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Abstract—The process of photodisintegration of molybdenum isotopes was studied using the induced activ-
ity method. The yields of isotopes produced as a result of photonuclear reactions on a natural mixture of
molybdenum isotopes were determined at an electron accelerator energy of 67.7 MeV. A comparison of the
experimental results with the theoretical calculation carried out using the combined model of photonucleon
reactions shows that the model gives a fair description of the experimental yields of photonucleon reactions
on all molybdenum isotopes except for “>Mo. The high yields of the proton channels of photonuclear reac-
tions on the *2Mo isotope and low yields of the corresponding neutron channels are interpreted based on the

shell structure of molybdenum isotopes.
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INTRODUCTION

The method of sounding atomic nuclei with a high-
energy photon beam is one of the most important
methods of their study. If the photon energy reaches
several tens of megaelectronvolts, collective oscilla-
tions of nucleons of various types are vigorously
excited within the nuclei. Such oscillations are classi-
fied according to the angular momentum, parity, and
isospin quantum number. Isovector electric dipole
(E1) oscillations called the giant dipole resonance
(GDR) are the dominant mode of collective oscilla-
tions in the photon energy range of 10—35 MeV. The
study of this phenomenon revealed its fundamental
importance for the understanding of dynamics of
high-energy nuclear excitations [1—4].

Giant dipole resonance predominantly decays with
the ejection of nucleons. The decays with the ejection
of a single nucleon (a neutron or a proton) from a
nucleus (i.e., reactions (y, #) and (y, p)) are prevalent
in the region of the GDR maximum (13—25 MeV) and
below. It is these reactions in which the nucleus is
excited by photons of the bremsstrahlung or quasimo-
nochromatic radiation and the nucleons are detected
via direct methods that were used earlier in the vast
majority of experiments concerned with the study of
GDR [4]. However, the methods of direct detection of
nucleons are of little use when the photon energy
reaches the GDR maximum or exceeds it. Photonu-
cleon reactions with the ejection of two, three, or more
nucleons from the excited nucleus are prevalent in the
photodisintegration of nuclei in the energy region £ >
25 MeV, and the methods of direct detection of nucle-
ons do not allow one to reliably differentiate reactions
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of unlike types. For example, it is a rather standard sit-
uation when a high-energy photon initiates the photo-
disintegration of a nucleus and the sole detected neu-
tron may not be decisively attributed to one of the fol-
lowing reactions: (y, n), (y, #p), or (y, n2p). The same
is true when a single proton is detected in reactions
(v, p), (v, np), and (y, 2np). An even more complex sit-
uation arises when more than one neutron is emitted
from the nucleus. This problem is especially acute in
the studies of photonucleon reactions on medium and
heavy nuclei mostly accompanied by neutron emis-
sion. The lack of reliable data on different nuclei pho-
todisintegration channels precludes one from drawing
conclusions on the mechanism of GDR decay in
medium and heavy nuclei and on the role that the pro-
cesses in the high-energy region of the nuclear photo-
disintegration cross section (such as the quadrupole
and quasideuteron photodisintegration) play.

The present work is aimed at studying the photo-
disintegration of molybdenum isotopes in the region
of photon energies extending up to 67.7 MeV experi-
mentally and theoretically. The experiments were
conducted for stable molybdenum isotopes
(9294.95.96,97.98,100M ). The theoretical calculations
were carried out for all (including the unstable ones)
molybdenum isotopes with mass numbers ranging
from 89 to 103. The combined model of photonucleon
reactions (CMPR) was used [5].

Several earlier papers [6—9] addressed the issue of
photodisintegration of molybdenum isotopes in the
GDR region. The authors of [6] determined the cross
section of the °’Mo(y, n)°'Mo reaction with a
bremsstrahlung beam. The induced activity of the
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Fig. 1. Scheme of the photonuclear y-activation experiment.

