The nuclear shell-model: from single-particle
motion to collective effects

1. Nuclear forces and very light nuclei

2. Independent-particle shell model and few nucleon
correlations

3. Many-nucleon correlations: collective excitations
and symmetries



Two major questions to address nuclei within the nuclear
shell model

1. How to build up the shell-model basis in an optimal way
(computational)

2. How to handle the effective nucleon-nucleon interaction Veff.



Shell-model basis states

= Use explicit construction: coupling (spin,isospin) to state of
fixed J, T, T

» Construct Slater determinant states: given M and T,.
eX, 4 particles in sd-shell

| 1d5/2,-1/2; 1d5/2,-3/2; 1d3/2, +3/2; 2s1/2 +1/2>(M=0)

A very usefull approach is a bit-representation,
known as the M-scheme.
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= Counting # basis states (approx.)

N
n particles, N orbitals~ (”FP) (l:l,':

ex. 90Zn(fp):10p, 10n;20 orbitals
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NUCLEAR RESIDUAL INTERACTIONS...
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Microscopic effective interaction

A bare NN-potential - CD-Bonn, Nijmegen IT, AV18, chiral N3LO
potential - requires regularization and modification to be applied for

many-nucleon systems in a restricted model space.
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Concept of effective interaction
(operators) active in finite space:
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.. still phenomenological adjustment required

Microscopic effective 2-body interactions (either G-matrix or V,,, )
fail to reproduce nuclear properties when the number of valence
particles increases: the monopole part of the interaction if deficient
(lack of 3-body forces)

= phenomenological adjustment to data

E.Caurier et al, Rev. Mod. Phys. 77 (2005) 427

Monopole part of the interaction adjusted (KB3, KB3G for pf-shell)

A.Poves, A.P.Zuker, Phys. Rep. 70 (1981)
G. Martinez-Pinedo et al, Phys. Rev. €55 (1997)

Least-square fit of all the m.e. - by a linear-combination method
(GXPF1 for pf-shell)

B.A.Brown, W.A Richter, Phys. Rev. C74 (2006)
M. Honma et al, Phys. Rev. C65 (2002); idem 69 (2004)

If the model space contains all important degrees of freedom, the
shell model is extremely powerful !



Empirical V¢ (least-square-fit method)

All two-body matrix elements (TBME) between valence nucleons
in a model space are considered as free parameters.

Initial
interaction
parameters

<OLB‘V6ﬁ‘ ‘y8>J’T

Op-shell:

A 4

4He - 160
1s0d-shell: 160 - 40Ca
1pOf-shell: 40Ca - 80Zr 195 TBME

Set-up
Hamiltonian
matrix

A

New
interaction
parameters

A 4

Eigenvalues
Eigenvectors
E‘Th le

15 TBME
63 TBME

A

New linear
system

Convergence ?
Nda'ra 2

Z Eifh _ Eexp

i=1

yes

no

A 4

A

Variation of
parameters

Cohen, Kurath (1965)
Brown, Wildenthal, USD (1988)
Tokyo-MSU, GXPF1 (2002,2004)

A 4

Stop

Linear
combination
method



20

25

30

35

sd MODEL SPACE

F1= I
S T

1% P

P10

|O
|O
A-———————

28 .
Si

14

—

4

|O

ol w4

=

Order O 1 2
Dim. 1 13 261

4
11398 93710

20




Ex (MeV)

10

: s —— —— 5+ :
T 5+ = —— e
F 6+ e =——1 6+ :
e W e
5 — =
E 3+ — e 3+ 2
E 44 i 44 -é
;_ D p— 24 ';;
:— 0+ - 0+ -é
- -135.70 288Si -135.92 .
= experiment theory

8Si using the USD-A
Hamiltonian for the sd
shell

B.A.Brown and W.A Richter,
Phys.Rev.C74(2006),034315




%* VERY - LIGHT NUCLET (A< 12): AB - INITIO CALCULATIONS

* SHELL - MODEL

1p shell : Cohen, Kurath (1965): 15 2b m.e.
2s, 1d shell : Brown, Wildenthal (OXBASH) (1988, 2007): 63 2b m.e.
2p, 1f shell : Hjorth-Jensen, Kuo, Osnes (1995): Bonn (C) potential (1996)
Madrid - Strasbourg, (ANTOINE) (Kuo, Brown-KB force (1996)) 195 2b m. .
KB (fp), KB3, KB36....
Honma, Otsuka, Brown, Mizusaki: GXPF1,...(2004)
ex. 2®Ni: full fp shell: 10° (all M states) (2007)
2p, 1f, 194 ,,+ ? without reach 2.4 x 1020(a|l M states)

