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Backgroud and motivation 
Seniority and systems with identical particles in a single-j orbital 
Neutron-proton correlation from the binding energy 
Neutron-proton spin-aligned pair coupling 
>=2 slides can be mistaken. 
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No-‐core	  shell	  model	  vs	  100Sn	  shell	  model	  

The	  greatest	  challenge	  is	  to	  understand	  
the	  complicated	  full	  wave	  funcKon:	  
How	  to	  filter	  out	  the	  relevant	  
components	  



• Nuclear physics is an emergent phenomenon (Philip Warren Anderson). 
• Nobody of theoretical physicists could have predicted the existence of a nucleus from first principles. (DJ Rowe & JL Wood)	

I.	  Talmi,	  AIP	  Conf.	  Proc.	  1355,	  121	  (2011) 

B.K.	  Jennings,arXiv:1102.3721 

Shell	  model:	  
Limited	  number	  of	  orbitals	  
Full	  configuraQon 

l  The	  nuclear	  ’single-‐parKcle’	  state	  has	  
a	  complicated	  nature;	  

l  Strong	  isovector	  pairing	  correlaKon;	  
l  Strong	  np	  quadrupole-‐quadrupole	  

correlaKon;	  

’Physics’	  	  in	  a	  single-‐parKcle	  orbital? 



The coupling of few nucleons 
	

Seniority and systems with identical particles in a single-j orbital 
Neutron-proton correlation from the binding energy 
Neutron-proton spin-aligned pair coupling 
 



Ø Isovector	  (T=1):	  J=0,2,..,2J-‐1,	  J=0	  term	  aSracQve	  (pairing),	  others	  close	  to	  zero	  
Ø Isoscalar	  (T=0):	  J=1,3,..,2j,	  strongly	  aSracQve	  (mean	  field)	  

² The	  J=1	  and	  2j	  terms	  are	  the	  most	  a8rac:ve	  ones.	  
² 	  L=0,J=1	  pairing	  
² The	  aligned	  pair	  was	  not	  much	  studied	  

T=0	  

J=1	   J=2j	  

€ 

cosθ12 =
J(J +1)
2 j( j +1)

−1

J.P.	  Schiffer	  and	  W.W.	  True,	  Rev.Mod.Phys.	  48,191	  (1976)	  

T=1	  

J=0	  

General	  properKes	  of	  the	  effecKve	  interacKon	  



Seniority coupling scheme with realistic interaction	

|� = 2;JM� = (P+
j )(n�2)/2A+(j2JM)|�0�

|g.s.� = |� = 0;J = 0� = (P+
j )n/2|�0�

Energy levels of 0g9/2 protons in N=50 isotones 

Energy levels of 0h11/2 protons in N=82 isotones 

D.J.	  Rowe	  and	  G.	  Rosensteel,	  Phys.	  Rev.	  Le8.	  87	  (2001)	  172502	  

I. Talmi, Simple models of complex nuclei 

1943 Racah 
1949 Goeppert-Mayer 
LS coupling should be replaced by the jj coupling 
1957 BCS theory 



9j	  symbol	  
One	  can	  construct	  a	  nonorthogonal,	  unnormalized,	  and	  overcomplete	  two-‐pair	  basis	  

Ø  For j<9/2, seniority is (automatically) conserved! 
Ø  The	  rotaQonally	  invariant	  interacQon	  has	  to	  saQsfy	  [(2j	  −	  3)/6]	  linear	  constraints	  to	  

conserve	  seniority.	  
 



v=2 

pure v=4 

ParKal	  dynamic	  conservaKon	  of	  seniority	  symmetry 

Escuderos	  and	  L.	  Zamick,	  Phys.	  Rev.	  C	  73,	  044302(2006).	  	  
L.	  Zamick,	  Phys.	  Rev.	  C	  75,	  064305	  (2007).	  
P.	  Van	  Isacker	  and	  S.	  Heinze,	  Phys.	  Rev.	  Le8.	  100,	  052501	  (2008).	  
C.	  Qi	  et	  al,	  Phys.	  Rev.	  C	  83	  (2011)	  014307;	  Nucl.	  Phys.	  A	  884–885,	  21	  (2012).	  



Hsi-‐Tseng	  Chen,	  Da	  Hsuan	  Feng,	  and	  Cheng-‐Li	  
Wu	  Phys.	  Rev.	  LeS.	  69,	  418	  (1992)	  



Seniority	  coupling	  for	  many	  shells	  
•  Shell	  model	  calculaQons	  with	  a	  pairing	  Hamiltonian.	  
•  The	  physical	  vector	  only	  spans	  the	  v=0	  subspace	  
•  There	  are	  as	  many	  independent	  soluKons	  as	  states	  in	  the	  v=0	  

space.	  

