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IMPACT OF GAMMA-DECAY DESCRIPTION ON
NUCLEAR REACTION CHARACTERISTICS

The results of the study of gamma-transition description in fast neutron capture and
photofission are presented. Recent experimental data were used, namely, the spectrum
of prompt gamma-rays in the energy range 2+18 MeV from 14-MeV neutron capture
in natural Ni and isomeric ratios in primary fragments of photofission of the isotopes
of U, Np and Pu by bremsstrahlung with end-point energies E,=10.5, 12 and 18
MeV. The data are compared with the theoretical calculations performed within
EMPIRE 3.2 and TALYS 1.6 codes. The mean value of angular momenta and their
distributions were determined in the primary fragments 8Br, “Nb, *°Rb, 31133Tg,
132g], 132.134] 135% @ of photofission. An impact of the characteristics of nuclear excited
states on the calculation results is studied using different models for photon strength
function and nuclear level density.

Keywords: photon strength function, nuclear level density, photofission, fast

neutrons, isomer ratios, gamma-ray spectrum

Introduction
Nuclear reactions with different
projectiles provide information on properties
of the excited nuclear states and nuclear
reaction mechanisms. They are also required in
different applications. Specifically, data of (n,x
~ ) reactions with any outgoing particle (x) and

gamma-rays for atomic nuclei of the reactor
materials and photofission reactions are
needed for estimations of energy release, ~ -
ray shielding and radiation swelling of the
reactor pressure vessel internals. Photofission
reactions are also essential to an explanation of
nuclear fission dynamics.

Here, we consider the reliability of
description of gamma-transitions in (n,x-y)
reactions and photofission by the use of simple
closed-form expressions [1] for photon
strength function (PSF) and nuclear level
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density (NLD). We wuse our recent
experimental data, namely, the spectrum of
prompt gamma-rays in the energy range 2+20
MeV from 14 MeV neutron capture of "Ni
and isomeric ratios in primary fragments of
photofission of isotopes U, Np and Pu by
bremsstrahlung with end-point energies E,=

10.5, 12.0 and 18.0 MeV. These data are
compared with the theoretical calculations
performed within EMPIRE 3.2 and TALYS
1.6 codes [2,3]. An impact of shapes of electric
dipole PSF and NLD on accuracy of cross
section description and determination of mean
angular momenta in primary fragments are
analyzed.

Experimental data
Fig. 1 demonstrates comparison of our recent
experimental data [4] for ~ -spectrum from
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(n,x~) reactions on "Ni with the earlier data

from EXFOR database [5-8]. The amplitude
spectrum of gamma-rays was measured in a
circular  geometry using time-of-flight
technique based on pulse neutron generator of
neutrons with energy 14.1 MeV (NPG-200),
designed and manufactured at Nuclear Physics
Department of Taras Shevchenko National
University of Kyiv (Ukraine). All experiment
and calculation details can be found in Refs.
[4,9].

10° = - Our exp. results

% - Prudhomme et al.[6]
107 - Drake et al.[5]

o - Shinetal.[7]

a - Nefedov et al.[8]
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Fig. 1. The measured gamma spectrum from fast
neutron capture in "™Ni in comparison with
experimental data from Refs.[5-8].

One can see in Fig.l, that for the
gamma-ray energy interval 2+6 MeV, our
experimental results are in rather close
agreement with the data from EXFOR
database. Gamma-ray spectrum smoothly
decreases with gamma-ray energy. For higher
energy range of 12+18 MeV, the differential
cross section do,(E,)/dE, has almost

constant value.

In this study of PSF and NLD, we use
also our recent experimental data [10,11] for
isomeric yield ratios in primary fragments of
photofission of isotopes U, Np and Pu by
bremsstrahlung with different end-point
energies E,.

These measurements were performed
using the bremsstrahlung induced by electron
beam from the M-30 microtron at the
Laboratory of Photonuclear Reactions of the
Institute of Electron Physics (Uzhgorod,
Ukraine). The activation method was applied
with direct spectrometry of irradiated samples
for further identification of the radioactive
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products. Isomeric ratios were calculated as
ratio of the yields of the reactions, leading to
formation of final nuclei in the metastable and
ground states Ry =Y, /Y,. All other details

can be found in [10-12]. The results are
presented in Table 1.
Table 1.
Isomeric yield ratios and mean angular
momentum J of photofission primary
fragments calculated within EMPIRE 3.2
code with default inputs

