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A level density of atomic nuclei 1s one of the most crucial
ingredients for a reliable theoretical analysis and prediction of the
nuclear reaction observables (cross sections, spectra, angular
distributions, abundance of elements in the Universe, and other) within
statistical models. In this contribution the level densities in spherical
and deformed atomic nucleir are investigated using different semi-
phenomenological approaches with allowance for quasiparticle and
collective excitations.
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Effect of the collective states

The collective states can strongly effect on the level density,
specifically, at low excitation energies. The simplest method to
estimate effect of the wvibrational states on level densities 1is
calculation of collective enhancement factor

K= p/py

o, p o - level densities with and without allowing for collective
states

Collective enhancement factor

K=K K

vibr ~ "\ rot




1. Uncertainties in value of K,

Closed-form approach

Ignatyuk A.V. Statistical properties of excited nuclei. 1983; Yad. Fiz. 21(1975) 20 ; Izv.AN
SSSR 38 (1974) 2612 (RPA approach);

Ignatyuk A.V., Weil J.L., Raman S., Kahane S. PRC. 47 (1993) 1504
Kyvibr (Sp) ~ 15 +30
(A ~100); RIPL - 2,3
Microscopic calculations within quasiparticle-quasiphonon
model

Soloviev V.G., Stoyanov Ch., Vdovin A.I. NPA224 (1974) 411; Voronov V.V., Malov L.A.,
Soloviev V.G. Yad.Fiz. 21 (1975) 40; Malov L.A., Soloviev V.G., Voronov V.V. Phys.Lett.

B55 (1975) 17; Vdovin A.L., Voronov V.V., Malov L.A. Soloviev V.G., Stoyanov Ch.
Fiz.El.Chas.At.Yad. 7 (1976) 952

K yipr (Sp) =~ 2+5 (A ~100)

K,:(S,)~J T ~100 (A~100)



2. Energy dependence

Unrealistic dependence of vibrational enhancement factor
on excitation energy without collective state damping
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Response function method
[Plujko V.A., Gorbachenko O.M. // INDC(NDS)-462,Distr:G+NM,IAEA, (2004)65]

K = p /p, with o within saddle-point
approximation
D) -1/2
p(U,A)=(47°D) exp S (ago,fB,),
S(ag,Py)=-a A+ yE +1InZ (a,,pB,y)

- nuclear entropy;
Z (a,pB) = Tr|exp(-pH)]
- partition function;
Q(a,p)=—-InZ(a, )/ - thermodynamic potential;
H=H-uA u = a | B

Equations of thermodynamic state:

A:aan/aa|aO’ﬂo,
E =-01nZ/3f |, .

1/ B, = T -thetemperature; g = a, !/ p,-chemical potential



Coherent separable interactions

VkL,res(i’j): kLZ qiﬂ(Fi)qu(Fj)a
L.u

L

qLﬂ(F):r YLﬂ(f)

la

The total Hamiltonian: H « = H o + VAk res »

Vibrational state addition to partition function

Green’s function method result for
thermodynamic potential

AQ:ZLAQL;

k +00
2L+17% ,,, h :
AQ =-=— jdk j — Im(x* (0)- 1’ (w)do;

0 —00

KJ

AL (0)) =Try, (Ch_o(r) -op(T; a)))k - RF within Vlasov-Landau kinetic
equation
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Effect of relaxationon K in°® F e

1 :
,:) - RF method in one-resonance approach



The temperature in°° F e :
(- - -) with

allowance for (2 ")
vibrational state

and without( — - - )

MeV

-

T

Enhancement factor in ~ F €
— ——- saddle-point method,
- ——— - adiabatic approach
K = AZ (Teg)

T F G — \/U / d
— level density parameter

a



RF method calculations for >°Fe
RF within Vlasov-Landau kinetic equation

o (ho) +41°T°
7. (ha),Tf ) 4o
Qign = 2/(4770.0075A"7)
_ 2
Olexp GR =2 /(47 gR), bGR,z+ _FGR,2+ / EGR,2+
=T ___JEZ _
) GR,3 GR3™ ' GR3
o /16m
f - ’
ree O_free (np)
1 Leecee -O(.ZOCIH
K o
10_% .‘/",’\\\\ ----- - o= free
7 R
L4 S~ -
J S~
14 S~
0.1
1'0 | 2|0 | 3I0 | - | 1|0 | 2|0 | 3|0