Mo nucleus was used. The cross section was mea-
sured up to an energy of 23.6 MeV. The authors of [7]
determined the cross sections of the (y, n) + (v, pn) +
2(y, 2n) reaction for two molybdenum isotopes (*?Mo
and ®Mo) with a bremsstrahlung beam using the
method of direct detection of photoneutrons. The
cross sections were determined up to an energy of
30 MeV. An intermediate structure was observed in the
cross-sections. The cross sections of photoneutron
reactions on five stable molybdenum isotopes
(92:94.96.98.100M o) were determined in [8]. A beam of
quasimonochromatic annihilation photons and the
direct neutron detection method were used. The max-
imum photon energy equaled 26.8—29.5 MeV. The
cross section of (y, n) + (y, pn), (y, 2n), and (y, 3n)
reactions were obtained. The data on Mo and **Mo
isotopes presented in [7] and [8] broadly agree with
each other. The photoproton GDR decay channel of
the Mo isotope was studied in a (e, e'p) experiment
[9]. Using the virtual photons technique, the authors
of this paper measured the cross section of the (y, p) +
(y, pn) + 2(y, 2p) reaction up to an energy of excitation
of the target nucleus of 25.4 MeV. The authors of [10]
analyzed the available experimental data and deter-
mined the estimated photoabsorption cross section for
the 2Mo nucleus up to an excitation energy of
25.2 MeV.

The experimental studies reported in the present
paper were conducted using the induced gamma-
activity method that, contrary to the methods of direct
detection of reaction products, allows one to unam-
biguously isolate photonucleon reactions of different
types. The target in such studies is irradiated with a
bremsstrahlung y-beam of the accelerator and is then
transported to a y-spectrometer that measures the
y-spectra of the residual (-activity outside the beam
(Fig. 1). A single experiment of this type allows one to
gather the data on all photonucleon reactions on all
isotopes in the target and gain an understanding of the
influence exerted by the ratio of neutron and proton
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numbers in the nucleus on the competition between
different channels of its photodisintegration. The fact
that the measurements are conducted outside the
beam helps to reduce the background, increases the
experimental sensitivity manyfold, and helps one to
study the channels of atomic nuclei photodisintegra-
tion with low reaction cross sections that earlier were
inaccessible to observation. Compared to the methods
of direct detection of photonuclear reaction products,
the induced activity method requires less complex
measurement setups and, if the radioactive nuclei have
long half lives, allows one to conduct repeated mea-
surements in order to gather the maximum possible
amount of data on the partial reaction channels. The
end result of the induced-activity method consists in
determining the yield of radioactive nuclei produced
in a target irradiated with gamma quanta.

The efficient application of this research technique
is promoted by the availability of intense electron
accelerators up to the energies of several tens of mega-
electronvolts, the use of efficient high-resolution y-
spectrometers with ultrapure germanium, and the
availability of extensive and reliable data on the
schemes of the residual activity levels and the proper-
ties of nuclei that are organized in international
nuclear databases [11].

1. EXPERIMENTAL TECHNIQUE

The experiment was carried out using the
bremsstrahlung beam of a pulsed sectional microtron
RTM-70 with a maximum electron energy of
67.7 MeV installed in the Skobel’tsyn Institute of
Nuclear Physics [12]. Its main elements are the linear
accelerator and the deflecting magnets ensuring that
the electron beam recirculates 14 times. Precision
deflecting magnets based on a rare-earth permanent
Sm—Co magnet material with a working field level of
~1 T in a working volume of 0.5 x 0.25 x 0.02 m?3 were
used for the first time in the construction of this accel-
erator. The electron energy increment per a single
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Fig. 2. Bremsstrahlung spectrum W(E, E,,) of gamma quanta for a maximum electron energy of 67.7 MeV (solid line). The the-

oretically calculated cross section ¢ = 6(y, n) + o(y, p) + o(y, 2n) of a reaction on the 100pf molybdenum isotope is shown with
a dashed line. Partial cross sections o(y, n), 6(y, p), and o(y, 2n) are indicated with circles (®), squares (A), and triangles (O),

respectively.

beam revolution was roughly equal to 5 MeV. The
electron energy at the accelerator output may be varied
by altering the number of revolutions within a range of
14.9—67.7 MeV. The pulse current of an extracted
electron beam reached 40 mA and the pulse length
equaled 2—20 ps.

