
Alexandra Gade
Professor of Physics

NSCL/FRIB & Michigan State University

Evolution of Nuclear Structure in Exotic 
Nuclei 

Charts generated 
with Ed Simpson’s



2

Outline – Progress and challenges
A journey across the Z=20 isotope line and along N=28

Alex Gade, INPC 2019, August 2019

Our lofty goal
What has to be measured and/or 

calculated and what is the impact:
From end-to-end along Z=20 (calcium)

• Radii, masses, spectroscopy, and 
isotope discovery unravel missing 
ingredients in nuclear models

Along the N=28 isotones – not so 
magic?!
• From shape coexistence and cross 
sections to weak-binding effects

Challenges

More of a wild ride ...
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The lofty goal of nuclear structure research

Alex Gade, INPC 2019, August 2019

Understand atomic nuclei across the nuclear chart with predictive 
power into regions that are out of reach for any experiment.  
Why is don’t we have that already?

• Rare isotopes are not following textbook physics – their structure is 
markedly changed as compared to stability and they are open 
quantum systems

Relevance
• Needed for example for 
nuclear astrophysics

• Neutron-star physics 
• Fundamental symmetries
Plan for this talk: Show 
recent, characteristic 
sciences cases and their 
impact along Z=20 and 
N=28

Plenary talks by Frebel,
Aprahamian
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Why are the light Ca isotopes so small?
A. J. Miller et al., Nature Physics 15, 432 (2019)

Alex Gade, INPC 2019, August 2019

 The nuclear charge radius provides a 
sensitive test of nuclear models
- Track radius as function of isospin
- Measured Ca radii have challenged theory
 New measurements at NSCL on light 

calcium isotopes with BECOLA revealed a 
very large discrepancy
 New DFT+HFB calculations (Fayans

functional) show coupling to the particle 
continuum is critical (loosely-bound protons)

improved theory
smooth, small R

previous theory
scattered, large R

Charge radii of Ca isotopes

Method: Isotope shifts detected 
in laser resonance fluorescence

Plenary talk by Yang, Block
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Why are the heavy Ca isotopes so big?
R. F. Garcia Ruiz et al., Nature Physics 12, 594 (2016) 

Alex Gade, INPC 2019, August 2019

Charge radii of Ca isotopes

Method: Isotope 
shifts detected in 
laser resonance 
fluorescence

 Charge radii of 49,51,52Ca, obtained from laser 
spectroscopy experiments at ISOLDE, 
CERN
 At the time, unexpected large charge radius 

questions the magicity of 52Ca
 Theoretical models all underestimate the 

isotope shift relative to 48Ca
 Ab-initio calculations reproduce the trend of 

charge radii
 Previous slide: The Fayans functional with 

its density dependence and pairing term 
describes the neutron-rich Ca better as well

Talks by Yang, Garcia Ruiz
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And how heavy are they?
S. Michimasa et al., PRL 121, 022506 (2018)

Alex Gade, INPC 2019, August 2019

S2n derived from masses of Ca isotopes

Method: Time-of-flight mass spectrometry – in 
a well-characterized magneto-optical system 
of known flight path, an ion’s mass/Q ratio can 
be deduced from its time of flight

Masses are among the most fundamental 
properties, they encode nuclear binding and 
determine the extent of the nuclear chart 

• Shell structure, onset of deformation
• Informs about pairing 

Masses are often measured very precisely 
with Penning traps/MR-TOF (TRIUMF, CERN)
 At the fringes of the nuclear chart, the rates 

may be too low for this – masses of 55-57Ca 
measured at RIBF with different technique
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What about excited states?
D. Steppenbeck et al., Nature 502, 207 (2013), J. Lee (2019)

Alex Gade, INPC 2019, August 2019

 In even-even nuclei, the first excited 
2+ state is often the first accessible 
indictor of nuclear structure features 
such as magic numbers or 
deformation  
 Excited-state energies often serve as 

discriminators between different 
model predictions 
 They can be measured in many ways

Spectra of γ-ray transitions

Method: Bound 
excited states are 
populated in a 
reaction and γ−
ray detection tags 
the states 
populated

54Ca

56Ca

Discriminate between different models

Talks by Doornenbal, Wimmer
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How many neutrons can be bound by Z=20
O.B. Tarasov et al., PRL 121, 022501 (2018) 

Alex Gade, INPC 2019, August 2019

 The nucleon driplines bound the nuclear chart and provide the fundamental 
information on which combinations of protons and neutrons can be made into 
a bound system, They are a critical benchmark for any model that aspires to 
predict nuclear binding/masses across the nuclear chart  
 47P, 49S, 52Cl, 54Ar, 57K, 59;60Ca, and 62Sc, the most neutron-rich isotopes of the 

respective elements, were observed for the first time
 The discovery of the above isotopes favors models that predict 70Ca to be bound

