Eur. Phys. J. A (2024) 60:60
https://doi.org/10.1140/epja/s10050-024-01275-w

THE EUROPEAN ()]
PHYSICAL JOURNAL A e

updates

Regular Article - Experimental Physics

Cross-section of the > Nb production on natural molybdenum
at the bremsstrahlung end-point energy up to 95 MeV

I. S. Timchenko!2-2
S. A. Perezhogin’

, 0. S. Deiev?, S. M. Olejnik?, S. M. Potin?, V. A. Kushnir?, V. V. Mytrochenko?,

! Institute of Physics, Slovak Academy of Sciences, 84511 Bratislava, Slovakia
2 National Science Center “Kharkov Institute of Physics and Technology”, 1, Akademichna St., 61108 Kharkiv, Ukraine

Received: 6 November 2023 / Accepted: 19 February 2024 / Published online: 12 March 2024

© The Author(s) 2024
Communicated by Navin Alahari

Abstract The photoproduction of “™Nb on ™Mo was
studied using the electron beam of the LUE-40 linac
RDC ”Accelerator” NSC KIPT. Measurements were per-
formed using activation and off-line y-ray spectrometric
techniques. The experimental flux-averaged cross-section
(0 (Eymax))m for the "atMo(y, xnp)?>™Nb reaction at the
bremsstrahlung end-point energy range of 38-93 MeV has
been first time obtained. The estimated values (o (Eymax))g
for the formation of >>Nb in the ground state and total cross-
sections (0 (Eymax))tot for the studied reaction were deter-
mined. The theoretical values of the yields Ym g tot (£ max)
and flux-averaged cross-sections (0 (Eymax))m,g.tot for the
"atMo(y, xnp)?>™&INb reactions were calculated using the
cross-sections o (E) from the TALYS1.95 code for six differ-
ent level density models. The comparison showed a signif-
icant excess of the experimental results over the theoretical
(0 (Eymax))m, g tot values.

1 Introduction

Experimental data on cross-sections for photonuclear reac-
tions are important for many fields of science and technol-
ogy. These data are necessary for traditional studies of the
Giant Dipole Resonance (GDR), and mechanisms of its exci-
tation and decay including competition between statistical
and direct processes in decay channels, GDR configurational
and isospin splitting, sum rule exhaustion, etc. The cross-
sections for photonuclear reactions are also widely used in
various applications, primarily in astrophysics [1], medicine
[2], design of fast reactors [3] and accelerator driven sub-
critical systems [4,5].
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There is a problem of discrepancy between experimental
data on cross-sections (y, n), (y, 2n), (y, 3n), measured in
different laboratories [6—14]. The development of modern
theoretical models to describe the mechanisms of nuclear
reactions and program codes [15—18] based on these con-
cepts requires verification using data on multiparticle pho-
tonuclear reactions (y, xn) and (y, xnyp). In addition, there
is a lack of such data in international databases [19-23]. This
led to works on the analysis of the reliability of previously
measured experimental cross-sections [24], and initiated new
measurements, e.g. [25-30].

A particularly difficult case is photonuclear reactions with
the emission of charged particles. The cross-sections of
such reactions are usually very small for nuclei of medium
and heavy masses, and there are significant discrepancies
between the experimental results and the calculation of cross-
sections for photonuclear reactions in the TALYS code for
example, see [31,32]. In the case of light nuclei, a divergence
of cross-sections is also observed, for example, [33].

In the case of photoproton reactions, an analysis is also
required to establish patterns and criteria for data reliability,
as, for example, shown in [34]. However, there is a lack of
experimental data, especially in the region of nuclei with a
mass number A > 100 for which the (y, p) reaction yields
are strongly suppressed.

