influence study on the different reaction mechanisms in the 78 Kr +40Ca and 86 Kr +48Ca collisions is 

presented. These reactions have been realized at Laboratori Nazionali del Sud in Catania, by using the CHIMERA 

multidetector at the beam incidend energy of 10 A.MeV.  In this low energy domain the competition between the 

Compound Nucleus formation and its de-excitations through fusion-fission and fusion-evaporation, and other binary 

processes like quasi-elastic scattering and Deep Inelastic Collisions, is observed. We have studied in detail the 

fusion-evaporation and fission-like processes [1].  

The main results of this previous analysis put in evidence that the neutron enrichment seems to discourage the 

Fission-Like processes. In this contribution, we report for the same colliding systems new results on a different 

reaction mechanism where a Projectile-like fragment (PLF) break-up follows a “violent” deep-inelastic collision. 

In experiments performed at higher energy from the CHIMERA group, it is observed an evident influence of the 

isospin on the nature of the break-up of the PLF [2]. We probe that also in the low energy domain explored in this 

contribution, the isospin of the entrance channel can play a crucial role. 

[1]  S. Pirrone et al., accepted for publication on EPJ A (2019) 

[2]  P. Russotto et al, Phys. Rev. C92, 014610 (2015) 

P16 First advanced studies of isospin dynamics with FAZIA  

A Camaiani1, 2, G Casini2 and S Piantelli2 

1Università degli Studi di Firenze, Italy, 2INFN Sezione di Firenze, Italy  

The FAZIA multitelescope array [1] is able to identify fragments in heavy ion collisions in the Fermi energy domain 

up to Z~25. Exploiting this feature we investigate the isospin equilibration in peripheral events by means of the 40, 

48Ca+40,48Ca reactions at 35 MeV/u covering the full Quasi-Projectile size domain. Moreover thanks to the granularity 

of the setup, we can extend the investigation to the QP break-up channel. 

[1]   R. Bougault, Eur. Phys. J A 50, 47 (2015) 
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P17 On evaluating correction to the surface energy of the nuclei due to the surface curvature and its influence on 

the orientation effects in fusion reactions 

K Cherevko1, L Bulavin1, L Jenkovszky2, V Sysoev1 

1Taras Shevchenko National University of Kyiv, Ukraine, 2Ukrainian National Academy of Sciences, Ukraine 

In the present work we address the problem of evaluating the curvature correction to the surface tension coefficient 

for the nuclear matter with the different asymmetry parameters and study the possible influence of such correction 

on the orientation effects in fusion reactions. To do this the previously introduced approach [1] allowing to define 

the Tolman δ-correction for the symmetric nuclear matter at T = 0 from its bulk properties: 

 

and calculate the surface tension of the curved interface       =    (  
  

 
) [2] is used. The above result 

suggests a non-negligible contribution of the curvature correction to the surface energy. Therefore, we expect that it 

could change the nuclear part    of the total interaction potential    =    +    contributing to the orientation 

effects in fusion reactions. 

To check the hypothesis in the current work    for different nuclear potentials is calculated based on the proximity 

concept [3] in order to evaluate the fusion barrier heights and positions. It is shown that for the spherical system 

curvature correction inclusion changes significantly the nuclear part of the total interaction potential (Fig.1). 

 

Fig 1: Nuclear part of the total interaction potential of the 40Ca 40Ca system with and without curvature correction. 

As the next step the earlier developed approach is extended for the asymmetric nuclear matter. The fusion barrier 

heights and position and reaction cross sections are evaluated for the deformed nuclei with different mutual 

orientations. 

The obtained results suggest that curvature correction to the surface tension depends on the nuclear matter 

asymmetry parameter. It is shown that in fusion reactions of deformed nuclei inclusion of the curvature correction to 

the surface energy gives a non-negligible contribution to the barriers heights. That contribution shows strong 

dependence on the mutual orientation of the colliding nuclei. 

[1]  K. V. Cherevko, L. A. Bulavin, L. L. Jenkovszky, V. M. Sysoev, F.-S. Zhang, Phys. Rev. C 90, 017303 (2014) 

[2]  R.C. Tolman, J. Chem. Phys. 17(3), 333 (1949) 

[3]  J. Blocki, J. Randrup, W. Swiatecki, C. Tsang, Ann. Phys. 105, 427 (1977) 
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P18 On nuclear fragmentation at the intermediate energy head-on heavy ion collisions 

K Cherevko1, L Bulavin1, V Sysoev1, F Zhang2,3,4 

1Taras Shevchenko National University of Kyiv, Ukraine, 2Beijing Normal University, China, 3National Laboratory of 

Heavy Ion Accelerator of Lanzhou, China, 4Beijing Radiation Center, China 

The studies in the field were inspired by the possibility of the bubble and ring structures formation in the head-on 

heavy ion collisions at intermediate energies (50-75 MeV/A) first predicted theoretically in the framework of the 

Boltzmann-Uehling-Uhlenbeck transport model [1,2]. The problem is quite interesting as such exotic topologies can 

have different physical origin when the characteristics of the process are quite different from those usually observed 

in the fragmentation phenomena. Namely, all the fragments are predicted to be of similar sizes and their kinetic 

energies are quite low. 

�arlier  there was introduced hydrodynamic model of the process explaining the possibility of the “doughnut” 

structure formation for the case of “stiff” (K =  380 MeV ) equation of state of the nuclear matter [3]. The model 

allowed analytical description of the whole process up to the pre-fragment formation with no adjusting parameters. 

In the present work we extend the model and study the possibility of the Coulomb forces to be responsible for the 

“cold” system breakdown� �everal alternative assumptions to those used in the original model are also studied in 

order to check the possibility of different topological structures formation in the collision. The results are compared 

to the available theoretical and experimental data. 

From the obtained results it can be seen that the breakdown mechanism due to the Coulomb forces can explain the 

observed fragmentation picture. It is also shown that the model is quite stable as for the changes in the shape of the 

lateral jetting. Such a result confirms the overall correctness of the hydrodynamic description of the process. The 

obtained results suggest that for the different values of the nuclear matter incompressibility the different hollow 

structures might be formed in the head-on collisions at the intermediate energy. Therefore, such experiments can be 

an instrument to study the nuclear matter equation of state. The obtained results are in a good correspondence with 

the available theoretical (transport models calculations) and experimental data. 

[1] W. Bauer, et al., Phys. Rev. Lett, 69, 1888 (1992) 

[2] H.M. Xu, Phys. Rev. C., 46 , R2144 (1992) 

[3] K. V. Cherevko, L. A. Bulavin, J. Su, V. M. Sysoev, and F.-S. Zhang, Phys. Rev. C 89, 014618 (2014) 

P19 Fission rate of excited nuclei at variable friction in the energy diffusion regime  

M Chushnyakova1 and I Gontchar1, 2 

1Omsk State Technical University, Russia, 2Omsk State Transport University, Russia 

Although for the first time the problem of the nuclear dissipation in the fission process was referred by Kramers in 

1940 [1], up to now it is an open question [2–5]. On one hand, there seems to be an agreement that its physical 

origin is the one-body dissipation [5–7]. However, there are some indications that the strength of friction is 

significantly reduced when the nuclear shape is compact [8–11]. Thus, one can expect that the nuclear motion at 

small deformations happens in the regime corresponding to the case of low friction; in the literature this regime is 

called “the energy diffusion regime” [��]� {n approximate analytical �ramers formula for the fission rate in this 

regime was not carefully compared with the exact quasistationary numerical rate so far. The purpose of our 

contribution is to perform such comparison.  

For this aim we model the fission process using the Langevin equations in the phase space. First, we compare the 

dynamical and analytical rates when the friction coefficient is relatively small and coordinate independent. Our 

calculations demonstrate reasonable agreement between the numerical and analytical Kramers rates. However, in 

the energy diffusion regime the level of this agreement is significantly worse than in the opposite limit case of the 

overdamping regime (large friction) where it was possible to achieve the accuracy about 2% [13].  
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Next, we construct smooth coordinate dependence for the friction coefficient which reflects the assumption of lower 

dissipation in the compact configurations. In this case, the agreement between the rates becomes even poorer. For 

this second case, we propose a modification for the analytical Kramers formula and give a physical explanation of 

its comparatively large deviation from the numerical rate.  

[1]  H. A. Kramers, Physica 7, 284 (1940) 

[2]  J. Benlliure, J. L. Rodríguez-Sánchez, Eur. Phys. J. Plus 132, 120 (2017) 

[3]  J. Tian, N. Wang, W. Ye, Phys. Rev. C 95, 041601 (2017) 

[4]  D. O. Eremenko, at al., Phys. Rev. C 94, 014602 (2016) 

[5]  M. R. Pahlavani, S. M. Mirfathi, Phys. Rev. C 93, 044617 (2016) 

[6]  G. D. Adeev, at al., Phys. Elem. Part. At. Nucl. 36, 378 (2005) 

[7]  P. N. Nadtochy, et al., J. Phys. G Nucl. Part. Phys. 42, 045107 (2015) 

[8]  J. Blocki, J.-J. Shi, W. J. Swiatecki, Nucl. Phys. A 554, 387 (1993) 

[9]  I. I. Gontchar, Phys. Elem. Part. At. Nucl. 26, 394 (1995) 

[10]  G. Chaudhuri, S. Pal, Phys. Rev. C 63, 064603 (2001) 

[11]  J. Sadhukhan, S. Pal, Phys. Rev. C 81, 031602 (2010) 

[12]  P. Talkner, P. Hänggi, �ew �rends in �ramers’ �eaction �ate �heory (Springer, Berlin, 2012). 

[13]  I. I. Gontchar, et al., Phys. Rev. C 82, 064606 (2010) 

P20 Isomeric cross section ratios data as a test for codes descriptive of nuclear reactions 

T Chuvilskaya 

Lomonosov Moscow State University, Russia 

Investigations of isomeric cross-section ratios (ICSR) of the reactions  187Re(α,n)190mgIr and 194Pt(α,n)197mgHg in the 

energy range 18 – 32 MeV were carried out using off-beam measurements of induced activity of members of the 

isomeric pair. Analysis of the obtained ICSR data is performed using the codes EMPIRE-3 and TALYS. These codes 

are based mainly on widely used Hauser-Feshbach model (HFM), grounded on the statistical theory of nuclear 

reactions. Other mechanisms play a more limited role. The area of application of the HFM lies in the range of 10 – 

50 MeV compound nucleus excitation energy, where the widths of resonances are greater than the distances 

between them. For the reaction 187Re(α,n)190mgIr experimental values of ICSR up to energy Epr = 23 MeV are in 

agreement with calculated by EMPIRE-3 ones with an accuracy of 20 – 30 %. At higher energy of α-particles 

calculated isomeric ratios exceed experimental ones, this behavior is an evidence indicating that mechanisms of α-

reactions other than statistical ones (pre-equilibrium, direct) become dominant. As for the data calculated by TALYS 

a good agreement with experimental results takes place. For the reaction 194Pt(α,n)197mgHg a good agreement of the 

experimental and calculated values of ICSR is seen in the α-particle energy range Epr = 14 – 18 MeV for both 

EMPIRE-3 and TALYS codes. At higher energies of α-particles calculated isomeric ratios exceed experimental ones 

and this difference turns out to be more significant for EMPIRE-3 code than for TALYS. The discrepancies of the 

measured and the calculated results revealed in the framework of the analysis are of the same order as the ones 

revealed in the framework of the analysis of ICSR of well-studied earlier  41K(α,n)44mgSc. These results confirm that 

the ICSR measurements are a good test of the mentioned above reaction mechanisms. 
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P21 Isospin triplet A=12: search for states with enhanced radii 

A Danilov1, A Demyanova1, A Ogloblin1, V Starastsin1, S Dmitriev1, V Sergeev1,2, S Goncharov2, T Belyaeva3,V 

Maslov4, Y Sobolev4, Y Penionzhkevich4, W Trzaska5, S Khlebnikov6, G Tyurin6, N Burtebaev7, D Janseitov4,7 and Y 

Gurov8 

1NRC Kurchatov Institute, Russia, 2Lomonosov Moscow State University, Russia, 3Universidad Autónoma del Estado 

de México, México, 4Flerov Laboratory for Nuclear Research, Russia, 5Department of Physics, University of Jyväskylä, 

P.O. Box 35, FI-40014 Jyväskylä, Finland, 6V.G. Khlopin Radium Institute, Russia, 7Institute of Nuclear Physics, 

National Nuclear Center of Republic of Kazakhstan, Republic of Kazakhstan, 8National Research Nuclear University 

MEPhI, Russia 

Two independent methods: Asymptotic normalization coefficients (ANC) [1,2] and Modified diffraction model 

(MDM) [3,4] were applied to new and existing experimental data. The purpose of this analysis is search for states 

with enhanced radii in isobar-analog excited states of triplet A=12: 12B and 12N. 

In [1] halo was observed for 2 states of 12B: 2¯, 1.67 MeV and 1¯, 2.62 MeV. On base of ANC analysis [5, 6] of our 

experimental data on reaction 11B(d,p)12B at Ed = 21.5 MeV [6] neutron halo existence was confirmed for these 

states. Some new results were obtained for higher excited states [6]: halo-like states were observed for 0+, 2.72 

MeV and 3¯, 3.39 MeV states. It should be mentioned that the last one is unbound state, which is 19 keV above the 

neutron emission threshold and in both states last neutron has a non-zero orbital momentum (ln=1 and ln=2 

correspondingly). 

To study isobar-analogues states of 12B in 12N we propose to use MDM [3, 4]. To study 12N states, this method can 

be applied to the reaction (3He,t). Its first application made it possible to determine the proton halo in an unbound 

state of 13N [7]. We have studied existing literature data on 12C(3He,t)12N reaction. This data is incomplete and there 

is no possibility to make definite answer on question about halo in 2¯ and 1¯ states of 12N. In view of this 

experiment was done by our group on 12C(3He,t)12N reaction at the end of 2018. The measurements were conducted 

at the University of Jyväskylä (Finland) using the K130 cyclotron to produce a 3He beam at E(3He)=40 MeV. The 150 

cm diameter �arge �cattering }hamber was equipped with three ΔE-E detector telescopes, each containing two 

independent ΔE detectors and one common E detector. So each device allowed carrying out measurements at two 

angles. The differential cross sections of the (3He,t) reaction on 12C were measured in the c.m. angular range 8°–

70°. Self-supported 12C foils of 0.23 and 0.5 mg/cm2 thicknesses were used as targets. Preliminary results for 

angular distributions are obtained. MDM analysis of preliminary (3He,t) experimental data will be done in near 

future. 

[1]  Z. H. Liu et al., Phys. Rev. C 64, 034312 (2001) 

[2]  T. L. Belyaeva et al., Phys. Rev. C 90, 064610 (2014) 

[3]  A.N. Danilov et al., Phys. Rev. C 80, 054603 (2009) 

[4]  A.S. Demyanova et al., Phys. Atom. Nucl. 80, 831 (2017) 

[5]  T.L. Belyaeva et al., EPJ Web Conf. 165, 01004 (2017) 

[6]  T.L. Belyaeva et al., Phys. Rev. C 98, 034602 (2018) 

[7]  A.S. Demyanova et al., JETP Letters 104 (8), 526 (2016) 
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P22 Cosmic ray, meteorites, planetology: Which spallation reactions modeling is helpful? 

J-C David1 and I Leya2 

1CEA, France, 2University of Bern, Switzerland 

Planetary bodies are bombarded by cosmic ray particles. In addition, cosmic rays in itself are modified by such type 

of interactions. As a consequence, in such irradiated planetary bodies (but also in the GCR spectrum) cosmogenic 

nuclides are produced. Depending on the GCR spectrum, the duration of irradiation but also depending on the size 

and composition of the object, the cosmogenic nuclide amount varies. Therefore, measuring them and investigating 

their production can provide useful information about their history. 

One of the key points in such studies is the knowledge of the products of the nuclear reactions involved. The energy 

range of the cosmic ray spectra is very wide, ranging from MeV to TeV. However, the main part is peaked around 

GeV, i.e. in the domain of spallation reactions. Understanding the reaction mechanism of those nuclear reaction and 

studying interactions of cosmic ray particles with interstellar bodies have been done more or less in parallel. 

However, in the latter case, only the nuclide production yields are necessary, while in the former case the goal is 

originally to decipher the involved nuclear interactions. 

We will present the two ways to simulate spallation products, systematics and modeling, their evolution, strengths 

and weaknesses, and future of the modeling. 

P23 Estimate of breakup-induced three-body force effects in the incident channel of (d,p) reactions 

M Dinmore, N Timofeyuk, J Al-Khalili and R Johnson 

University of Surrey, UK 

A widely accepted practice for treating deuteron breakup in A(d,p)B reactions relies on solving a three-body A+n+p 

Schrodinger equation with pairwise A-n, A-p and n-p interactions. However, it was shown in [1] that projection of the 

many-body A+2 wave function into the three-body A+n+p channel results in a complicated 3-body operator that 

cannot be reduced to a sum of pairwise potentials. It contains explicit contributions from terms that include 

interactions between the neutron and proton via excitation of the target A. 

Such terms are normally neglected. We estimate the contribution from terms which correspond to first-order re-

scattering of the neutron off the target and show that applying the adiabatic approximation to solving this three-

body model results in a simple modification of the two-body nucleon optical potentials. We illustrate the role of this 

type of re-scattering for the case of 40Ca(d,p)41Ca transfer reactions at incident deuteron energies of 11.8, 20 and 

56 MeV, using several parameterisations of nonlocal optical potentials. 

[1] R.C. Johnson and N.K. Timofeyuk, Phys. Rev. C 89, 024605 (2014) 
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P24 Isospin effect on fragment production and reaction mechanisms for Ni+Ca  systems at 25 AMeV  

E Geraci1, 2   

1University of Catania, Italy, 2Sezione di Catania, Italy 

Main features of fragments produced in 58Ni+40Ca and 58Ni+48Ca systems at 25 AMeV, collected by Chimera 

multidetector at INFN Laboratori Nazionali del Sud (Italy), are analysed in order to study properties of moderately 

excited systems (Ex=2-5 AMeV) formed in central collisions. Correlations between specific global variables, which 

are sensitive to the centrality of the collision, are studied in order to investigate the characteristics of the reaction 

mechanisms and their competitions. In particular, central collisions were selected by means of the flow angle and 

transverse energy correlations.   

The onset of Multifragmentation phenomenon is investigated and its competition with the formation of a compound 

system is evaluated. Benefitting from the very large acceptance, low energy thresholds and isotopic identifications 

of fragments with Z<9 of the Chimera apparatus [1], a stringent selection of Fusion-evaporation residues, 

Multifragmentation sources and their decay products has been performed. Relevant observables in central collisions 

[2], such as isospin asymmetry N/Z and kinetic energies, or charge and mass of fragments, are discussed in order 

to probe the fragmentation path, characterised by short living ( 100 fm/c)  low density states of nuclear matter out 

of equilibrium [3,4,5]. The influence of the isospin contents of the systems on the reaction mechanism is carefully 

investigated. Preliminary comparisons either in the frame of Stochastic Mean Field Approach [6] or in the 

constrained molecular model (CoMD-II) [7] are envisaged for cluster production emerging from the possible 

occurrence of low-density instabilities in central collisions. 

[1]  A. Pagano, Nucl. Phys. News 22, 25 (2012) and reference therein 

[2]  E. Geraci et al., NPA 732 173 (2004) 

[3]  E. De Filippo and A. Pagano, Eur. Phys. J. A 50, 32 (2014) 

[4]  R. Wada et al., PRC 85, 064618 (2012) 

[5]   M. D'Agostino et al., Nucl. Phys. A 861, 47 (2011) 

[6]  P. Napolitani, M. Colonna, Phys. Rev. C 96, 054609 (2017) 

[7]  Papa M. et al., Phys. Rev. C, 75  054616 (2007) 

P25 Influence of angular momentum induced shape transitions on level density and emission spectra 

M Aggarwal1, G Saxena2 

1University of Mumbai, India, 2Govt. Women Engineering College, India 

This Recent measurements of the evaporation spectra of particles emitted from the highly excited compound nuclear 

systems in a hot and rotating state have indicated [1-3] the influence of excitation energy, isospin and most 

importantly the angular momentum, collective and non-collective excitations on nuclear level density (NLD) and the 

emission spectra. The NLD parameter related to the density of the single particle levels near the Fermi surface is 

influenced by the shell structure and the shape of the nucleus which in turn are profoundly altered by the excitations 

[4-6]. Damping of the shell effects on NLD parameter with excitation energy and fadeout of collective enhancement 

of NLD with shape transition from deformed to spherical, measured recently [7-9], point towards the influence of 

shell structure on NLD that requires a comprehensive investigation within a microscopic framework which is the 

objective of this paper.  
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Fig 1: Variation of (a) r(Uth) vs. Uth and (b) Yield P vs. Enfor deformed system 112Ru with M(ħ) = 14, 16, 20, 26, 32. 

Impact of shape transition from 14 ħ to 16 ħ is evident. 

The significance of shape transitions on NLD is evident in the case of a well deformed nucleus112Ru in Fig. 1. NLD 

(r(Uth)) and the yield  (neutron emission probability (P)) ) decrease with increasing angular momentum in the 

absence of deformation and shape phase transitions but they increase or rather jump to a much higher value at M = 

16 ħ at which a shape transition  from prolate to oblate takes place. This is a direct evidence of enhancement of 

level density in a deformed system undergoing a structural transition. Our results on 119Sb and 185Re have shown 

reasonable agreement with experimental data [10]. More data is awaited for which the final results would be 

presented in upcoming work.  

[1] Y. K. Gupta et al., Phys. Rev. C 78, 054609 (2008) 

[2] K. Banerjee, et. al., Phys. Rev.C 85, 064310 (2012) 

[3] Balaram Dey et. al.,Phys. Rev.C 91, 044326 (2015) 

[4] Mamta Aggarwal, Phys. Lett. B 693, 489 (2010) 

[5] Mamta Aggarwal, Phys. Rev. C 90, 064322 (2014) 

[6] Mamta Aggarwal and S. Kailas Phys. Rev. C 81 04732 (2010) 

[7] P. C. Rout et. al., Phys. Rev. Lett. 110, 062501 (2013) 
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P26 Decay spectroscopy proton rich isotopes 176,177Tl 

M Alaqeel1,2, B Andel3, A Andreyev1, S Antalic3, H Badran4, A Briscoe1, T Calverley1,4, D Cox4, T Grahn4, P Greenlees4, 

L Harkness-Brennan1, J Hilton1,4, D Joss1, R Julin4, S Juutinen4, J Konki4, M Labiche5, M Lewis1, M Leino4, R Page1, J 

Pakarinen4, P Papadakis4, J Partanen4, P Rahkila4, M Sandzelius4, J Sarén4, C Scholey4, S Stolze4,  J Uusitalo4 

1University of Liverpool, UK, 2Imam Mohammad Ibn Saud Islamic University (IMISU), Saudi Arabia, 3Comenius 

University, Slovakia, 4University of Jyväskylä (JYFL), Finland, 5Sci-Tech Daresbury, United Kingdom 

Measurements of proton-decay properties provide an important source of spectroscopic information at the limits of 

known nuclei. The decay energies can be compared with proton separation energies predicted by mass models and 

in some cases atomic masses can be determined by linking decay chains to known masses, allowing direct 

comparisons with models to be made. The orbitals from which the protons are emitted can also be deduced from 

comparing partial proton-decay half-lives with predictions of theoretical models using the measured proton 

energies. Spherical proton emitters are important for testing models of proton emission and the most nearly 

spherical cases are expected to be the T  nuclei closest to N = 82 and the proton-emitting isotopes 176,177Tl that lie 

just 1 proton below Z = 82 shell closure and are the focus of this study. 

The 176,177Tl nuclei were produced in fusion-evaporation reactions induced by beam of 78Kr ions bombarding a 102Pd 
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target using two bombarding energies of 397MeV and 376MeV. The fusion products were separated in-flight using 

the evacuated mass recoil separator MARA and implanted into a double-sided silicon strip detector. A new alpha 

decay was observed for the first time from the ground and the isomeric states of 176Tl followed by decay of the alpha 

emitter 172Au. Correlated charged-particle included events assigned to proton emission from the ground state of 176Tl 

followed by decays of the alpha emitter 175Hg. Both ground and isomeric states of the proton emitter 177Tl were 

identified. The alpha-particle emission from the isomeric and ground state of this isotope and the following alpha 

decay of 173Au were observed. The resulting values were consistent with previous studies. 

P27 Quasi-free scattering off neutron-rich ions at relativistic beam energies at R3B 

T Almusidi 

University of York, United Kingdom 

Studying the structure of neutron-rich nuclei challenges and advances our understanding of the very basic concepts 

in nuclear physics. Questions such as how do the nucleon-nucleon correlations, and the nuclear shell structure 

evolve towards the neutron dripline are at the forefront of nuclear structure research. Hadron-induced quasi-free 

scattering (p,2p and p,pn) in inverse kinematics constitutes a very suitable method to probe the structure of some 

of the most exotic nuclei that can be produced today in radioactive-ion beam facilities. For example, recent results 

on spectroscopic factors along the oxygen isotopic chain have been reported recently in [1] from experiments 

carried out at R3B setup. In this presentation, we will discuss further experimental data from (p, 2p) reaction off 20O. 

We will also discuss the latest developments of the R3B setup and in particular we will concentrate on the 

characterization measurements of the R3B silicon tracker [2, 3], a novel UK-built instrument that aims to increase 

the sensitivity of hadron-induced quasi-free scattering at R3B setup in near future.  

[1]  Atar, L., S. Paschalis, C. Barbieri, C. A. Bertulani, P. Díaz Fernández, M. Holl, M. A. Najafi et al. "Quasifree 

(p, 2 p) Reactions on Oxygen Isotopes: Observation of Isospin Independence of the Reduced Single-

Particle Strength." Physical Review Letters 120, no. 5 (2018) 

[2]  Borri, M., R. Lemmon, J. Thornhill, R. Bate, M. Chartier, N. Clague, R-D. Herzberg et al. "Detector production 

for the R3B Si-tracker." Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment 836 (2016): 105-112  

[3]  Jones, L., S. Bell, Q. Morrissey, M. Prydderch, I. Church, I. Lazarus, M. Kogimtzis et al. "A 128-channel 

event driven readout ASIC for the R3B tracker." Journal of Instrumentation 11, no. 02 (2016): C02076 

P28 Bogoliubov many-body perturbation theory 

P Arthuis1, A Tichai2, T Duguet2 

1University of Surrey, United Kingdom, 2Université Paris, France,  

The last few decades in nuclear structure theory have seen a rapid expansion of ab initio theories, aiming at 

describing the properties of nuclei starting from the inter-nucleonic interaction. Limited for a long time to very light 

nuclei, they are now able to access nuclei with up to A ~ 100 particles. Such an expansion relied both on the 

tremendous growth of computing power and novel formal developments, with methods scaling polynomially with the 

number of particles. 

The recently proposed Bogoliubov Many-Body Perturbation Theory [1] makes use of a particle-number-breaking 

reference state to tackle singly open-shell nuclei and capture pairing correlations, while dynamical correlations are 

accounted for perturbatively through quasiparticle excitations truncated in a systematic way. While BMBPT is 

presently used as a stand-alone approach, it eventually provides the first step towards the implementation of the 

particle-number projected BMBPT (PNP-BMBPT) which exactly restores good particle number at any truncation 

order. 
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As the number of contributions to be considered grows very rapidly with the perturbative order, the development of 

the present diagrammatic formalism has been associated to the production of an open-source software [2] 

generating and evaluating contributions at arbitrary truncation orders, with implications possibly extending to 

quantum chemistry and condensed matter communities. 

Systematic ground-state energies along complete isotopic chains from oxygen up to tin have been computed using 

a standard chiral effective field theory Hamiltonian. Low-order BMBPT calculations performed on the basis of a soft 

interaction were found to agree at the 2% level with state-of-the-art non-perturbative many-body methods at a 

small fraction of the computational cost [3]. They establish BMBPT as a method of interest for large-scale 

computations of isotopic or isotonic chains in the mid-mass sector of the nuclear chart, be it for the systematic pre- 

or post-diction of nuclear properties or the test of newly developed Hamiltonians. 

[1] T. Duguet and A. Signoracci, J. Phys. G 44, 015103 (2017) 

[2]  P. Arthuis, T. Duguet, A. Tichai, R.-D. Lasseri and J.-P Ebran, Comput. Phys. Comm., 

in press (2018) 

[3]  A. Tichai, P. Arthuis, T. Duguet, H. Hergert, V. Somà and R. Roth, Phys. Lett. B 786, 

195-200 (2018) 

P29 Investigations of the bound and unbound 2+ states in 20C  

L Atkins1, S Paschalis1, M Petri1, J Gibelin2, M Marques2, N Orr2  

1University of York, UK, 2Université de Caen Normandie, France  

The carbon isotopic chain is accessible experimentally up to the neutron drip line and provides a unique opportunity 

to study the evolution of shell structure with isospin asymmetry. We study the bound and unbound 2+ states of 20C 

as produced following a knockout reaction from a 21N beam, where information on the proton amplitude of the 2+ 

state in 20C can be extracted [1, 2].  

The 21N beam was produced during the DayOne campaign at RIKEN in 2012. This beam undergoes a knockout 

reaction with a carbon target to form 20C, which is formed in either the ground state or one of the two 2+ states. If it 

is in the unbound 2+ state, it will immediately decay to 19C, releasing a neutron and gamma rays. If it is in the bound 

2+ state, it will de-excite emitting a gamma ray� �sing �����’s �{���{� setup  the excitation energy of the unbound 

states is determined using the invariant mass method� �easurements of the states’ cross sections are also 

extracted to determine the branching ratios to the two 2+ states. In this poster I will discuss the experiment, 

calibrations and early results of this investigation.  

[1] M. Petri et al., Phys. Rev. C 86, 044329 (2011)  

[2] A. O. Macchiavelli et al., Phys. Rev. C 90, 067305 (2014) 

P30 Exploring the triaxial deformation of 163Ta through plunger lifetime measurements 

L Barber1, D Cullen1, M Giles1, B Nara Singh2, D Joss3, M Lewis3, B Saygi4 

1The University of Manchester, UK, 2University of West Scotland, UK, 3University of Liverpool, UK, 4Ege University, 

Turkey 

The Recoil Distance Doppler-Shift (RDDS) technique [1] has become a well established method of measuring the 

lifetimes of excited nuclear states. This work presents two lifetime measurements that have been made in 163Ta 

using the RDDS method with the two-foil plunger DPUNS [2]. 

For even-even nuclei, several anomalous ratios of reduced transition probabilities, B(E2 : I → I − 2)/B(E2 : I − 2 → 

I − 4) = BI,I−2, have been measured in the A ≈ ��� mass region [3, 4]. For even-odd nuclei, such as 163Ta, there is 

the possibility for a rotational yrast band built on deformations with a non-zero nuclear spin projection along the 
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symmetry axis, K. This non-zero K  introduces a  -deformation dependence into the ratio of transition probabilities 

for two nuclear spins, allowing for any positive ratio of B� �−� to be consistent with some  -deformation in the even-

odd case. 

This work presents measurements of the lifetimes of yrast states 19/2- and 15/2- which have been used to 

calculate B(E2) values that are compared to theory. The triaxiality of this nuclide is quantified by extracting the (β, ) 

values of the deformation, giving information on the proton-neutron structure of 163Ta. Opportunities for future work 

with the recently commissioned Triple-foil Plunger for Exotic Nuclei (TPEN) [5] is also discussed. 

[1] A. Dewald, et al., Progress in Particle and Nuclear Physics 67 (2012) 786–839 

[2] M. J. Taylor, et al., Nuclear Instruments and Methods in Physics Research A 
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P31 Evolving shapes and shape coexistence in the neutron-deficient selenium isotopes studied by Coulomb 

excitation 

K Belvedere1, D Doherty1, M Zielinska2, L Gaffney3, M Komorowska4, K Wrozek-Lipska4, P Napiorkowski4, W Korten2, T 

Berry1, R Briselet2, P Butler10, G de Angelis13, H De Witte5, G Georgiev6, A Goasduff6, A Gorgen7, A Gottardo8, E 

Gregor11  � �adyńska-Kle  k1, H Hess9 M Klintefjord7, T Konstantinopoulos6, J Ljungvall6, R Lutter8, I Matea9, P 

Matuszczak4  � �’�eill10, W Pia tek1, P Reiter8, D Rosiak8, M Scheck11, M Seidlitz8, B Siebeck8, M Thurauf12, N Warr8, 

J Wilson9 

1University of Surrey, United Kingdom, 2CEA Saclay, France, 3CERN, 4Heavy-ion Laboratory, Poland, 5KU Leuven, 

Belgium, 6IN2P3-CNRS, France, 7University of Oslo, Norway, 8University of Cologne, Germany, 8University of Munich, 

Germany, 9IPN-Orsay, France, 10University of Liverpool, UK, 11University of the West of Scotland, UK, 12TU Darmstadt, 

Germany, 13INFN-Legnaro, Italy  

Nuclei in the mass region A ~ 70 close to the N = Z line are known to exhibit a variety of nuclear shapes, which may 

be attributed to large shell gaps at both prolate and oblate deformation. The nuclear shape is a very sensitive probe 

of the underlying nuclear structure and the effective interaction between the nucleons. Consequently, observables 

related to the nuclear shape, for example the electric quadrupole moment (QM) and the reduced electric 

quadrupole transition probability (B(E2)), are important benchmarks for testing nuclear structure theory. 

To date, Coulomb-excitation studies in this key mass region have mainly focused on the Kr isotopes, e.g. [1] where 

shape coexistence has been observed. However, in the neighbouring neutron-deficient Se isotopes the shape 

coexistence scenario is less well established and likely even more complex. By performing Coulomb excitation 

studies on Selenium isotopes 72,74Se, we seek to address this problem and, in doing so, benchmark a number of 

state-of-the-art theoretical calculations. 

Beams of the radioactive isotope 72Se were delivered by new the HIE-ISOLDE facility, CERN, where the newly 

increased beam energy means that it is now possible to probe states further from the nuclear ground state. The 

stable beam 74Se experiment was performed at the ALTO facility, IPN-Orsay, using the Hybrid MINORCA 

spectrometer [2] (consisting of both Miniball clusters and EUROGAM detectors). In this talk, preliminary results will 

be presented. 

[1]  E. Clement et al., Phys. Rev. C. 75, 054313 (2007) 

[2]  M. Komorowska et al., Acta. Physica. Polonica. B. 47, 3 (2016) 
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P32 Interplay between single particle and collective excitation in 49V  

A Bisoi1, Y Sapkota1, A Adhikari1, A Gupta1, A Das1, H Ghosh1, R Rahaman1, S Sarkar1, D Pramanik2, S Das3, S 

Sharma3, S Ray3, S Dar4, S Nandi4, S Bhattacharya4, T Bhattacharjee4, G Mukherjee4, S Bhattacharyya4, S 

Samanta5, S Das5, S Chatterjee5, R Raut5, S Ghugre5  

1Indian Institute of Engineering Science and Technology, India, 2Haldia Institute of Technology, India, 3Saha Institute 

of Nuclear Physics, India, 4Variable Energy Cyclotron Centre, India, 5UGC-DAE Consortium for Scientific Research, 

India 

The study of 1f7/2-shell nuclei has generated a renewed interest. Near the middle of the 1f7/2 shell, the number of 

valence particles/holes is large enough to lead to collective behaviour. The collectivity in the ground state, therefore 

increases towards the middle of the 1f7/2 shell and disappears rapidly while approaching the doubly magic nucleus 
56Ni, as nuclei evolve towards a spherical shape [1].49V has 9 nucleons (3 protons + 6 neutrons) in the 1f7/2 orbital. 

This nucleus was recently studied by D. Rodrigues et al. [2] through heavy ion induced reaction. In this work, they 

have established the yrast negative parity band up to the band terminating 27/2- state. But they have not 

measured the lifetimes. In the present work, we have studied the properties of this yrast negative parity band based 

on our measured level lifetimes.  

The 49V nucleus was populated through alpha induced reaction using INGA array (with 6 Clovers and 2 Leps) at 

VECC, Kolkata. The experiment was carried out with 48 MeV alpha beam on a self-supported natural Ti target (12.4 

mg/cm2). The target thickness was chosen in such a way that ~ 95% of the recoils were stopped in the target. The 

pulse processing and data acquisition system was that of UGC-DAE CSR, Kolkata Centre, and was based on the 

250 MHz 12-bit PIXIE 16 digitizers (XIA LLC) [3]. The raw data have been sorted using the sorting program IUCPIX 

[3] to generate symmetric and asymmetric matrices, which have been then analysed using INGASORT [4]. We have 

confirmed the yrast negative parity band in 49V based on coincidence relationships, relative intensities, DCO and 

polarization values. The lifetimes of yrast 15/2-, 19/2-, 23/2-, 25/2- and 27/2- levels have been measured using 

the code LINESHAPE [5]. The experimental spectra have been fitted simultaneously at three different angles 

(1250,900 and 400) to extract their lifetimes. Based on these lifetimes, B(E2) and B(M1) transition strengths have 

been calculated. These results show that the collectivity decreases with angular momentum and single particle type 

of excitations are developed at higher angular momenta. Large Basis Shell Model (LBSM) calculations using 

OXBASH [6] have been carried out with KB3 interaction [7] to understand the microscopic origin of these states. The 

quadrupole moments of these levels have also been calculated using LBSM calculations in order to study the 

change of nuclear shapes with changing angular momenta.  
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P33 Gamma ray and conversion electron decay spectroscopy of neutron-rich francium isotopes 

M Bowry1,2, L Gaffney1, A Garnsworthy2, J Smith2, J Henderson2, B Olaizola2, C Svensson3, C Andreoiu4, G Ball2, N 

Bernier2,5, S Bhattacharjee2, V Bildstein3, R Caballero-Folch2, A Diaz Varela3, I Dillmann2,6, M Dunlop3, R Dunlop3, F 

Garcia4, R Gudapati2, K Leach7, A MacLean3, A Matthews2, C Natzke7, C Pearson2, A Radich3, Y Saito2,5, F Sarazin7, J 

Smallcombe2, R Umashankar2 and T Zidar3 

1University of the West of Scotland, UK, 2TRIUMF, Canada, 3University of Guelph, Canada, 4Simon Fraser University, 

Canada, 5University of British Columbia, Canada, 6University of Victoria, Canada, 7Colorado School of Mines, USA 

Spectroscopy of nuclei near Z=90 and N=134 has previously revealed structures indicative of a reflection-

asymmetric or "pear" shaped deformation of the nucleus [1]. In even-even nuclei, the B(E3) transition strength 

measured following Coulomb excitation to the lowest-lying Jπ = 3- state provides a sensitive method to probe 

changes in octupole collectivity across an isotopic chain and provides quantitative information on the nuclear shape 

through the Q3 moment and β3 deformation parameter [2]. 

The exact nature of octupole collectivity (for example, net deformation versus transient or vibrational character) was 

shown to be correlated with angular momentum [3]. Concerning the B(E3) transition strengths to the yrast 3- states 

among the even-even neutron-rich radium isotopes, only 224, 226Ra are known experimentally [4, 5]. Theoretical 

predictions are not yet reconciled with experimental data, particularly with regards to the location of the expected 

maximum strength. However, most models show a reduction in strength beyond A=226, in general agreement with 

indirect probes such as the intrinsic nuclear electric dipole moment, (D0) derived in part from relative E1/E2 

transition strengths. Octupole collectivity in the odd-mass actinides is relevant to beyond-standard-model physics 

searches for the charge-parity (CP) (or time reversal, T) violating Schiff moment [4] which leads to an enhanced 

atomic electric dipole moment (EDM) in these nuclei.  

High-precision measurements of pertinent properties such as branching ratios will have significant impact upon the 

experimental analysis of the transition strength and investigations of the low-lying nuclear structure. Results will be 

presented of decay spectroscopy of radioactive 228, 230Fr beams delivered to the GRIFFIN spectrometer at the 

TRIUMF-ISAC facility. Gamma ray and conversion electron measurements were performed using a combination of 

HPGe and Si(Li) detector arrays. Collaborative efforts focused on the spectroscopy of actinide nuclei at TRIUMF and 

CERN-ISOLDE demonstrate a timely confluence of experiments aimed at examining the nature and onset of octupole 

collectivity in exotic nuclei.  
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P34 Discovery of the new nuclides 160Os and 156W 

A Briscoe1, M AlAqeel1,5, B Andel2, S Antalic2, H Badran3, U Forsberg3, T Grahn3, P Greenlees3, J Hilton1, D Joss1, R 

Julin3, M Leino3, M Lewis1, M Luoma3, P McKee4, O Neuvonen3, D O'Donnell4, J Ojala3, R Page1, J Pakarinen3, E 

Parr1, J Partanen3, P Rahkila3, P Ruotsalainen3, M Sandzelius3, J Saren3, S Szwec3, H Tann1, J Uusitalo3 

1University of Liverpool, UK, 2Comenius University in Bratislava, Slovakia, 3University of Jyvaskyla, Finland, 
4University of the West of Scotland, UK, 5Imam Mohammad Ibn Saud Islamic University, Saudi Arabia 

Alpha radioactivity is the principal decay mode of the most neutron deficient isotopes of even-Z elements from 

plutonium (Z=94) down to osmium (Z=76). Qα-values increase steadily with increasing neutron deficiency down to 

N=84 and consequently half-lives decrease rapidly. Beyond N=84 a sudden drop in Qα-values is observed as a 

result of the neutron shell closure at N=82. For this reason the previously unobserved nucleus 160Os84 is expected to 

be the lightest osmium isotope for which α emission is the dominant ground-state decay mode. Similarly the 

lightest known W isotope is 157W83, which predominantly beta decays while 158W84 is the lightest α-decaying isotope. 

The N=84 isotones are of particular interest because several of them have α-decaying spin-gap isomers; the yrast 

8+ states in the neighbouring even-even isotones 156Hf and 158W are at lower excitation energies than their respective 

6+ states and as a result they are isomeric [1, 2]. If this trend continued 160Os could also exhibit this behaviour. 

Apart from alpha decay, there is the possibility of a competing two-proton (2p) emission decay branch from the 

expected isomer, since the ground state of 160Os is predicted to be unbound with Q2p = 0.64 MeV [3]. Two-proton 

emission from the ground state is unlikely, but the feasibility of observing this decay mode from this isomer will 

depend upon the interplay between the gain in the Q2p value, and the hindrance arising from the larger spin change 

involved in the decay from this state. 

The experiment aimed at the synthesis and investigation of the new isotope 160Os was performed at the Accelerator 

Laboratory of the University of Jyvaskyla. Nuclei were produced by bombarding a 106Cd target with 58Ni ions, 

separated in flight using the newly commissioned MARA vacuum mode recoil-mass separator and implanted into a 

double-sided silicon strip detector (DSSD). An array of four HPGe clover detectors surrounding the DSSD was 

present, allowing for spectroscopy of the charged-particle and gamma-ray radiation of implanted nuclei. 

Latest results from the analysis of the decays of 160Os and the daughter of its alpha decay, 156W, will be presented. 

[1] R. D. Page, P. J. Woods, R. A. Cunningham, T. Davinson, N. J. Davis, A. N. James, K. Livingston, P. J. Sellin, 

and A. C. Shotter Phys. Rev. C 53, 660 (1996). 

[2] H. Mahmud et al, Phys. Rev. C 62, 057303 (2000). 

[3] P. Moller, J. R. Nix, K.-L. Kratz, At. Data and Nucl. Data Tables 66, 131 (1997) 

P35 Half-life measurements in 164Dy and 166Dy using the NuBALL Spectrometer 

R Canavan1,2, M Rudigier1, P Regan1,2, P Söderström3,4, M Lebois5,6, J Wilson5,6, N Jovancevic5,6, S Bottoni7, 

MBrunet1, N Cieplicka-�ryńczak8, S Collins2, S Courtin9, D Doherty1   � �adyńska-�lęk1, M Heine9  Ł �skra8,  V 

Karayonchev10, A Kennington1, P Koseoglou3,4, G Lotay1, G Lorusso1,2, M Nakhostin1  } �ită11, S Oberstedt12, Z 

Podolyak1, L Qi5,6, J-M Régis10, R Shearman1,2, P Walker1 and W Witt3,4 

1University of Surrey, UK, 2National Physical Laboratory, UK, 3Technische Universität Darmstadt, Germany, 4GSI 

Helmholtzzentrum für Schwerionenforschung GmbH, Germany, 5IPN Orsay, France, 6Université Paris-Saclay, France, 
7Università degli Studi di Milano and INFN sez. Milano, Italy, 8Institute of Nuclear Physics, Poland, 9Universite de 

Strasbourg, France, 10Institut für Kernphysik der Universität zu Köln, Germany, 11Horia Hulubei National Institute of 

Physics and Nuclear Engineering (IFIN-HH), Romania, 12European Commission, Belgium 

The analysis is presented from the first in-beam experiment using the NuBALL hybrid HPGe-LaBr3 coincident 

gamma-ray spectrometer at IPN, Orsay, which was performed in November 2017 to investigate the low-lying state 

transitions rates in the N=100 nucleus 166Dy. In the configuration used during the experiment, the NuBALL 
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spectrometer comprised 24 Compton suppressed four-element HPGe Clover detectors, 10 coaxial HPGe Compton 

suppressed spectrometers, and 20 single-element LaBr3 detectors supplied by the FATIMA collaboration. These 

detectors were read out using a fully-digital data acquisition system. Excited states in 166Dy were populated via the 
164Dy(18O,16O)166Dy two-neutron transfer reaction using a pulsed 18O beam with energies of 71, 76 and 80 MeV 

provided by the tandem van de Graaff accelerator at IPN Orsay. The aim of this work was to determine excited state 

lifetimes in the vicinity of the valence maximum nucleus 170Dy104 [1], using the HPGe-gated, LaBr3-LaBr3 fast-timing 

time difference technique. The states identified as populated in 166Dy will be compared with results of previous 

spectroscopic studies of this quadrupole deformed nucleus, using deep-inelastic reactions to populate high-spin 

cascades [2,3], and  (t,p) transfer reactions on 164Dy [4] and β-decay from 166Tb [5] which are more selective for 

lower-spin states. A value for the previously unknown half-life of the first excited 2+ state in 166Dy is presented. 

Values for the half-lives of the first excited 2+ and 4+ states in 164Dy are also presented, obtained using direct 

gamma-gamma time differences for the first time [6]. Methods of channel selection used to enhance the peak-to-

total ratio for the 166Dy and discriminate these from the 178W populated via the competing fusion-evaporation 

channel [7,8] will be demonstrated. In particular, the effects of total energy-total gamma multiplicity and prompt-

delayed coincidence timing will be discussed. 
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P36 A quest for the two-photon gamma-decay physics-case and a commissioning test for ELIGANT 

L Capponi1, P Söderström1  � {çıksöz1, D Balabanski1, L Guardo1, D Lattuada1, A Pappalardo1, N Pietralla2, N 

Tsoneva1 

1IFIN-HH, Romania, 2Technische Universität Darmstadt, Germany 

The gamma-beam system at ELI-NP will be an exceptionally versatile tool to probe nuclear-structure properties, 

investigate nuclear-reaction cross-sections, and perform many nuclear-physics related experiments. One of the 

experimental campaign with the ELI-NP gamma beam will be pursued by the ELI Gamma Above the Neutron 

Threshold (ELIGANT) group . In order to perform an endurance test for the detectors, the data acquisition software, 

and the ancillary components  ����{�� started a long running test using eleven large (�’ x �’) }e|r3 scintillator 

detectors. The test started in the first week of October 2018 and it is now under data analysis. 

The idea behind this three-months long measurement is also to investigate a tricky physics case. On two papers 

from 1929 and 1931, Maria Goppert-Mayer discussed theoretically the existence of a fundamental second-order 

process in quantum electrodynamics [1,2], the two-photon emission. The excitation and decay of a quantum state 

E0, in addition to the normal channel involving a single photon, can go through a double gamma emission, with the 

condition that the energies of the two emitted gamma-rays E1 and E2 sum up to the total energy: E1 + E2 = E0. This 

process is well known and exploited in atomic physics, and is the analogous to the second-order process for the 

electroweak interaction, producing the rare double-β decay. 

However, in nuclear physics the observation of the double-γ decay process has proven to be more challenging, with 

the decay observed only in special cases, like in 16O or 40Ca, where the decay is normally through electron 

conversion [3,4]. The time response and sensitivity of modern detectors has reached the possibility to observe this 

rare process also in other cases, as proven by the TU Darmstadt group in their 2016 Nature paper [5], which is the 

only observation at the moment of a double-photon γ-decay competing with a single-photon γ-decay. 
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Fig 1: The setup for the ELIGANT experiment. The 11 detectors are shielded by lead bricks from the floor. Additional 

shielding is needed to avoid the cross talk between detectors. 

The nucleus under ELIGANT investigation is 137Ba, the same nucleus measured by the Darmstadt group. 137Cs 

decays by β emission to a metastable state of 137Ba, decaying by single- γ emission via a 662- keV photon. A 

picture of the ELIGANT setup is shown in Illustration 1. The objective of the experiment is to observe the competing 

emission of two simultaneous γ rays having the sum of their energies equal to 662 keV. The aim of this work is to 

confirm or reject the recent report of this decay mode published in Nature [5]. 

Furthermore, using eleven detectors instead of the five detectors used by the TU Darmstadt group, we expect to get 

much more detailed information of the angular distributions of the two correlated γ rays, which will give access to 

decay observables such as the quadrupole-quadrupole (qq2) and the octupole-dipole (od2) nuclear polarisation 

functions. Results from the ELIGANT campaign will be shown. 
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P37 Lifetime of excited states in 228Th following β-decay and systematics of its octupole deformation 

M Chishti1, D O'Donnell1, G Battaglia2, P Spagnoletti1, M Scheck1, J Smith1 

1University of the West of Scotland, United Kingdom, 2University of Strathclyde, United Kingdom 

Lifetimes of excited states in 228Th have been measured by  -  fast timing technique using LaBr3(Ce) detectors. 

Using the fast-timing setup at UWS and the mirror symmetric centroid shift method [1], lifetimes of low-lying 2+  4+, 

6+ and 1¯ & 3¯ states have been measured. The quantities B(E1) and B(E2) are calculated in order to compare with 

predictions from state-of-the-art models. Some of these models predict large octupole collectivity which has been 

confirmed in previous experiments which have been performed in A = 224 & A=226 nuclei [2] in the vicinity of 
228Th. The research is also aimed at determining the electric octupole E3 transition strength in order to directly 

measure the octupole collectivity in 228Th. 

[1] J.M. Regis et al. (2016) Nuclear Instruments and Methods in Physics Research 

A 823 7282 
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P38 Structures at the neutron drip-line: probing the halo nature of 19B using Coulomb breakup 

K Cook1, T Nakamura1, Y Kondo1, R Tanaka1, R Minikata1, S Ogoshi1, N Orr2, N Achouri2, T Aumann3,4, H Baba5, F 

Delaunay2, P Doornenbal5, N Fukuda5, J Gibelin2, J Hwang6, N Inabe5, T Isobe5, D Kameda5, D Kanno1, S Kim6, N 

Kobayashi1, T Kobayashi7, T Kubo5, S Leblond2, J Lee5, F Marqués2, T Motobayashi5, D Murai8, T Murakami9, K 

Muto7, T Nakashima1, N Nakatsuka9, A Navin10, S Nishi1, H Hotsu5, H Sato5, Y Satou6, Y Shimizu5, H Suzuki5, K 

Takahashi7, H Takeda5, S Takeuchi5, Y Tonago4,1, A Tuff11, M Vandebrouck12, K Yoneda5 

1Tokyo Institute of Technology, Japan, 2Université de Caen, France, 3Technische Universität Darmstadt, Germany, 
4GSI Helmholtzzentrum für Schwerionenforschung GmbH, Germany 5RIKEN Nishina Center, Japan, 6Seoul National 

University, Republic of Korea, 7Tohoku University, Japan, 8Rikkyo University, Japan, 9Kyoto University, Japan, 
10Grand Accélérateur National d'Ions Lourds (GANIL), France, 11University of York, United Kingdom, 12Université 

Paris-Sud, France 

Little is known about the heaviest bound isotope of boron, 19B, besides its mass [1] and that it has a large reaction 

cross-section, indicating that it has a halo character [2]. The nature of the neutron halo in 19B has not yet been 

explored in detail. 19B is a candidate for a core+4n halo structure, and therefore it may provide useful information 

for understanding the multineutron halos expected in heavier neutron rich nuclei. 

A useful probe of the nature of neutron halos of exotic nuclei is found in exclusive measurements of their Coulomb 

breakup [3,4,5]. These measurements enable the measurement of the E1 strength B(E1). An enhanced B(E1) at 

low excitation energies, called a soft E1 excitation, is characteristic to halo nuclei. The soft E1 excitation is sensitive 

to the halo properties such as separation energy, angular momentum, spectroscopic factor and dineutron 

correlations. 

Kinematically complete measurements of the breakup of 19B were performed of the breakup of 19B at 220 MeV/u on 

C and Pb targets using the SAMURAI spectrometer [6] at the RIKEN Radioactive Isotope Beam Factory (RIBF). 

Coincidence measurements were performed between neutrons and charged fragments using the large acceptance 

neutron detector array NEBULA and a 16-element plastic hodoscope to detect charged fragments. In addition to 

exclusive breakup cross-sections, measurements of the reaction cross-sections and multineutron removal cross 

sections can also be extracted. Our results confirm the halo nature of 19B. Here, we report the progress of this 

analysis. 
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P39 Precision fast-timing measurements in neutron-deficient Po isotopes at IFIN-HH  

C Costache1,2, S Pascu1  � �ărginean1, D Bucurescu1  � }ăta-Danil1, D Filipescu1, N Florea1, I Gheorghe1,3  ~ �hiță1, 

T Glodariu1, A Ionescu1,3  � �ică1,2  � �ărginean1, C Mihai1, R Mihai1,2, A Mitu1,2, I Mitu1  { �egreț1  } �iță1  { �lăcel1, 

A Oprea1, P Petkov1, T Sava1, C Sotty1, L Stan1,2, L Stroe1  { Șerban1,3  � Șuvăilă1, S Toma1,2  { �urturică1,2, N Zamfir1  

1Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering, Romania, 2University Politehnica of 

Bucharest, Romania, 3University of Bucharest, Romania  

We report lifetime measurements for the low-lying yrast states in the 202,204,206Po nuclei as part of an effort to 

evaluate the validity of the seniority scheme around the {≈��� mass region of �o nuclei� �o isotopes have two 

valence protons in h9/2 orbital outside of a magical Z=82 Pb core which makes them ideal candidates for the 

seniority regime.  
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The series of three experiments were performed at Horia Hulubei National Institute for R&D in Physics and Nuclear 

Engineering (IFIN-HH), near Bucharest, Romania. The gamma rays were detected using the ROSPHERE detector 

array [�]  a symmetric �π γ-ray spectrometer used in a mixed configuration of 14 HPGe and 11 LaBr3 detectors for 

fast-timing measurements.  

The 202,204Po were produced through the 194Pt(12C,4n)202Po and 196Pt(12C,4n)204Po fusion-evaporation reactions and 

the lifetimes were extracted using the in-beam Fast Electronic Scintillation Timing (FEST) method [2]. The 206Po was 

measured from the beta decay of 206At, which was produced through a fusion-evaporation reaction using a 13C beam 

on a 197Au target. This provided clean spectra which simplified the extraction of the lifetimes.  

From the measured lifetimes we calculate the B(E2) values, which are providing important experimental input 

needed for theoretical models and can be used to test the current predictions. Our results indicate that the simple 

picture of the seniority scheme is not entirely valid and that more sophisticated theoretical models have to be 

considered when judging the structure of this region.  

[1]  D. Bucurescu et al., Nucl. Instrum. Methods Phys. Res. A 837, 1-10 (2016)  
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P40 Neutron Occupancies of Neutrinoless Double-Beta Decay Candidate Nuclei 

B Cropper1, D Sharp1, S. Freeman1, P Davies1, R Hertenberger2,3, T Faestermann2,4, P MacGregor1, H Wirth2,3 

1University of Manchester, U.K., 2Maier-Leibnitz Laboratorium, Germany, 3Ludwig-Maximilians-Universitat Munchen, 

Germany, 4Technische Universitat Munchen, Germany 

If neutrinoless double-beta (0ν2β) decay is observed then it would be possible to deduce the effective mass of the 

electron neutrino from the 0ν2β decay rate. However, extracting the mass in this way depends on the matrix 

element of the transition, which is unique to 0ν2β decay, and this must be calculated using some theoretical 

framework. Measuring single-particle occupancies of 0ν2β decay candidates has been shown to reduce the 

differences between different nuclear matrix element (NME) calculations in 76Ge and 76Se [1] when the models are 

constrained to reproduce these occupancies. This talk presents similar measurements that have been made for 
116Cd, another 0ν2β decay candidate. (d,p) and (p,d) reactions have been performed at the Maier-Leibnitz 

Laboratorium in Munich on 116Cd using a Q3D spectrometer. From these measurements, the cross sections for 

states up to ~4 MeV in excitation energy were extracted. A DWBA analysis was done to find the spectroscopic 

strengths for each state, and these were summed according to the MacFarlane and French sum rules to infer the 

occupancies of each N = 50-82 shell model orbit. These occupancies can then be compared to calculations using 

the same frameworks used to calculate the NME in order to test their robustness. 

This work is supported by the UK Science and Technology Facilities Council (STFC). 
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P41 Signals of a new symmetry in atomic nuclei 

J Cseh 

Institute for Nuclear Research, Hungary 

The fundamental models of nuclear structure are based on different physical pictures, like: shell-configuration, 

microscopic liquid drop, and clusterization. Their relation was realized in 1958/59 via the SU(3) connection of the 

their bases [1,2,3], for a single major shell problem. 

In the meantime SU(3)-based models have been developed also for the multi-shell problems. From the shell-model 

side they are the symplectic model [4,5], its no-core extension [6], and a reduced version, the no-core quartet 

model [7] (which contains only the Wigner-scalar U(4) sector). The multi-major shell collective model is the 
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contracted symplectic model [8,9], while from the cluster side the semimicroscopic algebraic cluster model [10,11] 

has some similar features (fully algebraic description combined with a microscopic model space).  

The common intersection of these models for a multi major shell problem is an                                 Us(3) x Ux(3) > 

U(3) > O(3) dynamical symmetry [12], where s refers to (valence) shell, or internal cluster structure, and x stands 

for (major shell) excitation. This symmetry turns out to be identical with the multi-configurational (or multi-channel) 

dynamical symmetry, which connects different cluster configurations [13,14] (as can be seen by considering the 

shell or quartet state as a 1-cluster configuration). Therefore, the symmetry is able to describe the detailed spectra 

of different configurations in different energy-windows in a unified way [15]. As a consequence it has a remarkable 

predictive power, and in some cases the experimental findings seem to justify it [16,17]. 
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P42 SRC based model for the nuclear structure 

R Dalal 

Guru Jambheshwar University of Science and Technology, India 

A new approach for the nuclear structure is proposed which is based upon the experimental observations of Short-

Ranged Correlation (SRC) of nucleons. The existence of SRCs inside nuclei has been verified by many experiments 

[1-3] and is considered to be underlying reason behind the EMC effect [4]. Using few assumptions, a SRC based 

nuclear structure model is proposed. The model is shown to be equivalent to the liquid drop model for the 

consideration of the nuclear binding energy. Equivalence of the present approach to the cluster model for the 

specific applications is also highlighted. Further, this model provides new insights for the symmetric/asymmetric 

nature of spontaneous fission mass distributions of various nuclei and it provides an alternative explanation to the 

phenomena of Giant Resonances. 

[1] E. Piasetzky et al., PRL 97, 162504,2006 

[2] R. Subedi et al., Science 320, 1476–1478, 2008 

[3] C. C. d. Atti, Physics Report 590, 1-85, 2015 

[4] European Muon Collab. (J. Aubert et al.), Phys. Lett. B 123, 275, 1983 

 

 

121



 

P43 Lifetime measurement and decay spectroscopy of 117,118Sn  

S Das1, A Adhikari2, S Alam1 S Sharma1, A Gupta2, Y Sapkota2, A Das2, A Saha1, D Pramanik3, D Banerjee1, T 

Bhattacharjee1, A Bisoi2, S Sarkar2, M Saha Sarkar1  

1HBNI, India, 2Indian Institute of Engineering Science and Technology, India, 3Haldia Institute of Technology, India  

For Sn isotopes with N>64,  1h11/2 orbit starts playing an important role (Fig.1a). The intruder nature of this orbit 

has been one of the reasons for observing very low-lying 11/21
- isomers for odd Sn isotopes. For even Sn isotopes 

(A=114-120), negative parity low-lying isomers (5- and 7-) arising from  1h11/2 coupled with  2d3/2 or  3s1/2 are 

also interesting. Even with addition of protons (2 holes: Cd or 2 particles: Te), similar isomers are reported. Most of 

the experimental studies of the low spin states of these nuclei have been done at least two decades ago [1].  

In this present work [2], with the improved experimental tool, low-lying levels and isomers in 117,118Sn have been 

studied from decay spectroscopy. To populate the excited states of 117,118Sn, a natural Indium foil was bombarded 

by 32 MeV alpha beam produced from K=130 cyclotron, VECC, Kolkata. For   singles and  −  coincidence, LIST 

mode data have been acquired using a setup of two Clovers and one LEPS detector along with VME based data 

acquisition system. In order to follow the half-lives of different excited levels, both analog and digital systems (using 

CAEN DT5780 digitizer) data have been analyzed. The re-determination of half-life (0.279 (9) ns) of 3/2+1 state of 
117Sn is one of the challenging tasks (Fig 1b). The difference between the feeding and decaying transition of 158 

keV state is only 2 keV and one of them is highly converted. The commonly used fast timing detectors are unable to 

resolve these two energies. Both sides of the time difference spectrum thus contain timing information. Earlier 

measurements of this half-life deviate around 12-30% from adopted one [2]. The measurements of the half-life 

have been done with two fast timing setups, viz., a) set up of LaBr3(Ce) and BaF2 scintillator and b) the VENTURE 

array [3] consisting of six CeBr3 detectors to determine a more precise value.  

On the theoretical front, for N> 64 untruncated full-space shell model calculations [4] involve large dimensionalities 

and therefore are difficult. However, the isomers discussed above are usually of pure multiplet configuration, which 

may be one of the reasons behind the isomerism. The effect of truncation in the theoretical results for the isomers 

has been studied in detail. 

 

Fig 1: (a) Variation of half-lives of 5- ,7- isomers of even isotope of Sn and of 11/2-
1 in odd-A isotopes of Cd, Sn and 

Te. (b) Two-dimensional compressed plot of Time diff (1 Channel=12 ps) vs Energy (1 channel0.5 keV) with 158 

keV gate in any one detector. 
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P44 Nuclear Structure properties significant to neutrino-less double beta decay of 124Sn  

V Datar4,A Shrivastava1,2, K Mahata1,2, I Stefan3, M Assie3, P Adsley3, D Beaumel3, A Georgiadou3, J Guillot3, F 

Hammache3, Y Kim5, A Meyer3, V Nanal4, V Parkar1 and N de Sereville3  

1Bhabha Atomic Research Centre, India, 2Homi Bhabha National Institute, India, 3IN2P3-CNRS, France, 4Tata 

Institute of Fundamental Research, India, 5GANIL, France  

Neutrinoless double beta decay (NDBD) is expected to give the first direct measure of the effective neutrino mass. 

The uncertainty in the latter will be dominated by that in the relevant nuclear matrix element (NME) [1]. Of the 

various observables that could be used to constrain the NME, the occupancy and vacancy of ground state wave-

functions of the parent and daughter nuclei involved in NDBD, are important ingredients [1, 2]. Single-nucleon 

transfer reaction cross-sections can be used for this purpose, making use of the Macfarlane and French sum rules 

[3]. The method consists of requiring a normalization such that, for a given orbit characterized by total angular 

momentum j, the sum of the measured occupancy and vacancy on the same target add up to the degeneracy of the 

orbit 2j+1. Such measurements allowed for a description of the energy and vacancy of the valence orbitals of 76Ge 

and 76Se, where 76Ge is the NDBD candidate [4]. The present work is aimed at studying neutron pickup and 

stripping transfer cross-sections on the NDBD candidate 124Sn and its daughter 124Te. It may be mentioned that R&D 

towards making a cryogenic bolometer of tin is ongoing at TIFR for eventual deployment at the upcoming 

underground India based Neutrino Observatory (INO).  

Measurements of transfer cross-sections for reactions (d,p), (p,d), (4He,3He) (3He,4He) on enriched 124Sn and 124Te 

targets were performed at Split �ole facility at ��� �rsay  �rance� �he target materials of ~���μg/cm� were 

deposited on ��μg/cm� }�~ }arbon backing� �he beam energies were chosen to be a few �e� above the }oulomb 

barrier where angular distributions are distinctly forward peaked. The (d,p) and (p,d) reactions were carried out at 

15 MeV and 22 MeV, respectively, to ensure that the incident deuterons were approximately of the same energy as 

the outgoing energy of deuterons. This allows for a similar optical-model parameterization to be used in the DWBA 

for both the channels, thus minimizing systematic uncertainty. With the same consideration the beam energies for 

the (4He, 3He) and (3He, 4He) reactions were selected to be 40 MeV and 30 MeV respectively. For the (4He, 3He) and 

(3He, 4He) reactions, the focus was on the ℓ = 5 and ℓ = 4. The spectrometer was kept at angles 7° and 16° for 

(d,p) reaction, 7° and 13° for (p,d) and (4He, 3He) reactions, and 7° and 20  for (3He, 4He) reaction. In order to 

estimate the absolute cross-section measurements of the elastic scattering in the Coulomb regime for each target 

were made using a 20-MeV 4He beam. The transfer angular distributions were analysed using the code FRESCO [5]. 

The relevant active orbitals are 0g7/2, 1d, 2s1/2, and the unique parity 0h11/2. These states can be populated 

through ℓ = 4, 2, 0, and 5 transfer, respectively. The extracted vacancy and occupation probabilities of orbitals 

populated in the transfer reactions on 124Sn and 124Te will be presented.  
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P45 81Ga spectroscopy: probing 78Ni neutron-core excitations 
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This presentation reports on partial results of experiment E680 performed at GANIL during the first AGATA campaign. 

High-spin states of the N=50, neutron-rich nucleus 81Ga were populated for the first time using the 238U+9Be transfer 

and fusion induced fission reaction mechanism in inverse kinematics. The gamma-ray spectroscopy of fission 

fragments isotopically separated was performed using the combination of the upgraded Variable Mode 

Spectrometer (VAMOS++) and the Advanced Gamma Tracking Array (AGATA).  

The new gamma rays observed in coincidence with 81Ga recoils, and the deduced level scheme do not confirm the 

results published previously. The newly established 81Ga high-spin states are interpreted based on the very good 

agreement with the results of state of the art Large Scale Shell Model (LSSM) calculations which reproduce very well 

the structure of nuclei in this mass region.  

The lower excitation energy levels are understood as resulting from the recoupling of three valence protons to the 

closed doubly magic core, while the highest excitation energy levels correspond to excitations of the magic N = 50 

neutron core. These results support the doubly magic character of 78Ni and the persistence of the N = 50 shell 

closure but also highlight the presence of strong proton-neutron correlations associated with the promotion of 

neutrons across the magic N = 50 shell gap, only few nucleons away from 78Ni. 

P46 Nuclear incompressibility from spherical and deformed nuclei 

D Gambacurta3, G Colò1,2, A Pastore4 

1Università degli Studi di Milano, Italy, 2INFN, Italy, 3Horia Hulubei National Institute for Physics and Nuclear 

Engineering, Romania, 4University of York, UK 

The problem of determining the value of the nuclear matter incompressibility K is a longstanding one. Deducing 

this value from the compression modes of finite nuclei, like the isoscalar monopole or isoscalar dipole resonances, 

is not straightforward [1]. Whereas some consensus has been reached that from magic nuclei one extracts K  240 

MeV, there are measurements in open-shell nuclei that may point to lower values of the nuclear matter 

incompressibility.  

In addition, deformed nuclei are becoming object of increasing interest. In axially deformed nuclei, the K=0 

components of the monopole and quadrupole resonances are coupled. This fact is likely to affect the extraction of 

the nuclear incompressibility, and we will focus on the following question: how does the monopole-quadrupole 

coupling affect the extraction of K from the monopole measurements in deformed nuclei? Is the incompressibility 

affected by deformation? 

Theoretical arguments and results from quasi-particle Random Phase Approximation (QRPA) will be presented and 

critically discussed. 

[1]  U. Garg, G. Colò, Prog. Part. Nucl. Phys. 101, 55 (2018) 
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P47 �eaching university physics to students from different school systems¡ {ustralia’s state-based education 

P Fraser, L Sidhu, Z Jovanoski, W D Hutchison and J Arnold 

UNSW Canberra, Australia 

In Australia, secondary education is administered at a state level. Previously there has been no national curriculum, 

and while this is currently being implemented across the country  variations exist in students’ physics knowledge 

and mathematical skills based on the geographical location in which they completed their secondary education. The 

Australian Defence Force Academy is a useful laboratory for examining these differences, as it draws a student 

cohort from each jurisdiction, whereas within home states the university systems may accommodate their local 

school system. This impacts upon delivery of undergraduate material, as students have widely differing 

competencies upon which to build.   

 

Fig 1: ATAR compared with 1st year, 1st semester engineering physics 

Standard skills tests are administered to each new cohort to measure both physics and mathematics skills, and the 

results are compared to the students’ {ustralian �ertiary �ntrance �ank ({�{�)  the metric used in university 

placement. Additionally, ATAR is compared with marks for first year undergraduate physics subjects. Results show a 

strong correlation for most states, with two exceptions; both use school-based testing rather than state-wide 

standardized testing, and in one case data is insufficient due to small population size. Figure 1 shows results for the 

three most populous states for the years 2007 to 2014. Updated results will be presented. 

While the sample set being drawn exclusively from individuals pursuing career paths in the military may represent a 

sampling bias, the cohort is still useful in comparing a snapshot of the different school systems in a given year, and 

will allow changes to be tracked over a longer period.  
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P48 Photocouplings of hidden-charm pentaquarks  

R Bijker, E Ortiz Pacheco 

ICN-UNAM, Mexico  

We analyze the photocouplings of hidden-charm pentaquark configurations [1] in the framework of the deformed 

quark model in which we distinguish between the masses of the light quarks (u, d, s) and the heavy quarks (c). The 

photocouplings are relevant to photoproduction experiments at JLab to try to excite hidden-charm pentaquarks with 

an electromagnetic probe.  

[1]  E. Ortiz-Pacheco, R. Bijker and C. Fernández-Ramírez, J. Phys. G, in press (2019) 

P49 Beam Asymmetries from light scalar meson photoproduction on the proton at GlueX 

S Fegan 

The George Washington University, USA 

The GlueX facility, featuring a linearly polarised 9 GeV real photon beam delivered to a large-acceptance detector 

system, has recently completed its first phase of running, and analysis efforts of this dataset are well underway. It 

has been suggested that at GlueX energies, quark systems beyond the three quark and quark-antiquark systems of 

baryons and mesons, such as hybrid mesons, tetraquarks and glueballs, should exist, and studies of these systems 

could shed new light on how quarks combine under the strong force, particularly the role played by gluons. 

Meticulous study of the spectrum of hadronic states is required to understand the strong force in the non-

perturbative energy regime, and the light scalar meson sector is an area that remains poorly understood. GlueX data 

encompasses final states at energies where photoproduction of the a0(980) and f0(980) mesons can provide 

discriminatory evidence between various models, manifested in experimental observables such as the cross section 

and beam asymmetry, and performing detailed measurements of these quantities is considered a priority of the 

ongoing research program. 

The work presented showcases efforts to measure the beam asymmetry of the a0(980) meson from its decay to eta 

pi, with particular focus on separating the asymmetry signal of the meson of interest from other mesons with the 

same decay mode, such as a2(1320), whose signal in eta pi invariant mass overlaps that of the a0(980). Future 

prospects for related analyses in the light scalar meson sector, informed by this measurement, will also be 

discussed. 

P50 Simulation of a Neutron Source at the KFSH-RC CS-30 Cyclotron 

S Alsaidan1*, H Akhdar2, F Alrumayan3, K Kezzar1 

1King Saud University, Saudi Arabia,2Imam Muhammad Ibn Saud Islamic University, Saudi Arabia, and 3King 

Faisal Specialist Hospital & Research Center, Saudi Arabia 

The aim of this work is to optimize the parameters of the neutron source of the CS-30 cyclotron at King Faisal 

Specialist Hospital & Research Center (KFSH&RC). The CS-30 cyclotron is a positive ion machine capable of 

accelerating protons with internal and extracted beam current up to 200µA and 60µA, respectively. Geant4 

simulation package based on Monte Carlo methods with FTFP BERT module physics list was used to study, and 

compare the energy spectra and angular distributions of the neutrons resulting from a 26.5 MeV proton beam 

on a 0.5 cm thick Beryllium-9 and Lithium- 7 targets with Copper-63 back stop. For fast-neutron detection, 

NE-213 liquid organic scintillator produced by Nuclear Enterprise is used due to their the ability to use pulse-

shape discrimination (PSD) to distinguish between neutron and γ-ray interactions. 

[1]   Agostinelli, Sea, et al. ”��{���-a simulation toolkit�” Nuclear instruments and methods in physics 
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research section A: Accelerators, Spectrometers, Detectors and Associated Equipment 506.3 (2003): 250-

303 

[2]   Badhrees, I., F. Alrumayan, and F. Mahube. ”�he Perspectives of the Boron Neutron Capture 

Therapy- Clinical Applications Research and Development in Saudi {rabia�” Physics Procedia 66 (2015): 

59-67 

[3] Hamm, Robert Wray, and Marianne Elizabeth Hamm, eds. Industrial accelerators and their 

applications.World Scientific, 2012 

[4] Bayanov, B., V. Belov, and S. Taskaev. ”�eutron producing target for accelerator based neutron 

capture therapy�” Journal of Physics: Conference Series. Vol. 41. No. 1. IOP Publishing, 2006 

[5]   Zuo, Yubin, et al. ”�eutron yields of thick Be target bombarded with low energy deuterons�” Physics 

Procedia 60 (2014): 220-227 

P51 Position reconstruction of Ƴ-ray interactions in monolithic scintillators 

F Alsomali, S Paschalis, J Brown, P Joshi, D Jenkins 

University of York, UK  

In this paper, we report on the position sensitivity of a 76.2mm long CsI:Tl crystal with a square cross section of 6 

mm, coupled to two SiPMs at each end and wrapped with different materials, such as PTFE, high reflective 3M and 

black tape. The position and energy resolution were investigated for the different wrapping materials.The spatial 

resolution measurements were carried out using a computer motorised scanning table built in house at the 

University of York. The gamma ray source was a collimated 1mm 137Cs mounted on the top of the scanning table. 

Position resolution measurements were carried out for 15 different positions along the crystal. The best resolution 

obtained in this work corresponds to 7mm FWHM. The detector system was also simulated using GEANT4 and the 

results were compared to experimental values� �he scintillator’s surface treatment was also explored and its effect 

on improving the gamma ray interaction position reconstruction. 

P52 Developments at AWE in support of the Comprehensive Nuclear-Test-Ban Treaty - Ultra sensitive measurements 

of airborne nuclear debris 

R Britton, A Davies 

Atomic Weapons Establishment, UK 

The Comprehensive Nuclear Test-Ban Treaty (CTBTO) International Monitoring System (IMS) provides a network of 

120 Radionuclide detection systems, strategically positioned around the globe with the aim of detecting 

radionuclide emissions from nuclear explosions.   

Scientists at the UK Atomic Weapons Establishment routinely monitor this network for the UK government, assessing 

events, reviewing data, and re-measuring IMS samples from around the world. The laboratory also undertakes 

substantial research, with the aim of increasing the overall sensitivity of the monitoring regime.  

P53 Development of a 3D position sensitive monolithic scintillation detector 

J Brown, S Paschalis, F Alsomali, P Joshi, D Jenkins 

University of York, UK 

Position sensitive gamma-ray scintillation detectors are of interest for a variety of applications such as nuclear 

security and safety, medical imaging, as well as for fundamental physics experiments. Position sensitivity is often 

achieved using segmented scintillator crystals coupled to an array of photosensors. The position resolution of such 
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systems is limited by the granularity of the scintillator elements and its position sensitivity is typically limited to two 

dimensions. An alternative approach uses monolithic scintillators and measures the light distribution from a 

scintillation event allowing the reconstruction of the interaction position. Some success has been reported using this 

technique but is typically limited to thin scintillators and/or 2D position reconstruction. 

Geant4 simulations of large scintillator crystals have indicated that position resolution degrades significantly for 

interactions occurring far from the light collecting face. This effect can be minimised by collecting light from multiple 

faces. Here, we report on the development of a large volume 3D position sensitive monolithic scintillator detector. 

Position sensitivity is achieved through measuring the light distribution on one or more faces of the scintillator, using 

arrays of silicon photomultipliers (SiPMs) coupled directly to monolithic scintillator crystals. Utilising the controlled-

atmosphere station operated in our laboratory, we can handle bare hygroscopic scintillating crystals and couple 

SiPMs at different geometries around the crystal. A number of scintillator materials are currently being evaluated, 

including CsI:Tl and CeBr3. 

A dedicated, high precision, x-y scanning station housing a high-intensity collimated 137Cs source has been 

designed and built that allows characterization of the response of different scintillator/SiPM configurations. In this 

contribution we will present characterization results from different configurations along with the corresponding 

Geant4 simulations of optical photon transportation, which were used to investigate the optimum scintillator/SiPM 

configuration for this technique. 

Tuesday, 30 July 

Plenary session 3 

High-Resolution laser spectroscopy for the study of exotic nuclear properties 

X Yang 

Peking University, China 

High-resolution laser spectroscopy can access to multiple nuclear properties of ground/long-lived isomeric states of 

radioactive nuclei far from the β-stability line, such as nuclear spins, magnetic and quadruple moments and charge 

radii [1]. These fundamental properties of exotic nuclei can provide rich information on the evolution of nuclear 

structure in different regions of the nuclear chart. Multiple nuclear structure information in several key regions have 

been investigated with laser spectroscopy techniques at ISOLDE [2]. In this talk, recent highlights from studies on 

the exotic isotopes in the Ca, Ni and Sn regions will be reviewed, and the related implication for nuclear structure, 

such as shell evolution, nuclear magicity and deformation, will be discussed. 

[1]  P. Campbell et al., Progress in Particle and Nuclear Physics 86, 127 (2016).[2] R. Neugart et al., J Phys. 

G 44 (2017) 064002; X.F.Yang, Journal of Physics: Conference Series 1024 (1), 012031 (2018) 

Exploring hot-QCD matter properties with jets 

J Putschke 

Wayne State University, USA 

High-energy collisions of large nuclei at RHIC and the LHC exceed the energy density at which a strongly coupled 

medium of de-confined quarks and gluons, the quark gluon plasma (QGP), is formed, with characteristics of a 

“nearly perfect'' liquid�  �artons with large transverse momentum (pT) resulting from hard scatterings in the initial 

stages of the collision provide the unique opportunity to explore the QGP tomographically. Experiments at RHIC and 
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the LHC have shown that the QGP is highly opaque to these energetic partons, due to interactions with the hot and 

dense �}~ matter resulting in strong partonic energy loss  also referred to as “jet-quenching”�  

In this talk I will focus on how recent experimental access to various jet sub-structure observables at RHIC and the 

LHC allows the opportunity to explore the microscopic nature and properties of the QGP over a wide range of 

resolution scales. In addition, these differential jet quenching measurements further constrain the theoretical 

description of partonic energy loss in the QGP, and recent progress, with emphasis on improved implementations of 

Monte Carlo event generators, will be discussed. 

Progress towards a nuclear clock: properties of the 229-Thorium isomer 

P Thirolf  

Ludwig-Maximilians-Universität München Germany 

Today’s most precise time and frequency measurements are performed with optical atomic clocks� �owever  it has 

been proposed that they could potentially be outperformed by a nuclear clock, which employs a nuclear transition 

instead of an atomic shell transition. There is only one known nuclear state that could serve as a nuclear frequency 

standard using currently available technology, namely, the isomeric first excited state of 229Th. Since more than 40 

years nuclear physicists have targeted the identification and characterization of the elusive isomeric ground state 

transition of 229mTh. Evidence for its existence until recently could only be inferred from indirect measurements, 

suggesting an excitation energy of 7.8(5) eV. Thus the first excited state in 229Th represents the lowest nuclear 

excitation so far reported in the whole landscape of known isotopes. Recently, the first direct detection of this 

nuclear state could be realized via its internal conversion decay branch [1], which confirms the isomer's existence 

and lays the foundation for precise studies of its properties. Subsequently, the half-life of neutral 229mTh could be 

measured [2] and its hyperfine structure was resolved via collinear laser spectroscopy [3]. An optical excitation 

scheme based on existing laser technology [4] as well as a measurement scheme for the isomeric excitation energy 

have been developed [5].  

Besides these achievements, the status of conversion electron energy measurements will be presented, designed to 

determine the excitation energy of the thorium isomer as the doorway into an all-optical control of the nuclear 

excitation and thus the development of an ultra-precise nuclear frequency standard, the nuclear clock.  

Such a nuclear clock promises intriguing applications in applied as well as fundamental physics, ranging from 

geodesy and seismology to the investigation fundamental physics beyond the standard model like possible time 

variations of fundamental constants. 

[1]  L. v.d. Wense et al., Nature 533, 47-51 (2016). 

[2]  B. Seiferle, L. v.d. Wense, P.G. Thirolf, Phys. Rev. Lett. 118, 042501 (2017). 

[3]  J. Thielking et al., Nature 556, 321 (2018). 

[4]  L. v.d. Wense et al., Phys. Rev. Lett. 119, 132503 (2017) 

[5]  B. Seiferle, L. v.d. Wense, P.G. Thirolf, Eur. Phys. Jour. A 53,  108 (2017). 
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Plenary session 4 

Revealing the origin of mass  

C Roberts  

Argonne National Laboratory, USA  

Atomic nuclei lie at the core of everything we can see; and at the first level of approximation, their atomic weights 

are simply the sum of the masses of all the neutrons and protons (nucleons) they contain. Each nucleon has a mass 

   ≈ � �e�  i.e. approximately 2000-times the electron mass. The Higgs boson produces the latter, but what 

produces the masses of the neutron and proton? This is the crux: the vast bulk of the mass of a nucleon is lodged 

with the energy needed to hold quarks together inside it; and that is supposed to be explained by quantum 

chromodynamics (QCD), the strong-interaction piece within the Standard Model.  

QCD is unique. It is the only known fundamental theory with the capacity to sustain massless elementary degrees-

of-freedom, viz. gluons and quarks. Yet gluons and quarks are predicted to acquire mass dynamically (see figure) 

and nucleons and almost all other hadrons likewise, so that the only massless systems in QCD are its composite 

Nambu-Goldstone (NG) bosons, the pions and kaons.  

 

�ig �¡ �� saturation of �~}’s running coupling  forced by dynamically-generated gluon mass, a signature feature of 

strong QCD. 

Responsible for binding systems as diverse as atomic nuclei and neutron stars, the energy needed to hold the 

gluons and quarks within these NG modes is not readily apparent. This is in sharp and fascinating contrast with all 

other everyday hadronic bound states that possess nuclear-size masses far in excess of anything that can directly 

be tied to the Higgs boson. 

Science has never previously encountered an interaction such as that embedded in QCD. Charting this interaction, 

explaining and understanding everything of which it is capable, can potentially change the way we look at the 

Universe.  

�luons  �}~’s gauge bosons  are massless in the �}~ �agrangian and massless on the domain of momenta 

accessible to high-energy probes; but low-momentum gluons act as massive particles. Amongst the many 

consequences if the generation of a Gell-Mann-Low effective-charge    , foe QCD, which saturates in the infrared 

[1], signalling that nonperturbative QCD potentially describes a new paradigm for strongly couples theories and 

extensions of the Standard Model. 
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This presentation will canvass the potential for a coherent effort in QCD phenomenology and theory, coupled with 

experiments at existing and planned facilities, to reveal the origin and distribution of mass by focusing on the 

properties of the strong-interaction NG modes. Such experiments are approved at JLab 12; planned with COMPASS 

at CERN; and could deliver far-reaching insights be exploiting the unique capabilities foreseen at an electron ion 

collider. This synergistic effort will address a diverse range of issues, e.g. How do hadron masses and radii emerge 

for light-quark systems from QCD; What is the origin and role of dynamical chiral symmetry breaking (DCSB); What 

is the interplay of the strong-mass and Higgs-mass generation mechanisms; What are the basic mechanisms that 

determine the distribution of mass, momentum, charge, spin, etc., within hadrons?  

[1]  D. Binosi et al., Phys. Rev. D 96 (2017) 054026/1-7 

From nuclei to the cosmos: tracing heavy-element production with the oldest stars 

A Frebel  

Massachusetts Institute of Technology, USA 

Understanding the origin of the elements has been a decades-long pursuit, with many open questions remaining. Old 

stars found in the Milky Way and its dwarf satellite galaxies can provide answers because they preserve clean 

element abundance patterns of the nucleosynthesis processes that operated some 13 billion years ago, enabling 

reconstruction of the chemical evolution of the elements. This talk focuses on the astrophysical signatures of heavy 

neutron- capture elements made in the s-, i-, and r-processes found in old stars. A highlight is the recently 

discovered r-process galaxy Reticulum II, which was likely enriched by a neutron star merger. These results show that 

old stars in dwarf galaxies provide a novel means to constrain the astrophysical site of the r-process, ushering in 

much-needed progress on this major outstanding question. This nuclear astrophysics research complements the 

many experimental and theoretical nuclear physics efforts into heavy-element formation, and also aligns with results 

on the gravitational-wave signature of neutron star mergers. 

The future of neutrino physics and neutrino oscillations 

M Thomson 

Science Technology Facility Council, UK 

Over the course of the last twenty five years our understanding of neutrinos has changed radically. Much of this 

progress comes about through the study of long-baseline neutrino oscillations. Despite this progress, a number of 

key questions remain, such as: the question of the neutrino mass hierarchy; CP violation in the leptonic sector; and 

whether neutrinos are Dirac or Majorana fermions. The global particle physics community is now developing the next 

generation of experiments to address these important questions. In this presentation, I will discuss future neutrino 

experiments, focusing  on the next generation of long-baseline neutrino oscillation experiments, namely the Deep 

Underground Neutrino Experiment (DUNE) in the US and Hyper-Kamiokande in Japan. These experiments will probe 

neutrino oscillations with unprecedented precision, requiring a new level in controlling experimental and theoretical 

systematic uncertainties. I will describe these new experiments and will discuss some of the challenges to our 

current understanding of neutrino-nucleus interactions. 
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Parallel sessions 3 

Nuclear Astrophysics 

(Invited) Neutron capture measurements at n_TOF 

M Barbagallo 

National Institute for Nuclear Physics, Italy 

Neutron capture reactions are of fundamental importance for the quantitative understanding of stellar 

nucleosynthesis, they are indeed responsible for about 99% of the elemental abundances between iron and 

bismuth. The slow neutron capture process (s process), taking place when neutron densities are small and therefore 

radioactive decay is generally faster than neutron capture, and the rapid neutron capture process (r process) which 

takes place in environments of high neutron densities, contribute equally to the abundance pattern. The Maxwellian-

averaged neutron capture cross-sections, i.e. cross-section averaged over the neutron energy spectrum in the stars, 

play a key role in particular in the s process, therefore reliable and accurate cross-section data for all isotopes along 

the valley of -stability are needed both to improve our knowledge of heavy elements production and to address 

open questions in stellar nucleosynthesis. 

The n_TOF Collaboration has been carrying out since two decades an extensive experimental program with the aim 

of reducing the uncertainty on cross-sections relevant to s process nucleosynthesis. The well-suited features of the 

n―��� facility at }���  namely the high instantaneous neutron flux in both experimental areas  high energy 

resolution, wide neutron energy range and low background, allowed to collect high accuracy data on neutron 

induced reactions for a variety of isotopes, including radioactive isotopes and/or isotopes with small neutron 

capture cross-sections.    

After a brief description of the n_TOF facility, recent results and their implications for Nuclear Astrophysics will be 

presented. 

Direct cross section measurement of C-13( ,n) in the s process Gamow peak 

J Balibrea-Correa1, A Best1, G Ciani2 and L Csedreki3  

1University of Naples, Italy, 2Gran Sasso Science Institute, Italy, 3Institute for Nuclear Research of the Hungarian 

Academy of Sciences, Hungary 

The reaction 13C( ,n)16O is the main neutron source in the “s process”•, which is responsible for the production of 

about half of the heavy elements in the universe. It operates in thermally pulsing low mass AGB stars at 

temperatures of about 90 MK. This translates to a Gamow window between 140 - 230 keV, far below the Coulomb 

barrier. Various measurements of the low energy cross section of 13C( ,n)16O have been performed in the past, and 

while remarkable results have been achieved, ultimately the environmental background on the surface of the earth 

has been a limiting factor. The LUNA collaboration is currently performing a measurement of 13C( ,n)16O in the low-

background environment of the LNGS, where the environmental neutron flux is reduced by over three magnitudes 

with respect to the surface. This unique location, together with a high-efficiency low background detector and state 

of the art electronics that allow suppression of the intrinsic background, has already enabled us to push the low-

energy cross section limit beyond what has been reached before. Here we present the current status of the 

experiment, the plans for an upcoming next measurement campaign and preliminary results. 

 

132



 

Measurement of 20Ne(d,p)21Ne for studies of s-process and neutron poisoning 

J Frost-Schenk1, R Longland2, 3, A Laird1, K Setoodehnia2, 3, C Barton1, C Marshall2, 3, C Diget1 

1University of York, UK, 2Triangle Universities Nuclear Laboratory, USA, 3North Carolina State University, USA 

The s-process in massive stars is an important source of heavy elements in low metallicity stars. Massive stars with 

very low metallicity depend largely on rotation induced mixing to produce light nuclei, such as 22Ne, which is the 

main source of neutrons for the s-process [1]. Light nuclei are formed in the He burning phase. For example 16O is 

formed through 12C(α,γ) in massive stars. This 16O absorbs neutrons, reducing the neutron flux and as such 

competes with heavier s-process elements for available neutrons, forming 17O. The ratio of 17O(α,γ) and 17O(α,n) 

dictates to what extent 16O behaves as a neutron poison [2], determining how many neutrons are available. 

States in the region of 7.65-8.00MeV in 21Ne correspond to the Gamow window for the 17O(α,n)20Ne reaction in the 

temperature range 0.2-0.3GK. The spin-parity of some of the 21Ne states in the Gamow window are unknown as well 

as their neutron widths. There are also 21Ne excited states in the Gamow window with significant energy 

uncertainties. 

We have conducted a measurement of the 20Ne(d,p)21Ne reaction to study states in the Gamow window. By utilising 

a (d,p) reaction, we have populated those states with larger neutron widths, and as such those most relevant for 
17O(α,n). The Triangle Universities Nuclear Laboratory Enge split-pole Spectrograph [3] was utilised to perform the 

neutron transfer reaction 20Ne(d,p)21Ne. Details will be presented on the measurements that were made at 5 angles; 

preselected using DWBA calculations to maximise the selectivity of spin-parity assignments to 21Ne states. 

Furthermore, the presentation will include the determination of the state energies in the astrophysically relevant 

excitation region and extraction of their neutron widths. 

This work will ultimately lead to further information on 21Ne states and as such a better understanding of the role 

16O has as a neutron poison for the s-process in massive stars. 

[1]  C. Chiappini et al. Nature 472, 454-457 (2011) 

[2]  I. Baraffe et al. Astron. Astrophys. 258, 357 (1992) 

[3]  C. Marshall et al. IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, 68 NO. 2 (2019) 

The study of the 22Ne(a,g)26Mg reaction at LUNA 

D Piatti 

INFN of Padua, Italy 

The 22Ne(a,g)26Mg has an important role in nucleosynthesis of massive stars and AGB stars. As a matter of fact it 

competes with the 22Ne(a,n)25Mg reaction which is an efficient source of neutrons for s-process [1]. In addition a 

recent study showed that the predicted production of all isotopes from 25Mg up to 31P is affected by the 

uncertainty of the 22Ne(a,g)26Mg reaction rate [2]. 

The main source of the high uncertainty of the 22Ne(a,g)26Mg reaction rate is the poorly constrained strength of the 

395 keV resonance. In literature only indirect measurements are reported whose results for the 395 keV resonance 

strength lay in � order of magnitude (���·��−�� − ���·��−� [e�]) [�  �] 

The first direct measurement was performed at LUNA (Laboratory for Underground Nuclear Astrophysics), located 

under 1400 m of rock which guarantee unprecedented reduction of the cosmic rays background [5]. In order to 

investigate such a low cross section a high efficiency �π|�� detector was used [�]� ~etails on the setup will be 

described during the talk as well as the results and their astrophysical impact. 

A second campaign is planned in May and it will cover three months. During the second phase of the experiment the 

residual background will be further reduced surrounding the detector by a neutron-shield. An update on the status 

of the new experiment will be presented during the talk. 
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[1]  F. Kaeppeler, et al., ApJ, vol. 437, pp. 396-409 (1994) 

[2]  A. I. Karakas, et al., ApJ, vol. 643, pp. 471-483 (2006) 

[3]  U. Giesen, et al., Nucl. Phys. A, vol. 269, pp. 429-442 (1976) 

[4]  R. Longland, et al., Phys. Rev. C, vol. 80, 055803 (2009) 

[5]  C. Broggini, et al., Progress in Particle and Nuclear Physics, vol. 98, pp. 55-84 2018 

[6]  F. Ferraro, et al., EPJ A, vol. 54, p. 44 (2018) 

First inverse kinematics study of the 22Ne(p,γ)23Na reaction 

M Williams1, 2, A Lennarz2, A Laird1  

1University of York, UK, 2TRIUMF, Canada 

The 22Ne(p,γ)23Na reaction rate has until recently carried a very large associated uncertainty, with available 

compilations differing by several orders of magnitude at astrophysically important temperatures. As a result, final 

sodium abundance predictions from nucleosynthesis calculations considering a variety of stellar environments, 

including thermally pulsing AGB stars and classical novae, differ by a margin that greatly exceeds model 

uncertainties. These uncertainties strongly impact the interpretation of key astrophysics observables such as the 

classification of pre-solar grains of putative novae origin, and abundance correlations in globular clusters.  

Significant experimental efforts, notably by the LUNA [1] and TUNL [2] groups, have been directed towards 

addressing the nuclear physics uncertainties in the 22Ne(p,γ)23Na reaction rate. This work presents results from the 

first inverse kinematics study of key resonances in the 22Ne(p,γ)23Na reaction, as well as the contribution from direct 

capture, obtained using the DRAGON recoil separator at the TRIUMF ISAC-I facility. Here we report new directly 

measured resonance strength and energy values for a total of seven resonances including the two low-energy 

resonances at 149 and 181 keV, which we were able to obtain in a recent re-measurement using a replacement 

MCP local time-of-flight system. Together, this work comprises the largest range of energies over which this reaction 

has been studied with the same experiment technique, spanning from 149 to 1222 keV in the center of mass 

frame.  

The impact of our new strength values for low-energy resonances, as well as our new recommended strength for the 

458 keV reference resonance, will be discussed in relation to the literature. Results from stellar model calculations 

performed with our recommended rate will also be presented.  

The authors acknowledge funding from the Natural Sciences and Engineering Research Council of Canada. TRIUMF 

receives federal funding through a contribution agreement with the National Research Council of Canada. UK 

authors acknowledge support from the Science and Technologies Facilities Council (STFC).  

[1]  F. Ferraro, et al., Phys. Rev. Lett. 121, 172701 (2018) 

[2]  K. J. Kelly, et al., Phys. Rev. C 95, 015806 (2017) 
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The 3He(α,γ)7Be reaction and the underground laboratory Dresden Felsenkeller  

K Schmidt1, S Turkat1, D Bemmerer2, T Cowan1, 2, T Döring2, M Grieger1, 2, S Hammer1, 2, Thomas Hensel1, 2, A 

Junghans2, F Ludwig1,2, C Möckel1,2, S Müller2, B Rimarzig2, S Rümmler1, 2, F Schoger1, 2,R Schwengner2, J 

Steckling1, 2, K Stöckel1, 2, T Szücs2, A Wagner2 and K Zuber1 

1Technische Universität Dresden, Germany, 2Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Germany 

In nuclear astrophysics, 3He(α,γ)7Be is a key reaction in both Big-Bang nucleosynthesis (BBN) and p-p-chain 

hydrogen burning in stars. So far, this reaction has not been studied in the complete energy range relevant for BBN. 

In a first campaign, angular distributions have been measured at the 3 MV Tandetron accelerator of Helmholtz-

Zentrum Dresden-Rossendorf (HZDR) and activated samples of 7Be (~53d half-life) have been counted at the 

shallow-underground laboratory Dresden Felsenkeller using a new 150% HPGe detector shielded from cosmic rays 

by ultra-low background copper and lead, active anti-muon plastic scintillation veto detectors and 110 m water 

equivalent of rock. Further campaigns for activation measurements are planned both on surface at HZDR and 

underground at the new 5 MV Pelletron accelerator ~resden �elsenkeller� �he latter is expected to provide �� μ{ 

each of 0.3 to 3.0 MeV hydrogen, 0.3 to 5.0 MeV helium and 1.0 to 15.0 MeV carbon beams generated in an 

external sputter ion source or an internal ion source on the high-voltage terminal. The two available target setups will 

be a well-established solid-target chamber or a currently designed gas target that can be operated as an extended 

gas chamber or as a gas jet. The scientific program for in-house research further addresses the 12C(α,γ)16O reaction, 

the “holy grail” in nuclear astrophysics that determines the carbon to oxygen ratio and the nucleosynthesis of 

heavier elements in stars. Preliminary results of the angular distribution and activation measurements of the 3He(α, 

γ)7Be reaction will be presented as well as the latest status of the Felsenkeller facility. 

Nuclear Reactions A 

(Invited) High-energy direct reaction studies of light nuclei beyond the neutron dripline 

N Orr 

Laboratoire de Physique Corpusculaire de Caen, France 

Exploring and understanding the structure of nuclei far from stability is one of the central themes of present day 

nuclear physics. In this presentation, work investigating the most neutron-rich isotopes of boron, carbon and 

nitrogen by employing nucleon removal (or “knockout”) from high-energy secondary beams will be discussed. These 

nuclei are of particular interest as they encompass the N=14 and 16 sub-shell closures below doubly magic 22, 24O. 

Following a brief résumé of the motivation and the tools employed, the exploration of the unbound system 21C will 

be presented in detail by way of an example. Emphasis will be placed on the manner in which the selectivity and 

characteristics of proton and neutron removal can provide information on the levels populated. The first 

observations of the unbound nuclei 20, 21B and 23, 24N will also be briefly presented. 
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Exploring continuum structures in reactions with three-body nuclei 

J Casal1, M Gómez-Ramos2, A Moro2, J Gómez-Camacho2,3, A Corsi4 

1INFN, Italy, 2Universidad de Sevilla, Spain, 3CSIC, Spain, 4IRFU-CEA, France 

In the past few decades, the advances in radioactive ion beam physics and detection techniques have allowed the 

exploration of the exotic properties and decay modes of light nuclear systems at the limit of stability and beyond the 

driplines. Large experimental and theoretical efforts have been devoted to understanding the structure and reaction 

dynamics of loosely bound systems, such as halo nuclei, where continuum effects are of utmost relevance [1]. Of 

particular interest is the case of two-neutron halo nuclei, e.g., ⁶He, ¹¹Li or ¹⁴Be. These are Borromean systems, or 

three-body systems in which all binary subsystems cannot form bound states. While the correlations between the 

valence neutrons are known to play a fundamental role in shaping the properties of two-neutron halo nuclei, a 

proper understanding of their structure requires also solid constrains on the unbound binary subsystems ⁵He, ¹⁰Li or 

¹³Be. The evolution of these correlations beyond the driplines gives rise to two-neutron emitters, e.g., ¹⁶Be or ²⁶O 

[2]. A similar situation can be found for protonrich nuclei. For instance, the Borromean ¹⁷Ne nucleus, characterized 

by the properties of its unbound subsystem ¹⁶F, has been proposed to exhibit a two-proton halo, while other exotic 

systems, such as ⁶Be and ¹¹O (the mirror nuclei of ⁶He and ¹¹Li), are two-proton emitters. Successful techniques to 

probe the properties of these exotic systems include inelastic scattering, Coulomb dissociation, single- and multi-

particle transfer, nucleon removal and quasifree knockout reactions. Since they have a marked core+N+N character, 

three-body models are a natural choice to describe their structure and processes involving them. 

Recently, we have reexamined the population of unbound ¹⁰Li states in ¹¹Li(p,d) transfer [3] and ¹¹Li(p,pn) 

knockout [4] reactions in inverse kinematics by using a novel methodology which combines a full three-body 

description of the projectile with reliable reaction calculations. We have also applied the method to the intepretation 

of new ¹⁴Be(p,pn) data recently measured at RIBF-RIKEN [5] via the analysis of the corresponding ¹³Be relative-

energy spectrum and the momentum distributions of the knocked-out neutron. Our approach provides absolute 

cross sections and the partial-wave content of the projectile without the need of more ambiguous fitting procedures. 

This opens new possibilities for the analysis of similar reactions with heavier three-body nuclei, e.g., the population 

of the unbound ¹⁶F, ¹⁶B or ²¹C systems in ¹⁷Ne(p,2p), ¹⁷B(p,pn) or ²²C(p,pn). The status of this study will be shown. 

The continuum of three-body nuclei is also a topic of recent debate, with implications for the electromagnetic 

response of two-neutron halos or the population of resonances in two-nucleon emitters. We have recently proposed 

a method to characterize few-body resonances by studying the time dependence of the lowest eigenstates of a 

resonant operator [6], that we have applied to the unbound ¹⁶Be ground and excited states and to the ¹¹Li long-

debated E1 continuum. A summary of this work will be presented. The extension to study the corresponding relative-

energy distributions, as well as its application to other unbound three-body systems, will be also discussed. 

[1]  I. Tanihata, et al., Prog. Part. Nucl. Phys. 68, 215 (2013) 

[2]  Z. Kohley, et al., Phys. Rev. Lett. 110, 152501 (2013) 

[3]  M. Gómez-Ramos, J. Casal and A. M. Moro, Phys. Lett. B 772, 115 (2017) 

[4]  A. Corsi, et al., in preparation (2019) 

[5]  J. Casal, M. Gómez-Ramos and A. M. Moro, Phys. Lett. B 767, 307 (2017) 
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A clear signature of the breakup modes for 9Be on a proton target at 5.6 MeV/nucleon 

O Sgouros1, 2, A Pakou1, F Cappuzzello2, 3, L Acosta2, 4, C Agodi2, A Boiano2, S Calabrese2,3, D Carbone2, M Cavallaro2, 

N Deshmukh2, A Foti2,3, A Hacisalihoglu2, N Keeley5, M La Commara2,6, I Martel7, M Mazzocco8,2, A Muoio2, C 

Parascandolo2, D Pierroutsakou2, K Rusek9, A Sanchez-Benitez7, G Santagati2, V Soukeras1,2, G Souliotis10, A 

Spatafora2, E Strano8,2, D Torresi2 and A Trzcinska9 

1The University of Ioannina, Greece, 2INFN, Italy, 3Universita di Catania, Italy, 4Universidad Nacional Autonoma de 

Mexico, Mexico, 5National Centre for Nuclear Research, Poland, 6Universita di Napoli Federico II, Italy, 7Universidad 

de Huelva, Spain, 8Universita di Padova, Italy, 9University of Warsaw, Poland, 10National and Kapodistrian University 

of Athens and HINP, Athens, Greece 

Our on-going systematic study of the interactions of protons with light weakly-bound nuclei in inverse kinematics, 

completed for 6,7Li with measurements of elastic scattering [1,2,3] and reactions [3,4,5,6], is extended in this work 

to the elastic scattering and breakup of the borromean nucleus 9Be. This nucleus attracts considerable interest due 

to its role in astrophysical problems and clustering theories. Both theories can be benefited from accurate 

determination of the decay rates of 9Be to the three configurations: α + α + n, 8Be + n, 5He + 4He. While the 

breakup of 9Be via the 8Beg.s has been measured for many of the low-lying excited states of 9Be, and is well 

established, the breakup branching via the first-excited 2+ state of 8Be and via 5He + 4He remains uncertain while no 

attention has been given to the direct process α + α + n . In this respect we have performed an experiment at LNS-

Catania at the MAGNEX facility [7] measuring in inverse kinematics the two alpha fragments one in the MAGNEX 

spectrometer and the other in one Δ�-E module of the EXPADES array [8]. At the same module we have identify and 

measure the proton recoil and from that in a full kinematical event by event approach, the neutron fragment was 

also determined. We should underline here that for the first time we were capable via the kinematics of the reaction, 

as described by our simulation code MULTIP [9], to observe a clear signature of the three modes, including the 

direct one. Through the same simulation code and taking into account the population of continuum via Continuum 

Discretized Coupled Channel calculations, the efficiency of our system was determined and the rates of all three 

configurations were quantified. 

[1]  V. Soukeras, et al., Phys. Rev. C 91, 057601 (2015) 

[2]  A. Pakou, et al., Phys. Rev. C 94, 014604 (2016) 

[3]  A. Pakou, et al., Phys. Rev. C 96, 034615 (2017) 

[4]  Ch. Betsou, et al., Eur. Phys. J. A 51, 86 (2015) 

[5]  A. Pakou, et al., Phys. Rev. C 95, 044615 (2017) 

[6]  V. Soukeras et al., Phys. Rev. C 95, 054614 (2017) 

[7]  F. Cappuzzello, et al., Eur. Phys. J. A 52, 167 (2016) 

[8]  D. Pierroutsakou, et al., Nucl. Instrum. Methods Phys. Res. A 834, 46 (2016) 

[9]  O. Sgouros, V. Soukeras, A. Pakou, Eur. Phys. J. A 53, 165 (2017) 

Study of 10Be excited states using single-neutron pickup reactions on 11Be 

F Sarazin1, K Kuhn1, R Braid1, M Alvarez2, C Andreoiu3, D Bardayan4, P Bender5, W Catford6, A Cheeseman7, S Cruz5, 

C Diget8, A DiPietro9, T Drake10, J Garcia2, P Figuera9, M Fisichella9, A Garnsworthy5, J Gomez2, G Hackman5, M 

Hall11, U Hager1, S Ilyushkin1, D Miller5, M Moukaddam5, E Nacher12, F Nunes13, S Pain4, A Perea12, V Pesudo12, S 

Pittman4  � �’�alley1, C Rasco14, A Sanetullaev5, D Smalley1, C Svensson15, O Tengblad12, P Thompson4, C 

Unsworth5, Z Wang5 

1Colorado School of Mines, USA, 2Universidad de Sevilla, Spain, 3Simon Fraser University, Canada, 4Oak Ridge 

National Laboratory, USA, 5TRIUMF, Canada, 6University of Surrey, UK, 7University of Waterloo, Canada, 8University 

of York, UK, 9INFN, Italy, 10University of Toronto, Canada, 11University of Notre Dame, USA, 12CSIC, Spain, 13Michigan 

State University, USA, 14Louisiana State University, USA, 15University of Guelph, Canada 

One-neutron transfer reactions are used to study single-particle neutron states in nuclei. In this work, we use two 
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pickup reactions on the one-neutron halo nucleus 11Be to study excited states in 10Be, including the 2- state at 6.26 

MeV, which has been suggested to be an excited halo state. Both experiments were performed at the TRIUMF-ISAC II 

facility using the Printed Circuit Board Based Charged Particle ((PCB)2) array inside the TRIUMF ISAC Gamma-Ray 

Escape-Suppressed Spectrometer (TIGRESS). The first experiment used the (p,d) reaction in inverse kinematics at 

10MeV per nucleon and the identification of the 10Be states was obtained by detecting the deuteron and, as 

needed,  -rays in coincidence. The second experiment used a 9Be target to produce two 10Be outgoing nuclei 

(quasi-projectile / quasitarget) allowing for multiple methods to identify the 10Be states. We will present the full 

analysis of the 11Be(p,d) experiment and preliminary results for the 11Be(9Be,10Be) experiment. 

Time-dependent Hartree-Fock theory for multinucleon transfer reactions  

K Sekizawa  

Niigata University, Japan 

We report our recent results on time-dependent Hartree-Fock (TDHF) calculations for low-energy heavy-ion reactions 

at around the Coulomb barrier producing two fragment nuclei. The TDHF theory has been successful in describing 

nuclear excitations in the linear response regime and nonlinear and nonperturbative quantum many-body dynamics, 

including various reaction dynamics (see, e.g., Refs.[1-4], for recent reviews). One of recent directions is a 

description of nuclear reactions involving exchanges of a number of nucleons.  

The multinucleon transfer reaction at around the Coulomb barrier offers unique opportunity to study a variety of non-

equilibrium nuclear dynamics, such as energy dissipation, nucleon transfer, shape evolution, fusion, and so on. 

Besides the fundamental interest into the underlying reaction mechanism, it possesses substantial importance as a 

means for producing new, neutron-rich heavy nuclei, whose properties are crucial to figure out the detailed scenario 

of the r-process nucleosynthesis.  

Aiming at prediction of optimal reactions for producing yet-unknown neutron-rich unstable nuclei, we have 

extensively developed and applied methods based on the microscopic framework of the TDHF theory [5-12]. In this 

talk, I will present our recent works and progress, showing how the theory works in practice, making possible 

comparisons with available experimental data.  

[1]  P.D. Stevenson, Prog. Part. Nucl. Phys. 104, 142 (2019) 

[2]  C. Simenel, A.S. Umar, Prog. Part. Nucl. Phys. 103, 19 (2018) 
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Nucleon-deuteron scattering with new generation of chiral forces 

� �kibiński  � �olak  { �rassi  � �oloviov  � �opolnicki  � �rbanevych  � �olkotruband and � �itała 

Jagiellonian University, Poland 

New sophisticated models of the nuclear interaction have been delivered in recent years by various groups. The 

important contributions to this field come from the Bochum-Bonn [1,2] and the Moscow(Idaho)-Salamanca [3] 

groups which derived the nucleon-nucleon interaction within the  Chiral Effective Field Theory even beyond the fifth 

order of the chiral expansion (N4LO). I will discuss the applications of these forces to the description of the elastic 

nucleon-deuteron scattering and the deuteron break-up reaction at energies up to 200 MeV [4,5]. Especially, the 

first results for this reaction obtained with the chiral potential with the semi-local regularization in momentum space 

[1] will be presented. The various ways of regularization of the chiral interaction used in models [1-3] allows us to 

study the dependence of predictions on the regularization method. The preliminary results [6] suggest that the long-

standing problem of the cut-off dependence has been solved, at least for the 3N scattering problem. 

Part of the presentation will be focused on estimation of various types of theoretical uncertainties of the elastic Nd 

scattering observables. We are interested here in (a) the statistical errors arising from a propagation ofuncertainties 

of parameters of two-nucleon interaction to three-nucleon system, (b) the truncation errors, (c) the regulator 

dependence of the chiral forces, (d) the numerical uncertainties as well as the uncertainties bound with the 

computational scheme used, and last but not least, in (e) the uncertainties arising from using the various models of 

nuclear interaction. It will be shown that the latter ones are a dominant source of uncertainties of modern 

predictions for the three-nucleon elastic scatteringobservables [7]. 

To perform above studies we employ the chiral potentials up to N4LO of Refs. [1,2] and Ref. [3]. Using the Faddeev 

approach [8] allows us to obtain precise predictions for the Nd scattering cross section and various polarization 

observables.   

[1]  P.Reinert, H.Krebs, and E.Epelbaum, Eur. Phys. A54, 86(2018) 

[2]  E.Epelbaum, H.Krebs, and Ulf-G.Meißner, Phys. Rev. Lett. 115, 122301 (2015) 

[3]  D.R.Entem, R.Machleidt, and Y.Nosyk, Phys. Rev. C96, 024004 (2017) 

[4] S.Binder, et al., Phys. Rev. C98, 014002 (2018) 

[5]  E.Epelbaum et al., arXiv:1807.02848v1 [nucl-th] 

[6]  LENPIC collaboration, in preparation 
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Nuclear Structure A 

(Invited) Theoretical description of fission in superheavy nuclei 

M Warda 

Maria Curie-�kłodowska �niversity  �oland 

Quest for the heaviest elements existing in nature is a fascinating challenge for nuclear physics. Last discoveries 

made at GSI, RIKEN and Dubna laboratories extended the chart of nuclides up to element Z=118 oganesson [1].  

The super heavy isotopes live very shortly and decay through alpha emission or fission. The type of decay and its 

half-life are the basic observables in these nuclei. Planning future experiments requires theoretical estimation of 

stability in both channels. Half-lives for alpha emission can be deduced from Geiger-Nuttall law. To predict them 

one has to deduce alpha decay Q value from binding energies calculated in a reasonable theoretical model [2]. The 

stability against fission in this region exists only due to shell effects as no barrier in the potential energy is predicted 

in the liquid drop model [3]. Moreover, large energy level density makes shell effects change between isotopes in 
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the region of superheavy nuclei. The fission barrier may take various heights and shapes. It may be symmetric, 

asymmetric or triaxial. In many nuclei, even two-humped structure exists. The shape of the fission barrier as well as 

inertia along the fission path must be determined to predict half-lives and fission fragment properties. Various 

approaches have been applied to this end both macroscopic-microscopic and self-consistent [4].  

Each type of fission barrier leads to the creation of specific fragments. It was found that in some isotopes around 
294Cn asymmetric fragment mass distribution is expected [5]. Detailed analysis indicates that the mass of the heavy 

fragment is governed by the shell structure of the doubly magic 208Pb. The mass separation between fragments is 

larger than in typical asymmetric fission in actinides. It is rather an equivalence of cluster radioactivity that is exotic 

decay observed in light actinides [6,7]. This theoretical prediction needs to be verified by experimental 

measurements of fragment masses that is not possible at the moment. 

[1]  Oganessian, Yu. Ts., and V. K. Utyonkov, Rep. Prog. Phys.78, 036301 (2015) 

[2]  Heenen, P.-H., J. Skalski, A. Staszczak, and D. Vretenar, Nucl. Phys. A944, 415. (2015) 

[3]  Baran, A., M. Kowal, P.-G. Reinhard, L. M. Robledo, A. Staszczak, and M. Warda, Nucl. Phys. A944, 442 

(2015) 

[4]  S. A. Giuliani, et al. Rev. Mod. Phys.  91, 011001 (2019) 

[5]  M. Warda, A. Zdeb, J.M. Robledo, Phys. Rev. C 98 041602(R) (2018) 

[6]  H. J. Rose and G. A. Jones, Nature (London) 307, 245 (1984) 

[7]  A. Sandulescu, D. N. Poenaru, and W. Greiner, Sov. J. Part. Nucl. 11, 528 (1980) 

The study of the properties of spontaneously fissioning transfermuim nuclei synthesized in the complete fusion 

reactions with heavy ions 

A Svirikhin1, A Andreev1, A Yeremin1, I Izosimov, A Isaev1, A Kuznetsov1, A Kuznetsova1, O Malyshev1, A Popeko1, Y 

Popov1, E Sokol1, M Chelnokov1, V Chepigin1, T Schneidman1, B Andel2, P Mosat2, Z Kalaninova2, M Asfan3, B Gall3, 

O Dorvaux3, K Hauschild3, A Lopez-Martenz3, K Rezynkina3 N Yoshihiro4, S Mullins5, P Jones5, J Piot6, E Stefanova7, D 

Tonev7 

1Joint institute for Nuclear Research, Russia, 2Comenius University, Slovakia, 3IN2P3-CNRS, France, 4Kyushu 

University, Japan, 5iThemba LABS, South Africa, 6GANIL, France, 7INRNE, Bulgaria 

Fission of heavy nuclei, both induced and spontaneous, is one of the most important fields of physics of atomic 

nuclei. The interest in spontaneous fission is determined by the fact that this process is connected with a radical 

restructuring of the nucleus and motion of a large amount of nuclear matter. According to modern ideas, fission 

defines the boundaries of the periodic table for heavy nuclei. 