The experiment was carried out at the maximum
electron beam energy of 67.7 MeV. The extracted elec-
tron beam was incident on a 2.5-mm-thick wolfram
target in which the bremsstrahlung gamma radiation
concentrated in the direction of propagation of the
initial electron beam was produced (Fig. 1). In order
to reconstruct the shape of the bremsstrahlung
y-quanta spectrum, the interaction of an electron
beam with an energy of 67.7 MeV with a 2.5-mm-
thick wolfram target was modeled on a computer using
the GEANT-4 software package. The obtained energy
dependence of the fy-quanta spectrum was then
smoothed and approximated with a smooth function.
This function was used in calculations of the theoreti-
cal yields of photonuclear reactions.

Figure 2 shows the bremsstrahlung y-radiation
spectrum for our experiment calculated for a single
accelerator electron. Theoretically calculated cross
sections of various photonuclear reactions on the
100Mo molybdenum isotope are also shown.

The residual activity spectra were measured with a
coaxial ultrapure germanium detector (Canberra,
GC3019) with an efficiency of 30%. The energy reso-
lution of the detector equaled 0.9 and 1.9 keV for the
energies of 122 keV and 1.33 MeV, respectively. The
detector was installed in a special room located about
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30 meters away from the accelerator hall. This made it
possible to measure the residual activity spectra of the
sample several minutes after the irradiation. The
detector was fitted with lead and copper shielding,
which considerably improved the background condi-
tions of the measurements and allowed us to detect
rare cases of radioactive isotope production in multi-
ple photonuclear reactions.

A 0.3-mm-thick square (2.5 x 2.5 cm) metal plate
made from a natural mixture of molybdenum isotopes
(with the following isotopic composition: 9.82% of
10Mo, 24.39% of Mo, 9.60% of “’Mo, 16.67% of
%Mo, 15.84% of *>Mo, 9.15% of **Mo, and 14.53% of
2Mo) was used as a target in the present study. The tar-
get was irradiated with a beam of bremsstrahlung pho-
tons with a maximum energy of 67.7 MeV for 4 h and
25 min. Under such conditions, y-activity from pho-
tonuclear reactions with the ejection of one or several
neutrons and protons was produced in the target. The
measurements of the induced activity spectra began
8 min after the irradiation. A total of 331 series of
spectra of varying durations (from 90 s to 30 min) were
measured. The total duration of measurements of the
spectra amounted to 6 days.

The search for the y-quanta spectra maxima and
the calculation of their intensities were conducted
using an automated system of spectra measurement
and analysis [13]. The automated spectra measure-
ment and analysis software allows one to visualize the
data, resolve overlapping peaks, and approximate
them with Gaussian curves using the least-squares
method and standard algorithms. About 100 maxima
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Fig. 3. Gamma quanta spectrum in an energy range of 100—750 keV from the target made from a natural mixture of molybdenum
isotopes irradiated with a bremsstrahlung spectrum with an upper limit at 67.7 MeV.

corresponding to the production of various radioactive
isotopes within the irradiated target were found in the
y-quanta spectra. Figure 3 shows one of the measured
y-spectra with certain of the most intense peaks
labeled according to their nature. A large number of
peaks, which correspond to the decay of the formed
B-radioactive nuclei into various states of the end
nuclei are observed in the spectrum. The peak energies
and the end beta-radioactive nuclei of the photonu-
cleon reaction that lead to the emergence of each peak
are indicated. For example, B-radioactive isotopes
%Mo and %°Nb are formed in reactions “>Mo(y,
2n)**Mo and *’Mo(y, p)°°Nb, respectively.

