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ISOMER RATIOS AND MEAN ANGULAR
MOMENTA OF PRIMARY 97Nb FRAGMENTS
AT 235U AND 238U PHOTOFISSIONPACS 25.85.Jg

The isomeric yield ratios are measured for 97Nb fragments obtained at the bremsstrahlung
photofission of 235U and 238U nuclei with gamma-quantum end-point energies of 10.5, 12.0,
and 18.0 MeV. The mean angular momenta of primary fission fragments are determined, by
using the generalized Huizenga–Vandenbosh statistical model and with the help of TALYS 1.6
and EMPIRE 3.2 codes.
K e yw o r d s: photofission, isomeric ratios, mean angular momenta of fission fragments.

1. Introduction

Processes of nuclear fission have been studied for a
long time. However, some issues concerning their dy-
namics remain unresolved till now. While studying
variations of nuclear properties at the transition from
the saddle point to the scission one, the determina-
tion of the angular momenta of fission fragments is
very important. For example, in the framework of the
droplet nuclear model, the emergence of high angu-
lar momenta is explained by the excitation of modes
associated with the rotation of fission fragments. In
particular, the increase of angular momenta in com-
parison with that of the parent compound nucleus
may testify to the presence of mechanisms that spin
up the fragments owing to the action of Coulomb and
nuclear forces after the fissioning nucleus breaks up
[1–4]. One of the methods for the determination of the
angular momenta of fission fragments is the method
of isomeric ratios.
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Conventionally, the isomeric ratio 𝑅𝜎 is the ratio
between the cross-section of the reaction with the
population of a metastable state to the cross-section
of the reaction with the population of the ground
state: 𝑅𝜎 = 𝜎𝑚/𝜎𝑔. But 𝑅𝜎 = 𝜎𝑔/𝜎𝑚 is adopted,
as a rule, if 𝐽𝑚 < 𝐽𝑔. In photonuclear reactions un-
der the influence of bremsstrahlung gamma quanta
with the energy ranging from the reaction threshold
to the end energy 𝐸𝑒, the isomeric yield ratio is mea-
sured as the ratio between the reaction yields with
the formation of a metastable state and the ground
one: 𝑅𝑌 = 𝑌𝑚/𝑌𝑔 or 𝑅𝑌 = 𝑌𝑔/𝑌𝑚. Note that, ac-
cording to Refs. [5,6], the isomeric ratios 𝑅𝜎 and 𝑅𝑌

practically coincide for photonuclear reactions with
the energy 𝐸𝑒 ≤ 20 MeV.

This work continues a cycle of researches dealing
with the isomeric ratios and the mean angular mo-
menta of photofission fragments of actinide nuclei
(see Refs. [7–11] and references therein). Its aim con-
sists in the determination of the isomeric yield ratios
for the primary 97Nb nucleus fragment and the de-
termination of its mean angular momentum in the
photofission reactions of 238U and 235U nuclei with



V.O. Zheltonozhskyi, A.M. Savrasov, K.M. Solodovnyk et al.

the use of the bremsstrahlung with various end-point
energies.

2. Experimental Part.
Measurement Technique

For the determination of the reaction yields, the ac-
tivation technique was used. Spectrometric measure-
ments allow the induced activity of researched iso-
topes to be determined from characteristic peaks in
the gamma spectrum registered at a definite time mo-
ment. If the isomeric ratios are dealt with, the ar-
eas under the peaks of the total absorption corre-
sponding to the 𝛾-transition of a nucleus from the
isomeric to the ground state and the 𝛾-transition at
the decay of the ground state of a nucleus, which
is unstable for 97Nb, are determined and compared
with each other. In photofission reactions, besides
the direct population of the nucleus in the isomeric
state, isotopes from the parent isobaric chain are also
formed. As a result of the 𝛽-decay, such isobaric nu-
clei can give a considerable contribution to the nu-
clear population in addition to the direct popula-
tion at the fission. This contribution of isobaric nuclei
should be taken into account, because the direct pop-
ulation can be several times lower. For this purpose,
the area under the peak of total absorption arising
due to the decay of a precursor nucleus is determined
additionally. The schematic diagram of the analyzed
chain of decays is depicted in Fig. 1.

