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Time scales and associated models
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Compound - Direct
Nucleus Pre-equilibrium components
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Reaction time Emission energy
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Models sequence and required ingredients W

i . Masses
Masses Direct (shape) elastic Deformations

Deformations Excited discrete levels
Excited discrete levels Total level densities

Matter densities DI NP Gamma strength functions

Transition densities Particule-hole level densities Fission paths
Transition densities B

CSReaction cSNC

COMPOUND

PRE-EQUILIBRIUM NUCLEUS Fission channel
MODEL

OPTICAL
MODEL

T, .
J Inelastic channel

(n,n’), (n,a),
Direct inelastic components (n,y), etc...
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Level densities

- Why and where do we need them ?
s  Why?
*  Where ?

- Particle-hole level densities for pre-equilibrium
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*  Shell Model Monte Carlo approach
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*  Combinatorial approach

- Impacts on cross sections
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*  Non-Gaussian spin distribution
*  Governing competition

* Tabulated data adjustment
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Level densities : why ?
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Level densities : why ?
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Level densities : where do we need them ?

= partial or p-h level densities for pre-equilibrium model
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-

The pre-equilibrium model : master equation

P(n,E,t) = Probability to find for at time t the composite system with an energy E and an exciton number n.

A . , (E) = Transition rate from an initial state a towards a state b for a given energy E.

Evolution equation

P(n,E,t
d (dt! ) — P(n-2, E, t) }\‘ n-

, (E) +P(n+2, E, ) &, . (E)

P, E)[2, L E) A, LE) A, ()]
Emission cross section in channel

do,_(E, &) = o j Y P(n,E ), (E)dt de,

o N, An=2
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The pre-equilibrium model : initialisation & transition rates

Initialisation

P(n,E,0) = 8n,no with n,=3 for nucleon induced reactions

Transition rates

A (E)=—2hE (M?) w(p,h,E) with p+

n,

A (E)=% (M2) w(p,h,E) with p+

n,

_ 25 #1 w(p=-py,N,E=c = B))
Ao, (E) = 273 w(p,h,E) (")

State densities

w(p,h,E) = number of ways of distributing p particles and h holes among all
accessible single particle levels with the available excitation energy E

@ Level densities and gamma-ray strengths 19/10/2023 1
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Level densities : where do we need them ?

= partial or p-h level densities for pre-equilibrium model

= total level densities for compound-nucleus model

= Light particle emission in continuum bins
= Gamma decay
» Fission cross section

g Level densities and gamma-ray strengths 19/10/2023 12
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The compound nucleus model : multiple emission W

target Compound nucleus

fission

N
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The compound nucleus model : compact expression

GNC = Zb: G., Whereb=vy,n,p,dt, ..., fission

Jn
2041 n T, () >
G2 2 1, - W
o R Tp e 3 < o>
’ ? d
o

a

|
with J=1_+s +1,=j, +1, and n=(-1) 7,

and < Tb(ﬁ)> = transmission coefficient for outgoing channel
associated with the outgoing particle b
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The compound nucleus model : various decay channels W

Possible decays

* Emission to a discrete level with energy E

<T,(B>> = T,(5) given by the O.M.P.

* Emission in the level continuum

E +AE

Jn
<T, B> = | Ty(B) p(E.J,n) dE
E
p(E,J,n) density of residual nucleus’ levels (J,n) with excitation energy E

» Emission of photons, fission
Specific treatment
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The compound nucleus model : various decay channels

Possible decays

* Emission to a discrete level with energy E

Jn
<T,B > = T,(B) given by the O.M.P. LDs needed

{}

* Emission in the level continuum

E +AE

Jn
<r,> = | T, dE
E
density of residual nucleus’ levels (J,n) with excitation energy E

* Emission of photons, fission

Specific treatment
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The compound nucleus model : GOE triple integral W

A1 = N)[A = Ay
A ADA (L4 Aa) (A + AD2(A + Ag)?

+0o0
Wai, 5. ks = ] A\ d/\g /d/\

1 - AT/
H : el j’c) = {5@5(1 — .Tii'-a.,ja)
e+ MT )0+ 2T )
A\ A2 n 2 : (1 + dap)
1ot Do 5 L+ 2Ty, 5 1=AT5, N

[ A (14 Ap) - Ao (14 Ag)
A+MT 5 )A+ Ty ) A+XT, )0+ X Ty, )

IN(1 = )
(1 — AT )(l - )\Y}’-Ilnfl>)

aly.ja
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Level densities
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Level densities : particule-hole level densities

State densities in ESM
 Ericson 1960 : no Pauli principle
« Griffin 1966 : no distinction between particles and holes

« Williams 1971 : distinction between particles and holes as well as between
neutrons and protons but infinite number of accessible states for both

particle and holes

(U__B)M-—l
PP B B (M 1)1

— aPnthn _pvth,
wpﬂknpvhv( U) - gﬂ ﬂgv

where M is the total number of particles and holes of both kinds and

_ 1(pi+hﬁ+pn—hn+ pf+h?,+pv——hv) l(h“r hv)

B = I e ST
4 Jx gy 2\g, 4,
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Level densities : particule-hole level densities

State densities in ESM

Ericson 1960 : no Pauli principle

Griffin 1966

: no distinction between particles and holes

Williams 1971 : distinction between particles and holes as well as between

neutrons an
particle and

Bétak and D

protorrs botimfimite mumber of accessibtestates for both——

holes

pbés 1976 : account for finite number of holes’ states

Oblozinsky 1986 : account for finite number of particles’ states (MSC)

Anzaldo-Meneses 1995 : first order corrections for increasing number of p-h

Hilaire and Koning 1998 : generalized expression in ESM

N

Vi V4 V4 4 4
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Level densities : particule-hole level densities

Refinement to the ESM

* Fu 1984 : advanced pairing correction

« Akkermans and Gruppelaar 1985 : ensure consistency between ph and total
level densities

 Fu 1985 : advanced spin cut-off factor
« Kalbach 1995 : Inclusion and treatment of a gap in the ESM

« Harangozo 1998 : Energy dependent single particle state density g(c)

@ Level densities and gamma-ray strengths 19/10/2023 19
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Level densities : qualitative aspects from experiment

4 n+**Th
T T T T T T TT [ T T T T T T TT I T T T T T T 1T T T T T T 1T 10 | ‘
100— —
B **Mn 1 g
- 1 c 10° -
i i 2
i a o
— | ’HJJJ‘ _ g
Ll - 10°—
~ [72]
Z 10- P 0
B - 5 101:-—-\J k% \
I I
1 Ll | I | ‘ I Y Y I | | I I | S I 100 | ‘
0 1 2 3 i 10 100 1000
E (MeV) Incident neutron energy (eV)
* Exponential increase of the cumulated number of discrete levels N(E) with energy
dN(E
= p(E)= 9E increases exponentially

= odd-even effects
* Mean spacings of s-wave neutron resonances at B,, of the order of few eV

= p(B,) of the order of 10* - 10° levels / MeV
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Level densities : qualitative aspects D, vs mass A W
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Level densities : qualitative aspects D, vs neutron number N
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Level densities : quantitative analysis of D,

V@ exp(2Val)  y4q

U,J, n)=
P ) 12 5145/ 22 3

Level densities and gamma-ray strengths

p[

N

2c2

(J+1/2)2]
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Level densities : quantitative analysis of D,
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Level densities : quantitative analysis of D,

p(U,J, )=

RN
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Level densities and gamma-ray strengths

Level densities : quantitative analysis of D,

2
LU,y VR eR(2Vau) age [ ()
12 a1/4USI4 221 &3 P 2G2
40:.”.mum.mu RN RN IR
i ' ] Odd-even effects
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Level densities : Ignatyuk formula
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NN . .
Level densities : summary of analytical description W

Idmodel 1 in TALYS

106 F
105 L

104

N(E)

103 L
102 L

10

1 1 1 1 1 1 1 1 1
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Level densities : summary of analytical description W

Idmodel 1 in TALYS

106 F
105 L

104

N(E)

103 L
102 L

10

1

Discrete levels
(spectroscopy)
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Level densities : summary of analytical description W

Idmodel 1 in TALYS

106 F
105 L

104

N(E)

103 L
102 L

10

1

Fermi gaz (adjusted at B,)

Discrete levels exp (ZW )

(spectroscopy) p(E)=a

1/4 5/4
a U*
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Level densities : summary of analytical description W

Idmodel 1 in TALYS

106 F
105 L

104

N(E)

103 L
102 L

10

1

6 7 8 9
E (MeV)

Fermi gaz (adjusted at B,)
Temperature law

Discrete levels E_E exp (ZW)
—Eo

(spectroscopy) N(E)=exp ( ) p(E)=a
T
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Level densities : summary of analytical description W

Matching conditions : continuity of p and of its derivative (sometimes difficult)

106 F

Idmodel 1 in TALYS

105 L

104

N(E)

103 L
102 L

10

1

6 7 8 9
E (MeV)

Fermi gaz (adjusted at B,)
Temperature law

Discrete levels E_E exp (ZW )
0

(spectroscopy) N(E)=exp ( ) p(E)=a
T
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Level densities : More sophisticated analytical expression

« Superfluid model & Generalized superfluid model ldmodel 3 in TALYS
Ignatyuk et al., PRC 47 (1993) 1504 & RIPL3 paper (IAEA)