Let us show how the data on a photonuclear reac-
tion were extracted using the y-activation technique
through the example of the ?Mo(y, 2n)*°Mo reaction
(Fig. 4). The (y, 2n) reaction, as well as any other pho-
tonuclear reaction on a medium or heavy nucleus,
proceeds over a characteristic time of ~10~' s. The
end nucleus (°®Mo) may end up in both the ground
and the excited states. The excitation is usually relaxed
by emitting electric dipole (E1), electric quadrupole
(E2), or magnetic dipole (M1) gamma quanta over a
time interval of 10°—10~"7 s (de-excitation quanta are
not detected by the y-spectrometer). After this, the
%Mo nucleus (in its ground state by then) undergoes
B*-decay or electron capture. This decay results in var-
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ious states of the *Nb end nucleus and is characterized
by a halflife 7, , = 5.56 h. The gamma quanta spectrum
detected by the germanium spectrometer will contain
a set of the corresponding y-lines characteristic of
%Nb. Thus, the detected y-quanta spectrum shows

that precisely the (y, 2n) reaction in Z;Mo took place.

The peaks in the spectrum are identified based on the
energy of y-transitions and the half-life time. The
energy of B-decay of the formed isotopes is usually
large and reaches several megaelectronvolts. As a
result, a large number (up to 20) of y-transitions in
daughter nuclei correspond to the decays of these iso-
topes. The correctness of identification of a certain
reaction may also be verified by comparing its yields
calculated based on different y-peaks: if the reaction is
identified correctly, these yields should be equal.

If a radioactive isotope may be formed only as a
direct result of the photonuclear reaction, the corre-
sponding yield was calculated using the following for-
mula;:

SA

Mty —t A’
k(e e (4 1))(1_e ’1)
where S is the photopeak area gained over the mea-
surement time, #, is the irradiation time, #, is the mea-
surement start time, #; is the measurement end time,

Y = o))

—Mfz—t|)_
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A is the decay constant, and k is a coefficient equal to
a product of the detector efficiency, the cascade sum-
ming coefficient, and the quantum yield of y-quanta at
y-transitions.

However, the studied isotopes may be formed not
only as a direct result of photonuclear reactions, but
also as a result of accumulation in the process of decay
of parent nuclei formed in the photonuclear reaction.
For example, the “Nb niobium isotope may be formed
both as a direct result of the *>Mo(y, pn)°°Nb reaction
and in the consequent B-decay of the *°Mo isotope

€

(®®Mo —— %'Nb) formed as a result of the *?Mo(y,
2n)?°Mo reaction. The photonuclear reactions may in
certain cases produce end nuclei not only in the
ground state, but also in the isomeric (after de-excita-
tion) state. Therefore, the contributions of isomeric
states were taken into account in the calculations of
the overall reaction yield. Specifically, an isomeric
niobium isotope state *>”Nb that is formed as a result
of the **Mo(y, p)?>"Nb reaction decays into the ground
niobium isotope state Nb in 94% of the cases, while
in only 5.6% of the cases it undergoes f*-decay. Sys-
tems of differential equations describing the radioac-
tive decay sequence while accounting for the branch-
ing ratios for different decay channels were solved in
order to determine the isotope yields in such cases.

2. EXPERIMENTAL RESULTS

The reactions observed in our experiment, the cor-
responding end nuclei with their spins and parities, the
decay types and half-lives, the reaction thresholds and
yields, and the results of theoretical calculations are
listed in the table.

The reaction yields presented in the table were
determined using the following relationship:

E,

Y(E,) =n J’ o(E)W(E, E,)dE,

Eth

(2)

where n is the number of studied irradiated nuclei,
o(E) is the energy-dependent reaction cross-section,
E,, is the reaction threshold, and W(E, E,,) is the spec-
trum of bremsstrahlung radiation photons with an
upper limit E,, (i.e., the number of photons with
energy F in the unit energy interval in the spectrum of
bremsstrahlung photons produced in unit time by
monochromatic electrons with a kinetic energy E, =
E,). The spectrum of bremsstrahlung photons
WAE, E,) with E,, = 67.7 MeV is shown in Fig. 2.

