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Summary 



• How did visible matter come into being, and how does it evolve? 
 
• How does subatomic matter organize themselves, and what   
   phenomena emerge? 
 
• Are the fundamental interactions that are basic to the structure of    
   matter fully understood? 
 
• How can the knowledge and technological progress provided by  
   nuclear physics best be used  to benefit society? 

Intellectual Drivers 

http://www.nap.edu/catalog/13438/nuclear-physics-exploring-the-heart-of-matter 



http://science.energy.gov/np/nsac 

http://www.nupecc.org/lrp2016/Documents 
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 A comprehensive and 
quantified model of atomic 
nuclei does not yet exist 

 In recent years, enormous 
progress has been made 
with measurements of 
properties of rare isotopes 
and developments in nuclear 
theory and computation  

 Access to key regions of the 
nuclear chart constrains 
models and identifies missing 
physics 

 Theory identifies key nuclei 
and properties to be studied  

 

 

 

 

The Ultimate Goal 
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Proton drip-line 
Mirror symmetry  

p and 2p tunneling 

Spin triplet superconductivity 

(T=0 pairing) 

rp-process 

Novae, X-ray bursts   

Neutron drip-line 
Halos, Skins 

Pairing at low density  

New shell structure 

New collective modes 

r-process 

Stars, Supernovae 

Heavy Elements 
Shell stability 

Island of SHE 

The Nuclear Landscape The Nuclear Landscape 



The Physics of Nuclei: Science Drivers Nuclear Structure Nuclear Astrophysics

What are practical and 
scientific uses of nuclei?

Where do nuclei and 
elements come from?

What combinations of 
neutrons and protons can 
form a bound atomic 
nucleus?

How do neutrinos affect 
element synthesis?

How are nuclei made and 
organized?

What is the nature of 
dense  nuclear matter?

Overarching questions are answered by rare isotope research

Overarching questions from NSAC Long Range Plan 2015

Science drivers (thrusts) from NRC RISAC 2007

Applications of IsotopesTests of
Fundamental Symmetries

How can the knowledge 
and technological 
progress provided by 
nuclear physics best be 
used to benefit society?

How did visible matter 
come into being and how 
does it evolve?

How does subatomic 
matter organize itself and 
what phenomena 
emerge?

Intellectual challenges from NRC Decadal Study 2013

Are fundamental interac-
tions that are basic to the 
structure of matter fully 
understood?

Are neutrinos their own 
antiparticles? 

Why is there more matter 
than antimatter in the 
present universe?
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Applications of IsotopesTests of
Fundamental Symmetries

How can the knowledge 
and technological 
progress provided by 
nuclear physics best be 
used to benefit society?

How did visible matter 
come into being and how 
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Intellectual challenges from NRC Decadal Study 2013

Are fundamental interac-
tions that are basic to the 
structure of matter fully 
understood?

Are neutrinos their own 
antiparticles? 

Why is there more matter 
than antimatter in the 
present universe?

The Physics of Nuclei: Science Drivers 

Facilities (stable and radioactive beams) 
State of the art instrumentation 

Theory 
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THE SYNERGY between THEORY and EXPERIMENT 
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Nuclear Shell Structure 

Dr. Marti 

Me CNEA 



Maria Goeppert-Mayer & 

Hans D. Jensen 

1963 

Maria Goeppert-Mayer, Phys. Rev. 75, 1969 (1949). 

O. Haxel, Phys. Rev. 75, 1766 (1949). 

Nuclear Shell Structure 



Mean Field Residual Interaction,  V(1,2) 

 Correlations    

In principle if the form of the bare nucleon-nucleon interaction is known,  then the  

properties and structures of a given nucleus can be calculated ab-initio: 
 

  

Nuclear shell model 

In the shell model we make the following  approximation to the problem: 

+ 3-body +  … 



The applicability of the shell model has actually a profound meaning  
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Fermi Liquid,   quasiparticles 
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(e,e’) JLAB DATA 

QUENCHING of Spectroscopic Factors 

< A+1| a+ | A>

Long Range 
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Beyond mean field 
 
Short Range correlations   

“Dressed” quasi-nucleons 
 Tensor force 

Dp  ~  hbar/1fm ~ 200 MeV/c ~ 6 pf 

  P  ~  20% 

QUENCHING of Spectroscopic Factors 



A driving question in nuclear science:  
 

Is the shell-model description static across 

the entire chart of nuclides? 

