Shell-Model
Nuclear Level Density
and Related Physics

Viadimir Zelevinsky

NSCL / Michigan State University
Supported by NSF

Oslo, May 19, 2015



OUTLINE

From shell model and quantum chaos to level density
How the algorithm works

Emerging problems

First results

Role of incoherent interactions

First comparisons with other approaches and with reality

More questions than answers — work in progress




Microscopic description of Nuclear Level Density

Shell model (the most successful) \ 28q;
» Restricted model space TP 7
Dim(sd) ~ 108 \ /d
Dlm(fp) ~ 1010 Sd\ . . —/ dsp

» Need effective interaction

. . L P X core
» Numerical diagonalization S

» High accuracy: 6E ~ =200KeV

How it works:

Many-body states in Shell Model: |a) = Z Ci k).

Schrodinger equation: l:I\a) = E,la) = I:/5a = E,C,.



Statistical approach to Nuclear Level Density (cont.)
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M. Horoi, M. Ghita, and V. Zelevinsky, PRC 69 (2004) 041307(R)



=60

28; -8
-100

=120

Diagonal o

matrix elements
of the Hamiltonian -&o
in the mean-field

representation
-100

—120

—-140

— {H}m

B i—# =

= i —— -

| —

.- b |

i 1

] ]
L =t i —t e L. |

1000 2000 3000

Partition structure in the shell model

(a) All 3276 states ; (b) energy centroids
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Energy dispersion for individual states is nearly constant

(result of geometric chaoticity!)
Also in multiconfigurational method (hybrid of shell model and

density functional)
or = (k|(H — Hy)'|k) = ZHﬁr =-
I#k




a = [nJ 1,7}
p(E. (1) — Z Dar& : Gcm(E) Quantum numbers

b= {nlan‘.’a"' anq}

GQN(E) = G(E kS Eg.s. _ Eamoap;) Partitions
_. exp (-I2/202) : ’I| < 1o Finite range
G(I,U)-C {0 , ’I|>77'0 Gaussian Daﬁ
Ean — (H>cni-. Many-body dimension
JQN — \/(H‘Z)Qn - (H)gﬂ Tr(J)[] - Tr(J:)[”']J,-J - Tr(J:)l”']J:-JH

<H)an — I’I‘I'(QK)[}I]/DQK'q Centroids
(H*) o = Tr' " [H?)/ Do Widths



PRACTICAL ALGORITHM

(Ground state energy problem)

e Generate the set of partitions in given orbital
space
Example “°Ni in full pf-space:
1 087 455 228 m-scheme states,
2 581 576 J™T =070 states, 475 partitions

e Calculate partition centroids
(Hamiltonian traces/ dimension)

e Order partitions by their centroids

e Truncate shell model matrices including
consecutively partitions in their entirety

e Calculate the lowest states (Lanczos) with
progressive truncation

e Identify onset of the exponential regime

e Obtain the exact energy value
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Removal of the center-of-mass spurious states

Harmonic oscillator:

Nspur(Khw) ~ Z Npure((K — K" )hw), A7 ’ . :;-‘ ..

K'=1 \/ V4

where K’ presents how many times we act
with AL

.'.k ."‘-b
P. Van Isacker, Phys. Rev. Lett. 89, 262502 (2002) \ /

P
4’1 cm I'.““ ,"'.‘ :

l'\_/" .“\/,,,

Nuclear level density. Recursive method:

K Kstep2 J+Jy

ppure(E.J.K)=p(E.J.K)= > > > ppue(E.J . K—K)
K'=1 Jyer =dmin J'=|J—Jy/ |

M. Horoi and V. Zelevinsky, Phys. Rev. Lett. 98, 262503 (2007)
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Fmppi_O) (E. ‘]’ O) — p(E. J’ O) Nhw classification

Pure Total (N=0)
J41

oO(E,J1)=p(E, 1) - Z p(EJ0) =)
J'=|J-1

pO(E, J,N) = p(E,J,N)-

N Ngstep2 JiJk Recursive relation

Y Y Y OwSe-K)

K=1Jg=Jmin J'=|J-Jg|




28Sij, parity=+1, some J, sd-shell
Shell Model (solid line) vs. Moments Method (dashed line).
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Nuclear level density (MeV'l)
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MEAN FIELD COMBINATORICS

S. Goriely et al. Phys. Rev. C 78, 064307 (2008)
C 79, 024612 (2009)

http://www.astro.ulb.ac.be/pmwiki/Brusslin/Level

Hartree — Fock — Bogoliubov plus
Collective enhancement with certain phonons
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>2Fe, °2Cr, parity=+1, some J, pf-shell

Shell Model (solid line), Moments Method (dashed line), and

HF+BCS method (dotted line).
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_ o For given energy E — linear interpolation
Classical definitions determines the spin cut-off parameter

p(E, M) = p(E, 0)G(M; 0?)

Good: 28Si, 52Fe (all isospin parts of interaction)

_vr_ 1 VaF
(B, 0) = T3 g Bad: 44Ca - only 4 valence neutrons,
64Cr - pf-space occupied (40 neutrons),
lnfp(E, M) = X(B) — M only 4 active protons

o? . . . .
: (isospin 1 part of interaction)

X(E) = 2vaE — 5 10E + const
- 4 Isospin spoils the random spin coupling

Energy dependence of spin cut-off parameter:
o2 proportional to T.

To extract this parameter:

0% = a V(E) [1+BE]

in the appropriate energy regions
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Shell model level density (28Si, J=0, T=0)

p (MeV™!)

A 1

-

- -

-140 —40

E (MeV)

J=2,T=0

b (Mev™)

Averaging over
. 10 levels
e 40 levels

(distorted edges)

a=1.4/MeV
a (F-G) = 2/MeV
(two parities?)
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