Method: 
Produce 
them and 
identify 
them!
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Along the N=28 isotone line – more of a wild 
ride in terms of structure changes

Alex Gade, INPC 2019, August 2019

 48Ca is doubly magic
 46Ar is controversially discussed and its collectivity 

cannot be described by shell model
 44S exhibits shape and configuration coexistence 
 42Si is one of the most collective in the region 
 40Mg was discovered only in 2007 and first γ-ray 

spectroscopy cannot be consolidated with current 
calculations

44S

46Ar

doubly magic

S. Calinescu et al., PRC 93, 044333 (2016)
C. Force et al., PRL 
105, 102501 (2010)
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 42Si28 has been a formidable challenge 
for theory – only two shell-model 
interactions can describe the low 2+

1
energy. However, they predict 
dramatically different level densities (inset 
on right)

 Underscores the difficulty in extrapolating 
shell model toward the neutron dripline 
and shows that  models must be tested 
beyond the energy of the lowest 2+ states

Is the structure of 42Si understood?
A. Gade et al., PRL 122, 222501 (2019)

Alex Gade, INPC 2019, August 2019

9Be(43P,42Si+γ)X with 
GRETINA at NSCL

Measured partial σ
confronted with shell 
model spectroscopic 
factors and eikonal
reaction dynamics

Reactions as a tool: Talk by Cortina, Capel
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40Mg – Quo Vadis?
H. L. Crawford et al., PRL 122, 052501 (2019)

Alex Gade, INPC 2019, August 2019Talks by Doornenbal, Wimmer

Weak-binding effects –
outside of the standard shell 
model approach – are 
suggested as a possible 
reason for the discrepancy 

 After only having been discovered 
in 2007, first spectroscopy of 40Mg 
became possible at RIBF/RIKEN 
with the DALI2 array

 Two γ-rays were reported at 
surprisingly low energy, at odds 
with state-of-the-art shell-model 
calculations



At the neutron dripline 
• Explore interplay of 

collective and single-
particle degrees of 
freedom in the neutron 
continuum

• GS predicted to have 
large decay width, GS 
rotational band narrow 
decay width

• Invariant mass 
spectroscopy of unbound 
states

Example opportunities – The continuum

Alex Gade, INPC 2019, August 2019 12Recent review: T. Nakamura et al., PPNP 97, 53 (2017) 

At the proton dripline
• Colossal mirror energy 

difference predicted for 
the 0+

2 state of 36S and 
36Ca

• Interplay of weak binding 
and nuclear structure 

• The 0+
2 state in 36Ca has 

not been observed yet  

Nuclei as open QS: Ploszajczak



Sn isotopic chain
• Ab-initio type models and large-scale Monte 

Carlo Shell Model Calculations have started to 
tackle the Sn isotopic chain towards 100Sn 

• Spectroscopy of 100Sn and collectivity and 
moment measurements along the Sn chain 

Example opportunities – Magic chains

Alex Gade, INPC 2019, August 2019 13

Y. Togashi et al., PRL 121, 062501 (2018)

T. D. Morris et al., PRL 120, 152503 (2018)

Talks by Hagen, Otsuka, 
Hergert, Holt, Poves, Soma …



New Island of Inversion predicted
• N=50 isotone line from Ca to Ni is 

predicted to display rapid structural 
changes, including shape coexistence 
and deformation 

• Only 78Ni has been reached with 
spectroscopy 

• Reach those nuclei and study them

Related opportunities – Regions of rapid 
structural change

Alex Gade, INPC 2019, August 2019 14



Density functional theory and 
many-body perturbation theory 
based on potentials from EFT 
have advanced to predict the 
limits of existence based on 
advances statistical treatments

• Showing that an isotope is bound or 
not impacts predictions

Related opportunities – Isotope discovery

Alex Gade, INPC 2019, August 2019 15

L. Neufcourt et al., PRL 122, 062502 (2019)

J. Holt et al., arXiv:1905.10475v1 (2019)



What it takes …

Alex Gade, INPC 2019, August 2019 16

Experimenters 
Theorists

Computation

New/upgraded facilities
Clever detectors



The future of nuclear structure 
research is bright –

with lots of complementary 
opportunities for facilities around 

the world!

Outlook

Alex Gade, INPC 2019, August 2019 17

Thanks for your attention!

This work was supported by the U.S. NSF under Cooperative Agreement No. PHY-1565546 (NSCL)
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