U, MeV U, MeV



One resonance RF

Zo.L(@)
Zk,L(a)): n
l—kZO,L(C!))
1 1 - .
-0y o+ad,
AQ, :—2L+11n(AZ<B>Az<M>Az<O>)

VAN

A7 (B) _ exp(fhiay/2) |1 —exp(=ph(@y +17,)) |
exp(Shay/2) |1—exp(=ph(oy + 11y )|

1' 2
T, MeV

AZ™M) =

AZO = exp

=l

1/2

o0

exp(K¥y | (—aop)(1 -k (—@,))

exp(K¥y | (@)1 —KXj (@)

2
2

- .
,Bh—4w Re (cth(Bn (e, +in4)/2))
0

K=AZ(Tgg), infirst change of AT =T —Tgg



Boson partition function with damped occupation numbers(DN)
[Ignatyuk A.V., Weil J.L., Raman S., Kahane S. PRC 47 (1993) 1504]

K :exp(g—G/T) = KDN9
S =Y QL+D[(1+M)In(l+A, )~ Inm, ],
L

U => (2L +1)hoe 0,
L

o exp[-T [ /(2ho )]
n|_= ,

exp(ho /T )-1

F=C | (heo) + 47777 ],

0.0075A'"3 Mev !

@
Il



Boson partition function with complex energies (CE)

[Blokhin A.I, Ignatyuk A.V., Shubin Yu.N. Yad. Fiz. 48 (1988) 371]

~(2L+1)
- exp[ (ha)L+|7/L)/T]

- exp[ (ha)L+|7/L)/T]

= KCE

[(ho 17 =[ha 17 - ET){[had 17 - [ho | ,,]1°},

E(T)=exp{-C T’ /[hao, ]}



K using boson partition function
with average occupation numbers (BAN)

K =Kgan =K(AZ =AZgpy)

AZ=]]a+ M (o) =AZg
Tp L

ﬁ|_:L_[an?Xp(—FL'[)dtz (1 -exp(=22T | /ho | )) heo
To o (exp(ho /T)-1) 2xT

Liquid drop partition function with reduction (EM)

[Empire-II code by Herman M., Capote-Noy R., Oblozinsky P. et al. Journ.
Nucl. Sc. Techn. Suppl.2 (2002) 116]

K = KLDM (I_Qdamp)+Qdamp = KEI\/I ’

Qaamp = /[ +exp{(T,, —T)/DT}],

DT =0.1 MeV, T,,, =1 MeV

KLD|\/| = CXp|:C3 A2/3_-|- 4/3]



Rotational contribution

[lgnatyuk A.V..etal, PRC 47 (1993) 1504; RIPL2]

K (U)= (J, TA+B/3)-1)
i (1+expU -Ug)/dg,)

=120A'"°pB 2% MeV,

9

U

cr

d., =1400A 2282 MeV

J| - moment of inertia, [ - quadrupole deformation



K, (vt tn/t.)

Comparison of enhancement factor

temperature IBM [Mengoni A., et
al. Journ. Nucl. Sc. Techn.

Suppl.2 (2002) 766]; K $'2 - RF
method in one-pole approach



p (U )= py(U ", T) K (T)

Generalized Superfluid Model (GSM) for p
1s used by default in codes TALYS and EMPIRE

Different expressions for GSM model is used in:
1) [lgnatyuk A.V..etal, PRC 47 (1993) 1504; RIPL2]

U'=U+nA, +540, Ag=12/A (MeV)
E

2 :
cond ~ 272 a,r Ay -condensation energy
7T
O.niet -additional shift to excitation ener
shift gy

2) [Svirin M.1., Fiz.El.Chas.At.Yad (Particles and Nucleus),
37(2006)901.] 3

2
U'=U + gz Econd = 272 A Ay —NA,
n=(2-even—even,1—odd,0—odd —odd)
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Dependence of temperature (T)
and level density (p) on
excitation energy (U) for odd
nucleus >’Fe (0,;,.,=0) :

solid line — GSM of Ignatyuk,
dash line — GSM of Svirin

- U, MeV



o

Observable values:

*Neutron resonance spacing
D =1/ p

p(S,,1 =1/2),

pP(S,, 1 =1, -1/2)+ p(S,.,I =

o +1/2)