Multiparticle photonuclear reactions have small cross-
sections that can be measured using intense fluxes of inci-
dent y-quanta [30-33]. Such y-quanta fluxes can be pro-
duced by linear electron accelerators using a converter to
generate bremsstrahlung radiation. This type of experiment
allows measuring integral characteristics of reactions, such
as reaction yield [35,36], flux-average cross-section [37—
40], cross-section per equivalent photon [41-43], etc., and
requires additional mathematical processing of the results.
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Despite this, bremsstrahlung remains an important tool in
the study of photonuclear reactions.

Experiments on the photodisintegration of stable isotopes
of the Mo nucleus were described in literature, for exam-
ple, [32,35,36,41,44-52]. However, the photodisintegration
of the Mo nucleus with the formation of “>Nb has not been
studied much. The values of the isomer ratio for the ™ £Nb
nuclei-product in reactions on natural molybdenum were
mainly obtained [44—48]. The data obtained in the region
of GDR have been presented in different ways and some of
them contradict each other [47,48].

At an intermediate energy region for the isomer ratios for
the " Mo(y, xnp)*>™&Nb reaction were measured in Ref.
[32,35,36,49,50]. All these data are in good agreement with
each other, but show a marked difference from the theo-
retical predictions based on cross-sections o (E) from the
TALYS1.95 code for six different level density models (see
Ref. [32]). For amore detailed analysis of theoretical models,
it is necessary to compare theoretical estimates with exper-
imental cross-sections of the ™Mo(y, xnp)>>™&Nb reac-
tions.

There is little data in the literature on a cross-section of the
reaction "Mo(y, xnp)>™Nb. The activation yield curves
have been presented in [41] for a number of photonuclear
reactions in the energy range from 30 to 68 MeV, in order
to evaluate quantitatively the interferences due to compet-
ing reactions in multielement photon activation analysis. As
a result, in [41] the energy dependence of the yield of the
%Mo(y, xnp)?>™Nb reaction was obtained in the terms of
the average cross-section per equivalent photon.

In this work a study of the >™&Nb production in pho-
tonuclear reactions on " Mo at the bremsstrahlung end-point
energy range of E,max = 38-93 MeV is performed. The
obtained experimental results are compared with data from
Ref. [41] and theoretical estimates performed with the cross-
sections o (E) from the TALYS1.95 code with different level
density models LD 1-6.

2 Experimental setup and procedure

The experimental measuring complex of our laboratory for
the study of photonuclear reactions and in particular for the
study of the formation of the >>™Nb nucleus in reactions on
MtMo is shown in the form of a block diagram in Fig. 1.
The experiment was performed using the electron lin-
ear accelerator LUE-40 of Research and Development Cen-
ter ”Accelerator” of the National Science Center “Kharkov
Institute of Physics and Technology” at the range of ini-
tial electron energy is E. = 30—100 MeV. Previously, we
described in detail the parameters of the linear accelera-
tor LUE-40, which can be found in [53-56]. Description
of the details of the experiment (irradiation of targets, mea-
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Fig. 1 Block diagram of the experiment. The lower part shows the
linear accelerator LUE-40, the Ta converter, the Al absorber, and the
exposure reaction chamber. The upper part shows the measuring room

surement of spectra of y-induced activity, modeling of the
bremsstrahlung fluxes using the GEANT4.9.2 code [57],
and procedure of monitoring the bremsstrahlung flux with
the yield of the 100Mo(y, n)*Mo reaction) can be found in
papers [30,37,58-60].

The irradiated Ta converter and Al absorber generate neu-
trons that can trigger the reaction '”’Mo(n, 2n)?’Mo. To
evaluate also this option, energy spectra of neutrons above
the threshold energies and neutron cross-sections were cal-
culated using the GEANT4.9.2 and TALYS1.95. The contri-
bution of the 100Mo(n, 2n)99M0 reaction to the value of the
induced activity of the ?Mo nucleus has been estimated and
it has been shown that this contribution is negligible com-
pared to the contribution of 10Mo(y, n)*Mo.