= More correct treatment of pairing for low energies
= Fermi Gas + Ignatyuk beyond critical energy
= Explicit treatment of collective effects

p(U) = Kiin(U) * Kiet(U) ™ pine(U)

/ \ J

Y
Aepr & A/8 Several analytical a~A/I3
or numerical options

= Collective enhancement only if p, (U) # 0 not correct for vibrational states

— yet not the most used one in pratice

g Level densities and gamma-ray strengths 19/10/2023 27
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Level densities : collective levels

—> vibrational level sequence for a spherical even-even nucleus

e 07,27,37, 4%, 67 3 coupled phonons
E, | —

Y= 07,27, 4" 2 coupled phonons
E2+ -

v 2+ 1 phonon

A
E,. other levels

A\ 4 0+

g Level densities and gamma-ray strengths 19/10/2023 28
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Level densities : collective levels

JJ+1) - K?
Cand = General level sequence for a deformed even-even nucleus : E, (J,K) =
EY GSban 2.5, (U,p)
quadrupole bands octupole bands
12—+ 8+ A A
1 [ \ [ |
N +
9+ 6 —sS —5
1 6"
| 6" — 4 —4
— -
+
6T —g TS —4 —3 3-
€ 4+ 3_ _ 2_
L o—er =2t 3+ —3¥ —2-
0" . . —Tr
1 2+ —_— 2 0__
1 0+ K =0+ K'=0" K'=1" K= K'=3"
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Level densities : explicit treatment of collective effect W
p(U) = Kvib(u) X Krot(U,B) X pint(U)

30 TTTTTTTTT TTTTTTTTT TT T T TTTT T TTTTTTTTT TTTTTTTTT TTTTTTTTT
i H even-even ]
: v odd-even A/13 )
i ® odd-odd - N
20— Tk _
- Y Y ]
£ " |
s | Tas s ]
= : wmrw l: : Y E o :
- v * i
10 i - -
B L vy .3 L 7
5 o | d 1
I LW 1
07 I O | ‘ I I | | Y | | I I | | I O | ‘ I I I | |7
0 50 100 150 200 250 30
Mass A
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Shell Model Monte Carlo

» Shell Model Monte Carlo approach
Agrawal et al., PRC 59 (1999) 3109 + Koonin et al, Phys. Rep. 278 (1997) 1 + Alhassid et al, Phys. Rev. Lett 99 (2007) 162504.

= Realistic Hamiltonians but not global
= Coherent and incoherent excitations treated on the same footing
= Time consuming and not systematically applied

level counting n resonance

T SMMC

X

0(E) (MeV™)

Courtesy Y. Alhassid

II4SNC|1 { | I!SONdI

0O 4 8 12 4 8 12 4 8 12 4 8 12
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Shell Model Monte Carlo (collective effects vanishing)

100

Nd *Nd
. W b-01s i l b=0.20 ]
s : %’Jv i :
E Tooce 0000 a--o---u----w;l] -uw
- |
& 100t ——— : |
SR Nd
=
2 10} R
ﬂ.:) ; @
1§ o .
b = 0.30 b=0.35
O30 20 30 10 20 30 10 20 30
E_(MeV)

neutron pair breaking proton pair breaking shape transition
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HFBCS Statistical approach

Mean Field + Statistical NLD formula

WW

Idmodel 4 in TALYS

Partition function method applied to the discrete SPL scheme predicted by a MF model

| eS(U)
w(U) = (27)3/2/D(0) UT)=ET)—-ET=0)
EF/T
)= _Ek /T q
(L) = 2(};}); 111{1 +exp(—E, /T)] + T+ exp(—EF/T)
=k ) Lk A2
E(T) = E.L’f |:1 4 : q t(]llh(—q)] . q
;:Zp; ' E; 21l G
g — EF
Ny = Z{l = qu 1 anh( 1 )}
k q
2 1 E‘I‘
a, = Zk: E—;‘ tanh( 2T)
2 T E
(T) Z Z bu HF‘Ch QT)
q np k

Level densities and gamma-ray strength
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HFBCS Statistical approach W

Mean Field + Statistical NLD formula Idmodel 4 in TALYS
97 41 _JJ+1)
pspn(U, J) = 2\'/%036 202 w(U)
JJI+1) K21 1
R ‘l 502 T3 ﬁ—a—zﬂ
pdef(b”])ZEKZZ_J\/W e 1 ( L/ w(U)

The inclusion of rotational bands may increase the NLD by a factor of 10-70

Courtesy S. Goriely

= Strong impact and sensitivity to the GS deformation of the nucleus !

—> deformation is known to disappear with increasing excitation

: ;O(['I* ]) = [J- - fdam.(U)} psph([f’r-. ]) + fdam (lr) pde.f((j-. j)

providing a smooth deformed (f,,,=1) to spherical (f,,,=0) transition, e.g

1 1

e L'T — 1_ | i
faam(U) 1+ oU = Egep)/d, [ 11 (B2 —B%)/ds
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HFBCS Statistical approach W

Idmodel 4 in TALYS
Mean Field + Statistical NLD formula

 NLD formula within the statistical (partition function) method based on the Skyrme or
Gogny HF-BCS/HFB ground-state properties
— Single particle level scheme
— Ground-state deformation parameters and energy
— Pairing strength
¢ Microscopic NLD formula includes
— Shell correction inherent in the mean field s.p. level scheme
— Pairing correction (in the constant-G approximation) with blocking effects
— Spin-dependence with microscopic shell and pairing effects
— Deformation effects included in

Courtesy S. Goriely

* the single-particle level scheme
* the collective contribution of the rotational band on top of each intrinsic state
» disappearance of deformation effects at increasing excitation energies

= Reliability: Exact solution the analytical formulas tries to mimic
== Accuracy: Competitive with parametrized formulas in reproducing
experimental data
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HFBCS Statistical approach

Comparison with experimental neutron resonance spacings !dmodel 4 in TALYS

xp from RIPL-2003

295 Exp. D
102: sk T Bl BT 8 R BT Exkad H0md T
. HFBCS: f..=21 BSFG: f =1.8

Courtesy S. Goriely

'10'2...|....|....|....|....| IR T TS T T NN TR ST HN (T ST T N MU U |
50 100 150 200 250 50 100 150 200 250
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HFBCS Statistical approach

103 .- :
! HFBCS HFBCS
102
Exp Exp
]01 !
45Ca 8781. 162Dy 210Bi
Yo 5 10 5 10 5 10 5 10
U [MeV] U [MeV] U [MeV] U [MeV]

NLD provided for all ~8000 8 < Z < 110 nuclei in table format

g Level densities and gamma-ray strengths

19/10/2023
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: : : e Idmodel 4 in TALYS
Comparison with experimental low-lying levels

Courtesy S. Goriely
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HFBCS Statistical approach W

Comparison of NLD predictions Idmodel 4 in TALYS

HFBCS+Statistical NLD formula
A

Analvtical shell-corrected Rack-Shifted Fermi Gas
120 — — : 1
i ey ) i - 1=HFBCS { BSFG
100 ST o 100 [

U=50 MeV
80 [

N r> 1000 N [ r> 1000
100 <r <1000 T 60 100 < r < 1000 -
10<r<100 c 10<r<100

] 40 [ 1<r<10

r < - E 01<r<1
. 0.01<r<0.1 i 0.01 <r<0.1 ]
+ 0.001 <r<0.01 - 20 0.001 <r < 0.01-
; r<0.0|01 n = ,r.’TQ'qD."....:
50 100 150 200 250 50 100 150 200 250

N N
Courtesy S. Goriely
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HFBCS Statistical approach : summary W

Mean Field + Statistical NLD formula ldmodel 4 in TALYS

Reliability: Exact solution the analytical formulas try to mimic
Accuracy: Competitive with parametrized formulas in reproducing
experimental data

But the MF + Statistical approach still makes fundamental
approximations :

- Saddle point approximation

- Statistical distribution

- Simple vibrational / rotational enhancement

- Sensitive to the adopted potential, 1.e SPL and pairing scheme

- Phenomenological deformed-to-spherical transition at

Increasing energies
- Partial particle-hole level densities incoherent with total NLD

Courtesy S. Goriely
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Level densities : combinatorial approach

« Combinatorial approach
S. Hilaire & S. Goriely, NPA 779 (2006) 63 & PRC 78 (2008) 064307.