Up to now, for most of the known nuclei with Z > 100 undergoing spontaneous fission, partial half-lives were 

measured [1], total kinetic energies  (TKE) of fragments were measured with sufficient precision, and, for several 

isotopes, mass and energy distributions of fragments were constructed [1, 2]. In recent years, our group has 

obtained interesting results on an important but poorly studied parameter: the multiplicity of neutrons emitted in 

spontaneous fission. Nuclei with the property of spontaneous fission, for which neutron multiplicity was measured 

earlier, are described in [3, 4]. As a rule, have half-lives sufficient for their investigation using so-called “offline” 

methods. Difficulties in investigating spontaneous fission of heavy nuclei are explained by the complexity of 

obtaining sufficient amounts of studied isotopes and the impossibility of applying of offline methods for measuring 

the characteristics of the spontaneous fission of short-lived nuclei.  

This report describes a series of experiments aimed on investigating characteristics of spontaneous fission of nuclei 

in the exotic region of short-lived neutron-deficient isotopes with Z > 100. Unique data on the decay properties of 

neutron-deficient isotopes 244,246Fm [5, 6], 250No [7], 252No [6], 256Rf [8], 254Rf and 254No produced in the complete 

fusion reactions with accelerated heavy ions 48Ca+204,206,208Pb→
252,254No*, 40Ar+206,208Pb→

246,248Fm*, 

50Ti+208Pb→
258Rf* were obtained in experiments at the VASSILISSA and SHELS separators combined with a neutron 

detector. 
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Nuclear spectroscopy of the heaviest nuclei 

D Cox, A Såmark-Roth, L Sarmiento, P Golubev, D Rudolph 

Lund University, Sweden 

In recent years, the search for heavier and heavier elements has been undertaken predominantly through the 

exploitation of 48Ca-induced fusion-evaporation reactions on actinide targets. The superheavy elements have all 

been observed and studied through correlated  -decay chains terminating in spontaneous fission events. 

Due to advances in detection technology, data processing, and various data analysis tools for superheavy element 

studies it has been possible to perform the first multi-coincidence high-resolution spectroscopy experiments along 

these decay chains, in particular studying the decay of moscovium (Z = 115) nuclei [1,2,3]. 

The desire for even Z-odd N experimental anchor points at the proposed magic proton number Z = 114 (Fl) to 

constrain and guide nuclear structure theory has led to an experiment being performed at GSI via the reaction 
48Ca+Pu, employing high-resolution  -photon coincidence spectroscopy, to study the decay chains of odd-A Fl 

isotopes. 

�he upgraded version of the �{���pec decay station  working name “�undium”  will be described  and along with 

this, the earliest experimental results will be presented. 

[1]  D. Rudolph et al., Phys. Rev. Lett. 111, 112502 (2013) 

[2]  J.M. Gates et al., Phys. Rev. C 92, 021301(R) (2015) 
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243Es, 249Md: from production cross-sections measurement to prompt and delayed spectroscopy  

M Vandebrouck  

Université Paris-Saclay, France  

Detailed spectroscopy of very heavy nuclei (VHN) and super heavy nuclei (SHN) is of paramount importance to 

provide information on the nuclear landscape at the upper limit of the nuclear chart and on the nature of the 

predicted island of stability. However, these studies are made difficult by the involved low production cross-

sections. In this context, measurement of production cross-sections, as well as half-lives and decay channels, 

constitute the first step towards more detailed spectroscopies of VHN and SHN.  

The odd-Z, even-N 243Es and 249Md have been produced at the University of Jyväskylä using the fusion-evaporation 

reactions 197Au(48Ca,2n)243Es and 203Tl(48Ca,2n)249Md, respectively. Fusion-evaporation residues were selected using 

the Recoil Ion Transport Unit (RITU) [1] gas-filled separator and detected using the Gamma Recoil Electron Alpha-

Tagging (GREAT) [2] experimental setup. The Recoil Decay Tagging (RDT) analysis allowed to extract the half-lives, 

branching ratios and, for the first time, the production cross-sections of 243Es and 249Md [3]. Experimental results will 

be presented and compared to calculations made using the KEWPIE2 code [4]. Following this feasibility experiment, 
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a second one dedicated to the prompt and delayed spectroscopy of 249Md has been performed. Promising 

preliminary results will be presented.  

Finally, in the near future, the Super Separator Spectrometer S3 [5] at GANIL/SPIRAL2 combined with the Low 

Energy Branch (LEB) [6] will allow to probe the structure of the SHN independently of the nuclear models using laser 

ionization spectroscopy. In this context, the future detector SEASON, which will allow coupling delayed spectroscopy 

(alpha, conversion-electron and gamma) to laser ionization spectroscopy, will be briefly presented.  

[1]  J. Sarén, J. Uusitalo, M. Leino and J. Sorri. NIM A 654, 508 (2011) 
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[4]  H. Lü, A. Marchix, Y. Abe and D. Boilley. Comput. Phys. Comm. 200, 381 (2016) 
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The absence of the Z=92 subshell closure and shape transition in short-lived actinides around N=130  

Z Liu 

Institute of Modern Physics, China  

The α-decays of light actinides were studied on the gas-filled recoil separator SHANS via fusion evaporation 

reactions. Short-lived α-radioactivities with half-lives down to tens of ns were resolved by using the fast digital pulse 

processing technique. New isotopes 219,220,223,224Np were identified [1,2,3,4], and the α-decay chains of the short-

lived daughters 219,220Pa were established for the first time [1,5]. The absence of the Z = 92 subshell closure around 

N = 126 is supported by the trend in the proton separation energies of 219,223Np.  

Fine structure in the α-decay of 223U was observed for the first time. Double shape transition was predicted around 

N~130 in this region [6]. The sudden drop in the reduced α-decay width along the N=131 isotonic chain at Z=88 

can be interpreted in terms of the asynchronous ground state shape/structure evolution along the N=129 and 131 

isotonic chains [7]. Possible signature for shape co-existence in this region will also be discussed.  

[1]  M.D. Sun et al., Phys. Lett. B 771, 303 (2017)  

[2]  T.H. Huang et al., Phys. Rev. C 98, 044302 (2018)  

[3]  H.B. Yang et al., Phys. Lett. B 777, 212 (2018)  

[4]  Z.Y. Zhang et al., submitted to Phys. Rev. Lett.  

[5]  T.H. Huang et al., Phys. Rev. C 95, 024301 (2017)  

[6]  Z.P. Li et al., Phys. Lett. B 726, 866 (2013)  

[7]  M.D. Sun et al., in preparation 

Investigation of the nuclear structure of the lowest states in 229Th 

P Becker1, J Dobaczewski1,2,3, A Pastore1 

1University of York, UK, 2University of Helsinki, Finland, 3University of Warsaw, Poland 

The isotope 229Th has seen an increasing interest in these past years because of the 7.8 eV transition between its 

almost degenerate ground state and its first isomeric state 229mTh that can lead to many interesting applications 

including a nuclear clock� �he recent first direct measurement of the isomeric state’s magnetic dipole moment [�] is 

a new challenge for theoretical calculations. 

Using a wide range of zero-range nuclear energy density functionals, we performed the Hartree-Fock+BCS and 

Hartree-Fock-Bogoliubov calculations for blocked aligned neutron states in 229Th. We adjusted the pairing strengths 

to reproduce the experimental values of the odd-even mass staggering in 229Th and 227Ac. To improve the 
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convergence of calculations, we used the axialization of the mean and pairing fields, which is the method we 

already have successfully applied to determine Schiff moments in actinides [2]. Contrary to the study of Schiff 

moments, we do not observe any correlation between the magnetic and octupole moments. By means of the full 

symmetry restoration scheme, we were able to calculate spectroscopic magnetic dipole and electric quadrupole 

moments for different Skyrme functionals. In this presentation, we will show how they compare to the experimental 

data. We will also discuss predictions for the transition rates between the ground state and the first isomeric state in 
229Th. 

[1]  J. Thielking et al, Nature 556, 7701 (2018) 

[2]  J. Dobaczewski, J. Engel, M. Kortelainen, P. Becker, Phys. Rev. Lett. 121, 232501 (2018) 

Nuclear Structure B 

(Invited) Simple structures in atomic nuclei 

R Garcia Ruiz 

CERN, Switzerland 

The experimental properties of magic nuclei form important pillars in our understanding of nuclear structure. Their 

seemingly simple structures offer an ideal laboratory to benchmark the developments of nuclear many-body 

methods and test modern descriptions of the nuclear force. This contribution will present recent experimental results 

from the study of nuclear electromagnetic properties in the vicinity of the so-called doubly magic nuclei: 40,48,52Ca 

(Z=20), 68,78Ni (Z=28),  and 100,132Sn (Z=50). The relevance of these results, in connection with the recent 

developments in nuclear theory, will be discussed. 

52,53K β-delayed neutron emission to study 52,53Ca  

A Gottardo1,4, R Grzywacz2, M Madurga2,3, G de Angelis4, D Bazzacco5, G Benzoni6, A Boso5, D Yordanov1, C 

Delafosse1, M Delattre1, P Van Duppen7, A Etilé8, S Franchoo1, C Gaulard8, G Georgiev8, S Go2, A Goasduff4, F 

Gramegna4, K Kolos2, M Kowalska3, F Ibrahim1, S Ilyushkin9, G Jaworski4, Y Xiao2, S Lenzi5, J Ljungvall8, P John5, S 

Lunardi5, T Marchi4, I Matea1, D Mengoni5, V Modamio4, A Morales6, D Napoli4, S Paulauskas2, E Rapisarda3, S 

Roccia8, B Roussier1, C Sotty7, I Stefan1 , S Taylor2, J Valiente-Dobón4, D Verney1 , H de Witte7, A Algora10, K 

Riisager11, A Negret12, N Marginean12, R Lica12, C Mihai12, R Mihai12, R Marginean12, C Costache12, S Nae13, C Nita12, 

A Turturica12, M Babo13  

1Institut de Physique Nucléaire, France, 2University of Tennessee, USA 3CERN 4INFN, Italy 5University of Padova, Italy 
6University of Milano, Italy 7KU Leuven, Belgium 8CSNSM, France 9Colorado School of Mines, USA 10IFIC Valencia, 

Spain 11Aarhus University, Denmark 12IFIN-HH, Romania, 13GANIL, France 

Recent results have pointed out that high Q-values beta decays, as often found in exotic nuclei, proceed by Gamow-

Teller (GT) decays of deeply-bound core nucleons [Madurga]. This points out the role of nuclear structure in shaping 

the GT strength distribution, together with the previously observed statistical-only of the GT strength at high energies 

[Hardy].  

This phenomenon has been studied in the decay of 52,53K into 51-53Ca. The >14MeV Q-values of these β decay makes 

them an ideal case to study decay from neutrons in the N=28 and N=20 cores. The exotic 52,53K isotopes where 

produced at ����~�  using �}x fragmentation/fission induced by a � μ{ ��� �e� proton beam� �he surfaced-

ionized isotopes were extracted and delivered to the IDS tape station for β-delayed γ and neutron spectroscopy. The 

neutron separation thresholds of 52,53Ca are in fact several MeVs lower than the states populated by GT decays, 

hence neutron emission dominates the decay path. The VANDLE array was employed to measure the energy of the 
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emitted neutrons via time-of-flight technique, in coincidence with β particles and γ rays. Experimental results will be 

presented, comparing the 52,53Ca spectra with what has been obtained before [Perrot]. These results will be 

discussed in the framework of shell-model and ab-initio Green function calculations for the states populated by β 

decay. The role of the GT νf5/2->πf�/� transition will be pointed out, explaining its energy position with respect to other 

un-natural parity states in 52,53Ca. The possible origin of discrepancies with the measured GT strength and 

implications for the N=34 (sub)shell closure in 53K, below Z=20, will be discussed.  

[1] J.C. Hardy et al., Nucl. Phys. A305, 15 (1978) 

[2] M. Madurga et al, Phys. Rev. Lett. 117, 092502 (2016)  

[3] F. Perrot et al., Phys. Rev. C 74, 014313 – Published 21 July 2006 

Closed-shell nature in neutrons of 54Ca  

S Michimasa1, M Kobayashi1, Y Kiyokawa1, S Ota1, D Ahn2, H Baba2, G Berg3, M Dozono1, N Fukuda2, T Furuno4, E 

Ideguchi5, N Inabe2, T Kawabata4, S Kawase6, K Kisamori1, K Kobayashi7, T Kubo8,, Y Kubota2, C Lee1,2, M 

Matsushita1, H Miya1, A Mizukami9, H Nagakura7, D Nishimura10, H Oikawa9, H Sakai2, Y Shimizu2, A Stolz8, H 

Suzuki2, M Takaki1, H Takeda2, S Takeuchi11, H Tokieda1, T Uesaka2, K Yako1, Y Yamaguchi1, Y Yanagisawa2, R 

Yokoyama12, K Yoshida2, S Shimoura1  

1University of Tokyo, Japan, 2RIKEN Nishina Center, Japan, 3University of Notre Dame, USA, 4Kyoto University, Japan, 
5Osaka University, Japan, 6Kyushu University, Japan, 7Rikkyo University, Japan, 8Michigan State University, USA, 
9Tokyo University of Science, Japan, 10Tokyo City University, Japan, 11Tokyo Institute of Technology, Japan, 
12University of Tennessee, USA 

We present the experimental results of direct nuclear mass measurements of very neutron-rich calcium isotopes 

beyond the exotic magic number N=34 [1] and will discuss the systematics of close-shell nature in neutrons of 

nuclei in the vicinity of 54Ca. Nuclear mass is one of the fundamental quantities in investigating nuclear structure 

properties. The experimental nuclear mass database enables us to explore occurrences of shell closure through two-

neutron empirical shell gaps [2] or δe empirical shell gaps [1,3]; Also the pairing energy of two valence nucleons 

can be estimated well from Δ3 indicator [3]. 

Along Ca isotopes, the closed-shell nature at N=32 was established by mass measurements of 53,54Ca [4]. 

Moreover, the excitation energy of the first 2+ state in 54Ca was reported, and the result suggests the existence of an 

N=34 shell closure in 54Ca [5]. For establishment of the closed-shell nature of 54Ca, mass measurements of the Ca 

isotopes beyond N=34 are essential.  

In our presentation, we will outline the performed experiment especially in the technical point of view in order to 

obtain the experimental results of two-neutron separation energies in 55-57Ca, shown in Fig.1. We will discuss the 

nuclear properties of 54Ca and 56Ca by using experimental mass indictors.  
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Fig.1: Systematics of two-neutron separation energy (S2n) in neutron-rich calcium isotopes. The red squares show 

the values determined for the first time; the black circles show reported experimental values. 

[1] S.Michimasa, et al., Phys. Rev. Lett. 121, 022506 (2018) 

[2] D.Lunney et al., Rev. Mod. Phys. 75, 1021 (2003) 

[3] W.Satula et al., Phys. Rev. Lett. 81, 3599 (1998) 

[4] F.Wienholtz et al., Nature (London) 498, 346 (2013) 

[5] D.Steppenbeck et al., Nature (London) 502, 207 (2013) 

Coulomb excitation of the non-axial super-deformed structure in 42Ca 

� �adyńska-�lęk1,2, P Napiorkowski2  � �ielińska3, J Srebrny2, A Maj4, F Azaiez5, J Valiente Dobón6  � �icińska-

Habior7, F Nowacki8, H Naidja9, T Rodriguez10 

1University of Surrey, UK, 2University of Warsaw, Poland, 3CEA Saclay, France, 4Polish Academy of Sciences, Kraków, 

Poland, 5Institut de Physique Nucleaire d'Orsay, France, 6INFN Laboratori Nazionali di Legnaro, Italy, 7University of 

Warsaw, Warsaw, Poland, 8Universite de Strasbourg, France, 9Universite Constantine, Algeria, 10Universidad 

Autonoma de Madrid, Spain 

Superdeformed bands have been in focus of experimental nuclear physics studies for past decades. They have been 

reported in several regions of the nuclear chart and since then they also have become a new challenge for the 

nuclear structure theory. Recently, this phenomenon has been discovered also in the A~40 mass region. Unlike in 

the heavier nuclei, in the calcium region the strongly deformed bands are linked to the normal deformed bands with 

the discreet gamma transitions, suggesting a mixing between these structures. Up to now the SD bands in this mass 

region have been observed mainly in light-particle scattering and fusion-evaporation reactions, and the known 

B(E2) values were extracted from the lifetime measurements. However, recently also the Coulomb excitation 

technique has been hired to populate the SD structures in atomic nuclei. 

A dedicated Coulomb excitation experiment designed to investigate the properties of the super-deformed structure 

in 42Ca was performed at INFN Laboratori Nazionali di Legnaro in Italy [1,2]. Gamma rays from the Coulomb excited 
42Ca beam on 208Pb and 197Au targets were measured by the AGATA HPGe spectrometer in coincidence with back-

scattered projectile nuclei detected in the DANTE charge particle detector array. 

The level of acquired statistics was sufficient to extract a rich set of reduced matrix elements, which allowed to 

precisely describing the electromagnetic properties of low-lying yrast and non-yrast states in 42Ca. The quadrupole 

deformation parameters of the ground state and the side bands in 42Ca were extracted from the determined matrix 

elements. The recently published results, which are indicating that two structures differing in overall deformation 

coexist in 42Ca, were compared to state-of-the-art large-scale Shell Model and Beyond Mean Field calculations. 
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Furthermore, the triaxiality parameter measured for the excited 0+ state provides the first experimental evidence of 

the non-axial character of SD bands in the A~40 mass region. 

In this talk I will present both the benefits and the challenges of applying the Coulomb excitation method to study 

highly deformed structures in the atomic nuclei. 

[1]  �� �adyńska-�lęk et al�  �hys� �ev� �ett� ���  ������ (����) 

[2]  �� �adyńska-�lęk et al�  �hys� �ev� }��  ������ (����) 

Electric monopole transition from the superdeformed band in 40Ca 

E Ideguchi1, T Kibédi2, J Dowie2, T Hoang1, M Kumar Raju1, A Akber2, L Bignell2, B Coombes2, T Eriksen2, M Gerathy2, 

T Gray2, G Lane2, B McCormick2, A Mitchell2, A Stuchbery2, N Shimizu3, Y Utsuno4 

1Osaka University, Japan, 2Australian National University, Australia, 3University of Tokyo, Japan, 4Japan Atomic 

Energy Agency, Japan 

The advent of shape coexistence is a unique feature of atomic nucleus. This phenomenon particularly occurs near 

spherical closed shell nucleus, where the onset of shape coexistence is based on the balance between stabilizing 

effect of closed shells to retain spherical shape and the residual interactions which drives the nucleus to deformed 

shape [1]. 

The spherical doubly magic nucleus, 40Ca, is a best example exhibiting such shape coexistence. A unique feature of 

this nucleus is an appearance of low-lying 0+ states. First exited state is 0+ at 3.3 MeV and the second excited 0+ 

state closely locates at 5.2 MeV. These states are understood as band heads of the normal deformed and the 

superdeformed bands, respectively [2], which corresponds to the multiple shape coexistence in 40Ca. 

Existence of the superdeformed band starting from the 0+ band head is another unique feature of 40Ca. Although the 

existence of superdeformed nuclei are reported in many nuclei of various mass regions, A=60, 80, 130, 150, 190 

[3], the superdeformed band head 0+ states are only observed in mass 40 region [4,5], and in the fission isomer 

region [3]. Such situation makes it difficult to understand the property of superdeformed state, such as the mixing of 

the states with different configurations. Therefore, 40Ca is a quite unique nucleus where one can study the electric 

monopole (E0) transition strength between the band head of superdeformed state and the spherical ground state, 

which directly reflects the shape mixing [6]. 

In order to study the property of superdeformed state of 40Ca, we have performed an experiment to measure the E0 

transition from the excited 0+ states. Experiment was carried out using a 40}a(p p’) reaction at the ���~ tandem 

accelerator facility in Australian National University. The Super-e pair spectrometer [7,8,9], a superconducting 

magnetic-lens spectrometer, is employed to measure conversion electrons and electron-positron pairs with excellent 

background suppression. A single germanium detector was also used to measure gamma transitions from the 

excited states simultaneously. 

In the presentation, the experimental results on E0 transition strength from the normal deformed and 

superdeformed band in 40Ca and the theoretical studies based on the largescale shell model calculation will be 

discussed. 

This work is partially supported by the International Joint Research Promotion Program of Osaka University and JSPS 

KAKENHI Grant Number JP 17H02893. 
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Fine structure of the IsoScalar Giant Monopole Resonance (ISGMR) in 40,42,44,48Ca using alpha inelastic scattering at 

zero degrees 

S Olorunfunimi 

University of the Witwatersrand, South Africa 

Previous studies have shown that fine structure in the excitation energy spectra of nuclear giant resonances can be 

attributed to different physical processes.  For example, characteristic energy scales of the fine structure for the 

IsoScalar Giant Quadrupole Resonance (ISGQR) arise mainly from the collective coupling of the ISGQR to low-lying 

surface vibrations, while on the other hand it has been shown that Landau damping is the main mechanism leading 

to the fine structure phenomenon in the isovector giant dipole resonance. It is important to determine which 

processes are responsible for the fine structure in the ISGMR, particularly in the 40,42,44,48Ca isotope chain with its 

systematic increase in neutron number. Moreover, study of the ISGMR is of special significance because knowledge 

of its excitation energy provides direct information on nuclear incompressibility. Experiments were performed using 

the Separated Sector Cyclotron of iThemba LABS, together with the K600 magnetic spectrometer using inelastic 

scattering of 200 MeV alpha particles at zero degrees from  40,42,44,48Ca for measurements in the region of ISGMR 

with a good energy resolution of 86 keV (FWHM). In addition, following a multipole decomposition analysis,   J п = 0+ 

level densities can be extracted also. Preliminary results will be presented. 

Nuclear Structure C 

(Invited) Novel ab initio methods for deformed and weakly-bound nuclei 

H Hergert 

Michigan State University, USA 

Today, computationally efficient many-body methods can be used to perform first-principles calculations for atomic 

nuclei up to the tin region [1]. This progress has made it possible to confront modern two- and three-nucleon 

interactions from Chiral Effective Field Theory (EFT) with a wealth of experimental data, and provide important 

guidance in their ongoing refinement.  

Significant challenges remain when it comes to the treatment of collective correlations in doubly open-shell nuclei 

(e.g., due to intrinsic deformation) or the coupling to the continuum [4,5]. These issues have sparked new lines of 

research about combining complementary techniques, e.g., particle-hole expansions with symmetry breaking and 

restoration. The In-Medium Similarity Renormalization Group (IMSRG) is a particular useful tool in such efforts [6]. 

� will present applications of such “hybrid” ����� approaches [� � �] to the first-principles description of the 

ground and excited-state properties of medium-mass open-shell nuclei, and discuss the status and prospects for 

candidate nuclei in fundamental symmetry tests.  

[1] T. D. Morris, J. Simonis, S. R. Stroberg, C. Stumpf, G. Hagen, J. D. Holt, G. R. Jansen, T. Papenbrock, R. 

Roth, and A. Schwenk, Phys. Rev. Lett. 120, 152503 (2018) 

[2]  H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk and K. Tsukiyama, Phys. Rept. 621, 165 (2016) 

[3]  H. Hergert, Phys. Scripta 92, 023002 (2017) 

[4]  S. R. Stroberg, H. Hergert, S. K. Bogner and J. D. Holt, to appear in Ann. Rev. Nucl. Part. Sci. (2019), 

arXiv: 1902.06154 
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19B  isotope as a 17B-n-n three-body system in the unitary limit 

J Carbonell3, E Hiyama1, R Lazauskas2 and F Marqués4  

1Kyushu University, Japan, 2Université Louis Pasteur Strasbourg, France, 3Université Paris-Sud, France, 4Université 

Caen Normandie, France 

Motivated by the recent experimental observation of an extremely large scattering length for the n-17B system [1], 

we present a model describing the n-17B virtual state and the 19B bound isotope in terms of a 17B-n-n 3-body 

system, in which the two 2-body unbound subsystems 17B-n and n-n are close to the unitary limit. 

A n-17B local interaction is parametrized in order to reproduce the near-threshold virtual state observed in [1] as a 

function of the scattering length, and results are explored within the range as<-50 fm allowed by experiment. 

The binding energy of the 19B ground state is found to be in agreement with the experimental value [2] using only 

two-body potentials. The possible existence of resonant states is also discussed, as well as the eventual relation 

with Efimov physics and the extension of this work to heavier B isotopes [3]. 

[1]  A. Spyrou et al, Physics Letters B 683 (2010) 129 

[2]  L. Gaudefroy et al, Phys. Rev. Lett. 109 (2012) 202503 

[3]  S. Leblond et al, Phys. Rev. Lett. 121 (2018) 262502 

Spectroscopy of unbound nuclei towards the possible doubly magic nucleus 28O 

Y Kondo and T Nakamura 

Tokyo Institute of Technology, Japan 

We will report the experimental studies on the unbound oxygen isotopes 27O and 28O located beyond the neutron 

drip line. It is experimentally known that the neutron drip line for oxygen (Z=8) is located at 24O (N=16), while that 

for fluorine (Z=9) extends to 31F (N=22), having 6 neutrons. This sudden change of the neutron drip line is called 

oxygen anomaly. Theoretical study [1] suggests that three-nucleon forces play an important role in the binding of 

the oxygen isotopes. Experimentally, only few data is available for 25O and 26O, and the more-neutron rich isotopes 
27O and 28O have never been observed because of experimental difficulties. 

Another important key word is the shell evolution. The disappearance of the N=20 shell closure is now well 

established in the region Z=10-12 and N~20, called island of inversion, while the boundary of the proton-deficient 

side of the island is still unclear. Recent in-beam gamma-ray spectroscopy [2] observed the low-lying bound excited 

state of 29F (Z=9, N=20), which is reproduced well by the SDPF-M shell model calculation [3], showing that the 

island of inversion extends to fluorine. Experimental study of 28O (Z=8, N=20) and its neighboring nuclei is hence 

strongly desired to pin down the shell evolution. 

We have performed a series of experiments for the unbound oxygen isotopes 25-28O with SAMURAI [4] at RI Beam 

Factory (RIBF). As a first step, invariant-mass spectroscopy of 25O and 26O was carried out by the SAMURAI Day-One 

collaboration. The unbound oxygen isotopes were produced by one-proton removal reactions from secondary beams 

of 26F and 27F on a carbon target at 201 MeV/nucleon. The decay products, 24O and neutron(s), were detected in 

coincidence by the SAMURAI spectrometer, which consists of heavy ion detectors and a large neutron detector array 

NEBULA. It is found that the ground state of 26O is barely unbound with respect to the two-neutron emission by 18 

keV [5]. In addition, the first 2+ resonance has also been observed for the first time.  
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Second experiment for 28O and 27O has been carried out by the SAMURAI21 collaboration. These unbound nuclei 

are produced by one- and two-proton removal reaction from secondary beams of 29F and 29Ne at 235 and 228 

MeV/nucleon, respectively. Since the study requires 3 and 4 neutron coincidence measurements, a 15 cm-thick 

liquid hydrogen target with proton tracking detector (MINOS) and the large neutron detector array NeuLAND were 

additionally installed in the SAMURAI setup to improve the luminosity and neutron detection efficiency. Results of 

the experiment will be discussed in the presentation. 

[1]  T. Otsuka et al., Phys. Rev. Lett. 105, 032501, (2010) 

[2]  P. Doornenbal et al., Phys. Rev. C 95, 041301(R), (2017) 
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11Be exotic decay modes measured with the pAT-TPC  

B Olaizola1, Y Ayyad2, W Mittig3 and S Beceiro3  

1TRIUMF, Canada, 2Michigan State University, USA, 3Michigan State University, USA 

In a recent letter [1] a novel explanation was proposed for the so-called neutron lifetime anomaly, the discrepancy 

in the measured half-life of the free neutron when measured in bottle (rate of neutron vanishing) or in beam (rate of 

protons creation) experiments. To explain the difference in the rate of disappearing neutrons and appearing protons, 

they suggested that neutrons could decay into dark sector particles ~1% of the time, which would not be detected 

by in beam experiments. In [1], they also calculated that a few selected nuclei, as 11Be, could have an open energy 

window for this hypothetical dark decay. 

To this date, 11Be is the only isotope for which indirect and ambiguous evidence of β-delayed proton emission (β--

p+) decay exists [2]. This, a priori, contradictory decay mode is only possible because 11Be is a halo nucleus. When 

the halo neutron decays, the resulting proton has a chance to be created in either the continuum or in a resonance 

above its binding energy, allowing it to be emitted. In a previous experiment, Riisager and collaborators implanted 
11Be (T1/2=13.8 s) in a foil and then, using mass spectroscopy, measured the fraction of 10Be in the foils. This 

experiment measured a combination of all possible 11Be decay modes leading to 10Be, unable to distinguish if it was 

created via β--p+ or via the hypothetical neutron dark decay. 

To shed light on these exotic decay modes, we performed an experiment at TRIUMF using the prototype Active Target 

Time Projection Chamber (pATTPC) [3] and the high purity of the ISAC Be beams to directly observe the β--p+ decay 

channel for the first time. The use of the pATTPC allowed for the unambiguous observation of the proton emission. 

We will present preliminary results on the measured branching ratio, where any difference with that measured in [2] 

would hint to the presence of a dark decay branch in 11Be. Moreover, this measurement has profound implications 

in halo physics, as the measurement of the log(ft) of the halo neutron is the best probe on how truly free this 

neutron is, an assumption always made for halo nuclei but that has never been quantitatively measured. 

[1]  B. Fornal and B. Grinstein. Phys. Rev. Lett., 120:191801 (2018)  

[2]  K. Riisager, et al. Physics Letters B, 732:305 (2014)  
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Halo-like structure in 7He nucleus 

A Demyanova1, A Ogloblin, B Chernyshev2, S Goncharov3, Y Gurov2 and S Lapushkin2 

1NRC Kurchatov Institute, Russia, 2National Research Nuclear University MEPhI, Russia, 3 M.V. Lomonosov Moscow 

State University, Russia 

7He is unstable nucleus is lying in the line of neutron – rich Helium isotopes between 6He with a neutron halo and 
8�e having a neutron skin [�]� �ormally it is taken for granted that the notion “halo” could not be applied to 

unstable nuclei. However, if the time of life T of a particular nucleus is much larger than the characteristic time η of 

flight of the escaping neutron, there is no difference between stable and unstable nuclei. As for 7He the ratio T/ η is 

≈ 7, we looked for data which could provide some information on the halo – like structure of 7He. We applied the 

Modified diffraction model MDM [2-4] to the charge – exchange reactions 6Li(t,3He)6He [5] and 7Li(t,3He)7He [6]. 

According to MDM the difference of the RMS of the states under study is determined by the difference of the 

corresponding diffraction radii taken from the differential cross-sections under study. We found that the radius of 
7He is Rrms = 2.4±0.4 fm. This value is close to those of 6He and 8He 2.48±0.03 fm and 2.52±0.03 fm [1]. The 

result supports suggestion that neutrons outside 4He occupy the same orbitals and indicates to smooth transition 

between halo and skin. The phase distributions of the fragments emitted in the reactions with stopped pions on 9Be 

and 11B [7, 8] showed that the main 7He decay configurations are 6Hegr.st + n and 6He* + n confirming the 

complicated halo – like of 7He. 

[1]  I. Tanihata, H. Savajols, R. Kanungo, Progress in Particle and Nuclear Physics 68, 215 (2013) 

[2]  A.S. Demyanova et al., Int. J. Mod. Phys. E 17, 2118 (2008) 

[3]  A. N. Danilov, T. L. Belyaeva, A. S. Demyanova, S. A. Goncharov, and A. A Ogloblin. Phys. Rev. C 80, 

054603 (2009) 

[4]  A.S. Demyanova, A.A. Ogloblin, S.A. Goncharov, A.N. Danilov, T.L. Belyaeva, W. Trzaska, Phys. Atom. Nucl. 

80, 831 (2017) 

[5]  R. H. Stokes and P. G. Young, Phys. Rev. 178, 2024 (1969) 

[6]  J. D. Sherman et al., Phys. Rev. C 13, 2122 (1976) 

[7]  M. G. Gornov et al., Nucl. Instrum. Meth. Phys. Res. A 446, 461 (2000) 

[8]  Yu. B. Gurov et al., Phys. Part. Nucl. 40, 558 (2009) 

Lifetime measurements of excited states in neutron-rich C and O isotopes as a test of the three-body forces  

� }iemała1, S Ziliani2,3, S Leoni2,3, B Fornal1, F Crespi2,3 A Maj1, P Bednarczyk1, G Benzoni3, A Bracco2,3, C Boiano3, 

S Bottoni2,3, S Brambilla2, M Bast4, M Beckers4, T Braunroth4, F Camera2,3, N Cieplicka1, E Clément5, O Dorvaux6, S 

Erturk7, G De France5, A Goldkuhle4, � �rębosz1, M Harakeh8  Ł �skra1, B Jacquot5, � �icińska-Habior9, Y Kim5, M 

Kmiecik1, A Lemasson5, H Li5, I Matea10, K Mazurek1, C Michelagnoli11, B Million3, C Müller-Gatermann4, P 

Napiorkowski9, V Nanal12, M Matejska-Minda9, M Rejmund5, C Schmitt6, M Stanoiu13, I Stefan10, B Wasilewska1, M 

�ielińska14 

1Institute of Nuclear Physics PAN, Poland, 2Università degli Studi di Milano, Italy, 3INFN, Italy, 4IKP Cologne, 

Germany, 5GANIL, France, 6CNRS/IN2P3, France, 7Nigde University, Turkey, 8University of Groningen, Netherlands, 
9University of Warsaw, Poland, 10IPN Orsay Laboratory, France, 11Institut Laue-Langevin (ILL), France, 12Tata Institute 

of Fundamental Research, India, 13IFIN-HH, Romania, 14CEA, France 

This contribution reports on an experiment performed in GANIL in July 2017 with the AGATA tracking array coupled 

to the PARIS scintillator array and the VAMOS magnetic spectrometer. Aim of the measurement was the 

determination of the lifetimes of excited states in neutron rich C and O isotopes, in particular in 16C and 20O. For 

these nuclei, ab-initio calculations predict a strong sensitivity of selected electromagnetic transition probabilities to 

the details of the nucleon-nucleon interactions, especially to the three-body term. Strong sensitivity is expected, in 

particular, in the case of the lifetime of the second excited 2+ state, in each nucleus of interest.  
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In the talk, the analysis of the data collected with the AGATA, VAMOS and PARIS detectors, for the reaction 

employing the 18O beam (Ebeam = 7.0 MeV/A) on a thick (6.7 mg/cm2) 181Ta target, will be shown. The isotopic 

identification of the reaction products and their velocity vector reconstruction, using the VAMOS spectrometer data, 

will be presented and applied in the analysis of the AGATA and PARIS data.  A novel technique will be introduced for 

the determination of state lifetimes in the range of few hundreds femtoseconds: it is based on the analysis of line 

shape and line centroid shift angular dependence observed in AGATA Doppler corrected gamma-ray energy spectra, 

in comparison with simulation calculations especially developed for deep-inelastic reaction products. Results for the 

lifetime of second 2+ states in 20O will be given. 

New Facilities and Instrumentation A 

(Invited) Major accelerator facilities for nuclear physics in Asia Pacific 

K Tanaka1, 2, 3 

1J-PARC, Japan, 2KEK, Japan, 3ANPhA, Japan 

Asian Nuclear Physics Association (ANPhA) is the central organization representing nuclear physics in Asia Pacific. 

ANPhA is now preparing a list of accelerators applicable for nuclear physics experiments in Asia Pacific. Among the 

listed facilities, world-class “major” accelerator facilities are mainly locating in China (Heavy Ion Research Facility in 

Lanzhou (HIRFL), and its future extension in Huizhou, i.e. HIAF/CiADS, Beijing Tandem Accelerator National 

Laboratory (BTANL), which is now upgraded to Beijing RI beam Facility (BRIF)),  in India (Variable Energy Cyclotron 

Centre (VECC) in Kolkata), in Korea (RISP/RAON), and in Japan (RIBF at Riken, J-PARC, RCNP, and ELPH/LEPS) as 

partly shown in Fig. 1 (see below). World class Facilities based on the tandem accelerator are locating at Mumbai 

and New Deli in India, at Tokai-mura in Japan, and at Canberra in Australia.  

}haracteristics of these “major” facilities including their facility developments will briefly be reviewed in my talk in 

INPC2019 in comparing with similar facilities in Europe and North America. 
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Fig 1: �ocation of some “major” accelerator facilities for nuclear physics in {sia �acific� 

Experimental facilities at iThemba LABS 

M Wiedeking 

iThemba LABS, South Africa 

iThemba LABS has embarked on an extensive renewal program with the ultimate goal to provide the users with 

competitive and state-of-the air research facilities for nuclear physics experiments. In particular, significant 

developments on the high-energy neutron beam facility, the K600 magnetic spectrometer and the large-volume 

LaBr3:Ce (ALBA) and Compton suppressed Clover high-purity germanium (AFRODITE) gamma-ray arrays have taken 

place. These developments are anticipated to significantly improve and make possible new types of measurements 

of nuclear properties which are not only relevant for nuclear structure and nuclear astrophysics but also for applied 

physics. 

I will give an overview of the new and enhanced experimental capabilities at iThemba LABS, in particular in the 

context of ongoing and future measurements on the Giant and Pygmy Dipole Resonances, as well as the photon 

strength function and nuclear level density which are of importance to nucleosynthesis. 

Towards laser spectroscopy in a supersonic gas jet at the S3 spectrometer (S3-LEB) 

S Franchoo1, L Caceres2, J Cam1, R De Groote3, P Delahaye2, P Duchesne1, R Ferrer4, X Fléchard1, S Kraemer4, N 

Lecesne2, J Lory1, V Manea4, Y Merrer1, I Moore3, J Piot2, O Pochon1, B Retailleau2, J Romans4, H Savajols2, C 
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Vandamme1, P Van den Bergh4, P Van Duppen4, M Verlinde4, E Verstraelen4, K Wendt5 

1CNRS/IN2P3/IPN, France, 2Ganil, France, 3University of Jyväskylä, Finland, 4University of Leuven, Belgium, 
5University of Mainz, Germany 

A new spectrometer S3 is presently under construction at the Ganil accelerator complex in France. It will provide 

purified beams of medium-mass N=Z nuclei and heavy isotopes beyond actinium, both at the extremes of stability, 

at unprecedented intensities. As part of its instrumentation for nuclear physics at low energy (S3-LEB), a dedicated 

set-up for resonant laser ionisation and spectroscopy in a supersonic gas jet Reglis and a multi-reflection time-of-

flight mass spectrometer Pilgrim are currently being commissioned. 

A proper design of the nozzle ensures that a gas jet with low temperature and low density is achieved that provides 

the optimum conditions for laser spectroscopy at high repetition rate [1]. By laser-probing the ground and isomeric 

states of the extracted isotopes in the expanding gas jet, their shape, size, spin and electromagnetic multipole 

moments can be measured whilst combining high efficiency and high spectral resolution [2]. In this contribution we 

shall present the status of Reglis within the low-energy branch of S3 (S3-LEB), preparatory measurements through 

planar laser-induced fluorescence carried out at Leuven on the formation of the gas jet and recent searches for 

resonant laser-ionisation schemes. We shall discuss its prospective physics programme, which will bring within 

reach key nuclei such as 94Ag, 101Sn, or 255Lr. 

 

Fig 1: Central jet line of a quasi-uniform jet at near-optimum pressure visualised by planar laser-induced 

fluorescence [1]  

[1]  A. Zadvornaya et al., Physical Review X 8, 041008 (2018) 

[2]  R. Ferrer et al., Nature Communications 8:14520 (2017) 

Implementation of the ELIGANT neutron and gamma detector arrays at ELI-NP 

L Capponi, P Söderström, E Açıksöz and D Balabanski  

ELI-NP, Romania 

The Extreme Light Infrastructure – Nuclear Physics facility that is under implementation in �ăgurele in �omania is 

projected to provide the European community with the highest brilliance gamma beam for photoinduced nuclear 

reactions. 

One of the key instruments in the research areas focusing on nuclear physics and applications with high-brilliance 

gamma-beams is the ELI Gamma Above Neutron Threshold (ELIGANT) setup. ELIGANT is a large collection of 

instruments for neutron and gamma physics consisting of three complementary setups: ELIGANT-TN [1,2] for 

thermal neutron detection using multiple 3He counters; ELIGANT-GN [1,3] for gamma rays and fast neutron 

coincidence detection consisting of a large array of liquid scintillator detectors, 6Li glass detectors, and a mixed 

array of CeBr3 scintillators and LaBr3:Ce scintillators. In addition to these setups a new configuration, ELIGANT-GG, 

has also been realized for weak gamma coincidence measurements using the CeBr3 scintillators and thick lead 

shielding. These detector system will be read out by a large-scale analogue and digital data acquisition systems. 

The planned physics cases for ELIGANT span over a large area of subfields within nuclear physics ranging from 

photonuclear data on high-priority nuclei as identified by the International Atomic Energy Agency for energy 
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applications, nuclear astrophysics and process nucleosynthesis via measurements of (γ,n) reactions, and 

fundamental nuclear physics through studies of the giant-, pygmy-, and magnetic dipole resonances. With the 

newest addition of the gamma-gamma setup the ELIGANT array will also explore weak second order nuclear and 

quantum electrodynamic decay- and scattering modes.  

In this contribution we will present some of the key ELIGANT physics cases, the current status of the implementation 

of the different subsystems of ELIGANT, and the plans for future expansion of the ELIGANT project for increased size 

and neutron-energy resolution. 

[1]  F. Camera, et al., Rom. Rep. Phys. 68 (2016) S539 

[2]  H. Utsunomiya, et al., Nucl. Instrum. Meth. A871 (2017) 135 

[3]  M. Krzysiek, et al., Nucl. Instrum. Meth. A916 (2019) 257 

Design, construction and performance of magnetised mini-ICAL detector module 

S Pethuraj1, 2, V Datar1 and G Majumder1 

1Tata Institute of Fundamental Research, Mumbai, India, 2Homi Bhabha National Institute, Mumbai, India 

India-based Neutrino Observatory (INO) has proposed to build a 51kton magnetised Iron Calorimeter (ICAL) in an 

underground laboratory to be constructed near Madurai, South India. ICAL is aimed to precisely study the 

atmospheric neutrino oscillation parameters and determine the ordering of neutrino masses1. ICAL will be built by 

stacking 151 layers of 56mm soft iron plates, spanning essentially a lateral area of 48m x 16m. The detector will 

deploy about 28,800 glass Resistive Plate Chambers (RPCs) of approximately 2m x 2m in area, inserted between 

the iron layers with about 3.6 million readout electronics, which includes 128 channels fast amplifier and 

discriminator board, a TDC, strip-hit latch, trigger generator board, ambient parameter monitor, Front-end controller 

etc.  

Many RPC detector stacks were constructed and operated by the collaboration for prolonged periods of time - 

several years, mainly studying long term performance of the RPC detectors. But a 11 layer magnetised  'mini-ICAL' 

of lateral area 4m × 4m was built, essentially exactly of the same design as that of ICAL and also using same 

detector components as shown in figure 1(a). This was expected to serve the purpose of understanding the 

engineering issues in constructing the ICAL, and at the same time provide important inputs on the ICAL's operating 

parameters in presence of magnetic field and physics measurement capabilities.  

A nominal magnetic field of 1.5 Tesla will be produced inside the iron plates, by passing about 900Amps current 

through two, 18-turn OFHC copper coils which are water-cooled. Noise rate of three strips in an RPC as a function of 

magnetic field (current in coil from 0 to 900A) are shown in 1(b), which shows no change in rate count and also the 

muon detection efficiency also remains same in present of magnetic field and there is also no effect on muon 

detection efficiency, which is about 95% in central region of the RPC detector.  A software framework for analysis of 

mini-ICAL data is already in place2. This is operational in last many months and cosmic muon spectrum is obtained 

and compared with CORSIKA simulation to have better understanding of neutrino flux at Madurai, which is essential 

for the neutrino physics with INO detector. 
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Fig 1: (a) view of miniICAL with 10 layers of RPC and (b) Noise rate in RPC-2 for magnetic coil current from 0 to 

900A.  

[1]  Ahmed, Shakeel and others, Pramana 88, No.5, 79 (2017) 

[2]         S. Seth and others, JINST 13, No. 09, P09015 (2018) 

Development of a radiation detector with particle discrimination for nuclear security applications 

F Thomson 

University of Glasgow, UK 

The detection and analysis of multiple types of radiation is of paramount importance in nuclear safe-guarding and 

as such is a primary concern of sensor development. In the past, many nuclear safe-guarding have employed a 

combination of plastic scintillator and He-3 filled proportional gas counters for neutron and gamma detection, but 

since the increased use of He-3 for homeland security and science applications the world has been facing a 

shortage of this Nobel gas. Efforts have been made to find a suitable replacement for these detectors, most 

solutions to this problem have involved the use of Lithium or Boron for thermal neutrons and liquid or plastic 

scintillator for fast neutron solutions. 

In this work two potential replacement materials were investigated, namely CLYC(Ce) and EJ299-33A coupled to 

SiPMs(Silicon photomultipliers) with the aim to produce a compact, low power, robust detection system for both 

neutron and gamma radiation. The response of the materials to neutron and gamma radiation was investigated to 

probe the pulse shape discrimination potential of the materials. Simulations were then performed in order to inform 

the design of a light guide to optimize light collection for coupling to arrays of SiPMs. The signals produced by the 

system were then digitized, and algorithms applied in order to discriminate between neutron and gamma radiation, 

and the possibility of using machine learning methods such as deep learning were also investigated. 

It was found that both time domain and frequency domain algorithms had their strengths and weaknesses, with 

time domain methods such as charge comparison methods producing reasonable separation of spices and having 

very fast execution time, they were more susceptible to noise than methods which operated in the frequency 

domain. Methods which take advantage of the ability to remove much of the noise in the signal tend to be more 

computationally expensive than that of the charge comparison method, but the results did benefit from the 

reduction in noise, which reduced the dispersion of the spices distributions, which can sometimes be seen in other 

methods. This results in the PSD performance being improved in some applications in comparison to other time 

domain methods such as charge comparison or pulse gradient analysis. 

In this work, it has been shown that neutron-gamma PSD detectors can be constructed from the combination of 

CLYC and EJ299-33A scintillators and SiPM arrays which have the potential to replace He-3 detection systems in 

many applications while giving the benefit of reduction in detector size as well as an increase in the robustness of 

the detector system for in field deployment. It has also been shown that multiple approaches to the PSD analysis 
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can yield favourable results and each have benefits which make it well suited to certain applications. 

Societal Impact and Applications of Nuclear Science 

(Invited) Tb-IRMA-V: Terbium ISOL radioisotopes for medical applications in Flanders 

T Cocolios1, L Popescu2 and T Stora3 

1KU Leuven Instituut voor Kern- en Stralingsfysica, Belgium, 2Belgian Nuclear Research Centre, Belgium, 3CERN, 

Swtizerland 

With four different radioisotopes that could be of complementary medical interest, the terbium isotopes have gained 

a lot of interest in the recent years [1]: 149Tb for α therapy combined with PET imaging [2,3], 152Tb for PET imaging, 
155Tb for SPECT imaging, and finally 161Tb for β- or Auger therapy combined with SPECT imaging. However, the path 

to clinical practice with these isotopes might be compromised without a reliable supply for ongoing and future (pre-

)clinical research. 

While the original work has been performed by punctual collections at the CERN ISOLDE facility (149,152,155Tb) [3,4] 

and irradiations at the nuclear reactor of the ILL (161Tb), the increase in interest that those pioneering research have 

generated must now be supported by a larger access to these isotopes. This has further supported the need to 

construct the CERN MEDICIS (MEDical Isotopes Collected from ISOLDE) facility [5], which has entered in full 

operation since 2018. Tb radioisotopes are now regularly produced and distributed to partner institutions in Europe 

for basic research in radiochemistry, radiopharmacy, standard qualification, and pre-clinical studies. 

It is however important that new facilities can complete the supply of CERN MEDICIS for future needs for these 

isotopes� �n partnership with the �}�•}��  and in the context of the �����{ project [�]  a new initiative for the 

large scale production of these isotopes via the isotope separation online (ISOL) method is now under investigation. 

The Tb-IRMA-V project gathers a team of researchers from all aspects of the challenge posed to bring a cure to 

cancer patients: from the production of radioisotopes, to their radiochemical purification, the production of novel 

radiopharmaceuticals, pre-clinical studies, and even the regulatory limitations for the use of Tb radioisotopes. 

This research will explore how to upscale the production of the Tb radioisotopes via the ISOL method, while already 

pursuing the other layers of the research with isotopes readily available from CERN MEDICIS and the BR2 reactor at 

�}�•}��� �n this presentation  � shall introduce the }��� ��~�}�� facility and its achievements in the context of 

the �b isotopes  as well as the future prospects for an ���� facility at �}�•}��� 

[1]  C. Müller et al., The Journal of Nuclear Medicine. 53, 1951-1959 (2012) 

[2]  C. Müller et al., EJNMMI Radiopharmacy and Chemistry. 1, 5 (2016) 

[3]  G.-J. Beyer et al., Eur. J. Nucl. Med. and Mol. Imaging. 31, 547-554 (2004) 

[4]  C. Müller et al., Nuclear Medicine and Biology. 41, e58-e65 (2014) 

[5]  R.M. dos Santos Augusto et al., Applied Sciences 4, 265-281 (2014) 

[6]  L. Popescu, EPJ Web of Conferences. 66, 10011 (2014) 

(Invited) Accelerator centre for exotic isotopes (ACE Isotopes) pillar of the South African isotope facility (SAIF) 

R Bark, F Azaiez, J Conradie, C Naidoo and P van Schalkwyk 

iThemba Laboratory, South Africa 

The iThemba Laboratory for Accelerator Based Sciences is based around a K=200 Separated Sector Cyclotron 

(SSC) which is used for radionuclide production and for research in nuclear physics and radiobiology. It plans to 

build the “�outh {frican �sotope �acility”  comprising two phases¢ the first is the {ccelerator }entre for �xotic 

Isotopes (ACE Isotopes) and the second is the Accelerator Centre for Exotic Beams (ACE Beams). Here we focus an 
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ACE Isotopes, for which initial funding has been approved. 

Radionuclides are currently produced with the SSC for local and export markets, with only longer lived isotopes 

available for export. iThemba LABS presently supplies 20% of the worlds 82Sr, 40% of the worlds 68Ge/68Ga 

generator and all of its 22Na. Ace Isotopes will see the acquisition of a new cyclotron dedicated to the production of 

radionuclides for medicine. The accelerator will be a negative-ion machine, capable of accelerating protons to 70 

�e� and delivering currents of up to ���μ{� �sotope production will increase by more than a factor of two with the 

commissioning of the new cyclotron. 

The high-current cyclotron will take radionuclide production away from the SSC, freeing it up for an increased tempo 

of research� i�hemba �{|� plans to build a “�ow �nergy �adioactive-�on |eam” (����|) facility based on the 

Isotope Separation OnLIne (ISOL) method. The SSC will be used as the driver accelerator to deliver a proton beam 

to various carbide production targets� |ecause the “flat-topping” implemented on the ��} is optimized to supply 

currents of up ���μ{ of �� �e� protons  this energy will be used on production targets – a uranium-carbide target 

has been designed to produce up to 2 ×1013 fission/s using a �� �e� proton beam of ��� μ{ intensity� �he “front-

end”  housing the target/ionsource will be a copy of the front-end developed for the SPES project, which is itself 

derived from the ISOLDE front-end. LERIB will supply low-energy (60 keV) RIBs for research, which includes the 

study of the -decay of exotic isotopes, the use of radioactive ions as probes to study the properties of materials 

and as a way extract radionuclides of interest for therapy and diagnostics. 

The next phase, ACE Beams, will see the RIBs post-accelerated to energies of at least 5 MeV/A. 

Progress towards the absolute standardisation and precise measurements of the gamma-ray emission intensities 

and radioactive decay constants of the theragnostic 152Tb and 155Tb radioisotopes 

S Collins1, A Robinson1,2,3, J D Keightley1, P Ivanov1, B Russell1, A Arinc1, U Köster4, T Cocolius5, A Fenwick1, K 

Ferriera1, K Johnston6, J Schell6, D Cullen2, B Pietras2, E Price2, V Radchenko7, M Stachura7, K Helariutta8, U 

Jakobsson8, B Webster1,9, The MEDICIS collaboration 

1National Physical Laboratory, UK, 2University of Manchester, UK, 3Christie Medical Physics and Engineering 

(CMPE), UK, 4Institut Laue-Langevin, France, 5KU Leuven, Belgium 6CERN-ISOLDE, Switzerland, 7TRIUMF, Canada, 
8University of Helsinki, Finland, 9University of Surrey, UK 

The CERN-MEDICIS collaboration aims to create a new generation of therapeutic and -diagnostic radioisotopes for 

cancer treatment, using the proton beam and on-line mass separator at ISOLDE. These would typically be 

challenging to produce successfully at other facilities without significant radioisotopic impurities, The collaboration 

has identified four terbium isotopes (149,152,155,161Tb) as having physical attributes (i.e. half-lives, particle emissions) 

which would make them suitable candidates for use in nuclear medicine[1]. Owing to these terbium radioisotopes 

sharing the same chemical behaviour and therefore able to be attached to the same targeting agents these have the 

potential to provide unique theragnostic treatment strategies, providing both α- and β-emitting cancer therapies 

and diagnostic SPECT and PET imaging.  

To provide a solid foundation for the use of these radioisotopes in future clinical trials extensive pre-clinical studies 

are required. Before any radio-pharmaceutical can be used clinically the administered activity must be determined. 

This is typically performed using a radionuclide calibrator with traceability to a national measurement institute 

(NMI). Primary activity standards, combined with accurate nuclear data measurements therefore underpin the 

clinical use of any radiopharmaceutical. 

As the UK National Metrology Institute, the National Physical Laboratory maintains the national standards of 

radioactivity, which provides traceability directly to the SI unit of radioactivity (Bq). This work intends to present the 

progress made and the issues faced at the National Physical Laboratory to provide the first primary standardisations 

of 152Tb and 155Tb, which were produced at the ISOLDE facility, to provide traceability to support these preclinical 

trials. The preliminary measurements of the radioactive decay constants and the absolute intensities of the γ-ray 

emissions from the decay of 152Tb and 155Tb will also be presented, which show significant improvements over 
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measurements made in the 1970s[2-4]. 

[1]  Müller, C. et al. A unique matched quadruplet of terbium radioisotopes for PET and SPECT and for α- and β-

-radionuclide therapy: An in vivo proof-of-concept study with a new receptor-targeted folate derivative. J 

Nucl Med 53, 1951-1959, doi: 10.2967/jnumed.112.107540 (2012) 

[2]  Chu, Y. Y., Franz, E. M., Friedlander, G., 1970. Half-lives and gamma-ray abundances of several rare-earth 

nuclides. Phys. Rev. C 1, 1826-1828 

[3]  Toth, K. S., Bjørnholm, S., Jørgensen, M. H. Nielsen, O. B., Skilbreid, O., Svanheden, Å, 1960. The light 

terbium isotopes a survey of half-lives and γ-ray spectra with the use of mass-separated samples. J. Inorg. 

Nucl. Chem. 14, 1-7 

[4]  Meyer, R. A., Gunnink, R., Lederer, C. M., Browne, E., 1976. Level structure of 155Gd and the electron-

capture of 155Tb. Phys. Rev. C 13, 2466-2482 

Theragnostics - The production of terbium  

R Trinder1, T Kokalova1, C Wheldon1, D Parker1, B Phoenix1, P Ivanov2, B Russel2, B Webster2, P Regan2,3, A 

Robinson2, D Cullen4, S Pells4  

1University of Birmingham, UK, 2National Physical Laboratory, UK, 3University of Surrey, UK, 4University of 

Manchester, UK  

Nuclear medicine is commonly used in cancer treatments and imaging. The combination of cancer therapy and 

diagnostic (theragnostic) procedures are currently being used in hospitals. The principles of theragnostics will be 

discussed along with future improvements to current theragnostic techniques using different radioactive isotopes of 

the same element. The implementation of the same element for therapy and diagnostic imaging will reduce the 

uncertainty in targeting the imaged areas.  

The current aim of my work is to investigate the production of Terbium isotopes using the MC40 Cyclotron at the 

University of Birmingham. Results from the initial experiments will be presented and details given. Further planning 

and production of other relevant isotopes will be discussed. 

Targeted cancer therapy with the alpha emitter actinium-225 

A Kellerbauer, F Bruchertseifer, R Malmbeck and A Morgenstern 

European Commission, Germany 

The targeted treatment of cancerous tumors by alpha-emitting radionuclides has shown remarkable efficacy in 

recent clinical trials [1]. It is likely that this treatment option will ultimately be applicable to a wide range of cancers 

and other diseases, subject to the development of specific carrier molecules.  Currently 225Ac is being produced from 

natural ingrowth in existing stocks of 229Th. However, future wide application for radiotherapy will require many 

orders of magnitude more radionuclide than can currently be produced. Consequently, following up on earlier work 

at JRC [2], we are pursuing various alternative production methods. In this paper, an overview of internal 

radiotherapy with alpha emitters is given, along with recent clinical experience, as well as possible schemes for the 

large-scale production of 225Ac using different target materials and irradiation facilities. 

[1]  A. Morgenstern et al.  “{n overview of targeted alpha therapy with 225actinium and 213bismuth ” }urr� 

Radiopharm. 11 (2018) 200 

[2]  C. Apostolidis et al.  “}yclotron production of {c-��� for targeted alpha therapy ” Appl. Radiat. Isot. 62 

(2005) 383 
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Fundamental Symmetires and Interactions In Nuclei 

Hunting for dark matter with neutron stars 

S Reddy 

University of Washington, USA 

Extreme conditions encountered in neutron stars provide unique opportunities to either discover or constrain the 

particle nature of dark matter. During the next few years we expect to learn a lot more about neutron stars thanks to 

significant advances in multi-messenger astronomy and the detection of gravitational waves from binary neutron 

star mergers. I will discuss how these observations can help provide new insights about dark matter. 

Exploiting electron parity violation: from Standard Model tests to dark matter detection predictions 

O Moreno1 and T Donnelly2 

1Universidad Complutense de Madrid, Spain, 2Massachusetts Institute of Technology, Cambridge, USA 

There has been recent interest in low energy, high luminosity polarized electron beams for studies of parity-violating 

(PV) electron scattering, such as the MESA accelerator at Mainz or an upgraded FEL facility at Jefferson Lab. 

Accurate measurements of the PV asymmetry in elastic electron scattering from nuclei can be used to determine 

Standard Model couplings, such as the weak-mixing angle, or higher-order radiative corrections, as well as to 

extract specific information on the nuclear and nucleon structure. To this end, low uncertainties are required from 

modeling some confounding nuclear and nuclear structure effects, including isospin mixing, nucleon strangeness 

content or Coulomb distortion. We estimate the sizes and theoretical uncertainties of such effects for a carbon 12 

target [1]. An experimental precision in the asymmetry of a few tenths of a percent may be reachable under certain 

kinematic conditions, that are also discussed for the same nuclear target. 

This high precision PV asymmetry in elastic electron scattering can also be used to relate in a very simple manner 

the elastic electron-nucleus scattering cross section with the elastic weak-neutral neutrino-nucleus cross section 

for even-even targets or, more generally, for any target in coherent scattering. This novel relationship allows us to 

exploit experimentally well-determined quantities (related to electron-nucleus scattering) in order to predict 

unknown or recently measured observables (weak neutral neutrino-nucleus cross sections) [2]. This idea can be 

extended to link electron scattering to an even more uncertain magnitude: the direct detection rate of hypothetical 

weak-interacting dark matter particles through axial and/or vector elastic collisions with nuclei [3]. 

[1]  O. Moreno, T. W. Donnelly, Phys. Rev. C 89, 015501 (2014) 

[2]  O. Moreno, T. W. Donnelly, Phys. Rev. C 92, 055504 (2015) 

[3]  O. Moreno, T. W. Donnelly, in preparation 

APEX (A' Experiment): A search for Dark Matter at Jefferson Lab 

J Williamson 

University of Glasgow, United Kingdom 

�he {’ ��periment ({���) at �efferson �ab is a search for a new vector gauge boson  {’  within the mass range of 65 

MeV< mA’ < ��� �e�  and with a coupling to electrons of α’/α = 6 × 10-8. Such a Boson could serve as an 

explanation of several dark matter related phenomena, via its interactions with both SM(Standard Model) and dark 

matter. A successful test run in 2010, searching in the mass range of 175 MeV < mA < 250 MeV showed the 

absence of the {’ boson in this region [�]� �his generated wide interest and proved the viability of the experiment. 
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Taking place at Jefferon Lab, this experiment utilises the nuclear physics facility and relevant expertise gained from 

nuclear physics in the low �e� energy range� �n the experiment {’ bosons would be produced from stationary-target, 

electron-nuclei interactions in Hall A of the facility. Using a similar set-up to the test run the two High Resolution 

Spectrometers (HRSs) of Hall A will be used to detect the e- and e+ particles produced from the electron beam of 

Jefferson Lab colliding with a fixed tungsten foil target. Produced through a process analogous to Bremsstrahlung in 

electromagnetic interactions  {’ bosons could be observed as small peaks in the e+e- invariant mass spectrum. The 

HRSs will provide an invariant-mass resolution of δm/m = 0.5%, allowing great sensitivity to the mass and coupling 

of a potential {’ boson� �he set-up will be upgraded by a new septum magnet, to increase the angular resolution of 

the experiment and a new detector ‘�ci�i’  which will act as an active sieve slit and will allow the opitcal calibration 

of the positive polarity arm of the HRSs. 

[1]  S. Abrahamyan et al., Phys. Rev. Lett. 107, 191804 (2011) 

On a new light-particle candidate observed in high-energy nuclear transitions  

A Krasznahorkay1, M Ciemala2, M Csatlós1, L Csige1, Z Gácsi1, M Hunyadi1, T Klaus3, M Kmiecik2, A Maj2, Á Nagy1, N 

Pietralla3, Z Révay4, N Sas1, C Stieghorst4, J Timár1, T Tornyi1 and B Wasilewska2 

1Hungarian Academy of Sciences, Hungary, 2Polish Academy of Sciences, Poland, 3Technishe Universität, Germany, 
4Heinz Maier-Leibnitz Centrum, Germany  

Recently, we used the 7Li(p,e+e-)8Be reaction to excite an18.15 MeV excited state in 8Be and observed its internal 

pair (e+e-) decay to the ground state. An anomaly in the form of peak-like enhancement relative to the internal pair 

creation was observed at large angles in the angular correlation [1]. It turned out that this could be a first hint for a 

17 MeV X-boson (X17), which may connect our visible world with Dark Matter [2]. The possible relation of the X17 

to the Dark Matter problem, triggered great theoretical and experimental interest in the particle, hadron and atomic 

physics communities. Zhang and Miller discussed in detail whether a possible explanation of nuclear physics origin 

could be found but without any success [3].   

Using a significantly modified and improved experimental setup, we reinvestigated the anomaly observed in the e+e- 

angular correlation by using the new tandetron accelerator of our institute. This setup has different efficiency curve 

as a function of the correlation angle, and different sensitivity to cosmic rays yielding practically independent 

experimental results. In this experiment, the previous data were reproduced within the error bars.  

To confirm the 8Be signal, a similar approach would be to look for other nuclear states that decay by discrete 

gamma rays with energies above 17 MeV through M1 electromagnetic transitions. Unfortunately, the 8Be system is 

quite special and its excited states decay by gamma rays that are among the most energetic compared to decay of 

all the nuclear states.  

Recently, we investigated high-energy transitions in 4He. In order to excite the first two excited states located at 

  =20.21 MeV (Jπ=0+) and 21.1 MeV (Jπ=0¯), we used the 3H(p,e+e-)4He reaction at Ep= 1.0 MeV. In this way, we 

excited both of the above overlapping states. We observed e+e- pairs with an angular correlation dominated by the 

E0 transition, which was expected from the 0+ → 0+ transition, but on top of that a small peak at Θ≈115° is also 

→ 0+ transition.  

The γγ-decay of X17 boson was also studied in order to distinguish between the vector and pseudo-scalar scenarios 

suggested recently by theoretical groups in interpreting our experimental results [4,5]. According to the Landau-

Yang theorem, the decay of a vector boson is forbidden by double γ-emission, however, a pseudo-scalar one is 

allowed. The analysis of the data is in progress.  

There are also myriad other opportunities to test and confirm this explanation, including re-analysis of old datasets, 

ongoing experiments, and many planned and future experiments. The latter include the PADME experiment in 

Frascati, the DarkLight and HPS experiments at JLAB, the LHCb and NA64 experiments at CERN, the MESA 

experiment in Mainz, the Mu3e experiment at PSI Villigen and the VEPP-3 experiment in Novosibirsk.  
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[1]  A.J. Krasznahorkay et al., Phys. Rev. Lett. 116,042501 (2016) 

[2]  J. Feng et al., Phys. Rev. Lett. 117, 071803 (2016) 

[3]  Xilin Zhang and Gerald A. Miller, Phys. Lett. B773,159 (2017) 

[4]  Ulrich Ellwanger and Stefano Moretti, JHEP 11,039 (2016) 

[5]  Jonathan Kozaczuk, David E. Morrissey, and S. R. Stroberg, Phys. Rev. D95, 115024 (2017) 

Machine Learning for Antihydrogen Detection within ASACUSA 

B Kolbinger  

Austrian Academy of Sciences, Austria 

CPT Invariance of the Standard Model requires that the fundamental properties of particles and their anti-particles 

are equal. Antihydrogen is the simplest stable atom composed solely of antimatter and its matter counterpart 

hydrogen is one of the most precisely studied atomic systems. Consequently, a comparison of the spectra of 

hydrogen and antihydrogen issues one of the most stringent tests of CPT symmetry. The ASACUSA Collaboration at 

CERN's Antiproton Decelerator aims to measure the ground state hyperfine splitting of antihydrogen in a Rabi-type 

beam experiment in order to test CPT symmetry with high precision. 

Antiprotons and positrons form antihydrogen in a mixing trap [1], the antiatoms escape the trap as a polarised 

beam and enter the Rabi-like spectrometer apparatus [2] which consists of a microwave cavity for inducing 

hyperfine transitions and a state-analysing sextupole magnet. A detector records the annihilation signal at the end 

of the beamline. Its purpose is to count the arriving antihydrogen atoms and therefore distinguish signal from 

background events (mainly cosmics). 

The detector consists of a position sensitive central calorimeter [3] that acts as a target for the antihydrogen beam 

and a surrounding hodocope to track charged secondaires stemming from annihilations and cosmic rays. The 

tracking detector comprises of two layers of plastic scintillators which are read out by silicon photomultipliers [4]. 

Additionally, the position resolution of the hodoscope has been improved by an upgrade consisting of scintillating 

fibres [5] which enables three-dimensional tracking and vertex reconstruction and therefore allows discrimination 

against upstream annihilation. 

The focus of this contribution lies on ASACUSA's antihydrogen detector and the data-driven machine learning 

analysis that has been developed to identify antihydrogen annihilations from background events with high 

efficiency. The algorithm is trained and evaluated with antiproton events acquired during direct extractions to the 

detector and background events recorded in beam-off periods. The first measurement of the distribution of principle 

quantum numbers of the produced antihydrogen atoms will be presented in the light of this analysis [6]. Results 

show that antihydrogen atoms in low lying states are produced which should decay to the ground state before 

reaching the spin-flip inducing cavity. However, the rate is not yet sufficient for spectroscopy and reaching the goal 

of a relative precision at the ppm level. 

[1]  N. Kuroda et al., Nature Communications 5 (2014) 3089 

[2]  E. Widmann et al., Hyperfine Interactions 215 (2013) 18 

[3]  Y. Nagata et al., NIMA , 840, 153-159 (2016) 

[4]  C. Sauerzopf et al., NIMA 845, 579-582 (2016) 

[5]  B. Kolbinger et al., EPJ Conferences 181, 01003 (2018) 

[6]  C. Malbrunot et al., Phil. Trans. R. Soc. A 376, 20170273 (2018) 
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Precision half-life measurements of mirror transitions at the University of Notre Dame 

M Brodeur1, T Ahn1, D Bardayan1, D Burdette1, J Kolata1, J Long1, C Nicoloff1,2  � �’�alley1 and A Valverde1,3 

1University of Notre Dame, USA, 2Wellesley College, USA, 3Argonne National Laboratory, USA 

Despite its success, the Standard Model (SM) is currently being scrutinized on multiple fronts. One probing 

mechanism for new physics is the unitarity test of the Cabibbo-Kobayashi-Maskawa matrix. This test requires a 

precise and accurate determination of the Vud matrix element, which is currently derived from the ft-value of 

superallowed weak decays. While superallowed pure Fermi transitions currently allow for the most precise 

determination of Vud, there is currently a growing interest in obtaining that matrix element from superallowed mixed 

transitions to test the accuracy of Vud and the calculation of isospin symmetry breaking corrections. In the past few 

years a research program aimed at solidifying the determination of Vud from mirror transitions was initiated using 

radioactive ion beams from the Twin Solenoid (TwinSol) separator at the Nuclear Science Laboratory of the 

University Notre Dame. As part of this program, several half-lives have been measured, some for the first time in 40 

years, to relative uncertainties in the 10-4 range. These includes 11C [1], leading to the most precise mirror transition 

ft-value to date, as well as 17F [2] and 25Al [3]. Furthermore, the recent measurement of 20F [4], a nuclei-of-

relevance to test the strong form of the conserved vector current hypothesis, has also been measured resolving a 

longstanding discrepancy in previous measurements. These recent measurements as well as future plans for the 

measurements of mirror transitions at the University of Notre Dame will be presented. 

[1]  A. Valverde et al., Phys. Rev. C 97, 035503 (2018) 

[2]  M. Brodeur et al., Phys. Rev. C 93, 025503 (2016) 

[3]  J. Long et al., Phys. Rev. C 96, 015502 (2017) 

[4]  D. Burdette et al., Phys. Rev. C 99, 015501 (2019) 

QCD: Hadron Structure and Spectroscopy 

The proton charge radius (PRad) experiment at JLab 

H Gao  

Duke University, USA 

Motivated by the desire to resolve the proton charge radius puzzle that started in 2010, the PRad experiment (E12-

11-106) was performed in 2016 in Hall B at Jefferson Lab, with 1.1 GeV and 2.2 GeV unpolarized electron beams 

to measure the e-p elastic scattering cross sections at very low values of four-momentum transfer squared, Q2, 

ranging from 210-4 to 610-2  (GeV/c)2 with a sub-percent precision. The proton electric form factor is then 

extracted from the measured cross section in order to extract the proton charge radius. 

The experiment utilized a calorimetric method with a high-resolution calorimeter (HyCal) that is magnet free, and two 

large-area, high-spatial resolution Gas Electron Multiplier (GEM) detectors. The experiment also used a windowless 

H2 gas flow target to remove typical backgrounds from target cell windows. The systematic uncertainties of the 

absolute e-p elastic scattering cross section measurement are also controlled by the well-known Moller scattering 

process, which was measured simultaneously in this experiment within similar kinematics and acceptances. In this 

talk, I will discuss the experiment, the data analysis, and present the result on the proton charge radius.  

On Behalf of the PRad Collaboration. This work is supported in part by the NSF MRI award PHY-1229153, the U.S. 

Department of Energy under Contract No. DE-FG02-03ER41231, the Thomas Jefferson National Accelerator Facility 

and Duke University. Spokespersons: D. Dutta, H. Gao, A. Gasparian (contact), M. Khandaker. 
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Beam Asymmetries from Light Scalar Meson Photoproduction on the Proton at GlueX 

S Fegan 

The George Washington University, USA 

The GlueX facility, featuring a linearly polarised 9 GeV real photon beam delivered to a large-acceptance detector 

system, has recently completed its first phase of running, and analysis efforts of this dataset are well underway. It 

has been suggested that at GlueX energies, quark systems beyond the three quark and quark-antiquark systems of 

baryons and mesons, such as hybrid mesons, tetraquarks and glueballs, should exist, and studies of these systems 

could shed new light on how quarks combine under the strong force, particularly the role played by gluons. 

Meticulous study of the spectrum of hadronic states is required to understand the strong force in the non-

perturbative energy regime, and the light scalar meson sector is an area that remains poorly understood. GlueX data 

encompasses final states at energies where photoproduction of the a0(980) and f0(980) mesons can provide 

discriminatory evidence between various models, manifested in experimental observables such as the cross section 

and beam asymmetry, and performing detailed measurements of these quantities is considered a priority of the 

ongoing research program. 

The work presented showcases efforts to measure the beam asymmetry of the a0(980) meson from its decay to eta 

pi, with particular focus on separating the asymmetry signal of the meson of interest from other mesons with the 

same decay mode, such as a2(1320), whose signal in eta pi invariant mass overlaps that of the a0(980). Future 

prospects for related analyses in the light scalar meson sector, informed by this measurement, will also be 

discussed. 

New insights into the anomalous magnetic moment of the muon 

M Marinkovic 

Trinity College Dublin, Ireland 

Anomalous magnetic moment of the muon (muon g-2) is one of the most precisely measured quantities in particle 

physics. At the same time, it can be evaluated in the Standard Model with an unprecedented accuracy. The Muon g-

2 experiment at Fermilab has started the major data collection and the aimed fourfold increase in precision will 

shed light on the current discrepancy between the theory prediction and the measured value. This renders a 

comparable improvement of the precision in the SM theory an essential ingredient in order to fully exploit the 

expected increase of precision in experimental results. For all these reasons, the muon g-2 is considered to be a 

great testing ground for new physics. 

Hadronic contributions are the dominant sources of uncertainty in the theoretical prediction of the muon g-2. I will 

outline several promising approaches for a precise determination of the leading hadronic contribution to the muon 

g-2 using lattice gauge theories. I will then proceed with a discussion of a reciprocal effort to directly measure the 

hadronic contributions to the running of the fine structure constant recently proposed by the MUonE experiment. A 

hybrid strategy including both experimental and lattice data sets is expected to give an independent check of the 

dispersive results from e+e- annihilation, which dominate the current world average. 
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Process-Independent effective coupling: From QCD Green's functions to hadron phenomenology 

J Rodríguez-Quintero5, D Binosi1, C Mezrag2, J Papavassiliou3 and C Roberts4 

1ECT, Italy, 2INFN, Italy, 3Valencia University, Spain, 4ANL, USA, 5University of Huelva, Spain 

We shall report on a recent proposal for a new type of process-independent QCD effective charge [1,2] defined, as 

an anologue of the Gell-Mann-Low effective charge in QCD, on the ground of nothing but the knowledge of the 

gauge-field two-point �reen’s function  albeit modified within a particular computational framework; namely, the 

combination of pinch technique and background field method which makes possible a systematic rearranging of 

classes of diagrams in order to redefine the �reen’s function and have them obey linear QED-like Slavnov-Taylor 

identities. We have thus calculated that effective charge, shown how strikingly well it compares (see Fig. 1) to a 

process-dependent effective charge [3] based on the Bjorken sum rule; and, finally, employed it in an exploratory 

calculation of the proton electromagnetic form factor in the hard scattering regime. 

 

Fig 1: predicted process-independent strong running coupling (BU) based on existing lattice results for two-point 

QCD Green's function and the continuum DSE extraction of a key ingredient rooting on the gauge-sector of QCD, 

compared to experimental results for the Bjorken-sum effective charge. 

[1] J. Rodríguez-Quintero, D. Binosi, C. Mezrag3, J. Papavassiliou and C. D. Roberts, Phys. Rev. D 96 (2018) 

no.5 054026 

[2] J. Rodríguez-Quintero, D. Binosi, C. Mezrag3, J. Papavassiliou and C. D. Roberts, Few Body Syst. 59 (2018) 

no.6, 121 

[3] A. Deur, S. J. Brodsky and G. F. de Teramond, Prog.Part.Nucl.Phys. 90 (2016) 1-74 
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Nuclear Reactions B 

(Invited) Theories combining nuclear reactions and structure 

W Dickhoff 

Washington University in St. Louis, USA 

A review of recent applications of the nonlocal dispersive optical model (DOM) is presented that allows a 

simultaneous description of nuclear structure and nuclear reactions. An assessment of the quality of the resulting 

potentials for 40Ca is discussed for the description of the (e e’p) reaction to valence hole states and the possibility of 

interpreting the data in terms of absolute spectroscopic factors. Application of the nonlocal DOM to 48Ca 

incorporates the effect of the 8 additional neutrons and allows for an excellent description of elastic scattering data 

of both protons and neutrons. The corresponding neutron distribution constrained by all available data generates a 

prediction for the neutron skin that is larger than most mean-field and available ab initio results. Reports are 

presented on the most recent developments including a nonlocal DOM analysis for 208Pb and other isotopes, an 

analysis of the energy density in comparison with ab initio nuclear matter calculations, applications to transfer 

reactions with DOM ingredients, and extensions to (p,pN) reactions. 

Isotopic fission yields: a new tool for the study of fission dynamics and nuclear structure  

L Audouin1, A Chatillon2, J Taieb2  

1Paris-Saclay University, France, 2CEA, France 

Fission is a unique tool to study nuclear properties. Based at GSI, the SOFIA collaboration takes advantage of the 

inverse kinematics technique to measure fission yields for a large range of systems, including exotic nuclei. Both 

fragments are fully identified in charge and mass, a unique feature [1]. The use of Coulomb interaction as fission 

trigger results in a low excitation energy in the fissioning system, allowing to study the influence of nuclear structure 

on fission.  

The results of the previous SOFIA campaigns shed a new light on several open questions about fission such as the 

evolution of elemental yields with the mass of the fissioning system, the dampening of the even-odd effect in 

fragments, the shape of the fragments and the nature of the so-called “fission modes”� �he transition between 

asymmetric and symmetric fission, carefully measured along the Th chain [2], is particularly interesting since it 

provides a stringent test for models. Furthermore, a new numerical technique was recently developed in order to 

unfold the neutron emission and compare pre- and post-emission fission yields [3]. This results in precise data on 

the partition of the excitation energy.  

The SOFIA program should resume shortly with an experiment dedicated to the fission of very exotic, neutron-

deficient systems. Detailed data about the new island of symmetric fission uncovered at ISOLDE a few years ago [4] 

will bring unprecedented constraints on the modelling of exotic nuclei. In the long term, the new secondary beams 

from the Super-FRS and the coupling of SOFIA to the advanced detectors of the R3B setup will allow for more 

exclusive experiments on an ever-larger collection of systems.  

[1]  E. Pellereau et al., Phys. Rev. C 95, 054603 (2017)  

[2]  A. Chatillon et al., to be submitted to Phys. Rev. C.  

[3]  J. Taieb et al., submitted to Phys. Rev. Lett.  

[4]  A. N. Andreyev et al., Phys. Rev. Lett. 105, 252502 (2010) 
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Studying the Pygmy Dipole Resonances with isoscalar and isovector probes 

E Lanza1, A Vitturi1, M Andrés2 

1INFN, Italy, 2Universidad de Sevilla, Spain 

It is well established that the study of the low lying dipole states, the so called Pygmy Dipole Resonance (PDR), can 

be fruitful done by using an isoscalar probe in addition to the conventional isovector one due to the fact that their 

transition densities show a strong mixing of their isoscalar and isovector components[1]. Indeed, the combined use 

of real and virtual phonons and experiments employing ( , ’ ) as well as (17O, 17O’  ), for the investigation of the 

PDR states has unveiled a new feature of these states: the splitting of the PDR. Namely, the energy region of these 

low-lying dipole states can be separated in two parts: the lower part is excited by both the isoscalar and isovector 

interactions while the high energy part is populated only by the electromagnetic probes. 

A recent experiment [2], investigating the low-lying dipole states above the neutron emission threshold, seems to 

show that the splitting is not observed in this energy region. Unravel this aspect is of paramount importance to 

understand this mode, interesting by itself, which has strong implication on the symmetry energy as well as in the 

astrophysical r-process. Therefore, analysing this mode taking into account its dual aspect, isovector and isoscalar, 

in the excitation process can shed some light on the structure properties as well as on the reaction mechanisms. 

Also in deformed nuclei, until now not extensively studied for the PDR, the use of both isoscalar and isovector 

probes can bring new perspectives in the study of the low-lying dipole states. Indeed, if the common picture of the 

PDR were true, namely that this mode can be generated by an out-of-phase oscillation of the neutron excess 

against a proton plus neutron core, therefore one should aspect to have a separation of the pygmy dipole peak in 

two bumps. Which is the same mechanism leading to the splitting of the GDR: an out-of-phase oscillation of neutron 

against protons along the symmetry and its perpendicular axes. 

A macroscopic model designed for nuclei with neutron excess shows that a suitable way to investigate the pygmy 

states in deformed prolate nuclei is through the use of isoscalar probes. The recent experiment performed at 

iThemba Labs on the deformed 154Sm nucleus studied via an inelastic scattering of   particle at 120 MeV[3] may 

enlighten and give new points of view about these novel excitation modes. 

[1] A. Bracco, E. G. Lanza and A. Tamii, "Isoscalar and isovector dipole excitations: nuclear properties from 

low-lying states and from the isovector giant dipole resonance", to be published on Prog. Part. Nucl. Phys. 

[2] N. S. Martorana et al., Phys. Lett. B 782 (2018) 112 

[3] L. Pellegri et al., Project PR251, Research Proposal to the PAC of iThemba LABS 

Sensitivity of one-neutron knockout of halo nuclei to the their nuclear structure 

C Hebborn1 and P Capel1, 2 

1Université libre de Bruxelles (ULB), Belgium, 2Johannes Gutenberg-Universität Mainz, Germany 

The development of radioactive-ion beams has enabled the study of nuclei far from stability. This technical 

breakthrough has led to the discovery of nuclei which display very unexpected structures. These have challenged our 

usual description of the nuclear matter, seeing the nucleons piling up and forming compact objects. In particular, in 

the light neutron-rich region, halo nuclei have been observed [1]. They are characterized by a very large matter 

radius compared to stable nuclei. This unusual size is due to one or two loosely-bound neutrons, which can tunnel 

far from the other nucleons and thus have a high probability of presence at large distances from the core of the 

nucleus [2]. Their short lifetimes make their study through usual spectroscopic methods impossible, however we 

can study them with indirect techniques such as reactions. To infer precise information from these measurements, 

one needs an accurate reaction model coupled to a realistic description of the nucleus. 

In this work, we focus on one-neutron knockout of 15C and 11Be, which are typical one-neutron halo nuclei with 10Be 

and 14C core, respectively. This reaction corresponds to the removal of a neutron from the nucleus through its 
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interaction with a light target at high energy. Two contributions sum up in this knockout process [3,4]: the diffractive 

contribution where the neutron is simply dissociated from the core and the stripping where the neutron is absorbed 

by the target. We study the sensitivity of knockout observables computed with the eikonal model [5] to the 

description of the halo nucleus. More precisely, we analyse the influence of the presence of bound excited states 

and resonances in the core-neutron continuum of the nucleus. We also study which part of the initial bound-state 

wavefunction is probed during this reaction; does it probe the whole wavefunction, or, like for other reaction 

observables [6], is it sensitive only to its asymptotics? Our analysis of the sensitivity of the knockout observable to 

the projectile wavefunction precises what nuclear-structure information can be inferred from such reactions and 

hence will help the community to better analyse existing and future data. 

[1]  I. Tanihata, J. Phys. G 22, 157 (1996) 

[2]  P. G. Hansen and B. Jonson, Europhys. Lett. 4, 409 (1987) 

[3]  M.S. Hussein and K.W. McVoy, Nucl. Phys. A 445, 124 (1985) 

[4]  J. A. Tostevin et al., Phys. Rev. C 66, 024607 (2002) 

[5]  R. J. Glauber, High energy collision theory, Lecture in theoretical physics, Vol.1 pp.315 (1959) 

[6]  P. Capel and F. M. Nunes, Phys. Rev. C 75, 054609 (2007) 

Isobaric charge-exchange reactions: a tool to study the excitation of baryonic resonances in exotic nuclear matter 

J Rodriguez-Sanchez1, 2 and J Benlliure1 

1University of Santiago de Compostela, Spain, 2GSI Helmholtz Centre for Heavy Ion Research, Germany 

Nucleonic excitations play an important role in many and diverse facets of nuclear science such as the definition of 

three body forces[1], the quenching of the Gamow-Teller strength[2], or the description of relativistic heavy-ion 

collisions by using transport codes[3,4]. Recently, it has been also pointed out the direct role of the lowest-energy 

nucleon excitations  the socalled Δ-isobars, in the composition of neutron stars[5]. Recent constraints of the 

symmetry energy at saturation density and its density derivative favor the appearance of Δ-isobars in β- stable 

nuclear matter at densities around three times the saturation density, even below the limit for hyperon formation. 

In this work, isobaric charge-exchange reactions induced by tin projectiles in thin targets of C, CH2, Cu, and Pb at 

energies of 1A �e� were used to investigate the excitation of baryonic resonances  such as the Δ(����) resonance� 

These reactions were measured in inverse kinematics by using the fragment separator spectrometer FRS [6] at GSI 

(Darmstadt). The excellent momentum resolution of the FRS allowed to obtain with high accuracy the missingenergy 

distributions of the residual nuclei, in particular, for the (p,n) and (n,p) chargeexchange channels. These missing-

energy distributions show two components corresponding to the quasi-elastic and inelastic charge-exchange 

channels, which are used to extract information about the produced resonances (masses, production cross 

sections, etc), as well as information about in-medium nuclear matter effects. In addition, the new ideas for the 

investigation of baryonic resonances and hypernuclei [7,8,9] at the fragment separators FRS and Super-FRS will 

also be presented, in particular, the experiments planned for 2020. 

[1]  H. Krebs, et al., Phys. Rev. C 98, 014003 (2018) 

[2]  H.Z. Liang, et al., Phys. Rev. C 98, 014311 (2018) 

[3]  G.C. Yong, et al., Phys. Rev. C 93, 044610 (2016) 

[4]  J.L. Rodriguez-Sanchez, et al., J. Phys. Conf. Ser. 1024, 012002 (2018) 

[5]  A. Drago, et al., Phys. Rev. C 90, 065809 (2014) 

[6]  H. Geissel, et al., Nucl. Instr. Meth. B 70, 286 (1992) 

[7]  T.R. Saito, et al., Nucl. Phys. A 954, 199 (2016) 

[8]  C. Rappold, et al., Phys. Rev. C 94, 044616 (2016) 

[9]  J.L. Rodriguez-Sanchez, et al., Phys. Rev. C 98, 021602 (2018) 

 

167



 

The MUGAST-AGATA-VAMOS campaign at GANIL  

M Assié 

Université Paris-Saclay, France 

The MUGAST-AGATA-VAMOS campaign will start in April 2019. The MUGAST array [1] is a Silicon array composed of 

5 trapezoidal detectors and an annular detector in the backward direction coupled with 4 MUST2 detectors and 2 

square detectors at 90 deg. It is designed to be coupled the state-of-the-art gamma array AGATA and the VAMOS 

spectrometer. MUGAST is designed to measured direct reactions like transfer or resonant elastic scattering and to 

take advantage of the post-accelerated Spiral1 beams produced at GANIL. 

The campaign of this year will address several topics from unbound nuclei spectroscopy to shell model evolution 

and nuclear astrophysics.  

First the spectroscopy of unbound nuclei 15F and the decay mode of its negative parity states will be studied. The 

5/2- state predicted at about 6 MeV will be searched for by resonant elastic scattering method. Its two-proton 

decay will be investigated to determine whether it is a direct two proton decay or a sequential one. In addition, a 

very narrow ½- state just above barrier with a structure of a core of 13N plus two quasi bound protons has been 

evidenced recently [2]. The goal of the experiment is also to observe, for the first time, the gamma decay between 

the unbound ½- resonance and the ground state of 15F.  

Secondly, 46Ar is investigated to probe the role of the protons along N=28. 46Ar is an intermediate nucleus between 

the doubly magic 48Ca and the collective nucleus 44S that challenges theory for the description of the experimental 

B(E2) values. This discrepancy could be due to a problem in the description of the neutron-proton interaction in this 

region [3]. The key point is the occupation of the πs1/2 orbital in 46Ar, which varies by 30 % in the different models 

and which determines the magnitude and sign of theoretical predictions for spin-orbit reduction. This occupation will 

be studied via the transfer reaction 46Ar(3He,d)47K using a cryogenic 3He target.  

Finally, the connection between CNO cycle and rp-process at the 15O waiting point will be addressed by measuring 

the alpha width of key resonant states in 19Ne through the alpha transfer reaction 15O(6Li,d)19Ne. This alpha width 

has strong impact on the behavior of X-ray bursts. From the previous measurement, only upper limits on the width 

have been obtained and the present values do not agree with astronomical observations. In order to limit the 

theoretical uncertainties, the mirror reaction 15N(6Li,d) will be measured at the same time. 

I will present an overview of the preliminary results from the three experiments of the campaign and show the 

performances of the set-up. Short term and long-term perspective for MUGAST will be given. 

[1]  www.grit.in2p3.fr 

[2]  De Grancey et al, Phys. Lett. B, 758, 26 (2016) 

[3]  Z. Meisel et al., Phys. Rev. Lett. 114, 022501 (2015) 
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Outreach and Engagement 

(Invited) How physics benefits when school students and their teachers contribute at the cutting edge 

B Parker 

Queen Mary University of London, UK 

The Institute for Research in Schools (IRIS) makes cutting edge research projects open to school students and their 

teachers. We do this by making data accessible to schools and also by lending out kits. We support schools across 

the country and increasingly across the world, and many teachers find our research programmes reinvigorating 

professional development. 

We have national programmes on space science, particle physics, chemistry, environmental science, engineering, 

wellbeing and genomics.  The talk will highlight how physics has benefitted from contributions by students as well as 

the students and researchers benefitting. It will highlight ways that the community might take part in sustained 

research collaborations with school students and their teachers, and how this can inspire the next generation of 

scientists and engineers. 

(Invited) Safecast radiation dose-rate measurements: A citizen science driven, global open source big data set 

I Darby1,2  

1Safecast, Japan, 2University of Glasgow, United Kingdom 

The Safecast project began the day after the accident at the TEPCO Fukushima Daiichi Nuclear Power Plant [2]. A 

diverse range of individuals and groups came together intent on making radiation data relevant to the accident 

available to the general public particularly via on-line GIS (geographic information system) maps. Very quickly, to 

overcome shortages of detectors and limitations in data usage rights, the collaboration decided to develop a 

portable GPS equipped detector with logging functionality which became the bGeige Nano Geiger-Muller tube-based 

detector [3].  

Since then the Safecast project has grown distributing several hundred bGeige Nano detectors, building up a 

community of 1700 users submitting over 25000 data sets, yielding a unique worldwide radiation map comprising 

over 100 million data points. As the project has matured, interest from the working nuclear professionals community 

has grown and acceptance of the value of the Safecast project has become an established fact. Regular reports 

from the collaboration have been published and critical assessments and comparisons of the data made available 

by Safecast with official sources has been published by the academic community, see e.g. [4,5]. 

In this talk we present the 2013 Good Design Award winning bGeige Nano detector, discuss the instrumentation 

choices and the measurement protocols, the safecast.org map and discuss aspects of data collection, analysis, 

visualisation and comparisons that have been made in recent years. 

The talk will conclude with an unabashed appeal to the wider nuclear physics community to participate in Safecast 

and make use of this large and open source measurement data set for the wider benefit of society. 

[1] https://blog.safecast.org/ 

[2] Azby Brown et al., 2016 J. Radiol. Prot. 36 S82 DOI: 10.1088/0952-4746/36/2/S82 

[3] https://blog.safecast.org/bgeigie-nano/ 

[4] M. Coletti et al., J. Env. Rad 171 (2017) 9 – 20 DOI: 10.1016/j.jenvrad.2017.01.005 

[5] G. Cervone and C. Hultquist, J. Env. Rad. 190 - 191 (2018) 51–65 DOI: 10.1016/j.jenvrad.2018.04.018 
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Simulating radiation detectors and cancer therapy with high-school students 

M Labiche1, C Diget2, J Brown2 and L Sinclair3 

1STFC Daresbury Laboratory, UK, 2University of York, UK, 3Beaumont Hospital, Ireland 

Every year since 2015, a Nuclear Physics Masterclass is delivered at STFC Daresbury Laboratory to introduce young 

students from local schools to the world of Nuclear Physics. During the day, four groups of twenty secondary-

school students come to Daresbury and join several entertaining hands-on activities specially designed to inspire 

the new generation of physicists. Amongst these activities, a demonstration of a radiation transport simulation built 

on the GEANT4 toolkit is given, and the students have the opportunity to work independently with the simulation. 

Using the visualisation tool, students can easily follow the trajectory of the particle they chose to propagate within a 

pre-defined environment and observe how it interacts in that environment as a function of its kinetic energy and 

properties of the environment. This simple and initial simulation package has now led to the development of a new 

secondary-school workshop in collaboration with the University of York, in which the students independently study 

the medical procedures of X-ray and proton therapy through the simulation. The content of these packages will be 

presented together with the necessary equipment required to run these simulation packages at other events. 

Virtual binding blocks  

M Shelley1, A Pastore1 and E Simpson2 

1University of York, UK, 2Australian National University, Australia 

In the last two and a half years, the Physics Department at University of York has launched a new outreach initiative 

for nuclear physics: the Binding Blocks project [1].Binding Blocks activities typically involve the construction of a 

three-dimensional seven-meter chart of all the nuclear isotopes, built from over 26,000 LEGO bricks. This 

construction is accompanied by interactive sessions with secondary school students, for demonstrating nuclear and 

astrophysical processes. These activities integrate A-level and GCSE curricula in several areas of physics and 

chemistry, including: nuclear decays (through the colours in the chart); nuclear binding energy (through tower 

heights), production of chemical elements in the cosmos, fusion processes in stars, and fusion energy on Earth. The 

links between nuclear physics and medical physics, particularly diagnostics and radiotherapy [2], are also 

highlighted. 

The success of the activities motivated us to try to expand the use of the chart [3] in a simple and cost-effective 

way. We have thus developed an online virtual version of the chart[4].It can be used to visualise several nuclear 

quantities, such as binding energies and life-times, and so can be a useful teaching tool. This chart is still two-

dimensional, so we have also developed a three-dimensional rendering using Blender, an open-source modelling 

program. In addition, we have used a3Dprinter to produce smaller scale versions of the nuclear chart (see Fig.1) to 

create a tactile experience of the valley of stability. 
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Fig 1: A 3D print of the Binding Blocks nuclear chart, taken from [3]. 

To support this material, we have also produced educational videos [5]. Each video explains a specific topic, e.g. 

fusion energy, nuclear decays and super heavy-elements, and they are based on the use of the 3D nuclear chart. 

In my presentation, I will explain the current status of the virtual Binding Blocks project, and I will illustrate how this 

material can be effectively used in a classroom. 

[1]  C A Diget et al., Phys. Educ. 52, 024001 (2017) 

[2]  A Wright et al., Phys. Educ. 52, 054001 (2017) 

[3]  E C Simpson, M Shelley, Phys. Educ. 52, 064002 (2017) 

[4]  E C Simpson, Interactive Nuclide Chart, http://people.physics.anu.edu.au/~ecs103/chart/  

[5]  Fusion energy – YouTube, https://www.youtube.com/watch?v=kAVlYmTtKu8 

Parallel sessions 4 

Nuclear Astrophysics  

(Invited) RIB studies for explosive scenarios and future opportunities at FRIB 

C Wrede 

Michigan State University, USA 

An accreting compact star in a binary system can generate periodic thermonuclear runaways on its surface. In the 

case of a white dwarf star, the result is a classical nova, which enriches the interstellar medium with newly 

synthesized nuclides. In the case of a neutron star, a detectable burst of X-rays is emitted. Nucleosynthesis and 

energy generation in these events depends on resonant thermonuclear reaction rates, which are especially 

challenging to measure directly in the laboratory when they involve radioactive reactants. Fortunately, the 

resonances can be discovered and their relevant properties can be constructed using nuclear structure experiments. 

We will describe a program of beta decay experiments the National Superconducting Cyclotron Laboratory to this 

end. In particular, the Gas Amplifier Detector with Germanium Tagging (GADGET) system, developed to measure very 

weak low-energy beta delayed proton emission branches and gamma rays, is now operational. Recent results and 

future opportunities at the Facility for Rare Isotope Beams will be discussed. 
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Discovery of exceptionally strong electron-capture transition sheds new light on the fate of intermediate-mass stars 

O Kirsebom1, H Fynbo1, M Hukkanen2, S Jones3, 4, A Kankainen2, K Langanke5, 6, G Martinez-Pinedo5, 6, F Ropke4, 7, 

D Stromberg5,  6 and W Trzaska2 

1Aarhus University, Denmark, 2University of Jyvaskyla, Finland, 3Los Alamos National Laboratory, USA, 4Heidelberger 

Institut fur Theoretische Studien, Germany, 5GSI Helmholtzzentrum fur Schwerionenforschung, Germany, 6Technische 

Universitat Darmstadt, Germany, 7Zentrum fur Astronomie der Universitat Heidelberg, Germany 

�tars of �−�� solar masses are prevalent in the Galaxy, their birth and death rate comparable to that of all heavier 

stars combined [�]� �et  the ultimate fate of such “intermediate-mass stars” remains uncertain� {ccording to current 

models [�−�] a significant fraction explode, but the mechanism is a matter of ongoing debate [�−�]� �he answer ─ 

gravitational collapse or thermonuclear explosion ─ depends critically on the rate of electron capture on 20Ne in 

the stellar core. However, due to the unknown strength of the second-forbidden, non-unique transition between the 

ground states of 20Ne and 20F, it has not previously been possible to constrain this rate in the relevant 

temperature-density regime [10]. 

In this contribution, we report the first measurement of this transition, provide the first accurate determination of the 

capture rate and explore the astrophysical implications. We find that the transition has an exceptionally large 

strength, in fact, the largest ever measured for a second-forbidden, non-unique transition [11]. The transition 

enhances the capture rate by several orders of magnitude, and we demonstrate that this has a decisive impact on 

the star's final evolution and ultimate fate. 

[1]  C. L. Doherty, et al., Publ. Astron. Soc. Aust. 34, e056 (2017) 

[2]  A. J. T. Poelarends, et al., Astrophys. J. 675, 614-625 (2008) 

[3]  S. Jones, et al., Astrophys. J. 772, 150 (2013) 

[4]  K. Takahashi, T. Yoshida, H. Umeda, Astrophys. J. 771, 28 (2013) 

[5]  J. Isern, R. Canal, J. Labay, Astrophys. J. 372, L83-L86 (1991) 

[6]  R. Canal, J. Isern, J. Labay, Astrophys. J. 398, L49-L52 (1992) 

[7]  J. Gutierrez, et al., Astrophys. J. 459, 701 (1996) 

[8]  S. Jones, et al., Astron. Astrophys. 593, A72 (2016) 

[9]  S.-C. Leung, K. Nomoto, T. Suzuki, arXiv:1901.11438 [astro-ph.HE] (2019) 

[10]  G. Martinez-Pinedo, et al., Phys. Rev. C 89, 045806 (2014) 

[11]  B. Singh, et al., Nuclear Data Sheets 84, 487 (1998) 

 

Using a novel method to determine resonance strengths within 26mAl(p,γ)27Si using GRETINA and S800 

spectrometer 

S Hallam1, G Lotay1, W Catford1, D Doherty1, M Moukaddam1, D Weisshaar2, P Bender2, R Zegers2, A Gade2, J 

Pereira2, D Rhodes2, F Montes2, B Longfellow2, A Estrade3, D Seweryniak4, S Jin2, J Browne2, K Schmidt2 and O Wei-

Jia2 

1University of Surrey, UK, 2National Superconducting Cyclotron Laboratory, USA, 3University of Central Michigan, 

USA, 4Argonne National Laboratory, USA 

A key goal of experimental nuclear astrophysics is to determine the stellar origins of 26Al and its cosmically observed 

1.809 MeV gamma-ray de-excitation. Within the structure of the 26Al  there exists a low lying isomeric state, 26mAl (Ex 

= 228.305 keV, Jπ =0+ , t1/2 = 6.3460 s). Within Core-Collapse Supernovae (a likely astrophysical site of 26Al 

creation based on satellite based measurements) the ground and isomeric state can communicate through thermal 

excitations. With (p,γ) reactions being the dominant destruction method in this environment, the 26mAl(p,γ)27Si 
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could be an important factor in these creation/destruction rates. The low energy nature of this isomeric state has 

made in-flight separation of these 26Al components beyond technical capabilities, and as such, previous attempts at 

measuring this reaction have been hampered by 26gAl beam contamination products within 26mAl measurements. 

Recently, an experiment to measure the reaction 26Si(d,p)27Si has been performed at the National Superconducting 

Cyclotron Institute, which has exploited a novel approach to exclusively populate low-spin excited states of critical 

importance within 27Si for the 26mAl(p,γ)27Si reaction. The isomeric state 26mAl forms part of a 0+ isobaric triplet with 
26Si – 26mAl – 26Mg and therefore the neutron partial widths measurements for this analogue reaction, can be used to 

determine the proton partial widths of the astrophysical reaction via isospin and mirror symmetry arguments.  This 

allows the resonance strengths to be extracted for the astrophysical reaction, whilst removing contamination 

concerns from the 26gAl component.  A 26Si beam of 150 MeV/mu was delivered with an intensity of ~8x103 pps and 

impinged onto a 9.1 mgcm-2 deuterated carbon target. The data were collected using the GRETINA array, comprised 

at the time of �� quad ���e modules providing a >�π gamma-ray solid angle coverage, and this was situated at 

the entrance of the with the S800 magnetic spectrometer. Preliminary results will be presented here including the 
27Si isotopic-gated doppler-corrected gamma-ray spectra and particle identity plots. 

Gamma-Spectroscopic study of the exotic, neutron-deficient 34Ar nucleus for explosive nuclear astrophysics 

A Kennington1, G Lotay1, D Doherty1, K Hadynska-Klek1, W Catford1, S Hallam1, S Jazrawi1, D Seweryniak2, K 

Auranen2, S Stolze2, G Wilson2,4, T Lauritsen, M Carpenter2, S Zhu2, D Hoff3, A Rogers3, C Deibel4, C Andreiou5, J 

Saiz6, F Kondev2, J Li2 and T Huang2 

1University of Surrey, UK, 2Argonne National Laboratory, USA, 3University of Massachusetts Lowell, USA, 4Louisiana 

State University, USA, 5Simon Fraser University, USA, 6University of York, USA 

Explosive binary systems, such as classical novae and X-ray bursts, constitute some of the most frequent explosive 

stellar events in the Galaxy. As a result, they are environments for which there is substantial observational data. 

Despite this, there remains significant questions relating to explosive nucleosynthesis within these environments, 

owing mostly to the very large uncertainties in experimentally unconstrainted stellar reaction rates. In particular, it 

has been shown in sensitivity studies that the 33Cl(p,γ)34Ar radiative capture reaction has a significant affect on the 

final synthesised abundances of nuclei from such events [1]. Specifically, variations of this reaction rate within the 

current 104 uncertainty have been shown to affect the final abundances of 33S and 34S isotopes in ONe novae by a 

factor of 18 and 2 respectively [2]. These particular abundances are thought to be a key identifier for understanding 

the origins of presolar grains [3]. 

Currently, due to lack of sufficiently intense radioactive beams, it is not possible to study this reaction directly, and 

therefore indirect methods must be used in order to experimentally constrain the reaction rate. In this work, a 

detailed γ-ray spectroscopy study of the astrophysically important 34Ar nucleus was performed using the GRETINA 

tracking array in combination with the Fragment Mass Analyser (FMA) at Argonne National Laboratory in Chicago, 

USA. In particular, this experimental work aims to identify key resonant states above the proton-emission threshold 

in 34Ar which are thought to dominate the reaction rate at temperatures relevant to ONe novae and X-ray burst 

environments. Preliminary results from this data will be presented which provides evidence of the previously 

unobserved states above the proton-emission threshold in 34Ar. 

[1]  A. Parikh, J. Jose, F. Moreno, and }� �liadis  “�he effects of variations in nuclear processes on type � x-ray 

burst nucleosynthesis”  �he {strophysical �ournal �upplement �eries  vol� ���  no� �  p� ���  ����� 

[Online]. Available: http://stacks.iop.org/0067-0049/178/i=1/a=110 

[2]  C. �liadis  {� }hampagne  �� �ose  �� �tarrfield  and �� �upper  “�he �ffects of �hermonuclear �eaction-Rate 

�ariations on �ova �ucleosynthesis¡ { �ensitivity �tudy”  �he {strophysical �ournal �upplement �eries  vol� 

142, pp. 105–137, Sep. 2002. doi:10.1086/341400. arXiv:astroph/0206020[astro-ph] 

[3]  �� �u  �� �inner  �� �allino  {� �eger  �� �ignatari  and �� �in  “�ulfur isotopic compositions of 

submicrometer sic grains from the murchison meteorite”  �he {strophysical �ournal  vol� ���  no� �  p� ���  

2015. [Online]. Available:http://stacks.iop.org/0004-637X/799/i=2/a=156 
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New calculated reaction rates for the atrsophysical mirror RP reactions 34S(p,gamma)35CL and 34g,m 

CL(p,gamma)35AR 

C Wrede2, W Richter1, B Brown2, R Longland3 and C Fry2 

1University of Stellenbosch, South Africa, 2Michigan State University, USA, 3University of North Carolina, USA 

The two mirror rp-reactions 34S(p,gamma)35Cl and 34g,mCl(p,gamma)35Ar were studied via a shell-model approach. At 

energies in the resonance region near the proton-emission threshold many negative-parity states appear. We 

present results of calculations in a full (0+1) hbar model space which addresses this problem, using the interaction 

sdpfmu [1] and NuShellX [2] Energies, spectroscopic factors and proton-decay widths are calculated for input into 

the reaction rates. Comparisons are also made with a recent experimental determination of the reaction rate for the 

first reaction [3,4] The thermonuclear 34g,m Cl(p,gamma)35Ar reaction rates are unknown because of a lack of 

experimental data {5]. The rates for transitions from the ground state of  34Cl as well as from the isomeric first 

excited state are explicitly calculated taking into account the relative populations of the two states. These reaction 

rates were then used in post processing studies using NucNet Tools to understand the impact on classical nova 

nucleosynthesis. Uncertainty limits for the total calculated reaction rates have been included based on Monte Carlo 

techniques of estimating statistically meaningful reaction rates and their associated uncertainties [6] via Starlib 

(starlib.physics.unc.edu). 

[1}  Y.  Utsuno et al., Phys. Rev. C 86, 051301 (2012) 

[2]  B. A. Brown and W.D. M. Rae, Nuclear Data Sheets 120,115 (2014) 

[3]  S. A. Gillespie et al., Phys. Rev. C 96, 025801 (2017) 

[4}  S. A. Gillespie, Ph.D. thesis, University of York (2016) 

[5]  C. Fry, C. Wrede, S. Bishop, B. A. Brown, A. A. Chen, T. Faestermann, R. Hertenberger, A. Parikh, D. Perez-

Loureiro, H._F. Wirth, A. Garcia, and R. Ortex, Phys. Rev C. 91, 015803 (2015) 

[6]  R. Longland, C. Iliadis, A. E. Champagne, J. R. Newton, C. Ugalde, A. Cocc, and R. Fitzgerald, Nucl. Phys. A 

841, 1 (2010) 

Mass measurements of neutron-deficient Y, Zr, and Nb isotopes and their impact on rp and νp nucleosynthesis 

processes 

M Wang, Y Zhang, and CSRe mass measurement collaboration  

Chinese Academy of Sciences, China 

The astrophysical rp-and νp-processes have been suggested to describe the production of light p-nuclei. Although 

both processes are sensitive to the physical conditions of the stellar environments, nuclear physics parameters, 

especially the atomic masses of nuclides along the reaction paths, play a crucial role. In this presentation, we report 

on precision mass measurements of neutron-deficient Y, Zr, and Nb isotopes and discuss their impact on rp and νp 

nucleosynthesis processes[1]. 

Using isochronous mass spectrometry at the experimental storage ring CSRe in Lanzhou, the masses of 82Zr and 
84Nb were measured for the first time with an uncertainty of ~10 keV, and the masses of 79Y, 81Zr, and 83Nb were re-

determined with a higher precision. The latter are significantly less bound than their literature values. Our new and 

accurate masses remove the irregularities of the mass surface in this region of the nuclear chart. Our results do not 

support the predicted island of pronounced low α separation energies for neutron-deficient Mo and Tc isotopes, 

making the formation of Zr–Nb cycle in the rp-process unlikely. The new proton separation energy of 83Nb was 

determined to be 490(400) keV smaller than that in the Atomic Mass Evaluation 2012. This partly removes the 

overproduction of the p-nucleus 84Sr relative to the neutron-deficient molybdenum isotopes in the previous νp-

process simulations. 

[1]  Y. M. Xing, et al., Phys. Lett. B 781, 358 (2018) 
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Nuclear Reactions A 

Study of fusion hindrance in the system 12C +24Mg 

G Montagnoli1, A Stefanini2, C Jiang3, G Colucci1, A Goasduff1, D Brugnara1, M Siciliano1, M Mazzocco1, F 

Scarlassara1, L Corradi2, E Fioretto2, F Galtarossa2, M Heine4, T van Patten4, S Szilner5, P Colovic5, T Mijatovic5, S 

Bottoni6, G Jaworski7and I Zanon8,2 

1University and INFN Padova, Italy, 2INFN-Laboratory Nazionali di Legnaro, Italy, 3Argonne National Laboratory, USA,  
4CNRS-IN2P3 Univ. Of Strasbourg, France, 5Ruder Boskovic Institute, Croatia, 6University and INFN Milano, Italy, 
7University of Warsaw, Poland, 8University of Ferrara, Italy 

This abstract reports on the recent measurement of the fusion excitation function for the system 12C+24Mg (Qfus= + 

16.3 MeV) down to around 15 b, in order to investigate whether fusion hindrance [1] shows up, 

phenomenologically marked by the observation of a maximum of the S-factor vs. energy.  

Our aim has been to search evidence for fusion hindrance in medium-light systems with positive Q-values [2], 

besides the heavier cases where hindrance is recognized to be a general phenomenon. 

12C+24Mg is very close to the 16O+16O and 12C+12C systems that are important for the late evolution of heavy stars.  

The experiment has been performed in inverse kinematics using the 24Mg beam from the XTU Tandem accelerator of 

LNL in the energy range 26-52 MeV with an intensity of 4-8 pnA. The targets were 12C evaporations 50 g/cm2 thick, 

isotopically enriched to 99.9 %. The fusion-evaporation residues were detected at small angles in a E- E-ToF 

telescope following an electrostatic beam deflector [3].  

Previous measurements of fusion cross section for 12C+24Mg were limited to above-barrier energies [4,5]. The figure 

(left) shows our preliminary results where the S-factor develops a clear maximum vs. energy, indicating the presence 

of hindrance in this system. The curves are obtained according to the least-square fitting of the excitation function, 

following the method recently suggested in Ref. [6]. The central panel reports a systematics of the energy threshold 

for hindrance in several medium-light systems together with a phenomenological estimate [7] that nicely fits also 

the new data point for 12C+24Mg. The corresponding cross sections are shown in the right panel where we notice that 

the highest value ( s=1.6mb) is indeed found for this system. This has allowed to identify the hindrance 

phenomenon in a favorable condition. It may even be possible to extend the measurements further down in energy 

to better establish the position of the S-factor maximum. 

 

Fig 1: (left) Fusion excitation function (red symbols) and S-factor (green symbols) measured for 12C+24Mg. The  

systematics of energy threshold for hindrance Es  (center) and of the corresponding cross sections s  (right) are 

shown for several light- and medium-light mass systems. The highest cross section at threshold is observed for the 

present case 12C+24Mg. 

[1]  B.B Back et al., Rev. Mod. Phys. 86, 317 (2014) 

[2]  G. Montagnoli, et al., Phys. Rev. C 97, 024610 (2018) 

[3] A.M. Stefanini et al., Phys. Rev. C 82, 014614 (2010) 

[4] K. Daneshvar et al., Phys. Rev. C 25, 1342 (1982) 
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[5] S. Gary et al., Phys. Rev. C 25, 1877 (1982) 

[6] C.L. Jiang et al., Eur. Phys. J. A 54, 218 (2018) 

[7]  C.L. Jiang et al., Phys. Rev. C 79, 044601 (2009) 

Study of spin-isospin responses of 11Li and 14Be neutron drip line nuclei with PANDORA 

L Stuhl1, M Sasano2, J Gao2, 3, Y Hirai4 and K Yako1 

1University of Tokyo, Japan, 2RIKEN Nishina Center, Japan, 3Peking University, China, 4Kyushu University, Japan 

We started a program [1] at the RIKEN Radioactive Isotope Beam Factory (RIBF) aiming to measure the spin-isospin 

responses of light nuclei along the neutron drip line. Until recently, only the spin-isospin collectivity in stable 

isotopes was investigated [2]. There is no available data for nuclei with large isospin asymmetry factors, where 

(�−�)/{>����� �e investigate this unexplored region up to (�−�)/{ =���� 

The spin-isospin responses of 11Li and 14Be drip line nuclei were measured in chargeexchange 

(p,n) reactions at around 200 MeV/nucleon beam energies. These reactions in inverse kinematics, at intermediate 

beam energies (E/A >100 MeV) and small scattering angles can excite Gamow-Teller (GT) states up to high 

excitation energies in the final nucleus, without Q-value limitation [3,4]. 

The combined setup of our new, digital readout based low-energy neutron spectrometer, PANDORA (Particle 

Analyzer Neutron Detector Of Real-time Acquisition) [5] and the SAMURAI large-acceptance magnetic spectrometer 

together with a thick liquid hydrogen target allowed us to perform the SAMURAI30 experiment with high luminosity. 

In this setup, PANDORA was used for the detection of the recoil neutrons with kinetic energy of 0.1–5 MeV, while the 

SAMURAI was used for tagging the decay channel of the reaction residues. It was proven, in our first (p,n) 

experiment on 132Sn, that using such setup we can take data on unstable nuclei with quality comparable to those on 

stable nuclei. 

In this talk, details of experimental setup and intelligent digital pulse processing, as well as a brief overview of the 

neutron-gamma discrimination capability of PANDORA will be reported. Preliminary result of B(GT) strengths 

distribution and reconstruction of the excitation-energy spectrum up to about 30 MeV, including the GT giant 

resonance region in 11Li and 14Be will be presented. We successfully identified, above 18 MeV excitation energy in 

the 11Li(p,n) reaction, the exotic decay channel of 11Be→9Li+d for the first time. 

