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In this study experiments were performed at bremsstrahlung end-point energies of 10-23 MeV with the beam
from the MT-25 microtron (Joint Institute for Nuclear Research, Dubna) using the y-activation technique. The
experimental values of relative yields, cross sections per equivalent quantum and flux-averaged cross sections
were compared with theoretical results obtained on the basis of TALYS-2.0 code with the standard parameters
and the combined model of photonucleon reactions. Including isospin splitting in the combined model of
photonucleon reactions allows describing experimental data on reactions with proton escape in the energy range
from 15 to 23 MeV. Therefore, taking into account isospin splitting is necessary for a correct description of the

decay of the giant dipole resonance.
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I. INTRODUCTION

Studies of photonuclear reactions are an important source
of information about the structure and properties of atomic
nuclei. These reactions have a significant advantage over
reactions induced by nucleons since the electromagnetic in-
teraction of photons and nuclei is well described theoretically.
During the interaction of y quanta and atomic nuclei, a broad
maximum is observed in the absorption cross section of y
quanta located in the region of nuclear excitation energies of
8—40 MeV, a giant dipole resonance (GDR) [1].

The photonuclear reaction is one of the main mechanisms
behind the formation of bypassed nuclei in nucleosynthesis
[2]. In most cases, the abundances of bypassed nuclei obtained
with model cross sections to simulate supernova explosions
do not agree with the observed values [2—4]. Molybdenum
has seven stable isotopes, °>**81Mo. The scheme of for-
mation of molybdenum isotopes in the s and r processes is
shown in Fig. 1. As a result of s and r processes of neutron
absorption, the isotopes *>*°7?*Mo can be formed. The Mo
isotope is formed as a result of the r process, a fast neutron
capture, since the **Mo isotope has a half-life of 69.92 hours
and decays before it can capture the next neutron. The **Mo
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isotope is formed only as a result of the s process since it is
blocked from the trajectory of the r process by the stable *°Zr
isotope. The isotopes *>Mo and **Mo are bypassed nuclei (p
nuclei) that are formed as a result of the y process (p process)
[2,5], vp process [6-8], rp process [9], and vr process [10].
The y process occurs through combinations of (y, n), (y, p),
and (y, «) or proton capture reactions (p, n), (p, y) reactions
affecting preexisting s or r nuclides. Also the vp process al-
lows the synthesis of nuclei due to the abundant antineutrinos
streaming from the hot proto—neutron star. Light p nuclei can
also be produced by the rp process in accreting neutron stars
[9]. In the vr process, the nucleosynthesis proceeds similarly
to the standard r process, a sequence of neutron captures
and beta decays with, however, charged-current neutrino ab-
sorption reactions on nuclei operating much faster than beta
decays [10]. Once neutron-capture reactions freeze out the
produced r process, neutron-rich nuclei undergo a fast con-
version of neutrons into protons and are pushed even beyond
the B-stability line, producing the neutron-deficient p nuclei.
Modern models underestimate the abundance of °>Mo by sev-
eral thousand percent (one of the greatest differences between
all bypassed nuclei) [2]. One of the aims of this work is to
measure relative yields of products of reactions resulting from
the °>%*Mo formation and decay.

The isotope **Mo is of interest not only for astrophysics
but also for nuclear medicine. **Mo is the parent isotope for
99mTe which is considered one of the most common isotopes
used in nuclear medicine. On its basis, more than 80% of
SPECT procedures, diagnostic procedures for oncological,
cardiological, neuroendocrine and other diseases, are carried
out. *"Tc has a relatively small radiation load on healthy

Published by the American Physical Society
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FIG. 1. Scheme of formation of molybdenum isotopes in s and r processes. Shown in this figure are the half-lives of unstable isotopes
(unshaded cells) and the concentrations (in percent) of stable isotopes in the natural mixture of isotopes.

human cells and tissues during the procedure. All radionu-
clides currently used for diagnosis and therapy are mainly
produced in research reactors and cyclotrons. These methods
are limited due to the small number of research reactors with
suitable characteristics, the high cost of facilities and targets,
the impossibility (in some cases) of producing the target nu-
clide without side isotopes of the same element, and complex
methods of isolation of the target nuclide.

In the last decade, there has been a growing interest
in alternative methods for the production of medical iso-
topes, such as photonuclear reactions at electron accelerators
[11,12]. It is proposed to use electron accelerators to produce
PMo / ?"Tc [13], 4Sc [14-16], 'Cu [17], 7"Lu [18], Pt
[19], ?*Ac [20], and other isotopes promising for nuclear
medicine. Within the framework of the photonuclear method,
%Mo is produced by the 'Mo(y, n) *Mo reaction. In ad-
dition, due to the well-researched photoneutron reaction of
100Mo(y, n) Mo, Mo can be used as a monitor for the
production of various medical isotopes by the photonuclear
method.