= Direct level counting
= Total (compound nucleus) and partial (pre-equilibrium) level densities

= Non statistical effects (spin and parity in particular)
= Global (tables)

Level densities and gamma-ray strengths 19/10/2023 40
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Level densities : combinatorial approach W

See PRC 78 (2008) 064307 for details Idmodel 5 in TALYS

- HFB + effective nucleon-nucleon interaction = single particle level schemes

- Combinatorial calculation = intrinsic p-h and total state densities ®ph (U, K, )
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Level densities : combinatorial approach W

See PRC 78 (2008) 064307 for details Idmodel 5 in TALYS
—0-0-0-0— —O0-0-0-0— —0-0-0-0—
—O-0—- O@ 0@,
—FO0-0-0-0OF —O-0-0-0F —O0-0-0-OfF

—O-0-0-O1 —O-0-0-O01 —0-0- 0O
—O0-0-0-0O1- —0-0-0-Of —O0-0-0-Of

B A el e o —A oo —— —

-

— 00— O-@ —0—
10000 shell i 000 mCatatn . m

B 3 s 10000 10000
—0—— oo — 00—

Ground state Excited States
( 3 particules - 3 trous)
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Level densities : combinatorial approach W

Idmodel 5 in TALYS

E*

12—

9 T — 2+
1 —_— 0+
I by

— 4

6 — —3*
. —_— 0+

3. —1
| T
A4 — |
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Level densities : combinatorial approach W

See PRC 78 (2008) 064307 for details Idmodel 5 in TALYS

- HFB + effective nucleon-nucleon interaction = single particle level schemes

- Combinatorial calculation = intrinsic p-h and total state densities ®ph (U, K, )

- Collective effects = from state to level densities p(U, J, 7)

1) folding of intrinsic states and vibrational states : ©= ©,, + ®,

Level densities and gamma-ray strengths 19/10/2023 43
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Level densities : combinatorial approach W

Idmodel 5 in TALYS

E*

12—

9 T — 2+
1 —_— 0+
I by

— 4

6 — —3*
. —_— 0+

3. —1
| T
A4 —_— 0
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Level densities : combinatorial approach W

E Quadrupole phonons ldmodel 5 in TALYS
|
0 [ |
9 — 9
1 0+
S
&
6 — 3+
1 0+
3 —1I 0
A1 1+ 2+
L —0" K'=0" K'=2*

g Level densities and gamma-ray strengths 19/10/2023 44
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Level densities : combinatorial approach W

g Quadrupole phonons Octupole phonons Ildmodel 5 in TALYS
1 1

il [ | ( \
9 — o+

1 0+

R b
- T

—_3

1 0+ 2-

R E— 0
3 0 1

- +

1+ —_—2 0
L0t K=o K=t K=0 K'=1" K=2 K'=%
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Level densities : combinatorial approach W

g Quadrupole phonons Octupole phonons Ildmodel 5 in TALYS
|
0 [ | ( l \
| 0+,6+
1 1+,5+
9 T 2+ 0+94+
uE 0+ —2"4"
R b 3" —17,3"
6 ‘3‘; 2° 3
1 0*,2*
1 o - 7
3 — 1- —_0F 0+ -
1 1+ 2+ 0
L0t K=o K=t K=0 K'=1" K=2 K'=%
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Level densities : combinatorial approach W

g Quadrupole phonons Octupole phonons Ildmodel 5 in TALYS
|
0 [ | ( l \
- 0+,6+
1 1+,5+
9 9+ 0*,4*
uE 0+ —2"4"
R b 3" —17,3"
I " 3
1 0*,2*
— )"
-+ 0 2 0+.4+ 1’
3o —1 0 ’ 0* -
1 1+ 2+ 0
L0t K=o K=t K=0 K'=1" K=2 K'=%
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Level densities : combinatorial approach W

g Quadrupole phonons Octupole phonons Idmodel 5 in TALYS
[ | quadrupole l \

12— octupole

- 0+,6+

T [ l \ 17,57
9 2+ 3 0+,4+

£ 0+ 5 —2"4"

+ e B + + 2+

— 0,04 ; —13

L -_— —_0" —
6 — 3" 1 0 2+ 3-

4 0 ] ’ .

1 — 0 i 0+.4+ - 1_’3 1"
3 — 1- —_0F ? —_—2 0+ -

1 1+ 2+ 0

L0t K=o K=t K=0 K'=1" K=2 K'=%
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Level densities : combinatorial approach W

g Quadrupole phonons Octupole phonons Idmodel 5 in TALYS
[ | quadrupole l \
12— octupole
- 0*,6"
{ l \ 1+,5+
0+,4+
—3 2+ 4+
—2 1-,5 + +, +
0,04 3 13
+ — 2+
:& Folding performed with all states |5+ —_3
r —V—13 o —2
0+ 074 —_2 0+
1-
—_2" 0
K'=0+ K=" K'=00 K=" K= K=3%
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Level densities : combinatorial approach W

g Quadrupole phonons Octupole phonons Idmodel 5 in TALYS
[ | quadrupole l \

12— octupole

- 0+,6+

T [ l \ 17,57
9 2+ 3 0+,4+

£ 0+ 5 —2"4"

+ e B + + 2+

— 0,04 ; —13

L -_— —_0" —
6 — 3" 1 0 2+ 3-

4 0 ] ’ .

1 — 0 i 0+.4+ - 1_’3 1"
3 — 1- —_0F ? —_—2 0+ -

1 1+ 2+ 0

L0t K=o K=t K=0 K'=1" K=2 K'=%
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Level densities : combinatorial approach

See PRC 78 (2008) 064307 for details Idmodel 5 in TALYS

- HFB + effective nucleon-nucleon interaction = single particle level schemes

- Combinatorial calculation = intrinsic p-h and total state densities ®ph (U, K, m)

- Collective effects = from state to level densities p(U, J, 7)

1) folding of intrinsic states and vibrational states : ©= ©,, + ®,

2) construction of rotational bands for deformed nuclei

JK
p(U9 J9 TC) =Z @ (U'Erot’ K’ TC)
K
trivial relation for spherical nuclei

p(U,J, ) =0 (U, K=J, n) - ® (U, K=J+1, 1)

g Level densities and gamma-ray strengths 19/10/2023 45
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Level densities : combinatorial approach W

JJ+1) - K? :
= General level sequence for a deformed even-even nucleus : E_(J,K) = ldmodel 5 in TALYS
% 25, (Up)
E
12—
9 i
6 3-
1 2
3 0 —1
T 2 N
0 K =0+ K=00 K=1" K=2 K=%

g Level densities and gamma-ray strengths 19/10/2023 46
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Level densities : combinatorial approach

J(J+1) - K? '

= General level sequence for a deformed even-even nucleus : E_(J,K) = ldmodel 5 in TALYS
E% GS band 25.(U.P)
2+ —8°
9 i

1 6"
6 —1

e 3~

1 o
3 0 —1

T 2 N

S, &

I & K =0+ K=00 K'=1 K'=3"
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Level densities : combinatorial approach W

J(J+1) - K? :
= General level sequence for a deformed even-even nucleus : E_(J,K) = ldmodel 5 in TALYS

E% GS band 25,.(UB)
127 8 Quadrupole bands

T I

| 1

1 o
9 i

1 —_— 0"

1 6"
6 — 47+ - 5° 3-

1 4 2

| T
3+ o I-

T —_—127 o

N, &

L 0 K =2+ K=00 K'=I" K=2 K=3%
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Level densities : combinatorial approach W

J(J+1) - K? :
= General level sequence for a deformed even-even nucleus : E_(J,K) = ldmodel 5 in TALYS
E% GS band 25.UP)
12+- —8F
Quadrupole bands Octupole bands
T | |
| l \ r \
+
oL —6 _ 5 —5
1 06"
+ —4 —_—4
1 6 . s |
6 4+ —_— —_3 3-
L 4+ 3_ 2-
o— = —3 —2
— 0 - I-
1 2+ | — -
B & ’
L 0 K =2+ K=00 K'=I" K=2 K=3%
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Level densities : combinatorial approach W

J(J+1) - K? :
= General level sequence for a deformed even-even nucleus : E_(J,K) = ldmodel 5 in TALYS
E% GS band 25.UP)
12+- —8F
Quadrupole bands Octupole bands
T | |
| l \ r \
+
0L —6 —5 —5
1 —_—t
+ —4 —_—4
1 6 ) s |
o7 —4 TpTp— —— 4 3 —3
L 4+ 3_ 2-
o— = —3 —2
— 0 - I-
1 2+ | — -
B & ’
L 0 K =2+ K=00 K'=I" K=2 K=3%
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Level densities : combinatorial approach

See PRC 78 (2008) 064307 for details

- HFB + effective nucleon-nucleon interaction = single particle level schemes

- Combinatorial calculation = intrinsic p-h and total state densities

- Collective effects = from state to level densities p(U, J, 7)

1) folding of intrinsic states and vibrational states : ©= ©,, + ®,

2) construction of rotational bands for deformed nuclei

JK
p(U9 J9 TC) =Z @ (U'Erot’ K’ TE)
K
trivial relation for spherical nuclei

p(U,J, ) =0 (U, K=J, n) - ® (U, K=J+1, 1)

- mixing of spherical and deformed level densities for small deformations

g Level densities and gamma-ray strengths

N
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Level densities : combinatorial approach + temperature

See PRC 78 (2008) 064307 and PRC 86 (2012) 064317 for details

- TDHFB + effective nucleon-nucleon interaction

= |temperature (energy) dependent single particle level schemes

- Combinatorial calculation — intrinsic p-h and total state densities o, (U, K, )

- Collective effects — from state to level densities p(U, J, )

1) folding of intrinsic states and vibrational states

2) construction of rotational bands for deformed nuclei

p(U, J,m) =3, @ (U
K
trivial relation for spherical nuclei

-E

JK
rot

, K, )

Predicted within the
same theoretical
framework (coherence)

o(U, J, ) = o (U, K=J, 1) - ® (U, K=J+1, )

- mixing of spherical and deformed level densities for small deformations

g Level densities and gamma-ray strengths
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Level densities : combinatorial approach + temperature W

Neutrons levels around Fermi energy for 29 m Idmodel 6 in TALYS
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B
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Level densities : combinatorial approach +temperature W

For each temperature, the excitation energy 1s determined. Idmodel 6 in TALYS
- expected parabolic shape (U = T7) is observed.

