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Overview

* New shell model 1deas for the low-lying
states

* Novel developments with shell model
nuclear level densities

» Potential impact of the shell model nuclear
level densities for nuclear astrophysics
predictions
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#E Nuclear Configuration Interaction

Ohw H'=H+ B(H,,, —3/2hw) Center-of-mass spurious states
1hw W = [, (NLPT — D, (00)DL) d=2(2j+1)
O+ 2)hw \ )
N N=3 | i el 1plf2
max B o A |
1+ 3)71(1) \\ pi /f afzz 19372
+ + N=3 0d3/2
H = ;%ak a, + klz @i 4 A, 4, + “\\ <d ) /’ 12
mn
. NS e 7 pi2
lo >= EC,- li(JT) >  JT-scheme: OXBASH, NuShell \ / 0p3/2
l N=0 0s1/2
la>= Y C 1i(JT,)>  J-scheme: NATHAN, NuShellX

i

lot >= EC Y 1i(MT,))> M-scheme: Oslo-code, Antoine,
MFDN, MSHELL, CMichSM, .

E< ilHI1j>C?=E/C/ Lanczos algorithm: provides few lower energies,
j especially the M-scheme codes.
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Current limit: 100 - 10! —> 46-48 np valence s.p. states
Extensions: Truncations, Exponential Convergence Method,

Coupled Clusters, Projected CI, ...
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699 energies, 87 nuclei, rms=168 keV

GXPF1 = GXPF1A
M. Honma et al, ENAMO04

GXPF1A Effective Interaction: f,,p; 0, f55

Renormalized G-matrix = GXPF1
Phys.Rev. C 69, 34355 (2004)

5 matrix elements adjusted for N=34
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CENTRAL MICHIGAN Configuration M. Horoi et al., Phys.Rev. C 73, 061305(R) (2006)
Koeln Low Spin -
L P __ Interaction (CI) : 12+
States in *°Ni: oy
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- 10+
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Angular Momentum Projected CI (PCI)
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Extension of PCI: Gao, Horoi
PRC 79, 014311 (2009); PRC 80,

Interaction taken from:

K. Kaneko, M. Hasegawa, and T. Mizusaki, D
Phys. Rev. C 70, 051301(R) (2004).

034325 (2009).

n=20, E,=1keV
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p(E,.J,7) ,
TE (n,y), (n,xn), (n,n), (n,p), (n,f),...
X +(p,n)
Hauser and Feshbach, Phys. Rev 87, 366 (1952)
40— nh? 1
T 2uyEy (207 +1)(2J 4+ 1)
Sy @) TE,J,m,ELJS, 1) TH(E, J, m, B}, I, )
J3 T Y Tu(E.J,m)
J" E
T(EJm= [T(EJmE,.J, x)pE,.J, x)dE,
Jy° E,;
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the rp-process path
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i The Back-Shifted Fermi Gas Model for

Nuclear Level Density

Rauscher at al, Phys. Rev. C 56, 1613 (1997)

1
p(U,J,W)=(U,J)P(U),

(8)
with
1 J exp(2+al)
A= V2w 12¢¥4 U7
2J+1 —JHF+1)
f( U,J)= 20_2 eXp 20_2 3 (9)
O, U 2
g SATEl . f 2 e
o= 2 = O iigia= 5 My AR U=E—.
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Y. Alhassid. G, F. Bertsch, S. Liu, and H. Nakada. Phys. Rev.
Lett, 84, 4313 (2000).

D. Maocelj, T. Rauscher, G. Martinez-Pinedo, and Y. Alhassid.
Nucl. Phys. ATIS, 750¢ (2003).

a
XZCO‘l_ClS(N,Z), (10)
6 =A(Z,N)
A B 12
even-even \/Za
A =0, (12)
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w5 The Spin Cutoff Parameter