2

Cumulative number of nuclear levels

U0
Ne = [ p(U)dU
0




Enhanced GSM model recommended with the parameters a, Oshit

For prolate nuclei
if U< UCI’ = GSM (BCS model with KCO” — KVibI’ KI’Ot)

ifuzucr:> 5 ( 1]

1
5 1 2v2 )\ 4 212 ) |2
p(E,J,7)= 1 h a4z U—hK exp<2aU—hK
1667 \]” K=—] 2‘Jeff 2‘]eff

U=E- Econd +NA+ §shift9

'

r

aU)=al+ tOWY), fUy=1—exp(l), oL !
U Jett it Jo
Fitting of the parameters &, gt by the minimum of
Ncum max 2
2 ’ i 2 - Pexp ~ Phih
X = Z (I _ I\Icum,theor) /1 "‘{ - Z = J
1=Necum,min P exp

1+1/2

U
|\Icum,theor = IP(E)dE peXp =1/ DOﬂ Ptheor = Z p(sna‘]aﬂ)
0 J=|1-1/2



Comparision of GSM models of Svirin and Ignatyuk

(K: KEM Krot)

- GSM (Ignatyuk)
- GSM (Svirin)

o % o g
Do o e o e
Dooﬂ?o o = o
O GED
Coung” oot o€ o B o 2095 805 o .
8g & e oo © ohm
o o0 5ef T By ombe” 285 3% s fRES
Bg ® g 200 B08 68, &8 08 oo P oY
=0 .0 ofe o o T 0 ;‘B o &R
o =83 S50’ 0%
P & o ”gn%n 8 o0
o @0 & o - T
© o
Dun o g;% o Qﬂn

- GSM (Ignatyuk), T x°/N=9.7
- GSM (Svirin), Ty /N=133

1 ! I ! I ! 1
100 150 200 250
A

- GSM_(_Ignatyuk),
- GSM (Svirin)

T N T T I
150 200 250

A

GSM (Ignatyuk) have the best fitt
of experimental data, because of
v*(Ignatyuk) < ¥*(Svirin)
Oghir(Ignatyuk) < o;p(Svirin)



Fitting of the parameters a, Oy

+  -EM orig
+ -EM orig(fitted) -EM my
-EM my ¢ =-DN
-DN 7 - BANT
- BANT -1 - BAN
- BAN T > L | -
-EM orig(system) :_ g 0 3
1 ‘&é % L 3 |4
o -2 1 fj |
1 ¥ T ¥ T ! T ' T
1 < 50 100 150 200 250
T ! I ' A - 1
50 100 EM orig
’ ~  -EM my
© -DN
1000 +  -BANT
100
~ 10
>
1
0,1
0,01
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EMPIRE fit OUR fit
d =&, - Norm,

5Shift,max fitted by Ncum,max éa 5shift are fitted by ZZ
(Oghire = F(U)) e g5shift Z_C;HSt)
_ : o

e | —— k=1

3_
O RN




Shiller et al ° K=l 1]  Suhovoyetal. 5 &
1 R i} A -EM %5 Gl B
10'4 o 82 8 =@gn 8 -DN . Y N
R 4 pip A ng A %
4 & o : jut -BAN 10 = SF' r
- £ g ° 8 B P o k=g
~ T H‘w B ['_"é& h;'ﬂ g e w o o D
> 102—5 ofo }F\ e o htgl (E = ] * A -EM
1 9. I G 7 10° @ -DN
] 8 N = . # -BANT
A -BAN
40 60 80 100 120 140 160 180 200 220 240 740 60 80 100 120 140 160 180 200 220 240
A A
Data N 7
2.7 N
10° Zhuravlev et al. =1
2 =1 Ky Kpn Kgant | Kgan
10" a
B Shiller et al. | 927 2223 2839 1821 1471
10° e o -K=1, 2 -EM Zhuravlev et al. | 6,3E7 6,3E7 5, 7E7 8,1E7 7,5E7
o -DN, =« -BANT
-BAN
T Ef T Suhovoy et al. | 151102 | 170518 | 138788 | 216113 | 200046




) m -K
K : micro .
] v - KBAN(Z +3)
-K (2'+3)
- A Ky,
10 -
]
T
v Y & & 9
v ] n
n = m - .
1 A — | ' | ' | ' |
50 100 150 200 250
A

Comparision of different parametrizations for enhancement factor
with microscopical calculation K ., ., -

