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Tensor	
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Glacier	
  de	
  Saint	
  Sorlin	
  



PhD	
  IPN	
  Orsay	
  1991	
  
Stay	
  in	
  Orsay	
  up	
  to	
  2004	
  
At	
  GANIL	
  since	
  then	
  
	
  
No	
  sabbaFcal	
  year	
  so	
  far….	
  

	
  
	
  
Study	
  of	
  other	
  shell	
  closures	
  N=14,16	
  and	
  N=40	
  …	
  	
  
	
  
Towards	
  a	
  global	
  understanding	
  of	
  which	
  parts	
  of	
  nuclear	
  force	
  	
  
led	
  to	
  significant	
  shell	
  modificaFons	
  (tensor,	
  spin	
  orbit)	
  
	
  
Beger	
  understand	
  the	
  astrophysical	
  r	
  process	
  	
  
-­‐>	
  producFon	
  of	
  ½	
  heavy	
  elements	
  
	
  
	
  
	
  
	
  

‘May	
  the	
  force	
  be	
  with	
  you’	
  
Obi-­‐Wan	
  Kenobi	
  ‘Star	
  Wars’	
  

How	
  the	
  48Ca	
  nucleus	
  is	
  produced	
  in	
  the	
  universe	
  ?	
  
Neutron	
  capture	
  beta-­‐decay	
  process	
  
The	
  role	
  of	
  the	
  N=28	
  shell	
  closure	
  
Beta-­‐decay	
  studies	
  suggested	
  the	
  vanishing	
  of	
  N=28.	
  

Further	
  studies	
  established	
  the	
  progressive	
  erosion	
  of	
  N=28	
  
From	
  the	
  doubly	
  magic	
  48Ca,	
  vibraFonal	
  46Ar,	
  shape	
  coexistence	
  in	
  44S	
  and	
  deformaFon	
  in	
  42Si	
  
Use	
  of	
  various	
  experimental	
  techniques	
  at	
  GANIL	
  (beta-­‐decay,	
  isomer	
  decay,	
  transfer,	
  in-­‐beam)	
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SeQng	
  the	
  scene…	
  	
  
	
  
Basic	
  features	
  of	
  transfer	
  reacFons	
  



Which	
  transfer	
  reacFon,	
  for	
  what	
  ?	
  	
  
Choose	
  the	
  appropriate	
  probe	
  to	
  determine	
  occupancies	
  	
  /	
  vacancies	
  of	
  orbits 	
  	
  
Locate	
  the	
  energy	
  levels	
  carrying	
  the	
  largest	
  SF	
  -­‐>	
  	
  study	
  evoluFon	
  of	
  shell	
  gaps	
  
Learn	
  about	
  the	
  role	
  of	
  correlaFons	
  è	
  diluFon	
  of	
  the	
  Fermi	
  surface	
  ?	
  
	
  
	
  
	
  	
  
	
  

ν	



Vacancies	
  
valence	
  
(d,p)	
  

occupied	
  
(p,d)	
  
(d,t)	
  

valence	
  
(3He,d)	
  

occupied	
  

π	


(d,3He)	
  

CORE	
  

u2	
  +	
  v2	
  =	
  1	
  
	
  

v2	
  E	
  

u2	
  

0.5	
   1	
  

(2 j +1)C2∑ S+ + C2∑ S− = 2 j +1



d 
p 

θp 

f7/2 

p3/2 
p1/2 
f5/2 

49Ca 

θp 

dσ	


dΩ	



E*(49Ca)	
  

dσ	


dΩ	



3/2- 

1/2- 

QuanFfied	
  energies	
  -­‐>	
  shell	
  structure	
  
Cross	
  secFon	
  scales	
  with	
  vacancy	
  (2J+1)	
  C2S+	
  of	
  the	
  states	
  -­‐>ADWA	
  calculaFons	
  
Angular	
  distribuFon	
  typical	
  of	
  the	
  transfered	
  angular	
  momentum	
  L	
  
Polarized	
  beam/target	
  to	
  obtain	
  info	
  on	
  J	
  values.	
  
