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Abstract. The natMo(γ, xn)90,91,99Mo reaction cross-sections were experimentally determined for the
bremsstrahlung end-point energies of 12, 14, 16, 45, 50, 55, 60 and 70MeV by activation and off-line
γ-ray spectrometric technique and using the 20 MeV electron linac (ELBE) at the Helmholtz-Zentrum
Dresden-Rossendorf (HZDR), Dresden, Germany, and the 100 MeV electron linac at the Pohang Accelera-
tor Laboratory (PAL), Pohang, Korea. The natMo(γ, xn)88,89,90,91,99Mo reaction cross-sections as a func-
tion of photon energy were also calculated using the computer code TALYS 1.6. The flux-weighted average
cross-sections were obtained from the literature data and the calculated values of TALYS based on mono-
energetic photons and are found to be in general agreement with the present results. The flux-weighted
average experimental and theoretical cross-sections for the natMo(γ, xn)88,89,90,91,99Mo reactions increase
with the bremsstrahlung end-point energy, which indicates the role of excitation energy. After a certain
energy, the individual natMo(γ, xn) reaction cross-sections decrease with the increase of bremsstrahlung
energy due to opening of other reactions, which indicates sharing of energy in different reaction chan-
nels. The 100Mo(γ, n) reaction cross-section is important for the production of 99Mo, which is a probable
alternative to the 98Mo(n, γ) and 235U(n, f) reactions.

1 Introduction

Nuclear reaction cross-sections of various materials are im-
portant for the study of the nuclear structure and reac-
tions mechanisms. In particular, the photon- and neutron-
induced cross-sections of various materials in a wide range
of energies are important for different applications such
as the design of radiation shielding, the calculation of
absorbed dose in the human body during radiotherapy,
in the physics and technology of fusion and fission re-
actors, nuclear waste estimation and transmutation and
astrophysical nucleo-synthesis [1,2]. Besides this, the nu-
clear reaction cross-sections related to the radioactive iso-
topes are necessary for their productions and to test the
theoretical model. This is because radioactive isotopes
are widely used in industry, medicine and the life sci-
ences [3,4]. About 140 radioisotopes are used worldwide
in medical application such as therapeutic, preventive and
non-invasive nuclear diagnostic imaging techniques [5–14].
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Among the medical radioisotopes, 99mTc is utilized in 80%
of all nuclear medicine studies [15–20]. 99mTc has a half-
life of 6.0 h and produced by milking out from the parent
99Mo having half-life of 65.94 h [21–24].

Natural Mo is used as a target for the production of
medical radio-isotopes such as 99Mo-99mTc, 96Tc, 94mTc,
etc., by using different nuclear reactions. In research re-
actor, high specific activity of 99Mo is produced from the
235U(n, f)99Mo reaction. About 90% of 99Mo used in the
world is produced in reactor from 235U(nth, f) reaction us-
ing highly enriched (93%) uranium (HEU) and 10% from
98Mo(nth, γ) reaction. In the 235U(n, f)99Mo reaction,
many long-lived radioactive wastes with total activity of
fifty times the activity of 99Mo are formed [25–27]. To
avoid the radioactive waste, required 99Mo activity can be
obtained from the 98Mo(nth, γ) reaction by using enriched
98Mo target and high flux reactor. It is also possible to pro-
duce the activity of 99Mo from the 100Mo(n, 2n)99Mo reac-
tion [28–30]. In the high-energy neutron-induced reaction,
other reaction products also produce along with 99Mo. Be-
sides this, generating sufficient high-energy neutron flux
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with proper shielding and hazardless biological effect is
not easy to achieve. The activity of 99Mo and its daugh-
ter product 99mTc can be produced from the 100Mo(p,pn)
and 100Mo(p, 2n) reactions [31–42]. In the proton-induced
reactions of natural molybdenum, many radioactive prod-
ucts with high specific activities are produced. This is
because natMo has the isotopic composition of 92Mo
(14.84%), 94Mo (9.25%), 95Mo (15.92%), 96Mo (16.68%),
97Mo (9.55%), 98Mo (24.13%) and 100Mo (9.63%), respec-
tively. As a probable alternative to the above reactions,
99Mo-99mTc can be obtained by the 100Mo(γ,n)99Mo re-
action [43–47]. Since the natMo has so many isotopes,
their (γ, x) reactions at higher photon energy produce
91-88Mo and other radioactive nuclides such as 90-97Nb
and 86-89Zr besides 99Mo [47–49]. The mono-energetic
photon with sufficient flux is difficult to obtain. Thus pro-
duction of useable activity of 99Mo from 100Mo(γ,n) reac-
tion with mono-energetic photon is a difficult task. Now-
adays most of the photo-nuclear reactions studies have
been made by the use of bremsstrahlung from electron ac-
celerators. Owing to the development of accelerator tech-
nology, there is the feasibility of 99Mo production from the
100Mo(γ,n) reaction as an alternative to the 98Mo(nth, γ)
reaction. This is because the 100Mo(γ,n)99Mo reaction
has higher cross-section of 152.3mb at the photon en-
ergy of 14.56MeV [47] compared to the 98Mo(nth, γ)99Mo
reaction cross-section of 130mb [50]. In natMo, the iso-
topic abundance of 100Mo is 9.63%, whereas for 98Mo,
it is 24.13%. The production of 99Mo activity from
the (γ,n) reaction of 100Mo and natMo at different
bremsstrahlung end-point energies has been shown by
us [51] and others [6,17]. The 100Mo(γ,n) cross-section at
the bremsstrahlung end-point energies of 10 and 12.5MeV
was also determined by us [52]. At the bremsstrahlung
end-point energies of 10 and 12.5MeV, only 100Mo(γ,n)
and 92Mo(γ,n)91Mo reactions can take place in the
natMo target. The relative natMo(γ, xn)91m,gMo reaction
cross-section has been recently published by us [53] at
the bremsstrahlung end-point energies of 12–16 and 45–
70MeV. Other than our data [52,53], no cross-sections
data for the 100Mo(γ,n) or natMo(γ, xn) reactions induced
by bremsstrahlung are available in the literature. In the
present work, we have measured the cross-sections for the
natMo(γ, xn)90,91,99Mo reactions at the bremsstrahlung
end-point energies of 12–16 and 45–70MeV by using ac-
tivation and off-line γ-ray spectrometry technique. The
relative natMo(γ, xn)91m,gMo reaction cross-section from
ref. [53] has also been updated in the present work. The
natMo(γ, xn)88-91,99Mo reaction cross-section induced by
12–16 and 45–70MeV bremsstrahlung was calculated the-
oretically by using the computer code TALYS 1.6 [54] and
compared with the experimental data.