The experimental studies [21-35] were devoted to pho-
todisintegration of molybdenum isotopes. The cross section
for the reaction **Mo(y, n)°'Mo up to the energy of 23.6
MeV was obtained in [21] by the gamma activation method
implemented with a beam of bremsstrahlung photons. The
cross sections for the (y, n) + (v, pn) + (y, 2n) reactions in-
duced by bremsstrahlung photons on the isotopes *>Mo and
%Mo were determined in [22] by detecting neutrons directly
up to the energy of 30 MeV. In [23], the cross sections for
the (y,n)+ (y, pn), (y,2n), and (y, 3n) reactions induced
by quasimonochromatic photons originating from annihila-
tion processes and having energies of up to 29.5 MeV were
determined by means of direct neutron detection for five stable
even-even molybdenum isotopes (°>496-98:19Mo). The pho-
toproton channel of the GDR decay in the isotope Mo was
studied by the (e, ¢ p) experiment reported in [24]. With the
virtual-photon method, the (y, n) 4 (v, pn) + (y, 2p) cross

section was obtained up to the energy of 25.4 MeV. The data
from photonuclear experiments on molybdenum isotopes con-
ducted using bremsstrahlung beams are generally represented
in terms of absolute yields [25], relative yields [26,27] and
flux-weighted average cross sections (o) [28-35].

The objective of the present study is to get new information
about basic photonuclear reactions on molybdenum isotopes
using a beam of bremsstrahlung y radiation in the energy
range from 10 to 23 MeV.

We have performed both experimental and theoretical stud-
ies. We got our experimental data via the gamma activation
method with bremsstrahlung photons from the electron accel-
erator, and simulated calculations using TALYS-2.0 [36] and
the combined model of photonucleon reactions (CMPR) [37].

II. EXPERIMENTAL SETUP AND PROCEDURES

This work was performed with the output electron beam
of the MT-25 microtron [38]. The electron energies were in
the range of 10-23 MeV with an energy step of 1 MeV. To
produce gamma radiation, a radiator target made of tung-
sten, which is a common convertor material, was used. The
tungsten target was sufficiently thick (3 mm) to maximize
the number of photons in the energy range of the GDR
that dominates the photonuclear cross section from the nu-
cleon separation threshold to 20-30 MeV. To remove the
remaining electrons from the bremsstrahlung beam, a 30-
mm-thick aluminum absorber was placed behind the tungsten
converter. The target of natural molybdenum had dimensions
5x5x%x0.8mm (at 10-19 MeV) and 10 x 10 x 0.02 mm
(at 2023 MeV) and was at a distance of 1 cm from the
converter.

In the experiments, natural molybdenum samples in metal-
lic form were irradiated with a flux of bremsstrahlung, which
was formed in the tungsten converter. The changes in beam
current were measured using a calibrated ionization cham-
ber in the beam and a Faraday cup, and recorded in a
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TABLE I. Main parameters of the experiments.

Integral number of

Mass of electrons incident
molybdenum on the tungsten Irradiation time Measuring time of
Energy of electrons (MeV) target (mg) Integral charge (mC) converter (x 10'°) (min) spectra (h)
10 254.20 4945 30.63 +0.31 90 20.5
11 237.15 4945 30.63 +£0.31 90 22.5
12 253.93 4945 30.63 +£0.31 97 79
13 253.96 4945 30.63 +0.31 112 28
14 257.70 30+£3 18.75+1.88 71 32
15 260.13 30+£3 18.75+1.88 72 38
16 254.70 10+1 6.254+0.63 33 41
17 246.27 53+£0.5 3.314+0.34 20 37
18 252.90 5.0+0.5 3.124+0.32 22 45
19 235.47 5.0+0.5 3.124+0.32 46 38
20 19.65 5.0+0.5 3.124+0.32 60 37
21 20.70 5.0+0.5 3.124+0.32 38 41
22 19.50 5.0+0.5 3.124+0.32 20 45
23 20.04 4.840.5 3.0£0.3 10 91

web-accessible database for use during the analysis employ-
ing an analog-to-digital converter card and LabView software
[39]. In addition to the ionization chamber and Faraday cup,
the electrical charge collected on the target was digitized
and used to measure the beam current. The electron cur-
rent of the accelerator was measured during irradiation using
a Faraday cup. The accelerator current was calibrated by
comparing the experimentally measured yield of the reaction
%Cu(y, n) *Cu. The yield was calculated using the estimated
cross section, and the bremsstrahlung spectrum was com-
puted with Geant4 [40]. A 0.15-mm-thick copper monitor was
placed behind the irradiated Mo target. Copper was chosen
because the cross section of the reaction Cu(y,n) %4Cu was
measured with an acceptable precision [41]. The main param-
eters of the experiments are listed in Table 1.

After irradiation, when the radiation levels in the exper-
imental hall became safe, the targets were transferred to a
separate measuring room, where the induced activity in the
irradiated target was measured. We used a high purity germa-
nium (HPGe) y detector with resolution of 16 keV at 1332
keV in combination with standard measurement electronics
and a 16K analog-to-digital converter and multichannel an-
alyzer (Multiport II Multichannel Analyzer, CANBERRA).
The energy and efficiency calibrations of the HPGe detector
were carried out using standard gamma-ray sources. The pro-
cedure gamma-activation measurements used in this work is
described in detail in [39,41-43].

