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Programme
Sunday 31 March
15:00

Registration and check-in for residents
Chapel

18:00

Welcome Reception
Hall

Monday 1 April
The Oxford School in High Energy Density Science
Chapel
08:00

Registration
Chapel

09:00

(Invited) Magnetising the universe: Turbulent dynamo redux
Alex Schekochihin, University of Oxford, UK

10:30

Coffee Break
Hall

11:00

(Invited) Exoplanets and equations of state
Raymond Pierrehumbert, University of Oxford, UK

12:30

Lunch
Hall

14:00

(Invited) High-energy photon and pair production in ultrarelativistic laser-plasma interactions
Laurent Gremillet, University of Bordeaux, France

15:30

Coffee Break
Hall

16:00

(Invited) Recent advances in direct-drive inertial confinement fusion
Riccardo Betti, University of Rochester, USA

18:30

Drinks reception
Alington Room
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Tuesday, 2 April
Warm Dense Matter Session (1)
Chapel
08:00

Registration
Chapel

08:30

(Invited) Warm dense matter studies relevant for planetary science
Alessandra Ravasio, LULI, France

09:00

(Invited) Highly relativistic ultrashort pulse laser interactions with ordered nanowire arrays: x-ray and neutron
generation
Jorge Rocca, Colorado State University, USA

09:30

(Invited) Exploring the dense universe using compact pulsed-power drivers
Pierre Gourdain, University of Rochester, USA

10:00

(Invited) Laser and pulsed power coupling for magnetized liner inertial fusion (MagLIF)*
Stephanie Miller, University of Michigan, USA

10:30

Coffee break
Hall

Warm Dense Matter Session (2)
Chapel
11:00

(Invited) High-pressure structural and electronic properties of ramp-compressed sodium
Danae Polsin, University of Rochester, USA

11:30

Ab initio path integral Monte Carlo results for the dynamic structure factor of correlated electrons: from the electron
liquid to warm dense matter
Tobias Dornheim, Helmholtz-Zentrum Dresden-Rossendorf, Germany

11:50

Extended Kohn-Sham first-principles molecular dynamics method to consistently study material properties from OK
to several thousand electron volts
Shen Zhang, National University of Defense Technology, China

12:10

Structures and transport properties of warm dense hydrogen
Jiayu Dai, National University of Defence Technology, China

12:30

Ion stopping power measurements in a moderate and degenerate plasma
Sophia Malko, Centro de Laseres Pulsados, Spain

12:50

Lunch
Hall

High Field Session
Chapel
13:30

(Invited) High energy protons from foils undergoing relativistic induced transparency driven by intense laser light
Paul McKenna, University of Strathclyde, UK

14:00

(Invited) High Charge electron acceleration from solid target
Liming Chen, Institute of Physics Chinese Academy of Sciences, China

14:30

(Invited) Acceleration of proton and electron from high energy, kilojoule, and multi-picosecond laser pulses
Joohwan Kim, University of San Diego, USA

15:00

(Invited) Developing high-intensity laser-plasma experimental capability on NIF-ARC
Jackson Williams, Lawrence Livermore National Laboratory, USA

15:30

Energy absorption in the laser QED regime
Alex Savin, University of Oxford, UK

15:50

Collimated ultra-bright gamma-rays from a petawatt-laser-driven QED wire wiggler
Wei-Min Wang, Institute of Physics, China
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Poster Session 1
10 Merton Lecture Room and Swire Seminar Room

Plenary Session
Chapel
19:00

(Invited) Modelling burning thermonuclear plasmas
Steven Rose, Imperial College London, UK

20:00

Pre-Dinner Drinks Reception
Alington Room

20:30

Special Dinner in Honour of Professor Steven Rose
Hall

Wednesday, 3 April
ICF Session (1)
Chapel
08:30

Registration
Chapel

09:00

(Invited) Modeling and projecting ICF implosion performance for the national ignition facility
Dan Clark, Lawrence Livermore National Laboratory, USA

09:30

(Invited) Searching for turbulence in high energy density Rayleigh-Taylor instability experiments
Alexis Casner, National Ignition Facility, USA

10:00

(Invited) Machine learning guided discovery and design for inertial confinement fusion
Kelli Humbird, Lawrence Livermore National Laboratory, USA

10:30

Coffee break
Hall

ICF Session (2)
Chapel
11:00

(Invited) Numerical and experimental study of 3D imprinted Raleigh-Taylor Instability bubbles dynamics at the
ablation fron on the National ignition Facility
Laurent Masse, Lawrence Livermore National Laboratory, USA

11:30

The blind implosion-maker - automated inertial confinement fusion experiment design
Peter Hatfield, University of Oxford, UK

11:50

Progress in understanding stagnation conditions in ICF implosions on the NIF
Pravesh Patel, Lawrence Livermore National Laboratory, USA

12:10

Using multiple independent diagnostics to measure the hot-spot electron temperature of ICF implosions at the NIF
Michael MacDonald, Lawrence Livermore National Laboratory, USA

12:30

(Invited) Dual ion species plasma expansion from isotopically layered cryogenic targets
Graeme Scott, Science and Technology Facilities Council, UK

13:00

Lunch
Hall
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Lab Astro Session (1)
Chapel
14:00

(Invited) Counterpropagating radiative shock experiments on the SG-II laser
Francisco Suzuki-Vidal, Imperial College London, UK

14:30

(Invited) Experiments on magnetized high energy-density physics using strong laser-driven magnetostatic fields
Joao Jorge Santos, University of Bordeaux, France

15:00

Christ Church Tours

18:10

(Invited) Constructing the universe
Subir Sarkar, University of Oxford, UK

19:00

Conference Dinner
Hall

Thursday 4 April
Warm Dense Matter Session (3)
Chapel
09:00

Registration
Chapel

09:30

(Invited) A Future for high-energy-density science at brilliant light sources
Cris Barnes, Los Alamos National Laboratory and Stephanie Hansen, Sandia National Laboratories, USA

10:00

(Invited) Modeling consistent material properties and observables for high-energy-density science
Stephanie Hansen, Sandia National Laboratory, USA

10:30

Coffee break
Hall

Warm Dense Matter Session (4)
Chapel
11:00

(Invited) Warming up density functional theory for high-energy-density plasmas
Suxing Hu, University of Rochester, USA

11:30

(Invited) Investigating the insulator to metal transition in dense fluid hydrogen and helium with laser-driven dynamic
compression
Marius Millot, Lawrence Livermore National Laboratory, USA

12:00

(Invited) A spectroscopic study of keV solid-density Fe plasma isochorically heated by LCLS X-ray FEL
Hae Ja Lee, SLAC National Accelerator Laboratory, USA

12:30

High energy density material properties studies using the Orion high power laser
David Hoarty, AWE Plc, UK

12:50

Experimental observation of ion acoustic waves in warm dense methane
Matthew Oliver, University of Nevada, USA

13:10

Lunch
Hall
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Lab Astro Session (2)
Chapel
14:30

(Invited) The Mallat Scattering Transform (MST) in high energy density plasmas: a new look at nonlinear, multiscale
physics in HED
Michael Glinsky, Sandia National Laboratories, USA

15:00

(Invited) Exploring stellar nucleosynthesis and basic nuclear science using high energy density plasmas at OMEGA
and the NIF
Maria Gatu Johnson, Massachusetts Institute of Technology, USA

15:30

(Invited) A semi-analytic model of gas-puff Z-pinch liner-on-target magneto-inertial fusion
Jeff Narkis, University of California, USA

16:00

Biermann battery effects on turbulence dynamo
Chang-Mo Ryu, Institute for Basic Science, South Korea

16:20

Coffee break
Hall

Lab Astro Session (3)
Chapel
16:40

Rayleigh-Taylor instabilities relevant to supernovae remnants
Gabriel Rigon, Laboratoire pour l’Utilisation des Lasers Intenses, France

17:00

Particle acceleration due to magnetically driven reconnection using laser-powered capacitor coils
Lan Gao, Princeton University, USA

17:20

High energy density experiments from astrophysical collisionless plasma flows to solid-density flow-stress in metal
Hye-Sook Park, Lawrence Livermore National Laboratory, USA

17:40

(Invited) The NIF Re-Shock platform for studying Rayleigh-Taylor and Richtmyer-Meshkov instabilities in a planar
geometry
Kunar Raman, Lawrence Livermore National Laboratory, USA

18:00

Poster Session 2 with drinks reception
10 Merton Lecture Room and Swire Seminar Room
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Friday 5 April
LPI Session (1)
Chapel
09:00

Registration
Chapel

10:00

(Invited) Real and complex-valued geometrical optics inverse ray tracing in adaptive meshes for inline field
calculations and nonlinear laser-plasma interactions
Arnaud Colaitis, Universite de Bordeaux, France

10:30

Coffee break
Hall

LPI Session (2)
Chapel
11:00

Femtosecond plasma phase space photonics: I kinetic nonlinear plasma structures for radiation and particle beam
manipulation
Bedros Afeyan, Polymath Research Inc., USA

11:20

Interactions of crossing laser pulses in plasma with applications to auxiliary heating
Ben Spiers, University of Oxford, UK

11:40

Relativistic intense laser-solid interactions: theory, simulation and applications in experiments
Dong Wu, Shanghai Institute of Optics and Fine Mechanics, China

12:00

Laser pulse compression towards collapse and beyond in plasmas
Thomas Wilson, University of Strathclyde, UK

12:20

Impact of atomic physics on the x-ray heating of laboratory photoionized plasmas
Roberto Mancini, University of Nevada, Reno, USA

12:40

Advanced high resolution x-ray diagnostics for HEDP experiments
Paul Mabey, Laboratoire pour l’Utilisation des Lasers Intenses, France

13:00

Lunch
Hall

ICF Session (2)
Chapel
14:00

Optimization of x-ray radiation pulse for Z-pinch dynamic hohlraum driven fusion
Fuyuan Wu, Universidad Politécnica de Madrid, Spain

14:20

Effects of laser-drive asymmetry on hot-spot flow dynamics and implosion performance on the NIF
David Schlossberg, Lawrence Livermore National Laboratory, USA

14:40

Experimental aspects of MagLIF pre-heat studies
Matthias Geissel, Sandia National Laboratories, USA

15:00

Kinetic effects in high-energy-density plasmas
Grigory Kagan, Imperial College London, UK

15:20

Discussion & Final Remarks

15:30

Departure
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Poster programme 1
10 Merton Street Lecture Room
P1.1	A new regime of short-pulse laser-particle acceleration: ARC protons for novel HED and ICF applications
Tammy Ma, Lawrence Livermore National Laboratory, USA
P1.2	Direct temperature measurements in solids via inelastic X-ray scattering under shock and ramp compression
Oliver Karnbach, University of Oxford, UK
P1.3	The blind implosion-maker – automated inertial confinement fusion experiment design
Peter Hatfield, University of Oxford, UK
P1.4	Measurement of free-free absorption of XUV radiation in warm dense aluminium
Cormac Hyland, Queen’s University Belfast, UK
P1.5	Competition effect between elasticity and magnetic field in the Rayleigh-Taylor instability
Sofia Piriz, Universidad de Castilla-La Mancha, Spain
P1.6	Exploring the universe through Discovery Science on NIF
Bruce Remington, Lawrence Livermore National Laboratory, USA
P1.7	Multi frame synchrotron radiography of pulsed power driven wire explosions
David Yanuka, Imperial College London, UK
P1.8	Effect of the Atwood number and initial perturbation on the Rayleigh-Taylor instabilities
Gabriel Rigon, Laboratoire pour l’Utilisation des Lasers Intenses, France
P1.9	Retrieving of initial parameters of solid targets laser plasma by analyzing spectral lines profiles of spatially and timeintegrated X-ray emission
Artem Martynenko, Joint Institute for High Temperatures of the Russian Academy of Sciences (JIHT RAS), Russia
P1.10	Novel heating effects from ELI in comparison with current petawatt class laser systems
Thomas Campbell, University of Oxford, UK
P1.11	Pulsed power flyer plate launch optimisation
Savva Theocharous, Imperial College London, UK
P1.12 	Strong gamma rays from a double-layer target irradiated by an ultra-intense laser pulse and their use for producing
electron-positron pairs
Chul Min Kim, GIST, Korea
Swire Seminar Room
P1.13	Direct Drive Capsule Implosion Experiments at the Orion Laser facility
Lucy Wilson, AWE Plc., UK
P1.14	Ripple growth of the interface in Richtmyer-Meshkov Instability: comparison between Linear Theory, Hydrodynamic
Simulations and Vortex Sheet Model
Francisco Cobos-Campos, University of Castilla-La Mancha, Spain
P1.15	Kinetic effects in high-energy-density plasmas
Grigory Kagan, Imperial College London, UK
P1.16	Shock Hugoniot measurements in the 100 Mbar regime
Michelle Marshall, Lawrence Livermore National Laboratory, USA
P1.17	Muon generation, detection and acceleration in laser wakefield
Zhang Feng, Research Center of Laser Fusion, China
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P1.18	The interaction of optically levitated microtargets with intense laser pulses
Roland Smith, Imperial College London, UK
P1.19	Multi-GeV positron and -photon beams generation with controllable angular momentum from intense laser-driven
near-critical plasmas
Xinglong Zhu, University of Strathclyde, UK
P1.20	Energy absorption by the bulk of sharp-edged critically over-dense plasmas in interactions with ultra-intense
laser pulses
Thomas Gawne, University of Oxford, UK
P1.21	Integrated probing of sheath field evolution using laser-generated positrons
Shaun Kerr, Lawrence Livermore National Laboratory, USA
P1.22	A new double crystal calibration system for absolute X-ray emission measurements
Lauren Hobbs, AWE Plc., UK
P1.23	ps laser-produced C and Al plasmas characterization by interferometry and emission spectroscopy
Ambra Morana, Laboratoire pour l’Utilisation des Lasers Intenses, France
P1.24	Orbital angular momentum coupling in elastic photon-photon scattering
Ramy Aboushelbaya, University of Oxford, UK
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Poster programme 2
10 Merton Street Lecture Room
P2.1	Femtosecond electron dynamics in the interaction of x-ray laser with matter
Elisa Vazquez Fernandez-Tello, Universidad Politécnica de Madrid, Spain
P2.2	Numerical 3D modeling of radiative accretionshock experiments on GEKKO XII facility
Clotilde Busschaert, French Alternative Energies and Atomic Energy Commission, France
P2.3	Producing shock-ignition-like pressure profiles by indirect drive
William Trickey, University of York, UK
P2.4	Radiation hydrodynamic simulations of the revolver direct-drive multi-shell ignition concept
Mark Schmitt, Los Alamos National Laboratory, USA
P2.5	Transport of relativistic electrons in cylindrically imploded magnetized plasmas
Farhat Beg, University of California San Diego, USA
P2.6	Numerical studies on implosion dynamics of Z-pinch driven MagLIF
Shijia Chen, National University of Defense Technology, China
P2.7	A comparison between observed and analytical velocity dispersion profiles of 20 nearby galaxy clusters
Mohammed Khan, Higher Education Department, Government Jammu & Kashmir, India
P2.8	Investigating guide field reconnection in HED plasmas
Simon Bolaños, Laboratoire pour l’Utilisation des Lasers Intenses, France
P2.9	Observation of ion-ion acoustic instability associated with collisionless shocks in laser produced plasmas
Jinlong Jiao, National University of Defense Technology, China
P2.10	Corrections to magnetised nonlocal transport to arbitrary order using continued fractions
Henry Watkins, Imperial College London, UK
P2.11	New self-similar solutions in cooling supernova remnants
Antoine Gintrand, Commissariat Energie Atomique et Energies Alternatives, France
P2.12	Experimental investigation of enhanced initial magnetisation in a laser-plasma dynamo
Archie Bott, University of Oxford, UK
P2.13	Potential experiments to measure extended-magnetohydrodynamic effects
Christopher Walsh, Imperial College London, UK
Swire Seminar Room
P2.14	(Test-)Particle acceleration mechanism study in a two colliding system
Julien Capitaine, Laboratory for Studies of Radiation and Matter in Astrophysics, France
P2.15	Modification of electron transport due to fast ions in HED plasmas
Brian Appelbe, Imperial College London, UK
P2.16	Experimental characterization of super-Alfvenic shocks driven by laser-generated plasmas expanding into an ambient
medium
Alice Fazzini, École Polytechnique, France
P2.17	Generation and application of a laser driven magnetic field in Lab-Astrophysics researches
Zhe Zhang, Institute of Physics Chinese Academy of Sciences, China
P2.18	An absorption spectroscopy platform to measure photoionization fronts in the laboratory
Heath LeFevre, University of Michigan, USA
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P2.19	NIF laboratory astrophysics experiments investigating the effects of a radiative shock on hydrodynamic instabilities
Carolyn Kuranz, University of Michigan, USA
P2.20	Magnetized plasma flow experiments at high-energy-density facilities
Carolyn Kuranz, University of Michigan, USA
P2.21	Focusing ion acceleration by magnetized electrons in kilotesla-level magnetic fields
Kathleen Weichman, University of Michigan, USA
P2.22	Self-consistent magnetic coupling between nearby speckles accelerating the avalanche regime of stimulated
raman scattering
Bedros Afeyan, Polymath Research Inc., USA
P2.23	Wakefields in a cluster plasma
Marko Mayr, University of Oxford, UK
P2.24	Imaging and control of soft and hard X-ray sources by using lithium fluoride detector in HEDP experiments
Sergey Makarov, Joint Institute for High Temperatures of the Russian Academy of Sciences (JIHT RAS), Russia
P2.25	A compressed sensing approach to 3D spectrometry
Robin Wang, University of Oxford, UK
P2.26	Is helium a good surrogate to study LPI in deuterium?
Matthias Geissel, Sandia National Laboratories, USA
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Friday 5 April
LPI Session (1)
Chapel
09:00

Registration
Chapel

10:00

(Invited) Real and complex-valued geometrical optics inverse ray tracing in adaptive meshes for inline field
calculations and nonlinear laser-plasma interactions
Arnaud Colaitis, Universite de Bordeaux, France

10:30

Coffee break
Hall

LPI Session (2)
Chapel
11:00

Femtosecond plasma phase space photonics: I kinetic nonlinear plasma structures for radiation and particle beam
manipulation
Bedros Afeyan, Polymath Research Inc., USA

11:20

Interactions of crossing laser pulses in plasma with applications to auxiliary heating
Ben Spiers, University of Oxford, UK

11:40

Relativistic intense laser-solid interactions: theory, simulation and applications in experiments
Dong Wu, Shanghai Institute of Optics and Fine Mechanics, China

12:00

Laser pulse compression towards collapse and beyond in plasmas
Thomas Wilson, University of Strathclyde, UK

12:20

Impact of atomic physics on the x-ray heating of laboratory photoionized plasmas
Roberto Mancini, University of Nevada, Reno, USA

12:40

Advanced high resolution x-ray diagnostics for HEDP experiments
Paul Mabey, Laboratoire pour l’Utilisation des Lasers Intenses, France

13:00

Lunch
Hall

ICF Session (2)
Chapel
14:00

Optimization of x-ray radiation pulse for Z-pinch dynamic hohlraum driven fusion
Fuyuan Wu, Universidad Politécnica de Madrid, Spain

14:20

Effects of laser-drive asymmetry on hot-spot flow dynamics and implosion performance on the NIF
David Schlossberg, Lawrence Livermore National Laboratory, USA

14:40

Experimental aspects of MagLIF pre-heat studies
Matthias Geissel, Sandia National Laboratories, USA

15:00

Kinetic effects in high-energy-density plasmas
Grigory Kagan, Imperial College London, UK

15:20

Discussion & Final Remarks

15:30

Departure
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P1.18	The interaction of optically levitated microtargets with intense laser pulses
Roland Smith, Imperial College London, UK
P1.19	Multi-GeV positron and -photon beams generation with controllable angular momentum from intense laser-driven
near-critical plasmas
Xinglong Zhu, University of Strathclyde, UK
P1.20	Energy absorption by the bulk of sharp-edged critically over-dense plasmas in interactions with ultra-intense
laser pulses
Thomas Gawne, University of Oxford, UK
P1.21	Integrated probing of sheath field evolution using laser-generated positrons
Shaun Kerr, Lawrence Livermore National Laboratory, USA
P1.22	A new double crystal calibration system for absolute X-ray emission measurements
Lauren Hobbs, AWE Plc., UK
P1.23	ps laser-produced C and Al plasmas characterization by interferometry and emission spectroscopy
Ambra Morana, Laboratoire pour l’Utilisation des Lasers Intenses, France
P1.24	Orbital angular momentum coupling in elastic photon-photon scattering
Ramy Aboushelbaya, University of Oxford, UK
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Poster programme 2
10 Merton Street Lecture Room
P2.1	Femtosecond electron dynamics in the interaction of x-ray laser with matter
Elisa Vazquez Fernandez-Tello, Universidad Politécnica de Madrid, Spain
P2.2	

Numerical 3D modeling of radiative accretion shock experiments on GEKKO XII facility
Clotilde Busschaert, French Alternative Energies and Atomic Energy Commission, France

P2.3	Producing shock-ignition-like pressure profiles by indirect drive
William Trickey, University of York, UK
P2.4	Radiation hydrodynamic simulations of the revolver direct-drive multi-shell ignition concept
Mark Schmitt, Los Alamos National Laboratory, USA
P2.5	Transport of relativistic electrons in cylindrically imploded magnetized plasmas
Farhat Beg, University of California San Diego, USA
P2.6	Numerical studies on implosion dynamics of Z-pinch driven MagLIF
Shijia Chen, National University of Defense Technology, China
P2.7	A comparison between observed and analytical velocity dispersion profiles of 20 nearby galaxy clusters
Mohammed Khan, Higher Education Department, Government Jammu & Kashmir, India
P2.8	Investigating guide field reconnection in HED plasmas
Simon Bolaños, Laboratoire pour l’Utilisation des Lasers Intenses, France
P2.9	Observation of ion-ion acoustic instability associated with collisionless shocks in laser produced plasmas
Jinlong Jiao, National University of Defense Technology, China
P2.10	Corrections to magnetised nonlocal transport to arbitrary order using continued fractions
Henry Watkins, Imperial College London, UK
P2.11	New self-similar solutions in cooling supernova remnants
Antoine Gintrand, Commissariat Energie Atomique et Energies Alternatives, France
P2.12	Experimental investigation of enhanced initial magnetisation in a laser-plasma dynamo
Archie Bott, University of Oxford, UK
P2.13	Potential experiments to measure extended-magnetohydrodynamic effects
Christopher Walsh, Imperial College London, UK
Swire Seminar Room
P2.14	(Test-)Particle acceleration mechanism study in a two colliding system
Julien Capitaine, Laboratory for Studies of Radiation and Matter in Astrophysics, France
P2.15	Modification of electron transport due to fast ions in HED plasmas
Brian Appelbe, Imperial College London, UK
P2.16	Experimental characterization of super-Alfvenic shocks driven by laser-generated plasmas expanding into an ambient
medium
Alice Fazzini, École Polytechnique, France
P2.17	Generation and application of a laser driven magnetic field in Lab-Astrophysics researches
Zhe Zhang, Institute of Physics Chinese Academy of Sciences, China
P2.18	An absorption spectroscopy platform to measure photoionization fronts in the laboratory
Heath LeFevre, University of Michigan, USA
10
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P2.19	NIF laboratory astrophysics experiments investigating the effects of a radiative shock on hydrodynamic instabilities
Carolyn Kuranz, University of Michigan, USA
P2.20	Magnetized plasma flow experiments at high-energy-density facilities
Carolyn Kuranz, University of Michigan, USA
P2.21	Focusing ion acceleration by magnetized electrons in kilotesla-level magnetic fields
Kathleen Weichman, University of Michigan, USA
P2.22	Self-consistent magnetic coupling between nearby speckles accelerating the avalanche regime of stimulated
raman scattering
Bedros Afeyan, Polymath Research Inc., USA
P2.23	Wakefields in a cluster plasma
Marko Mayr, University of Oxford, UK
P2.24	Imaging and control of soft and hard X-ray sources by using lithium fluoride detector in HEDP experiments
Sergey Makarov, Joint Institute for High Temperatures of the Russian Academy of Sciences (JIHT RAS), Russia
P2.25	A compressed sensing approach to 3D spectrometry
Robin Wang, University of Oxford, UK
P2.26	Is helium a good surrogate to study LPI in deuterium?
Matthias Geissel, Sandia National Laboratories, USA
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(Invited) Magnetising the universe: Turbulent dynamo redux
A Schekochihin1
1

University of Oxford, UK

One of the old puzzles [1] that has spurred new experimental successes in the buoyant field of laboratory
astrophysics [2] is the “turbulent dynamo”: the making of magnetic fields by chaotic motions of a
conducting fluid. The problem is interesting and complicated — because it is a turbulence problem [3] and
because it is in fact not a fluid dynamics problem but a plasma physics one [4]. I will review how turbulent
dynamo happens, describe some old [1,3] and new [2,4] research on the problem, and outline the known
unknowns.
[1]
[2]
[3]

[4]
[5}

G. K. Batchelor, ’’On the spontaneous magnetic field in a conducting liquid in turbulent motion’’
Proc. R. Soc. London A 201, 405 (1950); L. Biermann and A. Schlueter, ’’Cosmic radiation and
cosmic magnetic fields. II. Origin of cosmic magnetic fields,’’ Phys. Rev. 82, 863 (1951)
P. Tzeferacos et al., ’’Laboratory evidence of dynamo amplification of magnetic fields in a turbulent
plasma,’’ Nature Comm. 9, 591 (2018); A. F. A. Bott, “Magnetic-field amplification in turbulent
laser plasmas”, DPhil Thesis, University of Oxford (2019)
A. A. Schekochihin et al. ’’Simulations of the small-scale turbulent dynamo’’ Astrophys. J. 612, 276
(2004); A. A. Schekochihin et al. ’’Fluctuation dynamo and turbulent induction at low magnetic
Prandtl numbers’’ New J. Phys. 9, 300 (2007)
[4] F. Rincon et al. ’’Turbulent dynamo in a collisionless plasma’’ Proc. Nat. Acad. Sci. 113, 3950
(2016);
S. Melville et al., ’’Pressure-anisotropy-driven microturbulence and magnetic-field evolution in a
shearing, collisionless plasma’’ Mon. Not. R. Astron. Soc. 459, 2701 (2016);
D. A. St-Onge and M. W. Kunz, ’’Fluctuation dynamo in a collisionless, weakly magnetized plasma,’’
Astrophys. J. 863, L25 (2018)

(Invited) Exoplanets and equations of state
R Pierrehumbert1
1

University of Oxford, UK

To date, nearly four thousand planets orbiting stars other than our own have been discovered, and it is likely
that the number will grow beyond twenty thousand in the next few years as data from the TESS mission
comes in. These planets encompass abroad variety of characteristics well beyond those familiar from the
limited range of examples encountered in the Solar System, and have presented challenges to diverse areas
of physics. The two main means of discovery of exoplanets are the transit method (based on measuring the
dimming of starlight when the planet eclipses its star) and the radial velocity method (based on measuring
the doppler shift in starlight caused by the slight wobbling of the star caused by the planet). The transit
method directly provides a measurement of the radius of the planet (given the radius of the star) but for
multi- planet systems analysis of variations in timing of transits can be used to estimate masses as well. The
radial velocity method provides a direct estimate of the minimum mass of a planet. For systems where both
radial velocity and transit measurements are available the mass of planets can be uniquely determined.
There is thus a growing catalogue of planets for which densities are known, and one of the grand challenges
of exoplanetary science is to tease out information on planetary composition and interior structure from
mass and radius measurements. This is a highly degenerate inversion, but nonetheless a great deal can be
learned. Good equations of state for planetary materials on an adiabat passing through the radiating
temperature of the planet, and extending to pressures in the terapascal range, are essential.
In this lecture, I will discuss the general range of planetary interior structure problems presented by the
catalogue of exoplanets, beginning with an overview of the data. Because of detection biases, most of the