Index m in the isotope mass number indicates that
this isotope is formed in an isomeric (long-lived)
excited state, € indicates 3*-decay or electron capture,
and IT (isomeric transition) indicates that the iso-
meric state decays through the ejection of a gamma
quantum or an internal conversion electron.
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The experimental and theoretical yields are nor-
malized to the '“'Mo(y, n)**Mo reaction yield that was
taken to be equal to 100. The **Mo end nucleus could
also be formed as a result of the '""Mo(y, p)*’Nb reac-

tion with a consequent B~-decay (*’Nb LN PMo),
but the contribution of this reaction to the production
PMo did not exceed the experimental error.

The rightmost column of the table lists the results
of a theoretical calculation of the measured yields. The
experimental results are compared to these calculated
data with the use of a theoretical model [5], which is
briefly described in the next section.

Unresolved experimental yields of a sum of two
reactions leading to the production of one and the
same end nucleus were obtained in four cases. The
ratio between the yields of these competing reaction
channels was estimated in two cases (*’Mo(y, p) +
%Mo(y, pn) and **Mo(y, p) + “’Mo(y, pn)) within the
framework of the theoretical model and is indicated in
the rightmost column of the table opposite the reac-
tions.

3. THEORETICAL MODEL

The photonucleon reactions were described theo-
retically using CMPR [5]. In accordance with Bohr’s
assumption, this model splits the reaction into two
independent stages: the formation of an excited state
of a nucleus and its decay into reaction products. The
first stage of the reaction is described using the semim-
icroscopic vibration model (SVM) [14, 15] and the
quasideuteron photoabsorption model (QPM) [16,
17], and the second one is described using the exciton
model (EM) [18] and the evaporation model (EvM)
[19].

The processes of photoabsorption with the excita-
tion of the isovector giant dipole resonance that is
prevalent in the £, <40 MeV energy region and is basi-
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The characteristics of the reactions on molybdenum isotopes observed for bremsstrahlung photons with an upper limit at
67.7 MeV
Experimental
. End nucleusand | /172 and the decay Threshold, | reaction yield
Reaction . . : type of the end . Theory
its spin-parity MeV (experimental
nucleus
error)
100Mo(y, n) PMo(1/2%) 66.98h (B7) 8.29 100 (6) 100
100Mo(y, pn) BMNb(5+) 51.3 min (") 18.10 0.309 (0.028)
BMo(y, p) TNDb(9/27) 72.1 min (B7) 9.79 6.62 (0.05) 7.8
™M 9.23 7.7
o o(y. p) %Nb(6") 2.35h (B 11.04(0.82) | 10.1
Mo(y, pn) 17.87 2.7
%M 9.30 10.0
o o, p) INbB(9/2+) 34.99 days (B)
Mo(y, pn) 16.72 v, p)
oMo(y. p) 933 14.14 (0.43) 15.0 5o
o(y,p 95m B B . .
Nb(1/2 3.61d IT +
Moy, pr) (172 W ATHPI] 1605 v, pr)
%Moy, 2Nb(7* 3.47 x 107 17.32
Moy, p) b7 107 years (¢) 2.56 (0.02) 3.0
Mo(y, pn) "Nb(2") 10.15 days (g) 17.45
2Mo(y, n) TMo(9/2%) 15.49 min (g) 12.68 33.54.2) 65
2Mo(y, 2n) OMo(0+) 5.56 h (¢) 22.78 5.08 (0.40) 2.7
2Mo(y, pn) 9ONb(8*) 14.60 h (g) 19.51 14.0 (4.5) 3.5
“Mo(y. p2n) 89Nb(9/2) 2.03 h (g) 29.59 1.91 (0.21)
. € . . .
92Mo(y, 3n)¥Mo — $*Nb
0.85
“Mo(y. p2n) 8mNDb(1/27) 66 min (g) 29.62 1.77 (0.27)
min (g . . .
92Mo(y, 3n)¥Mo — $9"Nb
2Mo(y, 4n) 88Mo(0™) 8 min (g) 46.39 0.046 (0.006) 0.006

cally a coherent mix of one-particle—one-hole (1p1#4)
excitations are described within the framework of
SVM. The isovector giant quadrupole resonance
(GQR) plays a significant role at energies above the
GDR energy. The GQR contribution is also taken into
account in the calculations.