The time from the end of irradiation to the start of mea-
surement (cooling time) was in the range from 10 to 15 min.
For each sample, the spectra were measured at several times
during overall periods of 0.5, 1, 2, 6, 12, and 24 h. Typical
y-ray spectra of the reaction products produced from the
"'Mo are shown in Fig. 2. The sample was irradiated with
bremsstrahlung radiation with an end-point energy of 23 MeV.

The gamma-ray spectra were processed using the
DEIMOS32 code [44], which fits the count area of the
full-energy peaks with a Gaussian function. The identification

of the processed peaks was based on the gamma-ray energy
and intensity and the half-life of the generated residual nuclei.
The radionuclides produced were identified based on their
characteristic y-ray energies and half-lives. The main y-ray
energies and intensities used to determine the yield of the
reaction products are listed in Table II. The nuclear data
presented in columns 4-5 of Table II are taken from Ref. [45].
The experimental yields of the reactions Yy, were nor-
malized to one electron of the accelerated beam incident on
the bremsstrahlung target and calculated using the following
formula:
SpCabs Iteal 11 eMC""] )\tirr

811/ Hive vae (11— e_}“’real) (1— e~ Mirr )’

Y exp — (D
where S, is the full-energy-peak area; ¢ is the full-energy-peak
detector efficiency; 7, is the gamma emission probability;
Cyps 1s the correction for self-absorption of gamma rays in
the sample; fcy and fy,e are the real time and live time of
the measurement, respectively; N is the number of atoms
in the activation sample; N, is the integral number of incident
electrons; A is the decay constant; £, is the cooling time; and
tire 18 the irradiation time.

The yields Yieor Of photonuclear reactions representing the
convolution of the photonuclear reactions’ cross section o (E)
and the distribution density of the number of bremsstrahlung
photons over energy per one electron of the accelerator,
W(E, E,max), were determined as a result of the experiment.
For the yield measurement of a natural mixture of isotopes,
the result is the yield of isotope production in all possible
reactions on the natural mixture:

Eymax
Yineor = E Q;
i

oi(EYW(E, Eymax)dE, 2
where E, . is the kinetic energy of electrons hitting the
tungsten radiator, E is the energy of bremsstrahlung photons
produced on the radiator, Ey, is the threshold of the stud-
ied photonuclear reaction, « is the percentage of the studied

En
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FIG. 2. Spectra of residual activity of the irradiated sample of ™Mo (top to bottom) 1.5 h (a) and 2 days (b) after irradiation. The
spectra measurement durations were 1 h (a) and 1 day (b), respectively. The bremsstrahlung end-point energy used for the irradiation

was 23 MeV.

isotope in the natural mixture of molybdenum isotopes, and
the index i corresponds to the number of the reaction con-
tributing to the production of the studied isotope. The result
of the yield measurement for a natural mixture of isotopes
is the yield of isotope production in all possible reactions
on the natural mixture. In our case, each radioactive nucleus
was formed as a result of one specific photonuclear reac-
tion, because the contributions of multiparticle reactions to its
formation, which were calculated on the basis of TALYS, do
not exceed 1%.

Figure 3 shows the distribution density of the num-
ber of bremsstrahlung photons W(E, E,n.) per one
electron of the accelerator for accelerated electron ener-
gies from 10 to 23 MeV, calculated using Geant4 for
the bremsstrahlung target from tungsten with a thickness
of 3 mm.

The total and partial cross sections o (E) of the photonu-
clear reactions on the molybdenum isotopes were computed
for the monochromatic photons using the TALYS-2.0 code
[36] with the standard parameters and CMPR [37]. The

TABLE II. Spectroscopic data from Ref. [45] for the product nuclei from the photonuclear reactions on stable isotopes of molybdenum.

Reaction product Reaction Ey (MeV) y-ray energy E, (keV) (I, (%)) Half-life T,
21sMo “Mo(y, n) **¥Mo 12.67 1581.5 (0.226), 1637.3 (0.329) 15.49 min
“Mo 10Mo(y, n) Mo 8.29 140.51 (89.43), 739.5 (12.20) 65.924 h
1MNb 2Mo(y, p)°'"Nb 7.56 104.62 (0.574), 1204.67 (2) 60.86d
9%¢Nb %Mo(y, p) **Nb 9.30 765.803 (99.808) 34.991d
95mNb %Mo(y, p) *"Nb 9.53 204.12 (2.3), 235.69 (24.8) 86.6 h
%Nb "Mo(y, p) *Nb 9.23 568.87 (58), 778.22 (96.45), 810.33 23.35h
(11.09), 849.93 (20.45), 1091.35 (48.5)
978Nb %Mo(y, p) “*Nb 9.79 657.94 (98.23) 72.1 min
87r 2Mo(y, o) ¥zr 12.62 392.87 (97.29) 83.4d
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FIG. 3. The distribution density of the number of bremsstrahlung
photons at the energies of 10-23 MeV.