Use	
  appropriate	
  momentum	
  matching	
  

Basics	
  features	
  of	
  a	
  transfer	
  reacFon	
  	
  

[	
  	
  	
  	
  	
  ]	
  

48Ca(d,p)49Ca	
  

C2S+=	
  0.84	
  

L=1	
  

2+	
  

5/2- 

E =
C2S ⋅Ex∑
C2S∑



Valence	
  neutron	
  orbits	
  in	
  48Ca	
  	
  
In	
  a	
  (d,p)	
  reacFon,	
  we	
  probe	
  the	
  vacancies	
  of	
  the	
  states.	
  	
  
There	
  is	
  no	
  vacancy	
  leu	
  for	
  the	
  f7/2	
  orbit	
  è	
  	
  closed	
  48Ca	
  core	
  
Few	
  fragmentaFon	
  of	
  the	
  p	
  and	
  f	
  states.	
  	
  The	
  g9/2	
  state	
  is	
  more	
  fragmented.	
  	
  
	
  
	
  
	
  	
  
	
  

48Ca	
  

p3/2	
  
p1/2	
  

f5/2	
  

f7/2	
  [	
  	
  	
  	
  ]	
  

g9/2	
  

co
nt
	
  

co
nt
	
  

co
nt
	
  

p3/2	
  

p1/2	
  

f5/2	
  

f5/2	
  +g9/2	
  
	
  	
  

g9/2	
  

E*	
  

48Ca(d,p)49Ca	
  
Ed=56MeV	
  
θlab=10°	
  

Vacancy	
  	
   occupancy	
   E(MeV)	
  

f7/2	
   0	
   1	
   -­‐5.1	
  

p3/2	
   0.97	
   0.03	
   g.s.	
  

p1/2	
   1.03	
   0	
   2.28	
  

f5/2	
   0.95	
   0.05	
   3.945	
  
ν	



E =
C2S ⋅Ex∑
C2S∑

g.
s.
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d3/2	
  

The	
  ‘Fermi	
  surface’	
  of	
  48Ca	
  derived	
  from	
  transfer	
  reacFons	
  

Sharp	
  Fermi	
  surface	
  
48Ca	
  is	
  a	
  good	
  core	
  nucleus	
  
with	
  few	
  correlaFons	
  

(p,d)	
  

(d,p)	
  



48Ca(d,p)49Ca	
  

From	
  ENSDF	
  evaluaFon	
  

48Ca	
  

p3/2	
  
p1/2	
  

f5/2	
  

f7/2	
  [	
  	
  	
  	
  ]	
  

ν	



-­‐	
  OpFcal	
  Models	
  lead	
  to	
  about	
  20%	
  uncertainty	
  
-­‐	
  Quenching	
  of	
  the	
  C2S	
  due	
  to	
  short	
  and	
  long	
  range	
  
	
  	
  correlaFons	
  in	
  the	
  nucleus	
  
	
  



Quenching	
  of	
  occupancy	
  values	
  	
  

All	
  the	
  strength	
  could	
  NOT	
  be	
  found	
  
Some	
  states	
  above	
  10MeV	
  !	
  
	
  
Auer	
  reanalysis	
  of	
  the	
  data,	
  a	
  quenching	
  	
  
factor	
  of	
  about	
  60%	
  is	
  found	
  
Kramer	
  et	
  al.	
  NPA	
  679	
  (2001)	
  267	
  
	
  
Comes	
  from	
  short	
  range	
  correlaFons	
  	
  

	
   	
   	
  AND	
  
Coupling	
  to	
  collecFve	
  resonances	
  
Barbieri	
  et	
  al.	
  PRL	
  103	
  (2009)	
  202502	
  

Comparison	
  of	
  SF’s	
  (normalized	
  to	
  1)	
  
obtained	
  in	
  (d,3He)	
  and	
  (e,e’,p)	
  	
  

‘At	
  any	
  /me	
  only	
  2/3	
  of	
  the	
  nucleons	
  in	
  the	
  nucleus	
  act	
  as	
  independent	
  par/cles	
  
moving	
  in	
  the	
  nuclear	
  mean	
  field.	
  The	
  remaining	
  third	
  of	
  the	
  nucleons	
  are	
  correlated’	
  
Pandharipande	
  et	
  al.	
  Rev.	
  Mod.	
  Phys.	
  69	
  (1997)	
  981	
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Not	
  fully	
  occupied	
  !	
  

