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Motivation

Nucleosynthesis: r process

e rapid neutron capture in high neutron flux;
e involves nuclei far from stability, to the neutron dripline;

e simulations: good knowledge of half-lives, neutron capture rates,
separation energies;

e challenging to experiment.

Tests of nuclear forces in heavier systems.



Present Methods for Nuclear Masses and
Transitions



Present Methods for Nuclear Masses and
Transitions

e Extended Thomas-Fermi with Strutinsky Integral;

e Finite Range Droplet Model,



Present Methods for Nuclear Masses and
Transitions

Extended Thomas-Fermi with Strutinsky Integral;

Finite Range Droplet Model;

Mean-Field (HFB):

Shell Model.



In theory...
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The half-lives for N = 82 isotones, calculated with extended Thomas-Fermi
with Strutinsky integral (ETFSI), finite range droplet model (FRDM), Hartree-Fock
Bogoliubov (HFB) approach and SM. (NPA 704, 145c (2002)



Tests of HF4+RPA in “toy” models
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Transition strengths in proton-neutron Lipkin model (PRC 64, 017303).
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Interacting Shell-Model

reduced number of neutrons interact;
restricted available single-particle space;
effective nucleon-nucleon interaction:
basis states: Slater determinants.

INNNNNY

SM



Mean-Field

e Particles assumed to be independent;

e Mean one-body potential due to other particles.

e One Slater Determinant which minimizes the energy;
e Neglects particle-hole correlations;

e Can break Hamiltonian Symmetries.

H =h+ V,es

[H,J?] =0 [h,J?] =0 and [Vyes, J?] =0




RPA

e 2p2h correlations on top of Hartree-Fock (HF) solution;
e the excited states are linear combinations of 1plh configurations;
e Quasi-boson approximation = Pauli principle violation.

%k %

e Estimation for excited states;

e Better description of the ground state and correction to the HF
energy;

e Introduce corrections to ground state observables;

e “Restoration” of Symmetries broken by the mean-field solution
(zero frequency RPA modes).



Model Space and Hamiltonian

Purpose: test of HF+RPA against exact diagonalization in full
Ohw shell-model space.

e Active space restricted to valence orbits (interacting shell-model
space);

e No radial degrees of freedom;

e Use separate Slater Determinants for protons and neutrons;

e |dentical orbits for protons and neutrons;

e Realistic interactions: Wildenthal Hamiltonian for sd shell, KB3
Hamiltonian for pf shell;

e Transition operators tested: isoscalar and isovector quadrupole
(E2), spin flip (SF) and Gamow-Teller (GT).



HF4+RPA vs. SM: questions to answer

TRANSITIONS

e |s RPA reliable for all transitions?

e Can we learn something about symmetry restoration in
RPA?

e What is important to treat, what can we leave out?



Brown-Bolsterli Model for Transitions

e Simplified model: s.p. energies + separable two-body interaction.
e In RPA all transition strength goes into one collective state:

* low-lying collectivity if the two-body interaction is attractive;
* high-lying collectivity if the two-body interaction is repulsive.

Expect low-lying collectivity to be more sensitive to symmetry

restoration.



Sum rules and global properties

H|i) = Eili)

Sy = Z(Ef — Eo)*|{0|F| f)]?
I

— (0|F"F0)
$1 = S (B, — Bo) [0 F ) = (0|l [#, Fl]jo

v

lkeda Sum Rule (Gamow-Teller) : So(37) — So(B81) = 3(N — 2)

S = g— (centroid), AS = \/— — 52 (width)
0



RPA for high-lying collectivity
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SM and RPA for high-energy collectivity transitions.



Total strength Sy, centroid S and width AS for GT transitions.

Nucleus SM RPA SM RPA SM RPA
)Ne 105 133 16.32 1253 435 242
2Ne 387 4.85 12.00 9.37 4.48 3.16
2AMg 426 4.85 1446 11.74 424 242
2Na 551 547 996 928 435 3.18
dANa 7.43 7.71 1032 929 487 3.48
v 1060 7.85 493 8.15 437 2.28
INe 425 355 7.87 867 597 3.98
Mg  7.12 6.76 11.02 10.00 6.05 4.21
295 9042 8.63 1228 10.39 5.41 4.99




RPA for low-lying collectivity

> >

O Q

E I | I | I E 8 I | I | I |
< 4.0 - £ 21 |
53 Isoscalar E2 % 6 Ne )
e i 22 ] 24 — SM _
7 Ne | @&

2 2.0 z RPA|
S {4 g2 ]
'z | 'z L | |
= 0.0 : = 0 '

= 0 5 10 15 = 5 10 15
- -

Ex. Energy (MeV) Ex. Energy (MeV)

Isoscalar quadrupole response in SM and RPA.