For the experiment the targets were made of natural
molybdenum. The shape of the targets were thin foil discs
with a diameter of 8 mm and a thickness of &~ (.11 mm, which
corresponds to a mass of ~60 mg. Natural molybdenum con-
sists of 7 stable isotopes, with isotopic abundances: *?Mo
— 0.1484, **Mo - 0.0925, Mo - 0.1592, **Mo - 0.1668,
%Mo - 0.0955, Mo — 0.2413, %Mo — 0.0963 (according
[16,57]).

The measurements of the induced y -activity of the irradi-
ated targets were performed using a Canberra HPGe detector
with a full width half maximum resolution 0.8 and 1.8 keV
for the energies E, = 122 and 1332 keV, respectively, and
an efficiency of 20%, relative to the Nal(Tl)-detector with
dimensions 3 inches in diameter and 3 inches in thickness.
The HPGe detector was placed in a special lead tube, which
significantly improved the background measurement con-
ditions. To calibrate the spectrometric channel in terms of
energy E,, and absolute efficiency of registration of y -quanta,
reference sources of y-radiation 22Na, 90Co, 133Ba, 137Cs,
1528y, and 2*! Am were used.
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As an example, the y-radiation spectrum of a "™Mo tar-
get is shown in Fig. 2. As can be seen, the y-radiation spec-
trum of a natural molybdenum target is a complex pattern.
There are many peaks corresponding the y-lines from the
natMo(y, xnyp) reactions.

3 Calculation of cross-sections, flux-averaged
cross-sections, and yields of photonuclear reactions

The photonuclear reactions "Mo(y, xnp) nucleus formed
metastable and ground states of *>™&Nb. Natural molybde-
num consists of seven stable isotopes, but only four isotopes
took part in the formation of the “>Nb nucleus. Respectively,
there are four reactions with different thresholds:

%Mo(y, p)?ENb — Eg, = 9.30 MeV;
"Mo(y, np)?>¢Nb — Eg,r = 16.12 MeV;
%BMo(y, 2np)*»ENb — Eg, = 24.76 MeV;
10Mo(y, 4np)*ENb — Eg,r = 38.98 MeV.

The thresholds for the metastable state >>™Nb formation
nucleus are higher than in the ground state with an additional
excitation energy of 235.7 keV.

The theoretical cross-sections o (E) of studied reac-
tions for monochromatic photons were calculated using the
TALYS1.95 code [16] for different level density models L D
1-6. In the TALYS code, there are three phenomenological
level density models and three options for microscopic level
densities. Descriptions of the models are given in [16]:

LD1: Constant temperature + Fermi gas model, intro-
duced by Gilbert and Cameron [61].

L D2: Back-shifted Fermi gas model [62].

L D3: Generalized superfluid model (GSM) [63,64].

L D4: Microscopic level densities (Skyrme force) from
Goriely’s tables [65].

L D5: Microscopic level densities (Skyrme force) from
Hilaire’s combinatorial tables [66].

L D6: Microscopic level densities based on temperature-
dependent Hartree-Fock-Bogoliubov calculations using the
Gogny force [67] from Hilaire’s combinatorial tables.

Figure 3a—c shows the calculated cross-sections o (E) for
the formation of the *™&©'Nb nucleus on 4 stable iso-
topes of molybdenum: *®Mo, ®’Mo, *®Mo, and '°°Mo. These
cross-sections take into account the percentage abundance
of isotopes. In all three cases, the cross-sections for natural
molybdenum (black curve) were obtained as the sum of the
cross-sections for 4 isotopes with the percentage abundance
of isotopes.

As can be seen from Fig. 3a, at an energy range of the
GDR, the main contribution to the formation of the nucleus
9mNb is given by the “Mo(y, p) reaction. For energy above
30 MeV, all other isotopes need to be taken into account for

the formation of the >™Nb. In the energy dependence of the
cross-section of the ™ Nb nucleus formation, the dominance
of a contribution of the “Mo isotope is noticeable, while for
932Nb the contribution of the cross-sections on the four Mo
isotopes is more evenly distributed. The calculations have
been performed for the TALYS1.95 code, level density model
LD1.