….	
  

(2j+1)C2S	
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Hole	
  strength	
  (p,d):	
  Mar/n	
  et	
  al.	
  NPA	
  185(1972)465	
  
Par/cle	
  strength	
  (d,p):	
  Uozumi	
  et	
  al.	
  NPA	
  576	
  (1994)	
  123,	
  Uozumi	
  et	
  al.	
  PRC	
  50	
  (1994)	
  263	
  

The	
  ‘Fermi	
  surfaces’	
  of	
  40,48Ca	
  derived	
  from	
  transfer	
  reacFons	
  

The	
  Fermi	
  surface	
  of	
  40Ca	
  is	
  sou,	
  
the	
  nucleus	
  contains	
  significant	
  
core	
  excitaFons	
  

40Ca	
  

p3/2	
  

p1/2	
  

f7/2	
  

ν	
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  ]	
   d3/2	
  s1/2	
  

48Ca	
  is	
  a	
  good	
  core	
  nucleus	
  

(p,d)	
  

(d,p)	
   The	
  size	
  of	
  the	
  N=28	
  gap	
  is	
  	
  
Significantly	
  increased	
  



EvoluFon	
  of	
  the	
  N=28	
  gap	
  in	
  the	
  Ca	
  isotopic	
  chain	
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The	
  N=28	
  comes	
  from	
  the	
  one-­‐body	
  SO	
  interacFon	
  
	
  
-­‐>	
  which	
  forces	
  are	
  hidden	
  behind	
  this	
  simplified	
  view	
  ?	
  	
  



The	
  N=28	
  gap	
  is	
  created	
  to	
  a	
  	
  
large	
  extent	
  by	
  nn	
  interacFons	
  
	
  
It	
  increases	
  by	
  about	
  2.7	
  MeV	
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  et	
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  1994,	
  PRC	
  1994	
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Increase	
  of	
  spin	
  orbit	
  (SO)	
  shell	
  gaps	
  in	
  the	
  Ca	
  and	
  O	
  chains	
  

5.1MeV	
  

f7/2	
  	
  

N
eu

tr
on

	
  B
in
di
ng
	
  e
ne

rg
y	
  
(M

eV
)	
  

8	
   10	
   12	
   14	
  
Neutron	
  

-­‐	
  6	
  

-­‐2	
  

-­‐4	
  

-­‐	
  8	
  

d5/2	
  

s1/2	
  

N=14	
  

E*(170)	
  

Sn(170)	
  

Sn(220)	
  

Sn(230)	
  

16O	
   22O	
  

Striking	
  analogy	
  between	
  the	
  	
  
N=14	
  and	
  N=28	
  gaps	
  in	
  the	
  O	
  and	
  Ca	
  chains	
  

Same	
  increase	
  of	
  gap	
  by	
  2.6	
  MeV	
  !!	
  

δε(1 f7/2 ) ≈ 7V
nn1 f7/21 f7/2

δε(1p3/2 ) ≈ 8V
nn1 f7/2 2p3/2
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J.	
  Holt	
  et	
  al.,	
  2012	
  J.	
  Phys.	
  G.	
  39	
  	
  085111	
  	
  
The	
  role	
  of	
  three	
  body	
  forces	
  to	
  create	
  SO	
  shell	
  gaps	
  

RealisFc	
  two-­‐body	
  forces	
  could	
  not	
  account	
  
for	
  the	
  increase	
  of	
  SO	
  shell	
  gaps	
  at	
  N=28	
  

	
  	
  
	
  >	
  Need	
  three	
  body	
  forces	
  

	
  
	
  >	
  Same	
  holds	
  true	
  for	
  the	
  N=14	
  gap	
  

	
  
	
  >	
  What	
  about	
  N=50	
  ?	
  