TALYS program analyzes all reactions occurring in the nu-
cleus and transitions between states. Therefore, it is possible
to determine not only the total cross sections of photonuclear
reactions, but also the cross sections of reactions with the
formation of specific states, in particular isomeric states. The
CMPR calculates the cross sections of photonuclear reactions
with production of a studied isotope, that is, the sum of the
ground and isomeric states.

The main disadvantage of bremsstrahlung beam exper-
iments is that the yield of photonuclear reaction depends
both on the studied cross section of the reaction ¢ (E) and
the shape of the bremsstrahlung spectrum W(E, E,max),
which is often known with insufficient accuracy. The use
of the relative yields makes it possible to obtain the de-
pendence of the probability of photonuclear reactions on
the maximum energy of bremsstrahlung under different ex-
perimental conditions. The calibration with respect to the
yield of the most probable reaction excludes the influence
of the total photon absorption cross section. In our case, the
dominant reaction is IOOMo(y, n) ®Mo. Theoretical values
of the relative yields can be calculated using the following
formula:

S0 [ G (EYW (E, Eymax)dE
i Ey Y

Yrel,i = E. max .
nMo—IOOfE; G(y,n)(E)W(Ev Eymax)dE

3

Owing to the assumption on the unchanged shape of the
bremsstrahlung spectrum, the bremsstrahlung photon produc-
tion cross section o (E, E, nax) should be taken as the function
W (E. Eyma):

Eymax
Zi ni fE[Vh Gi(E)U(Eymax)dE
Eymax ’
1Mo-100 fE‘V U(V,n)(E)U (Eymax)dE

h

Yrel,i -

“

where o (E,max) is calculated based on the Seltzer-Berger
tables [46].

Normalization of the reaction yields to the number of
photons in the bremsstrahlung spectrum from the threshold
of a particular reaction provides a more detailed picture of
the cross section behavior against the bremsstrahlung gamma

120+

60 -

Relative yield Ye (%)

O T T
15 20 25
Energy E (MeV)
i)
£ 6 (b)
=2
o
g
= =
g -
& 4- Pie
k= .7
2 -
< e
2 i
& .
o 7
g 2 /! } }
: A
E “
2 7
o “m
o) 0 = T T T
“ 15 20 25
Energy E (MeV)
1204 (c)
£
g
A
e]
V. 90+
=
8
2 60
3
=
[}
an
5
% 304
x
2
=
0 T T T
15 20 25
Energy E (MeV)

FIG. 4. Relative yield (a), cross section per equivalent
quantum (b), and flux-averaged cross section (c) of reaction
“Mo(y, n)°'"*¥Mo as a function of bremsstrahlung end-point
energy from the present work (solid rectangles), literature data [23]
(open triangles), and simulated values using the CMPR (solid lines)
and TALYS code (dashed lines).

energy because (o) is insensitive to the low-energy part of the
bremsstrahlung spectrum. The flux-weighted average cross
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FIG. 5. Cross section per equivalent quantum (a) and flux-
averaged cross section (b) of reaction 10Mo(y, n) ®Mo as a function
of bremsstrahlung end-point energy from the present work (solid
rectangles), literature data [23] (open triangles), [28] (open circles),
[31] (open rectangles), [32] (solid triangles) and simulated values
using the CMPR (solid lines) and TALY'S code (dashed lines).

section (o) is determined by the expression

E max
2™ 0 (E)0 (Eymax JAE

E max
™ 6 (Eymax)JAE

(o) = &)

The average cross section, weighted over the
bremsstrahlung spectrum, makes sense only in the case
of reactions on monoisotopes or if a dominant reaction
channel exists. To represent the experimental photonuclear
reaction data, the cross section per equivalent quantum oy is
used determined by the expression

0 [ 0 (E)o (Eyma)dE
e [ Eo (Eyma)dE

ymax

(6)

Oq

The comparison between two types of the average cross
sections shows the advantage of using oy in the case when
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FIG. 6. Relative yield (a), cross section per equivalent quantum
(b), and flux-averaged cross section (c) of reaction 2Mo(y, o) ¥Zr
as a function of bremsstrahlung end-point energy from the present
work (solid rectangles), literature data [34] (open circles), and simu-
lated values using TALYS code (dashed lines).
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TABLE III. Experimental results of ' Mo(y, n) Mo, **Mo(y, n)°"¥Mo, and **Mo(y, o) *Zr reactions.

