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Isomeric pair *>™Nb in the photonuclear reactions on "**Mo at
the bremsstrahlung end-point energy of 38-93 MeV
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Abstract: The "*Mo(y, xnp)°>™8Nb photonuclear reaction was studied using the electron beam from the NSC
KIPT linear accelerator LUE-40. The experiment was performed using the activation and off-line y-ray spectromet-
ric technique. The experimental isomeric yield ratio (IR) was determined for the reaction products >”-8Nb at the
bremsstrahlung end-point energy Eymax range of 38-93 MeV. The obtained values of IR are in satisfactory agree-
ment with the results of other studies and extend the range of previously known data. The theoretical values of the
yields Y ¢(Eymax) and the IR for the isomeric pair 95mg¢Nb from the "atMo(y, xnp) reaction were calculated using
the partial cross-sections o(E) from the TALYS1.95 code for six different level density models. For the investig-
ated range of Eymax, the theoretical dependence of /R on energy was confirmed — the /R smoothly increases with in-
creasing energy. The comparison showed a noticeable difference (more than 3.85 times) in the experimental /R relat-
ive to all theoretical estimates.
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I. INTRODUCTION

As a result of a nuclear reaction, the final nucleus ap-
pears in an excited state. The lifetime of such states is of
the order of nuclear time. In some cases, long-lived ex-
cited states of the nuclei are formed, which are associ-
ated with a high degree of forbidden transitions between
excited levels or low energy of the excitation level. Such
states are called isomeric or metastable states and have
half-lives in a wide range of times [1].

There are nuclei with two unstable states, metastable
(m) and ground (g) states, which may aid in determining
the population of the metastable state of a given nucleus
relative to its ground state or obtaining an isomeric ratio
(IR). This value is defined as the ratio of the cross-sec-
tions for the nucleus formation in the metastable state to
the ground state [2—4]. Moreover, in literature, the value
of the IR is given as the ratio of the cross-sections for the
nucleus formation in the high-spin and low-spin states. In
experiments with bremsstrahlung flux, the /R of the
products of the studied reactions is measured [4—7] as the
ratio of flux-averaged cross-sections or reaction yields.

The study of /R values using photonuclear reactions
has the advantage that the gamma quantum introduces a
small angular momentum and does not change the nucle-
on composition of the compound nucleus. The data on the
IR values of the reaction products facilitate the resolution
of questions related to nuclear reactions and nuclear
structure: the spin dependence of the nuclear level dens-
ity, angular momentum transfer, nucleon pairing, and
shell effects. These findings allow us to refine the theory
of gamma transitions and test theoretical nuclear models
[8-12].

The experimental results in the energy range above
the giant dipole resonance (GDR) and up to the pion pro-
duction threshold are of interest because the mechanism
of the nuclear reaction changes. As shown in Ref. [13], in
the energy range of 30—145 MeV, the reaction mechan-
ism changes from the dominant giant dipole resonance to
the quasideuteron mechanism and direct reactions. For a
detailed study of this process, one needs to use the values
of experimental cross-sections and /R values of multi-
particle photonuclear reactions in a wide range of atomic
mass and energies. However, there is still a lack of such
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experimental data [14, 15].

Experiments on the photodisintegration of stable iso-
topes of the Mo nucleus and determination of the /R val-
ues of the nuclide products *"¢Nb from the "*Mo(y, xnp)
reaction were described in previous literature [16-23], us-
ing beams of bremsstrahlung photons and the residual y-
activity method.

In the energy region of GDR, the formation of iso-
meric pair *¢Nb in photonuclear reaction on "*Mo has
been studied [16-20]. Thus, in Refs. [16, 17], the experi-
mental result for IR = Y,,(Eymax)/(Ye(Eymax) + Yin(Eymax))
was obtained at an energy of 30 MeV. The authors of
Ref. [18] defined the values of IR as the ratio of
Y (Eymax)/ Yg(Eymax) at energies of 25 and 30 MeV. In
Refs. [19, 20], the range of investigated energies was ex-
tended to 14-24 MeV, and the IR values of the reaction
products of the "™Mo(y, xnp)*>"™¢Nb reaction were also
obtained by the y-activation method. However, the res-
ults of Refs. [19, 20] contradict each other. It should be
noted that, in the obtained experimental results [16—20],
for the formation of the isomeric pair °™¢Nb from
"aMo(y, xnp) reaction, the **Mo isotope plays a main role.