28	
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  derived	
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  88,89,90Zr	
  
Sorlin,	
  Porquet	
  PPNP	
  2008	
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Is	
  the	
  N=50	
  increasing	
  by	
  the	
  
same	
  mechanism	
  ?	
  

The	
  same	
  trend	
  seems	
  present	
  in	
  the	
  Ni	
  isotopic	
  chain	
  !	
  
The	
  size	
  of	
  the	
  gap	
  at	
  N=40	
  constraints	
  the	
  one	
  at	
  N=50.	
  

N=50	
  

d5/2	
  

N=50	
  

g9/2	
  

Monopole	
  	
  

δε(1g9/2 ) ≈ 9V
nn1g9/21g9/2

δε(1d5/2 ) ≈10V
nn1g9/2 2d5/2

δ(N = 50) ≈ 3MeV

See	
  discussions	
  in	
  K.	
  Sieja	
  et	
  al.	
  PRC	
  85	
  	
  051301	
  (2012)	
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Too	
  much	
  monopole	
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The	
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  three	
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  removed	
  
from	
  the	
  d3/2	
  orbit	
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Superheavy nuclei 

Z=120 

      The roles of nuclear force 

Vnucl=Vmonopole+ Vcorrelations;   Vmonopole= Vcentral + Vtensor+ VSO  
 
Far from stability we access unexplored parts of the nuclear force: 
-Nodes in wave function (radial overlap) 
-Spin orientations 
-ΔL angular momentum difference 
-Isospin dependence  
-Drip line effects 
 
Derive in-medium from bare forces ? 
 
Study specific parts of force  
 
    to reach 
 
Predictibility in other regions 
 
 

Rapid neutron capture 
Explosive nucleosynthesis 

π	

 ν	
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Summary	
  of	
  previous	
  highlights	
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Occupancies	
  of	
  proton	
  orbits	
  36S	
  

Very	
  likely	
  that	
  the	
  s1/2	
  orbit	
  is	
  empty	
  in	
  34Si.	
  
Should	
  be	
  proved	
  -­‐>	
  PHD	
  A.	
  Mutschler	
  (IPN/GANIL)	
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Two-­‐body	
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Evolution of SPE from two-body SO interaction 
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2p1/2 

2p3/2 

+170keV	
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  proton	
  

-­‐85keV	
  
per	
  proton	
  
	
  

ReducFon	
  of	
  νp1/2-­‐p3/2	
  spliQng	
  between	
  	
  
37S	
  and	
  35Si	
  and	
  	
  auer	
  removal	
  of	
  ≈2	
  protons*	
  from	
  πds1/2	
  
*1.45	
  according	
  to	
  shell	
  model	
  (F.	
  Nowacki)-­‐>	
  to	
  be	
  confirmed	
  experimentally	
  

Increase	
  of	
  the	
  SO	
  spliQng	
  due	
  to	
  	
  
the	
  two-­‐	
  body	
  SO	
  interacFon	
  

N=21	
  



Bubble nucleus and the spin orbit interaction  
in mean field (MF) theories 

34Si 
36S 

Proton Bubble nucleus  
 Grasso et al, PRC 79 (2009) 

RMF calc 

Central proton density depletion  
in 34Si as the s1/2 is no longer filled 
 
Same global picture in shell model and 
Mean field calculations 
 
Correlations reduce the amplitude 
of the bubble 
 
Spin orbit interaction depends on the 
Derivative of the density MF models 
 
How can we probe its reliability ? 



 
 

Density dependence 
 

Wℓs(r) 

r 

ρ(r) 
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Normal nucleus 

- SO force ‘revealed’ in atomic nuclei  
  as nuclei have finite size  
- Its density dependence should play a role  
  in extreme systems, not studied so far 
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Spin orbit interaction and superheavy elements 
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Isospin dependence change their strength… 
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  the	
  d5/2	
  orbit	
  ?	
  
