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INTRODUCTION

A nuclear level density (NLD) is 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. 

Average probabilities  for γ - transitions can  be  described through the 
use of  radiative (gamma-ray, photon) strength functions (RSF)

RSF  and NLD   are   important   ingredient  of  statistical  theory of 
nuclear reactions.   Calculations   of    observed   characteristics  of  
nuclear reactions are as  a  rule  time  consuming,  and   for  
decreasing  in computing time, simple closed-form  expressions  are  
preferable  in evaluation of gamma-ray strengths and NLD.

Evaluation of  the effect of collective states of nucleons on NLD is 
ambiguous and requires a correct theoretical description.
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- INTRINSIC NLD WITH ROTATIONAL ENHANCEMENT 

-additional shift of excitation energy to adjust cumulative sum 
of experimental discrete levels

NLD  WITHIN ENHANCED GENERALIZED SUPERFLUID MODEL
(EGSM or EMPIRE GLOBAL SPECIFIC MODEL)

-asymptotic value of  a-parameter of NLD
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Herman M., Capote R.,et al. Nucl. Data  Sheets 108 (2007) 2655;   EMPIRE-3.1,  available online at
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Vibrational enhancement factors  with damping

Boson partition function with damped occupation numbers(DN)
Ignatyuk A.V., Weil J.L.,  Raman S., Kahane S.  PRC  47 (1993) 1504
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Comparison of nuclear level density with experimental data



Boson partition function with average occupation numbers
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Systematics of        anda shiftδ
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Contributions of  vibrational enhancement in continuum range
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Radiative strength functions (RSF=PSF=GSF)
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Different RSF closed-forms
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Generalized Fermi liquid (GFL) model 
(extended to GDR energies of gamma- rays)

”Fragmentation” component



General expression for gamma-decay RSF 
within  modified Lorentzian (MLO)

(Plujko et al )
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Comparisons of gamma-decay  strength functions for                 and               :
; experimental data -- A.M. Sukhovoj et al. Izvestiya RAN. Seriya Fiz. 69, 641 

(2005); A.M. Sukhovoj et al. in Proc. of the XV Int. Seminar on Interaction of 
Neutrons with Nuclei. (Dubna, May 2007), 92 (2007).
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Comparisons of gamma-decay RSF



98Mo 167ErComparisons of gamma-decay  strength functions for         and                : 
experimental data -- E. Melby, M. Guttormsen, et al., Phys. Rev.C. 63, 044309 
(2001); U. Agvaanluvsan, A. Schiller, et al., Phys. Rev.C. 70, 054611 (2004); 
http://www.mn.uio.no/fysikk/english/research/about/infrastructure/OCL/compilation/
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The average                                                    ratio of chi-square deviations 
of the theoretical RSF of   γ-decay from experimental data.      - number of 
nuclei

6,9713,818,752,769,3853[4]

1,201,711,162,112,227[3]

0,130,110,110,170,1841[2]

0,891,010,980,911,2238[1]
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1. A.M. Sukhovoj et al. Izvestiya RAN. Seriya Fiz. 69, 641 (2005); A.M. Sukhovoj et al. in Proc. of the XV 
Int. Seminar on Interaction of Neutrons with Nuclei. (Dubna, May 2007), 92 (2007).

2. E. Melby, M. Guttormsen, et al., Phys. Rev.C. 63, 044309 (2001); U. Agvaanluvsan, A. Schiller, et al., 
Phys. Rev.C. 70, 054611 (2004); 
http://www.mn.uio.no/fysikk/english/research/about/infrastructure/OCL/compilation/

3. R. Schwengner, G. Rusev, et al., Phys. Rev. C. 78 (2008) 064314; Phys. Rev. C. 81, 034319 (2010)
4. J. Kopecky Handbook for calculations of nuclear reaction data. Reference Input Parameter Library 

(RIPL), Tech. Rep. IAEA-TECDOC-1034, Ch. 6, 1998; directory “Gamma” on the RIPL-1 web site at 
http://www-nds.iaea.or.at/ripl/



Effect of  vibrational states and RSF forms on 
gamma-ray spectra and excitation functions

14.1nE MeV=

The scatter of gamma-ray spectra calculated 
within EGSM for intrinsic and rotational level 

densities  with different Kvibr are the same order 
as scatter of  the  spectra calculated using 

different  models of NLD

Calculations - EMPIRE 3.1; 
Experimental data - Bondar V.M., et al. // Proc. of the 
ISINN-18, Dubna, May 26-29, 2010, 135 (2011)

14.1 ( )nE MeV=



Calculations- EMPIRE 3.1; experimental data - EXFOR          

Results of calculations of excitation functions and gamma-gay spectra are 
sensitive to  vibrational enhancement



Gamma-ray spectra from and                    reactions calculated with 
EMPIRE code using different models for the RSF. The experimental data are taken 
from [1] for panel a (                            ) and from [2] for panel b (                          )

(а) (b) 

( , )nat Fe n xγ 183 ( , )W n xγ

14.1nE MeV= 0.5nE MeV=

1.V.M. Bondar et al., in Proc. of the 18th Int. Sem.onInter. of Neutrons with Nuclei ”Neutron 
Spectroscopy, Nuclear structure, Related topics” (Dubna, May, 2010). (2011) 135
2. J.Voignier et al., J. Nucl. Science and Engineering, 112, 87 (1992)



The excitation functions of and                          reactions using different 
RSF models. The experimental data are taken from EXFOR data library [1] for panel 
a and from [2] for panel b.