The time evolution of the numbers of nuclei that
are formed in the ground, 𝑁𝑔, and metastable, 𝑁𝑚,
states, as well as the isobaric nuclei, 𝑁𝑏, is described

Fig. 1. Schematic diagram for the population of the ground
and isomeric states of the

𝐴𝑓

𝑍𝑓
𝑋 nucleus at the parent nucleus

fission. The contribution to the population from the isobaric
precursor nucleus

𝐴𝑓

𝑍𝑓−1𝑋
′ is taken into account

by the following system of kinetic equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑑𝑁𝑏(𝑡)

𝑑𝑡
= 𝑌𝑏Θ(𝑡ir − 𝑡)− 𝜆𝑏𝑁𝑏 (𝑡),

𝑑𝑁𝑚(𝑡)

𝑑𝑡
= 𝑌𝑚Θ(𝑡ir − 𝑡) + 𝑃𝑏,𝑚𝜆𝑏𝑁𝑏 (𝑡)−

−𝜆𝑚𝑁𝑚 (𝑡),

𝑑𝑁𝑔(𝑡)

𝑑𝑡
= 𝑌𝑔Θ(𝑡ir − 𝑡) + 𝑃𝑚,𝑔𝜆𝑚𝑁𝑚 (𝑡)+

+𝑃𝑏,𝑔𝜆𝑏𝑁𝑏 (𝑡)− 𝜆𝑔𝑁𝑔 (𝑡),

(1)

where the subscripts 𝑚 and 𝑔 designate the
metastable and ground, respectively, states of the
studied nucleus; the subscript 𝑏 means the isobaric
precursor nucleus; 𝑁𝑚, 𝑁𝑔, and 𝑁𝑏 are the numbers
of nuclei in the corresponding states; 𝜆𝑚, 𝜆𝑔, and 𝜆𝑏

are the constants of nuclear decay; 𝑌𝑚, 𝑌𝑔, and 𝑌𝑏 are
the yields of reactions with the formation of nuclei in
the metastable and ground states, and the precursor
nuclei from the corresponding 𝛽-decay chain; 𝑃𝑏,𝑔 and
𝑃𝑏,𝑚 are the fractions of isobaric nuclei that populate
the ground and metastable, respectively, states at the
decay; and 𝑃𝑚,𝑔 is the fraction of nuclei decaying from
the metastable state into the ground one. This system
describes the processes of straightforward generation
of the element during the nuclear reaction, its forma-
tion owing to the decay of the precursor nucleus, and
the reduction of the number of nuclei as a result of
their radioactive decay.

In the course of spectrometric experiments carried
out following the activation technique, the specimen
was first irradiated within the time interval 𝑡ir. Then
it was cooled down and transported to a spectrom-
eter during the time interval 𝑡col. At last, the num-
ber of counts was measured within the time interval
𝑡𝑚. This number is related with the areas under the
photo-peak 𝑆𝑖 (𝑖 = 𝑚, 𝑔, 𝑏) and with the number of
nuclei 𝑁𝑖(𝑡) by the formula

𝑆𝑖(𝑡𝑚) = 𝑓𝑖 𝜀𝑖 𝜆𝑖

𝑡1∫︁
𝑡0

𝑁𝑖(𝑡) 𝑑𝑡,

where 𝑓𝑖 is the emission probability for the given
gamma quantum, 𝜀𝑖 the efficiency of registration by
a spectrometer at the given energy, 𝑡0 = 𝑡ir+𝑡col, and
𝑡1 = 𝑡ir + 𝑡col + 𝑡𝑚.

The isomeric ratios 𝑅𝑌 were calculated as the ra-
tio 𝑌𝑔/𝑌𝑚 between the reaction yields that satisfied
Eqs. (1) provided the fixed experimental values of
areas 𝑆𝑖 (𝑖 = 𝑚, 𝑔, 𝑏) under the total absorption

286 ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 4



Isomer Ratios and Mean Angular Momenta

peaks. The calculations were carried out with the help
of the software code IZOMER [8].