A simple semimicroscopic model in which the
main groups of one-particle transitions are considered
to be degenerate (and the residual interaction is
approximated with multipole—multipole forces) is
used in the SVM. The energies and integral cross sec-
tions of the main GDR and GQR peaks and the isos-
pin GDR splitting were calculated within the frame-
work of this approach. The GDR width was estimated
using a semiempirical formula from [20] and the GQR
width was determined using the exciton model [18].

The mechanism of interaction between photons
and nuclei is altered at £, >40 MeV. In contrast to the
giant-dipole resonance region where photons interact
with a nucleus as an undivided object, a photon in the
region above this resonance interacts (due to the wave-
length reduction and kinematic constraints related to
the conservation of momentum) with systems com-

prise a small number of nucleons within the nucleus
and, first and foremost, with quasideuterons (bound
proton—neutron clusters). Thus, two photodisintegra-
tion mechanisms (the traditional one that acts through
the excitation of giant dipole resonance and the non-
resonance, quasideuteron (QD) type) compete with
each other. This process is described in CMPR using a
QPM version developed by Chadwick [17] and taking
the influence of the Pauli blocking effect on the cross
sections of QD absorption into account.

In the considered theoretical approach, the process
of photonucleon emission from medium and heavy
nuclei is divided into two stages: the pre-equilibrium
one and the evaporative one. In order to take these two
stages into account, the probability densities for the
formation of states with various numbers of excitons in
the intermediate nucleus and the probability density
for achieving thermal equilibrium in this nucleus are
calculated in CMPR. The probability densities are
calculated using recurrent relationships that tie them
to the probabilities of the formation of exciton and
equilibrium states at the earlier stages of decay. These
densities are used to calculate the cross sections of var-

MOSCOW UNIVERSITY PHYSICS BULLETIN Vol. 69  No. 1 2014



PHOTODISINTEGRATION OF MOLYBDENUM ISOTOPES 43

ious photonucleon reactions and isolate the contribu-
tions of pre-equilibrium and evaporative processes.

An important feature of CMPR distinguishing it
from the TALYS [21] model that is frequently used in
similar calculations consists in the fact that CMPR
takes into account the isospin structure of GDR, with-
out which it is not possible to describe correctly the
relation between the probabilities of GDR decay with
the emission of protons and neutrons. This is achieved
through a corresponding modification of the densities
of exciton and total states of the end nucleus.

Figure 5 showcases the capabilities of CMPR that
is used to describe the main channels of photoneutron
disintegration of the '’Mo isotope the (y, n) cross sec-
tion of which is used for normalizing the measured
yields. The theoretical calculation data shown in
Fig. 5 are compared with the results of an experiment
in which '"Mo was irradiated with quasimonochro-
matic photons and subjected to photoneutron disinte-
gration [8]. The giant dipole resonance that decays
predominantly into the (y, n) and (y, 2n) channels is
prevalent at energies below 25 MeV. The contributions
of these channels in the 25—40 MeV energy region are
relatively small. It follows from Fig. 5 that CMPR
reproduces both the shapes and the values of experi-
mental cross sections well. Therefore, this model may
be used as a sufficiently reliable theoretical basis for
the analysis of experimental results on the nuclear
photodisintegration of molybdenum isotopes.

4. DISCUSSION

The table gives a comparison between the experi-
mental data and the results of theoretical calculations
carried out using CMPR. A good agreement between
the experiment and the theory is observed for four
(**Mo(y, p), ’Mo(y, p) + *Mo(y, pn), **Mol(y, p) +
Mo(y, pn), and **Mo(y, pn)) out of eight reactions
with the largest measured yields. A significant discrep-
ancy between the experiment and the theory is
observed for the other four reactions (°**Mo(y, n),
2Mo(y, pn), **Mo(y, 2n), and **Mo(y, p2n) + **Mo(y,
3n)) all of which involve the least heavy molybdenum
isotope ?Mo. For example, a twofold reduction in the
yield relative to the theoretically calculated yield of the
most intense photoneutron reaction °Mo(y, n) is
observed. The experimental yield of the second-most
intense reaction (y, pn) observed for Mo is several
times greater than the theoretical estimate. In order to
reveal the possible reasons for the mentioned discrep-
ancies between the experiment and the theory, we shall
look closer at the other molybdenum isotopes.