2 Experimental details

The experiments for the measurement of
natMo(γ, x )91,99Mo reaction cross-sections at the end-
point bremsstrahlung energy of 12, 14 and 16MeV were
done by using the 20MeV electron linac (ELBE) at

HZDR, Germany. For each irradiation, a stack of the
natMo-Au sample was made. The size of the 99.999% pure
natMo metal foil was 1 cm × 0.6–0.8 cm with thickness
of 0.1mm and weight 54.80.4mg. On the other hand,
the size of the Au metal foil was 0.8 cm × 0.7–0.6 cm
with thickness of 0.1mm and weight 83.2–101.6mg.
The 197Au(γ,n)196Au reaction was used as the photon
flux monitor. The samples were wrapped with 0.025mm
thick aluminium foil with purity more than 99.99%. The
metal samples were kept separately inside three different
capsules made of polypropylene and loaded on a sample
holder. They were sent to the irradiation site one at
a time using pneumatic carrier rabbit facility [55,56].
The bremsstrahlung was generated by impinging the
electron beam on a solid graphite beam dump [55,56].
The area directly behind the electron beam dump was
used as a site for high flux (∼ 109 to 1010 photons cm−2

s−1) irradiations. The samples were irradiated for 8.5
to 10.5 hours with the end-point bremsstrahlung energy
of 12–16MeV. During the experiments, the electron
LINAC was operated with a pulse repetition rate (PRR)
of 13MHz, a pulse width of 10 picoseconds and an
average beam current of 550 μA. The electron beam
current was stable and thus produces constant photon
flux throughout the irradiation. After the irradiation,
the samples were brought back to the detector by using
the same automated pneumatic rabbit carrier facility.
The γ-ray counting of the irradiated targets of natMo
and Au along with individual Al wrapper was done
separately by using energy and efficiency-calibrated 90%
HPGe detector coupled to a PC-based 16K channel
analyzer. The resolution of the detector system was
2.0 keV at 1332.0 keV of 60Co. The sample was kept at a
suitable distance from the detector to minimize the loss
of counts. At the same time the dead time of the detector
system was kept below 10% to avoid the coincidence and
summing effects. The energy and efficiency calibration
of the detector system was done by counting the γ-ray
energies of standard sources such as 133Ba, 137Cs, 22Na
and 60Co. Typical γ-ray spectrum of the irradiated 197Au
sample along with 27Al wrapper from the irradiation of
the bremsstrahlung end-point energy of 16MeV from
ELBE electron linac is shown in fig. 1.

The experiments for the measurement of
natMo(γ, xn)90,91,99Mo reaction cross-sections at the
bremsstrahlung end-point energies of 45, 50, 55, 60,
and 70MeV were done by using the 100MeV electron
linac at Pohang accelerator laboratory (PAL), Korea.
The bremsstrahlung was generated when a pulsed elec-
tron beam hit a thin tungsten (W) foil with a size of
10.0 cm × 10.0 cm and a thickness of 0.1mm [57]. The W
target was placed on a suitable stand at a distance of
18.0 cm from the electron beam exit window. The natMo
foil with an area of 1.0 cm × 1.0 cm and weight 109.3
to 119.2mg was wrapped with 0.025mm thick Al foil.
Similarly, the Au metal foil of same size was also wrapped
with 0.025mm thick Al foil. The Al wrapper is necessary
to stop reaction products recoiling out from the target
during irradiation and to avoid radioactive contamination
to the surrounding. Then a stack of natMo-Au sample was
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Fig. 1. Typical γ-ray spectrum of an irradiated gold foil with
the bremsstrahlung end-point energy of 16MeV.

made and additionally wrapped with one more Al foil.
The 197Au(γ,n)196Au reaction cross-section was used as
the photon flux monitor for the 100Mo(γ,n)99Mo reaction.
On the other hand, the 27Al(γ, 2pn)24Na reaction of the
Al wrapper was used to determine the photon flux for the
natMo(γ, xn)91Mo, and natMo(γ, xn)90Mo reactions. The
uses of different photon flux monitors for various reac-
tions are based on their threshold values. The assembled
sample stack was placed at a distance of 12 cm from the
W target and was positioned at zero degree with respect
to the direction of the electron beam [57]. Different
sets of natMo-Au targets stack were made for different
irradiations. The assembled sample was irradiated for
20–30min with bremsstrahlung produced by bombarding
the 45–70MeV electrons on the tungsten metal foil.
The current of the electron beam during irradiation was
10–35mA at 3.75Hz with a pulse width of 1.5μs. The
electron beam current was stable during the irradiation
time. During the irradiation, some electrons also produce
or pass through the thin tungsten metal foil along with
the bremsstrahlung. Within the Weizsacker-Williams
approximation [58,59], the electron-nucleus interaction
occurs through a spectrum of virtual photons, while the
bremsstrahlung is composed of real photons. Thus, the
photo-nuclear reactions at the high-energy electron beam
are due to the spectrum of bremsstrahlung and virtual
photons. After the irradiation, the irradiated target was
taken out immediately within 1–2min for γ-ray counting.
The targets of natMo and Au along with individual Al
wrapper were taken out from the irradiated assembly
and mounted separately on different Perspex (acrylic
glass, 1.5mm thick) plate [57]. The γ-ray counting of
the reaction products from natMo, 197Au and 27Al were
done by using an energy- and efficiency-calibrated HPGe
detector coupled to a PC-based 4K-channel analyzer.
The resolution of the detector system had a full width
at half maximum (FWHM) of 1.8 keV at the 1332.5 keV
peak of 60Co. The standard source used for the energy
and the efficiency calibration was 152Eu, having γ-rays
in the energy range of 121.8–1408.0 keV. The detector
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Fig. 2. Typical γ-ray spectrum of an irradiated natMo along
with 27Al wrapper with the bremsstrahlung end-point energy
of 45MeV showing the γ-lines of 99Mo and 90Mo from the
natMo(γ, xn) reaction and 24Na from the 27Al(γ, 2pn) reaction,
respectively.

efficiency was 20% at 1332.5 keV relative to a 3′′ diameter
×3′′ length NaI(Tl) detector. The dead time of the
detector system during counting was always kept less
than 10% to avoid pileup effect. The γ-ray counting of
the reaction products from the irradiated samples of
natMo, 197Au and 27Al were done by placing the samples
in the shelf, which was 5 cm away from the detector. The
γ-ray counting of the sample was done in live time mode
and was followed as a function of time for at least three
half-lives. Typical γ-ray spectrum of the irradiated natMo
samples along with 27Al wrapper from the irradiation of
the bremsstrahlung end-point energies of 45MeV from
PAL electron linac is given in fig. 2.

3 Data analysis

3.1 Calculation of photon flux

In the case of 12–16MeV bremsstrahlung irradiation, the
photon flux was determined by using the 197Au(γ,n)196Au
reaction monitor. On the other hand, in the case of
45–70MeV bremsstrahlung irradiation, the photon flux
was determined by using both the 197Au(γ,n)196Au and
27Al(γ, 2pn) reactions monitors. The net photo-peak ac-
tivities (Anet) for the 332.98, 355.7 and 426.0 keV γ-rays
of 196Au as well as for the 1368.6 keV γ-ray of 24Na were
obtained from the total photo-peak areas after subtracting
the linear Compton background. The photo-peak activi-
ties (Anet) for the γ-rays of 196Au and 24Na are related to
the photon flux (ϕ) by the equation [51,57]

A(net)

(
CL

LT

)
=

n〈σ〉Φaε(1 − e−λt)(e−λT )(1 − e−λCL)
λ

,

(1)
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Table 1. Nuclear spectroscopic data of the radio-nuclides from the 197Au(γ, n)196Au, 27Al(γ, 2pn)24Na, 100Mo(γ, n)99Mo,
natMo(γ, xn)91m,gMo, natMo(γ, xn)90Mo, natMo(γ, xn)89Mo and natMo(γ, xn)88Mo reactions [21–24]. The γ-ray energies marked
with bold are used in the calculation.