	
  
Study	
  of	
  the	
  25Ne	
  via24Ne(d,p)25Ne	
  

d5/2	
  	
  

40Ca	
  

38Ar	
  
	
  

36S	
  

34Si	
  

32Mg	
  

Z=20	
  

Z=18	
  

Z=16	
  

N=20	
  

37Cl	
  
	
  

39K	
  

30Ne	
  

28O	
  

28Si	
  

24Ne	
  

Z=14	
  

Z=12	
  

Z=10	
  

Z=8	
  

N=14	
  

22O	
  

26Mg	
  
	
  

d5/2	
  	
  

Proton-­‐neutron	
  forces	
  involving	
  the	
  d5/2	
  proton	
  orbit	
  	
  

Is
la
nd

	
  o
f	
  i
nv
er
sio

n	
  

E*(MeV)	
  

J	
  

1/2- 

29Si 

3/2- 

7/2- 

1.
3	
  

27Mg 25Ne 
1/2+ 

1 

2 

3 

4 

5 

6 

1/2+ 

1.
4	
  

??	
  

3/2+ 

3/2+ 



        Location of fp states using 24Ne(d,p)25Ne 
24Ne 105pps SPIRAL  
Protons -> TIARA 
Gammas -> 4 Exogam 
Nuclei -> Vamos 
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W. Catford et al., PRL 104  (2010) 

Location of fp states using 24Ne(d,p)25Ne 

γ’s 



The p3/2 orbit should lie right above the d3/2 in the Ne-O chains  
See Nakamura et al. PRL 103 (2010), Wimmer et al. PRL105 (2010) 

Lowering of p3/2 also  proven in 27Ne 
Brown et al. PRC 85 (2012) R 
Obertelli. et al. PLB (2006)  

Terry et al. PLB (2006) 

! ! = 28 ≈ 4! !1!!
!!
2!!

!!
!" − !1!!

!!
1!!

!!
!" ≈ 2!"#!

! The N=28 gap decreases further by 2MeV         swapping between the f7/2 and p3/2 orbits 

Proton-neutron forces involving the d5/2 proton orbit  

E*(MeV) 

J 

1/2- 

29Si 

3/2- 

7/2- 

1.
3 

27Mg 25Ne 

3/2- 

7/2- 

1/2+ 

1 

2 

3 

4 

5 

6 

1/2+ 

1.
4 

0.
7 

d5/2  

Catford et al. PRL104 (2010)  

d5/2  

28Si 

24Ne 

Z=14 

Z=12 

Z=10 

Z=8 

N=14 

22O 

26Mg 
 

40Ca 

38Ar 
 

36S 

34Si 

32Mg 

Z=20 

Z=18 

Z=16 

N=20 

37Cl 
 

39K 

30Ne 

28O 

3/2+ 

3/2+ 

23O 

? 



48Ca 

46Ar 

44S 

42Si 
	
  
	
  

46S 

48Ar 

44Si 

40Mg 

N=28 

	
  
	
  

d5/2  

40Ca 

38Ar 
 

36S 

34Si 

32Mg 

Z=20 

Z=18 

Z=16 

N=20 

37Cl 
 

39K 

30Ne 

28O 

d3/2  

s1/2  

Proton-neutron forces applied to the N=28 shell closure 

Applying the same forces, the N=28 shell gap  
should be reduced by about 1.4MeV in 42Si 
and further reduced below 
-> quadrupole correlations further increase 
     the onset of deformation 
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Favors quadrupole excitations -> deformation 
 
Gaudefroy et al. PRL (2006)- 46Ar 
Force et al. PRL (2010)- 44S  
Bastin et al. PRL (2007) 42Si 
Baumann, Nature (2007) 40Mg 
 Bhattacharyya et al.2008 PRL 101 (2008)  48Ar
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Active Target 
Solenoid spectrometer 

 New generation detectors for direct reaction 
studies  
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Conclusions 
Selected experimental data spanning over large N/Z enable to probe major  
shell changes such as reduction of N=28 shell gap, and p SO splitting 
 
Transfer reactions allow to follow the evolution of shell gaps and their origin 
from nn or pn interactions. 
 