12

known planets are gas giants. These necessarily have a hydrogen/helium dominated composition and in
that sense are Jupiter-like, but have temperatures extending to ranges much hotter than Jupiter itself, and
can have masses much greater than Jupiter, compounding the already challenging problem of the state of
matter in Jupiter's interior. The catalogue also contains a variety of rocky planets with radii up to twice
Earth's, leading to interior pressures and temperatures beyond those encountered for rocky materials in
Earth and Venus, compounded by the challenge of di_erent compositions (e.g. greater carbon to oxygen
ratios). The catalog also contains "gas midgets" such as GJ1214b { planets on the order of two Earth radii
or less which likely have rocky cores but have such low densities that they must have a very massive uid
envelope, which need not be H2=He dominated.
I will survey the way the equation of state enters into the computation of the radius of the planet. The case of
the enigmatic GJ1214b will be used to illustrate some of the basic issues, and highlight the considerable
uncertainties of our knowledge of the relevant equations of state. Three possible models for the planet are:
(1) large rocky core with hydrogen envelope, (2) Small rocky core with a pure supercritical H2O envelope, or
(3) Small rocky core with a pure CO2 envelope. In the latter two end-members, computation of interior
structure must consider not only the phase of the high-pressure substance in the interior, but also the
possibility of dissociation of the molecules and rearrangement of the dissociation products. In the case of
CO2, molecular dynamics calculations suggest polymeric liquid phase transitions, but there is disagreement
on the subject of whether CO2 dissociates, with some shock experiments indicating formation of
nanodiamonds. There is also the question as to whether it forms a metallic phase analogous to that posited
for hydrogen in Jupiter's interior. An endemic problem with available molecular dynamics and laboratory
data is that results are typically available on a Hugoniot, whereas planetary applications require data on an
adiabat. For the high pressures of planetary interiors, extrapolation from the high temperature on a Hugoniot
down to the lower temperatures typical of adiabats is problematic. As a result, it is not possible at present to
tell whether a CO2-dominated composition is a viable model for GJ1214b and planets of a similar size and
density.
(Invited) High-energy photon and pair production in ultrarelativistic laser-plasma interactions
L Gremillet1, B Martinez1, 2, M Lobet1, 2, and E d’Humières1
1

Université de Bordeaux, France, 2French Alternative Energies and Atomic Energy Commission, France

Next-generation multi-petawatt laser systems (e.g. CoReLS, Apollon, ELI, CAEP-PW) will soon make it
possible to achieve laser intensities in excess of 1022−1023 Wcm2. Laser-matter interactions under such
extreme conditions involve copious synchrotron or Bremsstrahlung emission of 𝛾𝛾-ray photons, which may
subsequently convert into electron-positron pairs, through the Breit-Wheeler or Bethe-Heitler processes.
These phenomena, which bear some resemblance to what occurs in high-energy astrophysical settings, may
strongly alter the mechanisms that are known to rule the laser-plasma interaction at lower laser intensities.
In view of a quantitative, self-consistent modeling of the future experiments, the widely used particle-in-cell
(PIC) codes must include the aforementioned high-energy processes. Such is the case for the code CALDER
developed at CEA/DAM, which now describes all of the relevant radiation and pair production processes,
mediated by either electromagnetic and Coulomb fields [1]. This upgraded PIC-Monte Carlo code has
allowed us to investigate a number of radiation- and pair-modified laser-plasma scenarios under physical
conditions more or less accessible to forthcoming multi-PW lasers [2-4].
This presentation will be structured as follows. We will first review the properties of synchrotron emission in
laser-driven plasmas of varying density. We will then address the potential of nanowire-array targets for
generating bright synchrotron sources at ∼1022Wcm−2 intensities [Fig. 1]. We will explore the variations of
the photon spectra with the target parameters, and compare the performance of nanowire targets with that
of uniform-density plasmas. Third, we will study the competition between Bremsstrahlung and synchrotron
emissions in laser-illuminated copper foils. We will show that synchrotron emission is maximized for target
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thicknesses of a few 10 nm, close to the relativistic transparency threshold, and that Bremsstrahlung
prevails in targets a few 𝜇𝜇m thick. Finally, we will present the results of a parametric study of pair production
from laser-electron beam collisions at ultrahigh laser intensities.

Fig. 1: 𝛾𝛾-ray generation from a nanowire target irradiated by a 1022Wcm−2 laser pulse
[1]
[2]
[3]
[4]

M Lobet et al., J. Phys. Conf. Ser. 688, 012058 (2016).
M Lobet et al., Phys. Rev. Lett. 115, 215003 (2015).
M Lobet, X Davoine, E. d’Humières, and L Gremillet, Phys. Rev. Accel. Beams 20, 043401 (2017).
B Martine

(Invited) Recent advances in direct-drive inertial confinement fusion
R Betti1
1

University of Rochester, USA

Recent progress in both laser direct- and indirect-drive ICF (inertial confinement fusion) has considerably
improved the prospects for achieving thermonuclear ignition with megajoule-class lasers. When scaled to NIF
laser energies, recent direct-drive implosions on OMEGA are expected to produce close to 500 kJ of fusion
yield and about 74% of the Lawson triple product required for ignition. Those implosions have benefited
from a significant increase in implosion velocity obtained through larger-diameter targets and thinner ice
layers. A new statistical approach used in designing OMEGA targets has demonstrated a considerable
predictive capability, thereby enabling the design of targets with improved performance. Ongoing
improvements in laser performance and target quality are expected to further augment implosion
performance towards the goal of demonstrating implosion core conditions that scale to ignition at NIF
energies. In addition, more advanced fusion schemes like shock ignition, magnetized targets and hybrid
direct-indirect schemes are also investigated to provide additional options for acceleration progress towards
the ignition goal. This material is based upon work supported by the Department of Energy National Nuclear
Security Administration under Award Number DE-NA0001944 and Office of Fusion Energy Sciences under
Award Number DE-SC0016258. The support of DOE does not constitute an endorsement by DOE of the
views expressed in this article.
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Session: Warm Dense Matter (1)
(Invited) Warm dense matter studies relevant for planetary science
A Ravasio1
1

LULI, France

The study of planetary interiors is a key concern to provide a unified framework about planets’ formation,
evolution and structure. Today this purpose acquires new significance because of the active discovery of
extrasolar planets. Planets of our Solar System are thus studied for both their specific interest and their role
as better-known prototypes for classification and modelling of exoplanets. A major issue for this kind of
study is represented by the substantial impossibility to directly probe the planets interiors. While the internal
structure of our Earth can be inferred by means of analysis of seismic waves, for the other solar planets
probing is limited to the surface (Mars) or even to a fly-by in the upper atmosphere (giant planets). In the
last case, the only data in our possession are measurements of mass, magnetic and gravitational field,
luminosity, radii etc.
Therefore, a model is needed to couple these observables in a self-consistent way with the interior structure
and dynamics.
In this context, an accurate modelling requires a precise knowledge of structural and transport properties of
some key elements (e.g. iron for our Earth), such as the equation-of-state, phase transitions, conductivity,
etc. These properties at regimes typical of planetary interiors (few Mbar, few 1000 K) can today be
measured in long pulse (ns) laser driven shock experiments. In this talk, I will present the experimental
results that we have recently obtained on key materials for planetary mantles and their impacts on the
planetary science.
(Invited) Highly relativistic ultrashort pulse laser interactions with ordered nanowire arrays: x-ray and neutron
generation
J Rocca1, R Hollinger1, S Wang1, A Curtis1, C Calvi1, M Capeluto2, A Moreau1, Y Wang1, A Rockwood1, H Song1,
V Shlyaptsev1, V Kaymak3, and A Pukhov3
1

Colorado State University, USA, 2University of Buenos Aires, Argentina, 3Heinrich-Heine-Universität
Düsseldorf Düsseldorf, Germany
The trapping of femtosecond laser pulses of relativistic intensity deep within ordered nanowire arrays can
volumetrically heat dense matter into a new ultra-hot plasma regime. Electron densities more than 100
times greater than the critical density and multi-keV temperatures are achieved using femtosecond laser
pulses of only one Joule energy at a modest relativistic intensity of 5x1018 Wcm-3. Extraordinarily high
degrees of ionization (e.g. 52 times ionized Au) were observed with gigabar pressures, which were only
exceeded in the laboratory in the central hot-spot of highly compressed thermonuclear fusion plasmas [1,2].
I will discuss the fundamental physics of relativistic laser pulse interactions with nanostructures and their
promising applications. The large electron density, which results in an increase collisional rate and shorter
radiative lifetime, combined with the large plasma volume that increases the hydrodynamic cooling time
allow for greatly increased conversion into x-rays. Recent experiments in which gold nanowire arrays were
heated by ultra-high contrast pulses at intensities of ~ 4x1019 Wcm-2 produced record 20 percent conversion
efficiency into picosecond x-ray pulses [3]. In a different set of experiments, the acceleration of deuterons
from a dense deuterated nanowire array to MeV energies resulted in a record number of monochromatic
fusion neutrons per Joule for a compact laser. The neutron production was 500 times larger than that
obtained by irradiating flat solid targets of the same material (CD2) with the same laser pulses [4]. These
results and those of new experiments conducted at increased intensities of ~ 5x1021 Wcm-2 conducted using
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ultra-high contrast pulses from a frequency-doubled petawatt-class laser will be presented and compared
with 3-D relativistic particle-in-cell simulations.
Work supported by the U.S. Department of Energy, Fusion Science Program of the Office of Science and by
the Air Force Office of Scientific Research.
[1]
[2]

[3]
[4]

M. A. Purvis, V. N. Shlyaptsev, R. Hollinger, C. Bargsten, A. Pukhov, A. Prieto, Y. Wang, B. Luther, L.
Yin, S. Wang, J. J. Rocca, “Relativistic plasma nano-photonics for ultra-high energy density physics”,
Nature Photonics 7, 796 (2013)
C. Bargsten, R. Hollinger, M.G. Capeluto, V. Kaymak, A. Pukhov, S. Wang, A. Rockwood, Y. Wang, D.
Keiss, R. Tommasini, R. London, J. Park, M. Busquet, M. Klapisch, V.N. Shlyaptsev, J.J. Rocca,
“Energy penetration into arrays of aligned nanowires irradiated with relativistic intensities: scaling to
terabar pressures”, Science Advances, 3, e1601558 (2017)
R. Hollinger, C. Bargsten, V.N. Slyaptsev, V. Kaymak, A. Pukhov, M.G. Capeluto, S.Wang, A.
Rockwood, Y. Wang, A. Townsend, A. Prieto, P. Stockton, A. Curtis, J.J. Rocca , “Efficient picosecond
X-ray pulses from plasma in the radiation dominated regime”, Optica, 4, 1344, (2017)
A. Curtis, C. Calvi, J. Tinsley, R. Hollinger, V. Kaymak, A. Pukhov, S. Wang, A. Rockwood, Y. Wang,
V.N. Shlyaptsev, J.J. Rocca, “Micro-scale fusion in dense relativistic nanowire array plasmas”,
Nature Communications, 9, art. 1077, (2018)

(Invited) Exploring the dense universe using compact pulsed-power drivers
P Gourdain1
1

University of Rochester, USA

Today, we can claim our understanding of the universe is better than ever. With every new instrument, our
ability to observe previously unknown phenomena has grown beyond anything imaginable a decade ago.
With every new discovery, we are also facing new, open questions. Some questions will be answered from
observations using better instruments. Other questions can only be answered by laboratory experiments,
especially to find out how small-scale physics impacts the dynamics of extremely large-scale systems. This
physics happens in regimes where matter is extremely hot and extremely dense. It sets on equal footings
quantum, electromagnetic and collisional interactions, a combination modern physics finds difficult to
approach. In this talk, we will show how compact pulsed-power generators, known as Linear Transformer
Drivers (LTDs) [1], can produce materials under extreme conditions and study them on spatial and temporal
scales that are relevant to the construction of a macroscopic, unified theory of degenerate, collisional
matter. The experimental setup, called a Magnetic Anvil Cell is shown in Fig 1.a. The key asset of LTDs is
their ability to produce macroscopic samples under megabars of pressure in thermodynamic equilibrium [2],
while using a very small footprint inside a laboratory [3], as shown in Fig. 1.b. They can also be relocated at
the front end of extreme light sources that can probe, deep inside materials, how quantum and
electromagnetic interactions strongly affect collisional regimes.

a)

b)

Fig. 1: (a) Magnetic Anvil Cell (all units in mm); (b) The High Amperage Driver for Extreme States (HADES)
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[1]

[2]
[3]

M. G. Mazarakis, W. E. Fowler, A. A. Kim, V. A. Sinebryukhov, S. T. Rogowski, R. A. Sharpe, D. H.
McDaniel, C. L. Olson, J. L. Porter, K. W. Struve, W. A. Stygar, and J. R. Woodworth, High current,
0.5-MA, fast, 100-ns, linear transformer driver experiments, Phys. Rev. Spec. Top. – Acc. and
Beams 12, 050401 (2009)
P.-A. Gourdain, A. B. Sefkow, C. E. Seyler, “The Generation of Warm Dense Matter Using a Magnetic
Anvil Cell”, IEEE Transactions on Plasma Science, 46, 3968 (2018)
P.-A. Gourdain, M. Evans, B. Foy, D. Mager, R. McBride, and R. Spielman. (2017) “HADES: A high
amperage driver for extreme states.” https://arxiv.org/abs/1705.04411

(Invited) Laser and pulsed power coupling for magnetized liner inertial fusion (MagLIF)*
S Miller1, S Slutz2, S Klein1, S Bland3, P Campbell1, J Woolstrum1, C Kuranz1, M Gomez2, N Jordan1, and R
McBride1
1

University of Michigan, USA, 2Sandia National Laboratories, USA, 3Imperial College London, UK

Magnetized Liner Inertial Fusion (MagLIF) is a pulsed power implementation of inertial confinement fusion. In
MagLIF, a few-ns laser pulse is used to preheat pressurized fuel contained within a cylindrical metal tube (or
“liner”). The liner is then imploded with a pulsed magnetic field, compressing and further heating the fuel to
fusion-relevant temperatures. Currently, the preheating laser ablates through a thin laser entrance hole (LEH)
window that holds the pressurized fuel in place. Energy coupling losses are predicted to occur at the LEH
window from laser plasma interactions (LPI). To reduce energy losses, the LEH window could be removed
early in time, before the laser passes through the LEH [1]. This concept of early window removal is referred to
as “Laser Gate.”
At the University of Michigan (UM), we are working on a version of Laser Gate where the window is weakened
by locally melting the edge of the window. Electrical current is driven through a wire wrapped around the
perimeter of the window. As the wire heats, the window material is weakened. Then, the pressurized fuel
inside the target opens the window up and out of the way of the laser path. In MagLIF, the preheating laser
pulse would be applied before a substantial amount of the fuel escapes. This process should reduce fuelwindow mixing and LPI in MagLIF.
A facility capable of testing the Laser Gate concept has been designed and built at UM. We have imaged the
window opening up and out of the laser path as shown in Figure 1. The opening time is on the order of the
predicted microsecond timescale. The Laser Gate concept of weakening the LEH window and allowing it to
open at an early time has now been demonstrated. Studies of repeatability and scaling are ongoing. We will
report on the scaling of target parameters and on the densities of escaping gas. Additionally, the UM test
facility is being redesigned for integration with facilities at Sandia National Laboratories – we will report on
the progress of this effort as well.

Fig. 1: Laser backlit images of LEH window opening.
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[1]

S. A. Slutz, et al., Phys. Plasmas 24, 012704 (2017); S. A. Slutz, personal communication (2017)

* Work supported by DOE NNSA-LRGF (DE-NA0003864), DOE NNSA-SSAP (DE-NA0003764), NNSA-DS /
SC-OFES HEDLP (DE-NA0002956), and Sandia National Labs (DE-NA0003525)

Session: Warm Dense Matter (2)
(Invited) High-pressure structural and electronic properties of ramp-compressed sodium
D Polsin1, T Boehly1, G Collins1, J Rygg1, X Gong1, J Eggert2, A Jenei2, M Millot2, and M McMahon3
1

University of Rochester, USA, 2Lawrence Livermore National Laboratory, USA, 3University of Edinburgh,
Scotland
Extreme compression can alter the free–electron behavior of “simple” metals such as sodium. At pressures
exceeding 200 GPa, Na was observed to become transparent to visible light under static-compression, and
first-principles calculations suggest this is caused by a transformation to an electride phase where electrons
are localized in interstitial positions. Laser-driven ramp compression is used to compress Na into an
unexplored pressure regime to investigate the crystalline structure, reflectivity, and melting behavior of Na. Xray diffraction is used to constrain the crystalline structure and detect melting. Optical reflectivity
measurements at 532 nm are used to detect a transition to the predicted insulating electride phase. We
show the highest pressure solid x-ray diffraction and reflectivity data on Na to date. A simple semiconducting
Drude picture is used to constrain the band gap and temperature of dense Na.
This material is based upon work supported by the Department of Energy National Nuclear Security
Administration under Award Number DE-NA0003856, the University of Rochester, and the New York State
Energy Research and Development Authority.
Ab initio path integral Monte Carlo results for the dynamic structure factor of correlated electrons: from the
electron liquid to warm dense matter
T Dornheim1, S Groth2, J Vorberger1, and M Bonitz2
1

Helmholtz-Zentrum Dresden-Rossendorf, Germany, 2Kiel University, Germany

Over the last decades, there has emerged a growing interest in warm dense matter (WDM), an exotic state
with extreme densities and temperatures. These conditions are relevant for the description of astrophysical
objects like brown dwarfs and giant planet interiors, meteor impacts, and laser-excited solids. In addition,
WDM occurs on the pathway towards inertial confinement fusion, which promises a potential abundance of
clean energy in the future. Despite the remarkable experimental progress at large research facilities around
the globe, a thorough theoretical description of WDM is notoriously difficult due to the complicated interplay
of (1) Coulomb coupling, (2) thermal excitations, and (3) quantum degeneracy effects.
In this work, we focus on the uniform electron gas (UEG), one of the most fundamental model systems in
physics and quantum chemistry. Although most ground state properties of the UEG have been known for
decades, a full thermodynamic description at WDM conditions has only been achieved recently [1] on the
basis of ab initio quantum Monte Carlo simulations [2,3]. In this contribution, we extend these
considerations to the dynamic structure factor---the key quantity in X-ray Thomson scattering (XRTS)
experiments, which have emerged as a standard tool of diagnostics in WDM experiments [4].
More specifically, we have carried out extensive path integral Monte Carlo simulations of the UEG going from
WDM conditions to the strongly correlated electron liquid regime to compute an imaginary-time density—
density correlation function. The latter is subsequently used as input for a new reconstruction procedure,
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which allows to obtain ab initio results for the dynamic structure factor including all exchange-correlation
effects [5]. While the required inverse Laplace transform is notoriously difficult and, in fact, ill-posed, this
problem is rendered tractable by a novel stochastic sampling scheme of the dynamic local field correction,
which allows to fulfill a number of exact properties.
This has allowed us to compute the first accurate data for the dynamic structure factor for different densities
and temperatures, and to gauge the accuracy of previous approximations. Interestingly, at strong coupling
we find nontrivial shapes around intermediate wave vectors, which manifest in a negative dispersion relation.
We expect our results to be of direct interest for, e.g., the interpretation of XRTS experiments and as input for
other methods like quantum hydrodynamics and time-dependent density functional theory.
[1]
[2]
[3]
[4]
[5]

S. Groth, T. Dornheim, T. Sjostrom, F. Malone, WMC Foulkes, and M. Bonitz, Phys. Rev. Lett. 119,
135001 (2017)
T. Dornheim, S. Groth, and M. Bonitz, Phys. Reports 744, 1-86 (2018)
T. Dornheim, S. Groth, T. Sjostrom, F. Malone, WMC Foulkes, and M. Bonitz, Phys. Rev. Lett. 117,
156403 (2016)
S. Glenzer and R. Redmer, Rev. Mod. Phys. 81, 1625 (2009)
T. Dornheim, S. Groth, J. Vorberger, and M. Bonitz, Phys. Rev. Lett. (in press), arXiv:1810.12776

Extended Kohn-Sham first-principles molecular dynamics method to consistently study material properties
from 0K to several thousand electron volts
S Zhang1, C Gao2, X Liu2, W Kang2, P Zhang3, and X He2, 3
1

National University of Defense Technology, China, 2Peking University, China, 3Institute of Applied Physics
and Computational Mathematics, China
Based on Born approximation, by using the analytical form of plane wave solution to approximate the
contribution of high energy orbitals while the rest lower energy orbitals being calculated self-consistently, we
extend the first-principles molecular dynamics (FPMD) method within the framework of Kohn-Sham-Mermin
finite-temperature density functional theory (FTDFT) scheme to develop the first applicable first-principles
method that can consistently deal with materials with temperature ranging from 0K to more than 2000
eV[1]. Compared with other first-principles methods for hot dense plasmas, such as path integral Monte
Carlo method (PIMC) and orbital-free molecular dynamics method (OFMD), the extended FPMD method
keeps the information of electronic structures, which gives it an edge not only for the study of equation of
states but also for transport properties that are crucial to geophysics, astrophysics, and ICF, etc. [2]
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Fig. 1: Valid boundary for different method in a wide range of temperature (a) bootstrapping PIMC/OFMD
and FPMD; (b) consistent ext-FPMD method
[1]
[2]

S. Zhang, H. Wang, W. Kang, et al., Phys. Plasmas 23, 042707 (2016)
C. Gao, S. Zhang, W. Kang, et al., Phys. Rev. B, 94, 205115 (2016)

Structures and transport properties of warm dense hydrogen
J Dai1, Q Ma1, B Lu1, T Gao1, D Kang1, and Z Zhao1
1

National University of Defence Technology, China

The structural, thermodynamic and transport properties of warm dense matter (WDM) are crucial to the fields
of astrophysical physics, planet science, as well as inertial confinement fusion. WDM refers to the states of
matter in a regime of temperature and density between cold condensed matter and hot ideal plasmas,
where the density is from near up to 10 times solid density and the temperature is between 0.1 and 100 eV.
In the WDM regime, matter exhibits moderately or strongly coupled, partially degenerate. Therefore, the
methods which used to deal with condensed matter and isolated atom should be validated for WDM
properly. It is therefore a big challenge to understand WDM within a unified theoretical description with
reliable accuracy. Here we study the liquid-liquid phase transition of dense hydrogen with first principles
molecular dynamics including van der Waals interactions and non-local interactions. The results are in good
agreement with the quantum Monte Carlo simulations and we give the dynamical properties such as
diffusion coefficients. Also, by using electron force field molecular dynamics, we study the dynamics of
electron-ion energy exchange in warm dense hydrogen, giving the temperature relaxation time after strong
laser deposition. The results show that interplay between quantum electrons and coupled ions are crucial for
the scattering processes, which result in much lower relaxation rate comparing with the results from
traditional kinetic models and classical molecular dynamics.
[1]
[2]
[3]
[4]
[5]
[6]
[7]

Dongdong Kang, Jiayu Dai, J. Phys.: Condens. Matter. 30, 073002 (2018). (Topic Review).
Qian Ma, Dongdong Kang, Zengxiu Zhao, Jiayu Dai, Phys. Plasmas. 25, 012707 (2018).
Zhiguo Li, Wei Zhang, Zhijian Fu, Jiayu Dai, Qifeng Chen, and Xiangfong Chen, Phys. Plasmas. 24,
052903 (2017).
Binbin Lu, Dongdong Kang and Jiayu Dai, Submitted.
Jiayu Dai, Dongdong Kang, Zengxiu Zhao et al., Phys. Rev. Lett. 109, 175701 (2012).
Jiayu Dai, Yong Hou and Jianmin Yuan, Phys. Rev. Lett. 104, 245001 (2010).
Qian Ma, Jiayu Dai, Dongdong Kang et al, Submitted to PRL

Ion stopping power measurements in a moderate and degenerate plasma
S Malko1, 2, W Cayzac3, V Ospina1, X Vaisseau3, J Apiñaniz1, D Batani4, M Barriga-Carrasco5, R Fedosejevs6, M
Huault1, P Neumayer7, J Perez-Hernandez1, G Prestopino8, R Ramis9, C Verona8 and L Volpe1, 2
1

Centro de Laseres Pulsados, Spain, 2University of Salamanca, Spain 3CEA, France, 4University of Bordeaux,
France, 5Universidad de Castilla La Mancha, Spain 6University of Alberta, Canada, 7GSI, Helmholtzzentrum
für Schwerionenforschung, Germany 8Università degli studi di Roma, Italy, 9Universidad Politecnica de
Madrid, Spain
Ion stopping in dense plasmas plays a central role in Inertial Confinement Fusion (ICF) for the target selfheating by alpha-particles that triggers ignition and thermonuclear gain. It is crucial for target heating
schemes using ion beams as main drivers like heavy-ion fusion or ion-driven fast ignition. Ion stopping in
plasmas is also essential in high-energy-density physics for the generation and the characterization of Warm
Dense Matter (WDM). The experimental database is essentially limited to large projectile velocities,
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significantly above the thermal velocity of plasma electrons (vp >> vth) [1, 2], validating the perturbative
stopping-power models in that range. The parameter region for vp ~ vth (Bragg peak) is theoretically and
experimentally more challenging. The beam-plasma coupling is important and both close binary collisions
and collective plasma excitations need to be considered, which leads to large discrepancies between the
predictions of different stopping-power models [3,4,5]. Moreover, as the stopping power strongly depends
on temperature and density, a precise characterization of the target conditions is required in experiments.
Very few measurements are available, done in classical, ideal plasmas [6,7].
Here we report an experimental campaign focused on study proton stopping power close to Bragg peak
carried on with the 200 TW system (VEGA 2) at CLPU laser facility performed in high repetition rate working
mode. In this experiment we split the laser beam with ratio 90/10. One laser beam is focused within a 20
microns diameter area (F/13 parabolic mirror), on thin Al target delivering 4 J of energy within pulse duration
of 30 fs and yielding in intensity of 1019 W/cm2 to generate TNSA protons with energies up to 2.5 MeV.
Second laser beam is focused on 0.5 μm C target with intensity of 1016 W/cm2 in order to generate WDM.
Time of flight diagnostics with use of pin-diode and CVD – detector was employed to measure the energy loss
in cold and warm dense target. We present the preliminary experimental results showing the clear shift in
spectrum in range of the energy losses of protons predicted by simulations. The achieved high repetition rate
allowed to achieve necessary diagnostics resolution and increase the statistics for the acquisition.
[1]
[2]
[3]
[4]
[5]
[6]
[7]

A. Frank et al., Phys. Rev. Lett. 110, 115001 (2013)
A. Zylstra et al., Phys. Rev. Lett. 114, 215002 (2015)
W. Cayzac et al., Phys. Rev. E 92, 053109 (2015)
D.O. Gericke et al., Phys. Rev. E 67, 037401 (2003)
D.J. Edie et al., EPJ Web of Conferences 59, 5018 (2013)
J.A. Frenje et al., Phys. Rev. Lett. 115, 205001 (2015)
W. Cayzac et al. Nat. Commun. 8, 15693 (2017)

Session: High Field
(Invited) High energy protons from foils undergoing relativistic induced transparency driven by intense laser
light
P McKenna1, A Higginson1, R Gray1, M King1 , R Dance1, S Williamson1, N Butler1, R Wilson1, R Capdessus1, C
Armstrong1 ,2, J Green2, S Hawkes2, 1, P Martin3, W Wei4, S Mirfayzi3, X Yuan4, S Kar3, 2, M Borghesi3 , R
Clarke2, and D Neely2, 1
1
4