Nuclide Half-life
Decay

γ-ray γ-ray

Reactions
Q-value Threshold

mode (%)
energy abundance

(MeV) (MeV)
(keV) (%)

196Au 6.183 d
β+ (92.8)

332.98 22.9
197Au(γ, n) −8.072 8.073

β− (7.2)
355.69 87

426.0 7

24Na 14.959 h β− (100)
1368.6 100 27Al(γ, 2pn) −31.428 31.447
2754.03 99.944

99Mo 65.94 h β− (100)
140.5 89.43 100Mo(γ, n) −8.292 8.292
739.5 12.13

91mMo 65 s
β+ (49.9)

652.9 48 92Mo(γ, n) −12.670 12.671

IT (50.1)
1208.09 18.7 94Mo(γ, 3n) −30.413 30.423

1507.9 24.3 95Mo(γ, 4n) −37.787 37.795
91gMo 15.49 min β+ (100) 1581.04 0.226 96Mo(γ, 5n) −46.942 46.954

90Mo 5.56 h β+ (100)
122.37 64.2

92Mo(γ, 2n) −22.778 22.781

257.34 78.3

94Mo(γ, 4n) −40.525 40.535
95Mo(γ, 5n) −47.894 47.907
96Mo(γ, 6n) −57.049 57.067

89Mo 2.04 min β+ (100)

658.6 5.7 92Mo(γ, 3n) −36.009 36.014

844.0 3.7 94Mo(γ, 5n) −53.755 53.771

1272.6 3.7 96Mo(γ, 6n) −61.124 61.145

88Mo 8.0 min β+ (100)
130.9 60�

92Mo(γ, 4n) −46.407 46.419

170.5 100�
94Mo(γ, 6n) −64.154 64.178
95Mo(γ, 7n) −71.523 71.552

where n is the number of target atoms and 〈σ〉 is the
average activation cross-section of the 197Au(γ,n)196Au
and 27Al(γ, 2pn)24Na reactions. Φ =

∫ Ee

Eth
ϕ is the

bremsstrahlung flux with photon flux ϕ from the thresh-
old value (Eth) to the bremsstrahlung end-point energy
(Ee) [57]. a is the abundance or the branching ratio or the
absolute γ-ray emission probability of the analyzed γ-rays
and ε is the efficiency of the detector system for the γ-ray
of the reaction product of interest. t, T , CL and LT are
the irradiation time, cooling time, real time and live time,
respectively. λ is the decay constant (= ln 2/T1/2) for the
isotope of interest.

The γ-ray energies and the decay data for the resid-
ual nuclide such as branching ratio, half-lives used in
eq. (1) for the nuclides of present interest are taken from
refs. [21–24] and given in table 1. In the same table, the
Q-values and threshold energies of the products from the
natMo(γ, xn) reactions are also shown. The average cross-
section (〈σ〉) for the 197Au(γ,n)196Au reaction used in
eq. (1) for different bremsstrahlung end-point energies was
calculated by using the following relation:

〈σ〉 =
∑

σϕ∑
ϕ

. (2)

Fig. 3. Plot of bremsstrahlung spectrum for the end-point
energies of 12, 14, 16, 45, 50, 55, 60, and 70MeV calculated by
using the GEANT4 code [60].

For the bremsstrahlung end-point energies of 12, 14
and 16MeV, the photon flux (ϕ) distributions were cal-
culated by using the GEANT4 code [60] and presented
in fig. 3. The 197Au(γ,n)196Au reaction cross-section (σ)
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Table 2. Flux conversion ratios (factor) used to obtain the photon flux for different reactions of natMo from the total flux based
on the 197Au(γ, n)196Au and 27Al(γ, 2pn)24Na reactions monitors.

Bremsstrahlung Energy
12 14 16 45 50 55 60 70

(MeV)

〈σ〉 of 197Au(γ, n)196Au
98.92 173.0 221.4 118.5 113.0 106.3 101.8 95.74

(mb)

〈σ〉 of 27Al(γ, 2pn)24Na
– – – 0.045 0.068 0.092 0.116 0.158

(mb)
100Mo(γ, n)/197Au(γ, n)

0.919 0.941 0.953 0.982 0.984 0.983 0.972 1.050
i.e. (8.3 − Eγ)/(8.0 − Eγ)
100Mo(γ, n)/27Al(γ, 2pn)

– – – 6.483 5.167 4.447 3.587 3.335
i.e. (8.3 − Eγ)/(31.4 − Eγ)

92Mo(γ, n)/197Au(γ, n)
– 0.107 0.253 0.687 0.704 0.717 0.725 0.793

i.e. (12.7 − Eγ)/(8.0 − Eγ)
92Mo(γ, n)/27Al(γ, 2pn)

– – – 4.427 3.596 3.121 2.821 2.463
i.e. (12.7 − Eγ)/(31.4 − Eγ)

94Mo(γ, 3n)/27Al(γ, 2pn)
– – – 1.107 1.081 1.067 1.058 1.046

i.e. (30.4 − Eγ)/(31.4 − Eγ)
95Mo(γ, 4n)/27Al(γ, 2pn)

– – – 0.414 0.547 0.627 0.677 0.447
i.e. (37.8 − Eγ)/(31.4 − Eγ)

92Mo(γ, 2n)/27Al(γ, 2pn)
– – – 2.146 1.871 1.715 1.616 1.498

i.e. (22.8 − Eγ)/(31.4 − Eγ)
94Mo(γ, 4n)/27Al(γ, 2pn)

– – – 0.225 0.394 0.498 0.565 0.647
i.e. (40.5 − Eγ)/(31.4 − Eγ)

95Mo(γ, 5n)/27Al(γ, 2pn)
– – – – 0.046 0.183 0.287 0.420

i.e. (47.9 − Eγ)/(31.4 − Eγ)
92Mo(γ, 3n)/27Al(γ, 2pn)

– – – 0.561 0.662 0.723 0.761 0.805
i.e. (36.0 − Eγ)/(31.4 − Eγ)

94Mo(γ, 5n)/27Al(γ, n)
– – – – – 0.016 0.119 0.276

i.e. (53.8 − Eγ)/(31.4 − Eγ)
92Mo(γ, 4n)/27Al(γ, 2pn)

– – – – 0.103 0.242 0.341 0.465
i.e. (46.4 − Eγ)/(31.4 − Eγ)