Decomposition of the monopole terms reveal which parts of the interaction  
play decisive roles, i.e. central, tensor, two-body SO  
 
34Si bubble nucleus used to determine two-body SO interaction 

           to test the validity of mean field models 
 
24Ne used to reveal a total disruption of the N=28 gap further from stability 
 
Expected increasing role of the neutron p3/2 orbit near 28O 
 
Similar forces expected at play in other regions of the chart of nuclides ….  
 

Sorlin and Porquet arXiv:1209.3377 (2012) for more details  
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Global reduction of the N=28 shell gap  
Induced by nuclear forces 

 
Favors quadrupole excitations -> deformation 
 

 Gaudefroy et al. PRL (2006)- 46Ar 
 Force et al. PRL (2010)- 44S  
 Bastin et al. PRL (2007) 42Si 
 Baumann, Nature (2007) 40Mg  
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CD2 
380µg.cm-2 

      40,44,46Ar 
 11A.MeV, 20kHz 

 
GANIL/SPIRAL 

BEAM : ~ parallel optics (size ~ 2 cm , Δθ < 2mrad) 

CATS 

CATS : -beam-tracking detector 
  
 - Proton emission point. 
   resolution : ~1 mm 
  

10cm. 

(d,p) reactions with 40,44,46Ar beams 

 

170° 

110° 

MUST : -Si Strip detector 
 -Proton impact localisation 
  resolution : 1 mm; size 6 x 6 cm2 

 -Proton energy measurement. 
  resolution : 50 KeV 

p 
SPEG 

41,45,47Ar 

Identification 

SPEG : Energy loss spectrometer : recoil ion identification    transfert-like products 
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Evolution of the neutron SPE  below   Ca 
Use of 46Ar(d,p) transfer reaction with SPIRAL1 +MUST   
L. Gaudefroy  PRL 97 (2006) 

48 

46Ar	
  is	
  	
  not	
  	
  a	
  good	
  closed	
  core	
  
CorrelaFons	
  should	
  be	
  taken	
  into	
  account	
  	
  

C2Sp=0.85	
  

C2Sf=0.17	
  
C2Sf=0.64	
  
C2Sg=0.34 

p	
  

f	
  

f	
  
p	
  

C2Sf=0.61	
  

N=28	
  reduced	
  by	
  330Kev	
  



Sn	
  
f5/2	
  

-­‐>Fine	
  tuning	
  of	
  monopoles	
  to	
  reproduce	
  the	
  main	
  part	
  of	
  the	
  experimental	
  SPE	
  strength	
  
	
  
-­‐>Assume	
  that	
  the	
  treatment	
  of	
  correlaFons	
  is	
  correct,	
  check	
  for	
  (d,p)	
  and	
  (p,d)	
  	
  
	
  
Deduce	
  the	
  change	
  in	
  SPE’s	
  between	
  49Ca	
  to	
  47Ar	
  	
  

From	
  SPDF-­‐U	
  (Nowacki),	
  TBME	
  at	
  N=21	
  

COMPARISON	
  WITH	
  SM	
  CALCULATIONS	
  

p1/2,	
  p3/2	
  states	
  



Effects	
  of	
  correlaFons	
  on	
  the	
  fragmentaFon	
  of	
  states	
  

2	
  MeV	
  

Par/cle	
  strength	
  :	
  transfer	
  reac/on	
  46Ar(d,p)47Ar	
  	
  
Hole	
  strength:	
  	
  46Ar(-­‐1n)	
  Gade	
  et	
  al.	
  PRC	
  71,	
  051301	
  (R)	
  2005	
  

EXP	
  

1.8	
  MeV	
  

THEORY	
  :	
  	
   	
  Signoracci	
  and	
  Brown	
  ;	
  Gaudefroy,	
  …Nowacki	
  et	
  al	
  PRL	
  2007	
  



d3/2 

π	

 ν	


 
 

f5/2 

f7/2 

- 10 

- 6 

- 2 

0 

- 8 

- 4 

f7/2 

p3/2 

p1/2 

f5/2 

28 

28 

49Ca 47Ar 

ES
PE

(M
eV

) 

20 18 

Variation of single particle energies from tensor forces 

Tensor  interaction   
πd3/2 –ν( f7/2-f5/2 ) 

+280keV	
  	
  
per	
  proton	
  	
  
added	
  in	
  d3/2	
  

-­‐210keV	
  

EvoluFon	
  of	
  SPE’s	
  from	
  tensor	
  part	
  of	
  the	
  proton-­‐neutron	
  interacFon	
  ?	
  