* RESTRICTIONS

C N C nv  ng(ny): number of active protons (neutrons)
Nz" = Nv Nz (Ny) : number of single-particle (j,m) states
for protons (neutrons)




Schematic interaction

Some examples

e M’ :
V(1,2) = -V, T Yukawa potential
V(1,2) = -Vo 3(ry-r2) \

\ O-forces

V(1,2) = -Vo 8(r;- 1) (1+acy.G5) |
V(1,2) = -Vo 8(r; -15) 8(ry-R) Surface-3interaction (SDI)

V(12)= 1QQ  (WithQu=r?Y, (Qr)) Quadrupole-quadrupole
interaction
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STATE-OF-THE ART SHELL-MODEL
CALCULATION IN fp SHELL

Strasbourg-Madrid
(CAURIER, NOWACKI, ZUKER,
POVES et al.)
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Full fp shell-model study of 2°Nli (Horoi et al., PRC 73(2006), 061305)
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(iii) The excitation energy of the first excited 2+ state in nuclei remains
remarkably constant over large intervals of neutron (proton) numbers.
Example: 27 excitation energy in Sn nuclei
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@ These 2* states are not rotational states but are connected to a coherent
pairing condensate.

@ Pair breaking energy: 2A=2 MeV




Extreme pairing model
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MANY - BODY (IDENTICAL) CORRELATIONS
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Summary and Conclusions

Shell model represent a powerful theoretical model to describe
low-energy nuclear spectroscopy

Having got E;,, Wjyx one can calculate matrix elements of
operators to compare with experiment (spectroscopic factors,
static and fransition electromagnetic moments - Q, u, B(E2), ...,
weak decays - B, BB, lifetimes, etc)

There is a clear link tfo the NN interaction, although more
developments in the effective interaction theory is required

The shell model as unified view of nuclear structure
E.Caurier et al, Rev. Mod. Phys. 77 (2005) 427




NOT AT ALL SURE THESE “CONCEPTS’
WILL ALL REMAIN VALID MOVING AWAY
FROM STABILITY (Sp=0 Sn=0)

EXTRAPOLATIONS ? VERY DANGEROUS

MOST METHODS (SHELL-MODEL, COLLECTIVE
MODELS, MEAN-FIELD STRUCTURE) HAVE A
CENTRAL BIAS i.e. DEVISED FROM REGION

AT AND NEAR STABILITY

Boo-

Vij Nz Vi
’ dependence ’

USE “ROBUSTNESS” OF SHELL-MODEL TO
EXPLORE LIMITS-COUPLING WITH MEAN-FIELD

PROPERTIES e.g. €5,




B. Changing mean-field and ‘islands’ of deformation
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48Cr in pf-shell model space

. ) KB3 (semi-empirical interaction
16~ 15727 — in pf’She” mOdel Space)
Strasbourg-Madrid
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20Ne (Z=10,N=10) and SU(3) model of
Elliott

J.P.Elliott (1958)

Rotational classification of
nuclear states (mixing of many
spherical configurations)
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« Add more particles 2, 3, ..n one can use h—>n+1—->n+2
coupling (c.f.p:coeff.of fractional parentage)

V(" TM= 20 (@ T T 1w o TTM)

Alternative method: construct Slater determinant (M)
and project out J values
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A very convient way for computing




Two major questions

* How to build a shell-model basis in an optimal
way (computational).
* How 1o handle the effective nucleon-nucleon interaction Vg¢+.

> Schematic interaction (parameterized interaction in nuclear
medium).

> Empirical effective interaction (fitting €, 2-body m.e. fo
nuclear properties such as Ey,B(E2), B(M1),1L,Q,[3-decay)
in a model space.

> Microscopic (effective) interaction (derived from a realistic
hucleon-nucleon force).
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Calculate Hamiltonian matrix H;=(¢,|H|$,
— Diagonalize to obtain eigenvalues
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THE PRACTICAL SHELL MODEL

- Choose a model space to be used for a range of nuclei
- E.g., the 1d and 2s orbits (sd-shell) for 160 to 40Ca or the 1f and 2p orbits for
40cq 1o 80zp

- We start from the premise that the effective interaction exists
- We use effective interaction theory to make a first approximation (G-matrix)
- Then tune specific matrix elements to reproduce known experimental
levels
- With this empirical interaction, then extrapolate to all nuclei within the
chosen model space

The empirical shell model works well!
But be careful to know the limitations!