Specimens were irradiated on an M-30 microtron
(Institute of Electron Physics of the National Aca-
demy of Sciences of Ukraine, Uzhgorod), by using
𝛾-quanta of the electron bremsstrahlung spectrum. A
thin tantalum plate was used as a bremsstrahlung tar-
get. Therefore, the bremsstrahlung spectrum looked
like the Schiff one. The maximum energy of bremss-
trahlung gamma quanta, 𝐸𝑒, was 10.5, 12.0, and
18.0 MeV.

A closed 235U source (90% 235U + 10% 238U,
514 mg in mass, and packed into a container) and
a 238U specimen (stripes from evaporated 238U with
a total isotope mass of 2 g) were used as targets. Figu-
re 2 schematically illustrates the geometry of the irra-
diated 238U specimen. The surface of aluminum foils
was a place, where radioactive fragments that were
emitted at the uranium fission were deposited. After
the irradiation, the gamma spectra of fission frag-
ments in the activated foils were analyzed on a spec-
trometer.

The gamma spectra of activated targets were mea-
sured on a spectrometer equipped with an HPGe
detector. The spectrometer resolution was equal to
2.0 keV at the 𝛾-transition with 𝐸𝛾 = 1332.5 keV in
60Co nucleus. The spectra were registered every 60 s
during the whole measurement time interval 𝑡𝑚. The
data obtained for the end-point irradiation energies
of the uranium specimen, the irradiation time inter-
val 𝑡ir, the total time of cooling and transportation
𝑡col, and the maximum total time of measurements
are quoted in Table 1. An example of the obtained
photofission spectra is depicted in Fig. 3.

Table 1. End-point energies of uranium
specimen irradiation, irradiation times, cooling
times, and total times of spectrum measurement

Target nucleus
235U 238U

Exp. 1 Exp. 2 Exp. 3 Exp. 4

End-point energy of 𝛾 quanta
(MeV) 10.5 18.0 12.0 18.0
Irradiation time 𝑡ir (min) 10.0 5.0 20.0 10.0
Total time of cooling
and transportation 𝑡col (s) 28.0 166.0 49.0 37.0
Total time of spectrum
measurement 𝑡mes (min) 858.0 46.0 309.0 1083.0

Fig. 2. Experimental setup for the irradiation of specimens
with 238𝑈

Fig. 3. Fragment of the characteristic 235U photofission spec-
trum, which was used for the calculation of isomeric ratios. The
scaled-up sections of the spectrum detail the spectral intervals
containing the peaks from gamma transitions with 𝐸𝛾 = 658.13

and 743.36 keV. The corresponding end-point irradiation en-
ergy and measurement time are indicated in the figure, 𝐸 is
the energy registered by a gamma detector, and 𝑁 the total
number of counts within the time interval 𝑡𝑚

Fig. 4. Fragment of the fission chain 97Zr → 97Nb → 97Mo.
Transitions with 𝐸𝛾 = 743.36 and 658.13 keV were used to de-
termine the level populations. The parameters of states and
transitions are taken from Ref. [13]
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The photofission spectra were used to calculate the
isomeric ratios for 97Nb with regard for the contri-
bution from the isobaric nucleus 97Zr. A fragment of
the decay scheme 97Zr → 97Nb → 97Mo is shown in
Fig. 4.

The registered gamma spectra were analyzed
with the use of the Winspectrum software package
[12]. The calculations were rather complicated, be-
cause 1) there was a necessity to measure the spectra
during different time intervals, which corresponded to
the half-life periods of the examined isotope states,
with the subsequent normalization of the 𝑁𝑚-, 𝑁𝑔-,
and 𝑁𝑏-values calculated from those spectra to a cer-
tain identical measurement time interval 𝑡𝑚; 2) the
peaks of total absorption considerably overlapped one
another; and 3) the influence of the dead time dur-
ing the first minutes of measurements was significant
(10–80%).