At an intermediate energy region, the ™‘Mo(y,
xnp)>™ENb reaction was investigated [21—23]. In Ref.
[21], the values of IR = Yu(Eymax)/ Yi.(Eymax) Were ob-
tained based on **Mo(y, p), *’Mo(y,np), and *Mo(y,2np)
reactions, which was the first measurement with ™Mo
targets at Eymax = 50, 60, and 70 MeV. In Ref. [22], the
authors extended the range of the study up to 45-70 MeV
and attempted to compare the independent /R values of
%meNb for different reactions: "Mo(y,xnp), "Mo(p,
axn), and "Zr(p, xn).

In Ref. [23], experimental and theoretical investiga-
tions of the photodisintegration of molybdenum isotopes
are described. The yields of various photonuclear reac-
tions on stable molybdenum isotopes were determined by
the y-activation method for the bremsstrahlung end-point
energies of 19.5, 29.1, and 67.7 MeV. For the energy of
67.7 MeV, the authors were able to determine the yields
Yo(Eymax) and Y,,(Eymax) for the formation of the 95m-gNb
nucleus in the ground and metastable states, respectively,
whose ratio is 5.1/5.5.

The experimental results from Refs. [21-23] agree
with each other, while the data from Refs. [16—20] ob-
tained in different representations of the value /R contra-
dict each other. This does not allow estimation of the en-
ergy dependence of IR in the wide region E,m.x = 14-70
MeV.

The present work is devoted to the study of the form-
ation of the isomeric pair **™¢Nb in photonuclear reac-
tions on ™Mo at the bremsstrahlung end-point energy
range of E,max = 38-93 MeV. This will extend the range
of previously known experimental /R values and im-
prove the reliability of these data.

II. EXPERIMENTAL SETUP AND PROCEDURE

An experimental study of the *>¢Nb isomeric pair
formation in the photonuclear reactions on "*Mo was per-
formed using the electron beam of the linac LUE-40 at
the National Science Center "Kharkov Institute of Phys-
ics and Technology" with the activation and off-line y-ray
spectrometric technique. The experimental procedure is
described in detail in Refs. [24-27].

The experimental complex for the study of photonuc-
lear reactions is presented as a block diagram in Fig. 1.
The linac LUE-40 provides an electron beam with an av-
erage current I, ~3 uA and an energy spectrum with a
full width at half maximum (FWHM) of AE./E. ~ 1%.
The range of initial energies of electrons is E.= 30—100
MeV. A detailed description and parameters of the LUE-
40 linac are given in literature [28-31].

On the axis of the electron beam, there are a convert-
er, an absorber, and a reaction chamber. The converter,
made of natural tantalum, is a 20x20 mm plate with
thickness / = 1.05 mm and is attached to an aluminum ab-
sorber, shaped as a cylinder, with dimensions @100 mm
and a thickness of 150 mm. The thickness of the alumin-
um absorber was calculated to clean the beam of y-quanta
from electrons with energies up to 100 MeV.

In this experiment, targets were made of natural mo-
lybdenum, which were thin discs with a diameter of 8 mm
and a thickness of = 0.11 mm, which corresponded to a
mass of ~ 57-60 mg. Natural molybdenum consists of 7
stable isotopes, with isotope abundance (%) as follows:
Mo — 14.84, **Mo — 9.25, Mo — 15.92, **Mo — 16.68,
Mo — 9.55, Mo — 24.13, and Mo — 9.63 (according
to Refs. [32, 33]).