University of Strathclyde, UK, 2Science & Technology Facilities Council, UK, 3Queens University Belfast, UK,
Shanghai Jiao Tong University, China

There is intense international interest in the development of high power laser-driven ion sources due to the
unique properties of the ion beam, including its short temporal duration, and the potential to make these
sources compact for applications. This has motivated research into new ion acceleration mechanisms,
mainly involving ultrathin foils, to increase the maximum energies achieved and to control the spectral and
divergence properties of the ion beam. The range of intensities within the laser focus and fast evolving nature
of the interaction, means that typically more than one acceleration mechanism occurs in the interaction with
a thin foil target. Here we show experimental and numerical results on the interaction of linearly polarized,
picosecond-duration, ultra-intense laser pulse interactions with ultrathin foils, in which record proton
energies near to 100 MeV are achieved [1]. It is shown that this occurs via a hybrid scheme involving both
radiation pressure and sheath acceleration, and that the acceleration field is boosted by the onset of
relativistic self-induced transparency in the expanding foil. This occurs due to the super-thermal heating of
plasma electrons by the propagating laser pulse. The range of laser and target parameters over which this
scheme works is discussed.
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We also report on experimental and 3D particle-in-cell simulation results on the collective motion of plasma
electrons and ions responding to the propagation of an intense laser pulse through an expanding ultrathin
foil which becomes relativistically transparent [1-2]. It is shown that spatial structure within the beam of
energetic electrons produced can be controlled by variation of the laser pulse parameters. Static and
rotating electron beam profiles can be induced by variation of the degree of ellipticity of the laser
polarisation [1]. The resulting modulation of the charge-separation-induced electrostatic field means that
the ion motion can also be manipulated [2].
[1]
[2]
[3]

A. Higginson et al., Nature Communications, 9, 724 (2018)
B. Gonzalez-Izquierdo et al, Nature Physics 12, 505–512 (2016)
B. Gonzalez-Izquierdo et al, Nature Communications 7, 12891 (2016)

(Invited) High Charge electron acceleration from solid target

L M Chen1, 2, 3, 4
1

Institute of Physics in Chinese Academy of Sciences, China, 2University of Chinese Academy of Sciences,
China, 3Songshan Lake Materials Laboratory, China, 4Shanghai Jiao Tong University, China
Collimated electron beams produced by intense laser pulses focused onto solid-density plasmas are studied
intensively for many applications. Experiments and simulations have shown that the electron beams are
emitted at an angle between laser specular and the target normal direction. In particular, an electron jet
emitted along the target surface has been observed using large angles of incidence during laser irradiation of
solid targets. However, the target surface electron energy spectrum shows a 100% energy spread in most
cases, save for a few experiments [1] with low beam charge and large beam divergence angle (> 200).
We systematically studied the relationship between the guiding of target surface electrons and fs laser
parameters. When a nanosecond prepulse was added without picosecond ASE, the electron beam became
concentrated and intense. We obtained a 0.8-MeV peaked electron beam with a charge of 100 pC in a single
shot and a divergence angle as small as 30 [2].
High-quality monoenergetic target surface accelerated electron beams with small normalized emittance
(0.03π mm mrad) and large charge per shot have been observed from a 3 TW laser-solid interactions. The 2D
PIC simulation reveals that a bubble-like structure as an accelerating cavity appears in the near critical
density plasma region. A bunch of electrons is pinched transversely and accelerated longitudinally by the
wake field in the bubble [3].
Besides these results obtained by using small size fs lasers, we also performed TSA experiment using sub-ps
high power lasers such as PHELIX in GSI and TITAN in LLNL. Ten MeV monoenergetic and highly collimated (<
20) electron beam with 8nC was observed on PHELIX. The Maximum beam charge of 100 nC are obtained on
TITIAN [4]. The Direct Laser Acceleration might be the acceleration mechanism in ps-laser/solid interaction.
The good pointing stability and reproducibility of such a ultra-high charge electron beam makes it possible
an ideal beam for fast ignition on ICF and drive the warm/hot dense matter.
[1]
[2]
[3]
[4]

T. E. Cowan et al, NIMA 455, 130 (2000); L. M. Chen et al., Phys. Rev. Lett.100, 045004 (2008);
A. G. Mordovanakis, Phys. Rev. Lett.103, 235001 (2009)
J. Y. Mao et al, PRE 85, R025401(2012); W. M. Wang et al, HEDP 9, 578(2013)
J. Y. Mao et al, Appl. Phys. Lett. 106, 131105(2015)
Y. Ma et al, PNAS 115, 6980(2018); J. Y. Mao et al, Opt. Lett. 43, 3909(2018)
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(Invited) Acceleration of proton and electron from high energy, kilojoule, and multi-picosecond laser pulses
J Kim1, A Kemp2, S Wilks2, D Mariscal2, F Beg1 and T Ma2
1

University of California, San Diego, USA, 2Lawrence Livermore National Laboratory, USA

A new class of high energy lasers such as NIF-ARC[1], LFEX[2], and LMF-PETAL[3] sit in a different
parameter space from previous short-pulse lasers in that they can provide kilojoule energy leading to a long
pulse duration (10s of picoseconds) and a large focal spot (10s of µm) at near intensity of 1x1018 W/cm2.
With this new regime, understanding the physics of laser absorption and acceleration of particles is
necessary for various applications.
We use computational modeling to investigate laser-accelerated protons and electrons. In systematic study
of proton acceleration for multi-picosecond pulses, implicit PIC simulations using an electron source with
independently controlled parameters show that proton acceleration depends not only on the peak electron
temperature and source size but also on the rise time of time-varying temperature. Multi-picosecond laser
interaction with expanding plasma generates a 'super-ponderomotive' electron population [4-5] in addition
to the usual ponderomotive spectrum. This is key to sustain electric fields for proton acceleration and boost
the maximum ion energy. Simulations of sub-relativistic intensity (8x17 W/cm2 @ 1um wavelength) 10ps
pulses show the maximum proton energy of 15 MeV which is well above theoretical prediction based on
conventional intensity scalings and experimental results with shorter laser pulses. Furthermore, shaping
multi-picosecond pulses in time, a scheme consisting of a 1ps and 10 ps, can result in a higher maximum
proton energy than what can be obtained with simple pulses. Details of electron acceleration to super
ponderomotive energies and proton acceleration results will be presented.
[1]
[2]
[3]
[4]
[5]

E. I. Moses, et al., Fusion Sci. Technol. 69, 1 (2016)
N. Miyanaga, et al., J. Phys. IV Fr. 133, 81 (2006)
A. Casner, et al., High Energy Density Phys. 17, 2 (2015)
A. J. Kemp, et al., Phys. Rev. Lett. 109, 195005 (2012)
A. Sorokovikova, et al., Phys. Rev. Lett. 116, 155001 (2016)

(Invited) Developing high-intensity laser-plasma experimental capability on NIF-ARC
J Williams
Lawrence Livermore National Laboratory, USA
High-energy, high-intensity lasers produce conditions relevant to many research areas in high energy density
physics such as pair production, particle acceleration, and hard x-ray sources. The Advanced Radiographic
Capability (ARC) was designed to produce x-ray sources at the National Ignition Facility (NIF) to radiograph
plasmas at ignition-relevant conditions. To extend the capability of ARC to MeV-radiography and pair
production, which rely on the efficient acceleration of relativistic electrons, the on-target intensity of ARC
must be increased beyond the vacuum intensity of 1018 W/cm2. We performed a series of experiments at
NIF to develop a platform that extends ARC for use in high-intensity laser applications and positron
production by co-timing and co-pointing all four beamlets into a compound parabolic cone. Comparing
between a flat target and cone, we observe and increase in the measured electron temperature of ~2.5x and
infer an on-target laser intensity increase of ~6x enabling efficient production of MeV photons and pairs on
ARC for the first time. This newly developed high-intensity platform benefits a wide range of NIF-ARC
experiments including isochoric heating, proton radiography and high-energy backlighter development
campaigns.
This work was performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore
National Laboratory under Contract DE-AC52- 07NA27344 and funded by the LLNL LDRD program under
tracking code 17-ERD-010.

23

Energy absorption in the laser-QED regime
A Savin1, A Ross1, R Aboushelbaya1, M Mayr1, B Spiers1, R Wang1, and P Norreys1, 2
1

University of Oxford, UK, 2Central Laser Facility, Rutherford Appleton Laboratory, UK

A theoretical and numerical investigation of non-ponderomotive absorption at laser intensities relevant to
quantum electrodynamics is presented. It is predicted that there will be a regime change in the dependence
of fast electron energy on incident laser energy that coincides with the onset of pair production via the BreitWheeler process. This prediction is numerically verified via an extensive campaign of QED-inclusive particlein-cell simulations. The dramatic nature of the power law shift leads to the conclusion that this process is a
candidate for an unambiguous signature that future experiments on multi-petawatt laser facilities have truly
entered the QED regime.

Collimated ultra-bright gamma-rays from a petawatt-laser-driven QED wire wiggler
W Wang1, Z Sheng2, 3, P Gibbon4, L Chen1, Y Li1, and J Zhang1, 3
1

Institute of Physics, China, 2University of Strathclyde, UK,3Shanghai Jiao Tong University, China, 4Juelich
Supercomputing Centre, Germany

Even though high-quality X and gamma-rays with photon energy below MeV are available from large scale Xray free electron lasers and synchrotron radiation facilities, it remains a great challenge to generate bright
gamma-rays over ten MeV. Recently, gamma-rays with energies up to MeV level were observed in Compton
scattering experiments based on laser wakefield accelerators, but the yield efficiency was as low as 10-6,
owing to low charge of the electron beam. Here, we propose a scheme [1] to efficiently generate gammarays of hundreds of MeV from sub-micrometer wires irradiated by petawatt lasers, where electron
accelerating and wiggling are achieved simultaneously. The wiggling is caused by the quasistatic electric and
magnetic fields induced around the wire surface, and these are so high that even quantum electrodynamics
(QED) effects become significant for gamma-ray generation, although the driving lasers are only at the
petawatt level. Our full three-dimensional KLAPS[2,3] simulations show that directional, ultra-bright gammarays are generated, containing 1012 photons between 5 and 500 MeV within 10 femtosecond duration. The
brilliance, up to 1027 photons s-1 mrad-2 mm-2 per 0.1% bandwidth at an average photon energy of 20 MeV,
is the second only to X-ray free electron lasers, while the photon energy is 3 orders of magnitude higher than
the latter. In addition, the gamma-ray yield efficiency approaches 10%, i.e., 5 orders of magnitude higher
than the Compton scattering based on laser wakefield accelerators. Such high-energy, ultra-bright,
femtosecond-duration gamma-rays may find applications in nuclear photonics, radiotherapy, and laboratory
astrophysics.
[1]
[2]
[3]

Wei-Min Wang, Zheng-Ming Sheng, Paul Gibbon, Li-Ming Chen, Yu-Tong Li, and Jie Zhang,
Collimated ultrabright gamma rays from electron wiggling along a petawatt laser-irradiated wire in
the QED regime, Proc. Natl. Acad. Sci. USA 115, 9911 (2018)
W.-M. Wang, Z.-M. Sheng, P. Gibbon, and Y.-T. Li, Modeling of photon and pair production due to
quantum electrodynamics effects in particle-in-cell simulation (arXiv:1608.06356)
W.-M. Wang, P. Gibbon, Z.-M. Sheng, Y.-T. Li, and J. Zhang, Laser opacity in underdense preplasma
of solid targets due to quantum electrodynamics effects, Phys. Rev. E 96, 013201 (2017)
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(Invited) Modelling burning thermonuclear plasmas
S Rose1, 2
1

Imperial College London, UK, 2University of Oxford, UK

Considerable progress towards the achievement of thermonuclear burn using Inertial Confinement Fusion
has been achieved at the National Ignition Facility in the USA in the last few years. Other drivers, such as the
Z-machine at Sandia, are also making progress towards this goal. A burning thermonuclear plasma would
provide a unique and extreme plasma environment and this talk will look at our modelling of such a plasma.
We will examine how fundamental plasma processes, many, but not all of which have been studied in
astrophysical plasma environments, play an important role. We will also look at the possibilities that a
burning thermonuclear plasma would give us to study fundamental physics, including photoionised plasmas,
QED studies and the replication and exploration of conditions that last occurred in the first few minutes after
the Big Bang.

Session: ICF (1)
(Invited) Modeling and projecting ICF implosion performance for the national ignition facility
D Clark1, J Milovich1, C Weber1, A Kritcher1, P Patel1, B Hammel1, J Koning1, M Marinak1, L Masse1, A Pak1, M
Patel1, C Schroeder1, S Sepke1, and P Volegov2
1

Lawrence Livermore National Laboratory, USA, 2Los Alamos National Laboratory, USA

Inertial Confinement Fusion experiments [1] at the National Ignition Facility (NIF) [2] use 1.8 MJ of laser light
to compress and heat a millimeter-scale capsule to fusion ignition conditions. Steady progress is being
made in improving the performance of these implosions, with recent experiments reaching neutron yields
greater than 50 kJ [3,4]. Nonetheless, these yields are still well below the threshold for ignition on account
of the multiple perturbation sources that still degrade these implosions. These perturbations include short
wavelength, fine-scale effects seeded, for example, by the plastic membrane used to support the capsule at
shot time, as well as the fill tube used to fuel it with deuteriumtritium fuel. Long wavelength distortions at the
length scale of the capsule itself are also imprinted by asymmetries in the radiation flux driving the
implosion. Modeling these combined, multi-scale, and multi-physics degradation sources in realistic 3-D
geometry has proven challenging but is crucial to accurately understanding current experiments, as well as
projecting the performance of future designs. This talk reviews the state of modeling and understanding
recent NIF implosions with emphasis on developing reliable projections for future experiments. These
projections include both improving performance by minimizing the degradation sources affecting current
implosions and, alternatively, increasing the overall scale of the implosion by increasing the drive energy
available from the laser. In either case, accurate guidance from reliable simulations will be essential for
mapping the most efficient path to higher performance.

Fig. 1: Progression of NIF implosions from 2012 “low foot” implosions through 2014 “high foot” implosions
to contemporary implosions using high density carbon (HDC) ablators as modeled in 3-D HYDRA
simulations.
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J.D. Lindl, Inertial Confinement Fusion: The Quest for Ignition and Energy Gain Using Indirect Drive
(American Institute of Physics, Woodbury, NY, 1998)
E.M. Moses et al., Phys. Plasmas 16, 041006 (2009)
S. Le Pape et al., Phys. Rev. Lett. 120, 245003 (2018)
K.L. Baker et al., Phys. Rev. Lett. 121, 135001 (2018)

(Invited) Searching for turbulence in high energy density Rayleigh-Taylor instability experiments
A Casner 1, G Rigon2, L Ceurvorst1,C Mailliet1, B Albertazzi2, T Goudal1, V.Bouffetier1, T Michel2, T Sano3, T
Pikuz3, P Tzeferacos4, D Lamb4, J Ballet5, E Falize6, Y Sakawa3, D Martinez7, S Khan7, L Masse7, V Smalyuk6,
and M Koenig2
1

National Ignition Facility, USA, 2Laboratoire pour l'Utilisation des Lasers Intenses, France, 3Osaka
University, Japan, 4University of Chicago, USA, 5IRFU, France, 6Atomique Energie Commission C.E.A, France,
7
Lawrence Livermore National Laboratory, USA
The advent of high power lasers delivering laser drive energy from hundred of kJ to MJ, such as the National
Ignition Facility (NIF) [1] or LMJ-PETAL [2], offers novel opportunities to study turbulent mixing flows in High
Energy Density plasmas (HEDP). Turbulence is one of the least understood phenomena in physics. We report
here on two series of experiments performed on the NIF and LULI2000 laser facility. These experiments are
devoted to the study of the highly nonlinear stage of the Rayleigh-Taylor Instability (RTI), at the ablation front
or at an embedded decelerated interface (see Fig.1).
On NIF, we have developed a long duration planar Direct Drive Platform with an unprecedented long laser
drive (30 ns) [3]. Planar plastic samples are irradiated by 450 kJ of 3w laser irradiation distributed over a 2mm wide flat laser spot. Starting from deliberately 3D imprinted perturbations, at least two generations of
bubbles are created for the RTI at the ablation front [3], as larger bubbles overtake and merge with smaller
ones. We evidence for the first time the dependence on initial conditions for the ablative RTI in the selfsimilar regime by changing the imprint seeds of the perturbations, a result of crucial importance for ICF [4].
On LULI2000, we have developed a novel HED experimental platform to study the highly nonlinear phase of
single-mode, and multimode RTI in scaled laboratory conditions relevant for the physics of young Supernova
Remnants. One of the main advantages of HED settings is to allow an easy scan of initial conditions, by
changing some characteristics of the initially solid target, such as the pre-imposed modulated pattern
(single-mode or multimode) or density contrast at the unstable interface (hence Atwood number). The RTI
evolution is diagnosed by PW transverse radiography RTI in the highly nonlinear stage for Atwood numbers
ranging from ~0.44 to 0.97. Quantitative differences are evidenced and compared with FLASH radiation
hydrodynamics simulations. Prospects for future experiments on MJ scale facilities are presented, in
association with novel advanced resolution x-ray diagnostics.

Fig. 1: (a) NIF directly-driven ablative RTI experiments. Face-on x-ray radiograph of large imprinted
perturbations; (b) LULI2000 classical RTI experiments relevant for the physics of Supernovae Remnants.
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E. Moses et al., Phys. Plasmas 16, 041006 (2009)
A. Casner et al, High Energy Density Physics 17, 2-11 (2015)
A. Casner et al., Plasma Phys. Control. 60, 014012 (2018)
H. Zhang et al.,Phys. Rev. Lett. 121, 185002 (2018)

(Invited) Machine learning guided discovery and design for inertial confinement fusion
K Humbird1 and L Peterson1
1

Lawrence Livermore National Laboratory, USA

Inertial confinement fusion (ICF) experiments and their corresponding computer simulations produce an
immense amount of rich data. However, quantitatively interpreting that data remains a grand challenge.
Design spaces are vast, data volumes are large, and the relationship between models and experiments may
be uncertain.
We propose using machine learning to aid in the design and understanding of ICF implosions by integrating
simulation and experimental data into a common framework. We will present a novel deep learning
algorithm, “deep jointly-informed neural networks” (DJINN) [1], which enables non-data scientists to quickly
train neural network models on their own datasets. DJINN enables the creation of models which combine
simulation and experimental data into a common, predictive framework. Specifically, we will demonstrate a
novel method for model calibration with deep neural networks which produces models that are more
predictive of ICF experiments at the Omega Laser Facility than simulations alone. We use these models to
study the discrepancies between simulations and experiments, and to search for high performing
experimental designs.
*Prepared by LLNL under Contract DE-AC52-07NA27344. LLNL-ABS- 763781.
[1]

K. D. Humbird, J. L. Peterson, R. G. McClarren, IEEE TNNLS 10.1109/TNNLS.2018.2869694
(2018).

Session: ICF (2)
Numerical and experimental study of 3D imprinted Rayleigh-Taylor Instability bubbles dynamics at the
ablation front on the National Ignition Facility
L Masse1, A Casner2, 3, C Mailliet2, 3, S Khan1, D Martinez1, N Izumi1, D Kalantar1, P Di Nicola1, J Di Nicola1, E
Le Bel2, I Igumenshchev4, V Tikhonchuk2, B Remington1, and V Smalyuk1
1

Lawrence Livermore National Laboratory, USA, 2Université de Bordeaux-CNRS-CEA, France, 3CEA, France,
4
University of Rochester, USA
A study of the three-dimensional (3D) ablative Rayleigh-Taylor Instability (RTI) has been carried out at the
National Ignition Facility1 using a novel planar direct-drive platform. In these experiments, a 300 μm thick
CH foil is irradiated with 3ω (351 nm) laser energy of 450 kJ during 30 ns. The initial seeds of the RayleighTaylor Instability originate from well-characterized 3D laser imprinted modulations. The growth of the
modulations in optical depth is measured by time-resolved x-ray radiography, simultaneously with the foil
trajectory. For the first time, four generations of bubbles are created as larger bubbles overtake and merge
with smaller bubbles, as a result of the unprecedented long laser drive and enhanced traveled distance (≥
1.5 mm). We extend the measurements range of nonlinear saturation velocities to long wavelengths in
excellent agreement with numerical and theoretical predictions. Our simulations are done with the threedimensional, radiation hydrodynamics code HYDRA1, developed at LLNL. We show the instability growth
rate, inferred from the experimental radiographs, agrees well with our 3D simulations.
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*Work performed under the auspices of the U.S. D.O.E. by Lawrence Livermore National Laboratory under
Contract No. DE-AC52-07NA27344
[1]
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Moses, E. I., et al. 2009 Phys. Plasmas 16, 041006, (2009)
Marinak M. M. et al. Physics of Plasmas, 3, 2070–2076, (1996)

The blind implosion-maker - automated inertial confinement fusion experiment design
P Hatfield1, S Rose3 and, R Scott3
1

University of Oxford, UK, 2Imperial College London, UK, 3Rutherford-Appleton Laboratory, UK

In this talk I will discuss recent work in developing machine learning approaches to modelling and predicting
the yield from NIF-like ICF implosions, in particular showing that Gaussian Processes can be used to give
very unbiased predictions. We present several new ensembles of 10^3-10^4 simulations, showing that the
uncertainty on predictions can be accurately decomposed into uncertainty from lack of data, and uncertainty
on input parameters. We also show that genetic algorithms can be used to find novel classes of design with
comparatively little human intervention, and that this process can be coupled to surrogate building. Finally
we will briefly discuss how modern data science techniques are being used to support and maximise the
utility of other types of HED and laser experiments undertaken at the Central Laser Facility and Orion.
Progress in understanding stagnation conditions in ICF implosions on the NIF
P Patel1
1

Lawrence Livermore National Laboratory, USA

The performance of integrated cryogenic implosions on the National Ignition Facility (NIF) has steadily
improved to the point where we are now assembling hot-spots that experience a significant degree of alphaparticle generation and self-heating. Conditions in the hot-spot have reached temperatures of 4.7 keV, fuel
areal densities of 0.28 g/cm2, and stagnation pressures of 360 Gbar. Alpha-particle self-heating is
estimated to be boosting the total fusion output by a factor of ~3x to the observed values of >50 kJ. The
proximity to ignition can expressed in terms of the Lawson criterion, or Pt (pressure x confinement time), and
current estimates are that we need to increase Pt by an additional ~30% to reach the threshold for ignition.

In this talk we will review progress in our understanding of the stagnation conditions reached in our current
implosions. A large suite of neutron and x-ray diagnostics provide information on the thermodynamic state of
the assembled fuel at stagnation, as well as measurements of
3-D hot-spot and shell asymmetries, and high-Z mix, that appear to be the main contributors to degraded
performance from an ideal 1-D implosion. We will discuss the sources and magnitude of these degradation
mechanisms and their impact on overall implosion performance, as well as plans to further understand and
mitigate them.
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344.
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Using multiple independent diagnostics to measure the hot-spot electron temperature of ICF implosions at
the NIF
M MacDonald1, D Thorn1 , B Bachmann1 , M Bitter2 , D Bradley1 , P Efthimion2, L Gao2, K Hill2, L Jarrott1, J
Kilkenny3, B Kozioziemski1, B Kraus2, O Landen1 , A MacPhee1, S Nagel1, H Scott1, and M Schneider1
1

Lawrence Livermore National Laboratory, USA, 2Princeton Plasma Physics Laboratory, USA, 3General
Atomics, USA
Inertial confinement fusion (ICF) implosions at the National Ignition Facility (NIF) have recently achieved
significant alpha-particle self-heating [1], however the ion temperatures inferred from deuterium-tritium (DT)
reactions are significantly higher than predicted. A leading hypothesis for the anomalously high DT ion
temperature is residual kinetic energy in the hot spot in the form of fluid velocity flows and turbulence. Due
to the extremely high thermal velocity of electrons, the electron temperature (Te) is not sensitive to residual
kinetic energy effects that complicate ion temperature measurements. We are developing a technique to
measure the hot-spot Te and ne by fitting data from several independent x-ray diagnostics to a single selfconsistent model. Using both spectral and spatial measurements of hot-spot x-ray emission, we build and
optimize a Cretin [2] model of the hot-spot to match the observables of all diagnostics simultaneously. The
Continuum Spectrometer (ConSpec) [3] and differential titanium filters [4] measure x-ray continuum
emission, while the dHIRES spectrometer [5] records time-resolved Kr line emission from Kr-doped capsules.
Finally, xray penumbral imaging [6] provides high-resolution imaging of the hot-spot to define the size and
shape of the hot-spot model, allowing absolute x-ray yields to be accurately modeled.
Using this full set of diagnostics with different sensitivities to Te and ne, we present the initial analysis from
ICF implosions at the NIF.

[1]
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[4]
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[6]

O. A. Hurricane et al., Nat. Phys. 12, 800 (2016)
H. A. Scott, JQSRT 71, 689–701 (2001)
D. B. Thorn et al., Proc SPIE 1039009 (2017)
L. C. Jarrott et al., Phys. Rev. Lett. 121, 085001 (2018)
L. Gao et al., Rev. Sci. Inst. 89, 10F125 (2018)
B. Bachmann et al., Rev. Sci. Inst. 87, 11E201 (2016)

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344 and 18-ERD-015. This material is based upon
work supported by the Department of Energy National Nuclear Security Administration under Award Number
DE NA0001944. LLNL-ABS-763731
(Invited) Dual ion species plasma expansion from isotopically layered cryogenic targets
G Scott1
1

Science and Technology Facilities Council, UK

A dual ion species plasma expansion scheme from a novel target structure is introduced, in which a
nanometer-thick layer of pure deuterium exists as a buffer species at the target-vacuum interface of a
hydrogen plasma. Modelling shows that by controlling the deuterium layer thickness, a composite H+/D+ ion
beam can be produced by target normal sheath acceleration, with an adjustable ratio of ion densities, as
high energy proton acceleration is suppressed by the acceleration of a spectrally peaked deuteron beam.
Particle in cell modelling shows that a (4.3±0.7) MeV per nucleon deuteron beam is accelerated, in a
directional cone of half angle 9°. Experimentally, this was investigated using state of the art cryogenic
targetry and a spectrally peaked deuteron beam of (3.4±0.7) MeV per nucleon was measured in a cone of
half angle 7°-9°, whilst maintaining a significant TNSA proton component. This deuteron beam was used to
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produce an energetic and directional neutron beam via an exothermic (d,n) reaction, which could be of use
for radiography applications.