? 

Near the valley of  

stability 

Approaching the 

drip-lines 

 
Protons Neutrons 

Protons Neutrons 

Toward neutron 

drip-line 

“Exotic” Shell Structure and Collectivity  



Pairing in weakly bound systems 

M. Matsuo PRC 73 (2006)044309  

Separation 

Skin     

Correlation 

Length 

N. Pillet et al.  PRC 76 (2007)024310  

BEC  Di-neutrons 

BCS Cooper pairs 



Standard magic numbers are 
generally correct only for 
stable and near stable isotopes 

 

Experimental studies of new 
isotopes has given insight into 
the role of tensor and 3-body 
forces in nuclei 

 

N/Z  (Isospin) dependence 

 

Role of weak binding and 
coupling to the continuum 
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Nuclear Science 

Division 

Evolution of Shell Structure and Collectivity 

 Much evidence has been obtained for the existence of deformed ground states, 
 and a good understanding of the physical mechanism behind the inversion. 

N=20 shell gap 



Den(j) np(j’) 

Monopole 
Average 
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Nuclear Science 

Division 

Evolution of Shell Structure and Collectivity 

H = Esp+GP+P+ xQ.Q
A delicate balance between the 
monopole field and correlations. 

20 

Ne Ca 

Y.Utsuno et al PRC 60 (1999) 011301(R) 

Dl=Dj=2   
 Quadrupole    
     Correlations 

Role of the π d5/2- ν d3/2 interaction 

N=20 shell gap 
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Weak Binding 

• Low l levels (s, p)  extended wavefunctions (“halos”) 

• Valence nucleons can become decoupled from the core 



  

Sn » l

Weakly bound systems 

l / D »1

Protons Neutrons 

• Coupling to the Continuum 



Structure of 40Mg 



 

 

48Ca 

47K 

46Ar 

45Cl 

44S 

43P 

42Si 

41Al 

40Mg 

N=28 

39Mg 38Mg 37Mg 36Mg 35Mg 34Mg 33Mg 32Mg 31Mg 30Mg 29Mg 

Gaudefroy and Grevy, Nucl. Phys. News 20, 13 (2010); Li et al., PRC 84, 054304 (2011).       

Nowacki and Poves, PRC 79, 014310 (2009); Doornenbal et al., PRL 111, 212502 (2013) 

The neutron-rich Mg isotopes from 

N=20 to N=28 are deformed. 

40Mg is a (near)drip-line nucleus, at the 
intersection of N=28, where shapes are 
believed to be rapidly changing. 

Low-l orbitals near the 
Fermi surface bring the 
possibility of nuclear 
halos. 

What to expect in 40Mg  



 

 

Production of 40Mg by fast-beam fragmentation 

Two Measurements at RIKEN/RIBF - high energy 48Ca beam 345 MeV/u  

 

December 2010 

 48Ca  42Si  (200 MeV/u), 2p Knockout: 42Si -2p  40Mg (v/c ~ 60%) 
 

December 2016 
 48Ca  41Al  (240 MeV/u), 1p Knockout: 41Al -1p  40Mg (v/c ~ 60%) 
 
 

 

 

 

48Ca 

40Mg 

41Al, 42Si 



 

 

40Mg:  2016 setup 

BigRIPS 

ZDS 

Self-supporting  Carbon (graphite) and CH2 targets 

CH2 ⇒ 3.82 g/cm2; Carbon ⇒ 3.80 g/cm2 

DALI2 g detector 186 NaI(Tl) scintillators covering 4p 



 

 

Event-by-event identification of incoming beam 

40Mg 

41Al 

42Si 

• BigRIPS fragment separator was centered on 41Al 

• ~3% of incoming beam was 41Al; 42Si and 40Mg were both in 

acceptance of BigRIPS 

• Average 48Ca primary beam intensity of order 400 pnA for ~6 days !! 