102	  in	  seniority	  v=0	  space	  



Different	  facets	  of	  the	  nucleus 



I.	  G.	  Darby	  et	  al,	  Phys.	  Rev.	  LeS.	  105,	  162502	  (2010)	  

CQ,	  Z.	  Xu,	  Phys.	  Rev.	  C	  86,	  044323	  (2012)	  

Spin	  inversion	  in	  103Sn	  with	  respect	  to	  that	  of	  101Sn	  
 
pseudospin	  symmetry 



Neutron-proton coupling 
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Neutron-proton correlation from the binding energy 
Neutron-proton spin-aligned pair coupling 
 



The 12+ spin trap in 52Fe 

The predicted 16+ spin trap in 96Cd 

The relative positions of these spin traps are sensitive to the strength of the 
interaction VJ=2j  

The	  spin	  trap	  isomers: 

CQ,	  Phys.	  Rev.	  C	  81,	  034318	  (2010).	  

 

CQ,	  Phys.	  Rev.	  C	  81,	  034318	  (2010).	  
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² For systems with n=4 and isospin T=0, there are three isoscalar pairs and three isovector 
pairs; 
² For those with T=2 (four identical nucleons), we have six isovector pairs. 

The energy expression 

E.	  Moya	  de	  Guerra,	  A.	  A.	  Raduta,	  L.	  Zamick,	  and	  P.	  Sarriguren,	  Nucl.	  Phys.	  A	  727,	  3	  (2003).	  
CQ,	  Phys.	  Rev.	  C	  81,	  034318	  (2010).	  
I.	  Talmi,	  Nucl.	  Phys.	  A	  846	  (2010)	  31.	  





‘Superallowed’	  alpha	  decay	  around	  N=Z	  nuclei	  

Shell	  model	  
calculaQons	  on	  the	  
alpha	  formaQon	  
amplitude	  in	  N=Z	  
nuclei.	  



Seniority with isospin 

Odd-even staggering 

Pairing energy in mass formula 

Precision	  of	  known	  masses	  in	  the	  100Sn	  region. 



The	  binding	  energies	  of	  even-‐even	  and	  
odd-‐odd	  N=Z	  nuclei	  are	  compared.	  Ader	  
correcQng	  for	  the	  symmetry	  energy	  we	  
find	  that	  the	  lowest	  T=1	  state	  in	  odd-‐odd	  
N=Z	  nuclei	  is	  as	  bound	  as	  the	  ground	  
state	  in	  the	  neighboring	  even-‐even	  
nucleus,	  thus	  providing	  evidence	  for	  
isovector	  np	  pairing.	  However,	  T=0	  states	  
in	  odd-‐odd	  N=Z	  nuclei	  are	  several	  MeV	  
less	  bound	  than	  the	  even-‐even	  ground	  
states.	  We	  associate	  this	  difference	  with	  
the	  T=1	  pair	  gap	  and	  conclude	  from	  the	  
analysis	  of	  binding	  energy	  differences	  and	  
blocking	  arguments	  that	  there	  is	  no	  
evidence	  for	  an	  isoscalar	  (deuteronlike)	  
pair	  condensate	  in	  N=Z	  nuclei.	  



The	  average	  proton-‐neutron	  interacKon 

CQ, Physics Letters B 717, 436 (2012)  

J.-‐Y.	  Zhang,	  R.F.	  Casten,	  D.S.	  Brenner,	  Phys.	  LeS.	  B	  227	  (1989)	  1. 



CQ, Physics Letters B 717, 436 (2012)  

AddiKonal	  binding	  for	  N=Z	  nuclei 



But	  many	  N=Z	  nuclei	  are	  deformed 

N.	  Mărginean	  et	  al.,	  PRC	  63,	  031303(R)	  (2001) 

u QQ	  correlaQon	  induces	  deformaQon;	  
u The	  np	  interacQon	  also	  breaks	  the	  seniority	  in	  a	  major	  way 

48Cr	  



αα

T=0	  

T=1	  € 

αα

T=0	  

The	  T=0	  	  	  	  	  	  	  	  	  	  pairing	  exhibits	  a	  rotaQonal	  like	  behavior	  as	  a	  funcQon	  of	  frequency.	  
The	  Ix	  operator	  may	  not	  be	  the	  right	  one	  for	  this	  collecQve	  mode	  
€ 

αα

A.L.	  Goodman,	  PRC	  63,	  044325	  (2001)	  



Nuclei	  around	  100Sn:	  N=Z=50	  shell	  closures	  survive 

T.	  Faestermann	  et	  al.	  /	  Prog.	  Part.	  Nucl.	  Phys.	  69	  (2013)	  85–130 



Experimental	  status	  

Spectra	  of	  the	  heaviest	  even-‐even	  N=Z	  nuclei	  88Ru	  and	  92Pd	  were	  reported	  in	  2001	  and	  2011,	  respecQvely.	  
N.	  Mărginean	  et	  al.,	  PRC	  63,	  031303(R)	  (2001);	  B.	  Cederwall	  et	  al.,	  Nature	  469,	  68	  (2011).	  
	  
	  
	

RotaQonal-‐like	   VibraQonal-‐like	   Seniority	  

N=Z	  nuclei	  as	  a	  probe	  of	  np	  coupling	  scheme	  

How	  to	  understand	  the	  equidistant	  pajern	  of	  the	  92Pd	  spectrum?	  