When calculating the populations, the most intense
gamma transitions in the decay chain 97Zr→ 97Nb →
→ 97Mo were used. Namely,

∙ the population 𝑁𝑏 of the ground state of the iso-
baric precursor nucleus 97Zr was determined from the
area under the gamma-transition peak with 𝐸𝛾 =
= 743.36 keV associated with the decay 97Zr→
→ 97𝑚Nb (𝑇1/2 = 16.9 h);

∙ the population 𝑁𝑚 of the metastable state 97𝑚Nb
was determined from the area under the gamma-
transition peak with 𝐸𝛾 = 743.36 keV associated with
the decay 97𝑚Nb → 97𝑔Nb (𝑇1/2 = 52.7 s);

∙ the population 𝑁𝑔 of the ground state of 97𝑔Nb
was determined from the area under the gamma-
transition peak into the second excited state with
𝐸𝛾 = 658.13 keV associated with the decay 97𝑔Nb→
→ 97Mo (𝑇1/2 =72.1 min).

Owing to a substantial difference between the half-
life periods of the examined isotopes, the calcula-
tion of contributions of all gamma transitions from
the same spectrum corresponding to a certain cho-
sen measurement time 𝑡𝑚 would be characterized
by a low statistical accuracy. For this reason, in or-
der to calculate the number of generated nuclei cor-
rectly, the areas under the peaks were calculated for
the spectra registered at the times, when the con-
tributions from the examined isotopes were maxi-
mum. Afterward, the areas under the peaks were re-
calculated to the same time interval 𝑡𝑚. The time
𝑡𝑚 for each experiment was selected to be close as
much as possible to the half-life period of the decay

97𝑔Nb→ 97Mo. The areas under the peaks were de-
termined as follows.

∙ The area 𝑆𝑏 under the peak with 𝐸𝛾 = 743.36 keV
for 97Zr nucleus with 𝑇1/2 = 16.9 h was calculated
from the difference between the spectra measured
during the

(︀
𝑡 = 10𝑇1/2

)︀
- and

(︀
𝑡 = 𝑇1/2

)︀
-time inter-

vals (i.e. from the difference between the spectra mea-
sured during 1010 and 10 min). If the measurement
lasted less than 16.9 h, conditions close to the indi-
cated ones as much as possible were used.

∙ Since the loss of counts during the dead time had
to be taken into account for the short-lived 97𝑚Nb,
the areas under the peak with 𝐸𝛾 = 743.36 keV were
separately determined at the first and second min-
utes of the measurement. Then the calculated contri-
bution 𝑆𝑏 was subtracted, and a correction for the
dead time was made.

∙ The area 𝑆𝑔 under the peak was determined di-
rectly from the spectrum corresponding to the mea-
surement time 𝑡𝑚.

In addition, if it was possible, the areas 𝑆𝑚,𝑔,𝑏

for the indicated gamma transitions were determined
from the spectra measured during 𝑡 = 𝑇1/2, 2𝑇1/2, ...,
and so on in order to test the time variations of the
areas under the peaks, which should correspond to
the radioactive decay law.

When determining the areas 𝑆𝑏, 𝑆𝑚, and 𝑆𝑔, the
spectra processing was performed making allowance
for the contributions inserted by external elements,
i.e. by other photofission products, the gamma tran-
sitions of which have energies close to the considered
values, which were not resolved by a spectrometer
and created the overlapping. Such contributions were
determined with regard for the intensity ratio for the
gamma transitions of the foreign isotope. The corre-
spondence of the time evolution of the areas under the
peaks of total absorption to the radioactive decay law
of the analyzed foreign element was additionally ver-
ified. The calculation of the peak areas for elements
with long lifetimes was carried out from the differ-
ence between the spectra corresponding to ten half-
life periods of all short-lived elements and the spectra
corresponding to one half-life period of the long-lived
element after the decay of short-lived ones. The de-
cay chains of foreign elements, their half-life periods,
and the energies of 𝛾-transitions, which were used to
determine their contributions, are quoted in Table 2.