[1]  L. Stuhl et al., RIKEN Accelerator Progress Report 48, 54 (2015) 

[2]  K. Nakayama, et al., Phys. Lett. B 114, 217 (1982) 

[3]  M. Sasano et al., Phys. Rev. Lett. 107, 202501 (2011) 

[4]  M. Sasano et al., Phys. Rev. C 86, 034324 (2012) 

[5]  L. Stuhl et al., Nucl. Instr. Meth. A 866, 164 (2017) 

[6]  J. Yasuda et al., Phys. Rev. Lett. 121, 132501 (2018) 

Reaction mechanisms of 17F+58Ni at energies around the Coulomb barrier  

L Yang1, C Lin1, 10, 11, H Yamaguchi2, D Wang1, L. Sun1, N Ma1, K Abe2, M La Commara3, K Chae4, S Cha4, S 

Hayakawa2, A Kim4, D Kahl2, M Kwag4, H Jia1, M Mazzocco5, 6, C Parascandolo7, D Pierroutsakou7, C Signorini5, 6, E 

Strano5, 6, Y Sakaguchi2, F Yang1, Y Yang8, G Zhang9, G Zhang9, M Pan9, X Xu1 and P Wen1  

1China Institute of Atomic Energy, China, 2University of Tokyo, Japan, 3University Federico II, Italy, 4Sungkyunkwan 
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Reaction mechanisms induced by proton-rich nuclei are still elusive so far, especially at energies around the 

Coulomb barrier. Different with the neutron-rich reaction systems, the Coulomb polarization effect will play an 

important role in the reaction dynamics of proton-rich systems, which may greatly influence the direct (like breakup 

and transfer) and fusion reactions.  

In view of this fact, we performed the measurement of proton-drip line system 17F+58Ni at CRIB (Center for Nuclear 

Study Radioactive Ion Beam separator), at four energies around the Coulomb barrier: 46.0, 49.8, 57.9 and 65.1 

MeV. A specially designed detector array, which consists of ionization chambers and silicon detectors, was used to 

identify the heavy and light reaction products simultaneously. The angular distributions of the quasielastic scattering 

and inclusive breakup, as well as the fusion cross sections were obtained. The quasielastic data were analyzed with 

the continuum discretized coupled-channels (CDCC) approach to investigate the coupling effect from the continuum 

states. The breakup angular distributions were compared with the CDCC and IAV (Ichimura, Austern, Vincent) model 

calculations, to study the dynamics of the direct reactions. Meanwhile, the fusion cross sections were determined 

according to the statistical model. In this presentation, the preliminary results will be presented, and the underlying 

physics will also be discussed. 

Inclusive breakup measurements of the 7Li+ 119Sn reaction 

J Fernandez-Garcia1, A Di Pietro2, P Figuera2, J Lei3 and A Moro1 

1Universidad de Sevilla, Spain, 2Laboratori Nazionali del Sud, Italy, 3Ohio University, USA 

Recently, calculations based on an implementation of the inclusive breakup model proposed by Ichimura, Austern 

and Vincent [1] have been tested with success for the case of 2H and 6Li reactions, in which the projectile ground 

state is in a dominant s-wave [2]. To test the validity of this new method, it is important to extend the study to more 

general cases  in which the internal angular momentum �≠�� �his is the case of 7Li, with L=1, having a marked 4He-
3H cluster structure with a breakup threshold of 2.47 MeV. 

We present new data of inclusive breakup cross sections of the 7Li+119Sn reaction, recently measured at the 

Laboratori Nazionali del Sud (LNS-INFN) (Catania, Italy) at energies around the Coulomb barrier (Elab = 21.2 and 

26.5 MeV). Five silicon triple telescopes, mounting in a rotating plate, were used to identify the heavy and light 

fragments coming from the breakup of 7Li. The elastic scattering angular distribution and the 4He and 3H inclusive 

break-up angular distributions were obtained. The results obtained will be complementary to those of Ref. [3], 

where the fusion excitation function of the same system was obtained for a wide energy range around the Coulomb 

barrier. 

Since the inclusive breakup cross sections can be split into two parts, the elastic breakup (EBU), where all the 

fragments are emitted in their ground states and non-elastic breakup (NEB), which considers all the other processes 

except complete fusion, we compare the inclusive breakup experimental data with two different methods. The 

continuum-discretized coupled-channels (CDCC) method, in which the EBU can be accurately obtained and NEB 

calculations, based on the inclusive breakup model proposed by Ichimura, Austern and Vincent. 

[1]  M. Ichimura, N. Austern, and C. M. Vincent, Phys. Rev. C 32, 431 (1985) 

[2]  Jin Lei and A. M. Moro, Phys. Rev. C 92, 044616 (2015) 

[3]  M. Fisichella et. al, Phys. Rev. C, 95 (3), 034617 (2016) 
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Proton-induced reactions on 107Pd at around 30 MeV/nucleon: First result using slowed-down RI beams at OEDO 

M Dozono1, N Imai1, S Michimasa1, T Sumikama2, N Chiga2, S Ota1, O Beliuskina1, S Hayakawa1, K Iribe3, C 

Iwamoto1, S Kawase3 , K Kawata1 , N Kitamura1 , S Masuoka1 , K Nakano3, P Schrock1, D Suzuki2, R Tsunoda1, K 

Wimmer1, D Ahn2, N Fukuda2, E Ideguchi4, K Kusaka2, H Miki5, H Miyatake6, D Nagae2, M Nakano7, S Ohmika2, M 

Ohtake2, H Otsu2, H Ong5, S Sato7, H Shimizu1, Y Shimizu2, H Sakurai2, X Sun2, H Suzuki2, M Takaki1, H Takeda2, S 

Takeuchi5, T Teranishi3, H Wang2, Y Watanabe3, Y Watanabe6, H Yamada5, H Yamaguchi1, R Yanagihara5, L Yang1, Y 

Yanagisawa2 , K Yoshida2 and S Shimoura1 

1University of Tokyo, Japan, 2RIKEN Nishina Center, Japan, 3Kyushu University, Japan, 4Osaka University, Japan, 
5Tokyo Institute of Technology, Japan, 6KEK, Japan, 7Rikkyo University, Japan 

The variety and complexity of nuclear reactions make this a fascinating area of research. Slightly above the Coulomb 

barrier, the dominant reaction is the multistep process such as fusion and pre-equilibrium reactions. To date, the 

process has mainly been studied in normal kinematics so that the reaction residues have been analyzed by the 

activation method. 

An inverse kinematics technique is another powerful tool for reaction studies because the direct detection of 

reaction residues is possible. Additionally, we are able to measure reactions induced by RI beams with the same 

technique. Recently, the OEDO beamline [1] has been constructed at RIKEN RIBF. The beamline is capable of 

decelerating fast RI beams of RIBF down to energies of 5 – 50 MeV/nucleon with a well-focused condition. Thus, 

OEDO is expected to proceed significantly nuclear reaction studies in such an energy region. 

In this talk, we report on the first physics results using beams from OEDO: protonand deuteron-induced reactions on 
107Pd and 93Zr at around 30 MeV/nucleon. Complete isotopic production cross sections have been obtained using 

an inverse kinematics technique. These nuclei are long-lived fission products (LLFPs) in highlevel radioactive wastes. 

Thus, the present study would provide an effective guideline for a possible solution of the LLFP transmutation with a 

charged particle. 

Figure 1 shows the preliminary results for the proton-induced reactions on 107Pd. The general behavior of the cross 

sections is well reproduced by TENDL-2017 [2] evaluation. In the presentation, the experimental details and results 

will be presented with a focus on 107Pd + p data. Then, the results will be discussed from the point of view of the 

reaction mechanism. 

As another application of OEDO, the studies of neutron capture reactions with a surrogate method will be also 

introduced. This work was funded by the ImPACT Program of Council for Science, Technology and Innovation 

(Cabinet Office, Government of Japan). 

 

Fig 1: Isotopic production cross sections of the proton-induced reactions on 107Pd. The symbols show the present 
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measurement and the curve TENDL-2017 [2] evaluation. 

[1]  S. Michimasa, et al., Prog. Theor. Exp. Phys., accepted 

[2]  A. J. Koning, et al., Nucl. Data Sheets 113, 2841 (2012) 

 

Nuclear Structure A 

Thouless-Valatin moment of inertia from linear response theory 

M Kortelainen1, 2, K Petrík2, 1 

1University of Jyväskylä, Finland, 2Helsinki Institute of Physics, Finland 

Linear response theory, in the framework of nuclear density functional theory (DFT), allows to address various 

collective excitation modes in the nucleus. Important aspect in the nuclear DFT is spontaneous symmetry breaking, 

which allows effectively to incorporate various correlations on the wave-function at the mean-field level. In linear 

response theory, broken symmetry manifests as an appearance of symmetry restoring Nambu-Goldstone (NG) 

mode. The NG mode corresponds to a large scale motion of the nucleus. Unfortunately,  when calculating certain 

kind of excitation modes, this mode mixes with intrinsic excitation modes, causing appearance of so-called spurious 

mode. 

During recent years, there have been a lot of developments with iterative linear response methods, such as the finite 

amplitude method. Thanks to these advances, various excitation modes in heavy deformed superfluid nuclei can be 

computed without resorting to any truncations in the quasiparticle space [1]. 

We have shown that iterative linear response approach can be used to obtain Thouless-Valatin rotational moment of 

inertia from the NG mode in deformed superfluid nucleus [2]. When used pairing strength was adjusted reproduce 

empirical pairing gap, the obtained moment of inertia had a good correspondence to experimental value, as shown 

in Fig. 1. Compared to the traditional cranking calculation, this method is computationally notably faster, allowing 

large scale surveys across the nuclear chart. Moreover, this method can be used compute mass parameter for 

various collective Hamiltonian models. 

 
Fig 1: Computed moment of inertia. From [2]. 

Developed machinery to address the NG mode can be used to remove spurious mode, caused due to broken 

symmetry of the mean-field. In deformed nucleus, this spurious mode would pollute calculated K=1 transition 

strength function for magnetic M1 mode. As an practical application, computation of low-lying M1 scissors mode in 

actinide nuclei will be discussed. 
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Usually, applications of linear response methodology have been limited only on the even-even nuclei. Extension of 

the formalism to an odd-A nucleus is, however, possible. Interesting application related to odd-A nuclei is 

computation nuclear Schiff moment, which is required in search for atomic electric dipole moment caused due to 

physics beyond the Standard Model. Nuclear Schiff moment was recently calculated at the mean field level [3], 

where a clear correlation between intrinsic octupole moment and Schiff moment was found. As a next step, the use 

of linear response theory to compute Schiff moment will be outlined. 

[1]  M. Kortelainen, N. Hinohara, W. Nazarewicz, Phys. Rev. C 92, 051302 (2015) 

[2] K. Petrík, M. Kortelainen, Phys. Rev. C 97, 034321 (2018) 

[3] J. Dobaczewski, J. Engel, M. Kortelainen, P. Becker, Phys. Rev. Lett. 121, 232501 (2018) 

Attempts to derive nuclear energy density functional directly from renormalization group approaches 

H Liang1, 2, T Hatsuda1, Y Niu3, and H Sakakibara1, 2 

1RIKEN, Japan, 2University of Tokyo, Japan, 3Lanzhou University, China 

Deriving accurate energy density functional in a systematic and controllable way is one of the central problems not 

only in nuclear physics but also in condensed matter physics, quantum chemistry, etc. In particular, the non-

perturbative nature of nuclear force makes this problem even more challenging. In 2004, Schwenk and Polonyi 

proposed an approach of functional renormalization group (FRG) on the basis of the two-particle point-irreducible 

scheme [1], although there was no practical application at that time and almost 10 years after that. 

In a recent work, based on such an idea, we proposed a novel method to derive the energy density functional by 

combining the ideas of the FRG and the Kohn-Sham (KS) scheme in density functional theory (DFT). We call this 

method KS-FRG [2]. Its essential idea is to solve the renormalization group flow for the effective action by 

decomposing the total effective action into the mean-field part and the correlation part. In addition, we proposed a 

simple but practical method to quantify the theoretical uncertainty associated with the truncation of the correlation 

part. 

By taking a φ4 theory in zero dimension as a benchmark, we have demonstrated that this novel KS-FRG method is 

able to provide the energy density functional for the system. More importantly, this method shows extremely fast 

convergence to the exact result even for the highly strong coupling regime. Therefore, this method becomes a 

promising candidate for making systematic and fast converging calculations of the quantum many-body systems. 

[1]  A. Schwenk and J. Polonyi, arXiv:nucl-th/0403011 

[2]  H.Z. Liang, Y.F. Niu, and T. Hatsuda, Phys. Lett. B 779, 436 (2018) 

Proton-neutron pairing description using symmetry-restored mean-field methods 

A Marquez Romero1, J Dobaczewski1,2,3, and A Pastore1 

1University of York, United Kingdom, 2University of Warsaw, Poland, 3University of Helsinki, Finland 

By means of a full restoration of particle-number (A), spin (S), and isospin (T) broken symmetries of paired mean-

field quasiparticle states, we show that proton-neutron (pn) and like-nucleon pair condensates coexist [1]. We use 

the Thouless representation for these states, parametrised by the normalised isovector (T=1) and isoscalar (T=0) 

pair amplitudes. 

Using a simple and well-known SO(8) pairing Hamiltonian [2], whose exact solutions are known, we minimize the 

energy calculated with the symmetry-restored paired states, that is, we use the so-called variation after projection 

(VAP) approach. The results obtained using this method are strikingly accurate in comparison with the exact results, 

and for all interaction strengths the isovector and isoscalar pairs coexist, in opposition of the pure mean-field 

approach. In Fig 1, the values of the isoscalar norm, describing the prominence of pn pairs, are plotted as a function 
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of the parameter “x” of the ��(�) �amiltonian  which the relative importance of the isoscalar interaction. The results 

are presented for a system in the midshell with total S=T=0. Squares represent the results of the symmetry-restored 

VAP approach and circles represent those of the mean-field Hartree-Fock-Bogoliubov (HFB) approach. Only when 

the isoscalar and isovector strengths are equal (x=0), the coexistence is obtained in the HFB approach, whereas in 

the VAP approach it is present for all values of x. 

 
Fig 1: This study suggests that further work on properties of proton-neutron pairing should be carried out within the 

VAP approach to mean-field pairing methods. 

[1]  A.M. Romero, J. Dobaczewski, A. Pastore, arXiv:1812.03927 (2018) 

[2]  V.K.B. Kota, J.A. Castilho Alcarás, Nuclear Physics A 764, 181 (2006) 

How to Improve Functionals in Density Functional Theory? 

T Naito1, 2, D Ohashi1, 2, and H Liang2, 1 

1The University of Tokyo, Japan, 2RIKEN, Japan 

In the density functional theory (DFT), the ground-state energy of the system under the external potential Vext is 

written as             Vext                            , where       is the Hartree-exchange-correlation 

functionals. If      is known, this expression is the exact. However, since      is unknown, approximation for       

is required. As one way to attain the improvement of the functional     , the inverse approach of the DFT, the so-

called inverse Kohn-Sham method (IKS), was proposed [1, 2]. In the IKS, the Kohn-Sham potential     is 

calculated from the given ground-state density ρgs, so that the information such as the single-particle energies εj is 

expected to be valuable for improving the accuracy of EDFs. Although with such an expectation, the actual way for 

using IKS has not been pointed out explicitly, only the improvement of the numerical methods of IKS has been 

discussed. 

In this work [3], we propose the way to improve the functional based on the combination of the IKS and the density 

functional perturbation theory [4], so-called the IKS-DFPT method. 

As benchmark calculations,     is calculated from the theoretical      of the isolated atoms, instead of 

experimental data, and we test whether       is reproduced from the known functional      in this scheme. For 

example, as the exact functional      the Hartree-Fock-Slater approximation is chosen and as the known functional 

ẼHxc the Hartree approximation is chosen. Ideally, the LDA exchange functional should be reproduced in this 

benchmark calculation. Here, improved functional is assumed to be the form as           𝐴           αj   , and 

in this scheme, two systems are required to obtain coefficients 𝐴  and   . 

It is found that A1 and α1 are obtained within 7.2% and 1.0% error from the exact A and   of the Hartree-Fock-
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Slater approximation in the pair of  𝑒 and  𝑒 atoms, and within 2.3% and 0.2% error in the pair of  𝑒 and    

atoms, respectively. The exchange energy density,    
  (  ) = A1 [ρ ( )]

α1−1, and the ratio to the exact one,    
  (  ) 

/  
      x (  ), are shown as function of the Wigner-Seitz radius            𝜋   1/3 in Fig. 1. The Winger-Seitz 

radius    calculated from the calculated energy density    
 

 and exact energy density   
      x are also shown in Fig. 

1. The ground-state energies of He, Ne, Xe, and Rn are finally reproduced within 0.0003%–0.4% error. 

As a conclusion, this IKS-DFPT method helps to improve the known functional. This method is promising for the 

improvement of the functionals in nuclear physics, as well as the atomic systems. 

 
Figure 1: (Left) Ratio between the exact and calculated energy density εx. (Right) Wigner-Seitz radius rs calculated 

from the exact and calculated functionals. Both results are shown in the Hartree atomic unit. 

[1]  Y. Wang and R. G. Parr. Phys. Rev. A 47, R1591 (1993) 

[2]  Q. Zhao and R. G. Parr. J. Chem. Phys. 98, 543 (1993) 

[3]  D. Ohashi, T. Naito, and H. Liang. arXiv: 1812.09285 [physics.chem-ph] (2018) 

[4]  S. Baroni, S. de Gironcoli, A. Dal Corso, and P. Giannozzi. Rev. Mod. Phys. 73, 515 (2001) 

Regularized pseudopotential for mean-field calculations 

K Bennaceur1, J Dobaczewski2,3, T Haverinen4,5, M Kortelainen4,5 

1IPNL, Université de Lyon, France, 2University of York, UK, 3University of Warsaw, Poland, 4University of Jyväskylä, 

Finland, 5Helsinki Institute of Physics, Finland  

We discuss the properties of a new class of pseudopotentials introduced a few years ago [1], which are to be used 

within the energy-density-functional approaches. These pseudopotentials are based on regularized zero-range 

interactions and constitute a consistent application of the effective-theory methodology to low-energy phenomena 

in nuclei. They allow for defining the order of expansion in terms of the order of derivatives acting on a finite-range 

potential.  

Our first exploratory work was based on the reproduction of a series of pseudo-data [2] for doubly magic nuclei 

generated by the D1S Gogny functional. In the present work, we build and minimize a merit function containing 

experimental values for binding energies of closed and open shell nuclei as well as empirical values for infinite 

nuclear matter. The obtained parameters show a rapid convergence of the expansion and a weak dependence of 

results on the regularization scale.  

We use a covariance analysis method to study the correlations between parameters, estimate their statistical 

uncertainties and propagate them to calculated observables. In this talk, we will discuss several difficulties 

encountered during the adjustment of parameters, such as the appearance of finite-size instabilities [3,4] and 

possible ways to avoid them.  
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The proposed class of pseudopotentials has already been implemented in several codes [5,6,7]. The obtained 

predictions for binding energies and shapes of deformed nuclei will be presented along with possible further 

improvements based on tuning the surface and surface-symmetry coefficients. 

[1]  J. Dobaczewski, K. Bennaceur, and F. Raimondi, J. Phys. G 39 (2012) 125103 

[2]  J.F. Berger, M. Girod, and D. Gogny, Comp. Phys. Comm., 63 (1991) 365 

[3]  V. Hellemans, et al., Phys. Rev. C 88 (2013) 064323 

[4]  M. Martini, A. De Pace, K. Bennaceur, arXiv:1806.02080 

[5]  FINRES4, K. Bennaceur, unpublished 

[6]  HFBTEMP, M. Kortelainen, unpublished 

[7]  HFODD, J. Dobaczewski, et al., to be submitted 

Excitation modes and collective mass from Skyrme energy density functional  

K Washiyama1, T Nakatsukasa2  

1Kyushu University, Japan, 2University of Tsukuba, Japan  

Our goal is to construct a microscopic collective model to treat large-amplitude shape fluctuation and shape mixing 

phenomena in nuclei, which appear in the so-called transitional region in the nuclear chart. To treat such 

phenomena, Hinohara et al. constructed the five-dimensional quadrupole collective Hamiltonian as a function of 

quadrupole deformation parameters β and   from the constrained Hartree-Fock-Bogoliubov (CHFB) for the collective 

potential and local quasiparticle random-phase approximation (LQRPA) on top CHFB states for the collective mass 

with the pairing-plus-quadrupole force [1]. Our goal is to construct the collective Hamiltonian from CHFB+LQRPA 

with Skyrme energy density functional (EDF). This requires to perform LQRPA on triaxially deformed shapes, which 

need a huge computational cost. Recently, the finite amplitude method (FAM) was proposed [2] and has been 

widely used as an alternative method to QRPA [2,3]. FAM is based on a linear response theory, and construction 

and diagonalization of a huge QRPA matrix are avoided by using an iterative method in FAM. These make the 

computational cost considerably small and one can perform fully consistent FAM calculations without two-

quasiparticle-energy cutoff that is usually adopted in QRPA for deformed nuclei.  

Recently, we have constructed a FAM code with Skyrme EDF in three-dimensional coordinate and calculated 

excitation modes in triaxial superfluid nuclei within a reasonable computational cost [4]. Then, we have extended 

our method to local FAM at CHFB states on β- plane to calculate rotational moment of inertia [5]. Furthermore, we 

estimate vibrational mass with FAM plus a contour integral technique proposed in Ref. [6]. In this contribution, we 

will present results of our FAM calculations such as those shown in Fig. 1 and discuss shape fluctuations in 

transitional nuclei. 

 
Fig 1: (Left) Ratio of Thouless-Valatin (TV) moment of inertia obtained from FAM to Inglis-Balyaev (IB) one in a 
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transitional nucleus 108Pd; (Right) Fission barrier from CHFB (top) and collective mass from FAM (bottom) along the 

axially symmetric fission path (as a function of β) in 240Pu. 
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Nuclear Structure B 

New constraints on the symmetry energy of Neutron-rich matter from the systematics of the electric dipole response 

in stable tin Isotopes 

S Bassauer1, P von Neumann-Cosel1 and A Tamii2 

1TU Darmstadt, Germany, 2Research Centre for Nuclear Physics, Japan 

Precise knowledge of the electric dipole response in nuclei provides information on the polarisability which in turn 

allows to extract important constraints on neutron-skin thickness in heavy nuclei and parameters of the symmetry 

energy [1-5]. The latter, in turn, determines the properties of the equation of state in neutron-rich matter governing 

the structure of neutron stars [6, 7]. The tin isotope chain is particularly suited for a systematic study of the 

dependence of the electric dipole response on neutron excess as it provides a wide mass range of accessible 

isotopes with little change of the underlying structure. Recently an inelastic proton scattering experiment under 

forward angles including 0° on the even-even ���−���Sn isotopes was performed at the Research Centre for Nuclear 

Physics (RCNP), Japan with a focus on the low energy strength and polarisability. These data allow to set new 

constraints on the density dependence of the symmetry energy. Furthermore the gamma strength function (GSF) 

can be extracted [8]. The systematics of the low-energy GSFs in the tin isotopes allow an important test of the 

generalised Brink-Axel hypothesis [9] underlying statistical model calculations in large-scale astrophysical reaction 

network calculations. 

[1]  P.-G. Reinhard and W. Nazarewicz, Phys. Rev. C 81, 051303(R) (2010) 
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Systematic investigation of neutron and proton removal from medium-mass neutron-rich nuclei  

J Benlliure1, J Díaz1, H Alvarez-Pol1, T Aumann2, C Bertulani3, B Blank4, E Casarejos1, D Cortina1, D Dragosavac1, V 

Fohr5, A Gargano6, M Gascón1, W Gawlikowicz7, A Heinz5, K Helariutta8, A Kelic5, F Montes5, L Pienkowski7, J 

Rodríguez-Sánchez1, K Schmidt5, M Staniou5, K Subotic9, K Summerer5, J Taieb10 and A Trzcinska7  

1Universidade de Santiago de Compostela, Spain, 2Technische Univeritat Darmstadt, Germany, 3Texas A&M 
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Fission of 238U and fragmentation of 132Xe projectiles at relativistic energies have been used at GSI to produced 

medium-mass nuclei around 132Sn. The first section of the Fragment Separator made it possible the unambiguous 

identification of those nuclei, while the second section was used to identify the residual nuclei produced in proton 

and neutron removal reactions induced on a beryllium target installed at the intermediate image plane of the 

separator.  

The one neutron removal cross sections are in good agreement with recent measurements at RIKEN for 134Sn [1], 

showing a clear reduction at N=84 explained by the N=82 closed shell. All measured cross sections are rather well 

explained by model calculations based on particle-hole excitations from shell model configurations and initial- and 

final-state interactions.  

The proton removal cross sections are also in agreement with previous measurements [2,3]. The observed reduction 

in the cross sections for N=83 nuclei (133Sn and 134Sb) is explained as due to the N=82, while the relative difference 

between those two nuclei is attributed to the shell Z=50. The same model calculations describing the neutron 

removal show the observed reduction produced by the closed shells, but in general overestimate the measured 

cross sections by around a 40%.  

The presence of 20% short-range correlated (SRC) nucleon pairs in nuclei, and the recent confirmation of the 

dominance of neutron-proton SRC pairs [4] provide a possible explanation for the observed reduction in the proton-

removal cross sections. The relative large number of SRC protons in neutron-rich nuclei (~30% in 132Sn), and the 

fact that the removal of any of those protons causes the ejection of the companion neutron because of the large 

relative momentum between both, would explain the 40% reduction in the cross section of the final A-1 residual 

nuclei produced in the single proton removal process.  

[1]  V. Vaquero et al., Phys. Rev. Lett. 118, 202502 (2017) 

[2]  J.L. Rodríguez-Sánchez et al., Phys. Rev. C 96, 034303 (2017) 

[3]  J. Benlliure et al., Phys. Rev. C 78, 054605 (2008) 

[4]  M. Duer et al., Nature 560, 517 (2018) 

Study of exotic- decay near proton drip-line 

U Datta1, P Das1, A Bhattacharya1, S Chakraborty1, A Rahaman1, J Ray1, O Tengblad2, A Becerril2, P Bhattacharya1, 

M Borge2, J Cederkall4, A Gottberg5, B Jonson6, M Kowalska3,  J Kurcewicz3, R Lica3, S Mandal7, I Morroquin2, K 

Riisager8, C Sotty9, T Stora3 

1Saha Institute of  Nuclear Physics, India 2CSIC, Spain , 3CERN, Switzerland, 4University of  Lund, Sweden, 5Triumf, 

Canada, 6Chalmers University of Technology, Sweden 7University Of New Delhi, India, 8Aarhus University, Denmark, 
9KU Leuven, Belgium   

Study of the properties of nuclei near and beyond drip line provides unique information on n-n interactions which is 

important for understanding limits of existence of quantum many body systems i.e. atomic nuclei. Theoreticians 

predicted that Xe, Cs, Ba isotopes in the the mass region A~110-���  are in the island of “cluster emitters”�  

Moreover, the effect of the proton-skin thickness on the decays of neutron-deficient nuclei still needs further 

investigation.   Experiment (IS545) was performed to study exotic decay mode of 114-118Cs and 119,120, 121Ba at 

ISOLDE, CERN.  The   neutron deficient Cs and Ba radioactive ion beam was produced by bombarding a tailored 

LaC2 target with 1.4 GeV protons. The radioactive ions were extracted, ionized by a hot rhenium surface ion source, 

and separated using the ISOL method. Efficiencies of extraction and ionization of atomic Cs isotopes exceed the 

ones for Ba isotopes significantly. Therefore, in-target fluorination was used in order to extract Ba as fluoride 

molecules on a mass with greatly reduced isobaric contaminations. Ions were then implanted into a �� μg/cm� 

carbon foil located in the middle of the detector set-up.  Particular beam of  mass (A) with  energy of 60 keV was 
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separated by GPS and implanted on a carbon foil. 

 A compact particle detection system consisting of   double-sided silicon strip detectors (DSSSD) backed by a thick 

silicon PAD detector along with Clover   detectors to optimize detection of the -rays’ were placed�  �or the first time 

detailed study of exotic decay mode of delayed proton(s), alpha, gamma and exotic clusters of 115Cs near proton 

drip line will be reported. The delayed   bound and resonance states have been identified. 12C and   cluster 

emission from 115Cs directly and delayed . 12C,   and 2p clusters are allowed and many theoreticians provided the 

decay rate of this exotic decay mode.  

115Cs → 12C + 103In 14.900MeV (21.356). 

We shall discuss our experimental observation in this respect. We may also present some results on other isotopes 

as mentioned above. 

Neutron emission property after nuclear muon capture of palladium 

T Saito1, M Niikura1, T Matsuzaki2, H Sakurai2 

1The University of Tokyo, Japan 2RIKEN, Japan 

Nuclear muon capture is a nuclear reaction in which an atomic nucleus captures a negatively-charged muon and 

changes into the nucleus with one smaller proton number. The muon capture is an analogue process of electron 

capture, namely a weak decay of the nucleus. The difference is the mass of the lepton: the muon has the mass of 

106 MeV/c2. The large mass of the muon brings several tens MeV excitation energy to the daughter nucleus even 

though a neutrino brings out most of the rest mass energy. The excitation energy is above to the particle emission 

thresholds and thus the excited state after the muon capture usually deexcites via neutrons and gamma-ray 

emission. Because of the difficulty to measure the neutral particles, the macroscopic and microscopic properties of 

the residual nucleus after the muon capture remain unknown. A recent study [1] indicates the neutron emission 

process after muon capture can be interpreted as two stages, pre-equilibrium and equilibrium stages, following the 

nuclear excitation with the strength distribution of the muon capture assumed as a couple of giant resonances. The 

direct energy measurement of the neutrons following the muon capture is required for further investigation of the 

decay sequence. Furthermore, the microscopic motion of the nucleon in the excited residual after the muon capture 

can be derived by measuring the angular and momentum correlation of the emitted neutrons. 

To measure the neutrons after the nuclear muon capture, we have constructed a new detector array named 

Scintillator Enclosure Array for Muon Induced Neutron Emission (SEAMINE). SEAMINE consists of 21 liquid 

scintillators, seven BaF2 scintillators and two germanium detectors, and it is optimized to measure the neutron 

energy by the time-of-flight method. The liquid scintillators are used to measure neutrons with neutron-gamma 

discrimination by the pulse shape analysis. The angular and momentum correlation of the emitted neutrons can be 

measured by the 21 liquid scintillators surrounding the target. Because the muon capture occurs after the lifetime of 

the muon bound by the nucleus (typically � μs) and not in coincident with the beam irradiation, one should 

measure when the muon capture and the following neutron emission occur. Measuring the gamma rays emitted 

following the muon capture is thus necessary for the neutron time-of-flight measurement. For this purpose, the 

timing of the gamma rays is measured by the BaF2 scintillators. The energies of the gamma rays from the residual 

nuclides can be precisely measured and identified by the germanium detectors. 

The experiments using SEAMINE were performed at the MuSIC-M1 [2] beamline at Research Center of Nuclear 

Physics, Osaka University, Japan. Five palladium isotope enriched targets (A = 104, 105, 106, 108 and 110) were 

irradiated by the negative muon beam provided. We have obtained about 20 hours data on average for each 

isotope during the two experimental periods in 2017 and 2018. We will report the experimental result focused on 

the neutron energy spectrum and its neutron multiplicity dependence. 

This work is funded by the ImPACT program of the Council for Science, Technology and Innovation (Cabinet Office, 

186



 

Government of Japan). 

[1]  I. H. Hashim, et al.,Phys. Rev. C 97, 014617 (2018) 

[2]  A. Sato, et al., Conf. Proc. C 110904 820 (2018) 

 

 

Nuclear structure studies of low-lying collective quadrupole excitations of 126Xe via β+/EC decay spectroscopy  

F Ghazi Moradi1, P Garrett1, C. Svensson1, G Demand1,A Radich1,B Jigmeddorj1, C Andreoiu2, G Ball3, T Bruhn3,2, D 

Cross2, B Hadinia1, M Rajabali3, M Moukaddam4, E Rand1, Z Wang2,3, J Park5, J Pore2, U Rizwan2, P Voss2,3, J Wood6, 

A Garnsworthy3, G Hackman3 S Yates7  

1University of Guelph, Canada, 2Simon Fraser University, Canada, 3TRIUMF, Canada, 4University of Surrey, United 

Kingdom, 5Lund University, Sweden, 6Georgia Institute of Technology, USA, 7University of Kentucky, USA  

The even-even stable Xe isotopes have been rather difficult to fully study, due, in part, to the lack of suitable targets 

that can be fabricated from xenon. A series of Coulomb excitation experiments[1,2,3] were performed that provided 

vital information on the matrix elements, and this information was combined with detailed spectroscopy of 124Xe 

following β+ decay to extract precise B(E2) values for excited   
  and the   

  bands[4]. The results indicated that the 

deformation of the   
  state was significantly greater than that of the ground state but identical to the ground state 

for the   
  state. The   

  states were observed to be strongly populated in the (3He,n) two-proton-transfer 

reaction[5], with 30% of the ground state strength, which is suggestive of a pairing vibration configuration[4,6,7,8]. 

We have extended our examination of the Xe isotopes to 126Xe by studying the decay of 126Cs. The excited states in 
126Xe have been studied in β+/EC decay spectroscopy with a radioactive beam of 126Cs using the 8Pi gamma-ray 

spectrometer located at the ISAC-I facility at TRIUMF. This high statistics experiment allowed careful examination of 

many new transitions in the level scheme and also the measurement of their corresponding branching ratios. The 

precise branching ratio measurements of low-energy transitions from highly excited states makes it possible to 

assess the degree of quadrupole collectivity using the known B(E2) values for transitions to the ground state band 

from Coulomb excitation[2]. Highlights of the gamma-gamma coincidence and the angular correlation analyses that 

will be presented include: the direct observation of the 326 keV (  
  →  

 ) in-band transition and determination of 

the absolute B(E2;   
  →  

 ) value for the first time , determination of the multipolarity and the mixing ratios of 

transitions de-exciting    states at 2455 keV, 2086 keV, 2064 keV and 1679 keV level energies and measuring the 

E2 strength of all mixed transitions which are previously reported as the upper limits only, and a significant 

extension of the 126Xe level scheme. The collective features of the low-lying excited states will be presented in terms 

of shape parameters using the Kumar-Cline invariant sums.  

[1]  G. Rainovski et al., Phys. Lett. B 683, 11 (2010) 

[2]  L. Coquard et al., Phys. Rev. C 83, 044318 (2011) 

[3]  L. Coquard et al., Phys. Rev. C 80, 061304(R) (2009) 

[4]  A.J. Radich et al., Phys. Rev. C 91, 044320 (2015) 

[5]  W.p. Alford et al., Nucl. Phys. A 323, 339 (1979) 

[6]  B. Jigmeddorj et al., EPJ Web of Conferences 107, 03014 (2016) 

[7]  B. Jigmeddorj et al., Phys. Procedia 90, 435-439 (2017) 

[8]  B. Jigmeddorj et al., EPJ Web of Conferences 178, 02026 (2018) 
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DWIA analysis of coherent pion photoproduction for the study of the evolution of the neutron skin thickness in the 

tin isotopic chain 

F Colomer, P Capel, S Tsaran, M Vanderhaeghen, M Ferretti, M Thiel and C Sfienti 

Université libre de Bruxelles (ULB), Belgium 

Despite decades of studies which have seen the nuclear charge distribution being measured with increasing 

precision, the neutron distribution remains elusive. The difference between the neutron and proton distributions is 

often expressed as the difference of their root mean square radii: the neutron skin thickness. Recently, the A2 

collaboration at MaMi has measured the skin thickness in lead [1]. This experiment was based on coherent pion 

photoproduction, where a photon impinges on a nucleus and produces a neutral pion coherently (the nucleus 

remains in its ground state). The pion is then measured through its two-photon decay by utilizing a large solid-angle 

photon detector, the Crystal Ball (CB) in conjunction with the Glasgow photon tagger. The coherent photoproduction 

measurements are thus very clean. 

At first order, in the plane wave impulse approximation (PWIA) in which the final state interaction between the 

outgoing pion and the nucleus is neglected, the photoproduction cross section is proportional to the nuclear density 

from factor. In combination with charge distribution measurements, coherent pion photoproduction is a good way of 

measuring the neutron skin thickness. However, the distortion caused by the final state interaction of the pion with 

the nucleus has a significant impact on these cross sections and induces model dependency. These are included in 

the distorted wave impulse approximation (DWIA). 

In this work, we develop a new reaction code in the DWIA to help the (still ongoing) analysis of recent 

measurements by the A2 collaboration at MaMi of the coherent pion photoproduction cross section on 116,120,124Sn 

isotopes. In this reaction code, we devise a new potential for the scattering of pion off 12C, based on the work of K. 

Stricker Bauer [2]. This potential is constructed from the partial wave analysis of pion scattering off free protons and 

neutrons in the SAID database [3]. It contains first and second order terms (the pion being scattered once or twice 

by the nucleons of the nucleus, respectively) and absorptive terms. The main interest of this potential is that it 

should be valid on a large range of energies with only minor adjustments and allows the use of realistic densities 

(for example at mean field approximation). 

This tight collaboration between the experimental and theoretical groups and this new reaction code will thus allow 

the study of the inuence of details of neutron densities on the pion photoproduction cross sections by improving the 

quality of the potential used to simulate the final state interaction. 

[1]  C. Tarbert et al., Phys. Rev. Lett. 112, 242502 (2014) 

[2]  K. Stricker-Bauer, Ph.D. thesis, Michigan State University (1980) 

[3]  R. L. Workman at al., Phys. Rev. C 86, 035202 (2012) 
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Nuclear Structure C 

Neutron Skin Effects in Mirror Energy Differences: The Case of 23Mg-23Na  

A Boso1, 2, 3, S Lenzi1, 2, F Recchia1, 2 

1Universita degli Studi di Padova, Italy, 2INFN, Italy, 3National Physical Laboratory, United Kingdom  

Energy differences between analogue states in the T=1/2 23Mg-23Ma mirror nuclei have been measured along the 

rotational yrast bands with the EXOGAM + Neutron Wall + DIAMANT setup at GANIL. The nuclei of interest have been 

populated via the 12C+16O fusion evaporation reaction.  

This allows us to search for effects arising from isospin-symmetry breaking interactions (ISB) and/or shape changes. 

Data are interpreted in the shell model framework following the method successfully applied to nuclei in the f1/2 

shell.  

The introduction of a schematic ISB interaction of the same type of that used in the f1/2 shell will be shown as 

needed in order to reproduce the data.  

An alternative novel description, applied here for the first time, will be presented. It relies on the use of an effective 

interaction deduced from a realistic charge-dependent chiral nucleon-nucleon potential.  

This analysis provides two important results: (i) The mirror energy differences give direct insight into the nuclear skin; 

(ii) the skin changes along the rotational bands are strongly correlated with the difference between the neutron and 

proton occupations of the s1/2 “halo” orbit�  

 
Fig. 1: (a) 23Mg-23Na level schemes deduced in this work; (b) The parameter ζ (proportional to the neutron skin) and 

the difference in the occupation number of the s1/2 orbital between neutrons and protons.  

[1]  A. Boso et al., Phys. Rev. Lett. 121, 032502 (2018) 

Electron Capture of 8B into highly excited states of 8Be 

M Borge1, S Vinals1, A Gad4, P Figuera2, L Fraile3, H Fynbo4, J Jensen4, B Jonson5, R Lica6, I Marroquin1, M Munch4, E 

Nacher1, T Nilsson5, J Ovejas1, A Perea1, J Refsgaard4, K Riisager4, C Sotty6, O Tengblad1 

1CSIC, Spain, 2INFN Laboratori Nazionali del Sud, Italy, 3Universidad Complutense de Madrid, Spain,4University of 
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Aarhus, Denmark, 5Chalmers University of Technology, Sweden,6National Institute for Physics and Nuclear 

Engineering, Romania 

There is surprisingly little known experimentally about the beta strength distribution of the proton halo nucleus 8B. 

The main experimental efforts have been dedicated to establish the shape of the  -  spectrum arising from the β+ 

decay via the 3.03 MeV state in 8Be due to its astrophysics interest, as this decay is the unique source of energetic 

solar neutrinos above 2 MeV. 

From the nuclear structure point of view, the main interest lies in the decay to the highly excited states in 8Be that 

can give information on the halo structure of 8B. Especially the indication for strong isospin mixing in the 2+ doublet 

at 16.6 - 16.9 MeV having dominant configurations integrated by 7Li+p and 7Be+n, respectively [1]. 

The β+/EC decay feeding to this doublet mainly proceed via the 16.6 MeV state, that has been observed by several 

groups, however, the electron capture process feeding the 16.9 MeV state was first hinted by Kirsebom et al. [2]. In 

a recent experiment performed at the ISOLDE Decay Station at CERN we confirm the latter decay branch with much 

better statistics. We present in this contribution the results obtained from this experiment, in particular, the R-matrix 

analysis of the full α-decay spectrum. This analysis allows for a proper characterization of the 2+ doublet and a 

discussion of the resulting isospin mixing will be presented. 

[1]  P. von Brentano, Phys. Rep. 264, 57 (1996) 

[2]  O. Kirsebom et al., Phys. Rev. C 83, 065802 (2011) 

 

The structure of 25Na measured using (d,p) transfer: relevance to the 24Al(p.g)25Si reaction rate in astrophysical 

environments 

W Catford1, A Knapton1, N Orr2 

1University of Surrey, UK, 2LPC Caen, France 

Recently, results have been reported for states in 25Si as studied via gamma-ray spectroscopy in nucleon-removal 

reactions at intermediate energy [1]. The measurements were interpreted together with experimental results [2,3] 

for the mirror nucleus 25Na and with new shell model calculations and it was found [1] that the astrophysical 

reaction rate was likely to be up to a factor of 100 larger than previously thought [4]. 

Using a radioactive beam of 104 pps 24Na at 8 MeV/nucleon, produced using ISAC2 at TRIUMF, the d(24Na,pg)25Na 

reaction has been studied [3]. Differential cross sections were measured for 12 states in 25Na including the 

astrophysically relevant 3.995 MeV 9/2+ state. Definitive spin assignments were obtained, taking into account the 

observed gamma-ray decay patterns, and spectroscopic factors were deduced showing striking agreement with new 

shell model calculations (fig. 1). The experimental details, the complete structure results for 25Na and the 

connection to the astrophysical reaction will be presented. The measured value of the s-wave transfer to the 3.995 

MeV state implies an even more significant role for the mirror state in 25Si than previously [1] inferred. 
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Fig 1: (top) experimental Ex and (2J+1)C2S; (bottom) shell model values of Ex and (2J+1)C2S. 

[1]  B. Longfellow et al., Phys. Rev. C, 97, 054307 (2018) 

[2]  J.M. VonMoss et al., Phys. Rev. C, 92, 034301 (2015) 

[3] A.J. Knapton, Ph.D. thesis, University of Surrey, UK (2017) 

[4] H. Herndl et al., Phys. Rev. C, 52, 1078 (1995) 

 

 

 

Spectroscopy of neutron-drip-line nuclei using SAMURAI at RIBF 

T Nakamura, Y Kondo, A Kurihara, H Miki, T Shimada, T Tomai, H Yamada and M Yasuda 

Tokyo Institute of Technology, Japan 

We will show results from spectroscopic studies of the two-neutron halo nucleus 22C, as well as very neutron-rich 

fluorine, and neon isotopes near the neutron drip line, using SAMURAI[1] at RIBF. The SAMURAI facility, composed 

of the large-acceptance superconducting magnet, charged fragment (heavy ion) detectors, and large-acceptance 

neutron detectors, NEBULA [2] (and NeuLAND demonstrator [3] for some experiments), is very powerful in invariant-

mass spectroscopy, in particular, for very neutron-rich nuclei. For instance, unknown unbound states, which decay 

by neutron(s), of neutron-rich nuclei near the neutron drip line can be studied quantitatively with high statistics.       

Firstly, we will show the results on the Coulomb breakup of 22C on a Pb target at 240 MeV/nucleon. Coulomb 

breakup is a useful tool to extract the electric dipole strength B(E1). Soft E1 excitation, i.e., low-energy enhanced 

B(E1), is one of the characteristic features of halo nuclei. In the two-neutron halo nucleus such as 22C, the spectrum 

of soft E1 excitation can be used to extract the di-neutron correlation in the halo ground state as suggested for 
11Li[4,5]. Here, we discuss the obtained B(E1) spectrum of 22C, and its relevance to the di-neutron correlation.  

Secondly, we will show the results on the invariant-mass spectroscopy of the unbound 28F isotope using the charge-
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exchange reaction of 28Ne at 230 MeV/nucleon. 28F, as having a one-proton particle-one-neutron hole structure 

upon the candidate doubly magic nucleus 28O, can provide key information about the residual interactions at such 

neutron-rich extremes. The charge-exchange reaction, which has a different population pattern of final states from 

more conventional one-nucleon removal reactions, is a suitable tool for such study as this reaction can produce 

favorably the positive-parity states with proton d5/2 particle and neutron d3/2 hole. We observed a few peaks in 28F, 

which will be discussed. 

Finally, we will show the in-beam gamma-ray spectroscopy results on 28-30Ne, and 32Ne at SAMURAI using these 

isotopes or nearby isotopes at about 230 MeV/nucleon as secondary beams. We used the one-neutron and one-

proton knockout, and inelastic scattering leading to the low-lying excited states (including new ones) of these 

nuclei. The different reactions can populate states with different strength, which can provide a key to understand the 

states. As such, we could assign spin-parity for some of the states. We also discuss the deformation property of 

such neon isotopes, which can be relevant to the shell evolution near/inside the island of inversion. 

[1]      T. Kobayashi et al., Nucl. Instr. Methods B 70, 309 (2013) 

[2]      T. Nakamura, Y. Kondo, Nucl. Instr. Methods B 376, 156 (2016) 

[3]      T. Aumann, the R3B collaboration, R3B technical design report (2011). URL http://www.fair-

center.eu/fileadmin/fair/publications_exp/NeuLAND-TDR-Web.pdf 

[4]      T. Nakamura et al., Phys. Rev. Lett. 96, 252502 (2006) 

[5]      T. Nakamura, H. Sakurai, H. Watanabe, Prog. Part. Nucl. Phys. 97 (2017) 

Beta-delayed proton and two-proton decays from sd-shell nuclei 

C Lin, X Xu, L Sun, H Jia 

China Institute of Atomic Energy, China 

Recently, a series of experiments have been done at the HIRFL-RIBLL1 facility for studying the exotic decays of 

extremely proton-rich nuclei. Beta-delayed proton and two-proton decays from 20,21Mg, 22,23Al, 22,23,24Si, 26,27P, 
27,28,29S have been measured by the continuous implantation-decay method using silicon arrays and gamma 

detectors. Numbers of new decays have been observed and rich information of β-decay spectroscopy (like half-life, 

decay energy, and branching ratio etc.) has been obtained. For example, a new beta-delayed proton decay branch 

was observed for 20Mg [1] and the 22Si nucleus is identified as new beta-delayed two-proton emitter [2]. The related 

topics, for instance, the isospin asymmetric decays of mirror nuclei, the three-body force, are discussed. Moreover, 

the proton and gamma emissions from the excited state (1120 keV, 3/2+) of 27P were measured simultaneously in 
27S beta-decays [3]. It is a key issue to determine the astrophysical reaction rate of 26Si(p,r)27P and study the 

nucleosynthesis of 26Al in the Milky Way. More details will be presented in the conference. 

[1]  L.J. Sun et al., Phys. Rev. C 95, 014314 (2017) 

[2]  X.X. Xu, C.J. Lin, L.J. Sun et al., Phys. Lett. B 766, 312 (2017) 

[3]  L.J. Sun et al., submitted to PRL and PRC 
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New Facilities and Instrumentation A 

(Invited) The project of the South African Isotope Facility (SAIF): the pillar of iThemba-LABS Long Range Plan 

F Azaiez 

iThemba LABS, South Africa 

iThemba LABS occupies a unique position as the only national research facility administered by the National 

�esearch �oundation (���) within the �uclear }luster� �he institution is �outh {frica’s premier facility for research 

and training in Accelerator Based Sciences and technologies, with its focus areas spanning the fields of Nuclear 

Physics, Materials Science, Radio-nuclides Production, Radiotherapy, Radiation Biophysics, and Accelerator 

�hysics� �he bulk of the facility’s research infrastructure is located at �aure, near Somerset West in the Western 

Cape, with a satellite laboratory (iThemba LABS Gauteng) along the Empire Road on the periphery of the WITS 

University campus in Gauteng. 

�he talk presents the current and future perspectives of i�hemba �{|�’ research infrastructural expansion program 

in the medium term and long range. The medium term focus highlights our collaborative plans with Higher Education 

Institutions to establish at iThemba LABS the South African Institute for Nuclear Technology and Science (SAINTS), 

which will be a modern institute focussed on training for technical skill development in the fields of Nuclear Science 

and Engineering, sub-atomic physics and Radiation Science. The talk will highlight as the cardinal focus point of the 

medium term infrastructural planning the establishment of the South African Isotope Facility (SAIF) consisting of 

ACE (African Center for Exotic Isotopes), the realization of which is dependent on the procurement of a 70MeV 

cyclotron to be sited at iThemba LABS. The delivery of the 70MeV cyclotron is shown as the precursor to the long-

term goal of delivering ACE-beams as a unique modern tool to pursue nuclear physics research using both stable 

and unstable beams. 

Existing iThemba LABS linkages and partnerships with the JINR (Russia), GSI-FAIR (Germany), CERN 

(Switzerland/France) and BNL (Brookhaven/USA) together with other major international science research centres 

of the world are highlighted to demonstrate the international standing and reputation of iThemba LABS as the only 

Accelerator Based facility within the African continent. The project of the Technology and Innovation Platform (TIP) àt 

iThemba LABS will also be described as the tool for technology transfer via those International Large Scale Research 

Infrastructures. 

(Invited) Octupole collectivity across the Zr isotopic chain 

� �ielińska1, P Garrett2, A Bergmaier3, H Bidaman2, V Bildstein2, A Diaz Varela2, D Doherty4, T Fästermann5, R 

Hertenberger6, P Spagnoletti7, M Vandebrouck1, K Wrzosek-Lipska8 

1Université Paris-Saclay, France, 2University of Guelph, Canada, 3Universität der Bundeswehr München, Germany, 
4University of Surrey, UK, 5Technische Universität München, Germany, 6Ludwig-Maximilians Universität München, 

Germany, 7University of the West of Scotland, UK, 8University of Warsaw, Poland 

The evolution of the 3− level energies and E3 transition rates in the Zr isotopic chain has attracted considerable 

attention in the last years. In particular, numerous theoretical studies attempted to address the unusually large 

B(E3; 3-1 -> 0+
1) transition strength in 96Zr, being at 57(4) W.u. the strongest known E3 transition in a spherical 

nucleus. Very recently, the E3/E1 branching in the decay of the 3− state in 96Zr has been remeasured following 

deep-inelastic reactions [1], yielding a B(E3; 3-1 -> 0+
1) value almost 30% lower than those resulting from previous 

measurements and raising doubt about the exceptional character of octupole correlations in 96Zr. 

We performed a high-precision systematic study of B(E3; 3-1 -> 0+
1) transition strengths in stable even-even Zr 

isotopes using low-energy Coulomb excitation. The experiment was performed at the Maier-Leibnitz Laboratory of the 

Technische Universität and Ludwig-Maximilians Universität München. Beam of 45-MeV 12} with up to � μ{ current 
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bombarded isotopically enriched targets of 90,92,94,96Zr. The 12C ejectiles were momentum analyzed using the Q3D 

magnetic spectrograph. Under the experimental conditions, the probability of multi-step excitation process was 

negligible and thus the transition strengths could be easily and accurately determined from the measured relative 

population of the 3− states. Important differences in the behaviour of the B(E3; 3-1 -> 0+
1) values as a function of 

neutron number were observed with respect to the evaluated data [2]. The present results shed light on the 

contribution of proton and neutron excitations to the octupole collectivity in Zr isotopes. 

[1]  Ł� �skra et al, Phys. Lett. B 788 (2019) 396 

[2]  T. Kibedi, R.H. Spear, At. Data Nucl. Data Tables 80 (2002) 35 

New separators for heavy-element research and in-flight radioactive beams at ATLAS 

B Back  

Argonne National Laboratory, USA 

Recently, the Argonne Gas-Filled Analyzer (AGFA) and the Argonne In-flight Radioactive Ion Separator (AIRIS), have 

been added to the ATLAS accelerator facility in order to enhance the capabilities for studying the structure of heavy 

elements in the trans-fermium region and the production of in-flight radioactive beams.  

AGFA consists of a single, vertically focusing, large-bore quadrupole followed by a dipole magnet with a flared pole 

gap that provides both a 38o bend and horizontal focusing for the heavy-ion fusion evaporation products. The 

resulting focal plane distribution is small enough such that the majority of products are intercepted by a 64x64 mm2 

double-sided strip detector at this location.  The design allows for surrounding the target chamber with the ~100 

Compton-suppressed high-purity Ge detectors of Gammasphere to detect prompt radiation in coincidence with the 

reaction products implanted in the focal plane detector or their delayed   and/or  -decays.    

The AIRIS separator is located in the ATLAS tunnel, immediately downstream from the last ATLAS cryostat, in order 

to separate radioactive beams produced in an upstream production target from the primary beam and other 

reaction products. The separator consists of four quadrupole and four dipole magnets arranged in a QQDD-DDQQ 

configuration representing a magnetic chicane that allows for returning the radioactive in-flight beam to the beam 

line for further transport and delivery to all downstream experimental stations.  

In this talk, I will discuss the design, implementation, and initial experience with of these instruments as well as 

anticipated research programs that they enable. 

This material is based on work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear 

Physics under contract number DEAC02-06CH11357. 

Status of the new generation facility HIAF 

G Xiao 

Chinese Academy of Sciences, China 

The new generation facility HIAF (High Intensity heavy-ion Accelerator Facility) started officially to construct on the 

coast of Huizhou city belong to Guangdong province in the south of China in December 2018, which will be 

completed and put into operation in the end of 2022. HIAF consists of one superconducting linac injector with the 

energy of 17MeV/u for the beams from protons to U35+ ions delivered by a 45GHz superconducting ECR source, one 

booster ring with the rigidity of 34Tm and a circumference of 590 m which can store U35+ ions up to 3x1010 particles 

per pulse and accelerate to 0.8GeV/u, one fragment separator with the rigidity of 25Tm and one spectrometer 

storage ring with the rigidity of 15Tm. The main goals of HIAF are to produce high intensity primary and radioactive 

beams for investigating the structures of exotic nuclei and nuclear reactions of astrophysics, synthesizing 
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superheavy elements, measuring the masses of short-lived nuclei with a high precision of 10-7~10-8, as well as 

studying highly-charged ions physics and high energy density matter. 

Isolde V : a major upgrade to the CERN-Isolde facility 

T Giles1, A Gottberg2, J Grenard1, S Warren1 

1CERN, Switzerland, 2TRIUMF, Canada 

Isolde V (Isolde five) is a proposal to build two new target stations at the CERN Isolde facility, along with new 

isotope separators, a high-resolution separator (HRS), and a new beam delivery system. 

The goals are to fully exploit the investments made in the CERN proton accelerators and the REX/HIE-Isolde post-

acceleration linac.  To ensure maximum use of the new 2 GeV 4 A driver beam from the upgraded PS-Booster, the 

upgraded facility will be capable of producing multiple simultaneous radioactive ion beams and routinely running 

several experiments in parallel.  With the higher driver beam intensity and greatly improved beam handling, we 

expect to double the available beam-time for physics, and increase the overall isotope production of Isolde by 

roughly four times. 

New target stations capable of handling the increased beam energy and intensity from the PS-Booster are expected 

to deliver considerably higher intensities of short-lived isotopes.  The proposal also includes a new HRS to reduce 

isobaric contamination, and multiple beam-lines with flexible switching to increase the overall operating efficiency 

of the facility.  The new HRS operates in conjunction with an RFQ beam-cooler and is expected to have a routine 

resolving power of 30 000 and a transmission of 70-90%, even with plasma ion-source beams.  Other new features 

not previously available at Isolde include a new low-energy experimental area with improved beam transport, and a 

dedicated stable-beam source for tests, calibration and machine development in parallel with radioactive operation. 

This paper will develop the Isolde V concept, with the goal of providing a realistic layout and a solid foundation from 

which detailed design can commence.  Target station layout, target handling, and integration into the existing beam-

lines and surrounding infrastructure will be considered. 

Societal Impact and Applications of Nuclear Science 

(Invited) The commercial application of ultra-sensitive laser spectroscopy techniques for radioisotope dating 

K Flanagan 

University of Manchester, UK 

The unwanted production of intense isobaric contamination at ISOL facilities represents a significant challenge for 

many experiments and often obscures the detection of the most exotic isotopes. To rise to this challenge at ISOLDE 

the technique of Collinear Resonance Ionization Spectroscopy (CRIS) was developed with the goal to extend high-

resolution laser spectroscopy measurements to exotic nuclei. The techniques benefits from a high detection 

efficiency, high specificity, extremely low background rates and almost universal applicability across the periodic 

table. Over the last decade the CRIS method has been continuously optimized and developed to meet the 

challenges associated with some of the compelling scientific cases accessible at ISOLDE. In particular, the method 

can reduce a contaminant beam of 107 atoms/s to a rate of less than 1 atom/s at the detector, while maintaining a 

high detection efficiency for the species of interest. This sensitivity allowed 78Cu to be studied at a production rate of 

less than 20 atoms/s [1]. 

The CRIS technique has applications beyond pure nuclear physics research and in principle can be combined with 

existing mass spectrometry tools such as gas chromatography (GC), isotope ratio mass spectrometry (IRMS) and 
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inductively coupled mass spectrometry (ICPMS) to efficiently remove isobaric contamination (interferences) and 

thereby enhance the mass abundance sensitivity by more than 4 orders of magnitude. By improving the limit of 

detection of these techniques beyond the part per trillion level it becomes possible to detect cosmogenic isotopes in 

environmental samples using a “table top” device� �his capability of }��� to backend other methods has been 

recently demonstrated using a laser ablation ion source to perform IRMS [2]. 

A particularly important application of this method is in the area of carbon dating. There is currently significant 

demand in the area of archaeology and paleontology for higher volumes of sample analysis at lower costs. This has 

driven the development of a range of compact and more affordable accelerator mass spectrometers. This talk will 

present the journey from ISOLDE towards a laser-based tabletop mass spectrometer for radiocarbon detection and 

the associated commercialization project at the University of Manchester. 

[1]  RP De Groote et al., Physical Review C 96 (4), 041302 (2017) 

[2]  RFG Ruiz et al., Physical Review X 8 (4), 041005 (2018) 

Application of plasma mass spectrometry for half-life measurement of medium and long-lived radionuclides 

B Russell 

National Physical Laboratory, UK 

Over the past few decades, mass spectrometry has been increasingly used in the detection of medium and long-

lived radionuclides, primarily as a rapid alternative to alpha and beta counting techniques for decommissioning 

samples. The most frequently applied technique is inductively coupled plasma mass spectrometry (ICP-MS), which 

offers high sample throughput and the ability to measure multiple radionuclides in a single run. As instrument 

capabilities have improved, the number of measurable radionuclides has increased, thereby expanding 

measurement options in fields including decommissioning, environmental monitoring and nuclear forensics. One 

area where ICP-MS has the potential to contribute is improving the accuracy and uncertainty of half-life 

measurements, in combination with decay counting techniques, resulting in improved confidence for end users. For 

a number of radionuclides, half-life data suffers from a lack of up to date and/or low uncertainty measurements. 

Whilst mass spectrometric techniques are theoretically suitable, its application in the past has been sporadic, with 

inconsistencies in the analytical approach used. This study presents the initial results for application of the latest 

generation ICP-MS for contributing to half-life measurements for naturally occurring (238U and 232Th decay series) 

and anthropogenic (e.g. 93Zr and 151Sm) radionuclides of interest, with the aim of producing a consistent approach 

that can be taken forwards for all medium and long-lived radionuclides.  

(Invited) Elucidating climate change in sub-Saharan Africa with accelerator mass spectrometry 

S Mullins, S Woodborne, S Winkler, M Silidi, V Mbele 

iThemba LABS, South Africa 

With one notable exception, World leaders have accepted the irrefutable evidence that climate change is happening 

and represents one of the most important issues - if not the most important issue - that affects all corners of our 

planet and our collective future along with it. The denialist point-of-view continues to be trumpeted from some 

quarters and as such has to be refuted through fact gained via scientific measurements that show that this is not 

only happening in the here and now, but will worsen into the future unless appropriate measures are taken with all 

due haste. 

The evidence presented here is derived from an ongoing study of baobab trees in sub-Saharan Africa in which 

growth patterns are shown to be correlated with temperature and dryness. Along with results that stretch as far back 

as the beginning of the twentieth century, these correlations are well-reproduced by climate models and therefore 

their predictions that sub-Saharan Africa will become hotter and dryer have to be taken seriously along with all 
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consequences thereof.  

By their nature, baobabs do not grow within a forest, a wood or even a copse but stand apart from each other as 

sentinels of the savannah so that there is no closed arboreal canopy. As such they are excellent indicators of the 

dryness of the environment in which they grow and since dryness is intimately correlated with temperature, they give 

a record of the temperature at that location. This was derived from the measurement of the ratio of the two stable 

isotopes of Carbon, namely Carbon-12 and Carbon-13.  However, baobabs tend to be multi-stemmed, that is they 

do not have a single trunk with a single set of growth rings. Moreover, when it is too dry, baobabs will not lay down 

an annual growth ring in one or any of the multi-stems of the fused trunk. In fact, they may not lay down a growth 

ring for decades or may grow up to five or six rings in a single year. Thus, this necessitates the explicit dating of each 

ring via radio-carbon measurements as undertaken with Accelerator Mass Spectrometry (AMS) in order to date the 

Carbon-12/Carbon-13 ratios and hence the climate characteristics derived from them. The AMS facility at the TAMS 

department of iThemba LABS has undertaken a considerable number of Carbon-14 measurements for this project 

and the latest results will be presented, along with other highlights from other projects, including erosion rates of the 

Vredefort Dome impact crater (the largest on the planet) due to the flow of Vaal river through this World Heritage 

site. 

 
Development of a beta-gamma coincidence detection system for CTBT Verification 

M Goodwin1, 2, R Britton1, A Davies1, P Regan2, S Bell3 

1AWE plc., UK, 2University of Surrey, UK, 3National Physical Laboratory, UK 

Beta-gamma coincidence methods have become an integral part of the International Monitoring System (IMS), 

particularly with regards to radioxenon measurement as a means to detect signatures of a nuclear explosion. The UK 

Radionuclide Laboratory (GBL15) is currently working with partners at the University of Surrey and National Physical 

Laboratory (NPL) in developing a laboratory-based system for beta-gamma coincidence measurements in support 

of the Comprehensive Nuclear-Test-Ban Treaty (CTBT) Verification Regime. This project aims to reduce detection 

limits for radionuclides of interest, as well as future-proof the UK Noble Gas analysis capability at AWE. An update 

on the progress so far and preliminary results will be presented. 

Safecast radiation dose-rate measurements: A citizen science driven, global open source big data set 

I Darby1,2  

1Safecast, Japan, 2University of Glasgow, United Kingdom 

The Safecast project began the day after the accident at the TEPCO Fukushima Daiichi Nuclear Power Plant [2]. A 

diverse range of individuals and groups came together intent on making radiation data relevant to the accident 

available to the general public particularly via on-line GIS (geographic information system) maps. Very quickly, to 

overcome shortages of detectors and limitations in data usage rights, the collaboration decided to develop a 

portable GPS equipped detector with logging functionality which became the bGeige Nano Geiger-Muller tube-based 

detector [3].  

Since then the Safecast project has grown distributing several hundred bGeige Nano detectors, building up a 

community of 1700 users submitting over 25000 data sets, yielding a unique worldwide radiation map comprising 

over 100 million data points. As the project has matured, interest from the working nuclear professionals community 

has grown and acceptance of the value of the Safecast project has become an established fact. Regular reports 

from the collaboration have been published and critical assessments and comparisons of the data made available 

by Safecast with official sources has been published by the academic community, see e.g. [4,5]. 

In this talk we present the 2013 Good Design Award winning bGeige Nano detector, discuss the instrumentation 

choices and the measurement protocols, the safecast.org map and discuss aspects of data collection, analysis, 
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visualisation and comparisons that have been made in recent years. 

The talk will conclude with an unabashed appeal to the wider nuclear physics community to participate in Safecast 

and make use of this large and open source measurement data set for the wider benefit of society. 

[1] https://blog.safecast.org/ 

[2] Azby Brown et al., 2016 J. Radiol. Prot. 36 S82 DOI: 10.1088/0952-4746/36/2/S82 

[3] https://blog.safecast.org/bgeigie-nano/ 

[4] M. Coletti et al., J. Env. Rad 171 (2017) 9 – 20 DOI: 10.1016/j.jenvrad.2017.01.005 

[5] G. Cervone and C. Hultquist, J. Env. Rad. 190 - 191 (2018) 51–65 DOI: 10.1016/j.jenvrad.2018.04.018 

Neutrinos and Nuclei 

(Invited) Neutrinoless double-beta decay: novel insights on nuclear matrix elements  

J Menéndez  

University of Tokyo, Japan 

The rare decay of atomic nuclei known as neutrinoless double-beta decay is the most promising process to observe 

lepton number violation in the laboratory. Observation would proof that neutrinos and its own antiparticle, can 

clarify the origin of the prevalence of matter over antimatter in the universe, and determine the absolute neutrino 

mass. In spite of formidable experimental efforts, neutrinoless double-beta decay remains elusive, with halflive 

limits set over 10^25 years in some isotopes. The decay rate depends critically on a nuclear matrix element that 

takes into account the nuclear structure of the initial and final atomic nuclei of the decay. Nuclear matrix elements 

need to be calculated from nuclear theory. A reliable knowledge of nuclear matrix elements is key to predict 

neutrinoless double-beta decay half-lives---or, in other words, to anticipate the reach of experiments---and to fully 

extract all possible physics information off a future measurement. The value of nuclear matrix elements is uncertain, 

because calculations using state-of-the-art nuclear structure many-body methods disagree by a factor two or three 

[1]. More sophisticated, ab initio approaches may settle this discrepancy. In addition, all nuclear matrix element 

determinations are subject to additional corrections related to the proper treatment of the two-body neutrinoless 

double-beta decay operator in atomic nuclei [2, 3]. These corrections have yet to be reliably evaluated. My talk will 

summarize the status of nuclear matrix element calculations, including novel insights toward testing current 

predictions. In addition, I will discuss how to obtain more reliable nuclear matrix elements using ab initio many-

body approaches, and an improved treatment of the neutrinoless double-beta decay operator.  

[1]  J. Engel and J. Menéndez, Rept. Prog. Phys. 80, 046301 (2017) 

[2]  V. Cirigliano et al., Phys. Rev. Lett. 120 202001 (2018) 

[3]  P. Gysbers et al., Nat Phys. 15, 428 (2019) 

Searching for neutrinoless double beta decay 

S Schönert 

Technical University Munich, Germany 

The conjecture that neutrinos are their own antiparticles, referred to as Majorana fermions, would point to a physical 

mechanism that explains their small masses. Majorana neutrinos would generate neutrinoless double beta decay, a 

matter creating process without the balancing emission of antimatter. A discovery of Majorana neutrinos would also 

shed light on the mechanism why matter is so much more abundant than anti-matter in today’s �niverse� �he 

search for neutrinoless double beta decay is the most sensitive method to establish the Majorana character of 

neutrinos. So far, the lepton number violating neutrinoless double beta decay eluded detection. This talk will 
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summarize the latest experimental results, discuss the opportunities and challenges of the upcoming and planned 

experimental projects, and elaborate on the scientific context. 

Latest results from the first background free search for neutrinoless double beta decay – GERDA Phase II 

K Gusev1, 2, 3 

1Joint Institute for Nuclear Research, Russia, 2 Technische Universität München, Germany, 3Natinal Research Center 

Kurchatov Institute, Russia 

The GERDA (GERmanium Detector Array) experiment at the Laboratori Nazionali del Gran Sasso of INFN, Italy, is 

designed to search for neutrinoless double beta (0vββ) decay of 76Ge. In GERDA the Ge detectors are directly 

immersed in liquid argon which works as a cooling medium and as an additional active shield against external 

radioactivity. Data taking in Phase II of the experiment started in December 2015. The desired background of 0.001 

counts/(keV kg yr) has been reached, that makes GERDA Phase II the first background free experiment aimed for 

0vββ decay search. 

Recently, based on the total exposure of 82.4 kg yr collected so far in Phase I and II, the GERDA experiment for the 

first time ever surpassed the sensitivity of 1026 yr and reached the median sensitivity for limit settings of 1.1·1026 yr. 

In the latest data release of June 2018, only one new event with the energy of 2042 keV was found, which is out of 

2ζ region around Qββ but affects the limit. The new 90% C.L. limit for 0νββ decay of 76Ge of the GERDA experiment 

is T1/2 > 0.9·1026 yr (Fig. 1). 

In 2018 the GERDA Phase II setup was successfully upgraded. During the upgrade the active liquid argon veto 

system was replaced by an improved version with increased light collection, all detector cables were exchanged by 

new ones with better radiopurity and natural detectors were substituted by novel enriched Ge detectors of the 

inverted coaxial type. The increase of 76Ge mass is ~ 6.5 kg. It is worth to mention that inverted coaxial detectors 

are most promising candidates for the next generation experiment LEGEND. 

At the Conference the latest results of the GERDA Phase II as well as the new background index achieved by the 

experiment after the upgrade are going to be presented. 

 

 

Fig 1: The evolution of the T1/2 sensitivity of the GERDA experiment. 
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Recent results from the Majorana demonstrator neutrinoless double-beta decay experiment 

C Haufe 

University of North Carolina at Chapel Hill, USA 

The MAJORANA collaboration is searching for neutrinoless double-beta decay in Ge-76 using modular arrays of 

enriched, high-purity Ge detectors. The MAJORANA DEMONSTRATOR consists of an array of 44 kg of high-purity Ge 

detectors (30 kg enriched to 88% Ge-76) with a p-type point contact geometry. The detectors are split between two 

modules contained in a low background shield at the Sanford Underground Research Facility in Lead, South Dakota. 

Commissioning of the array began in June 2015, followed by the operation of both detector modules since August 

2016. The ultra-low background and record energy resolution achieved by the MAJORANA DEMONSTRATOR enable 

a sensitive neutrinoless double-beta decay search, as well as additional searches for physics beyond the Standard 

Model. The latest results, progress towards modeling the extremely low measured backgrounds, searches for physics 

beyond the Standard Model, and an outlook from the MAJORANA DEMONSTRATOR will be presented. 

This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear 

Physics, the Particle Astrophysics and Nuclear Physics Programs of the National Science Foundation, and the 

Sanford Underground Research Facility. 

Double and single charge exchange and multi-nucleon transfer reactions for the system 20Ne+116Cd at 15 AMeV  

S Calabrese1, 2 

1University of Catania, Italy, 2Laboratori Nazionali del Sud, Italy 

Absolute cross section measurements of heavy-ion induced double charge exchange (DCE) reactions represent the 

experimental goal of the NUMEN project [1] at the INFN-Laboratori Nazionali del Sud in Catania. The idea is to give 

a contribution towards the determination of Nuclear Matrix Elements (NME) of neutrinoless double beta decay 

(0νββ) with experimentally-driven information regarding those nuclei of interest for 0νββ. In this view, an intense 

experimental campaign is already started using the MAGNEX magnetic spectrometer [2]. In particular, promising 

experimental results come from the data reduction of the 116Cd(20Ne,20O)116Sn reaction at 15 AMeV [3] as well as 

the other competitive multi-nucleon transfer processes. Due to the very low cross sections involved in such reactions 

and the limited statistics, particular attention is devoted to the sensitivity of these measurements. In this contribute, 

experimental results for DCE, proton- and neutron-transfers reactions for the 116Cd+20Ne system at 15 AMeV will be 

presented together with an accurate analysis of the cross section sensitivity. 

[1]  F. Cappuzzello et al., Eur. Phys. J. A 54, 72 (2018) 

[2]  F. Cappuzzello et al., Eur. Phys. J. A 52, 167 (2016)  

[3]  S. Calabrese et al., Acta Phys. Pol. B 49, 275 (2018) 
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New Facilities and Instrumentation B 

(Invited) The SPES facility at Legnaro National Laboratories 

T Marchi 

INFN, Italy 

Worldwide efforts to tackle the nature of exotic nuclei comprise the construction of new-generation Radioactive Ion 

Beam facilities. The Italian community is deeply involved in the process and the construction of SPES at Legnaro 

National Laboratories (INFN) is progressing. This contribution will review the layout of SPES in all its flavors, from 

Nuclear Physics to Applications in Nuclear Medicine and Neutron Physics. In particular, the status of the SPES-beta 

ISOL facility, together with some of the relevant physics cases and the associated equipment will be described. 

(Invited) Towards high-resolution in-beam gamma-ray spectroscopy at the RIBF 

P Doornenbal 

RIKEN, Japan 

Since it first beam in 2006, the Radioactive Isotope Beam Factory (RIBF) of the RIKEN Nishina Center provides the 

highest primary beam intensities at 345 MeV/u. The great Potential of the facility has been demonstrated by the 

discovery of more than 100 new isotopes using a 238U and other primary beams at the fragment separator 

BigRIPS. 

In-beam gamma-ray spectroscopy using secondary beams produced in BigRIPS mostly employ the ZeroDegree 

spectrometer for reaction product identification and the DALI2 detector, an array based on NaI(Tl) scintillators, for 

gamma-ray detection. Owing to the high secondary beam intensities as well the high gamma-ray detection 

efficiency, experiments are performed at the RIBF with the most exotic nuclei, presently not reachable anywhere else 

in the world. Notable example include the first spectroscpy of neutron-rich 54Ca and 78Ni. 

However, due to its modest energy resolutoin spectroscopy with DALI2 has been largely limited to even-even nuclei. 

Here, we will present plans to host a germanium based gamma-ray spectrometer at the RIBF. Details in terms of 

energy resolution and efficiency as well as the unique physics opportunities for nuclear structure as well as nuclear 

astrophysics will be discussed. 

The Super Separator Spectrometer (S3) for the SPIRAL2 facility 

A Drouart1, J Nolen2, H Savajols3  

1CEA, France, 2Argonne National Laboratory, USA, 3GANIL, France 

The Super Separator Spectrometer S3 [1] is, with the NFS (Neutrons For Science) facility, a major experimental 

system developed for SPIRAL2. It is designed for very low cross section experiments at low (<15MeV/u) energy. It 

will receive the very high intensity (more than �pμ{) stable ion beams accelerated by the superconducting LINAG 

accelerator of SPIRAL2. S3 will be notably used for the study of rare nuclei produced by fusion evaporation 

reactions, such as superheavy elements and neutron-deficient isotopes. Such experiments require a high 

transmission of the products of interest but also a separation of these nuclei from unwanted species. Hence S3 must 

have a large acceptance but also a high selection power including physical mass resolution. These properties are 

reached with the use of seven large aperture superconducting quadrupole triplets which include sextupolar and 

octupolar corrections in a two-stage separator (momentum achromat followed by a mass spectrometer) that can be 

coupled to the SIRIUS implantation-decay spectroscopy station [2] or to a gas cell with laser ionization to provide 

very pure beams for low energy experiments [3]. S3 is now in the construction phase. We will present the scientific 
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objectives of S3 as well as the current status of the facility and its different elements: target station, magnets, 

electric dipole, detection set-up, and the low energy branch. 

 

Fig 1: S3 implantation in the LINAG Experimental Area 

S3 has been funded by the French Research Ministry, National Research Agency (ANR), through the EQUIPEX 

(EQUIPment of EXcellence) reference ANR-10EQPX- 46, the FEDER (Fonds Européen de Développement 

Economique et Régional), the CPER (Contrat Plan Etat Région), and supported by the U.S. Department of Energy, 

Office of Nuclear Physics, under contract No. DE-AC02-06CH11357 and by the E.C.FP7-INFRASTRUCTURES 2007, 

SPIRAL2 Preparatory Phase, Grant agreement No.: 212692. S3 LEB has been funded by the French Re-search 

Ministry through the ANR-13-B505- 0013, and the Flemish Research Fund (FWO) under the Big science program 

and a grant from the European Research Council (ERC-2011-AdG-291561-HELIOS). 

[1]  F. Déchery et al., Eur. Phys. J. A 51, 66 (2015) 

[2]  J. Piot and the S3 collaboration, Acta Phys. Pol. B 43 (2012) 285 

[3]  R. Ferrer & al. Nucl. Inst. and Meth. B, Volume 317 (2013) 570 

Inaugural experiments with the 10 PW High Power Laser System at ELI-NP 

K Spohr 

IFIN-HH, Romania 

The European Strategy Forum on Research Infrastructures (ESFRI) commisioned in 2006 the built of a 10 PW high 

power laser systems (HPLS) as part of the Extreme Light Infrastructure (ELI) project. Facilitating the Chirped Pulse 

Technology invented by Strickland and Mourou, the 2018 Physics Nobel Prize laureates, the 10PW HPLS as ELI-NP 

is at the dawn of a new era in accelerator technology. Efforts are concentrated to exploit new acceleration regimes 

that efficiently transfer laser energy into ion- and X-ray beams with hitherto unmatched peak intensities, I0 > 1023 

Wcm —2. New routes for the scientific investigation of nuclear phenomena and potential applications with societarian 

impact are developed and envisaged [1, 2, 3]. 

The inaugural research approved by the advisory committee is aimed at the investigation of ion and electron 

acceleration in the quantum electron dynamic (QED) regime which will allow the production of such ultra-intense 

particle- and  -beam flares. By measuring a gamut of related experimental parameters, the associated plasma 

scaling laws for these regimes will be deduced. Moreover, the existence of novel acceleration mechanisms based on 

theoretical predictions by particle-in-cell (PIC)-based codes can be investigated. Achieving kinetic proton energies 

   around and above 200MeV with minimized energy spread     is one of the core aims envisaged for the earliest 

experiments. This research will naturally progress into studies to accelerate macroscopic thin sheets of matter from 

ultra-thin targets to relativistic energies [4]. If proven, this bulk acceleration process will certainly open up a new era 

in acceleration technology as envisaged in the original paper by Veksler [5]. Moreover, to spearhead the 

development of ultra-intense laser driven  -ray sources, the optimization of the laser-to –  radiation conversion 
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based on the onset QED effects is of paramount interest in the inaugural campaign. This incorporates also the 

production of intense coherent betatron radiation and positron beams with radiation powers estimated to reach 

multiple PW levels [6]. 

[1] K. W. D. Ledingham, W. Galster, Laser-driven particle and photon beams and some applications, New 

Journal of Physics 12 (2010) 045005 

[2] F. Negoita, M. Roth, P. Thirolf, S. Tudisco, F. Hannachi, S. Moustaizis, I. Pomerantz, P. McKenna, J. Fuchs, 

K. Spohr, G. Acbas, A. Anzalone, P. Audebert, S. Balascuta, F. Cappuzzello, M. Cernaianu, S. Chen, I. 

Dancus, R. Freeman, N. V. Zam_r, Laser driven nuclear physics at ELI-NP, Romanian Reports in Physics 68 

(2016) S37. 

[3] S. Gales, K. A. Tanaka, D. L. Balabanski, F. Negoita, D. Stutman, O. Tesileanu, C. A. Ur, D. Ursescu, I. 

Andrei, S. Ataman, M. O. Cernaianu, L. DAlessi, I. Dancus, B. Diaconescu, N. Djourelov, D. Filipescu, P. 

Ghenuche, D. G. Ghita, C. Matei, K. Seto, M. Zeng, N. V. Zamfir, The extreme light infrastructure - nuclear 

physics (ELI-NP) facility: new horizons in physics with 10 PW ultra-intense lasers and 20 MeV brilliant 

gamma beams, Reports on Progress in Physics 81 (2018) 094301 

[4] T. Esirkepov, M. Borghesi, S. V. Bulanov, G. Mourou, T. Tajima, Highly effcient relativistic-ion generation in 

the laser-piston regime, Phys. Rev. Lett. 92 (2004) 175003 

[5] V. Veksler, Coherent principle of acceleration of charged particles, Proc. Symp. CERN 1 (1956) 80 

[6] T. Nakamura, J. K. Koga, T. Z. Esirkepov, M. Kando, G. Korn, S. V. Bulanov, High-power -ray ash generation 

in ultraintense laser-plasma interactions, Phys. Rev. Lett. 108 (2012) 195001 

Fission fragment tracking experiments with the NIFFTE Fission TPC  

U Greife1, 2 

1Colorado School of Mines, USA, 2Lawrence Livermore National Laboratory, USA  

The goal of the Neutron Induced Fission Fragment Tracking Experiment (NIFFTE) is to measure neutron-induced 

fission cross section data with high precision and perform a comprehensive evaluation of systematic uncertainties in 

such measurements. The NIFFTE collaboration has designed and built a Time Projection Chamber, the fissionTPC, for 

this purpose which provides close to �π sensitivity to charged particles in each of two independently instrumented 

volumes (upstream and downstream orientations). A pixelated anode readout with Micromegas gas amplification 

allows for a dynamic range spanning protons to heavy fission fragments. The TPC enables 3-dimensional 

reconstruction of complex events including vertices, direction, and ionization profile of each charged particle.  

This contribution will describe the basic operating principles, data analysis and the extraction of linear momentum 

transfer and fission fragment angular distribution in neutron induced fission on 235U, 238U and 239Pu. These 

measurements cover the neutron energy range of 0.2 MeV up to 100 MeV and were performed at the WNR facility of 

the Los Alamos Neutron Science Center (LANSCE).  

The research presented was funded by the U.S. Department of Energy, National Nuclear Security Administration. 
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QCD: Partonic Phenomena 

(Invited) Prospects on nucleon tomography 

H Moutarde 

IRFU, France 

Much attention has been devoted in recent years to the three-dimensional quark and gluon structure of the nucleon. 

In particular the concept of Generalized Parton Distributions promises an understanding of the generation of the 

charge, spin, and energy-momentum structure of the nucleon by its fundamental constituents. Forthcoming 

measurements with unprecedented accuracy at Jefferson Lab and at a future electron-ion collider will presumably 

challenge our quantitative description of the three-dimensional structure of hadrons. To fully exploit these future 

experimental data, new tools and models are currently being developed. 

After a brief reminder of what make Generalized Parton Distributions a unique tool to understand the nucleon 

structure, we will discuss the constraints provided by the existing measurements and review recent theoretical 

developments. We will explain why these developments naturally fit in a versatile software framework, named 

PARTONS, dedicated to the phenomenology and theory of GPDs. 

Energy, angular momentum and pressure force distributions inside nucleons 

C Lorcé 

Ecole Polytechnique, France 

We discuss recent developments on the spatial distribution of energy, angular momentum and pressure forces 

inside nucleons [1,2]. We show how this information is encoded in the gravitational form factor parametrizing the 

general matrix elements of the energy-momentum tensor, and discuss the relation between 3D distributions defined 

in the Breit frame and 2D distributions defined in the infinite-momentum frame. We also point out interesting 

connections with neutron star physics. 

[1]  C. Lorcé, H. Moutarde, A. Trawinski, Eur. Phys. J. C 79, no.1, 89 (2019) 

[2]  C. Lorcé, L. Mantovani, B. Pasquini, Phys. Lett. B 776, 38 (2018) 

Lensing function relation in hadrons 

S Rodini1, 2, B Pasquini1,2, A Bacchetta1,2 

1University of Pavia, Italy 2INFN, Italy 

The transverse momentum parton distribution    
 , known as Sivers function, is odd under the naive time-reversal 

transformation and gives rise to a transverse single spin asymmetry (tSSA) in semi-inclusive DIS (SIDIS). An intuitive 

picture to understand the origin of this asymmetry is to relate the average Sivers transverse momentum to the 

impact parameter parton distribution ℰ, which describes the distortion of the spatial distribution of partons in the 

transverse plane� �he connection between the two functions is realised through the “lensing” function  that arises 

form the final-state interactions between the active quark and the spectator partons. 

However, this picture for the tSSA is valid only using a particular model for the proton. As a matter of fact, no 

relations between impact parameter distributions and transverse momentum distributions can exist in QCD. The 

relation is expected to be an artefact of the model, however it was not clear which features of the model originate it. 

In this talk, I will present an argument that helps to understand the origin of this relation in models. To this aim, I will 

first discuss the pion case, as a prototype of a bound two-body system, and then the results for the proton, treated 

204



 

as both a quark-diquark state and a three-quark state.  

Extraction of    
      

moments from the hard exclusive  + channel off the unpolarized hydrogen target in a wide 

range of kinematics with CLAS at 5.5 GeV 

S Diehl1, 2 

1Justus Liebig University Giessen, Germany, 2University of Connecticut, USA 

For the first time, we have measured single beam spin asymmetries to extract 𝐴  
      

moments from the hard 

exclusive  + channel off the unpolarized hydrogen target in a wide range of kinematics from forward angles to 

backward angles in the center of mass frame.  

While many experiments showed the QCD factorization mechanism in the "nearly forward region" (large    and 

small | |) can be divided into a hard part, described by perturbative QCD (pQCD) and in two general structure 

functions, the GPDs for the nucleon and the pion distribution amplitudes (DAs), describing the complex non 

perturbative structure of these particles. The recent measurement from CLAS [1] in the "nearly backward" 

kinematic region (large    and small | |) provided the potentially applicable collinear factorized description in 

terms of a convolution of the non-perturbative nucleon-to-pion transitions (TDAs), the nucleon DAs and the hard 

interaction amplitude from pQCD [1]. 

Fig. 1 shows the integrated beam spin asymmetry for the case that the positive pion goes to the forward and to the 

backward region. 

 

Fig 1: Integrated beam spin asymmetry for the positive pion going in the forward (left) and backward (right) region. 

The measured moment in forward angles is known to be sensitive to generalized parton distributions (GPDs), while 

in backward angles, it is known to be sensitive to transition distribution amplitudes (TDAs). Our results clearly show 

that the sign of forward beam spin asymmetry measurements is positive whereas that of backward BSA 

measurements is negative, with the sign transition taking place around 90 degrees. By performing accurate 

measurements over a wide range of Q2, xB and -t, we can explore the transition from hadronic to partonic reaction 

mechanisms.  

The work is supported by DOE grant no: DE-FG02-04ER41309.  

[1]  K. Park et al., CLAS Collaboration, Phys. Lett. B780 340345, (2018) 
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What can we learn about twist-2 GPDs through quasi-distributions?  

S Bhattacharya, C Cocuzza, A Metz 

Temple University, USA  

Studying light-cone PDFs through Euclidean correlators is of high current interest. In particular, quasi parton 

distribution functions (quasi-PDFs) have attracted a lot of attention. Quasi-PDFs converge to their respective 

standard distributions if the hadron momentum goes to infinity. We explore the quasi-distribution approach for twist-

2 generalized parton distributions (GPDs) in the conventional diquark spectator model. Our analytical expressions of 

the quasi-GPDs reduce to their corresponding standard ones in the large-momentum limit, substantiating them to 

be practical tools to predict features of standard GPDs. We illustrate numerical results of quasi-GPDs and of quasi-

PDFs. Our focus is to test how well the quasi-distributions agree with their standard counterparts for finite hadron 

momenta. By discussing the sensitivity of our results to model parameters, we highlight robust features of the quasi-

GPDs and quasi-PDFs that one may extract from this model study. We also consider moments of quasi distributions. 

Our contribution is based on published work [1] and new results.  

[1]  S. Bhattacharya, C. Cocuzza, A. Metz, Phys. Lett. B788, 453 (2019) 

Outreach and Engagement 

(Invited) Engaging a positive view of nuclear science and nuclear research via nuclear medicine 

T Cocolios1, E Nichols2, A Gonçalves3, A Paulo3 and T Stora4 

1Katholieke Universiteit Leuven, Belgium, 2University of Manchester, UK, 3University of Lisbon, Portugal, 4CERN, 

Swtizerland 

Nuclear physics suffers since many years from a stigma associated with its use in weapons of mass destruction, 

proliferation risks in the context of global terrorism, the nuclear waste dilemma, and high profile incidents such as in 

3-Mile Island, Chernobyl, or, more recently, Fukushima. Most of the outreach activities and public engagement 

events are therefore always starting from the point of redefining nuclear science away from these views and 

reframing them in the context of fundamental research (“�e are all made of star dust…”) or societal benefits (e.g. 

nuclear engineering or nuclear medicine). 

Through the Scientist@School program of the KU Leuven Faculty of Science, data has been gathered on how the 

young generation (age 14-��) perceives the word ‘nuclear’� �reliminary results on this ongoing study have 

highlighted that very few persons, if any, from this target audience are aware of nuclear medicine applications [1]. 

This clearly shows the need to inform the general public about this field through outreach activities and public 

engagement. 

At The University of Manchester, a LEGO® Mindstorm® based series of workshops has been developed to stimulate 

interest in STEM globally, and in physics and programming more specifically. This program was originally geared 

around the production of radioisotopes at the ISOLDE facility, and was an occasion to raise awareness to the 

aforementioned audience on the possibilities offered by nuclear medicine [1]. This approach has proven very 

successful and is now an integral part of the student-run outreach activities from the School of Physics & Astronomy 

of The University of Manchester. 

In order to broaden the scope of these activities and to include them in a European framework, the Marie 

�kłodowska-Curie Action, Innovative Training Network MEDICISPromed [2] on the development of novel techniques 

with radioisotopes for medical applications, has developed a full portfolio of outreach activities in the last few years. 

These activities have taken the form of lectures to young audiences, to the general public, participation to the Falling 

Walls competition (3-min thesis), presence on social media, etc. This coordinated action has been far reaching and 
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shows how an organized whole is more than the sum of its parts. 

In this contribution, I shall present the different activities aforementioned and show how they create a greater 

awareness to the societal impact of nuclear research. 

[1]  T.E. Cocolios, K.M. Lynch, E. Nichols, Phys. Educ. 52, 044004 (2017) 

[2]  T.E. Cocolios, C. Ferrari, F. Reid, T. Stora, EMBEC & NBC 2017, Tampere, Finland, IFMBE Proceedings 65, 

530-533 (2017) 

Outreach and engagement in Australia and the Indo-Pacific Region  

A Mitchell 

Australian National University, Australia 

Outreach and engagement activities have been core values of the Department of Nuclear Physics at the ANU for 

many years. Staff and students play a leading role in delivering public science-communication and outreach events, 

and specialised Government training courses – often employing the ANU Heavy Ion Accelerator Facility as a host 

venue. 

{s the ‘national’ university  there is a societal responsibility of academics at the {�� to undertake endeavors that 

align with {ustralia’s greater national objectives� �ne of these is to enhance relationships with neighbours in the 

Indo-Pacific region. Since 2017, a working relationship has been initiated and developed between the Department 

of Nuclear Physics at ANU, and the Department of Physics at the University of Yangon in Myanmar. ANU academics 

also deliver an ongoing capacity-building project to upskill science high-school teachers in Timor Leste.  

This presentation will focus on the successes and challenges associated with creating new partnerships, delivering 

workshops in remote locations and the benefits of a cross-disciplinary approach to capacity building in developing 

nations. 

These activities have been funded by support from the Department of Nuclear Physics and the Heavy Ion 

Accelerator Facility, ANU College of Science, Research School of Physics and Engineering, Myanmar Research 

Centre, Research School of Biology, ANU Center of Excellence for Translational Photosynthesis, and the Department 

of Foreign Affairs and �rade ‘�overnment �artnerships for ~evelopment’ funding program� 

Changing the wider perception of nuclear: Approaches through public engagement 

A Powell, R Montgomery, F Thomson, R Gray and P Pauli 

University of Glasgow, UK 

Over the last 50 years, the word nuclear has had many meanings for many people and for too many of these 

people, it has held primarily negative connotations. From the fear of nuclear war in the 80s, to the Chernobyl 

disaster in 1986, and more recently Fukushima these views have been reinforced both through misinformation and 

fear. To so many others in the modern world, through diagnostic techniques such as MRI and PET to life extending 

treatments such as radiotherapy and proton therapy nuclear physics has provided a life line, time that would 

previously have been lost. In the world of art, from examination and validation of antiquities we can offer more 

security than ever before. From archaeology to space exploration it allows us to see unto the unseen. It enables not 

only nuclear physicists but gravitational physicists to measure the fundamental building blocks of the universe. 

Where the word nuclear is still misused today, despite the many other applications widely publicised, we may ask 

ourselves: how do we approach nuclear physics outreach? Can we change long held perceptions of the word 

nuclear?  

Developed over recent years, the outreach initiative of the Nuclear and Hadron Physics Research Group at the 
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University of Glasgow has been tailored and expanded, including the development of hands on activities to 

approach the use of the word nuclear for a range of demographics. Working both in schools and with communities 

in areas of deprivation the subject is addressed with a view to educate, excite and change perceptions of the word 

nuclear.  

This talk presents the approaches and results thereof from this work. We will discuss and analyse our experiences 

and feedback from our campaign to determine the outlook for endeavours such as those delivered by our outreach 

package. 

The 3D Nuclide Chart 

E Simpson 

Australian National University, Australia 

The Nuclide Chart provides a convenient and insightful way to view nuclear data, and can be used to illustrate key 

concepts in nuclear physics [1]. We have recently developed an online 3D Nuclide Chart [2], with the twin goals of 

(i) providing intuitive and tactile access to basic nuclear properties, and (ii) producing highly configurable, high 

quality images for use in publications and teaching. 

Written in javascript and php, the project uses the 3D graphics library three.js for drawing the chart [3], with the 

data, taken from the AME2016 [4] and Nubase2016 [5] compilations, stored in a MySQL database. Nearly all 

properties from these data sets can be plotted. The chart can be easily and intuitively navigated using a mouse or 

touchpad: left click to pan, right click to rotate, and scroll to zoom. Double clicking on a particular nuclide brings up 

a summary of all the relevant data, with links to other online data sources. 

The current view can be exported to a png file in a single click, allowing easy reuse of the charts in papers, 

presentations, and outreach materials. Examples are shown in Figure 1. Fine-grained control over the appearance of 

the chart is offered, including (a) the range of values covered, (b) the hue, saturation, and lightness of the colouring, 

(c) the vertical scaling of the 3D model, and (d) the indication of magic numbers. Export of the 3D model to an STL 

file, or the raw data to a formatted text file, is also possible. 

We will present an overview of the use and capabilities of The 3D Nuclide Chart, and discuss ongoing developments, 

including support for touchscreen devices, plotting of user data, and support for time-series data (e.g., for 

astrophysical r-process simulations). 

 

Fig 1: (left) Discovery Year, and (right) Total Binding Energy. 

[1]  E. C. Simpson and M. Shelley, Physics Education 52, 064002 (2017) 

[2]  E. C. Simpson, The 3D Nuclide Chart, people.physics.anu.edu.au/~ecs103/chart3d 

[3]  three.js – Javascript 3D Library, threejs.org/ 
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[4]  W.J. Huang et al., Chin. Phys. C 41, 030002 (2016) 

[5]  G. Audi et al., Chin. Phys. C 41, 030001 (2016) 

Poster Session B 

P54 Towards the X-ray measurement of kaonic deuterium at J-PARC 

T Hashimoto 

Japan Atomic Energy Agency, Japan 

The interaction of anti-kaon, the lightest meson containing a strange quark, with a nucleon and a nucleus is known 

to be strongly attractive in the iso-spin 0 channel, and consequently the possible existence of kaonic nuclear bound 

states is widely discussed. Recent result from the J-PARC E15 experiment shows a clear structure below the binding 

threshold  which could be interpreted as the “�-pp” nuclear bound state [�]� �his situation makes a measurement of 

the fundamental anti-kaon nucleon interaction more important. 

X-ray spectroscopy of kaonic atoms is a unique method to probe the anti-kaon nucleon/nuclear interaction at very 

low energy, which is almost impossible to be done with a standard scattering experiment. Kaonic hydrogen and 

kaonic deuterium have special importance since we can extract iso-spin dependent anti-kaon nucleon scattering 

length by measuring strong-interaction-induced energy-level shift and broadening in 1s states. However, it is 

experimentally difficult to measure the 2p-1s transition X-rays (6 10 keV) from these atoms due to a low X-ray 

yield and a large natural line width as large as 0.3 1 keV. Recent development of experimental techniques made it 

possible to measure X-rays from kaonic hydrogen [2,3], while no one observed X-rays from kaonic deuterium whose 

X-ray yield is even lower and the width is wider. 

We are preparing for an experiment at J-PARC to measure X-rays from kaonic deuterium (J-PARC E57). We will 

realize a good signal-to-noise ratio measurement by using high-collecting efficiency silicon drift X-ray detector arrays 

and a cylindrical detector system to select events from the target and to reject background events caused by 

secondary charged particles. In March 2019, we will perform X-ray spectroscopy of kaonic hydrogen as a proof of 

experimental principle, and the kaonic deuterium run is expected in the following year. 

In this contribution, we will describe an overview of the experiment and the latest status including a preliminary 

result of the kaonic hydrogen run. 

[1]  J-PARC E15 collaboration, Phys. Lett. B 789 (2019) 620-625 

[2]  M. Iwasaki, et al., Phys. Rev. Lett. 78 (1997) 3067 

[3]  SIDDHARTA collaboration, Phys. Lett. B 704 (2011) 113-117 

P55 Collectivity Studies in the Neutron-Deficient A=80 Region 

R Llewellyn1, M Bentley1, R Wadsworth1, D Jenkins1, T Haylett1, S Milne1, J Dobaczewski1,3, H Iwasaki2, D Weisshaar2, 

D Bazin2, A Gade2, P Bender2, B Longfellow2, B Elman2, J Ash2, M Grinder2, K Whitemore2, D Rhodes2,  T Mijatovic2, C 

Loelius2, R Elder2, J Belarge2, N Kobayashi2, S Liddick2, J Tostevin4, B Cederwall5, G deAngelis6, K Kaneko7, F 

Recchia8, C Pardo9, M Monasterio10 

1University of York, United Kingdom, 2National Super Conducting Laboratory, USA, 3�niversity �f �yvӓskylӓ  �inland  
4University of Surrey, United Kingdom, 5KTH, Sweden,6Legnaro National Laboratory, Italy, 7Kyushu Sangyo 

University, Japan, 8University of Padova, Italy, 9Instituto de Fisica, Spain, 10University of Liverpool, United Kingdom 

The evolution of collectivity between 56Ni and 100Sn along the N=Z line has been a particular area of interest when 

examining levels of collectivity in nuclei due to the neutron-proton wavefunction overlap at the Fermi surface. The 

reduced transition rates of 2+ to ground state transitions ((B(E2) values) is the one of the best probes of collectivity 
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at low-spin. A measurement of the B(E2)s  in the N=Z 78Y and 80Zr will extend the picture of these B(E2) values from 
64Ge to 80Zr, making these the heaviest N=Z nuclei collectivity studies to date. Several calculations predict how the 

deformation develops along the N=Z line in this region. Examples include beyond mean-field methods [1], the finite 

range droplet model [2] and the Total Routhian surface approach [3]. These suggest that the low-spin deformation 

in 80Zr lies between ß2=0.42 to 0.55. To date, several B(E2) values have been determined between 64Ge and 76Sr 

(see [4] and references herein). 

An experiment was carried out at National Superconducting Cyclotron Laboratory (NSCL) at Michigan State 

Universityin April 2017 to determine the collectivity in 78Y and 80Zr. This experiment was the first to make use of the 
92Mo primary beam in conjunction with the A1900 separator, GRETINA and S800 spectrometer. The nuclei of 

interest 78Y and 80Zr were accessed through 1 and 2n knockout reactions from 80Y and 81Zr secondary beams, 

respectively. 

Low-energy tails of Doppler corrected deexcitation   rays are caused by changing detector angles of GRETINA as a 

nucleus decays downstream of the target position. The resulting lineshapes can then be replicated through a 

GEANT4 simulation, allowing the lifetime and the energy of the 2+ states to be measured simultaneously. This 

method has successfully been used to deduce lifetimes of states in 53Ni [4], 76Sr and 78Sr [5] at NSCL. 

The presented work will focus on the lineshape analysis of 2+→0+ transitions in the N=Z nuclei 78Y and 80Zr and 

corresponding B(E2) values, along with the lineshape analysis of the TZ=1 78Sr which was used to reproduce the 

result from [5] to validate the reliability of the present work. The results and systematics will also be discussed in 

terms of various nuclear model calculations, including some new calculations. 

[1] T. R. Rodríguez and J. L. Elgido, Phys. Lett. B, 705(3):255-259, 2011 

[2] S. J. Zheng et al. PRC 90:064309, 2014 

[3] P. Moller et al., At. Data and Nucl. Data Tables 109-110, 1-205, 2016 

[4] S. A. Milne et al., PRC 93:024318, 2016 

[5] A. Lemasson et al., PRC 85:041303, 2012 

P56 Momentum spectroscopy in neutron beta decay with NoMoS 

D Moser1 , R Jiglau1, W Khalid1, T Soldner2, J Zmeskal1, G Konrad1 

1Austrian Academy of Sciences, Austria, 2Institut Laue Langevin, France 

The beta decay of the free neutron provides several probes to test the Standard Model of particle physics as well as 

to search for extensions thereof [1]. Experiments in this field measure the mean lifetime, angular correlation 

coefficients or various spectra of the charged decay products (proton and electron). NoMoS, the neutron decay 

products momentum spectrometer, presents a novel method of momentum spectroscopy: it utilizes the R × B drift 

effect to disperse charged particles dependent on their momentum in an uniformly curved magnetic field [2]. The 

NoMoS spectrometer is designed to precisely measure momentum spectra and angular correlation coefficients in 

free neutron beta decay [3]. We present the measurement principles, discuss measurement uncertainties and 

systematics, and give a status update. 
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Fig 1: The preliminary set-up of the NoMoS spectrometer. 

[1]  M. Gonzalez-Alonso, O. Naviliat-Cuncic and N. Severijns, Prog. Part. Nucl. Phys. 104 165 – 223 (2019) 

[2]  X. Wang, G. Konrad and H. Abele, Nucl. Instr. Meth. A 701, 254 (2013) 

[3]  G. Konrad, PoS EPS-HEP 2015 234, 592 (2015) 

P57 Measurement of isospin mixing in the β decay of 36K 

S Chandavar, O Naviliat-Cuncic, T Haugen, M Hughes, X Huyan, J Lantis, A Miller, K Minamisono, G Moreau, S 

Pineda, R Powell 

Michigan State University, USA  

The Vud element of the Cabibbo-Kobayashi-Maskawa quark mixing matrix can most precisely be determined from the 

analysis of corrected Ft values in superallowed Fermi transitions [1]. It can also be extracted, albeit with larger 

uncertainty, from the analysis of Ft values in T=1/2 mirror transitions [2]. Both analysis require the inclusion of 

radiative, Coulomb and nuclear corrections. In particular, the isospin-symmetry breaking correction has attracted 

some attention due to the considerable spread of values obtained from different models [3]. The pure Fermi 

transition from 38mK is among the precisely studied set of superallowed Fermi decays [1] while the decay of 37K is in 

the set of mirror transitions [2] for which more precise experimental results have recently been published [4]. It is 

then interesting to provide any possible experimental test of the isospin mixing for nuclei in this region. 

At the National Superconducting Cyclotron Facility, we are currently preparing to perform a measurement of the beta 

asymmetry parameter in the decay of 36K. The particular decay properties of this nucleus makes it possible to 

extract the asymmetry parameter of the possibly mixed transition along with the initial nuclear polarization. This will 

be performed through a differential measurement (as a function of the energy of the beta particles) of the decay 

asymmetry. The asymmetry parameter of the transition with the lowest end-point energy will then sign the possible 

presence of a mixing between the first two (2+) exited states of 36Ar with the T=1 isobaric analogue (2+) state. 

The 36K nuclei will be produced by fragmentation of a 140 MeV/nucleon 40Ca beam on a Be target. The fragments 

will first be mass separated, then thermalized in a gas catcher and extracted as singly charged ions at 30 keV. The 

low energy beam will then be cooled in an RFQ and transported to the collinear laser spectroscopy beam line 

BECOLA. The ions will be neutralized and polarized using circularly polarized light before being implanted as atoms 

on suitable targets located in a magnetic field. The energy of the beta particles will be measured with plastic 

scintillators located inside the magnetic field and readout with SiPM. 

This contribution will report the observations made during the experiment as well as the status of the data analysis. 

[1]  J. Hardy and I. Towner, Phys. Rev. C 91, 025501 (2015) 

[2]  O. Naviliat-Cuncic and N. Severijns, Phys. Rev. Lett. 102, 142302 (2009) 

[3]  Y. Xayavong and N. A. Smirnova, Phys. Rev. C 97, 024324 (2018) 
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[4]  B. Fenker, et al., Phys. Rev. Lett. 120, 062502 (2018) 

P58 Subatomic nuclear activity in the hydrogen based rydberg matter state 

S Ólafsson and S Gundersen 

University of Iceland, Iceland 

Among the atoms of the periodic system, Hydrogen and Deuterons have the lowest number of electrons and thus 

the simplest electronic structure and are generally only found in the simplest state as chemical binding of two 

atoms forming H2 and D2 molecules. No other forms of molecular structure with higher number of atoms of H or D 

has been observed or predicted using simple quantum mechanical models. 

In beginning of the twenty first century this picture started to be changed and questioned with work of Leif Holmlid at 

Gothenburg University Sweden. He was able first to form new cluster state K7 and K19 of K atoms who found stable 

state when the K atoms were assembled in an excited Rydberg state with high n excitation number. Later he was 

able to find methods to do the same thing for H and D and form Rydberg matter of H7 and H19. Further research 

work by him lead him to find a new transformed state he called Ultra-High-Density state (UHD) in which he observed 

2.3pm inter-proton pair distance with time of flight measurements technique. A distance result who is about 30 

times shorter than H2 molecule distance of 72pm. [1] 

His work continued and has now led him to present results saying that a relative weak laser pulse when it hits the 

UHD phase, it causes part of condensed Hydrogen phase to disintegrate into subatomic particles like mesons and 

leptons of varying composition. Results that suggest baryon number violation if they are viewed from a single 

particle or two-particle interaction picture. Viewed as multiparticle condensation breakup the baryon number 

counting or violation is experimentally hard to perform without having very advanced �π detector setup� [� �] 

Needless to say, most of Leif findings have been meet with wide disbelief and simple denial using simple quantum 

mechanical models as a fast argumentation. Ten years after his first publication of UHD, as a first research group to 

try to replicate his work, we present here the first experimental confirmation of his work. Something strange is 

definitely going on in the experiments and it needs to be studied and checked further with more advance methods in 

order to give the final conclusion: A multiparticle proton or deuteron condensate can be broken up with relative 

weak laser pulse into subatomic particles. 

 

Fig 1: Experimental setup in Iceland 

In this talk experimental setup, conditions and pitfalls for this conclusion will be thoroughly described and discussed 

along with short discussion how to avoid use of simple quantum mechanical theory to throw this experimental 

possibility away fast and carelessly. Multiparticle condensate of H and D atoms needs a full quantum field theory 

treatment in order to describe its stability and physics and that is rather complicated theoretical process. 

[1]  Ultra dense protium p(0) and deuterium D(0) and their relation to ordinary Rydberg matter: a review Phys. 

Scr. 94 (2019) 075005 (26pp) https://doi.org/10.1088/1402-4896/ab1276 

[2]  Mesons from Laser-Induced Processes in Ultra-Dense Hydrogen H(0). PLoS ONE 12(1): e0169895 

[3]  Leptons from decay of mesons in the laser-induced particle pulse from ultra-dense protium p(0). Holmlid L. 

International Journal of Modern Physics E Vol. 25, No. 10, 1650085 (2016) 
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P59 Double beta decay and the quest for Majorana neutrinos  

J Kotila1 

1University of Jyväskylä, Finland 

The question of whether neutrinos are Majorana or Dirac particles and what are their average masses remains one of 

the most fundamental problems in physics today. Observation of neutrinoless double beta decay (0 ββ) would 

verify the Majorana nature of the neutrino and constrain the absolute scale of the neutrino mass spectrum. The 

inverse half-life for 0 ββ-decay is given by the product of a phase space factor (PSF), a nuclear matrix element 

(NME), which both rely on theoretical description, and a function f containing the physics beyond the standard 

model. Recent calculations of phase space factors and nuclear matrix elements will be reviewed together with 

comparison to other available results. 

These calculations serve the purpose of extracting the average neutrino mass if 0νββ-decay is observed, and of 

guiding searches if 0 ββ-decay is not observed.  

Phase space factors and nuclear matrix elements have been evaluated, or are under evaluation, systematically for 

all processes of interest. The nuclear matrix elements have been calculated within the framework of the microscopic 

interacting boson model (IBM-2) [1-9], and phase space factors have been evaluated using exact Dirac electron 

wave functions as reported in [8-11]. The current situation is then discussed by combining the theoretical results 

with experimental limits on the half-life of neutrinoless double beta decay. The extracted limits on the average light 

neutrino mass will be addressed, complemented with a discussion of other possible 0 ββ-decay mechanisms and 

scenarios.  

[1]  J. Barea and F. Iachello, Phys. Rev. C 79 , 044301 (2009) 

[2]  J. Barea, J. Kotila, and F. Iachello, Phys. Rev. Lett. 109, 042501 (2012)  

[3] J. Barea, J. Kotila and F. Iachello, Phys. Rev. C 87, 014315 (2013)  

[4]  J. Barea, J. Kotila and F. Iachello, Phys. Rev. C 87, 057301 (2013)  

[5]  J. Kotila, J. Barea, and F. Iachello, Phys. Rev. C 89, 064319 (2014)  

[6]  J. Barea, J. Kotila and F. Iachello, Phys. Rev. C 91, 034304 (2015) 

[7]  J. Barea, J. Kotila and F. Iachello, Phys. Rev. D 92, 093001 (2015)  

[8]  J. Kotila, J. Barea and F. Iachello, Phys. Rev. C 91, 064310 (2015) 

[9]  L. Graf, F. F. Deppisch, F. Iachello, and J. Kotila, Phys. Rev. D 98, 095023 (2018). [10] J. Kotila and 

F.Iachello, Phys. Rev. C 85, 034316 (2012). [11] J. Kotila and F. Iachello, Phys. Rev. C 87, 024313 

(2013) 

P60 New generation S = -2 spectroscopy opened with active fiber target 

T Harada, T Gogami, S Kanatsuki, T Nagae, T Nanamura 

Kyoto University, Japan 

We can extend our understanding of the strong interaction from the nuclear force to the baryon-baryon interactions 

with hypernuclear spectroscopy. So far, we have been investigating the spectroscopy of hypernucleus with S = -1 

such as Λ hypernucleus and Σ hypernucleus in various experimental methods and reactions. On the other hand, 

there is few spectroscopic information on S = -2 hypernuclei such as double Λ hypernucleus and   hypernucleus. 

New measurements with high energy resolution have been awaited. 

In the J-PARC E70, we are searching for a bound state of   hypernucleus through the 12C(K-, K+) reaction. It is 

important to achieve a mass resolution of 2 MeV/c2 (FWHM) in order to resolve the peak structures. The resolution is 

an order of magnitude better than those in the past   hypernuclear experiments. For this purpose, we have 

constructed a new magnetic spectrometer “�-��”� �oreover  we introduce a thick active fiber target ({��) of � 

g/cm2 to obtain enough statistics. While a thick target generally causes the deterioration of mass resolution due to 

energy loss straggling, the AFT makes it possible to correct the energy losses of K+ and K- for the missing-mass 
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measurement, by directly measuring them event by event. The AFT is, and then, segmented by the fibers, so that we 

can discriminate the kaons from the other ionized particles such as productions from   hypernuclear decay. Thus, 

the deterioration is expected to be avoided and the mass resolution of 2 MeV/c2 is recovered. As shown in the Fig. 

1, the AFT consists of 900 θ3mm scintillation fibers which are aligned in a direction perpendicular to the beam axis. 

�ne unit of the target is composed of four planes (xx’ yy’)  and there are nine units in total� ���}s will be attached 

to both ends of each fiber, and thus total readout channels will be 1800. Scintillation light yields are read out 

through MPPCs and signals from MPPCs are digitized in VME-EASIROC modules. The AFT is operated at about 1 MHz 

beam rate. 

 

Fig 1: A schematic drawing of active fiber target 

We will report the conceptual design performance of the AFT, and the several results obtained by two test 

experiments at RCNP, Osaka University and at ELPH, Tohoku University. 

P61 High energy gamma source and its applications 

C He1, G An2 

1China Institute of Atomic Energy, China, 2Chinese Academy of Sciences, China 

High energy gamma source is a very important tool in the study of nuclear astrophysics, nuclear structure, nuclear 

transmutation and many other areas. However, there is no quasi mono-energy gamma source in China up to now. In 

order to study nuclear physics, it is very necessary to build high energy gamma source in China. The ways used to 

produce high energy gamma rays in the world are laser-electron scatter, (p,gamma) resonance reaction, positron 

annihilation in flight, Bremsstrahlung etc. Some experiments of producing gamma rays have been done by using 

laser-electron scatter and (p,gamma) resonance reaction methods in our lab. In this talk, some preliminary results 

will be presented.  

P62 The Development of novel pulse shape analysis algorithms for the advanced gamma tracking array (AGATA) 

F Holloway 

The University of Liverpool, United Kingdom  

In the field of Gamma-Ray Spectroscopy the development of Gamma-Ray Tracking in large scale arrays is critical in 

pushing the boundaries of our understanding of Nuclear Physics. The significant positional resolution required for 

this technique to work demands the most advanced crystals, electronics and data processing techniques ever 

created in this field. Pulse Shape Analysis (PSA) is necessary for detector arrays like AGATA to determine position 

information with reasonable accuracy however current techniques are not fast enough to keep up with the large 

influx of data produced by these arrays. The purpose of this project is to develop novel techniques to improve the 

accuracy and processing rate of PSA with the ultimate goal to produce techniques that can be used for future 
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generations of gamma-ray tracking arrays. The use of Topological Data Analysis (TDA) to form hierarchical data 

structures and the use of Convolutional Neural Networks and other Machine Learning techniques for feature 

extraction & tagging are explored. Due to the complex nature of pulse generation in HPGe crystals all interactions in 

AGATA are stored in a simulated basis set. Therefore, this project also entails improving the simulation of 

interactions inside large volume HPGe arrays and the induced effects present in their acquisition electronics in an 

attempt to improve their consistency with observed values. 

 

 

P63 Imaging of prompt gamma emissions during proton therapy for geometric and dosimetric verification: NPTool 

simulation 

S Kalantan1, 2, A Boston1 

1University of Liverpool, United Kingdom, 2King Abdulaziz University, Saudi Arabia 

The Gamma Ray Imaging (GRI+) Compton camera at the University of Liverpool is investigated for its suitability for 

range and dose verification of Proton Therapy (PT). The verification is done by measuring the prompt gamma 

emissions (PG) during treatment; providing the advantage of online treatment verification[1]. The simulation will be 

tested against measurements at Clatterbridge Cancer Centre (CCC), where 60 MeV proton beam is used for 

treatment of eye cancer, and is aimed to be applicable at higher proton beam energies.[2] 

 

The PG emitted following inelastic scattering of the proton off target nuclei are in the high energy region ranging from 

2 to 10 MeV. Optimisation of the GRI+ set up for the measurement of high energy gamma rays is being performed 

by using simulation and laboratory measurements prior to clinical measurements at the CCC.   