Averaged	  number	  of	  parKcles	  in	  different	  shells	  for	  92Pd 

No-‐core	  shell	  model	  for	  4He	  
M.D.	  Schuster	  et	  al.,	  arXiv:1304.5491 

What	  is	  the	  ’minimal’	  model	  space	  one	  needs? 
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The	  striking	  feature	  is	  that	  if	  we	  project	  it	  on	  to	  np	  coupled	  terms,	  the	  wave	  funcQon	  can	  be	  
represented	  by	  a	  single	  term	  	  

Usually	  the	  wave	  funcQon	  can	  be	  
expanded	  as	  

The	  thus	  obtained	  wave	  funcQon	  is	  a	  mixture	  of	  
many	  component	  as	  a	  result	  of	  the	  np	  interacQon	  

96Cd	  (2n-‐2p):	  	  A	  simple	  example	  to	  show	  the	  pair	  content	  

CQ	  et	  al,	  PRC	  84,	  021301(R)	  (2011).	   



96Cd	  
I	  

J=9	  J=9	  

€ 
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96Cd	  (2n-‐2p):	  	  A	  simple	  example	  to	  show	  the	  pair	  content	  

The	  calculated	  spectrum	  show	  a	  equidistant	  paSern	  
along	  the	  yrast	  line	  up	  to	  I=6;	  
A	  naive	  picture	  is	  that	  the	  angular	  momenta	  of	  the	  states	  
are	  generated	  by	  the	  rearrangement	  of	  the	  angular	  
momentum	  vectors	  of	  the	  aligned	  np	  pairs.	  
	  
	  



CQ,	  PRC	  81,	  034318	  (2010)	  

€ 

CJ =0
I (nn) = CJ =0

I (pp) = CJ =0
I (np)

Average	  number	  of	  pairs	  



² Aligned	  np	  pair	  to	  explain	  the	  rotaQonal-‐like	  spectra	  in	  
20Ne	  and	  44Ti	  

Full	  shell-‐model	  aligned	  np	  pair	  

44Ti	  



Seniority-‐like	   Equidistant	  paSern	  

It	  is	  strongly	  aSracQve	  since	  this	  maximally	  aligned	  configuraQon	  has	  maximal	  overlap	  between	  
the	  proton	  and	  neutron	  wave	  funcQons	  

Compe::on	  between	  the	  np	  aligned	  coupling	  and	  like	  nucleon	  aligned	  coupling?	  

The	  spin-‐aligned	  pair	  plays	  a	  crucial	  role	  



92Pd	  
in	  p1/2	  g9/2	  space	  

€ 

{[( j 2)J1 ( j
2)J2 ]J3 ( j

2)J4 }J5 ( j
2)J6 I

Two	  parQcle	  coefficients	  of	  fracQonal	  parentage	  

CQ	  et	  al,	  PRC	  84,	  021301(R)	  (2011).	   
Z.X.	  Xu,	  C.	  Qi,	  J.	  Blomqvist,	  R.J.	  LioSa,	  R.	  Wyss	  Nucl.	  Phys.	  A	  877,	  51	  (2012). 



96Cd	   92Pd	  

The	  transiQon	  strengths	  remain	  approximately	  the	  same	  along	  the	  yrast	  line	  
The	  B(E2)	  values	  connecQng	  yrast	  states	  in	  92Pd	  are	  two	  Qmes	  larger	  than	  those	  of	  96Cd	  

The	  relaKve	  moKon	  of	  the	  np	  pairs	  



Quartet-‐like	  coupling	  





InteracKng	  Boson	  models	  with	  	  
aligned	  np	  pair 

S.	  Zerguine	  and	  P.	  Van	  Isacker,	  Phys.	  Rev.	  C	  83,	  064314	  
(2011). 

Pair	  truncaKon	  shell	  model	  approaches 

G.	  J.	  Fu,	  J.	  J.	  Shen,	  Y.	  M.	  Zhao,	  and	  A.	  Arima	  Phys.	  
Rev.	  C	  87,	  044312	  (2013) 



Different	  facets	  of	  the	  nucleus 

The	  np	  aligned	  pair	  wave	  funcQons	  can	  be	  a	  ‘good’	  	  eigen	  state	  of	  the	  QQ	  interacQon	  	  



• Systems	  with	  parQcles	  in	  a	  single-‐j	  shell	  
• The	  np	  pair	  correlaQon	  from	  the	  binding	  energy	  difference	  
• Neutron-‐proton	  spin-‐aligned	  pair	  coupling	  in	  N=Z	  nuclei	  
• Ongoing:	  
Extension	  to	  systems	  with	  many	  shells	  
The	  response	  to	  deformaKon	  effects	  
ApplicaQon	  in	  large	  scale	  compuQng:	  Computer	  favors	  uncoupled	  scheme	  
 

Summary	  

Seniority	  (like	  nucleons)	  

Spin-‐aligned	  pair	  mode	   RotaKonal	  mode	  

N=Z	  nuclei	  in	  a	  single	  j	  shell	   Open	  shell	  

Seniority	  	   Equidistant	   RotaQonal-‐like	  

CompeKKon?	  



Thank you! 
 


