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The Nuclear Landscape 

• Fundamental aspects (reduction) 
•  Nature of building blocks 
•  Nature of fundamental interactions 

• Self-organization of building blocks (emergence) 
•  Nature of composite structures and phases 
•  Origin of simple patterns in complex systems 

OUR SCIENCE CASE: The Nuclear Landscape and the Big Questions (NAS report) 

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

•  How does subatomic matter organize itself 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?  

Courtesy	  of	  W.	  Nazarewicz	  



This	  is	  the	  nuclear	  physics	  equivalent	  of	  the	  
beginning	  of	  a	  	  gold	  rush	  –	  a	  rare	  isotope	  rush	  

Worldwide Efforts in Rare Isotope Science 

Courtesy	  of	  B.	  Sherrill	  
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Courtesy	  of	  B.	  Sherrill	  
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A unified theory of the nucleus: The theory road map 
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Courtesy	  of	  W.	  Nazarewicz	  

Theoretical 
Approaches 
overlap and 
bridges need 
to be built 
between them"



Lightest nuclei: Determining the nucleon interactions from QCD & 
Structure and Reactions of light nuclei 

Courtesy	  of	  B.	  Jonson	  
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Lightest nuclei: Structure and Reactions of light nuclei 

M. Brodeur et al., PRL 108, 052504 

Importance of 3N forces  

11Li breakup on 208Pb around 
Coulomb Barrier  

è  Sizable 9Li yield even below  
barrier 

è  Data & cont.-discretized CC 
calculations support presence of 
low energy dipole resonance in 
the 11Li continuum  

 

J.P. Fernandez-Garcia et al., PRL 110, 142701 

Does Halo nucleus follow 
Rutherford Scattering below 
the barrier? 
è  Strong reduction (vs  9Li) even 

well below barrier 
è  4-body cont.-discretized CC 

calculations indicate reduction 
due to strong Coulomb coupling 
to dipole states in continuum ß 
low-lying dipole resonance close 
to break up threshold  

 
 

M. Cubero et al., PRL 109, 262701 

Ec.m=23.1 MeV 

Ec.m=28.3 MeV 

Courtesy	  J.	  Dilling	  
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Z.-T. Lu, P. Mueller,et al, Rev. Mod. Phys. 85, 1383  



Lightest nuclei: Structure and Reactions of light nuclei 
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Coupling bound !" continuum states: 
 14Be continuum & 2+

2 state  

Yu. Aksyutina et al., PRL 111, 142501 

First observation of 15Be 

J. Snyder et al., PRC 88, 031303(R) 

First observation of dineutron decay (?) 

A. Spirou et al., PRL 108, 102501 

14Be(d,p) 15Beà14Be +n 

Be(17B,p+ 16Beà14Be +n +n) 
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Two-nucleon emission :Unbound p-rich vs unbound n-rich 
A. Spirou et al., PRL 108, 102501 

F. Wamers et al., PRL 112, 132502 

15Ne:	  à	  decay	  proceeds	  to	  13O	  with	  
simultaneous	  2p	  emission,	  no	  sequen`al	  
decay	  though	  14F.	  
à	  2	  protons	  around	  13O:	  63(5)%	  (1s1/2)2	  
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2-p emission: 
Sequential … 
3-body decay -- 



T. Otsuka et al., PRL 105, 032501 

N.A. Smirnova et al., PLB 686 , 109 

T. Otsuka et al., PRL 104,  032501 

Shell Evolution, Binding and the Oxygen Isotopes 

Courtesy	  of	  B.	  Jonson	  
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Shell Evolution with neutron binding 
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N	  =	  9	  Example:   

13B(d,p)14B  204 MeV, 3x104 pps	  
S. Bedoor et al., PRC 88,  011304(R) 

Systematics & comparison with theory:   

ν s1/2 & d5/2 for N=5-10, Z=3-8	


C.R. Hoffman et al., PRC 89,  061305(R) 

Future: other regions 
 e.g. 78Ni, … 	


Courtesy	  of	  B.P.	  kay	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Shell Evolution, Binding and the Oxygen Isotopes 

G. Hagen et al., PRL 108 , 242501 

A.Ekstrom et al., PRL 110 , 192502 

Streamlining the nuclear force: how important are 
3N forces after all? 
 