 

This poster will report on the characterisation of the GRI+ Compton Camera using Monte Carlo simulation. A code 

written in the NPTool framework based on the Geant4 and Root packages is used. Preliminary results are 

presented.[3] 

[1]  C. Min et al. Prompt gamma measurements for locating the dose falloff region in the proton therapy. 

APPLIED PHYSICS LETTERS, 89(18), OCT 30 2006 

[2] A. Kacperek. Dose verification by activation in vivo following proton beam eye radiotherapy. Journal of 

Radioanalytical and Nuclear Chemistry, 271(3):731– 740, Mar 2007 

[3] A. Matta et al. NPTool: a simulation and analysis framework for low-energy nuclear physics experiments. 

JOURNAL OF PHYSICS G-NUCLEAR AND PARTICLE PHYSICS, 43(4), APR 2016 
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P64 Stable ion neam experiments with the DRAGON recoil separator at TRIUMF  

U Greife1 and the DRAGON Collaboration2  

1Colorado School of Mines, USA, 2TRIUMF, Canada 

The DRAGON experiment (Detector of Recoils And Gammas Of Nuclear reactions) was designed to provide a recoil 

separator to study radiative capture reactions, both on protons and alpha particles, using post-accelerated 

radioactive ion beams at the ISAC-I facility of the TRIUMF laboratory in Vancouver, Canada. The ISAC-I accelerator 

was built to reaccelerate ���� beams produced with a �� μ{  ����e� proton beam from the TRIUMF sector-

focusing cyclotron. The ion beams are accelerated through a 35MHz radio-frequency quadrupole with {/q ≤ ��  and 

a 105MHz variable energy drift-tube-linac with � ≤ {/q ≤ �  between energies of ����{ �e� and ���{ �e�� �his 

energy regime, particularly the lower end, is well suited to performing radiative capture reactions of the type 

occurring in classical novae and type-I X-ray bursts. While high radioactive ion beam intensities have been achieved 

in select cases (e.g. 21Na = 1 × ��� s−�  ��g{l = � × ���� s−�)  the development of new radioactive beams is 

time consuming and it was deemed worthwhile to provide a significant stable ion beam capability at ISAC, both for 

calibration and standalone experiments of interest to the community. The addition of a Supernanogam ECR source 

now allows for the use of stable ion beams with intensities in the 1012 s-1 range at the beam lines connected to 

the ISAC-I accelerator.  

The DRAGON experiment consists of a windowless, recirculating gas target which is surrounded by a BGO scintillator 

array to capture the gamma photons emitted in the radiative capture reactions on hydrogen or helium gas. The 

heavy reaction recoils travel with the incident ion beam into the actual recoil separator consisting of consecutive 

magnetic and electrostatic dipoles. These provide beam suppression factors of order 108-1013 depending on ion 

type and energy regime� �he remaining “leaky” beam ions and reaction recoils are detected in the focal plane using 

a local time-of-flight and an energy detection system, which, either independently or together with the BGO array, 

provide further beam suppression. The sensitivity of the system, coupled with the now available stable heavy ion 

beam intensities, makes the DRAGON experiment competitive with low energy nuclear physics measurements at 

other facilities employing more intense proton or alpha beams in normal kinematics. This contribution will present 

recent results using neon (20Ne, 21Ne) and sulphur (34S) beams for the measurement of radiative capture 

reactions relevant to nuclear astrophysics.  

The research presented was funded by agencies in Canada, Great Britain and the United States, the Colorado 

School of Mines group acknowledges support from the U.S. Department of Energy, Office of Science. 

P65 Low energy stopping power measurements of hydrogen and helium ions in light gases 

U Greife and D Jedrejcic 

Colorado School of Mines, USA 

Knowledge of stopping power or energy loss values is needed in the extraction of reaction cross sections or 

resonance strengths from experimental yields in measurements of low energy nuclear physics and astrophysics. 

While a significant amount of data exists for ions traversing solid targets, the lack of experiments involving gaseous 

targets has already previously led to significant corrections in semi-empirical stopping power codes once a new 

measurement was published. Additionally, the experiments in nuclear astrophysics require the energy loss 

information at energies far below the Bragg Peak where in static stellar burning phases light ions interact at kinetic 

energies of a few ke� to a few ��’s of ke�� 

In this work, stopping power data of Hydrogen and Helium ions in the energy range below 25 keV traversing light 

gases were determined. Special emphasis was put on the energy loss of Hydrogen in Helium where a previous 

discrepancy between two publications was resolved and the range of measurement extended to the energies where 

the influence of nuclear stopping becomes apparent. 
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The research presented was funded by the U.S. Department of Energy, Office of Science. 

P66 Insights on the carbon burning at astrophysical energies by fast-timing gammaparticle coincident 

measurements 

M Heine 1, 2, S Courtin1, 2, G Fruet1, 2, D Jenkins3and M Moukaddam1, 2 

1Universite de Strasbourg, France, 2CNRS, France, 3University of York, UK 

Fusion reactions play an essential role in understanding the energy production, the nucleosynthesis of chemical 

elements and the evolution of massive stars. Thus, the direct measurement of key fusion reactions at thermonuclear 

energies is of very high interest. The carbon burning in stars is essentially driven by the 12C+12C fusion reaction. 

This reaction is known to show prominent resonances at energies ranging from a few MeV/nucleon down to the sub-

Coulomb regime, possibly due to molecular 12C-12C configurations in 24Mg [1]. The persistence of such 

resonances down to the Gamow energy window is an interesting and hotly debated question. This reaction could 

also be subject to the fusion hindrance phenomenon which has been evidenced for medium mass nuclei and 

measured in numerous systems [2]. 

This contribution will discuss recent measurements performed in the 12C-12C system at deep sub-barrier energies 

using the newly developed STELLA apparatus associated with the UK FATIMA detectors for the exploration of fusion 

cross-sections of astrophysical interest [3]. Gamma-rays have been detected in an array of LaBr3(Ce) detectors and 

protons and alpha particles were identified in double-sided silicon-strip detectors. A novel rotating target system 

has been developed able to sustain high intensity carbon beams delivered by the Andromede facility of the 

University Paris-Saclay and IPN-Orsay (France). The gamma-particle coincidence technique as well as nanosecond 

timing conditions have been used in the analysis in order to minimize background, predominantly from deuterium 

impurities which limited the sensitivity of previous measurements. The present experimental approach allows to 

obtain sub-nanobarn cross sections and astrophysical S-factors down to the Gamow window which will be 

presented and discussed in the frame of previous publications. 

[1]  D. Jenkins and S. Courtin J. Phys. G: Nucl. Part. Phys. 42, 034010 (2015) 

[2]  C.L. Jiang et al., Phys.Rev. Lett. 89, 052701 (2002) 

[3]  M. Heine et al., Nucl. Inst. Methods A 903, 1–7 (2018) 

P67 Mass measurement of neutron-rich 122Rh, 123,124Pd and125Ag nuclides with Rare RI Ring at RIBF in RIKEN 

H Li1, 2, 3 and 4, S Naimi2, D Nagae1, Y Abe1, Y Yamaguchi1, F Suzaki1, M Wakasugi1, S Omika5, K Inomata5, H Arakawa5, 

S Hosoi5, Y Inada5, W Dou5, D Hamakawa5, D Kajiki5, K. Nishimuro5, T Kobayashi5, T. Yamaguchi5, M Mukai6, T 

Moriguchi6, R Kagesawa6, D Kamioka6, A Ozawa6, S Suzuki2, Z Ge2, C Fu2, Q Wang2, M Wang2, S Ota7, S Michimasa7, 

N. Kitamura, S Masuoka, D  Ahn1, H Suzuki1, N Fukuda1, H Takeda1, Y Shimizu1, Y Litvinov8, G Lorusso9, P Walker9, Z 

Podolyk9 and T Uesaka1 

1RIKEN, Japan, 2Chinese Academy of Science, China, 3University of Chinese Academy of Sciences, China, 4Lanzhou 

University, China 5Saitama University, Japan, 6University of Tsukuba, Japan, 7University of Tokyo, Japan, 8GSI 

Helmholtzzentrum fϋr Schwerionenforschung, Germany, 9University of Surrey, UK 

The rapid neutron capture process (r-process) is considered to be responsible for the production of about one half of 

the elements heavier than iron up to bismuth and all of thorium and uranium. The experimental masses of the nuclei 

are not only needed for the r-process models but also essential for the improvement of theory since most of the 

nuclei relevant for r-process are not experimentally reachable today. For the A=130 r-process abundance peak, 

recent sensitivity studies for the r-process have indicated that the masses of the neutron-rich Pd, Ag, Cd, In, Sn and 

Sb nuclei have a significant influence on the final elemental abundance pattern. Predicted deformation before the 

N=82 shell closure may also play an effect on the r-process abundance of A<130 elements [1]. 
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However, precision mass measurements of such exotic nuclei lying far away from the stability line are strongly 

restricted by their low production rates and short half-lives. The Rare RI Ring (R3) at Radioactive Ion Beam Factory 

(RIBF) in RIKEN is a recently commissioned cyclotron-like storage ring mass spectrometer specifically dedicated for 

exotic nuclei far from stability. A mass resolution of about 10-6 is expected to be achieved [2]. Masses of 15 

nuclides relevant for the second r-process peak, more specifically to the A=130 r-process abundance peak, are 

proposed to be measured for the first time at R3. In autumn 2018, first mass measurements were conducted. The 

masses of 122Rh, 123,124Pd and125Ag were measured. The details of the data analysis and the preliminary results will 

be reported in this contribution. 

[1]  K.L. Kratz, et al., The Astrophysical Journal 792, no1, p.6, (2014) 

[2]  A. Ozawa, et al., Progress of Theoretical and Experimental Physics. 2012, no1 (2012) 

P68 Properties of rotating compact stars at different evolutionary stages 

S Banik and S Lenka 

BITS Pilani, India 

Rotation induces many changes in the stellar equilibrium, and hence its structural properties evolve. In this work, we 

study the properties and structure of a massive and rapidly rotating protoneutron star (PNS) with exotic matter. We 

follow several stages of quasi-stationary evolution in an approximate way at four discrete steps, from lepton-rich, 

hot PNS to a cold neutron star. We construct the equation of state (EoS) of isentropic dense matter as well as cold 

dense matter within the framework of a density-dependent (DD2) relativistic mean field theory (RMF) model [1,2] 

and calculate different quantities such as mass, equatorial radius, moment of inertia, and quadrupole moment to 

get different rotating configurations upto the mass-shedding limit[3,4]. We study the effect of the appearance of 

$\Lambda$ and $K^-$ condensates on each of the evolutionary stages of the PNS. We check its sensitivity to the 

inclusion of $\phi$ vector meson as a mediator of $\Lambda-\Lambda$ interaction in detail. We also investigate 

the universal relations between moment of inertia, quadrupole moment and compactness in the context of a hot 

and young compact object. Finally, we extend our study to calculate the tidal deformability parameter and love 

number and show their variation with compactness[5]. 

[1]   P. Char, S. Banik  "Massive neutron stars with antikaon condensates in a density-dependent hadron field 

theory" Phy Rev C90, 015801 (2014) 

[2]  S. Banik, M. Hempel, D. Bandyopadhyay, “�ew hyperon equations of state for supernovae and neutron 

stars in density dependent hadron field theory”  The Astrophysical Journal Supplement, 214 22 (2014) 

[3]   S. S. Lenka, P. Char, S, Banik, "Critical mass, moment of inertia and universal relations of rotating neutron 

stars with exotic matter", International Journal of Modern Physics D, Vol 26 (2017) 1750127  

[4]  S. S. Lenka, P. Char, S. Banik, “Properties of Massive Rotating Protoneutron Stars with Hyperons: Evolution 

and �niversality” (manuscript submitted) https://arxiv.org/abs/1805.09492 

[5] S.S. Lenka S. Banik “�ole of antikaon condensation on the universality relations of hot and rapidly rotating 

neutron stars” (manuscript submitted, January 2019) 

P69 Rapid differentially rotating hot neutron stars within relativistic model 

S Banik1, K Nunna1 and N Batra2 

1Birla Institute of Technology and Sciences, 2IIT Delhi 

Neutron stars(NS) are born in a core-collapse supernovae (CCSN) explosion, which is believed to be an adiabatic 

event. We consider a NS, wherein the temperature has not yet cooled down below the Fermi level. We report the 

effect of rotation on the shape of a hot neutron star for different equations of state (EoS) and thermodynamic 

conditions [1]. The EoSs are constructed within density-dependent relativistic mean field model, with nucleon and 
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with antikaon condensates and hyperons[2]. We notice an increased axisymmetric deformation as the NS spins 

faster. We plot the energy density contours for NS with nucleons and K- condensates in Fig 1. In the upper and lower 

halves of Fig1, we compare contours of two NSs rotating at a frequency of 300Hz that are at same entropy per 

baryon of 4kB, but have different antikaon optical potential (UK). A deeper potential tends to make the NS more 

compact. Faster spinning NS is deformed much more from spherical shape than a slow rotating star as evident in 

Fig 2. As the angular momentum of NS increases, it gets deformed.  We also calculate the GW amplitude emitted by 

a NS whose magnetic axis is not aligned with its rotation axis. 

 

 

Fig 1: Energy contour for two NSs(entropy per baryon of 4kB, but different UK) rotating at 300Hz  

Fig 2: Top(bottom) panel has NS rotating slowly at 10 Hz(~Keplerian frequency).  

The NSs are believed to be rotating differentially just after their birth in a merger or CCSN, i.e the core is found to 

rotate appreciably faster than its envelope[3]. It may lead to some nonaxisymmetric instabilities, that are often 

parameterized by the ratio β ≡ T /|W |, where T is the rotational kinetic energy and W the gravitational potential 

energy of the star. Bar modes in a rapidly rotating NS may be excited at large values of β 0.27. Secular bar modes 

can be excited for a lower value of β0.14. We check if the EoS with exotic matter are subject to secular 

instabilities. Differentially rotating NSs can support significantly more rest mass than their nonrotating or 

uniformly rotating counterparts. Thus, a hypermassive remnant may lead to delayed collapse supported by 

differential rotation and thermal pressure. The x-ray plateau(~a few seconds) in the short gamma ray burst might be 

the signature of supramassive fast-rotating stars with exotic components in its core. We compute the collapse time 

of a protomagnetar [4].  We also plot the Isocontour lines of log-enthalpy and entropy per baryon for the 

differentially rotating star.  

[1]  N. D. Batra, K. P. Nunna, S. Banik, Phys. Rev. C, 98, 035801(2018) 

[2]  P. Char, S. Banik, Phys. Rev. C 90, 015801 (2014) 

[3]  Stuart  L. Shapiro, The Astrophysical Journal, 544:397-408, (2000) 

[4]  Vikram Ravi, Paul D. Lasky, Monthly Notices of the Royal Astronomical Society, Volume 441, (2014) 

P70 Experimental study of 4n with 8He(p,2p) reaction  

S Huang1,2, Z Yang3,2, F Marqués4, J Zenihiro2 

1Peking University, China, 2RIKEN, Japan, 3Osaka University, Japan, 4LPC, France  

We will present our recent study of tetraneutron (4n) by using the 8He(p,2p) reaction in inverse kinematics, which 

was performed at RIKEN RIBF facility in 2017.  

Many-neutron systems, in particular the tetraneutron (4n), have attracted lots of attention in the last decades. Their 

existence of itself, whether as bound or resonant states, is of fundamental importance in nuclear physics, serving as 

a sensitive probe to investigate the nuclear force free from Coulomb interaction. Their properties are also crucial for 

deeper understanding of neutron stars consisting of dilute neutron-rich matter. Concerning the tetraneutron, the 

existence of a bound state has been ruled out by calculations based on standard nuclear forces. Meanwhile, the 

existence as a resonant state is supported by some theoretical models including Quantum Monte Carlo [1] and No-

Core Shell Model calculations [2] while some other ab-initio calculations exclude a resonant 4n state [3,4]. 
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However, no definite conclusion could be drawn from the experimental data reported so far because of the 

extremely low statistics [5,6].  

We have carried out new measurement on the tetraneutron using the 8He(p,2p)7H{t+4n} reaction in inverse 

kinematics at RIBF. 8He beam provided by BigRIPS beam line was impinged onto the thick liquid hydrogen target 

MINOS [7]. The recoiled protons were tracked by the TPC of MINOS and then detected by a surrounding compact 

DALI2 array [8]. The charged fragments were deflected by the SAMURAI spectrometer [9] and identified by the 

HODO plastic scintillator array. Neutrons were detected by NeuLAND demonstrator from GSI and NEBULA array, 

which can together provide the highest 4-neutron detection efficiency(ε4n~1%) at present.  

In this poster, some preliminary results will be presented although the data analysis is still in progress.  

[1]  S. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003) 

[2]  A. M. Shirokov, et al., Phys. Rev. Lett. 117, 182502 (2016) 

[3]  R. Lazauskas and J. Carbonell, Phys. Rev. C 72, 034003 (2005) 

[4]  E. Hiyama, et al., Phys. Rev. C 93, 044004 (2016) 

[5]  F. M. Marqués, et al., Phys. Rev. C 65, 044006 (2002); F. M. Marqués, et al., arXiv:nucl-ex/0504009 

[6]  K. Kisamori, et al., Phys. Rev. Lett. 116, 052501 (2016) 

[7]  A. Obertelli, et al., Eur. Phys. J. A 50, 8 (2014) 

[8]  S. Takeuchi, et al., Nucl. Instrum. Methods A 763, 596 (2014) 

[9]  T. Kobayashi, et. al., Nucl. Instrum. Methods B 317, 294 (2013) 

P71 Fission fragment mass distributions of Astatine isotopes within collective clusterization approach  

A Kaur, M Sharma  

Thapar Institute of Engineering and Technology, India  

The study of fission fragment mass distributions (FFMD) has been stimulating the interest of both experimentalists 

and theoreticians, as it provides an opportunity to investigate fine-structure effects among fissioning nuclei. The 

fission fragment mass distribution is used as an investigating tool which assists to disentangle between different 

modes of fission (symmetric fission and asymmetric fission), and to study their relative contribution as a function of 

compound nucleus mass. In the present work, the fission dynamics of various ‘{t’ isotopes with mass number 

-induced reactions at common centre-of-mass energy 

Ec.m.=78.5 MeV is explored. The calculations are made using the collective clusterization based dynamical cluster-

decay model (DCM) [1-2], where the deformation effects of decaying fragments are duly addressed. The mass 

distributions of At isotopes get significantly modified as one goes from proton-rich to neutron-rich nuclei. The mass 

division of lighter At isotope (i.e. 191At) is symmetric. However, the preformation yield shows a drift from symmetric 

to asymmetric fission with increase in mass of compound nuclei from A=191-220. The clear signature of fine-

structure effects is evident in view of single humped to double humped preformation structure in the fissioning 

region. The prominent light and heavy fission fragments are identified for all isotopes undertaken in the analysis. 

The fragments near Z=35 for lighter and Z=50 for complementary fission fragments appear at the peak of 

preformation yield and hence signify the role of nuclear shell closrues in the fission dynamics.  

[1]  G. Kaur, K. Sandhu, A. Kaur, M. K. Sharma, Phys. Rev. C. 97, 054602 (2018) 

[2]  A. Kaur, K. Sandhu, M. K. Sharma, Commun. Theor. Phys. 70, 565 (2018) 
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P72 Investigation of fusion dynamics for reactions induced by Si isobars at similar Ec.m. 

R Kaur1, M Kaur2, V Singh2, N Bhathi2, B Singh3, B Sandhu1 

1Punjabi University Patiala, India, 2I.K.G. Punjab Technical University, Kapurthala, India, 3Sri Guru Granth Sahib 

World University, India 

In the past few decades, a number of theoretical and experimental efforts has been made to understand complex 

phenomenon involved in heavy-ion induced reactions at sub barrier energies. The knowledge about these 

phenomena are important to ascertain mysteries involved in the astrophysical environment. The experimental 

measurements for mid-mass nuclei have revealed about enhancement of fusion cross-sections at near barrier 

energies, whereas a fusion hindrance has been reported for energies far below the barrier as compared to 

theoretical models [1]. Theoretically a number of authors have investigated the sub-barrier fusion phenomena using 

different models such as the coupled channel model [2] and time-dependent Hartree-Fock theory [3] to explain 

fusion enhancement whereas ion-ion potential having a shallow pocket arising from nuclear incompressibility, 

adiabatic approach where the standard coupled channels (CC) model is extended by introducing a damping factor 

into the coupling matrix elements at very low energies to explain fusion hindrance [4]. Since dynamics of fusing 

nuclei play a key role in the fusion mechanism it will be interesting to study the fusion enhancement/hindrance for 

mid-mass nuclei using Dynamical cluster decay model (DCM) [5] to get a better insight of the fusion. 

With this motivation fusion of 28,30Si+12C populating 40,42Ca [6] has been investigated within clusterisation approach 

of DCM at energies above and below barrier. The cross-sections for 30Si+12C forming 42Ca at sub barrier and above 

barrier energies are reproduced using neck length parameter (Δ�)  which is the only free parameter of model� �he 

empirically fitted values of Δ� are used to predict the fusion cross-sections at similar Ec.m. for 28Si+12C. The predicted 

fusion cross-section values are in good agreement with the experimental measurements at energies near and above 

barrier. Also the fusion cross-sections has been predicted for energies far below the barrier, which will be helpful for 

planning future experiments. The hindrance phenomenon observed at sub barrier energies 30Si+12C has been 

addressed through barrier lowering parameter which is the inbuilt property of the model. 

[1] Jiang, C. L., et al. Phys. Rev. Lett. 93, 012701 (2004), A. M. Stefanini, et al. Phys. Rev. C 92, 064607 

(2015), T. K. Steinbach, et al., Phys. Rev. C 90, 041603 (R) (2014) 

[2] T. Ichikawa, et al. Phys. Rev. C 75, 057603 (2007); 75, 064612 (2007),  A. V. Karpov, et al. Phys. Rev. 

92, 064603 (2015) 

[3] A. S. Umar, et al. Phys. Rev. C 85, 055801 (2012),  K. Godbey, et al. Phys. Rev.  C 95,011601(R) (2017) 

[4] Ș� �ișicu  et al. Phys. Rev. Lett. 96, 112701 (2006), T. Ichikawa, et al. Phys. Rev.  Lett. 103, 202701 

(2009)                                     

[5] R. K. Gupta, et al.  Phys. Rev. C 71, 014601 (2005); IJMPE 15, 699 (2006) 

[6] G. Montagnoli, et al. Phys. Rev. C. 97, 024610 (2018), Y. Nagashima, et al. Phys. Rev. C. 26, 2661(1982) 

P73 Statistical and dynamical bimodality in fragmentation of finite nuclei 

S Mallik1, G Chaudhuri1, F Gulminelli2 and S Das Gupta3  

1Variable Energy Cyclotron Centre, India, 2LPC Caen INP3-CNRS/EnsiCaen et Universite, France, 3McGill University, 

Canada 

The bimodal behavior of the largest cluster is an important order parameter of first order phase transition in 

multifragmentation reactions at intermediate energies. This prominent signal of liquid-gas phase transition has been 

studied both theoretically and experimentally since last two decades [1-4]. The origin of the experimentally 

observed bimodality is still not completely clear. It has been recently established that it is due to presence of 

memory effect of entrance channel, thermal equilibrium is not achieved in this energy domain. Other successive 

studies also establish the equilibrium scenario of bimodality, which would rather point towards a thermal phase 

transition. This talk will focus on combined effect of entrance channel and exit channel on bimodality. 

221



 

In order to study nuclear liquid gas phase transition from dynamical calculation, a simplified yet accurate method of 

transport model based on Boltzmann-Uehling-Uhlenbeck (BUU) equation has been developed [5]. This allows 

calculation of fluctuations in systems much larger than what was considered feasible in a well-known and already 

existing model. Based on combined theoretical simulation of BUU model and Canonical Thermodynamical Model 

(CTM) [6], it is studied that depending on the incident energy and impact parameter of the reaction, both entrance 

channel and exit channel effects can be at the origin of the experimentally observed bimodal behavior [7-8]. 

Specifically, fluctuations in the reaction mechanism induced by fluctuations in the collision rate, as well as thermal 

bimodality directly linked to the nuclear liquid-gas phase transition are observed in simulations. 

[1]  F. Gulminelli and Ph. Chomaz, Phys. Rev. C 71, 054607 (2005) 

[2]  A. Le Fevre and J. Aichelin, Phys. Rev. Lett. 100, 042701 (2008) 

[3]  G. Chaudhuri, S. Das Gupta and F. Gulminelli, Nucl. Phys. A 815, 054607 (2005) 

[4]  E. Bonnet et. al., Phys. Rev. Lett. 103, 072701 (2009) 

[5]  S. Mallik, S. Das Gupta and G. Chaudhuri, Phys. Rev. C 91, 034616 (2015) 

[6]  C. B. Das, S. Das Gupta et. al., Phys. Rep. 406, 1 (2005) 

[7]  S. Mallik, S. Das Gupta and G. Chaudhuri, Phys. Rev. C 93, 041603 (2016) (R) 
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P74 Scaling with deformation in the exotic medium mass region  

F Manju1, J Singh2, S Shubhchintak3 and R Chatterjee1  

1Indian Institute of Technology Roorkee, India, 2Hokkaido University, Japan, 3Université Libre de Bruxelles (ULB), 

Belgium 

Halo nuclei results due to tunnelling of the weakly bound nucleon(s) through the average mean-field potential of the 

nucleus, leading to the long tail in their density distributions [1]. Their ground state information can be obtained 

from the reaction observables like relative energy spectra, cross-section, momentum and angular distribution in 

their breakup reactions. The relative energy spectra in breakup reaction, can be easily related to multipole 

responses and hence the electromagnetic strengths [2]. The scaling of 1n-separation energy with the peak position 

of relative energy spectra has been studied for the light exotic nuclei [2, 3]. Such studies are also indispensable in 

the medium mass neutron rich nuclei.  

In this context, we study the scaling of one neutron separation energy with the peak position of dipole strength by 

using an analytical model for medium mass nuclei 31Ne, 34Na and 37Mg. The analytical model consists of using 

analytic forms for the asymptotic parts of the bound and continuum states of the projectile while calculating the 

dipole responses [3]. We then use the finite range distorted wave Born approximation (FRDWBA) to compare our 

dipole response results with the one obtained by the analytical method. By analysing the peak of the dipole 

strength distribution and comparing the total dipole response, a good estimate of the one-neutron separation 

energies for the p-wave halos can be found. Estimated separation energy values are 0.18, 0.24 and 0.15 MeV for 
31Ne, 34Na and 37Mg, respectively [4]. These values are in good agreement with the available experimental data and 

the previous theoretical estimates.  

We also intend to present new results on the effect of deformation of the projectile on various reaction observables 

like the relative energy spectra, angular and momentum distributions etc. Preliminary calculations indicate that the 

peaks of the relative energy spectra get affected by the deformation of the projectile. This opens up ways to study 

the scaling properties of these nuclei as a function of both the separation energy and deformation.  

[1] T. Nakamura, H. Sakurai and H. Watanabe, Prog. Part. Nucl. Phys. 97, 53 (2017) 
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P75 Identification of gamma-ray vorticies with compton scattering 

T Maruyama1, 2, T Hayakawa2, 3 and T Kajino3, 4 

1Nihon University, Japan, 2National Astronomical Observatory of Japan, Japan, 3National Institutes for Quantum and 

Radiological Science and Applications, Japan, 4Beihang University, China 

Photon vortices whose wave functions are eigen states for orbital angular momentum (OAM) projection to photon 

propagation axis [1] are one of most interesting topics in various fields of physics. The spin and parity of exited 

states populated by photon vortices are different with those by standard plane wave photons because of 

conservation law of angular momentum [2]. Photon voices with wave function such as Bessel or Laguerre Gaussian 

are realized using laser or higher-order harmonic radiations with relativistic electrons in laboratory. It is also 

expected to be created in astronomical systems such as black holes [3]. Recently, it has been proposed to generate 

gamma-ray vortices in the MeV region using inversed Compton scattering with high peak power circularly polarized 

laser [2]. However, there is a question how to verify the gamma-ray vortex because the optical devise such as 

holographic phase plates cannot be used in the MeV energy region. 

To answer to this question, we have proposed the coincidence measurement of the scattered photon vortex and 

electron in Compton scattering [4]. This is because the angular momentum of an incident gamma-ray vortex should 

be conserved into the scattered photonelectron system. The differential cross section of the scattered photon 

measured simultaneously with the scattered electron for the incident photon with wave function of Laguerre 

Gaussian is calculated in the framework of relativistic quantum mechanics [4]. We set the coordinate that the 

photon beam direction is z-direction, and the electron is scattered in the zx-plane. When the initial photon is the 

plane wave photon, the final photon is scattered in zx-plane and its energy is fixed. In contrast, when the initial 

photon is a gammaray vortex, the momentum of the scattered photon has y-component, and its energy is not fixed 

as shown in Fig. 1. This result shows that this method is powerful tools to investigate the angular momentum of the 

wave function of incident gamma-ray vortices. 

We point out that the photons with wave functions of Hermite Gaussian (HG) are generated by high order harmonic 

radiations with relativistic electrons in stellar strong magnetic fields such as neutron star [5]. The HG wave is one of 

higher order Gaussian modes. We have also calculated Compton scattering of HG wave photons [5]. We found that 

it is possible to measure the only azimuthal angle distribution. We also discuss the gamma-ray vortex emission from 

electrons with synchrotron motions in strong magnetic fields. 

 

Fig.1: The contour plots of the differential cross-section of Compton scattering. The horizontal axis shows the energy 

difference Δ� from that in plane wave }ompton scattering  and the vertical axis shows the polar angle between zx-

plane and the scattered photon angle. 
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P76 Width and shift of longitudinal momentum distribution in fragmentation process at intermediate energies 

S Momota1, M Kanazawa2, A Kitagawa3, S Sato3 

1Kochi University of Technology, Japan, 2SAGA-HIMAT, Japan, 3NIRS, Japan 

Fragmentation reactions at intermediate energies play an important role in the production and investigation of 

unstable nuclei. The width and the peak shift from the peak corresponding to the projectiles are important factors to 

reveal the reaction mechanism. The width is schematically reproduced by a simple model proposed by Goldhaber 

[1]. And the peak shift shows simple behavior as a function of fragment mass [2]. Series of experimental studies 

has indicated the deviation from the model or systematics according to the reaction system or incident energy. 

In this paper, the longitudinal momentum (𝑃 ) distribution of fragments produced through fragmentation process at 

E = 290 MeV/nucleon [3] will be shown. Fragments produced by Ar and Kr beams and targets with a wide range of 

masses were observed. The ranges of 𝐴 /   values, where 𝐴  and    indicate mass and atomic number of 

fragments, for the observed fragments were 1.8–2.6 and 2.0–2.4 for the Ar beam and Kr beam, respectively. The 

width and the peak shift of 𝑃  distribution were successfully obtained. Combining with other experimental results, 

the increasing trend of reduced width   , which is defined in [1], as a function of projectile mass is found and the 

trend is consistently explained based on the mass-dependent Fermi momentum [4]. Fragment mass dependence of 

momentum peak shift shows a parabolic function as described in [2]. In case of Kr beam, momentum suppression 

effect is observed for neutron deficient fragments. 

 

Fig 1: Deviation of observed momentum peak shift from the parabolic systematics,  𝑃 -  𝑃 (sys), as a function of 

neutron deficiency of fragments,   —   
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P77 Energy dependence of reaction cross section for 17Ne on proton target 
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Sakaue3, S Sato4, S. Suzuki5, T Suzuki3, T Yamaguchi3 and K Yokota3 

1University of Tsukuba, Japan, 2RIKEN Nishina Center, Japan, 3Saitama University, Japan, 4National Institute of 

Radiological Science, Japan, 5Chinese Academy of Science, China 

Energy dependence of reaction cross section ( R) is known to be sensitive to the radial shape of the nucleon density 

distribution. According to the isospin dependence of the nucleon-nucleon total cross section ( NN), sensitivity of 

proton target is different between proton and neutron density distributions ( p and n) of projectile nucleus. These 

dependences suggest the possibility to distinguish the p and n of nucleus and deduce skin thickness from the 

energy dependence of R on a proton target. However, a few R for unstable nuclei on a proton target are 

experimentally reported, in particular, those at intermediate energy from 200 to 600 MeV/u are not available. 

Therefore, the energy dependence of R for unstable nucleus on proton target in a wide energy range is not 

investigated well at present.  

In the present study, we measured R for 17Ne on proton targets to investigate the energy dependence of that. 17Ne is 

known to have a two-proton halo structure. Since densities and radii of 17Ne are experimentally known well, 17Ne is 

appropriate for the investigation of the energy dependence of R. Experiments were performed in the synchrotron 

facility HIMAC (Chiba, Japan). Secondary beams were produced by bombardment of the 20Ne beam with three 

energies 180, 400, and 600 MeV/u on beryllium targets. 17Ne beams were selected by a fragment separator in 

HIMAC, and irradiated to a solid hydrogen target (SHT), which was used as a proton one in the present study. 

Detectors for particle identifications were installed both upstream and downstream the SHT. By using a transmission 

method, we obtained R for 17Ne on proton targets in the energy range 73-432 MeV/u (Fig. 1). Solid line in Fig. 1 

indicates the result of the Glauber model calculation. In this calculation, the density of 17Ne deduced from previous 

experiments was used as the input one. As shown in Fig.1, the Glauber calculation is consistent with the 

experimental results below 100 MeV/u, but is underestimated at intermediated energy. This underestimation is 

unlikely to be explained by the nuclear in-medium effects such as the Fermi motion and the Pauli blocking, because 

these effects demonstrate the reduction of NN. Moreover, similar to 17Ne, it seems that the underestimations of the 

Glauber calculation at intermediate energies are also seen in the collisions between proton and stable nuclei from 

previous experimental R of proton beams with stable targets. These findings might suggest that interactions between 

proton and nucleus at intermediate energies need to be improved. In the present talk, we will discuss the energy 

dependence of R for proton-nucleus collisions including 17Ne and stable nuclei. 

 

Fig 1: Energy dependence of reaction cross section ( R) for 17Ne on proton target. Closed circles and open squares 

indicate the experimental results from the present study and previous one [D. Nishimura and M. Fukuda et al., to be 

submitted], respectively. Solid line indicates the result of the Glauber model calculation. 
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P78 New method to evaluate the averaged squared radius of the nuclei in the process of direct and isomer fission 

C Oprea1, A Mihul2 and I Oprea1 

1JINR, Russian Federation, 2CERN, Switzerland 

Capture process of slow neutrons by medium and heavy nuclei leads to the changing of the compound nucleus 

radius followed by modification of averaged charged squared radius. Radius modification due to slow neutron 

capture process is reflected in the shifting of the neutron resonance. It was demonstrated that shift of neutron 

resonance is very small, as 10-6 – 10-5 eV, even in the case of heavy nuclei. The origin of resonance energy 

displacement can be explained by the finite mass and radius of nuclei and by the interaction of atomic electron 

shell with nucleus charge [1]. 

Displacement of the energy levels can be observed in the case of deformed nuclei which are participating in the 

process of slow neutron induced fission. In the case of neutron capture the charge radius changes produce the atom 

ionization which is followed by K K  transitions. The necessary condition to observe charge radius modifications is 

that the time of life of excited nucleus should to be higher than the time of life of excited atom shell. At FLNP - JINR 

neutron resonance displacement and X-ray energy shift in the isomer neutron induced fission was investigated for 
236U nucleus in different chemical compounds [1]. Measured energy shift of neutrons resonance was of order 10-4 

eV. In the case of emitted X-ray, in the neutrons induced isomer fission, was of order 100 eV.  

Considering the all above presented it is proposed a new method for determination of averaged squared charge 

radius of atomic nuclei in the slow neutron induced fission from first and second potential barrier of U isotopes and 

other heavy nuclei by evaluation of the energetic shift of emitted X-ray gamma quanta. Isomer energy shift has the 

form [2,3]: 
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where: )0(e = difference of electron density in the nucleus;  2
pR difference of averaged squared charged radius; 

Z = nucleus charge. 

The present work represents a proposal for averaged charged radius change evaluation in slow and resonant 

neutron experiments at FLNP JINR Dubna basic facilities. 

[1]  V.K. Ignatovich, Preprint Dubna P4-2001-256 (2001) 
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P79 Cross sections of tagged neutron reactions with emission of charged particles 

C Oprea1, A Mihul2, I Oprea1 

1JINR, Russian Federation, 2CERN, Switzerland 

In the present research the tagged neutron reaction cross sections on different nuclei and of some concurrent 

processes influencing the measurements were evaluated [1]. For each process the contribution of all reactions 

mechanism (compound, direct and pre-equilibrium) and the corresponding nuclear data (parameters of nuclear 

potential, density states and other) were extracted. In the case of compound processes the Hauser – Feshbach 

approach of statistical model of nuclear reaction was considered [2-4]. Direct processes were described using the 

Distorted Wave Born Approximation (DWBA) and a two-component exciton model for pre-equilibrium processes was 

used [5]. Density levels were described by the Fermi gas with constant temperature model. The optical nuclear 

potential is of Wood – Saxon type, with real and imaginary part and corresponding volume, surface, spin - orbit and 
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other components with local and global parameters [6,7]. From inclusive cross sections, the contributions of each 

nuclear reaction mechanism on discrete and continuum states of residuals nuclei were obtained. For the given 

incident neutron energy interval the direct processes have giving the main contribution to the cross section. 

Exclusive cross sections allow calculating the production of an isotope in a well - defined state. 

For several presented theoretical results on cross sections of the nuclear reactions with tagged neutrons on several 

isotopes there are not experimental data. There is of interest for fundamental and applicative researches to run 

some of the experiments for obtaining new nuclear data [8].  

The present work is a part of nuclear data and isotopes production programs of IREN and IBR - 2M facilities from 

FLNP - JINR Dubna.  
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P80 Lifetime measurements beyond 132Sn with the 𝝂-ball array 
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Rudigier3, D Thisse5, J. Wilson5 and N Warr2  

1CSNSM, France, 2Universität zu Köln, Germany, 3University of Surrey, UK, 4NPL, UK, 5IPN Orsay, France, 6Technische 

Universität Darmstadt, Germany 

The investigation of nuclei around the doubly-magic 132Sn provides one of the best opportunities to develop and test 

two-body matrix elements of the proton-neutron interaction for nuclei far off the valley of stability. Experimental 

information on these nuclei help to improve nuclear theories by tracing the evolution of the shell structure with large 

N/Z ratios and the development of collectivity. Furthermore, the structure of nuclei in the 132Sn region is important 

for the astrophysical r-process and thus, has a strong impact on the modeling of nucleosynthesis. 

The 𝝂-ball array is a hybrid spectrometer which consists of an array of HPGe detectors (equipped with BGO shields) 

and LaBr3(Ce) scintillation detectors. This configuration allows for high resolution and high efficiency gamma-ray 

spectroscopy and lifetime measurements in the ns/sub-ns range. 

Neutron-rich nuclei were produced in fast neutron-induced reactions on thick 238U and 232Th targets by coupling the 

spectrometer with the LICORNE neutron source [1,2] of the ALTO facility at the IPN, Orsay. This contribution will 

present preliminary results from both experiments with a special emphasis on the 238U(n,f) reaction. Spectroscopic 

information on neutron-rich A~140 isotopes beyond N = 82 will be presented. Lifetime measurements will be 

shown and results discussed in the framework of the nuclear shell-model. 
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Low energy transitions in heavy elements have high internal conversion coefficients, making lifetime measurements 

relying on the observation of gamma rays using the Recoil Decay Doppler Shift (RDDS) method impractical. To 

overcome this difficulty, a charge plunger method has been suggested that would utilise a vacuum separator (such 

as MARA at JYFL) to view a charge state distribution (CSD) at the focal plane. The lifetime of the decaying state can 

then be inferred from the CSD. This method was employed by D. Habs et al. in the 1970s, successfully determining 

the enhanced deformation parameters of isomers in the 238U region [1,2]. In these experiments, magnets held in a 

vacuum were used to separate ions by charge and then implant them into Makrofol foils. 

The charge plunger technique uses a movable carbon foil (plunger), placed between the target and the separator. A 

nuclear transition which proceeds through internal conversion followed by an Auger cascade will increase the charge 

state of the ion. Ions who undergo these transitions before the plunger will have the charge reset as they pass 

through the foil. Ions undergoing these transitions after the plunger will be in a much higher charge state. Using 

several target-plunger distances and comparing the ratio of these two components in the charge state distribution 

(CSD) a decay curve can be obtained (see figure 1), similar to those observed using the RDDS method. From this 

decay curve, the lifetime of the state can be found. 

 

Figure 1: At different plunger distances the ratio between different components in the CSD will change. By 

comparing how this ratio changes at different distances we can measure the lifetime of the decaying nuclear state. 

A simulation has been written using the MATLAB software to estimate the CSD at the focal plane. Parameters such 

as internal conversion coefficients, entry distributions and lifetime values of states are input into the simulation and 

Monte Carlo techniques are used to estimate the number of conversion electrons emitted before and after a charge 

reset foil. Charge distributions from Carlson et al. [3] are then used to estimate the increase in charge due to Auger 

cascades. The details and results of this simulation are presented here along with preliminary experimental tests. 
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1TU Darmstadt, Germany, 2University of Cologne, Germany, 3TU München, Germany, 4University of Surrey, United 
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The neutron-rich 142Xe is an even-even nucleus lying north east of the doubly-magic nucleus 132Sn, in a region 

through which the r-process is expected to pass. This region is experimentally interesting as both single-particle and 

mean-field approaches can be applied by theory. Additionally, 142Xe has just two protons less than 144Ba, a nucleus 

which is expected to have the largest octupole collectivity in the region [1]. Coulomb excitation is a perfect tool for 

the investigation of the nuclear structure of 142Xe, as the method gives access to B(E2) and B(E3) values as well as 

quadrupole and octupole moments. 

To gain further understanding on the nuclear structure of this nucleus a Coulomb excitation experiment was carried 

out at the ISOLDE facility (CERN). The 142Xe nuclei with an energy of 4.5 MeV per nucleon were provided by the HIE-

ISOLDE post-accelerator [2] and delivered to the MINIBALL set-up [3]. Here, the gamma-ray detector MINIBALL 

consisting of 24 high-purity germanium-crystals surrounds a vacuum chamber. Inside the vacuum chamber a 206Pb 

target with a thickness of 4mg/cm² was placed. After the Coulomb excitation process happening on target location, 

both recoiling target and scattered beam nuclei were detected by C-REX, a silicon detector array covering forward as 

well as backward angles. C-REX is an adaptation of T-REX [4] aiming to meet the requirement of Coulomb excitation 

experiments. The emitted gamma rays were detected in coincidence by MINIBALL. 

This data set is used to identify previously unknown states and to clarify the structure of both known and unknown 

states based on reduced transition probabilities and quadrupole moments. The known lifetimes of the lowest two 

states in 142Xe [5] serve as constraint. 

This work is supported by BMBF under contract 05P15RDCIA and 05P18RDCIA, by the EU under contract ENSAR 

262010, by MINIBALL and by ISOLDE. 
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P83 Weak coupling of 1p1h states to platonic shapes in 208Pb 

A Heusler 

Heidelberg, Germany 

Rotating and vibrating platonic shapes of nuclei were first envisaged by Wheeler more than 80 years ago [1]. 50 

years ago five states were known to be not described by simple 1p1h configurations. Yet only two years ago they 

were recognized as the five heads of the four basic tetrahedronal rotational and vibrational bands [2]. The crucial 

proof rests on the firm identification of the 2- member of the 2± parity doublet done only now by use of the Q3D 

magnetic spectrograph at Garching (Germany). Complete spectroscopy is defined as the description of all states up 

to a certain energy with spin, parity, and dominant structure. In 1965 it started with the study of the proton decay of 
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isobaric analog resonances in 209Bi. In 2016 the lowest 150 states became rather completely known [3]. Most 

states consist of 1p1h configurations. The median deviation of their energy from shell model calculations is about 

30 keV. Yet six states are tetrahedronal, four states pairing vibrational, and 16 states 1p1h configurations coupled 

to the 3- yrast state. The 6+ yrast and 12+ yrare states are of unknown structure with suggested other platonic 

shapes. 

A γ-cascade with 22 states excited by deep inelastic scattering on 208Pb [4] is described by a weak coupling 

model. The model is constructed by assuming no residual interaction between 1p1h configurations and the 3-. 4+, 

6+ yrast and the 12+ yrare states. The model predicts high spins up to 36+ and 35-. The uncertainty of the model 

energy derives from (i) the residual interaction among the 1p1h configurations with typically 30 keV and (ii) the 

interaction of the 1p1h configurations with the 3-. 4+, 6+ yrast and the 12+ yrare states assumed to be less than 

about 0.2 MeV in total. Starting from the peculiar 9061 keV state the measured γ-transitions are used to determine 

spin, parity and structure in the weak coupling model for the next higher state. The measured multipolarity may 

change the subsequent spin in both directions, but often no such spin is predicted by the model within a range of 

0.2 MeV. A unique ladder of either increasing or decreasing spins is thus found for six states above the 9061 keV 

state (Table 1). In a tentative manner spin, parity, and weak coupling configuration is determined for the complete 

set of 22 states starting with the 16362 keV state and ending in the peculiar 9061 keV state. 

 

Fig 1: Selected states excited by deep inelastic scattering on 208Pb [4]. 
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The study of the β-decay half-lives of waiting-point nuclei with N = 126 is crucial to understand the explosive 

astrophysical environment for the formation of the third peak in the observed solar abundance pattern, which is 

produced by a rapid neutron capture process (r-process). However, the half-life measurements of the waiting-point 

nuclei remain impracticable due to the difficulty in the production of the nuclei. Therefore, accurate theoretical 

predictions for the half-lives are required for investigations of astrophysical environments. In order to improve and 

establish nuclear theoretical models, it is essential to perform nuclear spectroscopy for investigating β-decay 
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schemes including spin-parity values, nuclear wave-functions and interactions, and nuclear masses in this heavy 

region.  

For the nuclear spectroscopy, we have developed KEK Isotope Separation System (KISS), which is an argon-gas-

cell-based laser ion source combined with an on-line isotope separator, installed in the RIKEN Nishina center [1]. 

The nuclei around N = 126 are produced by multi-nucleon transfer reactions (MNT) [2] of 136Xe beam (10.75 

MeV/A) impinging upon a 198Pt target. Thanks to newly developed doughnut-shaped gas cell [2], the extraction 

yields of the reaction products increased by more than one order of magnitude. This enabled us to successfully 

perform in-gas-cell laser ionization spectroscopy of 199g, 199mPt [3] for evaluating the magnetic moments and the 

trend of the charge-radii (deformation parameters), and β- spectroscopy of 195, 196, 197, 198Os [4] for the half-life 

measurements and study of β-decay schemes. 

For further nuclear spectroscopy, we have been developing a new narrow-band laser system for the precise in-gas-

jet laser ionization spectroscopy, an MR-TOF system for mass measurement, and high-efficiency and low-

background 3D tracking gas counters for β-decay spectroscopy.  

In the presentation, we will report the present status of KISS, experimental results of nuclear spectroscopy in the 

heavy region, and future plan of KISS activities.  

[1] Y. Hirayama et al., Nucl. Instrum. Methods B 353 (2015) 4.; B 412 (2017) 11 

[2] Y.X. Watanabe et al., Phys. Rev. Lett. 115 (2015) 172503. 

[3] Y. Hirayama et al., Phys. Rev. C 96 (2017) 014307 

[4] Y. Hirayama et al., Phys. Rev. C 98 (2018) 014321 

P85 Investigation of 150Sm nuclear structure using the (p,t) reaction 

A Ionescu1,2, S Pascu1, O Sima1,2,6 , T Faestermann4, R Hertenberger5, C Mihai1, R Mihai1,3  } �iţă1  { �urturică1,3, H 

Wirth5 

1National Institute for Physics and Nuclear Engineering, Romania, 2University of Bucharest, Romania, 3University 

POLITEHNICA of Bucharest, Romania, 4Technische Universität München, Germany, 5Ludwig-Maximilians-Universität 

München, Germany, 6Extreme Light Infrastructure – Nuclear Physics, Romania 

The aim of this investigation is to reveal the structure of 150Sm by measuring for the first time a rather complete set 

of energy levels up to 4 MeV and determine the total angular momentum of the states. The study of this nucleus was 

carried out at the 14 MV Tandem Accelerator from TUM (Munich) by measuring complete angular distributions for 

states up to 4 MeV excited in the direct two-neutron transfer reaction 152Sm(p,t)150Sm at an incident energy of 22 

MeV. Emphasis was put on determining the 0+ excited states, which are some of the most important excitations in 

the rare-earth region [1, 2]. The presence of an increased number of 0+ states in some nuclei in this region is far 

from being understood and was predicted by the Interacting Boson Model (IBM) [3,4,5,6] based on an increased 

contribution of the octupole component. At the moment only two 0+ levels are known in 150Sm, and investigating the 

distribution of energy and intensity of these excited states also at higher excitation energy might reveal the main 

contributions in the wave functions of this nucleus. 

The experiment has revealed a large number of new 0+ states. In a recent experiment which also investigated 150Sm 

[7], two new 0+ states were reported but the present study only confirms the first one, at the energy of 1604 keV. 

The second state, at the energy of 1788 keV seems to have J≤3 as given in ENSDF, but our results do not support a 

0+ assignment. A future beta decay experiment is scheduled to be performed in Bucharest to confirm the present 

results. 

[1]  D. G. Fleming, C. Gunther, G. Hagemann, B. Herskind and P. O. Tjom, Phys. Rev. C 8, 806 (1973) 
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P86 High-Resolution β- - γ Study of the 110Tc – 110Ru – 110Rh – 110Pd Isobaric Decay Chain  

S Jazrawi1,3, D Doherty1, P Regan1,3, S Zhu2, C Wu2, J Allmond4, D Radford4, W Korten5, M Zielinska5, R Janssens6 

1University of Surrey, United Kingdom, 2Argonne National Laboratory, USA, 3National Physical Laboratory, United 

Kingdom, 4Oak Ridge National Laboratory, USA, 5University of Paris-Saclay, France, 6University of North Carolina at 

Chapel Hill, USA  

Neutron-rich nuclei close to mass A=100 display a variety of intriguing shape phenomena such as exotic triaxial 

shapes, shape changes and shape coexistence. Recent investigations exploiting Coulomb excitation have helped to 

shed light on these phenomena [1]. However, as more intense radioactive beams of these refractory isotopes 

become available it has become evident that some of the key nuclear structure information required to fully analyse 

this data is lacking.  

Consequently, in conjunction with new Coulomb-excitation investigations, dedicated decay studies were performed 

in this mass region� �or these studies a cocktail beam of radioactive {=��� ions from {��’s }{��|� source were 

implanted onto a gold foil and gamma decays were registered with the Gamma-Ray Energy Tracking In-Beam 

Nuclear Array (GRETINA) [2]. The analysis of this data will yield new information, refining the level scheme and 

determining angular correlation and mixing ratios in these exotic isotopes for the first time. This new information is 

vital for the extraction of nuclear matrix elements and deformation parameters in the Coulomb-excitation analysis. In 

this talk preliminary results will be presented on the discrete-line gamma-ray coincidence analysis associated with 

the β-decay feeding of states in 110Ru from 110Tc and subsequent decays along the isobaric chain and these 

compared with the existing literature on this sequence [3,4].  

[1]  D. Doherty et al., Phys. Lett. B, 776, 334 (2017) 
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P87 Lifetime measurements of the non-yrast structure in 102Mo. 

C Jones1, D Reygadas1, A Bruce1, R Canavan2, E Gamba1, K �adyńska-Klȩk2, R Lica3  � �ărginean3, R �ărginean3, 

C Mihai3, R Mihai3, C Nita3, S Pascu3, Z Podolyák2, P Regan2, M Rudigier2, A Turturica3 

1University of Brighton, UK, 2University of Surrey, UK, 3IFIN-HH, Bucharest, Romania 

A study of the low-lying non-yrast structure in the even-even nucleus 102Mo has been carried out  using the 
100Mo(18O,16O)102Mo transfer reaction with a 50 MeV beam of 18O delivered by the tandem accelerator at the Horia 

Hulubei National Institute for R&D in Physics and Nuclear Engineering (IFIN-HH) in Bucharest, Romania. The aims of 

this work were to confirm and expand existing knowledge of the structure of 102Mo, as well as to measure lifetimes 

for the strongly populated states in the 100Mo(18O,16O)102Mo reaction. Results will be discussed in the framework of 

the vibrational model and of the X(5) dynamical symmetry [1]. 

Gamma-rays emitted in the decay of 102Mo were detected in the ROSPHERE array [2] which for this experiment 

comprised 15 hyperpure germanium detectors. The lifetimes of the levels of interest are in the picosecond range 

and therefore the plunger technique was used. In a first experiment, sufficient statistics were obtained to measure a 

lifetime for the 4+(1) and 2+(1) levels. A follow-on  experiment is planned for June 2019 and the poster will present 

preliminary results and interpretation.  
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P88 Investigating the structure properties of the low-lying states of 140Ba 

A Khaliel, T Mertzimekis, A Bracco,  F Crespi, N Marginean, N Florea, G Zagoraios, D Papaioannou, L Stan, A 

Turturica 

National and Kapodistrian University of Athens, Greece 

The neutron-rich 144-146Ba isotopes have been studied recently in terms of their experimental B(E3) values [1,2]. 

Although featuring large uncertainties, the results were found to be significantly larger than any theoretical 

calculation. Similar questions exist for the slightly lighter isotope 140Ba, which is particularly interesting since it is 

located at the onset of octupole correlations. The lifetimes of the lower lying states are completely unknown, with 

the sole exception of the first 2+ state [3]. 

In this work, we report on the outcome of a short test run, attempting to populate the states of interest by the 
138Ba(18O,16O)140Ba reaction. The experiment was carried out at IFIN-HH using a specially manufactured natBa 

target sandwiched between two {u layers� �his was considered imperative due to barium’s quick oxidation� �our 

energies (61,63,65,67 MeV) below the Coulomb barrier have been tested. The subsequent γ-decay was measured 

using the Bucharest ROSPHERE array, consisting of 15 Ge detectors and 10 LaBr3(Ce) scintillators.  

The preliminary results from the test run report on the level population strengths and the limits in lifetime 

measurements, which are expected to provide new information on the structural effects in neutron-rich barium 

isotopes, especially regarding quadrupole and octupole degrees of freedom. The findings are also expected to act 

as stringent tests to theoretical modeling in this mass regime.  

[1]  B. Bucher et al., PRL 116, 112503 (2016) 
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P89 Nuclear reactions in the storage ring ESR with EXL 

T Kröll 

TU Darmstadt, Germany 

EXL (EXotic nuclei studied in Light-ion induced reactions) is a project within NUSTAR at FAIR that aims to investigate 

nuclear structure at storage rings with direct reactions in inverse kinematics. The programme is mainly focussed on 

reactions with very low momentum transfers. The existing storage ring ESR at GSI provides a unique opportunity to 

perform part of the programme already now. We successfully performed experiments with stable 58Ni as well as 

radioactive 56Ni beams. The beams hit the internal gas-jet target (H2 or 4He) and the respective target recoils were 

measured by a newly developed UHV compatible Si detector setup [1]. 

The first physics goal was to deduce the nuclear matter radius of 56Ni from elastic proton scattering at 390 MeV/u 

[2]. This experiment can be considered as the first successfully observed nuclear reaction with a stored radioactive 

beam ever. 

As a proof of principle experiment, a 58Ni beam at 100 MeV/u was impinged on a 4He target. Besides elastic 

scattering [3], in inelastic scattering the excitation of the isoscalar giant monopole resonance was observed [4]. 

This first experimental campaign has successfully demonstrated the feasibility of the EXL concept and first physics 

results have been obtained. The status of the project and the possibilities for an upgraded detector setup covering a 

larger solid angle and further reaction experiments in the storage rings - CRYRING, ESR and HESR - at FAIR are 
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presented. 

This work was supported by German BMBF (06DA9040I, 05P15RDFN8 and 05P15RDFN1), the European 

Commission within the Seventh Framework Programme through IA-ENSAR (contract No. RII3-CT-2010-262010), the 

Hungarian NKFI Foundation No. K124810, the Sumitomo Foundation, the National Natural Science Foundation of 

China (contract No. 11575269), the HGF through the Helmholtz-CAS Joint Research Group HCJRG-108, HIC for 

FAIR, GSI-RUG/KVI collaboration agreement, TU Darmstadt-GSI cooperation contract and the STIBET Doctoral 

program of the DAAD. 
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P90 g-factor measurement of the 11/2- isomeric state in 133La 

S Laskar1, R Palit1, S Mishra1, N Shimizu2, Y Utsuno3,2, E Ideguchi4, U Garg5, S Biswas1, F Babra1, R Gala1, C 

Palshetkar1, S Saha1, Z Naik6 

1Tata Institute of Fundamental Research, India, 2The University of Tokyo, 3Japan Atomic Energy Agency, Japan, 
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The interplay between single-particle and collective excitation modes generates complex and rich level structures for 

nuclei around A 135 with Z > 50 and N<82. The ∼ level structures of nuclei evolve from single particle to collective 

nature, as one goes away from Z=50 and N=82 shell gap. The transitional nuclei around A∼135 with Z > 50 and 

N<82 which lie between the spherical and deformed regions show complex and rich level structures due to interplay 

for single-particle and collective excitation modes. Occupation of high-j orbitals for protons and neutrons is 

responsible for various structure phenomena for nuclei in this region, such as signature splitting, signature inversion, 

magnetic rotation, wobbling motion, chiral rotation and high spin isomers. In some cases, the band structures 

representing the exotic modes are built on these isomers. A number of nuclear isomers have been reported in nuclei 

around A∼135 with neutron number close to N =82 shell closure which have simple multiquasiparticle 

configurations [1-2]. Recently, the isomers in 135,136La [1,3,4] isotopes in this region have attracted lot of attention. 

With the advancement of large scale shell model calculations [5], it is now possible to analyze the structures of 

these isomers. The isomers being relatively pure attract lot of theoretical attention as they can be directly related to 

model configurations. The measurement of the static magnetic dipole moment is very important for exploring the 

structure of the underlying configurations of the isomers. It provides valuable information on the composition of their 

nuclear wave functions. As a part of the systematic studies of the isomers in this region, we have performed 

experiments to measure the g-factor of 133La and 135La [4] isotopes. The g-factor of the isomeric state at 535 keV in 
133La has been measured by time differential perturbed angular distribution (TDPAD) technique. This isomer was 

populated in the reaction 126Te(11B,4n)133La at beam energy of 52 MeV. Our measured value of the g-factor, 

1.16(7), is lower compared to the previous measured value quoted in Ref. [6]. The measured g-factor will be 

compared with the results of the large-scale shell model(LSSM)[5] calculations to find out the mixing of different 

configurations for the 11/2-isomer. 
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P91 Quantitative analysis of tensor effects in the relativistic Hartree-Fock theory 

H Liang1,2, W Long3, T Naito2,1, Z Wang3,1,4 Q Zhao3 

1RIKEN, Japan, 2University of Tokyo, Japan, 3Lanzhou University, China, 4University of Tsukuba, Japan 

The tensor force is one of the most important components of the nucleon-nucleon interaction and plays a critical 

role in the shell evolution in exotic nuclei. In particular, during the past decade, the experimental data on the shell 

evolution of nuclei far from the stability line bloomed a series of works focused on the corresponding tensor effects 

in both the nonrelativistic and relativistic density functional theories (DFT) [1]. 

In the relativistic framework, first of all, to include the tensor force, the Fock terms must be taken into account. This 

is the relativistic Hartree-Fock (RHF) theory [2,3]. However, it is not straightforward to identify the tensor effects in 

the RHF theory, because the tensor force is mixed together with other components, such as the central and spin-

orbit ones. As a result, a fair and direct comparison about the tensor force and its effects between the relativistic 

and nonrelativistic schemes remained an open question for a decade since around 2006. 

In a series of recent works [2,3], we identified the tensor force up to the 1/M2 order in each meson-nucleon 

coupling in the RHF theory, by the nonrelativistic reduction for the relativistic two-body interactions. It is found that 

all the couplings, except the sigma meson, give rise to the tensor force. The effects of tensor force on various nuclear 

properties can now be investigated quantitatively, which eventually allows fair and direct comparisons with the 

corresponding results in the nonrelativistic framework. 

It is found that 1) the tensor contributions to the binding energies are shown to be tiny in general; 2) the Z, N = 8 

and 20 gaps are sensitive to the tensor force, but the Z, N = 28 gaps are not [2]; 3) the tensor force influences the 

properties of Gamow-Teller resonances mainly via the mean-field property, whereas it influences the properties of 

spin-dipole resonances via both the mean-field property and the residual interactions [3].  

[1]  H. Sagawa and G. Colò, Prog. Part. Nucl. Phys. 76, 76 (2014) 
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P92 Fast-timing studies in 214,216,218Po following the β- decay of 214,216,218Bi isotopes at the ISOLDE Decay Station 
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Po isotopes, having 2 valence protons in the h9/2 orbital above the Z=82 Pb core, demonstrate a multitude of 

interesting phenomena, such as widespread shape coexistence and the presence of high spin isomers in the 

neutron-deficient region. The structure of the Po isotopes is ideally suited to test the applicability of the seniority 

scheme across the long isotopic chain, spanning many neutron sub-shells both above and below N=126. 

While extensive studies of 8+ isomers in neutron-deficient even-even Po isotopes were performed in the past, not 

much is known on them in the neutron-rich cases. Such isomers can arise from several configurations, e.g. π(h9/2)
2, 

ν(g9/2)
n, an α cluster coupled to a 208Pb core or even from a mixture of these configurations [1, 2, 3, 4]. 

The lifetime measurements for the aforementioned 8+ states (also for the other states of the yrast band, such as 2+, 

4+, 6+) can provide important information on B(E2) values, which can then be used to test the different theoretical 

approaches and underlying configurations. 
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We report on the IS650 experiment performed at the ISOLDE Decay Station in July 2018 where intense and high-

purity laser-ionized 214,216,218Bi beams were implanted on the IDS moving tape and, by employing the fast-timing 

technique, the lifetimes of nuclear levels Po daughter isotopes were studied. The experiment overview will be 

followed by a brief discussion of preliminary first-time lifetime measurements in 214,216,218Po and a comparison with 

state-of-the-art shell model calculations. 
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P93 Nucleon occupancies of the A=124 neutrinoless double beta-decay system 
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Neutrinoless double beta decay (0νββ) is a hypothetical nuclear process that, if shown to exist, would prove that 

the neutrino is a Majorana fermion, and fix the absolute mass scale of the neutrino. This is the only energetically 

possible beta-decay mode for a limited number of parent-daughter systems on the nuclear chart, where the 

intermediate isobar has a higher mass than both parent and daughter. The neutrino masses extracted from any 

observation of the decay are dependent on the 0νββ nuclear matrix element (NME); current theoretical calculations 

of these using different models are consistent to a factor of 2-3. Experimental input can be used in order to 

constrain this further. 

The change in nucleon occupancy between parent and daughter nucleus can be calculated theoretically using the 

same frameworks as the calculation of NMEs. This can be compared to experimentally deduced values in order to 

test the validity of the calculation in describing the decay. Here, the neutron occupancies of the A=124 0νββ 

system have been probed using (d,p) and (p,d) single-neutron transfer reactions on 124Sn, 124Te, and 126Te at the 

Maier-Leibnitz Laboratory (MLL). The corresponding occupancies and vacancies for each nucleus have been 

extracted using the French-Macfarlane sum rules [1]. These data will be compared to occupancies calculated from 

theoretical models for 0νββ decay to test the validity of these calculations. 

This work is supported by the UK Science and Technology Facilities Council (STFC). 
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P94 Shape Coexistence in Neutron Deficient Mercury Isotopes 
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Neutron deficient nuclei near Z=82 exhibit one of the most extensive manifestations of shape coexistence across the 

nuclear chart [1]. In the even-even mercury isotopes, 182-188Hg, Coulomb excitation experiments have provided a 

sensitive probe to determine the E2 matrix elements, giving information on the deformations of the nuclear states 

[2]. Precise measurements of absolute and relative B(E2) values for transitions between the shape-coexisting states 

also provide important information on their mixing [2,3]. 

For Δ J ≠ 2, the determination of B (E2; Ji → Jf) values depends on the E 2/M 1 mixing ratios,  . Precise 
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measurements of these mixing ratios, however, are often challenging. One of the best methods to extract the mixing 

ratios is through  −  angular correlation measurements following β decay where a very high sensitivity can be 

achieved. We have recently adopted this technique with the GRIFFIN   -ray spectrometer, located at the ISAC 

facility at TRIUMF, and have applied it to measurements of the EC/β decays of 188-200Tl to 188-200Hg. 

Our first results, for 188Hg indicate the dominance of the E2 components in the J → J transitions. In addition to 

enabling the determination of the B (E2) values, knowledge of these mixing ratios is also critical for the extraction of 

E 0 components which may be enhanced if there are significant mixings between the shape-coexisting 

configurations. Results on angular correlation measurements and E 0 transition strengths for 188Hg will be presented. 
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Pursuit of a ubiquitous description of transitional nuclei continues to be a central topic in low-energy nuclear 

physics research. This is especially true as one moves into exotic regions of the nuclear landscape, where somewhat 

unexpected phenomena – such as the migration of familiar ‘magic numbers’ – have been observed. Although 

models exist that successfully describe shell-model-like behavior and collective motion, the actual transition from 

one limit to the other often remains unclear.  

Radioactive nuclei with A~100 offer exciting opportunities for testing nuclear structure models. The nucleon 

configurations are delicate and strongly influenced by addition or removal of only a few nucleons. Dramatic 

quantum phase transitions are known to occur between N=58 and N=60; this is also where some of the largest 

ground-state quadrupole moments have been measured [1].  

However, until recently, these nuclei have proven challenging to study experimentally, largely for two main reasons: 

1) they are neutron rich and impossible to produce through conventional fusion-evaporation reactions; and 2) due 

to the refractory nature of the chemical elements, their extraction is limited at ISOL-type Radioactive Ion-Beam 

facilities. As such, knowledge of the excitation schemes of these nuclei is often restricted to scarce β-decay 

measurements from over 40 years ago, or a limited number of prompt-fission studies with a focus of identifying and 

extending rotational bands to high-spin [e.g. 2].  

This work focuses on β-decay spectroscopy and ground-state properties of 104,106Nb. The species of interest are 

available at the CARIBU facility [3] at Argonne National Laboratory and they were delivered to the X-Array/SATURN 

decay-spectroscopy station [4] and the Canadian Penning Trap [5]. Niobium ions, extracted as fission fragments 

from a ~ 1-Ci 252Cf source, were thermalized in a gas catcher and mass selected before delivery to the required 

experimental areas. Detailed expansion and revision of the excitation level schemes of 104,106Mo, and measurement 

of inter- and intra-band γ-ray transitions will be presented. Implications of this work for the ground-state properties 

of 104,106Nb will also be discussed.  

This work was supported by the Australian Research Council Discovery Project 130104176, the U.S. Department of 

Energy, Office of Science, Office of Nuclear Physics under Grant No. DE FG02-94ER40848 and Contract No. DE-

AC02-06CH11357, and NSERC (Canada) Application No. SAPPJ-2015-00034 (CPI 1199136). This research used 

resources of {��’s {��{� facility  which is a ~�� �ffice of Science User Facility.  

237



 

[1]  M. Wang et al., Chinese Phys. C 41 030003 (2017) 

[2]  D. De Frenne, A. Negret, Nucl. Data Sheets 109 943 (2008) 

[3]  G. Savard et al., Nucl. Instrum. Meth. B 266, 4086 (2008) 

[4]  A. J. Mitchell et al., Nucl. Instrum. Meth. A 763, 232 (2014) 

[5]  J. Van Schelt et al., Phys. Rev. Lett. 111, 061102 (2013) 

P96 Unbound states of neutron-rich, even-even C isotopes  

S Murillo-Morales, M Petri, S Paschalis 

University of York, United Kingdom  

We present the current status of the experimental investigation of the structure of unbound states of 16C, 18C and 20C 

induced via quasi-free scattering (p, 2p) reactions from 17N, 19N, and 21N, respectively. The experiment was carried 

out at the R3B-LAND setup at GSI-FAIR during the S393 campaign.  

We work upon the model of a two-state mixing of states of pure proton and pure neutron excitation to describe 

excited 2+ states in carbon isotopes [1, 2]. The first 2+ state of 16C has been measured in other works [1] showing it 

is dominated by neutron excitations and recently confirmed in a study that has determined the proton amplitude of 

the first 2+ state for 16C, 18C and 20C [3]. We want to identify the mixed-symmetry 2+ state, which is above the 

neutron separation energy and therefore unbound. Its observation will add weight to our simple picture of describing 

the neutron-rich C isotopic chain, giving us great insights into the shell evolution towards the neutron dripline at 

Z=6.  

[1] M. Petri et al., Phys. Rev. C. 86, 044329 (2012)  

[2] A. O. Macchiavelli et al. Phys. Rev. C 90 067305 (2014) 

[3] I. Syndikus. Technische Universität Darmstadt PhD thesis. Proton-knockout reactions from neutron-rich N 

isotopes at R3B.(2018) 

P97 Investigation of the Pygmy Dipole Resonance in photon scattering experiments  

M Müscher1, J Isaak2, D Savran3, R Schwengner4, J Wilhelmy1, A Zilges1  

1University of Cologne, Germany, 2TU Darmstadt, Germany, 3GSI Darmstadt, Germany, 4Helmholtz-Zentrum Dresden-

Rossendorf, Germany  

The Pygmy Dipole Resonance (PDR) is the dominating electric dipole excitation below and around the particle 

separation threshold and may be understood, in a macroscopic picture, as an oscillation of an isospin-saturated 

core against a neutron skin [1]. Such additional dipole strength can have a great impact on reaction rates in, e.g., 

the rapid neutron-capture process. The γ-ray strength function is a key input in many statistical models and has to 

be known precisely [2,3]. It is directly related to the photoabsorption cross section. Therefore, it is important to 

deepen our understanding of the PDR with systematic experimental and theoretical studies.  

A commonly used experimental approach to study the low-lying dipole response of atomic nuclei is the so-called 

Nuclear Resonance Fluorescence (NRF) or photon scattering method [4]. Nuclei are excited from the ground state to 

an excited state via the absorption of a γ quantum. Due to the fact that photons transfer only small angular 

momenta, predominantly J = 1 and with a lower probability J = 2 states are excited in even-even nuclei. The emitted 

photon of the subsequent de-excitation back to the ground state or to a lower-lying excited state contains 

information about the level lifetimes, γ-decay branching ratios and spin and parity quantum numbers.  

In general, there are two complementary kinds of NRF experiments. On the one hand, a continuous photon source 

can be used to study a large energy region at once and to determine absolute transition strengths and spin 

quantum numbers due to the angular distribution of the emitted radiation. Such studies can be performed, e.g., at 
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the bremsstrahlung facilities DHIPS [5] and γELBE [6]. On the other hand, the use of linearly polarized, quasi-

monoenergetic γ beams has the advantage that branching ratios to lower-lying states can be identified and 

unresolved strength can be investigated. Additionally, the polarization in the entrance channel has the effect that 

besides the spin quantum number also the parity quantum number can be determined. Such γ beams are provided 

at HIγS [7] and the upcoming ELI-NP facility [8].  

After presenting the NRF technique and available experimental setups relevant for the study of the PDR, various 

results will be discussed.  

This work is supported by the BMBF (05P18PKEN9).  

[1]  D. Savran, T. Aumann, and A. Zilges, Prog. Part. Nucl. Phys. 70, 210 (2013) 

[2]  S. Goriely, Phys. Lett. B 436, 10 (1998) 

[3]  E. Litvinova, et al., Nuclear Phys. A 823, 26 (2009) 

[4]  U. Kneissl, H. H. Pitz, and A. Zilges, Prog. Part. Nucl. Phys. 37, 349 (1996) 

[5]  K. Sonnabend, et al., NIM A 640, 6-12 (2011) 

[6]  R. Schwengner, et al., NIM A 555, 211 (2005) 

[7]  H.R. Weller, et al., Prog. Part. Nucl. Phys. 62, 257 (2009) 

[8]  C.A. Ur, et al., Rom. Rep. Phys. 68, S483 (2016) 

P98 Coulomb Energy Density Functionals for Nuclear Systems 

T Naito1, 2, R Akashi1, G Colò3, 4, H Liang2, 1, and X Roca-Maza3, 4  

1The University of Tokyo, Japan, 2RIKEN, Japan, 3Università degli Studi di Milano, Italy, 4INFN, Italy 

Since the nuclear force is much stronger than the electromagnetic one, it mainly determines the properties of 

atomic nuclei. Nevertheless, in specific studies, it is important to evaluate the electromagnetic contribution to the 

properties of atomic nuclei, for example, for the mass difference of mirror nuclei, the energy of the isobaric analog 

state, and the superallowed Fermi β decay among others. Since the electromagnetic force is well known in contrast 

to the nuclear force, its contribution to properties of atomic nuclei can be evaluated with high accuracy. 

In electron systems, such as in atomic physics, molecular physics, and condensed matter physics, high-accuracy 

calculations for the ground-state energy have been developed. In the density functional theory for the electron 

systems, the Coulomb correlation energy ECc is considered in the ground-state energy as well as the Coulomb direct 

and exchange energies ECH and ECx, whereas in the density-functional calculation for the nuclear systems, so far the 

widely used calculation scheme for the ground-state properties is the Hartree-Fock-Slater or Hartree approximations 

in nuclear physics and the nuclear and Coulomb correlation effects are not considered explicitly (but only via the 

fitting of the free parmeters of the nuclear effective model). 

In our works [1, 2], we test the applicability of the Coulomb exchange and correlation EDFs of electron systems to 

the context of atomic nuclei. Both the local density approximation (LDA) and generalized gradient approximation 

(GGA) functionals are investigated. 

In Ref. [1], we employ the experimental nuclear charge density as input. The GGA exchange functionals of electron 

systems can be applied with practical accuracy to atomic nuclei. In contrast, the correlation functionals of electron 

systems do not yield accurate results. 

In Ref. [2], we perform the self-consistent Skyrme Hartree-Fock calculations with the coulomb exchange functional 

using the GGA. It is found that the Perdew-Burke-Ernzerhof GGA (PBE-GGA) Coulomb exchange functional [3] is able 

to reproduce the exact-Fock energy for nuclei in a wide region of the nuclear chart by introducing one adjustable 

parameter λ as shown in Fig. 1. We find that λ = 1.25 is the most suitable value in a wide region of the nuclear 

chart. The deviation between the PBE-GGA and the exact-Fock results,     
     , ranges from −3% in 4He to less 

than 1% in 310126, which means the PBE-GGA with λ = 1.25 reproduces the exact-Fock energy within ≈ 100 keV 

accuracy. It should be emphasized that the numerical cost of the self-consistent calculation with the PBE-GGA 
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exchange functional is O (N3), whereas that with the exact-Fock is O (N4). 

Since the LDA and GGA exchange functionals are written in terms of the charge density instead of the single-particle 

orbitals, it is easy to consider the proton electromagnetic finite size. It is known that the form factor is sometimes 

non-negligible for several properties of atomic nuclei [4]. Also, the Coulomb correlation functionals for atomic nuclei 

are now being developed. Once these effects are also considered, effects in which the Coulomb interaction plays 

important roles, such as the mass difference of mirror nuclei, the energy of the isobaric analog state, and the 

superallowed Fermi β decay, are expected to be evaluated to achieve a better description and understanding of 

these observables among others. 

 

Figure 1: The deviation of the Coulomb exchange energy ECx in the PBE-GGA or the exact-Fock from that in the LDA. 

[1] T. Naito, R. Akashi, and H. Liang. Phys. Rev. C 97, 044319 (2018) 

[2] T. Naito, X. Roca-Maza, G. Colò, and H. Liang. arXiv:1810.02500 [nucl-th] (2018) 

[3] J. P. Perdew, K. Burke, and M. Ernzerhof. Phys. Rev. Lett. 77, 3865 (1996) 

[4] X. Roca-Maza, G. Colò, and H. Sagawa. Phys. Rev. Lett. 120, 202501 (2018) 

P99 Role of pair-vibrational correlations in forming the odd-even mass difference 

K Neergård1 and I Bentley2 

1Denmark, 2 Saint Mary's College Indiana, USA 

In the random phase approximation (RPA)-amended Nilsson-Strutinskij method of calculating nuclear binding 

energies [1,2], the conventional shell correction terms derived from the independent-nucleon model and the 

Bardeen-Cooper-Schrieffer pairing theory are supplemented by a term which accounts for the pair-vibrational 

correlation energy. This term is derived by means of the RPA from a pairing Hamiltonian which includes a neutron-

proton pairing interaction. The method was used previously in studies of the pattern of binding energies of nuclei 

with approximately equal numbers N and Z of neutrons and protons and even mass number A = N + Z. Here it is 

applied to odd-A nuclei. Three sets of such nuclei are considered: (i) The sequence of nuclei with Z = N - � and �� ≤ 

{ ≤ ��� (ii) �he odd-{ isotopes of �n  �n  and �b with �� ≤ � ≤ ��� (iii) �he odd-A isotopes of Sr, Y, Zr, Nb, and Mo 

with �� ≤ � ≤��� �he ��{ correction is found to contribute significantly to the calculated oddeven mass differences  

particularly in the light nuclei. In the upper sd shell this correction accounts for almost the entire odd-even mass 

difference for odd Z and about half of it for odd N. The size and sign of the RPA contribution varies, which is 

explained qualitatively in terms of a closed expression for a smooth RPA counter term. 

[1] I. Bentley, K. Neergård, S. Frauendorf, Phys. Rev. C 89, 034302 (2014) 

[2] K. Neergård, Nucl. Theor. 36, 195 (2017) 
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P100 Shape coexistence in the Pb region: A systematic study of the even-even 188-200Hg with GRIFFIN 

B Olaizola,1 A Garnsworthy,1 F Ali,2, 3 C Andreoiu,4 G Ball,1 N Bernier,1, 5 H Bidaman,2 V Bildstein,2 M Bowry,1 R 

Caballero-Folch,1 I Dillmann,1, 6 G Hackman,1 P Garrett,2 B Jigmeddorj,2 A Kilic,2 A MacLean,2 H Patel,1 Y Saito,1, 5 J 

Smallcombe,1 C Svensson,2 J Turko,2 K Whitmore,4, T Zidar2  

1TRIUMF, Canada, 2University of Guelph, Canada, 3University of Sulaimani, Iraq, 4Simon Fraser University, Canada, 
5University of British Columbia, Canada 6University of Victoria, Canada  

Shape coexistence is a unique phenomenon of the atomic core in which the nucleus displays intrinsically different 

shapes in a small energy range. Two of the main observables which have emerged as model-independent probes of 

this phenomenon are the measurement of transition strengths, in particular B(E2) and ρ2(E0) [1]. These transition 

strengths are particularly sensitive to the wavefunctions of the states they connect and to the degree of mixing 

between the different nuclear shapes, and thus are one of the most stringent tests the different theoretical models 

used to describe nuclei.  

The n-deficient Pb region (to the south-west of Z=82, N=126) is characterized by clear examples of shape 

coexistence [1]. The mean-square charge radii measured in light Hg (Z=80) isotopes exhibit a significant isotope 

staggering between odd-even, and ground state-isomer. This staggering expresses the differently shaped potentials 

existing in these nuclei causing deformation [2]. Only recently, a COULEX experiment obtained detailed information 

about shape coexistence for 182-188Hg [3]. Still, there are plenty of key elements not yet measured, especially in the 

transitional isotopes between the stable 200Hg and the beginning of the midshell 190Hg. In these transitional 

isotopes, the ground and intruder configurations are still reasonably separated in energy (the relative energy of the 

intruder states has a parabola-shape with a minimum at 182Hg), thus reducing to negligible levels the mixing 

between the two bands. These isotopes present a good opportunity to benchmark the normal ground-state 

configuration without the perturbations experienced in the lighter isotopes, thus simplifying the comparison with 

different theoretical calculations.  

In order to characterize the evolution of the transitional Hg isotopes, a systematic study of the decay of the n-

deficient 188-200mTl into Hg has been performed using the GRIFFIN spectrometer at TRIUMF-ISAC. Data collected with 

the ancillary LaBr3(Ce) array, have been analyzed with the Generalized Centroid Difference Method (GCDM) [4] to 

precisely measure lifetimes of all the first 2+, 4+ as well as some negative-parity and non-yrast states. The extracted 

B(E2) values are compared with different IBM calculations while the negative-parity band is interpreted in 

comparison with a particle-rotor model. High statistics results for lifetimes, conversion-electrons, angular 

correlations and precise branching ratios, which all help in forming a complete picture of the band structure of these 

isotopes, will be discussed.  

[1]  K. Heyde, J. L. Wood, Rev. Mod. Phys. 83, 1467(2011) 

[2]  B. A. Marsh et al. N ature Physics 14, 1163–1167 (2018)  

[3]  N. Bree et al. Phys. Rev. Lett. 112, 162701, (2014) 

[4]  J. M. Regis et al. NIMA 726, 191 (2013) 

P101 Outreach and engagement in Australia and the Indo-Pacific Region  

A Mitchell 

Australian National University, Australia 

Outreach and engagement activities have been core values of the Department of Nuclear Physics at the ANU for 

many years. Staff and students play a leading role in delivering public science-communication and outreach events, 

and specialised Government training courses – often employing the ANU Heavy Ion Accelerator Facility as a host 

venue.  
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{s the ‘national’ university  there is a societal responsibility of academics at the {�� to undertake endeavors that 

align with {ustralia’s greater national objectives� �ne of these is to enhance relationships with neighbours in the 

Indo-Pacific region. Since 2017, a working relationship has been initiated and developed between the Department 

of Nuclear Physics at ANU, and the Department of Physics at the University of Yangon in Myanmar. ANU academics 

also deliver an ongoing capacity-building project to upskill science high-school teachers in Timor Leste.  

This presentation will focus on the successes and challenges associated with creating new partnerships, delivering 

workshops in remote locations and the benefits of a cross-disciplinary approach to capacity building in developing 

nations.  

These activities have been funded by support from the Department of Nuclear Physics and the Heavy Ion Accelerator 

Facility, ANU College of Science, Research School of Physics and Engineering, Myanmar Research Centre, Research 

School of Biology, ANU Center of Excellence for Translational Photosynthesis, and the Department of Foreign Affairs 

and �rade ‘�overnment �artnerships for ~evelopment’ funding program� 

P102 Experimental constraint on the quantum number of Λc(2765)+ 

C Joo1 , Y Kato2, K. Tanida3 

1Kavli IPMU University of Tokyo, Japan, 2KMI Nagoya University, Japan, 3JAEA, Japan 

We report on a study of the quantum numbers of the Λc(2765)+ using 980fb-1 of e+e- annihilation data recorded by 

the Belle experiment at the KEKB collider. We have analysed the spin quantum numbers using the decay angle 

distribution in the process Λc(2765)+ → Σc(2455/2520)   → Λc  
+  -. The parity of the Λc(2765)+ has been 

studied by measuring R = Γ(Σc(2520) )/Γ(Σc(2455) ). Along with this, we also search for its possible isospin 

partners. 

P103 Studying neutron structure at Jefferson Lab through electron scattering off the deuteron, using CLAS12 and 

the Central Neutron Detector 

P Naidoo 

University of Glasgow, United Kingdom 

General Parton Distributions (GPDs) offer a way of imaging nucleons through 3D tomography. They can be accessed 

experimentally in processes such as Deeply Virtual Compton Scattering (DVCS) and Deeply Virtual Meson 

Production (DVMP), where a high energy electron scatters from a quark inside a nucleon and a high energy photon 

or meson is produced as a result. Jefferson Lab has recently completed its upgrade, now delivering electron beams 

up to 11 GeV to fixed target experiments in halls A, B and C. Hall B houses the new, large-acceptance CLAS12 

detector array optimised for measurements of DVCS and DVMP in the newly accessible kinematic regime. 

Measurements on the proton and neutron are complementary and both are necessary to facilitate access to the full 

set of GPDs and enable their flavour separation. Neutron DVCS and DVMP are possible with the use of a deuteron 

target -- the first CLAS12 experiment with which has started taking data this year. To enable exclusive reconstruction 

of DVCS and neutral-meson DVMP, a dedicated detector for recoiling neutrons -- the Central Neutron Detector 

(CND) -- was integrated into CLAS12. We present the first CLAS12 deuteron-target experiment, with a focus on the 

performance of the CND. 
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P104 Pulse shape discrimination capable plastic scintillator formulations with enhanced mechanical hardness  

U Greife, J Latta, A Mahl, H Yemam, A Lim, G Hernandez, A Sellinger  

Colorado School of Mines, USA  

Pulse shape discrimination (PSD) is an important method that can efficiently sort and separate neutron and gamma 

radiation signals in some scintillation detectors. PSD is currently achieved in plastic scintillators by over-doping 

poly(vinyl toluene)(PVT) matrices with fluorescent molecules. Meaningful separation of the signals requires addition 

of >20 wt% 2,5-diphenyloxazole (PPO) fluor in PVT. At these concentrations PPO acts as a plasticizer, negatively 

affecting the physical properties of the final plastic such as hardness, machinability, and thermomechanical 

stability. The presented work addresses these issues by implementing a cost-effective solution using cross-linking 

chemistry via commercially available bisphenol A dimethacrylate (BPA-DM), and a synthesized fluorinated 

analogue. Both improve the physical properties of over-doped PPO based plastic scintillators without degrading the 

measured light yield or PSD Figure of Merit (FoM). In addition, the fluorinated analogue appears to enhance the 

hydrophobicity of the surface of the plastic scintillators  which may improve the scintillators’ resistance to water 

diffusion and subsequent radiation response degradation. The new formulations improve the feasibility of widely 

deploying long lifetime PSD capable plastic scintillators in large area coverage assemblies.  

As an alternative to the addition of a matching cross-linker, an improvement in mechanical properties can also be 

achieved through modifications to the original fluor molecule which allows co-polymerization of fluor and plastic 

matrix. First results are presented on the synthesis and use of polymerizable PPO.  

The research presented was funded by the U.S. Department of Homeland Security, Domestic Nuclear Detection 

Office. 

P105 Use of a broad energy germanium (BEGe) detector for tomographic interrogation of radioactive waste drum  

D Igwesi1,2, H Boston1, D Joss1  

1The University of Liverpool, United Kingdom, 2Nnamdi Azikiwe University, Awka, Nigeria 

The regulation on transportation of radioactive waste for intermediate and final disposal requires a thorough 

characterisation of the waste to take inventory of the radionuclide’s composition and activity in the waste drum (�)� 

The most widely used Segmented gamma scanning for the waste characterisation relies on the homogeneity of the 

activity distribution and waste matrix (2,3). However, the radioactive distribution and matrix composition for 

radioactive waste system are usually non-homogeneous. Therefore, tomographic gamma scanning technique is 

employed to account for the inaccurate attenuation correction due to non-homogeneity of the activity distribution. 

{bsolute measurements of a detector’s efficiency and energy resolution for the scanning system are essential 

prerequisites for effective characterisation of an active waste drum (4). Therefore, the choice of a detector with good 

energy resolution becomes necessary given that there is a possibility of encountering multi-gamma emitting 

radioactive sources with similar energy that need to be resolved. To this end a mechanically cooled BEGe (BE6530 

Mirion technologies model) detector of cylindrical shape with large detection area utilising 0.6 mm thin carbon 

epoxy window to protect the crystal as well as limiting the attenuation of low energy gamma rays is used for this 

work. The detector was first characterised using Cs-137, Co-60 and Eu-152, point sources at a standoff of 25 cm 

and measurements were taken for 600s each to estimate the efficiency and Full Width at Half Maximum (FWHM 

being the resolution) of the detector. The detector is thereafter slit-collimated with lead slabs of a range of apertures 

to narrow the angle of acceptance from the position of emittance of the gamma ray hitting the detector and 

essentially give spatial location of the emitting radionuclide. The collimated detector is employed to interrogate a 

radioactive waste drum containing volumetric sources and the tomographic image obtained is reconstructed based 

on the filtered back-projection method. The detection system was been validated using Monte Carlo N-Particle 

simulation and Laboratory Sourceless Calibration (Labsoc) Software. Results from these measurements will be 

presented.  
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P106 TRITIUM: A real-time tritium monitor system for water quality assesment 

C Azevedo1, A Baeza2, M Brás1, T Cámara3, C Cerna4, E Chauveau4, J Gil6, J Corbacho2, V Delgado4, J Díaz3,5, J 

Domange4, C Marquet4, M Martínez-Roig3, A Moreno6, F Piquemal4, A Rodriguez2, J Rodriguez6, C Roldán6, J Veloso1, 

N Yahlali3,5 

1University of Aveiro, Portugal, 2Universidad de Extremadura, Spain, 3CSIC, Spain, 4CNRS, France, 5Universitat de 

València, Spain, 6Junta de Extremadura, Spain 

Nuclear energy is a steady and cheap energy source, independent of meteorological conditions and with a small 

carbon footprint. However, safety systems warning of any running anomaly are essential. Since a nuclear reactor is 

characterized by a quite constant emission of radioactive isotopes, a variation of the emission rate is an evidence of 

malfunctioning. Among the radioactive isotopes emitted by nuclear power plants is tritium, produced by neutron 

capture of deuterium in heavy water or double neutron capture of water hydrogen, due to the neutron flux produced 

by a nuclear reactor. 

The measurement in quasi real time (periods shorter than 10 minutes) of levels of tritium in the cooling water of 

nuclear power plants is of great importance as a safety system, since it warns of the production of an excess of 

neutrons in the nuclear reactor or a leak of cooling water from the primary circuit and prevents contamination of the 

waters of rivers in which cooling water is released, subsequently used for irrigation or human consumption. However, 

the current detection limit for tritium water detector close to real time is not better than 10 kBq/L during a 10 

minutes measurement. This is much larger than the maximum activity levels allowed by the EEC for water intended 

for human consumption (100 Bq/L). 

The TRITIUM project, with the title: "Design, construction and set-up of automatic stations for the real time 

monitoring of low radioactive levels of tritium in water", has the purpose of constructing a detector for measuring 

low levels of tritium in water in the Almaraz nuclear power plant, that releases water in the Tagus river. This project is 

funded by the INTERREG SUDOE program of the EEC in the 2016 call with reference SOE1/P4/E0214. The TRITIUM 

collaboration is composed of 6 institutions from 3 different countries: The University of Aveiro, Portugal, the 

University of Bordeaux and the CNRS, France, and the University of Extremadura, the Extremadura Regional 

Government and the University of Valencia, Spain. Within the framework of this project we have developed different 

prototypes, based on scintillating fibers readout with Silicon Photomultipliers. We are currently designing the final 

detector that will be installed at the Almaraz nuclear power plant in spring 2019. Moreover we have developed 

extensive Geant4 simulations to optimize the different parts of the detector. 

An overview of the detector development and results from the prototypes will be presented in the Conference. 
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Public Lecture 

Nuclear physics and the making of the modern periodic table 

J Al-Khalili 

University of Surrey, UK 

Nothing epitomises the field of chemistry more than the periodic table of elements, a classification and ordering of 

all the different types of atoms in existence on a grid that can be found on the walls of every school chemistry 

laboratory in the world. And yet, for more than half of the 150 years since the periodic table was first proposed by 

the Russian chemist Dmitri Mendeleev in 1869, it has been nuclear physicists, not chemists, who have been adding 

elements to it. To date, in nuclear accelerator labs around the world, 26 transuranic elements have been 

discovered, the heaviest of which being element 118, named Oganesson. This lecture recounts the story of how 

these very unstable and short-lived elements were synthesised, and the ingenuity of the nuclear physicists who 

succeeded where nature has failed. And the quest is not over yet, for a race is now on to create element 120. And 

there is speculation that even heavier and, crucially, longer-lived elements might exist in a region of the nuclear 

chart known as the ‘island of stability’� �e may even be able to do interesting chemistry with these so-called 

'superheavies'. 

Wednesday, 31 July 

Plenary session 5 

Gravitational waves as probes for nuclear physics 

J Van Den Brand 

National Institute for Subatomic Physics, The Netherlands and VU University Amsterdam, The Netherlands 

The LIGO Virgo Consortium achieved the first detection of gravitational waves.  A century after the fundamental 

predictions of Einstein, we report the first direct observations of binary black hole systems merging to form single 

black holes. The detected waveforms match the predictions of general relativity for the inspiral and merger of a pair 

of black holes and the ringdown of the resulting single black hole. Our observations provide unique access to the 

properties of space-time at extreme curvatures: the strong-field, and high velocity regime. It allows unprecedented 

tests of general relativity for the nonlinear dynamics of highly disturbed black holes. Last year the gravitational 

waves from the merger of a binary neutron star was observed. This discovery marks the start of multi-messenger 

astronomy and the aftermath of this merger was studied by using 70 observatories on seven continents and in 

space, across the electromagnetic spectrum. 

The scientific impact of the recent detections on nuclear physics will be explained. In addition key technological 

aspects will be addressed, such as the interferometric detection principle, optics, and sensors and actuators. 

Attention is paid to Advanced Virgo, the European detector near Pisa that recently came on-line. The presentation 

will close with a discussion of the largest challenges in the field, including plans for a detector in space (LISA), and 

Einstein Telescope, an underground observatory for gravitational waves science. 
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Electron scattering for short-lived nuclei 

T Suda 

Research Center for Electron-Photon Science/Tohoku University, Japan 

Electron scattering has played an essential role in revealing the internal structures of atomic nuclei and in 

establishing modern pictures of their structures.  Following the pioneering works by R. Hofstadter and his colleagues 

half a century ago, electron scattering has been widely recognized as a unique probe for studying the internal 

structure of atomic nuclei.   

The advancement of accelerator and experimental technologies enabled intensive studies on the internal structure 

and reactions of exotic nuclei far from β stability.  Many intriguing features, such as halo structures, disappearance 

of the well-established magic numbers and appearance of new magic numbers, so on have been discovered. They 

are those beyond the ‘‘standard’’ nuclear-structure models, therefore the studies of structures and reactions of these 

nuclei, which are inevitably short-lived, are widely considered to be one of the burning issues in modern nuclear 

physics.  

For the detailed studies of the internal structures of exotic nuclei, it is natural to dream electron scattering for those 

radioactive short-lived nuclei to study their peculiar structures, though its realization has been long thought to be 

impossible.  �he appearance [� �] of the world’s first electron-scattering facility dedicated for exotic nuclei, the 

SCRIT facility of RIKEN RI Beam Factory in Japan, changes the situation, and an electron-ion collider, ELISe [2], is 

planned in the second phase of FAIR in Germany, and possible electron scattering facilities for exotic nuclei are 

under discussion at France and Russia. 

[1]  T. Suda and H. Simon, Prog. Part. Nucl. Physics 96, 1-31 (2017). 

[2]  K. Tsukada et al., Phys. Rev. Lett. 118, 262501 (2017). 

Explosive scenarios in astrophysics: observations, models and nuclear inputs 

A Aprahamian1, 2, and A Alikhanyan1, 2 

1Notre Dame University, USA, 2National Laboratory of Armenia, Armenia 

The observation of gravitational waves from a neutron star merger event in August of 2017 (GW0817) promised 

the answer to one of the long sought after open questions in all of physics and astrophysics, the site where 

the heavy elements are synthesized. The light curves show indications that the heavy elements are indeed 

made in mergers but questions remain about the extent to which the heavy elements are made directly, do they 

get to the actinides? Is fission recycling an important contributor to the observed abundance patterns? Are 

mergers the only sites for the r-process? Are there different types of r-processes? The answers to these 

questions lie in the complex interactions of nuclear physics, astrophysical conditions, and the observations that 

allow us to interpret the universe. 

Nuclear Physics and measurements of nuclear properties offer important clues to the astrophysical environments. 

Fixed nuclear physics inputs to simulations yield the nuclei that are most significant in a given astrophysical 

environment. Recent reverse engineering of nuclear masses indicated mergers, as the likely site for the r-

process. The close coupling of the simulations with high precision measurements and Astronomical observations 

of metal poor stars show that some variations in the abundances of the actinides. Are these the results of 

identical r-process events? The answer lies in the measurements. 

I will report on measurements of several neutron rich rare earth nuclear masses that promise some of the answers. 

This work was supported by the National Science Foundation under contract PHY-1713857. 
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Plenary session 6 

Probing the strong nuclear interaction at neutron-star densities 

O Hen 

Massachusetts Institute of Technology, USA 

Neutron stars are one of the densest strongly-interacting many-body systems in our universe. A main challenge in 

describing the structure and dynamics of neutron stars steams from our limited understanding of the nuclear 

interaction at high-densities (i.e. short-distances) and its relation to the underlaying quark-gluon substructure of 

nuclei. In this talk I will present new results from high-energy electron scattering experiments that probe the 

shortranged part of the nuclear interaction via the hard breakup of Short-Range Correlations (SRC) nucleon pairs. 

The data covers a missing momentum range up to 1 GeV/c and is compared to factorized theoretical crosssection 

calculations obtained using the Generalized Contact Formalism and different phenomenological and Chiral-EFT 

based NN interactions. Pursuing a more fundamental understanding of such interactions, I will present new 

measurements of the internal quark-gluon sub-structure of nucleons and show how its modification in the nuclear 

medium can be related to the universal modification of SRC pairs due to short-ranged nuclear interactions. 

Relativistic heavy-ion collisions for the investigation of strongly-coupled quark-gluon plasmas 

C Shen 

Wayne State University, USA 

The nuclear matter has a complex phase structure, with a deconfined Quark-Gluon Plasma (QGP) expected to be 

present under conditions of extreme pressure and temperature. The hot QGP filled the universe about a few 

microseconds after the Big Bang. This hot nuclear matter can be generated in the laboratory via the collision of 

heavy atomic nuclei at high energy. I will review recent theoretical progress in studying the transport properties the 

QGP. Recently, the Relativistic Heavy-Ion Collider (RHIC) conducted the beam energy scan experiments. It offered a 

unique opportunity to explore the nuclear phase diagram in a hot and baryon-rich environment. I will focus on the 

development of a comprehensive framework that can connect the fundamental theory of strong interactions with the 

RHIC experimental observables. This dynamical framework paves the way for quantitative characterization of the 

QGP and for locating the critical point in the nuclear phase diagram. These studies will advance our understanding 

of strongly interacting many-body systems and build interconnections with other areas of physics, including string 

theory, cosmology, and cold atomic gases. 

The decay of silver-129 

R Shearman1, G Lorusso1, 2, S Nishimura3, 4, Z  Xu3, 5, 6, A Jungclaus7, P Regan1, 2, Y Shimizu3, G Simpson8, P-A 

Söderström3, H Watanabe3, 9, F Browne3, 10, P Doornenbal3, G Gey3, 8, H Jung11, T Sumikama12, J Taprogge3, 7, 13, Z 

Vajta3, 14, J Wu3, 15, Z Podolyak1 and The EURICA Collaboration3 

1University of Surrey, UK, 2National Physical Laboratory , UK, 3RIKEN, Japan, 4Division of Theoretical Astronomy, 

Japan, 5University of Tokyo, Japan, 6University of Hong Kong, Hong Kong, 7Instituto de Estructura de la Materia, 

Spain, 8Institut National Polytechnique de Grenoble, France, 9Beihang University, China, 10University of Brighton, 

UK, 11Chung-Ang University, Republic of Korea, 12Tohoku University, Japan 13Universidad Autónoma de Madrid, 

Spain, 14Hungarian Academy of Sciences, Hungary, 15Peking University, China 

The decay of silver-129 is of import in constraining the astrophysical r process and for examining the evolution of 

the nuclear shells moving away from magicity. The decay of 129Ag has a large Q value of 11.2 MeV [1], which is 

above the neutron separation energy, consequently the beta-delayed neutron branching ratio Pn is likely non zero. 
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The Pn value for 129Ag is a determinant for the isotopic ratios of the 127/129I and 128/130Te, important 

parameters in the study of metal-poor stars [2]. The expected dominant transition in the decay of this semi magic 

nuclei is the Gamow-�eller “spin flip” πg�/� → νg7/2 [3]. Understanding the evolution of the transition strength 

moving closer to the neutron drip line, gives greater information of the evolution of the proton-neutron interaction in 

this region [4]. At the Radioactive Ion Beam Facility (RIBF) in RIKEN a 345 MeV/a beam of 238U was impinged 

upon a beryllium target inducing fast fission. Fragments were separated according to A/Q and Z using the BigRIPS 

separator [5], after which the ions were detected on the Wide-range Active Silicon-Strip Stopper Array for Beta ion 

detection (WAS3ABi) [6], the following beta ejecta from the ions were also measured in this device. The succeeding 

gamma-ray transitions were detected using the EURICA array. Event-by-event analysis of these data streams allows 

for the extraction of the beta-delayed neutron branching, as well as a deduction of the nonisomeric level scheme for 

the pure-beta daughter 129Cd, and confirmation of the low-lying levels of the beta-delayed neutron daughter, 

128Cd. The analysis technique will be presented as well as the experimental results in the wider context of their 

implications upon nuclear astrophysics and the nuclear shell model. 

[1]  W.J. Huang et al,.Chinese Phys. C 41 30002 (2017) 

[2]  I. U. Roederer et al., Astrophys. J. 747 L8 (2012) 

[3]  I. Dillman et al., Phys. Rev. Lett. 91 162503 (2003) 

[4]  O. Sorlin and M. G. Porquet Prog. Part. Nucl. Phys. 61 602–73 (2008) 

[5]  T. Kubo et al., Prog. Theor. Exp. Phys. 03C003 (2012) 

[6]  S. Nishimura et al., RIKEN Accel. Prog. Rep. 46 (2013) 

Thursday, 1 August 

Plenary session 7 

Challenges in laser spectroscopy of the heaviest elements 

M Block 

GSI Helmholtz Centre for Heavy Ion Research, Germany, Helmholtz Institute Mainz, Germany, and Johannes 

Gutenberg University, Germany 

In recent years, laser spectroscopy techniques with highest sensitivity have been applied to reveal atomic and 

nuclear properties of exotic nuclei far from stability. Many data have been collected, for example differential 

nuclear charge radii and electromagnetic moments of exotic nuclei. These data allowed to infer their size 

and shape. However, the region of heaviest elements above uranium was inaccessible. Most of these elements 

do not exist on earth and have to be produced artificially in heavy-ion fusion reactions. However, they can only 

be produced in small quantities on an atom-at-a-time scale and are often short-lived. Therefore, tailored 

methods based on the technique of resonant ionization  laser spectroscopy in combination with gas stopping 

methods have been developed. They led to the first optical spectroscopy of the element nobelium in 

pioneering experiments at GSI Darmstadt [1]. Meanwhile more than 30 atomic states in nobelium were 

identified allowing the determination of nobelium’s first ionization potential with high precision [2]. In addition, 

measurements of the isotope shift of an optical ground state transition in the nobelium atom for 252-254No and 

hyperfine spectroscopy of 253No was achieved [3]. The results provided differential charge radii and 

electromagnetic moments well described by nuclear models using energy density functionals. In particular for 

hyperfine spectroscopy, the implementation of high-resolution techniques without losses in efficiency are crucial. A 

promising approach in this context is laser spectroscopy performed in the gas jet formed by a de Laval- nozzle. The 

performance of this method was demonstrated in Ac isotopes recently [4]. This presentation will summarize the 
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present status of investigations in the region of the heaviest elements and discuss future perspectives to extend laser 

spectroscopy to even heavier elements. 

[1]                 M. Laatiaoui et al., Nature. 538, 495 (2016). 

[2]                 P. Chhetri et al., Phys. Rev. Lett. 120, 263003 (2018). 

[3]                 S. Raeder et al., Phys. Rev. Lett. 120, 232503 (2018). 

[4]                 R. Ferrer et al., Nature Commun. 8, (2017). 

Nuclear pear shapes studied with radioactive ion beams 

L Gaffney 

University of Liverpool, United Kingdom 

Pear-shaped nuclei are expected to appear in regions of the nuclear chart where the octupole degree of freedom 

is enhanced. The so-called octupole magic numbers of N, Z = 34, 56, 88 and 134 are where the Fermi 

surface lies close to single-particle orbitals with quantum numbers [l,j] and [l-3,j-3]. Around these nucleon 

numbers, enhanced particle-hole interactions in the octupole part of the nucleon-nucleon force drives the 

reflection asymmetry that gives rise to the nuclear pear shape [1]. New searches for  atomic electric dipole 

moments (EDMs) are focusing efforts on odd-mass isotopes exhibiting octupole deformation due to their 

enhancement of the Schiff moment [2]. 

Coulomb excitation is more than 50 years old as a technique, but has never been more alive in nuclear-structure 

physics. That is due in a large part to the advent of high-efficiency germanium arrays for the detection of 

gamma-rays and the availability of post-accelerated radioactive ion beams (RIBs) from ISOL (Isotope 

Separator On-Line) facilities. While the early uses of this technique focused on quadrupole shapes, higher-

order deformations are also accessible [3]. Ground-breaking experiments were made at REX-ISOLDE studying 

the magnitude of octupole collectivity in 224Ra and 220Rn [4]. The former was determined to have a significant 

enhancement of the octupole moment and follows as only the second such measurement (after 226Ra) of a 

nucleus classified as being pear shaped. 

With the completion recent HIE-ISOLDE upgrade in 2018, radioactive ions beams from ISOLDE can now be 

post-accelerated to energies of up to 10 MeV/u. A campaign over the past two years has been carried out to 

study multiple isotopes predicted to be either octupole deformed or octupole vibrational. I will present recent 

experimental data on the Coloumb excitation of 142,144Ba, 222,228Ra and 222,224,226Rn, whilst giving 

historical context to these recent advancements in the study of nuclear pear shapes. 

 

 
 

Fig. 1: Representation of the shape of 224Ra. 

[1]  P.A. Butler, J. Phys. G Nucl. Part. Phys. 43, 073002 (2016) 

[2]  R.H. Parker et al, Phys. Rev. Lett. 114, 233002 (2015) 
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[3]  M. Zielińska et al, Eur. Phys. J. A 52, 99 (2016) 

[4]  L.P. Gaffney et al, Nature 497, 199 (2013) 

Searching for the quark-gluon plasma from proton-proton to heavy-ion collisions 

A Ohlson 

Universität Heidelberg, Germany 

In ultrarelativistic collisions of heavy nuclei, such as in collisions of lead ions at the Large Hadron Collider and of 

gold ions at the Relativistic Heavy Ion Collider, the resulting state of matter attains such high temperatures and 

energy densities that quarks and gluons are no longer confined into hadrons. Known as the quark-gluon plasma 

(QGP), this matter occupies the high-temperature and high-density regime of the phase diagram of quantum 

chromodynamics (QCD). By probing the properties of the QGP, we are able to study QCD and the strong nuclear 

force in the extreme high temperature limit. In this talk, several experimental measurements that give insight into the 

hadrochemical properties and space-time evolution of the QGP will be discussed. Surprisingly, in recent years 

several of these signatures have also been observed in smaller collision systems, such as proton-lead, deuteron-

gold, and proton-proton collisions. These results have raised new questions and enhanced our understanding of 

both small and large nuclear collision systems. 

Plenary session 8 

Nuclear astrophysics in underground laboratories 

F Cavana 

National Institute for Nuclear Physics, Italy 

Nuclear fusion reactions are the heart of nuclear astrophysics: they sensitively influence the nucleosynthesis of the 

elements in the earliest stages of the universe and in all the objects formed thereafter; control the associated energy 

generation and neutrino luminosity; influence the evolution of stars. LUNA (Laboratory for Underground Nuclear 

Astrophysics) is an experimental approach for the study of nuclear fusion reactions based on an underground 

accelerator laboratory. 

Since 1991, the LUNA Collaboration has been directly measuring cross sections of nuclear processes belonging to 

Hydrogen burning and Big Bang nucleosynthesis relevant in several astrophysical scenarios in the underground 

laboratories of Laboratori Nazionali del Gran Sasso (LNGS) with unprecedented sensitivity, due to the huge 

background suppression available in the underground location. In this talk, after a general introduction, the latest 

LUNA results and ongoing measurements will be presented.  

Future researches will be carried out in the framework of the LUNA-MV project, which aims at measuring several key 

reactions of the Helium and Carbon burning. The scientific program of LUNA-MV as well as its present status and 

schedule will be presented and compared with other projects ongoing in underground laboratories. 
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Exotic meson spectroscopy 

J Stevens 

College of William and Mary, USA 

While the majority of observed mesons and baryons are successfully described by the quark model, several recent 

observations provide evidence for more complex configurations of quarks and gluons allowed by QCD. In particular, 

Lattice QCD calculations have predicted a rich spectrum of mesons containing an excited gluonic field in their wave 

functions. The observation of these new states, known as hybrid mesons, would provide key insight into how the 

gluonic degrees of freedom manifest themselves in the bound states we observe in nature. In this talk, an overview 

of exotic meson spectroscopy will be presented, with an emphasis on recent results from the GlueX experiment at 

Jefferson Lab. 

Towards quantum computations of atomic nuclei 

G Hagen, E Dumitrescu, A McCaskey, G Jansen, T Morris, T Papenbrock, R Pooser, D Dean and P Lougovski 

Oak Ridge National Laboratory, USA 

 

In this talk I will present a quantum simulation of the deuteron binding energy on quantum processors accessed via 

cloud servers [1]. We computed the binding energy to within a few percent by designing a low-depth version of the 

unitary coupled-cluster ansatz, and using the variational quantum eigensolver algorithm. Our work is the first step 

towards scalable nuclear structure computations on a quantum processor via the cloud, and it sheds light on how to 

map scientific computing applications onto nascent quantum devices. 

[1] E. F. Dumitrescu, A. J. McCaskey, G. Hagen, G. R. Jansen, T. D. Morris, T. Papenbrock, R. C. Pooser, D. J. 

Dean, P. Lougovski, Phys. Rev. Lett. 120, 210501 (2018) 
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Parallel sessions 5 

Nuclear Astrophysics  

(Invited) Low-energy studies for nuclear astrophysics 

C Bruno 

University of Edinburgh, UK 

Nuclear astrophysics is an interdisciplinary field at the border between nuclear physics and astrophysics. It aims at 

answering fundamental questions such as how and where are elements synthesised, how is energy generated in 

stars and how stars evolve and eventually die. Nuclear astrophysics experiments use Earth-bound facilities to 

investigate nuclear reactions and nuclear properties of interest in stellar scenarios. I will focus in particular on 

thermonuclear reactions occurring in relatively low energy scenarios such as quiescent burning stars and classical 

novae. Because of the hindering effect of the Coulomb repulsion between nuclei, nuclear cross-sections in these 

scenarios can be extremely small (10-9~12 barn, or less) and the signals produced can be challenging to disentangle 

from the natural background on the Earth's surface. 

I will describe a few possible approaches to measure nuclear properties in these scenarios. In particular, I will 

mention the advantage of carrying out direct underground measurements to reduce the natural background both for 

gamma [1] and charged-particle spectroscopy [2]. 

In low-energy explosive scenarios, such as classical novae, reactions involving radioactive elements play a key role 

and require radioactive beams to be studied. I will mention in particular the novel possibility of carrying out nuclear 

astrophysics experiments with radioactive beams [3] at Gamow energies using the CRYRING [4] storage ring in GSI 

Laboratory, Germany. 

[1] H. Costantini  et al., Rep. Prog. Phys. 72 086301 (2009) 

[2]  C.G. Bruno  et al., Phys. Rev. Lett. 117 142502 (2016) 

[3] J. Glorius et al., Phys. Rev. Lett., accepted 

[4] M. Lestinsky et al., Eur. Phys. J. Special Topics 225 797-882 (2016) 

Underground measurement of proton-induced reactions on 6Li at LUNA 

T Chillery 

University of Edinburgh, Edinburgh, UK 

Big-bang nucleosynthesis (BBN) theory coupled with Wilkinson Microwave Anisotropy Probe (WMAP) measurements 

provide accurate abundance predictions for cosmological light element abundances [1]. The BBN+WMAP predicted 

abundances of Hydrogen and Helium are in good agreement with direct observations. However for 7Li the measured 

abundance is 2-4 times lower than predictions, and conversely the measured abundance of 6Li is 5000 times 

higher than predicted. These discrepancies have been attributed to Lithium being destroyed via proton-induced 

spallation reactions inside pre-main sequence stars. Understanding the destruction mechanisms inside these low 

metallicity stars will assist astrophysicists in improving their convective models [2], potentially solving the Lithium 

abundance discrepancies. 

The 6Li(p,γ))7Be reaction was previously measured down to low centre of mass energies (Ecm<300 keV) whereby a 

drop in the reaction S-factor is reported [3]. This drop was attributed to a resonance at Ecm = 195 keV, Гp = 50 

keV, which has not been confirmed by previous direct measurements nor by theoretical predictions. To investigate 

this reaction mechanism further, two proton-induced destructive reactions, 6Li(p,γ)7Be and 6Li(p,α)3He, were 
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studied at astrophysically relevant energies during an experimental campaign at the 

Laboratory for Underground Nuclear Astrophysics (LUNA), using the LUNA-400kV accelerator located at Gran Sasso, 

Italy. Thanks to its underground location, LUNA benefits from additional cosmic-ray suppression, resulting in a 

million-fold background reduction compared to surface laboratories [4]. As a result, measurements can be carried 

out at lower energies, i.e those of direct astrophysical interest. In this talk the experimental set-up and the current 

status of the data analysis will be presented. 

[1]  R. H. Cyburt et al, Rev. Mod. Phys. 88, 015004 (2016) 

[2]  S. Basu and H.M. Antia, Phys. Rep. 457, 217-283 (2007) 

[3]  J. He et al. Phys. Lett. B. 725, 287-291 (2013) 

[4]  A. Caciolli et al, EPJ A. 39, 179 – 186 (2009) 

Study of the contribution of the 7Be(d, p) reaction to the cosmological 7Li problem in the big-bang nucleosynthesis 

A Inoue1, A Tamii1, K Abe2, S Adachi1, N Aoi1, M Asai3, M Fukuda4, T Hashimoto5, S Hayakawa2, E Ideguchi1, J Isaak1, 

N Kobayashi1, Y Maeda6, H Makii3, K Matsuta4, M Mihara4, M Miura1, T Shima1, H Shimizu2, R Tang1, D Tran1, H 

Yamaguchi2, L Yang2 and Z Yang1 

1Research Center for Nuclear Physics, Japan, 2University of Tokyo, Japan, 3Japan Atomic Energy Agency, Japan, 
4Osaka University, Japan, 5Institute for Basic Science, Korea, 6University of Miyazaki, Japan 

We will present a new measurement of the 7Be(d, p) cross section in the energy range of Big-Bang nucleosynthesis. 

This reaction is a key to solve the cosmological 7Li problem, which is an over estimation of the primordial 7Li 

abundance in the standard Big-Bang nucleosynthesis (BBN) model. A recent theoretical BBN model pointed out the 

primordial 7Li abundance is about 3 times larger than the recent precise observation [1]. 

7Li were predominantly produced by the electron capture decay of 7Be in the standard BBN model. The decay half 

life of 7Be, 53.22 days, is much longer than the time scale of the production of light nuclei after the Big Bang. 

Therefore, one possible scenario to solve the 7Li problem is that 7Be was destroyed in the timescale of the light 

nuclei production in the BBN. These are several possibilities to destroy 7Be, including the 7Be(d, p)8Be, the 7Be(n, α) 

[2], or 7Be(n, p) [3] reactions. We focus on the 7Be(d, p)8Be reaction since its contribution is suggested to be 

dominant over 7Be(n, α)4He [4]. 