Note that the results calculated for other level density mod-
els retain a similar tendency between the contributions of 4
isotopes to the cross-sections for the formation of the *>Nb
nucleus (dominance of a contribution of the *®Mo isotope for
9mNp, and more balanced contribution for 2% °tNb).

The calculated reaction yield, using theoretical cross-
sections o (E), is determined by the formula:

Eymax
/ o(E)-W(E, Eymax)dEv (D

Einr

Y(Eymax) = Ny

where N, is the number of atoms of the element under study,
W(E, Eymax) is the bremsstrahlung y -flux.

For the estimation of the contribution of a reaction in
the total production of a studied nuclide (for example, the
9%Mo(y, p) reaction in the production of the > Nb nucleus on
natMo), the normalized reaction yield Yi(Eymax) was used.
For calculation of Yj(E} max) it was used the expression:

E max
A; f iy oi(E) - W(E, Eymax)dE

) e T oy W JE'
Zk:l Ak Ekhmax ok(E) - W(E, Eymax)dE
thr

@)

where oy (E) is the cross-section for the formation of the
95 Nb nucleus on the k-th isotope with isotopic abundance Ay.
Summation over k was carried out for 4 stable molybdenum
isotopes 26-97:98. 100,

Figure 4a—c shows the normalized yields of various iso-
topes of the reaction "Mo(y, xnp)®>™&©Nb according to
Eq. 2. The value of the normalized yield on a given isotope is
determined by the cross-section, the reaction threshold, and
the isotope percentage abundance.

As a rule, in the presence of several isotopes, there
is one whose contribution to the reaction yield dominates
(> 90%), as shown, for example, in Refs. [25,38]. In the
case of the reaction "Mo(y, xnp)°>>™Nb at energies up to
20 MeV, the contribution of **Mo is 100%. With increasing
energy, the contribution from isotope ®Mo decreases but
remains dominant over the entire energy range under study.
In the case of the formation of the >>Nb nucleus in the ground
state at bremsstrahlung end-point energy above 30 MeV, it
is difficult to determine the dominant reaction. Thus, for the
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Fig. 2 Two fragments of y-ray spectrum in the energy ranges 40 < E,,

Ey, keV

< 600 keV and 600 < E, < 1200 keV from the natMo target of mass

57.862 mg after irradiation of the bremsstrahlung y-flux at the end-point energy E,max = 92.50 MeV. The irradiation #;; and measurement fmeas

times were both 3600s

estimation of the yield of the ™Mo(y, xnp) reaction with
the production of the “>Nb nucleus in the ground state it is
necessary to take into account the contribution of the four
stable isotopes.

The cross-sections o (E) for "Mo(y, xnp)°>™&©Nb
reactions, calculated in TALYS1.95 for level density mod-
els LD 1-6, are shown in Fig. Sa—c.

The cross-sections o (E) are averaged over the bremsst-
rahlung flux W(E, Eymax) in the energy range from the
threshold of the reaction E,; to the maximum energy of the
bremsstrahlung spectrum E,max. As a result, flux-averaged
cross-sections were obtained:

E ymax

Ethr o(E)-W(E, Eymax)dE

E max
Etl):r W(E, Eymax)dE

<U(Eymax))th = 3)

For calculation of flux-averaged cross-sections (o (£ max))
for the "'Mo(y, xnp)%m’ng reactions, we average the
cross-sections o (E) using minimal reaction thresholds: in
the case formation of 2™Nb — Ey,; = 9.54 MeV and *¢Nb

@ Springer

— Eqr = 9.30 MeV. This was done to be able to compare
the theoretical flux-averaged cross-sections with experimen-
tal results, where the total flux from the “°Mo threshold to
E\max is also used. If, in making calculations, we use a self-
own reaction threshold for each isotope, as we did in [25,68],
then itis necessary to introduce an appropriate correction fac-
tor. Since such a coefficient is theoretically dependent, we do
not use this approach in this work.