Excitation energy as a function of the temperature
400

48Ti

S— 54(:11_

150

100

Excitation Energy U [MeV]

OFIHIIH”HH'HH'HH'HHllllllllll

Level densities and gamma-ray strengths 19/10/2023 50



NN
Level densities : combinatorial approach +temperature W

Temperature evolution of nuclear structure properties relevant for level Idmodel 6 in TALYS
density calculations within the combinatorial model

Quadrupole deformation

0.37 T | T T I T T T T I T T T T ‘ T LI B 7
o " E Cranking moment of Inertia
E‘ i_.--. E T T 1 rrr g7 UNNLINN L L -l
= P o . L 1
5 02 b —
& i ] 60 .
8 T ' ] i 1
g 015 W) 2 = [ ] e
2 1 1 E | 1 Total pairing energy
E 0.1 \" \ ] g 401
& UIir WA 1 5 | | 15/ T { T
5 C 1\ 1 £ L | | S— 1
0.05] 3 % ; J L e | T
: 1 =, 1 ——*cr | |
L\ 20— - t T .
_AI.IJ.T‘A.-:-_AAls_Axl{_A_A_L;_ = { 1 100
0.00 1“'—‘ 5 5 X I ] é‘i 10 , - ::Ru —
T (MeV) s 18 4 : | -
B, 18 [ Hf | ]
2 - ™pp | |
£ 5 N U | A
B F 1
% . 1
G.- i i F - ‘*'m‘.. i | ]
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Level densities : combinatorial approach +temperature W

Level density for 2%U Idmodel 6 in TALYS
-1-038"'|"'|"'l'i'|"'|'II -~ B
1034
1030

-:-\ 1026
5
D 1022
~u
-g 1013
=
1014
10 Tio 7 {TT—10 7
10 —T=1.0MeV (U=18MeV)
o b / —T=2.0MeV (U=779MeV)
10" g ——T=3.0MeV (U=168 4MeV)
103.,11...|...111.|...l.l.l...l.
0 20 40 60 80 100 120 140

U[MeV]
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Level densities : combinatorial approach +temperature W

Level density for 238U Idmodel 6 in TALYS
10* 7;18 o
U
10:8 /
102 /
o 107 ~~ —T=02MeV
: ——T=0.4MeV
SHErE e ——T=0.6MeV
E: ——T=0.8MeV
Q. 10* .T=1.0MeV
Pl ——T=12MeV
10® ' —T=1.4MeV
/ ——T=1.6MeV
10* ——T=1.8MeV
o - . . .. ..
0 20 40 60 80 100
U[MeV]
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Level densities : combinatorial approach +temperature W

Level density for 238U Idmodel 6 in TALYS

1032

10%
T=14MeV

106%

~ T=12MeV
g 107 i
D«» T=1MeV T=0 for all U

s/ | )

72]

© . 1n
Q 10°°

b

T=0.8MeV/
y 4
108 4/

100 . e
0 20 40 60 80 100

U[MeV]

g Leve 19/10/2023 52




NN % .
Level densities : combinatorial approach +temperature W

Level density for 238U Idmodel 6 in TALYS

1032
1028
1024
IUIC'

101'5

p_, (U

101:

10°

10¢ — T-dep

nLLL

10° Bow m g @ o om oW % w s om w @ mos 5w
0 20 40 60 80 100

U[MeV]
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Level densities : combinatorial approach +temperature W

10007717 T T T T T T T F T T T 17T F T T F T T T /7T T = .
: T 5 2 : :: . Idmodel 6 in TALYS
. 53F T i o T
100 =l e s L g 1 [ y
N 10; _.A-~"'42K #? 3 soCO 1 94Nb + 1OTCd 4
L | N N N R [ - I R T
1 7 5 N — 1 — —
100::_ 1 1 [ A
N : 155Eu 161D 162D
10 E y E3 y E
L | [ N I N T \
] I R B R B Y A : S A i
100 + . + -
N / 237
10::_ : 4 & 208Pb y U -
e 1 ] (-3 MeV) 1
Y I I B B I N B I N T I N N I B
01 2 3 4 5 1 2 3 45 01 2 3 4 5 1 2 3 4 5 1 2 3 4 5

U (MeV) U (MeV) U (MeV) U (MeV) U (MeV)
=) Structures typical of non-statistical feature
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Level densities : combinatorial approach +temperature W

y D, values (s-waves) Idmodel 6 in TALYS

HF+BCS+Statistical

frms= 1.79 £, =214 f._ =230
102 ................... iaiat s swas can caaarle el iwe boaws alla e gad gae ql
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
A A i
1/2
I
frms = exp T E 1112 :h
j\ DEXP
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Level densities : combinatorial approach +temperature W

. D, values (s-waves) Idmodel 6 in TALYS

102 ................................................... Lo iwa b aws ey eonl syl
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250

A A =

=) Description similar to that obtained with other
global approaches
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Level densities : combinatorial approach +temperature

C T ] IIIIIIIII [ IIIIIIIIIIIIIIIII I_
40 :
0.25— Ca =
E‘ 0.0 —
© 025 e
; _O ! 5 L 1 .1 AL 11 1 1 1 Lt l i NS N (N N N SN S S | IIIIIIIII ‘ IIIIIIII |_
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-'E Q75 78 B
© - Se ]
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Level d o2 |1 rature

......... TR TOTEN Idmodel 6 in TALYS
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Level densities

- Why and where do we need them ?
s  Why?
*  Where ?
- Particle-hole level densities for pre-equilibrium

* The equidistant spacing model
* Beyond the ESM

- Total level densities

* Qualitative features

* Quantitative analysis with analytical approaches
*  Shell Model Monte Carlo approach

* HFB+BCS Statistical approach

* Combinatorial approach

- Impacts on cross sections

*  Parity non equipartition

*  Non-Gaussian spin distribution
*  Governing competition

* Tabulated data adjustment

= :
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Level densities

- Why and where do we need them ?
s  Why?
*  Where ?

- Particle-hole level densities for pre-equilibrium

* The equidistant spacing model
* Beyond the ESM

- Total level densities

* Qualitative features

* Quantitative analysis with analytical approaches
*  Shell Model Monte Carlo approach

* HFB+BCS Statistical approach

*  Combinatorial approach

- Impacts on cross sections

*  Parity non equipartition

*  Non-Gaussian spin distribution
*  Governing competition

* Tabulated data adjustment
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10*

10°

p [MeV']

NN .
Level densities : parity non-equipartition
57
Fe
. *°Fe(n,y)’'Fe
™ 101 L TS ey
P (UP) | ]
. S s\
g |
A pUI=I2P) Rl N
[ | ~* EXFOR
—— Positive Parity : Par!ty erendent
.4 IR— Negative Parity | [ -Parity independent
T A 1 P S 107!
0 3 i 15 gl 1 10
B [MeV] E [MeV]
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Level densities : non-Gaussian spin distribution Combinatorial %

distribution N

it . : : |
i lgliﬁﬂﬁ,n)l&}fa
10° | 10 |
i —o—J=9/J=1 (Stat .
)%/j o j=85:}=2 gtat . 1L AEA: Leeetal 1998 |
g —— J=9/J=1 (Com C ; ]
g// - -y o e Utsunomyia et al. (2003) :
Present work
= Present work
10 l l l yd | | | |

0 1 2 3 4 5 0.1 1
7 3 9 10 11 12 13 14
£ [MeV] / E [MeV]

Gaussian
distribution

==) Non-statistical feature imply significant deviations from the usual gaussian spin dependence
which have significant impact on isomeric production

€228 Level densities and gamma-ray strengths 19/10/2023 58



Level densities : govern competition

Number of levels

0.0 0.5 1.0 15 2.0 25 3.0
T | T T T | i T T
1000 —1000
100 = 100
—— Experiment
10 Gilbert & Cameron (1965) —10
Belgya et al. (1997) =
1 | | | | | | | | 1 | | | 1 ] 1 | ‘ | l
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Excitation energy
Level densities and gamma-ray strengths

Cross Sections (barn)

[ )

(o)

L |
0 -2

Theory

E (MeV)

1
0 0.5 1 15 2 25

n+ 239Pu

Nelltl‘(;(lll Energy (MelV)
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Level densities : govern competition

Number of levels

1000

100

10

CLa

—— Experiment
~——— Gilbert & Cameron (1965)
— Belgya et al. (1997)

|II\II\[

IIII

IIIIII\.