We performed a new measurement of the 7Be(d, p)8Be reaction with a 7Be target since the energy resolution in the 

available data are insufficient in the region of interest [5, 6]. Our goal is to measure the reaction in the BBN energy 

range of 100 - 400 keV. We are also quite motivated to measure the reaction in normal kinematics, since it 

implements a good energy resolution measurement, and also allows to reconstruct the reaction kinematics from the 

information of the measured proton alone without measuring the two alpha particles. The experiment was performed 

at the Tandem accelerator, Kobe University in January, 2019. We applied the activation method to the production of 
7Be target. The activation method is effective way to produce the 7Be target with high yields. The energy resolution 

can be 100 – 200 keV of the deuteron energy by the thick target method [7]. A 2.36 MeV proton beam irradiated a 

Li target to activate 7Li particles to 7Be particles via. 7Li(p, n)7Be reaction. After the target production, the beam was 

changed to deuteron with energies of 1.6 MeV, 1.0 MeV, and 0.6 MeV to measure the 7Be(d, p) reaction. The 

outgoing protons were measured by four layers of silicon detector telescopes at 30 and 45 degrees. We will report 

the preliminary result of this experiment in the presentation. 

[1]  R. H. Cyburt et al., Cosmol. Astropart. Phys. 11, 012 (2008) 

[2]  T. Kawabata et al., Phys. Rev. Lett. 118, 052701 (2017) 

[3]  L. Damone et al., Phys. Rev. Lett. 121, 042701 (2018) 

[4]  S. Q. Hou et al., Phys. Rev. C 91, 055802 (2015) 

[5]  R. W. Kavanagh et al., Nucl Phys. 18, 493 (1960) 

[6]  C. Angulo et al., Astrophys, J. 630, L 105 (2005) 

[7]  E. Barnard et al., Nuclear Instruments and Methods Vol. 34, 29 – 32 (1965) 
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Neutron induced reactions for the cosmological lithium problem measured at CERN/n_TOF  

A Mengoni  

INFN Sezione di Bologna, Italy  

A key role in the determination of the primordial abundance of Li-7, during the big bang nucleosynthesis, is played 

by the creation and destruction channels of its progenitor Be-7. Current standard BBN models predict a Li-7 

abundance which is a factor of 2-3 larger than what is determined by astronomical observations (the Cosmological 

Lithium Problem, CLiP). A neutron channel which could enhance the destruction rate of Be-7 during BBN has been 

recently investigated, amongst others, at the neutron time-of-flight facility, n_TOF a CERN, Geneva.  

n_TOF (neutron time-of-flight) is the pulsed neutron source based on the spallation process induced by the 20 

GeV/c proton beam of the CERN accelerator complex injected on a lead target. The source is coupled to two flight 

paths, one of 185 m and the other of 20 m long. The facility has been designed to study neutron-nucleus 

interactions for kinetic neutron energies ranging from a few meV to several GeV. The kinetic energy of the neutrons is 

determined by measuring the time of flight, hence the name n_TOF (www.cern.ch/ntof).  

At n_TOF, the 7Be(n,a)4He reaction has been determined for the first time in a wide incident neutron energy 

range(1), allowing to put severe constraints of one of the Be-7 destruction mechanisms during BBN. A second 

reaction channel, the 7Be(n,p)7Li has also been explored(2), again extending the reaction cross section data to a 

wider energy range and, therefore, providing an improved reaction rate to be used in standard BBN network 

calculations.  

The new experimental results, theoretical interpretations and implications of these two reaction channels on the 

Cosmological Lithium Problem will be presented.  

[1]  M Barbagallo et al. (The n_TOF Collaboration), Phys. Rev. Lett. 117, 152701 (2016)  

[2]  LA Damone et al. (The n_TOF Collaboration), Phys. Rev. Lett. 121, 042701 (2018) 

Change of 7Be decay rate under compression 

A Sikdar, A Ray, S Pathak, P Das and J Datta 

Variable Energy Cyclotron Center (VECC), India 

It is important to study the change of electron capture decay rate of 7Be under compression, as the abundance of 
7Be and corresponding 8B neutrino flux from the sun depends on the solar 7Be electron capture rate. The increase of 

electron capture decay rate of 7Be under compression could be studied by measuring decay rate under externally 

applied pressure or lattice pressure. It was found that the decay rate of 7BeO increased by 0.6% under 27GPa 

pressure, whereas, density functional calculations predict only 0.1% increase [1, 2]. The increase of decay rate of 
7Be implanted in Pd and Au seems to indicate the effect of lattice pressure [3], however high electron affinity of Au 

complicates its interpretation. Hence, it is important to study the effect of lattice compression on 7Be decay rate by 

implanting 7Be in a small and large lattice comprising atoms of small electron affinities. Accordingly, we have 

measured change of decay rate of 7Be implanted in Pd (lattice parameter= 3.89Å, electron affinity=0.56 eV) and Pb 

(lattice parameter= 4.95Å, electron affinity=0.36 eV) lattices.  
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Fig. 1: Time versus ratios of intensities of (477.6 keV -ray line from 7Li / sum of 1173.2 keV and 1332.5 keV -ray 

lines from 60Co source) for 7Be implanted in Pd and Pb foils. 

7Be ions were produced by bombarding a 400 g/cm2 thick lithium fluoride target with a 7 MeV proton beam from 

VEC, India. Recoiled 7Be ions were implanted for 10-12 hours in Pd and Pb foils placed behind the lithium fluoride 

target. We alternately placed 7Be implanted Pb and Pd foils in front of a high efficiency HPGe detector and 

monitored the intensity of 477.6 keV -ray from 1st excited state of 7Li that is populated 10% of the time by 7Be 

electron capture decay along with 1173.5 keV and 1332.5 keV -ray lines from a standard 60Co source. Each 

counting cycle was for 24 hours and then restarted after saving the spectrum. A precision electronic pulse-generator 

was used as a clock. Fig. 1 shows plots of ratios of intensities of 477.6 KeV -ray line to the sum of 1173.2 keV and 

1332.5 keV -ray lines with time for both 7Be implanted Pb and Pd foils, indicating faster decay rate for 7Be in Pd. 

We have obtained that the decay rate of 7Be in Pd is faster than that of 7Be in Pb by (0.84±0.16)%, significantly 

higher than the estimations based on density functional calculations. The result indicates possible higher 7Be decay 

rate constant in the sun and corresponding change of 8B neutrino flux.      

[1]  W. K. Hensley, W. A. Bassett, J. R. Huizenga, Science 181, 1164 (1973) 

[2]  A. Ray and P. Das, Phys. Rev. C90, 019801 (2014) 

[3]  Li Cheng-Bo et al., Chin. Phys. Lett. 27, 012301 (2010) 

Radiative neutron capture rate of 19N(n, )20N 

G Singh1, Shubhchintak2, M Dan3 and R Chatterjee3 

1Indian Institute of Technology Delhi, India, 2Universite de Libre Bruxelles, Belgium, 3Indian Institute of Technology 

Roorkee, India 

The ever increasing interest in exotic nuclei emerges not only from their peculiar behaviour in comparison to their 

stable siblings, but also their vital contribution in stellar nucleosynthesis processes. In this context, light and 

medium mass nuclei have been thought of as important constituents in the final abundance patterns of the r-

process reaction network [1,2]. 

Since these light and medium mass exotic nuclei are extremely difficult to produce in a laboratory using direct 

capture methods, reaction rates for their formation have often been calculated using indirect techniques, which are 

a combination of theory and experiment. In particular, 34Na, 37Mg and 16N have been studied (theoretically) using 

the method of Coulomb dissociation under the framework of finite range distorted wave Born approximation 

(FRDWBA) [3-5]. For 34Na and 37Mg, it was found that the rates for the alpha capture reactions by their respective 

‘waiting point’ nuclei was considerably outweighed by their neutron capture rates  thus pushing the elemental 

abundance for these nuclei towards the neutron drip line. 
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Reaction rates obtained via Coulomb dissociation studies have seen contribution not only from the ground state, 

but also from the excited states of both the projectile and its core [5,6]. Using the fully quantum mechanical theory 

of FRDWBA, where the entire non-resonant continuum of the breakup fragments is included, we computed the 

reaction rates for the 19N(n, )20N radiative neutron capture reaction. We observed that in the temperature range 

concerned [2], the reaction rate increased significantly. 

Preliminary calculations suggest that the contribution from the excited states is as vital as that from the ground 

state. However, it will be interesting to see the range of the temperature for their contribution and compare with Ref. 

[6], where the donation from the excited states to the rate rises only after T9 ≧ 3. We intend to present results for 

the neutron capture reaction rates of 19N(n, )20N as well as 20N(n, )21N. These reaction rates, when included in the 

full reaction network, are thought to be crucial to the final abundance of Fluorine isotopes [6]. 

[1]  T. Sasaqui, T. Kajino, G. J. Mathews, K. Otsuka, and T. Nakamura, Astrophys. J. 634, 1173 (2005) 

[2]  M. Terasawa, K. Sumiyoshi, T. Kajino, G. J. Mathews, and I. Tanihata, Astrophys. J. 562, 470 (2001) 

[3]  G. Singh, Shubhchintak, and R. Chatterjee, Phys. Rev. C 95, 065806 (2017) 

[4]  Shubhchintak, R. Chatterjee, and R. Shyam, Phys. Rev. C 96, 025804 (2017) 

[5]  Neelam, Shubhchintak, and R. Chatterjee, Phys. Rev. C 92, 044615 (2015) 

[6]  M. Röder et al., Phys. Rev. C 93, 065807 (2016) 

Nuclear Reactions A 

Clear evidence of α clusters in the ground state of heavy nuclei 

J Tanaka1, 2, Z Yang 3, 4, S Typel1, 2 

1Technische Universität Darmstadt, Germany, 2GSI Helmholtzzentrum für Schwerionenforschung, Germany, 3Osaka 

University, Japan , 4Riken Nishina Center, Japan 

George Gamow, about 90 years ago, famously proposed an explanation of α decay phenomena utilising the 

quantum tunneling effect of preformed α particles[1]. Since then, α clusters are considered as a prerequisite in 

heavy nuclei, but the clear experimental evidence of its existence has not been reported until today. Instead, α 

clustering at the low-density nuclear surface could be one plausible explanation for the origin of preformed α 

particles[2]. In a recent experiment studying quasi-free α-knockout reactions on tin isotopes - Sn(p, pα), the 

existence of α particles on the nuclear surface in the ground state of tin isotopes was clarified. The observed 

reaction cross sections exhibit a monotonous decrease with increasing mass number (A = 112 - 124), which agrees 

with the theoretical prediction[3]. This experimental result supports the close correlation between surface α-

clustering and neutron-skin thickness in heavy nuclei. This, in turn, calls for a revision of the correlation between the 

neutron-skin thickness of heavy neutron-rich nuclei, such as 208Pb, and the density dependence of the symmetry 

energy in the nuclear equation of state[4], which at present relies on mean-field theories without considering the α-

clustering effect. 

In the presentation, we will show the experimental method using Grand Raiden[5] and LAS spectrometers at RCNP 

and observed spectrum for Sn(p, pα) reactions and discuss in details our results. 

[1]  G. Gamow, Z. Phys. 51 (1928) 204 

[2]  I. Tonozuka and A. Arima, Nucl. Phys. A 323 (1979) 45 
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[4]  X. Roca-Maza et. al., Phys. Rev. Lett. 106 (2011) 252501 
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High energy alpha particle emission as a challenging mechanism for synthesis of very heavy nuclei  

C Borcea1, Y Penionzhkevich2, S Lukyanov2  

1IFIN-HH, Romania 2FLNR-JINR, Russia  

Two experiments made with the MSP144 stepped pole magnetic spectrometer of FLNR-JINR Dubna measured the 

energy spectra of α particles emitted at zero degree (colinear kinematic) in the reactions 40Ar(220 MeV)+232Th [1] 

and 48Ca(270 MeV)+238U [2]. The study was pursued up to the maximum energy the alpha particles may have in a 

two-body reaction, without excitation of the reaction partners, the so-called kinematic limit. The observed cross 

sections in the vicinity of the kinematic limits were of the order of μb� �n the indicated reactions  the heavy partners 

of the recorded alpha particles in the exit channel were respectively 268Sg and 282Db. At the kinematic limit, the 

heavy partners have excitation energies close to zero, therefore a high probability to survive. Their observation 

requires the specific tools used for the detection of superheavy elements (SHE): velocity filters, gas filled 

spectrometers. Experiments have been proposed to detect the heavy residues in such type of reactions. In case of a 

positive result - which is logically expected - a new avenue will open for the SHE synthesis.  

Not less interesting is the theoretical understanding of this weird mechanism that circumvents the formation of a 

compound nucleus, the most critical stage in the present attempts of synthesis via fusion-evaporation reactions. 

Few hints on the phenomenology of this mechanism will be given.  

[1] C. Borcea et al., Nucl. Phys. A351 (1981) 312  

[2] C. Borcea et al., Proc. Int. Symposium On Exotic Nuclei EXON-2016, Kazan, Russia, World Scientific p. 132, 
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Fission dynamics from saddle to scission and beyond 

A Bulgac1, S Jin1, K Roche1, 2, N Schunck3 and I Stecu4 

1University of Washington, USA, 2Pacific Northwest National Laboratory, USA, 3Livermore Lawrence National 

Laboratory, USA, 4Los Alamos National Laboratory, USA 

Nuclear fission presents one of the oldest, if not the oldest challenge to theoretical many body physics in literature 

and it is still awaiting a fully quantum microscopic description with a robust predictive power. Since its experimental 

discovery in 1939 only a few theoretical results have been firmly established in the quantum theory of fission. A 

number of theoretical and phenomenological models based on untested assumptions have been proposed and 

used, often based on conflicting assumptions and in spite of that all declaring agreement to various degrees with 

observations. 

Two major recent developments in theory and computational resources created however the favorable conditions for 

achieving a microscopic description of fission dynamics. The first major development was in theory, the extension of 

the Time-Dependent Density Functional Theory to superfluid fermion systems. The second development was in 

computing, the emergence of powerful enough supercomputers capable of solving the complex systems of 

equations describing the time evolution in three dimensions without any restrictions of hundreds of strongly 

interacting nucleons. 

The evolution of the compound nucleus from the moment the neutron is absorbed until the saddle is reached was 

left basically in the dark by theory, and most of the attention was concentrated on the evolution of the nucleus from 

the saddle-to-scission, where fission fragment properties are defined. The main assumption was that this process is 

slow and moreover adiabatic, an assumption which allowed the separation of the degrees of freedom into collective 

and intrinsic. Being slow does not imply adiabaticity however. In a new time dependent energy density formalism, 

free of any restrictions and assumptions we demonstrate that the fission dynamics from saddle to scission is slow, 

moreover it is even overdamped. The intrinsic system gains a lot of entropy, and the energy gained from the 

collective degrees of freedom is never relinquished. The fission dynamics from the saddleto- scission is much slower 
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than the adiabatic assumption would imply, the collective flow energy never exceeding 1-2 MeV and the rest of the 

difference between the potential energy at the saddle and at the scission point is almost entirely converted into 

intrinsic energy or heat. This finding will require a complete retooling of most theoretical approaches used so far, as 

the introduction of a collective potential energy surface, a collective inertia tensor and collective coordinates is 

illegitimate. Moreover, the role of the collective inertia is negligible. 

The recent development of a fully quantum approach to dissipation and fluctuations in the formation of the fission 

fragments lent even more support to this finding. Dissipation and fluctuations, due to the strong coupling between 

the collective and intrinsic degrees of freedom, break all symmetries and the fission times are typically even longer 

and the evolution even slower. Agreement with experiment is surprisingly good, in spite of the fact that no 

parameters have been fitted and the results are rather stable with parameter changes. 

Fission-fragment mass distribution in neutron-deficient Po at low excitation energy 

S Gupta1,2, C Schmitt3, A Shrivastava1,2, K Mahata1,2, P Sugathan4, A Jhingan4, K Golda4, N Saneesh4, A Chatterjee4,5, 

G Kaur4, D Arora4, M Kumar4, L Stuttge3, S Duggi6, P Patil7, K Chauhan8, K Rani9, H Arora9, D Kaur9 and V Mishra10 

1Bhabha Atomic Research Centre, India, 2Homi Bhabha National Institute, India, 3CNRS/IN2P3, France, 4Inter 

University Accelerator Centre, India, 5The M.S. University of Baroda, India, 6Andhra University, India, 7Karnatak 

University, India, 8Kurukshetra University, India, 9Panjab University, India, 10Banaras Hindu University, India 

While the importance of shell effects in the nascent fragments is well-established for low-energy fission of (trans-) 

actinides [1], the origin of asymmetric fission of n-deficient Hg [2], and more generally, pre-actinides in the Lead 

region [3], remains un-explained. The possibility of a new type of asymmetric fission was raised [4]. Yet, state-of-

the-art models yield contradictive interpretation [4], namely about the respective role of shell effects and nuclear 

dynamics. Recently, the critical influence of N/Z and excitation energy of fissioning system was demonstrated [1].A 

deeper insight is crucial, as it puts into question the validity of extrapolating the knowledge gained from heavy 

systems. Low-fissility makes the study in this region very challenging. The present measurement aimed at 

contributing to the worldwide intense effort in the field. We selected 198Poas the fissioning system, as itis ideally 

situated -mid-way between Hg and actinides. Recent measurements suggest a triple-humped structure for 194,196Po 

[3]. 

The experiment was performed using the 15UD Pelletron LINAC accelerator at IUAC, New Delhi by bombarding a 

���μg/cm�thick 170�b target (�� μg/cm�} backing) with a 28Si beam at three sub-barrier energies. Two large-area 

(16x11cm2) multi-wire proportional counters (MWPCs) [5], were used to measure the time-of-flight (TOF) (recorded 

with respect to the RF signal), (x,y) position, and energy loss (dE) information of  fragments in coincidence. The 

detectors were placed at 70o on each side of the beam axis at a distance of 30 cm from the target, inside the 

scattering chamber of the NAND facility. Fission events were selected by putting two-dimensional gate in the time of 

flight difference and total energy loss (dE1+dE2) spectrum, see Fig. 1(a). The TOF and position information were 

used to determine the fragment velocities and emission angles. The derived fragment mass distributions are shown 

in Fig. 1(b). A multi-fit analysis was performed to investigate the possible contribution of symmetric and asymmetric 

fission modes as shown in Fig, 1(c), top panel. An equally good description is achieved assuming symmetric fission 

alone, or the coexistence of symmetric and asymmetric fission, see Fig. 1(c), bottom panel. In the latter 

configuration, the asymmetric partition is found to be located at AL,H=86(112)±2 u and contributes for 28±8%.Its 

very existence is discussed based on model calculations. 
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Fig 1: (a) TOF difference vs Total energy loss spectra. for particles detected in the MWPCs, (b) Fission fragment mass 

distribution from 28Si+170Yb fusion-fission at three beam energies. Yields are scaled as indicated for legibility and (c) 

Multi-fit analysis of fragment mass distribution at the lowest energy (top) along with the ratio of a three Gaussian 

(green box) and a single Gaussian (purple box) fit to the experimental data (bottom). 
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Dipolar degree of freedom and isospin equlibration phenonemona in heavy ion collisions  

M Papa1, L Acosta2, G Cardella1, B Gnoffo3, J Lanzalone4, C Maiolino1, N Martorana3, A Pagano1, E Pagano1, S 

Pirrone1, G Politi3, LQuattrocch5, P Russotto5, A Trifiro5, M Trimarchi5  

1INFN, Italy, 2Universidad Nacional autonoma de Mexico, Mexico, 3Universitá degli studi di Catania, Italy, 4Universitá 

degli studi di Enna Kore, Italy, 5Universitá degli studi di Messina, Italy  

In the last decades [1-3] it has been shown that the time derivative of the average total dipole signal obtained by 

measuring the charges Zi and velocities of all the charged particles produced in heavy ion collision does not depend 

on the statistical decay processes. Symmetry properties of the statistical decay in fact produces a vanish effect on 

the average value of the global neutron-proton collective dipolar motion. Therefore this signal depends in a 

particular way only on the dynamics of the isospin equilibration processes between the impinging ions and it 

directly gives information on the iso-vectorial effective interaction.  

In this contribution we illustrate the results of a first attempt to perform these kind of studies on the system 

48Ca+27Al at 40 MeV/A in mid-peripheral collisions performed with the multi-detector CHIMERA [4-5] at the LNS.  

These investigations continue with a new campaign of measurements with the CHIMERA detector. Preliminary results 

related to more dissipative collision will be also shown.  
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Investigating the relation between heavy ion double charge exchange nuclear reactions and double beta decays 

J Bellone1, S Burrello1, M Colonna1, H Lenske1, 2, and J Lay1, 3 

1INFN – LNS, Italy, 2Justus-Liebig-Universitat Giessen, Germany, 3Universidad de Sevilla, Spain, 4INFN-LNS, Italy 

Neutrinoless double beta decay (0νββ) represents one of the main probes of Physics beyond the Standard Model. 

From the half – life of nuclei which may undergo double beta decay, it would be possible to extract the neutrino 

effective mass, once the nuclear matrix elements involved in the process are known with sufficient accuracy. The 

latter quantities can be calculated through different nuclear structure models, which unfortunately give values 

differing by about a factor of 3 [1]. Hence, to access information on nuclear matrix elements, it has been proposed 

by the NUMEN Collaboration [2] to exploit the analogies between double beta decay processes and heavy ion 

double charge exchange (DCE) nuclear reactions, looking in particular at the conditions where the corresponding 

cross section can be factorized into nuclear reaction and nuclear structure terms. DCE reactions can be treated as a 

convolution of two correlated or uncorrelated single charge exchange (SCE) processes, resembling 0νββ and 2νββ, 

respectively. 

Thus, at first SCE processes have been modeled [3], within the DWBA framework, to get a deeper insight into the 

possibility to factorize the corresponding cross section. This also leads to a better understanding of the conditions 

required for DCE cross section factorization. 

After a brief description of the SCE results, in the present contribution we focus on new calculations of the DCE cross 

section for heavy ion reactions of experimental interest, considering the two mechanisms, namely the convolution of 

two uncorrelated SCE processes and a single step process. 

The validity range of the cross section factorization is discussed in both cases. Moreover, a preliminary comparison 

with the NUMEN data is presented. 
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Fission studies using multi-nucleon transfer (MNT) reactions at the JAEA tandem facility [1-3] will be presented. The 

MNT reaction allows us to produce neutron-rich actinide nuclei, which cannot be populated by particle capture 

reactions. Taking advantage of many MNT channels opened in the 18O induced reactions, fission fragment mass 

distributions (FFMDs) for various actinide nuclei can be obtained in one reaction. Many data were accumulated 

using various actinide-targets nucleus, including 232Th, 238U, 237Np, 243Am, and 248Cm. Also, fission barrier height was 

derived by finding the excitation energy of the compound nucleus that fission probability starts to appear [4].The 

FFMDs at higher excitation energies are explained only by invoking a concept of multi-chance fission, i.e. neutron-

evaporation before fission [2]. The obtained data set was used to improve the Langevin model to describe low-

energy fissions, which resulted in a clear explanation of the transition from the mass-asymmetric fission to the sharp 

symmetric fission observed in the fermium isotopes [5]. 
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Microscopic consistent description of octupole correlations all over the nuclear chart  

L Robledo1, T Rodríguez1, R Bernard2 

1Universidad Autónoma de Madrid, Spain, 2Ecole Normale Supérieure, France  

In recent years, the study of both dynamic and static octupole correlations in atomic nuclei  has received renewed 

attention as a consequence of their impact on many properties of nuclear ground and excited states [1]. Static 

correlations are treated using intrinsic mean field wave functions breaking, in addition to rotational invariance and 

particle number, the symmetry under spatial reflection. The results of exhaustive calculations all over the nuclear 

chart show that only a few nuclei in the rare earth and actinide region show sizable static octupole correlations [2]. 

However, most of the even-even nuclei in the periodic table show some kind of dynamical octupole correlations  

when beyond mean field effects like parity symmetry restoration and/or fluctuations of the octupole degree of 

freedom are considered [2,3]. In addition, the properties of collective negative parity states can be described 

[2,3,4] in the same framework. The role played by the  restoration of angular momentum, parity and particle 

number quantum numbers has been the subject of very recent studies both with relativistic [5] and non-relativistic 

[6] energy density functionals. The framework includes, in addition to the restoration of the above mentioned 

symmetries, the mixing of quadrupole and octupole shapes which is handled using the Generator Coordinate 

method. In this way, the interplay between the two most relevant shape degrees of freedom is fully taken into 

account. These calculations allow to study in an unified way collective states of positive and and negative parity. 

They give access to the excitation energies of those states and the transition strengths (E1, E2,  E3) among them in 

different scenarios, including vibrational (with low lying 3-states),  rotational (with low-lying 1-states), and 

intermediate cases. Two octupole phonon multiplets are also accessible within the method opening up the 

opportunity to analyze the properties of some intriguing 0+states. One of the main advantages of the present 

approach is the evaluation of transition strengths in the laboratory frame avoiding the use of the sometimes-

misleading  rotational assumption [4]. This is important for a precise description of intriguing phenomena like the 

evolution of the E1 strength in rare earth nuclei like the Ba isotopes [7].   

The relevant details of the method as well asimportant results (obtained with the Gogny family of functionals) for 

nuclei all over the nuclide chart will be presented. Comparison with experimental data will be also discussed. 
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Octupole collectivity across the Zr isotopic chain 

� �ielińska1, P Garrett2, A Bergmaier3, H Bidaman2, V Bildstein2, A Diaz Varela2, D Doherty4, T Fästermann5, R 

Hertenberger6, P Spagnoletti7, M Vandebrouck1 and K Wrzosek-Lipska8 

1Université Paris, France, 2University of Guelph, Canada, 3Universität der Bundeswehr München, Germany, 
4University of Surrey, UK, 5Technische Universität München, Germany, 6Ludwig-Maximilians Universität München, 

Germany, 7University of the West of Scotland, UK, 8University of Warsaw, Poland 

The evolution of the 3− level energies and E3 transition rates in the Zr isotopic chain has attracted considerable 

attention in the last years. In particular, numerous theoretical studies attempted to address the unusually large 

B(E3; 3-1 -> 0+
1) transition strength in 96Zr, being at 57(4) W.u. the strongest known E3 transition in a spherical 

nucleus. Very recently, the E3/E1 branching in the decay of the 3− state in 96Zr has been remeasured following 

deep-inelastic reactions [1], yielding a B(E3; 3-1 -> 0+
1) value almost 30% lower than those resulting from previous 

measurements and raising doubt about the exceptional character of octupole correlations in 96Zr. 

We performed a high-precision systematic study of B(E3; 3-1 -> 0+
1) transition strengths in stable even-even Zr 

isotopes using low-energy Coulomb excitation. The experiment was performed at the Maier-Leibnitz Laboratory of the 

Technische Universität and Ludwig-Maximilians Universität München. Beam of 45-MeV 12} with up to � μ{ current 

bombarded isotopically enriched targets of 90,92,94,96Zr. The 12C ejectiles were momentum analyzed using the Q3D 

magnetic spectrograph. Under the experimental conditions, the probability of multi-step excitation process was 

negligible and thus the transition strengths could be easily and accurately determined from the measured relative 

population of the 3− states. Important differences in the behaviour of the B(E3; 3-1 -> 0+
1) values as a function of 

neutron number were observed with respect to the evaluated data [2]. The present results shed light on the 

contribution of proton and neutron excitations to the octupole collectivity in Zr isotopes. 
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Nuclear reflection-asymmetry in cluster approach 

T Shneidman1, G Adamian1, N Antonenko1, R Jolos1 and S Zhou2 

1Joint Institute for Nuclear Research, Russia, 2CAS, China 

There is strong experimental and theoretical evidence that many actinides and rare-earth nuclei can undergo 

reflection-asymmetric distortion and adopt the pear-shaped form. The nuclear reflection-asymmetry is important for 

understanding the nuclear structure, and also in searches for physics beyond the standard model [1]. The observed 

experimental features of the pear-shaped nuclei are the existence of multiple low-lying negative parity bands in 

even-even nuclei, parity-doublets in odd-mass nuclei, and enhanced electric dipole and octupole transitional 

moments. 

Strong reflection-asymmetric correlations can be microscopically associated with the appearance of opposite parity 

nucleon states with orbital and total angular momentum differing by 3ħ near the Fermi surface. An alternative 

explanation is suggested by the cluster approach in which long-range multipole correlations might lead to the 

formation of light clusters on the surface of a nucleus. An extensive review of experimental and theoretical 

achievements can be found in [2]. 

We developed a cluster model which allows us to take into account both shape deformation parameters and cluster 

degrees of freedom [3]. In the proposed model the mass asymmetry variable describing the partition of nucleons 

between the clusters is used as a collective coordinate. The collective motion in mass asymmetry leads to the 

admixture of very asymmetric cluster configurations to the intrinsic nuclear wave function and, therefore, to the 

reflection-asymmetric deformation of the nuclear shape. 

The model is applied to analyze the multiple negative-parity bands in actinides and rare-earth nuclei. To describe 
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the reflection asymmetric collective modes characterized by the nonzero values of K, the degrees of freedom related 

to the internal excitation of clusters are taken into account. The observed excitation spectra and angular-momentum 

dependencies of the parity splitting and electromagnetic transition probabilities are explained for different isotopes 

of Ra, Th, U, Pu, and Ba [4-6]. 
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High-resolution (p,t) study of low-spin states in 240Pu: Octupole excitations and other structure features  
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Many nuclear-structure features have been observed in the actinides during the last decades. Especially the 

octupole degree of freedom has been discussed lately after the successful measurement of the B(E3;   
      

 ) 

reduced transition strength in 224Ra [1]. Results stemming from  -ray spectroscopy experiments and recent high-

resolution (p,t) experiments suggested, that strong octupole correlations could be observed for some excited 

positive-parity states of actinide nuclei. These states might correspond to double-octupole phonon excitations [2]. 

In his recent topical review on octupole correlations in atomic nuclei, P.A. Butler pointed out the importance to 

identify these possible double-octupole phonon bands and to clarify the nature of the  π = 0+ bands in the actinides 

[3]. 

Our work completes a series of (p,t) experiments on actinide nuclei performed with the Munich Q3D spectrograph by 

adding the data on 240Pu. The (p,t) experiment allowed to study 209 low-spin states up to 𝐽π = 6+. Besides two-

nucleon transfer cross sections, spin and parity were assigned to excited states by measuring angular distributions. 

Several rotational bands were recognized based on these assignments. 

Our systematic studies revealed that at least two different and distinct structures for 𝐽π = 0+ states are present in the 

actinides. These are pairing states and states with enhanced octupole correlations. In this contribution we will show, 

that it is crucial to consider negative-parity single-particle states being admixed to some  π =   
  rotational bands 

to understand the  -decay hindrance factors and enhanced E1-decay rates. Based on our analysis, we have 

identified the double-octupole  π = 0+ candidates from 224Ra to 240Pu [4]. 

T.M.S. acknowledges the support from the Russian Government Subsidy Program of the Competitive Growth of 

Kazan Federal University. This work was supported in part by the Deutsche Forschungsgemeinschaft under Contracts 
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Signatures of octupole shape phase transitions in radioactive nuclei 

K Nomura 

Japan Atomic Energy Agency, Japan 

The pear-like (or octupole) deformation of nuclear shape has been a recurrent theme of great interest in nuclear 

structure physics, and also points to some new physics beyond the Standard Model of particle physics. Experiments 

using the radioactive-ion beams have been running or are planned around the world to measure stable octupole 

deformation [1], and this necessitates timely systematics, as well as reliable, theoretical analyses. I will present 

recent spectroscopic studies for medium-heavy and heavy octupole-deformed nuclei, that are based on the nuclear 

density functional theory (DFT) and the interacting boson model (IBM). The analysis starts with the self-consistent 

mean-field calculation of the potential energy surface with quadrupole and octupole degrees of freedom with a 

choice of the energy density functional and the pairing interaction. The low-lying positive- and negative-parity 

states, and electromagnetic (i.e., E2, E1, and E3) transition rates that characterise the octupole collectivity are 

computed by means of the IBM: The strength parameters of the IBM Hamiltonian, which comprises both positive- 

and negative-parity bosons, are completely determined by mapping the DFT energy surface onto the expectation 

value of the Hamiltonian in the boson condensate state [2,3]. This procedure has paved the way and allowed 

unprecedented opportunities to study spectroscopy of octupole deformed nuclei in an accurate, systematics, and 

computationally feasible manner. 

This presentation will highlight the relevant applications of the DFT-based IBM method to study the octupole 

deformations, that is, a microscopic analysis of the shape phase transitions between stable octupole and octupole 

vibrational states in light actinide (Thorium and Radium isotopes) [3,4] and rare-earth (Samarium and Gadolinium 

isotopes) [4,5] regions, and the signature of octupole correlations in neutron-rich odd-mass Barium isotopes [6]. 
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[5]  K. Nomura, R. Rodríguez-Guzmán, and L. M. Robledo, Phys. Rev. C 92, 014312 (2015) 

[6]  �� �omura  �� �ikšić  and ~� �retenar  �hys� �ev� } 97, 024317 (2018) 

Nuclear Structure B 

(Invited) Characterization of the shape-staggering effect in neutron-deficient mercury nuclei 

S Sels 

CERN, Switzerland 

In rare cases, the removal of a single proton (Z) or neutron (N) from an atomic nucleus leads to a dramatic 

nuclear shape change. These instances are crucial for understanding the components of the nuclear interactions 

that drive deformation. For already more than 40 years, mercury isotopes are one of the prime examples of shape 

coexistence in the lead region where strong shape staggering of the ground state for the 185,183,181Hg isotopes was 

observed via measurements of their charge radii (see Fig. 1) [1]. Using the in-source laser ionization technique at 

ISOLDE-CERN, these data were extended to more exotic isotopes down to mass A = 177 [2,3] with a production rate 

of just a few ions per minute. The high selectivity and sensitivity of alpha-decay-tagged laser spectroscopy useful for 

short-lived alpha-decaying isotopes and the high ion-mass selectivity of the Multi-Reflection Time-of-Flight (MR-TOF) 

technique were used for the correspondingly suitable isotopes. The endpoint of the odd-even nuclear shape 

staggering in the most neutron-deficient mercury isotopes was observed by measuring for the first time the isotope 

shifts, and hyperfine structure of 177-180Hg, thereby answering a long-standing open question of where this staggering 
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ends. Besides the differences in mean-square charge radii, also nuclear spins and electromagnetic moments of 

these isotopes were deduced. In this talk, the results and their interpretation will be discussed and the data will be 

compared to results from several theoretical models. 

 

Fig 2: Overview of the mercury mean-square charge radii differences obtained from this work and from [1] 

[1]  G. Ulm, et al. Zeitschrift für Physik A Atomic Nuclei 325, 247 (1986) 

[2]  B. Marsh, S. Sels et al., Nature Physics 14, 1163-1167 (2018) 

[3]  S. Sels et al., Physical Review C, Accepted (2019) 

Shape Coexistence in Neutron Deficient Mercury Isotopes 

A MacLean1, F Ali1, C Andreoiu3, G Ball2, N Bernier2,5, H Bidaman1, V Bildstein1, M Bowry2, R Caballero-Folch2, A Diaz 

Varela1, I Dillmann2,6, M Dunlop1, R Dunlop1, A Garnsworthy2, P Garrett1, G Hackman2, B Jigmeddorj1, A Kilic1, A 

Laffoley1, H Patel2, B Olaizola2, Y Saito2,5, J Smallcombe2, J Smith4, C Svensson1, J Turko1, K Whitmore3 and T Zidar1 

1University of Guelph, Canada, 2TRIUMF, Canada, 3Simon Fraser University, Canada, 4Reed College, USA,  
5University of British Columbia, Canada, 6University of Victoria, Canada 

Neutron deficient nuclei near Z=82 exhibit one of the most extensive manifestations of shape coexistence across the 

nuclear chart [1]. In the even-even mercury isotopes, 182-188Hg, Coulomb excitation experiments have provided a 

sensitive probe to determine the E2 matrix elements, giving information on the deformations of the nuclear states 

[2]. Precise measurements of absolute and relative B(E2) values for transitions between the shape-coexisting states 

also provide important information on their mixing [2,3]. 

For Δ J ≠ 2, the determination of B (E2; Ji → Jf) values depends on the E 2/M 1 mixing ratios,  . Precise 

measurements of these mixing ratios, however, are often challenging. One of the best methods to extract the mixing 

ratios is through  −  angular correlation measurements following β decay where a very high sensitivity can be 

achieved. We have recently adopted this technique with the GRIFFIN   -ray spectrometer, located at the ISAC 

facility at TRIUMF, and have applied it to measurements of the EC/β decays of 188-200Tl to 188-200Hg. 

Our first results, for 188Hg indicate the dominance of the E2 components in the J → J transitions. In addition to 

enabling the determination of the B (E2) values, knowledge of these mixing ratios is also critical for the extraction of 

E 0 components which may be enhanced if there are significant mixings between the shape-coexisting 

configurations. Results on angular correlation measurements and E 0 transition strengths for 188Hg will be presented. 

[1] K. Heyde, J. L. Wood, Rev. Mod. Phys. 83, 1467(2011) 

[2] N. Bree et al., Phys. Rev. Letts. 112, 162701(2014) 
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[3] L. Gaffney et al., Phys. Rev. C 89, 024307 (2014) 

Multiple shape coexistence in 110,112Cd and beyond mean field calculations 

P Garrett1, T Rodríguez2, A Diaz Varela1, K Green1, J Bangay1, A Finlay1, R Austin3, G Ball4, D Bandtopadhyay1, V 

Bildstein1, S Colosimo3, D Cross5, G Demand1, P Finlay1, A Garnsworthy4, G Grinyer6, G Hackman3, C Hannant7, B 

Jigmeddorj1, J Jolie8, W Kulp9, K Leach10, A Morten11, J Orce12, C Person4, A Phillips1, A Radich1, E Rand1, M 

Schumaker1, C Svensson1, C Sumithrarachchi11, S Triambak12, N Warr8, J Wong1, J Wood9, S Yates7 

1University of Guelph, Canada, 2Universidad Autónoma de Madrid, Spain, 3�t� �ary’s University, Canada, 4TRIUMF, 

Canada, 5Simon Fraser University, Canada, 6University of Regina, Canada, 7University of Kentucky, United States, 
8Universität zu Köln, Germany, 9Georgia Institute of Technology, United States, 10Colorado School of Mines, United 

States, 11National Superconducting Cyclotron Laboratory, United States, 12University of the Western Cape, South 

Africa 

The long-standing view of the structure of the mid-neutron-shell Cd nuclei has been of nearly harmonic, vibrational 

states built on an approximately spherical ground state coexisting with deformed “intruder” excitations� �he two-

phonon-vibration triplet of states, 0+, 2+, and 4+, appeared to be well established, and there were many searches 

conducted seeking the higher-lying multiphonon excitations, especially in 110,112Cd which were considered as 

paradigms of harmonic vibrational motion (see, e.g., [1]), especially after invoking strong mixing between the 

spherical phonon states and deformed intruder states [2]. There have been a number of studies [3–7], however, 

that have challenged this interpretation, and have refuted the strong mixing scenario. We have studied levels in 
110,112Cd, populated via β-decay, using the 8π γ-ray spectrometer at the TRIUMF-ISAC facility that have focused on 

the observation of weak, low-energy γ-decay branches from levels at high excitation energy [8,9]. Combined with 

level lifetimes determined by using the (n,n´γ) reaction [9,10], B(E2) values are available for a large number of 

transitions. We have observed bands in 110,112Cd built on excited 0+ states, and have identified a sequence of states 

that resemble quasi-γ bands built on both the ground states and the 0+ intruder configurations. These results are 

interpreted [11] through comparison with beyond-meanfield calculations [12] that predict that the 0+ states in 
110,112Cd are deformed and possess prolate, oblate, and triaxial shapes, and also predict the existence of the quasi-

γ bands. The calculated natures of the excitations are rotational, rather than vibrational. The evidence for the 

existence of the bands will be presented, as well as the implications for our understanding of the evolution of 

structure. 

[1]  J. Kern, et al., Nucl. Phys. A593, 21 (1995) 

[2]  M. Délèze, et al., Nucl. Phys. A551, 269 (1993) 

[3]  R. Julin, et al., Z. Physik A296, 315 (1980) 

[4]  C. Fahlander, et al., Nucl. Phys. A485, 327 (1988) 

[5]  R. Julin, Physica Scripta T56, 151 (1995) 

[6]  P.E. Garrett, et al., Phys. Rev. C 78, 044307 (2008) 

[7]  P.E. Garrett and J.L. Wood, J. Phys. G 37, 064028 (2010) 

[8]  K.L. Green, et al., Phys. Rev. C 80, 032502(R) (2009) 

[9]  P.E. Garrett, et al., Phys. Rev. C 86, 044304 (2012) 

[10]  P.E. Garrett, et al., Phys. Rev. C 75, 054310 (2007) 

[11]  P.E. Garrett, et al., Phys. Rev. Lett. submitted (2019) 

[12]  T.R. Rodrígues and J.L. Egido, Phys. Rev. C 81, 064323 (2010) 
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Shape coexistence in neutron deficient mercury isotopes 

J Dobaczewski1, 2, 3 and A Pastore1 

1University of York, United Kingdom, 2University of Warsaw, Poland, 3Helsinki Institute of Physics, Finland 

In rare cases, removal of a single proton (Z) or neutron (N) from an atomic nucleus leads to a dramatic shape 

change. Light mercury isotopes are a remarkable example. In a recent article [1], the authors have performed 

accurate charge radii measurements and delineated a narrow region of isotopes where a remarkable radius 

staggering occurs. Such an effect is related to a sudden change of the nuclear shape as a function of neutron 

number. 

The experimental measurements are shown in the figure as full triangles [2].   

 

To understand such a behavior, we have performed large-scale Hartree-Fock-Bogoliubov (HFB) calculations, with 

particular emphasis on the role played by pairing correlations and surface properties on staggering of radii. Mercury 

isotopes are standard example of shape coexistence, that is, we observe two (or more) competing minima 

corresponding to different shapes (oblate/prolate in this particular case. Given the different density of states around 

these two minima, in odd-even isotopes, unpaired particles modify relative positions of the two minima in a non-

negligible way. 

On the oblate or prolate side, due to pairing energies reduced in a different way, blocked configurations may differ 

by a few hundreds of keV. Such a change is enough to tilt the potential energy surface and thus favor one nuclear 

shape on another. Needless to say, as illustrated in the figure, the effect crucially depends on the strength of the 

pairing force. 

In this talk, via systematic HFB calculations based on different functionals and pairing strengths, I will illustrate how 

the radius staggering can be used to understand the observed measurements. I will also discuss the behavior of 

neighboring nuclei, and show how the predicted values compare with experimental findings. 

[1] B.A. Marsh et al. Characterization of the shape-staggering effect in mercury nuclei. Nature Physics 14.12 

(2018): 1163 

[2] S. Sels et al. Shape staggering of mid-shell mercury isotopes from in-source laser spectroscopy compared 

with Density Functional Theory and Monte Carlo Shell Model calculations, Phys. Rev. C (in press) 
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Shape coexistence and shape evolution of neutron deficient bismuth nuclei  

C Raison 

University of York, United Kingdom 

There are numerous isotopes which exhibit shape coexistence and shape evolution in the neutron deficient lead 

region of the nuclear chart near the N=104 midshell, where multiple oblate, prolate and spherical configurations are 

found at low excitation energies. This effect can manifest as large changes in the mean-square charge radius of 

nuclei in this region, the most well-known example being the shape staggering observed in the mercury isotopes [1]. 

Over the past several years, multiple studies by means of in-source laser spectroscopy for the isotopic chains of 

gold, astatine, mercury and bismuth have been carried out at the CERN ISOLDE facility by the Windmill-RILIS-

ISOLTRAP-IDS collaboration [1, 2, and 3].  

This talk will present the results for the changes in mean-squared charge radii along the bismuth (Z=83) chain, in 

particular, a dramatic shape staggering between the ground and isomeric state in 188Bi (N=105). This same shape 

staggering effect was observed in the lighter mercury isotopes [1], and at the same neutron number (185Hg). These 

results may have implications for the beta-delayed fission of 188Bi, for which new data were recently obtained in a 

separate experiment by the collaboration. 

[1] Marsh B.A.  et al, Characterization of the shape-staggering effect in mercury nuclei, Nature Physics 14, 

1163-1167 (2018) 

[2] Cubiss J.G. et al, Charge radii and electromagnetic moments of 195-211At, Phys. Rev. C 97, 054327 

(2018) 

[3] Cubiss J.G et al, Change in structure between I=1/2 states in the 181Tl and 177,179Au, Phys. Letters. B 

786355-363 (2018) 

Remarkable growth in matter radii of Ca isotopes across neutron magic number N = 28 via interaction cross section 

measurements 

M Tanaka1,2, M Takechi3, M Fukuda1, A Honma3, D Nishimura4, T Suzuki5, T Moriguchi6, D Ahn7, A Aimaganbetov8,9, 

M Amano6, H Arakawa5, S Bagchi10, K Behr10, N Burtebayev8, K Chikaato3, H Du1, S Ebata11, T Fujii5, N Fukuda7, H 

Geissel10, T Hori1, W Horiuchi12, S Hoshino3, R Igosawa5, A Ikeda3, N Inabe7, K Inomata5, K Itahashi7, T Izumikawa13, 

D Kamioka6, N Kanda3, I Kato5, I Kenzhina8,14, Z Korkulu7, Y Kuk8,9, K Kusaka7, K Matsuta1, M Mihara1, E Miyata3, D 

Nagae7, S Nakamura1, M Nassurlla8,14, K Nishimuro6, K Nishizuka3, S Ohmika5, K Ohnishi1, M Ohtake7, T Ohtsubo3, H 

Ong15, A Ozawa6, A Prochazka10, H Sakurai7,16, C Scheidenberger10, Y Shimizu7, T Sugihara1, T Sumikama7, H Suzuki7, 

S Suzuki6, H Takeda7, Y Tanaka1, Y Tanaka10, I Tanihata15,17, T Wada3, K Wakayama5, S Yagi1, T Yamaguchi5, R 

Yanagihara1, Y Yanagisawa7, K Yoshida7, T Zholdybayev8,14  

1Osaka University, Japan, 2Kyushu University, Japan, 3Niigata University, Japan, 4Tokyo City University, Japan, 
5Saitama University, Japan, 6University of Tsukuba, Japan, 7RIKEN, Japan, 8Institute of Nuclear Physics, Kazakhstan, 
9L.N. Gumilyov Eurasian National University, Kazakhstan, 10GSI, Germany, 11Tokyo Institute of Technology, Japan, 
12Hokkaido University, Japan, 13Niigata University, Japan, 14Al-Farabi Kazakh National University, Kazakhstan, 
15RCNP, Japan, 16University of Tokyo, Japan, 17Beihang University, China 

Very recently, nuclear charge radii of Ca isotopes were measured up to 52Ca by the optical isotope-shift methods 

[1]. The measured charge radii increase unexpectedly beyond the neutron magic number N = 28. This sudden 

growth in charge radii beyond N = 28 is an open problem which has not been able to be explained quantitatively by 

any theoretical calculations to date [1], including the ab initio coupled-cluster calculation with the recently 

developed next-to-next-to-leading order (NNLOsat) chiral effective field theory interaction [2,3]. On the other hand, 

nuclear matter radii of Ca isotopes were deduced only for stable nuclei 40,42,44,48Ca by the hadron elastic scattering 

[4]. In other words, the contribution of excess neutrons to the sudden growth of charge radii of Ca isotopes beyond 

N = 28 has not been understood so far. 
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Therefore, in order to elucidate the evolution of nuclear size in the Ca isotopic chain across N = 28, we measured 

interaction cross sections σI for 42-51Ca on a carbon target at around 285 MeV/nucleon. The experiment was 

performed at the RIBF, RIKEN by using the BigRIPS fragment separator. Based on the Glauber model calculation 

with the modified optical limit approximation [5], the root-mean-square matter radii < 2>m 1/2 were deduced. 

Moreover, the neutron-skin thicknesses were also obtained systematically from the deduced <  2>m 1/2 the existing 

charge radii data.  

The deduced matter radii also show a sudden enhancement beyond N = 28. This enhancement cannot be 

understood by a loosely bound effect such as a halo structure or a nuclear deformation effect. The enhancement of 

deduced matter radii of Ca isotopes in N > 28 region, which is similar to the tendency in the growth of existing 

charge radii but much greater in magnitude, is revealed. This phenomenon results in a remarkable growth of neutron 

skin thicknesses. The mean field calculations suggest that the enhancement of nuclear size in the Ca isotopic chain 

beyond N = 28 are related to a sudden increase in the surface diffuseness of point-neutron density distribution. 

[1] R. F. Garcia Ruiz et al., Nature Phys. 12, 594-599 (2016) 

[2] G. Hagen et al., Nature Phys. 12, 186-190 (2016) 

[3] A. Ekstróm et al., Phys. Rev. C 91, 051301(R) (2016) 

[4] G. Igo et al., Phys. Lett. B 81, 151-155 (1979), and references therein 

[5] M. Takechi et al., Phys. Rev. C 79, 061601(R) (2009) 

Nuclear Structure C 

(Invited) Atomic nucleus: The open quantum system perspective 

M Ploszajczak 

Grand Accélérateur National d'Ions Lourds, France 

Since the beginning of century, the low-energy nuclear theory is evolving rapidly. New innovative strategies of 

solving nuclear many-body problem have been proposed. These include: (i) the derivation of in-medium interactions 

from basic principles and in this context the role of three-body interaction for nuclear binding and level spectroscopy 

, (ii) the development of new ab initio approaches for nuclear structure and reaction calculations, and (iii) the 

formulation of nuclear shell model for open quantum systems. In the latter case, the shell model treatment of bound 

and unbound states allows to reconcile the low-energy nuclear structure and reactions in a comprehensive 

theoretical framework. These works have led to the development of the Gamow shell model which offers a fully 

symmetric treatment of bound, resonance and scattering states and preserves the unitarity for states above the 

lowest energy particle emission threshold. 

Loosely bound nuclei are currently at the centre of interest in low-energy nuclear physics. The deeper understanding 

of their properties provided by the shell model for open quantum systems changes the comprehension of many 

phenomena and offers new horizons for spectroscopic studies from the driplines to the well-bounded nuclei for 

states in the vicinity and above the first particle emission threshold. Systematic studies in this broad region of 

masses and excitation energies will extend and complete our knowledge of atomic nuclei at the edge of stability. 

In this talk, I will review the recent progress in the open quantum system shell model description of nuclear states, 

in particular, the understanding of (i) near-threshold collectivity and clustering, (ii) modification of effective NN 

interactions in weakly bound/unbound states, (iii) evolution of pairing correlations towards drip lines, and (iv) 

collectivization of electromagnetic transitions in near-threshold states. 
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Transfer to the continuum analysis of 11Be with an ab-initio S-matrix  

D Carbone1, A Bonaccorso1, F Cappuzzello1,2, M Cavallaro1, G Hupin3, P Navratil4 S Quaglioni5 

 1INFN-Laboratori Nazionali del Sud, Italy, 2Università degli Studi di Catania, Italy, 3IN2P3/CNRS, France, 4TRIUMF, 

Canada, 5Lawrence Livermore National Laboratory, USA 

The 11Be spectrum obtained via the reaction 9Be(18O,16O)11Be at INFN-Laboratori Nazionali del Sud in Catania is 

studied using for the first time a neutron-target ab-initio S-matrix derived from the no-core shell model with 

continuum (NCSMC) method [1] combined with the the Transfer to the Continuum (TC) model [2].  

The NCSMC method successfully reproduces the parity inversion in the ground state of 11Be and the continuum 

spectrum obtained is in agreement with previously known experimental levels. The ab-initio S-matrix has the great 

advantage of overcoming the need for an optical potential, in particular seen that for the system n+10Be there are no 

experimental free particle cross sections. This new approach describes well our experimental 11Be spectrum. 

Previously known levels are confirmed and theoretical and experimental evidence for a 9/2+ state at Ex = 5.8 MeV is 

given. These results will be presented for the first time at the Conference.  

The theoretical analysis has been previously validated by the study of the 10Be spectrum with the TC model and an 

S-matrix for the continuum neutron-target state calculated using n+9Be optical potentials fitted to experimental 

scattering data [3]. The analysis of the 9Be(18O,17O)10Be reaction [4] constituted the first step in the study of the 
11Be, which was later populated by the 9Be(18O,16O)11Be reaction discussed here.  

This work is part of a systematic study of one- and two-neutron transfer reactions induced by 18O beam, being 

pursued at INFN-LNS [5][6][7] in order to clarify the mechanism of successive vs. simultaneous transfer and thus 

the nature of single particle states vs two-neutron correlated states. 9Be is a particularly interesting target because 

both 10Be and 11Be residual nuclei can be accessed, which have gained much attention by the nuclear physics 

community in the past years. The 17O and 16O ejectiles are momentum analysed by the MAGNEX spectrometer [8] 

placed at forward angles. The 11Be and 10Be excitation energy spectra are obtained up to about 14 MeV, and several 

known bound and resonant states are identified.  

[1] A. Calci, P. Navratil, R. Roth, J. Dohet-Eraly, S. Quaglioni, and G. Hupin, Phys. Rev. Lett. 17, 242501  

[2] A. Bonaccorso and D. M. Brink, Phys. Rev. C 43, 299 (1991)  

[3] A. Bonaccorso and R. J. Charity, Phys. Rev. C 89, 024619 (2014) 

[4] D. Carbone et al., Phys. Rev. C 90, 064621 (2014) 

[5] M. Cavallaro et al., Phys. Rev. C 88, 054601 (2013) 

[6] D. Carbone et al., Phys. Rev. C 95 034603 (2017) 

[7] M. J. Ermamatov et al., Phys. Rev. C 94, 024610 (2016) 

[8] F. Cappuzzello, C. Agodi, D. Carbone and M. Cavallaro, Eur. Phys. J. A 52, 167 (2016) 

Electromagnetic responses of weakly-bound states in neutron-rich nuclei  

H Iwasaki  

Michigan State University, USA   

At the limit of stability, atomic nuclei can exhibit unique nuclear structure due to the proximity to the particle-decay 

threshold, where low-ℓ orbitals near the Fermi surface can induce spatially extended wave functions for valence 

neutrons. In light p and psd shells, halo nuclei have so far served as a benchmark for understanding of nuclear 

structure and dynamics of weakly-bound systems. However, for an unexplored heavier-mass neutron-rich region, 

halo formation and excitation properties can be more extensive than hitherto expected due to increasing degrees of 

collectivity and correlations.  

As a way to investigate the dynamics of neutron-rich weakly-bound systems, we have performed excited-state 

lifetime measurements on neutron-rich nuclei close to the drip line [1,2,3] by means of Doppler-shift techniques 
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coupled with the gamma-ray tracking array GRETINA. Experimentally extracted transition probabilities are used to 

characterize the electromagnetic responses of weakly-bound states through comparison with data available in 

neighboring nuclei as well as theoretical calculations. Examples of our recent results include an unexpectedly large 

E1 strength recently discovered in the neutron-rich 27Ne isotope lying at the broader of the island of inversion [1] as 

well as the extremely hindered M1 strength found in the one neutron halo nucleus 19C [2]. The experimental results 

will be presented and discussed in terms of a possible interplay between the shell erosion, deformation, and weakly 

bound nature of nuclei far from stability.  

[1]  C.Loelius et al., Phys. Rev. Lett. 121, 262501, (2018)  

[2]  K.Whitmore et al., Phys. Rev. C91, 041303(R), (2015)  

[3]  H.Iwasaki et al., Nucl. Inst. And Methods in Physics Research A806, 123 (2016) 

Low lying single-particle structure of 17C via the (d,p) reaction 

B Fernández-Domínguez2, X Pereira-López1, 2, 3, 4, F Delaunay1, N Achouri1 , N Orr1, W Catford5, M Assié6, S Bailey7, B 

Bastin8, Y Blumenfeld6, M Caamaño2, L Caceres8 ,E Clément8, A Corsi9, N Curtis7, F Farget8, M Fisichella10, G de 

France8, J Gibelin1, A Gillibert9, G Grinyer8, F Hammache6, O Kamalou8, A Knapton5 , T Kokalova7, V Lapoux9, B Le 

Crom6,S Leblond1, F Marqués1, A Matta5, P Morfouace6 , J Pancin8 , L Perrot8, E Pollacco9, D Ramos2 , C Rodríguez-

Tajes2, 8 , T Roger8, F Rotaru11 , M Sénoville9, N de Séréville6, R Smith7, O Sorlin8, M Stanoiu11, I Stefan6, D Suzuki6, J 

Thomas8, M Vandebrouck8, J Walshe7 and C Wheldon7 

1Université de Caen, France, 2University of Santiago de Compostela, Spain, 3University of Tennessee, USA, 
4University of York, United Kingdom, 5University of Surrey, United Kingdom, 6IN2P3/CNRS,  France, 7University of 

Birmingham, United Kingdom 8GANIL, France, 9CEA, France, 10INFN , Italy,11IFIN-HH, Romania 

Over the past years, the emergence of new magic numbers such as N=14, 16 [1-3] and the disappearance of N=20 

[4] have been studied extensively in the neutron-rich oxygen isotopes. However, the N=14 shell gap is believed to 

disappear when going from O to C [5]. The neutronrich carbon isotopic chain is, in this context, of significant interest 

in terms of testing the new monopole forces derived for exotic nuclei. We have investigated the low-lying structure of 
17C using the (d,p) reaction at 17 MeV/nucleon. Spectroscopic factors and spin-parities have been deduced for the 

ground (3/2+), first (1/2+) and second (5/2+) excited states. We observed significant spectroscopic strength for 

the 1/2+ and 5/2+ states which are essentially degenerated in energy and we have estimated the size of the N=14 

shell gap. The present results are in very good agreement with shell model calculations using the state-of-the art 

interaction SFO-tls which includes corrections in the T = 1 monopole terms [6]. In addition to presenting these 

results, the probable halo character of the 1/2+ level Sn=0.518 keV will be discussed. 

[1] C. Hoffman et al., Phys. Rev. Lett. 100, 152502 (2008) 

[2]  M Stanoiu et al, Phys. Rev. C 69, 034312 (2004) 

[3]  B. Fernández-Domínguez, Phys. Rev. C. 78, 061301(R) (2008) 

[4]  Z. Elekes et al., Phys. Rev. Lett. 98, 102502 (2007) 

[5]  M. Stanoiu et al., Phys. Rev. C 78, 034315 (2008) 

[6]  T. Suzuki and T. Otsuka, Phys. Rev. C. 78, 061301(R) (2008) 
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Charge Radii of Boron Isotopes  

B Maaß1, J Clark2, T Hüther1, P Imgram1, J Krause1, J Krämer1, K König1, A Lovato2, P Müller2, W Nörtershäuser1, M 

Puchalski3, K Pachucki4, R Roth1, R Sánchez5, G Savard2, F Sommer1, R Wiringa2  

1TU Darmstadt, Germany, 2Argonne National Laboratory, USA, 3Adam Mickiewicz University, Poland, 4University of 

Warsaw, Poland, 5GSI Helmholtzzentrum für Schwerionenforschung, Germany  

We report on the first laser spectroscopic determination of the nuclear charge radius of stable boron isotopes by 

resonance ionization mass spectrometry (RIMS) [1].  

Boron atoms generated from a thermal source were ionized using two laser systems. A frequency-quadrupled 

continuous-wave Ti:Sa laser was scanned across the atomic ground-state resonance at about 250nm. A high-power 

frequency-doubled continuous-wave Nd:YAG laser was used to ionize the previously excited atoms. Using a 

quadrupole mass spectrometer and a single-ion detector, the generated ions were detected, and the hyperfine 

structure was recorded almost background-free. An elaborate laser spectroscopic setup, using perpendicular 

overlap between laser and atomic beam, allowed to correct for residual Doppler-shifts with high accuracy. A 

frequency comb was employed to remove various systematic uncertainties that usually have to be considered with 

this type of measurement. The isotope shift between the two stable isotopes 10,11B was extracted with an uncertainty 

of the order of 1 MHz.  

Although atomic theory is not yet able to extract absolute transition energies for something more complicated than a 

one-electron-system, it is possible to calculate the mass-dependent isotope shift with spectroscopic accuracy since 

all mass-independent contributions and their related uncertainties cancel. This atomic QED calculation was done 

and employed here for the first time for a five-electron system. We then combine the results of our high-resolution 

measurement of the isotope shift with the novel high-accuracy ab initio mass-shift calculations. The remainder 

between the calculation and experiment is called the field shift and is attributed to the nuclear volume effect. From 

this, we were able to extract the difference in the mean-square charge radius between the stable isotopes 10,11B.  

This result is then used to benchmark new ab initio nuclear structure calculations using the no-core shell model and 

�reen’s-Function Monte Carlo approaches. The results present a striking convergence of these nuclear calculations, 

atomic theory and experiment combined on a high precision level. Furthermore, they are a showcase for further 

precision spectroscopy experiments to come at the limits of nuclear stability.  

In near future, collinear laser spectroscopy will be performed in the same transition on the short-lived (770ms) 

proton halo candidate 8B at Argonne National Laboratory. The difference in mean-square charge radius will deliver a 

model-independent test of its proton halo character. The contribution will also highlight the status and perspectives 

of this ongoing experimental work.  

This work is supported by the U.S. DOE, Office of Science, Office of Nuclear Physics, under contract DE-AC02-

06CH11357, and by the Deutsche Forschungsgemeinschaft through Grant SFB 1245.  

[1]  B. Maaß et al, arXiv:1901.06323 (2019) 

 

 

 

 

272



 

New Facilities and Instrumentation A 

(Invited) A variety of physics using radioactive beams at ISOLDE and HIE-ISOLDE @ CERN 

G Neyens1, 2 

1CERN, Switzerland, 2KU Leuven, Belgium 

�he ����~� �acility at }��� is the world’s leading facility for the production of radioactive ion beams using the ISOL 

(Isotope Separation On-Line) method. Over 1000 isotopes of more than 70 elements have been produced by the 

impact of a 1.4 GeV proton beam on a variety of targets and using different ion sources for providing beams at 40-

50 keV energy. Beam purification is achieved through the use of the selective resonance laser ionization process in 

more than half of the experiments and by mass separation using one of two mass separators.  The isotope/isomer 

beams can be further accelerated to about 10 MeV/u using the HIE-ISOLDE post-accelerator.  The low-energy and 

accelerated beams are used for a wide variety of experiments in nuclear structure research, but also for studying 

astrophysical processes, for materials properties research, for biochemical and biomedical research and for 

fundamental interaction studies.  

This talk will present some recent highlights from the many physics questions that have been addressed at ISOLDE 

in the last few years. 

The MARA low-energy branch 

P Papadakis1, T Eronen2, J Liimatainen2, I Moore2, J Partanen2, I Pohjalainen2, S Rinta-Antila2, J Sarén2, J Uusitalo2 

1University of Liverpool, United Kingdom, 2University of Jyväskylä, Finland 

The MARA low-energy branch (MARA-LEB) [1,2] is a novel facility currently under development at the University of 

Jyväskylä. Its main focus will be the study of ground-state properties of exotic proton-rich nuclei employing in-gas-

cell and in-gas-jet resonance ionisation spectroscopy and mass measurements of nuclei close to the N=Z line of 

particular interest to the astrophysical rp process [3]. 

MARA-LEB will combine the MARA vacuum-mode mass separator [4] with a gas cell, an ion guide system and a 

dipole mass separator for stopping, thermalising and transporting reaction products to the experimental stations. 

The gas cell has been designed and built based on a concept developed at KU Leuven [5]. 

Following extraction from the cell the ions will be transferred by radiofrequency ion guides and accelerated towards 

a magnetic dipole for further mass separation before transportation to the experimental setups. Laser ionisation will 

be possible either in the gas cell or in the gas jet using a dedicated Ti:Sapphire laser system and will provide 

reliable experimental data on the ground-state properties of exotic isotopes close to the N=Z line. 

Mass measurements will be achieved through a dedicated radiofrequency quadrupole cooler and buncher and a 

multiple-reflection time-of-flight mass spectrometer [6] which will be combined with the facility. These devices will 

allow for mass measurements of several isotopes with high impact on the rp process and which could be used as 

test grounds for state-of-the-art nuclear models.  

In this presentation we will give an update on the current state of the MARA-LEB facility. 

[1]  P. Papadakis et al., Hyperfine Interact 237:152 (2016) 

[2]  P. Papadakis et al., AIP Conf. Proceed. 2011, 070013 (2018) 

[3]  R.K. Wallace and S.E. Woosley, Astrophys. J. Suppl. Ser. 45, 389 (1981) 

[4]  J. Sarén, PhD thesis, University of Jyväskylä (2011) 

[5]  Yu. Kudryavtsev et al., Nucl. Instr. and Meth. B 376, 345 (2016) 

[6]  R.N. Wolf et al., Nucl. Instr. and Meth. A 686, 82 (2012) 
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Status of the SPIRAL2 project 

J Lagniel 

GANIL, France 

The SPIRAL2 facility at GANIL will use a high-power superconducting linac driver for nuclear physics, astrophysics 

and interdisciplinary research. This linac is designed to accelerate p, d and heavy-ion up to A/Q = 3, at energies 

from .73 MeV/u up to 20 MeV/u (33 MeV p), intensities up to 5 mA in CW or pulsed mode including a “bunch 

selector mode” isolating single �� ��z bunches for time of flight measurements� 

The first phase of the SPIRAL2 project deals with the high-power superconducting linac and two experimental areas 

called “�eutron for �cience” (���) and “�uper �eparator �pectrometer” (��)� �he low energy experimental hall 

DESIR, under construction, will complete the facility with a connection to the existing cyclotron facility. 

All the linac and beam line components are installed and ready for operation. The first beams were produced in 

2014 and the injector commissioning (two ion sources and the A/Q = 3 RFQ) was successfully done up to end 

2018 reaching all nominal parameters for ions with A/Q from 1 to 3. The linac commissioning is in progress. 

After having briefly recalled the project scope and parameters, the constraints linked to the safety rules, the 

accelerator status, NFS, S3 and DESIR and overall planning will be presented. 

A segmented inverted-coaxial germanium detector SIGMA 

F Pearce1, A Boston1, L Harkness-Brennan1, D Judson1, M Labiche2, P Nolan1, R Page1, D Radford3, J Simpson2, C 

Unsworth1, J Wright1 

1University of Liverpool, UK, 2Daresbury Laboratory, UK, 3Oak Ridge National Laboratory, USA 

SIGMA is a novel gamma ray tracking detector utilising point contact technology to deliver exceptional energy and 

position resolution. The small size of the point-like contact offers reduced capacitance resulting in low series noise 

and precision energy resolution. Unique electrode configuration gives a significantly different charge collection 

profile from standard coaxial detectors, with long drift times related to interaction position. Using pulse shape 

analysis techniques, it has been predicted that a sub-mm position resolution superior to current state of the art 

large volume detectors, such as AGATA, could be achieved. Initial characterisation results from the first SIGMA 

detector prototype show energy resolutions superior to current state of the art large volume germanium tracking 

arrays with resolutions of 0.89keV and 2.35keV at 122keV and 1332keV respectively. Measurements including 

energy resolutions for each segments, count rate and dead time measurements and surface scans from the front 

and side of the detector have been performed and will be presented. 

Pulse-Dilation photomultiplier tube for improved temporal resolution in burn history measurements  

R Littlewood1, D Garand1, J Carrera2, A Dymoke-Bradshaw3, S Gales4, H Geppert-Kleinrath5, J Hares3, H Herrmann5, C 

Horsfield4, D Hussey4, S James4, Y Kim5, A Leatherland4, C McFee1, A Meadowcroft4, S Parker4 and L Wilson4  

1Sydor Technologies, United States, 2Lawrence Livermore National Laboratory, United States, 3Kentech Instruments 

Ltd., United Kingdom, 4Atomic Weapons Establishment, United Kingdom, 5Los Alamos National Laboratory, United 

States  

A novel device for improving the temporal resolution of Gas Cherenkov Detectors (GCDs) used in Inertial 

Confinement Fusion (ICF) burn history measurements has been implemented. Ignition at ICF experiments is reliant 

upon models used to describe and predict the implosion process. Model input is provided, in part, by GCDs for 

measuring burn history (via DT-γ). Though the GCD impulse response is on the order of 10ps, the GCD relies on a 

photomultiplier tube (PMT) for data collection, limiting detector temporal resolution to ~100ps. Further need for 
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improved temporal resolution comes from the burn width itself, which is expected to decrease from the 130ps at 

current NIF yields to 10ps for yields achieving ignition. A novel pulse-dilation photomultiplier tube (PD-PMT) capable 

of achieving sub-10ps temporal resolution has been developed. This improved temporal resolution is achieved 

through the addition of a sophisticated pulse generator used to create a non-linear voltage ramp on a photocathode 

mesh. As the voltage pulse varies with time, incident photons are converted into photoelectrons emitted with kinetic 

energies dependent on this pulse. A drift tube is installed with appropriate length to allow this spread in energy to 

result in a linear dilation of the photoelectron pulse as it propagates through the drift tube. The dilation of the pulse 

allows an improvement in temporal resolution of collected data, without a need to improve the capabilities of the 

data acquisition device itself. We present on the detector configuration, the current performance results, and future 

implementation. 

Perspectives for low energy reactions measurements at the new LEMA beam-line 

L Acosta, E Chávez-Lomelí, L Barrón-Palos, E Andrade, D Marín-Lámbarri, J Miranda, M Ortiz, F Favela and A. Huerta  

Universidad Nacional Autónoma de México, Mexico 

At the ending of 2017, a new beam line was mounted at the Laboratorio Nacional de Espectrometría de Masas con 

Aceleradores (LEMA) [1] at Instituto de Física of the Universidad Nacional Autónoma de México (Mexico City). 

Initially, LEMA was a 1 MV tandetron accelerator dedicated to Accelerator Mass Spectrometry, particularly, applied 

physics related with nuclei as 10Be [2], 14C [3], 26Al [4], 127I and Pu isotopes. It is well working with such technique 

since 2013. Thanks to new projects supporting new infrastructure for the young facility, it was possible to include a 

new beam line for the system. The new line was commissioned at the end of 2017 and the first experiments started 

to run during the spring of 2018. The LEMA beam-line in a natural way adopted the main characteristics of the AMS 

system: i.e�  it has a high precision measurement of the beam energy and a very high and stable current (over μ{) 

depending of charge state of some isotopes as protons or 12C. The precise low energy limit around 200 keV opens a 

window to study reactions in the region of interest for Astrophysics. At the same time, the LEMA beam-line allows to 

develop experiment combining nuclear reactions with AMS [5], to study for instance, the reaction production of 

radioisotopes as 26Al [6], which could be counted by AMS.  

The LEMA beam-line was equipped with a multipurpose chamber where several detection systems (X-ray, silicon 

and gamma) can be mounted, as well as solid targets. In such sense, the beam-line can be used for IBA purposes 

and materials science. The high and constant current of the beam line has permitted to test the tolerance of thin 

targets (for instance, prototypes to be used in a main experiments of NUMEN project [7]) to the heating under 

beam, as well as to start measurements related with the 12C+12C interaction, a very hot topic which even nowadays 

continues been very important for Nuclear Astrophysics and Nuclear Structure studies [8].  

In order to take the maximum advantage of the new beam-line, a complex system of silicon telescopes is been 

constructed at LEMA: the so called SIMAS array (SIstema Móvil de Alta Segmentación), which is composed of ultra-

thin surface barrier detectors of � μm thickness (��� cm2 active area) and ~���~ of �� μm (��� cm2 active area 

and ��+�� strips) as a first stage and  thicker ���’s and PAD detectors for the second stages. The system allows to 

discriminate low energy alphas and � isotopes coming from a particular reaction by using Δ�-E technique. The 

whole array is manage with a digital DAQ system composed by FEBEX-3 cards and MBS system [9]. Eventually, the 

Super Sonic Jet Target Array (SUGAR) [10] designed previously to the beam-line commissioning, could be adapted 

to the new system in order to cover the main door open when a gas target could be used.  

In this work will be presented our first studies regarding nuclear reactions, target tolerance and AMS + reaction 

measurements developed in the last year with the implementation of the new facility. Further measurements will be 

as well described.  

This work is been partially funded by CONACyT-LN294537 and PAPIIT-DGAPA IA103218, IG101616, IA101016 

Projects.  

[1] C Solís, E Chávez, M Ortiz, A Huerta, E Andrade, E Barrios. Nucl. Inst. Meth. Phys. B 331, (2014) 
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[2] K De Los Ríos, C Méndez-García, S Padilla, C Solís, E Chávez, A Huerta and L Acosta. J. Phys: Conf. Ser. 

1078, 012009 (2018) 

[3] C Ardelean, I Israde-Alcántara, R González-Hernández, J Arroyo-Cabrales, C Solis- Rosales, M Rodríguez-

Ceja, B Pears, J Watling, J Macías-Quintero, Y Zul E Ocampo- Díaz. Quat. Int., 463, (2018) 
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[5] A Arazi, T Faestermann, J O FernándezNiello, K Knie, G Korschinek, M Poutivtsev, E Richter, G Rugel, and A 

Wallner. Phys. Rev. C 74, 025802 (2006) 

[6] L Acosta, V Araujo-Escalona, E Chávez, E Andrade, L Barrón-Palos, F Favela, M A Flores, J García-Ramírez, A 

Huerta, O de Lucio, C Méndez-García, M E Ortiz, S Padilla, A M Sánchez-Benítez, P Santa Rita, and C Solís. 

Eur. Phys. J. Web. Conf. 165, 01001 (2017) 

[7] F Cappuzzello, et. al., Eur. Phys. J. A 54: 72 (2018) 

[8] A Tumino et. al., Nature 561, (2018) 

[9] https://www.gsi.de/work/forschung/experimentelektronik/../febex/febex3b.htm 

[10] F Favela, L Acosta, E Andrade, V Araujo, A Huerta, O G de Lucio, G Murillo, M E Ortiz, R Policroniades, P 

Santa Rita, A Varela, E Chávez, Phys. Rev. ST-AB, 18, (2015) 

Societal Impact and Applications of Nuclear Science 

(Invited) An overview of the nuclear physics activity at the ILL neutron beam facility using gamma-ray spectroscopy 

techniques 

C Michelagnoli 

Institut Laue-Langevin, France 

Thermal neutron capture gamma-ray spectroscopy and prompt gamma-ray spectroscopy of fission fragments are 

powerful tools to obtain detailed nuclear structure information for nuclides close to stability and medium mass 

neutron-rich isotopes. This nuclear structure information can be used for the test of nuclear models, as well as for 

the extraction of quantities important for nuclear applications. The power of coupling a high-efficiency Ge detector 

array with an intense pencil-like neutron beam provided by the ILL reactor, has been recently demonstrated by the 

success of the EXILL (EXogam at ILL) campaign. This success led to the installation of permanent setup at ILL, the 

new instrument FIPPS (FIssson Product Prompt Spectrometer). In its first phase, it consists of a halo-free pencil 

neutron beam incident on a target surrounded by an array of HPGe clovers. This setup has recently been exploited 

for a variety of (n,gamma) experiments. Recently, a target consisting of 235U diluted in a liquid scintillator has been 

used to study the spectroscopy of neutron-rich nuclei with a fission tag. In a second phase, the instrument will be 

complemented with a recoil spectrometer based on a gas filled magnet. This will increase the sensitivity and 

selectivity for nuclear spectroscopy of fission products and enable fission studies of the correlation between 

excitation energy, angular momentum and kinetic energy. 

After a general introduction to the nuclear physics activity at ILL, the details of the FIPPS instrument, its performance 

and first physics results will be shown. Particular focus will be dedicated to the first fission campaign, showing the 

innovative technique of tagging and first results. Preliminary results on the spectroscopy of the 161Gd nucleus, 

produced after n,gamma reactions on a highly purified 160Gd target will also been shown. The cross-section of this 

reaction is of high interest for the production of the medically relevant 161Tb. 
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(Invited) Antineutrino detection - A new precision tool for nuclear reactor science 

A Galindo-Uribarri 

Oak Ridge National Laboratory, USA 

The design and construction of the first nuclear reactors was preceded and accompanied by essential supporting 

research and development programs that spanned a wide range of scientific and engineering disciplines. 

Multidisciplinary teams worked together to develop solutions to critical problems. Fundamental neutrino physics has 

recently entered an era of precision measurements, revealing surprising gaps in our knowledge of the nuclear data 

underlying the quantum mechanical behavior of neutrinos and reactor modeling codes. Complex nuclear systems lie 

at the heart of many aspects of scientific discovery, energy production, and national security. Anomalous 

discrepancies between measurement and models (e.g., underprediction of prompt reactor decay heat and 

overprediction of antineutrino emissions) strongly indicate that our understanding of the physical processes 

occurring in reactors remains deficient. By focusing the attention of experts in theory and experiment from nuclear 

physics, high-energy physics, reactor physics, and nuclear engineering on this complex problem, a comprehensive 

solution can be achieved, bringing great benefit to both the fundamental science and the applications. We propose 

to establish antineutrino measurements as a precision probe of the complex nuclear processes occurring in 

reactors. A step in this direction has been taken by PROSPECT (The Precision Oscillation and Spectrum Experiment) 

through the measurement of the antineutrino spectrum from 235U fission at HFIR. I will describe the experiment and 

the latest results on the observed energy spectrum.  

Total absorption study of beta decays relevant for reactor applications 

A Algora1, V Guadilla2, J Tain1, M Jordan1, E Valencia1, M Fallot2, M Estienne2, L Giot2, A Porta2, L Le Meur2, J Briz2, A 

Zakari-Issoufou2, S Rice3, J Agramunt1, J Äystö4, M Bowry3, V Bui2, R Caballero-Folch5, D Cano-Ott6, S Cormon2, A 

Cucoanes2, V Elomaa7, T Eronen7, E Estévez1, G Farrelly3, A Garcia6, W Gelletly1,3, MGomez-Hornillos5, VGorlychev5, J 

Hakala7, A Jokinen7, A Kankainen7, P Karvonen7, V Kolhinen7, F Kondev8, T Martinez6, E Mendoza6, F Molina1, I 

Moore7, A Perez1, Z Podolyák3, H Penttilä7, P Regan3,9, M Reponen7, J Rissanen7, B Rubio1, T Shiba2, A Sonzogni10, C 

Weber7 

1CSIC, Spain, 2Subatech, France; 3University of Surrey, UK; 4Helsinki Institute of Physics, Finland; 5Universitat 

Politécnica de Catalunya, Spain, 6CIEMAT, Spain, 7University of Jyväskylä, Finland, 8Argonne National Laboratory, 

USA, 9National Physical Laboratory, UK, 10Brookhaven National Laboratory, USA 

Total absorption spectroscopy is presently the most reliable technique that provides beta decay transition 

probabilities free from the Pandemonium systematic error [1-3]. In this contribution we will present results from the 

research work performed by our collaboration employing this technique, which is relevant for reactor applications. 

The measurements have been performed at the University of Jyväskylä IGISOL IV Facility [4] using trap-assisted 

spectroscopy that provided radioactive beams of very high isotopic purity [5]. 

In this contribution the impact of all the measurements performed until now will be discussed [6-11] with particular 

emphasis on the decay heat application.  

We will also discuss new results coming from an experiment performed in 2014 and recently analyzed [12,13]. This 

data have been shown to be of relevance in calculations of the decay heat and in calculations of the antineutrino 

spectrum from reactors. The impact of the new measurements in nuclear structure and astrophysics will be also 

discussed. Some of the studied cases are beta delayed neutron emitters, for which gamma competition above the 

neutron separation energy has been also determined. 

[1] J.C Hardy et. al., Phys. Let. B 71, 307 (1977) 

[2] B. Rubio et al., Journal of Physics G: Nuclear and Particle Physics 31, S1477 (2005) 

[3] A. Algora, B. Rubio and J.L Tain, Nuclear Physics News, 28, 12 (2018) 

[4] I. D. Moore et al., Nucl. Instrum. And Methods C 317,208 (2013) 
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[7] D. Jordan et al., Phys. Rev. C 87, 044318 (2013) 

[8] A. A. Zakari-Issoufou et al., Phys. Rev. Lett. 115, 102501 (2015) 

[9] J.L.Tain et al., Phys. Rev. Lett. 115, 062502 (2015) 

[10] E. Valencia et al., Phys. Rev. C 95, 024320 (2017) 

[11] S. Rice et al., Phys. Rev.  C 96, 014320 (2017) 

[12] V. Guadilla, PhD Thesis, Univ. of Valencia, Spain, (2017) 

[13] L. Lemeur, PhD Thesis, Univ. of Nantes, France, (2018) 

How Well Do We Know the Masses of the Heaviest Nuclei? 

F Kondev, I Ahmad 

Argonne National Laboratory, USA 

The mass is a fundamental property of the atomic nucleus. Its precise knowledge allows determination of the 

nuclear binding energy, which is important not only for nuclear structure, but also for other scientific fields such as 

nuclear astrophysics, chemistry and atomic physics, as well as for various applications. 

The Atomic Mass Evaluation [1] is the recommended source for atomic mass data, where both direct (Penning 

traps, storage rings, etc.) and indirect (reaction and decay energies) measurements are considered. For heavy 

nuclei, α decay is the main decay mode that is used to obtain information about the atomic masses. Most of the 

present α-decay studies of heavy elements involve position-sensitive silicon detectors that need to be carefully 

energy calibrated. Such calibrations are usually performed using the recommended by Rytz [2] α-energy values for 

several standard nuclides. The recent advances in mass spectrometry allow to perform mass measurements in this 

region of the nuclear chart using Penning trap spectrometers that are independent from the α-decay calibration 

technique. Results from the TRIGA-TRAP for 241Am, 243Am, 244Pu and 249Cf were recently published in Ref. [3]. From 

this work, the mass difference between 249Cf and 241Am was determined as 16781.2 (22) keV, which differs by 7.2 

keV (more than 3ζ) from the value of 16788.4 (7) keV determined from the decay Q values [1]. This was attributed 

in Ref. [3] to possible inaccuracies in the α-decay data for 249Cf and/or 245Cm, owing to the complexity of their α-

decay spectra. 

We have carried out precise α-decay energy measurements for 249Cf and 245Cm using very thin, mass-separated 

sources that were calibrated using the absolutely-measured Eα values of 244Cm, 248Cm and 250Cf [2]. While we 

improved the accuracy of the α-decay data to a level that is comparable or even better than the Penning trap results 

[3], we were not able to resolve the discrepancy between the Penning trap and α-spectroscopy data for the 249Cf 

and 241Am mass difference. In addition, we have reevaluated some of the previous published data for several Fm, Es 

and Md isotopes and obtained better precision results for the resulting Qα values. Results from these studies will be 

presented, together with possible implications for other nuclei in the heaviest region of the nuclear chart. 

This work is supported by the U.S. Department of Energy, Office of Nuclear Physics, under Contracts No. DE-AC02-

06CH11357. 

[1] M. Wang, G. Audi, F. G. Kondev, W. J. Huang, S. Naimi, and Xing Xu, Chin. Phys. C41, 030003 (2017) 

[2] A. Rytz, At. Data Nucl. Data Tables 47, 227 (1991) 

[3] M. Eibach et al., Phys. Rev. C89, 064318 (2014) 
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Auger-electron spectroscopy for medical applications at the National Physical Laboratory  

G Lorusso 

National Physical Laboratory, United Kingdom 

When an atom is ionized by removing an electron from an inner atomic shell, the residual atom is in an excited 

state. Atomic relaxation back to the ground state occurs rapidly via radiative (X-rays) and non-radiative processes 

involving emission of Auger electrons.  

Auger emitters hold great potential for future targeted radiotherapies because of their high linear energy transfer. 

Despite this great potential, only a few Auger emitters have reached the clinical trial stage and none are presently 

licensed for clinical use. This is because of a number of open questions involving radiobiology, dosimetry, and the 

lack of robust decay data.  

At the National Physical Laboratory we have recently started a program of Auger emission measurements essential 

to assess the biological outcome of Auger emission and to validate theoretical models of atomic relaxation.  

Advancement in the field requires improvement in detector technology but most importantly of techniques to 

produce high quality radioactive sources that must consist of a single atomic layer of electron emitters. This 

contribution will present the recent efforts focused on the production and study of Platinum radioisotopes. Thanks to 

the large number of electrons emitted per decay, Platinum isotopes are among the most promising candidate for 

future Auger therapy. 

Hot and Dense Nuclear Matter 

(Invited) Recent strangeness results from the RHIC beam energy scan 

X Zhu 

Tsinghua University, China 

The main motivation of the RHIC beam energy scan (BES) program is to study the quantum chromodynamics (QCD) 

phase diagram� �ystematic analysis of {u+{u collisions from √sNN = 39 GeV down to 7.7 GeV in the RHIC BES-I 

could help to achieve the following goals: 1) to find the QCD critical point where the first order phase transition at 

finite baryon chemical potential ends and to identify the phase boundary of the first order phase transition; 2) to 

locate the collision energy where deconfinement begins. 

Strange hadrons are an excellent probe for identifying the phase boundary and onset of deconfinement. In 

particular, the strange quark production rate and its subsequent evolution in the hot and dense nuclear medium 

depend on the collision energy and the net baryon density. We will review recent STAR measurements of KS, K
±, 𝜙, 

Λ, Ξ  and Ω at mid-rapidity from the RHIC BES-I. We will discuss the strangeness enhancement through the ratios 

K/𝜋, Λ/𝜋, 𝜙/𝜋 and Ξ/𝜋, and strangeness equilibration as a function of collision energy. Nuclear modification 

factors and baryon to meson ratios will be discussed to understand the hadron production mechanisms. 

Implications on partonic vs. hadronic dynamics at the RHIC BES-I energy range will be discussed. The future 

prospects for the RHIC BES-II, starting from this year, will also be discussed. 
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Constraining the Hyperon-Nucleon and Hyperon-Hyperon interaction with femtoscopy in small systems at the LHC 

A Mathis 

Technische Universitat Munchen, Germany 

Pioneering studies by the ALICE Collaboration demonstrated the potential of employing femtoscopy to investigate 

and constrain baryon-baryon and baryon-meson interactions with unprecedented precision. This kind of interaction 

is particularly interesting since it is closely connected to the physics of neutron stars. In particular, one of the 

plausible hypotheses about the content of neutron stars is that neutrons and hyperons might be contained in the 

core. To obtain a better understanding of the composition of these objects, a detailed knowledge of the interaction 

of the constituents becomes mandatory. Such analyses are complementary to previous attempts to study the 

interaction with scattering experiments, which are difficult to conduct due to the instable nature of hyperon beams. 

In this contribution, we present measurements from the ALICE Collaboration in pp collisions at √s = � and �� �e� 

and p–�b at √    = 5.02 TeV. The statistics of the RUN 2 data provide a higher precision in the analysis of the p-p, 

p-Λ and Λ-Λ correlations, and additionally make it possible to probe the interaction of more exotic pairs such as p-

K, p-Ξ, p-   and p-Ω. Newly developed analysis tools allow for a comparison of the measured correlation function 

between the particle pairs of interest to theory predictions using either potentials or wave functions as an input. This 

enables us to verify chiral and lattice calculations of the interaction and to constrain the corresponding scattering 

parameters. 

Multi-strange particle production in p--Pb collisions at √     = 8.16 TeV measured with ALICE at the LHC 

E Willsher 

University of Birmingham, UK 

The ALICE experiment at the LHC is used to study particle production in high-energy pp, p--Pb and Pb--Pb collisions. 

Enhanced strangeness production in heavy-ion collisions is a proposed signature of quark-gluon plasma (QGP) 

formation. An enhancement of strangeness production in Pb--Pb collisions at √    = 2.76 TeV compared to pp 

collisions analysing Run 1 data (2009-2013), contributed to evidence that a QGP had been formed. However, a 

surprising result from Run 1 was that an enhancement could also be seen in high-multiplicity pp and p--Pb 

collisions at √  = 7 TeV and √    = 5.02 TeV respectively, where QGP formation is not expected. A smooth 

increase of strange particles relative to non-strange ones with event multiplicity was observed in all three collision 

systems. The latest results from Run 2 (2015-2018) p--Pb collisions at higher energies using a dedicated high 

multiplicity trigger will be presented. This will allow the energy dependence of this phenomenon to be investigated 

as well as a direct comparison between p—Pb and Pb--Pb results at high multiplicities. 

(Anti-)(hyper-)nuclei production in Pb-Pb collisions with ALICE at the Large Hadron Collider 

S Trogolo 

INFN, Italy 

The high collision energies reached at the Large Hadron Collider (LHC) lead to significant production of light (anti-

)(hyper-)nuclei in proton-proton (pp), proton-lead (p-Pb) and lead-lead (Pb-Pb) collisions. The excellent particle 

identification (PID) capabilities of the ALICE detector are exploited to identify rarely produced particles such as 

deuterons, 3H, 3He, 4He and their antiparticles, in addition to light hadrons. PID is performed by measuring the 

specific energy loss in the Time Projection Chamber (TPC) and the particle velocity with the Time-Of-Flight (TOF) 

detector. 

The results on the production of stable light nuclei, including deuterons, 3He, 4He and the corresponding anti-nuclei, 
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in Pb-�b collisions at √    = 5.02 TeV will be presented and compared with theoretical predictions to provide 

insight into the production mechanisms in heavy-ion collisions. In addition we will show the results on the elliptic 

flow of (anti-)deuterons and 3He, measured in Pb-�b collisions at √    = ���� �e� and √    = 5.02 TeV. The 

experimental results will be presented giving a critical view of their comparison to the expectations from coalescence 

and hydrodynamic models that aim at describing both the 𝑝 - spectra and the elliptic flow. 

The high-resolution vertexing provided by the Inner Tracking System (ITS) allows for the separation of primary and 

secondary vertices, which is crucial for the measurement of the (anti-)hypertriton production and lifetime in heavy-

ion collisions. We present the measurement of the hypertriton lifetime with the ALICE detector at the LHC, aiming at 

shedding light on the hypertriton lifetime puzzle. Indeed most calculations on the lifetime of hyper-triton give similar 

results, which are close to the lifetime of free Λ decays. On the experimental side, all results in Au+Au collisions at 

RHIC and in Li+C collisions at GSI show a significantly shorter lifetime in comparison with that of the free Λ decay. A 

detailed discussion of the experimental results and the effort needed on both the experimental and the theoretical 

side in this sector will be presented. 

The φ meson in nuclear matter with zero and non-zero momentum – recent results  

P Gubler 

Japan Atomic Energy Agency, Japan 

The behavior of the φ meson in nuclear matter has attracted renewed interest because of (recent and future) 

experiments that aim to study its properties in nuclei [1-3]. Theoretically, many works have however been 

conducted for the φ meson at rest with respect to the nuclear medium [4-5], which is not realistic from an 

experimental point of view. Some studies which were based on the method of QCD sum rules [4], found that the 

potential mass shift of the φ in nuclear matter is strongly correlated to the so-called strangeness content of the 

nucleon, <N|sbars|N>, which is an important parameter for understanding the structure of the nucleon, but also 

plays a crucial role for dark matter searches, as it appears in the spin-independent elastic scattering cross sections 

of potential dark matter particles with nucleons and is one of the main sources of uncertainty for these cross 

sections. Other recent works based on hadronic models [5] found that the φ meson peak receives only a small and 

negative mass shift, while it is strongly broadened and its shape is modified asymmetrically and therefore cannot be 

accurately described by a simple Breit-Wigner shape (see Fig. 1).  

In this presentation, I will review recent theoretical progress in studying the behavior of the φ meson in nuclear 

matter [6] and, in particular, discuss the effect of finite momentum to these results. Non-zero momentum effects will 

be especially relevant for future experiments, such as E16 at J-PARC [3], where this meson will be measured for 

varying momenta with respect to the surrounding nucleus. In this context, I will especially discuss what sort of 

condensates are most important in determining the momentum dependence of the φ meson spectral function. 

Furthermore, I will describe first attempts in simulating the pA reaction used in the E16 experiment to produce φ 

meson in nuclei, making use of a state-of-the-art transport code. 
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Fig 1: The φ meson spectral function in vacuum and normal nuclear matter density and in vacuum. Taken from Ref. 

[5].  

[1]  R. Muto et al., Phys. Rev. Lett. 98, 042501 (2007) 

[2]  A. Polyanskiy et al., Phys. Lett. B 695, 74 (2011) 

[3]  K. Aoki (J-PARC E16 Collaboration), arXiv:1502.00703 [nucl-ex] 

[4]  P. Gubler and K. Ohtani, Phys. Rev. D 90, 094002 (2014) 

[5]  P. Gubler and W. Weise, Phys. Lett. B 751, 396 (2015) 

[6]  H.J. Kim, P. Gubler and S.H. Lee, Phys. Lett. B 772, 194 (2017) 

Spontaneous spin polarization quark matter due to tensor field in NL model 

T Maruyama1 and T Tatsumi2 

1Nihon University, Japan 2Kyoto University, Japan 

Discovery of magnetars, which are neutron stars with super strong magnetic field, seems to revive a big question 

about the origin of the strong magnetic field. Spin polarization (SP) of hadronic matter must be one of the most 

possible candidates to explain this phenomenon. In the relativistic framework there are two kinds of SP created by 

the mean-fields, the axial vector (AV) and tensor (T) fields [1]. Naïve thinking may suggest that these two mean-

fields become equivalent to each other in the non-relativistic limit, while they are quite different in the massless 

limit due to the structure of gamma matrices; the AV field disappears, but the T field still remains in the massless 

limit. Actually we can see that the AV-type spin-polarized phase can appear only in a low density region just below 

the chiral phase transition (CPT) density ρc within the NJL model. This difference comes from the deformation of the 

Fermi surface, that it is deformed prolately in the AV-type and oblately in the TType spin-polarized states. 

In this work we study the magnetic properties of quark matter in the NJL model with the tensor interaction and zero 

current mass [2]. 

We show density-dependence of the tensor density, ≡ 〈 Σ 〉, in the upper panel of Fig.1. The solid and dashed lines 

represent the results with non-zero quark dynamical mass and zero quark mass, respectively. In the lower panel, we 

show the ensity dependence of the dynamical quark mass. 

These results demonstrate that there are two kinds of spin-polarized phases: one appears in the chiral broken phase 

(non-zero quark mass), and the other in the chiral-restored phase (zero quark mass) where the quark mass 

vanishes. In some density region, the two spin-polarized phases coexist, there may be the first order phase 

transition between them. 

In addition, the dynamical quark shows the peculiar density dependence, and the chiral broken phase is extended 

up to higher density. Thus, these results suggest a possibility that the phase diagram of hadronic and quark matter 

is more complicated than the standard one. 

Furthermore, we have also studied the SP when the mean-fields include both the AV and tensor fields, and the 

quark mass is zero [3]. It shows other types of the spin-polarization properties. If we extend this theory to the case 

of finite quark mass, we may find more various phases in quark matter. 

The small deformation of Fermi surface caused by the magnetic field makes the asymmetry of the neutrino emission 

and affects observables of magnetars [4]. So, the large deformation due to the AV and/or T fields must make large 

effects, which can be observed in future. 
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Fig 1: Spin polarization properties. Upper panel: the tensor densities normalized by the normal nuclear density. The 

solid and dotted lines represent the results in the chiral-broken and restored phases, respectively. Lower panel: the 

dynamical quark mass normalized by nucleon mass in the spin-polarized (solid lines) and spin unpolarized phases 

(dashed line). 

[1]  T. Maruyama and T. Tatsumi, Nucl. Phys. A693. 710 (2001) 

[2]  T. Maruyama and T. Tatsumi. Phys. Rev. D96, 096016 (2017) 

[3]  T. Maruyama, E. Nakano, K.Yanase, and N. Yoshinaga, Phys. Rev. D97, 114014 (2018) 

[4]  T. Maruyama. et al., Phys. Rev. D90, 067302 (2014) 

QCD: Hadron Structure and Spectroscopy 

(Invited) Light meson spectroscopy  

A Szczepaniak 

Indiana University, United States 

Recent results and future prospects will be reviewed. Role of analytical analysis methods, connection to lattice QCD, 

and phenomenology will be emphasized.  

Result of KbarNN search via exclusive measurements of (K−,  ) reaction at J-PARC 

T Yamaga 

RIKEN, Japan 

A bound system of a nucleus and an anti-kaon, so-called kaonic nucleus, has been studied for long time to 

establish a possibility that a meson could be a component of a nucleus. Theoretically, the existence of kaonic 

nucleus system is strongly supported, however, the binding energy and width has not been uniquely predicted yet 

due to lack of understanding the  ̅  interaction below the  ̅  threshold. To investigate the property of the kaonic 

nucleus, many experiments have been performed with various reactions. Some of them found a resonant state 

which might be a kaonic nucleus, but its binding energy and width are not consistent with theoretical predictions. 

Furthermore, some experiments reported no evidence of the kaonic nucleus, even though the production reaction is 

the same as the experiment reporting the resonant state. Therefore, studying for kaonic nucleus system is still not 

concluded yet even for the simplest system, the  ̅   bound state. 

We performed an experiment to study the  ̅   bound state via the in-flight (K−,  ) reaction on a 3He target at the J-
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PARC hadron experimental facility (J-PARC E15 experiment). In this reaction, the neutron inside the 3He target is 

kicked out in forward direction, taking the momentum of the incident kaon, then, the kaon is left with two residual 

protons with low momentum transfer of about 200MeV/ . Consequently, the  ̅   bound state is expected to be 

formed with relatively large cross section compared to other experiments owing to high sticking probability of the low 

momentum kaon. Furthermore, the kinematics of the in-flight reaction and exclusive decay analysis help to reduce 

the background such as other nucleon or hyperon resonance production reactions, and one- or two-nucleon 

absorption processes. The produced state is reconstructed by invariant-mass of detectable decay modes, non-

mesonic Λ𝑝 mode and mesonic 𝜋 𝑝 mode, by using a cylindrical detector system surrounding the 3He target. The 

kicked out neutron is not directly detected but kinematically identified by using missing mass technique. 

From analysis of the non-mesonic Λ𝑝 decay mode, two clear peaks were observed below and above the  ̅   

threshold [1]. The peak above the  ̅   threshold can be considered as a kinematical structure which comes from 

a quasi-elastic kaon absorption process, because the peak position moves to higher side, which is increasing the 

momentum transfer (    �⃗�    — �⃗�  |). This kinematical structure is also seen in the mesonic 𝜋 𝑝 decay mode. In 

this channel, quasi-free Λ(1405) production is clearly observed in the invariant-mass spectrum of the 𝜋  pair. On 

the other hand, the peak below the  ̅   threshold doesn’t have such a dependence  therefore  the peak seems to 

be a resonant state. By fitting the observed spectrum based on the assumption of a  -wave  ̅   bound state, we 

found that the binding energy is             
  
  

           , which is well consistent with the theoretical 

prediction. However, this structure is not clearly observed in the 𝜋 𝑝 mode, even though, this mode is theoretically 

considered as the main decay channel of  ̅   bound state. 

In this contribution, we will show in detail the result of the above mentioned analysis, and discuss the  ̅   bound 

state production in the (K−,  ) reaction.  

[1]  J-PARC E15 collaboration, Phys. Lett. B 789, 620 (2019) 

Polarimetry for Linearly Polarised Photons using Coherent Pion Production at MAMI  

A Powell, K Livingston, D Ireland 

University of Glasgow, United Kingdom 

Background: The tagged Coherent Bremsstrahlung technique is used to provide beams of linearly polarised photons 

at several of the world's leading photonuclear facilities, including MAMI in Mainz, ELSA at Bonn, and GlueX at 

Jefferson Laboratory. The degree of linear polarisation in real photon experiments has direct impact on 

measurements of polarisation observables. Measurement of the linear polarisation is often the biggest source of 

systematic error in these experiments. Continuous, in-beam measurement will also allow the beam position to be 

adjusted to optimise the polarisation. 

Purpose: To determine whether it is possible to make an improved measurement of the degree of linear polarisation 

using a polarimeter based on a 12C target.  

Methods: Coherent  0 meson production from a spin-zero nucleus has a photon asymmetry of 1 and hence provides 

a direct method of measuring the beam polarisation.  

Results: Current methods of measurement are being employed as a comparison. Simulated statistics of  0 mesons 

produced off the polarimeter suggest the measurement is viable. Early results from production data support the 

viability of live, event-by-event measurements of the polarisation using this method. 

Conclusions: A spin-zero nucleus such as carbon will be developed as a polarimeter for measuring the degree of 

linear polarisation in hadron physics experiments with tagged photons of up to 1557 MeV. 
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Study on the baryon interaction by Xi hypernuclear spectroscopy with the (K-,K+) reaction  

T Gogami, T Harada, S Kanatsuki, T Nagae, T Nanamura  

Kyoto University, Japan  

By investigating hypernuclear energy levels, understanding of one of the fundamental forces, the strong force, has 

been extended from the nucleon interaction to the baryon interaction that includes a strangeness degree of 

freedom. A Lambda is the lightest baryon which includes a strange quark. Many nuclear systems with a Lambda 

have been investigated with various reactions and experimental methods to investigate the Lambda-nucleon 

interaction [1]. What about the double strangeness sector (S = -2) such as the Lambda-Lambda or Xi-nucleon 

interaction? Understanding of the double strangeness sector is unclear so far because data of S = -2 hypernuclei 

are quite limited. We do not see matters with strangeness on the earth. However, baryons with strange quarks are 

expected to be naturally generated in a high dense nuclear matter such as a neutron star (NS). In order to 

understand an inner structure of NS, the baryon interaction that includes multi strangeness is necessary. Studies of 

the NS inner structure became more intensive after recent observation of gravitational waves from a NS-NS merger. 

At Japan Proton Accelerator Research Complex (J-PARC), we aim to clearly observe a nuclear bound state with a Xi 

(Xi hypernucleus) for the first time, and extract the Xi-nucleon interaction from the energy level of Xi hypernucleus (J-

PARC E70 experiment [2]).  

We are going to use the 12C(K-,K+) reaction to measure a Xi hypernucleus 12ΞBe which consists of a 11B core and a 

negatively charged Xi. Figure 1 shows a schematic of the E70 experimental setup. A K- beam at 1.8 GeV/c will be 

transported at an active fiber target, and a generated K+ will be measured with a newly constructed spectrometer S-

2S. The S-�� was designed to achieve a momentum resolution of Δp/p = 5×10-4 FWHM so that an energy 

resolution of ΔE < 2 MeV (FWHM) is achieved in a resulting hypernuclear spectrum. No experiments have achieved 

a better energy resolution than ours on the measurement of Xi hypernuclei. Construction and magnetic field 

measurement of S-2S magnets were done. Particle detectors [3] are almost ready for installation. In the 

presentation, we will present a significance of hypernuclear study and an overview of the J-PARC E70 experiment. 

 

Fig 1: A schematic of J-PARC E70 setup in which the 12C(K-,K+) reaction will be used. A new magnetic spectrometer 

S-�� which was designed to achieve a high momentum resolution (Δp/p = 5 × 10-4 FWHM) will be used combined 

with the K1.8 beam line spectrometer at J-PARC.  

[1] T. Gogami et al., Nucl. Instrum. Methods, Phys. Res. A 900, 69—83 (2018) 

[2] �� �agae et al�  “Spectroscopic study of Xi-hypernucleus 12ΞBe via the (K-,K+) reaction”  �roposal submitted 

to J-PARC PAC (approved as E05 / E70) 

[3] T. Gogami et al., Nucl. Instrum. Methods, Phys. Res. A 817, 70—84 (2016) 
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QCD: Partonic Phenomena 

(Invited) Experimental study of Generalised Parton Distributions 

J Roche 

Ohio University, USA  

Generalised Parton Distribution (GPDs) functions describe the correlation between the spatial distribution of partons 

and their longitudinal momentum fraction distribution. The GPDs definition in the mid-1990s has revolutionized our 

approach to the description of the internal structure of the nucleon. The study of the GPDs together with the study of 

similar quantities  are at the forefront of today hadronic physics enterprise. 

Exclusive Reactions at High Momentum Transfer give access to structure functions sensitive to the GPDs. I will review 

the worldwide results so far with an emphasis on the recent results of the 12 GeV Hall A JLab results in the valence 

region.  

Accessing the generalized parton distributions in the valence region at Jefferson Laboratory 

M Defurne 

IRFU, France 

The generalized parton distributions (GPDs) describe the correlations between the transverse position and the 

longitudinal momentum of a parton inside the nucleon. They represent the next step toward a complete description 

of the nucleon in terms of quarks and gluons. They are accessible through deep exclusive processes among which 

we find the deeply virtual Compton scattering (DVCS) and the deep virtual meson production (DVMP). With its 

longitudinally polarized electron beam sent on fixed targets inside three experimental Halls, Jefferson Laboratory is a 

unique facility to probe the quarks and gluons in the valence region of the nucleon. The first experimental evidence 

of GPD sensitivity at Jefferson lab was providing by measuring a non-zero beam spin asymmetry for photon 

electroproduction, arising from the interference between Bethe-Heitler and DVCS, in 1999 in the Hall B of Jefferson 

Laboratory. Then followed a complete experimental program dedicated to DVMP and DVCS in the different 

experimental Halls. 

In this talk, we are going to introduce the GPDs and the information they encode about the inner structure of the 

nucleon. Then we are going to give an overview of the main deep exclusive processes results collected at Jefferson 

Lab during the 6 GeV era and the information they have provided about the GPDs. Finally we will discuss the 

expected answers from the ongoing/future experimental program with the recently upgraded experimental Halls and 

the 12 GeV electron beam. 

Deeply virtual compton scattering with CLAS12 at Jefferson Lab 

G Christiaens1,2 

1University of Glasgow, United Kingdom, 2IRFU, France 

While it has been known since the 60s that nucleons are composed of quarks and gluons, very little is understood 

about the mechanisms responsible for the emergence of nucleons from these partons. Defined in the 90s, 

Generalized Parton Distributions (GPDs) provide the opportunity to obtain a 3-dimensional, tomographic picture of a 

nucleon. Moreover, GPDs are related, via QCD-based sum rules, to total angular momentum, mass and pressure 

distributions inside the nucleon. GPDs are experimentally accessible via the deeply virtual Compton scattering 

(DVCS), i.e. the absorption of a highly virtual photon by the proton and the subsequent emission of a high-energy 

photon. 
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At Jefferson Lab, with the 12 GeV upgrade, a wide kinematical coverage as well as a very high luminosity are now 

available. The brand new CLAS12 spectrometer has been commissioned and has collected its first DVCS data with a 

10.6 GeV polarized continuous electron beam in winter 2017 - spring 2018. Its central part, containing the 

cylindrical silicon and micromegas trackers within a 5T-solenoidal field surrounding the liquid hydrogen target, is 

ideal to detect the recoil proton of a DVCS event. The forward detectors, placed in a toroidal magnetic field, detect 

the associated scattered electron and high energy photon. We will present a first look at the DVCS data from 

CLAS12. 

Deeply virtual Compton scattering on the neutron with CLAS12 at Jefferson Lab 

S Niccolai 

IPN Orsay, France 

Generalized Parton Distributions (GPDs) are the object of an intense effort of worldwide research, in the perspective 

of understanding nucleon structure. They describe the correlations between the longitudinal momentum and the 

transverse spatial position of the partons inside the nucleon and they can give access to the contribution of the 

orbital momentum of the quarks to the nucleon spin. 

Deeply Virtual Compton scattering (DVCS), the electroproduction on the nucleon, at the quark level, of a real 

photon, is the process more directly interpretable in terms of GPDs of the nucleon. Depending on the target nucleon 

(proton or neutron) and on the DVCS observable extracted (cross sections, target- or beamspin asymmetries,...), 

different sensitivity to the various GPDs for each quark flavor can be exploited. The extensive experimental program 

of DVCS on the proton, carried out at HERA and Jefferson Lab at 6 GeV, has lead to achieve a ‘tomographic” 

representation of the structure of the proton, allowing the extraction of transverse-space densities of the quarks at 

fixed longitudinal momentum. 

Measuring DVCS on a neutron target is the next step to complete our understanding of the structure of the nucleon 

in terms of GPDs. n-DVCS with a polarized beam plays a complementary role to DVCS on a transversely polarized 

proton target in the determination of the GPD E, the least known and least constrained ��~ that enters �i’s angular 

momentum sum rule. Moreover, combining n-DVCS and p-DVCS results allows to operate a flavor decomposition of 

the GPDs. 

This talk will report on a new experiment, currently ongoing at Jefferson Lab with the CLAS detector, aiming to 

measure beam-spin asymmetries for n-DVCS (𝑒   𝑒    𝑝 ) with the upgraded 11-GeV CEBAF polarized-electron 

beam and a liquid deuterium target. The status of the data taking, the performances of the detectors and data 

quality, as well as an overview of the impact on GPD extraction of the nDVCS program at CLAS12, will be provided. 

Timelike compton scattering with CLAS12 at Jefferson Lab 

P Chatagnon 

IPN Orsay, France 

Generalized Parton Distributions (GPDs) describe the correlations between the longitudinal momentum and the 

transverse position of the partons inside the nucleon. They give access to the contribution of the orbital momentum 

of the quarks to the nucleon spin. They are nowadays the subject of an intense effort of research, in the perspective 

of understanding nucleon structure. 

GPDs have been studied in several experiments worldwide mainly using Deeply Virtual Compton Scattering (DVCS, 

ep → e’p’γ). This talk will highlight the measurement of the time-reversal conjugate process of DVCS, Timelike 

Compton Scattering (TCS). TCS (γp → γ*p’ → e⁺e-p’ ) is the photoproduction of a virtual timelike photon off the 

proton, which then decays into a lepton pair. Experimental studies of DVCS and TCS are complementary. Indeed, 
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beam and target spin asymmetries for DVCS give direct access to the imaginary part of combinations of Compton 

Form Factors (CFFs, which are related to GPDs), whereas the angular asymmetries of the decay lepton pairs in TCS 

allow to access primarily the real parts of CFFs. The experimental measurement of the TCS angular asymmetry will 

provide new information on the real part of GPDs which is less constrained by existing data than the imaginary part. 

TCS is also an important tool to verify the universality of GPDs. 

The upgraded CEBAF accelerator and the recently constructed CLAS12 detector of Jefferson Lab provide the ideal 

setting to perform a TCS experiment. CLAS12 has been taking data with an 10.6 GeV electron beam impinging on a 

liquid-hydrogen target in the spring and fall of 2018. This talk will assess the current status of the TCS analysis and 

present preliminary results based on CLAS12 data. 

Deeply virtual scattering off 4He  

S Scopetta1, 2, S Fucini1, 2, M Viviani2  

1Perugia University, Italy, 2INFN, Italy  

In recent years it has become clear that inclusive Deep Inelastic Scattering does not allow to answer a few 

fundamental questions about the nuclear partonic structure, such the EMC effect. These difficulties will be overcome 

going beyond inclusive processes, in a new generation of experiments at high energy and high luminosity [1]. 

Deeply Virtual Compton Scattering (DVCS) is one of the most promising directions and the first experimental data 

have become available recently at Jlab, using the 4He nucleus, separating the coherent and incoherent channels of 

the process [2]. We studied the handbag contribution to coherent DVCS off the 4He nucleus in impulse 

approximation [3]. Within this scenario, a convolution formula for the only leading twist Generalized Parton 

Distribution (GPD) describing the 4He partonic structure is derived in terms of the non-diagonal nuclear spectral 

function of 4He and on the GPD of the struck nucleon. A model for the off-diagonal spectral function, based on the 

momentum distribution corresponding to the Argonne 18 nucleon-nucleon interaction, is used in the actual 

calculation together with a well known model as far as it concerns the nucleonic GPD [4]. Then, the numerical 

results of this approach are compared with the experimental results recently published by the EG6 experiment at the 

Jefferson Laboratory (Jlab) [2], showing an overall good agreement. On the light of this comparison, one can 

conclude that the description of the present data does not require exotic arguments, such as dynamical off-

shellness or non-nucleonic degrees of freedom. More refined nuclear calculations, necessary for the expected 

improved accuracy of the next generation of experiments at the Jefferson Laboratory, with the 12 GeV electron beam 

and high luminosity, and at the future electron-ion collider, both in the coherent and incoherent channels, will be 

addressed. 

 

 Fig 1: The azimuthal beam spin asymmetry for coherent DVCS off 4He, as a function ot momentum transfer, in 

experimental bins. Theoretical results (red stars) compared to data (black squares)  

[1]  R. Dupré and S. Scopetta, Eur. Phys. J. A 52, 159 (2016) 
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[2]  M. Hattawy, et al., CLAS collaboration, Phys. Rev. Lett. 119, 202004 (2017) 

[3]  S. Fucini, S. Scopetta, and M. Viviani, Phys. Rev. C. 98, 015203 (2018) 

[4]  S. V. Goloskokov and P. Kroll, Eur. Phys. J. C 53, 367 (2008) 

Neutrinos and Nuclei 

(Invited) Reactor neutrinos at short baselines: Recent results and future prospects 

K Heeger 

Yale University, USA 

Antineutrinos from nuclear reactors have played a critical role in the history of neutrino physics. From the first 

observation of the free antineutrino to the measurement of neutrino oscillation, reactor neutrinos have enabled the 

discovery of new physics and allowed us to probe the isotopic composition of reactor cores. Recent experiments 

show anomalous results in the flux and spectrum of reactor antineutrinos compared to model predictions. This has 

led to the search for eV-scale sterile neutrinos through short-baseline oscillation experiments as well as detailed 

studies to understand the yield of antineutrino emission from beta decays in the fission isotopes. The resolution of 

this reactor antineutrino anomaly requires precision neutrino studies and a detailed assessment of the antineutrino 

yield from nuclear reactors. 

This talk will summarize recent experimental results and discuss the role of nuclear physics in understanding one of 

the central open questions in neutrino physics. 

(Invited) Neutrino-nucleus reactions and their role in supernova dynamics and nucleosynthesis 

K Langanke 

GSI Helmholtzzentrum fuer Schwerionenforschung, Germany 

Massive stars end their lives as core-collapse supernovae, induced by the gravitational collapse of their inner core. 

Neutrinos play a crucial role during the collapse, for the explosion dynamics and also for the associated 

nucleosynthesis processes. During the collapse phase, electron capture on nuclei is the dominating (electron) 

neutrino source. Pair-deexcitation of hot nuclei and inelastic neutrino scattering on nuclei occur, but have little 

impact on the collapse dynamics. However, inelastic neutrino-nucleus scattering can modify the spectrum of 

supernova neutrinos emitted during the neutrino burst shortly after core bounce.  Pair-production is the main cooling 

mechanism of the hot proto-neutron star created in the explosion. 

Neutrinos have a direct and indirect influence on supernova nucleosynthesis. At first, their interactions with 

nucleons set the proton-to-neutron ratio of the material released in the neutrino-driven wind, which during a certain 

period can be proton-rich and support nucleosynthesis of medium-mass nuclei within the neutrino-p-process. 

Another distinct nucleosynthesis process is the neutrino process in which neutrino-induced spallation reactions on 

abundant nuclides in outer stellar shells are the source of the production of specific nuclei. The effectiveness of this 

process depends strongly on partial neutrino-nucleus cross sections, stellar models, and in particular on the spectra 

of the various neutrino types. Recently the first study of neutrino nucleosynthesis consistently considering time-

dependent neutrino spectra has been reported [1]. 

The talk will summarize the main production mechanism of neutrinos in a supernova and their impact on supernova 

nucleosynthesis.    