Reaction E,max (MeV) Yie1 (%) 0q (mb) (o) (mb)
00Mo(y, n)®Mo 10 100+ 11 0.05+0.01 6.74 +£0.69
11 100+ 13 0.1940.02 143415
12 100 £ 12 0.3440.04 17.0+1.8
13 100+ 11 0.64 +0.07 23.6+24
14 100+ 10 1.08+0.11 323433
15 100+ 11 1.62+0.17 40.74+4.2
16 100+ 12 2.16+0.22 46.7+4.8
17 100+ 13 2.69+0.28 51.3+5.3
18 100+ 10 2.884+0.29 49.445.1
19 100+ 11 3.06 £0.32 47.84+4.9
20 100+ 16 3.14+0.33 44.6+4.6
21 100+ 16 3.02+£0.35 40.0+4.6
22 100+ 16 3.50+0.41 43.345.0
23 100+ 16 4.2440.49 493456
2Mo(y, n) *"+sMo 16 11+2 0.2440.04 16+3
17 29+8 0.774+0.20 3749
18 4411 1.28 +0.29 47 +11
19 48+ 16 1.474+0.47 44 + 14
20 59+15 1.86+0.43 47411
21 74417 2.2540.46 49+10
22 81420 2.854+0.64 54+12
23 84424 3.57+£0.92 61+16
Mo(y, a) ¥Zr 16 0.06040.018 0.0013 £ 0.0004 0.08 £0.02
17 0.1940.04 0.0050 +0.0008 0.2240.04
18 0.2340.05 0.0067 £ 0.0013 0.2340.04
19 0.3840.06 0.011 £0.001 0.3240.04
20 0.5640.11 0.018 £0.003 0.4240.07
21 0.63+0.12 0.019 £0.003 0.3940.06
22 0.6940.13 0.024 £0.003 0.4440.06
23 0.784+0.14 0.033 £0.004 0.5440.07

several reaction channels appear with different thresholds Ey,
with a certain E, 5 value.

The experimental points along the cross sections of re-
actions (y, n)+ (y, np) [23] were approximated by the
Lorentz function, the flux-weighted cross sections (o) and
cross sections per equivalent quantum oy were calculated
based on the least squares approximation. In Figs. 4 and 5
these points are indicated by open triangles. Using the spectra
of Seltzer and Berger we converted the (o) into the oy from
[28,31,32] by the formulas

() [2™ 0 (Eymax JAE

Gq = , (7)
£ [ Eo (Eyma)dE
< > oph E}/lmax fgymax EO'(Eymax)dE (8)
o) = )
2™ 0 (Eymax)AE

III. THE EXPERIMENTAL RESULTS AND COMPARISON
WITH STATISTICAL MODEL CODES

Figure 4-6 and Table III show the experimental
values of the relative yields for the photonuclear
reactions  '“Mo(y, n) Mo, **Mo(y, n)°*'"*$Mo, and

92Mo()/,ot)SE;Zr on a natural mixture of molybdenum, in
addition to the data computed with the use of the TALYS and
CMPR codes.

The flux-weighted average cross section of the
10Mo(y,n)*Mo reaction was measured and analyzed
in detail in a number of papers [28-32]. Thus, we can
compare our results with those published (Fig. 5). As can
be seen in Fig. 5(a), our data coincide with the literature
data and CMPR curve in the energy region of 10-17 MeV.
The value of the flux-weighted average cross section for the
92M0(y, o) 88Zr reaction derived from the literature data [34]
is shown in Fig. 6.

Figures 7-11 and Table IV show the experimental values
of the relative yields, cross section per equivalent quantum,
and flux-weighted average cross section for the photoproton
reactions on a natural mixture of molybdenum, in addition to
the data computed with the use of the TALYS with the stan-
dard parameters and CMPR codes. As can be seen from Fig. 7,
theoretical calculations based on TALYS and experimental re-
sults for the reaction “?Mo(y, p) *'"Nb are in good agreement
with each other. In the case of photoproton reactions on the
heavy molybdenum isotopes (see Figs. 9—-11), the theoretical
values calculated using the CMPR are much larger than the
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the nuclear level densities in TALY'S values.

TALYS results. For photoproton reactions on the isotopes of
%Mo, °"Mo, and *®Mo, the ratios of cross sections per equiva-
lent quantum ogcmpr /OgTaLys With increasing energy increase
in the ranges of 2-20, 5-16, and 50-92, respectively. The ex-
perimentally obtained results lie closer to the theoretical curve
according to the CMPR code. Including isospin splitting in the
CMPR allows to describe experimental data on reactions with
proton escape in the energy range from 15 to 23 MeV.

In TALYS the only parameter describing the excitation of
the nucleus in the used model of the GDR, is the energy of the
absorbed gamma quantum E,,, which is redistributed between
the nucleons of the nucleus, and at each stage of energy
dissipation the emission is calculated proton or neutron. The
competition between proton and neutron emission is deter-
mined by particle energy and number of decay channels. The
values of isospin - = To(N — Z)/2 and T>. = Ty + 1 and the
features of the decay of these states with the emission of pro-
tons and neutrons are not considered in the TALYS program.

In the CMPR, the energy of the absorbed gamma quantum
E, and the deformation parameters of the nucleus describe the
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TABLE IV. Experimental results of "™Mo(y, p) reactions.