0.5 1.0 1.5 2.0 25
Excitation energy

Level densities and gamma-ray strengths

1000

100

10

[ )

Cross Sections (barn)

Theory

E (MeV)

1
0 0.5 1 15 2 25

n+ 239Pu

L |

Nelltl‘(;(lll Energy (MelV)
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Level densities : table adjustment

oc\/(U—S)

P renorm U)=e P global (U-9)

1O4=§ I I IIIIIII I I IIlIIIl 1 I IIIIIII §= IIIIIIIIIIIIIIIIIlIlIIIIIIIIIIIIIII

; { rooop E

= 10°k 89Y - = z 8
2 n 2 - ,2n) 1

é C ( ;Y) ] é 1500 = )-:
s 10 38 gz .
5 1% g =3
@ y 1 @ 1000 -
(7)) 1l mm [~ 3
o 10F" g 10 F :
(7)) = 1 o L ]
< 1 2 ; :
[ L ] IIIIIII | 1 IIIIIII 1 ] III.IIII ] E llllllI]lllIIIIIlI L1l IIIIIIII-:-

0.01 0.1 1.0 10.0 0 o 10 15 20
Incident energy (MeV) Incident energy (MeV)
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Level densities : table adjustment

oc\/(U—S)

P renorm U)=e P global (U-9)
10005 l I E 104 I I IIIllII I I IIIIIII I I IIIIIII
C {0 d 89
£ i | 10 -
o = g
3 100 3 = E i d
k7] i . = 10 =
< [ ] 2 ]
© i i 5 d
| | @ 10 E
- — (7)] E » E
g 10 1 &8 | :
- L o ful 0
© I 1 © 10F 2
1 I I I I i 1 1 III]III 1 1 IIIIIII 1 1 [IIIIII |
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Introduction

We describe the physics and data included in the Reference Input Parameter Library, which is devoted to input parameters needed in calculations of nuclear reactions and nuclear data evaluations. Advanced modelling
codes require substantial numerical input, therefore the International Atomic Energy Agency (IAEA) has worked extensively since 1993 on a library of validated nuclear-model input parameters, referred to as the Reference
Input Parameter Library (RIPL). A final RIPL coordinated research project (RIPL-3) was brought to a successful conclusion in December 2008, after 15 years of challenging work carried out through three consecutive IAEA
projects. The RIPL-3 library was released in January 2009, and is available on the Web through http.//www-nds.iaea.org/RIPL-3/. This work and the resulting database are extremely important to theoreticians involved in
the development and use of nuclear reaction modelling (ALICE, EMPIRE, GNASH, UNF, TALYS) both for theoretical research and nuclear data evaluations.

The numerical data and computer codes included in RIPL-3 are arranged in seven segments: MASSES contains ground-state properties of nuclei for about 9000 nuclei, including three theoretical predictions of masses and
the evaluated experimental masses of Audi et al. (2003). DISCRETE LEVELS contains 117 datasets (ene for each element) with all known level schemes, electromagnetic and y-ray decay probabilities available from
ENSDF in October 2007. NEUTRON RESONANCES contains average resonance parameters prepared on the basis of the evaluations performed by Ignatyuk and Mughabghab. OPTICAL MODEL contains 495 sets of
phenomenological optical model parameters defined in a wide energy range. When there are insuffi i al data, the l has to resort to either global parameterizations or microscopic approaches. Radial
density distributions to be used as input for microscopic calculations are stored in the MASSES segment LEVEL DENSITIES contains phenomenological parameterizations based on the modified Fermi gas and superfluid
models and microscopic calculations which are based on a realistic microscopic single-particle level scheme. Partial level densities formulae are also recommended. All tabulated total level densities are consistent with both
the recommended average neutron resonance parameters and discrete levels. GAMMA contains parameters that quantify giant resonances, experimental gamma-ray strength functions and methods for calculating gamma
emission in statistical model codes. The experimental GDR parameters are represented by Lorentzian fits to the photo-absorption cross sections for 102 nuclides ranging from y to P%u. FISSION includes global
prescriptions for fission barriers and nuclear level densities at fission saddle points based on microscopic HFB calculations constrained by experimental fission cross sections.

GAMMA (ftp)
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Nuclear level densities (formulae, tables, codes)
* spin-, parity- dependent level densities fitted to D,
« single particle level schemes
* p-h level density tables
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Gamma-ray strengths : qualitative aspects from
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Gamma-ray strengths : qualitative aspects from photoabsorption
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Gamma-ray strengths : Brink-Axel hypothesis

Two types of strength functions :
- the « upward » related to photoabsorption

Fxuley) = €50 {oxu(ey))
' i (mhe)?2 2L+ 1
- the « downward » related to g-decay Spacing of states from

which the decay occurs

TXL(F,},) == 6(2L+1)—<Fi(ﬁl>/

Standard Lorentzian (SLO)

[D.Brink. PhD Thesis(1955): P. Axel. PR 126(1962)]

- E,T;
S 5

:)OE},—>0

Level densities and gamma-ray strengths
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Gamma-ray strengths : Brink-Axel hypothesis

Two types of strength functions :

- the « upward » related to photoabsorption
—2L+1
- _ & (oXL(€y))

fxuey) = (TheE

- the « downward » related to g-decay,

Spacing of states from
which the decay occurs

XL (E’}f ]>

Standard 1an (SLO)
[D. BripkPRD Thesis(19355): P. Axel. PRT26(1962)]
7o 7 Erls
- (E?2 - EN? 4+ E, T}

Level densities and gamma-ray strengths
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Gamma-ray strengths : Brink-Axel hypothesis

Two types of strength functions :
- the « upward » related to photoabsorption

Fxuley) = €50 {oxu(ey))
' i (mhe)?2 2L+ 1
- the « downward » related to g-decay Spacing of states from

which the decay occurs

TXL(F,},) = 6(2L+1)—<Fi(ﬁl>/

BUT

Standard Lorentzian (SLO)

[D.Brink. PhD Thesis(1955). P. Axel. PR 126(1962)]

77 i
— - 2 T >
(B7= B2« 5,7

v r

Level densities and gamma-ray strengths

19/10/2023

d

65



NN NN
Gamma-ray strengths : transmission coefficients W

E+AE k : transition type (E or M)
Tkk(E,SY) = ZTCJ‘f(k,X,Sy) 8y27”+1 p(E-SY) dE : transition multipolarity
E g, - outgoing gamma energy

f(k,\, SY) : gamma strength function (several models)

Decay selection rules S(k,’.,J;™,J;) from a level J," to a level J/:

For EL: m=(-1)" T, Jou€d.< (El= 10; 100 M1)
.- 4 - R
FOF M?\, TCf=('1 )7»+1 , | i )‘l -V =V A (XL ~ 10 XL-l)
experiment
Renormalisation method for thermal neutrons
B,

<T>=C DI ka%(a) p(By-e.dm) S(K,1d,m, Jy) de =27 <[>

J,, 1 KA Jg, e 0 0

g Optical model and compound nucleus model 19/10/2023 66
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- Qualitative features

- Analytical approaches

- Microscopic approaches

e HFBCS-RPA
«  HFB+QRPA
*  Shell Model

- Impacts on cross sections

*  Normalizations
 Exotic nuclei
* Hot topics
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Gamma-ray strengths : analytical approaches

-

Improved analytical expressions :
- 2 Lorentzians for deformed nuclei

- Account for low energy deviations from standard Lorentzians for E1
. Kadmenskij-Markushef-Furman model (1983)
= Enhanced Generalized Lorentzian model of Kopecky-Uhl (1990)
= Hybrid model of Goriely (1998)
= Generalized Fermi liquid model of Plujko-Kavatsyuk (2003)

- Reconciliation with electromagnetic nuclear response theory
= Modified Lorentzian model of Plujko et al. (2002)
= Simplified Modified Lorentzian model of Plujko et al. (2008)

- Update of SMLO in 2019
= Temperature dependence
= Adding extra-M1 strength at low energies
— guided by microscopic results
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Gamma-ray strengths : Brink-Axel & Kopecky-Uhl é%

Brink-Axel (option 2 in TALYS)

(E2 —E2,)? + EZT%, YT @+ D2

Ixe (E~, ) = Kxo

Kopecky-Uhl (fOl' El) (option I in TALYS)

E.Tgi(E,) 0.77 1472 T2

(B, T) = Kg _ / | !

ﬂl;‘lrf:-'l

o E? 4+ 47272 4+ S,—A—E.
with r}:‘l(E*,) = ]_"151"—2— and T = bu T In , E Y
) Bz, a(S,)

= Deformed nuclei : incoherent sum of two Lorentzians
— Parameters taken from experimental fit of data (RIPL-lll) for measured nuclei
= From global systematics otherwise

op1 = 1.2x120NZ/(AnTg1) mb, Egp = 31.247 /34206476 MeV, T'p1 = 0.026E5! MeV.

0pa = 0.00014Z2Eps/(AY3T go) mb, Eps = 63.A7Y3 MeV, gy =6.11 — 0.0124 MeV.
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VAT WA
Gamma-ray strengths : Brink-Axel é%

90 : 238
Zr (spherical) U (deformed)

1*10_6 T LI T T T T T T T T T T T T L T | T T T T 4.0'1DE_I T T T T T T T T T T T T T T T T T T T | T T T I_
B — M1 | 3.5'10*53— — M1 —
8*107 r—] | C —t1 | 3
I — 0 | ] 3.0"0° v
: e | 25*10‘55— M —
6*107- - ' - 1

= - - £
& | 18 :
& i 1 §2010°F -
. 1 @ C ]
e ] 1.5710° -
i ] 1.0M0°F -
2107 — - .
- . 50107 .
[!310&_ ! | Ll Ll I | L | Ll 1 I_ 0_']*1‘]']: Il /- L | Ll Ll | Ll 1l | | — I:
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Energy (MeV) Energy (MeV)

= Deformed nuclei : two Lorentzians = two peaks
= Lorentzian centroid energy decreasing with A

— M1 much weaker than E1 =log scale
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Gamma-ray strengths : Brink-Axel in log scale

%0Zr (spherical) 238) (deformed)

-5
1D:||||||||||||||||||||||

= =] L= =
=) ] B
c c
» o
& _ & _
10" = 10" =
— M1 : i — M1
s —F | 1oL — E1 |
10'13 1 11 1 I 1 1 11 | 11 1 1 I 1 1 1 1 | 1 1 1 1 | 11 1 1 10'12 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Energy (MeV) Energy (MeV)