“NN interaction optimized from chiral effective field 
theory at the next-to-next-to leading order; the 
contributions from NNN forces are smaller than for 
previous parametrizations of chiral interactions. 
Many aspects of nuclear structure can be 
understood in terms of the NN interaction, without 
explicitly invoking NNN forces”  
! less pain & more gain? 
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Courtesy	  of	  A.	  Gade	  

	  	  	  	  	  	  	  	  	  	  	  	  

52Ca	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  54Ti	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  56Cr	  	  

New Shell Closures N = 32 & 34: the Ca – Ni Region  
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"   Mass	  measurements	  via	  S2n	  	  
establish	  new	  shell	  closure	  
at	  N	  =	  32	  
	  

" Correct	  predic`on	  from	  	  
3N-‐forces	  

Multi-reflection time-of-flight and Penning-trap mass spectrometry 

N = 28 

N = 32  

53,54Ca 

F. Wienholtz et al., Nature 498, 346  
 

B 
51,52Ca 

Ca ! Shell Closure at N = 32 

TITAN & ISOLTRAP: 
A.T. Gallant et al.,  
PRL 109 032506 

	  	  	  	  	  	  	  	  
	  

Courtesy	  J.	  Dilling	  &	  K.	  Blaum	   14	  



2+ at 2043(19) keV	

Ca ! Shell Closure at N = 34 

                          Shell ordering                 "
    (N ~ Z)                                   (N >> Z)	D. Steppenbeck et al., Nature 502, 207  
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From Ca to Ni ! testing the effective interactions 

Courtesy	  of	  A.	  Gade	  

N=40	  Cr	  &	  Fe:	  evidence	  for	  collec`vity	  from	  	  
(1)	  Lowest	  E(2+)	  	  in	  the	  region	  
(2)	  Large	  B(E2)	  values	  

N=34-‐40	  Cr	  &	  Fe:	  	  Shape	  Coexistence	  from	  
Higher	  spin	  studies	  (deep	  inelas`c	  
reac`ons)	  
à	  Importance	  of	  both	  g9/2	  	  &	  d5/2	  neutrons	  
in	  driving	  collec`vity	  	  

N=36,38	  Ti:	  	  
àSteep	  decrease	  in	  collec`vity	  when	  
compared	  to	  Cr	  &	  Fe	  
à Closure	  at	  N=40?	  ß	  SM	  calc.	  with	  

modified	  LNPS	  interac`on	  suggests	  
small	  gap,	  and	  configura`on	  dominated	  
by	  2p-‐2h	  +	  4p-‐4h	  

	  
N=40	  Ca:	  6	  more	  neutrons	  to	  add	  to	  54Ca	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  60Ca	  ß	  N=40	  sub-‐shell	  closure??	  	  

A. Gade et al., PRL 112, 112503  
 

68Ni	  

16	  

M.P. Carpenter et al., PRC 87, 041305(R)  
 

A. Gade et al., PRC 81, 051304(R) 
J. Ljungvall et al., PRC 81, 061301(R) 
 
   
 



From Ca to Ni ! testing the effective interactions 
Y. Tsunoda et al., PRC 89, 031310(R)  
 

Monte Carlo SM 
pf-g9/2-d5/2 

S. Suchyta et al., PRC 89, 021301(R)  
 

0+
2 " 0+

1 
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From Ni to Sn: High-spin frontier in n-rich nuclei 

Y. X. Luo et al., Phys. Lett. B670,  307   
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Detailed level structure from prompt 
spectroscopy following fission 

Lifetimes from prompt spectroscopy  
following fission + fragment detection 

J.B.  Snyder  et al., Phys. Lett. B723,  61   
 

Future: Coulex with CARIBU & FRIB reaccelerated 
beams & GRETINA  or  Gammasphere 

& complementary studies (masses, decays,…)  



Shell Structure near Z=50, N=82  

H. Wang  et al., PRC 88, 054318  
 

Z=50	  (Sn)	  

R.L. Kozub et al., PRL 109, 172501 &  
J.M. Almond et al., PRL 112, 172701   
 

132Sn(9Be,10Be)	  

132Sn(9Be,8Be)	  

19	  

•  Trends indicate nuclei are less bound with 
neutron excess (affects the location of the r-process 
path 

•  Good agreement between all trap results and 
reaction Q value measurements 

•  Large disagreement with results obtained with β-
decay measurements 

Mass	  Measurements:	  informing	  theory	  
J. Van Schelt et al., PRC 85, 045805 & PRL 111, 061102.  