	
  
Expect	
  a	
  change	
  of	
  the	
  f7-­‐f5	
  SO	
  spliQng	
  by	
  2MeV	
  between	
  41Ca	
  and	
  37S,	
  NOT	
  AS	
  LARGE,	
  WHY	
  ?	
  
	
  
The	
  f5	
  orbit	
  lies	
  in	
  the	
  conFnuum	
  in	
  37S,then	
  the	
  tensor-­‐induced	
  mechanism	
  may	
  be	
  perturbed…	
  	
  

-­‐ From	
  47Ar	
  to	
  49Ca,	
  2	
  protons	
  added	
  to	
  	
  d3/2	
  and	
  	
  s1/2	
  equiprobably,	
  i.e.	
  1.33	
  (d3/2),	
  0.66	
  (s1/2)	
  

-­‐ The	
  πd3/2	
  acts	
  differently	
  on	
  νf5/2	
  and	
   νf7/2	
  	
  orbits	
  	
  	
  	
  	
  	
  	
  	
  tensor	
  forces	
  ?	
  

N=29	
  



28 

45S 16 14 
43Si 

28 
f7/2 

p3/2 

p1/2 

-­‐ A	
  shrink	
  of	
  neutron	
  SPE’s	
  is	
  occurring	
  gradually	
  when	
  N>>Z	
  	
  
	
  >	
  Enhanced	
  collecFvity	
  expected	
  

What	
  happens	
  when	
  drip-­‐line	
  is	
  reached	
  ?	
  
	
  >	
  determine	
  properFes	
  of	
  proton-­‐neutron	
  nuclear	
  forces	
  there	
  

 N
eu

tro
n 

ES
PE

(M
eV

) 

- 10 

- 6 

- 2 

0 

- 8 

- 4 

+ 2 

Extapolated	
  SPE	
  between	
  49Ca	
  and	
  43Si	
  …	
  

f7/2 

p3/2 

p1/2 

f5/2 

28 

28 

49Ca 47Ar 20 18 

derived	
  from	
  experimentally-­‐constrained	
  monopole	
  variaFons	
  
Including	
  	
  46Ar(-­‐1n)	
  Gade	
  et	
  al.	
  PRC 71, 051301 (R) 2005 

N=29	
  



SF 

0.50 

E*(MeV) 
0.25 

0.75 p1/2 
f7/2 

37S 

2 MeV 

p3/2 

0.50 

SF 

0.25 

0.75 
1 

p1/2 p3/2 

2 MeV 

41Ca 

1 3 2 0 4 5 6 

1 3 2 0 4 5 6 

1.9 MeV 

0.65 

f7/2 

GAP 
N=28 

ΔSO(p) 

MAJOR STRENGTH 

Uozumi et al.  
PRC 50 (1994) 
 

G. Eckle et al. 
 NPA 491 (1989) 

0.50 

E*(MeV) 0.25 

0.75 p1/2 
f7/2 

35Si 

1.1MeV 

p3/2 

1 3 2 0 4 5 6 

0.91 

G. Burgunder et al. 
 to be submitted 

d3/2 

d3/2 

d3/2 



The spin orbit interaction at the drip line 
40Ne 

MF and RMF calculations predict different behaviours 
of the SO interaction  when reaching drip lines 
 
→ SO splitting weaker in RMF (comes from isospin dependence)  
 
→Would affect the evolution of shell gaps differently 
 
→ Consequence for the r process nucleosynthesis 

G. A. Lalazissis et al . Phys. Lett. B 418 (1998) 
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