The targets were placed in an aluminum capsule and
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Fig. 1. (color online) Schematic block diagram of the exper-
iment. The upper part shows the measuring room, where the
irradiated target is extracted from the capsule and is arranged
before the HPGe detector for y-activity measurements. The
lower part shows the linac LUE-40, Ta converter, Al absorber,
and exposure reaction chamber.
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taken to the reaction chamber using a pneumatic trans-
port system for irradiation and back to the measurement
room to record the induced y-activity of reaction products
in the target substance.

The y-quanta of the reaction products were detected
using a Canberra GC-2018 semiconductor HPGe detect-
or. At E, = 1332 keV, its total efficiency was 20% relat-
ive to the Nal(Tl) scintillator with dimensions 3 inches in
diameter and 3 inches in thickness. The resolution
FWHM is 1.8 keV for energy E, = 1332 keV and 0.8 keV
for E, = 122 keV. The dead time for y-quanta detection
varied between 0.1 and 5%. The absolute detection effi-
ciency &(E,) was obtained using a standard set of y-ray
sources: **Na, “Co, **Ba, *’Cs, '**Eu, and **'Am. The
analytical curve in the form Ins(E,) = 1L, ai(lnEy)i, pro-
posed in Ref. [34], was used to determine the value of
&(E,) for various energies of y-quanta.

The electron bremsstrahlung spectra were calculated
using the open-source software code GEANT4.9.2,
PhysList G4LowEnergy [33]. The real geometry of the
experiment was used in calculations, and the space and
energy distributions of the electron beam were taken into
account.

The bremsstrahlung flux was monitored by the yield
of the 'Mo(y,n)*’Mo reaction (the half-life 7y, of the

%Mo nucleus is 65.94 +0.01 h) by comparing the experi-
mentally obtained average cross-section values
(0 (Eymax))exp With the computation data (o(Eymax))m. To
determine the experimental (0(Eymax))exp values, the yield
for the y-line of energy E, = 739.50 keV and intensity 7,
= 12.13+0.12% is used. The average cross-section
(0(Eymax))m values were computed with the cross-sec-
tions o(E) from the TALYS1.95 code. Thus, we find the
transition coefficient from calculated to experimental
flux. Details of the monitoring procedure can be found in
Refs. [24-27].

The y-radiation spectrum of a "*Mo target irradiated
by a beam of bremsstrahlung y-quanta with high end-
point energy has a complex pattern. There are emission y-
lines of the nuclei product of the "™*Mo(y, xnyp) reactions
located on a background substrate, formed owing to the
Compton scattering of photons. As an example, the y-ra-
diation spectrum of a "*Mo target with a mass of 57.862
mg after irradiation with E, . = 92.50 MeV is shown in
Fig. 2.

III. THEORETICAL CALCULATION

The **Nb nucleus in the metastable and ground states
can be formed in photonuclear reactions "*Mo(y, xnp).
Natural molybdenum consists of 7 stable isotopes, but
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Fig. 2.

(color online) Fragments of y-ray spectrum in the energy ranges 40 < E, <600 keV and 600 < E, < 1200 keV from the Mo tar-

get of mass 57.862 mg after irradiation of the bremsstrahlung y-flux at the end-point energy Eymax = 92.50 MeV. The irradiation #, and

measurement #,e,s times were both 3600 s.
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only four isotopes contribute to the formation of the *’Nb
nucleus; there are four reactions with the following
thresholds:

Mo(y, p)*¢Nb — Eg; = 9.30 MeV;

9"Mo(y,np)*>¢Nb — Eg, = 16.12 MeV;

%Mo(y,2np)°>Nb — Eg, = 24.76 MeV;

1Mo (y,4np)*¢Nb — Eg, = 38.98 MeV.

The thresholds for the formation of the *Nb nucle-
us in the metastable state are higher than in the ground
state, with an excess excitation energy of 235.7 keV.

