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The development of modern theoretical models to describe the mechanisms of photonuclear reactions
(direct, compound-nucleus, pre-equilibrium, quasi-deuteron, etc.) is currently underway. Modern
computational codes, such as TALYS [1], require regular validation using reliable experimental data. For
reactions with one or two neutrons, the calculated results obtained with different theoretical models are
generally similar. However, the differences between the various theoretical models become more pronounced
for reactions with three or more neutron emissions, as well as for reactions involving charged particles or small
clusters in the reaction output channel.

Photonuclear reactions on molybdenum isotopes have been investigated in several studies. Most of these
works have focused on photoneutron reactions on Mo isotopes at giant dipole resonance energies [2,3]. These
investigations have provided experimental data and revealed systematic patterns that help describe the
mechanism of collective nuclear excitation. The effect of isospin splitting of the giant dipole resonance can be
explored in photonuclear reactions accompanied by proton emission. However, experimental data on reactions
in which a charged particle or a small cluster appears in the output channel are practically absent in the
literature due to the very small cross-sections of such processes.

In our work, we experimentally studied the photoproduction of the **™Nb nucleus in natural Mo targets at
bremsstrahlung end-point energies of Eymax = 37.5-92.5 MeV.

The experiment was conducted using the electron beam of the electron linear accelerator LUE-40 RDC
"Accelerator" at the National Scientific Center “Kharkiv Institute of Physics and Technology” (NSC KIPT)
[4]. The measurements were performed using the activation method and offline y-ray spectrometry. Detailed
information on the experimental method used can be found, e.g., in [5].

In the experiment, the **Nb nucleus was only produced in reactions with the '®Mo isotope. Both the ground
state and metastable states of *Nb are populated in the photonuclear reaction. Decay of the isomeric state can
occur through two channels: internal transition /7 to ground state (0.1 %) and B~ decay (99.9 = 0.1 %). The
half-life T}, of the **™Nb nucleus is 51.1 £+ 0.4 min. The **Nb nucleus decays into the *Mo nucleus via p-
decay (100%) with a half-life 71, of 2.86 + 0.06 s. Since the cooling time in the experiment was more than 30
minutes, we were able to measure cross-sections only for the production of the **Nb nucleus in its isomeric
state.

In the same reaction, the **Zr nucleus can also be
produced in its ground and metastable states. The half-
life of the isomeric state is 712 = 1.9 £ 0.2 ps, and it
decays to the ground state via an internal transition (100
%). The **Zr ground state decays only to the ground state
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Fig. 1. Nuclear spectroscopic data are from [6].
The *Nb and **Zr nuclei formed on "Mo via
(v.pn)+(y,d) and (y,2p) reactions are highlighted

in red.

state. Theoretical cross-sections o(E) for reactions
IOOMO("{,)C)ggmNb, IOOMO(y,pn)gsmNb, IOOMO(,Y,d)%mNb
were calculated with the TALYS1.96 code. As shown in
Fig. 2, the cross section for the '®Mo(y,d)**™Nb reaction
is very small. This reaction contributes less than 1% to
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Fig. 2. Theoretical cross-section o(E) for the

formation of the **Nb and **Zr nuclei on '"’Mo (the

TALYS1.96 code with default parameters)
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Fig. 3. The flux-averaged cross-section (o(Emax)

for the formation of the **"Nb nucleus on '"Mo.

Black points — our experimental data, curves —

calculations with TALYS1.96 for different options

LD and GSF.

the total yield of **™Nb. Therefore, in our work, we
assumed that the **"Nb nucleus production will occur
only through the “Mo(y,pn)**™Nb reaction, and in
our calculations, the Eg = 18.10 MeV was used.
Also, we provide an estimate of the contribution of
the '“Mo(y,2p)**Zr —p~— %¢Nb channel to the total
yield of the *®Nb nucleus. This contribution is less
than 0.2% (see Fig. 2).

The experimental flux-averaged cross-sections
(6(Eymax))m for the production of **"Nb in the
1%Mo(y,pn)”®™Nb reaction can be determined from
direct measurements of the number of counts of y
rays, AA, in the full absorption peak at an energy of
787.36 keV with intensity I, = 93.07 £ 0.16 %. The
obtained (6(Eymax))m of the studied reaction at
bremsstrahlung end-point energies from 37.5 to 92.5
MeV are presented in Fig. 3.

The uncertainty of measured flux-averaged cross-
sections was determined as the square root of the
quadratic sum of statistical and systematic errors.
The statistical error in the observed y-activity is
mainly due to counting statistics in the full absorption
peak of the corresponding y ray, which varies
between 1.6 % and 4.4 %. Description of the errors
can be found in [5].

The flux-averaged cross-sections (G(Eymax))m Were
calculated using the cross-sections o(F£) for the
studied reactions from the TALYS1.96 code with
different gamma strength functions GSF 1-9 and
level density models LD 1-6. The obtained
experimental results are compared with theoretical
estimates, and it is shown that the parameters LD4
and GSF7 are closest to the experimental data.
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