94Mo(γ, 6n)/27Al(γ, n)
– – – – – – – 0.070

i.e. (64.2 − Eγ)/(31.4 − Eγ)

for the mono-energetic photons has been determined by
several authors [61–65]. In order to examine the litera-
ture data, we have calculated the 197Au(γ,n)196Au re-
action cross-section by using the computer code TALYS
1.6 [54] and plotted in fig. 4. A short description of the
computer code TALYS 1.6 is given in the next section.
The literature data from ref. [65] is also shown in fig. 4
and is found to be in good agreement with the calcu-
lated values from TALYS 1.6 [54]. Thus it is acceptable to
use the extrapolation and interpolation of the experimen-
tal data based on calculated values of TALYS. For the
bremsstrahlung end-point energies of the present work,
the 197Au(γ,n)196Au reaction cross-section from TALYS
(fig. 4) was folded with the photon flux (fig. 3) to calculate
the flux-weighted average 197Au(γ,n)196Au reaction cross-

section (〈σ〉), which is shown in table 2. Then, the exper-
imental bremsstrahlung flux (Φ) for the 197Au(γ,n)196Au
reaction was calculated by using the flux-weighted cross-
section value (〈σ〉) in eq. (1) with the rearrangement
of terms. The threshold (Eth) for the 197Au(γ,n)196Au,
100Mo(γ,n)99Mo and 92Mo(γ,n)91Mo reactions are 8.073,
8.292 and 12.671MeV, respectively. Thus the photon flux
obtained from the 197Au(γ,n)196Au reaction has to be
modified for the 100Mo(γ,n)99Mo and 92Mo(γ,n)91Mo re-
actions. This is based on their threshold value (Eth) to
the bremsstrahlung end-point energy (Ee). In the case
of 100Mo(γ,n)99Mo reaction at the bremsstrahlung end-
point energies (Ee) of 12, 14 and 16MeV, the weighted
average flux obtained from the 197Au(γ,n)196Au reac-
tion was multiplied by the factors of 0.919, 0.941 and
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Fig. 4. Cross-sections of 197Au(γ, n)196Au reaction as a func-
tion of gamma energy obtained from the experimental data [65]
and the calculated values from the TALYS [54] based on the
mono-energetic photons.

0.953, respectively. These factors are the flux ratios for
the 100Mo(γ,n)99Mo reaction from 8.292MeV to 12, 14
and 16MeV divided by the 197Au(γ,n)196Au reaction
from 8.073MeV to 12, 14 and 16MeV, respectively. As
an example the calculation of flux conversion ratio (fac-
tor) at the bremsstrahlung end-point energy of Ee for
100Mo(γ,n)99Mo reaction, the following formula was used:

Factor =
∫ Ee

Eth−Mo

ϕdϕ/

∫ Ee

Eth−Au

ϕdϕ. (3)

For this purpose the photon flux (ϕ) distribution was
simulated by the GEANT4 code [60] and used for
the renormalization of the experimental flux based on
the monitor 197Au(γ,n)196Au reaction. In the case of
natMo(γ,n)91Mo reaction at the bremsstrahlung end-
point energies of 14 and 16MeV, 100% reaction cross-
sections come from the 92Mo(γ,n)91Mo reaction due
to the threshold value of 12.671MeV. Thus for the
92Mo(γ,n)91Mo reaction at the bremsstrahlung end-point
energies (Ee) of 14 and 16MeV, the weighted average
flux obtained from the 197Au(γ,n)196Au reaction was
multiplied by the factors of 0.107 and 0.253, respec-
tively. The different flux conversion ratio (factor) for the
100Mo(γ,n)99Mo and 92Mo(γ,n)91Mo reactions to the to-
tal flux of the 197Au(γ,n)196Au reaction are based on
their different threshold values. For the 100Mo(γ,n)99Mo
and 92Mo(γ,n)91Mo reactions at the bremsstrahlung end-
point energies of 12, 14 and 16MeV, the flux conversion
ratios (factors) are given in table 2.

For the bremsstrahlung irradiations of 45–70MeV, the
photon flux (ϕ) distribution were also calculated by us-
ing the GEANT4 code [60] and presented in fig. 3. The
experimental bremsstrahlung flux (Φ) during an individ-
ual irradiation was obtained from the observed activities
(Anet) of the 332.98, 355.7 and 426.0 keV γ-lines of 196Au
from the 197Au(γ,n) reaction as well as the 1368.6 keV
γ-line of 24Na from the 27Al(γ, 2pn) reaction. For the
197Au(γ,n)196Au reaction, the average cross-section (〈σ〉)

for the 197Au(γ,n)196Au reaction was calculated from the
σ value of TALYS [54] for mono-energetic photons by us-
ing eq. (2). This is because for the 197Au(γ,n)196Au reac-
tion, the flux-weighted reaction cross-section (〈σR〉) from
ref. [65] can be obtained only up to the bremsstrahlung
end-point energy of 24MeV. On the other hand, for
the 27Al(γ, 2pn)24Na reaction, the 〈σR〉 value within the
bremsstrahlung end-point energy range of 45–70MeV
was found to be 0.045–0.2mb [66], which was used in
eq. (1) to obtain the experimental bremsstrahlung flux
(Φ). The threshold value for the 27Al(γ, 2pn)24Na reac-
tion is 31.447MeV. natMo has many isotopes with iso-
topic composition of 92Mo (14.84%), 94Mo (9.25%), 95Mo
(15.92%), 96Mo (16.68%), 97Mo (9.55%), 98Mo (24.13%)
and 100Mo (9.63%), respectively. Thus, the threshold val-
ues for the same product from the reactions of different
Mo isotopes are different. As an example, the thresh-
old values for the production cross-section of 91Mo from
the 92Mo(γ,n)91Mo, 94Mo(γ, 3n)91Mo, 95Mo(γ, 4n)91Mo
and 96Mo(γ, 5n)91Mo reactions are 12.671, 30.423, 37.795,
46.954MeV, respectively. Similarly, the reactions thresh-
olds for different products from the same Mo isotope are
different. As an example, the threshold values for the
92Mo(γ, 2n)91Mo, 92Mo(γ, 3n)89Mo, and 92Mo(γ, 4n)88Mo
reactions are 22.781, 36.014, and 46.419MeV, respectively.
More than 93% formation cross-sections of 91Mo, 90Mo,
89Mo and 88Mo come from the (γ,n), (γ, 2n), (γ, 3n) and
(γ, 4n) reactions of 92Mo (14.84%) in the natMo, which is
described in the next section. Thus the photon flux ob-
tained from the 197Au(γ,n)196Au and 27Al(γ, 2pn)24Na
reactions have to be modified for the (γ,n), (γ, 2n), (γ, 3n)
and (γ, 4n) reactions of 92Mo based on their threshold val-
ues to the bremsstrahlung end-point energy as described
in eq. (3). As an example, the flux conversion ratio for
the 92Mo(γ,n)91Mo reaction to the 197Au(γ,n)196Au re-
action at the bremsstrahlung end-point energies of 14,
16, 45, 50, 55, 60 and 70MeV are 0.107, 0.253, 0.687,
0.704, 0.717, 0.725 and 0.793, respectively. Similarly, the
flux conversion ratio for the same 92Mo(γ,n)91Mo reaction
to the 27Al(γ, 2pn)24Na reaction at the bremsstrahlung
end-point energies of 45, 50, 55, 60 and 70MeV are
4.427, 3.596, 3.121, 2.821 and 2.463, respectively. For the
92Mo(γ,n)91Mo reaction cross-section calculation, the flux
conversion ratio based on the 197Au(γ,n)196Au reaction
monitor was used. For the (γ, 2n), (γ, 3n) and (γ, 4n) re-
actions of 92Mo at the bremsstrahlung end-point ener-
gies of 45, 50, 55, 60 and 70MeV, the weighted average
flux obtained from the 27Al(γ, 2pn)24Na reaction monitor
was multiplied by different flux conversion ratios (factors),
which are shown in table 2.