[Vdovin A.lL., Voronov V.V., Malov L.A. Soloviev V.G., Stoyanov Ch. Fiz.El.Chas.At.Yad. 7
(1976) 952]



do/dE, mb/MeV

107 0 - exp.

| ' | b | ! |
S 10 15 20
E , MeV

Dependence of do/dE on gamnha-ray energy for™ Fe(n,Xy) reaction.
Calculation was made with the use of the EMPIRE code 3.0
Experimental data are taken from Bondar V.M., Gorbachenko O.M.,
Kadenko .M., Leshchenko B. Yu., Onishchuk Yu.M., Plujko V.A. //Proceedings
of the 18th International Seminar on Interaction of Neutrons with Nuclei
”Neutron Spectroscopy, Nuclear structure, Related topics”, Dubna, May 26-29,
2010. (2011)135



- -exp.(EXFOR) \

| 1 10
E , MeV

Dependence of cross section o on neutron energy for "Fe(n, y)
reaction. Calculation was made with the use of the EMPIRE code 3.0.
Experimental data are taken from EXFOR data library.



SUMMARY

 The calculation of different GSM models with phenomenological approaches
for wvibrational enhancement factors with allowance for damping were
compared. An effect of collective state enhancement on gamma-emission in
neutron-induced nuclear reactions is investigated. The calculations demonstrate
rather strong dependence of the level density on collective states damping.

K using boson partition function with average occupation numbers (BAN) is
the best method of the vibrational enhancement factor calculation when N/Z
dependence of asymptotic level density parameter is taken into account in the

form a(A,1)= 0.71786 A(1 +24.9061%) —0.54324 A*3(1+127.271%)
~0.13220Z°/ A3 (MeV ™)

Sanirt (A 1)= 0.2309(1 +94.361%) —0.0000449A(1 + 245861 *) - 0.4402E ,
1

Kyvibr (Sp) =~ 2 +5 (A ~100)
» for method of boson partition function with damping occug)ation numbers (DN)
a(A,1)= 0.0090735A(1 —558.611%) —0.017619 A*°(1-1527.61%) +

+0.0208522%/ A? (MeV ™)

Syt (A, 1)= 0.14986(1 —356.031%) —0.016985A(1—31.4131%)—0.51393E
K,in, (S, )~15+30 (A ~100)

| = (N - Z)/A

2



Thank you for the attention



2l +1)a)(U)eXp{_ (I +1)}

pin (U 5 I) —
t 2\/272' Ggﬁ

2 2
if B =0then ot =0, = AT

: 2 4/3 _2/3 2/3 1/3
if B # (Othen Ot =0, oy =" AT

2
204

PincU) = [ 2 U, 1l = 0(U)/ 0
0

pU) = p (U)K (Usagey )

KcoII (S ;AGsMm )= Krot U,T = \/U /aGSM )Kvibr U » AGsM )



At first the definition of the critical values T, =0.567A,, A,=12/ JA (MeV)

3, solution of the equation ag = a(1+ (1—exp(—ya, T ))oe(Z, A)/ ay Tg)

1

cond — Z Ocr

3

E AS = 2—2 acrAé =0.152 acrAg, Ucr = achczr + Econd =0.473 acrA(z)
T

Sy =28, T, Det, =4584a T,

F o =0.607927a,, <m” > (1-2¢/3)=0.607927a<m’ > (1-a —3a” /20)
Fo =0.607927a, <m” > (1+£/3)=0.607927a<m’ > (1+a/2+5a° /8)
<m?>=024AY° a=a,=5/4np £=0.946175p

0, even-—even

2, odd -odd



If U'>U_ the Back-shifted Fermi model used
U =U"=Eqpng, a=a(l+(1—exp(—yU )de(Z,A)/U"), Teey =VU /a

S=2aTgem»> Det=45.84aT"
A =0.607927a<m’ > (1-2¢/3) = 0.607927a <m” > (1- a — 3> / 20)

F =0.607927a<m* > (1+¢£/3)=0.607927a<m* > (1+a/2+5a° /8)

If U'<U_, the Superfluid model used

¢2:1_U,/Ucr9 Toom =2Tg (0/111((14—(0)/(1—(0))
S= Scr (I- (Dz)Tcr /TGSM > Det = Detcr (1- (02)(1 + (02)2