Session: Lab Astro (1)
(Invited) Counterpropagating radiative shock experiments on the SG-II laser
F Suzuki-Vidal1, T Clayson2, J Halliday1, C Stehlé3, J Foster4, C Danson4, C Kuranz5, C Spindloe6, P Velarde7, M
Sun8, L Ren8, N Kang8, H Liu8, and J Zhu8
1

Imperial College London, UK, 2First Light Fusion Ltd, UK, 3Sorbonne University, France, 4AWE Aldermaston,
UK, 5University of Michigan, USA, 6Scitech Precision Ltd, UK, 7Universidad Politecnica de Madrid, Spain,
8
Shanghai Institute of Optics and Fine Mechanics (SIOM), China
A shock is said to be ‘radiative’ when radiative losses from the shock-heated matter are sufficiently strong to
alter their hydrodynamic structure. The formation of radiative shocks is a complex process which is
fundamental to both high-energy density physics and astrophysics.
In this talk we present first results from experiments on the formation of radiative shocks carried out on the
SG-II laser in SIOM, China. The experiments built upon previous results investigating piston-driven radiative
shocks in gas-cells filled with Xenon [1, 2] and Neon [3]. Experiments on SG-II focused on the dynamics of
single and counterpropagating shocks in gas-cells filled with Argon at a pressure of ~1 bar, imaged using
time-resolved, point-projection X-ray backlighting with a Scandium backlighter (~4.3 keV probing energy). A
new target design was used to study the late-time evolution of single shocks to ~100 ns, allowing the
development of spatial features at the head of the shocks to be investigated.
[1]
[2]
[3]

F. Suzuki-Vidal et al., “Counterpropagating Radiative Shock Experiments on the Orion Laser”,
Physical Review Letters 119, 055001 (2017)
R.L Singh et al., “Experimental study of the interaction of two laser-driven radiative shocks at the
PALS laser”, High Energy Density Physics 23, 20-30 (2017)
T. Clayson et al., “Counter-propagating radiative shock experiments on the Orion laser and the
formation of radiative precursors”, High Energy Density Physics 23, 60-72 (2017)

(Invited) Experiments on magnetized high energy-density physics using strong laser-driven magnetostatic
fields
J Santos1
1

University of Bordeaux, France

Generation of quasi-static strong magnetic fields (B-fields), in the range of the kilotesla, is possible using
high-energy nanosecond or high-intensity sub-picosecond lasers interacting with solid targets of various
curved geometries. Such capability paves the ground for novel magnetized high-energy density physics
(HEDP) investigations, related to laser-generated sources of high-energy particles and their transport, to
fusion energy production schemes and to laboratory astrophysics [1].
Magnetic fields of nanosecond duration are generated in a coil connected to a nanosecond laser-driven
diode, supplying a quasi-stationary electric current [1, 2, 3]. This scheme was successfully applied for
magnetizing solid-density and laser-compressed targets, improving therein the transport of high-current
relativistic electron beams [4, 5].
In the sub-picosecond regime, B-fields stem from supra-thermal electron ejection from the target [6] or from
laser-driven electron vortices [7]. Recent experimental results show the presence of B-fields for more than
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100 ps, a time scale much longer than the laser pulse duration. When confined within the target structure,
these B-fields can be used for controlling electron and ion acceleration and guiding.
[1]
[2]
[3]
[4]
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J.J. Santos et al., Phys. Plasmas 25, 056705 (2018)
J.J. Santos et al., New J. Phys. 17, 083051 (2015)
K.F.F. Law et al., Appl. Phys. Lett. 108, 091104 (2016)
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S. Sakata et al., Nat. Comm. 9, 3937 (2018)
A. Poyé et al., Phys. Rev. E 91, 043106 (2015)
Ph. Korneev et al., Phys. Rev. E 91, 043107 (2015)

This work has been carried out within the framework of the EUROfusion Consortium and has received funding
from the European Union’s Horizon 2020 research and innovation programme under grant agreement
number 633053. The views and opinions expressed herein do not necessarily reflect those of the European
Commission.
(Invited) Constructing the universe
S Sakar1
1

University of Oxford, UK

The ‘standard model of cosmology’ is based on the assumption that the universe is homogeneous &
isotropic. Recent surveys of the distribution of galaxies & radio sources and studies of the relic cosmic
microwave background radiation now make it possible to test this assumption observationally ... with some
intriguing results. I will discuss in particular the implications for the usual inference that the expansion rate is
accelerating as if driven by a dominant component of ‘dark energy'.

Session: Warm Dense Matter (3)
(Invited) A future for high-energy-density science at brilliant light sources
C Barnes1
1

Los Alamos National Laboratory, USA

Brilliant x-ray light sources, both at modern synchrotrons such as APS, ESRF, or PETRA III, and especially at
x-ray free electron lasers such as LCLS and Eu-XFEL, provide unparalleled measurements of matter from solid
to plasma states. The addition of technologies that can put the matter into appropriate extreme states, such
as long- or short-pulse lasers, gas-guns, or pulsed-power systems, opens up new and challenging areas of
science research. Investment in adaptive sample preparation and target fabrication can open up highthroughput experimental measurements that can address reproducibility and uncertainty with
unprecedented accuracy. The resulting large amounts of data then drive application of compressed sensing,
machine learning, and artificial intelligence to the performance and analysis of the experiments.
This combination of incredible x-ray diagnostics, repetition-rated driver technology, high-throughput
experiments, and modern data science techniques can transform how high-energy-density plasma science is
done. Scientific community workshops in the last year have and are addressing each of these topics. This
talk will describe the opportunities and challenges faced by our plasma physics community to enable this
vision.

31

(Invited) Modeling consistent material properties and observables for high-energy-density science
S Hansen1, T Nagayama1, T Gomez1, A Baczewski1, and A Cangi1
1

Sandia National Laboratories, USA

Modern High-Energy-Density experimental facilities study inertial confinement fusion, laboratory
astrophysics, and extreme states of matter by compressing energy in space and time to produce hot, dense,
and strongly coupled plasmas. In such extreme environments, changes in electronic and ionic structure
impact the material equation-of-state, transport properties, and observable signatures that inform both
hydrodynamic simulations and interpretations of experimental data. This talk will survey experimental
programs in HED science and describe an ongoing effort to develop a highly constrained, fully self-consistent
atomic-scale model of material at extreme conditions. Generating equations of state, transport properties
(thermal and electrical conductivities, opacities, stopping powers) and diagnostic signatures (X-ray Thomson
scattering, spectroscopic line shifts and broadening) from a single, consistent core model helps to constrain
simulations and improve the reliability of data interpretation from complex experiments.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology
and 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-NA-0003525. This
work was supported by the U.S. Department of Energy, Office of Science Early Career Research Program,
Office of Fusion Energy Sciences under FWP-14-017426.

Session: Warm Dense Matter (4)
(Invited) Warming up density functional theory for high-energy-density plasmas
S Hu1
1

University of Rochester, USA

Density functional theory (DFT), developed over 50 years ago, has become the most successful approach to
electronic structure in condensed-matter physics, material science, and computational chemistry. It offers a
self-consistent way to predict material properties with the possibility of systematic improvement of its
calculation accuracy through advancing many-body exchange-correlation (xc) functionals. Over the past two
decades, thermal DFT in both orbital-based and orbital-free formulism has revolutionized simulation and
understanding of high-energy-density (HED) physics and chemistry. DFT-based molecular dynamics has
been a working horse for accurate predictions of static, transport, and optical properties of materials under
HED conditions, which often give excellent agreement with experiments. In recent years, time-dependent DFT
started to play a crucial role in studying dynamic and transport physics in HED plasmas. In this talk, we will
present: (1) what HED physics we have learned from DFT-based systematic calculations; (2) how these DFT
results advanced our understanding of inertial confinement fusion implosions and HED experiments in
general; and (3) what challenges we are facing to further improve physics predictions of DFT for HED
plasmas, such as developing temperature-dependent hybrid xc-functional and self-interaction correction.
This material is based upon work supported by the Department of Energy National Nuclear Security
Administration under Award Number DE-NA0003856, the University of Rochester, and the New York State
Energy Research and Development Authority.
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(Invited) Investigating the insulator to metal transition in dense fluid hydrogen and helium with laser-driven
dynamic compression
M Millot1
1

Lawrence Livermore National Laboratory, USA

In the early age of quantum mechanics, dense solid molecular Hydrogen was predicted to transform into an
atomic metallic solid provided one would squeeze it hard enough to reach a critical density above which the
electrons would prefer to delocalize. This provocative thought has fueled the development of ingenious
technologies to reach ever increasing extreme pressures, punctuated by periodic spectacular
announcements. Now, modern condensed matter theory and supercomputers technology enable to peer into
the microscopic scale. However, hydrogen’s apparent simplicity as the lightest element deceptively cause
incredible technical difficulties and result in a flurry of contradicting predictions, for example regarding the
pressure and temperature required to trigger the insulator-to-metal transition in the fluid phase, near the
maximum of the melting line around 1 million atmospheres (~1 Mbar =100 GPa).
We will discuss new experimental data in this regime using advanced dynamic compression techniques and
ultrafast optical diagnostics obtained at the Omega laser and at the National Ignition Facility (NIF) [1]. We
will also present recent data aiming at revealing the role of density and temperature on the ionization of
helium going beyond the conditions explored in previous studies [2]. Both datasets provide stringent
benchmark on the thermodynamics and electronic structure of hydrogen and helium at extreme conditions
relevant for the understanding of the formation, evolution and structure of giant planets.
Part of this work was performed at LLNL under Contract DE-AC52-07NA27344. LLNL-ABS-765443.
[1]
[2]

P. M. Celliers, M. Millot, S. Brygoo, et al., Science 361, 677–682 (2018)
S. Brygoo, M. Millot, et al., J. Appl. Phys. 118, 195901 (2015)

(Invited) A spectroscopic study of keV solid-density Fe plasma isochorically heated by LCLS X-ray FEL
H Lee1, S Vinko2, E Galtier1, R Royle2, O Humphries2, M Kasim2, R Alonso-Mori1, P Heimann1, M Liang1, M
Seaberg1, S Boutet1, A Aquila1, H Chung3, S Brown1, A Hashim4, J Wark2, G Dyer1 and B Nagler1
1

SLAC National Accelerator Laboratory, USA, 2Oxford University, UK, 3GIST, Korea, 4University of California,
USA

There has been much interest and effort dedicated to creating and probing solid-density plasma in-situ in
controlled conditions at large-scale facilities and recently a few pioneering studies [1-5] using Free Electron
Lasers or Z-pinches have led to a significant reexamination of theoretical models and calculations. While
high energy density states at temperatures around 100 eV have been successfully created in low Z materials
using soft X-ray at the Linac Coherent Light Source (LCLS), the isochoric X-ray heating of solid-density
plasmas to temperatures approaching the keV region in mid and high Z systems remains elusive. Recently
we demonstrated creation of keV solid-density Fe plasma using 8 keV at LCLS and observed Kα emissions
from highly ionized hot-dense Fe plasmas. Talbot interferometry characterized nano-focused beam of ~140
nm by 100 nm in FWHM focused by KB mirrors. Spectroscopic results, the mechanisms creating keV hotdense matter and electronic structure will be discussed.
[1]
[2]
[3]
[4]
[5]

Vinko et al., Nature 482, 59 (2012); Nat. Commun. 6, 6397 (2015)
Ciricosta et al., PRL 109, 065002 (2012)
Yoneda et al., Nat. Commun. 5, 5080 (2014)
Bailey et al., Nature 517, 56 (2015)
Ciricosta et al., Phy. Plasmas 23, 022707 (2016)
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This work was performed under the auspices of the U.S. Department of Energy, Office of Basic Energy
Sciences under contract No. DE-AC02-76SF00515 and Office of Fusion Energy Sciences under contract No.
DE-AC02-76SF00515 by LCLS, SLAC National Accelerator Laboratory.
High energy density material properties studies using the Orion high power laser
D J Hoarty1, C Brown1, L Hobbs1, J Morton1, M Hill1, E Floyd1, W Garbett1, C Horsfield1, A Leatherland1, L
Wilson1, and S James1
1

AWE plc, UK

The Orion laser at AWE has been operational since 2013 and combines two petaWatt short pulse beamlines
capable of delivering 500J in 0.5ps, with ten nanosecond pulse beamlines able to deliver 5kJ in nanosecond
pulses. In addition, Orion can operate one of the short pulse beamlines at second harmonic producing a
high contrast (1014) pulse. The laser has been used to perform experiments to study radiative opacity at
conditions relevant to stellar interiors; equation of state and warm dense matter studies; charged particle
stopping experiments; line-coincidence photo-pumping; dense plasma effects, such as ionization potential
depression and dense plasma line-shape measurements, and solid target/short pulse laser interaction.
These experiments will be described, and the results presented along with modelling and plans for future
experiments.
Experimental observation of ion acoustic waves in warm dense methane
M Oliver1, 2,, T White,1, 2, E. McBride3, 4, A Descamps3, L Fletcher3, F Condamine5, 6, C Curry3, 7, S Funk8, E
Galtier3, M Gauthier3, S Goede4, J Kim3, H Lee3, B Ofori-Okai3, 9, A Rigby2, J Topp-Mugglestone2, E Gamboa3,
C Schoenwaelder3, 8, P Graham9, F Rosmej5, 6, P.Sun3, T Tschentscher4, B Witte3, U Zastrau4, B Nagler3, G
Monaco10, J Hastings3, S Glenzer3, and G Gregori2
1

University of Nevada, USA, 2University of Oxford, UK, 3SLAC National Accelerator Laboratory, USA,
European XFEL GmbH, Germany, 5Sorbonne University, France, 6CEA-CNRS, France, 7University of Alberta,
Canada, 8Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany, 9Massachusetts Institute of
Technology, USA, 10Dipartimento di Fisica, Università di Trento, Italy, 11Atomic Weapons Establishment, UK
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The state and evolution of methane-rich planets such as Uranus and Neptune is determined by the
properties of the compressed matter in the planetary interiors. The warm dense matter (WDM) regime,
defined by temperatures of a few electron volts and densities comparable with solids, is a complex state
where multi-body particle correlations and quantum effects play an important role in determining the overall
structure and equation of state. Furthermore, the study of WDM states has important practical applications
such as in understanding controlled thermonuclear fusion. Laboratory experiments are now able to create
WDM states with a range of techniques allowing critical tests of theory and modelling. Still, due to stringent
requirements on bandwidth, the experimental possibilities to diagnose dense matter are rather limited. The
Linear Coherent Light Source (LCLS) located at the SLAC national accelerator laboratory in Menlo Park,
California is currently one of only two machines worldwide capable of a direct comparison between
simulation and experiment. Recent advances in free electron laser (FEL) technology has produced X-rays
with a high enough flux in a small enough bandwidth to allow the properties of WDM to be probed on a shotby-shot basis. We present preliminary results of such an experiment, principally designed to measure the
sound speed in warm dense methane. The experiment created a WDM state through the laser ablation of a
cryogenic methane gas jet. This technique allowed the experiment to be conducted at high-repetition rates,
offering a vast improvement in signal to noise compared with solid targets. The plasma was probed with a
7.49 keV, 32 meV bandwidth X-ray probe beam created using a four-pass silicon monochromator. The
scattered photons were collected by a high-resolution X-ray spectrometer formed of three silicon diced
crystal analyzers giving an energy resolution of ∼55 meV. Through the use of single photon counting codes,
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and by integrating over several thousand shots, we were able to clearly observe ion acoustic peaks in the
dynamic structure factor and thus calculate the sound speed.
Session: Lab Astro (2)
(Invited) The Mallat Scattering Transform (MST) in high energy density plasmas: a new look at nonlinear,
multiscale physics in HED
M Glinsky1, T Moore1, M Weis1, C Jennings1, D Ruiz1, S Lussiez1, D Yager-Elorriaga1, D Ampleford1, E Harding1,
P Knapp1, M Gomez1 and, T Awe1
Sandia National Laboratories, USA1
The Mallat Scattering Transformation (MST) is a hierarchical, multiscale, transformation that has proved to
be effective at distinguishing textures, sounds, and written characters [13]. It has also been shown to be a
form of deep learning related to convolutional neural networks [4]. This talk will explore its meaning and its
use in the context of nonlinear HED physics, specifically the emergent behavior (self organization) of
magnetized Z-pinch implosions.
The relationship will be presented of the MST to: (1) the pull back (modi_ed Wigner-Weyl transformation to a
function on phase space) of the n-particle distribution form governed by a generalized BBGKY hierarchy, and
(2) the S-matrix (n-particle scattering cross section) of a quantum field theory or statistical mechanical
system [5]. The practical Generalized Master Equation will be derived

which is an integral equation that relates the first order MST transformation (the average and slowly varying,
on the collisional time scale, one particle distribution function), , to the second order MST transformation
(the average and slowly varying, on the correlation time scale, two particle distribution function),
the reaction rate is 𝑘𝑘( 𝑝𝑝, 𝑝𝑝′ ) ≡

( 𝑝𝑝, 𝑝𝑝′ ) /

, where

( 𝑝𝑝), and 𝑝𝑝 is the inverse scale of the transformation.

Progress will be shown on using the MST and the kinetic framework given by the Generalized Master
Equation to analyze experimentally observed [6] and simulated nonlinear evolution of magnetized HED
plasmas in Z-pinch implosions. This may include its evolution to the steady state (time independent), self
organized structure. The relationship of the MST to more well known quantities like helicity, energy, and
enstrophy may be shown. Finally, the linear regression of the MST to a parametric form of the double helical
implosion stagnation profile will be derived. Based on this theory, there are obvious uses of the MST as
metrics of the implosion morphology to compare experimental and simulated stagnation self emission
images and radiographs. It also can be used as a compact encoding of the state of the system to relate
(regress) how the magnetized HED plasma is imploded to the resulting morphology of the stagnation.
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Fig. 1: Linear regression of the MST to a parametric form of the double helical implosion stagnation
*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.
[1]
[2]
[3]
[4]
[5]
[6]

S. Mallat, Communications on Pure and Applied Mathematics 65, 1331 (2012), arXiv:1101.2286,
doi:10.1002/cpa.21413
J. Bruna and S. Mallat, IEEE transactions on pattern analysis and machine intelligence 35, 1872
(2013), arXiv:1203.1513, doi:10.1109/TPAMI.2012.230
J. And_en and S. Mallat, IEEE Transactions on Signal Processing 62, 4114 (2014),
arxiv:1304.6763, doi:10.1109/TSP.2014.2326991
S. Mallat, Phil. Trans. R. Soc. A 374, 20150203 (2016), arXiv:1601.04920,
doi:10.1098/rsta.2015.0203
M. E. Glinsky, \A new perspective on renormalization: the scattering transformation," (2011),
arXiv:1106.4369
D. Yager-Elorriaga, Y. Lau, P. Zhang, P. Campbell, A. Steiner, N. Jordan, R. McBride, and R.
Gilgenbach, Physics of Plasmas 25, 056307 (2018), doi:10.1063/1.5017849

(Invited) Exploring stellar nucleosynthesis and basic nuclear science using high energy density plasmas at
OMEGA and the NIF
M Gatu Johnson1, A Zylstra2, A Bacher3, C Brune4, D T Casey5, C Forrest6, H W Herrmann2, M Hohenberger5,
D B Sayre5, J-L Bourgade7, J A Caggiano5, C Cerjan5, R S Craxton6, L Ellison5, M Farrell8, J A Frenje1, W
Garbett9, E M Garcia6, V Y Glebov6, G Hale2, E Hartouni5, R Hatarik5, M Hohensee5, D Holunga5, M Hoppe8, R
Janezic6, S Khan5, J D Kilkenny8, Y H Kim2, J P Knauer6, B Lahmann1, O Landoas7, C K Li1, L Masse5,
A McEvoy2, P McKenty6, D P McNabb5, A Nikroo5, M Paris2, C E Parker1, R D Petrasso1, J Pino5, P B Radha6, B
Remington5, H Rinderknecht5, H Robey5, M Rosenberg6, M Rubery9, T C Sangster6, J Sanchez5, M Schoff8, F
H Séguin1, W Seka6, M Schmitt2, H Sio1, C Stoeckl6, G D Sutcliffe1, B Tipton5, and H Whitley5
1

Massachusetts Institute of Technology, USA, 2 Los Alamos National Laboratory, USA, 3 Indiana University,
USA, 4Ohio University, USA, 5Lawrence Livermore National Laboratory, USA, 6University of Rochester, USA,
7
CEA, France, 8General Atomics, USA and 9AWE plc, UK
Thermonuclear reaction rates and nuclear processes have been explored traditionally by means of
accelerator experiments, which are difficult to execute at conditions relevant to Stellar Nucleosynthesis.
High-Energy-Density (HED) plasmas closely mimic astrophysical environments and are an excellent
complement to accelerator experiments.1,2 This talk will focus on HED experiments to study the T+T reaction
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at the OMEGA laser facility,1 and the mirror 3He+3He reaction at the National Ignition Facility (NIF).2 We
present neutron spectra from the T(t,2n)α (TT) reaction measured in HED experiments at ion temperatures
from 4 to 18 keV, corresponding to center-of-mass energies (Ec.m.) from 16 to 50 keV. A clear difference in
the shape of the TT-neutron spectrum is observed between the two Ec.m., providing the first conclusive
evidence of a variant TT-neutron spectrum in this Ec.m. range.3 Preliminary data from recent discovery science
experiments at the NIF exploring the solar 3He+3He reaction at Ec.m. from 60-120 keV also indicate that the
underlying physics changes with Ec.m.. In this talk, we describe these experiments, our findings and their
implications, and future directions for exploring light-ion reactions at OMEGA and the NIF. The work was
supported in part by the US DOE, LLE, and LLNL.
[1]
[2]
[3]

M. Gatu Johnson et al., Phys. Plasmas 24, 041407 (2017)
M. Gatu Johnson et al., Phys. Plasmas 25, 056303 (2018)
M. Gatu Johnson et al., Phys. Rev. Lett. 121, 042501 (2018) (2018)

(Invited) A semi-analytic model of gas-puff Z-pinch liner-on-target magneto-inertial fusion
J Narkis1, H Rahman2, J Valenzuela1, F Conti1 , R McBride3 , D Venosa1, and F Beg1
1

University of California, USA, 2Magneto-Inertial Fusion Technologies, Inc., USA, 3University of Michigan, USA

A semi-analytic model of gas-puff Z-pinch, liner-on-target magneto-inertial fusion, or Staged Z-pinch is
presented [1]. This model is a modification of a similar one developed for MagLIF [2], but addresses the
different key physics inherent to a Staged Z-pinch implosion: azimuthal magnetic field transport, fuel shock
heating, separate ion and electron energy equations, and a simplified radiation model that approximates the
liner transition from optically thin to optically thick. Following the explanation of the model, a parameter scan
and scaling study is presented for a Staged Z-pinch implosion on the newly implemented linear transformer
driver (LTD) at UC San Diego (850 kA, 160 ns). The parameter scan is over liner and target mass per unit
length (M/L), with the “point design” selected as the set of initial liner and target M/L that maximizes DD
neutron yield while satisfying a simple MRTI stability criterion and limiting the target convergence ratio to 30.
The driver current and initial axial magnetic field of the point design are then scaled linearly, and load mass
is scaled quadratically to ensure similar implosion dynamics. The DD neutron yield scaling as a function of
peak current is compared with other models in the literature [3, 4, 5], as in Fig. 1. Implications for future
university-scale experiments are discussed.

Fig 1: DD Neutron yield scaling from the semi-analytic model of a Staged Z-pinch implosion compared with
other reported scaling functions [3,4,5]
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[1]
[2]
[3]
[4]
[5]

J. Narkis, et al., “A semi-analytic model of gas-puff liner-on-target magneto-inertial fusion”,
submitted to Phys. Plasmas (2018)
R. D. McBride and S. A. Slutz., Phys. Plasmas. 22, 052708 (2015)
C. A. Coverdale, et al., Phys. Plasmas 14, 022076 (2007)
D. Klir, et al., Phys. Plasmas 19, 032706 (2012)
B. L. Bures and M. Krishnan, Phys. Plasma 19, 112702 (2012)

Biermann battery effects on turbulence dynamo
C Ryu1 and C Kim2
1

Institute for Basic Science, South Korea, 2GIST, Korea

Biermann battery effects have drawn much interest in laboratory astrophysics. Along this line we present our
2D and 3D simulation studies on Biermann battery effects on turbulence dynamo: the FLASH code was used
for simulating counter-streaming plasma jets. It was found that turbulence dynamo is dominantly induced by
the Kelvin-Helmholtz instability rather than the Rayleigh-Taylor instability, as reported earlier [1].
Furthermore, Biermann battery effects were found to significantly enhance the generated magnetic field in
the strongly inhomogeneous condition induced by the colliding plasma jets.
[1]

P. Tzeferacos et al., Phys. Plasmas 24, 041404 (2017)

Session: Lab Astro (3)
Rayleigh-Taylor instabilities relevant to supernovae remnants
G Rigon1, A Casner2, B Albertazzi1, T Michel1, P Mabey1, E Falize3, J Ballet4, S Pikuz5, T Sano6, Y Sakawa6, T
Pikuz5, 6, A Faenov5, 6, N Ozaki6, Y Kuramitsu6, M Valdivia7, P Tzeferacos8, D Lamb10, and M Koenig1, 6
1

Laboratoire pour l'Utilisation des Lasers Intenses, France, 2University of Bordeaux , France, 3Atomique
Energie Commission C.E.A., France, 4French Alternative Energies and Atomic Energy Commission, France,
5
JIHT-RAS, Russia, 6Osaka University, Japan, 7Johns Hopkins University, USA, 8University of Chicago, USA
Hydrodynamics instabilities, such as the Rayleigh-Taylor instability (RTI), play a major role in astrophysical
fluid dynamics. They might be responsible of the absence of spherical symmetry in the shape of the
Supernova remnant (SNr) and are a source of uncertainty for the measure of the SNr’s shell width. In
astrophysics a precise observation of the RTI in the SNrs is very difficult, so their growth are only predicted by
simulations. Observational data from a scaled laboratory experiment are thus important to benchmark those
simulations.
In this context, we performed experiments on LULI2000 laser facility in order to reproduce the evolution of
the RTI in a situation scaled to the SNr. In those experiments, multi-layer modulated targets were driven by a
nanosecond beam (nano2000). Low density foams were used behind the pusher to trigger the growth of the
RTI in a decelerating phase. A small titanium wire coupled to a short pulse laser (pico2000) generated an Xray sources, which was used to perform x-ray radiography snapshot of high spatial (~ 25 μm) and temporal
(~ 10 ps) resolution. The dynamic of the RTI evolution was experimentally reconstructed for an equivalent of
200 years for the astrophysical system. The results are directly compared to FLASH4 simulations.
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Particle acceleration due to magnetically driven reconnection using laser-powered capacitor coils
L Gao1, A Chien1, H Ji1, K Hill1, P Efthimion1, G Fiksel2, E Blackman3, P Nilson3, Q Lu4, and
K Huang4
1

Princeton University, USA, 2Michigan University, USA, 3Laboratory for Laser Energetics, University of
Rochester, USA, 4University of Science and Technology of China, China
Collisionless magnetic reconnection events in astrophysical plasmas have been observed to generate
particles with energies far higher than the thermal background. For instance, nonthermal acceleration has
been observed in the Earth's magnetosphere, where nonthermal electrons have energies of up to 105 eV,
compared to thermal electrons of a few eV; additionally, in solar flares, a large portion of released energy
can be attributed to energetic electrons. Despite the observations, the mechanisms behind particle
acceleration are not well understood: several theories have been hypothesized and tested in PIC simulations,
but they have not been experimentally confirmed. Recently, using a novel laser-powered capacitor coil target
creates strong magnetic reconnection in the laboratory, allowing detailed investigation of low-𝜷𝜷, collisionless
reconnection as well as measurement of the energetic electron energy spectrum. Here I will present
experimental results obtained from the OMEGA EP laser facility which show promising evidence of magnetic
reconnection and corresponding particle acceleration. Further experiments, combined with PIC simulations,
will provide a better understanding of the underlying acceleration mechanism.
High energy density experiments from astrophysical collisionless plasma flows to solid-density flow-stress in
metal*
H Park1, F Fiuza2, D Higginon1, C Li3, R Petrasso3, B Pollock1, B Remington1, H Rinderknecht4, J Ross1, D
Ryutov1, A Spitkovsky5, G Swadling1, and S Wilks1
1

Lawrence Livermore National Laboratory, USA, 2SLAC National Accelerator Laboratory, USA, 3Massachusetts
Institute of Technology, USA, 4Laboratory of Laser Energetics, USA, 5Princeton University, USA

We present two very extreme high energy density cases: high Mach number collisionless plasma interactions
and high flow-stress interface mixing in solid density metals. We are conducting laboratory experiments
studying high Mach number collisionless shock formation in two interpenetrating plasma streams. It is
believed that in astrophysical environments such shocks are the sites where seed magnetic fields are
generated on a cosmologically fast timescale via the Weibel instability. The Omega and NIF experiments are
able to observe the counter-streaming flow interactions in both the collisional and the collisionless regimes
to understand collisionless shock formation and particle acceleration [1]. The other experiments are to
investigate the dynamics of solid-state lattice dynamics and plastic flows relevant to planetary interiors with
high-energy, high-power lasers. Dynamic strength experiments utilize the growth of Rayleigh-Taylor
instabilities (RTI) where the growth of the RTI can be inferred as the flow stress of the solid material strength
[2]. We will present the results from these experiments.
[1]
[2]

J. S. Ross et al., Phys. Rev. Lett., 118, 185003 (2017)
H. –S. Park et al., Phys. Rev. Lett., 114, 065502 (2015)

*This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344.

