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Abstract
An experiment was carried out to study the feasibility of 99Mo production using an electron accelerator based epi-cadmium 
neutron source. The neutrons were produced by the interaction of bremsstrahlung end-point energy of 10 MeV with BeO 
blocks and the neutrons thus produced were moderated using High Density Polyethylene blocks. Effective cross-section 
of 98Mo(n,γ)99Mo reaction was measured using foil activation method. An enhancement in the effective cross-section due 
to resonances in the epi-cadmium region was observed. The photons and neutron production/transport in the experimental 
set-up were simulated using the FLUKA Monte Carlo code. The simulations were found to be in good agreement with the 
experimental findings.

Keywords 98Mo(n,γ)99Mo reaction · 99Mo/99mTc Medical radioisotopes · Electron accelerator · Epi-cadmium neutrons · 
Ta-BeO assembly

Introduction

Technetium-99 m Radiopharmaceuticals are the major diag-
nostic tool in the clinical practice of nuclear medicine world-
wide. 99mTc is the daughter product of 99Mo. The latter has a 
half-life of 65.94 h. Almost all supply of 99Mo (nearly 90%) 
required for 99mTc generators is produced by the neutron-
induced fission of 235U targets in nuclear research reactors 
[1]. A relatively lesser amount (~ 10%) is produced by low 
energy neutron capture in 98Mo. In recent years, the 99Mo 
supply crisis occurred as a result of various factors such 
as the extension of planned outages and the prolonged or 

unplanned shutdown of many reactors around the world 
[1–3]. With the aim of mitigating these supply-side disrup-
tions, alternative routes for production of 99Mo are being 
explored. These include photo-neutron reaction  [100Mo(γ, 
n)99Mo] [4, 5], photo-fission reaction  [238U(γ, f)] using high 
energy electron accelerators [6, 7], and fast neutron induced 
reactions  [100Mo(n, 2n)] [8–10]. Production of radioisotopes 
using particle accelerators has the advantages of negligible 
nuclear wastes in comparison to nuclear reactors, relatively 
lower cost, and higher availability. In view of higher avail-
ability and economical operation, electron accelerators are 
an attractive choice for the production of radioisotopes.

In the present work, an exploratory experiment was car-
ried out to study the feasibility of 99Mo production using 
(e-γ-n) cascade reaction. A high energy electron beam was 
made to fall on a high Z target (Ta). The bremsstrahlung 
photons thus produced were then made to strike BeO blocks. 
The photo-neutrons produced [11], were then utilised for 
neutron capture reaction in 98Mo. Being a two-step process, 
the efficiency of this route is expected to be lower. However, 
the fast spectrum of neutrons produced can be shifted to the 
epi-cadmium energy region. Hence, there exists a possibility 
to increase the yield of 99Mo. The reaction 98Mo(n,γ)99Mo 
has distinct resonances in the epi-cadmium region. Figure 1 

 * Rajeev Kumar 
 rajeevk@barc.gov.in

1 Reactor Physics Design Division, Bhabha Atomic Research 
Center, Mumbai 400085, India

2 Homi Bhabha National Institute, Bhabha Atomic Research 
Center, Mumbai 400085, India

3 Accelerator and Pulse Power Division, Bhabha Atomic 
Research Center, Mumbai 400085, India

4 Environmental Monitoring and Assessment Division, Bhabha 
Atomic Research Center, Mumbai 400085, India

http://orcid.org/0000-0002-4840-8043
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-024-09521-7&domain=pdf


 Journal of Radioanalytical and Nuclear Chemistry

shows the cross-section of this reaction in the 260 energy 
group used by FLUKA [12, 13] Monte Carlo code for low 
energy neutron transport simulations. The cross-section 
curve shown in Fig. 1 has been extracted from the JENDL 
4.0 library [14] using NJOY2016 [15] nuclear data process-
ing code. The maximum group-averaged cross-section is 
nearly 10 b. The cross-section corresponding to thermal 
neutrons is nearly 0.13 b [16]. The resonance integral of 
the reaction is 6.9 b [17]. Clearly, there exists a possibility 
to increase the yield of 99Mo through the neutron capture 
(in 98Mo) route by shifting the photo-neutron spectrum into 
the epi-cadmium energy region by controlled moderation. 
If a dominant fraction of neutrons stays in the epi-cadmium 
region of the spectrum (instead of complete thermalisation 
to thermal region), the effective cross-section of neutron 
capture in 98Mo can be more than the cross-section corre-
sponding to thermal neutrons.