The calculation of theoretical cross-sections o (E) of
studied reactions for monochromatic photons was per-
formed using the TALYS1.95 code [32], which is in-
stalled on Linux Ubuntu-20.04, for different level dens-
ity models LD 1-6. There are three phenomenological
level density models and three options for microscopic
level densities:

LD1: Constant temperature + Fermi gas model, intro-
duced by Gilbert and Cameron [35].

LD?2: Back-shifted Fermi gas model [36].

LD3: Generalized superfluid model (GSM) [37, 38].

LD4: Microscopic level densities (Skyrme force)
from Goriely’s tables [39].

LD5: Microscopic level densities (Skyrme force)
from Hilaire’s combinatorial tables [40].

LD6: Microscopic level densities based on temperat-
ure-dependent Hartree-Fock-Bogoliubov calculations us-
ing the Gogny force from Hilaire’s combinatorial tables
[41].

Figure 3 lists the total (metastable + ground) cross-
sections o(E) for the formation of the *Nb nucleus on 4
stable isotopes of molybdenum calculated in the
TALYS1.95 code, LD1. The cross-sections for the
969798100\ o nuclei are given considering the abundance
of isotopes. The cross-section of the ™Mo (y, xnp)*Nb re-
action is their algebraic sum. As can be seen, in the en-
ergy range above 35 MeV, the cross-section of the
%Mo(y,2np)>>Nb reaction has the highest values. This is
due to both the **Mo isotopic abundance of 24.13% and
insignificant differences in the cross-sections for the
formation of the *Nb nucleus on different molybdenum
isotopes.

Figure 4 shows the cross-sections o(E) for the forma-
tion of the **Nb nucleus in the metastable and ground
states in the ™Mo(y,xnp) reactions and the total cross-
section calculated using the TALYS1.95 code, LD1. The
cross-section for ™Mo(y, xnp)°>*Nb is the algebraic sum
of the cross-sections of the formation of **Nb on each of
the 4 isotopes multiplied by the isotopic abundance. Sim-
ilarly, it needs to take sum in the case of the cross-sec-
tion for the ™Mo(y, xnp)°>"Nb reaction. The total cross-
section is calculated as the sum of cross-sections for the
ground and metastable states. As can be seen from the
figure, the contribution of the metastable state to the total
cross-section does not exceed 20% at energies above 30

0.25 T T T

0 o(y,xnp)**Nb

n
0.00 20 40 60 80 100

E, MeV

Fig. 3.
cross-sections o(E)for the formation of the *Nb nucleus on

(color online) Theoretical total (metastable + ground)

stable isotopes of molybdenum °**"-*!®Mo, considering iso-
topic abundance (color curves), and on ™Mo (black curve).
The calculations were performed for the level density model
LD1.
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"3\ o(y,xnp)’*Nb
0.201 i
total
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Eﬁ ground
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©0.10f .
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\ \ . \
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Fig. 4.
"Mo(y,xnp)®>™8Nb reactions. The calculations were per-

(color online) Theoretical cross-sections o(E) of the

formed for the level density model LD1.

MeV.

Using the theoretical cross-section o(E), one can ob-
tain the reaction yield, which is determined by the for-
mula

Enax
Y(Eymax) = Nn/ 0(E)- W(E, Eymax)dE, (1)
Ei,

where N, is the number of atoms of the element under
study, W(E, Eymax) is the bremsstrahlung y-flux, Eg, is an
energy of the reaction threshold, and E,m.x is the
bremsstrahlung end-point energy.

To estimate the i-th reaction contribution in the total
production of a studied nuclide (for example, the
%Mo(y, p) reaction in the production of the *’Nb nucleus
on "*Mo), the relative reaction yield Yi(E,max) Was used.
To calculate Yi(E,max), we used the cross-sections from
the TALYS1.95 code and the following expression:
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E
Ai/ oi(E)-W(E, Eymax)dE
E‘hr
Yi(Eymax) = : s (2)

E,.
4
> k=14k /
Ej,

or(E)-W(E, E’ymax)dE
where o (E) is the cross-section for the formation of the
%Nb nucleus on the k-th isotope with isotopic abundance
Ag. Summation over k was performed for 4 stable molyb-
denum isotopes **?**!®Mo. The relative reaction yield
on a given isotope is affected by the cross-section, reac-
tion threshold, and isotope abundance.