= Strength — 0 for E — 0 (ok for gamma absorption but not for gamma decay)
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Gamma-ray strengths : various

%Zr (spherical)

models

in TALYS

U (deformed)

NN

ERAN

10% s —————r £
107
10°E §
= — M1 (Brink-Axel)
—— E1 (Brink-Axel)
£ £ —— M1 (Kopecky-Uhl)
o o —_—
2 40" 9 E1 (Kopecky-Uhl)
g g M1 (Hybrid)
2] ] —— E1 (Hybrid)
107 < 3 E
3 = 10" E
14 | | | | P | | |
A8 | | | | B | | | _
— Brink-Axel
— Kopecky-Unl
- - —— Hybria
= =
w w
o o
® ®
-]U“ Ly v b by by 10“ coeoe o by by e b by
5 10 15 20 25 0 5 10 15 20 25

Energy (MeV) Energy (MeV)

= E1=(10-100) M1 « where it counts »

= Kopecky-Uhl or Hybrid model correct low energy behavior of Brink-Axel when
considering gamma decay rather than gamma absorption

Level densitie



\/M ‘;‘/ e V4 "V
Gamma-ray strengths : analytical approaches

-

Improved analytical expressions :
- 2 Lorentzians for deformed nuclei

- Account for low energy deviations from standard Lorentzians for E1
. Kadmenskij-Markushef-Furman model (1983)
= Enhanced Generalized Lorentzian model of Kopecky-Uhl (1990)
= Hybrid model of Goriely (1998)
= Generalized Fermi liquid model of Plujko-Kavatsyuk (2003)

- Reconciliation with electromagnetic nuclear response theory
= Modified Lorentzian model of Plujko et al. (2002)
= Simplified Modified Lorentzian model of Plujko et al. (2008)

- Update of SMLO in 2019
= Temperature dependence
= Adding extra-M1 strength at low energies
— guided by microscopic results
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Gamma-ray strengths : analytical approaches

-

Improved analytical expressions :
- 2 Lorentzians for deformed nuclei

- Account for low energy deviations from standard Lorentzians for E1
. Kadmenskij-Markushef-Furman model (1983)
= Enhanced Generalized Lorentzian model of Kopecky-Uhl (1990)
= Hybrid model of Goriely (1998)

— Many choices and parameters : extrapolation at your own risks !

- Re
Except maybe the latest SMLO !

- Upaate or SiviLU In zu1Y
= Temperature dependence
= Adding extra-M1 strength at low energies
— guided by microscopic results
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Gamma-ray strengths : SMLO 2019 éé%

The newly proposed Simplified M1 Lorentzian Model (SMLO)

fmi(ey) = ! & I Sci de for def: d lei
r1(e+) = o .
Mm1(e 3nZREE "% (2 — BZ)2 + T2, cissors mode for deformed nuclei
1 ey T2,
+=— Tsf SR Y= in-Fli
3w2h2c2 " (2 - E_ff)2 I E?Yl“ﬁ f Spin-Flip mode

where the SMLLO M1 properties are inspired from the DIM+QRPA predictions

<= -
= fMl

Fani(e4) (24) + C exp(—ne.) M1 upbend for de-excitation

where the upbend properties are inspired from the Shell Model predictions

C=35108%exp(-6/,) MeV-3 Schwengner et al. 2017
Sieja 2017
n=0.8 Midtbo et al. 2018
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Gamma-ray strengths : SMLO 2019

Spin-Flip mode Scissors mode
Osf = 0.034%/% mb Osc = 1072|32M“”“ mb
E,; = 1847 Y% MeV E,.=5x A~Y10 MeV
I'sf =4 MeV I'se = 1.5 MeV
12 | . L'r. . € . | 5 _ , | S.C , ) J(‘ ,
i | + DIM+QRPA ask ;
: . —_ 1847 :
? -
s 9t
w” 8t
g
6f * DIM+QRPA

1.52_ B (a)

f sf— G.s;f/ E.sf + Dle:QRPA % f Sc=c.s'c/ ES(' Lo+ DII\’E+QRPA ; +
L T r - =3 +
02 — 7x10 4 + % 0_8__ — 1.7x10" 4 & , 8
=" +
- *#,
Z 0.15 - ) < osf . .
>l o R q T T . + *ﬁ:
E Fam s ' - SRR ¥
#H; ] oy | + + +
= o1 & 3 : Q o4 Ry I
el " ¥ g 3t + E g
& + ’ L +. U +
[ % ¥ [ o
0.05 [+ EOREE? ki 02[ TP g ¥ i
L + i L & +
3 (b) ] 3 w* + (b)
7o AW . . . . ] 0 L. . . . . .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
4 A
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Gamma-ray strengths : SMLO 2019 éé%
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Gamma-ray strengths

- Qualitative features

- Analytical approaches

- Microscopic approaches

e HFBCS-RPA
«  HFB+QRPA
*  Shell Model

- Impacts on cross sections

*  Normalizations
 Exotic nuclei
* Hot topics
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Gamma-ray strengths

- Qualitative features

- Analytical approaches

- Microscopic approaches

« HFBCS-RPA
«  HFB+QRPA
*  Shell Model

- Impacts on cross sections

*  Normalizations
 Exotic nuclei
* Hot topics
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Gamma-ray strengths : microscopic approaches

-

Systematic approaches : all nuclei feasible

« Those who know what is (Q)RPA don’t care about details,
those who don’t know don’t care either », private communication

= Systematic QRPA with Skm/RMF forces

= Systematic QRPA with Gogny force

Local approaches : regional study only

= Shell Model approach
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Gamma-ray strengths : microscopic approaches principle é%

Eec (MeV)
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Gamma-ray strengths : microscopic approaches principle é%

- K 'IT=O+

Eec (MeV)
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Gamma-ray strengths : microscopic approaches principle

Eec (MeV)
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NN
Gamma-ray strengths : microscopic approaches principle

Photoabsorption : E1 transitions dominate 0 = 07, 1

—KT=1* KTt
—KT=0*  ----KT=(-

Eec (MeV)

Level densities and gamma-ray strengths 19/10/2023
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Gamma-ray strengths : microscopic approaches principle

Photoabsorption : E1 transitions dominate 07 =07, 1~

—KT=1*  ----KT=1-
—KT"=0*  ----KT=0-

Eexc (MeV)
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Gamma-ray strengths : microscopic approaches principle éé%

Photoabsorption : E1 transitions dominate 07 =07, 1~

—KT=1*  ----KT=1-
—KT"=0*  ----KT=0-

Eexc (MGV)
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Gamma-ray strengths : microscopic approaches principle éé%

Photoabsorption : E1 transitions dominate 07 =07, 1~

—Km=1* ----KTm=1-

—KT™=0* ----Km™=0-
> g
= =
o €
) =
L S
L

Transition probability
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Gamma-ray strengths : microscopic approaches principle éé%

Photoabsorption : E1 transitions dominate 07 =07, 1~

—Km=1* ----KTm=1-
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Gamma-ray strengths : microscopic approaches principle éé%

Photoabsorption : E1 transitions dominate 07 =07, 1~

—Km=1* ----KTm=1-

—KT™=0* ----Km™=0-
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Gamma-ray strengths : microscopic approaches principle éé%

Photoabsorption : E1 transitions dominate 07 =07, 1~

—Km=1* ----KTm=1-

—KT™=0* ----Km™=0-
> g
= =
o €
) =
L S
L

Transition probability
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Gamma-ray strengths : microscopic approaches principle éé%

Photoabsorption : E1 transitions dominate 07 =07, 1~

—KT=1*  ----KT=1-
—KT"=0*  ----KT=0-

— S
5 — 3
z ________________________________________ N
N—" ©
T kbbb’ . oo [ —— S,
L

Transition probability
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Gamma-ray strengths : microscopic approaches principle %

Photoabsorption : E1 transitions dominate 07 =07, 1~

Transition probability

Egamma (MeV)

+ Broadening with a Lorentzian

1 I E?
5.5 = ). = (o= aGan P TR B ()
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Gamma-ray strengths : microscopic approaches principle

Photoabsorption : E1 transitions dominate 07 =07, 1~

15
- — K=0
I —_— IKl=1
“’g 10 .
“:9‘ L
o -
5 5 ] |
0||'||\|||‘\"“l\“|
0 2 4 6 8 10 12 14 16 18 20 22 24
Eare (ME\_’).--.,-.....- e —_. _tzian
S5, () =y - e By, ()
= — w:
B m[E? = (@ = A(w))*]? + T2E 75 2

i
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Gamma-ray strengths : microscopic approaches principle %

Photoabsorption : E1 transitions dominate 07 =07, 1~

15 15
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Gamma-ray strengths : QRPA raw results é%

QRPA provides with emission probability between an excited state and the GS

150:I [ |||||208Pb |IIII|IIII:
100E- 82 126 D1S
- DIM ]
— 50 =
E L | i
© ok | . :
— O: j : I ]
e L .
-100 ki
-, 17 Shells

_150 I | N O I L 111 I
12 13 14 15 16 17 18

w, (MeV)

— Broadening necessary to account for damping of collective motion
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Gamma-ray strengths : QRPA broadened results

-

QRPA provides with emission probability between an excited state and the GS

/=34 N=48

o)

£ 300—
c

o -
2.