The complicated configuration of the target with
235U made it impossible to perform the external effi-
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Table 2. Nuclear fission chains, their half-life times, and lines used when
processing the spectrum in order to determine the area under the peaks 𝑆𝑏, 𝑆𝑚, and 𝑆𝑔

Fission chains
134Te→ 130Sn→ 128𝑚Sb→ 128𝑔Sb→ 128Sn→ 128𝑚Sb→ 89Rb→
→ 134I → 130Sb → 128Te → 128Te → 128Te → 89Sr

Half-lifes (min) 41.8 3.7 10.4 540.6 59.1 15.2
Energy of transition
that creates overlapping 742.6 743.1 743.2 743.2 743.2 657.8
Energy of transition used
to calculate the contribution 566.0 779.8 753.9 753.9 753.9 1248.1

Table 3. Results of calculation of the isomeric
yield ratios for the 97Nb fission fragment in 235U
and 238U photofission reactions
from experimental data

Target nucleus 𝐸𝑒, MeV 𝑅𝑌 = 𝑌𝑔/𝑌𝑚

235U 10.5 0.75 ± 0.09
238U 12.0 0.73 ± 0.10
235U 18.0 3.9 ± 0.8
238U 18.0 3.8 ± 0.6

ciency calibration. Therefore, in order to apply the
same approach when processing the spectra of all
specimens, a relative efficiency calibration was car-
ried out for all four experiments, by using the mea-
sured gamma spectra of fission products. The regis-
tration efficiency of a spectrometer was calibrated on
the basis of 35, on average, gamma transitions in fis-
sion fragments (146Ce, 131Te, 149Nd, 101Mo,134I, 135I,
and 141B), as well as using x-ray lines produced by
uranium and lead. The efficiency curve was plotted,
by following the method described in Ref. [12]. The
obtained curves of the relative efficiency of gamma-
radiation registration are exhibited in Fig. 5.

After determining the areas, Eqs. (1) were numeri-
cally solved with the help of the IZOMER code. The
isomeric ratios were calculated as the yield ratios be-
tween the reaction into the state with the higher spin
and the reaction into the state with the lower spin,
𝑅𝑌 = 𝑌𝑔/𝑌𝑚. The resulting isomeric ratios obtained
for 97Nb are quoted in Table 3. The relevant measure-
ment errors were evaluated as the statistical errors of
the areas under the peaks of total absorption from
the gamma transitions that correspond to the popu-
lation of the ground and metastable states, and the
decay of the isobaric precursor nucleus [9].

Fig. 5. Relative efficiency of the registration of gamma radi-
ation for the photofission of 235U and 238U fragments under
bremsstrahlung with various end-point energies

Note that the isomeric ratios for 95Nb nucleus,
the photofission fragment, were analyzed earlier in
Ref. [7] in the cases of 232Th(𝑛, 𝑓) reactions with a
neutron energy of 14 MeV and 232Th(𝑑, 𝑓) reactions
with a deuteron energy of 13.6 MeV. The respective
values of isomeric ratio 𝑅𝑌 = 𝑌𝑔/𝑌𝑚 were found to
equal 5.0 ± 1.0 and 3.6 ± 0.6. In Ref. [14], the iso-
meric yield ratios were measured for 97Nb created in
the reactions 98Mo(𝛾,p)97Nb and100Mo(𝛾,p2n)97Nb
with bremsstrahlung end-energies varying from 16.0
to 60.0 MeV. In particular, at 𝐸𝑒 = 16.0 MeV, the
isomeric yield ratio equals 𝑅𝑌 = 1.740 ± 0.141. This
fact testifies that the isomeric ratios can considerably
depend on the type of the input channel.