39

(Invited) The NIF Re-Shock platform for studying Rayleigh-Taylor and Richtmyer-Meshkov instabilities in a
planar geometry
K Raman1
1

Lawrence Livermore National Laboratory, USA

We discuss experiments at the National Ignition Facility (NIF) studying the nonlinear Richtmyer-Meshkov and
Rayleigh-Taylor instabilities of a multiply-shocked plasma interface in a planar geometry.1 Similar “re-shock”
experiments have been done in classical shock tubes for many years. Laser-driven systems present new
opportunities for this type of experiment, in particular the ability to precisely vary a range of parameters,
including the strengths of the shockwaves, the initial perturbation of the unstable interface, and the densities
of the mixing materials. This talk will describe design and optimization studies of a double-ended shock tube
target for the NIF capable of generating and characterizing the hydrodynamic instability growth of both
single- and re-shocked perturbed planar interfaces. The platform includes the ability to diagnose both the
extent of the penetration of the heavy fluid into the light fluid as well as the light fluid into the heavy through
a novel combination of target materials. We present data from the NIF on a variety of experimental
conditions, and discuss the computational hydrodynamics simulations that have been developed to
simulate these experiments.
[1]

Nagel, S.R. et. al. 2017. A platform for studying the Rayleigh–Taylor and Richtmyer–Meshkov
instabilities in a planar geometry at high energy density at the National Ignition Facility. Physics of
Plasmas, 24(7), p.072704

This work was performed under the auspices of the U.S. Department of Energy by LLNL under Contract DEAC52-07NA27344, LLNS, LLC
Session: LPI (1)
(Invited) Real and complex-valued geometrical optics inverse ray tracing in adaptive meshes for inline field
calculations and nonlinear laser-plasma interactions
A Colaïtis1, J Palastro2, R Follet2, I Igumenschev2, and V Goncharov2
1

Université de Bordeaux, France, 2University of Rochester, USA

High Energy Density (HED) plasmas created by laser matter interaction are prone to a variety of Laser
Plasma Instabilities (LPI). In certain regimes, notably in the case of Inertial Confinement Fusion (ICF), these
microscopic-scale processes may induce macroscopic-scale perturbations. Modeling LPIs inline in
hydrodynamic codes requires an efficient description of the laser propagation, e.g., ray-based approaches
that retain the capability to estimate the field distribution in the plasma.
We present a 3-D ray based model for computing laser fields in dissipative and amplifying media. The
eikonal equation is solved using inverse ray-tracing on a dedicated nonstructured 3-D mesh. Inverse raytracing opens the possibility of using Complex Geometrical Optics (CGO) and laser-based Adaptive Mesh
Refinement (AMR). In addition, divergent fields at caustic are corrected using an etalon integral method for
fold-type caustics, adapted to both the Geometrical Optics (GO) and CGO formalisms.
CGO is shown to offer a more precise modeling of laser refraction and absorption in a dissipative medium
when compared to Geometrical Optics (GO). In the framework of Inertial Confinement Fusion (ICF), this
occurs mostly at intermediate temperatures or at high temperatures close to the critical density. Additionally,
GO is invalid at low temperatures if an approximated expression of the permittivity is used. Finally, we
demonstrate how caustics can disappear in the CGO framework for sufficiently dissipative medium, and how
CGO is able to describe exact diffraction of Gaussian beams.
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Fields computed using GO and CGO are compared to results from the electromagnetic wave solver LPSE [1].
Excellent agreement is obtained in 1-D linear and nonlinear permittivity profiles, as well as ICF-like Gaussian
density profiles in 2-D. The field reconstruction method is applied to the modeling of Cross Beam Energy
Transfer (CBET). We demonstrate how the adaptive meshing implemented in IFRIIT allows for CBET
calculations to converge toward reference gains and reach high accuracy in energy conservation.
Comparisons with LPSE show an excellent agreement for various challenging configurations in 2-D, including
interaction of scattered and incoming waves within the same beam and CBET at laser caustics in direct-drive
geometries.
The IFRIIT code will be interfaced inline to 3-D radiative hydrodynamic codes to describe the nonlinear laser
plasma interaction in ICF and high-energy-density plasmas.
[1]

J. F. Myatt, et al. Phys. Plasmas, 24(5):056308, (2017)

Session: LPI (2)
Femtosecond plasma phase space photonics: l kinetic nonlinear plasma structures for radiation and particle
beam manipulation
B Afeyan1
1

Polymath Research Inc., USA

Many applications of high energy density plasmas require the generation, study and control of coherent
structures far from equilibrium driven by overlapping laser beams. We explore such a set with applications in
X ray pulse control propagation control via high index contrast, disposable, refractive optics in high energy
density plasmas. High fidelity simulations demonstrating the feasibility of such a program will be highlighted.
Designed sequences of STUD pulses (Spike Trains of Uneven Duration and Delay) will be used to control the
electric and magnetic interactions that lead to the desired structures in plasma phase space.
Work supported by grants from DoE NNSA-FES Joint program in HEDLP and by AFOSR.
Interactions of crossing laser pulses in plasma with applications to auxiliary heating
B Spiers1 and P Norreys1
1

University of Oxford, UK

Crossing electron beams within the fusion plasma has been suggested as a method of providing additional
heating to the fuel, possibly pushing a hot-spot over the ignition threshold. This was first proposed in a
theoretical study by Ratan et al. and has been expanded upon in work currently in review by Savin et al,
which suggests the use of this auxiliary heating mechanism in tandem with wetted-foam implosions as
described by Olson et al. for improved implosion stability.
In this work I present a simulation study of effects observed at a Vulcan laser experiment in which crossing
filaments of a channeling laser pulse produced turbulent magnetic field structures observed using proton
radiography. This turbulence fits expectations of the cascade of energy from crossing electron beams through
Langmuir waves into breaking ion-acoustic waves and simulations provide insight into the mechanism by
which this turbulence is formed.
[1]
[2]

Ratan, N. et al. Dense plasma heating by crossing relativistic electron beams. Phys. Rev. E 95,
013211 (1 Jan. 2017)
Savin, A. F. et al. Auxiliary Heating for Inertial Fusion (submitted)
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[3]

Olson, R. E. et al. Wetted foam liquid fuel ICF target experiments. Journal of Physics: Conference
Series 717, 012042 (2016)

Relativistic intense laser-solid interactions: theory, simulation and applications in experiments
D Wu1
1

Shanghai Institute of Optics and Fine Mechanics, China

Kinetic simulations are essential to explore many systems under high energy density physics regime, since
such system is typically far away from thermal equilibrium. Currently, particle-in-cell (PIC) simulation method
is a proper tool to model laser-solid interactions.
However, conventional PIC codes widely used now cannot provide complete description for such systems.
Firstly, many atomic and plasma processes, such as ionisation dynamics and collision among charged
particles. Secondly, given the very large number of possible ionization states, the need for a comprehensive
treatment of these states can quickly become computationally intractable. Thirdly, because the free electron
density of solid either partially or fully ionised is extremely high, e.g. 1024 cm-3, the numerical simulation
becomes extremely challenging in order to get rid of unfavourable high numerical noises.
In the past five years, the researcher Dr. Dong Wu and his colleagues have been developing an advanced
numerical simulation code to investigate strongly-coupled laser solid interactions. It includes: 1) an
advanced ionisation dynamics model, which combines collision ionisation, electron-ion recombination and
ionisation potential depression; 2) an advanced collision dynamics model, which combines both elastic and
inelastic collisions among charged particles; and 3) an advanced numerical scheme, which can significantly
remove the numerical self-heating when simulating solid density plasmas. These advantageous features
provide a unique tool.
This code has already been successfully to explain the intense laser solid interaction experiments, conducted
by Peking University, Shanghai Jiaotong University, Xi’an Jiaotong University, Chinese Academy of
Engineering Physics.
[1]
[2]
[3]
[4]
[5]
[6]

D. Wu, X. T. He, W. Yu, S. Fritzsche, Phys. Rev. E 95, 023208 (2017)
D. Wu, X. T. He, W. Yu, S. Fritzsche, Phys. Rev. E 95, 023207 (2017)
D. Wu, X. T. He, W. Yu, S. Fritzsche, HPLSE 6, e50 (2018)
D. Wu, W. Yu, Y. T. Zhao, S. Fritzsche, X. T. He, MRE in press, (2018)
Q. Liao#, D. Wu#, et al, submitted (2018)
H. Noaman, D. Wu, et al, Phys. Plasmas, 25, 043122 (2018)

Laser pulse compression towards collapse and beyond in plasma
T Wilson1, F Li1, S Weng2, M Chen2, P McKenna1, and Z Sheng1, 2
1

University of Strathclyde, UK, 2 Shanghai Jiao Tong University, China

The dynamics of three-dimensional (3D) compression of ultrashort intense laser pulses in plasma is
investigated theoretically and numerically. Starting from the slowly-varying envelope model, we derive
equations describing the spatiotemporal evolution of a short laser pulse towards the singularity, or collapse,
based on the variational method. In particular, the laser and plasma conditions leading to spherical
compression are obtained. 3D particle-in-cell simulations are carried out to verify these conditions, which
also enable one to examine the physical processes both towards and beyond the pulse collapse.
Simulations suggest that the laser pulse can be spherically compressed down to a minimum size of the order
of the laser wavelength, the so called lambda-cubic regime. The compression process develops over twice as
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fast in simulation than is predicted by the envelope model, due to the simplified nature of the latter. The final
result of this process is pulse collapse, which is accompanied with strong plasma density modulation and
spectrum broadening. The collapse can occur multiple times during the laser pulse propagation, until a
significant part of the pulse energy is dissipated to electron acceleration by the laser ponderomotive force. It
is also shown that a strong external DC magnetic field applied along the laser propagation direction can
enhance the rate of compression for circularlypolarised laser pulses, allowing access to strong compression
and focusing in the low-density and low-amplitude regime.

Fig. 1: Three-dimensional spherical compression of an ultrashort pulse towards collapse and beyond, shown
at progressive times.
Impact of atomic physics on the x-ray heating of laboratory photoionized plasmas
R C Mancini1, T Lockard1, D Mayes1, G Loisel2, J Bailey2, G Rochau2, J Abdallah, Jr3, I Golovkin4 and D
Liedahl5
1
4

University of Nevada, USA, 2Sandia National Laboratories, USA, 3Los Alamos National Laboratory, USA,
Prism Computational Sciences, USA, 5Lawrence Livermore National Laboratory, USA

In separate experiments performed at the Z facility of Sandia National Laboratories two different samples
were employed to produce and characterize photoionized plasmas. One was a gas cell filled with neon, and
the other was a thin silicon-oxygen layer tamped with plastic. Both samples were driven by the broadband,
intense x-ray flux produced at the collapse of a wire array z-pinch implosion. Transmission spectroscopy of a
narrowband portion of the x-ray flux was used to diagnose the charge state distribution and the electron
temperature was extracted from a Li-like ion level population ratio. To interpret this measurement, we
performed Boltzmann electron kinetics and radiationhydrodynamic simulations. For both photoionized
plasmas, we found that nonequilibrium atomic physics and level population kinetics played a critical role in
the x-ray heating of the plasma. Calculations performed with astrophysical codes overestimated the electron
temperature.
This work was sponsored in part by DOE OFES Grant DE-SC0014451, DOE HEDLP Grant DE-NA0003875,
the Wootton Center for Astrophysical Plasma Properties, and the Z Facility Fundamental Science Program of
SNL.
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Advanced high resolution x-ray diagnostics for HEDP experiments
P Mabey1, B Albertazzi1, G Rigon1, T Michel1, T Pikuz2, 3, N Ozaki2, S Pikuz3, A Casner4, and M Koenig1, 2
1

Laboratoire pour l’Utilisation des Lasers Intenses, France, 2Osaka University, Japan 3Joint Institute for High
Temperature RAS, Russia, 4CELIA, France
High resolution X-ray imaging is crucial for many high energy density physics (HEDP) experiments. Recently
developed techniques to improve resolution have, however, come at the cost of a decreased field of view.
Here, an innovative experimental detector for X-ray imaging in the context of HEDP experiments with
unprecedented spatial resolution, as well as a large field of view, is presented. The platform is based on
coupling an X-ray backligther source with a Lithium Fluoride (LiF) detector, characterized by its large dynamic
range. The imaging properties of LiF are based on the photoluminescence of F-type color centers (CCs) which
are generated under irradiation by photons with energy greater than 14 eV. CCs are very stable at room
temperature and may be read out any time after irradiation using a conventional fluorescent microscope.
The response and resolution of the detector was measured as a function of incident photon flux and photon
energy at the SOLEIL synchrotron [1]. By considering absolute photon numbers, we estimate that these
detectors are most suitable for use at moderate to large laser facilities or XFELs. The results also show that
using a lower energy backlighter is advantageous due to the shorter attenuation length of the photons, while
the resolution remains constant.
The method was benchmarked with both the X-ray free electron laser at SACLA and an X-ray source
produced by the short pulse laser at LULI2000 [2]. Under optimal conditions, a spatial resolution of 2 µm
over a field of view greater than 2 mm2 is observed. This represents a significant advance over previous
techniques. For example, using LiF detectors one could vastly increase the resolution available for imaging
the small-scale structures and instabilities within the imploding fusion core in ICF experiments, thus paving
the way to better understand the dynamics of the system and enabling the validation of various models [3].
[1]
[2]
[3]

Mabey, P., et al. “Photometric study of LiF detectors.” Review of Scientific Instruments (in
preparation)
Faenov, A. Y., et al. "Advanced high resolution x-ray diagnostic for HEDP experiments." Scientific
reports 8.1 (2018): 16407
Casner, A., et al. "Turbulent hydrodynamics experiments in high energy density plasmas: scientific
case and preliminary results of the TurboHEDP project." High Power Laser Science and Engineering
6 (2018)

Session: ICF (2)
Optimization of x-ray radiation pulse for Z-pinch dynamic hohlraum driven fusion
F Wu1, R Ramis1, Y Ma2, S Chen1, 2, and Z Ge2
1

Universidad Politécnica de Madrid, Spain, 2National University of Defense Technology, China

Apart from the Z-pinch driven MagLIF, Z-pinch dynamic hohlraum driven fusion is a promising approach for
the realization of controlled inertial fusion. The main advantages are that huge amount of x-ray radiation
energy and high conversion efficiency from electrical energy to x-ray energy are relatively easy to obtain for
Z-pinch dynamic hohlraum. However, a good quality of x-ray radiation is also required for a fuel-filled target
to achieve fusion conditions. For example, neither x-ray preheating nor cylindrical shock compression of the
target is undesired, even for a double-shell target which has relatively relax requirement on the shape of
hohlraum radiation pulse. Thus, it is necessary to optimize the configuration of Z-pinch dynamic hohlraum,
including the wire-array and foam convertor.
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In this report, we present an optimized configuration with a single wire-array and a nested foam convertor
(Fig. 1a), on the basis of traditional configuration with a single wire-array and a uniform low-Z convertor (Fig.
1b). We select a single wire-array to avoid the x-ray burst during the collision of outer wire-array and inner
wire-array, which may cause the foam to be ablated before the wire-array collide with the foam convertor.
The high-Z foam is designed to weaken the x-ray ablation, while the low-Z foam is designed for the fast
transport of x-ray radiation. In this way, an x-ray radiation pulse that meets with the requirement of doubleshell target could be expected. The one-dimensional radiation magneto-hydrodynamic (RMHD) code MULTIIFE [1, 2] is employed to determine the optimized density and geometry of the Z-pinch dynamic hohlraum
with a peak drive current of 25 MA.
Since a single wire-array rather than a nested wire-array is adopted in our scheme, it is natural to worry
about that the magnetic Rayleigh-Taylor (MRT) instability may develop significantly during the implosion and
even has serious effects on the x-ray radiation field inside the dynamic hohlraum. So we have also
performed simulations with the evolution of MRT instability by using the two-dimensional RMHD code MULTI2D [3]. It is found that the growth of MRT instability indeed lower the radiation temperature inside the
hohlraum, but it seems to have less impact on the uniformity of the radiation field.

Fig. 1: Z-pinch dynamic hohlraum with a nested foam (a), and a uniform low-Z foam (b)
[1]
[2]
[3]

Ramis R, Meyer-ter-Vehn J. Computer Physics Communications, 203, 226-237(2016)
Fuyuan Wu, Yanyun Chu, Fan Ye, et al., Acta Phys. Sin. 66, 215201(2017)
Fuyuan Wu, Rafael Ramis, Zhenghong Li, Journal of Comp. physics, 357, 206-229 (2018)

Effects of laser-drive asymmetry on hot-spot flow dynamics and implosion performance on the NIF
D Schlossberg1, D Casey1, M Eckart1, G Grim1, E Hartouni1, R Hatarik1, J Kilkenny1, A Moore1, and R Nora1
1

Lawrence Livermore National Laboratory, USA

Asymmetries in laser drive during inertial confinement fusion dramatically reduce implosion performance
due to energy being transferred into capsule motion instead of hot spot heating. Dedicated experiments on
the National Ignition Facility were performed to characterize these effects. This campaign kept capsule, fuel,
and hohlraum features identical while varying the balance of laser energy entering each end of the
hohlraum. Signatures of low-mode asymmetries (P1) were measured in the time-integrated and timeresolved nuclear and x-ray domains, as well as 2D and 3D image reconstructions.
The dependence of implosion figures-of-merit such as neutron yield, ion temperature, and bulk velocity are
mapped out as a function of asymmetry magnitude. Spatially distinct regions of peak x-ray and neutron
emission are observed within the hot-spot, and x-ray images show brightened limbs in the P1-driven
direction. Comparisons with 2D HYDRA simulations shows good agreement with both macroscopic
dependencies as well as spatially-localized features.
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In the extreme-imbalanced cases, flow velocities >130 km/s were measured using neutron time-of-flight
(nToF) techniques and corroborated by neutron activation detectors. Variance in these bulk flows broadens
the width of the neutron energy spectrum observed by nToF diagnostics. This behavior exhibits a
characteristic cosine dependence on the angle between observation and flow direction. Measurements bear
similarities to synthetic diagnostic output from simulations, and relative magnitudes are compared to
theoretical predictions.
Finally, time-resolved x-ray imaging reveals a localized, brightly-emitting region which travels a path through
the hot spot dependent on P1 drive. This emission region may serve as a “tracer particle” for flows internal to
the hot spot. Observed vortical flows are compared to simulations, and their contribution to broadening the
neutron spectrum is evaluated.
*Work performed under auspices of U.S. Department of Energy by Lawrence Livermore National Laboratory,
Contract DE-AC52-07NA27344.
Experimental aspects of MagLIF pre-heat studies
M Geissel1, A Harvey-Thomson1, D Bliss1, J Fein1 , B Galloway1 , M Glinsky1 , C Jennings1 , M Kimmel1 , K
Peterson1 , P Rambo1 , J Schwarz1 , J Shores1 , S Slutz1, I Smith1, S Speas1, M Weis1, D Woodbury1 , and J
Porter1
1

Sandia National Laboratories, USA

Dedicated experiments in the Pecos target area at Sandia National Laboratories investigate and optimize the
pre-heat phase of Magnetized Liner Inertial Fusion (MagLIF). The primary observables are energy deposition
of the Z-Beamlet laser into deuterium gas, X-ray emission from the gas, and the analysis of backscattered
light as indication of laser plasma instabilities (LPI). The latter is observed for stimulated Brillouin scatter and
stimulated Raman scatter. Over the course of the last two years, SBS and SRS were significantly reduced
while simultaneously doubling the gas density. Increased density and coupling of the laser energy to the gas
enables higher neutron gain and is expected to provide more stability for the implosion phase of MagLIF. The
presentation will describe the instrumentation suite at Pecos and the various milestones on the way from the
initial, high LPI preheat scenario to the latest one, which enabled the highest yields for MagLIF experiments
to date.
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.

Fig. 1: Rendering of the Pecos target area at Sandia National Laboratories. The Z-Beamlet laser is indicated
in bright green and the diagnostic probe beam in flat green.
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Kinetic effects in high-energy-density plasmas
G Kagan1
1

Imperial College London, UK

Experiments are indicative of substantial kinetic effects in high-energy-density plasmas during the course of
a spherical implosion. The effects appear as the plasma mean-free-path grows relative to the background
scale making standard rad-hydro single-fluid description invalid. To understand their mechanics and
implications it is convenient to consider the thermal and suprathermal particles separately. For the former,
sharp gradients can drive the inter-ion-species diffusion, so the fuel composition no longer remains constant
unlike what the standard, single-fluid codes assume. Atomic mix at interfaces is, fundamentally, due to the
same diffusion process. For the latter, the mean-free-path is much larger than that of their thermal
counterparts, so their distribution function may be far from Maxwellian, even if thermal ions are nearly
equilibrated. It is these suprathermal, or tail, ions that fuse in subignited implosions. Their distribution is thus
the key to proper interpretation of nuclear diagnostics employed in HEDP experiments in general and to
correct fusion yield prediction in particular. Furthermore, suprathermal electron distribution shows similar
behavior, affecting the X-ray diagnostics. Basic mechanisms behind and practical consequences of these
groups of effects in ideal and non-ideal HED plasmas will be discussed.

[1]
[2]
[3]
[4]
[5]
[6]

G. Kagan and X.-Z. Tang “Electro-diffusion in a Plasma with Two Ion Species” Physics of Plasmas 19
(2012) 082709
G. Kagan and X.-Z. Tang “Thermo-diffusion in Inertially Confined Plasmas” Physics Letters A378
(2014) 1531
G. Kagan, S. D. Baalrud and J. Daligault “Influence of Coupling on Thermal Forces and Dynamic
Friction in Plasmas with Multiple Ion Species” Physics of Plasmas 24 (2017) 072705
G. Kagan and S. D. Baalrud “Transport Formulas for Multi-component Plasmas Within thecEffective
Potential Theory Framework” https://arxiv.org/abs/1611.09872
G. Kagan, D. Svyatskiy et al. “Self-similar Structure and Experimental Signatures of Suprathermal
Ion Distribution in Inertial Confinement Fusion Implosions” Physical Review Letters 115 (2015)
105002
G. Kagan, O. L. Landen et al. “Inference of the electron temperature in ICF implosions from the hard
X-ray spectral continuum” Contributions to Plasma Physics (2018) 1
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Poster Session 1
P1.1. A new regime of short-pulse laser-particle acceleration: ARC protons for novel HED and ICF
applications
T Ma1, D Mariscal1, J Williams1, S Wilks1, A Kemp1, H Chen1, P Patel1, B Remington1, C Haefner1, D Alessi1, D
Martinez1, J Kim2, C McGuffey2, J Park2, F Beg2, A Morace3, P Nilson4, M Wei4, H Chung5, M Cho5, G Scott6, D
Neely6, P Norreys7, and K Flippo8
1

Lawrence Livermore National Laboratory, USA, 2University of California, San Diego, USA, 3Osaka University,
Japan, 4Laboratory for Laser Energetics, USA, 5Gwangju Institute of Science & Technology, South Korea
6
STFC Rutherford Appleton Laboratory, UK, 7University of Oxford, UK, 8Los Alamos National Laboratory, USA
The NIF’s Advanced Radiographic Capability (ARC) laser sits in a different parameter space from most other
short-pulse lasers: four separate beamlets, very high-energy (kJ), relatively long (multi-picosecond), large
focal spot, quasi-relativistic (~1018 W/cm2) intensities. We will discuss results from recent experiments at
the NIF-ARC exploring proton acceleration via Target Normal Sheath Acceleration (TNSA). Protons of up to
18 MeV are measured using laser irradiation of > 1 ps pulse-lengths. This is indicative of a superponderomotive acceleration mechanism that sustains acceleration over long (multi-ps) time-scales and
allows for proton energies to be achieved far beyond what the well-established scalings of proton
acceleration via TNSA would predict at these modest intensities. Furthermore, the characteristics of the ARC
laser (large ~80 µm focal spot, flat spatial profile, multi-ps, relatively low pre-pulse), provide acceleration
conditions that allow for the investigation of the 1D-physics of particle acceleration. A high conversion
efficiency of ~2.5-5% laser energy to protons is experimentally demonstrated, resulting in a record flux (>
~50 J) of laser-accelerated protons. Early results from a proton isochoric heating platform will also be
shown.
Direct temperature measurements in solids via inelastic X-ray scattering under shock and ramp compression
O Karnbach1, D McGonegle1, U Zastrau2, T White3, S Glenzer4, J Hastings4, J Wark1, and G Gregori1
1

University of Oxford, UK, 2European XFEL GmbH, Germany 3University of Nevada, USA 4SLAC National
Accelerator Laboratory, USA
In the known universe, condensed matter at extreme pressures occurs in a range of unique and fascinating
systems. The recent burgeoning field of exoplanet physics has created a high demand for understanding
solids at terapascal pressures - a regime that can be obtained through laser ablation techniques performed
at high-energy laser facilities. Whilst X-ray diffraction can obtain structural information and thus density, and
pressures can be inferred from Velocity Interferometry (VISAR), absolute temperatures are more difficult to
measure. Previous work using Extended X-ray Absorption Fine Structure (EXAFS) allows one to deduce the
ratio T/TD, where TD is the Debye temperature, but this itself is pressure dependent, and may change
drastically across a phase transition. For a deeper, fundamental understanding of these extreme phases, the
absolute temperature T is of interest. We propose using inelastic X-ray scattering from phonons at 4th
generation sources to determine the absolute temperature from the ratio of Stokes and Anti- Stokes
scattering under shock and ramp compression. The feasibility is assessed through estimation of the cross
sections and required resolution. Synthetic phonon spectra are calculated in various materials under shock
and ramped compression using large-scale molecular dynamics simulations in LAMMPS that serve as a
controlled theoretical benchmark for future experimental results.
[1]
[2]
[3]

Guillot, Science 286 (1999)
Falk et al., Physical Review E 87, 043112 (2013)
Glenzer and Redmer, Reviews of Modern Physics 81, 1625 (2009)
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Zastrau et al., Applied Physics Letters 109, 031108 (2016)
Sperling et al., Physical Review Letters 115 115001 (2015)
Fletcher et al., Nature Photonics 9, 274 (2015)
Burkel, Reports on Progress in Physics 63, 171 (2000)
Sette et al., Science 280, 1550 (1998)
Hansen and McDonald, Academic Press (1976)
White et al., Physics Review Letters 111, 175002 (2013)
Rüter and Redmer, Physics Review Letters 112, 145007 (2014)
Mabey et al., Nature Communications 8, 14125 (2017)
Kozlowski et al., Scientific Reports 6, 24283 (2016)
McBride et al., Review of Scientific Instruments 89, 10F104 (2018)
Gregori and Gericke, Physics of Plasmas 16, 056306 (2009)