An increase in the effective cross-section of 
98Mo(n,γ)99Mo reaction due to shifting the neutron spec-
trum to the epi-cadmium region, has been demonstrated in 
the IRT-T research reactor, Russia. Here, light water was 
replaced by beryllium oxide at some irradiation locations 
inside the reactor core [17]. This resulted in under mod-
eration of neutrons at those locations and consequently, 
the effective cross-section of 98Mo(n,γ)99Mo reaction was 
reported to increase up to 0.70 b. Another similar work car-
ried out in the Tehran research reactor (TRR) [18], reported 

that the effective cross-section of this reaction could be 
increased up to 0.52 b.

The present work aims to utilize the under-moderated 
neutron spectrum obtained from tantalum-beryllium oxide-
high density polyethylene (Ta-BeO-HDPE) set-up at an 
electron accelerator, for 99Mo production. The energy dis-
tribution of photo neutrons was shifted from fast to epi-
cadmium energy region by moderation (under moderation) 
using HDPE. The effective cross-section of the reaction was 
measured using the foil activation method. Thin metal foils 
of Mo, Au, and Cu were irradiated in the moderated neutron 
field emerging from the Ta-BeO-HDPE set-up. HØgdahl 
convention [19] was used for data analysis, to determine 
thermal and epi-cadmium neutron fluxes.

The following section of this article gives the details of 
the experiment carried out. The subsequent section describes 
the theory and the methods used. This is followed by a dis-
cussion regarding the data analysis for the experiment. In 
the subsequent section, results are compared with theoretical 
simulations and the last section gives the conclusions.

Experimental details

The experiment for the feasibility study of 99Mo produc-
tion through the (e-γ-n) reaction route was carried out at 
the 10 MeV electron accelerator at Electron Beam Centre 

Fig. 1  98Mo(n,γ)99Mo reaction 
cross-section variation in 260 
neutron energy group
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(EBC), Kharghar, Navi Mumbai, India [20]. The electron 
accelerator used for the present experiment is a 10 MeV RF 
industrial electron LINAC having a peak beam current of 
0.25 mA. The average output beam power for the accelera-
tor can be varied from 1–3 kW. The accelerated electron 
beam comes out through a 50 µm thin Ti window and falls 
vertically down on a 1.8 mm thick Ta sheet. The Ta sheet 
acts as a photo neutron converter and is placed at a distance 
of 10 cm from the Ti window. The thickness of the Ta sheet 
is optimum to produce bremsstrahlung photons by using 
10 MeV electrons [11]. The length of the Ta sheet is 1 m and 
the width of the sheet is 10 cm. There is also a provision for 
water-based cooling system for Ta foil. Water flows on either 
side of the central 6 cm region (where the electron beam 
strikes Ta foil). During the present experiment, the electron 
beam emerging from the exit window scanned across the 
68 cm length of the Ta sheet. This was required to maintain 
the integrity of the Ti window. The electron beam width 
along the width of Ta foil was 6 cm.

For the (e-γ-n) reaction experiment at the 10 MeV elec-
tron accelerator described above, three cubical shaped 
beryllium oxide blocks, each having area of 10 cm × 10 cm 

and a thickness of 5 cm placed side by side at a distance 
of about 2 cm from the Ta converter. This was followed by 
3 cm thick HDPE blocks having an area of 10 cm × 10 cm. 
The slowing down length of fast neutrons in HDPE is 
about 5.7 cm [21]. A schematic of this Ta-BeO-HDPE 
set-up is shown in Fig. 2. The actual image of the experi-
mental set-up is shown in Fig. 3. Bare/cadmium-covered 
gold (Au) and molybdenum (Mo) foils and a bare cop-
per (Cu) foil was placed on the exit end of central HDPE 
block. The positions of the installed foils are shown in 
Fig. 4. For cadmium-covered foils, activation monitors 
were sandwiched between two cadmium disks. Each of 
the disks had a thickness of 1 mm.

After installation of the foils on the exit face (the one 
opposite to the direction of incoming electrons) of the Ta-
BeO-HDPE set-up, the accelerator was operated at 3 kW 
power for nearly 2 h. The foils were retrieved after a cool-
ing period of nearly 30 min. These foils were then counted 
on a p-type HPGe detector having a relative efficiency 
of 30%. HPGe detector output was analyzed using an 8 k 
multichannel analyzer. The energy resolution of the system 
was 1.8 keV for 1332.5 keV of 60Co.

Fig. 2  Schematic of the 
Ta-BeO-HDPE setup at the 
10 MeV electron accelerator
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Standard gamma sources (137Cs (662  keV) and 60Co 
(1173 keV and 1332 keV)) were used for energy calibration 
of the spectrometer system used for counting gamma activities. 
Efficiency calibration was done using a 152Eu standard source 
having a similar diameter to that of the sample. The measured 
photo peak efficiencies of prominent and distinct gamma lines 
were fitted into the following logarithmic empirical function 
for efficiency calibration.

ln
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n
∑
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Ai

(

ln
(

E�

))i

where �� is the full energy peak efficiency at a given gamma 
energy of E� and  Ai is regression coefficients obtained from 
the fitting of measured efficiency data with energy.