Reaction Eymax (MeV) Y1 (%) 04 (mb) (o) (mb)
“Mo(y, p)°"Nb 12 1242 0.043 £+ 0.005 2.08+0.24
13 2243 0.14£0.02 4.67+0.51
14 2744 0.29+0.03 7.59 £0.85
15 3245 0.52+0.06 109+1.2
16 3946 0.84 £0.09 1542
17 45+7 1.20+0.13 1842
18 5248 1.51+0.16 2042
19 5949 1.85+£0.20 2242
20 70+ 12 2.1940.29 2443
21 74413 2.2540.30 2343
22 75413 2.634+0.34 2543
23 87+ 14 3.7140.43 3244
%Mo(y, p) *"Nb 15 0.042 £0.009 0.0007 #+0.0001 0.06 +0.01
16 0.18+£0.03 0.0038 + 0.0004 0.20+£0.03
17 0.52+0.08 0.014 4 0.002 0.53 +0.06
18 1.07+0.16 0.03140.003 0.92+0.10
19 1.724£0.26 0.053 4 0.006 1.29+0.14
20 2.58 +0.43 0.08 £0.01 1.68 +0.20
21 3.6440.61 0.11+0.01 1.99+0.24
22 4.53+0.76 0.16+£0.02 2.5340.30
23 5.24+0.86 0.22+0.03 3.1840.38
%Mo(y, p) " +¢Nb 15 0.042 £0.009 0.0007 4 0.0001 0.0640.01
16 0.18+£0.03 0.0038 £ 0.0004 0.20+£0.03
17 0.52+0.08 0.014 4 0.002 0.53+0.06
18 1.07+0.16 0.03140.003 0.92+0.10
19 1.7240.26 0.053 4 0.006 1.2940.14
20 2.58 +0.43 0.08 £0.01 1.68+£0.20
21 3.6440.61 0.11+0.01 1.99+0.24
22 4.53+0.76 0.16 £0.02 2.5340.30
23 5.2440.86 0.22+0.03 3.18+0.38
"Mo(y, p)**Nb 16 0.06 £0.01 0.0014 £ 0.0002 0.1340.02
17 0.18+£0.03 0.0056 + 0.0006 0.3240.03
18 0.40 +0.06 0.01140.001 0.60 £0.07
19 0.71+0.10 0.022 4+ 0.002 0.92+0.10
20 1.01+0.17 0.032 4 0.004 1.15+0.14
21 1.49+0.25 0.045 4 0.005 1.42+0.17
22 1.96 +0.34 0.069 =+ 0.009 1.90 £0.24
23 2.4040.39 0.10240.012 2.5440.29
%BMo(y, p) 7" 4Nb 15 0.010 £ 0.002 0.00016 & 0.00002 0.045 £ 0.006
16 0.065 4 0.096 0.0014 +0.0002 0.13340.014
17 0.21+0.03 0.0056 + 0.0006 0.29 +£0.03
18 0.58 +0.09 0.017 £0.002 0.6040.06
19 0.93+0.15 0.028 4 0.004 0.76 +0.09
20 2.1740.36 0.07 £0.01 1.45+0.17
21 3.4140.55 0.10+0.01 1.82+0.21
22 478 +0.78 0.17£0.02 2.5340.29
23 5.66+0.92 0.24£0.03 3.1740.37

excitation of the nucleus. When calculating in the CMPR, a
constant temperature model is used to calculate level densities
(i.e., the same as "ldmodel 1" in TALYS). The photoabsorp-
tion cross section at medium and heavy nuclei is approximated
by the sum of four Lorentz curves corresponding to dipole
excitations of nuclei with isospin 7. = Ty = (N — Z)/2 and
T. = Tp 4+ 1 with neutron-proton vibrations along and per-
pendicular to the symmetry axis of the nucleus, in contrast to

the TALYS program; along with the splitting of the GDR due
to nuclear deformation, the magnitude of the isospin splitting
of the GDR is taken into account.

The nuclear level densities and gamma-ray strength func-
tions are the key elements for TALYS calculations to predict
photonuclear reaction cross sections. In this work the cross
sections of the reactions are calculated on the basis of TALYS
with standard parameters. The impact of changing many input
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FIG. 13. Cross section (a) and cross section per equivalent quan-
tum (b) of reaction **Mo(y, p) °’Nb as a function of bremsstrahlung
end-point energy from the present work (solid rectangles) and sim-
ulated values using the CMPR (solid lines) and different models for
E1 gamma-ray strength function in TALYS values (dashed lines).

parameters (level densities and choice of y strength function
form) is investigated for the reaction **Mo(y, p) “’Nb. Fig-
ures 12 and 13 show the cross section and the cross section
per equivalent quantum for the reaction **Mo(y, p) “’Nb. As
can be seen in Figs. 12 and 13 changing these parameters does
not impact to the results of TALYS.

Thus, it was confirmed that the difference between the
results of TALYS and CMPR is due to the consideration
of isospin splitting in CMPR. A brief description of isospin
splitting is given below.