2

® 2001
(7]

o

S i
c

i)

B 100k
o

(7]

o B
(44

S

2 ol
o 0 10 20 30 40

Energy (MeV)

= Shift to account for phonon couplings + beyond 1p-1h approximation
— Peak normalization to improve experimental data fitting
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Gamma-ray strengths : QRPA peak normalization

1°6 L '.' T X T ‘ T ? T L T L ¥ L T
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0.6 _
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A

Fig. 4. Ratio of the peak cross section oypax (th) estimated within the HFB 4+ QRPA model with the BSk7 Skyrme
force to the experimental value opax (€Xp) for the 48 spherical nuclei as a function of the mass number A.

See S. Goriely & E. Khan, NPA 706 (2002) 217.
Level densitie: S. Goriely et al., NPA739 (2004) 331. 19/10/2023
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Gamma-ray strengths : deformed nuclei

600 . T . T

D235 PR * Exp
00p U L Deformed
400 £\ T Spherical

5 10 15 20 25
E [MeV]

Fig. 5. Photoabsorption cross section for 2331, The dots correspond to experimental data [16]. The dotted line 1s

the HFB + QRPA calculation obtamed with the BSk7 force in the spherical approximation (applying the damping

method) and the full line when applying in addition ourf phenomenological procedure to describe deformation|
effects. Both cross sections have been shifted by 0.5 MeV upwards to reproduce the low energy tail.

See S. Goriely & E. Khan, NPA 706 (2002) 217.
Lovel densitie: S. Go’rielyvet al., NPA739 (2004) 331. o/10/209%
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Gamma-ray strengths : QRPA for exotic nuclei

-

25 ——

2
=

f (E1) [mb MeV ']

25
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Gamma-ray strengths : beyond spherical approximation éé%

QRPA calculations can accurately reproduce experimental data,
provided empirical corrections are made, i.e.
* Empirical damping of collective motions = broadening
* Empirical Energy shift (beyond 1p-1h excitations and
phonon couplings)
* Empirical deformation effects for spherical calculations

g Level densities and gamma-ray strengths 19/10/2023 85
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Gamma-ray strengths : beyond spherical approximation é%

QRPA calculations can accurately reproduce experimental data,

provided empirical corrections are made, i.e.

* Empirical damping of collective motions = broadening

* Empirical Energy shift (beyond 1p-1h excitations and
phonon couplings)

* Empirical deformation effects for spherical calculations

U

Can be removed within the axial Gogny QRPA framework
but high computational cost
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Gamma-ray strengths : axial Gogny QRPA approach é%
Extremely high computational cost !

QRPA calculations performed to

computing time for a given K”* with 1024 cpu

Ngp|No cut|e, = 100 MeV |e, = 60 MeV g, = 30 MeV

1) perform sensitivity analyses w.r.t : 9 5’ 5’ Az 38"
o effective interaction (D1S vs D1M)
e nuclear deformation I1 | 2h 2 h Ih 5
e quasiparticle e.nergy cut-off e, 131 491 2% 1 61 30
e number of major shells N,
compromise accuracy vs computing time 15| 21d 8 d 30 h 2h
17 ] 286 d 63 d 7d 8h

2) compute QRPA strengths for all nuclei included in the IAEA RIPL-3 database
3) compute low energy collective states

4) Add “global” corrections to theoretical predictions to fit data

5) Produce tables for all nuclei

Level densities and gamma-ray strengths 19/10/2023 86
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Gamma-ray strengths : adjustment method %

folded strength raw strength
SEl ZL E wn)BEl(wn)
with
K ['E?
L(E,w) =

T |BE? — (w— A)?]2+12E?

where K, A and I" can be adjusted

Level densities and gamma-ray strengths 19/10/2023 87



= o
= e

Section efficace {mb)
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Section efficace (mb)

= Shift to account for phonon couplings + beyond 1p-1h approximation
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= Peak normalization to improve experimental data fitting

Level densities and gamma-ray strengths

Gamma-ray strengths : broadening of 2 MeV only
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Gamma-ray strengths : all parameters adjusted

/=34 N=48
20T T

150~

100

0

Section efficace (mb)

0 | | 1 | 1
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= Good agreement with data

/=46 N=62
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= Systematic predictions can be performed

Level densities and gamma-ray strengths
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Gamma-ray strengths : deformed QRPA vs Brink-Axel W

%0Zr (spherical) 238) (deformed)
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100

= OK for photoabsorption
= Significant structure for M1 transitions
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Gamma-ray strengths : deformed QRPA vs Kopecky-Uhl W

U (deformed)

__"Zr (spherical)

E T E T T
) é_ | 0-6 g / T \—-—-—E
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= Missing low energy strength for E1
= Significant structure for M1 transitions
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Gamma-ray strengths : shell model

» Shell Model approach
E. Caurier et al., Rev. Mod. Phys. 77 (2005) p410-427

= Very precise
= Even-even, odd-A, odd-odd nuclei treated on the same footing
= Possibility to predict within the same framework

- spectra

- transitions between any excited state

- weak decays (beta, double-beta, ...)

- pairing, deformation, ...

Courtesy K. Sieja

But

= local (parameters adjusted on exp. data for each mass region)
= Not applicable everywhere due to the dimension of the matrices
to diagonalize when large valence spaces are required
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Gamma-ray strengths : shell model

1x10%; —
[ EXP —e—

SM, E1 ——

4 SM, M1 ——

SC SM, E1+M1 ——

1107}

f, (MeV™)

1108}

Courtesy K. Sieja

1X10'9 1 1 | | | 1 - o |

= Shell model : first microscopic model reproducing low energy experimental data related to gamma decay
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Gamma-ray strengths : shell model vs analytical approaches

1%10° : S

fieq (MeV™)

1x1079 ¢

Courtesy K. Sieja

1x10°10
0

= Shell model validates the non-vanishing of the strength at low energy as phenomenologically introduced in
some analytical formulae
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Gamma-ray strengths : shell model lesson W

1e-05 | . w 1e-05 | . ‘
— decay strength —— , decay strength ——
_ 1* >0, | 1" >0,
1e-06 | - 1e-06 S
4 I s [
-07 F )i 2 E
> e s 1e-07 |
g r _LH-|—I'I-|-'—'_|_rL_F .._E_, F
.,_5 1e-08 * | “_E 1e-08 -
1600 | N ’J\ 1609
1e-10 ' ' ' 1e-10
0 2 4 6
E, (MeV) E, (MeV)

= Shell model shows that both E1 and M1 non vanishing low energy strength
stem from intra-band transitions.

Courtesy K. Sieja
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Gamma-ray strengths

- Qualitative features

- Analytical approaches

- Microscopic approaches

« HFBCS-RPA
«  HFB+QRPA
*  Shell Model

- Impacts on cross sections

*  Normalizations
 Exotic nuclei
* Hot topics
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Gamma-ray strengths

- Qualitative features
- Analytical approaches

- Microscopic approaches

e HFBCS-RPA
«  HFB+QRPA
*  Shell Model

- Impacts on cross sections

*  Normalizations
 Exotic nuclei
* Hot topics
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Gamma-ray strengths : normalizations W

Normalisation method for thermal neutrons

experiment
iy N\
1
<T>=C DI J-Tk"\(a) p(By-e.dm) S(K, 1, m, Jym) de =27 <[>
JI,TC k?\,Jf,TCf 0 DO
- <T,>eyp. = 90 £ 13 meV
-~ S.F Mughabghab (1984)
g -
&
= 10 3 — gnorm 4.26 - I', = 90 meV
8 L ~gnorm 1 -T", =21 meV
a8 L
o
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R =
= —
~ - 4+ 1984 Beer M
- ® 2006 Wisshak e T
I 1 | IIIIIII | | IIIIlIl | | IIIIII| | '.I.-'-‘]'.IIII
10° 10 10° 10°

E, [eV]
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Gamma-ray strengths : normalizations

Normalisation method for thermal neutrons

experiment
B, /&_
1
<T>=C DN ka%(s) o(By-e,dm) S(k,\,J,m, Jy) de =27 <I>
Jim KL dgme? D,
- <T >y, = 90 £ 13 meV |
- S.F Mughabghab (1984) Experiment
- | <T,>,,p. = 63 £ 14 meV revisited
=2 | S.F Mughabghab (2007)
=
= 10 — gnorm 3.6 -, = 77 meV
@ T = gnorm 4.26 - I, = 90 meV
2 L
o
S L
st AL

4 1984 Beer
B 2006 Wisshak

| | I I | | | L 11111 | 1 | I | | | I 111 |+"r-
3 5 6
10 10" 10 10
E, [eV]
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Gamma-ray strengths : normalizations

Normalisation method for thermal neutrons experiment
. N\
1
<T>=C DN ka%(s) o(By-e,dm) S(k,\,J,m, Jy) de =27 <I>
Jum ki Jgme? D,
- <T >, =63 £ 14 meV |
- S.F Mughabghab (2007) Experiment
- revisited
E -
=
% 105_ — gnorm 3.6 -I', =77 meV
@ T = gnorm 4.26 - I, = 90 meV
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= |
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4 1984 Beer
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Gamma-ray strengths : exotic nuclei

25

=t -2
Ln =

[ —
o

b

f (E1) [mb MeV ']
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Gamma-ray strengths : exotic nuclei

Capture cross section @ E =10 MeV for Sn isotopes

=
=
S, 10k d
am : !
<
o
o
o
1.- Sn oy

50 60 70 80 90 100 110
N

— Weak impact close to stability but large for exotic nuclei
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Gamma-ray strengths : Hot topics W

Low energy upbend of gamma-ray strength observed in several experiment

particle—y coincidence in the (*He,ory) & (*He,’He' y) reactions

» Upbend observed for 443S¢, 3051V, 5857Fe,
Mo 7374Ge, 3-%8Mo, Sm but not (yet) for Sn,
' Dy, Eror Yb
The M1 character of the upbend seems to be
3 confirmed by shell model calculations (though
s an E'1 character cannot be excluded yet)

3

(y.n) data

(*He,’He’) data

M1
shell model

2 4 6 8 10 12 14 16
E, (MeV)

y-ray strength function (MeV?) y-ray strength function (MeV™®) y-ray strength function (MeV™®)

y-ray energy E (MeV) y-ray energy Ei (MeV)

R. Schwengner et al. (2013); Brown & Larsen (2014); Sieja (2016)
g A -C. Larsen et al. (2009)
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Gamma-ray strengths : Hot topics

Low energy upbend of gamma-ray strength observed in several experiment

particle—y coincidence in the (*He ,ary) & (*He *He' y) reactions

w0 » Upbend observed for 444Sc, 3031V, 3657Fe,
Mo Mo B3 74Ge, 3-%5Mo. Sm but not (vet) for Sn.

