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Isomer ratios and mean angular momenta are obtained both for photofission products of >’Np, >**U and for nuclei
122120meQh - and ''""™#[n. Photonuclear reactions '*'Sb(y,n)"**™Sb, '**Sb(y,n)'**™£Sb, '"*Sn(y,p)"'"™¢In were studied in
the last cases. The technique of gamma-ray spectrometry for isomeric ratio determination was used. Target nuclei
were irradiated by bremsstrahlung spectrum of microtron M-30. Comparison of isomer ratios calculated by Empire II
code with experimental data was performed. Effects of the nuclear structure model parameters on values of isomer

ratios are discussed.
PACS: 25.20.-x, 25.85.-w, 24.10.-i

1. INTRODUCTION

Study of mean angular momenta of the fission
fragments is useful for investigation of a configuration
of fissionable system near scission point [1,6-9]. The
various experimental techniques are used to obtain such
information on mean angular momenta: measurements
of anisotropy [2] and number of emitted gamma rays
[3]; ground state band populations in even-even fission
products [4]; investigation of isomer ratios [7]. Isomer
ratio is one of the most simple and rather reliable
method to deduce information on spin distribution and
on value of mean angular momenta. It is based on
investigations of independent yield of isomer states with
different spin (isomer ratio) in evaporation residues of
primary fission products. Values of isomer ratio are
rather sensitive to parameters of nuclear models.
Therefore it is important to investigate such
dependencies for more accurate estimation of mean
angular momenta of photonuclear reaction products.
Note that angular momentum of compound nucleus
which formed in photonuclear reaction has a relatively
small value. So the effects of rotation of the compound
nucleus are expected to be small in photonuclear
reactions.

In this contribution we present a study of isomeric
yield ratios and primary angular momenta for two
groups of nuclei. First group of fragments *Br, *°Sb,
BLIBTe 132G, ], 13Xe is produced in the photofission
of #*U and *'Np by bremsstrahlung with maximum
energy of 16 MeV. The isomer ratios for nuclei

122120meQh - and ''"™¢In are obtained from reactions '*'Sb(
y’n)IZOm,ng’ IZSSb(V,n)IZZm,ng’ 1 ISSn(y’p)l 17m,gIn.
Bremsstrahlung spectrum of microtron M-30 with
electrons energy 15 and 16 MeV was used for
irradiation.

2. EXPERIMENTAL TECHNIQUE AND
RESULTS

The uranium and neptunium targets were irradiated
by bremsstrahlung of microtron M-30 with maximum
energy of electrons 16 MeV to obtain photofission
products. Bremsstrahlung spectrum of microtron M-30
with electrons energies 15 and 16 MeV was used for
irradiation of stibium and tin targets.

The targets with *’Np consisted of thin aluminium
foil with deposited thin layer of neptunium; **U targets
consisted of a set of aluminium plates with thin layers of
depleted uranium on the both sides of plates; distance
between plates was fixed. Thin foils (about ten pieces)
were inserted between plates. Some part of the fission
fragments with high kinetic energy was driven in the
foils. After irradiation the foils were removed for
subsequent measurements of gamma spectra.

The HPGe spectrometer with energy resolution
2.0 keV at 1332 keV (gamma energy of “Co) was used.
Gamma-ray spectra of photonuclear reaction products
were analyzed at different time intervals to perform
correct identification of the products. The time of
measurement was varied (from 1 min in the beginning to
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10 min in the end of a measurement) to have optimal
conditions for data acquisition.

The examples of gamma spectra for fission products
of #*U and *'Np are shown on Figs. 1 and 2, as well as
some gamma-peaks used to determine isomer ratios. The
examples of gamma spectra of '*Sb, 'Sb, '""™¢In are
shown on Fig. 3. One can see that spectra are rather
complex and consist of several hundred of gamma-
peaks. The special code was developed to process
spectra in manual and semi-automatic way.
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Fig. 1. Typical gamma spectra of photofission
fragments of U
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Fig. 2. Typical gamma spectra of photofission
fragments of **’Np

The contributions of genealogically related B-decay
branches to yield of investigated nuclei were taken into
account for correct calculation of the experimental
values of isomer ratios [8]. Input information on gamma
transitions, their absolute yields, nuclear structure,
which are needed for calculation of isomer ratios, was
used from Ref. [9]. The table contains the obtained
experimental values of isomer ratios.