In nuclei with N # Z, upon absorption of electric dipole y
photons, two branches of the GDR are excited, 7. = T; and
T. =Ty + 1, where Ty = v ;Zl. Figure 14 shows the excita-
tions of the isospin components 7- and 7. of the GDR in
initial nucleus (N, Z) and their decay according to the proton
(N, Z — 1) and neutron (N — 1, Z) channels. From Fig. 14,
it can be observed that the decay of excited GDR states with
isospin 7> = Ty + 1 according to the neutron channel to low-
lying states T = Ty — 1/2 with neutron emission is forbidden,
which leads to an increase in the reaction cross section (y, p)
and to a maximum shift of the reaction cross section (y, p)

T.=Ty+1

Ty+1
Ty+2

(N-1,2)+n

T, = |N=
N, Z 2

FIG. 14. Scheme of excitation of states 7. and 7. in the nucleus
(N, Z) and their decay along the proton channel (N, Z — 1) and
neutron channel (N — 1, Z).

with respect to reactions (y, n) towards higher energies in the
nucleus (N, Z).

The value of isospin splitting of the GDR is determined by
the following relation (9):

AE=E(T>)—E(T<)=6A—0(T0+1) ©))

For isotopes 722+96-98.100\ o the isospin increases from 4
to 8, which leads to an increase in the isospin splitting of the
GDR for these isotopes from 3.26 to 5.40 MeV.

The ratio of the probabilities of excitation of states 7. and
T. is described by the following relation (10):

s(T.) 1 1—15TA%3
s(T.) ~ Ty 1 + 1.5ThA=2/3"

(10)

For isotopes 92,94,96-98,1000 [ the ratio s(1-)/s(T-) de-
creases from 0.136 to 0.036 with an increase in the mass
number A. Thus, for isotopes ?>9+96-9810Mo_ energy of the
isospin splitting of GDR increases with an increase in the
mass number A, but the relative role of the excitation channel
decreases.

The decay of excited GDR states with isospin 7o. = Ty + 1
according to the neutron channel to low-lying states 7 =
Tp — 1/2 with neutron emission is forbidden, which leads
to an increase in the reaction cross section (y, p) and to
a maximum shift of the reaction cross section (y, p) with
respect to reactions (y, n) towards higher energies in the
nucleus (N, Z). Figure 15 shows the contribution of the
T. and T.-components to the theoretical cross sections for
photoproton reactions of °2+%-%Mo isotopes. As can be
observed in Fig. 15, in heavy isotopes of molybdenum,
isospin splitting plays a significant role; by taking this into
account, it is possible to correctly describe the GDR decay
photoproton channel.

Table V shows the values of the energy of the isospin
splitting of the GDR, calculated on the basis of relations (9)
for isotopes *>71®Mo. Also Table V contains integral cross
sections oM and o™ of the isospin components reactions
(y,sn)=(y,n)+ (y,np) + (y,2n) and (y, sp) = (v, p) +
(y,np) + (y,2p) in the energy region below 55 MeV, and
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FIG. 15. Cross section reactions (black line) and cross sections of the GDR components 7. = T (red line) and 7>7; + 1 (blue line) for

reaction (y, p) on *29?%Mpo isotopes.

int

the ratio of the reaction cross sections % calculated on the

basis of CMPR for isotopes *>"'%°Mo. It can be seen from the
Table V that, with a decrease in the mass number A from 92 to
100, the value of the isospin splitting decreases by the value ~
2.14 MeV. The isospin splitting leads to the shift of the proton
cross section of the relatively neutron in the side of the high
energy.

IV. THE IMPACT OF THE EXPERIMENTAL
RESULTS ON NUCLEOSYNTHESIS

Figure 16 shows a possible path of the *Mo production
in the reactions forming the p process. In contrast, the s
process effectively consumes any **Mo initially present, form-
ing **Mo, which either decays into >Nb or is transformed,
by another neutron capture, to **Mo. The isotope *’Mo is a

TABLE V. The values of the isospin splitting of the GDR, integral cross sections o™ and oM of the isospin components reactions (y, sn)

. . . nt
and (y, sp), and the ratio of the reaction cross sections 2=

int >
o<

< >

calculated on the basis of CMPR for isotopes *>"'®Mo.

(y,sn) (v, sp)

A T E(T.)—E(T.) o™ (MeVmb) o' (MeV mb) Z:{t o™ (MeV mb) o™ (MeV mb) Z%:t
92 4 3.26 724 16 0.02 469 132 0.3
93 4.5 3.55 1019 65 0.06 176 153 0.9
94 5 3.83 1286 35 0.03 93 129 1.4
95 5.5 4.11 1260 60 0.05 84 146 1.7
96 6 4.38 1408 28 0.02 62 116 1.9
97 6.5 4.64 1441 69 0.05 66 125 1.9
98 7 4.90 1470 33 0.02 56 102 1.8
99 7.5 5.15 1485 57 0.04 60 98 1.6
100 8 5.40 1518 26 0.02 41 86 2.1
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92Ru (Y’ n) 93Ru | (,Y’ n) 94Ru
3.65 min 59.7 s 51.8 min
B+
91TC 92TC 93TC
3.14 min 4.25 min 2.75h 293 min 20.0h
B+
(v,2n)
(y,n) (y-n)
90Mo 9MMo (y,1) 92Mo Mo 0
5.56 h . i 4.649 4x103 yr
15.5 min 6 n,y) y
(7,%) ¥,p) P
“Nb *'Nb *INb *2Nb
2.03h 14.60 h 6.8x10% yr 3.5x107 yr
8821. 39Zr
83.4d 78.41 h