- Isomeric
% ! >\> ratio
E |83 B3R 3/h
o s S| € s
LL = c| wuw
8pr | 235y | 18 0.14+0.01 1.8+0.5
8By 237Np 18 0.15+0.01 1.9+0.5
84pBr | 2%py | 18 0.118+0.006 | 1.7+0.5
PORp 237Np 18 1.2+0.2 2.2+0.6
ORb | %Py | 18 1.0+0.2 1.8+0.6
9Nb | 2%°U | 10.5 | 0.7+0.09 1.440.6
YNb | 28U | 12 0.75+0.09 1.4+0.6
Nb| 28U |18 3.8+0.6 5.0+0.7
18lTe| 235y | 18 2.6£0.5 6.8+0.8
131Te 2:"'7Np 18 1.9+0.3 5.8+0.7
131Te| 23%py | 18 3.2+0.6 7.4+0.8
182gp| 25y | 18 1.46+0.22 8.0+0.7
1325h| 2'Np | 18 1.01+0.12 6.9+0.6
1325 | 23%py | 18 1.48+0.16 8.1+£0.6
1821 1285y |18 22104 9.6+0.9
1321 | 28’Np | 18 0.95+0.15 6.7+0.7
18211 23%py | 18 0.51+0.06 5.2+0.6
133Te| 235y | 18 4.3+0.3 7.6+£0.6
133T¢ 237Np 18 9.0+0.9 10.6+0.7
133Te| 2%%py | 18 | 5.3+0.3 8.4+0.5
1834 12%y |18 0.58+0.09 5.6£0.6
13411 23%py | 18 1.26+0.25 7.7£0.8
135 235y | 18 0.056+£0.007 | 1.4+0.5
135%el 2'Np| 18 | 0.041+0.006 | 1.2+0.5
135%e| 2%Pu | 18 0.066+0.007 | 1.4+0.5
Theoretical calculations
Theoretical calculations of cross-

sections and mean angular momentum are
performed using EMPIRE 3.2 and TALYS 1.6
codes. Comparison with experimental data is
made in two steps. At first we use estimations
obtained with default parameters and then we
use results of calculations within EMPIRE
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code with different shapes of PSF and NLD
[13-15].

Default expressions for PSF and NLD
are the following ones: MLO1 variant of the
Modified Lorentzian model (MLO) for the
electric dipole PSF with Enhanced Generalized
Super-Fluid Model (EGSM) for NLD in
Empire code, and Enhanced Generalized
Lorentzian (EGLO) for PSF with Gilbert-
Cameron approach (GC) for NLD in TALYS
code. Calculations were performed with
allowance for outgoing particles and gamma-
rays at equilibrium (HF denotations in the
figures) and from pre-equilibrium states
(HF+PE denotations with parameter PCROSS
= 1.5 for EMPIRE). Global optical potential
given by Koning — Delaroche [16] was adopted
as a default in the calculations within two
codes.

For calculations of considered
characteristics, we use expressions presented
in Refs. [4, 11, 12]. The cross section of the
target with natural elements was taken as a sum
of the cross-sections for each isotope of the
target weighted with the abundances of the
isotope, and the cross section of gamma-ray
emission for isotope was a sum of the cross-
sections for all possible reactions with any
outgoing particle and gamma-rays.

Measured isomeric ratio R, for

primary fission fragment (A;,Z;) was used to

obtain its mean angular momentum J.
Initially the spin distribution of primary fission
fragments may be deduced from theoretical
and experimental isomeric ratios comparison.
The theoretical values of the isomeric ratios are
determined by the generalized Huizenga-
Vandenbosh  statistical model [10-12].
Populations of ground and metastable states of
given nuclide (A;,Z;) after decaying of

(A¢+i,Z;) isotope with larger number of

neutrons (i<i,=2) were also taken into

account. The probabilities of populations of
ground and metastable states by cascades of
gamma-rays and neutrons were calculated
using EMPIRE 3.2 and TALYSS 1.6 codes. The
probabilities of deexcitation and population of
discrete levels were taken from the RIPL-3
library [1].

Figure 2 shows comparison between
experimental data and calculations within
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EMPIRE and TALYS codes of cross-section
for (n,x~ ) reaction on "*Ni.