The following isomer yield ratios for reactions '**Sb(
y,n)'>™eSb and '"*Sn(y,p)''™¢In were obtained:
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2Sb: Yuw/Y=(7.1£0.7)00?; E,=16 MeV;
228b: Y.u/Y=(15£1)107 E,~16 MeV;
"In: Yu/Y~(24+2)007 E,=16 MeV,
"In: Yu/Y~=(9£7)007% E,~15 MeV.
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Fig. 3. Typical gamma spectra of **™£Sb, '*™£Sb,
ll7m,gln

3. CALCULATION OF MEAN ANGULAR
MOMENTA AND ISOMER RATIOS

The code Empire-II [10] was used to obtain spin
distributions and mean angular momenta of primary
photofission products using experimental values of
isomeric yield ratios. This code was modified and
extended for analysis of photonuclear reactions and for
investigations of both dependences of angular momenta
and energy of primary fission fragments on isomer ratio
values [11,12].

The procedure of isomer ratio calculations is
automatized. Initial population of discrete nuclear levels
after escape of all neutrons is calculated by Empire-II
code within Hauser-Feshbach model. The probabilities
of deexcitation and population of discrete levels were
taken from the experimental data and from RIPL-2
library of evaluated data. Isomer ratio is calculated as a
ratio of populations of metastable and ground states.



Isomer ratios and mean angular momenta of photofission fragments

Isomer Nucleus —
Target Nucleus Product of Isomer Ratio g;/0; Mean Angular Momentum
Photofission <~
U SmeBr a(5)/0(27)=0.44 £ 0.04 44+0.2
U 130meGh o(8)/0(5)=1.2+0.2 6.8+04
2y 13ImeTe o(11/2)/6(3/2") =138 £ 0.21 52+04
U 132meQh a(8)/0(4)=0.79 £ 0.13 7.4+04
2y 13¥meTe o(11/2)/6(3/2") =1.44 £ 0.15 6.8+0.3
U 1ame] 0(8)/0(4)=0.67 £0.13 7.0+0.5
o) . C o(11/27)/6(3/2") =0.22 £ 0.03 2.8+0.15
“Np 1] a(8)/0(4)=2.4+0.2 11.0+ 0.4
“Np . C o(11/27)/6(3/2") =0.61 + 0.06 42+0.2
The following information is needed for decisive transition is rather poor approximation for

unambiguous extraction of value of mean angular
momentum of initial primary fission fragment from
isomer ratio: total excitation energy of fragments after
scission point; distribution of this energy among the
fragments; distribution of mean angular momenta and
relative yield of initial primary fission fragments. We
assumed that total excitation energy is distributed among
fragments proportionally to their masses (this conclusion
is consequence of assumption on equality temperature in
fissionable nucleus and fission fragments). The
distribution of mean angular momenta J is taken in form
of delta function or by the expression P(J)=(2J+1)lekp(
—JIJ+1)/B’) where B is parameter of distribution. The
yields of fragments with equal charge Z and number of
neutrons N#/ is considered as the same. The mean
angular momenta for these fragments are assumed to be
equal. Detail calculation procedure is described in [13].
Derived values of mean angular momentum <J> are
given in the table, where 0y is cross-section of
population of high spin level and 0; is cross-section of
population of low spin level. The results for photofission
products are in rather good agreement with data of other
authors, for example from Ref. [14]. Calculated values
of isomer ratios for (Yy,n) reactions rather poorly agree
with experimental data. Calculated isomer ratios for
!""meln are (.21 for energy 16 MeV and 0.14 for energy
15 MeV. Isomer ratios for set of nuclei in reactions (Y,n)
and (n,y) were calculated to compare with experimental
data and calculations of other authors[15]. The
following conclusions can be made from these
comparisons. A consistent using of statistical Hauser-
Feshbach model of nuclear reactions with taking into
account escape of all particles, gamma cascades, angular
momentum conservation low by Empire II code can not
explain the high population values of levels with high
spins for nuclei with initial small spin of compound
nucleus. The  description becomes especially
problematic when difference between spin of isomer and
ground level is larger than four. Influence of the spin
cut-off factor on the isomer ratio is not very important.
Calculations with the use of Empire II code and base of
experimental characteristics of levels show that widely
used Huizenga-Vandenbosh assumption [7] of final

many nuclei.