“cocktail” of beams produced and delivered to target 



 

 

Event-by event identification of reaction products 

40Mg 

41Al 

38Mg 

41Al incoming beam No incoming beam gate 

40Mg 

41Al 

38Mg 

Secondary reaction products identified  at the focal plane 



 

 

Results: 36,38Mg and 40Mg Spectra 

36Mg 

38Mg 

2+→0+ 

4+→2+ 

40Mg 

P. Doornenbal et al., PRL 111, 212502 (2013) 

36Mg 

38Mg 

36Mg 38Mg 40Mg 34Mg 32Mg 



 

 

Results: 36,38Mg and 40Mg Spectra 
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38Mg 

2+→0+ 

4+→2+ 

40Mg 

40Mg 
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• No scenario fits with existing expectations 

(systematics) nor predictions from 

calculation 

 

• Breakdown of systematics and theory 

predictions suggests something new is 

happening at the dripline 



 

 

Weakly bound neutrons in 40Mg 

 

• Occupation of low l levels (p3/2) leads to extended wavefunctions (“halos”) 

• Consider 40Mg as a deformed 38Mg 

core and a 2-neutron p-wave halo 

 

• How do the halo neutrons 

interact with the core in  40Mg ? 

 

I.Hamamoto 
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H40Mg = H38Mg  + Vnn +    Vnn-core 

 
 

Core      2n basis Mixing 

Weak coupling of two degrees of Freedom 



 

 

Weak coupling of two degrees of Freedom 
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Density dependence 
 
 

Vℓs(r) 

r 

r(r) 

r 

Normal 

The spin-orbit (SO) interaction 

Bubble (SHE) 

 Test density and isospin dependence of SO from orbits probing the nucleus 

 interior by looking at neutron SO change from proton depletion   

R(r) 

ℓ=3 

ℓ=1 

r 

Halo/ skin 

Isospin  



Evolution of the p3/2-p1/2 SO splitting using (d,p) transfer at GANIL  

rp(r) 
40Ca 

36S 

rp(r) 

34Si 
rp(r) 

The p3/2-p1/2  splitting changes by almost a factor of 2  between 37S and 35Si 

 -> caused by density & isospin dependence of the SO interaction  

 -> constrain models for r process and SHE  

Z=20 

Z=16 

Z=14 

G. Burgunder, Phys. Rev. Lett. 112 (2014) 



T=9Be,12C 

heavy mass A residue is detected, 

with coincident g-ray detection 

g 

T+N 

A+N 
P0 

A 

P|| 

c

1A r
j,

Nucleon removal from A+1 will leave mass A residue in the ground or an 

excited state - amplitude for finding nucleon with sp quantum numbers ,j, 

about core state c  in  A+1 is 

c1AN1Ac

c EES  ,|,)(F  rrj

)S(C|)(F | d 22c jj   rr
Spectroscopic 

factor - occupancy 

of the state 

Adapted from Jeff Tostevin 



Probing proton densities in 36S and 34Si at NSCL/MSU 

target 

g 

35P   33Al 

Proton Knock-out at ≈ 90 MeV/A 

Beams of 36S and 34Si nuclei  were produced by the fragmentation of a 140MeV/A 48Ca 
primary beam on 846mg/cm2-thick 9Be target. 

9Be secondary target 
 (100mg/cm2)  

Exclusive Cross-section and 

Momentum distributions 

∆E 
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36S   34Si 



d3/2 

Gamma-rays in 33Al 

Single g  spectrum 

g g coincidences 
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However …. 