The results of the flux-averaged cross-section (0 (Eymax))
calculation for the ™Mo(y, xnp)*»™&©Nb reactions are
presented in Fig. 6.

The shape of the energy dependence of the cross-sections
for the formation of metastable and ground states is notice-
ably different. In the case of the metastable state, we observe
the dominance of the contribution from “°Mo (Fig. 5a,
energies of about 20 MeV). This leads to rapid saturation
of the flux-averaged cross-section for the metastable state
(Fig. 6a). In the case of ground and total cross-sections,
the contributions of isotope cross-sections are distributed
more evenly, and the flux-averaged cross-sections increase
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Fig. 3 Theoretical cross-sections o (E) for the formation of the
95m.g.0tNb nucleus on 4 stable isotopes of molybdenum (taking into
account isotope percentage abundance) and on "Mo (black curve).
Results for production of the 95Nb nucleus in a metastable (a), and
ground (b) states, total cross-sections (¢) are shown. The calculations
were performed in the TALYS1.95 code, LD1
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Fig. 4 The normalized reaction yields of the > Nb formation on various
molybdenum isotopes. The sum of the isotope normalized yields is equal
to 1. Results for the formation of the > Nb nucleus in the metastable
(a), in the ground (b) states, and for total cross-section (c) are shown.
The calculations were performed in the TALYS1.95 code, LD1
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Fig. 5 Theoretical cross-sections o(E) for the
"atMo(y, xnp)®>™ & ©INb reactions. The calculations were performed
using the TALYS1.95 code for six different level density models

smoothly up to 95 MeV. Note that the cross-sections for
the 20-97:98.100Mo nuclei are given taking into account the
percentage abundance of isotopes. The cross-sections of the
"tMo(y, xnp)?>°'Nb reaction are their algebraic sum.
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MtMo(y, xnp) 2 ™&Nb reactions. The calculations were performed
using the minimal reaction thresholds and the TALYS1.95 code for six
different level density models

4 Experimental results

A simplified diagram of the decay of the >Nb nucleus
from the ground and metastable states is shown in Fig. 7.
Nuclear spectroscopic data of the radio-nuclides reactions
"tMo(y, xnp) ™ ENb are presented according to [23].
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Fig. 7 Simplified representation of formation and decay scheme of the
isomeric pair 2™ &Nb. The nuclear level energies are in keV

The isomeric state “>™Nb (J7 = 1/27) with a half-life
T1/2 of 86.6 £ 0.08 h decays to the unstable ground state
9ENb (JT = 9/2%) by emitting y-quanta with the energy
of 235.7 keV through an internal transition with a branching
ratio p of 94.4 £ 0.6%. Meanwhile, 5.6% of the isomeric
state decays to the various energy levels of stable > Mo via
B~ -process. The unstable ground state “2Nb with a half-life
Ty, of 34.975 4 0.007 d decays to the 765.8 keV energy
level of %Mo via B~ -process (99.97%).

The cross-sections for the formation of the >™Nb nucleus
in the metastable state in the reaction on "Mo can be deter-
mined from direct measurements of the number of counts
of y-quanta AA in the full absorption peak at an energy of
235.7keV (I, = 24.940.8%). To calculate the experimental
values (0 (Eymax)) the following expression was used:

MAADT (Eymax)

<U (Eymax)> = Nny 8(1 — e—)tfirr)e—)hlcool(l — e—)\fmeas) s

“)
where ®(Eymax) = [5/™ W(E, Eyma)dE is the brems
strahlung flux in the energy range from the reaction thresh-
old Ew up t0 Eymax; Ny is the number of studied atoms
(including 4 isotopes of Mo — 96, 97, 98, and 100); I, is the
intensity of the analyzed y-quanta; ¢ is the absolute detection
efficiency for the analyzed y-quanta energy; A denotes the
decay constant (In2/T /2); T is the half-life of the nucleus;
tirr feool and fmeas are the irradiation time, cooling time and
measurement time, respectively.