[1]  A. Sieverding et al., submitted to Astr. Journ. (2019) 
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Neutrino-nucleus reactions on oxygen and neon for nucleosynthesis and supernova neutrino detection  

T Suzuki1, 2, S Chiba3, T Yoshida4, K Takahashi5, H. Umeda4, K Nakazato6 and M Sakuda7  

1Nihon University, Japan, 2National Astronomical Observatory of Japan, Japan 3Tokyo Institute of Technology, Japan, 
4University of Tokyo, Japan, 5Universitat Bonn, Germany, 6Kyushu University, Japan, 7Okayama University, Japan 

Neutrino-induced reactions on 16O and 20Ne are studied by shell-model calculations with improved shell-model 

Hamiltonians, which prove to be successful in describing the spin degree's of freedom in nuclei. Charged- and 

neutral-current reaction cross sections are evaluated in various particle and gamma emission channels as well as 

the total ones at neutrino energies up to 100 MeV [1].  

We discuss (1) spin-dipole strengths in 16O with the use of non-energy-weighted and energy-weighted sum rules, (2) 

muon-capture rate on 16O and the quenching of the axial-vector coupling in nuclear medium, (3) contributions from 

Gamow-Teller and spin-dipole transitions in neutral- and charged-current neutrino-induced reactions on 20Ne, (4) 

roles of neutrino-processes on nucleosynthesis of light elements such as 11B, 11C and 19F in supernova (SN) 

explosions, (5) future SN neutrino detection by charged-current reaction on 16O in Super-Kamiokande [2], and (6) 

neutrino oscillation effects, especially the neutrino mass hierarchy dependence of the charged-current cross 

sections induced by SN neutrinos as well as production yields of the light elements in SN explosions.  

[1]  T. Suzuki, S. Chiba, T. Yoshida, K. Takahashi and H. Umeda, Phys. Rev. C 98, 034613 (2018) 

[2]  K. Nakazato, T. Suzuki and M. Sakuda, PTEP 2018, 123E02 (2018) 

Search for neutrinoless double-beta decays in Ge-76 in the LEGEND experiment 

F Salamida2, A Poon1 

1Berkley Laboratory, USA, 2�niversity of �’{quila  �taly 

The search for neutrinoless double-beta decay is the most sensitive technique to establish the Majorana nature of 

neutrinos. Two operating experiments that look for such decays in Ge-76 - GERDA and MAJORANA DEMONSTRATOR 

- have achieved the lowest backgrounds and the best energy resolution in the signal region. These are two of the 

most important detector characteristics for sensitive searches of this undiscovered decay. The Large Enriched 

Germanium Experiment for Neutrinoless Double Beta Decay (LEGEND) Collaboration has been formed to pursue a 

tonne-scale Ge-76 experiment that integrates the best technologies from these two experiments and others in the 

field. The Collaboration is developing a phased experimental program that uses existing resources as appropriate to 

expedite physics results, with the ultimate discovery potential at a decay half-life beyond 10^{28} years. In this 

talk, we will present the physics case, R&D efforts and implementation strategies of the LEGEND experiment. 

Search for neutrino-less double beta decay of 48Ca  - CANDLES - 

S Umehara 

Osaka University, Japan 

Neutrino-less double beta decay (0 ) is acquiring great interest after the confirmation of neutrino oscillation which 

demonstrated nonzero neutrino mass. In the process of 0  the emitted anti-neutrino is converted to the neutrino 

inside the nucleus and absorbed. This process is allowed only if the neutrinos are Majorana particles. And the half-

life of the process is in inverse proportion to the square of Majorana neutrino mass <m >2. Thus measurement of 0  

provides a test for the Majorana nature of neutrinos and gives an absolute scale of the effective neutrino mass. 

In order to search for 0  of 48Ca, we proposed CANDLES system by using CaF2 crystals. Current CANDLES system 

has a characteristic detector configuration for low background measurement. The system realizes a complete 4  

active shield by immersion of the CaF2 scintillators in liquid scintillator. The active shield can reduce external 

290



 

backgrounds and leads to the low background condition for the measurement.  

Now we continue the low background measurement by using the CANDLES III system, which contained 350 g of 
48Ca at the Kamioka underground laboratory, Institute for Cosmic Ray Research, the University of Tokyo. In 2016, we 

installed new shielding system in the CANDLES III system to reduce background events by the high energy -rays, 

which were emitted from neutron capture reaction on surround materials. By the system, we reduced the 

background events from neutron capture by two orders of magnitude. After this upgrade, we started a double beta 

decay measurement and obtained two years data. By using the data we will drive the half-life limit of 0  of 48Ca. 

Furthermore for improvement of the detector sensitivity, we will upgrade the CANDLES III system by replacement of 

CaF2 scintillators to high purity ones. On the other hand, we started development of next detector system. In this 

system, we will use a CaF2 scintillating bolometer and enriched 48Ca. We have succeeded to use CaF2 crystals as 

scintillating bolometer although energy resolution is not good. In development of 48Ca enrichment, laser isotope 

separation worked for 48Ca enrichment although amount of 48Ca is very small. 

In this paper, we will report result of 48Ca double beta decay measurement by using the CANDLES III system, next 

upgrade for the CANDLES III and current status of the CaF2 scintillating bolometer and enrichment of 48Ca. 

Parallel Sessions 6 

Nuclear Reactions A 

Addressing the two-step scenario of high-energy heavy-ion collisions with 136Xe+p and 136Xe+12Cat 1 A.GeV in 

inverse kinematics, at the SPALADiN setup of GSI 

J-E Ducret1, 3, 4, T Gorbinet1, O Yordanov2, T Aumann5, 6, Y Ayyad7, S Bianchin6, O Borodina6, A Boudard1, C Caesar6, E 

Casarejos8, B Czech9, S Hlavac10, J Klimo10, N Kurz6, C Langer6, T Le Bleis6, S Leray1, J Lukasik9, D Mancusi1, P 

Pawlowski9, S Pietri6, C Rappold6, M-D Salsac1, H Simon6 and M Veselsky10 

1CEA Université Paris-Saclay, France, 2Bulgarian Academy of Sciences, Bulgaria, 3UMR 5106 CEA CNRS Université 

Bordeaux, France, 4GANIL, France, 5Technische Universität Darmstadt, Germany, 6GSI Helmholtzzentrum für 

Schwerionenforschung, Germany, 7University of Santiago de Compostella, Spain, 8University of Vigo, Spain, 9Polish 

Academy of Sciences, Poland, 10Slovak Academy of Sciences, Slovak Republic 

Understanding the physical mechanisms, in particular those related to the production of particles and nuclear 

fragments, occurring in high-energy heavy-ion reactions (typically a few hundreds of MeV) has been a long-range 

effort since the first GeV-per-nucleon beams started operations, e.g. at �|�� in the ��’s� ~escribing quantitatively 

these reactions and their numerous channels is of interest for different fields of science, such as astrophysics, the 

study of hot nucleonic matter, hadron therapy and applications of high-intensity GeV proton beams for energy 

production or nuclear-waste transmutation. 

Modern theoretical models used in heavy-ion reactions in the GeV range rely on the two-step scenario. In the first 

instants (several 10 fm/c), a series of incoherent nucleon-nucleon collisions can lead to the dispersion of a large 

fraction of the initial-state kinetic energy, part of which is evacuated from the system by the emission of energetic 

particles and, to a lesser extent, fragments. The rest of the dispersed energy is shared among the remaining degrees 

of freedom of the excited system, with a distribution, which is uniform asymptotically, i.e. for long times. The basic 

assumption of the two-step scenario is that the decay of the excited nuclear system, which leads to the production 

of the essential part of the emitted particles and fragments, is driven only by its global properties (mass, charge 

etc…)  i.e. independently of the entrance channel. 

We have measured at GSI-Darmstadt (Germany) the reactions 136Xe+p and 136Xe+12C, using the inverse-kinematics 

technique at 1 A.GeV and the large acceptance SPALADiN setup [1]. 
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The combination of both provides a very good coverage of the phase-space of the excited system decay channels, 

allowing therefore the study of the relative importance of those decay channels, as well as a very efficient filter to 

reject from the detection the particles and nuclear fragments of high energy in the projectile centre-of-mass frame, 

essentially produced in the first-instant nucleon-nucleon collisions, prior to the decay of the excited nuclear system. 

Our analysis in the two-step scenario permits to estimate on an event basis E*/A, the excitation energy per nucleon 

of the decaying nuclear system, and to study the E*/A dependence of the different decay channels. The E*/A range 

of overlap of the 136Xe+p and 136Xe+12C reactions is large and allows for an extensive comparison between both 

reactions, and therefore provides ma strong test bench of the entrance-channel-independence hypothesis of the 

excited-system decay. If we could show the validity of the two-step picture for some observables, others seem 

incompatible with it, exhibiting large discrepancies with the most up-to-date theoretical models. 

In our communication, we will address the two-step-scenario assumption at the light of our data and their 

comparison with different up-to-date models. 

[1] T. Gorbinet, O. Yordanov, J.-E. Ducret et al., Eur. Phys. J. A 55, 11 (2019) 

New features of the INCL4 model for spallation reactions 

J-C David2, J Cugnon1, A Boudard2, J Hirtz3, S Leray2, D Mancusi2 and J Rodriguez-Sanchez4 

1University of Liège, Belgium, 2Université Paris-Saclay, France, 3Universitat Bern, Switzerland, 4GSI, Germany 

The recent developments of the Liège intranuclear cascade model INCL are reviewed. The standard version of this 

model (INCL4.6) [1] for spallation reactions, issued from an overall European collaboration within the EU HINDAS 

project devoted to nuclear waste transmutation, can be found in [1,2]. With no adjustable parameter, it is able 

when coupled with the ABLA de-excitation code [3], to describe reasonably well a huge set of experimental data in 

an incident energy range spanning between 200 MeV and 3 GeV, as it has been testified by the an intercomparison 

of spallation codes organized by the IAEA [2]. Since that time, the model has been implemented in several nuclear 

particle transport codes. Therefore, the possible applications of INCL have been enlarged to focus on diverse fields, 

such as hadron therapy, protection against radiation in space missions, and in nuclear installations, interactions 

with cosmic rays, etc. In the recent years, the model has been further developed to be applicable to these new 

issues and also to cope with remaining deficiencies. 

The new features include: 

- a sophisticated dynamical model for light cluster emission (up to O ions) during the cascade: an escaping nucleon 

can drag other nucleons along provided the latter are sufficiently close by in phase space (and provided other 

conditions are met). The numerical code can accommodate emission of light ions up to Carbon. 

- the accommodation of light nuclei as projectiles  where “light” means “compared to target mass”� �his limitation 

can be turned around by making calculations in the reverse kinematics. 

 - a new procedure to take account of the fuzziness of the Fermi surface. This modification may be viewed as 

accounting for the fact that, in reality, nucleons behave as quasi-particles. It is instrumental as improving the 

prediction of one- and few- nucleon removal cross sections. 

- an extension of the model to higher energy. This is realized by three extensions. First, multipion production in 

nucleon-nucleon and pion-nucleon collisions has been implemented (this can partly be viewed as the introduction 

of heavy hadronic resonance production). Production of omega and eta meson production has been introduced. 

Strangeness degrees of freedom has been introduced by considering strange particle production in nucleonnucleon 

and pion-nucleon collisions, as well as reactions induced by strange particles. In addition, the ABLA de-excitation 

model has been extended to account decays of excited hyperemnants (remnants containing hyperons). This makes 

the INCL-ABLA code rather unique to predict hypernucleus formation cross sections. 

The aim of this contribution is to present for the first time and to discuss the physics of the added features, and to 
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give a hint about the performances of the new model, especially in the strange sector and at high energy. 

[1]  A.Boudard, J.Cugnon, J.-C. David, S. Leray, D. Mancusi, Phys. Rev. C87, 014606 (2013) 

[2]  IAEA, http:// www-nds.iaea.org/spallations/ 

[3]  A. Kelic, M.V. Ricciardi & K.-H. Schmidt, IAEA Publications, INDC(NDS)-0530 (2008) 

Dynamics of three-nucleon systems at 100 MeV  

I Skwira-Chalot1, N Kalantar-Nayestanaki2, St Kistryn3, A Kozela4 and E Stephan5  

1University of Warsaw, Poland, 2Kernfysisch Versneller Instituut, The Netherlands, 3Jagiellonian University, Poland, 
4Institute of Nuclear Physics PAS, Poland, 5University of Silesia, Poland 

The dynamics of the three-nucleon system can be very extensively tested by means of the deuteron-proton breakup 

reaction. Experimental studies of the dp system expose various dynamical ingredients, like three-nucleon force 

(3NF) and Coulomb force, which play an important role in correct description of observables (e.g. cross section). It 

is worth to underline that experiments with polarized beams (or targets) give opportunity to study a large number of 

observables sensitive to various dynamical components, which are hidden in the unpolarized case. All studied 

observables (e.g. vector and tensor analyzing powers [1]) are interesting for testing theoretical calculations based 

on various approaches [2 - 5] to model the interaction in three-nucleon systems. Moreover, studies of the dp 

breakup reaction at low energy are very crucial for testing The Chiral Perturbation Theory [6] (calculations for the 

nucleon-deuteron breakup reaction at low energies will be available soon).  

The presentation will concentrate on testing the 3NF and the Coulomb force effects for the differential cross section 

of the 1H(d, pp)n reaction at beam energy of 100 MeV. The experiment was performed at KVI in Groningen, with the 

use of the BINA detector [1,7].  

[1]  E. Stephan, et al., Eur. Phys. J. A 49 (2013) 36 

[2]  H� �itała  et al�  �hys� �ev� �ett� �� (����) ���� 

[3]  A. Deltuva, et al., Phys. Rev. C 68 (2003) 024005 

[4]  S.A. Coon, et al., Few-Body Syst. 30 (2001) 131 

[5]  A. Deltuva, et al., Phys. Rev. C 80 (2009) 064002 

[6]  E. Epelbaum, et al., Eur. Phys. J. A 19 (2004) 125; ibid. A 19 (2004) 405 

[7]  N. Kalantar-Nayestanaki et al., Rep. Progr. Phys. 75 (2012) 016301 

Deuteron breakup in collision with proton at intermediate energies - tool for studies of three-nucleon force effects 

E Stephan1, N Kalantar2, St Kistryn3 and A Kozela4 

1University of Silesia, Poland, 2University of Groningen, The Netherlands, 3Jagiellonian University, Poland,4Institute of 

Nuclear Physics, Poland 

Reactions in three-nucleon systems at intermediate energies, between 50 and 200 MeV/nucleon, at-tract attention 

due to their sensitivity to subtle effects of the dynamics beyond the pairwise nucleon-nucleon force, so-called three 

nucleon force (3NF). The three-body final states of 1H(d,pp)n and 2H(p,pp)n breakup reactions are characterised 

with continuum of kinematic configurations, therefore the observables measured in such reactions should set tight 

constrains on the interaction models. The experiments studying large phase space of the reaction with the use of 

SALAD and BINA detectors at KVI, the Netherlands [1, 2] provided numerous data confirming in general the 

important role of 3NF. However, their interpretation is involved, since the differential cross section is sensitive to 

Coulomb interaction between protons, 3NF and relativistic effects. In spite of major advances in theoretical 

calculations none of them includes all the ingredients of the dynamics, thus investigations in wide range of beam 

energies are necessary to single out the Coulomb, 3NF and relativistic effects. 
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In order to complement the existing data base experimental studies of the breakup reaction with the detector BINA 

are pursued at CCB, Institute of Nuclear Physics, Krakow, Poland. The results obtained at proton beam energy of 

108 MeV will be shown and the status and prospects of the project will be discussed. 

[1]  N. Kalantar-Nayestanaki, E. Epelbaum, J. Meschendorp, A. Nogga, Rep. Prog. Phys. 75, 016301(2012) 

[2]  St. Kistryn, E. Stephan, J. Phys. G: Nucl. Part. Phys. 40, 063101 (2013) 

Structures and production cross sections of p-shell Lambda-hypernuclei calculated with multi-configuration shell 

model 

A Umeya1, T Motoba2, 3 and K Itonaga4 

1Nippon Institute of Technology, Japan, 2Osaka Electro-Communication University, Japan, 3YITP of Kyoto University, 

Japan, 4Gifu University, Japan 

Recent (e, e'K+) reaction experiments done at the Jefferson National Laboratory (JLab) have provided us with 

remarkably high-resolution data showing p-shell hypernuclear structure details [1,2]. These experiments have 

confirmed the major peaks of the standard DWIA prediction by employing an s-orbit Lambda coupled with the 

normal-parity nuclear core states confined within (p)^n [3]. However, a new theoretical challenge should be 

necessary to explain extra strengths observed at E(Lambda)=0 MeV in the 10Be (e, e'K+) reaction [2]. 

Here we extend the model space by introducing such new configuration that includes positive (non-normal) parity 

excited states as well as negative parity ones of the 9Be core. We point out that the nuclear states having different 

parity are mixed due to the hyperon participation. This is an interesting phenomenon in view of the present 

hypernuclear spectroscopic theory. 

The wave functions are used to estimate the cross sections in DWIA for the (gamma, K+) reaction with the 10B 

target, which corresponds to the (e, e'K+) reaction experiment at JLab. As shown in Fig. 1, the observed four sharp 

peaks, which have been predicted so far [3], are reproduced equally well. Furthermore, we emphasize that the 

present extended calculation can account for the new group of positive-parity states at right position that 

correspond to the new bump observed in the JLab experiment. These positive-parity states are obtained at such low 

energy, for the first time, by the extended shell model with multi-configurations. 

We will discuss the reason for the successful description of the new broad peak by referring to the Lambda p-state 

energy in the case of _{Lambda}^{9}Be [4,5]. In this case, it is well known that the Lambda p-state splits into two 

orbital states, p-perpendicular and p-parallel states, because of the strong coupling with nuclear core deformation 

having the alpha-alpha structure. The similar structure is realized also in _{Lambda}^{10}Be = [alpha alpha] + 

Lambda + n. For confirmation, we calculate the 10B (K-, pi-) spectrum at a recoilless condition and show the two 

peaks corresponding to the p-perpendicular and p-parallel states. 

 

Fig 1: Calculated spectrum of 10B (gamma, K+) reaction. 

[1]  L. Tang et al., Phys. Rev. C 90, 034320 (2014) and references therein. 

[2]  T. Gogami et al., Phys. Rev. C 93, 034314 (2016) 

[3]  T. Motoba, M. Sotona and K. Itonaga, Prog. Theor. Phys. Supp. 117, 123 (1994) 
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[4]  T. Motoba et al., Prog. Theor. Phys. Suppl. 81, 42 (1985) 

[5]  R. H. Dalitz and A. Gal, Phys. Rev. Lett. 36, 362 (1976); Ann. Phys. 131, 314 (1981) 

Nucleon-nucleon correlation studies in heavy-ion transfer reactions 

� �ijatović1, S Szilner1, L  Corradi2, F Galtarossa2, D Montanari3, G Pollarolo4  � }olović1, G Colucci3, E Fioretto2, A 

Goasduff3  ~ �elavić �alenica1, T Marchi2, G Montagnoli3  ��oić1, F Scarlassara3, A Stefanini2 and J Valiente-Dobon2 

1�uđer |ošković �nstitute, Croatia, 2Istituto Nazionale di Fisica Nucleare – Laboratori Nazionali di Legnaro, Italy, 
3Universita di Padova, and Istituto Nazionale di Fisica Nucleare, Italy, 4Universita di Torino, and Istituto Nazionale di 

Fisica Nucleare, Italy 

In recent years a series of experiments has been carried out at Legnaro National Laboratories of Italian Institute of 

Nuclear Physics (LNL-INFN) with the focus on the nucleonnucleon correlations [3-5]. Studies were performed in 

inverse kinematic by using heavy ion beams on the medium mass targets, with reaction products detected at 

forward angles with the large solid angle magnetic spectrometer PRISMA [1,2]. The transfer cross sections were 

measured in the range of energies to far below the Coulomb barrier and results were interpreted through excitation 

functions down to very low energies corresponding to verylarge distances of closes approach where the nuclear 

absorption is quite small. 

The transfer probabilities have been extracted for the closed shell 40Ca+96Zr [3] and superfluid 60Ni+116Sn [4] 

systems. The data have been compared with microscopic calculations that incorporate nucleon-nucleon 

correlations, essential for the population pattern of the single particle levels around the Fermi energy. For the (well 

Q-value matched) one and two neutron transfer channels in the 60Ni+116Sn system the calculations very well 

reproduce the experimental data in the whole energy range. In particular, the transfer probability for two neutrons is 

very well reproduced both in magnitude and slope. The fact that most of the cross section of the two neutron 

transfer channel is in the ground to ground state transition has been further confirmed by a second experiment [5] 

in which PRISMA was coupled to the AGATA gamma array. Such studies have been recently extended to the heavier 
206Pb+118Sn system, in order to probe whether and to what extent the effect of neutron-neutron correlations in the 

evolution of the reaction is modified in the presence of high Coulomb fields. 

The second set of the experiments that will be presented was performed to study the production mechanism of 

heavy neutron-rich nuclei [6, 7]. They will be discussed together will with the newest results considering the proton 

transfer channels above [8] and below the Coulomb barrier. These studies are relevant for future investigations with 

radioactive beams, especially considering the SPES project. 

[1]  S. Szilner et al., Phys. Rev. C 74, 024604 (2007) 

[2]  L. Corradi et al, Nucl.Instr. and Meth. B317, 743 (2013) 

[3]  L. Corradi et al., Phys. Rev. C 84, 034603 (2011) 

[4]  D. Montanari et al., Phys. Rev. Lett. 113, 052601 (2014) 

[5]  D. Montanari et al., Phys. Rev. C 93, 054623 (2016) 

[6]  F. Galtarossa et al., Phys. Rev. C 97, 054606 (2018) 

[7]  E. Fioretto et al., Nucl. Instr. and Meth. A899, 73 (2018) 

[8]  �� �ijatović et al�  �hys� �ev� } ��  ������ (����) 
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Nuclear Structure A 

The neutrinoless double-beta decay within the realistic shell model 

L Coraggio1, N Itaco1,2, and R Mancino2 

1Complesso Universitario di Monte S. Angelo, Italy 2Università della Campania, Italy 

We report about the calculation of the nuclear matrix element for the neutrinoless double-β decay process, 

considering the light-neutrino-exchange channel, by way of the realistic shell model. We start from a realistic 

nucleon-nucleon potential and then derive the effective shell model Hamiltonian and 0 ββ-decay operator within 

the many-body perturbation theory. The attention is focussed on the perturbative properties of the effective shell-

model operator of such a decay process, aiming to establish the degree of reliability of our predictions. The 

contributions of the so-called short-range correlations and correction of Pauli-principle violations to the effective 

shell-model operator are also taken into account. The subjects of our study are a few 0 ββ-decay candidates, in a 

mass interval ranging from A = 48 up to A = 136, whose spin- and spin-isospin-dependent decay properties we 

have studied in previous works [1,2]. Our results for the 0 ββ-decay matrix element will be finally compared with 

other recent nuclear structure calculations for the same set of nuclei. 

[1]  L. Coraggio, L. De Angelis, T. Fukui, A. Gargano, and N. Itaco, Phys. Rev. C 95, 064324 (2017). 

[2]  L. Coraggio, L. De Angelis, T. Fukui, A. Gargano, N. Itaco, and F. Nowacki, arXiv:1812.04292 (2018), to be 

published in Phys. Rev. C. 

[3]  L. Coraggio, A. Gargano, N. Itaco, R. Mancino, and F. Nowacki, The calculation of the neutrinoless double-_ 

decay matrix element within the realistic shell model, in preparation. 

Probing the nuclear structure of candidates for neutrinoless double-beta decay with fast neutrons  

S Yates1, S Mukhopadhyay1, B Crider1,2, E Peters1, A Ramirez1 

1University of Kentucky, USA, 2Mississippi State University, USA  

Double-β decay with the emission of two β– particles and two electron antineutrinos is among the rarest forms of 

radioactive decay and is seen in only a few nuclei [1]. Neutrinoless double-β decay (0νββ) has not been observed 

but is being sought in several large-scale experiments. 0νββ, a lepton-number-violating nuclear process, will occur 

only if the neutrinos have mass and are Majorana particles, i.e., they are their own antiparticles. The observation of 

neutrino oscillations has revealed that neutrino flavors mix and that neutrinos have mass; however, these 

experiments yield information only on (Δm)2, and thus the absolute mass scale remains unknown. The observation 

of 0νββ provides perhaps the best method for obtaining the mass of the neutrino, and it is the only practical way to 

establish if neutrinos are Majorana particles.  

The rate of 0νββ is approximately the product of three factors: the known phase-space factor for the emission of the 

two electrons, the effective Majorana mass of the electron neutrino, and a nuclear matrix element (NME) squared. 

The NMEs cannot be determined experimentally and, therefore, must be calculated from nuclear structure models. A 

focus of many of our recent measurements has been on providing detailed nuclear structure data to guide these 

model calculations.  

At the University of Kentucky Accelerator Laboratory (UKAL), we have performed γ-ray spectroscopic studies 

following inelastic neutron scattering from several candidates for 0νββ with our most recent measurements focusing 

on 76Ge [2], 76Se [3], 136Xe [4], and other nuclei in these regions, such as 74Ge. The experiments, from which a 

variety of spectroscopic quantities were extracted, employed solid isotopically enriched scattering samples, and the 

methods have been described previously [5]. From these measurements, low-lying excited states in these nuclei 

were characterized, new excited 0+ states and their decays were identified, level lifetimes were measured with the 
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Doppler-shift attenuation method, multipole mixing ratios were established, and transition probabilities were 

determined.  

This material is based upon work supported by the U.S. National Science Foundation under grant no. PHY-

1606890. 

[1]  F.T. Avignone, S.R. Elliott, J. Engel, Rev. Mod. Phys. 80, 481 (2008) 

[2]  S. Mukhopadhyay, et al., Phys. Rev. C 95, 014327 (2017) 

[3]  S. Mukhopadhyay, et al., Phys. Rev. C 99, 014313 (2019)  

[4]  E.E. Peters, et al., Phys. Rev. C 98, 034302 (2018) 

[5]  P.E. Garrett, N. Warr, S.W. Yates, J. Res. Natl. Inst. Stand. Technol. 105, 141 (2000) 

Neutrino-less double-beta decay in the nuclear shell model and interacting boson model 

P Van Isacker 

�rand {ccélérateur �ational d’�ons �ourds  }�{/~��-CNRS/IN2P3, Bvd Henri Becquerel, F-14076 Caen, France  

A reliable calculation of the matrix element connecting initial and final states in neutrino-less double-beta (0) 

decay is one of the open problems in nuclear physics. Several standard nuclear-structure techniques have been 

applied to this problem but so far, they have led to discrepant results. It is therefore important to try to understand 

the origin of these differences. 

In this contribution the connection is investigated between the 0 calculations in the framework of the nuclear 

shell model and the interacting boson model (IBM). A shell-model calculation, specifically that of Menéndez et al. 

[1], is taken as a starting point and used to construct a microscopic version of the IBM, including a bosonic 0 

operator. Two conclusions can be drawn from this work [2], namely isoscalar correlations are important and 

effective operators tailored to the collective subspace should be used in the calculation of 0 decay. The impact 

of these conclusions on future 0 calculations is discussed. 

[1]  J. Menéndez et al., Phys. Rev. C 93, 014305 (2016) 

[2]  P. Van Isacker, J. Engel, and K. Nomura, Phys. Rev. C 96, 064305 (2017) 

Decay spectroscopy of Neutron-rich Cd around the N = 82 shell closure with GRIFFIN 

Y Saito1, 2, N Bernier1,2, I Dillmann,2,3 R Krücken,1,2 M Bowry,2 A Murphy,2 C Andreoiu,4 G Ball,2 H Bidaman,5 P 

Boubel,5 C Burbadge,5 R Caballero-Folch,2 M Dunlop,5 R Dunlop,5 L Evitts,2,6 F Garcia,4 A Garnsworthy,2 P Garrett,5 G 

Hackman,2 S Hallam,2 J Henderson,2 S Ilyushkin,7 A Jungclaus8, D Kisliuk,5 J Lassen,2,9 R Li,2 E MacConnachie,2 A 

MacLean,5 E McGee,5 M Moukaddam2, B Olaizola2, E Padilla-Rodal10, J Park,2 O Paetkau,2 C Petrache,11 J Pore,4 A 

Radich,5 P Ruotsalainen,2 J Smallcombe,2 J Smith,2 C Svensson,5 S Tabor,12 A Teigelhöfer2,9, J Turko and5 T Zidar5 

1University of British Columbia, Canada, 2TRIUMF, Canada, 3University of Victoria, Canada, 4Simon Fraser University, 

Canada, 5University of Guelph, Canada, 6University of Surrey, United Kingdom 7Colorado School of Mines, USA, 
8Instituto de Estructura de la Materia, Spain, 9University of Manitoba, Canada 10Universidad Nacional Autónoma de 

México, México, 11Université Paris-Saclay, France, 12Florida State University, USA 

Nuclei around doubly magic 132Sn are of particular interest in nuclear structure as well as nuclear astrophysics. The 

evolving shell structure near the shell closure is ideal for testing the current nuclear models far from stability. 

Additionally, the extra binding energy observed around 132Sn has direct implications in astrophysical models, 

leading to the second r-process abundance peak at A~130. 

While the decays of neutron-rich Cd isotopes around the N=82 shell closure have been previously investigated, the 

information on some of the daughter In isotopes such as 128In is still limited. For 129In, the two reported level 
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schemes have large discrepancies [1, 2]. It is also worthwhile to verify the recent results on the decay of 130-131Cd 

[3, 4, 5]. 

Detailed β-γ-spectroscopy of 128-131Cd was performed at the ISAC facility of TRIUMF, Canada. The data was collected 

with the GRIFFIN spectrometer, along with the β-particle detector SCEPTAR. The half-lives of 128-130Cd have been 

measured and reported [6]. In 128In, 32 new transitions and 11 new states have been observed in addition to the 

four previously observed excited states. The 128Cd half-life has also been re-measured with a higher precision via the 

time distribution of the strongest gamma rays observed in the decay. For 129In, 29 new transitions have been 

observed and 5 new excited states have been established. The log ft values obtained suggest the dominant β-decay 

mode is the ν0g7/2 → π0g9/2 Gamow-Teller transition, which is consistent with the known characteristics of the β-

decays in the Z < 50, N ≦ 82 region. The new results for the decay of 128-131Cd will be presented and compared with 

previous studies as well as with shell model and IM-SRG calculations. 

[1] O. Arndt et al., Acta Phys. Pol. B 40, 437 (2009) 

[2] J. Taprogge et al., Phys. Rev. C 91, 054324 (2015) 

[3] J. Taprogge et al., Phys. Rev. Lett. 112, 132501 (2014) 

[4] A. Jungclaus et al., Phys. Rev. C 94, 024303 (2016) 

[5] J. Taprogge et al., Eur. Phys. J. A 52, 347 (2016) 

[6] R. Dunlop et al., Phys. Rev. C 93, 062801(R) (2016) 

Beta decay of 133In and 134In: gamma emission from neutron-unbound states in 133Sn 

M Piersa1, J Benito2, A Korgul1, L Fraile2,3, E Adamska1, R Alvarez-Rodriguez4, A Barzakh5, G Benzoni6, T Berry7, M 

Borge3,8, M Carmona2, K Chrysalidis3, J Correia3,9, C Costache10, T Day Goodacre3,11, D Fedorov5, V Fedosseev3, G 

Fernandez-Martinez12  { �ijałkowska1, M Fila1, D Galaviz13, R Grzywacz14,15, C Henrich12, A Illana16, Z Janas1, K 

Johnston3, V Karanyonchev17  � �icińska-Habior1  � �ică3,10, H Mach18, M Madurga3,14, I Marroquin8, B Marsh3, M 

Martinez2, C Mazzocchi1, K Miernik1, C Mihai10, B Olaizola19, S Paulaskalas14, J Regis17, S Rothe3, V Sanchez-

Tembleque2, G Simpson20, C Sotty16,10, L Stan10  � �tănoiu10, M Stryjczyk1,16, A Turturica10, J Udias2, V Vedia2, A 

Villa2, W Walters21, J Kurcewicz3, E Rapisarda3, J Cubiss3,27  � �ărginean10  � �ărginean10, A Negret10, S Pascu10, F 

Rotaru10, H De Witte16, M Huyse16, P Van Duppen16, P Greenlees22,23, J Konki22,23, P Rahkila22,23, I Lazarus24, V 

Pucknell24, N Warr17, H Fynbo25, O Tengblad8, E Nacher8, S Vinals8, A Perea8, R Page26, D Judson26, L Harkness-

Brennan26, A Andreyev27, R Wadsworth27 

1University of Warsaw, Poland, 2Universidad Complutense de Madrid, Spain, 3CERN, Switzerland, 4Universidad 

Politecnica de Madrid, Spain, 5NRC Kurchatov Institute, Russia, 6Istituto Nazionale di Fisica Nucleare, Italy, 
7University of Surrey, UK, 8CSIC, Spain, 9Universidade de Lisboa, Portugal, 10National Institute of Physics and 

Nuclear Engineering, Romania, 11The University of Manchester, UK, 12Technische Universitat zu Darmstadt, Germany, 
13University of Lisbon, Portugal, 14University of Tennessee, USA, 15Oak Ridge National Laboratory, USA, 16KU Leuven, 

Belgium, 17Universitat zu Koln, Germany, 18National Centre for Nuclear Research, Poland, 19University of Guelph, 

Canada, 20Universite Grenoble Alpes, France, 21University of Maryland, USA, 22University of Jyvaskyla, Finland, 
23University of Helsinki, Finland, 24STFC Daresbury, UK, 25Aarhus University, Denmark, 26The University of Liverpool, 

UK, 27The University of York, UK 

The study of 133Sn provides excellent conditions to investigate single-particle transitions relevant in the neutron-rich 
132Sn region due to the simplicity of its nuclear structure. After many experimental activities employing one-neutron 

transfer reactions [1–4], traditional β-decay studies are an β attractive technique to refine our knowledge on 133Sn. 

Since the positions of neutron single-particle states in 133Sn were established and confirmed in many measurements 

[1–5], our focus moves to single-hole states expected at higher excitation energies. Because of the low neutron-

separation energy of 133Sn, Sn=2.4 MeV [6], all of them are supposed to be neutron-unbound. β-decay studies are 

therefore a natural choice to investigate their nature, since there is a large energy window for their population in the 

β decay of 133In (Qβ =13.4(2) MeV [6]). 

Our experiment was performed at the ISOLDE Decay Station, where excited states in 133Sn were investigated via the 
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β decay of 133In and complemented by studies of the βn decay branch of 134In. Isomer-selective ionization using the 

ISOLDE RILIS enabled the β decays of 133gn (Iπ =9/2+) and 133mIn (Iπ=1/2−) to be studied independently for the first 

time. Thanks to the large spin difference of those two β-decaying states, it is possible to investigate separately the 

lower- and higher-spin states in the daughter 133Sn and thus to probe independently different single-particle and 

single-hole levels. We identified new γ transitions following the 133In→ 133Sn and 134In→ 133Sn decays. Single-hole 

states in 133Sn were found at energies exceeding Sn up to 3.7 MeV [7]. Due to centrifugal barrier hindering the 

neutron from leaving the nucleus, the contribution of electromagnetic decay of those unbound states was found to 

be significant. 

[1] K. L. Jones et al., Nature (London) 465, 454 (2010) 

[2] K. L. Jones et al., Phys. Rev. C 84, 034601 (2011) 

[3]  J. M. Allmond et al., Phys. Rev. Lett. 112, 172701 (2014) 

[4]  V. Vaquero et al., Phys. Rev. Lett. 118, 202502 (2017) 

[5] P. Hoff et al., Phys. Rev. Lett. 77, 1020 (1996) 

[6] M. Wang et al., Chin. Phys. C 41, 030003 (2017) 

[7] M. Piersa et al., Phys. Rev. C (2019) in press 

One nucleon removal overlap functions with effective 3N interactions 

N Timofeyuk 

University of Surrey, UK 

Overlap functions for one nucleon removal are an essential part of reaction calculations. Their properties, such as 

spectroscopic factors (SFs) and asymptotic normalization coefficients (ANCs), determine the absolute values of 

one-nucleon transfer, knockout and capture cross sections. Reduced with respect to the shell model values of 

spectroscopic factors, extracted from these experiments, can be explained naturally within the shell-model based 

Source Term Approach (STA) which provides overlap functions with a correct asymptotic behaviour from an effective 

nucleon-nucleon (NN) interaction that accounts for missing model spaces [1]. The STA explains SF reduction in 

double-closed-shell nuclei in a universal way, from 4He to 208Pb, while assuming the simplest possible shell-

model structure of these nuclei [2]. The STA also provides a reasonable agreement between theoretical and 

experimental ANCs for 0p-shell nuclei [3]. However, for heavy nuclei the ANCs of the overlap functions with one or 

several nodes could be severely underestimated [2]. In this talk I will show that including effective 3N force (which 

is a natural consequence of working in reduced model spaces) can remedy the situation. Calculations of the overlap 

functions for one-nucleon removal from double-closed-shell nuclei will be presented and discussed. 

[1]                  N.K. Timofeyuk, Phys. Rev. Lett. 103, 242501 (2009) 

[2]                  N.K. Timofeyuk, Phys. Rev. C 84, 054313 (2011) 

[3]                  N.K. Timofeyuk, Phys. Rev. C 88, 044315 (2013) 
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Nuclear Structure B 

Exploring the structure of odd-mass isotopes around the 132Sn exotic, doubly-magic nucleus 

S Bottoni1, 2  Ł �skra2,3, S Leoni1,2, B Fornal3, G Colo1,2, P Bortignon1,2, G Benzoni2, A Bracco1,2, N Cieplicka-�ryńczak3, 

F Crespi1,2, M Jentschel4, U Koster4, C Michelagnoli4, B Million2, P Mutti4, Y Niu5, T Soldner4, C Ur6 and W Urban7 

1Universita degli Studi di Milano, Italy, 2INFN, Italy, 3Institute of Nuclear Physics, Poland, 4Institut Laue-Langevin, 

France, 5Lanzhou University, China, 6ELI-NP, Romania, 7University of Warsaw, Poland 

Among neutron-rich nuclei, the 132Sn isotope (Z=50 and N=82) is considered one of the best examples of exotic, 

doubly-magic system [1-3]. Therefore, studies on the structure of onevalence-particle/hole nuclei in this mass 

region are expected to provide valuable information on the interplay between fermionic and bosonic degrees of 

freedom in complex systems, as due to the single-particle/hole motion and their correlations, intimately related to 

the robustness of the shell closure. 

In this work, we report on the structure of the 133Sb and 131Sn, odd-mass isotopes, only one proton and one neutron-

hole away from the 132Sn nucleus, respectively. Both isotopes have been populated in cold-neutron-induced fission 

reactions on 235U and 241Pu targets, at Institut Lau-Langevin (ILL) in Grenoble (France). Their level scheme was 

investigated across isomeric states by  -ray spectroscopy techniques, using prompt-prompt and prompt-delay  -

ray coincidence relationships, employing a large array made of high-resolution, high-efficiency HPGe detectors. 

Results from recent complementary measurements will be also reported. Their aim is to extract high precision 

lifetime values (in the picosecond region) for selected low-lying states in these nuclei, using fast LaBr3 scintillator 

detectors placed at the focal plane of the LOHENGRIN spectrometer at ILL. 

Experimental results are interpreted by a new microscopic theoretical model, the Hybrid Configuration Mixing Model 

[4,5], specifically designed by the Milano group to describe the structure of nuclear systems with one valence 

particle/hole outside a doubly-closed core. This was already tested by this collaboration in previous works on the 
133Sb nucleus and the Ca isotopic chain [6,7]. The model includes couplings between valence nucleons and core 

excitations, by means of Hartree-Fock (HF) and Random Phase Approximation (RPA) calculations, using the Skyrme 

effective interaction, and accounts for both phonons and noncollective p-h configurations. This beyond-mean-field 

approach is aimed at providing a consistent interpretation of hybridization phenomena, as due to the residual 

interaction of the nuclear Hamiltonian. 

The agreement between experimental and theoretical energies and electromagnetic transition probabilities will be 

outlined, showing the relevance of the new approach, as compared to traditional shell model calculations with a 

frozen core. Recent improvements of the model and future experimental developments with radioactive beams will 

be also discussed. 

[1]  K. L. Jones et al., Nature (London) 465, 454 (2010) 

[2]  J.M. Allmond et al., Phys. Rev. Lett. 112, 172701 (2014) 

[3]  D. Rosiak et al., Phys. Rev. Lett. 121, 252501 (2018) 
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Study of the Pygmy Dipole Resonance in 96Zr following the beta decay of 96Y  

K Mashtakov and M Scheck 

University of the West of Scotland, UK  

�he pygmy dipole resonance (�~�) is a nuclear phenomenon which is associated with the movement of the ‘neutron 

skin’ of a nucleus against an isospin saturated proton-neutron core [1, 2]. The nature of the PDR is of particular 

interest due to its importance in many areas of nuclear and astrophysics.  

Current experimental techniques used to study this phenomenon produce inconsistent results [1]. This is mostly due 

to the unknown branching behaviour of the Jπ =1− levels, which form the PDR. The nuclear resonance fluorescence 

(NRF) technique, which is widely used to study low-lying E1 strength in stable nuclei, loses decay branches to 

lower-lying excited states to the atomic background. The latter effect leads to underestimated values of E1 strength 

of the PDR [3]. Recently it was realised that electric dipole levels associated with the PDR could also be excited 

following the β decay of certain nuclei [4]. The novel approach of using β decay to populate high-lying 1− states 

allows the extraction of branching transitions previously not resolved in NRF, which will recover missing E1 strength 

associated with the PDR. It will not only provide us with improved spectroscopic information of the PDR but will also 

clarify the origin of the reactor antineutrino anomaly, which has effects on nuclear reactor safety.  

We use the β decay approach in order to populate 1− levels and study the PDR of 96Zr. The main reason this nucleus 

was selected is that the electric dipole states with energies almost up to the Qβ value (7.1 MeV) are populated via β 

decay of its mother nucleus 96Y (Jπ
g.s. = 0−). Moreover, 1− levels in 96Zr have recently been studied using NRF [5]. The 

thermal-neutron-induced fission of 235U at the ILL high-flux reactor was used to produce 96Y nuclei which undergo β 

decay to populate excited levels of 96Zr. Large volume high-purity germanium and silicon β-particle detectors were 

employed to obtain  -  and β-  coincidence measurements. Gamma-ray spectra were then recorded and are being 

analysed to identify branching transitions to lower-lying excited states. The current status of the analysis of this work 

will be presented.  

[1]  D. Savran, T. Aumann, and A. Zilges, Experimental studies of the Pygmy Dipole Resonance. Prog. in Part. 

and Nucl. Phys. 70, 210 (2013) 

[2]  N. Paar et al., Rep. Prog. Phys. 70, 691 (2007) 

[3]  G. Rusev et al., Phys. Rev. C, 77, (2008), 064321 

[4]  M. Scheck et al., Phys. Rev. Lett., 116, (2016), 132501 

[5]  M. Zweidinger, MSc Thesis, Unpublished 

Collectivity of 66Zn through Coulomb excitation 

M Rocchini1, 2  � �adyńskaKlek2, A Nannini2, J ValienteDobón2, A Goasduff3,2, D Testov3,2, P John3,2, D Mengoni3,2, 

� �ielińska4, D Bazzacco3,2, G Benzoni2, A Boso3,2, P Cocconi2, M Chiari1,2, D Doherty5, F Galtarossa2, G Jaworski2, M 

Komorowska4,6, M Matejska-Minda6, B Melon2, R Menegazzo3,2, P Napiorkowski6, D Napoli2, M Ottanelli2, A 

Perego1,2, L Ramina2, M Rampazzo2, F Recchia3,2, S Riccetto7,2, D Rosso2, M Siciliano2,3, P Sona1 

1Universita degli Studi di Firenze, Italy, 2INFN, Italy, 3Universita degli Studi di Padova, Italy, 4CEA Saclay, France,  

5University of Surrey, UK, 6University of Warsaw, Poland, 7Universita degli Studi di Perugia, Italy 

 

The problem of the collectivity in stable and nearlystable Zinc isotopes has been in the scope of both experimental 

and theoretical studies for the past years (see for instance Ref. [1]). Several discrepancies regarding the 

experimentally measured quantities can be found in the literature for the nuclei along this isotopic chain. 

Consequently, the interpretation of the structure in the Zinc nuclei is difficult. In this context, the structure of low-

lying excited 0+ states is particularly interesting. Nuclear states with J=0+ are traditionally interpreted as members of 

phononmultiplets originating from the vibrational excitations, or as bandheads of betavibrational bands in 

deformed nuclei, or as intruder states arising from the pair excitations across the shell and subshell gaps, 

associated with the shape coexistence phenomenon [2]. While the vibrational picture of the Zinc isotopes is 
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nowadays being disregarded, deformation and shape coexistence are emerging, even though no firm conclusions 

can be drawn at the moment [3]. 

In order to provide precise information about the collectivity in Zinc isotopes, a dedicated Coulomb excitation 

measurement has been performed at the Legnaro National Laboratories in Italy to investigate the electromagnetic 

structure of 66Zn, which represents and ideal case to study all the above-mentioned issues. As a result, a rich set of 

electromagnetic matrix elements describing the low-spin structure of 66Zn has been extracted, including the 

spectroscopic quadrupole moments of the first two 2+ states. The β and γ deformation parameters of the ground 

state and first excited 0+ state have been determined for the first time. The overall picture emerging from our studies 

indicates an intriguing triaxial deformation of the ground state while the 02
+ state exhibits an intruder spherical 

configuration. 

 

Fig 1: Ground state Collective Wave Function of 66Zn, calculated using the Beyond Mean Field approach. In red, 

experimental β and γ deformation parameters (obtained in the present experiment) are reported. 

In this presentation, the results of the Coulomb excitation experiment will be presented. A comparison with the new 

predictions of the Beyond Mean Field approach (see Fig. 1) and the Large Scale Shell Model will also be given. 

[1]  K. Moschner et al., Physical Review C 82, 014301 (2010) 

[2]  J. L. Wood, Journal of Physics: Conference Series 403, 012011 (2012) 

[3]  W. Z. Jiang et al., Eur. Phys. J. A 25, 29 (2005) 

Gamma decay of the isovector giant dipole resonance in 90Zr: the damping mechanism and the fine structure 

A Tamii1, S Nakamura1, A Bracco2, P von Neumann-Cosel3, E Aciksoz4, D Balabanski4, S Bassauer3, F Camera2, L 

Capponi4, F Crespi2, A Czeszumska1, L Donaldson5, Y Fujino6, H Fujita1, Y Fujita1, G Gosta2, M Harakeh7, J He8, A 

Inoue1, J Isaak3, C Iwamoto9, N Kobayashi1, K Li5, A Maj10, M Nishimura6, N Pietralla3, M Reen11, M Sakuda11, G 

Steinhilber3, T Sudo11, Y Togano6, O Wieland2, Z Yang1, L Zhang8 

1Osaka University, Japan, 2University of Milano, Italy, 3TU Darmstadt, Germany, 4ELI-NP, Romania, 5iThemba LABS, 

South Africa, 6Rikkyo University, Japan, 7University of Groningen, The Netherlands, 8NAOS, China, 9University of 

Tokyo, Japan, 10IFJ- PAN, Poland, 11Okayama University, Japan 

The Isovector giant dipole resonance (IVGDR) is a collective vibrational excitation that commonly exists in all the 

atomic nuclei. The IVGDR is described as a collective dipole oscillation between the neutrons and protons. Gross 

properties like excitation energy and strength are well reproduced by microscopic models. The width of the IVGDR is, 

however, not yet fully explained owing to the complex damping mechanism. In addition to the fragmentation into 

several bumps in light nuclei in e.g. the sd-shell region, a pronounced fine structure is observed in heavy nuclei in 

recent high-resolution experiments [1,2]. The present research is focusing on the damping mechanism and the fine 

structure of the IVGDR with the scope for an extension to other types of collective modes in the near future. 

The key point of the present study is the measurement of the gamma-decay branching ratio (BR) of the IVGDR. The 

electric dipole (E1) reduced transition probability in the excitation process, B(E1) ↑, can be determined by 

measuring the Coulomb-excitation cross section by proton scattering at and around zero degrees [3]. The E1 

reduced transition probability of the decay to the ground-state (g.s.), B(E1)↓, is equal to {(2J0+1)/(2Jx+1)} B(E1)↑, 
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where J0 (Jx) is the spin of the ground (excited) state, owing to the detailed balance. B(E1)↓ is translated to the 

gamma-decay width to the g.s., Γγ0 . By measuring the gamma-decay BR to the g.s., (Γγ0/Γ), the total width (Γ) 

that includes the contribution of all the decay channels can be studied. Moreover, Γ is determined as a function of 

the excitation energy across the IVGDR. This Γ must contain the information on the characteristic width that is 

relevant to the fine structure. 

We have measured gamma decay from the IVGDR in 90Zr as a pilot experiment by employing the high-resolution 

Grand Raiden magnetic spectrometer at RCNP, Osaka University. The target nucleus was excited by proton 

scattering at 392 MeV and at a scattering angle of zero degrees. The gamma rays were detected by a gamma-ray 

detector array, Scγlla, which consists of eight large-volume LaBr3:Ce detectors [4] developed in Milano. The target 

thickness was 20 mg/cm2. The beam intensity was 2 nA. The measured excitation energy, 7-32 MeV, fully covers 

the IVGDR as well as the low-lying E1 strength that is discussed in terms of the Pygmy Dipole Resonance (PDR). The 

gamma decay of IVGDR to the g.s. was successfully observed in spite of its small BR of 1-2%. 

We will report on the experiment, preliminary results, and future plans in the conference. 

[1]  C. Iwamoto, et al., Phys. Rev. Lett. 108, 262501 (2012) 

[2]  A. Tamii, et al., Phys. Rev. Lett. 107, 062502 (2011) 
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[4]  A. Giaz, et al., Nucl. Instrum. and Meth. in Phys. Res. A 729, 910 (2013) 

Deformation effects of clusters in coupling of cluster structures to deformed states 

Y Taniguchi 

Kagawa College, Japan 

Cluster structures are structures that have subsystems, and it is important to understand nuclear structures and 

reactions. Cluster capture, transfer, and decay are sensitive to cluster structures. It is also important for 

nucleosynthesis.  

For cluster structures, the threshold rule [1] has been discussed. The rule predict that cluster structures develop 

near their threshold energies. It is based on a limit of weak coupling picture between clusters. When intercluster 

distance is long, this picture is expected to work well. However, correlations between clusters should be taken into 

account for concerning coupling of compact cluster structures to low-lying deformed states. Deformation effects of 

clustering for correlations between clusters are discussed in this work.  

In 35Cl, a low-lying negative-parity superdeformed (SD) band was observed by a γ-spectroscopy experiment.[2] In 

the experimental paper, an α-cluster structure is predicted discussing threshold energy. However clustering in 35Cl is 

an open problem because there is no direct experimental evidence or theoretical calculation. By antisymmetrized 

molecular dynamics (AMD) and generator coordinate method (GCM), the negative-parity SD band is reproduced, 

and it is predicted to contain large amounts of α- and t-cluster structure components in the SD band although 

threshold energies of those cluster structures are much different. In coupling of cluster structures to low-lying 

deformed states, particle-hole configurations of compact cluster structures are important. Deformation and 

orientation of clusters affects particle-hole configuration of a total system.  

Triaxiality of deformed states is also related to cluster structure. In 40Ca, a normal-deformed (ND) band has been 

observed, and it has a side band due to triaxial deformation. In 28Si, existence of SD states have been 

predicted,[3] and their candidates have been observed.[4] The SD states in 28Si are predicted to have axial 

symmetric shape. The AMD and GCM show that those deformed states in 40Ca and 28Si contain large amounts of α-
36Ar and α-24Mg cluster structures, respectively.[3,5] Furthermore, triaxial and axial symmetric shapes of deformed 

states in 40Ca and 28Si, respectively, are caused by oblate deformation of 36Ar cluster and prolate shape of 24Mg 

cluster, respectively.  

[1] K. Ikeda, N. Takigawa, and H. Horiuchi, Prog. Theor. Phys. Suppl. E68, 464 (1968)  
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Recent highlights and the future of the in-source spectroscopy programme at ISOLDE 

S Wilkins 

CERN, Switzerland 

The inherent efficiency and selectivity of the resonance ionization process has made laser ion sources an integral 

part of thick-target ISOL facilities. The Resonance Ionization Laser Ion Source (RILIS) is the most commonly used ion 

source at the ISOLDE facility and has provided the majority of radioactive beams to users in recent years [1]. 

Another powerful application of the RILIS infrastructure is to perform laser spectroscopy inside the ion source, to 

investigate properties (moments and charge radii) of nuclear ground- and isomeric states [2]. When the efficiency 

and selectivity of resonance ionization is coupled with nuclear decay detection, measurements at the sensitivity 

frontier (<1 ions/s) are routinely achieved [3]. 

The main limitation of the technique is its Doppler-limited resolution. The in-source spectroscopy programme has 

therefore been focussed on studying elements in the lead region with recent campaigns on astatine [4] and mercury 

[5] isotopes. Highlights from these experiments will be presented. 

Progress has been made towards refining this technique to improve the spectral resolution by reducing, or even 

eliminating the Doppler broadening of the spectral lines. Two approaches: Doppler-free two-photon spectroscopy, 

and perpendicular-illumination of the atomic ‘beam’ [�] will be described along with an outlook to the future of the 

in-source spectroscopy programme at ISOLDE. 
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Nuclear Structure C 

Alpha Cluster states in 16O 

A Gyurjinyan1, E Sauer1, B Frentz1, W Tan1, A Aprahamian1, A Battaglia1,  

Andrew Nystrom1, Clark Casarella1, Mallory K. Smith1, Patrick O'Malley1, Scott Marley1, Sabrina Strauss1, Andre 

Bermundez-Perez1, Benjamin Guerin1, Patrick Fasano1, Michael Febbraro2, Ramon O. Torres-Isea3, Frederick D. 

Becchetti3, Martin Freer4, Gvirol Goldring5 

1University of Notre Dame, USA, 2Oak Ridge National Laboratory, USA, 3University of Michigan, USA, 4University of 

Birmingham, United Kingdom, 5Weizmann Institute, Israel  

The search for α-cluster states is an open and interesting question in nuclear structure as well as a better 

understanding of helium burning in stars. We carried out an experiment to explore alpha cluster states in 16O via the 
13C(α,n) reaction  at the University of Notre ~ame’s �uclear �cience �aboratory� �ur aim was to study α-cluster 

states above the 4α decay threshold in 16O. The experimental setup included four double-side strip detectors with 

256 channels to measure charged particles and 12 deuterated liquid scintillators were used to detect neutrons.  The 

experimental setup and preliminary results will be presented. 

This work was supported by the NSF under contract number PHY-1419765. 

Tetrahedral intrinsic structure of Oxygen-16 revisited  

N Manton2 and C Halcrow1 

1University of Leeds, UK, 2University of Cambridge, UK  

A model for vibrational and rotational excitations of an intrinsic tetrahedral structure of the Oxygen-16 nucleus has 

been investigated, building on classic work of Wheeler, Dennison and Robson. Tetrahedral A- and F-phonons are 

treated harmonically, but the E-phonon dynamics is extended to dynamics on an E-manifold of four-alpha-particle 

configurations as developed in [1]. This allows for tunnelling between the tetrahedral configuration and its dual, 

through a square configuration, and lifts the parity doubling that would occur with no tunnelling. Unlike in earlier 

models, including the algebraic cluster model [2], the E-phonon frequency is taken to be about half the F-phonon 

frequency, which in turn is about half the A-phonon frequency. As a result, the first-excited 0+ state is a 2-phonon, 

E-manifold excitation, whereas the lowest 2+ and 2- states are 1-phonon, E-manifold excitations. Coriolis 

contributions to the rotational energy of states with F-phonons are significant.  

Altogether, rotational bands are constructed based on vibrational states with up to four phonons, and with 

spin/parity up to 9-. Nearly all the observed states of Oxygen-16 are accommodated, up to 20 MeV and partly 

beyond, and clarification of some uncertainties in spin/parity assignments are proposed. Predictions for some so far 

unobserved states, especially those of unnatural parity with spin 6 or more, are made. 
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Fig. 1: A representation of the E-manifold — each point in the plane represents a configuration of four alpha-

particles. Some particularly symmetric configurations are plotted explicitly (left); The wavefunction on the E-

manifold which gives rise to the first-excited 0+ state. It is concentrated around both the tetrahedral and square 

configurations (right).  

[1] C. J. Halcrow, C. King and N. S Manton, Phys. Rev. C 95, 031303 (2017) 

[2] R. Bijker and F. Iachello, Phys. Rev. Lett. 112, 152501 (2014) 

Measurement of the structure of potential cluster bands and absolute branching ratios of high-energy states in 18O* 

S Pirrie1, C Wheldon1, T Kokalova1, J Bishop1, R Hertenberger2, H Wirth2,S Bailey1, N Curtis1, D ~ell’{quila5, T 

Faestermann3, D Mengoni4,R Smith1, D Torresi1 and A Turner1  

1University of Birmingham, UK , 2Ludwig-Maximillans-Universität München, Germany, 3Universität München, 

Germany, 4Università degli Studi di Padova, Italy, 5Università degli Studi di Napoli Fedorico II, Italy 

The investigation of states with nuclear cluster structure has been of interest for over 70 years, with many 

experimental and theoretical advances in recent times. An experiment performed by von Oertzen et al.[1] at the 

Maier-Leibnitz Laboratory (MLL) identified 30 previously unobserved states in 18O through the use of the Q3D 

magnetic spectrograph with the 12C(7Li,p)18O*reaction. Combining these new states with formerly known states, 

rotational bands were tentatively assigned, including potential cluster bands with a core + α structure (14C ⦻α) and 

a nuclear molecular structure (12C ⦻2n ⦻α). These configurations have been previously suggested by both 

theoretical and experimental work [2-5]. This talk will detail the final analysis of an experiment to determine – via 

the use of the MLL Q3D magnetic spectrograph coupled to the Birmingham DSSD array for high-resolution 

reconstruction of decay products –whether or not these states truly belong to these rotational bands. This is 

achieved by ascertaining the decay modes and absolute branching ratio for high-energy excited states in 18O.   

[1]  W. von Oertzen et al.,Eur. Phys. J. A 43, 17–33 (2010) 

[2]  N. Curtis et al., Phys. Rev. C 66,024315 (2002) 

[3]  H.T. Fortune, Phys. Rev. C 18, 1053 (1978) 

[4]  K.P. Artemov, Sov. J. Nucl. Phys. 37, 805 (1983) 

[5]  G.L. Morgan, Nucl. Phys. A 148, 480 (1970) 
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Spectroscopy of 16B from quasi-free (p,pn) reaction  

Z Yang1, 2, Y Kubota3, A Corsi4  

1Osaka University, Japan, 2RIKEN, Japan, 3TU Darmstadt, Germany, 4CEA, France  

We will report the recent result on the spectroscopy of 16B which was measured at RIKEN RIBF by employing the 

quasi-free (p,pn) reaction on 17B.  

Nuclear physics has been largely extended to the vicinity of the neutron drip line (the limit of stability) in recent 

decades where many new intriguing phenomena have been observed. Of particular interest are nuclei with two-

neutron halo structure (also known as Borromean nuclei), for which the strong dineutron correlation between the two 

valence neutrons is crucial for the binding [1,2]. It has been suggested that configuration mixing with different-parity 

single particle orbitals, is essential for the development of dineutron correlation [3]. In this context, the Borromean 

nucleus 17B, lying in the middle the sd-shell, may provide new insights since the mixing with opposite parity states 

would be rare as expected with the sequence of conventional single particle orbitals. The spectroscopy of the core-

plus-one-neutron subsystem 16B is the essential ingredient to understand the properties of 17B. But very limited 

knowledge has so far been obtained for 16B beyond the low-lying ground state with extremely small width [4].  

We have carried out kinematically complete measurement on the spectroscopy of 16B by using quasi-free (p,pn) 

reaction on 17B at RIBF. After the (p,pn) reaction on the vertex-tracking liquid hydrogen target MINOS [5], the 

charged fragments were analyzed by the SAMURAI spectrometer [6] and the neutrons were detected by the NEBULA 

array. A recoil proton detector array RPD, a recoil neutron detector array WINDS, and a gamma-ray detector array 

DALI2 were also introduced at the target region. In this talk, the results of the experiment will be discussed.  

[1]  I. Tanihata, et al., Prog. Part. Nucl. Phys. 68 (2013) 215 

[2]  K. Hagino, et al., Phys. Rev. Lett. 99 (2007) 022506 

[3]  M. Matsuo, et al., Phys. Rev. C 71 (2005) 064326 

[4]  J.-L. Lecouey, et al., Phys. Lett. B 672 (2009) 6 

[5]  A. Obertelli, et al., Eur. ~Phys. ~J. ~A 50 (2014) 8 

[6]  T. Kobayashi, et al., Nucl. Instr. Methods B 317 (2013) 294 

Magnetic dipole excitation and its sum rule for valence nucleon pair  

T Oishi, N Paar  

University of Zagreb, Croatia  

Magnetic dipole (M1) excitation is the leading mode of nuclear excitation by the magnetic field, which couples 

unnatural-parity states. As expected from the form of operator, this mode may provide the information on the spin-

related properties, including the spin component of dineutron and diproton correlations [1, 2].  

Aim of this work is to investigate the M1 excitation of the systems with two valence nucleons above the closed-shell 

core (three-body model) with pairing correlation included. Our purpose also includes the establishment of the M1 

sum rule in this three-body case for the first time. That could be used to validate theoretical approaches and 

experimental studies of several nuclides, e.g. O-18 and Ca-42. Possibility to utilize the M1 excitation as the probe of 

the dinucleon correlation is also discussed.  

As the preliminary result, significant role of the pairing correlation to suppress the M1 excitation is suggested. The 

newly introduced M1 sum rule is successfully validated by the model calculations within the three-body model. The 

sum-rule value of M1, as well as its strength distribution, can be a suitable observable to probe the effect of pairing, 

especially on the coupled spin of the valence nucleons. Therefore, further experimental studies of M1 transitions in 

systems with two valence nucleons are called for. If possible, we will also present our recent progress of M1 

calculation based on the relativistic mean-field framework [3, 4]. Especially, role of the pseudo-scalar and pseudo-
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vector couplings on the M1 excitation is discussed. The M1 excitation can be utilized to optimize these coupling 

coefficients in the relativistic nuclear energy-density functionals.  

[1]  K. Hagino, and H. Sagawa, Phys. Rev. C 72, 044321 (2005) 

[2]  T. Oishi, K. Hagino, H. Sagawa, Phys. Rev. C 82, 0124315 (2010)  

[3]  N. Paar, P. Ring, T. Nilsic, and D. Vretenar, Phys. Rev. C 67, 034312 (2003) 

[4]  T. Niksic, N. Paar, D. Vretenar, and P. Ring, Comp. Phys. Com. 185, 1808-1821 (2014) 

Advances towards the measurement of γ−transitions from clustered states in 16O*  

P Santa Rita, T Kokalova, C Wheldon, J Bishop, N Curtis, M Freer, R Smith, A Turner, D Parker, J Walshe 

University of Birmingham 

An overview of the 12C(α,γ)16O*experiment at the University of Birmingham MC40 cyclotron is presented. This work 

is a proof-of-principle study carried out to optimise the experimental set-up and analysis procedures prior to 

undertaking the long run measurements required. 

The experimental set-up used the Birmingham Array for Light nuclei Investigation (BALTI) which is a combination of a 

target and compact charged-particle detectors surrounded by LaBr3 γ-detectors. 

The preparations concentrated on automating the calibration process, correcting the LaBr3 gain-shifts resulting from 

photomultiplier tubes and the position optimisation of the detectors. 

The motivation for this work is to measure or put constraints on the B(E2)s values in the 16O nucleus. Such 

observations aid the assignment of rotational levels built on cluster configurations. 

This work is part of my PhD research. 

New Facilities and Instrumentation A 

(Invited) Novel measurement techniques in precision mass spectrometry of rare nuclides 

K Blaum 

Max-Planck-Institute for Nuclear Physics, Germany 

Precision mass measurements of rare nuclides have a wealth of applications among others in nuclear-, astro-, 

neutrino- and particle physics. Recent technical developments in the manipulation and detection of radionuclides in 

high-precision Penning-trap mass spectrometry like the phase-imaging and Fourier-transform ion cyclotron 

resonance detection methods have boosted the field and allow e.g. for relative mass uncertainties at the level of 10-

11. These technical advances as well as the opening of new fields of applications like the identification of low-lying 

isomeric states and the measurement of not only nuclear but also electron binding energies of exotic species will be 

presented. 
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A multi-reflection time-of-flight mass analyzer for SHANS at IMP/CAS  

Y Tian1, W Huang1, Y Wang1,2, J Wang1, Z Gan1 and X Zhou1  

1Chinese Academy of Sciences, China, 2Lanzhou University, China 

Accurate mass data of transuranium nuclei are particularly important for the study of superheavy nuclei and the 

investigation of “islands of stability”� { low energy mass spectrometry to provide high-precision mass measurement 

and isobaric separation of short-lived fusion-evaporation reaction products is being under construction at 

Spectrometer for Heavy Atom and Nuclear Structure (SHANS). A multi-reflection time-of-flight (MRTOF) mass 

analyzer for SHANS has been designed, constructed and tested [1].  

A set of computer programs, in which the ion trajectories are simulated by SIMION and the parameters are varied 

and optimized by a Nelder-Mead simplex algorithm both in the mirror switching mode and in-trap-lift mode, has 

been developed for understanding of ion motion kinematics in an MRTOF mass analyzer and finding out parameter 

sets as starting points for the test of device in laboratory. In the in-trap-lift mode, the latest optimization results by 

using SIMION give a maximal mass resolving power of 1.6*105 for a TOF of 6.4 ms and 1.3*105 in the mirror 

switching mode [1,2,3].  

The preliminary test results by applying the simulated voltages show that its mass resolving power has reached 

~7000 for a TOF of 1.6 ms [1], and the latest test results will be reported. 

A study of the accuracy of PILGRIM, a future MR-tof-MS for the S3 low-energy branch at Ganil  

B Retailleau1, J Cam2, P Chauveau3, P Delahaye1, V Manea1,4, L Schweikhard5, P Ujic1, C Vandamme2 

1GANIL, France, 2LPC Caen, France, 3CNRS-IN2P3, Université Paris-Sud, France, 4KU Leuven, Belgium, 5Universität 

Greifswald, Germany 

The Low-Energy-Branch (LEB) for the Super Separator Spectrometer (S3) at SPIRAL2 combine In-Gas Laser Ionization 

and Spectroscopy (IGLIS), several quadrupole devices and PILGRIM for providing pure and low-energy beam from 

S3. This device is dedicated to the studies of exotic nuclei like Very Heavy �lements (���) and � ≈ � nuclei around 
100Sn. A part of his research program is based on the mass measurement of short-lived ground and isomeric states. 

Mass measurement provide important inputs for nuclear structure models and for r-process model calculations.  

PILGRIM is a Multi Reflexion Time of Flight Mass Spectrometer (MR-ToF-MS) design for ensuring mass measurement 

of exotic nuclei with a short half-life and quick isobaric beam purification. MR-ToF-MS are already use around the 

world for their great resolving power (around 105) and their high precision mass measurement (mass error downs to 

a few 10-7) within a few tens of milliseconds. Hence, MR-ToF-MS are particularly appreciated for studying exotic 

nuclei with a short half-life.  

This presentation focuses on the status of PILGRIM currently in test at LPC Caen with an off-line surface ionization 

source. The system is operational and we lately obtained a mass resolving power up to 100,000 with 39K+ ions. We 

are presently starting commissioning the system for mass measurement. We will conduct systematic studies of the 

slow and rapid time-of-flight fluctuations caused by e.g. mirror potential drifts, thermal dilatation of the assembly 

that may limit the ultimate accuracy of PILGRIM. We will study the accuracy of the mass measurement as a function 

of the mass difference between the reference nucleus and the ion of interest. 
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Fig 1: Preliminary test results of MRTOF mass analyzer for the low energy mass spectrometer at SHANS. (a) Time-of-

flight as a function of number of revolutions; (b) Spectrum for 75 laps. 

[1]  J.Y. Wang, Y.L. Tian, Y.S. Wang, et al, Nucl. Instrum. Methods. B, submitted 

[2]  Y. L. Tian, Y. S. Wang, J. Y. Wang, et al, Int. J. Mass Spectrom. 408, 28 (2016) 

[3]  W. X. Huang, Y. L. Tian, J. Y. Wang, et al, Radiat. Detect. Technol. Methods 1, (2018) 

Performance of the OEDO beamline 

J Hwang1, S Michimasa1, K Yamada2, S Ota1, M Dozono1, N Imai1, K Yoshida2, Y Yanagisawa2, K Kusaka2, M Ohtake2, 

M Matsushita1, D Ahn2, O Beliuskina1, N Chiga2, K Chikaato3, N Fukuda2, S Hayakawa1, H Wang2, E Ideguchi4, K 

Iribe5, C Iwamoto1, S Kawase5, K Kawata1, N Kitamura1, S Masuoka1, H Miyatake6, D Nagae2, R Nakajima1, T 

Nakamura7, K Nakano5, S Omika2, H Otsu2, H Sakurai2, P Schrock1, H Shimizu1, Y Shimizu2, T Sumikama2, X Sun2, D 

Suzuki2, H Suzuki2, M Takaki1, M Takechi3, H Takeda2, S Takeuchi7, T Teranishi5, R Tsunoda1,Y Watanabe5, Y 

Watanabe6, K Wimmer1, K Yako1, H Yamaguchi1, L Yang1, H Yoshida5 and S Shimoura1  

1University of Tokyo, Japan, 2RIKEN, Japan, 3Niigata University, Japan, 4Osaka University, Japan, 5Kyushu University, 

Japan, 6KEK, Japan, 7Tokyo Institute of Technology, Japan 

The OEDO (Optimized Energy Degrading Optics for RI beam) beamline [1] has been developed to provide low-

energy (10 – 50 MeV/u) RI beams by slowing down the secondary beams produced by BigRIPS [2] at RIBF, RIKEN. 

Those beams are good probes to investigate the shell structure by means of nucleon transfer and Coulomb 

excitation reactions. Heavy RI beams at such an energy, which have been an uncharted territory for the existing RI 

beam facilities, are expected to be achieved by the OEDO beamline. The beamline was designed to produce a well-

focused beam of small momentum spread with the help of the angle-tunable wedge degrader and the radio-

frequency deflector (RFD).  

The commissioning and first physics experiments using the OEDO beamline were carried out in 2017. The beamline 

successfully provided the energy-degraded beams of Se, Zr, and Pd. Its performance such as the optics, 

transmission, and responses of the elements has been evaluated using those experimental data. Figure 1 shows 

briefly the performance; (a) the monoenergetic degrader slowed down the beam and compressed its energy spread; 

(b) the RFD reduced the horizontal width of the beam. In this talk, the details of experimental evalu-ation of the 

performance of the beamline will be presented.  

This work was funded by ImPACT(Impulsing Paradigm Change through Disruptive Technologies) Program of Council 

for Science, Technology and Innovation (Cabinet Office, Government of Japan). 
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Fig 1: (a) Kinetic energy distributions of 79Se beams with or without the monoenergetic degrader; (b) Horizontal 

position distributions of 79Se beams at the final focal plane with or without the RFD.  

[1]  S. Michimasa, et al., Prog. Theor. Exp. Phys., accepted.  

[2]  T. Kubo, Nucl. Instrum. Methods Phys. Res. Sect. B 204, 97 (2003) 

Experimental programme with high-brilliance gamma beams at ELI-NP 

G Balabanski 

Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering, Romania 

The emerging experimental program with brilliant gamma beams at the Extreme Light Infrastructure – Nuclear 

Physics facility (ELI-NP) [1] will be presented with emphasis on the prepared day-one experiments [2,3]. 

Experiments at ELI-NP will cover nuclear resonance fluorescence (NRF) measurements, studies of large-amplitude 

motions in nuclei, photo-fission and photonuclear reactions of astrophysics interest, and measurements of 

photonuclear reaction cross sections. The physics cases of the flagship experiments at ELI-NP and the performance 

of the related instruments, which are under construction for their realization, will be discussed. 

This work is supported by the Extreme Light Infrastructure Nuclear Physics (ELI-NP) Phase II, a project co-financed 

by the Romanian Government and the European Union through the European Regional Development Fund – the 

Competitiveness Operational Programme (1/07.07.2016, COP, ID 1334) 

[1] N.V. Zamfir, Nucl. Phys. News 25, 34 (2015) 

[2] D.L. Balabanski, et al., Europhys. Lett. 177, 28001 (2017) 

[3] S. Gales, et al., Rep. Prog. Phys. 81, 094301 (2018) 
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Societal Impact and Applications of Nuclear Science 

(Invited) BRIKEN: The beta-delayed neutron emitter data project  

I Dillmann1, 2 for the BRIKEN collaboration 

1TRIUMF, Canada, 2University of Victoria, Canada 

Beta-delayed neutron-emitters were discovered 80 years ago [1] and later found to play an important, two-fold role 

in the stellar nucleosynthesis of heavy elements in the "rapid neutron-capture process" (r process). On one hand 

they lead to a detour of the material beta-decaying back to stability. On the other hand, the released neutrons 

increase the neutron-to-seed ratio and are re-captured during the freeze-out phase, which influences the final solar 

r-abundances. For this reason, the neutron branching ratio of very neutron-rich isotopes is a crucial input parameter 

in astrophysical simulations and has been the focus of a recent IAEA Coordinated Research Project on the 

“~evelopment of a �eference Database for Beta-~elayed �eutron �mission” (https://www-nds.iaea.org/beta-

delayed-neutron/database.html) 

However, a large fraction of the isotopes for r-process nucleosynthesis are not yet experimentally accessible and are 

located in the (experimental) "Terra Incognita". With the next generation of fragmentation and ISOL facilities 

presently being built or already in operation, one of the main motivation of all projects is the investigation of very 

neutron-rich isotopes at and beyond the border of presently known nuclei. But reaching more neutron-rich isotopes 

means also that multiple neutron-emission becomes the dominant decay mechanism. 

�he |����� project (“|eta-delayed neutron measurements at RIKEN for nuclear structure, astrophysics, and 

applications”) [� �] campaign at ����� �ishina }enter started in ���� and is aiming at systematically 

(re)measuring almost all accessible beta-delayed neutron emitters between A=30-200. The setup combines the 

most efficient neutron detection array in the world with a state-of-the-art implantation detector and two clover 

detectors. 

Presently 2451 nuclei are identified, and ~300 beta-delayed neutron emission probabilities have been measured. 

The BRIKEN collaboration has investigated so far ~270 nuclei, which includes new measurements of the neutron-

branching ratio for more than 150 nuclei, and new beta-decay half-lives for ~60 nuclei. In addition, the number of 

measured beta-delayed multi-neutron emission probabilities will be largely expanded.  

This campaign is one of the most comprehensive investigations of two important nuclear physics quantities for a 

better experimental input for r-process nucleosynthesis. The results from the BRIKEN campaign will help to improve 

the theoretical understanding of this complex decay mechanism tremendously, especially the competition between 

neutron emission and de-excitation via gamma-decay, as well as the competition between the emission of several 

neutrons.  

I will give a status update of the project and give an outlook for the planned experiments until the end of 2020. 

[1]  R.B. Roberts, et al., Phys. Rev. 55, 664 (1939) 

[2]  A. Tarifeno-Saldivia, et al., J. of Instr. 12, P04006 (2017) 

[3]  A. Tolosa, et al., accepted for Nucl. Instr. Meth. A (2019) 
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(Invited) Production and application of 225Ac/213|i¡ ������’s experience and perspectives 

V Radchenko 

TRIUMF, Canada 

Targeted Alpha Therapy (TAT) has recently shown very promising clinical results and is a superior therapeutic tool 

compared to chemotherapy and beta radionuclide therapy [1]. Being higher in energy compared to beta particles, 

combined with their high Linear Energy Transfer (LET), make alpha particles ideal for localized therapy with selective 

delivery systems (e.g. peptides, antibodies, etc.). 225Ac (t1/2 9.92 days) and its daughter 213Bi (t1/2 45.6 minutes) are 

very potent candidates for TAT, but their wide clinical application has been restricted due to the limited supply. 

������ (}anada’s �article Accelerator Centre) has unique capabilities to produce 225Ac/213Bi via several production 

routes and can significantly increase the world supply of these emerging isotopes for TAT [2]. 

Several production routes are currently utilized to produce 225Ac/213Bi at TRIUMF. One way is based on the 

production of a beam of mass number 225 (225Ra/225{c) via ������’s ��{} (�sotope �eparator and {ccelerator) 

facility, which enables the production of an isotopically pure beam of actinium-225 and its parent radium-225. 

Research-relevant quantities (KBq- �|q’s) were produced which enabled us to establish a handling procedure for 

the radiochemical purification and the radiolabeling of actinium and bismuth isotopes, and to conduct unique 

research in the chelation preference for both elements [3]. 

Further, we have an ongoing collaboration with the Canadian Nuclear Laboratories (CNL), in Ontario, Canada where 

a limited source of 229Th is available and we are currently working together in determining the quality of this material 

with the purpose of establishing a sufficiently radiochemical purity for radiolabeling. We are also working on a 

comparison study of 225Ac sources derived from ISAC and CNL to establish quality control tests and obtain the 

highest specific activity. 

In addition to the above-mentioned sources, TRIUMF has the one of the world largest (520 MeV, 100 µA) cyclotron, 

which is capable to produce clinical (GBq) amount of 225Ac and other promising alpha emitters suitable for TAT, via 

the spallation reaction of a thorium target at the target station at the end of the beam line 1A. The main challenge in 

this production route is the radiochemical separation necessary to purify actinium from the bulk mass of the thorium 

target and the several hundreds of co-produced fission products. The Life Sciences Division is currently developing 

several radiochemical separation methods for the extraction of actinium isotopes from the irradiated thorium as well 

as the co-extraction of other useful medical isotopes.  

With the upcoming ARIEL facility, TRIUMF will have two additional routes to produce actinium-225. First, by using 

the ARIEL proton beam line in the same fashion we are utilizing beamline 1A, which is to irradiate bulk masses of 

thorium for the production of actinium isotopes. Appropriate infrastructure, including irradiation station, transfer 

system and processing hot cell is currently under design. Another promising production capability, which is still 

under consideration, for TAT isotopes will be the electron beamline of ARIEL which will enable photonuclear 

reactions for production of many promising medical radionuclides in particular irradiation of radium target (226Ra(γ, 

n)225Ra→225Ac) which should results in clinical quantities of 225Ac. 

[1] Morgenstern A. et al. Current Radiopharmaceuticals 11(3), p. 200-208, (2018).  

[2] Robertson A. K. H. et al. Current Radiopharmaceuticals 11(3), p. 156-172, (2018).  

[3] Thiele N. A. et al. Angew. Chemie 56(46), p.14712-14717, (2017). 
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Quantified nuclear medicine imaging of novel theranostic terbium isotopes 

S Pells1,2, A Arinc2, N Calvert3, T Cocolios4, S Collins2, D Cullen1, A Denis-Bacelar2, K Dockx4, A Fenwick2,5, K Ferreira2 

, D Hamilton3, K Helariutta6, P Ivanov2, U Jakobsson6, K Johnston7, J Keightley2, U Köster8, G Needham1,3, C 

Oldfield1,3, E Page1,3, B Pietras1, E Price1,3, A Robinson2,1,3, B Russell2, J Schell7, M Stachura9, S Stegemann4, J 

Tipping3, N van der Meulen10, B Webster2,11 and J Wevrett2,12 

1The University of Manchester, UK, 2The National Physical Laboratory, UK, 3The Christie NHS Foundation Trust, UK, 
4KU Leuven, Belgium, 5Cardiff University, UK, 6University of Helsinki, Finland, 7CERN, Switzerland, 8Institut Laue-

Langevin, France, 9TRIUMF, Vancouver, Canada, 10Paul Scherrer Institut, Switzerland, 11University of Surrey, UK, 
12Royal Surrey County Hospital, UK 

Molecular radiotherapy uses alpha-, beta- or Auger- emitting isotopes to deposit energy in malignant cells, 

maximising the probability of permanent damage. Radiopharmaceuticals are designed to deliver the radiation to the 

malignant cells by preferentially accumulating in the targeted tumours. Diagnostic imaging is usually required prior 

to the therapy to determine the likely distribution of the therapeutic radiation in the body, using either Single-Photon 

Emission Computed Tomography (SPECT) or Positron Emission Tomography (PET). The principle of theranostics 

utilises identical or similar radiopharmaceuticals for therapy and diagnostic imaging. The distribution of the 

therapeutic radiopharmaceutical is assumed to be the same as that of the diagnostic radiopharmaceutical. This is 

not always the case, especially if different elemental isotopes are needed as the related radiopharmaceuticals may 

not be processed identically in the body. 

There has been increasing interest in four radioisotopes of terbium with the potential for use in molecular 

radiotherapy and nuclear imaging: 161Tb emits therapeutic beta and Auger particles, 155Tb emits gamma-rays well 

suited to SPECT, 152Tb emits positrons suitable for PET, and 149Tb emits therapeutic alpha particles. Their identical 

elemental biochemistry means they can be used as a theranostic set, combining therapy and diagnostic imaging 

with a single pharmaceutical and permitting more accurate patient dosimetry and therefore more personalised 

therapy. 

This work reports on the first quantitative imaging of terbium isotopes using clinical imaging systems. Samples of 
152Tb and 155Tb were produced and collected at CERN-ISOLDE and MEDICIS. A sample of 161Tb was produced by 

irradiation of enriched 160Gd at the high-flux nuclear reactor at Institut-Laue-Langevin, followed by radiochemical 

separation at Paul Scherrer Institute. New primary activity standards were determined at the National Physical 

Laboratory, and gamma spectrometry and half-life measurements were also performed. These new data allow 

imaging measurements to be related to a distribution of activity, providing quantitative imaging. SPECT and PET 

phantom studies of the isotopes were conducted at the National Physical Laboratory and at the Christie NHS 

Foundation Trust, using Monte Carlo simulations to optimise the images. The clinical impact of these measurements 

will be discussed. 

Laser-driven radioisotopes production at SCAPA for medical and industrial application  

G Battaglia1, M Wiggins1, E Brunetti1, G Lorusso2  ~ �’~onnell3, M Scheck3, D Jaroszynski1  

1University of Strathclyde, UK, 2National Physical Laboratory, UK, 3University of the West of Scotland, UK  

Radioactive isotopes are important for a wide range of applications that are critical to society, including the 

generation of energy, medical applications, and national (and international) security[1][2].  

In all these applications, the limited availability of such isotopes, is a main issue, strongly affecting the range of 

applications and their costs[1].  

A radioisotope production program at the Scotland Centre for Application of Plasma-based Accelerator (SCAPA) 

aims at exploring radioisotope production via laser-driven accelerators.  
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In this paper we will present an experiment of photo-irradiation of 232Th with a particular focus on the photon-

induced spallation channel.  

In this paper we will present an experiment that is a collaboration between SCAPA, the University of Strathclyde, the 

National Physical Laboratory and the University of the West of Scotland that aim to produce 225Ac via photo-

spallation reaction of high energy gamma rays produced by a Laser WakeField Accelerator.  

Monte Carlo simulations have been performed in order to optimize the experimental setup.  

The data collection has been performed using several different techniques, including gamma- alpha- and mass-

spectroscopy with and without chemical separation. 

Nuclear Reactions B 

(Invited) Short-Range Correlations in neutron-rich nuclei 

M Duer 

Tel Aviv University, Israel 

The atomic nucleus is one of the densest and most complex quantum-mechanical systems in nature. Nuclei account 

for nearly all the mass of the visible Universe. The properties of individual nucleons (protons and neutrons) in nuclei 

can be probed by scattering a high-energy particle from the nucleus and detecting this particle after it scatters, 

often also detecting an additional knockedout proton. Analysis of electron- and proton-scattering experiments 

suggests that some nucleons in nuclei form close-proximity neutron-proton pairs with high nucleon momentum, 

greater than the nuclear Fermi momentum, known as two-nucleon short-range correlated pairs (2N-SRC). However, 

how excess neutrons in neutron-rich nuclei form such close-proximity pairs remains unclear. 

Based on our data from CLAS detector at Jefferson Laboratory we showed that the fraction of high-momentum 

protons increases markedly with the neutron excess in the nucleus, whereas the fraction of high-momentum 

neutrons decreases slightly. This effect is surprising because in the classical nuclear shell model, protons and 

neutrons obey Fermi statistics, having little correlation and mostly filling independent energy shells. These high-

momentum nucleons in neutron-rich nuclei are important for understanding nuclear parton-distribution functions 

(the partial momentum distribution of the constituents of the nucleon) and changes in the quark distributions of 

nucleons bound in nuclei (the EMC effect). They are also relevant for the interpretation of neutrino-oscillation 

measurements, and understanding of neutron-rich systems such as neutron stars. 

The isospin and neutron-to-proton excess dependence of short-range correlations 

J Ryckebusch, W Cosyn 

Ghent University, Belgium 

Nuclear long-range and short-range correlations (SRC) are marked by different energy-momentum scales. Long-

range correlations typically occur at ``low'' (order of MeV) nuclear excitation energies and as they extend over the 

size of the nucleus, relatively low nucleon momenta are involved. The majority of high-momentum nucleons are born 

in SRC. We present results of a systematic theoretical study [1] of the isospin composition and neutron-to-proton 

N/Z ratio dependence of SRC across the nuclear mass table. The low-order correlation operator approximation (LCA) 

was used to compute the SRC contribution to the one-body nuclear momentum distributions n[1](p) for 14 different 

nuclei between helium and gold. Thereby we have included both symmetric and asymmetric nuclei covering N/Z 

ratios from 1 up to 1.54. The computed momentum distributions are used to extract the proton-proton, neutron-

neutron, and proton-neutron pair composition of the SRC. We find that there is a comprehensive picture for the 

isospin composition of SRC and their evolution with nucleon momentum. The LCA framework predicts that the 
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minority species (protons) become increasingly more short-range correlated as the neutron-to-proton ratio increases 

(see Fig. 1). We forge connections between measured electroinduced nucleon-knockout quantities sensitive to SRC 

and nuclear momentum distributions. It is shown that the LCA provides a natural explanation for the observations 

[2], like the fact that in neutron-rich nuclei the protons are responsible for an unexpectedly large fraction of the 

high-momentum components (see Fig. 1). 

 

Fig 1: The N/Z dependence of the ratio of the weight of the neutrons to the one of the protons in the momentum 

distributions at high momenta (red) and at momenta below the Fermi momentum p F (blue). The LCA results for 14 

nuclei are compared to the {(e e’p) and {(e e’n) data from Ref. [2] that include the target nuclei 12C, 27Al, 56Fe and 
208Pb (shaded boxes). The N/Z dependence of the ratio is very different at low and high momenta. 

[1]  J. Ryckebusch, W. Cosyn, S. Stevens, C. Casert, J. Nys, arXiv:1808.09859 (2018) 

[2]  The CLAS collaboration (M. Duer et al. ), Nature 560 , 617-621 (2018) 

Double-folding potentials from local chiral EFT interactions 

V Durant1, P Capel1, 2, A Balantekin3 and A Schwenk4, 5 

1Johannes Gutenberg Universität Mainz, Germany, 2Université libre de Bruxelles (ULB), Belgium, 3University of 

Wisconsin, USA, 4Technische Universität Darmstadt, Germany, 5Max-Planck-Institut für Kernphysik, Germany 

Determining the interaction between two nuclei is a long-standing and challenging problem [1]. It constitutes an 

important input in the modeling of nuclear reactions, which provide key information about the structure of nuclei 

and are relevant for reactions of astrophysical interest. This interaction has typically been modeled by 

phenomenological potentials, whose parameters are adjusted to reproduce elastic-scattering data. Albeit precise 

when experimental data exist, these potentials lack predictive behavior and do not have controlled uncertainties. 

Alternatively, it has been suggested to construct nucleus-nucleus potentials from the densities of the colliding nuclei 

and a given nucleon-nucleon interaction using a double-folding procedure [2]. Interesting results have been 

obtained in such a way, e.g., by considering zero-range contact interactions [3, 4] or using a G-matrix approach, 

see, e.g., Refs. [5,6] for recent work. 

We present the first determination of double-folding potentials based on chiral effective field theory (EFT) up to next-

to-next-to-leading order (N2LO). To this end, we construct new twobody soft local chiral EFT interactions [7]. We 

benchmark this approach in 16O-16O collisions [7], and extend it to non closed-shell nuclei scattering. We present 

results for cross sections computed for elastic scattering at energies up to 1000 MeV, as well as for the 

astrophysical S-factor of the fusion. Thanks to the predictive power of this approach, we can use only one potential 

for each projectile-target system to calculate various reaction observables. Our analysis of these various reaction 

observables has enabled us to study the impact of the nuclear density and the nucleon-nucleon interaction on the 

corresponding cross sections. 
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Quasi-free neutron and proton knockout reactions from light nuclei in a wide neutronto-proton asymmetry range 

M Holl1,  2, V Panin1, 3, L Atar1, 4, and P Diaz Fernandez5, 6 

1Technische Universität Darmstadt, Germany, 2GSI Helmholtzzentrum für Schwerionenforschung, Germany, 3RIKEN, 

Japan, 4University of Guelph, Canada, 5Chalmers Tekniska Högskola, Sweden, 6Universidade de Santiago de 

Compostela, Spain 

Quasi-free scattering reactions, (p, 2p) and (p, pn), from carbon, nitrogen, and oxygen isotopes have been studied 

in inverse kinematics over a wide neutron-to-proton asymmetry. 

The experiments were performed at the GSI Helmholzzentrum für Schwerionenforschung, where beams at energies of 

300–450 MeV/u were delivered to the R³B-LAND setup. The proton-proton and proton-neutron pairs produced in 

the reactions were detected in coincidence with the reaction fragments in kinematically complete measurements. 

Experimental cross sections and momentum distributions have been obtained and compared to DWIA calculations 

based on eikonal theory [1]. The results enable a systematic study of the reduction of single-particle strength 

compared to predictions of the independent-particle model. 

The combined reduction factors show a weak or no dependence with isospin asymmetry, in contrast to the strong 

dependency reported in knockout reactions at lower energies [2]. 

However, the reduction factors for (p, 2p) are found to be systematically smaller than for (p, pn) reactions for all 

investigated nuclei. 

This work is supported by the German Federal Ministry of Education and Research (BMBF project 05P2015RDFN1), 

through the GSI-TU Darmstadt cooperation agreement, and by the State of Hesse through the LOEWE center HIC for 

FAIR. 

[1]  T. Aumann, C. A. Bertulani, J. Ryckebusch, Phys. Rev. C 88 (2013) 064610 

[2]  J. A. Tostevin, A. Gade, Phys. Rev. C 90 (2014) 057602 

Dominance of Tensor Correlations in High-Momentum Nucleon Pairs Studied by (p,dN) Reaction 

S Terashima1, L Yu1, H Ong2, I Tanihata1,2, S Adachi2, N Aoi2, P Chan2, H Fujioka3, M Fukuda2, H Geissel4, J Goloak5, E 

Haetther4, C Iwamoto2, T Kawabata3, H Kamada6, X Le1, H Sakaguchi2, A Sakaue3, C Scheidenberger4, R Skibinski5, 

B Sun1, A Tamii2, T Tang2, T Tran2, T Wang1, Y Watanabe7, H Weick4, H Witala5, G Zhang1, L Zhu1 

1Beihang University, China, 2Osaka University, Japan, 3Kyoto University, Japan, 4GSI, Germany, 5Jagiellonian 

University, Poland, 6Kyushu Institute of Technology, Japan, 7University of Tokyo, Japan 

The isospin character of p-n pair at large relative momentum has been observed for the first time in 16O ground 

state. We have measured the 16O(p,dp) and 16O(p,dn) cross sections for the neutron pick-up domain with 392 MeV 

incident proton at RCNP. The out-going deuteron were momentum analyzed by the high-resolution spectrometer 
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GrandRAIDEN. Recoiled nucleons N [p or n] were measured by plastic scintillator telescopes and the newly 

developed stacked neutron detector BOS4[1], which were placed opposite to the spectrometer at angles 

corresponding to the recoilless condition for residual nucleus. The momentum transfer covers higher than 1.4 fm-1 

and thus picking up the high-momentum neutrons correlated with protons in nuclei. In (p,dp) reaction, the final 

states of 14N were clearly identified by deuteron and proton coincidence measurements. Although those states were 

almost equally populated in low momentum transfer reactions[2], we observed a strong population of J,T=1,0 state 

in 14N but a very weak population of J,T=0,1 state[3]. In the neutron channel 16O(p,dn)14O of Δ�=1, the observed 

cross section was found to be also strongly suppressed as in the case of the 16O(p,dp)14N J,T=0,1 channel. 

The data were compared with plane-wave and distorted-wave impulse approximation calculations with realistic 

elastic d (p,p)d and exchange reaction d*(p,p)d cross sections. The calculations with known spectroscopic 

amplitudes, obtained at lower energy deuteron knockout (p,dp) reaction, do not reproduce the observed ratio of 

cross sections between J,T =1,0 and J,T=0,1 states. It indicates that J,T =1,0 component is dominated in p-n pairs 

at large relative momenta. The observed strong isospin dependence in the p-n pair indicates a presence of high-

momentum neutron by the tensor interaction in 16O ground state. In this talk, we will present new results of the 

experiment with 16O(p,dN) and discuss the applied detailed reaction analysis. 

[1]  L. Yu, S. Terashima, et al., Nucl. Inst. A866 (2017)118 

[2]  J. Y. Grossiord, et al., Phys. Rev. C 15, 843 (1977) 

[3]  S. Terashima, et al., Phys. Rev. Lett. 121, 242501 (2018) 

Isospin effect on fragment production and reaction mechanisms for Ni+Ca  systems at 25 AMeV  

E Geraci1, 2   

1University of Catania, Italy, 2Sezione di Catania, Italy 

Main features of fragments produced in 58Ni+40Ca and 58Ni+48Ca systems at 25 AMeV, collected by Chimera 

multidetector at INFN Laboratori Nazionali del Sud (Italy), are analysed in order to study properties of moderately 

excited systems (Ex=2-5 AMeV) formed in central collisions. Correlations between specific global variables, which 

are sensitive to the centrality of the collision, are studied in order to investigate the characteristics of the reaction 

mechanisms and their competitions. In particular, central collisions were selected by means of the flow angle and 

transverse energy correlations.   

The onset of Multifragmentation phenomenon is investigated and its competition with the formation of a compound 

system is evaluated. Benefitting from the very large acceptance, low energy thresholds and isotopic identifications 

of fragments with Z<9 of the Chimera apparatus [1], a stringent selection of Fusion-evaporation residues, 

Multifragmentation sources and their decay products has been performed. Relevant observables in central collisions 

[2], such as isospin asymmetry N/Z and kinetic energies, or charge and mass of fragments, are discussed in order 

to probe the fragmentation path, characterised by short living ( 100 fm/c)  low density states of nuclear matter out 

of equilibrium [3,4,5]. The influence of the isospin contents of the systems on the reaction mechanism is carefully 

investigated. Preliminary comparisons either in the frame of Stochastic Mean Field Approach [6] or in the 

constrained molecular model (CoMD-II) [7] are envisaged for cluster production emerging from the possible 

occurrence of low-density instabilities in central collisions. 

[1]  A. Pagano, Nucl. Phys. News 22, 25 (2012) and reference therein 

[2]  E. Geraci et al., NPA 732 173 (2004) 

[3]  E. De Filippo and A. Pagano, Eur. Phys. J. A 50, 32 (2014) 

[4]  R. Wada et al., PRC 85, 064618 (2012) 

[5]   M. D'Agostino et al., Nucl. Phys. A 861, 47 (2011) 

[6]  P. Napolitani, M. Colonna, Phys. Rev. C 96, 054609 (2017) 
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New Facilities and Instrumentation B 

(Invited) Coloring in the Details of QCD: An Overview of Current and Future Nuclear Physics Activities at Brookhaven 

National Laboratory 

B Page 

Brookhaven National Lab, United States 

Brookhaven National Laboratory (BNL) on Long Island, New York is a world-class research facility with expertise in a 

diverse set of fields. The centerpiece of the nuclear physics program at BNL is the Relativistic Heavy Ion Collider 

(RHIC) which can collide hadron species ranging from protons to Uranium at center of mass energies between 

several to over 500 GeV(Z/A) and is the only facility in the world capable of accelerating and colliding polarized 

protons. This versatility makes RHIC an ideal platform for the study of Quantum Chromodynamics (QCD) in both in 

the cold and hot nuclear matter regimes. This contribution will outline current and future BNL activities designed to 

keep RHIC at the forefront of nuclear physics research. These include the ongoing beam energy scan that is 

exploring the QCD phase diagram and searching for the critical point, the instillation of the sPHENIX detector 

upgrade designed to study the quark-gluon plasma using jet and heavy flavor probes, and the upgrade of the 

forward region of the STAR detector to better understand cold nuclear matter effects at high and low partonic 

momentum fractions. Finally, prospects at a future Electron-Ion Collider, which would be the premier machine for 

the study of the strong interaction, will be discussed. 

AIT-WATCHMAN: Principles and Technologies 

G Smith 

University of Edinburgh, UK 

The Advanced Instrumentation Testbed (AIT) is a collaborative US-UK fundamental and applied science effort, 

pursuing a program of research based on the detection of the elusive subatomic particle, the neutrino. The Water 

Cherenkov Monitor for Anti-Neutrinos (WATCHMAN) is the first main project of AIT. 

The primary aim of WATCHMAN is to demonstrate a new and scalable technology, gadolinium-doped water, for 

remote detection of antineutrinos from a nuclear reactor. This will be achieved by building a kiloton scale tank of 

gadolinium-doped water over 1 km below ground in STFC's Boulby Underground Laboratory, conveniently located 

25 km from Hartlepool reactor. 

Once this demonstration is complete, the AIT will permit testing of additional technologies, such as fast photo-

sensors, that will further improve sensitivity to nuclear reactor operations, and to a number of interesting physics 

phenomena, including detection of supernova in our Milky Way Galaxy. 

In this talk the principles and technologies of the WATCHMAN project will be discussed. 
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Muon-induced neutral particle background for a shallow depth Iron Calorimeter detector  

V Datar2, N Panchal1,2, G Majumder2 
1Homi Bhabha National Institute, India, 2Tata Institute of Fundamental Research, India  

The 51 kton Iron Calorimeter (ICAL) detector will measure atmospheric muon neutrinos and muon anti-neutrinos 

separately enabling it to address the neutrino mass hierarchy problem. This will be the flagship experiment at the 

India based Neutrino Observatory (INO) [1] and will be locating in a mountain with a rock cover of  1 km in all 

directions. This will help reduce the cosmic muon background by a factor of 106 with respect to that at sea level. In 

this work, the possibility of a 100 m shallow depth ICAL (SICAL) is explored. To achieve a similar cosmic muon 

background reduction as at 1km depth an efficient cosmic muon veto detector (CMVD) which can reject muons with 

an efficiency of 99.99% [2] is required. However another important background could be neutral long lived particles 

such as neutrons and K   produced in interactions of muons with rock closest to ICAL. The charged particles 

produced in muon-nuclear interaction can be vetoed but the neutral particle can pass through CMVD undetected 

and subsequently mimic a neutrino induced hit pattern in ICAL, henceforth called a false positive. In this paper, the 

results of a GEANT4 based simulation study to estimate the false positives due to muon induced interactions with 

the rock for SICAL is presented.  

The CORSIKA [3] software was used to generate a (E, , ) distribution of cosmic muons at sea level. The simulation 

was done in two parts, in the first part, muons were propagated through a geometry of 2km×2km×100 m of rock 

material (  = 2.32gm/cc). The (E,   ) spectra of the cosmic muon after traversing 100 m of rock and their 

respective x,y positions were stored and provided as the input to the second part of the simulation. In second part, a 

geometry consisting of 600m×600m×3m of rock enclosing a cavern (of dimensions 80m×26m×26m) and the ICAL 

detector was constructed. The cavern was covered by 3cm thick plastic scintillator as veto detector and the ICAL 

detector was placed inside the cavern. The muons while propagating through the rock can undergo muon nuclear 

interactions with the rock. The secondary particles produced due to this interactions are tracked in the ICAL. It is 

found that for 6.5 ×1015 simulated cosmic muons, corresponding to 135 days exposure, have resulted in 2 false 

positive events which provides an upper bound of 6.3 false positive events at ICAL with a confidence level (C.L.) of 

95%. Since the expected neutrino event rate is  3/day the false positives appear to be manageable.  

In summary, we have presented results of simulations which are encouraging and which support the possibility of 

locating the INO-ICAL detector at a shallow depth location with a rock overburden of  100m when used with an 

efficient (at least 99.99%) cosmic ray shield. The main background is due to neutral particles either 

unaccompanied by charged particles or which go undetected. This fraction has been estimated to be much smaller 

( 0.5% with an upper bound of  1.6% at 95 % C.L.) than the signal due to atmospheric neutrinos. Therefore, a 

SICAL detector opens up the possibility of having a much larger choice of locations, saving in construction time due 

to the shorter tunnel and allowing for much larger caverns. However, it must be mentioned that it is necessary that a 

smaller, proof-of-principle detector be built at a shallow depth, perhaps even with a 30m rock overburden, together 

with the Cosmic Veto Detector to validate the simulation.  

[1]  M.S. Athar et al., INO Collaboration: Project Report, Vol. I (2006) 

[2]  N. Panchal et al., Journal of Instrumentation, 12 T11002 (2017) 

[3]  D. Heck et al., Forschungszentrum Karlsruhe Report FZKA, 6019 (1998) 
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Upgrading the Isochronous Mass Spectrometer by measuring velocity of stored ions 

M Wang 

Chinese Academy of Sciences, China 

Isochronous mass spectrometry (IMS) based on heavy-ion storage rings is a powerful tool for mass measurements 

of short-lived nuclides. The IMS experiments are performed today at three heavy-ion storage ring facilities, namely 

the experimental storage ring ESR at GSI, Germany, the experimental cooler-storage ring CSRe at IMP in Lanzhou, 

China, and the Rare-RI ring R3 at the RIKEN, Japan[1]. In IMS, the revolution times of stored ions should be 

independent of their velocity spread, thanks to a special setting of the ring. However, this isochronous condition is 

fulfilled only in the first order and in a small range of revolution times. To correct for nonisochronicity, an additional 

measure of the velocity or magnetic rigidity of each stored ion is required. For this purpose, two time-of-flight (TOF) 

detectors were installed in one of the straight sections of CSRe in Lanzhou and test experiments have been 

performed. Preliminary experimental results indicated that the precision of IMS can be improved greatly with velocity 

measurements. Recent progresses will be discussed in this talk. 

[1]  Y.H. Zhang, et al., Phys. Scripta 91 (2016) 073002 

Solid state neutron detector implementation at the European Spallation Source 

L Boyd1 ,J Annand1, R Al Jebali2, K Fissum3,2, R Hall-Wilton2,4, A Jalgen3, V Maulerova2, N Mauritzson2, F Messi3,2, R 

Montgomery1, H Perrey3,2, E Rofors3, J Scherzinger3 and B Seitz1 

1University of Glasgow, UK, 2European Spallation Source, Sweden, 3Lund University, Sweden 4Mid-Sweden 

University, Sweden 

The development of alternative thermal neutron detectors has become a priority for numerous research facilities 

worldwide notably the European Spallation Source in Lund. The purpose of this work is to characterise the thermal-

neutron response of a Solid state Neutron Detector (SoNDe), which consists of a GS20 scintillating glass sheet 

(enriched to 95% in 6Li) coupled to an 8x8 pixelated Hamamatsu H12700 multi-anode photomultiplier tube 

(MAPMT). The response of the MAPMT itself was measured with a 404 nm blue laser at both single and 60 

photoelectron intensities in order to map the gains and efficiencies of each individual MAPMT pixel. In parallel an 

optical simulation based on the Geant4 toolkit has been developed to model the behaviour of photons within the 

scintillator glass. The scintillation light produced by the 6Li + n → 3H + 4He interaction propagates through the GS20 

sheet and produces a signal in several pixels of the MAPMT. The measured pulse-height spectrum observed in a 

single pixel does not exhibit a neutron-induced peak, resulting in diminished gamma-ray/neutron signal separation. 

Different optical couplings, reflective materials and the etching of grooves in the GS20 are all being simulated to 

find the ideal set-up. The grooves divide the GS20 sheet into an 8x8 matrix matching the pixel dimensions of the 

MAPMT. The simulation, which will be benchmarked against SoNDe response measurements made with neutron 

sources and the IFE reactor neutron beam, will help to decide the optimum configuration of SoNDe modules for the 

ESS. This paper will discuss the detector design, the characterisation of the MAPMT, and the optical simulation 

studies. 
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Current status of an optically-segmented single-volume scatter camera for neutron imaging  

A Galindo Tellez 

�niversity of �awai’i at �ānoa, USA 

The Single-Volume Scatter Camera (SVSC) approach to kinematic neutron imaging, in which an incident neutron’s 

direction is reconstructed via multiple neutron-proton scattering events, potentially offers much greater efficiency 

and portability than current systems [1]. In our first design of an Optically-Segmented (OS) SVSC, the array consists 

of 8 x 8 x 20 cm3 bars of EJ-204 scintillator wrapped in Teflon tape, optically coupled with two SensL J-series 6 x 6 

mm2 Silicon Photomultiplier (SiPM) arrays, all inside an aluminum shield that serves as a dark box. The SiPMs are 

read out using custom fast (multi-GSPS) waveform sampling electronics. 

In this work, construction, characterization, and electronics updates are reported. The position, time, and energy 

resolutions of individual bars were obtained by measuring different scintillators with different surface treatments. 

This work was carried out in parallel at the University of Hawaii and at Sandia National Laboratories and resulted in 

the preliminary design of the camera [2]. Monte-Carlo simulations built from Geant4 were carried out for individual 

scintillator bars, as well as the array setup. A separate framework was combined with Geant4 and used to simulate 

SiPM responses. The simulation and data-analysis framework is under development, and outputs from this 

framework are compared to data from the initial prototype. 

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & 

Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the U.S. 

Department of Energy's National Nuclear Security Administration under contract DE-NA0003525. This work was 

supported by the U.S. Department of Energy, National Nuclear Security Administration, Office of Defense Nuclear 

Nonproliferation Research and Development (DNN R&D) and performed under the auspices of the U.S. Department 

of Energy at Lawrence Berkeley National Laboratory under Contract DE-AC02-05CH11231. Document release 

number: SAND2019-0847 A. 

[1]  K. Weinfurther, et al. Nucl. Instrum. And Methods in Phys. Res., Sect A 883, 115-135 (2018) 

[2]  M. Sweany, et al. submitted to Nucl. Instrum. and Methods in Phys. Res., Sect. A (2018) 

QCD: Partonic Phenomena 

(Invited) EMC effect resolving a 40 year old puzzle 

N Formin 

University of Tennessee, United States 

The modification of nuclear quark distributions, known as the EMC effect, has been under study for several decades.  

Over a thousand theory papers have been published on the subject, but the underlying physics is not yet 

understood.  Electron scattering data on light nuclei from the 6GeV era at Jefferson lab yielded some suggestive 

results, negating simple density or A dependent pictures.  Additionally, a correlation was observed with the nuclear 

dependence of short-range n-n correlations, which are measured in a very different kinematic regime.    Much work 

has gone into analyzing this correlation, looking for clues of isospin dependence in the EMC effect as well as letting 

it inform upcoming experiments.   Existing measurements and results will be reviewed, preliminary results of recent 

ones shown, and goals for upcoming measurements explained.  
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New prediction of e± elastic scattering cross-section ratio based on phenomenological two-photon exchange 

corrections 

I Qattan 

Khalifa University of Science and Technology, UAE 

�he proton’s electric   
 (     and magnetic   

 (     form factors (FFs) [1] are fundamental quantities and key 

inputs to other searches and studies in atomic, nuclear, and high energy and elementary particle physics. Therefore, 

precise knowledge of these FFs and their uncertainties is needed. However, the inconsistency in the results reported 

on the proton’s ��s and their ratio     
  (    /  

 (     as measured using the Rosenbluth or LT separation 

method [2], and the polarization transfer or polarized target (PT) method [3] suggested a systematic difference 

between the two techniques. Several studies suggested that missing higher order radiative correction to the 

electron-proton elastic scattering cross section   (       should be applied in order to reconcile these 

measurements. One candidate is the two-photon exchange (TPE) correction. The impact of TPE effects was studied 

theoretically, phenomenologically, and experimentally in great details. Several analyses were also performed to 

extract the TPE contributions based on the observed discrepancy between the LT and PT results. The most direct 

technique for measuring TPE is the comparison of electron-proton and positron-proton scattering. In this work, we 

present a new prediction of the 𝑒  elastic scattering cross-section ratio (     ) [4] as determined using a new 

parametrization of the TPE corrections to   (       [5,6]. We compare our results to several previous 

phenomenological extractions, TPE hadronic calculations, and direct measurements from the comparison of electron 

and positron scattering. While our predictions are in generally good agreement with previous extractions, TPE 

hadronic calculations, and existing world data including the recent two measurements from the CLAS [7] and VEPP-

3 Novosibirsk experiments [8], they are larger than the new OLYMPUS measurements [9] at larger    values. 

This work was supported by Khalifa University of Science and Technology. 

[1]  R. G. Sachs, Phys. Rev. 126, 2256 (1962) 

[2]  I. A. Qattan et al., Phys. Rev. Lett. 94, 142301 (2005) 

[3]  M. K. Jones et al., Phys. Rev. Lett. 84, 1398 (2000) 

[4]  I. A. Qattan, Phys. Rev. C 95, 065208 (2017) 

[5]  I. A. Qattan, Phys. Rev. C 95, 055205 (2017) 

[6]  I. A. Qattan, D. Homouz, and M. K. Riahi, Phys. Rev. C 97, 045201 (2018) 

[7]  D. Adikaram et al. (CLAS Collaboration), Phys. Rev. Lett. 114, 062003 (2015) 

[8]  I. A. Rachek et al. (VEPP-3 Collaboration), Phys. Rev. Lett. 114, 062005 (2015) 

[9]  B. S. Hendrson et al. (OLYMPUS Collaboration), Phys. Rev. Lett. 118, 092501 (2017) 

(Invited) Nucleon structure at large Bjorken x: new data for parton distribution functions extractions and for quark-

hadron duality studies  

S Malace 

Jefferson Lab, United States 

Experiment E12-10-002 ran in Hall Cat Jefferson Lab in Spring of 2018 with the goal of extracting cross sections for 

H(e,e') and D(e,e') reactions in the deep inelastic and resonance region regimes. Our data cover a broad range in 

Bjorken x and we reached    values as high as        . E12-10-002 will have an impact on a wide range of 

physics topics like Parton Distribution Functions extractions, Quark-Hadron Duality studies, F2_neutron/F2_proton 

at large x, modeling of H(e,e') and D(e,e') processes and moments of the F2 structure function.  

�n this talk � will present few data analysis highlights and � will show preliminary results on �(e e’) and ~(e e’) cross 

sections and on quark-hadron duality studies at high   . 
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Fundamental Symmetries and Interactions In Nuclei 

(Invited) Ab initio nuclear theory for beyond standard model physics  

J Holt 

TRIUMF, Canada 

Long considered a phenomenological field, breakthroughs in many-body methods together with our treatment of 

nuclear and electroweak forces are rapidly transforming modern nuclear theory into a true firstprinciples, or ab initio, 

discipline. In this talk I will discuss recent advances, which expand the scope of ab initio calculations to global 

calculations in the light to heavy mass regions. When based on consistently derived two- and three-nucleon forces, 

these powerful approaches allow first predictions of the limits of nuclear existence and the evolution of magic 

numbers. In particular I will focus on recent extensions to fundamental problems in nuclear-weak physics, including 

a proposed solution of the long- standing quenching puzzle in beta decays, calculations of neutrinoless double-beta 

decay for determining neutrino masses, and WIMP-nucleus scattering cross sections relevant for dark matter direct 

detection searches. 

(Invited) The proton radius puzzle  

A Antognini1, 2   

1ETH, Switzerland, 2PSI, Switzerland  

We have measured several 2S-2P transitions in muonic hydrogen, (an atom formed by a negative muon and a 

proton) by means of laser spectroscopy [1, 2]. From these measurements we have extracted a proton charge radius 

20 times more precise than obtained from electron-proton scattering and hydrogen high-precision laser 

spectroscopy but at a variance of 7 sigma from these values. This discrepancy referred to as the ``proton radius 

puzzle’’ has prompted various investigations in the context of bound-state QED, proton structure, atomic 

spectroscopy, BSM physics and scattering experiments.  

�pectroscopy of the muonic atom will be presented together with an overview of the "proton radius puzzle”�  

[1]  R. Pohl et al., Nature 466, 213 (2010) 

[2]  A. Antognini et al., Science 339, 417 (2013) 

Scalar current limits from the new beta-neutrino correlation experiment WISArD 

B Blank1,P Alfaurt1, P Ascher1, L Daudin1, M Gerbaux1, J Giovinazzo1, S Grévy1, T Kurtukian Nieto1, M Roche1, M 

Versteegen1, V Araujo-Escalona2, D Atanasov2, N Severijns2, S Vanlangendonck2, X Fléchard3, E Liénard3, G 

Quéméner3 and D Zakoucky4 

1CEN Bordeaux-Gradignan, France, 2KU Leuven, Belgium, 3LPC Caen, France, 4Rez, Czech Republic 

Beta – neutrino angular correlation measurements are key to search for physics beyond the Standard Model of 

particle physics and are thus complementary to high-energy experiments e.g. at LHC. In pure Fermi beta transitions, 

the beta-neutrino angular correlation coefficient     is sensitive to the presence of scalar currents. Several 

experiments have been performed with this approach, with a measurement of 32Ar   decay being one of the most 

precise cases studied. 

An essential contribution to improve the constraints on scalar currents is being developed by the WISArD (Weak-

Interaction Studies with 32Ar Decay) experiment at ISOLDE/CERN, where measurements of the energy shift of the  -

delayed protons emitted from the isobaric analogue state in 32Cl of the 32Ar ground state are performed. To enhance 
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the sensitivity, protons and positrons are guided by a strong magnetic field and measured in coincidence with two 

different detectors located on both sides of a catcher foil in which the radioactive samples are implanted. 

Kinematic energy shifts of the protons in coincidence with positrons, in the same or in opposite hemisphere of the 

catcher foil, will be more or less pronounced as a function of a possible scalar current component of the weak 

interaction. 

The talk will present details of the apparatus and results from a proof of principle experiment conducted in 

November 2018. Perspectives of the present approach with its potential final precisions will also be laid out. 

Virtual compton scattering from the Deuteron 

A Moore and J McGovern 

University of Manchester, United Kingdom 

�he ‘proton radius puzzle’ refers to the observed �-sigma discrepancy in measurements of the proton charge radius 

from electronic and muonic hydrogen spectroscopy [1], which remains unresolved. A similar disagreement is 

observed in electronic and muonic deuterium [2], with much greater uncertainties due to the internal structure of 

the deuteron. The leading theoretical uncertainty is from two-photon exchange diagrams, which require an accurate 

calculation of the deuteron virtual Compton tensor. 