Fi= I 0= o Tosm s A= Frar(1+200=9" )T Tgsu )/ 3




QI +1)a)(U)eXp{_ 11 +1)}

(U, 1) =

. 2 2 2 2

if f#0 then O_12:()_1/3 0_”2/35 ¢2/3‘ﬁ1/3Ta 0_22 =0'izj1T
Pt (V) = [ p (U, )l = (U)o,
0

pU)= Pint U )Kcoll U »AGsm ) KcoII (S ;AGsm )= Krot U,T = \/U /aGSM )Kvibr U »AGsm )

wU)=expS(U)/DetU)"”? with such differences:



1 2 3 2 2
Econd = 1 Oer Ap —NA, = ? a Ay —NA, =0.152 a, Ay —NnA,

2 2
Uy =ag T + Egong =0.473 a,, Ay —NA,

Fi o =0.607927a,, <m” > (1-a —3a”/20)

Fro =0.014A° 1+ a/2+5a% /8)

If U'>U_ the Back-shifted Fermi model used
A =0.607927a<m’ > (1-a —3a*/20)

F =0.014A"(1+a/2+5a*/8)

If U’<U,, the Superfluid model used  Det = Det,, (1-¢°)(1+¢°)’

¢2 — 1 _U I/U — 1 . (U r(Ignatyuk) . nAO)/(U Cr(lgnatyuk) . nAO)

Ccr»




Dependence of total level
density on excitation energy

100 in °Fe : # -experimental
] data.
10] ata
132.. BAN -best method
0,14
2 4 6 8
U, MeV

a(A,1)= 0.71786 A(1 +24.9061%) —0.54324 A*3(1+127.271%)
~0.13220Z%/ A3 (Mev ™)

Sanit (A 1)= 0.2309(1 +94.361%) —0.0000449A(1 + 245861 *)— 0.4402E ,
1




Test of approach acceptance — y > minimum

= P(A) = Pexp (A) 2+N355p No(A) = Ng oo (A) ?
| APexp (A) 0T Y Neep(A)

C,exp

9

Pexp (A) —from RIPL-2, N min - _ from RIPL-3("level-densities-gsmcol.dat")

C,exp

N max

c.exp — from RIPL-3(up to maximum well known level)

= - fit for each nucleus
40 4 K K[)NKml K=K K . - -
. ])N rot =] o = R.]PL‘2 ht( Ignat}’ Ul\]

1 - fit for each nucleus

o - RIPL-2 fit(Ignatyuk)
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K:KDNKmt }

o - fit for nuclei

20 - © - systematic }I
] - systematic RIPL iz ié

50 | l(I)O | 1%0 | 2(I)O | 2%0
A
RIPL systematic: a4 =0.103A—0.105A%*"% (MeV ™)

a(A,1)= 0.0090735A(1 —558.611%) —0.017619 A*>(1-1527.61%) +
+0.0208522%/ A"”> (MeV ™)




= - fit for nuclei
- systematic
- systematic RIPL

50 | l(l)O | 15|O | 2(I)0 | 25|0
A
RIPL systematic: Sy = 0.617 —0.00164A (MeV)

Syt (A, 1)= 0.14986(1 —356.031%) —0.016985A(1 -31.4131%)—0.51393E
1




2
Z_Z _ Pi ~ Pexp,i N (NI _Nexp,i)
| A/Oexp,i N

Best model for K = K, -
K=K K = - fit for nuclei

60 BAN  rot

L. 2
Kot 1S minimum of E,Zi
i

- systematic

a(A,1)= 0.71786 A(1 +24.9061%)
—0.54324 A*3(1+127.271%)
~0.132202%/A"? (Mev

v | ! I ! 1 ! I
50 100 150 200 250

A



] K=K K i - - fit for nuclei
6 - - systematic

A

Sspie (A, 1)= 0.2309(1 +94.361 %) —0.0000449A(1 + 245861 *)—0.4402E .
1




-best method

The comparison of the
different vibrational (2 © + 3 )
enhancement factors

with experimental data:U = S |

50 100 150 200 250
A
a(A,1)= 0.71786A(1 +24.9061%) —0.54324 A*3(1+127.271%)
—0.13220Z%/ A3 (MevV ™)

Sanit (A 1)= 0.2309(1 +94.361%) —0.0000449A(1 + 245861 %) 0.4402E ,
1

Smallest 7 value corresponds to method of boson partition

function with average occupation numbers
(BAN approach).