3.2 Calculation of natMo(γ, xn) reaction cross-sections
and their yield percentage

The radio-nuclides observed from the natMo(γ, xn) reac-
tions are 99Mo, 91Mom,g, 90Mo, 89Mo and 88Mo having
different half-lives and γ-ray energies. The net photo-peak
activities (Anet) corresponding to the photo-peak of γ-
lines for different reaction products were obtained from the
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Table 3. The percentage of formation cross-section (Yields) of the different reaction products from the natMo(γ, xn) reactions
calculated using the TALYS [54].

Reactions 12 14 16 45 50 55 60 70
100Mo(γ, n)99Mo 100 100 100 100 100 100 100 100
92Mo(γ, n)91Mo 100 100 100 99.100 98.550 98.020 97.540 96.790
94Mo(γ, 3n)91Mo – – – 0.830 1.130 1.340 1.470 1.650
95Mo(γ, 4n)91Mo – – – 0.070 0.310 0.620 0.880 1.150
96Mo(γ, 5n)91Mo – – – – – 0.020 0.110 0.380
97Mo(γ, 6n)91Mo – – – – – – 0.01 0.03
92Mo(γ, 2n)90Mo – – – 99.926 99.160 97.760 96.040 92.660
94Mo(γ, 4n)90Mo – – – 0.074 0.840 2.160 3.380 4.790
95Mo(γ, 5n)90Mo – – – – – 0.080 0.580 2.380
96Mo(γ, 6n)90Mo – – – – – – – –
92Mo(γ, 3n)89Mo – – – 100 100 100 99.940 98.210
94Mo(γ, 5n)89Mo – – – – – – 0.610 1.730
95Mo(γ, 6n)89Mo – – – – – – – 0.060
96Mo(γ, 7n)89Mo – – – – – – – –
92Mo(γ, 4n)88Mo – – – 100 100 100 100 100
94Mo(γ, 6n)88Mo – – – – – – – –
95Mo(γ, 7n)88Mo – – – – – – – –

total photo-peak areas after subtracting the linear Comp-
ton background. From the net photo-peak area (Anet) of
the γ-lines of 99Mo, 91Mom,g and 90Mo, their formation
cross-sections (〈σ〉) in the natMo(γ, xn) reactions were cal-
culated by using the following equation [57]:

〈σ〉 =
Anet

(
CL
LT

)
λ

NΦaε(1 − e−λt)(e−λT )(1 − e−λCL)
. (4)

All the terms in eq. (4) have the same meaning as
in eq. (1). The nuclear spectroscopic data for the reac-
tion products from the natMo(γ, xn) reactions used in
eq. (4) were taken from refs. [21–24] and shown in ta-
ble 1. It can be seen from table 1 that in the case of
natMo(γ, xn)91Mo reaction, meta-stable (m)- and ground
(g)-state of 91m,gMo have suitable half-lives with high-
intensity γ-rays. Thus, the natMo(γ, xn)91Mo reaction
cross-sections for m- and g-states and thus the total
(m+g) cross-section were obtained at the bremsstrahlung
end-point energies of 45–70MeV. The reaction product
91gMo has a half-life of 15.49min with 1581.04 keV γ-
ray of very low (0.226%) intensity. In spite of that the
natMo(γ, xn)91gMo reaction cross-section was possible to
measure at the bremsstrahlung end-point energies of 45–
70MeV. The reaction product 90Mo has a half-life of
5.56 h with γ-rays of very good intensity and thus the
natMo(γ, xn)90Mo reaction cross-section was possible to
measure at the bremsstrahlung end-point energies of 45–
70MeV. The reaction products 89Mo and 88Mo have the
short half-lives of 2.04min and 8.0min with very good in-
tensities of the γ-rays. However, the natMo(γ, xn)89,88Mo
reaction cross-sections are very low and thus not possi-

ble to measure within the bremstrahlung end-point ener-
gies of the present work. In the case of natMo(γ,n)99Mo
reaction, 99Mo has the half-life of 65.94 h with very
good intensities of the γ-rays. Besides this, 99Mo is pro-
duced only from the 100Mo(γ,n)99Mo reaction without
any contributions from the other isotopes. In the cases of
natMo(γ, xn)91,90,89,88Mo reactions, there are some con-
tributions from different Mo isotopes. The percentage of
contribution for different reactions channels i.e. the yield
(Yi) can be calculated using the relation [67]

Yi =
∫ Emax

Eth

Ciσi(E)ϕ(E) dE/
∑∫ Emax

Eth

Ciσi(E)ϕ(E) dE,

(5)
where Ci is the natural composition of the isotope in the
i-th nuclear reaction, σi is the reaction cross-section and
ϕ(E) is the photon flux at energy E.

The theoretical reaction cross-section (σi) for different
reaction channels from natMo was calculated using TALYS
1.6 [54] code, which is described in the next section.
Then the normalized yield contribution to a particular
product from reactions of different isotopes is shown in
table 3. It can be seen from table 3 that more than 92%
formation cross-sections of 91Mo, 90Mo, 89Mo and 88Mo
comes from the (γ,n), (γ, 2n), (γ, 3n) and (γ, 4n) reaction
of 92Mo (14.84%) in the natMo. Thus the cross-sections
for the natMo(γ,n)99Mo reaction at the bremsstrahlung
end-point energies of 10–16 and 45–70MeV as well as
for the natMo(γ, xn)91Mo reaction at 45–70MeV were
calculated based on the weighted average flux of the
197Au(γ,n)196Au reaction [54,65]. On the other hand,
the cross-section for the natMo(γ, xn)90Mo reaction at
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Table 4. Relative natMo(γ, xn)99Mo, natMo(γ, xn)91m,gMo and natMo(γ, xn)90Mo reactions cross-sections at the bremsstrahlung
end-point energies of 10–16 and 45–70 MeV from the present work, literature data [52,53] and the flux-weighted values of
TALYS [54].

Reactions

Bremsstrahlung

[Ref.]

Average reaction cross-section (〈σ〉 =
P

Yiσi)

Energy
(mb)