Shell Structure for Z>50, N>82  

20	  

Re-‐accelerated	  beams	  at	  CARIBU:	  Coulex	  of	  144Ba	  @	  GRETINA	  &	  CHICO-‐2	  

ToF difference [a.u.] 

lab scattering angle [º] 

108Cd 

144Ba 

180Hf 

36Ar 

Future: Coulex with CARIBU & FRIB reaccelerated 
beams & GRETINA  or  Gammasphere & CHICO2 



0.168± 0.022 fm

0.34+0.15
�0.17 fmPREx: FW(q)  

RCNP: αD ,   ß via (p,p’) scattering  

Strong correlation between the dipole 
polarizability αD and neutron skin predicted by 
DFT: P.-G. Reinhard and W. Nazarewicz, PRC 81, 051303(R)  

A. Tamii et al., Phys. Rev. Lett. 107, 062502 

S. Abrahamyan et al. (PREx Collaboration), PRL 108, 112502  

rskin = rn � rp

rskin = 0.211+0.054
�0.063 fmrskin = 0.16±(0.02)stat±(0.04)syst fm

Antiprotonic atoms: Proton elastic scattering: 
Neutron skin: 

Next:  
• PREx(II) 
• New PREx measurement for 48Ca… 
• RCNP data on αD in 48Ca… 

Neutron skin: 208Pb 

Friedman and Gal, Phys. Rep. 452, 89  J. Zenihiro et al., PRC82, 044611  

	  	  	  	  	  	  
(RCNP) 

Courtesy	  of	  W.	  Nazarewicz	  
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126!

82!

50!

82!

50!
28!

28!

20!

20!
8!2!

8!
2!

known	  up	  to	  Z=91	  	  

likely known up to oxygen 

News from the proton drip line 
p

ro
to

n
s 

neutrons 
R.V.F.	  Janssens	  ARIS	  2014	  Key	  Note	  

22	  

New	  Modes:	  mulY-‐p	  emission	  

2p	  -‐	  emijer	  



126!

82!

50!

82!

50!
28!

28!

20!

20!
8!2!

8!
2!

likely known up to oxygen 

News from the proton drip line 
p

ro
to

n
s 

neutrons 

“IMME inconsistent with the accepted quadratic form for the A=53, T=3/2 quartet” 
" “If confirmed, possible evidence for enhanced effects of isospin mixing and/or charge-
dependent nuclear forces in the fp shell 
 

P.J. Davies et al., PRL 111, 072501 

"First spectroscopy of 52Ni and 51Co combined with available data on 52Cr and 51Cr 
" “Comparisons between SM calculations and data provide evidence compelling evidence that 
both electromagnetic and additional isospin nonconserving interactions for J=2 couplings are 
required” 
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126!

82!

50!

82!

50!
28!

28!

20!

20!
8!
2!

News from the proton drip line 
p

ro
to

n
s 

R.J. Carroll et al., PRL 112, 092501 

" Example of high-spin multiparticle isomers beyond the 
proton drip line, possibly with longer lifetimes than their 
lower-lying, low-spin states states. Such isomers could blur 
the boundaries of the nuclear landscape by providing the 
last observables states beyond the proton drip line.   
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126!

82!

50!

82!

50!
28!

28!

20!

20!
8!
2!

At the extremes in Z and A: SHE 
p

ro
to

n
s 

neutrons 

superheavy!
nuclei!
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In-beam gamma-ray spectroscopy of SHE: 256Rf 
P.T.Greenlees et al., PRL 109, 012501 

 
~ 17nb 

•  Moments	  of	  iner`a	  are	  related	  to	  
(deformed)	  shell	  gaps	  &	  pairing	  
correla`ons	  

(250Fm)>	   (254No)>	  

(256Rf)>	   (250No)	  

At	  a	  shell	  gap,	  pairing	  
correla`ons	  are	  weakened,	  
resul`ng	  in	  larger	  moments	  
of	  iner`a	  
à Gaps	  at	  Z=100	  (Fm)	  and	  

N=102	  (254No)	  
à No	  gap	  at	  Z=104	  	  
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Superheavy Elements 
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113/286	  