In natural molybdenum targets, as a result of the "**Mo(y,
xn2p) reaction, the >>Zr nucleus can also be formed. In the
decay scheme of Szr (T2 = 65.02 £ 0.05 d) there is a
y-transition with the energy E, = 235.7 keV and intensity
I, = 0.294+£0.016%. The decay of the 957r nucleus can con-
tribute to the observed value of A A. To take this contribution
into account, calculations were performed in the TALYS1.95
code with level density model L D 1. It was found that the esti-
mated activity of > Zr by y-line with 235.7 keV is negligible.
The contribution of *Zr was also experimentally verified by
the y-lines corresponding to the decay of the >Zr nucleus,
namely, E,, = 724.2 keV (I, = 44.17 £ 0.13%) and E,, =
756.7 keV (I, = 54%). No such peaks were found in the
measured spectra of the induced y -activity of the targets.

For the y-quanta with an energy of 235.7 keV and
the thicknesses of the molybdenum targets used, the self-
absorption coefficients were calculated using the GEANT4.9.2
code. It was found that the value of the self-absorption coef-
ficient did not exceed 0.8%, which was taken into account
when processing the experimental results.

The uncertainty of measured flux-averaged cross-sections
was determined as a square root of the quadratic sum of
statistical and systematic errors. The statistical error in the
observed y-activity is mainly due to statistics in the full
absorption peak of the corresponding y-ray, which varies
between 1.1 to 4.2%. The measured AA value of the inves-
tigated y ray depends on the detection efficiency, half-life,
and the intensity. The background is generally governed by
the contribution from the Compton scattering of the emitted
y rays.

Systematic errors are caused by the following uncertain-
ties: exposure time and electron current ~0.5%, detection
efficiency of y-rays by the detector 2-3%, half-life T/, of
reaction products, and intensity /,, of the analyzed y-rays.
The error of experimental data normalization to the yield of
the monitoring reaction '"Mo(y, n)*Mo was 6%. The sys-
tematic error in yield monitoring of the '%Mo(y, n)**Mo
reaction stems from three errors, each reaching up to 1%.
These are the statistical error in the determination of the num-
ber of counts under the y-ray peak used for normalization,
the uncertainty in the isotopic composition of natural molyb-
denum and in the intensity /,, used. This also includes the
calculation error of the bremsstrahlung flux in GEANT4.9.2
(1-1.5%).

The total uncertainties of the measured flux-averaged
cross-sections are given in Fig. 8 and Table 1.

The experimental values of the flux-averaged cross-
section (0 (Eymax))m of the "™ Mo(y, xnp)”>™Nb reaction
were determined at the bremsstrahlung end-point energy of
38-93 MeV (see Fig. 8a and Table 1). When calculating
(0 (Eymax))m values, we use flux of bremsstrahlung quanta
with a threshold for the reaction on isotope Mo, Epe =
9.54 MeV.

@ Springer
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As can be seen from the decay diagram of the isomeric and
ground states of the *>Nb nucleus (see Fig. 7), it is impossible
to determine the value of the flux-averaged cross-section for
the formation of the >2Nb nucleus in the ground state using
direct measurements of the value AA in the full absorption
peak at an energy of 765.8 keV. However, these values can
be estimated using data on (0 (Eymax))m for the formation
of 2MNb in a metastable state, obtained in this work, and the
values of isomeric yield ratio I R = Yy(Eymax)/ YL (Eymax)s
from the work [32]. The *>™Nb nucleus in the metastable
state has a low-spin state and in the ground state >>¢Nb has
a high-spin state, then knowing the 7/ R values, one can find
the flux-averaged cross-section for the formation of the *2Nb
nucleus (0 (Eymax))g from a simple relation: (o (Eymax))g =
(0 (Eymax))m - I R. Similarly, one can estimate the total flux-
averaged cross-section for the formation of a > Nb nucleus
on natural Mo.