Total strength, centroid and width for isoscalar E2 transitions.

Nucleus SM RPA SM RPA SM RPA
2ONe 786 0.19 212 981 192 2.30
22Ne 936 0.89 201 552 219 2.79
24Mg 1257 051 213 7.99 2.09 2.75
22Na 953 7.49 147 127 263 1.82
24Na 881 6.33 210 1.81 285 1.88
46y 1521 1520 1.62 0.87 194 1.63
2INe  8.74 1327 153 0.64 282 1.35
Mg 10.71 12.49 225 1.08 2.66 1.62
29G;j 970 138 272 466 262 4.25




Symmetry restoration?
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Isoscalar quadrupole response at a phase transition point.

Incomplete symmetry restoration in deformed phase.



Energy-Weighted Sum Rule §5;
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SEPA = ST (RPA|F|) = J(HF|[F', [H, F]]| HF)

[Ring and Schuck, The Nuclear Many-Body Problem, Eq. (8.154),
p. 331]
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numerical comparison

Isovector E2

Isoscalar E2

Nucleus SPM SpP4 gk | goM  gibd  gik
2O0Ne 1427 13.74 13.74|16.63 1.82 7.43
22Ne  19.28 14.34 14.40|18.84 492 10.51
24Ne  21.89 14.89 15.06 | 20.87 8.42 11.99
24Mg  27.09 2328 23.28|26.71 4.08 14.87
S6Ar 1724 1472 1472|1732 221 8.64
28Gi 32,66 26.22 26.22|30.22 558 17.67
28GiT  40.13 35.76 35.76 | 34.31 28.26 28.26
220 1146 856 856 |11.46 856 8.56
20 1042 799 7.99 (1042 7.99 7.99




Energy-Weighted Sum Rule, Reuvisited
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Energy-Weighted Sum Rule, Revisited
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[Stetcu and Johnson, Phys. Rev. C 67, 044315 (2003)]



EWSR: Harmonic Oscillator
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Comments EWSR

Two types of excitations [Rowe, Collective Nuclear Motion)|:
Intrinsic - described by RPA;

rotational - not described in RPA.

For low-lying transitions:
associated with transitions in the rotational band;

contribution from zero excitation energy to sum rule — g.s.-to-g.s.
transitions.

Conclusion I: RPA g.s.-to-g.s. transitions associated with
transitions in the g.s. band.

Conclusion II: symmetries are not restored by RPA.



Gamow-Teller 5™ decays
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Gamow-Teller 3 decays
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> B(GT)

Deformation effects
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Global properties of strength distributions

So E (MeV) AFE (MeV)

Nucleus SM RPA  SM RPA SM RPA
“ONe BT/B~ 055 0.69 15.81 1220 422 242
*2Ne G 0.50 0.63 19.71 16.17 3.81 1.33
B~ 6.50 6.63 448 475 564 3.79

2AMg ~ Bt/B~ 233 273 1340 10.92 3.86 2.33
*4Na BT 1.67r 192 1459 1234 353 265
B~ .67/ 792 667 615 4387 3.72

26A1  Gt/3~ 428 428 11.86 10.37 3.43 2.87
“INe G 0.63 0.67 1585 13.96 4.49 282
B~ 363 367 649 582 505 4.17

25Na B 1.39 150 1596 14.06 3.27 1.95
B~ 10.39 1050 5.27 492 513 3.97

[Stetcu and Johnson, nucl-th/0309043]




Summary

TRANSITIONS

Good description of high-lying collective states;

Bad description for low-lying collective states (suggests incomplete
symmetry restoration);

Not very good description of low individual states;

Treatment of deformation looks more important than treatment of
pairing.



RPA ground state

Back to RPA



RPA excited states
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RPA Equations
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RPA correlation energy
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First Excited State
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