3. Calculation of Mean Angular
Momenta. Discussion of the Results Obtained

First, we should determine the spin distribution of ini-
tial states by fitting the values of isomeric ratios cal-
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Fig. 6. Probabilities of the population of the ground state
of 97Nb nucleus from the states of excited isotopes 99Nb and
97Nb depending on the excitation energy 𝑈 and the spin 𝐽 ,
𝑔
(𝑖)
𝑔 (𝑈, 𝐽), calculated with the use of the EMPIRE 3.2 software

code

culated theoretically to their experimental counter-
parts. When calculating the isomeric ratios, we used
a generalization of the Huizenga–Vandenbosh statis-
tical model, which was proposed in Refs. [9, 10]. Fur-
thermore, we took into account the population of
the ground (𝑔) and metastable (𝑚) states of the re-
searched nucleus (𝐴𝑓 , 𝑍𝑓 ) with charge 𝑍𝑓 emerging
owing to the decay of isotopes (𝐴𝑖 = 𝐴𝑓 + 𝑖, 𝑍𝑓 )
with a larger number of neutrons (𝑖 ≤ 𝑖𝑚). In partic-
ular, we made allowance for the contribution to the
isomeric ratio produced by the decay of isotopes, in
which the number of neutrons exceeded the number
of neutrons in the nucleus (𝐴𝑓 , 𝑍𝑓 ) by no more than
two neutrons (the value 𝑖𝑚 = 2 approximately corre-
sponds to the average multiplicity of neutrons).

The populations 𝑔
(𝑖)
𝑘 (𝑈, 𝐽) of the ground (𝑘 = 𝑔)

and metastable (𝑘 = 𝑚) states of the nucleus (𝐴𝑓 , 𝑍𝑓 )

Fig. 7. Probabilities of population of the isomeric state of
the 97Nb nucleus from the states of excited isotopes 99Nb and
97Nb depending on the excitation energy 𝑈 and the spin 𝐽 ,
𝑔
(𝑖)
𝑚 (𝑈, 𝐽), calculated with the use of the EMPIRE 3.2 software

code

that correspond to transitions with the emission of
gamma quanta and neutrons from the nuclear states
with the excitation energy 𝑈 and the spin 𝐽 were
calculated with the use of the software codes EM-
PIRE 3.2 [16] and TALYS 1.6 [17].

For the calculation of isomeric ratios, the following
expression was used:

𝑅 =

𝑖𝑚∑︀
𝑖=0

𝑈(𝑖)
𝑚∫︀

𝑈
(𝑖)
0

∑︀
𝐽

Φ𝑖(𝐴𝑖, 𝑈, 𝐽)g
(𝑖)
g (𝑈, 𝐽)𝑑𝑈

𝑖𝑚∑︀
𝑖=0

𝑈
(𝑖)
𝑚∫︀

𝑈
(𝑖)
0

∑︀
𝐽

Φ𝑖(𝐴𝑖, 𝑈, 𝐽)g
(𝑖)
𝑚 (𝑈, 𝐽)𝑑𝑈

, (2)

where

Φ𝑖(𝐴𝑖;𝑈, 𝐽) = 𝑃 (𝐴𝑖)𝜙𝑖(𝑈)𝑃 (𝑖)(𝐽),
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Table 4. Results of theoretical calculations of the mean angular momenta

Target nucleus
(𝐸𝑒, MeV)

TALYS EMPIRE

𝑖𝑚 = 0 𝑖𝑚 = 2 𝑖𝑚 = 0 𝑖𝑚 = 2

Eq. (3) Eq. (4) Eq. (3) Eq. (4) Eq. (3) Eq. (4) Eq. (3) Eq. (4)

235U (10.5) 1.5 ± 0.5 1.5 ± 0.5 0.9 ± 0.6 0.9 ± 0.6 1.4 ± 0.6 1.5 ± 0.6 – –
238U (12.0) 1.5 ± 0.5 1.5 ± 0.5 0.9 ± 0.6 0.9 ± 0.6 1.4 ± 0.6 1.5 ± 0.5 – –
235U (18.0) 5.2 ± 0.8 4.8 ± 0.8 5.2 ± 0.9 4.9 ± 0.9 5.1 ± 0.8 4.8 ± 0.8 4.9 ± 1.0 4.6 ± 0.9
238U (18.0) 5.1 ± 0.7 4.7 ± 0.7 5.1 ± 0.8 4.8 ± 0.7 5.0 ± 0.7 4.7 ± 0.7 4.8 ± 0.8 4.5 ± 0.7