As arule, in the presence of several isotopes, there is
one whose contribution to the reaction yield dominates (>
90%); see Refs. [42, 43] for examples. In the case of the
reaction under study at energies up to 20 MeV, the contri-
bution from the reaction on **Mo is 100%. However, at
the bremsstrahlung end-point energy above 30 MeV, it is
difficult to determine the dominant reaction (see Fig. 5).
Thus, for natural molybdenum, it is necessary to consider
the contribution of all stable isotopes to the yield of the
"Mo(y, xnp)>Nb reaction.

In this study, the values of the /R are calculated as the
ratio of the yield Yu(Eymax) of the formation of the nucle-
us in the high-spin state to the yield Yi(E,max) of the
formation of the nucleus in the low-spin state:

IR = YH(Eymax)/ YL(Eymax)- (3)

Figure 6 shows the theoretical prediction of the IR
calculated using the cross-sections from the TALYS1.95
code with the LD1 model. As can be seen, the calculated
IR values differ for different isotopes (°**7**!Mo). The
IR value calculated for natural Mo is within the range of
these varying values.

The theoretical estimations of the /R values were cal-
culated using the cross-sections from the TALYS1.95
code for six level density models LD and are shown in
Fig. 7. As can be seen, the theoretical /R values differ by
17%-36% in the range of E,n. = 35-95 MeV. The IR
calculated for the LD3 model has the lowest value in this
energy range.

IV. EXPERIMENTAL RESULTS

A simplified diagram of the decay of the niobium
nucleus from the ground °>$Nb and metastable *Nb
states is shown in Fig. 8, according to Ref. [1].

The metastable state *>"Nb (J* =1/27) with a half-
life Ty, of 86.6+0.08 h decays to the unstable ground
state 2¥Nb (J* =9/2%) by emitting y-quanta with an en-
ergy of 235.7 keV (I, =24.9+£0.8%) through an internal
transition with a branching ratio p of 94.4 +0.6%. Mean-
while, 5.6% of the metastable state decays to the various

;
1.0 F %MO(Y)}’)
"Mo(y,np)
Mo(y.2np)
0.8 - 1004 1
— ""Mo(y,4np)
061
g
o
o4l
02}
0.0 . .
20 40 60 80 100
E MeV

‘ymax>

Fig. 5.
formation on various molybdenum isotopes relative to the

(color online) Theoretical reaction yields of the **Nb

total yield on "*Mo according to Eq. (2). The sum of the relat-
ive yield is equal to 1.0. The calculations were performed for
the level density model LD1.

12 T T T T
— **Mo(y,p)
"Mo(y,np)
%Mol(y,2np)
st 1%Mo(y,4np)
"Mo(y,xnp)

101

£ 6r .
a i
ok i
L) 20 60 %0 100
E oo MeV
Fig. 6. (color online) Theoretical /R values for the reaction

products *™&Nb on different molybdenum isotopes and ™Mo.
The calculations were performed for the level density model
LD1.

energy levels of stable Mo via a S~ -process. The un-
stable ground state °$Nb with a half-life 7y, of
34.975+0.007 d decays to the 765.8 keV (I, = 100%) en-
ergy level of **Mo via a 8~ -process (99.97%).

This decay pattern leads to the ground state radionuc-
lide ®>¢Nb, which can be formed in two ways: directly
from the target nuclide and/or indirectly through the de-
cay of the metastable radionuclide.

As a result, to find the experimental values of the /R,
it is necessary to solve the system of equations describ-
ing the radioactive decay of the metastable state and de-
cay with accumulation for the ground state. The solution
of such a system of equations is described in several
works [4, 44, 45], with different analytical representa-
tions.

In this study, to determine the experimental values of
the IR, the following expression is used according to Ref.
[44]:
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products from the ™Mo(y, xnp)*>™SNb reaction for different

level density models LD 1-6.