The values of (0 (Eymax))g and (o (Eymax))twot. Obtained
by recalculation using I R, are presented in Fig. 8b, c.

A comparison of experimental flux-averaged cross-section
for ™-&INb shows a strong discrepancy with theoretical
calculations. The closest to the experiment is the calculated
result obtained using the cross-sections from the TALYS1.95
code for level density model L D6. The difference was 13.2
for the case of he formation the >>™Nb nucleus in a metastable
state. This factor was obtained by the least squares method.
An equally strong discrepancy for the cross-section for the
metastable state was also observed in the case of studying
the reaction 181Ta(y, p)lgome [31]. In the case of the for-
mation of a >2Nb nucleus in the ground state and for the
total cross-section, the calculation results are much closer to
the experimental data. The comparison shows that the differ-
ence between theory and experiment was 2.7 and 4.5 times,
respectively.

As noted earlier according to [19], a study of the reac-
tion *Mo(y, p)*>Nb was performed in [41], and experimen-
tal values of the average cross-section per equivalent photon
(0 (Eymax))Q were obtained. For comparison with these data,
we presented our experimental results as (o (Eymax))Q. To
determine the value of the averaged cross-sections per equiv-
alent photon, a formula was used, that written in [41] as:

E max
Et:r o(E) - W(E, Eymax)d E

(6 (Eym&x» = G
Q 1 E max
Eymax Et:r E ’ W(E’ Eymax)dE
First, we analyzed the cross-section for the

10Mo(y, n)® Mo reaction, which is used in our experiment
as a monitoring reaction. In the case of working with natural
Mo targets, this reaction occurs only on one isotope of molyb-
denum with an atomic mass of 100. The comparison of the
results presented as (0 (E,max))q With data from [41] agreed
within 4.5-7.1%, which does not exceed the experimental

@ Springer
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(a)

0.2+
° natMO('Y,an)gsmNb

TALYS1.95, LD6 x13.2
00 1 1 1 1 1 1
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(b)

B ™Mo(y,mp)”Nb
TALYS1.95, LD6 x2.7

04} 1
A natMO(y mp)9Stoth
—TALYS1.95, LD6 x4.5
0.0 ' ' ' ' ' '
30 40 50 60 70 80 90 100
Eymax, MeV

Fig. 8 Flux-averaged cross-sections (o (Eymax)) for the formation
of P™Nb (a), “Nb (b) on " Mo, and total cross-section for the
MtMo(y, xnp) > °'Nb reaction (¢). Calculations were performed with
the TALYS1.95 code for L D6

error of our data. This makes it possible to compare cross-
sections for the reaction "Mo(y, xnp)® ™Nb under study.
Note that the authors of [41] did not provide experimental
errors for their results.

In [41], targets made of natural molybdenum were used.
The cross-sections (0 (Eymax))q for the 96Mo(y, p)gsmNb
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Table1 Flux-averaged cross-sections for the " Mo(y, xnp)®>™&©tNb
reactions