P1.3 The blind implosion-maker - automated inertial confinement fusion experiment design
P Hatfield1, S Rose2, and R Scott3
1

University of Oxford, UK, 2Imperial College London, UK, 3Rutherford-Appleton Laboratory, UK

In this talk I will discuss recent work in developing machine learning approaches to modelling and predicting
the yield from NIF-like ICF implosions, in particular showing that Gaussian Processes can be used to give
very unbiased predictions. We present several new ensembles of 10^3-10^4 simulations, showing that the
uncertainty on predictions can be accurately decomposed into uncertainty from lack of data, and uncertainty
on input parameters. We also show that genetic algorithms can be used to find novel classes of design with
comparatively little human intervention, and that this process can be coupled to surrogate building. Finally
we will briefly discuss how modern data science techniques are being used to support and maximise the
utility of other types of HED and laser experiments undertaken at the Central Laser Facility and Orion.
P1.4 Measurement of free-free absorption of XUV radiation in warm dense aluminium
C Hyland1, S White1, B Kettle2, D Ballie1, R Irwin1, M Notley3, I East3, C Spindloe3, S Mangles2, and D Riley1
1

Queen's University Belfast, UK, 2Imperial College London, UK, 3Ruther Appleton Laboratory, UK

The free-free absorption of soft x-rays in warm dense matter remains a difficult question to tackle
theoretically and experimentally; experiments have been conducted previously to determine this but
produced inconclusive results. The experiments involved generating x-rays from palladium foils to heat an
aluminium foil target to a temperature of ~1eV at approximately solid density. A laser driven high-harmonic
beam from an argon gas jet was used to probe the warm dense sample at 21eV, 26eV and 31eV photon
energies. Here, simulation and experimental results are presented from a revised version of the previous
work; these data are expected to allow more precise measurement of the absorption. Potential future work is
also described, as changing the probe drive gas could potentially allow data to be gathered over a much
wider range of photon energies.
P1.5 Competition effect between elasticity and magnetic field in the Rayleigh-Taylor instability
S Piriz1, A Piriz1, and N Tahir 2
1

Universidad de Castilla-La Mancha, Spain, 2GSI Helmholtzzentrum für Schwerionenforschung, Germany

We present the linear theory of the two-dimensional magneto-Rayleigh-Taylor instability in a system
composed by an elastic layer atop a lighter semi-infinite ideal fluid with the presence of magnetic fields atop
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and below the layer. While, as it could expected, magnetic fields and elasticity add its effects to enhance the
stability of thick layers, the situation becomes more complicated for the thinnest ones, and a much richer
variety of behaviours is observed. Implications for experiments on magnetically driven accelerated plates
and implosions are discussed. In addition, the relevance for triggering of crust- quakes in strongly
magnetised neutron stars is also pointed out.
P1.6 Exploring the universe through Discovery Science on NIF*
B Remington1
1

Lawrence Livermore National Laboratory, USA

How firm is our understaning of planets, stars, and the universe at a microscopic level? This is the
fundamental question that motivates the fields of laboratory astrophysics and planetary science. An
overview of recent research done in these areas on the 2 MJ, 192 beam NIF laser facility at LLNL through the
NIF Discovery Science program will be presented. A selection of examples will be drawn from experiments on
nuclear reactions in capsule implosions relevant to stellar nucleosynthesis [1, 2]; studies of equations of
state and phase studies of H, Fe, C, and CH at high pressures (1-100 Mbar) and densities relevant to
planetary interiors [3, 4, 5, 6]; radiation and heat conduction stabilized Rayleigh-Taylor instability growth
relevant to supernova remnants [7]; and high velocity, low density interpenetrating plasma flows that can
lead to collisionless astrophysical shocks relevant to galactic collisions and particle acceleration relevant to
cosmic ray generation mechanisms. [8, 9]
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Daniel T. Casey, “Thermonuclear reactions probed at stellar-core conditions with laser-based
inertialconfinement fusion,” Nat. Phys. 13, 1227 (2017)
Maria Gatu Johnson, “Optimizing of a high-yield, low areal-density fusion product source at the NIF
with applications in nucleosynthesis experiments,” Phys. Plasmas 25, 056303 (2018)
Peter Celliers, “Insulator-metal transition in dense fluid deuterium”, Science 361, 677 (2018)
Raymond F. Smith et al., “Equation of state of iron under core conditions of large rocky exoplanets,”
Nat. Astron. 2, 452 (2018)
Raymond F. Smith et al., “Ramp compression of diamond to five terapascals,” Nature 511, 330
(2014)
Tilo Doppner et al., “Absolute equation-of-state measurement for polystyrene from 25-60 Mbar
using a spherically converging shock wave,” PRL 121, 025001 (2018)
Carolyn C. Kuranz, “How high energy fluxes may affect Rayleigh-Taylor instability growth in young
supernova remnants, Nature Commun. 9, 1564 (2018)
James S. Ross et al., “Transition from collisional to collisionless regimes in interpenetrating plasma
flows on the National Ignition Facility,” PRL 118, 185003 (2017)
Channing Huntington et al., “Observation of magnetic fiel generation via the Weibel instability in
interpenetrating plasma flows,” Nature Physics 11, 173 (2015)

*This work was performed under the auspices of U.S. DOE by LLNL under Contract DE-AC52-07NA27344
P1.7 Multi frame synchrotron radiography of pulsed power driven wire explosions
D Yanuka1, A Rososhek2, S Theocharous1, S Efimov2, S Bland1, Y Krasik2, M Olbinado3, A Rack3, and E
Oreshkin4
1

Imperial College London, UK, 2Technion, Israel, 3ESRF, France, 4Lebedev Physical Institute, Russia

We present the first use of synchrotron-based phase contrast radiography to study high current, pulsed
power driven HEDP experiments. Pulsed power has long been used as an efficient way to achieve extreme
conditions, and one of the earliest forms of these experiments involved the use of wire explosions in water
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and other media, often for the purposes of conductivity measurements. Multiple experiments have explored
how a single wire explodes in water, hoping to understand the underlying physics and better optimize this
process; however, diagnostics can be limited. Optical imaging diagnostics are usually obscured by the shock
wave itself; and until now diode-based X-ray radiography has been of relatively low resolution.
Utilizing the phase contrast imaging capabilities of the ID19 beamline at the European Synchrotron
Radiation Facility, we have been able to image both the exploding wire and the shock wave launch in
multiple frames. Probing radiation of ~30 keV radiographed 200 μm tungsten, aluminum, and copper wires,
in ~2 cm diameter water cylinders with resolutions of up to 8μm. The wires were exploded by a ~30 kA, 500
ns compact pulser timed to the synchrotron; and 128 radiographs, each 0.1 ns in duration, spaced at either
528 or 704 ns apart were taken in each experiment. The Abel inversion was used to obtain the density
profile of the wires and the results are compared to two dimensional hydrodynamic simulations. The
development of striation and Richtmyer-Meshkov instabilities is observed and analyzed.
In addition to providing a source of dense, warm metallic plasmas, underwater wire explosions have recently
become of wider interest due to the strong shockwaves launched through the water as the wires expand into
the gas/lowly ionized plasma state. With arrays of wires, these shockwaves can be merged into highly
convergent cylindrical and spherical shapes resulting in very high pressures (1-10 Mbar) being available on
even small pulsed power facilities (100s of kA-MA). Using the same synchrotron radiographic techniques we
have been able to make detailed study of the merger of shock waves from adjacent wires in an array; directly
explore the increase in density of material on axis caused by the arrival of the merged, convergent
shockwave; and see details such as the ‘bounce’ of the shock from the axis later in time.
This work was sponsored by Sandia National Laboratories, First Light Fusion, and DOE Cooperative
Agreement Nos. DE-F03-02NA00057
P1.8 Effect of the Atwood number and initial perturbation on the Rayleigh-Taylor instabilities
G Rigon1, A Casner2, B Albertazzi1, T Michel1, P Mabey1, E Falize3, J Ballet4, L Ceurvorst2, V Bouffetier2, S
Pikuz5, T Sano6, Y Sakawa6, T Pikuz5, 6, A Faenov5, 6, N Ozaki6, Y Kuramitsu6, M Valdivia7, P Tzeferacos8, D
Lamb8, and M Koenig1, 8
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Energie Commission C.E.A., France, 4 French Alternative Energies and Atomic Energy Commission, France,
5
JIHT-RAS, Russia, 6Osaka University, Japan, 7Johns Hopkins University, USA, 8University of Chicago, USA
Hydrodynamics instabilities, such as the Rayleigh-Taylor instability (RTI), play a major role in astrophysical
fluid dynamics. They might be responsible of the absence of spherical symmetry in the shape of the
Supernova remnant (SNr) and are a source of uncertainty for the measure of the SNr’s shell width. In ICF
(Inertial Confinement Fusion), those instabilities also have a huge impact on our ability to achieve ignition.
The growth of the RTI depends on the initial perturbation of the interface, the density ratio between the two
fluids and the dynamic of the interface. Models on instabilities are often not accurate enough, and in situ
observation are often impossible or incomplete. Thus observational data from a scaled laboratory experiment
are important to benchmark the simulations.
In this context, we performed experiments on LULI2000 laser facility in order to study the effect of the initial
conditions on the evolution of the RTI in a high energy density context. Some of the considered initial
conditions correspond to a situation scaled to the SNr . In those experiments, multi-layer modulated targets
were driven by a nanosecond beam (nano2000). Diverse mono-mode and multi-mode modulations were
used to vary the initial perturbation. Low density foams were used behind the pusher to trigger the growth of
the RTI in a decelerating phase. A small titanium wire coupled to a short pulse laser (pico2000) generated
an X-ray sources, which was used to perform x-ray radiography snapshot of high spatial (~ 25 μm) and
temporal (~ 10 ps) resolution. The dynamic of the RTI evolution was experimentally reconstructed for each
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cases up to 70 ns after the main drive. In the scaled case, this correspond to an equivalent of 200 years for
the astrophysical system. The results are directly compared to FLASH4 simulations.
P1.9 Retrieving of initial parameters of solid targets laser plasma by analyzing spectral lines profiles of
spatially and time-integrated X-ray emission
A Martynenko1, I Skobelev1, 2, and S Pikuz1, 2
1

Joint Institute for High Temperatures RAS, Russia, 2National Research Nuclear University MEPhI, Russia

In experiments with plasma heating by ultrashort laser pulses, an issue of determining the plasma density in
the interaction region of the main laser pulse with matter arises [1], since this cannot be done by traditional
X-ray diagnostic techniques due to the lack of required time resolution. In our research we propose an
approach that makes it possible to use H- and He-like lines of time- and space-integrated X-ray emission
spectra of multiply charged ions of laser plasma to estimate its parameters at the time of the main laser
pulse arrival. Estimation of this parameters can also give us information whether the target was already
ionized by the laser arrival time and what was a quality of laser contras. Despite the simplicity and in some
way universality of this technique there is a number of serious limitations of it and required assumptions.
Nevertheless, it can be used for analysis of the results of experiments with so-called mass-limited targets,
e.g., nanofoinls [2] and thin wires [3]. As an example, specific calculations were made for Lyβ line of Al XIII
and Heβ line of Al XII of aluminium plasmas with an electron temperature of 400-1000 eV.
[1]
[2]
[3]

C. P. Ridgers, et al., Phys. Rev. Lett. 108, 165006 (2012)
J. Colgan, et al., Phys. Rev. Lett. 110, 125001 (2013)
A. Schönlein, et al., EPL. 114, 45002 (2016)

P1.10 Novel heating effects from ELI in comparison with current petawatt class laser systems
T Campbell1, A Savin1, and P Norreys1
1

University of Oxford, UK

Intensities soon to be achievable with the Extreme Light Infrastructure will extend experimental investigations
into absorption physics in the high energy density regime. This work investigates the isochoric heating effect
of high harmonic X-ray beams incident on a tamped Aluminium target via a combination of PIC and
hydrodynamic simulations. Such coherent x-rays are anticipated to be produced via non-ponderomotive
acceleration of coherent electron bunches [1,2]. The particle-in-cell code OSIRIS is used to extract the
spectrum of radiation produced via this mechanism when a high intensity laser is incident on an overdense
plasma mirror. This spectrum is then inputted into the hydrodynamic code HELIOS to predict the potential
heating effects in a tamped aluminium foil. A comparison is run across several laser facilities, both current
and impending, to demonstrate the potential of coherently generated x-rays as a source for isochoric
heating.
[1]
[2]

A. F. Savin et al, Physics of Plasmas 24, 113103 (2017)
T. Baeva et al, Physics of Plasmas 18, 056702 (2011)
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P1.11 Pulsed power flyer plate launch optimisation
S Theocharous1, S Bland1, D Yanuka1, and L Bendixsen2
1
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We present multi-point velocity measurements for 1cm2 scale magnetically driven flyer plates launched
using the 1MA MACH facility at Imperial College. Flyer plate impact is of interest for material equation of
state research, and more recently for a novel fusion ignition scheme being developed at First Light Fusion
Ltd. Generation of the desired planar shock is dependent on maintaining a symmetric flat flyer face, with the
front surface of the flyer in a solid state at impact. However, flatness can be compromised by material effects
and non-uniform current and magnetic field, while melting can be caused by formation of shocks within the
flyer or joule heating related to the magnetic field.
We show results of planar 1cm2 aluminium flyers diagnosed using 1D 6-point Photon Doppler Velocimetry
(PDV) to probe velocity across a width of 3mm on the flyer, and thus return uniformity, as well as qualitative
information on the reflectivity of the front surface which relates to the solid-liquid transition. Maximum
velocity of 3000ms-1 was achieved with a flyer of thickness 0.3mm, at maximum current of 991kA. Velocity
variation along the direction of current through the flyer was found to be ~6% over 3mm. 2D simulations of
equivalent geometries, performed in COMSOL, are also presented, along with simulations of novel
geometries, including curved plates to collapse onto axis and drivers and flyers with varying cross-sectional
resistivity to generate a more uniform current distribution along the inner edge of the stripline.
We also discuss research that is currently in progress aiming to achieve flyer acceleration using the explosion
of wires in water to couple pulsed energy into the flyer. The wires are arranged in a planar array, parallel to
the flyer. The individual cylindrical shocks generated in the water by the explosion of each wire combine to
form an approximately planar shock that reverberates between the sides of the cavity, imparting a force on
the flyer on each reflection. If the shock/shocks generated are sufficiently weak, the acceleration is quasiisentropic.
This work was sponsored by EPSRC, First Light Fusion ltd, Sandia National Laboratories and the NNSA
Stewardship Sciences Academic Programs under DOE Cooperative Agreement DE-NA0003764
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P1.12 Strong gamma rays from a double-layer target irradiated by an ultra-intense laser pulse and their use
for producing electron-positron pairs
C Kim1, 2, T Huang1, 3, J Jeon1, K Nakajima1, C Ryu1 and C Nam1, 2
1
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Generation of strong gamma rays via nonlinear Compton scattering has been a fascinating topic in ultraintense laser physics both as a manifestation of strong-field quantum electrodynamic processes and as a
potential mechanism for intense gamma ray sources. In this regard, we propose a scheme based on doublelayer targets for efficiently realizing nonlinear Compton scattering and thus generating strong gamma rays
[1]. In this scheme, an ultra-intense laser pulse propagates through a near-critical-density layer, becoming
stronger by relativistic self-focusing and accelerating copious ambient electrons by direct laser acceleration
mechanism [2], as shown in Fig. 1. Then the laser pulse is reflected by a solid-density layer and collides with
the accelerated electrons, resulting in a strong nonlinear Compton scattering. From 3D simulations with a
particle-in-cell code including strong-field quantum electrodynamics modules [3], we found that 2.6×1012
gamma-ray photons (energy > 1 MeV) can be generated with a 28-fs laser pulse with a peak intensity of
5.3×1021 W/cm2, achieving a conversion efficiency of 10−2. Furthermore, using high-energy particle
simulations with a standard code [4], we present an analysis of the pair creation by such strong gamma rays
via Bethe-Heitler process.

Fig 1: Schematic of strong gamma ray generation from a double-layer target into which an ultra-intense laser
pulse is incident.
The proposed scheme, exploiting both relativistic laser-plasma processes and strong-field quantum
electrodynamic processes, should be a promising method for intense gamma ray sources. Furthermore, it
may lead to a laboratory production of electron-positron plasma, the state of matter in high-energy
astrophysical environments.
[1]
[2]
[3]
[4]

T. Huang et al., arXiv:1803.08237[physics.plasm-ph]
A. Pukhov, Z. -M. sheng, and J. Meyer-ter-Vehn, Phys. Plasmas 6, 2847 (1999).
T. D. Arber et al., Plasma Phys. Control. Fusion 57, 113001 (2015).
http://geant4.web.cern.ch/
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P1.13 Direct drive capsule implosion experiments at the Orion Laser facility
L Wilson1, W Garbett1, C Horsfield1, S Gales1, A Leatherland1, M Rubery1, R Charles1, J Coltman1, A
Meadowcroft1, A Simons1, and V Woolhead1
1
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The Orion facility [1] is configured with 10 long pulse (ns) beams at 3ω (351nm) and two additional PW
(ps) beams (1054nm and 527nm). This makes Orion a versatile platform for the development of direct drive
capsule implosions for ICF and HED physics experiments.
This presentation will discuss the development of capsule implosions on Orion with the aim of developing a
monoenergetic particle source for measurements of charged particle stopping powers. The 10 long pulse
beams are used at pulse lengths <1ns with total energies of 2-3kJ to drive implosions in 250µm diameter
deuterium filled glass ablator capsules. A range of diagnostics including charged particle spectroscopy,
gated x-ray detectors and neutron time of flight are fielded. Data from recent experiments are discussed
alongside radiation -hydrocode simulation results.
[1]

Hopps et al., Appl. Opt. 52, 3597 (2013)

© British Crown Owned Copyright 2018/AWE
P1.14 Ripple growth of the interface in Richtmyer-Meshkov instability: comparison between linear theory,
hydrodynamic simulations and vortex sheet model
F Cobos-Campos1, J Wouchuk1, T Sano2, and C Matsuoka2
1
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A study of the linear phase of the Richtmyer-Meshkov Instability is presented for both reflected
shock/rarefaction wave configurations. The type of the wave reflected and the later time evolution of the
problem will be determined by the four initial pre-shock parameters: both specific heat ratios (characterizing
the fluids compresibilities), the initial density ratio across the interface, and, the incident shock strength. As
a consequence of the front corrugation, hydrodynamic perturbations are generated in the compressed or
expanded fluids. There are three types of perturbations: evanescent sound waves, vorticity and entropy
fluctuations. The two last are frozen to the fluid elements for inviscid flow. The initial contact surface ripple
starts to grow in time drives by the perturbation fields and the initial velocity shear deposited by the fronts
just after they separate from it. In the linear growth, we can always distinguish two phases: the first one is a
transient compressible stage in which oscillations due to evanescent sound waves are noticed; and, the
second one, a linear incompressible phase when the ripple growth reaches its asymptotic velocity. A
comparison between compressible linear theory [1, 2], hydrodynamic simulations and vortex sheet model
[3] has been done and a very good agreement has been obtained in the cases whose initial ripple amplitude
is small enough. It is shown that non-linear models should take into account the compressible effects
happened during the linear transient phase in order to provide an accurate prediction of the later non-linear
phase. An estimation of the duration of this linear transient phase is also given.
[1]
[2]
[3]

F. Cobos Campos, and J. G. Wouchuk, Phys. Rev. E 93, 053111 (2016)
F. Cobos Campos, and J. G. Wouchuk, Phys. Rev. E 96, 013102 (2017)
C. Matsuoka and N. Nishihara, Phys. Rev. E 73, 026304 (2006)
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P1.15 Kinetic effects in high-energy-density plasmas
G Kagan1
1

Imperial College London, UK

Experiments are indicative of substantial kinetic effects in high-energy-density plasmas during the course of
a spherical implosion. The effects appear as the plasma mean-free-path grows relative to the background
scale making standard rad-hydro single-fluid description invalid. To understand their mechanics and
implications it is convenient to consider the thermal and suprathermal particles separately. For the former,
sharp gradients can drive the inter-ion-species diffusion, so the fuel composition no longer remains constant
unlike what the standard, single-fluid codes assume. Atomic mix at interfaces is, fundamentally, due to the
same diffusion process. For the latter, the mean-free-path is much larger than that of their thermal
counterparts, so their distribution function may be far from Maxwellian, even if thermal ions are nearly
equilibrated. It is these suprathermal, or tail, ions that fuse in subignited implosions. Their distribution is thus
the key to proper interpretation of nuclear diagnostics employed in HEDP experiments in general and to
correct fusion yield prediction in particular. Furthermore, suprathermal electron distribution shows similar
behavior, affecting the X-ray diagnostics. Basic mechanisms behind and practical consequences of these
groups of effects in ideal and non-ideal HED plasmas will be discussed.

[1]
[2]
[3]
[4]
[5]
[6]

G. Kagan and X.-Z. Tang “Electro-diffusion in a Plasma with Two Ion Species” Physics of Plasmas 19
(2012) 082709
G. Kagan and X.-Z. Tang “Thermo-diffusion in Inertially Confined Plasmas” Physics Letters A378
(2014) 1531
G. Kagan, S. D. Baalrud and J. Daligault “Influence of Coupling on Thermal Forces and Dynamic
Friction in Plasmas with Multiple Ion Species” Physics of Plasmas 24 (2017) 072705
G. Kagan and S. D. Baalrud “Transport Formulas for Multi-component Plasmas Within thecEffective
Potential Theory Framework” https://arxiv.org/abs/1611.09872
G. Kagan, D. Svyatskiy et al. “Self-similar Structure and Experimental Signatures of Suprathermal
Ion Distribution in Inertial Confinement Fusion Implosions” Physical Review Letters 115 (2015)
105002
G. Kagan, O. L. Landen et al. “Inference of the electron temperature in ICF implosions from the hard
X-ray spectral continuum” Contributions to Plasma Physics (2018) 1
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P1.16 Shock Hugoniot measurements in the 100 Mbar regime
M Marshall1, A Lazicki1, D Erskine1, R London1, D Fratanduono1, P Celliers1, D Swift1, F Coppari1, H Whitley1, J
Eggert1, P Sterne1, and J Nilsen1
1
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We present Hugoniot data for quartz, molybdenum (Mo), boron (B), boron carbide (B4C), beryllium oxide
(BeO), and boron nitride (BN) at ~100 Mbar pressures, far exceeding the pressure, temperature conditions
attained in previous studies on these materials. Impedance-match data were obtained relative to a diamond
standard for up to 4 materials during single shots at the National Ignition Facility. Elements and compounds
with similar densities (B, C, B4C, BeO, and BN) were chosen to systematically test our ability to model the
equation of state of both pure and mixed low-Z matter in the warm dense matter/plasma regime. We are
developing Mo as a highpressure impedance-matching standard for higher-Z materials, while also checking
whether its behavior is consistent with the low-Z materials.
Prepared by LLNL under Contract DE-AC52-07NA27344
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P1.17 Muon generation, detection and acceleration in laser wakefield
F Zhang1, Z Deng1, L Shan1, Z Zhang1, and Y Gu1
1
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Muons produced by short pulse laser can serve as a new type of muon source having potential advantages
of high intensity, small source emittance, short pulse duration, and low cost. To validate it in experiments, a
suitable muon diagnostics system is needed since high muon flux generated by short pulse laser shot is
always accompanied by high radiation background, which is quite different from cases in general muon
researches. A detection system is proposed to distinguish muon signals from radiation background by
measuring the muon lifetime. It is based on the scintillator detector with water and lead shields[1], in which
water is used to adjust energies of muons stopped in the scintillator and lead to against radiation
background. A Geant4 simulation on the performance of the detection system shows that efficiency up to
52% could be arrived for low energy muons around 200 MeV and this efficiency decreases to 14% for high
energy muon energy above 1000 MeV. The simulation also shows that the muon lifetime can be derived
properly by measuring attenuation of the scintilla light of electrons from muon decays inside the scintillator
detector. Furthermore, muons produced by the Bethe-Heitler process from laser wakefield accelerated
electrons interacting with high Z materials have velocities close to the laser wakefield. It is possible to
accelerate those muons with laser wakefield directly. Therefore for the first time we propose an all-optical
“Generator and Booster” scheme to accelerate the produced muons by another laser wakefield to supply a
prompt, compact, low cost and controllable muon source in laser laboratories[2]. The trapping and
acceleration of muons are analyzed by one-dimensional analytic model and verified by two-dimensional
particle-in-cell (PIC) simulation. It is shown that muons can be trapped in a broad energy range and
accelerated to higher energy than that of electrons for longer dephasing length. We further extrapolate the
dependence of the maximum acceleration energy of muons with the laser wakefield relativistic factor γ and
the relevant initial energy E0. It is shown that a maximum energy up to 15.2 GeV is promising withγ= 46 and
E0 = 1.45 GeV on the existing short pulse laser facilities.

Fig. 1: Muon generation, detection (a) and acceleration (b) in laser wakefield;.
[1]
[2]

F. Zhang, B.Y. Li, L.Q. Shan, B. Zhang, W. Hong, and Y.Q. Gu, High Power Laser
Science and Engineering, Vol.5, e16 (2017)
F. Zhang, Z.G. Deng, L.Q. Shan, Z.M. Zhang, B. Bi, D.X. Liu, W.W. Wang, Z.Q. Yuan, C.
Tian, S.Q. Yang, B. Zhang and Y.Q. Gu, High Power Laser Science and Engineering
(Accepted)
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P1.18 The interaction of optically levitated microtargets with intense laser pulses
R Smith1, S.Eardley1, G Rowland1, N Stuart1, S Giltrap1, G Hicks1, and Z Najmudin1
1

Imperial College London, UK

We report on the interaction of completely isolated, mass-limited, optically levitated microtargets of diameter
3-100m with sub-picosecond laser pulses at intensities up to 1018 Wcm-2. Targets included uniform silicone
oil droplets and 50nm silver coated glass shells with a ~200nm wall thickness. Optical levitation allows
these targets to be space fixed in vacuum without any physical support structure. This strongly modifies
target charge up dynamics and ion acceleration, whilst also removing any physical path for a return current.
As a result, potentially damaging electromagnetic pulse (EMP) generation is strongly suppressed and x-ray
emission from a support structure completely eliminated, creating a high symmetry few-micron point x-ray
source. We will describe Gaussian and Bessel beam levitation trap systems able to capture transparent and
reflective objects and comparative experimental studies of ion, electron and x-ray emission from a range of
target types and sizes.
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P1.19 Multi-GeV positron and γ-photon beams generation with controllable angular momentum from
intense laser-driven near-critical plasmas
X Zhu1, 2, T Yu3, M Chen2, S Weng2, and Z Sheng1, 2
1

University of Strathclyde, UK, 2Shanghai Jiao Tong University, China, 3National University of Defense
Technology , China
Although several laser-driven plasma-based mechanisms have been proposed [1-2] for producing energetic
electron-positron pairs and γ-photons, manipulation of their microstructures is still challenging, and their
angular momentum control has not yet been achieved. Here, we propose an all-optical novel scheme to
produce bright GeV γ-photon and positron beams with controllable angular momentum by using two
counter-propagating circularly-polarized lasers in a near-critical-density plasma [3]. The plasma acts as a
‘switching medium’, where the trapped electrons first obtain angular momentum from the drive laser pulse
and then transfer it to the γ-photons via nonlinear Compton scattering. Further through the multiphoton
Breit-Wheeler process, dense GeV positron beams are efficiently generated, whose angular momentum can
be well controlled by laser-plasma interactions. This provides a promising and feasible approach to generate
ultra-bright helical GeV γ-photons and positron beams with desirable angular momentum for a wide range of
fundamental research and applications.