3T 71 T T T T ] 1
M2\ (E) = — - (FRG)(E) ( M?
| (M%) (B) = — 5 S dnl(FRG)(E) (11°),
2 —
o’(E) = (M?) (E)
T+ + Exp., level counting
A Exp., (0.,n) ang. distr.
1 —— Calc. ref. [20] — 20 | T . ' ' l '
—- eq.(16)
i — :g.: :;; ] i . A& <M’> Shell Model |
. Sl, O <M’ Zero Order
o 0——F—+——"F—+——F—+——"F—+—F+—+ _
L i
2 —
1 + Exp., level counting | m
—— Calc. ref. [32]
| : —- eq.(16) i
0 1 [ 1 I 1 I 1 I 1 I 1 I o
0 2 4 6 8 10 12 WA | , | \ | . | . AAA
E [MeV] % 20 40 60 80 100
_ E (MeV)
T. von Egidy & D. Bucurescu,
Phys.Rev. C 80, 054310 (2009) Horoi, Ghita, Zelevinsky,
ANL M. Horoi CMU  Nucl. Phys. A 758, 142 (2005)
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w7 Other Models of Nuclear Level Densities

p(E,, J, m) = (1/2) U, J) ppe(U) HE+BCS -> pyppeg(U)

U=E_-A
- Goriely Nucl. Phys. A605, (1996) 28.
- Demetriou and Goriely, Nucl. Phys. A695 (2001) 95.
Z=10(|2=20|2=30|2=40 || Z=50 || =60 || =70 || Z=80 || =90 || z=100 || - http://www-astro.ulb.ac.be/Html/nld.html

Z=11||Z=21||2Z2=31||Z=41||Z=51||Z=61 || Z=11 || Z=81 || Z=91 || Z=101

Z=12 ||Z=22 || Z=32 || Z=42 || Z=52 || Z=62 || Z=72 || Z=82 || Z=92 || Z=102

Z=13 ||Z=23 || Z2=33 || Z=43 || Z=53 || Z=63 || Z=13 || Z=83 || Z=93 || Z=103

Z=14||Z=24||2=34||Z=44 || Z=54 || Z=64 || Z=14 || Z=84 || Z=94 || Z=104

HFB+Combinatorial: p(E, J, 7)

Z=15 || Z=25||Z=35 || Z=45 || Z=55 || Z=65 || Z=T5 || Z=85 || Z=95 || Z=105

Z=16|Z=26||2=36||Z=46 || Zz=56 || Z=66 || Z=76 || =86 || Z=96 || Z=106
7=171||Z2=27||2z=37||Z2=47 || Z=51 || Z=67 || Z=72 || Z=87 || Z=97 || Z=107 - S. Hilaire, J.P. Delaroche and A.J. Koning, Nucl.

Z=8 ||Z=18 || Z=28 || Z=38 || Z=48 || Z=58 || Z=68 || Z=78 || Z=88 || =98 || Z=108 PhySA632’417(1998)

Z=191|Z=29||Z=39|Z=49 || Z=59 || Z=69 || Z=79 || Z=89 || Z=99 || Z=109 - S. Hilaire, J.P. Delaroche and M. Girod, Eur. Phys.
J.A12 (2001) 1609.

7=

\O

- S. Hilaire and S. Goriely, Nucl. Phys. A779 (2006)
63

- http://www-astro.ulb.ac.be/Html/nld_comb.html
ANL M. Horoi CMU
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9 9 [
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Experimental Data: Neutron Resonances
http://www-nds.1aea.org/ripl-2/densities.html 18407 p———— . . ~
1e+06 | PWave X }2 ot 3%;-.
I { + ._Frf*'?; I,
1000 100000 | oy f P
p(Bn) =— — i o %‘;: ++'+:;’+rp + Tt
0 é 10000 |- e Bt Ll L ]
- i . W }
= 1000 | g 5 Y '
| N i 11/ o 3 ﬁ#‘*gg o - ;
2 Pt S : % o + ]
Jrms =eXP[— In" — ] 100 F % K ' ¥ .
Ne ; Déxp ;‘-‘%‘ . S N * ]
= 10 _ -'_Jé,' ' _
- 2 1 + | | | | . |

I 0 50 100 150 200 250

10? : , : I ; ; ; ; ; ;

BSFG HFBCS+Statistical HFB+Combinatorial
10'