(MeV)
Experimental TALYS [53]

metastable-state ground-state Total Total

natMo(γ, n)99Mo

10 [52] – – 0.994 ± 0.110 3.139

12 This work – – 3.155 ± 0.189 4.025

12.5 [52] – – 5.256 ± 0.379 4.285

14 This work – – 4.971 ± 0.455 5.460

16 This work – – 6.427 ± 0.630 6.722

45 This work – – 3.226 ± 0.560 3.534

50 This work – – 3.087 ± 0.389 3.361

55 This work – – 3.262 ± 0.523 3.168

60 This work – – 3.326 ± 0.423 3.033

70 This work – – 2.530 ± 0.524 2.850

natMo(γ, xn)91Mo

14.5 – – – – 1.745

15 – – – – 2.414

16 – – – – 3.760

17 – – – – 5.350

18 – – – – 6.560

19 – – – – 6.976

21 – – – – 7.033

23 – – – – 6.627

25 – – – – 6.221

26.8 – – – – 5.604

29.5 – – – – 5.000

30 – – – – 4.908

45 [53] 2.360 ± 0.235 2.586 ± 0.260 4.946 ± 0.350 3.561

50 [53] 2.118 ± 0.211 2.665 ± 0.334 4.783 ± 0.395 3.330

55 [53] 1.845 ± 0.172 2.538 ± 0.295 4.382 ± 0.342 3.148

60 [53] 1.658 ± 0.226 2.517 ± 0.256 4.174 ± 0.342 2.985

70 [53] 1.372 ± 0.158 2.182 ± 0.251 3.554 ± 0.297 2.728

natMo(γ, xn)90Mo

45 This work – – 0.376 ± 0.024 0.347

50 This work – – 0.382 ± 0.046 0.318

55 This work – – 0.373 ± 0.038 0.301

60 This work – – 0.371 ± 0.031 0.288

70 This work – – 0.319 ± 0.026 0.272

the bremsstrahlung end-point energies of 45–70MeV
were calculated based on the weighted average flux of the
27Al(γ, 2pn)24Na reaction [66]. This is because for the
(γ,n) reaction cross-sections calculation, it is better to
use the 197Au(γ,n)196Au reaction monitor and for the
(γ, 2n) and higher reaction cross-sections calculation, it
is better to use the 27Al(γ, 2pn)24Na reaction monitor.
The use of monitors is purely based on their comparable

threshold values of the monitor with those of the reactions
of interest.

4 Results and discussion

In the present work, we determine the relative
cross-section of the natMo(γ,n)99Mo reaction at the
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Table 5. Absolute 100Mo(γ, n)99Mo, 92Mo(γ, n)91m,gMo and 92Mo(γ, 2n)90Mo reactions cross-sections at the bremsstrahlung
end-point energies of 10–16 and 45–70 MeV from the present work, literature data [52,53] and the flux-weighted values of
TALYS [54].

Reactions

Bremsstrahlung

[Ref.]

Average reaction cross-section (〈σ〉 =
P

Yiσi)

Energy
(mb)

(MeV)
Experimental TALYS [53]

metastable-state ground-state Total Total

100Mo(γ, n)99Mo

10 [52] – – 10.320 ± 1.140 32.6

12 This work – – 32.762 ± 1.960 41.8

12.5 [52] – – 54.580 ± 3.940 44.5

14 This work – – 51.623 ± 4.730 56.7

16 This work – – 66.741 ± 6.540 69.8

45 This work – – 33.501 ± 5.810 36.7

50 This work – – 32.055 ± 4.040 34.9

55 This work – – 33.872 ± 5.431 32.9

60 This work – – 34.534 ± 4.390 31.5

70 This work – – 26.274 ± 5.440 29.6

92Mo(γ, n)91Mo

14.5 – – – – 11.759

15 – – – – 16.267

16 – – – – 25.337

17 – – – – 36.051

18 – – – – 37.466

19 – – – – 47.008

21 – – – – 47.392

23 – – – – 44.656

25 – – – – 41.921

26.8 – – – – 37.763

29.5 – – – – 33.693

30 – – – – 33.073

45 [53] 15.903 ± 1.584 17.426 ± 1.752 33.329 ± 2.362 23.996

50 [53] 14.272 ± 1.422 17.958 ± 2.251 32.230 ± 2.662 22.439

55 [53] 12.433 ± 1.162 17.102 ± 1.988 29.535 ± 2.303 21.213

60 [53] 11.173 ± 1.523 16.961 ± 1.725 28.134 ± 2.301 20.115

70 [53] 9.245 ± 1.065 14.702 ± 1.694 23.947 ± 2.001 18.383

92Mo(γ, 2n)90Mo

45 This work – – 2.715 ± 0.387 2.338

50 This work – – 2.572 ± 0.354 2.143

55 This work – – 2.752 ± 0.454 2.028

60 This work – – 2.725 ± 0.180 1.941

70 This work – – 2.230 ± 0.175 1.833

bremsstrahlung end-point energies of 12, 14, 16, 45, 50,
55, 60 and 70MeV, which are given in table 4 along with
the literature data at 10 and 12.5MeV [52]. Similarly, the
relative cross-sections of the natMo(γ, xn),90Mo reaction
from the present work and for the natMo(γ, xn)91Mo re-
action from earlier work [53] at the bremsstrahlung end-
point energies of 45, 50, 55, 60 and 70MeV are given in
table 4. During the calculation, isotopic composition of
natMo sample used was based on the refs. [22,23]. Thus
the natMo(γ,n)99,91,90Mo reaction cross-sections shown in

table 4 are relative one. This has been updated after us-
ing isotopic composition from refs. [22,23]. The absolute
100Mo(γ,n)99Mo, 92Mo(γ,n)91Mo and 92Mo(γ, 2n)90Mo
reaction cross-sections were shown in table 5.

The uncertainties associated in the measured reac-
tion cross-sections come from the replicate measurements.
The overall uncertainty is the quadratic sum of both ran-
dom and systematic errors, which was done based on
the refs. [68,69]. The natMo(γ, xn)99Mo reaction at the
bremsstrahlung end-point energies of 12, 14 and 16MeV
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are based on the 20MeV electron linac (ELBE) at HZDR,
Germany. The random errors are due to uncertainties in
i) sample mass (0.5%), ii) counting statistics (7–10%) and
iii) reproducibility of counting geometry (0.5%). The sys-
tematic errors are due to uncertainties in i) the simulated
bremsstrahlung spectrum due to the use of GEANT4 code
(2%); ii) the experimental photon flux due to the use of
197Au(γ,n)196Au reaction monitor reaction cross-section
(∼ 3%); iii) irradiation time (0.25%); iv) detection ef-
ficiency calibration due to the use of different standard
sources (∼ 4%); v) the half-life of the reaction products
and the γ-ray abundances (∼ 2%). Thus the total random
and systematic errors are about 7.04–10.01% and 5.75%,
respectively. Then the overall uncertainty is found to be
9.09–11.54%.

The natMo(γ, xn)99Mo, natMo(γ, xn)91Mo and
natMo(γ, xn)90Mo reaction cross-sections at the
bremsstrahlung end-point energies of 45, 50, 55, 60
and 70MeV are based on the 100MeV electron linac
at PAL, Pohang, Korea. The random errors are due to
uncertainties in i) sample mass (0.5%), ii) counting statis-
tics (5–7%) and iii) reproducibility of counting geometry
(0.5%). The systematic errors are due to uncertainties in
i) the simulated bremsstrahlung spectrum due to the use
of GEANT4 code (2%); ii) the experimental photon flux
due to the use of 197Au(γ,n)196Au and 27Al(γ, 2pn)24Na
reaction monitors reaction cross-sections (∼ 5%); iii) ir-
radiation time (0.5%); iv) detection efficiency calibration
due to the use of standard 152Eu source (∼ 3%); v) the
half-life of the reaction products and the γ-ray abun-
dances (∼ 2%). Thus the total random and systematic
errors are about 5.05–7.04% and 6.5%, respectively. Then
the overall uncertainty is found to be 8.23–9.58%.