Fig. 1: Helical GeV positron and γ-photon beams generation with controllable angular momentum via laserplasma interactions.
[1]
[2]
[3]

C. Gahn et al., Appl. Phys. Lett. 77, 2662 (2000); H. Chen et al., Phys. Rev. Lett. 102, 105001
(2009); G. Sarri et al., Nat. Commun. 6, 6747 (2015); E. Liang et al., Sci. Rep. 5, 13968 (2015)
C. P. Ridgers et al., Phys. Rev. Lett. 108, 165006 (2012); X. L. Zhu et al., Nat. Commun. 7,
3686(2016); M. Lobet et al., PRAB 20, 043401 (2017); T.G. Blackburn et al., PRA 96, 022128
(2017); M. Vranic et al., Sci. Rep. 8, 4702 (2018)
X.L. Zhu et al., New J. Phys. 20, 083013 (2018)
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P1.20 Energy absorption by the bulk of sharp-edged critically over-dense plasmas in interactions with ultraintense laser pulses
T Gawne1, A Savin1, and P Norreys1, 2
1
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Ultra-high intensity laser systems, such as the Extreme Light Infrastructure (ELI) project, will lead to a wealth
of new physics which will benefit from understanding energy absorption mechanisms. The Zero Vector
Potential (ZVP) mechanism, first proposed by Baeva et al. [1] and extended to three dimensions by Savin et
al. [2], is an example of such a mechanism. It applies in the case of critically over-dense plasmas with sharp
density gradients interacting with ultra-intense (𝑎𝑎 0 ≫ 1) laser pulses.

Experimental results and simulations by Ping et al. [3] show that it is possible to have very high absorption
(up to ~90%) at intensities > 1020 𝑊𝑊 𝑐𝑐𝑚𝑚-2. However, their simulations demonstrate that such high
absorption occurs due to a large pre-plasma. In contrast, it has been shown by others, for example Dey et al.
[4], that large pre-plasmas lead to limited fast electron injection into the bulk plasma.
Considerations of both of these theories and datasets is applied to determine the efficiency of the ZVP
absorption mechanism and also examines the prospect of high-energy plasmon generation at the critical
density surface of an ablating plasma.
[1]
[2]
[3]
[4]

T. Baeva et al., Physics of Plasmas 18, 056702 (2011)
A. F. Savin et al., Physics of Plasmas 24, 113103 (2017)
Y. Ping et al., Phys. Rev. Lett. 100, 085004 (2008)
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P1.21 Integrated probing of sheath field evolution using laser-generated positrons
S Kerr1, 2, R Fedosejevs2, A Link1, J Williams1, J Park1, H Chen1 and J Kim3
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Diego, USA
Positrons generated by ultraintense lasers are rapidly accelerated by TNSA fields, and may offer an
integrated, temporally resolved probe of these fields for multi-picosecond, kilojoule class lasers such as NIF
ARC. The use of positron spectral information as a diagnostic of target conditions is evaluated using 2D LSP
PIC simulations, which are compared with experimental results collected at OMEGA EP [1]. A capacitor
model [2] is used to predict the charging of the target and the energies of the positron spectral features. The
factors that influence the target fields over time and corresponding positron acceleration are discussed.
[1]
[2]

Chen et al., PoP 22, 056705 (2015)
Link et al., PoP 18, 053107 (2011)

*This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract No. DE-AC52-07NA27344, and funded by LDRD (#17-ERD-010)
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P1.22 A new double crystal calibration system for absolute X-ray emission measurements
L Hobbs1, S Brant1, K Brent1, D Hoarty1, and C Bently1
1
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Over the past few years work has been conducted at AWE to accurately characterise X-ray diffraction crystals
to allow for absolute measurements of X-ray emission for our Orion opacity campaigns. Diffraction crystals
are used in spectrometers on Orion to record the dispersed spectral features emitted by the laser produced
plasma to obtain a measurement of the plasma conditions. Previously based on a Manson X-ray source, our
calibration system struggled to attain high signal at the low energies required in calibration, for, for example,
use of aluminium as a tracer for higher atomic number experiments. Here we present data from the newly
commissioned ctx400 X-ray source, a twin anode, water cooled system, showing it to be a bright source
even for ~ 1keV energies.
© British Crown Owned Copyright 2018/AWE

P1.23 ps laser-produced C and Al plasmas characterization by interferometry and emission spectroscopy
A Morana1, S Bastiani-Ceccotti1, A Do1, M Dozières2, L Lecherbourg3, A Lévy4, F Thais2, and T Vinci1
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X-ray spectroscopy plays a key role in the domain of laser-generated plasmas as a crucial tool for the
investigation of their atomic properties and hydrodynamic evolution. Its role is essential when the evolution
of the plasma is mostly determined by radiative transfer phenomena. This is the case for both direct and
indirect-drive in Inertial Confinement Fusion (ICF) configurations.
Reliable atomic models are needed for hydrodynamic and atomic kinetic codes to simulate the evolution of
the plasma. To validate their assumptions and approximations, experimental data must be provided that
cover both the emission spectrum and the hydrodynamic evolution with mutually independent diagnostics.
We will present the first stage of a pluri-annual project. We tested an experimental setup by characterizing
well-known elements: C and Al. The configuration of the target structure and the drive laser parameters have
been optimized in order to obtain a homogeneous plasma.
The experimental campaign was realized on the ELFIE laser facility of the LULI laboratory. A 5 ps laser pulse
at moderate intensity (I = 1015 – 1016 W/cm2) was focused onto a structured target composed by a Si3N4
substrate coated by a C or Al layer. The electronic density has been measured with a Nomarski
interferometer using the standard Abel transform. The Al X-ray and the C XUV emission spectra was
measured with a reflection grating spectrometer. A pinhole camera was used as lens-free X-ray optical tool to
measure the plasma lateral dimension.
The experimental results indicate that the plasma was fairly homogeneous. The results concerning
hydrodynamic and spectral properties of the laser-generated plasma have been compared to the output of
the MULTI hydrodynamic code and of the PrismSPECT atomic kinetic software, confirming the reliability of
the setup. Future work should focus on the study of ICF ablators such as Ge.
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P1.24 Orbital angular momentum coupling in elastic photon-photon scattering
R Aboushelbaya1, K Glize2, A Savin1, M Mayr1, B Spiers1, R Wang1, J Collier2, M Marklund3, R Trines2 R
Bingham2, 4, and P Norreys1, 2
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Sweden, 4University of Strathclyde, UK
The orbital angular momentum (OAM) of light is a relatively recently understood property of particular modes
of radiation. It has found many applications in optical imaging, quantum information processing and laserplasma interactions. We have investigated the effect of OAM on elastic photon-photon scattering in vacuum.
Using exact solutions to the electromagnetic wave equations which carry OAM, the expected coupling
between three initial waves is derived in the framework of an effective field theory based on the EulerHeisenberg Lagrangian and shows that OAM adds a signature to the generated photons thereby greatly
improving the signal-to-noise ratio. This forms the basis for a proposed experiment on a high intensity laser
to utilize quantum optics techniques to filter the generated photons based on their OAM state.
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Poster session 2
P2.1 Femtosecond electron dynamics in the interaction of X-ray laser with matter
E Vazquez Fernandez-Tello1, M Cotelo1, A de la Varga1 and P Velarde1
1

Universidad Politécnica de Madrid, Spain

We study the evolution of laser-produced plasmas, simulating the interaction of X-ray radiation with matter
from ultrashort and ultraintense X-ray laser, using a non-thermal time-dependent collisional radiative model
with the code BIGBART [1]. With femtosecond pulse and high intensity lasers, the evolution of electrons and
atomic populations during the interaction has many time-dependent non equilibrium features and the
thermalization is not instantaneous . However, to speed up processing and to simplify calculations, most of
the codes assume a Maxwell-Boltzmann or Fermi-Dirac distribution of free electrons to obtain collisional
rates. We avoid this assumption by including the thermal treatment of the free electron distribution with a
Fokker-Planck approximation [2]. This allows us to obtain more consistent atomic data by averaging with a
more realistic energy distribution. Within this model we observe that, during a significant part of the pulse,
there exist more energetic electrons than in the case of the thermal distribution. Neglecting the evolution of
the free electron distribution leads to sizable differences in collisional rates, emission, evolution of ionic
populations (if the dynamics of them are driven by collisional processes or, at least, these are not
negligible), ...
As a salient feature, our simulations can be applied to high dense matter conditions, whereby strong
correlations of ions and degeneracy of the electronic states are of relevance. For that, we take into account
electron degeneracy and ionization potential depression, even for non-complete Layzer complexes, as found
in medium-mass atomic elements (Ar, Ti…).
[1]
[2]

A.G. de la Varga e t al ., High Energy Dens. Phys. 7, 163 (2011); i bid 9, 542-547
(2013)
M. Tzoufras, A. R. Bell, P. A. Norreys, F. S.Tsung, J.Comput.Phys. 230 (2011)

P2.2 Numerical 3D modelling of radiative accretion shock experiments on GEKKO XII facility
C Busschaert1, L Van Box Som1, E Falize1, 2, M Koenig3, 4, Y Sakawa4, B Albertazzi3, P Barroso5, J Bonnet
Bidaud2, A Ciardi3, Y Hara4, N Katsuki4, R Kumar4, F Lefevre3, P Mabey3, C Michaut5, T Michel3, T Miura6, T
Morita6, M Mouchet5, G Rigon3, T Sano4, S Shiiba6, H Shimogawara4, and S Tomiya7
1

French Alternative Energies and Atomic Energies Commission, France, 2CEA Saclay, France 3Sorbonne
Université, France, 4Osaka University, Japan 5Université Paris Diderot, France, 6Kyushu University, Japan,
7
Aoyama Gakuin University, Japan
Polar experiments are designed to study the accretion process in astrophysical close binary systems
containing a highly magnetized white dwarf. Our goal is to generate a supersonic jet of plasma which collides
with an obstacle mimicking the accretion flows hitting white dwarf surface. Scaling laws exist for this
accretion system and they provide typical scales reachable in laboratory using megajoule facilities. Thus this
specific configuration is particularly interesting since achieving an experiment of hydroradiative flows in a
similar regime in laboratory is highly challenging. In order to progress toward similarity, campaigns have
been done on smaller facilities at first, and in this work we focus on experiments done with the GEKKO XII
facility in 2016.
We present new numerical simulations including 3D modelling in order to complete the interpretation of
experimental results.
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P2.3 Producing shock-ignition-like pressure profiles by indirect drive
W Trickey1 and J Pasley1
1

University of York, UK

The shock ignition scheme is an alternative Inertial Confinement Fusion ignition scheme that offers higher
gains and a robustness to hydrodynamic instabilities. Conventional approaches to shock ignition have only
considered the use of a direct drive laser source. However, an indirect-drive approach would allow for
experiments to be carried out in the near future, without the need to modify existing ignition scale facilities to
a direct drive set-up. One and two-dimensional radiation hydrodynamic simulations have been performed
using the codes HYADES and h2d. The simulations investigated the laser power profiles that would be
required to produce shock ignition pressures using indirect drive x-rays. It was found that 230Mbar pressures
could be achieved with a peak power of 400TW. In the same simulations it was found that the rate of
pressure increase in the final pressure spike is similar to the expected requirements for directly driven shock
ignition.
This work was supported by the Engineering and Physical Sciences Research Council [EP/L01663X/1]
P2.4 Radiation-hydrodynamic simulations of the revolver direct-drive multi-shell ignition concept
M Schmitt1 and K Molvig1
1

Los Alamos National Laboratory, USA

The Revolver1 concept employs several unique design features to attempt to obtain ignition using the current
National Ignition Facility (NIF) laser system. Direct laser drive of a large 6 mm diameter outer beryllium shell
maximizes laser drive energy conversion to target inward kinetic energy at low intensity (3x1014 W/cm2)
while simultaneously minimizing any nonlinear drive non-uniformities and target coupling inefficiencies
caused by laser-plasma instabilities. The relatively short laser drive time of 6.5 ns allows the energy to
couple to the target before the plasma critical density radius shrinks significantly, thereby eliminating the
need for laser zooming of the imploding target. The Revolver triple-shell concept is studied using 2D Hydra
simulations of both an idealized multi-cone symmetric direct-drive (SDD) configuration followed by the
asymmetric drive from the existing NIF multi-cone polar direct drive (PDD) configuration. Mode amplitude
growth from the outer shell into the intermediate copper shell and finally into the inner gold shell is
examined. Drive uniformity metrics are proposed for achieving multi-megajoule yields on the current NIF.
Target design enhancements to mitigate drive non-uniformities are examined for their efficacy against both
laser pointing errors and shot-to-shot laser beam power variations. A preliminary overview of recent Omega
experimental results showing excellent hydro-coupling efficiencies (>90%) and lowered ignition
requirements owing to radiation trapping in the DT fuel. Supporting experimental results from scaled
experiment will be shown.
[1]

Kim Molvig, Mark J. Schmitt, B. J. Albright, E. S. Dodd, N. M. Hoffman, G. H. McCall, and S. D.
Ramsey, Low fuel convergence path to direct-drive fusion ignition, Phys. Rev. Lett. 116, 255003
(2016).

*Research in this presentation was supported by the Laboratory Directed Research and Development
Program of Los Alamos National Laboratory under project number XWPL.
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P2.5 Transport of relativistic electrons in cylindrically imploded magnetized plasmas
F Beg 1
1

University of California San Diego, USA

We report on a systematic investigation of relativistic electrons’ propagation and energy deposition in a preassembled cylindrical plasma under controlled conditions of density and temperature with and without
external magnetic field. Understanding the role of external magnetic field in relativistic electrons’ transport is
important for several applications including fast ignition inertial confinement fusion. In a first experiment, 36
beams (0.3 TW/beam, 1.5 ns square pulse) of the OMEGA-60 laser were used to compress a CH cylinder
filled with Cl-doped CH foam to reach density close to 8 g/cm3. Characterization of this implosion was
performed with two main diagnostics: proton deflectometry and time-resolved Cl spectroscopy. The cylinder,
with a 600 μm outer diameter and a 540 μm inner diameter, was filled by a 1 g/cm3 CH foam doped with
1% of Cl. In addition, one Cu foil and one Zn foil were attached to the cylinder ends in order to allow Kα
emission to count for electrons at the source and after the compressed plasma. The protons used for the
proton deflectometry were created by a compressed DHe3 capsule producing two energy populations, one
at 3.5 MeV and other at 14 MeV. These protons, projected onto Cr-39 detector sheets, provided images of
the imploded cylinder deformed by the presence of the magnetic field.
The Cl spectroscopy focused on K-shell emission lines with a spectral range from 2600 eV to 3600 eV. By
being time resolved the data gave us insight into the evolution of the cylinder compression. We observed the
continuum emission of the target becoming more intense while the density and temperature increased until
reaching a maximum intensity before the full compression of the cylinder. In a second phase, the emission
spectra intensity decreased with the expansion of the plasma which occurred after full compression. In
addition, we could observe the emission lines from Liα to Lyα as well as Heβ getting broader with density
and opacity effects. To analyze these data, we used an atomic physics code to reproduce the emission lines
in order to estimate the temperature and density of the cylinder during the compression. The analysis of the
lines and of the continuum provided inferred temperatures about 250 eV at early times and about 450 eV at
the maximum emission. Similarly, the density estimation evolved from 0.1 g/cm3 to ~2 g/cm3 at the
maximum emission according to the atomic physics calculations. These calculations have been compared to
hydrodynamic simulations performed with the 2D code FLASH which show the similar temperature and
density evolution as the experimental spectra without external magnetic field. But the hydrodynamic FLASH
calculations predict a higher density of 8 g/cm3 at the maximum compression which remains to be
explained. For the second experiment, the OMEGA EP short-pulse laser (850 J, 10 ps) irradiated an
aluminum disk coating on the Zn end cap with normal incidence at three different delays into the implosion
with the same nominal drive conditions and magnetic field. Relativistic electrons with energy up to 30 MeV,
accelerated from the interaction at 1019 W/cm2 intensity were measured primarily with five magnetic
spectrometers spanning +/- 10 degrees from the axis of the cylinder. At zero delay, electron transport
through the as-yet uncompressed foam was steered at least 10 degrees off-axis, while at 1.2 ns delays the
transmitted electron beam was forward-directed. At 1.4 ns delay the escaping electrons was reduced across
the whole spectrum. Additional information about electrons’ transport inside the target were obtained from
the Kα they induced in the Zn and Cu foils which were recorded with a von Hamos configuration x-ray
spectrometer. The observations are consistent with two-step modeling using FLASH and 3-D hybrid particlein-cell simulations which illucidate the transport. At zero delay, resistive filamentation of the electron beam
resulted in wide angle beamlets in multiple directions. After a ns into the implosion, self-generated B-field
developed into a channel that effectively guided the electrons through to the target rear. Lastly, at a
simulated delay of 1.75 ns, when the applied magnetic field was constricted to 500 T, transport of the
electrons was severely terminated due to magnet mirroring.
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P2.6 Numerical studies on implosion dynamics of Z-pinch driven MagLIF
S Chen1, 2, Y Ma1, R Ramis2, F Wu1,2, and Z Ge1
1

National University of Defense Technology, China, 2Universidad Politécnica de Madrid, Spain

Fuel magnetization and preheat significantly make the magnetized linear inertial fusion (MagLIF) an
attractive way toward generating fusion conditions. One of the MagLIF scheme is Z-pinch driven MagLIF [1],
which has been investigated in the United States since 2010 and recently in China. In order to investigate
the implosion dynamics of the Z-pinch driven MagLIF, we have upgraded the one-dimensional radiation
magneto-hydrodynamic code MULTI-IFE [2,3] by introducing an axial magnetic field module and modifying
the transport coefficients of charged particles. Thus the effects of magnetic fields on electron/ion
conductivity and the transport of α particles are taken into account. The energy of preheating laser is
deposited to electrons uniformly throughout the fuel in this initial study.
Typical calculated results are shown in Fig. 1, where the drive current (orange), implosion trajectories of liner
and fuel, and radiation emission power(pink) are plotted in Fig. 1(a), the temperature of electrons and ions
are presented in Fig. 1(b). It can be observed that the DT gas would be compressed by the Be liner which is
imploded by the intense current, and there are weak shocks inside the DT gas due to the preheat of axial
laser. Besides, Fig. 1(b) shows that the temperatures of electron and ion keep the same almost all the time
and would rise to about 6 keV when the fuel stagnates on the axis.
7
Te on axis

(a)

(b)

Ti on axis

6

Temperature(keV)

5

4

Ion temperature is heated
to 250 eV at 80 ns by laser

3

2

1

0
0

20

40

60

80

100

120

140

160

Time(ns)

Fig. 1: Implosion trajectories of liner (a), and the evolution of electron/ion temperature (b)
[1]
[2]
[3]

Slutz S A, Herrmann M C, Vesey R A, et al. Physics of Plasmas, 17, 056303(2010)
Ramis R, Meyer-ter-Vehn J. Computer Physics Communications, 203, 226-237(2016)
Fuyuan Wu, Yanyun Chu, Fan Ye, et al., Acta Phys. Sin. 66, 215201(2017)

P2.7 A comparison between observed and analytical velocity dispersion profiles of 20 nearby galaxy
clusters
M Khan1, M Abdullah2, and G Ali1
1

Government of Jammu and Kashmir, India, 2University of California, USA

We derive analytical expression for the velocity dispersion of galaxy clusters, using the statistical mechanical
approach. We compare the observed velocity dispersion profiles for 20 nearby (ʐ ≤ 0.1) galaxy clusters with
the analytical ones. It is interesting to find that the analytical results closely match with the observed velocity
dispersion profiles only if the presence of the diffuse matter in clusters is taken into consideration. This takes
us to introduce a new approach to detect the ratio of diffuse mass, Mdiff, within a galaxy cluster. For the
present sample, the ratio ∫=Mdiff/M, where M the cluster’s total mass is found to has an average value of 45
± 12%. This leads us to the result that nearly 45% of the cluster mass is impeded outside the galaxies, while
around 55% of the cluster mass is settled in the galaxies.
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P2.8 Investigating guide field reconnection in HED plasmas
S Bolaños1, 2, R Smets2, R Riquier3, A Grisollet3, and J Fushcs1
1

Laboratoire pour l’Utilisation des Lasers Intenses, France, 2Sorbonne Université,, France, 3CEA, France

Magnetic reconnection (MR) is a process which occurs in many astrophysical plasmas, e.g. in solar flares, in
coronal mass ejecta, or at the outer boundary of the Earth magnetosphere. However, as of now, the
fundamental microphysics implied in this process is far from being well understood. Most of the
investigations on this long standing issue come from numerical studies and space observations. Laboratory
modelling of plasmas, including those that can be generated by high-power lasers, offer now new
perspectives to investigate MR and the processes governing it.
We will present recent experiments, performed using the LULI2000 facility aimed at investigating the
dynamic of magnetic reconnection in a non-coplanar configuration between two magnetic toroids induced by
two near-by laser spots irradiating solids targets. Despite being distinct from the astrophysical plasmas
where the beta parameter is low ( ̴10-3 in solar corona and ̴ 1 in solar winds), such HEDP reconnection
experiments are of interest to investigate fundamental issues in MR such as the influence of a guide field on
the dynamic of the MR. A non-coplanar configuration between the two laser-irradiated targets, as was
investigated in our experiments, allows to initialize a guide field. The reconnection rate in the experiments
has been diagnosed with proton radiography which provides a unique way to measure and map directly the
distribution of the strong magnetic fields and their evolution. We observe that the guide field slow down the
MR, depending on the setup between the two laser-irradiated targets, and hence between the two magnetic
toroids that are made to interact. The measurements are compared to simulations performed by a hybrid
simulation code, the 3D HECKLE code. These simulations have been initialized, with respect to the initial
magnetic toroid, by calculations using a hydro-radiative code (FCI2) and experimental measurements.
P2.9 Observation of ion-ion acoustic instability associated with collisionless shocks in laser produced
plasmas
J Jiao1 and H Zhuo1
1

National University of Defense Technology, China

Collisionless shock waves are common in space and astrophysical plasmas and are efficient particle
accelerators. Micro-instabilities can be triggered during the shock formation and they can lead to particle
acceleration. In electrostatic collisionless shocks, an important instability is the ion-ion acoustic instability,
where the relative drift between two ion populations drives ion acoustic type of waves. It occurs for Te >> Ti
and Vdcosθ <~2cs, where Te and Ti are the electron and ion temperatures, respectively, Vd is the relative, or
counter, stream velocity, cs is the ion acoustic speed, and θ is the angle between the propagation directions
of the shock and unstable wave. The first condition avoids heavy ion Landau damping and the second is the
beam velocity threshold for the instability. This instability can generate oblique ion acoustic-like electrostatic
fluctuations in counter-streaming plasmas. It has been invoked to explain several astrophysical phenomena,
including the origin of enhanced ion acoustic line spectra in the upper ionosphere and the broadband
electrostatic noise in the Earth's magnetotail. Recently, several multi-dimensional numerical simulations
show that, in supernova remnants, the rapid growth of the ion-ion acoustic instability leads to turbulence in
the shock upstream and damage of the shock structure. It is difficult to study this phenomenon through
astronomical observations because of the remote distance and the scarcity of observable events of the
supernova remnants shocks. Intense laser-plasma interaction can often model astrophysical processes in
the laboratory at much reduced scales, and provide reproducible and controllable conditions that can be

68

used as a means of supporting space observations. There are several experiments on the development of
nonlinear structures in high-power laser driven collisionless shocks have been reported. The plasmas
produced in these experiments have a near-equilibrium electron and ion temperature, which does not satisfy
the conditions of the ion-ion acoustic instability. Therefore, at present, there is no direct experimental
evidence of the existence of such instability, and its impact on collisionless shock is not yet fully understood.
Here we report experimental identification of an ion-ion acoustic instability in the expansion of a laserheated dense plasma through a rarefied one. The dense plasma is produced from heating of a solid target by
a short (2 ps) intense (1017W/cm2) laser pulse. The ambient plasma, where the shocks are excited and
propagate, is created by the laser's ns-scale low-intensity pedestal. Using proton radiograph, we monitor the
shock structure and shock-front filamentation resulting from the electrostatic ion-ion acoustic instability (see
Fig. 1). The experimental observations are in good agreement with that from the analytical theory of the ionion acoustic instability, as well as that from particle-in-cell simulations. Our experimental platform due to the
well scaling and low laser energy is suitable for the investigation of collisionless shocks in supernova
remnants, including, large-scale magnetic field amplification and high-energy cosmic ray generation.

Fig. 1: Main experimental results. Proton images showing the electric field structures of collisionless
electrostatic shock and its upstream instability
[1]

J. L. Jiao, H. B. Zhuo, S. K. He et al., Phys. Rev. Lett. (Under Review)

P2.10 Corrections to magnetised nonlocal transport to arbitrary order using continued fractions
H Watkins1 and R Kingham1
1

Imperial College London, UK

In modern inertial fusion experiments there is a complex interplay between nonlocality and magnetisation
that can greatly influence transport. In this work we use a continued fraction method (Epperlein, Short, &
Simon, 1992) [1] to find a magnetised nonlocal correction to the diffusion approximation of the electron
Vlasov-Fokker-Planck equation.
In the linear regime this is convergent and accounts for all orders of the distribution function expansion. Both
magnetisation and nonlocality are known to reduce transport; however the combined effect at higher orders
has not been studied. We analyse the continued fraction correction by representing the combined magnetic
and nonlocal influence in terms of three nonocality parameters, parallel, perpendicular and crossperpendicular to the magnetic field.
Transport coefficients, such as thermal conductivity, deviate significantly from the magnetised diffusive
approximation. We show how higher orders of the expansion contribute to transport asynchronously parallel,
perpendicular and cross-perpendicular to the magnetic field and how each correction converges as the order
increases to infinity.
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The result in context of plasma physics experiment and simulation shows the importance of terms l>1 in the
accurate calculation of transport in magnetised plasmas. We also present modified transport coefficients
valid in the linear regime and highlight how they will change experimental and simulation results.
[1]

Epperlein, E., Short, R., & Simon, A. (1992, 9 21). Damping of ion-acoustic waves in the presence
of electron-ion collisions. Physical Review Letters, 69(12), 1765-1768

This work is supported by EPSRC doctoral training grant number EP/M507878/1 and a CASE account from
AWE.
P2.11 New self-similar solutions in cooling supernova remnants
A Gintrand1, 2, S Bouqet1, 2, and C Michaut2
1

Commissariat Energie Atomique et Energies Alternatives, France, 2Université Paris-Diderot, France

At the end of its live, a massive star (typically more than 5 to 6 solar masses) becomes a supernova. After
the explosion, the strong shock propagates with the ejecta of the star in the circumstellar medium and later
in the interstellar medium. This object is called a supernova remnant (SNR). During its expansion, the SNR
accumulates matter behind the shock front to form a shell. Theory describes three phases of the SNR. The
first phase corresponds to a ballistic expansion with a radius R of the SNR proportional to the time t. In the
second stage, called the Sedov-Taylor regime [1], the evolution is adiabatic (energy conservation) and R
increases like R(t) ~ t 2/5.