Hilaire and Goriely, ¢
NPA 799, 63 (2006) 2

=

A

10",

ANL 107 - :
50 100 150 200 250 50 100 150 200 250 50 100 15 200 250
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Accurate Nuclear
Level Densities

Comparison of:

1. CI,

2. HF+BCS
www-astro.ulb.ac.be/Html/nld.html

3. experimental data

Complete spectroscopy: sd-
shell nucle1

Conclusions:

- HF+BCS overestimates the
data

- CI accurately describes the
data

ANL
March 25, 2010
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M. Horoi et al. : 28Si w=+ staircase: CI,

L L L L C

PRC 67, 054309 (2003), 106 000 |-

PRC 69, 041307(R) (2004), 2 - 1500 -

NPA 785, 142 (2005). g 50 T

500 —

PRL 98, 265503 (2007) . ) N

20 40 60 8 100 O 20 40 60 80 100 O

Configurations: e.g. 4 particles in sd — 5000 —————
d3 d5 sl ool — =30l4000 N =1 =
400 —; - 13000 - _ B N
310 2 000k | i 3000 ]
301... a ! {2000 (— —{2000 -
preserve rotational invariance 1000 - 1000 - Jio0o ]
and parity L 1 T L 1 T !
0 L L ke 1 L 1 0
0O 20 40 60 8 100 O 20 40 60 80 100 O 100
E MeV) E MeV)
p(E,.J.m)= Y D,(J.1)Gp( E.E,(J).0,(]))
cEconf E, . from CI, PCI, Exponential
E (o ()<Trgy<MIH IM>g Convergence Method (PRL 82, 2064
‘ ‘ ‘ : (1999)), CC, etc.

E=E-E,
- E_(J), o.(J): computational intensive
Configurations can be calculated in parallel

ANL M. Horoi CMU
March 25, 2010
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Fixed spin and parity nuclear level density for restricted shell model configurations.°

. 308>

Mihai Horoi,! Monica Ghita,! and Vladimir Zelevinsky®®

° Phystcs Department, Central Michigan University, Mount Pleasant, Michigan 48859, USA
F IX e J National Superconducting Cyclotron Laboratory, East Lansing, Michigan 48824, USA

3Departmem of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
(Received 14 January 2004; published 30 April 2004)

Conﬁ gura << H >>ppyr,= 2; D' (mnMT,) + KLJ Vijis D (1nMT,)

tion

Centroids

and

Widths

<< H? >>paur, = Y €D (mnMT;) +
i
Z [2616] + 2(62 + EJ)V;m + Z ]kl] Dij(ﬁinMTz) +

> {Z(Nﬁk‘ﬁm —Viahot 26:%‘1] DU (inMT,) +

(i<i)#
Y Vit + Vi Vi — 4ViiaVigin) D7 (RnMT)
(E<g)#(k<l)

Ea(J) =< H >pr,= (<< H >>up—yr, — << H >>aum—g+nr,) /D(minJT)

< H? >pagr,= (<< H? >>pam=ir, — << H >>pay—s1yr,) /D(AnJT,)

C. Jacquemin,

Z. Phys. A
303, 135
(1981)

ANL

2
OinJT, = \/ < H? >gnyr, — < H >4t

n - is the number of particles
Di(mnMT,) is the number of determinants in a partition 7% with nMT, and state i occupied,

il

D (minM) = Y, (1) Y D((n - )i~ U, — -+~ UM ~ tim, —-+~t,m, ).
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p(E,J.m)= 3 D.(J.1)Gpy( E.E (])).0,(])
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Level density: %Fg

10000 . - - l
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2
Theory: pf model space, )
GXPF1A interaction
ANL M. Horoi !
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different parities at low energies

p(EX’J’n):(l/z)f(U’J)pFG(U) R D — 164 L B R B B l T 1 11 16;1 1 l
Zn J=0 ZnJ=2
oex T — —
Equal contribution to both parities
Remedy by Alhassid, Bertsch, Liu, . i B
Nakada, PRL 84, 4313 (2000) + Basel < *
group (Rauscher) =~ B VA
0.5
Configurations: e.g. 4 particles in fpg |
0 bew I*|=||1||||1|1|1||
f5p3pl g9 = 0 30 10 20 3(
4000 + E_ (MeV)
3100 i — L L L S L I L I I S I
1.2 ’ 70 ) I 2 |
3010 + i — "ZnJ=0 — "ZnJ=2
3001 - 1
= %*
B 0.8 — /\*T‘/f
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the rp-process path
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R~ S <
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et Scaling of the MPI JIMOMENTS Code