MeV?)

Upbend interpreted by Shell model as transitions between
excited states (intra-band) rather than between excited states
and ground state.

Could be calculated within QRPA framework provided a few
more developments and “much more calculation”

g =

b3 2

> (= e L

2 —

= —

c wr

% 10*1 M1

3

2 ‘ shell model

e 3 |

4 10 1 1 1 L 1 1 1 L
> 0 2 4 6 8 10 12 14 16
r

E. (MeV)
D 2 46 810121416180 2 4 6 8 101214 16 18 ¥
y-ray energy E (MeV) y-ray energy E (MeV)

. A -C. Larsen et al. (2009)
Cea
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Gamma-ray strengths : low energy missing strength

Normalisation method for thermal neutrons

experiment
B, /&_
1
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N S.F Mughabghab (2007) Experiment
- revisited
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Gamma-ray strengths : low energy missing strength W

Capture cross section OK but gamma spectra constrained by multiplicity not reproduced !

o
=

.]03

Number of events per 20 keV
(]

Number of events per 20 keV

1 2 3 4 5 5}
E

7
. (MeV)

i L |
6 7
E, (MeV)

— DANCE

= Simulations

Number of events per 20 keV

Number of events per 20 keV

| vl b by bevs e s b L 1
5 6 05 %1 15 2 25 3 35 4 45
E, (MeV) E, (M
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Gamma-ray strengths : low energy missing strength W

Capture cross section OK but gamma spectra constrained by multiplicity not reproduced !
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Gamma-ray strengths : low energy missing strength

N

Capture cross section OK but gamma spectra constrained by multiplicity not reproduced !

AN

= New resonance added at energies around 4 MeV (E1 or E2 pygmy resonance or M1 scissor mode)

&1 0°°

MeV

S

10°°

PSF

107/
1078

107°

@ Level densities and gamma-ray strengths

Kopecky-Uhl

¥~ N\
M1 mode « scissor » x

— E1

— M1

0

5

10

15

20

25

30 35

E, (MeV)

19/10/2023

103



NN . .
Gamma-ray strengths : low energy missing strength W

Capture cross section OK but gamma spectra constrained by multiplicity not reproduced !

o
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.]03

Number of events per 20 keV
(]

Number of events per 20 keV
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E

7
. (MeV)
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= Simulations

Number of events per 20 keV

Number of events per 20 keV
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Gamma-ray strengths : low energy missing strength W

Capture cross section OK but gamma spectra constrained by multiplicity not reproduced !

= New resonance added at energies around 4 MeV (E1 or E2 pygmy resonance or M1 scissor mode)

Number of events per 20 keV
Number of events per 20 keV

L i W
6 s §
E, (MeV) E, (MeV)

%]
of
I
oF

. M=5 __paNcE

104 L\ = VWith M1 resonance
™ — With E1 resonance

— With E2 resonance

Number of events per 20 keV
Number of events per 20 keV

1 2 3 4 5 6 05 1 15 2 25 3 35 4 45 5
E, (MeV) E, (MeV)
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Gamma-ray strengths : low energy missing strength W

Capture cross section OK + gamma spectra OK and no more arbitrary normalization

o
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Gamma-ray strengths : low energy missing strength W

= Shell model based correction added to QRPA predictions
10° . ‘ . 10

10 T ]
10.7_fE1,0=510 U/ [1+exple-b)] M1 365, |
— QrPa| _ 107 DIM+QRPA + Upbend 1
o108 . i + N "\ Sieja (2017) ;
S Mg . — | smt N%\LE '
- 10'9;. U=0 ]
B -~ U=2MeV |
10 D1M+QRPA """ U=5MeV
---- U=10MeV
< rarsnid o0 DIM+QRPA
L 5 EHEMeV] 15\29\QRPA 0o 2 4 6 8 10 12
Y E, [MeV]
fo

QRPA(E)/) — QRPA(E )+ QRPA(E )_ QRPA(E)/) +Ce T’E]/

+ e(EY_EO)
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Gamma-ray strengths : Gogny QRPA vs analytical
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Gamma-ray strengths : Gogny QRPA vs analytical

Comparison of DIM+QRPA+0lim and SMLO with <I',> data

Sn+En
(Ty) = Z / Txr(ey) X p(Sn + En — €4, J, m)de,
2 X.L. 2w

DIM+QRPA+0lim SMLO

] 'Em
« DIM+ QRP A+0lim
50 IOO IQO 260
A

Open diamonds = CT + BSFG
Full diamonds = HFB + Combinatorial

Both PSF models reproduce ~230 <I" > within ~ 30-50%

g 19/ IUI/2023
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NN .
Gamma-ray strengths : various options in TALYS

projectile n
element u

mass 278
energy 1.  strength =1 : GLO model (Kopecky & Uhl 1990)

strength 1 > 10 e strength =2 : SLO model
e strength = 3 : Skyrme-HFBCS + QRPA
» strength =4 : Skyrme-HFB + QRPA
* strength =5 : Hybrid model
* strength = 6 : T-dependent Skyrme-HFB + QRPA
e strength =7 : T-dependent RMF-HFB + QRPA
» strength = 8 : Gogny-HFB + QRPA
e strength=9 :SMLO 2019
e strength =10 : T-dependent Bsk27-HFB + QRPA

With many options to modify/adjust the strength parameters
* Analytical formulas (strength=1,2,5): o, I',, E, ... for GR and PR
* Microscopic formulas (strength=3-4,6-8): “etable”, “ftable”, “wtable*
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Gamma-ray strengths : summary
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Introduction

We describe the physics and data included in the Reference Input Parameter Library, which is devoted to input parameters needed in calculations of nuclear reactions and nuclear data evaluations. Advanced modelling
codes require substantial numerical input, therefore the International Atomic Energy Agency (IAEA) has worked extensively since 1993 on a library of validated nuclear-model input parameters, referred to as the Reference
Input Parameter Library (RIPL). A final RIPL coordinated research project (RIPL-3) was brought to a successful conclusion in December 2008, after 15 years of challenging work carried out through three consecutive TAEA
prajects, The RIPL-3 library was released in January 2009, and is available on the Web through http://www-nds.izea.org/RIPL-3/. This work and the resulting database are extremely important to theoreticians invelved in
the development and use of nuclear reaction modelling (ALICE, EMPIRE, GNASH, UNF, TALYS) both for theoretical research and nuclear data evaluations.

The numerical data and computer codes included in RIPL-3 are arranged in seven segments: MASSES contains ground-state properties of nuclei for about 9000 nuclei, including three theoretical predictions of masses and
the evaluated experimental masses of Audi et al. (2003). DISCRETE LEVELS contains 117 datasets (one for each element) with all known level schemes, electromagnetic and y-ray decay probabilities available from
ENSDF in October 2007. NEUTRON RESONANCES contains average resonance parameters prepared on the basis of the evaluations performed by Ignatyuk and Mughabghab. OPTICAL MODEL contains 495 sets of
phenomenoclogical optical model parameters defined in a wide energy range. When there are insufficient experimental data, the evaluator has to resort to either global parameterizations or microscopic approaches. Radial
density distributions to be used as input for microscopic calculations are stored in the MASSES segment. LEVEL DENSITIES contains phenomenological parameterizations based on the modified Fermi gas and superfluid
models and microscopic calculations which are based on a realistic microscopic single-particle level scheme, Partial level densities formulae are also recommended. All tabulated total level densities are consistent with both
the recommended average neutron resonancae parameters and discrete levels, GAMMA contains parameters that quantify giant resonances, experimental gamma-ray strength functions and methods for calculating gamma
emission in statistical model codes. The experimental GDR parameters are represented by Lorentzian fits to the photo-absorption cross sections for 102 nuclides ranging from %1y to **pu. FISSION includes global
prescriptions for fission barriers and nuclear level densities at fission saddle points based on microscopic HFB calculations constrained by experimental fission cross sections.

1© Copyright 2007-2014, International Atomic Energy Agency - Nuclear Data Section.
Vienna International Centre, P.O. Box 100, A-1400 Vienna, Austria
Telephone (+431) 2600-0. Facsimile (+431) 2600-7. E-mail: nds.contact-point@iaea.org. Read our Disclaimer
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