Our work is on the calculation of the virtual Compton tensor in chiral effective field theory, treating N-N rescattering 

by the use of �reen’s functions [� �]� }hiral perturbation theory (}h��) provides a consistent power-counting 

scheme for the irreducible interaction kernel of a photon with the 2N system, but a perturbative treatment of 

intermediate N-N rescattering is not possible at low energies due to enhancement of the 2N propagator. This is 

avoided by using the full 2� �reen’s function to implement rescattering, ensuring the correct low-energy limit of the 

Compton tensor and allowing the use of modern phenomenological potentials in the calculation. 

Current state-of-the-art determinations of two-photon exchange contributions to the deuterium spectrum rely on a 

separation of single and few-nucleon dynamics, which are then calculated independently [5]. An advantage of our 

method is that such a separation is not required, with single-nucleon polarisation and finite-size effects naturally 

included in the calculation. We aim to calculate the complete two-photon exchange contribution within a single 

framework, and provide a new estimation of structure contributions to the Lamb shift in deuterium and their 

influence on deuteron charge radius measurements. 

[1]  A. Antognini et al., Science 339, 417-420 (2013) 

[2]  R. Pohl et al., Science 353, 669 (2016) 

[3]  J. Karakowski, G. Miller, Phys. Rev. C 60, 014001 (1999) 

[4]  R. Hildebrandt, H. Griesshammer, T. Hemmert, Eur. Phys. J. A46:111-137, (2010) 

[5]  O. Hernandez et al., Phys. Lett. B 778, 377-383 (2018) 
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Nuclear Astrophysics 

(Invited) Nuclear Astrophysics with DRAGON 

A Lennarz 

TRIUMF, Canada 

Radiative capture reactions involving the fusion of hydrogen or helium are of critical importance in a wide range of 

astrophysical burning and explosion scenarios, such as main sequence and red giant stars, classical novae, 

supernovae or type I X-ray bursts, where these reactions govern the nucleosynthesis and energy generation. 

However, at typical peak temperatures for static and explosive stellar scenarios, the radiative capture reaction cross 

sections become vanishingly small, and thus extremely challenging to study experimentally.  

To overcome these challenges, the DRAGON (Detector of Recoils And Gammas Of Nuclear Reactions) recoil 

spectrometer at the TRIUMF-ISAC Radioactive Ion Beam Facility has been designed to directly measure radiative 

capture reactions of importance for nuclear astrophysics in inverse kinematics [1,2]. To date DRAGON still holds the 

record for the number of direct measurements of radiative capture reactions performed with radioactive ion beams 

world-wide. 

Recoils emerging from the differentially pumped windowless gas target in a range of charge states are separated 

from the un-reacted beam in the 21 m long electromagnetic mass separator and detected in a DSSSD or ionization 

chamber. The inverse kinematics approach allows for measurements of reactions on very short-lived radioactive 

nuclei while the recoil separator provides high background suppression of 10 to 12 order of magnitude. Gammas 

from the de-excitation of the compound nucleus are detected in the high-efficiency BGO detector array surrounding 

the target. This provides an additional means of reaction identification and further increases the background 

suppression and sensitivity. 

In this contribution, I will give an overview of specifications and operation of the DRAGON recoil separator before 

presenting recent experimental highlights and future prospects. 

[1]  D. Hutcheon, S. Bishop, L. Buchmann, et al., Nucl. Instr. and Methods in Phys. Res. Sec. A 498, 

190 (2003). 

[2] C. Ruiz, U. Greife, U. Hager, Eur. Phys. J. A. 50:99 (2014) 

(Invited) Nuclear astrophysics at ELI-NP 

C Diget 

University of York, UK 

As an upcoming, brilliant, γ-beam facility, the Nuclear Physics facility in the Extreme-Light Infrastructure (ELI-NP) 

will over the coming years bring unique aspects of nuclear astrophysics to light. The high-intensity and high spectral 

density of the γ-beam will offer a unique window into investigation of nuclear reactions and nuclear structures which 

have driven astrophysical processes from the birth of our universe to the most violent deaths of stellar systems. In 

the present, an overview will be given of a wide range of applications of γray induced reactions with particular 

emphasis on their astrophysical impact, ranging from Big-Bang Nucleosynthesis over hydrostatic stellar burning to 

neutron-star mergers. 

At ELI-NP, astrophysical reactions will, in particular, be studied through γ-ray induced particle emission, fission, or 

breakup, in many cases as the time-reverse reaction compared to the astrophysical scenario. The planned studies 

range from key reactions among the lightest elements, such as 7Li(γ,t)α and 16O(γ,α) 12C; through (γ,n) reactions on 

intermediate-mass isotopes for the time-reverse of s-process branch-point neutron captures; to detailed studies of 

the energy dependency of fission dynamics in γ-ray induced fission with an aim to quantify our understanding of 
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fission recycling in neutron star mergers. 

Studying the γ-ray induced emission of charged particles, neutrons, and heavy ions requires the development of a 

new portfolio of detector arrays for the ELI-NP γ-beam facility, optimised for use in the high-intensity γ-ray 

environment. These detector arrays include: a high-yield time-projection chamber for low-energy particles; highly-

segmented silicon arrays for high- and low energy light ions; high-efficiency neutron and γ-ray detector arrays; as 

well as fission detector arrays. Several of the arrays are in an advanced stage of development and installation, and 

examples will be given of the performance of these detector arrays for γbeam physics. 

Towards background-free studies of capture reactions in a heavy-ion storage ring 

L Varga1, K Blaum2, T Davinson3, J Glorius1, B Jurado4, C Langer5, C Lederer-Woods3, Y Litvinov1, R Reifarth5, Z 

Slavkovska1, T Stohlker1,6, P Woods3 and Y Xing1 

1GSI, Darmstadt, Germany, 2Max-Planck-Institut fur Kernphysik, Germany, 3University of Edinburgh, UK, 4 CENBG, 

France, 5Goethe Universitat, Germany, 6 Helmholtz Institute Jena, Germany 

In 2016, the first measurement of the 124Xe(p,γ)125Cs reaction was performed at the Experimental Storage Ring 

(ESR) at GSI [1]. Using Double Sided Silicon Strip Detectors (DSSSD) the 125Cs reaction products have been 

successfully detected. The cross sections are measured at 5 different energies between 5.5 AMeV and 8 AMeV, on 

the high energy tail of the Gamow-window for hot, explosive scenarios such as supernovae and X-ray binaries. 

MonteCarlo simulations show that an additional slit system in the ESR in combination with the energy information of 

the Si detector will make background free measurements of the proton-capture products possible. This improvement 

is about to be implemented and will increase the sensitivity of the method tremendously. 

In this contribution, the details of the 124Xe(p,γ)125Cs experiment and the data analysis will be introduced. As an 

outlook, future perspectives at ESR and CRYRING are discussed focusing on precision (p,g) reaction studies in the 

Gamow-window using stored and cooled, highly charged, radioactive ions. 

[1]  J. Glorius, C. Langer, Z. Slavkovska, et al., Physical Review Letters (in press) 

A new approach to determine radiative capture reaction rates at astrophysical energies 

R Milner  � ~onnelly and � �riščić 

MIT, USA 

Radiative capture reactions, i.e. nuclear reactions in which the incident projectile is absorbed by the target nucleus 

and γ-radiation is then emitted, play a crucial role in nucleosynthesis processes in stars [1]. Knowledge of their 

reaction rates at stellar energies is essential to understanding the abundance of the chemical elements in the 

universe. However, determination of these reaction rates experimentally has proven to be challenging, principally 

due to the Coulomb repulsion between initial-state nuclei and the weakness of the electromagnetic force. 

For example, the large uncertainty in the rate of the important 12C(α,γ)16O reaction is the largest source of 

uncertainty in any stellar evolution model. Through the years, different experimental approaches have been used to 

determine the rate of this reaction. These include measurements of the direct reaction, β-delayed α-decay of 16N, 

and 12C(α,α)12C elastic scattering. However, due to the rapid decrease of the cross section in the region where Eα 

CM falls below 2 MeV, the uncertainty in the experimental determination of the Sfactor is increasingly dominated by 

the large statistical uncertainty. Further, as Eα CM decreases, the results from different experiments tend 

increasingly to disagree with each other. A comprehensive review of the experiments and methods developed so far, 

and the full discussion of astrophysical implications of the 12C(α,γ)16O rate can be found in [2]. 

With development of new high current energy-recovery linear accelerators (ERLs) and high density gas targets, 

measurement of the 16�(e e’α)12C reaction close to threshold and using detailed balance opens up a new approach 
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to determine the 12C(α,γ)16O reaction rate with increased precision. We present the formalism to relate photo- and 

electro-production reactions and consider the design of an optimal experiment to deliver increased precision. 

We have considered in detail the optimal experimental kinematics in terms of the incident electron energy, the 

oxygen gas target, the scattered electron spectrometer, and the finalstate, low-energy α-particle detection. We have 

considered systematic uncertainties such as both isotopic and chemical contamination of the oxygen target; energy, 

angle and timing constraints of the final-state particles; and energy loss in the gas jet and radiative corrections. 

Using realistic experimental assumptions, we propose an initial measurement of 16�(e e’α)12C using an ERL with 

incident energy of order 100 MeV. The experiment would take data at higher EαCM where the reaction rates are 

relatively high and the running time is of order a few weeks. This initial measurement would aim to validate the 

extrapolation to photo-production and determine the contributions of different multipoles. If successful, it would set 

the stage for a longer experiment with the highest electron-oxygen luminosity available to determine the E1 and E2 

astrophysical S-factors of the 12C(α,γ)16O reaction rate with unprecedented precision in the astrophysical region. 

A paper describing this work in detail is being finalized and will be made publicly available in the near future. The 

U.S. Department of Energy Office of Nuclear Physics supports the authors’ research under �rant �o� ~�FG02-

94ER40818. 

[1]  C. Rolfs and C.A. Barnes, Ann. Rev. Nucl. Part. Sci. 40, 45 (1990) 

[2]  R.J. deBoer et al., Rev. Mod. Phys. 89, 035007 (2017) 

High-precision mass measurement of n-rich Rb and Sr isotopes at TITAN 

I Mukul1, C Andreoiu2, M Brodeur3, T Brunner4, K Dietrich1, 5, I Dillmann1, 6, E Dunling1, 7, D Fusco1, 8, C Izzo1, A 

Jacobs1, 9, B Kootte1, 10, Y Lan1, 9, E Leistenschneider1, 9, M Lykiardopoulou1, 9, S Paul1, 5, M Reiter1, 11, R Thompson12, J 

Tracy Jr1, M Wieser12, J Dilling1, 9 and A Kwiatkowski1, 6 

1TRIUMF, Canada, 2Simon Fraser University, Canada, 3University of Notre Dame, USA, 4McGill University, Canada, 
5Heidelberg University, Germany, 6University of Victoria, Canada, 7University of York, UK, 8Univeristy of Waterloo, 

Canada, 9University of British Columbia Canada, 10University of Manitoba, Canada, 11University of Giessen, 

Germany, 12University of Calgary, Canada 

One of the most important question in contemporary physics is to explain the observed abundances of the atoms 

heavier than iron. The precise measurement of atomic mass plays a vital role in this quest. About half of the 

neutron-rich isotopes up to uranium are synthesized via a rapid-neutron capture process (r-process) where the final 

nuclear abundance depends sensitively on the nuclear mass. Due to the exotic nature of r-process nuclei, their 

masses are usually uncertain (or unmeasured) and must be calculated using nuclear mass models. To better 

constrain nuclear mass models, we have performed mass measurements of nuclei near A»100 in the r-process path 

using ion-trap techniques. The masses of isotopic chains of 99-103Rb and 99-105Sr were measured with 103Rb and 104-

105Sr being measured for the first time. 

The mass measurements were performed at ������’s �on �rap for {tomic and �uclear science (abbreviated ���{�) 

facility, which is one of a kind for precision mass spectrometry. A Multi-Reflection Time-Of-Flight Mass Separator 

(MR-TOF-MS) has been recently commissioned at TITAN that can be used as an independent mass spectrometer, 

and additionally, it can be extended to provide isobaric clean beams to other traps with its excellent isobar 

separation. We have used the MR-TOF technique to measure masses of ions with low intensities and small half-lives 

(few tens of ms). In this conference, we would like to present the results of mass measurements of n-rich Rb and Sr 

isotopes and other recent mass measurements by TITAN. 
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First mass measurements with the rare-RI ring at RIBF/RIKEN for nuclear astrophysics 

S Naimi 

Riken Nishina Center, Japan 

The Rare-RI Ring at the RIBF/RIKEN is based on the Isochronous Mass Spectrometry technique that allows for 

reaching a mass measurement precision of 10-6 within less than 1 ms. Therefore, mass measurements of extremely 

short-lived nuclei with low production yields are made possible at the RIBF/RIKEN.  

In this contribution, we report on the first mass measurement campaign conducted at the Rare-RI Ring. Neutron-rich 

nuclei in the vicinity of N=50 and N=82 magic numbers have been addressed. We have measured nuclear masses 

of 74,76Ni isotopes, which have implications for the weak r-process nucleosynthesis. The masses of heavier nuclides 
122Rh, 123,124Pd and 125Ag are mostly relevant for the main r-process nucleosynthesis.  

Finally, we will present the prospects for the mass measurements that are planned to be conducted in the near 

future at the Rare-RI Ring as well as their physical relevance in the nuclear structure and astrophysics. 

Poster session C 

P107 A versatile plastic neutron spectrometer for nuclear reaction and application: NArCoS 

E Pagano1, L Auditore2, G Cardella1, E De Filippo1, E Geraci1,3, B Gnoffo1,3, G Lanzalone1,4, C Maiolino1, N 

Martorana1,2, A Pagano1, M Papa1, S Pirrone1, G Politi1,3, F Rizzo1,2, P Russotto1, M Trimarchi2 

1INFN, Italy, 2Università di Messina, Italy, 3Università di Catania, Italy, 4Università di �nna ‘‘�ore’’  �taly 

With the advent of new facilities for radioactive ion beams, in particular for the neutron rich ones, it is very important 

to develop detection systems for neutrons and charged particles. In particular, the integration of neutron signals 

becomes an important tool in exploring nuclear matter under extreme conditions, as the ones obtained in terrestrial 

laboratories. For this reason, new detectors based on new materials have to be built. In this contribution, the 

NArCoS (Neutron Array for Correlation Studies) project, having the purpose to realize a new detector prototype 

based on clusters of single plastic cells (EJ276G) sensitive to both neutrons and light charged particles [1,2] will be 

presented. Particular emphasis will be devoted to physical motivations, both for fundamental and for applied 

physics. The latest experimental tests and results on the green-shifted plastic and cross talk problems will be also 

discussed. 

[1]  E. V. Pagano et al., Nucl. Instr. And Meth. A, 889 (2018) 83-88 

[2]  E. V. Pagano et al., Nucl. Instr. And Meth. A, 905 (2018) 47-52 

P108 Hybrid array of gamma ray detectors (HAGRiD) 

X Pereira-López1,2, K Smith1,3, S Ahn4, D Bardayan5, T Baugher3,6, C Bingham1, J Blackmon7, N Brewer8, J Browne4, S 

Burcher1, A Carter1, K Chipps8, J Cizewski6, R deBoer5, M Devlin3, M Febbraro8, S Go1, O Gomez9, U Greife10, C 

Gross8, R Grzywacz1,8, G Hale3, S Ilyuskin10, K Jones1, T King1, K Kolos11, A Kontos4, A Lauer7, A Lepailleur6, L 

Linhardt7, S Marley7, M Matos12, J Matta8, Z Meisel4, D Miller13, F Montes4, S Munoz1, P �’�alley5, W Ong4, K 

Nishio14, S Pain8, S Paulauskas1, W Peters1,8, S Pittman8, M Rajabali15, C Rasco8, A Ratkiewicz6,11, K Rykaczewski8, A 

Sachs1, H Schatz4, K Schmitt1,3, M Smith8, N Soares de Bem15, D Stracener8, W Tan5, S Taylor1, P Thompson1, C 

Thornsberry1, R Toomey6,16, M Vostinar1, Y Xiao1, D Walter6, E Wang17, M Weischer5, H Willoughby1, M Wolinska-

Cichocka18  

1University of Tennessee, USA, 2University of York, UK, 3Los Alamos National Laboratory, USA, 4Michigan State 

University, USA, 5University of Notre Dame, USA, 6Rutgers University, USA, 7Louisiana State University, USA, 8Oak 
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Ridge National Laboratory, USA, 9Florida International University, USA, 10Colorado School of Mines, USA, 11Lawrence 

Livermore National Laboratory, USA, 12International Atomic Energy Agency, Austria, 13Idaho National Laboratory, 

USA, 14Japan Atomic Energy Agency, Japan, 15Tennessee Technological University, USA, 16University of Surrey, UK, 
17Vanderbilt University, USA, 18University of Warsaw, Poland 

Transfer reactions and beta-decay studies can benefit from measuring gamma rays in coincidence with charged 

particles. In order to address this purpose, HAGRiD was designed as a highly modular, highly efficient array of 

�a|r�(}e) detectors with  currently  �� �” and �� �” crystals available� �he �a|r�(}e) crystals provide better 

resolution and intrinsic efficiency than NaI crystals while offering more flexibility than Ge detectors due to the 

reduced infrastructure required. This flexibility allows to couple HAGRiD with very different detectors, such as the 

ORRUBA silicon array and the VANDLE neutron array, proven by successful experiments carried out at NSCL, Notre 

Dame and HBRIF. 

The advantages offered by HAGRiD and the efforts devoted to optimize its performance will be discussed in this 

presentation. 

P109 Development of a photoionization mass spectrometer for 85Kr detection  

H Perrett, B Cooper, K Flanagan 

The University of Manchester, United Kingdom  

85Kr is a volatile radioactive fission product that is released into the atmosphere during civil nuclear operations and 

plutonium breeding, making it a useful isotope for monitoring reprocessing activities and detecting unreported Pu 

production. In addition to this, 85Kr measurement serves as a tool in leak detection and the assessment of nuclear 

waste that has been prepared for storage. A compact mass spectrometer is being developed for rapid measurement 

of atmospheric 85Kr, reducing associated costs and improving on the sensitivity of existing radiometric techniques 

for trace isotope detection. The proposed device makes use of a modern ECR ion source for the initial production of 

positive ions from atmospheric samples, resonant ionization for selecting 85Kr from interference mass species and 

an EPT Magnetof for detection.  

A pre-existing multipurpose ECR ion source is being optimized for the production of Kr+ ions. Using this ion source, it 

is possible to continuously sample the atmosphere at a rate of 1 cc / min, detecting changes in the concentration of 

atmospheric 85Kr over 10 minute intervals. The design utilizes the technique of collinear resonance ionization 

spectroscopy (CRIS) [1] developed at the ISOLDE facility in CERN for the study of short-lived exotic isotopes. In this 

implementation of the CRIS technique, the ion beam will be mass separated and trapped in a compact gas-filled 

linear Paul trap (currently under construction). The ion bunch will be neutralised by passing it through an alkali 

metal vapour. The resulting atoms can then be resonantly excited into Rydberg states with an infrared laser, from 

which they can be field ionized and detected. Work at CERN has demonstrated that the CRIS technique is capable 

of reaching sensitivities of below 1 part in 1016, representing an enhancement factor of over 100 when compared 

with ICP-MS.  

By decreasing the time associated with collecting and analysing samples, the cost of monitoring the atmosphere 

around nuclear facilities could be greatly reduced. This could result in more widespread monitoring and easier 

assessment of waste storage containers, helping to reduce the environmental and economic impact of civil nuclear 

operations.  

[1] T.E Cocolios, H.H.A Suradim et al. (2013). The Collinear Resonance Ionization Spectroscopy (CRIS) 

experimental setup at CERN-ISOLDE. Nuclear Instruments and Methods in Physics Research Section B: 

Beam Interactions with Materials and Atoms. 317 (B), pp 565-569 
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P110 Considerations on the composition and spectra of the secondary radiation fields inside the E1 experimental 

area at ELl-NP 

M Popovici1, R Vasilache2 

1Bucharest Polytechnical University, Romania, 2Canberra Packard Ltd, Romania 

At the new ultra-high power laser facility ELI-NP, experiments on the interaction of high power lasers and matter will 

be conducted. These experiments are expected to produce beams of highly energetic particles resulting in 

secondary radiation fields which will be highly complex and rather difficult to measure given their specifics 

(extremely short bursts, with time widths in the range of nanoseconds). For this reason we started the ELIFLUKA 

project, in which we set out to assess the doses in the areas surrounding the experimental halls, to evaluate the 

efficiency of the existing shielding solutions, to propose, if necessary, their optimization, and give optimal ways to 

monitor the radiation fields that might affect the facility personnel. 

The present paper is focused on the results concerning the composition and the spectra of the secondary radiation 

fields inside the E1 experimental hall. A complex FLUKA geometry of the E1 area was built according to the real 

design of the experimental hall, as extracted from the corresponding Catia file. With FLUKA we calculated the 

particle fluences, the spatial distribution and spectra of each component of the radiation field, corresponding to two 

limit source terms, characterised by: a thermal energy distribution with 40 MeV average and 250 MeV cutoff (40 

MeV proton source) and a flat energy distribution with 500 MeV average and 50 MeV FWHM (500 MeV proton 

source). Both beams have a large full-divergence angle (45o and 40o, respectively). The first one, in the low energy 

range, will be achieved soon after the begining of the experiments whilst the second one, in the high energy range, 

is expected to be achieved at a later stage. 

The FLUKA code was used to calculate all particle fluence spatial distribution inside the experimental hall, as well as 

the fluences and spectra for the main components of secondary radiation fields. 

 

Fig 1: All particle fluence rates returned by FLUKA for the 500 MeV proton source term 

These results can be used to design various experimental setups at E1 in such a way that the instruments would be 

positioned without risking significant activation and/or radiation damage. Also, they provide a source term for the 

shielding calculations using the classical methods, as usually requested by the regulatory authorities. 
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P111 An implantation Diamond detector as a beam monitor for an intense radioactive ion beam 

J Sanchez Rojo1, C Diget1, N de Séréville2, A Lohstroh3  

1University of York, United Kingdom, 2IPN Orsay, France, 3University of Surrey, United Kingdom  

We will present the characterization of a Diamond detector [1] and its response as a beam rate monitor with full 

stopping of radioactive ion beams of high intensity. The detector will be implemented in the VAMOS [2] focal plane 

at GANIL and utilised in conjunction with AGATA [3] and MUGAST detector systems. In the forthcoming experiment, 

for the first time, the beam will be fully stopped, rather than being used as a transmission detector.  

The Diamond detector has been tested for use as a particle counter for monitoring and normalizing a high intensity, 

radioactive ion beam in the study of the alpha transfer reaction 7Li(15O,t)19Ne. The forthcoming experiment will take 

place in July 2019 and will use a15O radioactive beam with a high intensity of 107 particles per second due to the 

weak reaction population and it will be measured using the VAMOS spectrometer and the AGATA and MUGAST 

arrays. Detailed monitoring of beam intensities in the range of 106 – 107 particles per second is particularly 

challenging in RIB experiments. Thus, the chosen method involves the Diamond detector due to its sub-nanosecond 

response time as well as its radiation hardness.  

The study of the alpha transfer reaction 7Li(15O,t)19Ne will be performed to determine the radiative alpha capture rate 

on 15O which is a key breakout route from the Hot-CNO cycle which leads to an explosive nucleosynthesis in X-ray 

bursts.  

[1] F. Schirru et al., Journal of Instrumentation, Vol. 7, No. 5, P05005, 05.2012, p. 1-14  

[2] M. Rejmund et al., Nuclear Instruments and Methods in Physics Research Section A, Volume 646, Issue 1, 

p. 184-191. August 2011 

[3] S. Akkoyun, et al., Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment. Vol. 668, 11 March 2012, Pages 26-58 

P112 MIRACLS – The multi ion reflection apparatus for collinear laser spectroscopy 

S Sels 

CERN, Switzerland 

Laser spectroscopy is a powerful technique for the study of nuclear ground-state properties.  

It provides access to the mean-square charge radii and electromagnetic moments of the nuclear ground state as 

well as of long-lived isomers by measuring the isotope shifts and hyperfine structures of the atoms’ spectral lines [�  

2]. While in-source laser spectroscopy in a hot cavity is a very sensitive method that is able to measure rare 

isotopes with production rates below one particle per second [3], the spectral resolution of this method is limited by 

Doppler broadening to ~5 GHz. Collinear laser spectroscopy (CLS) on the other hand, provides an excellent spectral 

resolution of ~10 MHz [1] which is of the order of the natural line widths of allowed optical dipole transitions. 

However, CLS requires yields of more than 100 or even 10,000 ions/s depending on the specific case and 

spectroscopic transition [4]. 

The MIRACLS project at CERN aims to develop a laser-spectroscopy technique that combines both the high spectral 

resolution of conventional fluorescence CLS with an enhanced sensitivity factor of 20-600 depending on the mass 

and lifetime of the studied nuclide. The sensitivity increase is derived from an extended observation time provided 

by trapping ion bunches in a Multi-Reflection Time-of-Flight device where they can be probed several thousand 

times [5]. A proof-of-principle apparatus, operating at 2-keV beam energy, has been assembled at CERN ISOLDE 

with the goal of demonstrating the MIRACLS concept, benchmark simulations [6] that will be employed to design a 

future device operating at 30 keV and further technological developments. 

Recently, first measurements have been performed with the proof-of-principle apparatus using stable magnesium 

isotopes as a first test case. Laser spectroscopy has been performed on 24,26Mg isotopes trapped for more than 
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1000 revolutions in the MR-ToF and isotope shifts have been determined. Line widths close to the Doppler limit in 

this 2-keV machine have been achieved. An extensive characterizing study of the device is ongoing. 

This poster will introduce the MIRACLS concept, present the first results and current status of the project as well as 

an outlook towards further developments. 

[1]   K. Blaum, et al., Phys. Scr. T152, 014017 (2013) 

[2]   P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016) 

[3]   B. Marsh et al., Nature Physics 14, 1163-1167 (2018) 

[4]   R. Neugart, J. Phys. G: Nucl. Part. Phys. 44 (2017) 

[5]   S. Sels et al., submitted to Nucl. Instr. Meth. B, proceedings of the EMIS Conference (2019) 

[6]   F. Maier et al., submitted to Nucl. Instr. Meth. B, proceedings of the EMIS Conference (2019) 

P113 The SIDDHARTA-2 Apparatus for Kaonic Deuterium X-Ray Measurements at DAFNE  

M Tüchler, J Zmeskal 

Stefan Meyer Institute, Austria  

X-ray spectroscopy of kaonic atoms provides a versatile tool to study the strong interaction at low relative energies 

via a direct observation of its influence on the ground state of kaonic atoms. The SIDDHARTA-2 experiment, currently 

under construction at the DAFNE collider complex in Frascati, Italy, aims to determine the energy shift and width of 

the kaonic deuterium 1s state induced by the strong interaction with precisions of 30 eV and 75 eV, respectively.  

However, this measurement is severely aggravated by the low kaonic deuterium X-ray yield. Due to this challenge, 

an improvement of the signal-to-background ratio by at least one order of magnitude compared to the previously 

performed kaonic hydrogen measurement (SIDDHARTA) is crucial.  

This increase will be achieved in SIDDHARTA-2 through the implementation of three updates: a lightweight, 

cryogenic target, a newly developed large-area X-ray detection system consisting of Silicon Drift Detectors, and a 

dedicated veto system for background suppression. The veto system consists of an outer veto system (Veto-1) for 

active shielding and an inner veto system (Veto-2) for active shielding as well as the suppression of signal-

correlated background in the form of charged particles. Excellent timing properties are required for both veto 

detectors.  

These updates and their characterisation will be presented. 

P114 Optimising sensor geometry of a photodiode based detector for the direct detection of strontium 90 in 

groundwater 

G Turkington1, K Gamage1, J Graham2 

1University of Glasgow, United Kingdom, 2National Nuclear Laboratory, United Kingdom 

Leaks and spills of strontium-90, one of the primary beta emitting radionuclides produced during nuclear fission, 

has contaminated groundwater at nuclear decommissioning sites. Its presence in groundwater presents a long-term 

risk, and its activity must therefore be routinely monitored. Existing techniques are reliant on the manual collection 

of groundwater samples from boreholes and analysis in on or offsite laboratories [1]. These processes are 

expensive, time consuming, produce chemical waste and potentially result in increased worker dose. Eliminating 

this need for sample collection and analysis would therefore have a number of benefits [2]. In this paper the 

optimisation of a beta detector, based on a submersible photodetector, which is targeted at real-time measurement 

and in-situ deployment in presented. 

In order to directly detect and characterise strontium- 90 in groundwater, it is essential to maximise the number of 

beta particles incident on the photodiode surface and ensure that they are fully absorbed within the sensitive region 
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of the detector. An investigation of the energy deposition by beta particles on photodiode detectors has been 

undertaken using Geant4 code. A series of simulations have been performed to investigate radiation absorption in 

silicon, cadmium telluride and gallium arsenide detectors. Variations in sensitive area and detector thickness were 

modeled to determine their suitability for strontium-90 detection in a groundwater matrix. The optimal detector 

geometry of gallium arsenide photodiodes was further investigated. The simulation results and analysis suggest that 

the optimal detector will feature a large surface area, at least 1 cm2, and an intrinsic layer approximately ��� μm 

thick. 

[1] N. Vajda, C. Kim, Applied Radiation and Isotopes 68, 12 (2010) 

[2] G. Turkington, K. Gamage, J. Graham, Nuclear Instruments and Methods in Physics Research Section A: 

Accelerators, Spectrometers, Detectors and Associated Equipment 911, 11 (2018) 

P115 Characterisation of the QADRO detector response at proton and electron beams 

R Vasilache1, M Popovici2, M Straticiuc3, L Craciun3, D Stroe4, M Radu3  

1Canberra Packard Ltd, Romania,2Bucharest Polytechnical University, Romania, 3Horia Hulubei National Institute for 

R&D in Physics and Nuclear Engineering, Romania, 4Coltea Clinical Hospital, Romania 

Currently there are two state-of-art research infrastructures in Romania, ELI-NP and CETAL, which use ultrahigh 

power lasers (10 PW in the first case, 1 PW in the second) for a wide array of research activities. One of the declared 

purposes of the ELI-NP project is to explore the possibility of developing new techniques in proton therapy by using 

laser-accelerated beams. However, it is highly probable that some of the initial experiments will be directed towards 

gaining more insight into the radiobiology of proton therapy and the factors that influence the relative biological 

effectiveness of the beam 

One major problem for such experiments is the in-beam dosimetry, not in the least due to the extreme shortness of 

the laser pulses. The proton beams generated by laser acceleration have a length of only a few nanoseconds, which 

means that measurements with ion chambers will be affected by large recombination correction factors. Measuring 

those recombination factors through the usual method is not an option because the laser frequency is rather low 

(0.1 Hz is to be achieved) and, at least in the beginning, the pulses will not be highly repeatable. 

 

Fig 1: Schematic drawing of the prototype QADRO-fm detector, consisting of 4 identical PTW Advanced MarkusTM 

ion chambers, mounted in PMMA.  

Therefore, we have developed the prototype QADRO-fm array detector (Quad Array Detector for RecOmbination 

factor measurement) as described initially in ref. [1]. In order to determine the distance between the chamber 

volumes, FLUKA simulations were used to calculate the crosstalk of the four chambers. The present paper shows the 

results obtained for the tests in a 19 MeV proton beam from the TR19 cyclotron from NIPNE, Magurele and in 12 

MeV and 16 MeV electron beams from a Siemens Primus LINAC from the Coltea Clinical Hospital. The 

recombination correction factor was determined both by the classical method (several measurements with one ion 
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chamber) and using the QUADRO-fm detector and the differences between the two are presented.  We can safely 

conclude that the array can be used with good results for the dosimetry in ultrashort pulses of charged particle 

beams. 

[1] Radu A Vasilache, Maria Ana Popovici, Mihai Straticiuc, Mihai Radu, Andreea Groza; The development of a 

novel array detector for overcoming the dosimetry challenges of measuring in very short pulsed charged 

particle beams: the ELIDOSE project, Radiation Protection Dosimetry, , ncy253, 

https://doi.org/10.1093/rpd/ncy253 

P116 Monte-Carlo simulation of ion distributions in a gas cell for multinucleon transfer reaction products at 

LENSHIAF spectrometer  

J Wang1, Y Wang1, 2, W Huang1, Y Tian1, X Zhou1  

1Chinese Academy of Sciences, China, 2Lanzhou University, China  

The multinucleon transfer (MNT) reaction is believed to be one promising way to produce neutron-rich heavy nuclei 

and super heavy nuclei for investigating the structure properties of nuclei in the region far from the β stability. In the 

ongoing big project HIAF in China[1], A low energy nuclear structure spectrometer called LENSHIAF specific to the 

multinucleon transfer (MNT) reactions will be designed and constructed[2], in which the most challenge part is how 

to collect and stop efficiently the high-energy MNT products into the gas cell. By using Monte-Carlo method, the 

geometry of the gas cell, the thickness of the titanium window/degrader, and the optimal gas pressure filled in the 

gas cell have been calculated and estimated. 

For neutron-rich nuclei around N=126，we took 200Os from 7.98MeV 136Xe+198Pt reaction as an example. The 

simulation shows a titanium window/degrader with a thickness of 2.5–��� μm should be chosen to keep high 

transmission efficiency and reasonable strength, and a cylindrical helium gas cell with a length of 0.6 m and a 

diameter of 1.2 m can satisfy the requirements to stop the target-like fragments. 

For heavier and super heavy nuclei, we had to choose 243U from 7.0MeV 238U+238U reaction as an example due to 

the limitation of SRIM code. The simulation shows that for a reasonable thickness of titanium window of 5–� μm  the 

cylindrical gas cell for 238U+238U system has to be as big as a length of at least 1.6 m and a diameter of 1.6 m. 

[1] J. C. Yang, J. W. Xia, G. Q. Xiao, et al., Nucl. Instrum. Methods B 317, Part B (2013) 

[2] W. X. Huang, Y. L. Tian, Y. S. Wang, et al., Nucl. Phys. Rev. 34 (3) (2017) 

P117 Fine optimization of SCRIT facility for short-lived nuclei experiment  

M Watanabe1, A Enokizono1, M Hara1, Y Honda1,3, T Hori1,2, S Ichikawa1, K Kasama1,3, K Kurita4, M Nakano1,4, K 

Namba1,3, T Ohnishi1, S Sato1,4, T Suda1,3, S Takayama1,3, T Tamae1,3, K Tsukada1,3, M Wakasugi1, H Wauke1,3  

1RIKEN, Japan, 2Hiroshima University, Japan, 3Tohoku University, Japan, 4Rikkyo University, Japan  

SCRIT facility[1]is a unique facility to measure electron scattering off from short-lived nuclei. We have already 

published a strong demonstrative result of stable132Xe electron scattering off by the SCRIT[2]. It shows how the 

SCRIT is a powerful tool to measure the charge density distribution of the targeted nuclei in dilute density. The next 

step of our missions is to accomplish a measurement on short-lived nuclei. 

In the facility, a racetrack microtron (RTM[3]) is used as 150MeV electron injector for the electron storage ring (SR2) 

and ISOL-type nuclei source; electron-beam-driven RI separator for SCRIT (ERIS[4]). In these years, we have been 

upgrading[5]the SCRIT facility in order to operate those apparatus in effective conditions for the experiments of 

short-lived nuclei.  
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One example of the upgrades is the electron source of RTM. Especially for ERIS, higher and stable electron beam 

current from RTM is required for higher ion yield from ERIS. RTM is equipped with a cathode-type electron source 

with the energy of 60keV. Before optimizing RTM accelerator optics, it is important to control the emission current 

from the cathode precisely and stably. 

Figure 1 shows the electron beam current Ie dependence on the cathode-heater-power Ph. Two lines in the figure 

show the cases with the grid voltage Vg=50Vand 200V respectively. Up to 18W of Ph, the beam current has straight 

lines in the logarithmic y-axis. In this power range, the electric field by Vg does not affect the emission current 

considerably. On the other hand, Ie is saturated above 19W of Ph. This means that the space charge between the 

cathode and grid manages the maximum emission current since the space charge suppresses the electron 

extraction by screening the Vg. 

Figure 2 shows the beam current Ie dependence on the grid voltage Vg at the heater power Ph of 21.1W, which is in 

the saturation condition at wide Vg range as shown in the Fig. 1. By operating the cathode in the saturation 

condition, it enables us to control the beam current precisely only by the grid voltage Vg. This operation mode is 

important for stable acceleration of the electron beam in the RTM and consequently higher electron beam power for 

ERIS. 

 

Fig 1: Electron beam current depending on the cathode heater power. It saturates around the heater power of 20 W.  

Fig 2: Electron beam current depending on the grid voltage with the cathode-heater power of 21.1W in the 

saturation condition. 

[1]  M. Wakasugi et al., Nucl. Instr. And Meth. B317, 668 (2013) 

[2] K. Tsukada,et al., Phys. Rev. Lett. 118, 262501 (2017) 

[3] T. Hori: Doctor Thesis (2002) 

[4] T. Ohnishi et al., Nucl. Instr. Meth. B317, 357 (2013) 

[5] M. Watanabe,et al.,RIKEN Accel. Prog. Rep., 49, 188 (2015), 50, 190 (2016), and 51, 177 (2017) 

P118 Silicon vertex tracker studies for a future electron-ion collider  

H Wennlöf, L Gonella, P Jones, P Newman, P Allport  

University of Birmingham, UK  

The electron-ion collider (EIC) [1] is the next frontier of nuclear physics, and is proposed to be built in the United 

States in the near future. The EIC will be able to perform studies of quark and gluon properties over a high energy 

range with unprecedented accuracy. In July 2018, the National Academy of Sciences released a positive report 

concerning the science case of the EIC, putting it closer to realisation [2].  

At the University of Birmingham, work on the EIC research and development is focused on the silicon vertex tracker, 

which is the detector closest to the interaction point. Simulations are carried out in an effort to determine the 

performance of different silicon vertex tracker layouts, and tests are made on individual sensors to find the optimal 
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technology to use, utilising the Birmingham Instrumentation Laboratory for Particle physics and Applications 

(BILPA).  

Currently, depleted monolithic active pixel sensors (DMAPS) are the primary path of investigation. The performance 

of different settings and pixel sizes and layouts are investigated, primarily using prototype test chips from TowerJazz. 

The goal is to use the information gathered from experiments on the test chips to develop a new sensor for the EIC, 

with improved spatial and timing resolution compared to current state-of-the-art silicon vertex tracker detectors.  

The presentation will give an overview of the work carried out at the University of Birmingham relating to the EIC 

R&D, presenting results and conclusions so far. The experiments carried out on the test chips will be discussed in 

more detail, and results presented and interpreted.  

[1] A. Accardi, J. Albacete, M. Anselmino, et al. Electron Ion Collider: The Next QCD Frontier-Understanding the 

glue that binds us all. arXiv preprint arXiv:1212.1701, 2012 

[2] National Academies of Sciences, Engineering, and Medicine. An Assessment of U.S.-Based Electron-Ion 

Collider Science. The National Academies Press, Washington, DC, 2018. ISBN 978-0-309-47856-4. 

doi:10.17226/25171 

P119 Commissioning and initial operation of the Electromagnetic Mass Analyser (EMMA) at the TRIUMF ISAC-II 

facility  

M Williams1,2, B Davids2,3  

1University of York, United Kingdom, 2TRIUMF, Canada, 3Simon Fraser University, Canada  

The Electromagnetic Mass Analyser (EMMA) is a new vacuum-mode recoil mass spectrometer located at the ISAC-II 

facility of TRIUMF designed to separate the products of nuclear reactions from the unreacted beam and disperse 

those products according to their A/q onto detectors at the focal plane [1,2]. EMMA allows for suppression of 

background resulting from unreacted beam and products of unwanted reaction channels, which are often more 

copiously produced than those of interest. The acceptances of the spectrometer as a function of angular, 

mass/charge and energy/charge deviations from the central trajectory have been mapped in a series of in-beam 

and alpha source test studies. The results of these studies will be discussed and compared to design expectations 

[1] and similar devices [3]. In addition, the performance of EMMA has been assessed in a series of recent test 

studies involving fusion evaporation reactions with both stable and radioactive ion beams, light-particle transfer 

reactions, and radiative proton captures. In these studies, the beam suppression capabilities and A/q resolving 

power have been measured. In the most recent of these tests, performed in December 2018, recoil events at the 

focal plane were successfully synchronized with the detection of gamma-rays at the target by TIGRESS HPGe clover 

detectors [4]. The entire TIGRESS array will be moved to the EMMA target location over the course of January-April 

2019, ready for experiments to be carried out in the next beam schedule commencing in June 2019. We will report 

on progress made in relocating the TIGRESS array and outline future planned experiments which will realise the full 

potential of the combined EMMA + TIGRESS set-up.  

The authors acknowledge funding from the Natural Sciences and Engineering Research Council of Canada. TRIUMF 

receives federal funding through a contribution agreement with the National Research Council of Canada. MW also 

acknowledges support from the Science and Technologies Facilities Council (STFC).  
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P120 Systematic study of pasta nuclei in neutron stars with families of the empirical nuclear equations of state 

K Oyamatsu1, K Iida2 and H Sotani3 

1Aichi Shukutoku University, Japan, 2Kochi University, Japan, 3NAOJ, Japan 

The structures of pasta nuclei in the crust of a neutron star are investigated systematically by using a family of the 

equations of state (EOSs) of nuclear matter within the framework of the 

Thomas-Fermi theory[1,2]. This EOS family is given as a function of the incompressibility K0 of symmetric nuclear 

matter and the parameter L that characterizes the density dependence of the symmetry energy. The remaining 

saturation parameters are chosen so that the masses and radii of stable nuclei calculated within the framework are 

consistent with the empirical values[1]. 

The structure of a nucleus is determined by the local pressure balance of asymmetric nuclear matter, which is 

mainly controlled by L and K0. With this EOS family, we calculate the structure of pasta nuclei in the crust of a 

neutron star, and examine its (K0, L) dependence. 

It is found that the shape existence is mainly determined by L. As the matter density increases, the shape of the 

nuclei changes from sphere to cylinder (cy), slab (sl), cylindrical hole (cyh) and spherical hole (sph) successively. 

All the shapes can exist for L < 70 MeV. 

Figure 1 shows density regions of pasta nuclei (onset densities and widths of the regions) together with their 

energies and volume fractions at the onsets. The density widths, energies and volume fractions have clear 

correlations with L while the onset densities also have appreciable K0 dependences. The proton fractions and lattice 

constants at the onsets also show clear dependence on L. 

The uncertainties due to three-body forces and finite range effects will also be discussed briefly using other EOS 

families. 

 

Fig 1: The onset densities (upper left) and density widths (upper right) of pasta nuclei. The onset energies (lower 

left) and volume fractions (lower right) are also shown. 

[1]  K. Oyamatsu and K. Iida, Prog. Theor. Phys. 109, 631 (2003) 

[2]  K. Oyamatsu and K. Iida, Phys. Rev. C 75, 015801 (2007) 

338



 

P121 Impact of d* degree of freedom on nucleonic equation of state 

A Pastore1, I Vidana1 M Bashkanov2 and D Watts2 

1 INFN Catania Italy, 2University of York, UK 

Elucidating the appropriate microscopic degrees of freedom within neutron stars remains an open question that 

impacts nuclear physics, particle physics and astrophysics. 

The recent discovery of the first hexaquark, the d∗(2380) [1], provides a new candidate for an exotic degree of 

freedom in the nuclear equation of state at high matter densities. In a recent article [2] we have performed 

calculations of nucleonic equation of state explicitly taking into account the existence of d∗(2380) degree of 

freedom. 

By means of relativistic mean field theory, we have studied how d* modifies the particle fraction within the neutron 

star (neglecting strangeness) and how the pressure curve is modified when d* appears. 

This is illustrated in the left panel of the figure: since d* is a boson, the particles can all sit in the ground state and 

thus give no contribution to total pressure. This is seen in the figure as a sharp change at ~500 MeV/fm3 (pink 

band). 

The calculations show that d∗(2380) would appear at densities around three times normal nuclear matter 

saturation density and comprise around 20% of the matter in the centre of heavy stars. 

 

Since these densities are commonly reached in the interior of neutron stars, the effect of d* can not be neglected. 

From our results, we also observed general reduction of the maximum star mass by around 15%. This is reported on 

the right panel of the figure, by means of the standard mass-radius relation. 

The inclusion of other nucleonic degrees of freedom, Delta-resonances, does not change the picture, since the 

formation of d* particle seems to be favored compared to Delta. In this presentation, we will illustrate our current 

research on the role of d* using different Lagrangians. 

[1]  M. Bashkanov, et al., Phys. Rev. Lett. 102 (2009) 052301 

[2]  I Vidana, M. Bashkanov, D. Watts and A. Pastore, Physics Letters B, 781, 112-116 (2018) 
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P122 Iterative gaussian process emulation for learning energy surfaces for the inner crusts of neutron stars 

M Shelley and A Pastore 

University of York, UK 

The neutron star equation of state (EoS) plays a crucial role in determining the properties of a neutron star, both 

static and dynamics� �he latter has recently received significant attention due to the “multi-messenger” detection of 

a neutron star merger [1]. 

An important component of the EoS is its low-density part, which represents the crust region. In this, we expect finite 

nuclei, embedded in an electron gas (the outer crust), or in electron and neutron gases (the inner crust). 

Determining the proton numbers (Z) of these nuclei at a given density in the inner crust is typically done by 

performing an energy minimization at beta equilibrium for different values of Z. This has been a longstanding 

problem in nuclear physics [2], partly because of the computational burden of the calculations. This energy 

minimization must be performed across the density range of the inner crust, thereby creating a two-dimensional 

energy surface. The determination of this surface requires significant computational time. 

Gaussian Process Emulation (GPE) is a regression method from machine learning, with a wide range of applications 

in nuclear physics, and in many other scientific domains. Its main purpose is to emulate the output of a complex, 

time-consuming computer program, providing both a good approximation of the output, and associated 

uncertainties. 

We have already successfully applied GPE to the emulation of the inner crust energy surface [3,4], made with 

nuclear energy density functional calculations. Here I will show an iterative version of GPE for learning the energy 

surface, building on previous work [3,4,5]. We use here semi-classical calculations with the Thomas-Fermi 

approximation, including pairing effects at the BCS level. With iterative GPE, we can dramatically reduce the number 

of calculations needed to determine the composition of the inner crust. This will enable us to expand our 

investigations into the structure, by including temperature effects and by using fully microscopic calculations. 

[1]  B P Abbott, et al., Phys. Rev. Lett. 119, 161101 (2017) 

[2]  J W Negele, D Vautherin, Nucl. Phys. A 207, 298 (1973) 

[3]  A Pastore, M Shelley and C A Diget, PoS (INPC2016) p 145 (2016) 

[4]  A Pastore, M Shelley, S Baroni, C A Diget, J. Phys. G: Nucl. Part. Phys. 44, 094003 (2017) 

[5]  M Shelley, P Becker, A Gration, A Pastore, arXiv:1811.09130 (2018) 

P123 The structure of proto-neutron stars using the variational method with explicit energy functionals taking 

account of the two-pion-exchange force 

K Shoji1, H Togashi2, 3 and M Takano1, 3 

1Waseda University, Japan, 2RIKEN, Japan, 3Waseda University, Japan 

The structure of neutron stars (NSs) is governed by the equation of state (EOS) for nuclear matter. In this study, we 

calculate the energy of uniform nuclear matter by using the variational method with explicit energy functionals 

(���s) starting from realistic nuclear potentials  i�e�  the {��’ two-nucleon potential and the UIX three-nucleon 

potential comprising the repulsive term and the two-pion-exchange term. In this variational method, we express the 

energies of pure neutron matter (PNM) and symmetric nuclear matter (SNM) as explicit functionals of two-body 

distribution functions and minimize the energies by solving the Euler-Lagrange equations derived from the EEFs. 

The obtained energy of PNM shows good agreement with that of the auxiliary field diffusion Monte Carlo calculation 

(AFDMC) using the same Hamiltonian [1]. For SNM, the obtained saturation energy exceeds the empirical value, 

while the saturation density is lower. Contrary to the EOS calculated by Akmal, Pandharipande, and Ravenhall [2] 

with the variational method using the AV18 and the UIX potentials, the first-order phase transition to the pion-

condensed phase does not occur in our result. 
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The nuclear EOS at finite temperature is necessary to study astrophysical objects at high temperatures such as 

proto-neutron stars (PNSs), core-collapse supernovae, and binary neutron star mergers. We extend the variational 

method with the EEF to hot nuclear matter by following the method developed by Schmidt and Pandharipande [3]. 

To obtain the realistic nuclear EOS suitable for the study of PNSs, the strength of the three-body repulsive force, 

which has a large uncertainty, is modified so that the obtained saturation density and energy for SNM at zero 

temperature are close to the empirical values. The free energy for asymmetric nuclear matter is obtained by an 

interpolation between those for PNM and SNM. For simplicity, we treat PNS matter as beta-equilibrated isentropic 

matter with constant lepton fractions, including neutrinos. Furthermore, in the low-density region where nucleons 

form clusters, we adopt the Togashi EOS [4], where non-uniform matter is treated in the Thomas-Fermi 

approximation. 

The obtained masses and radii of PNSs are reasonable, and the results for cold NSs show good agreement with 

observational data, i.e., the maximum mass exceeds the two-solar mass, and the radii are consistent with the 

constraints from GW170817 [5]. 

 

Fig 1: Energies of cold nuclear matter   Fig 2: Free energies of hot nuclear matter 
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[3]  K. E. Schmidt and V. R. Pandharipande, Phys. Lett. 87B (1979) 11 
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[5]  E. Annala, T. Gorda, A. Kurkela, and A. Vuorenen, Phys. Rev. Lett. 120 (2018) 172703 

P124 Isovector effects in neutron stars  

A Thomas1, T Motta1, A Kalaitzis1  � {ntić1, P Guichon2 and J Stone3, 4  

1University of Adelaide, Australia, 2Université Paris-Saclay, France, 3University of Oxford, UK, 4University of 

Tennessee, USA  

An isovector-scalar meson is incorporated self-consistently into the quark-meson coupling description of nuclear 

matter1 and its most prominent effects on the structure of neutron stars investigated. The recent measurement of 

GW170817 is used to constrain the strength of the isovector channel. With the imminent measurements of the 

neutron star radii by NICER it is particularly notable that the inclusion of the isovector scalar force has a significant 

impact. Indeed, the effect of this interaction on the neutron star radii and masses is larger than the uncertainties 

introduced by variations in the saturation density, energy and symmetry energy of nuclear matter. Additionally, 

since the analysis of GW170817 has provided constraints on the tidal deformability of neutron stars, the 

predictions for this parameter within the quark-meson coupling model are also explored.  
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Fig 1: Proportion of the radial profile of the star occupied by the central core and inner and outer crust, showing that 

the core dominates the profile.  

[1]  P.A.M. Guichon, J.R. Stone and A.W. Thomas, Prog. Part. Nucl. Phys. 100 (2018) 262-297 

P125 Energy dependence of the total cross sections for the reactions 4,6,8He + 28Si and 6,7,9,11Li + 28Si  

Y Penionzhkevich1,2, Y Sobolev1, V Samarin1,3, M Naumenko1, V Maslov1, I Sivacek1,4, S Stukalov1  

1Joint Institute for Nuclear Research, Russia, 2National Research Nuclear University Mephi, Russia, 3Dubna State 

University, Russia, 4Nuclear Physics Institute of the Czech Academy of Sciences, Czech Republic  

We report the results of measurements of the total cross sections for the reactions 4,6,8He + 28Si and 6,7,9,11Li + 28Si in 

the beam energy range 5A–50A MeV. The experimental cross sections were obtained by registration of the prompt 

gamma and neutron radiation accompanying the interaction of projectile nuclei with 28Si nuclei. The total cross 

sections for these reactions are calculated based on the optical model and a numerical solution of the time-

dependent Schrödinger equation for the external weakly bound neutrons of the projectile nuclei 6,8He, 9,11�i [�−�]� 

For the reaction 11Li + 28�i  the comparison of the experimental data of this work [�] and works [�−�] with the 

results of calculations are shown in Figure 1. It can be seen that the calculated total reaction cross sections are in 

good agreement with the experimental data at E > 10A MeV. 
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Fig 1: The total cross section for the 11Li + 28Si reaction. Symbols are experimental data. Filled (red) squares are the 

results of this work (Penionzhkevich 2019 [4]), filled diamonds (Warner 1996 [5]), empty circle (Villari 1991 [6]), 

and empty diamonds (Li Chen 2007 [7]). The curve is the results of calculations.  
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P126 Study of fission dynamics by K x-ray measurement 

A Sikdar and A Ray 

Variable Energy Cyclotron Center, India 

The fission time of highly excited uraniumlike and transuranium nuclei is still an open question. Prefission particle 

emission probes give fission time 10-20 s for highly excited fissile nuclei and indicate that post-saddle phase is 

much longer than pre-saddle phase. On the other hand, K x-ray measurements from the ions containing highly 

excited fissile nuclei give fission time 10-18 s and dynamical Langevin model calculations indicate long pre-saddle 

time and relatively short post-saddle time. A common explanation claiming that nuclear probes see short fission 

time components and atomic probes see long fission time components does not hold good, because atomic 

experiments indicate most of the fission events are long-lived (fission time 10-18 s), contradicting nuclear results 

[1]. So, both the fission time and dynamics remain controversial.  

Hence, it is interesting to know whether one can learn about fission dynamics from K x-ray experiments. However, 

earlier K x-ray experiments utilizing heavy ion beams generally found very broad characteristic K x-ray peak from the 

composite ions because of the atomic configuration mixing and presence of many fissioning nuclei with similar 

atomic number. Proton or alpha induced fission is expected to produce narrow K x-ray peak from the composite 

system and any observed shift of the K x-ray peak would indicate the time-averaged deformation of the fissioning 

nucleus, giving information on fission dynamics. 

In a recent 4He+238U fusion-fission experiment at ELab(
4He) = 60 MeV, narrow (FWHM 1 keV) plutonium K x-ray peak 

in coincidence with fission fragments was seen [2]. The fusion reaction (4He+238U) should primarily produce only 
242Pu fissioning nucleus and atomic configuration mixing is expected to be small. So, the narrow plutonium K x-ray 

peak indicates long fission time (>10-18 s) of highly excited (EX=55 MeV) plutonium nuclei for most of the fission 

events. The plutonium K x-ray peak was seen at (102.8±0.5) keV instead of at 103.7 KeV, indicating a shift towards 

lower energy by (0.9±0.5) keV and implying a long post-saddle phase. This observation is unique of its kind where a 

clear signature of time averaged deformation of the fissioning nucleus has been observed as a change in the energy 

of 1s orbital of plutonium resulting in a shift of K x-ray peak. This work provides a gateway for a new series of 

experiments where fission dynamics could be probed by observing shift in K x-ray line.    

[1]  A. K. Sikdar, A. Ray and A. Chatterjee, Phys. Rev. C 93, 041604 (2016) 

[2]  A. K. Sikdar et al., Phys. Rev. C 98, 024615 (2018) 
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P127 The discovery of the surprising-large 88Zr thermal-neutron capture cross section 

N Scielzo1, J Shusterman2,3,1, E Norman3, S Lapi4, C Loveless5, N Peters5, J Robertson5, D Shaughnessy1, K Thomas1 

and A Tonchev1 

1Lawrence Livermore National Laboratory, USA, 2University of New York, USA, 3University of California, USA, 
4University of Alabama, USA, 5University of Missouri, Columbia 

Neutron-capture reactions on radioactive Zr isotopes are of significant importance to the stockpile-stewardship 

program and to nuclear astrophysics. We performed the first measurement of the neutron-capture cross section of 
88Zr to address one of the gaps in this cross-section data. The 88Zr was produced at the University of Alabama at 

Birmingham Cyclotron Facility, radiochemically purified and made into targets at LLNL, irradiated at the University of 

Missouri Research Reactor, and subsequently analyzed at LLNL using gamma-ray spectroscopy to quantify the 88Zr 

and 89Zr content of the sample. We determined that 88Zr has a thermal-neutron capture cross section of (861,000 ± 

69,000) b, which is the second-largest ever measured, despite being predicted to be only 10 b. The only other 

nuclei known to have thermal neutron capture cross sections greater than 1x105 b are 135Xe and 157Gd (2.6x106 b 

and 2.5x105 b, respectively) and no other cross section of comparable size has been discovered in the past 70 

years. In the case of 88Zr, a unique aspect of the neutron-capture reaction is that both the target and the product 89Zr 

nuclei are radioactive and give intense -ray emissions upon decay. This result suggests that as access to hard-to-

produce radionuclides and neutron-irradiation capabilities improve, additional surprising neutron-capture cross 

sections may be discovered. 

At LLNL, this work was performed under Contract No. DE-AC52-07NA27344 and supported under LDRD 16-ERD-

022. 

P128 Measuring fission prompt gamma multiplicities and energies with STEFF  

A Sekhar, A Smith, P Davies, T Wright, N Sosnin, S Bennett, A McFarlane  

The University of Manchester, United Kingdom  

The SpecTrometer for Exotic Fission Fragments (STEFF) is a device capable of measuring gamma rays correlated to 

the detection of fission fragments on an event-by-event basis [1]. Designed and developed by the nuclear fission 

group at The University of Manchester, STEFF consists of a primary 2E-2v measurement axis, two secondary E-v 

measurement axes, and an array of scintillators surrounding the central chamber for gamma detection that provide 

simultaneous measurements of binary fission fragment velocities and deposited energies along with prompt gamma 

energies and multiplicities as a function of neutron energy.  

The Nuclear Energy Agency has released a list of high priority nuclear data requests [2], calling for newer more 

accurate data on prompt gamma energies and multiplicities in neutron-induced fission of 235U and 239Pu, which are 

necessary for better modeling of gamma-heating in Gen IV reactors. STEFF seeks to address these requests. Initial 

measurements were made with a 252Cf source [3] at The University of Manchester and a 235U target [4] on the PF1B 

beam line at Institut Laue–Langevin (ILL), Grenoble. Subsequently, experimental campaigns were carried out in 

2015 and 2016 with 235U targets in the second experimental area (EAR2) at the neutron time-of-flight (n_TOF) 

facility at CERN [5]. Most recently, STEFF was used to study fission of 239Pu at EAR2 in an experimental campaign 

spanning eight weeks of beamtime in 2018. Bespoke data processing software is being developed to handle the 

large volumes of data produced in these campaigns.  

The methodology of extracting gamma multiplicities from STEFF data will be presented, including deconvolution and 

unfolding using response matrices obtained from Geant4 simulations. In addition, the capabilities and limitations of 

STEFF in EAR2 will be presented along with improvements to the scintillator array, namely the introduction of two 

clusters of three LaBr3 detectors alongside pre-existing NaI detectors to deal with high background count rates in 

EAR2. Preliminary gamma results from the n_TOF experimental campaigns may also be presented.  
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P129 �mplementation of a “known-mass” three parameter neutron multiplicity technique to underpin the 

decommissioning of challenging waste stream material  

R Simpson 

AWE, United Kingdom 

As part of its decommissioning efforts, AWE intermittently encounters facility waste stream material which cannot be 

accurately assessed through conventional techniques. A neutron-based Drum Assay System (DAS) is routinely 

employed to quantify the levels of nuclear material present in each decommissioning waste drum, however this 

approach can encounter difficulties when assaying samples with considerable impurities and significant 

multiplication. In this scenario conventional neutron assay techniques return an over-estimate of the plutonium 

mass, reducing the overall confidence in the decommissioning measurement.  

To address this a more sophisticated three parameter multiplicity analysis was applied to the collected data. This 

solution hinged on being able to characterise the DAS for three parameter analysis by establishing an 

experimentally derived counter efficiency� �his was achieved through the use of the facility’s in-house plutonium 

standards to enable the application of a “known-mass” characterisation technique acquired from �irion 

Technologies (formerly Canberra Industries). To underpin the efficacy of this technique a series of measurements 

were undertaken in a low-background environment, using a neutron counter of equivalent performance paired with 

identical time correlation electronics. A range of plutonium standard masses were assayed and analysed with the 

known-mass approach to extract an efficiency value. This enabled comparison to both the published detector 

documentation and within the measurement set itself to provide experimental validation of the technique.  

In addition to this the known-mass technique has also be used to determine other multiplicity parameters such as 

leakage multiplication, allowing it to also contribute to areas such as criticality safety. 

P130 Fusion hindrance and Pauli blocking in 58Ni + 64Ni 

A Stefanini1,  G Montagnoli2, G Colucci2, F Galtarossa1, A Goasduff2, J.Grebosz3,  M Heine4,  G Jaworski1, T Mijatovic5, 

S Szilner5, P Colovic5, L Corradi1, E Fioretto1, M Del Fabbro2, D Brugnara1, I Zanon6,2, M Siciliano1 and M Bajzek5 

1INFN-Laboratory Nazionali di Legnaro, Italy, 2University and INFN Padova, Italy, 3IFJ PAN, Poland, 4University Of 

Strasbourg, France, 5Ruder Boskovic Institute, Croatia, 6University of Ferrara, Italy 

We have measured deep sub-barrier fusion cross sections for 58Ni + 64Ni, where the influence of positive Q-value 

transfer channels on near-barrier fusion was evidenced in a famous experiment by Beckerman et al. [1]. 

Subsequent experiments for the two symmetric systems 58Ni + 58Ni and 64Ni + 64Ni showed that fusion hindrance is 

clearly present in both cases [2]. The lowest measured cross section for 58Ni + 64Ni was relatively large ( 0.1 mb), 

and no hindrance was observed. The present measurements have been recently performed at the XTU Tandem 

accelerator of LNL and the excitation function has been extended by two orders of magnitude downward. 

The case of 58Ni + 64Ni is very similar to 40Ca + 96Zr [3] because of the flat shape of the two sub-barrier fusion 

excitation functions, originating from the couplings to several Q>0 neutron pick-up channels. 40Ca + 96Zr was studied 

to very small cross sections (2 b) and fusion hindrance does not show up, suggesting [4] that this unusual behavior 

is due to the Q>0 transfer couplings, since the valence nucleons can flow freely from one nucleus to the other 

without being hindered by Pauli blocking [5]. 
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Our preliminary results  are in agreement with previous data [1,6], and are shown in the upper panel of the figure 

(blue dots) compared to the previous results for the symmetric Ni + Ni systems [1,2]. 

 

Fig 1: (up) Fusion cross sections of various Ni + Ni systems. (down) Experimental data of 58Ni, 64Ni + 64Ni compared 

to CC calculations (see text). 

We notice that the flat trend of the sub-barrier cross sections for 58Ni + 64Ni continues down to the level of ~1 b. The 

fusion excitation functions of 58Ni, 64Ni + 64Ni are compared in the lower panel of the figure with the results of several 

coupled-channels calculations. While for 64Ni + 64Ni the low energy data are overestimated by a standard Woods-

Saxon CC calculation and one needs a M3Y + repulsion potential for a good fit, the low energy cross sections of 58Ni 

+ 64Ni are underestimated by an analogous Woods-Saxon calculations.  

This trend at far sub-barrier energies (no hindrance observed for 58Ni + 64Ni) reinforces the suggestion that the 

availability of several states following transfer with Q>0, effectively counterbalances the Pauli repulsion that, in 

general, is predicted to reduce tunneling probability inside the Coulomb barrier.  
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P131 Lifetime Measurement of the 26O g.s. at SAMURAI 

S Storck1,3, J Kahlbow1,3, C Caesar2,3, T Aumann1,2 

1Technische Universität Darmstadt, Germany, 2GSI, Germany, 3RIKEN, Japan 

Arecent experiment [1]and theory calculation [2] suggest that the ground state of the neutron-unbound 

nucleus 26O could have a lifetime in the pico-second regime. This would constitute the first case of a 

radioactive decay via neutron emission. 

In order to determine the decay lifetime of the 26Oground state with high sensitivity and precision, a new 

method [3] has been developed and applied. The experiment was performed in December 2016 at the 

Superconducting Analyzer for multi-particle from Radio IsotopeBeams (SAMURAI) at the RadioactiveIsotope 

Beam Factory (RIBF) at RIKEN. A27F beam was produced in the fragment separator BigRIPS and impinged on 

a W/Pt target stack where 26O was produced. According to the lifetime, the decay of 26O happens either in-or 

outside the target. Thus, the velocity difference between the decay neutrons and the fragment 24O delivers a 

characteristic spectrum from which the lifetime can be extracted. 

In this poster, the experimental setup and method are introduced and the current analysis status is 

presented. 

This work is supported by the DFG through grant no. SFB 1245, the BMBF under contract number 

05P15RDFN1 and the GSI-TU Darmstadt cooperation agreement. 

[1] Z. Kohley, et al.,Phys. Rev. Lett. 110, 152501 (2013) 
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P132 The application of chiral forces with the semi-local regularization in momentum space to the deuteron 

and 3H photodisintegrations 

V Urbanevych  � �olak  � �kibiński and � �itała  

Jagiellonian University, Poland 

The improved chiral nucleon-nucleon (NN) interaction with the semi-local regularization in the momentum 

space was derived recently [1] up to the fifth order of the chiral expansion (N4LO) and even some 

contributions from the next order have been tested in so-called N4LO+ model. In comparison to the first 

generation of the chiral potential [2] the regularization of the potential is now performed in a semi-local way 

what leads to a much better control of finite-cutoff artifacts.  Such a semi-local regularization has been 

already proposed in the [3] where it was applied in coordinate space. In recent work [1] an alternative 

approach for semi-local regularization performed directly in momentum space was derived and used to 

construct the NN interaction. Beside the new regularization method also other important improvements, like 

new way of fixing of parameters for pion-nucleon vertexes or new NN databased used to fix free low energy 

constants have been implemented in the model [1]. The new force leads in the nucleon-nucleon (nucleon-
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deuteron) scatterings to very precise description of observables up to 300 (200) MeV and delivers only tiny 

dependence on the regularization parameter. 

The chiral interaction of Ref. [1] has been never applied to study the electromagnetic processes in two-or 

three-nucleon systems. We will present such first applications especially focusing on the dependence of 

predictions on the regularization parameters and on the chiral order used. It is well known, that the non-local 

regularization of the chiral forces lead to a strong dependence of the predictions on regularization 

parameters already at N2LO [4, 5, 6]. Using the semi-local regularization in the coordinate space improves 

the data description both for the electromagnetic as well as for the weak processes [7]. In this contribution 

we, for the first time, extend the investigations from Ref. [7] to the chiral model with semi-local regularization 

in the momentum space [1] and, in particular, we will discuss the predictions for the deuteron and 3H 

photodisintegration reactions at the photon energy range up to approx. 150 MeV. The comparison of 

predictions with the data and the predictions based on older chiral models will be presented. The Faddeev 

approach [8] will be used to obtain three-nucleon bound and scattering states. 
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P133 Analysis of the three pion production channel using machine learning techniques 

R Wishart1 

1University of Glasgow, Scotland 

The standard model of particle physics is relatively well known and understood, with minimal discrepancies. 

However the search is still ongoing for behaviour that exists beyond the standard model. In particular, little is 

known about some highly excited meson states and for the hunt is on for certain hybrid mesons and exotic 

states that would exist outside the standard model. The search for such particles is being conducted by the 

CLAS collaboration in Hall B at Jefferson Lab, VA. Recent upgrades to the CEBAF enable a beam energy of up 

to 11GeV in Hall B with which we can investigate areas of physics that were previously out of reach [1]. A 

particular reaction channel that will be of interest is the production of three pi mesons from the interaction of 

an electron on a cryogenic hydrogen target. A selection of techniques will be implemented to complete the 

analysis on data taken from Jefferson lab, supplemented by machine learning tools that will radically 

improve the effectiveness of procedures of particle identification, for example. 

[1]  www.jlab.org/news/releases/jefferson-lab-completes-12-gev-upgrade 
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P134 Quasi-elastic excitation function for 16O+169Tm system: role of hexadecapole deformation  

A Yadav1, A Jhingan2, M Kumar2, N Saneesh2, I Bala2, K Golda2, M Shaikh2, T Banerjee2, R Dubey2, G Kaur2, C 

Yadav2, R Sahoo3, A Sood3, H Arora4, K Rani4, N Rai5, P Singh3, M Sharma6, B Singh7, P Sugathan2, R 

Prasad7  

1Jamia Millia Islamia, India, 2Inter-University Accelerator Center, India, 3Indian Institute of Technology Ropar, 

India, 4Panjab University, India, 5Institute of Science, India, 6S. V. College, India, 7Aligarh Muslim University, 

India  

In recent years, there is a great interest in fusion barrier studies, as the heavy-ion collisions at energies 

around the Coulomb barrier are strongly affected by the coupling between relative motion and internal 

degrees of freedom of colliding ions, which results in a number of distributed barriers in place of a single 

potential barrier (Bfus). [1-6]. It is now well known that a barrier distribution (BD) can be extracted 

experimentally from the fusion excitation function σfus(E), using the relation Dfus=d2(Eσfus)/dE2 [3]. The 

extracted BD contains the fingerprint of the reaction mechanism because the nature and strengths of the 

couplings lie in the distribution of barriers. Further, it was suggested that the same information can also be 

obtained from the cross-section of quasi-elastic scattering (QE) (as the total flux is conserved) measured at 

large angles using the prescription Dqel=-d(dσqel/dσR)/dE, which gives an alternative representation of fusion 

BD [5]. In the present work, the QE-measurements have been performed for the system 16O+169Tm, which will 

be translated to BD. It should be noticed that the doubly closed 16O projectile will behave as an inert, and 

therefore any effect of the coupling of different degrees of freedom on BD should be pronounced for the 

target nuclei only.  

The experiment has been performed at the IUAC, New Delhi employing the HYTAR detecting system, 

comprising the �� Δ�-� hybrid telescopes  where Δ� were gas ionization chambers and � detectors were 

passivated implanted planar silicon (PIPS) detectors, in the GPSC [7]. Beam energy was varied in steps of 3 

MeV ranging from 17% below barrier to 16% above barrier. Four telescope detectors each at an angle of 

173° have been arranged in a symmetrical cone geometry to measure the back-scattered quasi-elastic 

events. Nine telescopes, six at angles from +60° to +160° with angular separation of 20° and other three 

telescopes at angles -110
°
, -122

°
 and -134

°
, were placed. Two monitor detectors have been placed at ±10

°
 

for beam monitoring and normalization purposes. The QE-excitation functions have been obtained and the 

experimental BD for the 16O+169Tm system has been derived. The nuclear potential parameters will be 

extracted from angular distribution measurements for theoretical calculations. Further, analysis of the data 

and results will be presented during the conference.  
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P135 Laser spectroscopy of neutron-deficient tin approaching 100Sn  

F Parnefjord Gustafsson1, S Bai2,J Billowes3, C Binnersley3, M Bissell3, L Caceres4, T Cocolios1, B Cooper3, G 

Farooq-Smith1, K Flanagan3,5, S Franchoo6, R Garcia Ruiz7, A Galindo-Uribarri8,R de Groote9, W Gins1, H 

Heylen5, Á Koszorús1, K König10, G Neyens1,7, C Ricketts3, E Romero11, T Stockinger11, H Stroke12, T 

Tratajczyk10, A Vernon3, K Wendt13, S Wilkins7, X Yang2 

1KU Leuven, Belgium, 2Peking University, China, 3The University of Manchester, United Kingdom, 4Grand 

{cc´el´erateur �ational d’�ons �ourds  �rance  5University of Manchester, United Kingdom, 6Institut de 

�hysique �ucléaire d’�rsay  �rance  7CERN, Switzerland, 8Oak RidgeNational Laboratory, USA, 9University of 

Jyväskylä, Finland, 10TU Darmstadt, Germany, 11University of Tennessee, USA, 12New York University, USA, 
13Johannes Gutenberg-Universität, Germany 

The Collinear Resonance Ionization Spectroscopy (CRIS) technique at ISOLDE-CERN [1] has recently been 

used for studying the neutron-deficient tin isotopes in the proximity of the heaviest self-conjugate doubly-

magic nucleus, 100Sn. Understanding the nuclear structure evolution along the tin isotopic chain, 

approaching N=Z=50, has long been established as an important benchmark for testing nuclear models in 

extreme conditions [2].  

Recently, state-of-the-art many-body methods including ab-initio calculations have been able to predict 

behavior around this important stepping stone in the nuclear landscape [3,4]. However, many questions 

remain unanswered regarding the nuclear structure of the lightest tin isotopes due to the lack of 

experimental data [2,3]. The controversial robustness of the shell closure, insufficient understanding of the 

collective behavior and the unknown level ordering of the neutron d5/2 and g7/2 shell-model orbits below 108Sn 

further motivate the curiosity [3,4,5].  

In August 2018 a successful campaign at ISOLDE using the CRIS technique provided the first hyperfine 

spectra below 108Sn of ground and long-lived isomeric-states of the neutron-deficient tin isotopes, extending 

from 124Sn down to 104Sn. These new measurements allow the first ever determination of electromagnetic 

moments, changes in mean-square charge radii and ground-state spin assignment of 107-104Sn, shedding a 

new light on the level ordering and collectivity approaching N=50.  
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P136 Hartree-Fock and J Projection approach to K-Selection rule violation in 174Yb and 175Lu  

C Praharaj1, S Bhoi2, Z Naik2, S Ghorui3, S Patra1  

1Institute of Physics, India, 2Sambalpur University, India, 3Shanghai Jiao Tong University, China  

Much is known experimentally about K isomers in deformed nuclei [1,2]. But in regard to K violating gamma 

ray transitions, no consistent theoretical explanation is available for the finite but retarded transitions from K 

isomers to lower K bands. We address here the problem of K-Selection rule violation by considering a 

microscopic mechanism. The Hartree-Fock theory along with angular momentum projection enables us to 

study the retarded decay of K isomers to lower K bands in 174Yb and 175Lu. The reduced multipole matrix 

element is [3-5]:  
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Here there is only J-selection rule and no K-selection rule. Deformed Hartree-Fock and angular momentum 

projection calculations are done for the decay of the K=6+ isomer band to the K=0+ band of 174Yb and of the 

decay of K=19/2+ isomer band to K=7/2+ band of 175Lu as shown in Fig 1. We find retarded decay of K-

isomers to lower K bands and the retardation arises from poor overlap between the low K and high K bands 

in the integral over Euler angles. Our microscopic calculations involve no K mixing and the K quantum 

numbers of the bands are quite good. The transitions are shown in Fig. 1.  

Angular momentum projection gives J-selection rule but we do not find the K selection rule for reduced matrix 

elements of electromagnetic multipole operators (Eqn. above). Thus, there is violation of K selection rule. In 

our calculation of 174Yb the 6+(iso) to 4+(gr) E2 reduced matrix element is -0.383 × 10-5 e fm2 and the 6+(gr) 

to 4+(gr) E2 reduced matrix element is 0.374 × 103 e fm2. The E2 and M1 transitions from the K isomers to 

the ground band of 174Yb and K=7/2+ band of 175Lu are finite but retarded and the same trend is observed in 

experiments as well. This theoretical approach can be used to study the K isomers and their spectroscopy.

 

Fig 1: Spectra and transitions of K=0+ and K=6+ bands of 174Yb; K=7/2+ and K=19/2+ bands of 175Lu.  
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P137 Lifetime determination via the particle-γ coincidence Doppler-shift attenuation method 

S Prill1, A Bohn1, V Everwyn1, M Färber1, F Kluwig1, P Petkov2, P Scholz1, M Spieker3, M Weinert1, J Wilhelmy1, 

A Zilges1 

1University of Cologne, Germany, 2National Institute for Physics and Nuclear Engineering, Romania, 
3Michigan State University, USA 

Lifetimes of nuclear levels are important observables for the determination of transition strengths, yielding 

information about the nuclear wave functions. The Doppler-shift attenuation method (DSAM) is a well-

established method to extract lifetimes of such excited nuclear levels in the fs to ps range. 

In the past few years, a novel version of this method was established in Cologne: The DSA method using 

particle-  coincidences [1]. In contrast to common DSAM experiments, the direction as well as the energy of 
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the scattered particle is measured in coincidence with the Doppler-shifted  -ray, allowing the unambiguous 

determination of the reaction kinematics. Thus, the excitation energy of the level of interest, the important 

Doppler angle and the recoil velocity are known. Furthermore, lifetimes can be determined without feeding 

contributions from higher-lying states due to excitation-energy gates, which also reduce the background in 

the γ-ray spectra, enabling also the analysis of weakly excited states. Typically, nuclear level lifetimes of 

several dozens of excited states can be determined in a single experiment. 

The coincidence measurements are performed with the SONIC@HORUS detector array at the Institute for 

Nuclear Physics of the University of Cologne, consisting of the  -ray detection array HORUS [2] with its 14 

high-purity germanium detectors and the particle spectrometer SONIC that houses 12 silicon detectors in its 

newest configuration [3]. 

Numerous lifetimes of low-spin states for several nuclei, such as 96Ru [1], 112,114Sn [4], 128,130Te and 164Dy, 

have already been determined successfully with the method using inelastic proton scattering. The obtained 

lifetimes were used to identify mixed-symmetry states and to analyse the systematics of low-spin states. For 

particles heavier than protons  as well as transfer reactions  ����} can be used in its Δ�-E configuration, 

allowing the identification of the outgoing particles. 

The particle-  coincidence DSA technique as well as various nuclear structure results obtained with this 

method will be presented in this contribution. 

Supported by DFG (ZI 510/9-1). A.B. is supported by the Bonn-Cologne Graduate School of Physics and 

Astronomy. 
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P138 Using  -transfer reactions to populate new radioactive isotopes 

F Ramírez, D Torresy 

Universidad Nacional de Colombia, Colombia 

The experimental population and characterization of excited states in radioactive nuclei is one of the main 

goals in Nuclear Structure Physics. This opens the opportunity to validate theoretical models that account for 

the behavior of nuclear matter close to the drip lines. In recent years the use of _-transfer reactions to 

populate and study radioactive species, close to the line of stability, has proved to be very useful to study 

excited-spin states in nuclei that, otherwise, cannot be produced with enough intensity in the present 

radioactive beam facilities. Such studies have been, initially, focused in the study of nuclear electric and 

magnetic moments. It is expected to populated radioactive beams far from the stability line, in upcoming 

years. 

In this work a description of recent uses of  -transfer reactions to study excited states in radioactive nuclei 

will be presented. Perspectives and challenges to expand the technique to regions further than the stability 

line will be discussed. The description of a new experimental campaign at Sao Paulo University that look for 

the study experimental study of alpha-transfer reactions using a novel array of gamma-rays and charged 

particle detectors will be presented. 
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P139 Fundamental properties of nuclear ground and isomeric states in neutron-deficient indium from laser 

spectroscopy 
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1The University of Manchester, United Kingdom, 2KU Leuven, Belgium, 3Institut de Physique Nucléaire 

d’�rsay  �rance  4CERN, Switzerland, 5University of Jyväskylä, Finland, 6New York University, USA, 7Johannes 

Gutenberg-Universität, Germany, 8Peking University, China 

Hyperfine structure measurements of the neutron-deficient indium (Z=49) isotopes, approaching the 

heaviest self-conjugate doubly-magic nucleus 100Sn, have been performed using collinear resonance 

ionization spectroscopy [1]. These measurements provide an important benchmark in the development of 

many-body methods, which are now able to predict properties around the Z=N=50 shell-closure [2,3]. 

States in previously measured odd-even In isotopes have shown a remarkably simple singleparticle 

behaviour, whether this trend in the electromagnetic moments continues will give insight into the strength of 

the shell closure. Isomeric spin assignments in the odd-odd isotopes also help pin down the ordering of the 

neutron d5/2 and g7/2 orbits [4,5]. This first experimental determination of ground-state electromagnetic 

moments and changes in mean-square charge radii of neutrondeficient 101-103In will shed light on the 

evolution of nuclear structure around 100Sn. 
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P140 Collectivity of 66Zn through Coulomb excitation 

M Rocchini1,2, K �adyńskaKlek2, A Nannini2, J ValienteDobón2, A Goasduff3,2, D Testov3,2, P John3,2, D 
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Galtarossa2, G Jaworski2, M Komorowska4,6, M Matejska-Minda6, B Melon2, R Menegazzo3,2, P Napiorkowski6, 

D Napoli2, M Ottanelli2, A Perego1,2, L Ramina2, M Rampazzo2, F Recchia3,2, S Riccetto7,2, D Rosso2, M 

Siciliano2,3, P Sona1 

1Universita degli Studi di Firenze, Italy, 2INFN, Italy, 3Universita degli Studi di Padova, Italy, 4CEA Saclay, 

France,  

5University of Surrey, United Kingdom, 6University of Warsaw, Poland, 7Universita degli Studi di Perugia, Italy 

 

The problem of the collectivity in stable and nearlystable Zinc isotopes has been in the scope of both 

experimental and theoretical studies for the past years (see for instance Ref. [1]). Several discrepancies 

regarding the experimentally measured quantities can be found in the literature for the nuclei along this 

isotopic chain. Consequently, the interpretation of the structure in the Zinc nuclei is difficult. In this context, 

the structure of low-lying excited 0+ states is particularly interesting. Nuclear states with J=0+ are traditionally 

interpreted as members of phononmultiplets originating from the vibrational excitations, or as bandheads 

of betavibrational bands in deformed nuclei, or as intruder states arising from the pair excitations across the 

shell and subshell gaps, associated with the shape coexistence phenomenon [2]. While the vibrational 

picture of the Zinc isotopes is nowadays being disregarded, deformation and shape coexistence are 

emerging, even though no firm conclusions can be drawn at the moment [3]. 

In order to provide precise information about the collectivity in Zinc isotopes, a dedicated Coulomb excitation 

measurement has been performed at the Legnaro National Laboratories in Italy to investigate the 

electromagnetic structure of 66Zn, which represents and ideal case to study all the above-mentioned issues. 

As a result, a rich set of electromagnetic matrix elements describing the low-spin structure of 66Zn has been 

extracted, including the spectroscopic quadrupole moments of the first two 2+ states. The β and γ 

deformation parameters of the ground state and first excited 0+ state have been determined for the first time. 

The overall picture emerging from our studies indicates an intriguing triaxial deformation of the ground state 

while the 02
+ state exhibits an intruder spherical configuration. 

 

Fig 1: Ground state Collective Wave Function of 66Zn, calculated using the Beyond Mean Field approach. In 

red, experimental β and γ deformation parameters (obtained in the present experiment) are reported. 

In this presentation, the results of the Coulomb excitation experiment will be presented. A comparison with 

the new predictions of the Beyond Mean Field approach (see Fig. 1) and the Large Scale Shell Model will 

also be given. 
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P141 Sub-nanosecond K-isomers in 178W 

M Rudigier1, P Walker1, R Canavan1,2, P Regan1,2, Z Podolyak1, P Söderström3,4, M Lebois5,6, J Wilson5,6, N 
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Heine9, L Iskra8, V Karayonchev10, A Kennington1, P Koseoglou3,4, G Lotay1, G Lorusso1,2, M Nakhostin1, C 

Nita11, S Oberstedt12, L Qi5,6, J Régis10, R Shearman1,2, W Witt3,4 

1University of Surrey, UK, 2National Physical Laboratory, UK, 3Technische Universität, Germany, 4GSI 

Helmholtzzentrum für Schwerionenforschung GmbH, Germany, 5Institut de Physique Nucléaire Orsay, France, 
6Université Paris-Saclay, France, 7Università degli Studi di Milano and INFN sez. Milano, Milano, Italy, 8Polish 

Academy of Sciences, Poland, 9Universite de Strasbourg, France, 10Universität zu Köln, Germany, 11IFIN-HH, 

Romania, 12European Commission, Belgium 

New data on half lives of nuclear excited states in 178W are presented. Data were taken in a measurement 

using the NuBall array at the IPN Orsay. The NuBall array consists of 24 Compton suppressed HPGe Clover 

detectors, 10 Compton suppressed coaxial HPGe detectors, and 20 LaBr3(Ce) scintillator detectors. The 

nucleus of interest was produced via the fusion evaporation reaction 164Dy( 18O, 4n) 178W, with a pulsed 18O 

beam delivered by the ALTO accelerator. 

Previously unkown half lives in the sub-nanosecond range of excited states of 178W have been measured by 

employing the fast timing method using the 20 LaBr3 detectors. During the analysis a focus was put on short 

lived K-isomers for which previous measurements only determined an upper limit. In particular, the half lives 

of the 12+ state at 3235 keV and the 11− state at 3053 keV have been measured for the first time. 

Branching ratios for the levels of interest were determined using data from the Ge detectors. Reduced 

transition rates and hindrance factors were calculated for several levels for the first time using the new 

experimental data. 

The results are discussed in terms of a level density model and systematics in the mass region. The study 

shows evidence for an anomalously high transition rate of the 1389 keV E1 transition depopulating the 11− 

state at 3053 keV. This is the first observation of such an anomalous E1 transition rate from a K-isomer in an 

even-even nucleus. 

P142 Investigation of the Dipole Response of 58Ni and 60Ni 

J Sinclair 

University of the West of Scotland, Scotland 

Investigations of the Pygmy Dipole Resonance (PDR) has gained much interest over the past few years due 

to its implications in the field of astrophysics. These resonances only contribute 1-5% of the total electric 

dipole (��) strength in nuclei  hence the name “�ygmy”� �owever  due to its energy  the implications of the 

PDR are significant. 

�he �~� typically occurs in the energy region near the particle thresholds and is visualised as a “skin” of 

excess neutrons forming around an isospin-saturated core and oscillating against this N≈Z core [1]. This 

phenomenon generates much interest because the formation of the neutron skin around the nucleus is an 

example of pure neutron matter, which is typically only observed elsewhere in neutron stars. Therefore, 

investigating this characteristic of neutron-rich nuclei could help understand the behaviour of neutron star 

matter. Furthermore, the dependency of the E1 strength as a function of the ratio between the number of 

protons and neutrons in the nucleus also provides insight into the symmetry parameter of the nuclear 

equation of state (EOS). Studying the neutron skin which is related to the properties of these pygmy 

resonances may allow for constraints to be added to the symmetry term of the EOS [2], thus allowing a 

better understanding of exotic stellar environments such as those of neutron stars and binary mergers. 
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It is important to study the E1 response in N≈Z nuclei, such as 58- and 60-nickel, as these nuclei will 

provide a better understanding to which extent this phenomenon occurs even without the formation of a 

neutron skin. Moreover, comparing these resonances in 58Ni and 60Ni to those observed in more neutron-rich 

nuclei would also give an insight into the contribution that the neutron skin has on the E1 strength. The 

nickel isotopes are also interesting to investigate as they are some of the first nuclei to be produced in the r-

process, thus giving insight into the role the PDR plays in the formation of almost half of the isotopes in the 

universe heavier than iron. 

To study the dipole response of stable nuclei, the most common technique that is used is nuclear resonance 

fluorescence (NRF) [3] using bremsstrahlung at facilities such as the ELBE facility [4] at the Helmholtz-

Zentrum Dresden-Rossendorf and quasi-monochromatic fully-polarised photons at HIGS [5] at TUNL. 

Nuclear excited states which have spin J=1 are excited due to the incident photons carrying an intrinsic 

angular momentum of 1ћ. This makes NRF a powerful technique for studying the characteristic J π=1- PDR 

states and J π=1+ levels which form Gamow-Teller resonances. Gamow-Teller resonances are also predicted 

to have an influence on r-process nucleosyntheses. They provide information about the neutrino-nucleus 

interactions which act as the heating mechanism driving type-II supernova explosions [6]. The contribution 

that the study of these J=1 levels have in the field of astrophysics is considerable. Using NRF, which 

selectively populates these states, physicists can further understand the cosmic events that are responsible 

for creating many of the heavy elements in the universe. 
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P143 Coulomb Excitation of 222,224Rn 

P Spagnoletti1, 2, P Butler3, L Gaffney4 

1 University of the West of Scotland, UK, 2Scottish Universities Physics Alliance, UK, 3University of Liverpool, 

UK, 4CERN, Switzerland 

Reflection-asymmetric nuclei are of considerable interest for the understanding of nuclear structure. 

Reflection asymmetry arises as a consequence of strong octupole correlations which occur when states with 

Δj = Δl = �ħ lie close to the Fermi surface for both neutrons and protons. Octupole correlations are largest in 

the region with Z=88 and N=134 where the octupole driving orbitals are j15/2 and g9/2 for neutrons and i13/2 

and f7/2 for protons. The Z=86 radon isotopes lie close to the centre of the octupole-deformed region, but 

have been very difficult to study experimentally. 

Excited states have been identified in the N=136 isotope 222Rn[1], forming an alternating-parity octupole 

band, but no states have been observed in the radon isotopes with N>136. Unambiguous and direct 

evidence of strong octupole correlations can be obtained from a measurement of the electric octupole (E3) 

moment. An experiment has been performed using the Miniball spectrometer at ISOLDE, CERN to investigate 

the E3 moment of some Ra and Rn nuclei. The radioactive Rn isotopes were post-accelarated using the HIE-

ISOLDE beam line to approximately 5MeV/A and were incident upon a stable target. Excited states in these 

nuclei were were populated via Coulomb 

excitation. Analysis of the intensities of transitions using the multiple Coulomb-excitation code GOSIA will 

provide a direct measurement of both electric quadrupole (E2) and octupole (E3) moments. The data 
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analysis is ongoing and the status will be presented. 
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P144 Probing single-particle and more complex configurations in 55Co and 55Ni  

M Spieker1, A Gade1,2, D Weisshaar1, B Brown1,2, J Tostevin3, B Longfellow1,2, D Bazin1,2, B Elman1,2, T 

Glasmacher1,2, M Hill1,2, D Rhodes1,2  

1National Superconducting Cyclotron Laboratory, USA, 2Michigan State University, USA, 3University of Surrey, 

UK  

We report on two in-beam high-resolution  -ray spectroscopy experiments after one-proton (55Co) and one-

neutron (55Ni) knockout from 56Ni performed at the National Superconducting Cyclotron Laboratory to study 

single-particle structures close to the N=Z=28 doubly magic shell closure. The knockout residues were 

identified on an event-by-event basis with the S800 magnetic spectrograph.   rays emitted in flight from the 

residues with v/c= 0.4 were detected with the SeGA array consisting of sixteen 32-fold segmented High-

Purity Germanium detectors. The newly determined partial cross sections as well as the  -decay behavior of 

excited states in the A = 55 mirror nuclei provide a detailed test of nuclear-structure models and insight into 

the single-particle character of excited states.  

In this contribution, the predictions of large-scale shell-model calculations in the full pf model space 

employing the GXPF1A-cd-pn Hamiltonian, which has Coulomb and isotensor contributions (cd), and wave 

functions in a proton-neutron basis (pn) are confronted with our new experimental data. Tests of this model 

are crucial since, e.g., theoretical spectroscopic factors predicted with the isospin-conserving GXPF1A part of 

this Hamiltonian [1] have been used to constrain reaction rates for the rp process in the mass region around 
56Ni, see, e.g., Refs. [2,3].  

In conflict with the model predictions, a cross-section asymmetry is observed for the two lowest-lying 3/2- 

states in the A = 55 mirror nuclei. A two-state mixing scenario is proposed to explain this asymmetry which is 

supported by the distinctly different E1 decay behavior of the strongly excited 1/2+ quasiparticle state to the 

low-lying 3/2¯ states. In other mass regions, such an asymmetry in the E1 decay of an excited state has 

been attributed to isospin-mixing effects in mirror nuclei [4,5].  

This work was supported by the National Science Foundation (NSF) under Contract No. PHY-1565546 

(NSCL).  

[1]  M. Honma, et al., Phys. Rev. C 69, 034335 (2004) 

[2]  C. Langer, et al., Phys. Rev. Lett. 113, 032502 (2014) 

[3]  W.-J. Ong, et al., Phys. Rev. C 95, 055806 (2017) 

[4]  J. Ekman, et al., Phys. Rev. Lett. 92, 132502 (2004)  

[5]  R. Orlandi, et al., Phys. Rev. Lett. 103, 052501 (2009) 

 

 

 

 

 

 

357



  
 
P145 Shape coexistence of proton-rich mercury isotopes studied through β decay  
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Podolyák4, V Pucknell15, P Rahkila12, E Rapisarda11, K Rezynkina1, C Sotty6, O Tengblad5, P Van Duppen1, V 

Vedia9, S Viñals5, R Wadsworth3, N Warr16, K Wrzosek-Lipska17  

1KU Leuven, Belgium, 2Comenius University, Slovakia, 3University of York, United Kingdom, 4University of 

Surrey, United Kingdom, 5CSIC, Spain, 6Horia Hulubei National Institute of Physics and Nuclear Engineering, 

Romania, 7University of Bucharest, Romania, 8University of Lund, Sweden, 9Universidad Complutense de 

Madrid, Spain, 10Aarhus Universitet, Denmark, 11CERN, Switzerland, 12University of Jyväskylä, Finland, 
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The proton-rich mercury isotopes represent one of the most prominent examples of shape coexistence known 

so far [1]. The first indications were provided by optical pumping studies which showed that the odd-mass 

isotopes around the N=104 midshell exhibit sudden, large changes of the mean-square charge radii, 

compared to their even-even neighbors. This phenomenon, called shape staggering, is interpreted as an 

onset of deformation [2]. Further experimental γ- and electron spectroscopy studies of the excited states in 

the even-mass mercury isotopes point to the coexistence of two classes of states with strong mixing between 

the low-lying members at Hg-182,184 [1,3,4]. Especially the presence of E0 components in the Iπ→Iπ 

transitions is interpreted as fingerprint for mixing [1].  

The spectroscopic quadrupole and monopole moments, which can be measured in Coulomb excitations 

(Coulex), are an ideal tool to distinguish unambiguously states exhibiting different deformations and these 

values will be determined in future experiments making use of the new capabilities offered by HIE-ISOLDE at 

CERN [5]. However, in order to obtain these moments, additional spectroscopic information (branching 

ratios and conversion coefficients) is needed [6].  

In order to obtain these data with sufficient precision, the β-decay of Tl-182,184,186 to excited states in Hg-

182,184,186 has been measured at ISOLDE Decay Station (IDS). A pure thallium beam has been produced 

by means of mass separation and laser resonance ionization. By using the newly developed SPEDE 

spectrometer [7], an electron energy resolution of 7 keV at around 300 keV was obtained. The excellent 

experimental conditions allowed about an order of magnitude higher statistics to be collected compared to 

the previous study [4]. This will result in a significant decrease of statistical uncertainties in branching ratios, 

and conversion coefficient and, consequently, increase of ρ(E0; 2+→2+) precision. In this talk, first 

preliminary results will be presented and discussed.  
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P146 Lifetime Measurements of Excited 22O 

L Tetley1, M Petri1, E Maugeri2, M Schumann2 

1University of York, UK, 2Paul Scherrer Institut, Switzerland 

The lifetime of the 2+ state of 22O will be measured for the first time at Argonne National Laboratory (ANL) 

using Doppler shift techniques and GRETINA coupled to the Fragment Mass Analyser (FMA). 22O will be 

produced via the fusion-evaporation reaction of a 14C beam on a 10Be target. The experimentally obtained 

transition strengths will be used to constrain ab initio calculation which attempt to describe nuclear structure 

from first principle. A radioactive 10Be target is under development. I will describe the status of the target and 

the expected sensitivity in the lifetime as studied via simulations. 

P147 Examining Isospin Symmetry via One- and Two- Nucleon Knockout Reactions  

S Uthayakumaar1, R Yajzey1, X Pereira-Lopez1, M Bentley1, P Davies1, T Haylett1, L Morris1, B Wadsworth1, D 

Bazin2, J Belarge2, P Bender2, B Elman2, A Gade2, H Iwasaki2, N Kobayashi2, B Longfellow2, E Lunderberg2, D 

Weisshaar2, F Recchia3, D Napoli3, D Kahl4, S Lonsdale4  

1University of York, UK, 2Michigan State University, USA, 3INFN, Italy, 4University of Edinburgh, UK  

The investigation of nuclei near the N=Z region in the nuclear chart unlocks a pathway to study exotic 

isotopes close to the proton drip line, where the significant role of isospin symmetry can be studied. Isospin 

symmetry occurs due to the exchange symmetry between the neutrons and protons which occur through an 

almost identical nuclear force between the two types of nucleon. The concept of isospin symmetry helps to 

understand the behaviour of nuclei on both the proton and neutron rich sides of the nuclear chart, and 

comparison of the resulting isobaric analogue states allows examination of the factors that break isospin 

symmetry. In addition, the exploration of proton–rich nuclei towards the limit of nuclear binding provides 

potential understanding about the synthesis of elements in astrophysical sites.  

A novel technique has been attempted, at the National Superconducting Cyclotron Facility (NSCL), using 

“mirrored” knockout reactions – i.e. one- and two- neutron knockout reactions from proton-rich systems and 

the analogue reactions comprising of one- and two-proton knockouts from their neutron rich mirrors. The aim 

was to measure analogue spectroscopic factors to investigate isospin symmetry. Neutrons and protons were 

knocked out from nuclei in the   
 

  shell by utilising secondary beams of 49𝐹𝑒, 48𝑀 , 47𝐶  and 46  from the 

A1900 fragment separator, as well as secondary beams of their mirror nuclei. This work is influenced by the 

research conducted by S. Milne et al[1] who performed an initial study of analogue knockout reactions in 

the A=53 mirror nuclei.  

The aims, experimental methodology and the preliminary analysis will be presented in this poster.  

[1]  S. A. Milne, M. A. Bentley, E. C. Simpson, P. Dodsworth, T. Baugher, D. Bazin, J. S. Berryman, A. M. 

Bruce, P. J. Davies, C. Aa. Diget, A. Gade, T. W. Henry, H. Iwasaki, A. Lemasson, S. M. Lenzi, S. 

McDaniel, D. R. Napoli, A. J. Nichols, A. Ratkiewicz, L. Scruton, S. R. Stroberg, J. A. Tostevin, D. 

Weisshaar, K. Wimmer, R. Winkler, Phys. Rev. C. 93, 024318 (2016) 
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P148 Suppressed and unsuppressed E2 branches in 78Ge and neighboring nuclei 

A Forney 

University of Maryland, USA 

With the identification of a sequence of levels, often called triaxial, separated by one unit of angular 

momentum in 78Ge for which DJ = 2 crossover transitions could not be identified, the search for similar 

sequences has been expanded to nearby Zn Ge, and Se nuclei. 1  In this presentation, a full level scheme for 
78Ge will be presented and discussed along with new data for 76Zn and other Zn nuclei, as well as data for 
80Se and other Se nuclei.  The results from various calculations will also be presented.    

[1] Anne M. Forney et al., Physical Review Letters 120, 212501 (2018) 

P149 Testing isospin symmetry through Coulomb excitation of nuclei along N=Z 

K Wimmer1, T Arici2, T Koiwai1, W. Korten3  

1The University of Tokyo, Japan, 2GSI Helmholtzzentrum, Germany, 3IRFU, CEA, France 

Unlike any other physical system the nucleus represents a unique dual quantum many-body system. Its 

constituents, protons and neutrons, are assumed to be identical, except for their electric charge. They can be 

seen as two representations of the nucleon, with isospin components tz = ±1/2 for neutrons and protons, 

respectively. Under the assumption of charge independence of the strong interaction, hence invariance 

under rotation in the isospin space, the excitation energy spectra of mirror nuclei should be identical. 

However, in nature isospin symmetry is broken, and different spectra are observed. 

This symmetry is typically studied through Mirror Energy Differences, E(Tz = −�) − �(�z = 1), to test charge 

symmetry of the nuclear interaction, and Triplet Energy Differences, E(Tz = −�) + �(�z = �) − �·�(�z = 0), to 

test charge independence of the nuclear interaction. Alternatively, the electromagnetic properties of low-

lying states can be directly addressed through measurements of B(E2) values. Measurements of B(E2; 0+
gs 

→ 2+
1) values for T = 1 isospin triplets allow to extract information on the proton and neutron matrix 

elements and to test isospin symmetry [1]. 

Coulomb excitation measurements of the A = 70, 66, and 62 T = 1 triplets have been performed at the 

Radioactive Isotope Beam Factory at the RIKEN Nishina Center in Japan. Proton-rich beams were produced 

by projectile fragmentation and identified using the BigRIPS separator. Coulomb excitation was induced by a 

secondary Au target, located in the center of the DALI2 γ-detector array to measure the excitation 

probabilities. 

In a first campaign the reduced transition probability B(E2) was determined for 70Kr and its value is 

significantly larger than for the other member of the triplet [2]. While nuclei in this region of the nuclear chart 

are known to exhibit shape coexistence, which might disturb the signal of the isospin symmetry breaking, 

this triggered new measurements of lighter systems. Special care was taken to reduce all systematic 

uncertainties by relative measurements of the excitation cross sections across the triplet. 

In this talk we will present the results for the Coulomb excitation of 70Kr and report on preliminary results for 

the A = 66 and 62 systems. 

[1] A. M. Bernstein, V. R. Brown, and V. A. Madsen, Phys. Rev. Lett. 42, 425 (1979) 

[2] T. Arici et al., in prep 
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P150 Investigation of the nuclear structure of 33Al through β-decay of 33Mg to probe the island of inversion  

T Zidar1, J Ash2, G Ball3, N Bernier3, 4, V Bildstein1, C Burbadge1, D Cross5, A Diaz Varela1, I Dillmann3, 6, M 

Dunlop1, R Dunlop1, L Evitts3, A Garnsworthy3, P Garrett1, S Hallam3, J Henderson3, S Ilyushkin7, B 

Jigmeddorj1, E MacConnachie3, A MacLean1, M Moukaddam3, B Olaizola1, E Padilla-Rodal8, O Petkau3, J. L 

Pore5, M Rajabali2, J Smith3, C Svensson1, J Turko1  

1University of Guelph, Canada, 2Tennessee Technological University, USA, 3TRIUMF, Canada, 4University of 

British Columbia, Canada, 5Simon Fraser University, Canada, 6University of Victoria, Canada, 7Colorado 

School of Mines, USA, 8Instituto de Ciencias Nucleares UNAM, Mexico 

Interest in 33Al comes from the fact that it lies between 32Mg, a deformed nucleus, and 34Si, outside the 

"island of inversion" along the N = 20 shell closure. The island of inversion around N = 20 refers to a region 

of the chart of the nuclides where the ground states are dominated by deformed intruder states from the fp 

shell, instead of the spherical sd shell states naively expected from the shell model. While originally thought 

to be outside the island of inversion, some studies suggest up to a 50% intruder configuration in the 33Al 

ground state [1]. Previously published decay schemes [2, 3, 4] for 33Al, however, differ significantly.  

The high efficiency of the new gamma-ray spectrometer, GRIFFIN, was used to perform detailed spectroscopy 

following 33Mg β-decay. Properties of the nuclides 33Al, 32Al, 33Si and 32Si, around the N = 20 Island of 

Inversion, were determined through spectroscopic analysis. Combined data from the GRIFFIN and SCEPTAR 

arrays were used in a β-tagging technique, to create background reduced gamma-gamma coincidences to 

build level schemes. A more complete level scheme for 33Al including 32 states and more than 100 

transitions clarifies conflicting results in the literature. Time-correlated gamma-gated spectra were fit in order 

to determine the half-lives of these species, and β-feeding intensities were determined based on observed 

feeding and decay gamma-ray intensities. The detailed spectroscopic results provide stringent tests of the 

predicted structures of these nuclei, especially of 33Al which is considered a transitional nucleus between the 

deformed and spherical ground state configurations of 32Mg and 34Si.  

[1]  H. Heylen et al., Phys. Rev. C 94, 034312 (2016) 

[2]  J. C. Angélique et al., AIP Conf. Proc. 831, 134 (2006) 

[3]  V. Tripathi et al., Phys. Rev. Lett. 101, 142504 (2008) 

[4]  A. Mutschler et al., Nature Physics13, 152 (2017) 

P151 Mass-dependent cuts in longitudinal phase space 

P Pauli, D Glazier 

University of Glasgow, UK 

The idea to analyse scattering reactions measured at fixed target experiments in terms of the longitudinal 

momenta of the involved particles was introduced by van Hove 50 years ago [1-3]. In this method it is 

assumed that at sufficiently high centre-of-mass energies the production of particles in t(u)-channel 

exchanges is completely reflected by the longitudinal momenta of the final state particles. Hence the 

dimensionality of the problem is reduced. For example a 3-body final state can be described in terms of a 

single angle. Cutting on this angle provides means to distinguish different reactions mechanisms such as 

meson or baryon production which can greatly simplify analysis of the reaction. Current experiments with 

high energy (real) photon beams, like GlueX or CLAS12, are well suited to take advantage of this. 

Recently we published a study in [4] showing that applying cuts in longitudinal phase space preserves 

enough information to still be able to extract observables from the angular distributions of the final state 

particles. Furthermore we presented an improved longitudinal phase space cut taking into account the 

masses of the involved particles resulting not only in a better background rejection but it also preserves more 
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signal than cuts on the standard van Hove angle. 

This poster presents the findings of our study and shows results of applying our method to real data. 

[1] L. Van Hove, Nucl. Phys. B 9, 331 (1969) 

[2] L. Van Hove, Phys. Lett. B 28, 429 (1969) 

[3] {� |iałas  {� �skreys  �� �ittel  �� �okorski  �� �� �uominiemi  and �� �an �ove  �ucl� �hys� B 11, 

479 (1969) 

[4] P. Pauli et al, Phys. Rev. C 98, 065201 (2018) 

P152 Analysis of 2 vector-meson photoproduction with CLAS12 at the Thomas Jefferson Laboratory, Virginia 

USA  

A Thornton, D Glazier, D Ireland  

University of Glasgow, UK  

There are hints from lattice-QCD calculations and scattering experiments of the existence of exotic mesons; 

combinations of total angular moment, parity and charge conjugation that lead to quantum numbers not 

allowed by the quark model. These may manifest themselves as hybrid combinations of quarks and gluons, 

giving rise to extra degrees of freedom that may explain the forbidden quantum numbers. The Mesonex 

experiment [1] at the Thomas Jefferson Laboratory, Virginia, USA aims to search for hybrid mesons and 

glueballs using the new CLAS12 detector system with an 11GeV electron beam. We will take advantage of a 

small angle electron scattering detector to tag high intensity quasi-real photon meson production events.  

This specific analysis will focus on a benchmark of two meson final-states using data collected during 2018. 

In particular at this early stage of analysis: events with two pions, dominated by rho meson production, and 

an electron and proton in the final-state will be studied. Spin density matrix elements can be extracted for 

the rho meson in this final state and spectroscopy of higher mass states may be performed.  

[1]  �� |attaglieri and others  “�eson �pectroscopy with low Q2 electron scattering in }�{��� ” ���� 

P153 Recent results for forward J/  production in Pb—Pb Ultra-Peripheral Collisions at √    = 5.02 TeV 

with the ALICE detector 

S Ragoni 

University of Birmingham, UK 

The LHC is not only the most powerful collider for proton—proton and heavy-ion collisions, but also for 

photon—photon and photon—hadron ( p and  Pb) interactions. This is because the protons and ions 

accelerated in the LHC carry an electromagnetic field, which can be viewed as a source of photons, and such 

photons can interact with either other photons or with hadrons. 

Ultra-Peripheral Collisions (UPC) occur when the incoming ions are beyond the range of the strong force, with 

impact parameters larger than the sum of their radii, and are mediated by the exchange of virtual photons 

between the nuclei. The number of photons scales as the square of the nuclear electric charge, and the 

photon energies increase rapidly with beam energy. The beam energies at the LHC make the LHC the most 

energetic photon source ever built. In particular, the photoproduction of heavy vector mesons is favoured 

because such mesons couple to the photon. 

Recent results for forward J/ψ production in Pb—Pb UPCs at √   = 5:02 TeV with the ALICE detector are 

presented in this poster. 
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P154 Measuring the skewness dependency of Generalized Parton Distributions 

S Zhao 

CNRS-IN2P3, France 

Generalized Parton Distributions (GPDs) have emerged during the 1990s as a powerful concept and tool to 

study nucleon structure. They provide nucleon tomography from the correlation between transverse position 

and longitudinal momentum of partons. The Double Deeply Virtual Compton Scattering (DDVCS) process 

consists of the DVCS (Deeply Virtual Compton Scattering) process with a virtual photon in the final state 

eventually generating a lepton pair, which can be either an electron-positron or a muon-antimuon pair. In the 

case of a final time-like photon, the virtuality of the second photon can be measured and varied, thus 

providing an extra lever arm and allowing one to measure the GPDs for the initial and transferred momentum 

dependences independently [1,2]. This unique feature of DDVCS is of relevance, among others, for the 

determination of the transverse parton densities and the distribution of nuclear forces which are both 

accessed through the skewness dependency of GPDs. 

This presentation will discuss the feasibility and merits of a DDVCS experiment in the context of JLab 12 GeV 

based on model-predicted pseudo-data, and the extraction of Compton Form Factors. 

[1]  M. Guidal and M. Vanderhaeghen, Phys. Rev. Lett. 90, 012001 (2003) 

[2]  A. V. Belitsky and D. Müller, Phys. Rev. Lett. 90, 022001 (2003) 

P155 A generalised gamma spectrometry simulator for developing nuclide identi_cation algorithms 

A Turner1, C Wheldon1, M Gilbert2, L Packer2, J Burns3, and M Freer1 

1University of Birmingham, UK, 2UKAEA, UK, 3AWE plc, UK 

Accurate automated characterisation of radioactive material is crucial for applications in decommissioning 

and the detection of illicit material. While detection hardware rarely changes outside of bespoke solutions, 

improvements in Radio-isotope IDentification (RID) algorithms have become a significant research focus. A 

generalised gamma simulator has been built using the GEANT4 toolkit to provide a rapid development 

environment. With a high-fidelity model using Monte-Carlo based radiation transport, a diverse range of 

radiation sources and shielding scenarios may be considered. Data derived from facilities such as the 

Birmingham MC40 cyclotron and Culham Centre for Fusion Energy will provide this diversity for RID 

performance testing. Experimental validation of the simulator is also performed against real data. An 

overview of simulation techniques for gamma spectrometry will be presented, along with how the simulator is 

currently being used to research more robust and reliable RID algorithms. 
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Plenary session 9 

Recent advances in the description of reactions involving exotic nuclei 

P Capel 

Johannes Gutenberg-Universität Mainz, Germany, and Physique Nucléaire et Physique Quantique, 

Université libre de Bruxelles (ULB), Belgium 

The development of radioactive ion beam (RIB) facilities has enabled the experimental exploration 

of the nuclear chart away from stability. This has revealed exotic structures unseen in stable nuclei. 

While stable nuclei are usually compact objects whose matter radius follows an A1/3 law, some nuclei 

close to the neutron dripline break that law and are much larger than expected. This unusual size is 

due to the weak binding of one or two neutrons observed in these nuclei. Thanks to this lose binding, 

the valence neutrons can tunnel far away into the classically forbidden region and therefore exhibit a 

high probability of presence at a large distance from the other nucleons. They hence form a sort of diffuse 

halo surrounding a compact core. Since these halo nuclei challenge usual nuclear-structure models, they 

are the subject of many studies, both experimental and theoretical [1]. 

Being located close to the dripline, halo nuclei are short-lived and therefore cannot be 

investigated through usual spectroscopic methods. Information about their structure has thus to be 

gathered from indirect techniques. Reactions performed at RIB facilities, like elastic scattering, transfer 

or breakup, are often used to study the structure of these exotic nuclei [1]. In order to infer reliable 

information from such measurements, the reaction mechanism must be well understood. An accurate 

model of the reaction coupled to a realistic description of the projectile is thus needed [2]. 

Since the early days of RIBs, various models of reactions have been developed, which have helped us 

better grasp the dynamics of these reactions [2]. Recently particular efforts have been put to improve 

the description of the exotic projectiles within reaction models (see, e.g., Refs. [3,4,5]). Interestingly, ab 
initio models of nuclei are now able to describe halo nuclei [6] and hence provide nuclear-reaction 

theorists with inputs to constrain their few-body description of the nuclei within their reaction models [7]. 

In this presentation, I will review the recent efforts made in nuclear-reaction theory to improve the 

description of halo nuclei in reaction models and the implication these significant advances have on the 

understanding of nuclear matter away from stability. 

[1]  I. Tanihata, J. Phys. G 22, 157 (1996). 

[2]   D. Baye and P. Capel, Breakup reaction models for two- and three-cluster projectiles, Lecture Notes 

in Physics 848, Ed. C. Beck (Springer, Heidelberg, 2012) pp. 121–163. 

[3]  N.C. Summers, F.M. Nunes and I.J. Thompson, Phys. Rev. C 73, 031603 (2006).  [4] R. de Diego, 

J.M. Arias, J. A. Lay and A. M. Moro, Phys. Rev. C 89, 064609 (2014). [5] A. M. Moro and J. A. Lay, 

Phys. Rev. Lett. 109, 232502 (2012). 

[6]  A. Calci et al., Phys. Rev. Lett. 117, 242501 (2016). 

[7]  P. Capel, D. R. Phillips and H.-W. Hammer, Phys. Rev. C 98, 034610 (2018). 

 

 

 

 

364



  
 
Anti-atom physics 

M Doser 

CERN, Switzerland 

�ne and a half decades after the first production of “cold” antihydrogen  first precision measurements of the 

properties of antihydrogen have recently begun. Together with the start-up of an additional dedicated low 

energy antiproton decelerator (ELENA), ongoing precision experiments on antiprotons and antiprotonic 

atoms and the development of a wide range of techniques that permit precise atomic measurements, the 

study of anti-atoms has started in earnest. This presentation will provide an overview of the present status 

and outlook for fundamental physics with these systems. 

Parallel sessions 7 

Nuclear Astrophysics 

(Invited) Experiments on astrophysical reactions with low-energy unstable beams at CRIB 

H Yamaguchi1, S Hayakawa1, L Yang1, 2, H Shimizu1 and D Kahl1, 3  

1University of Tokyo, Japan, 2China Institute of Atomic Energy, China, 3University of Edinburgh, UK 

Studies on nuclear astrophysics, nuclear structure, and other interests have been performed with the 

radioactive-isotope (RI) beams at the low-energy RI beam separator CRIB, operated by Center for Nuclear 

Study (CNS), the University of Tokyo. Recent technical improvements at CRIB and a series of studies on 

nuclear astrophysics are discussed.  

The elastic resonant scattering is a striking tool to study astrophysical reactions and nuclear clusters. In 

particular, when it is coupled with thick target and inverse kinematics, the measurement can be very efficient 

and even feasible with low-intensity RI beams. Recent successful applications of the resonant elastic 

scattering with the thick-target method at CRIB are for the 7Be+α [1], 10Be+α [2], 30S+α [3], and 15O+α 

systems. By measuring the resonance parameters, we can evaluate the resonant reaction rates of 

astrophysically relevant reactions. With our 7Be+α and 30S+α measurements, 7Be(α, γ) and 30S(α, p) 

reactions in explosive stellar environments were studied. The α-particle clustering in the compound nuclei is 

another interesting topic which can be studied with the resonant elastic scattering.  

In 2017, an 26Al beam as a mixture of the ground (5+) and isomeric (0+) states was produced at CRIB, and 

applied for a proton resonant scattering measurement. The measurement is relevant for the identification of 

the astrophysical sites of the galactic γ-ray.  

There have also been experiments based on the indirect technique of the reaction measurement. The first 

Trojan horse method (THM) measurement using an RI beam was performed at CRIB, to study the 18F(p, 

α)15O reaction at astrophysical energies via the three body reaction 2H(18F, 15O)n. The 18F(p, α)15O reaction 

rate is crucial to understand the 511-keV gamma-ray production in nova explosion phenomena, and we 

successfully evaluated the reaction cross section at novae temperature and below experimentally for the first 

time [4]. The second THM experiment at CRIB was performed for the cosmological 7Li abundance problem. 