Domain decomposition: many-body configurations Nucleus / Isospin | PN -
model space | configs | configs

Algorithm: Dynamical Load Balancing S2Felpf 315 22008

Machine: Franklin/NERSC >6Fe/pf 475 1174
64Ge/pfg9/2 | 3749 | 510544

Strong scaling

A
250 - seFe-475configs — o = .
52Fe - 315 configs —*
200 L Ideal Speedup N 100 — | ! |
@ Weak scaling for 56Fe: 475 configs —+
S 80f i
g 150 - §
B —~
aQ © 60 | N i T
@100 - 4 &
D ~
S # N 40 + .
50 - e 18
g 20 | -
£
0;,398/8/ 1 1 ! I L E
0 50 100 150 200 250 0 ' ' ' ' '
0 200 400 600 800 1000
number of cores N
umber of cores n
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CENTIAL MiCHIGAN NLD and Statistical Spectroscopy: PN Formalism
M. Horo1 et al. :

PRC 67, 054309 (2003),
PRC 69, 041307(R) (2004), Configurations: e.g. 4P and 4N in pf model space

NPA 785, 142 (2005).

Pf7 Pp3 Pf5 Ppl Nf7 Np3 Nf5 Npl
PRL 98, 265503 (2007) ;1 (1) g g : g g g
4 0 0 0 3 1 0 0

o(E,.J1)= ¥ D,(J.m)Gp( E.E,(J).0,(]))

¢ Econf preserve rotational invariance and parity

E.(N0.()<Trg,<MIH' IM>g,

E.=E-FE, .
- E, ;. from CI, PCI, Exponential

Convergence Method (PRL 82, 2064
E (J), 0.(J): computational intensive (1999)), CC, etc, or determined.

Many more configurations, which can be more
efficiently be calculated in parallel ) : : .
Y P D"(PNiM)= Y D (PiM,)D™ (NiaM,)
Mp+My =M
ANL M. Horoi CMU
March 25, 2010
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crmmnate JIMOMENTS PN Code for Nuclear Level Density

Nuclear Level Density: JMOMENTS code

. - . 2000 - I 4Gein pf+g;,2 shell —+ I l'
Domain decomposition: many-body configurations \deal Speedup
Algorithm: Dynamical Load Balancing 1500 - .

Strong scaling
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Results

E,(pf) = -304.25 MeV
E,(pf+g9/2), = -305.95 MeV
E,(pf+g9/2), = -306.75 MeV

i 64 Ge, JJI:= O+

L |— pf+e9/2,J-Dim=10", AE, =25 MeV

N
S
I

— pf, I-Dim=10
— pf+9/2, AEg_s_zO
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S
|

— (pf+g9/2),.J-Dim=10", AE =17 MeV

.
o
I

Nuclear level density (MeV'l)
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= 201 -
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g | i
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E,(pf+g9/2),=-356.6 MeV [ 1
ANL 0 e I |
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G oA NLD and Hauser-Feshbach

From A. Voinov et al., PRC 76, 044602 (2007)

0 =150°
 Hes™ Fe
E [ III“ E3He =10 MeV
S z
£ I A
0 2 4 6 8 10 12 14 4 6 8 10 12 14 16 18 6 8 10 12 14 16 18 20 ,*
S 10° “'Ni" compund
[3] : _ 0
2 102 E I’ 6 =150
» z =
» :
2 10"}
O - — d+” Co
10° |
: E, =7.5MeV
10" | I
102 [ i 1 i 1 " 1 i 1 i 1 " 1 i 1 i :
0 2 4 6 8 10 12 14 2 4 6 8 10 12 6 8 10 12 14 16
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ot Migionn NLD and Hauser-Feshbach

talys 1.2 : www.talys.eu 5

45
4
35
3
25
2

do/dE (mb/MeV)