Figure 6 shows the yields of photonuclear reactions
for all molybdenum isotopes with mass numbers rang-
ing from 89 to 103. These yields were calculated within
the framework of CMPR using the experimental
bremsstrahlung radiation spectrum. The yields of the
most probable photonucleon reactions ((y, n), (Y, 2n),
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and (y, p)) and the total yields of all reactions on each
isotope y, abs =7, n +vy,2n+1v, p + ... are shown. Both
the theoretical and the experimental yields were nor-
malized to the '’Mo(y, n) reaction yield, which was
taken to be equal to 100.

The (y, n) reaction is the prevalent one for molyb-
denum isotopes with 4 > 93. According to both the
experimental data [7, 8] and the CMPR calculation
results, this reaction dominates for all molybdenum
isotopes in this mass region and forms 55—77% of the
total (all the GDR decay channels included) yield.
The (y, n) reaction yield for the considered isotopes
remains roughly at the same level (100—110 in the
chosen system of units), while the (y, 2n) reaction
yield increases with increasing mass number from 3.5
(for Mo) to 50—70 (for '>1%Mo). Such diverse
behaviors of the yields of reactions (y, #) and (y, 2n) in
the region of A = 93—103 may be attributed to the
thresholds of these reactions. The (y, n) reaction
thresholds remain roughly at the same level as A
increases: they vary from 5.4 to 8.1 MeV for odd iso-
topes and from 8.1 to 9.7 MeV for even isotopes. The
(v, 2mn) reaction thresholds, on the other hand, are
decreased markedly (from 22.8 MeV for Mo to
13.5 MeV for %Mo) with increasing A. This results in
a significant increase in the average neutron energy
and the penetration of the centrifugal barrier for neu-
trons and leads to a corresponding increase in the
probability of emission of a pair of neutrons.

The total yield of all reactions (y, abs) is noticeably
increased in the transition from light molybdenum
isotopes to heavier ones. It can be seen from Fig. 6 that
this increase is explained by an increase in the (y, 2n)
reaction yield.

As for the (y, p) reaction, its yield is small (up to
10% on average) in comparison to the total photo-
neutron yield for isotopes with A = 93—103 and is sys-
tematically increased with decreasing A from 2.4 for
103Mo to 14.9 for **Mo. This correlates with the corre-
sponding systematic decrease in the photoproton
threshold from 11.8 MeV (1%Mo) to 7.6 MeV (**Mo).
This decrease results in an increase in the penetration
of the centrifugal barrier for protons in the transitions
from heavy molybdenum isotopes to lighter ones.

As the mass number is reduced to A = 92, the pro-
ton yield is increased sharply: according to the theo-
retical calculations, its share in the total yield reaches
40%. As A is reduced further to 90—89, the share of the
proton yield in the total yield exceeds 50%. The sharp
increase in the proton yield at 4 = 92 and lower mass
numbers is accompanied by a corresponding reduc-
tion in the yield of the (y, n) reaction that ceases to be
the prevalent one at A = §9—90 and gives way the (y, p)
reaction.

The theoretically predicted effect of a sharp
increase in the (y, p) reaction yield at 4 = 92 and the
corresponding decrease in the (y, n) reaction yield is
confirmed by the data gathered in our experiment.
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Fig. 5. Cross sections of the main photoneutron reactions for the 190Mo nucleus. Points with error bars correspond to the exper-
imental data from [8]. Lines denote the results of CMPR calculations: dashed lines indicate total cross-sections, solid lines trace
the GDR contribution, dotted lines correspond to the quadrupole resonance, and dash-and-dot lines correspond to the quasi-
deuteron reaction mechanism.