In this work we study the last stage (radiative regime) where the SNR energy is not anymore preserved.
Indeed, the SNR loses energy by radiative cooling and the expansion is more decelerated than in the
adiabatic evolution: the radius satisfies R(t) ~ t n where the exponent satisfies n < 2/5 [2,3,4]. In this study,
we take the dynamics of the SNR and its cooling in a consistent way. Including energy losses in the energy
equation, we derive new self-similar solutions (SSS) describing the 1D inner structure of the SNR together
with its radius according to the magnitude and spatial dependence of the cooling rate.
These new solutions are of “second kind” [5] meaning that we need to solve a nonlinear eigenvalue problem
to find the SSS. The exponent n decreases when the radiative losses increase. Moreover, it turns out that
specific cooling configurations would be subject to the Rayleigh-Taylor instability (RTI). These results will help
to interpret recent simulations carried out by Badjin et al. [6] that highlighted the presence of such
instabilities developing during the thin shell formation by using more realistic cooling processes with opacity
tables. This RTI could explain the filamentation of old SNR and would occur before the development of the
further so-called Vishniac instability [7,8,9,10,11].
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D.A. Badjin, et al., 2016, Monthly Not. Royal Astron. Soc. 459, 2188 (2016)
E.T. Vishniac, The Astrophysical J. 274, 152 (1983)
D. Ryu, E.T. Vishniac, The Astrophysical J. 313, 820 (1987)
C. Michaut, et al., The Astrophysical J. 759, 78 (2012)
J. Sanz, et al., Phys. Plasma 23, 062114 (2016)
J. Minière, et al., Astronomy & Astrophys. 617, paper A133 (2018)
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P2.12 Experimental investigation of enhanced initial magnetisation in a laser-plasma dynamo
A Bott1, P Tzeferacos1, 2, L Chen1, C Palmer1, A Bell1, R Bingham3, 4, A Birkel5, J Foster6, C Graziani2, J Katz7, C
Li6, J Matthews1, F Séguin6, J Meinecke1, H Park8, J Ross8, B Reville9, S Sarkar1, D Froula7, A Schekochihin1, D
Lamb2, and G Gregori1, 2
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7
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It has recently been demonstrated experimentally on the OMEGA Laser Facility that a turbulent plasma
created by the collision of two destabilized (but initially unmagnetized) plasma jets is capable of generating
strong stochastic magnetic fields via the small-scale turbulent dynamo mechanism, provided the magnetic
Reynolds number of the plasma is sufficiently high (Tzeferacos et. al., Nat. Comm., vol. 9, 2018, 591). In
this talk, we compare such a plasma with one arising from two pre-magnetised plasma jets, whose creation
is identical save for the presence of a 10 T external magnetic field imposed by a pulsed magnetic field
generator (MIFEDS). We investigate differences between the two turbulent systems using Thomson scattering
diagnostics, self-emitted X-ray imaging and proton radiography. The Thomson scattering spectra and X-ray
images suggest that the presence of the external magnetic field has a limited effect on the plasma dynamics
in the experiment, of account of the external magnetic field energy being only 10% of the initial plasma
kinetic energy. In addition, the magnitudes of magnetic fields arising from the interaction between the
colliding jets are significantly enhanced in the presence of the MIFEDS; however, saturation magnetic
energies are similar (within error). We conclude that for turbulent plasmas created on the OMEGA TDYNO
platform, the saturated magnetic field strength is independent of the initial seed field, a finding consistent
with expected properties of turbulent plasma dynamos.
P2.13 Potential experiments to measure extended-magnetohydrodynamic effects
C Walsh1, A Boxall1, D Hill2, C Ridgers2, and J Chittenden1
1

Imperial College London, UK, 2University of York, UK

The extended-magnetohydrodynamics (extended-MHD) framework incorporates additional magnetic
transport and electron energy transport terms above regular MHD. These effects are important in many
laboratory HEDP experiments: the Nernst term de-magnetises MagLIF experiments [1] and can play a role in
magnetic reconnection [2]; Righi-Leduc is a heat-loss mechanism for standard NIF experiments [3] and may
enhance perturbations seeded by laser-drive [4]; the Hall term is large in the low-density regions of currentdriven laboratory astrophysics experiments [5]. This talk will outline a simple magnetised under-dense setup, which has the potential to directly measure these phenomena for the first time. By modifying the initial
density, applied magnetic field strength, laser power and laser spatial profile, it may be possible to
individually diagnose the contributions of the Nernst, cross-gradient Nernst, Hall, anisotropic heat-flow,
Righi-Leduc and Ettingshausen effects. Results from the extended-MHD code Gorgon will be presented,
along with synthetic diagnostics.
[1]
[2]
[3]
[4]
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C. A. Walsh, et al. Physical Review Letters 118, 155001 (2017)
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P. A. Gourdain, C. E. Seyler, Physical Review Letters 110, 015002 (2013)
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P2.14 (Test-)Particle acceleration mechanism study in a two colliding jets system
J Capitaine1, C Andrea1, and S Philippe1
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Acceleration mechanisms in astrophysical systems remain an open issue and ongoing research topic in
laboratory astrophysics as well as numerical physics. The goal of this research is to explain the origin of
cosmic rays in the Universe, observe the mechanisms and validate the theory built in 20th century.
Due to numerical limitations the simulation of large spatial and temporal scales systems is practically
impossible using a kinetic methods. That is why MHD simulations are generally used to capture the global
dynamics of 3D systems. However this model results in the loss of the dynamics on the scales of the kinetic
particles, the kinetic effects, which are of primary importance for phenomena such as particle acceleration.
We present an ongoing numerical study of particle acceleration mechanisms based on an in development
MHD-PIC model (with test-particles implemented in the 3D MHD code GORGON). The system is constituted
of two counter-propagating jets in a magnetized medium and eventually colliding.
The MHD point of view allows us to observe the curvature of the magnetic field lines taken in the shock front
of the propagating jets, a region of opposite magnetic field lines configuration which could be suitable for
magnetic reconnection in further study and the development of a Rayleigh-Taylor instability that is an
instability ubiquitous in astrophysical systems. From the test-particles point of view preliminary results allow
to observe particle acceleration related to a fast and magnetized plasma flow and eventually producing a
power-law distribution.
The speaker will present and discuss in more details these results.
P2.15 Modification of electron transport due to fast ions in HED plasmas
B D Appelbe1, M Sherlock2, A Crilly1, J Tong1, C Walsh1, K McGlinchey1, and J Chittenden1
1
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Fast ions in a thermal plasma transfer energy predominantly to the plasma electrons. Relevant examples
include α particle heating in ICF and ignition using a fast ion beam. In these plasmas, the electron-electron
collision time is much shorter than the fast ion-electron collision time since the fast ion number density is a
small fraction of the electron number density. Therefore, it is usually assumed that the electron distribution
function remains Maxwellian when fast ions are present.
In this work it is shown that a net flux of fast ions can perturb the electron distribution function from
Maxwellian. The electron kinetic equation is solved in the presence of arbitrary populations of fast ions to
quantify this perturbation. The perturbation results in the transport of energy and momentum by the plasma
electrons. These effects are included in modified electron heat flow and Ohm’s law equations. These
equations are used to evaluate the heat flow and magnetic field generation and transport that occur due to
fast ion fluxes. The results are applied to the scenarios of α particle heating and fast ion ignition.
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P2.16 Experimental characterization of super-Alfvenic shocks driven by laser-generated plasmas expanding
into an ambient medium
A Fazzini1, S Chen2, J Béard3, S Bolanos1, V Nastasa2, D Popescu2, G Revet1, and J Fuchs1
1
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When a solid target is hit by an energetic laser pulse, a plasma is created and starts expanding into vacuum.
Its electronic density during the expansion in the vacuum and in the absence of magnetic field is
characterised by an exponential decrease, as is confirmed by experimental data.
The situation changes if we add an external magnetic field and/or a gas in the camber. The gas gets ionised
by the plasma fastly expanding from the target, becoming a plasma itself, while the magnetic field exercises
a pressure on the plasma(s) that can lead to the formation of shocks.
In this talk/poster we will see how the characteristics of the magnetic field and of the gas affect the plasma
expansions with a particular emphasis on the cases in which shocks appear. We will also discuss the
applicability of the measurements to space physics configurations.
P2.17 Generation and application of a laser driven magnetic field in Lab-Astrophysics researches
Z Zhang1, B Zhu1, L Cheng1, W Jiang1, S Li1, and Y Li1
1

Institute of Physics, Chinese Academy of Sciences, China

A strong pulsed magnetic field have been demonstrated with high power lasers. In 2013, a kilotesla laser
driven magnetic field has been realized by a group in Osaka Univ. [1], and a 800 T magnetic field was
reported on the LULI facility [2] by a “capacitor-coil” geometry. In SG-II facility in China, a new designed
single open coil has been tested and a 200 T magnetic field is archived [3]. With such a strong magnetic
field, laboratory researches about many astro-phenomenon can be studied in a new regime and a more
controllable way.
The interaction of a low-dense plasma and such a laser driven magnetic field has been studied. A thincollimated plasma flow was created in the center of a magnetic coil. The magnetic field played an important
role with the formation and also the transportation of such a plasma-flow, and could be similar with the jet
formation in the Universe.
[1]
[2]
[3]

S. Fujioka, et. al., Sci. Rep. 3:1170, 2013
J. J. Santos, et. al., New J. Phys., 17: 083051, 2015
B.J. Zhu, et. al., Appl. Phys., 107: 261903, 2015
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P2.18 An absorption spectroscopy platform to measure photoionization fronts in the laboratory
H J LeFevre1, W Gray1, J Davis1, P Keiter3, C Kuranz1, and R Drake2
1

University of Michigan, USA, 2Los Alamos National Laboratory, USA

In present day star forming regions, large, young stars introduce ionizing radiation sources to cold gas
clouds. This radiation acts to heat the surrounding gas cloud, causing expansion and a rocket effect. The
heat wave that propagates through the gas cloud, causing these changes, is driven by the ionizing radiation
in the high-energy tail of the stellar emission, which we call a photoionization (PI) front. Photoionization is
the dominant source of heating in this kind of front. Recent work [1,2] shows it is possible to create this type
of heat front in the lab with the correct experimental conditions.
Recent experiments using the Omega-60 laser, attempted to observe PI fronts by heating a N gas cell using
an about 80 eV soft x-ray source. Ten 1 ns laser pulses stitched together to form an effective 5 ns pulse with
an irradiance of 1014 W/cm2, which is incident on a thin Au foil to create an about 80 eV x-ray source. This
source should drive a PI front in the N gas. We used absorption spectroscopy of a 1% Ar dopant to probe the
system 1250 µm from the source at different times using the 2-4 keV emission from a capsule implosion as
the absorption source. Here we show the results of that experiment, where we demonstrated a platform for
absorption spectroscopy of a relatively high-pressure gas cell. This includes the characterization of the
capsule implosion in >2 keV x-ray images, < 600 eV x-ray images, and time resolved flux measurements as
well as spectrally from two different angles.

Fig. 1: A diagram of the target geometry for the PI front experiment.
[1]
[2]

R. P. Drake et al 2016 ApJ 833 249
William J. Gray et al 2018 ApJ 858 22
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P2.19 NIF laboratory astrophysics experiments investigating the effects of a radiative shock on
hydrodynamic instabilities
C Kuranz1, H Park2, C Huntington2, R Drake1, B Remington2, D Klanantar2, S MacLaren2, K Raman2, A Miles2,
M Trantham2, J Kline3, K Flippo3, F Doss3, and D Shvarts1, 4
1

University of Michigan, USA, 2Lawrence Livermore National Laboratory, USA, 3 Los Alamos National
Laboratory, USA, 4Nuclear Research Center, Israel
Energy-transport effects can alter the structure that develops as a supernova evolves into a supernova
remnant. The Rayleigh Taylor instability is thought to produce structure at the interface between the stellar
ejecta and the circumstellar matter, based on simple models and hydrodynamic simulations. When a blast
wave emerges from an exploding star, it drives a forward shock into the circumstellar medium (CSM) and a
reverse shock forms in the expanding stellar ejecta, creating a young supernova remnant (SNR). As mass
accumulates in the shocked layers, the interface between these two shocks decelerates, becoming unstable
to the Rayleigh Taylor (RT) instability. Simulations predict that RT produces structures at this interface,
having a range of spatial scales. When the CSM is dense enough, as in the case of SN 1993J, the hot
shocked matter can produce significant radiative fluxes that affect the emission from the SNR. Here we
report experimental results from the National Ignition Facility to explore how large energy fluxes, which are
present in supernovae such as SN 1993J, might affect this structure. The experiment used NIF to create a
hydrodynamically material unstable interface subject to a high energy flux by the emergence of a blast wave
into lower-density matter, in analogy to the SNR. We also preformed and with a low energy flux to compare
the affect of the energy flux on the instability growth. We found that the Rayleigh-Taylor growth was reduced
in the experiments with a high energy flux. In analyzing the comparison with SN 1993J, we discovered that
the energy fluxes produced by heat conduction appear to be larger than the radiative energy fluxes, and
large enough to have dramatic consequences. No reported astrophysical simulations have included radiation
and heat conduction self-consistently in modeling supernova remnants and should be noted in
understanding of young supernova remnants. We present data and simulations from Rayleigh-Taylor
instability experiments in high- and low- energy flux experiments performed at the National Ignition Facility.
We also will discuss the apparent, larger role of heat conduction when we closely examined the comparison
between the experimental results, and the SNR observations and models.
P2.20 Magnetized plasma flow experiments at high-energy-density facilities
C Kuranz1, R Young1, M Manuel1, R Drake1, C Ruiz1, and M Grosskopf1
1

University of Michigan, USA

Despite their ubiquity in astrophysics, magnetized, rotating, turbulent flows are not well understood. The
study of such flows has relied heavily on numerical simulations in limited parameter regimes and has had
little guidance from controlled laboratory experiments to test underlying principles. Our initial experimental
work has aimed to characterize plasma flows and their collisions created with high-energy lasers.
Experiments at the Omega Laser Facility created single and colliding plasma jets. These experiments were
diagnosed with Thomson scattering, optical pyrometry, and optical imaging. Future experiments on Omega
will examine jet and jet collisions with and without a seeded magnetic field. These experiments will use
spatially resolved Thomson scattering and proton deflectometry to characterize the plasma parameters along
the jet as well as the magnetic field. We will also present initial experimental results from the Titan Laser
Facility that will explore a single plasma flow in a magnetic field. The magnetic field will be varied using a
Bitter magnet and the experiment will be diagnosed using proton deflectometry and optical diagnostics, such
as, schlieren imaging, interferometry and optical pyrometry.
The overall goal of this suite of experiments is to create a plasma flow suitable for long-term driving of
rotating flow with an embedded magnetic field. The differential rotation and resulting turbulence of this disk
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are important elements of the physics of astrophysical accretion disks. We will to use experiments to explore
the created or enhanced magnetic field which is largest near the central object and which pushes the disk
material up and down in the vicinity of the axis. We also hope to explore the viscosity of the disk and how it
affects the rate of accretion.
This work is funded by the NNSA-DS and SC-OFES Joint Program in High-Energy-Density
Laboratory Plasmas, grant number DE-FG52-09NA29548, by the National Laser User Facility Program, grant
number DE-NA0000850, by the Predictive Sciences Academic Alliances Program in NNSA-ASC via grant
DEFC52- 08NA28616, by the Defense Threat Reduction Agency, grant number DTRA-1-10-0077, by the
U.S. Department of Energy Office of Inertial Confinement Fusion under Cooperative Agreement No. DE-FC5208NA28302 through the Laboratory for Laser Energetics, University of Rochester, and by the Los Alamos
National Laboratory, subcontract 129021.
P2.21 Focusing ion acceleration by magnetized electrons in kilotesla-level magnetic fields
K Weichman1, J Santos2, T Toncian3, and A Arefiev1
1

University of California, USA, 2University of Bordeaux, France, 3Helmholtz-Zentrum Dresden-Rossendorf,
Germany
Advances in laser-driven magnetic field generation make accessible a new control paradigm for laserproduced plasma dynamics. Kilotesla-level static magnetic fields persisting over nanosecond timescales are
sufficiently strong to influence relativistic electron transport over the length and time scales relevant to laserdriven sheath-based ion acceleration. I will present 3D particle-in-cell simulations demonstrating that the
application of a kilotesla-level magnetic field beneficially alters the electric field topology. The magnetization
of hot electrons replaces the defocusing transverse electric field responsible for the high divergence
characteristic of target normal sheath acceleration (TNSA) with a robust focusing configuration. Figure 1
shows this focusing in action for protons in a 2 kT magnetic field. This new mechanism of magnetized
electron sheath acceleration (MESA) is capable of delivering high energy focusing ion beams of multiple ion
species.

Fig. 1: (a) Typical proton trajectories in TNSA, colored by one component of the transverse momentum; (b) In
MESA, magnetization leads to ion focusing.
This work was supported in part by the DOE Office of Science under Grant No. DESC0018312. KW was
supported in part by the DOE CSGF under Grant No. DE-FG02- 97ER25308. This work used HPC resources of
the Texas Advanced Computing Center at The University of Texas at Austin and the National Energy Research
Scientific Computing Center, a U.S. Department of Energy Office of Science User Facility operated under
Contract No. DE-AC02-05CH11231.
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P2.22 Self-consistent magnetic coupling between nearby speckles accelerating the avalanche regime of
stimulated Raman scattering
B Afeyan1, T Silva2, L Silva2, and R Sydora3
1

Polymath Research Inc., USA, 2Polytechnic Institute of Lisbon, 3University of Alberta

We will show the key role played by anisotropic velocity distribution functions in creating magnetic coupling
between adjacent electrostatic modes. We study SRS-generated nonlinear electron plasma waves (EPW) in
multiple dimensions, confined to laser speckles. We show that one EPW-driven inside one high intensity
speckle creates sufficient electron velocity distribution function anisotropy to trigger fast magnetic field
generation via the (electromagnetic) Weibel instability, which in turn can Raman destabilize a nearby
speckle having at lower peak intensities.
This direct interplay between Raman, Magnetized Raman and the Weibel mechanism coupling the two,
brings into question whether nonlinear (trapped particle) strictly electrostatic modes in two or more
dimensions are typical in high energy density plasmas without naturally triggering magnetic interactions and
becoming inherently electromagnetic in nature.
This fundamental shift in character of the nonlinear plasma response which can now occur in 1D may help
shed light on so-called inflationary processes in SRS where nearby speckles at disparate intensities undergo
an explosive, collective growth, we term an avalanche. The role of STUD pulses in mitigating such
catastrophes will also be discussed. This could also shed light on intrinsic SRS-SBS anti-correlation, which is
a ubiquitous experimental observation.
Work at PRI is supported by grants from the DoE NNSA-FES joint program on HEDLP and by AFOSR.
P2.23 Wakefields in a cluster plasma
M Mayr1
1

University of Oxford, UK

I will report the first comprehensive study of large amplitude Langmuir waves in a plasma of nanometerscale clusters. The shape of these Langmuir waves is captured by a single-shot oblique-angle
frequency-domain holography diagnostic for the first time. The wavefronts are observed to curve
backwards, in contrast to the forwards curvature of Langmuir waves in uniform plasma. The first
Langmuir wave period is longer than those trailing it. The features of the data are well described by a
fully relativistic two-dimensional particle-in-cell simulation and a new particle trapping mechanism is
found. My simulations indicate that this mechanism leads to a greater maximum momentum and
energy spread for accelerated electrons compared to “self-injection” within a uniform plasma.
I am using the particle-in-cell code OSIRIS for the numerical simulations, which has been developed
jointly by teams at UCLA and IST Lisbon. OSIRIS is a mature code which has been used successfully on
many massively parallel computer systems, and scales well to at least 300,000 cores.
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P2.24 Imaging and control of soft and hard X-ray sources by using lithium fluoride detector in HEDP
experiments
S Makarov 1, 4 , S Pikuz1, 2 , T Pikuz1, 3 , A Faenov1, 3 , Y Fukuda5 , T Kawachi5, B Albertazzi3, N Ozaki3, T
Matsuoka3, T Yabuuchi6, 7, S Matsuyama3, K Yamauchi6 , Y Inubushi7, T Togashi7, H Yumoto7 , Y Tange7 , K
Tono7, M Yabashi6, 7, T Ishikawa6, 7, A Grum-Grzhimailo4 , R Kodama3, 4, A Buzmakov8, M Rose9, T Senkbeil10, A
von Gundlach10, S Stuhr10, C Rumancev10, D Dzhigaev9, P Skopintsev9, S Lazarev9, I Zaluzhnyy2, 9, J Viefhaus9,
A. Rosenhahn9and I Vartaniants2, 9
1

Joint Institute for High Temperatures of the Russian Academy of Sciences, Russia, 2National Research
Nuclear University, Russia, 3Osaka University, Japan, 4Lomonosov Moscow State University, Russia, 5Kansai
Photon Research Institute, Japan, 6RIKEN Harima Institute, Japan, 7JASRI/Spring-8, Japan, 8FSRC RAS,
Russia, 9Synchrotron DESY, Germany, 10Ruhr University Bochum, Germany
Recent achievements in characterization and control of x-ray sources such as SACLA XFEL (Japan) and
PETRA III (Germany) are presented. Also it is demonstrated the possibility of using LiF detector in HEDP
experiments.
In addition the calibration data for lithium fluoride crystals (LiF) for particular photon energy range are given.
For soft x-ray range the achieved spatial resolution was 0.2 μm and only limited by resolution of readout
system. Experiments proved spatial resolution to be of ~ 1.0 μm for 10 keV X-ray beam. High sensitivity and
uniquely large dynamic range exceeding 106 of LiF crystal detector allowed measurements on the intensity
distribution of hard X-ray SACLA XFEL beam at distances as far from the focal plane, as near the best focus.
Considering the diffraction patterns from test objects, spectral and coherent properties of X-ray beams were
revealed. Also, the LiF crystal was applied to control XFEL beam profile in pump-probe experiment and in
consequent optimization of X-ray beam line configuration and the positioning of probed samples.
P2.25 A compressed sensing approach to 3D spectrometry
R Wang1, M Kasim1, B Spiers1, A Savin1, M Mayr1, R Aboushelbaya1, J Sadler1, K Glize1 and P Norreys1
1

University of Oxford, UK

We present the design of a spectrometer that can retrieve a 3D spectral profile of a plasma with a single
measurement. The design of the spectrometer is built around a compressed sensing algorithm, which allows
the spectrometer to retrieve 3D information from an otherwise 2D sensor. Numerical trials have
demonstrated confidence in the accuracy of retrieved 3D spectral profiles, even in the presence of Gaussian
noise.
Introduction
Compressed Sensing (CS) offers an alternative approach to signal processing. In signal reconstruction, the
majority of signals can be represented using very few non-zero coeficients if an efficient basis is chosen. The
goal of CS is to choose an efficient basis which minimizes the number of samples that need to be taken from
a signal for faithful reconstruction.
1. A sensor randomly samples a signal
2. An algorithm reconstructs the full signal, maximising ‘sparsity' - a measure of signal simplicity
An example of a signal could be a blurred, incomplete, or low resolution photo - such as one of Barack
Obama
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Fig. 1: A picture which has had random pixels removed undergoes reconstruction via a compressed sensing
algorithm.1
Throughout the subfigures, an algorithm referred to as L1 minimisation lays arbitrary pixels in the blanks
spaces, iteratively. The process begins with general shapes and colours, all while attempting to maximize
sparsity - a measurement of signal simplicity. Throughout each iteration, the algorithm then attempts to lay
shapes of decreasing size and of more specific colours to further increase sparsity. The process may appear
haphazard, but stable signal recovery almost always occurs - even for random distributed matrices that do
not possess the coherence of real life images.
Mathematically, compressed sensing can be expressed in terms of a linear system y = Ax. Here x is a vector
unknown parameters, y represents the vector of measured data, and A is the measurement matrix. Retrieving
x and A from the known measured data, y is the challenge at hand. However in most cases either x is sparse
or there exists a transform y = A Φ C where x is made to be sparse. Then, to retrieve c one has the minimise
the following loss function

Where λ > 0 is a regularisation coefficient. Various algorithms are available in the optimisation of equation
one, including the Two Steps Iterative Shrinkage Thresholding algorithm (TwIST) used for the spectrometer.2
Compressed Sensing Spectrometer Design
The 3D spectrometer consists of three sequential Czerny-Turner spectrometers (CTS), as shown below.

Fig. 2: Schematic design of the 3D spectrometer. Solid lines show the path of the ray entering from one side
of the slit while the dashed lines for the ray on the other side. Blue and red lines are respectively
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representing high and low frequency components of the light. The x-axis is horizontal and the y-axis is
coming out of the plane.
Each CTS shears the incoming image in a specified direction, manipulating the entrance signal into format
ideal for the application compressed sensing. The transforms are depicted below.

Fig. 3: The transformation of the entrance signal. The y-axis comes out of the page, and the λ axis on
represents the spectral axis of the signal.
Numerical Test of Spectrometer Design
A numerical simulation was conducted to verify the effectiveness of the spectrometer. The spectrometer was
simulated with concave toroidal mirrors with focal lengths of f = 15 cm and gratings with 300 lines/mm. The
random aperture in the simulation had a resolution of 100 x 100 pixels with side lengths of 20 µm. The
detector array has 20 µm-size square pixels with 100x 100 pixels.
The input pulse is a spatially chirped light source, where the pulse has differing central frequency at any
given x-position. About the central frequencies, the light has a Gaussian spectral profile with a full width half
maximum (FWHM) of 4.05 nm and the central wavelength is around 633 nm. Gaussian noise with σ = 10%
of the maximum spectral intensity was added to test the robustness of the CS retrieval algorithm. An
example of a received signal is below.

Fig. 4: An illustration of an input spectrum to be inverted.
Then, using the TwIST CS retrieval algorithm, the spectral profiles of a simulated pulse may be retrieved and
compared to the original pulse.
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Fig. 5: A comparison between the original spectral profile, and the retrieved spectral profile.
Conclusions
The design of a compressed sensing 3D spectrometer is presented. The spectrometer can retrieve the
spectral profiles of an entrance pulse accurately, even in the presence of Gaussian noise. The sensor opens
up the option of ultrafast diagnostics, in order of a trillion frames per second.
Forthcoming Research
The sensor is currently under construction at Oxford, and an extension to X-ray frequencies is considered.
Further work is also being conducted to extend the spectrometer to reconstruct 3D phase and intensity
profiles.
[1]
[2]

Haupt. J, Ellenberg. J, (2010) Missing Pixels people.ece.umn.edu/~jdhaupt/les/missing pixels.zip
J. M. Bioucas-Dias and M. A. T. Figueiredo, IEEE Trans. Image Process. 16, pp. 2992-3004 (2007)

P2.26 Is helium a good surrogate to study LPI in deuterium?
M Geissel1, A Harvey-Thomson1, D Bliss1, J Fein1, B Galloway1, M Glinsky1, C Jennings1, M Kimmel1, K
Peterson1, P Rambo1, J Schwarz1, J Shores1, S Slutz1, I Smith1, S Speas1, M Weis1, D Woodbury, and J Porter1
1
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Using helium as a surrogate fill gas can be convenient to avoid flammability hazards in an experiment. To
test the degree of equivalency between deuterium and helium, experiments were conducted in the Pecos
target chamber at Sandia National Laboratories.
Observables such as laser propagation, energy deposition, and signatures of laser-plasma-instabilities (LPI)
were recorded for multiple laser- and target-configurations. It was found, that some observables can differ
significantly despite the apparent similarity of the gases with respect to molecular charge and weight. A
qualitative behavior of the interaction may very well be studied by finding a suitable compromise of laser
absorption, electron density, and LPI cross-sections, but a quantitative investigation of expected values for
deuterium fills may not succeed with surrogate gases.
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.
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Fig. 1: The backscattered fraction of laser light from SBS is significantly stronger for helium (green triangles)
than for deuterium (red squares). Shown here are measurements without the use of a Distributed Phase
Plate (DPP).
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