The 7Be(n, p) and 7Be(n, α) are possible destruction reactions to explain the discrepancy in the 7Li 

abundance between the Big-bang nucleosynthesis model and the observation. We performed a THM 

measurement with 7Be beam at CRIB as one of the first applications of THM for neutron induced reactions 

[5]. 
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[1]  H. Yamaguchi, et al., Phys. Rev. C 87, 034303 (2013) 

[2]  H. Yamaguchi, et al., Phys. Lett. B 766, 11 (2017)  

[3]  D. Kahl, et al., Phys. Rev. C 97, 015802 (2018) 

[4]  S. Cherubini, et al., Phys. Rev. C, 92, 015805 (2015) 

[5]  S. Hayakawa, et al., AIP Conf. Proc. 1947(1), 020011 (2018) 

Nuclear symmetry energies at supra-saturation densities extracted from observations of neutron stars and 

gravitational waves  

B-A Li1, P Krastev2, D-H Wen1, 3, W-J Xie1, 4 and N-B Zhang1, 5  

1Texas A&M University-Commerce, USA, 2Harvard University, USA, 3South China University of Technology, 

China, 4Yuncheng University, China, 5Shandong University, China 

The high-density behavior of nuclear symmetry energy is the most uncertain part of the Equation of State 

(EOS) of dense neutron-rich nucleonic matter [1]. It has significant ramifications in understanding properties 

of nuclear reactions induced by rare isotopes, neutron stars and gravitational waves from various sources. 

Using a new technique of inverting numerically the Tolman-Oppenheimer-Volkov (TOV) equation and 

Bayesian inferences, we show that a firmly restricted EOS parameter space is established using 

observational constraints on the radius, maximum mass, tidal deformability and causality condition of 

neutron stars [2,3,4]. The constraining band obtained for the pressure as a function of energy (baryon) 

density is in good agreement with that extracted recently by the LIGO and Virgo Collaborations from their 

improved analyses of the tidal deformability of neutron stars involved in the GW170817 event. Rather robust 

upper and lower boundaries on nuclear symmetry energies are extracted from the observational constraints 

up to about twice the saturation density of nuclear matter. Moreover, by studying variations of the causality 

surface where the speed of sound equals that of light at central densities of the most massive neutron stars 

within the restricted EOS parameter space, the absolutely maximum mass of neutron stars is found to be 

about 2.40 Msun approximately independent of the EOSs used. Implications of these findings on calculations 

of the EOS of dense neutron-rich matter and heavy-ion reactions in terrestrial laboratories as well as the 

frequencies and damping times of oscillating modes of neutron stars are discussed [5].  

[1]  B.A. Li, Nuclear Physics News 27, 7 (2017) 

[2]  N.B. Zhang, B.A. Li, J. Xu, Astrophysical J. 859, 90 (2018) 

[3]  N.B. Zhang, B.A. Li, J. Phys. G: Nucl. Part. Phys. 46, 014002 (2019) 

[4]  N.B. Zhang and B.A. Li, arXiv:1807.07698, EPJA (2019) in press 

[5]  De-Hua Wen, Bao-An Li, Hou-Yuan Chen, Nai-Bo Zhang, arXiv:1901.03779 

Heavy element production in supernovae and neutron-star-nergers:  Roles of neutrino interactions and 

nuclear fission modes 

T Kajino1, 2 and 3 

1National Astronomical Observatory, Japan, 2University of Tokyo, Japan, 3Beihang University, China 

We first would like to discuss the core-collapse supernova nucleosynthsis (both MHD Jet and Neutrino-Driven 

Wind SNe) where neutrino-nucleus interactions play the important roles in making the suitable conditions for 

the production of the r-, p- (i.e. gamma-) and neutrino-process elements [1,2].  We calculate the neutrino-

nucleus cross sections in shell model for the light nuclei by using new generations of Hamiltonian to describe 

well the nuclear properties of exotic radioactive nuclei and QRPA for the intermediate-to-heavy nuclei.  We 

then apply these cross sections to carry out the nucleosynthesis calculations of these heavy elements.  

Neutrino flavor oscillations [3] is found to take the keys to understand these nucleosynthetic processes 
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because the neutron-to-proton ratio is subject to collective oscillations induced by coherent neutrino-

scattering [4] from the proto-neutron stars and also the MSW effects in the outer layers to satisfy the 

resonant conditions. 

We also discuss the Galactic chemical evolution and the roles of fission modes in r-process nucleosynthesis 

[5].  The Galactic chemical evolution of heavy elements needs both contributions from SN and neutron star 

merger (NSM) nucleosyntheses [6,7].  GW170817/SSS17a (i.e. NSM) was an event of the century that 

opened a new window to multi-messenger astronomy and nuclear astrophysics. Optical and near-infrared 

emissions among them suggest that their total energy release is consistent with radiative decays of 

theoretical prediction of r-process nuclei although no specific r-process element was identified.  We find that 

the fission recycling operates in NSM r-process, which affects strongly the abundance pattern of the heavy 

elements [8].  We will discuss the different mass models and associated fission fragment distributions to 

identify the contributions from SN and NSM r-process to the Galactic chemical evolution. 

[1]  T. Hayakawa et al. with T. Kajino, PRL 121 (2018), Issue 10, id.102701 

[2]  T. Kajino, G. J. Mathews & T. Hayakawa, J. Phys. G41 (2014), 044007 

[3]  H. Sasaki, T. Kajino, T. Takiwaki et al., PR D96 (2017), 043013 

[4]  S. Birol et al. with T. Kajino, PR D98 (2018), 083002 

[5]  T. Kajino & G. J. Mathews, Rep. Prog. Phys. 80 (2017), 084901 

[6]  Y. Hirai et al. with T. Kajino, ApJ 814 (2015), 41; MNRAS 466 (2017), 2472-2487 

[7]  T. Kajino et al., Prog. Part. Nucl. Phys. (2019), in press 

[8]  S. Shibagaki, T. Kajino, G. J. Mathews et al., ApJ 816 (2016), 79 

The pasta structure of neutron star matter 

J Lopez1, C Dorso2 and G Frank3  

1University of Texas at El Paso, USA, 2Universidad de Buenos Aires, Argentina, 3Universidad Tecnológica 

Nacional, Argentina 

We investigate the structure attained by neutron star matter composed with protons, neutron and electrons, 

with proton percentages ranging from 10% 50% (symmetric case), densities in the range of 0.02 fm-3 < ρ < 

0.085 fm-3, and temperatures 0 MeV < T < 4 MeV. In particular we study the pasta shapes and the 

topological phase changes previously observed in nuclear matter, as well as the behavior of the nuclear 

symmetry energy in these infinite cases. We corroborate the existence of homogeneous to non-

homogeneous phase transitions, and the different values of the symmetry energy at different densities and 

temperatures. 
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Magnetized rotational neutron stars and the MR relations 

C Watanabe, K Yanase and N Yoshinaga 

Saitama University, Japan 

Neutron stars are highly magnetized rotating compact stars. 

In 2010, a neutron star named PSR J1614-2230 has a mass of twice the solar mass (1.97±0.04M☉) [1]. In 

2013, a neutron star named PSR J0348+0432 with a mass of 2.01±0.04M☉ was observed [2]. Such 

massive neutron stars give strong constraints on the equation of state (EoS) of neutron star matter.  

In this study, we calculate radius of a neutron star using a perturbative prescription for various EoSs and 

relations of its total mass increased by magnetic fields� {lso  we calculate the radius of the neutron star as a 

function of its total mass increased by rotation. As for the EoS, we use RMF theory. 

Moreover, we calculate mass-radius (��) relation with both rotation and magnetic fields using � hadronic 

�o�s� �e have the results of �� relation with both rotation and magnetic fields have the total mass of over 

twice the solar mass for all 5 hadronic EoSs. 

[1]  P.B. Demorest et al., Nature 467, 1081 (2010) 

[2]  Johe Antoniadis et al., Science, Vol. 340, Issue 6131, 1233232 (2013) 

Nuclear physics as a tool to understand magnetars and gravitational waves 

D Menezes 

Universidade Federal de Santa Catarina, Brazil 

A neutron star was first detected as a pulsar in 1967. It is one of the most mysterious objects in the 

universe, with a radius of the order of 10 km and masses that can reach two solar masses. In 2017, a 

gravitational wave was detected (GW170817) and its source was identified as the merger of two neutron 

stars. The same event was seen in X-ray, gamma-ray, UV, IR, radio frequency and even in the optical region 

of the electromagnetic spectrum, starting the new era of multimessenger mastronomy [1]. To understand 

neutron stars, an appropriate equation of state that satisfies bulk nuclear matter properties has to be used 

[2] and GW170817 has provided some extra constraints to determine it [3]. 

On the other hand, some neutron stars have strong magnetic fields up to 10 to the 15 Gauss on the surface 

as compared with the usual 10 to the 12 Gauss normally present in ordinary pulsars. They are called 

magnetars. While the description of ordinary pulsars is not completely established, describing magnetars 

poses a real challenge because the magnetic fields can produce an anisotropic equation of state [4]. It is 

also known that low magnetic fields do not affect the equation of state and the resulting star macroscopic 

properties but they do affect the crust-core transition and the crust thickness [6] with many consequences, 

as the explanation of glitches and the calculation of the Love number and quadrupole tidal polarisabilities. 

I will talk about the importance of the new constraints imposed by GW170817 in the determination of 

appropriate equations of state, possible ways to describe hadronic and quark matter subject to strong 

magnetic fields and the problems that lie ahead in the understanding of magnetars. 

[1]  P. S. Cowperthwaite et al. (Ligo Scientific Collaboration and Virgo Collaboration), 

Astrophys. Jour. Lett. 848: L12 (2017) 

[2]  M.Dutra, O.Lourenço, S.S.Avancini, B.V.Carlson, A. Delfino, D. P. Menezes, C. 

Providência, S. Typel, and J. R. Stone, Phys. Rev. C 90, 055203 (2014) 

[3]  Tuhin Malik, N. Alam, M. Fortin, C. Providência, B.K. Agraval, T.K. Jha, Bharat 

Kumar and S.K. Patra, Phys. Rev. C 98, 035804 (2018) 
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Nuclear Reactions A 

(Invited) Recent results on heavy-ion induced reactions of interest for neutrinoless double beta decay at 

INFN-LNS  

F Cappuzzello  

University of Catania, Italy  

In order to get quantitative information on neutrino absolute mass scale from the possible measurement of 

the 0νββ decay half-lives, the knowledge of the Nuclear Matrix Elements (NME) involved in such transitions 

is mandatory. The use heavy-ion induced double charge exchange (DCE) reactions as tools towards the 

determination of information on the NME is one of the goals of the NUMEN [1] project in Italy. The basic 

point is that there are a number of similarities between the two processes, mainly that the initial and final 

state wave functions are the same and the transition operators are similar, including in both cases a 

superposition of Fermi, Gamow-Teller and rank-two tensor components [2].  

The availability of the MAGNEX magnetic spectrometer [3] for high resolution measurements of the very 

suppressed DCE reaction channels is essential to obtain high resolution energy spectra and accurate cross 

sections at very forward angles including zero degree. The measurement of the competing multi-nucleon 

transfer processes allows to study their contribution and constrain the theoretical calculations.  

An experimental campaign is ongoing at INFN-Laboratori Nazionali del Sud (Italy) to explore medium-heavy 

ion induced reactions on target of interest for 0νββ decay.  

Recent preliminary results from the (20Ne,20O) DCE reaction and competing channels, measured for the first 

time using a 20Ne cyclotron beam at 15 AMeV, on 116Cd, 130Te and 76Ge targets will be presented at the 

Conference.  

[1]  F.Cappuzzello et al., Eur. Phys. J. A 54:72 (2018)  

[2]  F.Cappuzzello et al., Eur. Phys. J. A 51:145 (2015)  
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Study of the scattering of 15C at energies around the Coulomb barrier 

I Martel1, 2, J Ovejas3, A Knyazev4, O Tengblad3, M Borge3, J Cederkall4, N Keeley5, K Rusek6, L Acosta7, A 

Arokiaraj8, M Babo8, L Barrón-Palos7, T Cap5, E Chávez-Lomelí7, N Ceylan2, G De Angelis9, A Di Pietro10, J 

Fernández10, P Figuera10, L Fraile11, H Fynbo12, D Galaviz13, C García-Ramos2, A Huerta-Hernandez7, J 

Jensen12, B Jonson14, R Kotak15, T Kurtukian16, M Madurga17, G Marquínez-Durán2, M Munch12, A Orduz2, R 

Honório7, A Pakou18, T Pérez2, L Peralta13, A Perea3, R Raabe8, M Renaud8, K Riisaker12, N Soic19, A Sánchez-

Benítez2, J Sánchez-Segovia2, O Sgouros18, V Soukeras18, P Teubig13, S Viñals3, M Wolinska-Cichocka6, R 

Wolski20 and J Yang8 

1University of Liverpool, UK, 2University of Huelva, Spain, 3Instituto de Estructura de la Materia, Spain, 4Lund 

University, Sweden, 5National Centre for Nuclear Research, Poland, 6Heavy Ion Laboratory, Poland, 7Instituto 

de Física-UNAM, Mexico, 8KU Leuven, Belgium, 9INFN Laboratori Nazionali di Legnaro, Italy, 10INFN 

Laboratori Nazionali del Sud, Italy, 11Universidad Complutense de Madrid, Spain, 12Aarhus University, 

Denmark, 13University of Lisbon, Portugal, 14Chalmers University of Technology, Sweden, 15�ueen’s �niversity 
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Belfast, UK, 16Centre Etudes Nucléaires de Bordeaux Gradignan, France, 17Texas A&M University, USA, 
18Department of Physics and HINP, Greece, 19Rudjer Boskovic Institute, Croatia, 20Henryk Niewodniczanski 

Institute of Nuclear Physics PAS, Poland 

Nuclear systems such as 6He, 11Li or 11Be are known to have an extended neutron distribution, the so-called 

neutron halo [1]. The halo can be formed in nuclei close to the neutron drip line, where the separation 

energy of valence neutrons is small and the nuclear barrier becomes thin enough for the neutrons to tunnel 

out with larger probability. This effect enhances the diffuseness of the nuclear surface, leading to an 

extended density distribution  known as the nuclear “halo”� 

The halo structure has been observed in high-energy scattering measurements (≳ 100 MeV/u) from the 

narrow momentum distribution of breakup fragments and the large value of the interaction cross sections 

[2]. At low collision energies (~ 5 MeV/u), the effect of the halo structure was for first time demonstrated by 

the strong absorption pattern found in the elastic cross sections, where the nuclear rainbow completely 

disappears. In the case of 6He and 11Li scattering this suppression can be attributed to the large neutron 

transfer and breakup probabilities [3]. 

In this work we present the first results on the low-energy scattering of the halo nucleus 15C with a 208Pb 

target at collision energies just around the Coulomb barrier. The isotope 15C is weakly bound for one-neutron 

removal by only 1218 keV, being the only known case of a pure 2s1/2 neutron-halo configuration [4]. The 

experiment (INTC-P-468) was carried out at the XT03 beam line of the HIE-ISOLDE facility at CERN 

(Switzerland), using the GLORIA [5] detector array and the SEC scattering chamber. Two high-purity 208Pb 

targets (>98%) of 1.5 mg/cm2 and 2.1 mg/cm2 were used for the measurements. The 15C beam was 

produced using a CaO2 primary target on a hot-cathode plasma source. Details of experiment and 

preliminary results on the angular distribution of the elastic cross sections will be presented and discussed in 

the framework of coupled reaction channels calculations [6]. 
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Mechanisms for suppression of complete fusion in reactions of 7Li 

K Cook, E Simpson, L Bezzina, M Dasgupta, D Hinde, K Banerjee, A Berriman and C Sengupta 

Australian National University, Australia 

A critical problem affecting the studies and uses of light weakly-bound nuclei is the observed suppression of 

above-barrier complete fusion (e.g. [1]) by ~30% relative to both calculations and to measurements for 

comparable well bound systems. Due to the correlation between breakup threshold and degree of 

suppression [2], the mechanism for the suppression of complete fusion has been thought to be due to 

projectile breakup prior to reaching the fusion barrier. However, recent work [3 – 6] has shown that the yields 

and characteristic timescales of breakup cannot explain the degree of fusion suppression. Therefore, an 

additional, more important mechanism must be involved. 

To investigate this mechanism, we performed comprehensive measurements of the energy and angles of 

singles and coincidence protons, deuterons, tritons and α-particles produced in above-barrier reactions of 
7Li + 209Bi. Additionally, we measured decay-α from short-lived incomplete fusion products in coincidence 

with the remaining projectile-like fragments. By subtracting the double-differential cross-sections for α-
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particles produced in no-capture breakup from those of the inclusive prompt α-particles, we extract the 

double-differential cross-sections for α-particles unaccompanied by any other charged fragment. These 

“unaccompanied” α-particles are therefore produced in the same reactions forming the polonium 

incomplete fusion product (whose presence is associated with complete fusion suppression). 

We demonstrate that characteristics of these unaccompanied α-particles are inconsistent with the 

conventional picture of breakup of 7Li followed by capture of a Z=1 fragment. We show that the measured 

distributions are in fact consistent with direct triton cluster transfer. Furthermore, coincidence measurements 

between projectile-like fragments and decay αparticles from the short-lived ground-state decay of 212Po 

allows the first direct determination of their production mechanism, namely, triton transfer. Our results [7] 

indicate that the suppression of complete fusion is primarily a consequence of innate clustering of weakly-

bound nuclei, rather than of breakup [8]. 2Present address: Department of Physics, Tokyo Institute of 

Technology, 2-12-1 O-Okayama, Meguro, Tokyo 152-8551, Japan. 
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Projectile fragmentation reactions of radioactive beams 

A Heinz2, L Nielsen1  

1Gothenburg University, Sweden, 2Chalmers University of Technology, Sweden 

In-flight projectile fragmentation is a key reaction mechanism for the production of radioactive beams. 

Hence, in order to plan experiments, expected rates for those radioactive beams are of great interest to 

potential users of large-scale facilities like HRIBF, FRIB and FAIR. While there are a number of models 

available to predict production cross sections for different projectile-target combinations, those models were 

overwhelmingly tested with data of stable beams on stable target nuclei. A key prediction of the models is 

the excitation energy of the pre-fragments, which subsequently undergo statistical decay. 

R. Thies et al. [1] published a set of fragmentation cross sections from a number of light, mostly neutron-

rich, beams, measured at the LAND/R3B setup, and interpreted the data in terms of the abrasion-ablation 

model [2]. A key result was that it became necessary to reduce the excitation energy per nucleon of the pre-

fragments compared to the fragmentation of heavier beams. Another way of looking into this question is the 

odd-even staggering of the fragmentation cross sections, which is related to the excitation energy available 

in the last de-excitation step [3]. This is reflected in the correlations between the observed even-odd 

staggering in comparison to the Particle Emission Threshold Energy (PETE), i.e. the energy needed to remove 

the most loosely bound nucleon [4], see Fig. 1. 

The data set under discussion provides information from unstable projectiles for a significant range of 

isospin. The corresponding local even-odd effect was extracted from short isotopic chains, which are typical 

for the fragmentation of light nuclei. Those data are described in terms of an empirical model, which differs 

from the parametrization suggested by Mei et al. [5]. 
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Fig 1: Normalized yields of B isotopes produced from fragmentation of a 15C beam [1] in comparison the 

PETE values and a calculation of the ABRABLA07, which is an abrasion-ablation model code [2]. Odd-even 

staggering of the yields is clearly visible. 
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�uclear “diffuseness” probed by proton-nucleus diffraction  

W Horiuchi1, S Hatakeyama1 and A Kohama2  

1Hokkaido University, Japan, 2RIKEN, Japan  

The nuclear surface provides useful information on nuclear radius, nuclear structure, as well as properties of 

nuclear matter. In this contribution, we present our recent works for an approach how to access the nuclear 

structure of short-lived unstable nuclei using proton-nucleus scattering. Recent systematic studies show that 

a proton probe is advantageous to study the neutron and proton radii because it has more sensitivity to the 

neutrons at low-incident energy [1]. To know more than the nuclear radii, we study the proton-nucleus 

elastic scattering focusing on the reactions of small scattering angles up to a few diffraction peaks. We show 

the nuclear surface “diffuseness” can be extracted as robust structure information using high-energy proton-

nucleus elastic scattering [2].  

We discuss the relationship between the nuclear surface diffuseness and elastic scattering differential cross 

section at the first diffraction peak of high-energy nucleon-nucleus scattering as an efficient tool in order to 

extract the nuclear surface information from limited experimental data involving short-lived unstable nuclei. 

The high-energy reaction is described by a reliable semi-classical reaction theory, the Glauber model. 

Extending the idea of the black sphere model [3], we find one-to-one correspondence between the nuclear 

surface diffuseness and proton-nucleus elastic scattering diffraction peak. This implies that we can extract 

both the nuclear radius and diffuseness simultaneously, using the position of the first diffraction peak and its 

magnitude of the elastic scattering differential cross section. We confirm the reliability of this approach by 

using realistic density distributions obtained by a microscopic mean-field model, the Skyrme-Hartree-Fock 

(HF) + BCS theory [4].  

Figure 1 displays the nuclear diffuseness extracted from the proton-nucleus diffraction with the HF+BCS 

densities. The two-parameter Fermi distribution with the radius and diffuseness parameters, R, a is assumed 

for the extraction. We clearly see the isotope dependence of the nuclear surface density indicating shell 

evolution, weak binding, nuclear deformation which crucially change the density profile at around the 

nuclear surface [5]. We find that the extracted diffuseness values, a, are robust structure information 
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independently from the choice of the incident energy. We also discuss the possibility of separating neutron 

and proton surfaces using the incident energy dependence of the nucleon-nucleon total cross sections. 

 

�ig �� �uclear “diffuseness” extracted from the proton-nucleus diffraction using the HF+BCS densities.  
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Solving the apparent inconsistency between the GSI and RIKEN estimates of the E1 strength in 11Be 

L Moschini1 and P Capel1, 2 

1Université libre de Bruxelles (ULB), Brussels, Belgium, 2Johannes Gutenberg-Universität Mainz, Mainz, 

Germany 

The breakup of 11Be, the archetypal one-neutron halo nucleus, is a particularly interesting case because it is 

one of the only way to infer information about its structure. In that reaction, the halo neutron dissociates 

from the core during the collision with a target. When performed on a heavy target, like lead, the reaction is 

dominated by the E1 transition from the bound state to the continuum, which is characterized by the 

dB(E1)/dE. This strength has been inferred from two experiments, one performed at 520AMeV at GSI [1] 

and the other at about 70AMeV at RIKEN [2]. Strangely the analyses of both experiments provide different 

E1 strengths. In this work, we reanalyze them using the eikonal approximation to elucidate this discrepancy. 

To analyze the RIKEN data we adopt the dynamical eikonal approximation (DEA), which works well at 

intermediate energies; while for GSI experiment we have developed a model for the high-energy breakup 

properly taking into account relativistic effects, considering relativistic kinematics and dynamical aspects 

[3,4]. Our eikonal model includes a consistent treatment of both nuclear and Coulomb interactions at all 

orders. The description of the 11Be structure is provided by Halo-EFT [5,6] fitting structure observables, like 

ANC and phaseshifts in the continuum, obtained by ab initio calculations [7]. Our cross sections for the 11Be 

breakup are in excellent agreement with both RIKEN and GSI data [6,8]. The dB(E1)/dE extracted from our 
11Be model is in agreement with the RIKEN result, as well as the ab initio prediction [7]. We can conclude 

that the discrepancy between GSI and RIKEN dB(E1)/dE arises from the method applied to extract this 

quantity. From our detailed analysis of the reaction, it seems that the most efficient way to extract the 

dB(E1)/dE is to select the data at small angles, so as to avoid interference effects between the Coulomb 

and nuclear interactions. 
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Nuclear Structure A 

Superallowed  decay to doubly magic 100Sn 

D Seweryniak 

Argonne National Laboratory, USA 

The decay chain 108Xe-104Te to doubly magic 100Sn was observed, using the recoil-decay correlation 

technique with the Argonne Fragment Mass Analyzer at ATLAS [1]. This is an important step towards 

developing a microscopic model of  decay since it is only the second case of  decay to a doubly magic 

nucleus, besides the benchmark 212Po  decay to 208Pb. The decay properties of 108Xe and 104Te indicate that 

the reduced -decay width in at least one of these nuclei is a factor of 5 larger than in 212Po, which indicates 

their superallowed character. During the talk, the properties of the 104Te and 108Xe  emitters will be 

compared with those of known  emitters and to results of theoretical calculations. Specifically, the 

importance of the proton-neutron interaction, which is particularly strong near the N=Z line, in the -particle 

formation will be discussed. 

[1]  K. Auranen, D. Seweryniak et al., Phys. Rev. Lett. 121, 182501 (2018) 

Detailed level structure of the doubly magic 54Ca from knockout reactions 

F Browne1, S Chen1, 2, 3, P Doornenbal1, A Obetelli1, 4, 5 

1RIKEN, Japan, 2Peking University, China, 3University of Hong Kong, Hong Kong, 4IRFU, CEA, Université Paris-

Saclay, France, 5Technische Universität Darmstadt, Germany 

Reproducing theoretically the nuclear shell closures represents a key metric of our understanding of nuclear 

structure. At the time of their inception, only nuclei close to the beta-stability line were accessible for study 

and their behaviour adhered to that of magic numbers existing at nucleon numbers 2, 8, 20, 28, 50, 82 and 

126. However, with the advent of radioactive isotope beam facilities, it was found that whilst some of these 

numbers lost their magicity, i.e, the shell gaps became diminished, new ones emerged. A prominent case of 

the latter is N=34 in the 54Ca isotope, the spectroscopy of which revealed the nucleus as being of doubly-

magic character [1], confirming a prediction made some ten years prior [2]. More recently, this notion has 

been reinforced by mass measurements, showing a marked decrease in S2n values between 54Ca and 56Ca 

[3]. It is desirable to get a more detailed understanding of this prominent nucleus in order to understand the 

underlying nuclear forces that drive shell evolution across the nuclear chart.  

An experiment, conducted as part of the third SEASTAR campaign, allowed for the discovery of presumably 

all bound energy levels of 54Ca, as well as measurement of direct single-nucleon-removal cross sections. 

Unlike the previous spectroscopy which relied solely on 1- and 2-proton removal channels, the current 

experiment was able to employ a wide variety of reactions, both direct and in-direct, to populate 54Ca. The 
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direct reactions enabled the study of states of particle-hole excitations, yielding a candidate for the 3+ state. 

Since the wave function of the 2+ state of 54Ca is expected to be primarily composed of an anti-aligned 

ν(f5/2
1p1/2

-1) configuration, its aligned counterpart should give rise to a 3+ state. A 4+ state would be created 

by the aligned, ν(f5/2
1p3/2

-1) particle-hole pair, but was found to be unbound. Firm placement of these states 

provide a further test of the theories that anticipated the double magicity of 54Ca.  

The presentation shall detail the experimental set-up, the deduced energy level scheme and reaction cross 

sections. Level schemes from different reaction channels shall be compared and contrasted to the 

expectations of shell model calculations employing cutting edge interactions. Single-nucleon removal cross 

sections shall be confronted with state-of-the-art DWIA calculations. 
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Structure of 208Po populated through ε/β+ decay 

M Brunet, Zs Podolyak, T Berry 

University of Surrey, UK 

Nuclear structure is currently dominated by two different models: the shell model; and the collective model, 

which are both used to describe predominantly separate regions of the nuclide chart. Consequently, 

determining the structure of nuclei which lie between these regions is crucial for understanding the limits of 

our current models, as well as how shell and collective structures coexist within a given nucleus. 208Po, being 

a proton-pair and a neutron-hole-pair away from the doubly-magic 208Pb nucleus, falls within this region of 

interest and thus exhibits both shell and collective properties making it an ideal candidate for this area of 

research. 

A β-γ decay spectroscopy experiment at }���’s ����~� ~ecay �tation (�~�) yielded a high quantity of 

208At, which subsequently ε/β+ decays producing 208Po. As 208At ε/β+ decays from a 6+ (Qβ = 4978keV) 

state [1] it is more selective for lower-spin states in 208Po which allows for a large number of these states to 

be observed. HPGe clusters and plastic scintillator detectors in place at the IDS allow for high energy 

resolution as well as beta-coincident spectra to be produced for analysis. 

The current level scheme for 208Po, from the ε/β+ decay of 208At, is predominantly based on a single data set 

[2,3]. The large, HPGe clusters used at the IDS have considerably higher efficiency than the smaller Ge(Li) 

detectors [3] used for the previous experiment. This efficiency disparity, particularly at higher energies, 

makes the IDS data set extremely promising for resolving unplaced transitions and uncertain energy states in 

the current decay scheme. 

208Po features a relatively long-lived (T1/2 = 350ns [4]) isomeric state, consequently promptprompt γ-γ and 

prompt-delayed γ-γ matrices were generated in order to analyse transitions which bypass and decay via the 

isomeric state respectively. Using the IDS data set a large proportion of the unplaced transitions from the 

previous decay scheme, as well as several new levels and transitions have been identified and placed into a 

new expanded level scheme complete with intensity and logft values. The obtained level scheme was 

compared with shell model calculations to determine the extent to which 208Po diverges from a classic shell 

model nucleus. 

During the presentation, a brief outline of the IDS experiment will be presented including details of beam 

production and containments. The spectroscopic analysis techniques described above will be discussed in 

greater detail and the expanded 208Po level scheme will be presented with emphasis on the new transitions 
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and levels observed. Finally, a discussion of the implications of the new decay scheme, including any 

observed collectivity and comparisons to shell model calculations. 
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Exploring shape coexistence between doubly magic 40Ca and 56Ni through pair-conversion 

spectroscopy 

J Dowie1, T Kibédi1, H Hoang2, M Raju2, E Ideguchi2, A Avaa3,4, M Chisapi3,5, P Jones3, A Akber1, B Coombes1, 

T Eriksen1, M Gerathy1, T Gray1, G Lane1, B McCormick1, A Mitchell1, A Stuchbery1 
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4University of the Witwatersrand, South Africa, 5University of Stellenbosch, South Africa 

The phenomenon of shape coexistence, whereby excited states of an atomic nucleus exhibit shapes that 

deviate dramatically from their ground states, appears to be ubiquitous across the nuclear landscape. 

Understanding the behaviour of 0+ states and nuclear deformation is essential to the understanding of the 

emergence of collective structures throughout the nuclear chart [1]. 

Electric Monopole (E0) transitions, the only possible decay paths between 𝐽𝜋= 0+ states, provide a unique 

probe into nuclear structure. The E0 strength is large when there is a large change in the nuclear mean-

square charge radius, and when there is strong mixing between states of different deformation [2]. Therefore, 

E0 transitions give us a probe to examine and understand shape coexistence [3]. The emission of single 

gamma ray for an E0 transition is 

strictly forbidden and E0 transitions can only proceed via the emission of conversion electrons or electron-

positron pairs. 

The region between 40Ca and 56Ni is virtually unexplored from the perspective of E0 transitions. Only the Ca 

isotopes and 54Fe have been investigated [4]. Recent developments in the nuclear shell model [5] allow for 

the calculation of the complete low-energy level structure and transition rates, including E0 transitions. This 

region is then a perfect case to explore nuclear structure and shape coexistence through the lens of E0 

transitions. 

The low-lying (<4 MeV) level structure of 50Cr is not complete: there is a controversy over the position of the 

0+ states in 50Cr [6,7]. In searching for a non-analog branch in the superallowed beta decay of 50Mn, two 0+ 

states in 50Cr at 3895.0(5) and 4733(5) keV were observed by Leach et al. [7]. We sought to confirm these 

0+ states through the observation of their E0 transitions. 

The 0+ states and E0 transitions in 40Ca, 50,52,54Cr, 54,56,58Fe and 58,60,62Ni were investigated with the Super-e 

pair spectrometer at the ANU [8,9,10] using beams from the 14UD tandem accelerator. The Super-e pair 

spectrometer is a superconducting, magnetic-lens spectrometer for the measurement of conversion electrons 

and electron-positron pairs with excellent background suppression� { (p p’) reaction with incident proton 

energy between 5 and 9 MeV was used on each target. 

We will present the first pair spectra for 50,52,54Cr, 54,56,58Fe and the E0 transition strengths for these nuclei. 
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In-beam gamma-ray spectroscopy of 78Ni reveals its doubly magic character  

R Taniuchi1, 2, C Santamaria2,3, P Doornenbal2, A Obertelli2,3, K Yoneda2 

1University of Tokyo, Japan, 2RIKEN, Japan, 3CEA, France  

78Ni, which has 28 protons (Z = 28) and 50 neutrons (N = 50), 14 additional neutrons to the last stable 

nickel isotope 64Ni, is one of the most intriguing isotopes in the chart of nuclei. It is the most neutron-rich, 

exotic “doubly magic” nucleus that can be produced at present state-of-the-art facilities. So far, no 

spectroscopic information for 78Ni has been obtained. In this work, excited states of 78Ni have been 

investigated at the Radioactive Isotope Beam Factory, RIBF, by measuring their de-excitation γ rays after one 

and two-proton knock-out reactions from 79Cu and 80Zn beams. To achieve a high γ-ray yield, the detection 

system comprised of a 10 cm-thick liquid hydrogen target with a recoil proton tracking system, MINOS, and 

a surrounding NaI(Tl) based γ-ray detection array, DALI2. Eventually, 310 and 222 events with at least one 

detected γ-ray with more than 300 keV with the (p,2p) and the (p,3p) reactions, respectively, were obtained. 

As a result, at least two excited 2+ states and other higher lying states were found. This casts a question 

about the nature of the shell closure in 78Ni and reveals the possibility for shape coexistence.  

The experimentally deduced level scheme was interpreted by comparison with several state-of-the-art 

theoretical predictions: Large-scale shell model, beyond mean-field, and ab initio calculations. Though the 

doubly magic nature was confirmed, at the same time, the shell gap is anticipated to vanish beyond 78Ni. In 

addition to the γ-ray analysis, particularly small inclusive cross sections of 79Cu(p,2p)78Ni and 80Zn(p,3p)78Ni 

were observed compared to neighboring nuclei. To investigate this phenomenon, the cross sections to the 

excited states and the ground state deduced experimentally were compared with reaction theory based on a 

DWIA formalism.  

In this presentation, the structural information of 78Ni will be discussed in detail with the obtained level 

scheme and the recent theoretical calculations. 

Nuclear structure from beta-decay lifetimes: N=50 magic number and shell structure around 78Ni 

K Yoshida 

Kyoto University, Japan 

Magic numbers are a key quantity to understand the quantum many-body systems such as atomic nuclei. 

This is because the single-particle motion in a mean-field potential and the associated shell structure are an 

important concept in nuclear structure. The local stability with the specific combinations of neutrons and 

protons is naturally understood with the help of the magic numbers. The canonical values were established 

in the systematic study of nuclei along the beta stability line. In the recent studies of neutron-rich nuclei, 

however, some of the magic numbers disappeared and the new ones showed up instead. Exploring the 

evolution of the shell structures and elucidating the underlying mechanism as functions of the neutron and 

proton numbers have been a fundamental research topic in the field of nuclear physics. 

The neutron magic number N = 50 around the very neutron-rich nucleus 78Ni (N/Z ∼ 1.8) has attracted a 
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considerable interest not only in a view of nuclear structure but in a point of the rprocess nucleosynthesis: 

78Ni can be a doubly-magic nucleus and an important waiting point serving as a bottleneck in the synthesis 

of heavy elements. Therefore, there have been a numerous number of experimental and theoretical 

investigations so far. 

Recently, the sudden shortening of the half-lives of Ni isotopes beyond N = 50 was observed at RIKEN RIBF 

[1]. This is considered due to the persistence of the neutron magic number N = 50 in the very neutron-rich Ni 

isotopes. By systematically studying the beta-decay rates and strength distributions in the neutron-rich Ni 

isotopes around N = 50, I try to understand the microscopic mechanism of the observed sudden shortening 

of the half-lives. 

The beta-strength distributions in the neutron-rich nuclei are described in the framework of nuclear density-

functional theory. I employ the Skyrme energy-density functionals (EDF) in the Hartree-Fock-Bogoliubov 

calculation for the ground states and in the proton-neutron Quasiparticle Random-Phase Approximation 

(pnQRPA) for the transitions [2]. Not only the allowed but the first-forbidden (FF) transitions are considered. 

The experimentally observed sudden shortening of the half-lives beyond N = 50 is reproduced well by the 

calculations employing the Skyrme SkM* and SLy4 functionals in contrast to the monotonic shortening in 

the preceding calculation using the �k�’ functional in �ef� [�]� � found that the sudden shortening of the 

halflives beyond N = 50 is due to the shell gap at N = 50 and cooperatively with the high-energy transitions 

to the low-lying 0- and 1- states in the daughter nuclei. This study suggests that needed is a microscopic 

calculation where the shell structure in neutron-rich nuclei and its associated effects on the FF forbidden 

transitions are selfconsistenly considered for predicting beta-decay rates in unknown region. 

 
Fig 1: Computed beta-decay half-lives and the measured ones. 
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Nuclear Structure B 

(Invited) Recent highlights in nuclear structure from ISAC-TRIUMF 

A Kwiatkowski1, 2  

1TRIUMF, Canada, 2University of Victoria, Canada 

}anada’s institute for radioactive ion beams  the �sotope �eparator and {}celerator (��{}) facility at 

TRIUMF, provides the highest power ISOL beams to about a dozen permanent facilities. The research 

program spans material science, nuclear astrophysics, tests of fundamental interactions, and nuclear 

structure. At the IRIS facility, low-energy elastic proton scattering from 10C [1] was analyzed using an ab 

initio model, from which the observable was found to be a sensitive probe of three-body models. The E2 

strength in 22Mg was determined through Coulomb excitation [2] and, when compared to different models, 

found to be sensitive to the many-body approximation. An overview of ISAC and recent highlights will be 

presented as well as the outlook with the Advanced Rare IsotopE Laboratory (ARIEL), which will triple 

production of radioactive ion beams. 

[1]  A. Kumar, et al., Phys. Rev. Lett. 118, 262502 (2017) 

[2]  J. Henderson, et al., Phys. Lett. B 782, 468 (2018)  

 

Structure of 30Mg studied by in-beam gamma-ray spectroscopy via neutron knockout reactions  

N Kitamura, K Wimmer  

University of Tokyo, Japan  

Since the discovery of unexpectedly high binding energies of 31,32�a  the “island of inversion”  where ground 

states of neutron-rich sd-shell nuclei are dominated by intruder configurations, has attracted much attention. 

The present study focuses on the level structure of 30Mg located near the border of the island of inversion. It 

has been conjectured that, from a simple perspective, the ground state of 30Mg is characterized by a 

spherical, normal configuration, while the first excited 0+ state is a manifestation of a deformed, shape-

coexisting configuration dominated by fp intruder orbitals [1]. The level structure of 30Mg was first studied by 

the beta decay of 30Na [2,3]. These studies were followed by gamma-ray spectroscopy using the 
14C(18O,2p)30Mg fusion-evaporation reaction [4]. More recently, results of the one-neutron knockout reaction 

from 31Mg with gamma-ray detection was reported from GANIL [5]. However, the spin and parity of the levels, 

including intruder-dominated and negative-parity states, are not well established yet.  

To establish firm spin and parity assignments for excited states in 30Mg, spectroscopic studies employing 

neutron knockout reactions have been performed at the National Superconducting Cyclotron Laboratory, 

Michigan State University. A 48Ca primary beam from the coupled cyclotrons was fragmented on a primary 

target. The A1900 separator filtered the fragmentation products to produce beams of 31Mg and 32Mg at 90 

MeV/nucleon. Utilizing the S800 spectrometer and the gamma-ray tracking array GRETINA, gamma rays 

emitted from the excited states of 30Mg were identified. Owing to the intense secondary beams, it was 

possible to gain more than one order of magnitude higher gamma-ray yields compared to the measurement 

at GANIL. This was in particular beneficial for the gamma-gamma coincidence analysis which allowed for the 

extraction of an updated level scheme. In addition, for the one-neutron knockout populating 30Mg, the 

longitudinal momentum distribution of the reaction residue provided indications for the angular momentum 

of the removed nucleon and thus the parity of states. The structure of 30Mg will be discussed by comparing 
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the experimental level structure with shell-model calculations. Attempts to determine the spin and parity 

from gamma-ray angular distributions and polarizations as well as gamma-gamma correlations will also be 

presented. 

[1] W. Schwerdtfeger et al., Phys. Rev. Lett. 103, 012501 (2009) 

[2] D. Guillemaud-Mueller et al., Nucl. Phys. A 426, 37 (1984) 

[3] P. Baumann et al., Phys. Rev. C 39, 626 (1989) 

[4] A. N. Deacon et al., Phys. Rev. C 82, 034305 (2010) 

[5] B. Fernández-Domínguez et al., Phys. Lett. B 779, 124 (2018) 

Toward the limits of the N=40 island of inversion: The titanium isotopes 

F Recchia1, K Wimmer2, S Lenzi1, S Riccetto3  

1,2The University of Tokyo, Japan, 3University and INFN Perugia, Italy 

The description of shell structure has evolved in recent years extending toward the driplines. The role of shell 

closures has been challenged and modifications of shell structure have been observed in short-lived nuclei 

with extreme proton-to-neutron ratio. 

The harmonic oscillator shell gap at N=40 is reduced as protons are removed from Ni to Fe and Cr isotopes. 

Both 66Fe and 64Cr show a decreased energy of the yrast 2+ state and increased transition probability B(E2; 

2+  0+). The collective behavior is caused by quadrupole correlations which favor energetically the deformed 

intruder states involving the neutron g9/2 and d5/2 orbitals and proton excitations across the Z=28 sub-shell 

gap. Moreover, the proton-neutron tensor force, and in particular the strongly attractive monopole part, is 

expected to modify the shell structure in this region. These potential changes in the intrinsic shell structure 

are of fundamental interest for testing the validity of modern residual interactions and their predict power 

further from stability. The subtle interplay between such shell-evolution mechanisms provokes the 

modification of the magic numbers and gives rise to new regions of deformation and shape coexistence 

phenomena. Previous studies indicate 64Cr as the center of a new region of prolate deformation. As in the 

case of 32Mg along N = 20, shape coexistence should be expected in this region.  

We will present some unpublished results from an experiment performed at the RIKEN Nishina Center for 

Accelerator-Based Science. A high intensity 238U beam impinging on a Be target was used to produce the 

nuclides of interest in in-flight fission. In the experiment the EURICA gamma-ray array surrounded the 

implantation detector AIDA into which the fragments of interest were implanted. The fragments were 

identified using the BigRIPS separator employing the DE-ToF-Brho method. New gamma transitions de-

exciting isomeric states, as well as states populated in the beta decay have been identified. In particular new 

isomers in neutron-rich Ti isotopes are identified. The proposed spin and parity assignments will be 

motivated and the implication for the structure of the isotopes will be discussed in comparison to state-of-

the-art shell-model calculations. 

 

 

 

 

 

 

380



  
 
Single-particle structure approaching the �=�� “�sland of inversion” – a measurement of the 28Mg (d,p)29Mg 

reaction 

D Sharp1, P MacGregor1, S Freeman1, C Hoffman2, B Kay2, L Gaffney3, P Butler4, R Page4, E Baader3, M  

Borge5, W Catford6, B Cropper1, G de Angelis7, J Konki3, T Kröll8, M Labiche9, I Lazarus9, I Martel4,10, D 

McNeel11, P Morrall9, O Poleshchuck12, R Raabe12, F Recchia13,14, T Tang2, J Yang12 

1University of Manchester, U.K, 2Argonne National Laboratory, U.S.A, 3CERN, Switzerland, 4University of 

Liverpool, U.K, 5Insituto de Estructura de la Materia, Spain, 6University of Surrey, U.K, 7Legnaro, Italy, 
8Technische Universitat Darmstadt, Germany, 9Daresbury, U.K,10Universidad de Huelva, Spain, 11University of 

Connecticut, USA, 12KU Leuven, Belgium, 13Universit degli Studi di Padova, Italy, 14INFN Padova, Italy 

An “island of inversion” is centered on 32Mg and describes a region where intruder configurations exist in the 

wave functions of ground states and low-lying excitations. This occurs in part due to a weakening of the 

N=20 shell closure, which has been observed to disappear completely in more neutron-rich systems with a 

new shell closure arising at N=16 in 24O. In order to probe the evolution of single-particle structure 

approaching this region the 28Mg(d,p)29Mg reaction has been performed using a 9.5 MeV/u radioactive ion 

beam of 28Mg from HIE-ISOLDE at an intensity of 10^6 pps. This is the first physics measurement using the 

ISOLDE Solenoidal Spectrometer (ISS), used to analyse the outgoing protons from the reaction. Bound and 

unbound states have been identified up to an excitation energy of 6 MeV in the residual N=17 nucleus. This 

range of energy encompasses the majority of single-particle strength for the intruder f7/2 and p-orbitals. 

These data will inform modern shell-model calculations used to describe the cross-shell nature of these 

states and their evolution in this changing region of the nuclear chart, both towards the centre of the island 

of inversion and along N=16 towards 24O. 

This material is based upon work supported by the UK Science and Technology Facilities Council, and the 

European Union's Horizon 2020 Framework research and innovation program under grant agreement no. 

������ (���{��) and the �arie �kłodowska-Curie grant agreement No. 665779 and the U.S. Department 

of Energy, Office of Science, Office of Nuclear Physics, under Contract Number DE-AC02-06CH11357 (ANL) 

and the Research Foundation Flanders (FWO, Belgium), and the European Research Council under the 

�uropean �nion’s �eventh �ramework Programme (FP7/2007-2013) / ERC grant agreement number 

617156. 

Nuclear Shell Evolution in the Island of Inversion Studied via the 28Mg(t,30Mg)p reaction  

T Zidar1, D Mu  cher1, T Kro  ll2, C Berner3, V Bildstein1, C Burbage1, L Atar1, L Gaffney4, P Garrett1, B Greaves1, R 

Gernha  user3, C Henrich2, S Ilieva2, A Mentana5, J Refsgaard5, M Seidlitz6, C Svensson1, N Warr6,  

1University of Guelph, Guelph, Canada 2Technische Universita  t Darmstadt, Germany 3Technische Universita  t 

Mu  nchen, 4University of the West of Scotland, UK 5K.U. Leuven, Belgium 6Universita  t zu Ko  ln, Germany  

�n the so called “�sland of �nversion” around 32Mg, the ground states of nuclei exhibit a larger binding energy 

than expected from simple models. Extra binding energy can stem from an onset of deformation. Indeed, the 

systematics of excitation energies and B(E2) values in the Mg isotopes suggest a softening of the N=20 shell 

closure and it was suggested [1,2] that the nuclear tensor force has a major influence. On the other hand, 

shell evolution in the IOI can be understood as an effect of the weakly-bound orbits with small angular 

momentum [3]. Detailed experimental information for nuclei near or in the Island of Inversion is needed in 

order to pin down the underlying nature of nuclear shell evolution towards neutron-rich nuclei.  

New insight comes from a recent publication [4] from the Tokyo shell model group. For the first time, a shell 

model interaction for the entire sdfp shell model space was deduced using the EKK-theory from realistic 

nucleon-nucleon interactions without a fit of two-body matrix elements. The new prediction is a drastic 
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change to the earlier belief: the calculations suggest that only 25% of the groundstate in 30Mg is made from 

0p0h contributions, whereas 50% and 25% are due to 2p2h and 4p4h configurations, respectively. This 

contrasts with all previous investigations, like the E0 measurement in 30Mg, which all conclude that 2p2h 

and 4p4h contributions in the groundstate of 30Mg are as small as 5%.  

We present new data from experiment IS651 at the new HIE-ISOLDE facility, CERN. An intense radioactive 

beam of 28 6pps) was scattered off a radioactive tritium target to populate states in 30Mg after two-

neutron transfer. For the first time, the full HIE-ISOLDE beam energy of 9.5 MeV/u was used for a transfer 

experiment at MINIBALL. The significantly higher beam energy allows a more straightforward interpretation of 

spectroscopic factors compared to previous transfer experiments performed at ISOLDE (e.g. [5]). Gamma 

rays were detected with the high-granularity MINIBALL array, and recoiling protons were detected using the T-

REX array of silicon detectors, now allowing full particle identification at backward angles.  

As the two-neutron transfer into the intruder 2p3/2 orbital is highly favoured, our experiment allows to extract 

the amount of intruder configurations in the groundstate and excited states in 30Mg, experimentally. We 

present an unusual strong population of the first excited 0+ state in 30Mg, twice as strong compared to the 

grounstate population. We discuss the implications for the EKK-theory and for our understanding of nuclear 

shell evolution in this region of the nuclear chart.  

[1] T. Otsuka et al., Phys. Rev. Lett. 95, 232502 (2005) [2] T. Otsuka et al., Phys. Rev. Lett. 104, 

012501 (2010)  

[3] I. Hamamoto, Phys. Rev. C 85, 064329 (2012)  

[4] N. Tsunoda et al., Phys. Rev. C 95, 021304(R) (2017)  

[5] K. Wimmer et al., Phys. Rev. Lett. 105, 252501 (2010) 

In-beam γ-ray spectroscopy of 55K and 55Ca via nucleon knockout reactions 

T Koiwai1, K Wimmer1,2, P Doornenbal2, A Obertelli3,4,1 

1University of Tokyo, Japan, 2RIKEN, Japan, 3Université Paris-Saclay, France, 4Technische Universität 

Darmstadt, Germany 

The nuclear shell model well describes the structure of the stable nuclei and predicts the proton and neutron 

numbers which stabilize the nuclei against excitation, called magic numbers. For unstable nuclei which are 

located in the region far from β-decay stability line, changes of the magic numbers have been observed. A 

prominent example is the emergence of the new neutron magic numbers N=32 and 34 in the neutron-rich 

Ca isotopes, which are inferred from γ-ray spectroscopic studies [1,2] and mass measurements [3,4]. The 

mechanism of the emergence of these new magic numbers can be explained by the attractive tensor force 

between the protons in the π�f7/2 orbital and neutrons in the ν1f5/2 orbital. The trend persists at least until 
54Ca and calculations also indicate the existence of the N=34 shell gap below in 52Ar. However, the 

persistence of the N=34 magic number beyond 54Ca, when neutrons start filling the 1f5/2 orbital is completely 

unknown. Besides the neutron configuration, the proton configuration also plays a role in defining the 

structure of the neutron-rich Ca isotopes. In the K isotopes, an inversion and reinversion of the proton 1d3/2 

and 2s1/2 orbitals has been observed [5]. 

The goal of the present experiment is to study the N=36 nucleus 56Ca through proton and neutron knockout 

reactions and perform first spectroscopy of 55K and 55Ca. The experiment was performed at the RI Beam 

Factory, Japan. The secondary beams, including 56Ca, were produced by fragmentation of an intense 70Zn 

beam and separated and identified by the BigRIPS fragment separator. The knockout reactions were induced 

on a thick liquid hydrogen target MINOS [6] which was surrounded by DALI2+ γ-ray detector array. Reaction 

residues, 55K and 55Ca, were identified by the large-acceptance multi-particle spectrometer SAMURAI. 

In this talk we will present the results for the inclusive/exclusive cross sections and the γ-ray energy spectra. 
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Comparisons to theoretical calculations will also be shown. 
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Nuclear Structure C 

From alpha clustering to homogeneous matter 

A Gezerlis1, M Buraczynski1, J Carlson2, W Dawkins1, N Ismail1 and U van Kolck3 

1University of Guelph, Canada, 2Los Alamos National Laboratory, USA, 3France and University of Arizona, 

USA 

Over the last few decades the study of nuclei and neutron-rich matter from first principles has entered a new 

era. This has partly been driven by the development of novel interactions between two or three nucleons. In 

an attempt to produce a systematic expansion, several groups have produced Effective Field Theory (EFT) 

interactions, whether of finite range (chiral EFT) or zero range (pionless EFT). Pionless EFT has been quite 

successful in studies of cold-atomic Fermi gases. In this talk, I will present recent Quantum Monte Carlo 

calculations of 8-particle systems and discuss their impact on 8Be and the physics of alpha clustering. I will 

also discuss recent work on trying to connect ab initio theory with simpler qualitative pictures. Specifically, I 

will address the first ever systematic non-perturbative calculations of the single-particle excitation spectrum 

in strongly interacting neutron matter. In addition to impacting light and neutron-rich nuclei, this work and 

this talk also touch upon the physics of ultracold gases and of neutron stars.  

Determination of the positive parity band for the 14C + α molecular rotation in 18O  

Y Ye and B Yang 

Peking University, China 

A multi-nucleon transfer reaction 9Be(13C,18O*)α was used to populate cluster resonances at 7 - 19 MeV 

excitation in 18O. These states are reconstructed from the 18O → 14C + α decay channel. Owing to the 

excellent energy resolution of the silicon-strip detectors and the careful treatment in data analysis, a number 

of resonances with good resolution are identified, as partially shown in the below figure. Combination of the 

invariant mass [1] and missing mass [2] techniques, together with the detailed Monte Carlo simulation for 

efficiencies, the cluster-decay branching-ratios are obtained for these states. In addition, the angular 

correlation method was applied to the state at 10.3 MeV to determine its spin. The assignment of 3- at this 

state gives an evidence for the negative-parity molecular rotational band in 18O, which was predicted in a 

number of theoretical works [3]. 

383



  
 

 

Fig 1: Invariant and missing mass spectra for some of the resonant states in 18O measured in the present 

experiment. 

[1]  Z. H. Yang, Y. L. Ye, Z. H. Li, et al., Phys. Rev. Lett. 112, 162501 (2014) 

[2]  J. Feng, Y. Ye, B. Yang, et al., Science China Physics, Mechanics & Astronomy 62, 12011 (2019) 

[3]  M. L. Avila, G. V. Rogachev, V. Z. Goldberg, et al., Phys. Rev. C 90, 024327 (2014) and references 

therein 

Bogoliubov many-body perturbation theory 

P Arthuis1, A Tichai2, T Duguet2 

1University of Surrey, United Kingdom, 2Université Paris, France,  

The last few decades in nuclear structure theory have seen a rapid expansion of ab initio theories, aiming at 

describing the properties of nuclei starting from the inter-nucleonic interaction. Limited for a long time to very 

light nuclei, they are now able to access nuclei with up to A ~ 100 particles. Such an expansion relied both 

on the tremendous growth of computing power and novel formal developments, with methods scaling 

polynomially with the number of particles. 

The recently proposed Bogoliubov Many-Body Perturbation Theory [1] makes use of a particle-number-

breaking reference state to tackle singly open-shell nuclei and capture pairing correlations, while dynamical 

correlations are accounted for perturbatively through quasiparticle excitations truncated in a systematic way. 

While BMBPT is presently used as a stand-alone approach, it eventually provides the first step towards the 

implementation of the particle-number projected BMBPT (PNP-BMBPT) which exactly restores good particle 

number at any truncation order. 

As the number of contributions to be considered grows very rapidly with the perturbative order, the 

development of the present diagrammatic formalism has been associated to the production of an open-

source software [2] generating and evaluating contributions at arbitrary truncation orders, with implications 

possibly extending to quantum chemistry and condensed matter communities. 

Systematic ground-state energies along complete isotopic chains from oxygen up to tin have been computed 

using a standard chiral effective field theory Hamiltonian. Low-order BMBPT calculations performed on the 

basis of a soft interaction were found to agree at the 2% level with state-of-the-art non-perturbative many-

body methods at a small fraction of the computational cost [3]. They establish BMBPT as a method of 

interest for large-scale computations of isotopic or isotonic chains in the mid-mass sector of the nuclear 
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chart, be it for the systematic pre- or post-diction of nuclear properties or the test of newly developed 

Hamiltonians. 

[1] T. Duguet and A. Signoracci, J. Phys. G 44, 015103 (2017) 

[2]  P. Arthuis, T. Duguet, A. Tichai, R.-D. Lasseri and J.-P Ebran, Comput. Phys. Comm., 

in press (2018) 
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195-200 (2018) 

Sensitivity of core+n potential on configuration mixing in ground state of neutron-rich exotic nuclei  

J Singh and W Horiuchi  

Hokkaido University, Japan 

Since the discovery of the neutron halos, the neutron rich side of the nuclear chart has gained extensive 

attention of the nuclear physics community. Particularly 2n- halo and 2n- unbound systems, consisting of a 

core and two valence neutrons, demands a three-body description with proper treatment of continuum, the 

conventional shell-model assumptions being insufficient. The stability of such 3- body (core+n+n) system is 

linked to the continuum spectrum of the two-body (core+n) subsystem. In this context we will present the 

results on the sensitivity of choice of a core+n potential with the configuration mixing in the ground state of 
11Li [1], 22C [2] and 26O [3].  

For this study we have used our recently implemented 3- body (core+n+n) structure model for ground and 

continuum states of the Borromean nuclei [4, 5]. Within this framework, we start from the solution of the 

unbound subsystem (core+n) and the two-particle basis is constructed by explicit coupling of the two single 

particle continuum wave functions. We will present the results on the ground-sate properties of 22C and 26O 

systems and transitions to the continuum that might be of help in disentangling the still poorly known low-

energy resonances and predicting new resonances of these nuclei [6]. We compare our findings with the 

more recent experimental works and the scarce theoretical work that has been done in the recent past on 

these systems. We also intend to present our new results on the configuration mixing in the ground state of 
11Li due to different choices of 9Li+n potential.  

[1] A. Sanetullaev et al., Phys. Lett. B 755, 481-485 (2016) 
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Solving the many-body nuclear problem with neural networks 

J Keeble, A Rios 

University of Surrey, United Kingdom 

Artificial Neural Networks (ANN) have recently been used to solve a variety of quantum many-body problems 

[1,2]. ANN efficiently encapsulate information of the many-body wavefunction and can be used to effectively 

solve variational problems [3]. I will discuss an implementation of these methods to solve a benchmark 

nuclear physics problem – the ground state of the deuteron [4]. I will describe the ANN architecture, training 

and energy minimization algorithm that is used in this first application to theoretical nuclear physics. I will 

then consider the extension to higher mass numbers, and identify challenges in the use of ANN for nuclear 

theory applications. 

[1] G. Carleo and M. Troyer, Science 355, 602 (2017) doi:10.1126/science.aag2302 

[2] H. Saito, J. Phys. Soc. Jap. 87, 074002 (2018), doi:10.7566/JPSJ.87.074002 

[3] V. Dunjko and and H. J. Briegel, Rep. Prog. Phys. 81, 074001 (2018) doi:10.1088/1361-

6633/aab406 

[4] V. G. J. Stoks, P. C. van Campen, W. Spit and J. J. de Swart, Phys. Rev. Lett. 60, 1932 (1988) 

doi:10.1103/PhysRevLett.60.1932 

Momentum distributions and short-range-correlations in few-nucleon systems using realistic interactions 

M Viviani2, L Marcucci1, 2, F Sammarruca3 and R Machleidt3 

1University of Pisa, Italy, 2INFN, Italy, 3University of Idaho, United States of America 

We present a study [1] of single- and two-nucleon momentum distributions and short-range correlations 

probabilities in deuteron, 3He, and triton, performed using a variety of modern potential models, ranging 

from the phenomenological Argonne v18 [2] and the meson-theoretic CD-Bonn [3] two-nucleon potentials, 

augmented or not by three-nucleon interactions, to the most recent high-precision two-nucleon chiral 

potentials [4,5], again augmented or not by the leading three-nucleon force. Within the chiral effective field 

theory approach, by studying both cutoff dependence and chiral order convergence, we will be able to 

estimate the theoretical uncertainty of our predictions. We will consider also the ratios of single-nucleon 

momentum distributions, in order to verify their sensitivity to the underlying nuclear interaction, and 

particularly its short-distance component. 

[1]  L.E. Marcucci, F. Sammarruca, M. Viviani, and R. Machleidt, arXiv: 1809.01849, submitted to Phys. 

Rev. C (2018) 

[2]  R.B. Wiringa, V.G.J. Stoks, and R. Schiavilla, Phys. Rev. C 51, 38 (1995) 

[3]  R. Machleidt, Phys. Rev. C 63, 024001 (2001) 

[4]  D.R. Entem, R. Machleidt, and Y. Nosyk, Phys. Rev. C  96, 024004 (2017) 

[5]  M. Piarulli et al., Phys. Rev. Lett. 116, 010002 (2018) 
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New Facilities and Instrumentation A 

(Invited) Early science results from JLab at 12 GeV and the road to nuclear femtography with EIC 

P Rossi 

Jefferson Lab, United States 

The recent upgrade of the Continuous Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab (JLab) and 

associated experimental equipment in the four experimental halls - Hall A, B, C, D - provides opportunities to 

discover fundamental new aspects of the structure of visible matter and the strong interaction. The upgrade 

brings also new opportunities in searches for new physics. The experimental program is now in full swing. 

More than 70 experiments have been approved by the JLab Program Advisory Committee and more than 10 

have been already completed. 

Further in the future, it is envisioned that the Laboratory will evolve into an electron-ion colliding beam 

facility (EIC). EIC would be the world's first polarized electron-proton collider, and the world's first electron-

ion collider. The high-energy, high-luminosity facility, capable of a versatile range of beam energies, 

polarizations, and ion species will be needed to continue the so-called nuclear femtography program 

initiated by Jlab at 12 GeV to precisely image quarks and gluons and their interactions inside hadrons. EIC 

has been recently endorsed by the U.S. National Academies of Sciences, Engineering, and Medicine (NAS) 

and two proposals are being considered in the U.S.: one each at Jefferson Lab and at Brookhaven National 

Laboratory. 

In this talk early science results from Jlab at 12 GeV will be presented as well as the status of the Electron 

Ion Collider project at Jlab (JLEIC) with a brief overview of the road to nuclear femtography. 

(Invited) Future physics opportunities with the ALICE apparatus 

S Beolé 

University of Turin, Italy 

ALICE is the experiment at the LHC specifically designed and devoted to the study of the properties of the 

quark gluon plasma produced in ultra-relativistic heavy-ion collisions. After the successful operation of the 

experiment during the first two runs of the LHC, the ALICE collaboration is currently working on a major 

upgrade of its detector. A series of upgrades will be performed during the second long shutdown of the LHC 

and will allow to fully exploit the increase in luminosity reaching an interaction rate of 50 kHz in Pb-Pb 

collisions. The goal of this upgrade is the improvement of the precision measurement of heavy flavours, 

quarkonia, direct real and virtual photons, jets and low-mass dileptons, with particular emphasis on their 

production in the low-momentum region.  

In this talk, we will discuss the modifications and replacements needed in the ALICE detector: the new GEM-

based readout chambers of the TPC, the new monolithic pixel silicon trackers (Inner Tracking System and 

Muon Forward Tracker), the new readout and trigger architecture and online-offline computing facility. Ideas 

for the construction of a novel vertex detector (ITS3) consisting of truly cylindrical layers, based on curved 

wafer-scale ultra-thin silicon sensors, will be presented. This new vertex detector is planned to be installed 

during the LHC LS3 to replace the innermost three layers of the ALICE Inner Tracking System. During LS3 the 

ALICE collaboration is also investigating the possibility of installing a high readout granularity calorimeter 

(FoCal) with the main goal of measuring forward photon production in p-Pb collisions, to explore the high-

density regime of parton distributions in nuclei. 
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The possibility of next generation experiments at the LHC, fully based on a silicon-tracker detector, will also 

be outlined. 

New experimental capabilities at the GELINA facility 

C Paradela, G Alaerts, J Heyse, S Kopecky, S Moscati, M Nyman, A Plompen, P Schillebeeckx, D Vendelbo, R 

Wynants 

European Commission, Belgium 

GELINA is a neutron time-of-flight facility installed at the European Commission Joint Research Centre (JRC) 

in Geel (Belgium), dedicated to neutron-induced cross section measurements during more than 50 years 

[1]. Although GELINA experimental program is focused on nuclear energy applications, nowadays 

experiments in other research topics such as nuclear astrophysics, cultural heritage, material 

characterisation or medical applications are part of its activities. In the last decade, the facility has been 

fully refurbished and new or upgraded experimental setups have been commissioned in order to extend its 

experimental capabilities. Those setups include a scintillator array to study neutron elastic and inelastic 

scattering cross sections and angular distributions [2] and a short flight-path transmission station dedicated 

to cross sections in the thermal region and the characterization of nuclear material such as spent fuel or 

special nuclear materials [3].  

Finally, the new framework for the open-access program to the facility EUFRAT [4] will be presented. This 

access is offered to researchers from EU Member States, candidate and associated countries. 

[1] W. Mondelaers and P. Schillebeeckx, Notiziario Neutroni e Luce di Sincrotrone, 11 no2, 19-25 

(2006) 

[2]  E. Pirovano et al., EPJ Web of Conferences 146, 11008 (2017) 

[3]  C. Paradela et al., EPJ Web of Conferences 146, 09002 (2017) 

[4]  https://ec.europa.eu/jrc/en/eufrat 

HiSPANoS facility and the new neutron beam line for TOF measurements at the Spanish National Accelerator 

Lab (CNA)  

B Fernández1, M Macías1, J Praena2  

1CSIC, Spain, 2Universidad de Granada, Spain  

Few years ago the Spanish National Accelerator Lab (CNA) developed the first accelerator-based neutron 

facility in Spain, HiSPANoS (Hispalis Neutron Source). It is possible to deliver epithermal neutrons by means 

of the 7Li(p,n) reaction near the threshold, and fast neutrons with energy less than 9 MeV produced by 

D(d,n) fusion reaction. A brief summary of the first applications of the line will be presented: integral 

measurements applied to nuclear astrophysics, dosimetry and single event effects produced by neutrons in 

electronic devices.  

The successful of HiSPANoS pushed the enhancement of the facility. A new line of the Tandem accelerator 

was designed for neutron time-of-flight (TOF) experiments. In collaboration with the NEC Company, two 

devices were designed for pulsing ion beams (chopper) and for compressing in time (buncher) the pulsed 

beams, both located in the pre-acceleration stage.  

The beam chopper consists of a pair of electrically deflecting plates, mounted in parallel to the initial ion 

beam. One plate is normally polarized with dc voltage deflecting the beam on an absorbing beam catcher. 

The second plate is connected to an electronic switch, which with a desired repetition rate provides a voltage 

that compensates the previous one producing an oscillation of the beam in the transverse direction, thus 
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creating a beam pulse (60 ns). The buncher consists of a pair of tubular electrodes. It is mounted coaxially 

to the ion beam, after the chopper. The electrodes are supplied with locked radiofrequency voltage phase. 

The entrance and the exit gaps of the tubular bunching electrodes are used for the time compression of the 

beam pulse to 1 ns.  

The chopper-buncher system has been already installed and commissioned. Proton beams are delivered 

with repetition rates from 60 kHz to 2 MHz and 1 ns pulse width.  

In order to check the performance of the whole TOF system, we have carried out the measurement of the 

neutron spectrum produced by 7Li(p,n)7Be reaction at Ep=1912 keV. Such spectrum has been measured by 

TOF few times and it can be considered a standard neutron field, in particular in nuclear astrophysics. We 

will show the results of such experiment performed at CNA. The excellent performance of the accelerator, the 

chopper-buncher system and the acquisition system allows us to offer the TOF line at HiSPANoS-CNA to the 

neutron community. 

Positron beam and physics at the Jefferson Laboratory  

E Voutier2, J Grames1  

1Thomas Jefferson National Accelerator Facility, USA, 2Universités Paris Sud & Paris Saclay, France  

Positron beams, both polarized and unpolarized, are identified as essential ingredients for the experimental 

program at the next generation of lepton accelerators. In the context of the Hadronic Physics program at the 

Jefferson Laboratory (JLab), positron beams are complementary, even essential, tools for a precise 

understanding of the electromagnetic structure of the nucleon, in both the elastic and the deep-inelastic 

regimes [1]. For instance, elastic scattering of (un)polarized electrons and positrons off the nucleon allows 

for a model independent determination of the electromagnetic form factors of the nucleon. Also, the deeply 

virtual Compton scattering of (un)polarized electrons and positrons allows us to separate unambiguously the 

different contributions to the cross section of the lepto-production of photons, enabling an accurate 

determination of the nucleon Generalized Parton Distributions (GPDs), and providing an access to its 

Gravitational Form Factors. Furthermore, positron beams offer the possibility of alternative tests of the 

Standard Model through the search of a dark photon or the precise measurement of electroweak couplings.  

The ability of the CEBAF injector for the efficient production of polarized positrons was recently 

demonstrated. The Polarized Electrons for Polarized Positrons (PEPPo) technique [2] offers a direct and 

accessible method (Fig. 1) for the production of a polarized positron beam, particularly suitable for JLab. The 

technical challenges attached to this development involves: high current polarized electron source, high 

power positron production target, and an efficient positron collection and emittance filter device for a 

continuous beam.  

This presentation will review the physics and experimental effort about the PEPPo project at JLab, particularly 

the proposed high impact measurements [3] and the R&D developed in the context of the STRONG2020 

P3E Polarized Electrons, Positrons, and Polarimetry initiative. 
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Fig 1: Schematic of the principle of operation of the PEPPo technique.  

[1] Proc. of the International Workshop on Physics with Positrons at Jefferson Lab, J. Grames and E. 

Voutier Edts, AIP Conf. Proc. 1970 (2018) 

[2] (PEPPo Collaboration) D. Abbott et al., Phys. Rev. Lett. 116, 214801 (2016) 

[3] J. Grames, E. Voutier et al., Jefferson Lab LOI12-18-004 (2018) 

Societal Impact and Applications of Nuclear Science 

(Invited) Linking the past to the future: applying environmental radiometrics and luminescence methods to 

understand dynamic environments  

D Sanderson, A Cresswell 

University of Glasgow, UK  

With a global population exceeding 7.5B and rising, atmospheric CO2 levels at 410 ppm and rising, 

population driven global energy demand increasing and highly carbon dependent the dynamic response of 

environmental systems undergoing anthropogenic forcing is critical to constraining impact models and 

strengthening the evidence base to support decarbonization initiatives. Whereas instrumental records cover 

relatively short timescales, environmental proxy records from the last 2000 years, 20,000 years and 

800,000 years have been important sources of information to place recent anthropogenic change into the 

context of earlier cycles of natural variations. Nuclear techniques have been important ways of developing 

accurate chronologies and high resolution data sets for understanding these past systems and determining 

rates of change from palaeorecords.  

In this presentation consideration is given to the use of nuclear methods to register more recent rates of 

change of environmental processes, and to develop means of recording accelerated process changes into 

the future. The use of spatially and temporally resolved radiometric surveys to reveal annual to decadal scale 

sedimentary movements through radionuclide migration in coastal and upland environments will be 

discussed. As will the adaption of palaeo-dosimetric dating methods, such as luminescence dating, to 

register the impact of extreme events and discontinuities in different timescales and sedimentary regimes.  

Both of these approaches depend on a combination of nuclear data and methods with advanced 

instrumental measurement techniques, and response modelling. The talk will also identify areas where 

improved nuclear data for key nuclides in the natural decay series are needed to further improve the 

methods in response to future challenges. 

Nuclear data for basic sciences and applications 

P Demetriou 

National Centre for Scientific Research, Greece 

The process of developing and disseminating nuclear data will be discussed with particular emphasis on 

international cooperation, maintenance of expertise and transfer of knowledge to the next generation of 

nuclear data experts. The role of reliable and up-to-date nuclear data for applications in reactor physics, in 

particular decay heat and anti-neutrino spectra calculations, medical applications, materials analysis for 

cultural heritage and environmental monitoring will be presented. 
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Medical applications based on laser-plasma acceleration technologies at L2A2  

J Benlliure1, D Cortina1, L Martín1, J Peñas1, C Ruíz2, M Seimetz3 

1Universidade de Santiago de Compostela, Spain, 2Universidad de Salamanca, Spain, 3Instituto de 

Instrumentación para Imagen Molecular, Spain 

The Laser Laboratory for Acceleration and Applications (L2A2) is a new research infrastructure at the 

University of Santiago de Compostela, Spain, used for the investigation of the laser-plasma acceleration 

technology and its applications [1]. The core of the L2A2 infrastructure is a compact ultra-short pulse laser 

system built by Thales (Alpha 10/XS) with two beam lines. The main laser line produces ultra-short pulses 

(25 – 50 fs) with moderate energy (  1.5 J) and high-contrast (1:10-10 ASE) with a 10 Hz repetition rate. The 

second beam line delivers also ultra-short pulses but with lower energies (  1 mJ) and higher repetition rate 

(1 kHz). Moreover, L2A2 is equipped with a radio-protected area [2] and an instrumentation laboratory. 

Presently two laser-plasma radiation sources are running at L2A2:  

An ultra-fast x-ray source with a continuous spectrum from soft to hard x-rays energies with a spot size of 

  10μm (FWHM) delivering  4 107 photons/sr/s. The characteristics of this x-ray source make it suitable no 

only for absorption but also for contrast-phase imaging. Indeed, the use of this source for contrast-phase 

micro-tomography is being investigated.  

A proton source delivering protons up to  10 MeV. The present aim of this source is to investigate the 

competitiveness of laser-plasma acceleration for the production of radioisotopes used in medical imaging. In 

particular, laser-plasma acceleration could be the enabling technology to produce on-demand doses of PET 

probes of interest at low cost, in an automated, user-friendly device. However, the realization of such a 

single-dose radiotracers production devices still requires important progress in many different technologies. 

L2A2 is working in some of these technologies, in particular:  

- High-power laser pulses focusing and characterization systems.  

- Multi-shot laser-plasma acceleration targets.  

- Diagnostics of laser-plasma accelerated beams of protons and ions.  

In this presentation we will describe the L2A2 facility, the results obtained with x-ray source in imaging 

applications and the radioisotope production research program with the proton source.  

[1]  igfae.usc.es/laserpet/ 

[2]  J. Benlliure et al, Nucl. Instrum. Methods A 916 (2019) 158 

Improving hadron radiation therapy using nuclear reactions 

C Burbadge1, D Mücher1, 2, C Hoehr2, D Hymers1, E Kasanda1 

1University of Guelph, Canada, 2TRIUMF, Canada 

Radiation therapy with hadrons holds great promise for several cancer sites including breast cancer due to 

its steep dose gradient at the end of its range, the so-called Bragg peak, which, if properly employed and 

taken full advantage of, can spare healthy surrounding tissue from radiation exposure. One of the great 

hindrances of hadron therapy (HT) is the limitation to locate the position of the Bragg peak in the tumor in 

real time in the patient during treatment [1]. To this end, several efforts are ongoing to improve HT, including 

in-vivo verification of the hadron beam range [2]. The goal is to inform clinical staff in real time of deviations 

between the treatment plan and delivered treatment to instantly correct or at least to compensate in a future 

fraction. In this talk we present two new approaches for range verification in HT, based on monitoring nuclear 

reactions using state-of-the-art nuclear physics equipment. 
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We recently have suggested a new method of range verification using metal markers in the tumor or tumor 

cavity region [3,4]. Hadrons interacting with this marker will cause the emission of characteristic gamma 

rays from nuclear reactions. As this emission is dependent on the proton energy, the combination of two 

metals will result in two different characteristic gamma peaks and the ratio of these peaks is a direct 

measure of the proton energy and of 

the proton beam range. As a further novelty, our method uses HPGe detectors and a pulsed treatment beam 

to significantly enhance the Signal-to-Noise ratio of our method by detecting beta-delayed gamma rays. We 

have simulated the new technique extensively using GEANT4 Monte Carlo simulations. First data taken with a 

new compact and mobile setup at TRIUMF's proton treatment facility using 70 MeV protons and various 

targets will be presented. 

We furthermore suggested a novel Interaction Vertex Imaging (IVI) reconstruction in HT [5]. IVI allows 

verification of dose and range in HT by detecting and tracking secondary charged particles, emitted during 

treatment in nuclear fragmentation reactions. Our method combines single-particle reconstruction with a 

coincidence technique and uses a software filter to reduce uncertainty introduced by straggling and multiple 

scattering in the patient. Filtered longitudinal vertex distributions were fit to logistic functions, characterizing 

the distal edge closest to the Bragg peak. Comparing the position of this distal edge between simulations 

allowed us to accurately determine if two treatments correctly targeted the same depth. We will also discuss 

the development of a fine-pitch state-of-the-art silicon tracker detector with specifications needed to allow 

high-precision IVI in clinical applications. 

[1] H. Paganetti, Range uncertainties in proton therapy and the role of monte carlo simulations, Physics 

in Medicine & Biology, vol. 57, no. 11, p. R99, 2012. 

[2] K Parodi, JC Polf, In vivo range verification in particle therapy, Med. Phys. 2018 45 (11) 

[3] E. Kasanda, D. Muecher, C. Hoehr, C. Burbadge; in preparation 

[4] C. Hoehr, D. Muecher, Prompt gamma coincidence spectroscopy for dose verification in 

Hadrontherapy; Experiment M1780, TRIUMF, 2018 

[5] D. Hymers, D. Muecher, Monte Carlo Investigation of Sub-Millimeter Range Verification in Carbon 

Ion Radiation Therapy using Interaction Vertex Imaging, accepted in Biomedical Physics & 

Engineering Express 

The impact of nuclear physics in nuclear medicine 

A Denis-Bacelar1, A Fenwick1,2, G Lorusso1, A Robinson1,3,4 

1National Physical Laboratory, United Kingdom, 2Cardiff University, United Kingdom, 3University of 

Manchester, United Kingdom, 4The Christie NHS Foundation Trust, Manchester, United Kingdom 

Nuclear physics has a fundamental role in nuclear medicine, where radiopharmaceuticals are used to 

diagnose and treat a wide range of diseases in areas such as oncology, cardiology, and neurology. Most 

radiopharmaceuticals are formed by the combination of a radionuclide and a drug that acts as a carrier and 

determines its localization and biodistribution within the patient’s body through a range of targeting 

mechanisms. 

The radiation emitted by the injected radionuclides can be imaged using Single-Photon Emission Computed 

Tomography (SPECT) and/or Positron Emission Tomography (PET) imaging systems depending on the decay 

mode. Accurate decay data is therefore essential to enable accurate measurements of the activities 

administered to patients through the development of primary and secondary radionuclide standards, image 

quantification of the uptake in organs of interest, and calculation of the absorbed doses delivered through 

radiation transport Monte Carlo simulations. From the diagnostic perspective, this can improve diagnostic 

accuracy, assessment of disease progression, as well as dosimetry calculations for modelling of radiation-
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induced cancer risks. Therapeutically, robust decay data enable accurate dosimetry and therefore the 

investigation of the biological effects of any given radiopharmaceutical. In turn, this enables personalised 

treatments based on the absorbed doses delivered to target tissues and organs at risk of toxicity. An 

essential condition to promote the use of existing and novel radionuclides for medical use, is the availability 

of a reliable supply chain that satisfies clinical demand. Nuclear physics also plays an important role in this 

area through the investigation of alternative production routes for radionuclides such as 99mTc, 223Ra or 225Ac.  

A review of the impact of decay data in diagnostic and therapeutic nuclear medicine, as well as a forward 

look into the future needs in this area will be presented. A strong collaboration between nuclear and medical 

physicists as well as clinicians is essential to support future developments in imaging, dosimetry and 

radiobiology of novel radiopharmaceuticals. 

Hot and Dense Nuclear Matter 

Higher order Symmetric Cumulants  

C Mordasini, A Bilandzic, D Karakoç, S Taghavi 

Technische Universität München, Germany 

In this talk, the generalization of recently introduced observables for the measurements of correlated 

fluctuations of different anisotropic flow harmonics, called Symmetric Cumulants, is presented [1]. These 

generalized observables can provide new and independent constraints on the properties of Quark-Gluon 

Plasma produced in ultrarelativistic nuclear collisions, as they contain information inaccessible with the 

measurements of individual flow harmonics and of the correlated fluctuations between two harmonics.  

Monte Carlo studies for the desired properties of the generalized Symmetric Cumulants are presented. The 

unique procedure to access the genuine multi-harmonic correlations from the estimation of the flow 

harmonics with azimuthal correlations is shown. Feasibility of their measurements is demonstrated with the 

iEBE-VISHNU model and predictions of their centrality dependence in Pb-Pb collisions at LHC energies is 

provided.  

[1] }� �ordasini  {� |ilandzic  ~� �arakoç and �� �� �aghavi  “�igher order �ymmetric }umulants”  

arXiv:1901.06968 [nucl-ex] 

Assessing the degree of thermalisation in high-multiplicity pp events at the LHC  

N Sarkar 

Variable Energy Cyclotron Centre, India 

Interpretation to some of the features of particle production in high- multiplicity pp events at LHC, which 

resemble signals for QGP-like collective phenomena in relativistic heavy-ion collisions, still remain disputed. 

One of the primary concerns of disagreement is the issue of thermalisation in a small system of short 

lifetime, if formed in these collisions. We assess the degree of thermalisation in high-multiplicity pp events, 

in comparison with those formed in relativistic heavy-ion collisions, where the local thermodynamic 

equilibrium is not challenged. We estimate system-size dependent values of Knudsen number for finite 

systems of hadron gas, following LQCD - EoS. The study reveals that the LQCD-EoS complied systems of 

hadron gas of finite size, that is comparable to high-multiplicity pp events, satisfy the Knudsen number 

criterion for applicability of hydrodynamics to study the particle production mechanism. We evaluate the 

temperature dependent transport coefficient, η/s for systems of hadrons, resonances and Hagedorn States 
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for the considered system-sizes. The transport coefficient reaches a lowest common value, for all the 

considered systems of different sizes of thermalized hadron gas, near the critical temperature Tc of the QCD 

crossover. 

Energy and system size dependence of neutral meson and direct photon production at the LHC measured 

with ALICE 

A Marin  

GSI, Germany 

The ALICE experiment is dedicated to the study of the Quark-Gluon Plasma (QGP) formed in heavy-ion 

collisions at the LHC. Among other observables, the properties of the QGP can be addressed by studying 

neutral meson and direct photon production in nucleus-nucleus collisions. Direct photons provide 

information about the initial stage of the collision as well as the space-time evolution of the QCD medium. In 

particular, the thermal photon spectrum and the direct photon elliptic flow carry information about the 

temperature and development of collective flow in the hot  medium. Direct photon measurements in pp 

collisions provide a test of pQCD NLO predictions as well as a reference for measurements in pA and AA 

collisions. Measurements of neutral meson production in different kinds of collisions are interesting for 

several reasons: in pp collisions they serve as reference spectra for measurements in pp and pA collisions, 

as well as a test of pQCD predictions and other theoretical model calculations; in p-Pb collisions, cold 

nuclear matter effects are measured; in AA collisions, neutral meson spectra give insights on the energy loss 

of partons traversing the hot and dense medium. 

Photons are reconstructed in ALICE with electromagnetic calorimeters and with the photon conversion 

method, exploiting the excellent momentum resolution of the conversion photons down to very low 

transverse momenta and the high reconstruction efficiency and triggering capability of calorimeters at high 

  . Neutral mesons are reconstructed in the two-photon decay channel, and in some cases in the Dalitz 

decay channel. Thanks to the combination of these detectors and methods, neutral mesons and direct 

photons are measured over a wide transverse momentum range. 

In this talk, an overview of neutral meson production as well as direct photon production and direct photon 

elliptic flow in pp, p-Pb and Pb—Pb collisions at energies provided by the LHC and measured with ALICE will 

be presented. 

Energy and multiplicity dependence of hadronic resonance production with ALICE at the LHC 

A Badalà 

INFN Sezione di Catania, Italy 

The study of hadronic resonances plays an important role both in pp and in heavy-ion collisions. Since the 

lifetimes of short-lived resonances are comparable with the lifetime of the fireball formed in heavy-ion 

collisions, regeneration and re-scattering effects can modify the measured yields, especially at low 

transverse momentum. Measurements in pp collisions at different energies constitute a baseline for studies 

in heavy-ion collisions and provide constraints for tuning QCD-inspired event generators. Furthermore, high 

multiplicity pp collisions, where the density and the volume of the system are expected to be larger 

compared to minimum bias pp collisions, can help in the search for the onset of collective phenomena. In 

this talk we present recent results on short-lived hadronic resonances obtained by the ALICE experiment at 

LHC energies in different collision systems (pp, p-Pb and Pb-Pb) including new results obtained in Xe-Xe 

collisions. The ALICE results on transverse momentum spectra, yields and their ratios to long-lived particles, 

and nuclear modification factors will be discussed. Finally, the results will be compared with model 
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predictions, such as PYTHIA and EPOS. 

Constraining the equation of state of neutron stars using GW170817 

R Nandi1, P Char2, S Pal1 

1Tata Institute of Fundamental Research, India, 2INFN, Italy 

The first detection of gravitational waves from binary neutron star merger event GW170817 [1] is providing 

important new constraints on the nuclear equation of state at high density. The tidal deformability bound of 

GW170817 combined with the observed 2-solar mass neutron star poses serious challenge to theoretical 

formulations of realistic equation of state. We analyze a fully comprehensive set of relativistic nuclear mean-

field theories by confronting with the observational bounds and the measured neutron-skin thickness. We 

find only few models can withstand these bounds which predict a stiff overall equation of state but with a 

soft neutron-proton symmetry energy. Two possible indications are proposed: Circumstantial evidence of 

hadron-quark phase transition inside the star and new parametrizations that are consistent with ground state 

properties of finite nuclei and observational bounds. Based on extensive analysis of these sets, an upper 

limit on the radius of a 1.4-solar mass neutron star of R < 12.9 km is deduced. 

[1]  B. P. Abbott et al, Phys. Rev. Lett. 119, 161101 (2017), 121, 161101 (2018) 

QCD: Hadron Structure and Spectroscopy 

(Invited) Hadronic contributions to muon anomalies: muon g—2 and muonic hydrogen 

V Pascalutsa 

Johannes Gutenberg University of Mainz, Germany 

I will discuss two precision quantities where the hadronic contributions play a major role: the anomalous 

magnetic moment of the muon and the muonic-hydrogen Lamb shift. Both quantities yielded intriguing 

anomalies (e.g., the "proton radius puzzle"), putting to the test or understanding of low-energy QCD and of 

the Standard Model in general. I will focus on the empirical evaluations of the hadronic contributions to 

these quantities, the so-called data-driven approaches based on dispersion relations. They currently provide 

the most accurate determination of hadronic contributions amid the extremely challenging lattice QCD 

calculations for these quantities. The upcoming PSI measurement of the hyperfine splitting in muonic 

hydrogen will soon provide another precision test of low-energy QCD. 

Meson transition form factor measurements from MAMI A2 

L Heijkenskjöld 

Institut für Kernphysik, Germany 

A meson transition form factor (TFF) describes the dynamics of the transition between photons and mesons 

and hence provide an important probe of the intrinsic structure of mesons. High statistics measurements of 

pseudoscalar TFFs also play a role for the precision frontier of the Standard Model (SM) as they are needed 

to describe the hadronic Light-by-Light scattering contribution to the SM calculation of the anomalous 

magnetic moment of the muon. Within the time-like region, the pseudoscalar TFFs can be accessed in 

decays of 𝜋0,  ,   or    mesons. 
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The A2 experiment at the Mainz Microtron provides a high yield of light mesons produced by photo-induced 

reactions on protons, which makes the experiment ideal for precision measurements of TFFs from meson 

decays. Both completed and upcoming contributions to such measurements by the A2 collaboration will be 

presented. 

Precision spectroscopy of pionic atoms at RIBF 

K Itahashi1, G Berg2, H Fujioka3, N Fukuda1, N Fukunishi1, H Geissel4, R Hayano5, S Hirenzaki6, K Ichikawa5, N 

Ikeno7, N Inabe1, S Itoh5, M Iwasaki1, D Kameda1, S Kawase5, T Kubo1, K Kusaka1, H Matsubara5, S 

Michimasa5, K Miki5, G Mishima5, H Miya5, H Nagahiro6, M Nakamura1, T Nishi1,5, S Noji5, K Okochi5, S Ota5, 

N Sakamoto1, K Suzuki8, H Takeda1, Y Tanaka4, K Todoroki5, K Tsukada1, T Uesaka1, Y Watanabe5, H Weick4, 

H Yamakami9, K Yoshida1 

1RIKEN, Japan, 2University of Notre Dame, USA, 3Tokyo Institute of Technology, Japan, 4GSI, Germany, 
5University of Tokyo, Japan, 6Nara Women's University, Japan, 7Tottori University, Japan, 8Stefan Meyer 

Institute for Subatomic Physics, Austria, 9Kyoto University, Japan 

We have conducted experimental spectroscopy of pionic atoms at RIBF, RIKEN in 2010. We measured 

excitation spectrum of 122Sn(d,3He) reaction near the pion emission threshold and observed formation of 

pionic 1s and 2p states bound in 121Sn nucleus [1]. We employed 500 MeV deuteron beam with a typical 

intensity of 2 x 1011/s impinging on a thin 122Sn target. We installed tracking detectors at a dispersive focal 

plane of BigRIPS, fragment separator, used as a spectrometer and reconstructed the tracks to measure the 

momentum. The measured momentum was analyzed to make an excitation spectrum by a missing-mass 

method. 

The obtained excitation spectrum showed three peak structures near the pion emission threshold, which are 

assigned to formation of pionic 1s, 2p and higher orbitals. Elaborate fitting of the spectrum yielded 

information on the binding energies and widths of the pionic states, which agreed well with theoretical 

predictions [2]. 

We measured for the first time reaction angle dependence of the pionic atom formation cross section in the 

(d,3He) reaction. The measured dependence agrees well with the theoretical prediction [2]. Absolute 

formation cross section also agrees well for the 2p state. However, the theoretical calculation is found to 

overestimate the 1s cross section by about a factor of 5. 

Above achieved results of our first pionic atom spectroscopy in RIBF encouraged us to make a new 

experiment in 2014. We are analyzing the new data to deduce the binding energies and widths with 

unprecedented precision. We will also report the status of the analysis and future perspectives. 

[1]  T. Nishi et al., Phys. Rev. Lett. 125, 152505 (2018) 

[2]  N. Ikeno et al., PTEP 2015, 033D1 (2015) 

Search for η'-mesic nuclei using (p,d) reaction with FRS/Super-FRS at GSI/FAIR 

Y Tanaka1, 2  

1GSI Helmholtzzentrum fur Schwerionenforschung GmbH, Germany, 2Universitat Gießen, Germany 

The especially large mass of the η' meson compared with the other pseudoscalar mesons is theoretically 

understood by an interplay between UA(1) anomaly and chiral symmetry breaking. In the nuclear medium, 

the mass of the η' meson is expected to be reduced due to a partial restoration of chiral symmetry [1]. 

Since a reduction of the η' mass leads to an attractive η'-nucleus potential, the existence of η' meson-

nucleus bound states (η'-mesic nuclei) is theoretically predicted [2]. Such bound states, if observed, can 
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serve as a unique testing ground for experimental investigations of in-medium properties of the η' meson. 

We performed the first pioneering experiment to search for η'-mesic nuclei by measuring missing-masses in 

the 12C(p,d) reaction near the η'-meson production threshold. A 2.5 GeV proton beam from the synchrotron 

SIS-18 at GSI impinged on to a carbon target. Deuterons ejected in the 12C(p,d) reaction were momentum-

analyzed with the fragment separator (FRS) used as a high-resolution spectrometer. The excitation-energy 

spectrum of 11C around the η'- meson production threshold was obtained with high statistical sensitivity and 

sufficiently good experimental resolution. Since no significant peak structure due to the formation of η'-

mesic states was observed in the spectrum, we determined upper limits for the formation cross sections of 

η'-mesic nuclei and deduced a constraint on the η'-nucleus potential [3, 4]. 

We are currently preparing future experiments with improved experimental sensitivity. We will perform a 

semi-exclusive measurement of the (p,dp) reaction by simultaneously measuring deuterons emitted in the 

(p,d) reaction for missing-mass spectrometry and decay particles (protons) from η'-mesic nuclei for event 

selection. A large amount of the physical background dominating the spectrum of the first experiment, 

mainly quasi-free multi-pion production, can be drastically suppressed by tagging the decay particles. Such 

a measurement is feasible with the FRS at GSI or Super-FRS at FAIR combined with a large acceptance 

detector (e.g., WASA central detector [6]) surrounding the reaction target. 

In this contribution, we will present the results of the first experiment with the (p,d) reaction performed in 

2014. We will also discuss the prospects for the future experiments with improved sensitivity by the semi-

exclusive measurement of the (p,dp) reaction. 

[1]  D. Jido, H. Nagahiro, and S. Hirenzaki, Phys. Rev. C 85, 032201(R) (2012) 

[2]  H. Nagahiro and S. Hirenzaki, Phys. Rev. Lett. 94, 232503 (2005) 

[3]  Y. K. Tanaka et al., Phys. Rev. Lett. 117, 202501 (2016) 

[4]  Y. K. Tanaka et al., Phys. Rev. C 97, 015202 (2018) 

[5]  K. Itahashi, Y. K. Tanaka et al., Approved proposal S457 for GSI-SIS (2017) 

[6]  H.-H.Adam et al., arXiv:nucl-ex/0411038 

Probing low-energy �}~ with kaonic atoms at ~{ФNE  

J Zmeskal 

Stefan Meyer Institute for Subatomic Physics, Austria  

The understanding of the strong interaction between hadrons in the strangeness sector are an important 

testing ground for chiral SU(3) symmetry due to the large mass of the strange quark. The antikaon-nucleon 

interaction at low energy is studied using non-perturbative coupled-channel techniques based on chiral 

SU(3) effctive Lagrangians [1-5].  

With SIDDHARTA kaonic hydrogen [6] was studied with up to know unrivalled precision at the DAФNE 

electron positron collider of Laboratori Nazionali di Frascati, Italy, which delivers low-energy charged kaon 

pairs.  

Because of isospin conservation only the average value of the isospin I=0 and I=1 scattering lengths (a0 and 

a1) could be obtained from a kaonic hydrogen measurement. Therefore, in order to determine the isospin 

dependent scattering lengths, a measurement of the shift and width of both kaonic hydrogen and kaonic 

deuterium atoms [7] are necessary and will represents the most important experimental information missing 

in the field of low-energy antikaon-nucleon interactions today.  

The results of SIDDHARTA will be summarized and the status of the SIDDHARTA-� experiment at ~{ФNE to 

measure kaonic deuterium will be presented.  
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[1]  T. Hoshino, et al., Phys. Rev. C 96 045204 (2017) 

[2]  Y. Ikeda, T. Hyodo, W. Weise, Phys. Lett. B 706 63 (2011) 

[3]  A. Gal, Int. J. Mod. Phys. A 22 226 (2007) 

[4]  U.-G. Meißner, U. Raha, A. Rusetsky, Eur. Phys. J. C 47 473 (2006) 

[5]  S.S. Kamakov, E. Oset, A. Ramos, Nucl. Phys. A 690 494 (2001) 

[6]  SIDDHARTA Collaboration, M. Bazzi, et al., Phys. Lett. B 704 113 (2011) 

[7]  SIDDHARTA Collaboration, M. Bazzi, et al., Nucl. Phys. A 907 69 (2013) 

Newly completed JLab experiment (E12-17-003): Determine the unknown Λn interaction by investigating 

the possible Λnn resonance 

L Tang 

Hampton University, USA 

The newly completed JLab experiment E12-17-003 aimed to search for a possible Λnn resonance using the 
3�(e  e’�+)(Λnn) reaction. If such a state does exist, the experiment will measure its binding (or excitation) 

energy and natural width. These measurements will provide extremely important and experimentally 

determined information, for the first time, that can be used to investigate the unknown Λn interaction. 

Direct ΛN scattering data is extremely important and needed based on the newly confirmed Charge-

Symmetry-Breaking (CSB) at a level of 270keV from the binding energy difference observed between ground 

states of 4ΛHe and 4ΛH. Especially, the Λn data does not exist at all, thus the properties of Λn interaction 

has been assumed to be identical to that of Λp interaction. The resonance of Λnn system can provide a 

unique and only experimental data that can be used to determine the unknown properties of Λn interaction. 

The presentation will give an overview of the physics motivation of the JLab experiment, the experimental 

technique, and the most updated analysis results which although may still be preliminary. 

Fundamental Symmetries and Interactions In Nuclei 

(Invited) Current Status of Neutron Electric Dipole Moment Experiments 

J Martin 

The University of Winnipeg, Canada 

A new measurement of the neutron electric dipole moment (nEDM) will place even tighter constraints on 

theories involving new sources of CP violation beyond the standard model.  It is believed these are required 

in order to explain the predominance of matter over antimatter (baryon asymmetry) in the universe.  The 

nEDM constrains new physics scenarios at the TeV scale and beyond which do not conserve CP.  A new 

measurement also could impact a longstanding mystery in the standard model, involving the apparent lack 

of CP violation arising from the strong sector.  A discovery of a nonzero nEDM would be a major discovery, 

because it would shed light on a broad range of theories. 

The most precise experiments involve new intense sources of ultracold neutrons (UCN). UCN are slow moving 

neutrons that can be stored in material, magnetic, and gravitational bottles.  The ability to trap the UCN 

makes them ideal for nEDM measurements. 

The most precise experiment to date determined dn < 3.0 x 10-26 ecm [1,2].  Neutron EDM experiments are 

either recently completed (at PSI), ongoing, or planned at various neutron facilities worldwide.  Most of the 

future experiments aim to measure the nEDM with an uncertainty approaching 1 x 10-27 ecm.  Our 
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experiment at TRIUMF is one of them (Fig. 1), and its main unique feature is a new spallation-driven 

superfluid helium UCN source.  A prototype of the source produced first UCN at TRIUMF in November 2017 

[3]. 

In this presentation, I will review the current status of nEDM experiments worldwide, with a focus on recent 

experimental progress made by each project. 

 

Fig 1: Schematic diagram of the TUCAN (TRIUMF Ultracold Advanced Neutron) Source and EDM experiment, 

as planned for 2021. 

[1]  C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006) 

[2]  J. M. Pendlebury et al., Phys. Rev. D 92, 092003 (2015) 

[3]  S. Ahmed, et al. (TUCAN Collaboration) Phys. Rev. C 99, 025503 (2019) 

Search for the electric dipole moment of the neutron at PSI  

V Bondar 

ETH Zürich, Switzerland  

The existence of a finite neutron electric dipole moment (nEDM) larger than the electro-weak Standard Model 

(SM) prediction would indicate a new source of CP violation, probe many theories beyond the SM and might 

help to understand the matter–antimatter asymmetry of the Universe.  

The current upper nEDM limit, 3×10-26 ecm [1], was measured with an apparatus using ultracold neutrons in 

combination with a 199Hg co-magnetometer at the Institute Laue–Langevin (ILL). A collaboration of 15 

institutions has operated the upgraded version of this apparatus connected to the ultracold neutron source 

at the Paul Scherrer Institute (PSI) in Switzerland. The data set collected in 2015-2016 is currently being 

analyzed and represents the world’s most sensitive n�~� measurement to date�  

In the meantime, the next generation experiment, n2EDM, is being setup in order to improve the sensitivity 

for the search of an nEDM by an order of magnitude [2]. The new instrument is based on a large-volume 

double-chamber placed in a new large magnetically shielded room (MSR) and is continuing to use 199Hg as 

co-magnetometer. Stable and uniform magnetic field conditions are of paramount importance for a 

successful measurement. The system to generate and monitor the magnetic field comprises a main magnetic 
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field coil, a large set of trim coils, highly stable power supplies and a large array of optically-pumped cesium 

magnetometers.  

In this talk we will discuss the current status of the nEDM analysis and elaborate on advances in our 

understanding of systematic effects. We will also give an overview of the n2EDM project and its prospects.  

[1] J.M. Pendlebury, et al., Phys. Rev. D 92, 092003 (2015) 

[2] C. Abel et al., Proc. Of Int. Workshop on particle physics at neutron sources, 24-26 May 2018, 

arXiv:1811.02340v1 

Time reversal violating NN interactions 

V Gudkov  

University of South Carolina, USA 

The detailed structure of parity violating (P-odd) and time reversal invariance violating (TRIV) nucleon-

nucleon interactions is discussed. We consider three possible interactions: P-violating, TRIV and P-odd, and 

TRIV and P-even ones, using both a meson exchange formalism, and EFT formalism, and their possible 

manifestations in different experiments including neutron and atomic EDMs, and nuclear reactions. The 

comparison of these interactions show some possible advantages of the search for TRI violation in neutron 

nuclei interactions.  

The neutron lifetime puzzle - Contributions from Europe  

P Geltenbort  

Institut Laue Langevin, France  

The best experiments in the world cannot agree on how long free neutrons live before decaying into other 

particles.  

Two main types of experiments are underway: bottle-like traps count the number of neutrons that survive 

after various intervals of storage time, while beam experiments look for one of the particles into which 

neutrons decay.  

Resolving this question is vital to answering a number of fundamental questions in physics.  

Past, present and future experimental efforts to measure the lifetime of the free neutron in Europe will be 

presented. 

Kaonic atom X-ray spectroscopy with superconducting detector 

S Okada 

RIKEN, Japan 

A high-resolution X-ray spectrometer based on an array of novel superconducting micro-calorimeters is 

applied to an experiment of hadron physics for the first time. The scientific campaign of the experiment was 

completed in 2018. The fresh result from the measurement will be presented in this conference. 

Any negatively charged hadrons (e�g�  π−, K−, anti-proton) can be bound by the Coulomb field of an atomic 

nucleus. This system, so-called hadronic atom, is essentially a hydrogen-like atom, but its large reduced 

mass leads to unusually small orbital radii and thus higher transition energies than those of the 
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corresponding standard atom. The effect appears in the most tightly bound energy level being most 

perturbed by the strong interaction as a shift from the purely electromagnetic value and a broadening due to 

absorption of the hadron by the nucleus. By measuring the energy and width of X-ray lines resulting from 

level transitions to those levels, one can probe the strong interaction between a hadron and an atomic 

nucleus at zero kinetic energy. 

The strong interaction between an anti-kaon and a nucleon/nucleus is known to be strongly attractive in the 

isospin I=� channel  which creates extensive interest in studying “kaonic nuclear states”¡ very recently  �-

PARC E15 experiment shows a clear structure which could be interpreted as the K− nuclear bound state [1]. 

Whereas the measurements of kaonic atom X-rays which provide unique information of the interaction at 

zero energy become increasingly important, the precision is still not enough to determine K− nucleus 

potential strength. 

The experiment, J-PARC E62, aims to determine 2p-level strong interaction shifts of kaonic 3He and 4He 

atoms by measuring X-rays from those atoms emitted in the transition from the 3d to the 2p orbitals (6.2 

keV and 6.4 keV, respectively) which is relevant to resolve the longstanding problem on the depth of the K- 

nucleus potential. Since the widths of the transitions are predicted to be as small as 2eV, we introduced a 

novel X-ray detector, namely superconducting transition-edge-sensor (TES) microcalorimeter offering 

unprecedented high energy resolution [2], being more than one order of magnitude better than that 

achieved in the past experiments using conventional semiconductor detectors. 

We carried out the experiment at Japan Proton Accelerator Research Complex (J-PARC; Tokai, Japan) in June 

2018 and successfully observed distinct X-ray peaks from both atoms with a 240-pixel TES array having 

about 23 mm2 collecting area. The achieved average energy resolution is 5 eV (FWHM) at 6 keV with the 

charged-particle beam off and 7 eV with the beam on� �he time resolution is about � μs (����) by merging 

data streams from beam-detection electronics into the TES's time-division-multiplexing DAQ system. 

We give an overview of this project and report the brand-new results obtained from the scientific kaonic-atom 

X-ray spectroscopy campaign. 

[1]  J-PARC E15 collaboration, Phys. Lett. B 789 (2019) 620-625 

[2]  W. B. Doriese, et al., Review of Scientific Instruments 88 (2017) 053108 

Nuclear Schiff moments of Hg isotopes in the nuclear shell model  

N Yoshinaga1, K Yanase1, K Higashiyama2  

1Saitama University, Japan, 2Chiba Institute of Technology, Japan  

The electric dipole moment (EDM) is a physical observable which violates time reversal symmetry. Through 

the CPT theorem insisting that the simultaneous application of charge (C), parity (P) and time (T) reversal 

operators keeps the total symmetry of a system, violation of T reversal symmetry is equivalent to the 

violation of CP reversal symmetry. The Standard Model in particle physics violates CP invariance only through 

a single phase in the Kobayashi-Maskawa matrix that mixes quark flavors. The resulting T reversal violation is 

therefore expected to produce only tiny EDMs.  

The EDM of a neutral diamagnetic atom arises from the Schiff moment of the nucleus. The nuclear Schiff 

moment originates mainly from the two-body nuclear interaction which violates P and T invariance. 

Theoretical calculations have been carried out for Hg, Rn, and Ra isotopes using mean field theories. 

However, until recently not so many nuclei have been investigated theoretically (for a review, see [1]).  

Recently we have calculated nuclear Schiff moments in Xe isotopes assuming two-body interactions violating 

P and T invariance in terms of the nuclear shell model [2]. Particularly effects of the particle-hole excitations 
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from the core of the nucleus are considered, which was not considered in our previous study. Furthermore, 

contributions to the Schiff moment from one orbital to another are separately calculated and analyzed.  

In this presentation the Schiff moments for the lowest 1/2- states of Hg isotopes are calculated and 

compared with those values obtained in other models or methods.  

[1]  N. Yamanaka, B. K. Sahoo, N. Yoshinaga, et al., Eur. Phys. J. A (2017) 53: 54  

[2]  E. Teruya, N. Yoshinaga, K. Higashiyama, and K. Asahi, Phys. Rev. C 96, 015501 (2017) 

QCD Partonic Phenomena 

Beam-normal single spin asymmetries in electron-proton scattering  

P King1, 2  

1Ohio University, USA, 2Thomas Jefferson National Accelerator Facility, USA  

Elastic scattering of transversely polarized electrons from an unpolarized nucleon produces an azimuthal 

asymmetry which is related to the imaginary part of the two photon exchange amplitude. The Qweak 

experiment at Jefferson Lab has measured a beam normal single spin asymmetry in elastic e-p scattering of 

about -5 ppm with a relative precision of about 3% at a central scattering angle of 7.9° and beam energy of 

1.16 GeV. Following presentation of preliminary results at earlier conferences, the collaboration has been 

working on determining a non-negligible, intricate last correction which arises due to polarization-sensitive 

rescattering in the detectors. The measurements, analysis and rescattering correction, and final results will 

be discussed. 

Exploring nucleon structure and hadronization with dihadrons and hadrons in jets at STAR 

J Drachenberg  

Abilene Christian University, USA 

Over the last decade, theoretical and experimental engagement of transverse-spin phenomena has unlocked 

tantalizing opportunities for new insights into nucleon structure and hadronization. Observables such as 

hadrons in jets and dihadron correlations from polarized proton collisions provide access to the transversity 

distribution function at a range of   complementary to existing semi-inclusive deep inelastic scattering 

(SIDIS) experiments but at a much higher range of   . Moreover, these two observables give access through 

two different factorization frameworks—transverse-momentum-dependent (TMD) and collinear—enabling a 

unique path to address questions concerning factorization-breaking and the universality of TMD functions. 

Data collected by STAR have revealed the first observations of transverse single-spin asymmetries in the 

azimuthal distributions of dihadron correlations and hadrons within jets from polarized proton collisions at 

both √  = 500 GeV and 200 GeV [1-3]. The STAR 200 GeV dihadron data [1] have recently been included 

in global analyses that for the first time include SIDIS, 𝑒+𝑒—, and 𝑝 + 𝑝 data to extract the transversity 

distribution [4]. The STAR hadron-in-jet data [2] provide a unique opportunity to illuminate longstanding 

questions: Do factorization and universality extend to the TMD picture in proton-proton collisions, e.g. 

through the Collins mechanism? How do TMD functions evolve with changing kinematics? The STAR dihadron 

and hadron-in-jet data will be presented and discussed in context with the recent global analyses [4] and 

model calculations [5,6]. 

[1]  L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 115, 242501 (2015) 

[2]  L. Adamczyk et al. (STAR Collaboration), Phys. Rev. D 97, 032004 (2018) 
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[3]  L. Adamczyk et al. (STAR Collaboration), Phys. Lett. B780, 332 (2018) 

[4]  M. Radici and A. Bacchetta, Phys. Rev. Lett. 120, 192001 (2018) 

[5]  U. D'Alesio, F. Murgia and C. Pisano, Phys. Lett. B 773, 300 (2017) 

[6]  Z. B. Kang, A. Prokudin, F. Ringer and F. Yuan, Phys. Lett. B 774, 635 (2017) 

The proton structure via double parton scattering 

M Rinaldi1, F Alberto Ceccopieri2, S Scopetta1, M Traini1, V Vento3   

1 INFN, Italy, 2Universite de Liege, Belgium 3CSIC, Spain 

We present an investigation on the so called double parton distribution functions (dPDFs), accessible in high 

energy proton-proton and proton nucleus collisions, in double parton scattering processes (DPS). These new 

and experimentally unknown quantities represent a new and promising complementary tool, w.r.t. TMDs and 

GPDs, to explore the 3D partonic structure of the proton. Moreover they encode new information on two 

parton correlations in hadrons. In the present analyses, use has been made of model calculations to study 

how these partonic correlations affect these distributions. In this framework, dPDFs have been calculated 

within the Light-Front approach with constituent quark models [1-3]. In this scenario, we showed how 

dynamical correlations, induced by the used model, prevent the factorization of dPDFs in terms of standard 

PDFs, a common assumption in experimental analyses. Moreover, we have investigated how these 

correlations affect a fundamental ingredient for the comprehension of the role of DPS in proton-proton 

collisions used in experimental studies, the so called effective cross section, ζeff . To calculate this quantity, 

dPDFs have been evolved at very high momentum scales through the pQCD evolution procedure. The main 

evidence of partonic correlations is represented by the   dependence of ζeff, being   the longitudinal 

momentum fraction carried by a parton inside the hadron [4]. We also calculated the DPS cross section for 

the same sign W pair production process using, as non perturbative input, dPDFs evaluated within a 

constituent quark model. We showed that partonic correlations could be observed in next LHC run [5]. In 

closing we also show how to relate experimental extractions of ζeff to the transverse mean partonic distance 

between to parton, active in a DPS process [6]. 

[1] M. Rinaldi et al, JHEP 1412 (2014) 028  

[2] M. Rinaldi et al, JHEP 1610 (2016) 063 

[3] M. Rinaldi et al, PRD95 (2017), no.3 034040  

[4] M. Rinaldi et al, PLB752 (2016) 

[5] F. Ceccopieri et al PRD95 (2017) no.11, 114030 

[6] M. Rinaldi et al, PRD97 (2018), no.7  071507 

(Invited) Probing partonic phenomena at the future U.S.-based electron-ion collider 

S Fazio 

Brookhaven National Laboratory, USA 

The 2015 U.S. Nuclear Physics Long-Range Plan recommended the realization of an electron-ion collider 

(EIC) as the next large construction project in the United States. A U.S.-based EIC has also recently been 

endorsed by the U.S. National Academy of Sciences. In their report released in July 2018 they find the 

scientific case “compelling  unique  and timely”� �ith its high luminosity  wide kinematic reach in center-of-

mass-energy and high lepton and proton beam polarization, the EIC is an unprecedented opportunity to 

reach new frontiers in our understanding of the internal dynamic structure of nucleons. This new collider will 

provide definite answers to the following questions: How are the sea quarks and gluons, and their spins, 

distributed in space and momentum inside the nucleon? How the nuclear environment modifies these quark 
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and gluon distributions? At what scale the growth in the distribution of gluons saturates? What is the role of 

the orbital motion of sea quarks and gluons in building up the nucleon spin? This presentation will highlight 

several key high precision measurements from the planned broad diffractive physics program at the electron-

ion collider and the expected impact on our current understanding of the partonic structure of nucleons and 

nuclei. 

Plenary session 10 

Evolution of nuclear structure in exotic nuclei 

A Gade 

NSCL and Michigan State University, USA 

On the quest for a predictive model of atomic nuclei, the properties of rare isotopes have emerged as 

critical observables that benchmark extrapolations, identify missing physics ingredients in models, or that 

enable discovery science. The often surprising properties of short-lived rare isotopes, or exotic nuclei, 

have prompted extensive experimental and theoretical studies aimed at identifying the driving forces 

behind the dramatic changes encountered in the regime of extreme isospin. This talk will review some of the 

recent highlights in the field and identify upcoming challenges. 

This work was supported by the U.S. National Science Foundation (NSF) under Cooperative Agreement 

No. PHY- 1565546 (NSCL) 

Quo vadis Neutrino? 

J Gomez-Cadenas 

Donostia International Physics Center, Spain 

In this talk I will present an overview of where neutrino physics stands, with an emphasis in the two major 

unresolved questions that the field is attempting to address:  the nature of neutrino (Dirac or Majorana) and 

the structure of the PMNS matrix, in particular the measurement of a putative CP violation phase. 

IAEA activities in support of nuclear physics research and applications 

D Ridikas  

International Atomic Energy Agency, Austria 

Facilitation of development and promotion of nuclear applications for peaceful purposes and related 

capacity building are among the IAEA missions where Physics Section contributes most [1]. The relevant 

activities fall under the IAEA's sub-program nuclear science and cover four main thematic areas: 

applications of particle accelerators, sustainable utilization of research reactors, controlled fusion research 

and technology, and nuclear instrumentation. The Section also operates the Nuclear Science and 

Instrumentation Laboratory (NSIL) at Seibersdorf, located approximately 40 km south of Vienna. NSIL's 

primary mission is to assist IAEA Member States to establish, operate and maintain various nuclear 

instrumentation and spectrometry-based techniques in support of a wide range of applications such as 

materials research, energy, environment, food, agriculture, health care, cultural heritage, forensics, and 

some others. 
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�he �ection’s activities are implemented using various well-established instruments and modalities, just to 

list some of them: 

 Organization of international conferences, technical meetings, training courses and schools; these 

activities contribute to the knowledge dissemination, networking and capacity building. Some of 

these events include hands-on-training courses utilizing infrastructure and facilities available at 

NSIL or offered by the hosting organizations of the IAEA Member States; 

 Organization and support of coordinated research projects (CRPs); these are joint international 

projects bringing together scientists from 10-15 research institutes in both developing and 

developed countries to collaborate on research and development topics of common interest for 4-5 

years; 

 Publication of technical documents, guides, proceedings and e-learning tools; these are direct 

outputs of most of the IAEA technical or consultancy meetings, conferences and coordinated 

research projects; 

 Support to national and regional technical cooperation (TC) projects; these are primary mechanism 

for transferring nuclear technology and know-how to the IAEA developing Member States; 

 Offering specific services; these include organization of periodic proficiency or interlaboratory 

comparison tests; review, assessment or technical support missions; review of strategic plans, 

roadmap documents or feasibility studies; offering facilitated access to the state-of-the-art facilities 

through partnership agreements and practical arrangements, etc. 

 Management and updates of various data bases and web portals; these include facilities such as 

research reactors, particle accelerators, spallation neutron sources, synchrotron light sources and 

fusion experimental devices. 

This presentation will illustrate through a number of selected examples how the IAEA supports nuclear 

physics research and diverse applications in order to address key development priorities in many areas of 

societal importance and economic growth of the developing countries. In addition, some future plans on 

enhancing capabilities of the Nuclear Science and Instrumentation Laboratory as part of Physics Section will 

be highlighted, in particular by establishment of the neutron science facility and considerations for a 

compact ion beam accelerator. 

[1] https://www.iaea.org/about/organizational-structure/department-of-nuclear-sciences-and-

applications/division-of-physical-and-chemical-sciences/physics-section 
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