It can be seen from Fig. 2 that in the
gamma-ray energy interval 2+10 MeV the
results of calculations are in rather good
agreement with experimental data and a role of
preequilibrium emission is small. For high
energy range 1020 MeV, contribution of the
preequilibrium processes is more important.

naty v
Ni(n,x
> 1F ¥ ( ’ ’Y) * - Our exp. results
§ 10° . —- Empire(HF)
— - = =- Empire(HF+PE)
< 104 N - Talys(HF)
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= 10°
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Fig. 2. Comparison of the experimental and
theoretical gamma spectrum from fast neutron
capture in "Ni. Calculations were performed using

EMPIRE and TALYS codes with default
parameters
7| U, J=5/27/2,9/2) 88U, Jo=1
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Fig. 3. Comparison of theoretical calculations of
mean angular momentum of “Nb performed using
EMPIRE and TALYS codes with default
parameters

The table 1 lists the values (in a unit of
h) of mean angular momentum J obtained
with default parameters for primary fragments
84Br, 90Rb’ 97Nb, 131’133Te, 1328b, 132,134|’ 135X€
of photofission by bremstrahlung. Populations
were calculated within EMPIRE code. Figure
3 demonstrates comparison between values of
mean angular momentum obtained within
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EMPIRE and TALYS codes for %Nb in
photofission of #°U and 23U by
bremsstrahlung with end-point energies of
10.5, 12 and 18 MeV. One can see that
calculation results with use of different codes
are in close agreement.

natNi(Il,X'Y) = - Our exp. results
- = —- Empire(MLOI)
----- - Empire(SLO)

- Empire(EGLO)
------ - Empire(GFL)
—- Empire(MLO4)

, mb/ MeV
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Fig. 4. The gamma spectrum from fast neutron
capture in "*Ni calculated within EMPIRE 3.2 code
with different models for the PSF
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=
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= 3
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Fig. 5. The gamma spectrum from fast neutron
capture in "*Ni calculated within EMPIRE 3.2 code
with different models for NLD

Figures 4-7 demonstrate results of
calculations within EMPIRE code
(PCROSS=1.5) with different shapes of PSF
and NLD [13-15]. For the PSF, we used the
EGLO model, MLO1 and MLO4 variants of
MLO approach, Standard Lorentzian model
(SLO) and Generalized Fermi Liquid (GFL)
model. For the NLD, we applied the EGSM,
Generalized Superfluid Model (GSM), Gilbert
and Cameron (CG) model (from EMPIRE
2.18), microscopic combinatorial level
densities within Hartree-Fock-Bogoliubov
method (HFBM) and Modified Generalized
Super-Fluid Model with Bose attenuated
numbers for vibrational enhancement factor
(MEGSM) [1,15].
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One can see from Figs. 4,5 that
difference between calculated gamma spectra
with different PSF and NLD shapes is small.
The best agreement with the experiment was
obtained in case of using MLO1 or MLO4 for
the PSF and EGSM or MEGSM for the NLD.

Figures 6,7 show that values of mean
angular momentum of primary fission
fragments are unaffected by PSF and NDL
models.
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Fig. 6. Mean angular momentum of primary
fragments *'Te, *2|, 1**Te, 134, 15Xe calculated by
EMPIRE 3.2 code with different PSF models
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Fig. 7. Mean angular momentum of primary
fragments of 31 Te, *2], 133Te, ¥, 3Xe calculated
with EMPIRE 3.2 code with different shapes of
NLD

Conclusions

The theoretical calculations of gamma-
spectrum from (n,x~) reaction and mean
angular momentum of primary fragments were
performed. New experimental data were used
for (n,x~) cross-sections on "Ni induced by

14 MeV neutrons and for isomeric ratios in
primary photofission fragments (3‘Br, *Rb,
97Nb, 131’133Te, 1328b, 132,134| and 135Xe )

For two different quantities, i.e. cross-
sections and mean angular momentum, the
comparison between calculations within
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EMPIRE and TALYS codes shows small
impact of shapes of RSF and NLD on the
results.

Comparisons of the experimental data
with their theoretical values also demonstrate
high reliability of the calculations with the use
of the EMPIRE and TALYS codes with the
default sets of the input parameters for

estimations of both the gamma-ray spectrum in
reactions induced by fast neutrons and
determination of mean angular momentum in
primary fission fragments.