Mean number of quanta in gamma cascade
(multiplicity) is very important for determination of
isomer ratio in such approaches. In many cases this
value is free parameter to fit isomer ratios to the
experiment. Note that gamma multiplicity first of all
depends on the nuclear level density and radiative
strength function in the low energy region. Experimental
information on radiative strength function in the region
of gamma quanta energies near 1...2 MeV is very
fragmentary. Characteristics of the low lying levels and
decay probabilities can be very important for population
of levels with high enough spins. In many cases these
effects are not statistical and it is necessary to exclude
such contribution for correct study of statistical
mechanisms. The agreements of calculations by
Empire II with experimental data for some nuclei with
large difference of isomer and ground spins is only
provided by peculiar properties of nuclear level scheme.
In general the theoretical isomer ratios are as a rule
smaller than experimental values in the range of medium
and heavy weight nuclei near the beta-stability line.

4. CONCLUSIONS

Isomer ratios and mean angular momenta for
photofission products of *'Np and **U for nuclei
122120meQh  and '""™¢In are obtained. Influence of the
nuclear structure model parameters on value of isomer
ratio was discussed. Consistent using of statistical
Hauser-Feshbach model of nuclear reactions with taking
into account escape of all particles, gamma cascades,
angular momentum conservation low without fitting
critical parameters can not explain the high population
values of levels with high spins for nuclei with initial
small spin of compound nucleus. Study of gamma
quanta multiplicity, radiative strength function in the
low energy region, multipolarity factors is necessary for
more precise calculations with use of isomer ratio
method. The authors (V.A.P., O.A.B., LM.K.) are very
thankful for support in part by the IAEA (Vienna) under
IAEA Research Contract Ne 12492.1.
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W30MEPHBIE OTHOLIEHHUSI U CPEJHUE YIJIOBBIE MOMEHTHI IPOJIYKTOB
®OTOSIIEPHBIX PEAKIINIA

O.A. becweiiko, JI.A. I'onunka-becweiixo, H.H. Kaoenxo, B.M. Ma3yp, B.A. IInwiiko,
H.B. Cmpunvuyk, U.H. Buwneeckuii, B.A. Kenmonoostcckuii

I/I3MepeHLI HN30MCPHBIC OTHOWICHUSA U HU3BJICUCHBLI CPEAHUEC YTJIOBBIC MOMCHTBI JI IPOAYKTOB q)OTOHeHeHI/IH

spep 2*U u »'Np, a Tarke U3MEPEHBI N30MEPHBIE OTHOIIEHUS IS sjep ' 2™¢Sb u ''"™¢n B peaxumsx (y,n) u (7.,p).
OO6ny4eHne MPOBOAMIOCH TOPMO3HBIME Y-KBaHTaMH MUKpOTpoHa M-30 ¢ MakcHMManbHOM 3Heprueil crekrpa 16 u
15 MsB. HccrmenoBanbl 3aBUCHMOCTH HW30MEPHBIX OTHOIIECHHH OT YTJIOBBIX MOMEHTOB BO30Y)KICHHBIX SNEp C
ncronbp30BaHueM nporpammel Empire 11 niist pacdera XxapakTepUCTHK SIEPHBIX PEAKIIUH.

I3OMEPHI BIZIHOIIEHHSI TA CEPEJHI KYTOBI MOMEHTH MMPOJAYKTIB ®OTOSIIEPHUX
PEAKIIN

O.A. beawuiixo, JI.0. I'oninka-be3wuiixo, .M. Kadenko, B.M. Ma3yp, B.A. ILoiiko,
M.B. Cmpinvuyk, .M. Bumneescokuii, B.0O. Kenmonoxccokuii



JocmimkeHo i30MEpHI BIIHOLICHHs Ta BU3HAYEHO CEPEHI KYTOBI MOMEHTH JJIsi MPOAYKTIB (POTOAUICHHS sIep

U 1 *'Np, a TakoX BEMIpsHi i30MepHi BimHOmeHHS mus saep '™ Sb m '"™tn B peakuisx (y,n) Ta (y.,p).
OnpoMiHEeHHS TPOBOJMIIOCS T'aJIbMIBHUMH Y-KBaHTaMH MiKpoTpoHy M-30 3 MakCHMaJIbHOIO €HEpri€ro CrekTpy 16
ta 15MeB. JlocmimkeHO 3aJeKHOCTI 130MEPHHX BIJHOIICHb BiJ] KyTOBHX MOMEHTIB 30Yy/DKCHHX sjaep 3
BUKOPHCTAaHHAM nporpaMu Empire II 11st po3paxyHKy XapakTepUCTHK SIEPHUX PeaKilii.
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