The natMo(γ, xn)90Mo reaction cross-section at the
bremsstrahlung end-point energies of 45, 50, 55,
60 and 70MeV are determined for the first time.
The natMo(γ,n)99Mo reaction cross-section at the
bremsstrahlung end-point energies of 12, 14, 16, 45, 50,
55, 60 and 70MeV are also determined for the first
time. There are two values of the natMo(γ,n)99Mo re-
action cross-section available in our earlier work [52]
at the bremsstrahlung end-point energies of 10 and
12.5MeV based on the same activation and off-line
γ-ray spectrometric technique. The 100Mo(γ,n)99Mo
and 92Mo(γ, xn)91,90Mo reaction cross-sections for the
mono-energetic photons from their threshold energies to
29.5MeV are available in the literature [43–49]. For the
92Mo(γ, xn)89,88Mo reaction, the cross-sections are not
available in the literature for any of the bremsstrahlung
end-point energies or for the mono-energetic photons.
Thus the relative natMo(γ, xn)88-91,99Mo reaction cross-
sections as a function of photon energy were calculated
using TALYS code 1.6 [54].

The nuclear reaction cross-sections calculation in
TALYS involve the projectiles like neutrons, photons, pro-
tons, deuterons, tritons, 3He- and alpha-particles, in the
energy range of 1 keV to 200MeV and for target nuclides
of mass 12 and heavier. In TALYS calculation several op-
tions are included for the choice of different parameters

such as γ-ray strength functions, nuclear level densities
and nuclear model parameters, etc. The level density pa-
rameters in TALYS 1.6 are calculated using six different
choices of the level density model. The TALYS1.6 pro-
gram provides two options for spin distribution for the
residual states after pre-equilibrium emission. The default
option is to adopt the compound nucleus spin distribu-
tion. Another option is to assign a spin distribution to
the particle-hole state density. Pre-equilibrium processes
cover a sizable part of the reaction cross-section for the
incident energies between 10 to 200MeV. The reaction
cross-sections measured in the present work are above the
bremsstrahlung end-point energy of 10MeV. So it is bet-
ter to assign a spin distribution to the particle-hole state.
Global adjustable constant for the spin cut-off parameter
for all nuclides in the calculations ranges from 0 to 10. We
have done the calculation of natMo(γ, xn) reaction cross-
section by using the default parameters with the choice
of the level density models, γ-ray strength functions and
adjustable constant for spin cut-off parameter. All possi-
ble outgoing channels i.e. (γ, x) reactions for a given pho-
ton energy with different Mo isotopes were considered.
Among these only the (γ, xn) reaction cross-sections for
different isotopes of Mo were picked up. It can be seen
from table 3 that for all the bremsstrahlung energies, the
production of 99Mo takes place only from the 100Mo(γ,n)
reaction. On the other hand, within the bremsstrahlung
end-point energy of 70MeV, the production of 91Mo can
takes place from the 92Mo(γ,n), 94Mo(γ, 3n), 95Mo(γ, 4n),
96Mo(γ, 5n) and 97Mo(γ, 6n) reactions. Among these reac-
tions, more than 96% contribution of 91Mo comes from the
92Mo(γ,n) reaction. Similarly, within the bremsstrahlung
energy of 70MeV, the production of 90Mo can takes place
from the 92Mo(γ, 2n), 94Mo(γ, 4n) and 95Mo(γ, 5n) reac-
tions. Among these reactions, more than 92% contribution
of 90Mo comes only from the 92Mo(γ, 2n) reaction. Thus
the contribution for the formation cross-sections of 91Mo,
90Mo, 89Mo and 88Mo are very less or negligible from the
heavier-mass Mo isotopes.

The formation cross-section of 99Mo, 91Mo, 90Mo,
89Mo and 88Mo from different Mo isotopes are plot-
ted in figs. 5–9 as a function of photon energy. In the
same figures, the isotopic average formation cross-sections
of each reaction products from natMo are also plot-
ted as a function of photon energy. The experimental
100Mo(γ,n)99Mo, 92Mo(γ,n)91Mo and 92Mo(γ, 2n)90Mo
reaction cross-sections for mono-energetic photons from
refs. [43–49] are also plotted in figs. 5–9 for compari-
son. The absolute 100Mo(γ,n)99Mo, 92Mo(γ,n)91Mo and
92Mo(γ, 2n)90Mo reaction cross-sections from refs. [43–49]
were multiplied by its isotopic abundance to make them
relative to compared with the natMo(γ, xn)99,91,90Mo reac-
tion cross-sections of TALYS. It can be seen from figs. 5–9
that, the theoretical 100Mo(γ,n)99Mo, 92Mo(γ,n)91Mo
and 92Mo(γ, 2n)90Mo reaction cross-sections as a func-
tion of photon energy from TALYS 1.6 shows a similar
structure of the available experimental data [43–49]. In lit-
erature, the experimental data for 92Mo(γ, 3n)89Mo and
92Mo(γ, 4n)88Mo reactions are not available to compare
with the theoretical estimate of TALYS.
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Fig. 5. Cross-sections of 100Mo(γ, xn)99Mo reaction as a func-
tion of gamma energy obtained from the experimental data [47]
and the calculated values from the TALYS [54] based on the
mono-energetic photons.
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Fig. 6. Cross-sections of natMo(γ, xn)91Mo reaction as a func-
tion of gamma energy obtained from the experimental data [45,
47] and the calculated values from the TALYS [54] based on
the mono-energetic photons.

The relative flux-weighted average natMo(γ,n)99Mo
and natMo(γ, xn)91-88Mo reaction cross-sections were ob-
tained from the theoretical values of TALYS 1.6 based
on mono-energetic photon by using the eq. (2). The flux-
weighted TALYS values at different bremsstrahlung end-
point energies are given in table 4 for comparison. It can
be seen from table 4 that the experimentally obtained flux-
weighted average natMo(γ,n)99Mo, natMo(γ, xn)91Mo and
natMo(γ, xn)90Mo reaction cross-sections of the present
work at the bremsstrahlung end-point energies of 10–16
and 45–70MeV are in good agreement with the flux-
weighted value of TALYS [54]. The relative flux-
weighted average 100Mo(γ,n)99Mo, 92Mo(γ,n)91Mo and
92Mo(γ, 2n)90Mo reaction cross-sections were also cal-
culated from the literature data [43–49] based on the
mono-energetic photons and plotted in fig. 10 along with
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Fig. 7. Cross-sections of natMo(γ, xn)90Mo reaction as a func-
tion of gamma energy obtained from the experimental data [45,
47] and the calculated values from the TALYS [54] based on
the mono-energetic photons.
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Fig. 8. Cross-sections of natMo(γ, xn)89Mo reaction as a func-
tion of gamma energy obtained from the calculated values of
the TALYS [54] based on mono-energetic photons.
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Fig. 9. Cross-sections of natMo(γ, xn)88Mo reaction as a func-
tion of gamma energy obtained from the calculated values of
the TALYS [54] based on mono-energetic photons.
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Fig. 10. Cross-sections of natMo(γ, xn)88-91,99Mo reactions
of the present and earlier work [52,53] as a function of
bremsstrahlung end-point energy as well as the flux-weighted
values from the literature data [45,47] and the calculated val-
ues of the TALYS [54].

the present data from table 4 and theoretical values
from TALYS. It can be seen from fig. 10 that the ex-
perimentally obtained natMo(γ,n)99Mo reaction cross-
section from the present work and our earlier data [52] at
the bremsstrahlung end-point energies of 10–16 and 45–
70MeV as well as the flux-weighted literature data [47]
within 27MeV are in close agreement with TALYS values.
Similarly, the natMo(γ, xn)90Mo reaction cross-section
from the present work within 45–70MeV and the flux-
weighted values from Beil et al. data [47] within 29.5MeV
are also in agreement with the TALYS values within the
uncertainty limits. In the case of natMo(γ, xn)91Mo reac-
tion, the flux-weighted average cross-section from Mutsuro
data [45] within 27MeV and our earlier data [53] within
45–70MeV are also in good agreement with the values
from TALYS. However, the flux-weighted values from Beil
et al. data [47] within 29.5MeV are significantly higher
than the theoretical estimate of TALYS.