(0 (Eymax)), mb

Eymax, MeV Metastable Ground Total

37.50 0.68 £ 0.06 0.51 £ 0.07 1.19 £ 0.15
41.10 0.60 £ 0.06 0.47 £ 0.06 1.07 £ 0.13
44.20 0.63 £ 0.05 0.57 £ 0.05 1.20 £ 0.10
49.00 0.61 £ 0.05 0.48 £ 0.05 1.09 £ 0.11
53.70 0.54 £+ 0.05 0.52 £+ 0.05 1.06 £ 0.11
53.70 0.59 £ 0.05 0.60 £ 0.06 1.19 £ 0.12
59.60 0.56 £ 0.05 0.54 £ 0.05 1.10 £ 0.10
59.60 0.64 £ 0.06 0.52 £+ 0.05 1.16 £ 0.10
63.30 0.53 £ 0.05 0.56 £ 0.07 1.09 +0.13
63.30 0.51 £ 0.07 0.50 £+ 0.07 1.01 £0.14
65.50 0.53 £ 0.05 0.61 £ 0.06 1.14 £ 0.12
65.50 0.56 £ 0.05 0.64 £ 0.07 1.20 £0.13
68.25 0.51 £ 0.05 0.53 £ 0.07 1.04 £0.13
73.10 0.57 £ 0.06 0.47 £ 0.06 1.04 £0.13
77.50 0.54 £ 0.05 0.60 £ 0.05 1.14 £0.10
82.50 0.58 £ 0.06 0.74 £ 0.07 1.32 £0.13
86.90 0.46 £ 0.05 0.48 £ 0.05 0.94 £0.10
92.50 0.53 £ 0.04 0.56 £ 0.06 1.09 £0.12
92.90 0.59 £ 0.05 0.66 £ 0.07 1.25 +£0.14

reaction were define on the assumption that the main channel
in the formation of the ®>™Nb nucleus on natural molybde-
num is the reaction on 2°Mo, the isotopic abundance of which
is 16.68%. Accordingly, when assessing (0 (Eymax))Q, We
obtained our results taking into account this isotopic con-
centration in order to correctly compare measurement data
from different laboratories. As can be seen from Fig. 9, our
result (0 (Eymax))Q and the data of [41] are in reasonable
agreement with each other.

It should be noted that according to the results of calcula-
tions of the normalized reaction yield Y;(Ey max), performed
using cross-sections from the TALYS1.95 code (see Fig. 4),
the statement about the dominant role of the **Mo( ¥, p) reac-
tion in the case of the formation of the “™Nb nucleus on
natural Mo is valid at energies up to 30 MeV (provided the
contribution of the dominant reaction is at least 90%).

5 Conclusions

In the present work, the experiment was performed on the
beam of a linear electron accelerator LUE-40 RDC ”Accel-
erator” NSC KIPT using the activation and off-line y-ray
spectrometric techniques. The bremsstrahlung flux-averaged
cross-section (0 (Eymax))m of the 9MNb production in pho-
tonuclear reactions on natural Mo targets was determined for

10 T T T T T T
8 4
o
&
g
S 4L ™ . 4
2 .
2+ 4
® This work
B Masumoto 1978 [20]
0 1 1 1 1 1 1
30 40 50 60 70 80 90 100
E s MeV

Fig. 9 Average cross-section per equivalent photon (o (E)max))q for
the “*Mo(y, p)*™Nb reaction. The results of this work are denoted by
red circles, black squares — from [41]. There is no information about
experimental errors for data from [41]

the first time. The bremsstrahlung end-point energy range
was Eymax = 38-93 MeV.

Based on the experimental data on (0 (Eymax))m and
the isomeric yield ratio IR, the values of (0 (Eymax))g
and (o (Eymax))wt for the formation of the 9Nb nucleus
in the ground state and for the total cross-section of the
natMo(y, xnp) reaction were obtained in this work.

The calculation of the flux-averaged cross-sections
(0 (Eymax)) was performed using the cross-sections o (E)
for the studied reactions from the TALYS1.95 code for dif-
ferent level density models LD 1-6.

In the case of the "Mo(y, xnp)?>™Nb reaction, the com-
parison showed a significant excess (about 13.2 times) of the
experimental results over the theoretical flux-averaged cross-
sections (0 (Eymax))m- This result can be used to improve the
TALYS code.

The calculation result with the level density model
L D6 (microscopic level densities based on temperature-
dependent Hartree-Fock-Bogoliubov calculations using the
Gogny force from Hilaire’s combinatorial tables) is the clos-
est to the experimental cross-section data.
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