(а) (b) 

( , )nat Fe n γ 183 184( , )W n Wγ

1. Experimental Nuclear Reaction Data (EXFOR); http://www.nndc.bnl.gov/exfor/exfor00.htm
2. R.L.Macklin, D.M. Drake, E.D. Arthur, J. Nucl. Science and Engineering 84, 98 (1983)



• For modified EGSM, approximation of boson partition function 
with average occupation numbers (BAN) can be considered as the 
most appropriate approach for calculation of the vibrational
enhancement factor and within BAN

SUMMARY

• NLD within modified EGSM (EGSM for shape of intrinsic and 
rotational level densities with different vibrational enhancement 
factors) was studied.

• Rather reliable simple description of E1 gamma-decay  strength can 
be obtained by the use of models with  dependence of line spreading 
on gamma-ray&excitation energies. It seems that the MLO4 is best 
candidate for good overall description of the RSF.

( ) ~ 2 5 ( ~ 1 0 0 )< ÷v i b r nK S A

• Shape and values of excitation function and gamma-ray spectra are 
sensitive to choice of vibrational enhancement factor of NLD and 
shape of RSF.



• The scatter of gamma-ray spectra calculated within EGSM for 
intrinsic and rotational NLD and different Kvibr are the same order 
as scatter of  the  spectra calculated using different  NLD  models.

• To better  understand role of  the temperature and energy   
dependence  of the RSF,  experimental data are necessary as  
functions of gamma-ray and   excitation energies, especially at low 
gamma-ray energy.

V.A.Plujko, O.M. Gorbachenko, B.M.Bondar et al , Nucl. Data Sheets (in press);
V.A.Plujko, O.M. Gorbachenko, E.P. Rovenskykh et al , Nucl. Data Sheets (in press);
R.Capote et al , Nucl. Data Sheets 110 (2009) 310;  http://www-nds.iaea.or.at/ripl3/;
V.A.Plujko, R.Capote, O.M. Gorbachenko, At.Data Nucl.Data Tables  97(2011) 567;
V.A.Plujko, R.Capote, V.M.Bondar, O.M. Gorbachenko, J. Kor. Phys.Soc. 59(2011) 1514
V.A.Plujko et al, Nucl. Phys. At.Energy 13(2012)341; http:/jnpae.kinr.kiev.ua
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Fig.    Dependence of on gamma-ray energy for                       reaction. 
Calculation was made with the use of the EMPIRE 3.1 code at
Experimental data are taken from: [Bondar V.M., Gorbachenko O.M., Kadenko I.M., Leshchenko B.Yu., 
Onischuk Yu.M., Plujko V.A. // Nuclear Physics and Atomic Energy. – Vol.11 №3. (2010) 246-251.]

/d dEσ 209Bi( , )n xγ
14.1 ( )nE MeV=

The temperature change by the vibrational states can effect on gamma-gay spectra



Compound nucleus reaction for b channel
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The collective states can strongly effect on the level density, 
specifically, at low excitation energies. The simplest method to
estimate effect of the vibrational states on level densities is 
calculation of collective enhancement factor 

- level densities with and without allowing for collective 
states

0/K ρ ρ=

0,ρ ρ

Effect of the collective states on nuclear level density

Collective enhancement factor

vibr rotK K K= ⋅



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

Microscopic calculations within  quasiparticle-quasiphonon
model
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1. Uncertainties in value of Kvibr

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

Problems with estimation of K

Closed-form  approach

( ) ~ 1 0 0 ( ~ 1 0 0 )r o t nK S J T A⊥≈



Unrealistic dependence of vibrational enhancement factor 
on excitation energy without collective state damping

2. Energy dependence



Comparisons of gamma-decay  strength functions for               and               : 
;experimental data -- R. Schwengner, G. Rusev, et al., Phys. Rev. C. 78 

(2008) 064314; Phys. Rev. C. 81, 034319 (2010)
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The gamma-decay strength functions within different RSF models:           . 
Experimental data are taken from J. Kopecky Handbook for calculations of 
nuclear reaction data. Reference Input Parameter Library (RIPL), Tech. Rep. 
IAEA-TECDOC-1034, Ch. 6, 1998; directory “Gamma” on the RIPL-1 web 
site at http://www-nds.iaea.or.at/ripl/

nU S=



Average probabilities  for γ - transitions can  be  described 
through the use of  radiative (gamma-ray, photon) strength 

functions (RSF)

RSF    are     important   ingredient  of  statistical  theory of 
nuclear reactions.   Calculations   of    observed   

characteristics  of  nuclear reactions are as  a  rule  time  
consuming,  and   for    decreasing  in computing time,

simple closed-form  expressions  are  preferable  in 
evaluation of gamma-ray strengths

The goal of the studies was to develop the theory supported 
practical method for the calculation of E1 radiative strength 

function both for γ-decay between c-c states and 
photoabsorption, to study shape of  γ - strength and to 
extract GDR parameters with uncertainty estimations 