Further from fig. 10, it can be seen that the
experimental and theoretical natMo(γ, xn)99Mo and
natMo(γ, xn)91Mo reaction cross-sections increase very
sharply from the threshold values to 15–17MeV. Above
15–17MeV, it increases slowly and remains constant up
to 23MeV due to the opening of natMo(γ, 2n)90Mo reac-
tion channel. There after the cross-section slowly decreases
up to the bremsstrahlung end-point energy of 70MeV due
to the opening of other reactions channels. Similarly, the
experimental and theoretical natMo(γ, xn)90Mo reaction
cross-section increases very sharply from the threshold
value of 23MeV to 27MeV. Above 27MeV, it increases
very slowly up to 30MeV and then remains constant up
to 36MeV, i.e. up to the opening of natMo(γ, xn)89Mo
reaction channel. There after the cross-section slowly de-
creases up to the bremsstrahlung end-point energy of
70MeV due to the opening of other reactions chan-
nels. The theoretical and experimental cross-sections of

natMo(γ, xn)89,88Mo reactions also show similar trend
(fig. 10) as of natMo(γ, xn)99Mo and natMo(γ, xn)91,90Mo
reaction channels. The individual reaction, first increases
sharply from its respective threshold value to a particu-
lar value and remains constant to a certain extent, where
other reaction channels start increasing. Then it starts
decreasing due to the contribution of excitation energy
to the other reaction channels. The above observations
indicate the role of excitation energy and its partition
in to different reaction channels. Besides the above ob-
servations, it can be seen from fig. 10 that the increas-
ing trend of cross-section from its threshold value up to
the opening of the next channel are more pronounced
for the natMo(γ, xn)99Mo and natMo(γ, xn)91,90Mo reac-
tions compared to natMo(γ, xn)89,88Mo reactions. This is
because the increasing trend of natMo(γ, xn)99Mo and
natMo(γ, xn)91,90Mo reaction cross-sections lies within 8–
23MeV, where GDR effect plays its role.

From the above discussion, it is clear that the pro-
duction of 99Mo activity from the natMo(γ, xn) and
100Mo(γ,n) reactions within the bremsstrahlung end-
point energy of GDR region has an advantage, which is
important from the medical point of view. This is because
there is a feasibility of the production of 99Mo from the
100Mo(γ,n) reaction as an alternative to the 100Mo(n, 2n),
100Mo(p,pn) and 98Mo(nth, γ) reactions. As obtained in
the present work (table 5), the 100Mo(γ,n)99Mo reac-
tion has a maximum cross-section of 66.741mb at the
bremsstrahlung end-point energy of 16MeV. On the other
hand, the production cross-section of 99Mo is 152.3mb
for the 100Mo(γ,n) reaction at the mono-energetic pho-
ton of 14.56MeV [47], 162–180mb for the 100Mo(p,pn)
reaction at Ep = 25–35MeV [35,42] and 130mb for the
98Mo(n, γ)99Mo reaction at En = 0.025 eV [50], respec-
tively. In the proton energy of 25–35MeV, other reaction
products also produce along with 99Mo. Besides this, gen-
erating sufficient high-energy proton flux is not easy to
achieve. Similarly, producing mono-energetic photon with
sufficient flux is also a difficult task. On the other hand
production of bremsstrahlung energy from the electron
linac with a reasonable cost is an easy task. Thus the
production of 99Mo activity from the natMo(γ, xn) and
100Mo(γ,n) reactions at bremsstrahlung end-point ener-
gies within GDR region from electron linac is a relevant
and novel approach, which provides alternative routes
to 235U(n, f) and 98Mo(n, γ) reactions, circumventing the
need for a reactor.

The activity of 99Mo produced from the natMo(γ,n)
and 100Mo(γ,n) reactions at different bremsstrahlung end-
point energies has been shown in our earlier work [51]. It
has also been shown by us [51] that it is possible to fulfil
the medical requirements of 99Mo from the natMo(γ, xn)
and 100Mo(γ,n) reactions as per imaging demand all
over the world [70]. It has many advantages compared to
the existing method of commercial production from the
235U(n, f) and 98Mo(n, γ) reaction. This is because, it is
possible to install electron linacs at a lower cost, very near
to the medical centres, which reduces the transport time
and does not need enhanced security and other safeguards
unlike nuclear reactors. Besides this, it is possible to halt
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and re-start the electron accelerator for isotope produc-
tion through the natMo(γ, xn) and 100Mo(γ,n) reactions
according to demand, something that cannot be achieved
with a nuclear reactor through 235U(n, f) and 98Mo(n, γ)
reactions.

5 Conclusions

i) The natMo(γ,n)99Mo and natMo(γ, xn)91,90Mo reac-
tion cross-sections at the bremsstrahlung end-point en-
ergies of 12–16MeV and 45–70MeV have been deter-
mined using activation and off-line γ-ray spectrometric
technique.

ii) The natMo(γ, xn)88-91,99Mo reaction cross-sections as
a function of mono-energetic photon energy was the-
oretically calculated using the TALYS 1.6 code. The
flux-weighted average reaction cross-sections at differ-
ent bremsstrahlung end-point energies were then ob-
tained from the theoretical values of TALYS and the
literature data based on mono-energetic photon and
are found to be in good agreement.

iii) The experimental and theoretical
natMo(γ, xn)90,91,99Mo reaction cross-sections in-
crease from the threshold value to a certain value,
where other reaction channel opens up. Then it
remains constant up to certain energy, where other
reaction starts increasing. Thereafter they decrease,
when the next reaction channels remain constant.
This indicates the effect of excitation energy and its
partition in different reaction channels.

iv) Within the end-point bremsstrahlung of 17–23MeV,
the increasing trend of cross-sections for the
natMo(γ, xn)90,91,99Mo reactions is sharper than the
natMo(γ, xn)89,88Mo reactions. This indicates pro-
nounced GDR effect besides the role of excitation en-
ergy within the bremsstrahlung end-point energy of
23MeV.

v) For the production of 99Mo, the natMo(γ, xn) and
100Mo(γ,n) reactions provide an alternative route in
comparison with the 98Mo(n, γ) and 235U(n, f) reac-
tions circumventing the need for a reactor. Thus it is
possible to produce the medical needs of 99Mo from the
natMo(γ, xn) and 100Mo(γ,n) reactions to fulfil the re-
quirement of the imaging procedure all over the world.
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