(color online) Theoretical /R values for the reaction
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Fig. 8.
tion and decay scheme of the isomeric pair °*"¢Nb. The nucle-

(color online) Simplified representation of the forma-

ar level energies are in keV. The red color shows the emis-
sion p-lines that were used in this study for the analysis.

IR :YH(Eymax)/YL(Eymax) =

|:/1gFm(t) (AAgImSm /1g ) N /lm :|
AmFg(t) AAmIgSg /lg - p/lg - ’
4)
Fm(t) = (] — ei/l"'tlﬂ)ei/lmtcool(l _ e*/l,,,fmm), (5)
Fg(t) = (1 _ e_/lgtm)e_/lgtcocl(l _ e—/lk,t“m\)’ (6)

where 1, and A, are the decay constants for the ground
and metastable states, respectively; AA, and AA,, are the
number of counts under the peaks at the energies of y-

quanta corresponding to the decays of the ground and
metastable states, respectively; &, and I, (&, and I,,) are
the detector efficiency and absolute intensity of a -
quantum with an energy corresponding to the decay of
the ground state (metastable state); p is the branching ra-
tio for the decay of the metastable to the ground state
(94.4%); and ty, feool, and teas 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 **Zr (T, = 65.02+0.05
d), there is a y-transition with an energy E, = 235.7 keV
and intensity 7, =0.294+0.016%. The decay of the *Zr
nucleus can contribute to the observed value of AA,,.
Considering this contribution, calculations were per-
formed in the TALYS1.95 code with level density model
LD1. It was found that the activity of **Zr estimated us-
ing the y-linewith 235.7 keV is negligible. The contribu-
tion 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-ab-
sorption coefficients were calculated using the
GEANT4.9.2 code. It was found that the value of the self-
absorption coefficient did not exceed 0.8%, which was
considered when processing the experimental results.

The experimental values of the /R of the nuclei
products from the ™Mo(y, xnp)>>™¢Nb reaction were de-
termined at the bremsstrahlung end-point energy of
38-93 MeV (see Fig. 9 and Table 1).

The calculation of the experimental error of the /R
values was performed considering statistical and system-
atic errors, the description of which can be found, for ex-
ample, in [24, 25]. The uncertainties related to /R were
calculated from Eq. (4) using the etror propagation prin-
ciple, which indicates the maximum uncertainty of the
measured values in Fig. 9 and Table 1.

V. DISCUSSION

Two main representations of the /R are used in literat-
ure. One of them is defined as the ratio of the yields of
states, Ym(Eymax) and Yg(Eymax): IR = Ym(Eymax)/ Yg(Eymax)
(for example, see Ref. [18]). The /R values can also be
found as the ratio of the yield for the formation of a
product nucleus in the high-spin state Yy(E,max) to the
yield for the low-spin state Y1.(Eymax):
IR = Yi(Eymax)/ YL(Eymax) [21, 22]. These values will be
equal to each other if the nucleus in the metastable state
has a larger spin. However, the ground state of the *’Nb
nucleus has a high spin J* =9/2%, while the spin of the
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Fig. 9. (color online) /R for the reaction products from the

"Mo(y,xnp)>>™ENb reaction. Experimental results of this
study are indicated using blue circles. The data of other stud-
ies are indicated as follows: square — [23], red empty circles —
[21], and black circles — [22]. The curve indicates the calcula-
tion using the code TALYS1.95, LD3, divided by a factor of
3.85.

Table 1. IR for the nuclei products °¢Nb from the
natMo(y, xnp) reaction.

Eymax/MeV IR=AIR
37.50 0.75+0.10
41.10 0.79 £0.10
44.20 0.91 £0.07
49.00 0.80 £ 0.06
53.70 0.97+0.10
53.70* 1.03£0.10
59.60 0.95+0.07
59.60* 0.81+£0.07
63.30 1.05+0.12
63.30* 0.98 £0.13
65.50 1.16 £0.12
65.50* 1.13+£0.13
68.25 1.05+0.13
68.25* 1.00+£0.13
73.10 0.83+0.11
77.50 1.10£0.09
82.50 1.28+£0.13
86.90 1.03+£0.11
92.50 1.07 £0.12
92.90 1.11+£0.13

%mNb metastable state is J* = 1/27. This means that the
values of IR described above are inversely proportional to
each other and are presented differently in different
works.