15

Idmodel 1: Constant temperature + Fermi gas model 1

05

expI - OhioI —4—|
NLD-M1 —e—
NLD-M5 —#—

ldmodel 2: Back-shifted Fermi gas model 0
ldmodel 3: Generalised superfluid model
Idmodel 4: Microscopic level densities from Goriely’s table

ldmodel 5: Microscopic level densities from Hilaire’s table

do/dE (mb/MeV)

ANL \Y
March 25, 2010
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IR NLD: reaction rates
talys 1.2 : www.talys.cu Rauscher & Thielemann ADNDT 75, 1 (2000)
8 \1/2 (2I* +1)
Na(ov) oo (T) = (ﬂ'm) kT)3/2 G(T) / Z (2]0 +1)
ot (E)E exp (— E Z_TE:"’L )dE,

1E4

G(T) = 2(2[“ +1)/(210 +1)e—EX“/kT _>Ef(21n +1)/(210 +1)p(Ex,I’ﬂ)e—ExlkT
u

tallys 1.2- M1I —t I ' !
1F talys 1.2 - M5 —%— i
ADNDT 75 (2000) —
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e 001
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ANL
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NLD: rp-process

See also PRC 75, 032801(R) (2007)

From. P. Shury et al., PRC 75, 055801 (2007)

TABLE VI. Reaction Q-values derived from mass
measurements and Coulomb displacement energies re-
ported herein and derived from AME’03 [31]. All values

in keV.
Reaction This work AME’03
64Ge(p,y)“As —255(104) —354(172)*
8 As(p,y)%Se 2350(200) 2433(246)
68Se(p,;/)69Br —679(119)° —463(129)°
Br(p,y)°Kr 2450(216) 2234(227)
66 70,
Se Kr LEBIT + CDE
50 50
“as| |“As|| | [*Br AME'03 + CDE
Al \ Al VAl VAl Unmeasured:
“Ge “Ge GBSe “Se AME’03 Estimate
N\ 80 N 0
“Ga *As

Rauscher & Thielemann ADNDT 75, 1 (200
M. Horoi CMU
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CENTRAL MICHIGAN Removal 0 f I [)(Ez(::}% jgf(i =
Spurious ol |
Center-of-Mass _
Excitations | H'=H+ p{(He, -3/200)} |
o(E, J, 0+2): total density in a model 20:
space including all 0+2 h.o. excitations
Pusp(E> J, 0+2): center-of-mass 0 | M I, Jﬂ"“ : L
excitations removed  nrn
¥ (E20+2 p=10 ———
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2+J
P(E2,0+2) - E Y 0 (ET'.0) - Epmp(E J'1) eof |
=0 J'=[2-J¢|
10B: 10 particles in s-p-sd-pf’ Sy |
shell model space %0 |
Horoi and Zelevinsky, PRL 98, i :
265503 (2007) o] |
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Fixed J
Restricted
Configuration

Widths

Fixed spin and parity nuclear level density for restricted shell model configurations
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Moments method with restricted conﬁgurations%

S1 1n sd model space: only 4p-4p configurations included
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= Extreme Computing Goals

http://extremecomputing.labworks.org/nuclearphysics/report.stm

ATDHFB fission solutions
for hot nuclei

Static fission solved
for even-even nuclei

TD SLDA
validation

I I | ! I ! I !

0.01 0.1 1 10
Sustained Petaflop-Years

Reaction DB TENDL-2009: www.talys.eu —— MCNPX: menpx.lanl.gov
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Summary and Outlook

v" Shell model techniques describe and predict a large
number of data in medium and heavy nuclei.

v BSFG and mean-field models describe the existing data

within a factor of 10 (average 2), but they can calculate
NLD for all nuclei.

v" CI J-dependent NLD seem to be more accurate, but can
only be obtained for a limited number of nuclei.

v' J-dependent moments method reproduces very well
the CI J-dependent NLD and could provide accurate
NLD for a much larger class of nuclei.

v Work to integrated SM NLD with reaction codes is in

progress.
ANL M. Horoi CMU

March 25, 2010 SciDAC

Jomanghe