According to the data presented in the table, the total total yield (125—130) predicted theoretically. The dif-
observed yield of the reaction for Mo with neutrons  ference between the total and the observed yields
in the end state amounts to 50—60, or 40—50% of the  should be attributed primarily to the *>Mo(y, p)°'Nb
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Fig. 6. Relative yields of the main photonucleon reactions an the total yields of all reactions (y, abs) for molybdenum isotopes
with mass numbers 4 ranging from 89 to 103. The yields are calculated within the framework of the combined model of photo-

nucleon reactions with a bremsstrahlung photon spectrum with an upper limit at 67.7 MeV. The lOOMo(y, n) reaction yield is

taken to be equal to 100.

reaction that could not be observed in our experiment

due to the half life of the end nucleus *'Nb —— %1Zr
being too large (680 years). A relatively low (33.5)
value of the observed yield of the >Mo(y, n) reaction is
also indicative of a significantly enhanced role of the
22Mo(y, p) reaction.

The results of experiment [9] also lead to the con-
clusion that the photoproton GDR decay channel
plays an important role in ?Mo. The authors of [9]
obtained an integral cross section of about 700 MeV
mb in an excitation energy range of 14.4—25.4 MeV
for the “>Mol[(y, p) + (y, pn) + 2(y, p)] reaction. This
cross section amounts to about 50% of the classical

dipole sum rule (60% MeV mb).

The main reason for a sharp increase in the photo-
proton yield in light molybdenum isotopes downwards
from °*Mo lies in their shell structure. These isotopes
are proton-excess isotopes and are located on the
boundary of the B-stability band. The considered light
isotopes also differ from the other (heavier) molybde-
num isotopes in that the system of their one-particle
neutron levels ends with level 1g,,,, which closes the
1/2plgy,, outer shell. The outer neutrons of all the
other molybdenum isotopes with nucleon numbers
ranging from 93 to 103 start to fill one-particle levels of
the next shell (1g;,2d3s1h,,,,) that is separated from
the 1/2plgy,, shell by an energy gap of 3—4 MeV. This
results in the fact that the neutron separation energy
for light molybdenum isotopes (it equals 12.67 MeV
for ©2Mo) is 3—6 MeV higher than the corresponding
energy for other stable molybdenum isotopes. Thus,
the proton Fermi surface in *Mo and lighter molybde-
num isotopes is, contrary to the other molybdenum

MOSCOW UNIVERSITY PHYSICS BULLETIN Vol. 69

isotopes, located about 5 MeV higher than the neutron
Fermi surface. Therefore, the average energies of
emitted neutrons in Mo and lighter isotopes are sig-
nificantly lower than the average proton energy. Con-
sequently, the neutron penetration and vyield are
reduced considerably and the relative proton yield in
light molybdenum isotopes downwards from Mo is
increased.

The cause of the almost threefold increase in the
2Mo(y, pn) reaction yield relative to the theoretical
one requires additional study. It may also turn out to be
the consequence of the discussed high probability of
proton emission from a *2Mo nucleus excited to GDR
energies. If the end °'Nb nucleus has a considerable
probability of being placed in states with excitation
energies in excess of the neutron-separation energy as
a result of such emissions, the probability of their con-
sequent ejection may turn out to be rather large.

CONCLUSIONS

Novel experimental data on the yields of various
photonuclear reactions for the molybdenum isotopes
92,94,96,97.98,100M o were obtained using the y-activation
technique in the region of y-quanta energies of up to
67.7 MeV. These data were analyzed together with the
results of calculating the photodisintegration of all
(including the unstable ones) molybdenum isotopes
with A = 89—103 within the framework of CMPR. In
general, this model gives a decent description of the
experimental data. A sharp increase in the photopro-
ton yield and the corresponding decrease in the pho-
toneutron yield were observed for ?Mo and lighter
isotopes. This effect was interpreted based on the shell
structure of molybdenum isotopes.
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