In this study, the experimental /R values of the pair

9meNb were obtained by Eq. (4). A comparison of our
results with the data of other studies [21, 22] shows satis-
factory agreement within the experimental error. The es-
timate of the value of /R, obtained using the yield values
from Ref. [23], is in agreement with both our results and
the data from Refs. [21, 22].

The IR values (in Yy /YL presentation) for most photo-
nuclear reactions increase rapidly as the bremsstrahlung
energies increase from the reaction threshold up to the
end of the GDR region. The fast-increasing /R values can
be explained by a compound nuclear reaction mechanism,
in which the increased momentum was transferred to the
compound nuclei. After ~30 MeV, the IR increases
slowly in all energy ranges, which has been shown in
Refs. [22, 46]. At higher incident energies, the direct
channel of the (y,xn) or (y,xnp) reactions also occurs.
The directly emitted particles carry away a relatively
large angular momentum, and only fractions of the en-
ergy and angular momentum of the incident quanta are
transformed into the target nucleus. The direct reactions
largely suppress the population of states with higher
spins, and the yield ratio of high to low-spin states might
not continue their rapidly increasing trend. These pat-
terns are discussed in Refs. [46, 47].

The saturation of /R for each isotope occurs at differ-
ent excitation energies of the compound nucleus, the
value of which is related to the form of the energy de-
pendence of the reaction cross-section and a reaction
threshold on a given isotope. We present our data from
the bremsstrahlung end-point energy. The observed de-
pendence of IR on E,m,y for "*Mo is a weighted combina-
tion of /R for 4 stable isotopes.

The range of changes in the experimental values of /R
indicates that the yield for the formation of the %>¢Nb
nucleus on ™Mo differs from the production yield of
%mNb by 0.7-1.2 times. At the same time, the experi-
mental results obtained in this study and literature data
[21-23] are significantly lower than the theoretical pre-
dictions obtained with the cross-sections from the TA-
LYS1.95 code with level density models LD 1-6. The
difference between the theoretical and experimental val-
ues is 3.85 to 5.80 times. These factors were obtained by
the x> method using all experimental values shown in
Fig. 9. The result of the theoretical calculation of IR, ob-
tained using the level density model LD3, is the closest to
the experimental data.

The observed difference may be due to the underes-
timation of the calculation for the cross-section of the
formation of the nucleus in the metastable state. Alternat-
ively, it may be the result of incorrect calculation of both
ow(E) and o,(E). However, the theoretical prediction of
the energy dependence of /R describes well the gradual
increase in the measured values with increasing E,max in
the energy range under study.
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VI. CONCLUSIONS

In the present study, the experiment was performed
using the beam from the NSC KIPT linear accelerator
LUE-40 and the activation and off-line y-ray spectromet-
ric technique. The IR values of the %*™¢Nb reaction
products from photonuclear reactions on natural Mo were
determined. The region of bremsstrahlung y-quanta spec-
tra had the end-point energy of E,max = 3893 MeV.
Within experimental errors, the present data are in satis-
factory agreement with the available literature data
[21-23].

The calculations of /R were performed using the
cross-sections o(E)for the studied reaction from the TA-
LYS1.95 code for the six level density models LD 1-6.

The comparison of the experimental and calculated
values of IR for the isomeric pair *™SNb from the
"Mo(y, xnp) reaction showed a significant excess of the
theoretical predictions over the experimental values. The

result of the theoretical calculation of /R, obtained using
the level density model LD3, is the closest to the experi-
mental data. For the investigated range of E,nay, the the-
oretical dependence of /R on energy was confirmed — the
IR smoothly increases with increasing energy.
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