The induced gamma activities in the irradiated activation 
detectors were used to estimate the corresponding micro-
scopic reaction rates (per atom per sec). HØgdahl conven-
tion [19] was used to infer the thermal and epi-cadmium 
neutron fluxes from these reaction rates. The effective cross-
section of 98Mo(n,γ)99Mo reaction was obtained from its 
measured reaction rate and total measured neutron flux at 
the irradiation location.

Theoretical background of the data analysis

Reaction rate of activation monitor

Induced gamma activity in an irradiated activation foil can 
be given by the relation [22]:

where  An is the net area of the full energy photo-peak,  Tl 
and  Tc are the live time and real time, respectively. N is the 
number of target atoms, �1 is the isotopic abundance of target 
nuclides, �2 is the yield of gamma energy being counted, �3 
photo-peak efficiency of detector for the gamma energy of 
interest, � is the decay constant,  Ti,  Td, and  Tc are irradia-
tion, cooling and counting times, respectively, G(�) is the 
self-shielding correction factor for the foil, F(�) denotes the 
flux depression factor for the foil, �A is the activation cross-
section for the reaction of interest at energy E, �(E) is the 
neutron flux at the location of irradiation and � represents 
the thickness of the foil.
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Fig. 3  Actual experimental 
set-up

BeO blocks
HDPE 
blocks Activation foils 

at the exit end of 
the HDPE blocks

Fig. 4  Placement of the activation foils on the emergent face of the 
central HDPE block
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The saturated reaction rate per atom can be obtained from 
Eq. (1) as follows:

Estimation of neutron self‑shielding factor

The neutron self-shielding correction factor takes care of 
the attenuation of the flux inside the activation foil due to 
the absorption of neutrons by the foil material itself. This 
factor depends on the neutron energy spectrum, geometry, 
and dimensions of the sample. It is defined as the ratio of the 
specific activity of the irradiated target to the specific activ-
ity of an irradiated infinitely dilute target. The self-shielding 
correction factor is negligible in the case of an infinite dilu-
tion sample.

where φ* is the perturbed neutron flux inside the sample 
and φ is the neutron flux in the case of an infinite dilution 
sample. For practical purposes, the integration limits are 
taken from 0 to 0.5 eV (cadmium cut-off energy) in the case 
of thermal neutrons and 0.5 eV to 10 MeV in the case of 
epi-cadmium neutrons.

Analytical formulas are available to calculate the self-
shielding factors [23]. However, for calculating self-shield-
ing factors using analytical formulas, various approxi-
mations are assumed. These lead to uncertainties in the 
calculated self-shielding factors. In the present work, ther-
mal and epi-cadmium self-shielding factors of Au, Cu, and 
Mo foils were estimated using Monte Carlo simulations [24]. 
The activation foils were modelled with exact dimensions 
and self-shielding factors were calculated using Eq. (3). 
The self-shielding correction factors for the foils used in 
the present experiment are given in Table 1. The measured 
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saturated reaction rates per atom for the irradiated foils are 
also given in Table 1.

Measurement of neutron flux

Photo neutrons produced in the Ta converter have a distribu-
tion over energy. Determination of neutron flux/spectrum 
in such cases is often carried out using conventions like 
Westcott and HØgdahl. The neutron energies are segregated 
into two groups. Neutrons having energies below 0.5 eV are 
referred to as thermal neutrons and those having energies 
above 0.5 eV, are called epi-cadmium neutrons. Westcott 
convention is used to determine the neutron fluxes and 
characterize an irradiation location having well-moderated 
thermal neutron flux (for example, inside a thermal reactor 
core). This convention was used in flux determination at 
irradiation location and estimation of 98Mo(n,γ)99Mo effec-
tive cross-section in earlier works [17, 18]. However, in the 
present experiment, neutrons are under-moderated and epi-
cadmium flux is quite significant. Westcott convention has 
a limitation in such cases. Hence, HØgdahl convention has 
been used in this work.