FIG. 16. Possible path of production and decay of *>Mo in the reactions forming the p process. Shown in this figure are the half-lives of

unstable isotopes (unshaded cells) and the concentrations (in percent) of stable isotopes in the natural mixture of isotopes.

neutron magic nucleus having a very small neutron capture
cross section. The *>Mo isotope is blocked from the trajectory
of the s and r processes by the long-lived *’Nb isotope. In
fact, the B decay 93Nb(y, n) 92Nb(ﬂ‘)”Mo does not play
any role since **Nb captures one electron and transforms
to *2Zr with 100% consistency. Consequently, **Mo has a
lowered (y, 2n) threshold allowing for the direct synthesis
of ®*Mo via double photoneutron emission. *>Mo stands out
in the distribution of p-nuclei across the Solar System. The
isotopic abundance ratio of °*/**Mo reaches its Solar System
value after an exposure of 1.1 x 107 years, but this is prior
to mixing. And afterwards, we would expect Mo to be less
abundant by about an order of magnitude [47]. **Mo is mainly
synthesized via the (y, n) photodisintegration chain starting
from **Mo.

Figure 17 shows the cross sections of the 93M0(y, n),
“*Mo(y, 2n), and *Mo(y, 3n) reactions calculated with
TALYS. From the data given in Fig. 16, it follows that the
main reactions of isotope formation will be the reactions
(y, n) and (y, 2n). The reaction cross section 95M0(y, 3n)
is almost an order of magnitude smaller than the sum of the
reaction cross sections >*Mo(y, n) 4+ **Mo(y, 2n).

As shown in Fig. 16, there are three competing pathways
of the > Mo decay: (y, n) (12.67 MeV), (v, p) (7.64 MeV),
and (y,a) (5.61 MeV). “>Mo has a two-neutron separation
energy (22.78 MeV) greater than 20 MeV, and thus it cannot
be destroyed via the (y, 2n) reaction. Figure 18 shows exper-
imental obtained cross sections per equivalent quantum of the
92M0()/, n) 91m+gMO’ 92M0()/, p) OlmNb’ and QZMO(]/, Ol) 8SZr

reactions and simulated values using the TALYS code. It can
be seen in Fig. 18 that the decay channel of the reaction
2Mo(y, a)%Zr is approximately two orders of magnitude
smaller than that of the reactions ’Mo(y, n)°""+¢Mo and
2Mo(y, p)°'"Nb. The main decay channel of the *>Mo
nucleus is the “>Mo(y, p) °'"Nb reaction. A predominant ab-
sorption of dipole photons by the *Mo nucleus leads to the
excitation of the GDR, whose spin-parity is 17. As a result

200
—— %Moy, n)
—— 94Mo(y, 2n)
£ 1507 — %Moy, 3n)
e}
=1
S
‘g 100
@)
50
0 T T T 1
10 20 30 40
Energy E (MeV)

FIG. 17. Cross sections of the “*Mo(y, n), **Mo(y, 2n) and
%Mo(y, 3n) reactions calculated with TALYS.
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FIG. 18. Experimental obtained cross sections per equiva-
lent quantum of the **Mo(y, n)°" Mo, **Mo(y, p) *"Nb, and
2Mo(y, o) ¥Zr reactions and simulated values using the TALYS
code (dashed lines).

of the GDR decay, the °""Nb (J* = 1/27) nucleus is most
likely to be formed since the spin-parity J* = 9/2% of the
ground state is much higher. Therefore, *Mo destruction by
the s process in the helium intershell is rather effective.

V. CONCLUSION

The present study addressed the measurements of relative
yields, cross section per equivalent quantum, and flux-
averaged cross section for photonuclear reactions on a natural
mixture of molybdenum using bremsstrahlung endpoint en-
ergies of 10 to 23 MeV. The bremsstrahlung photon flux was

computed in the Geant4.11.1 code. The experimental results
were compared with calculations using the TALYS model
with the standard parameters and the CMPR. For the obtained
photoneutron reactions, a good agreement was observed
between the experimental data and calculations according to
the TALYS-2.0 program and CMPR framework. For the pho-
toproton reaction on the light isotope °>Mo, the data calculated
using TALYS describe well the experimental values. On the
heavy molybdenum isotopes, the theoretical values calculated
using the CMPR were much larger than the TALYS results.
Including isospin splitting in the CMPR allows describing
experimental data on reactions with proton escape in the en-
ergy range from 15 to 23 MeV. Therefore, taking into account
isospin splitting is necessary for a correct description of the
decay of the GDR. The study of photonuclear reactions on
molybdenum isotopes is important for understanding the for-
mation and decay of bypassed nuclei during nucleosynthesis.
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