A different interpretation 



A different interpretation 



Neutrinoless Double Beta Decay  

and TANDAR 



 Neutrinoless Double-Beta Decay 

Initial and final wave functions critical.  



R. Henning / Reviews in Physics 1 (2016) 29–35 

 

EXPERIMENTS 

 
CANDLES 

MAJORANA/GERDA 

 

NEMO-3/MOON 

 

CUORE/SNO+ 

KAMLAND/nEXO 

NEMO-3 



Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301 



Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301 



Transfer reactions continue to play major role in our understanding of 
the nuclear elementary modes of excitation, particularly in the 
characterization of the single particle degrees of freedom and their 
correlations. 

< A+1| a+ | A> < A-1| a | A>

(p,d)  particles (d,p)  vacancies 



Angular distribution of the outgoing 

particles reflect the transferred 

angular momentum    l-value 

Spectroscopic factors Slsj    

Overlap between initial and final 

state Test wave functions 

Ideal tool to study the single-

particle degree of freedom.  



U2 

(d,p) 
vacancies 

(p,d)  
particles 

McFarlane and French  Sum Rules 



Single-particle occupancies are a measurable characteristic of a gs wave function 
that might help test input to DBBD matrix elements. 

Neutron-transfer reactions done at Yale near 
10 MeV/A: 
 
 74,76Ge/76,78Se (d,p) and (p,d) 
 74,76Ge/76,78Se (α,3He) and (3He,α) 
 

Reactions with different Q values to ensure 
observation across all L-transfers. 

Neutron-adding AND neutron-removing 
reactions: mid-shell nuclei with partial 

occupancy of fpg orbitals. 
Measurements of occupancy and vacancy in 
removing and adding reactions should add 

up to (2j+1). J. P. Schiffer et al. PRL 100 112501 (2008)  

  Haces de p, d, 3He y 4He 



Fermi surface seems considerably more diffuse than QRPA. 
Neutrons from three to four orbits are changing substantially between 76Ge and 76Se, while 
in QRPA the change is almost entirely in the 0g9/2. 

 
Consequences on the calculated matrix for 0ν2β remain to be explored: it is obvious, 
however, that there are deficiencies in the approach or the method. 

J. P. Schiffer et al. PRL 100 112501 (2008)  



Two particle transfer reactions like (t,p) or (p,t), where 2 neutrons are deposited 

or picked up at the same point in space provide an specific tool to probe the 

amplitude of this collective motion.  

 

The transition operators <f|a+a+|i>, <f|aa|i> are the analogous to the transition 

probabilities BE2’s on the quadrupole case.  

Process amplitude proportional to : 

< A+2 | a+a+ | A>

Pair correlations result in a constructive interference of reaction amplitudes giving a 

enhanced two-nucleon transfer.  



Spectra from (p,t) reactions:  

For 76Ge and 76Se (p,t) strength is predominately to the ground states, indicating  they can be described 
as simple BCS paired states with quantitatively similar pair correlations.  

20MeV protons Yale Tandem.    Split-pole spectrograph. 



(t,p)    

(3He,n)  

Desarrollo de un haz de tritio  5-10 MeV/A 



Atomic nuclei constitute unique many body systems of strongly interacting fermions. 

Their properties and structure, are of paramount importance to many aspects of 

physics. 

 

Many of the phenomena encountered in nuclei share common basic physics 

ingredients with other mesoscopic systems, thus making nuclear structure research 

relevant to other areas of contemporary research, for example in condensed matter 

and atomic physics. 

 

These are exciting times in the field of physics of nuclei: 

 

Existing and planned accelerator facilities worldwide, and new detector systems with 

increased sensitivity and resolving power not only will allow us to answer some 

important questions we have today, but most likely will open up a window to new 

and unexpected phenomena. 

 

New developments in theory and computer power are shaping a path to a predictive 

theory of nuclei and reactions.  
 

SUMMARY 