𝑃 (𝐴𝑖) is the distribution function of nuclear frag-
ments with the mass number 𝐴𝑖 = 𝐴𝑓 + 𝑖 and
the charge 𝑍𝑓 ; and 𝜙𝑖(𝑈) and 𝑃 (𝑖)(𝐽) are func-
tions that determine the state distributions in the fis-
sion fragment (𝐴𝑖, 𝑍𝑓 ) over the excitation energy and
spin. Those distribution functions for various isotopes
simultaneously enter the numerator and denominator
of expression (2), and the mass numbers 𝐴𝑖 = 𝐴𝑓 + 𝑖
are concentrated within a narrow interval. Therefore,
the dependences 𝜙𝑖(𝑈) and 𝑃 (𝑖)(𝐽) were assumed to
be identical for various isotopes.

In our calculations, we consider the decay of states
with the excitation energies within the same inter-
val Δ𝑈 = 16 MeV for all isotopes. The distribution
functions of states over the excitation energy, 𝜙𝑖(𝑈),
were chosen in the step-like form. Note that the value
Δ𝑈 = 16 MeV corresponds to the doubled value of
the average energy of neutron separation 𝑆𝑛 = 8 MeV
(i.e. Δ𝑈 = 2𝑆𝑛) and involves almost all excited states
that can populate the ground and isomeric states
of the researched nucleus (see Figs. 6 and 7). The
minimum, 𝑈

(𝑖)
0 , and maximum, 𝑈

(𝑖)
𝑚 , excitation en-

ergies of neutrons occupying the 𝑔- and 𝑚-states in
the nucleus-fragment (𝐴𝑖, 𝑍𝑓 ) were taken equal to
𝑈

(𝑖)
0 = 𝑆𝑖 and 𝑈

(𝑖)
𝑚 = 𝑆𝑖 + Δ𝑈 , respectively. Here,

𝑆𝑖 =
∑︀𝑗=𝑖

𝑗=0 𝑆
(𝑗)
𝑛 is the energy needed to separate 𝑖

neutrons from the nucleus (𝐴𝑓 + 𝑖, 𝑍𝑓 ), 𝑆
(𝑗)
𝑛 is the

separation energy for one neutron, and 𝑆𝑖=0 = 0.
Standard expressions were used for the spin distri-

bution functions of initial states [9, 10]:

𝑃 (𝑖)(𝐽) = (2𝐽 + 1) exp (−𝐽(𝐽 + 1)/2𝐵2 − 𝜆𝐽), (3)

and

𝑃 (𝑖)(𝐽) = (2𝐽 + 1) exp (−𝐽(𝐽 + 1)/2(𝐵 + 𝜇)2). (4)

As was done in Refs. [9, 10], the parameter 𝐵 in for-
mulas (3) and (4) was calculated in the framework of
the Fermi model for the gas of spherical nuclei. The
parameters 𝜆 and 𝜇 were found by fitting the the-
oretical values of isomeric ratio (2) to experimental
data. After the parameters in the spin distribution
functions had been determined, the mean angular mo-
mentum of the primary fragment (𝐴𝑓 , 𝑍𝑓 ) was calcu-
lated, by using the formula

𝐽 =
∑︁
𝐽

𝐽 𝑃 (0)(𝐽, 𝑥)/
∑︁
𝐽

𝑃 (0)(𝐽, 𝑥). (5)

Summation over the spin 𝐽 in Eqs. (2) and (5) is car-
ried out over the integer values of 𝐽 ≥ 0 for the fission
fragments with the integer spin in the ground state
and the half-integer values 𝐽 ≥ 1/2 for fragments
with the half-integer spin in the ground state.