This work is supported in part by the
IAEA (Vienna) under IAEA Research
Contract within CRP #F41032.
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BIIJIUB METOAIB OITUCY 'AMMA-IIEPEXO/JIB HA
XAPAKTEPUCTHUKU AAEPHUX PEAKIIN

3

[IpencraBneHo pe3ysbTaTH IOCHIKEHHS PI3HUX METONIB TEOPETUYHOTO OIUCY
raMMa-TIepexo/liB y TpoIlecaX IMOTJIMHAHHSA IIBHIKAX HEHTPOHIB Ta (DOTOMOILII.
BUKOpHCTOBYIOTBCS HElaBHI EKCIIEPUMEHTANIbHI JaHi, a caMe CIEKTP MHTTEBHX
raMMa-KBaHTIB Y €HEpPreTHYHOMY Aiana3oHi 2+18 MeB Bix morimHaHHS HEUTPOHIB 3
enepriero 14-MeB i3otomamu Ni Ta i30MepHi BiTHOIIEHHS Y IEPBHHHUX (parMeHTax
¢doronoxiny izotomniB U, Np ta Pu ranpMiBHIM BUIPOMIHIOBaHHSM i3 TPAaHUIHUMHU
eneprisimu E,=10.5, 12 ta 18 MeB. ExcrnepumeHTanbHi JaHi MOPIBHIOIOTBCS 3
TEOPETHYHUMH pO3paxyHKaMHu, BUKOHaHUMU 3a joromoroto konaiB EMPIRE 3.2 Ta
TALYS 1.6. Po3paxoBaHO poO3MOALTM KyTOBHX MOMEHTIB Ta CEpeqHi 3HA4YCHHS
KYTOBMX MOMEHTIB y nepBuHHUX (parmentax Br, %’Nb, ®Rb, 131133Tg, 132Gh, 182134
185X e. JlocnmiaxeHo BIUIMB XapakTepPUCTUK 30yIKEHUX CTaHIB ffep, a caMe Pi3HHX
Mozenelt (poTOHHMX CHIIOBHX (PYHKIiH Ta TYCTHH SIEPHUX PIBHIB, Ha pe3yIbTaTd
PO3paxyHKiB.

KurouoBi cioBa: ¢poToHHI cuiioBi (yHKII{, TYCTHHA sIIEpHUX PiBHIB, poTOmoi,
HIBHUJIKI HEUTPOHH, 130MEPHI BIIHOLIEHHSI, TAMMa-CIIEKTp
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BJIUSATHUE METOJOB OITUCAHUS TAMMA -
MNEPEXOJ0B HA XAPAKTEPUCTHUKMU SIIEPHBIX
PEAKIIUH

IIpencraBneHsl pe3ynbTaThl MCCIEJOBAHUSA HAJEKHOCTU PA3IUYHBIX METOMOB
TEOPETHYECKOTO OIMCAHUS TaMMa-TIePEeXOJ0B B IIPOIECCax 3axBaTa OBICTPBIX
HEUTPOHOB U oToAeneHNH. cTIonb3yI0TCS HeAaBHIE SKCIIEpHIMEHTANbHbIC TaHHbIE,
a UMEHHO CIEKTp MTHOBEHHBIX TaMMa-KBaHTOB B HEPreTHYECKOM Jauarna3zone 2+18
Mb5B B peakiu 3axBaTa HEHTPOHOB ¢ 3Heprueit 14 M»B m3oromamu Ni 1 n3omepHbIe
OTHOIIEHHWSI B NEpBUYHBIX (parmeHtax ¢oromenenus m3oronoB U, Np u Pu
TOPMO3HBIM H3IyYeHHEM C TpaHudHbIME SHeprusimu F,=10.5, 12 u 18 M>3B.
OKclepUMEHTaIbHbIE JaHHBIE CPaBHHUBAIOTCA C TEOPETHUYECKHUMH pacuéTaMu,
BBHITTOJIHEHHBIMA ¢ ToMomipio komoB EMPIRE 3.2 ta TALYS 1.6. Brruuciensr
pacIpeneneHus YriaoBEIX MOMEHTOB M CpEIHHE 3HAUYCHHS YIJIOBBIX MOMEHTOB B
nepBudHbIX pparmentax Br, °’Nb, ®Rb, 131133Tg, 132G, 132134] 135X e HccnenosaHo
BIIMSHHE XapaKTEPUCTUK BO30Y>KIEHHBIX COCTOSIHUM sep, @ MMEHHO Pa3IHMYHbIX
Mojenel onrcanusi (JOTOHHBIX CHIIOBBIX (D)YHKIMH U IUIOTHOCTH AIECPHBIX YPOBHEH,
Ha pe3yJIbTaThl PACYETOB.
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¢dorozeneHue, ObICTpbIC HEUTPOHBI, U3OMEPHBIE OTHOIICHHS, TAMMa-CIIEKTP
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