115/290	  
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48Ca +249Bk 

2009-2012 

Collaboration: 
FLNR (Dubna)  
ORNL (Oak-Ridge)  
LLNL (Livermore) 
IAR (Dmitrovgrad) 
Vanderbilt University 
 
                        

RiKEN	  (Japan)	  
209Bi +70Zn 

Courtesy	  of	  Y.	  Oganessian	  
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Characterizing the newest SHE & their production 
Yu.Ts. Oganessian et al., PRC 87, 014302 

Yu.Ts. Oganessian et al., PRC 87, 054621 

J. Jhuyafbaatar et al., PRL 112, 172501 

New	  TASCA	  data:	  
à Confirma`on	  of	  Z=117,	  N=177	  
à Chains	  of	  7	  α decays	  
à Previously	  unknown	  Db	  α –decay	  branch	  with	  
	  	  	  	  	  	  long	  T1/2	  	  	  ß	  “important	  step	  towards	  the	  
	  	  	  	  	  	  observa`on	  of	  even	  more	  long-‐lived	  nuclei	  of	  
	  	  	  	  	  	  SHE	  located	  on	  an	  “island	  of	  stability”	  
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long-‐lived	  SHE	  

S. Cwiok, P.H. Heenen, W. Nazarewicz 
Nature, 433, 705 (2005) 
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Courtesy	  of	  W.	  Nazarewicz	  
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r-‐proc
ess	  

Nuclear landscape: Challenges ahead 

NSTAR	  
	  

30	  

The	  previous	  examples	  are	  by	  no	  means	  a	  complete	  overview:	  
	  à	  much	  more	  remarkable	  experimental	  work	  has	  been	  done,	  
	  à	  in	  many	  more	  areas	  (high-‐spin	  studies,	  new	  collec`ve	  modes,	  correla`ons	  	  
	  	  	  	  	  	  between	  nucleons,	  decay	  studies,…)	  ß	  My	  apologies	  for	  not	  being	  more	  complete	  

The	  field	  is	  as	  exciYng	  and	  challenging	  as	  ever!	  
	  
Much	  more	  remains	  to	  be	  explored	  	  

	  ß	  Which	  new	  phenomena	  are	  awai`ng	  discovery?	  
	  ß	  Which	  new	  aspect(s)	  of	  the	  nuclear	  interac`on(s)	  has/have	  escaped	  observa`on	  
	  	  	  	  	  	  	  thus	  far;	  e.g.,	  can	  we	  fulfill	  the	  ambi`on	  of	  the	  “theory	  road	  map”	  and	  get	  to	  a	  
	  	  	  	  	  	  	  sa`sfactory	  descrip`on	  of	  all	  nuclei?	  
	  ß	  How	  do	  we	  op`mize	  the	  experiment	  –	  theory	  loop?	  

	  	  
There	  is	  much	  discovery	  poten`al	  for	  the	  future	  BUT:	  
	  	  	  	  -‐	  while	  US	  scien`sts	  were	  involved	  in	  most	  of	  the	  data	  shown,	  some	  of	  the	  experiments	  	  
	  	  	  	  	  	  	  used	  foreign	  facili`es;	  
	  	  	  	  -‐	  to	  remain	  compeYYve	  and	  keep	  scienYfic	  leadership,	  we	  need	  	  

	  (a)	  FRIB	  construc`on	  to	  proceed	  on	  `me	  &	  the	  means	  to	  ini`ate	  of	  its	  full	  	  science	  	  
	  	  	  	  	  	  	  program	  from	  the	  start;	  
	  (b)	  adequate	  support	  for	  our	  exis`ng	  facili`es	  (NSCL	  &	  ATLAS	  &	  Univ.-‐based)	  
	  (c)	  adequate	  support	  for	  research	  (Theory	  &	  Experiment)	  
	  (d)	  targeted	  investments	  in	  instrumenta`on	  &	  accelerators.	  

	  



Erler et al.  Nature 486, 509  Nuclear landscape: Challenges ahead 
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In a nutshell: 
    the challenges ahead are in this vast landscape that remains to be discovered  



	  
AND	  	  

Thank	  YOU	  for	  your	  valuable	  
contribu`ons	  to	  our	  field	  	  
and	  for	  your	  ajen`on	  
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