In Figs. 6 and 7, the probabilities of population of
the ground and isomeric, respectively, states of 97Nb
nucleus from the states (𝑈, 𝐽) of excited niobium iso-
topes with the mass numbers 𝐴𝑖 = {97, 99} are shown
in relative unities. They were calculated with the use
of the EMPIRE 3.2 code. The values of those prob-
abilities calculated with the help of the TALYS 1.6
code are similar.

When calculating the populations, various expres-
sions were used for the radiation strength functions
and the nuclear level densities [18–20]. The results of
calculations for the mean angular momenta, which
are similar to the dependences shown in the figures,
depend insignificantly on those expressions.

The results of calculations of the mean angular mo-
mentum 𝐽 carried out for the primary nucleus of 97Nb
fragment are quoted in Table 4. For illustrative pur-
poses, they are also depicted in Fig. 8. From Figs. 6–
8, one can see that the emission of different numbers
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Fig. 8. Results of theoretical calculations for the mean angular
momenta taking (𝑖𝑚 = 2) and not taking (𝑖𝑚 = 0) the neutron
emission into account. Calculations were performed with the
help of the EMPIRE and TALYS codes. Compound nuclei and
their possible spins are indicated

of neutrons gives rise to a certain averaging over the
level populations, but this fact does not substantially
affects the calculation results for the mean angular
momentum. This fact is confirmed by analytical cal-
culations in Ref. [10].

At high excitation energies, the mean angular mo-
menta in the fission fragments differ from the values
in the parent nucleus, which testifies that there is
a mechanism generating an additional angular mo-
mentum. Note that the increase of the isomeric ra-
tios with the end-point energy 𝐸𝑒 also gives rise to
the increase of the mean angular momenta of pri-
mary fission fragments. This relation may probably
be associated with the opening of the (𝛾, 𝑛𝑓) reac-
tion channel and may bring about a modification of
the distribution for every quantity in Eq. (2).

4. Conclusions

New data have been obtained for the isomeric ratios of
97Nb nucleus that is formed as a result of the photofis-
sion of 235U and 238U nuclei by the bremsstrahlung
with end-point energies of 10.5, 12.0, and 18.0 MeV.
The calculations were carried out with the use of the
activation method and with regard for the contribu-
tion of the isobaric precursor nucleus to the popu-
lation. A distinction of the isomeric ratio values ob-
tained at 𝐸𝑒 = 10.5 and 12 MeV from the values
obtained at 𝐸𝑒 = 18 MeV was demonstrated. This
difference may testify that the isomeric ratios consid-
erably depend on the type of the input channel.

The values of mean angular momenta of the fis-
sion fragments were determined theoretically with
the use of the software codes TALYS 1.6 and EM-
PIRE 3.2. The possibility for the 97Nb states to
be populated after the emission of up to two neu-
trons owing to the decay of primary fragments with
the number of neutrons larger than in 97Nb was
taken into consideration. The average angular mo-
menta of primary photofission fragments calculated
taking and not taking the emission of neutrons into
account coincide within the measurement error. The
difference between the values of mean angular mo-
menta for the fission fragments and the corresponding
value for the parent nucleus testifies to the presence
of an additional mechanism of angular momentum
formation.
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IЗОМЕРНI ВIДНОШЕННЯ ТА СЕРЕДНI
КУТОВI МОМЕНТИ ПЕРВИННИХ ФРАГМЕНТIВ
97Nb ПРИ ФОТОПОДIЛI 235U ТА 238U

Р е з ю м е

Вимiряно iзомернi вiдношення виходу 97Nb при фотоподiлi
ядер 235U та 238U гальмiвним випромiнюванням з грани-
чними енергiями 10,5, 12,0 та 18,0 МеВ. Визначенi середнi
кутовi моменти первинних фрагментiв фотоподiлу за допо-
могою узагальненої статистичної моделi Хьюзенга–Ванден-
боша iз використанням кодiв TALYS 1.6 та EMPIRE 3.2.
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