In a bare, thin activation detector exposed to a thermal/
epi-cadmium neutron flux, the reaction rate per atom per 
sec (RR), according to the Høgdahl convention, is given as 
follows:

here RR is the microscopic reaction rate induced in the irra-
diated activation foil, φ0 is the thermal flux, φe is epi-cad-
mium neutron flux parameter, σ0 is the reaction cross-section 
for thermal neutrons, g is the Westcott factor and  I0 is the 
resonance integral.  Gth and  Gepi are the self-shielding fac-
tors for thermal and epi-cadmium neutrons, respectively. The 
definitions of reaction rate RR, epi-cadmium neutron energy 
spectrum Ø0(E), and resonance integral  I0 are as follows:

(4)RR = g �0Gth�0 + I0Gepi�e

(5)RR =
∞

∫
E0

σ(E)φ(E)dE

Table 1  Thermal and epi-cadmium self-shielding factors for different foils

Activation foil and reaction Mass (gm) Thickness (mm) Thermal self shield-
ing factor  (Gth)

Epi-cadmium self-
shielding factor  (Gepi)

Saturated reac-
tion rate per atom 
 (Sec−1)

98Mo(n,γ)99Mo (Bare) 0.4225 0.28 0.99 0.89 3.22E − 18
98Mo(n,γ)99Mo (Cd Covered) 0.4225 0.28 0.99 0.89 2.79E − 18
197Au(n,γ)196Au (Bare) 0.2591 0.13 0.89 0.22 4.33E − 16
197Au(n,γ)196Au (Cd Covered) 0.2591 0.13 0.89 0.22 1.84E − 16
63Cu(n,γ)64Cu (Bare) 0.2766 0.30 0.99 0.78 1.43E − 17
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Neutron fluxes were first estimated using Au and Cu reac-
tion rates. In the two group (thermal and epi-cadmium) for-
malism, the expression for RR for these two foils will yield 
two linear equations. Thermal flux (φ0) and epi-cadmium 
flux parameter (φe) can be obtained by solving these two 
equations. It should be noted here that φe is not the epi-
cadmium flux, rather it is the epi-cadmium flux parameter. In 
the epi-cadmium energy region, the neutron energy spectrum 
is given by Eq. (7) i.e. the spectrum is φe times inversely 
proportional to energy E. The value of epi-cadmium neutron 
flux  (ncm−2  s−1) can be obtained by using the value of φe and 
integrating Eq. (7) between energy limit 0.5 eV to 10 MeV, 
as shown below.

The neutron flux at the irradiation location was also esti-
mated using the ‘cadmium difference method’. To separate 
the activities due to thermal and epi-cadmium neutrons, bare 
and cadmium-covered foils were irradiated under identical 
conditions, and induced gamma activities were measured. 
The method is based on the fact that cadmium is an effective 
absorber of neutrons below cadmium cut-off energy,  ECd. 
The neutrons of energies above  ECd get transmitted through 
it. The commonly accepted value of  ECd is 0.5 eV. Thermal 
neutron flux can be obtained by using the reaction rates of 
bare and cadmium-covered Au foils, using Eq. (9) [18].

where CR (Cadmium Ratio for Au) is defined as the ratio 
of the reaction rate of bare Au foil to that of cadmium-cov-
ered Au foil. In this work, the measured value of CR for 
Au is 2.35. Using this value of CR, thermal flux (φ0) was 
estimated from Eq. (9). Further, this value of thermal flux 
was used to estimate the epi-cadmium neutron flux param-
eter (φe) from Eq. (4). Subsequently, epi-cadmium flux was 
obtained using Eq. (8).

Data analysis

Neutron flux estimation was carried out using the Høg-
dahl convention as well as the cadmium difference method. 
For the former method, Au and Cu foil activities were 
used to obtain a set of two linear equations (Eq. 4). The 
nuclear data for Au and Cu foils used in both the equations 
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corresponding to Au and Cu foils are given in Table 2. 
Using the reaction rates, self-shielding factors (Table 1), 
and nuclear data (Table 2) for Au and Cu monitors, these 
equations were solved to get the thermal and epi-cadmium 
flux values.

The neutron fluxes obtained from both the Høgdahl con-
vention and the cadmium difference method are listed in 
Table 3. It can be seen that the values of total neutron fluxes 
obtained by both methods are very close to each other, dif-
fering by only 2%. The average value of total neutron flux 
can be taken as 9.51E + 6  ncm−2  s−1. It can also be seen from 
Table 3 that the ratio of epi-cadmium to thermal flux is about 
2.5, which shows the dominance of epi-cadmium flux.

As, the second step of data analysis, the effective cross-
section of 98Mo(n,γ)99Mo reaction was estimated. Figure 5 
shows the prominent energy lines observed in the HPGe 
detector for irradiated bare Mo foil. The 740 keV energy 
peak (having a branching ratio of 12.3%) was used for 
estimating the reaction rate for 98Mo(n,γ)99Mo reaction. 
The measured reaction rate was 3.22E-18  s−1. This reac-
tion rate was for a finite thickness of Mo foil. Hence, it 
had to be corrected for the self-shielding effect (Table 1). 
Effective cross-section for 98Mo(n,γ)99Mo reaction, is 
simply, the self-shielding corrected reaction rate divided 
by the total neutron flux. The effective cross-section of 
98Mo(n,γ)99Mo reaction was found to be 0.39  b.

Error analysis

The main components of error in reaction rate, which is 
the basic measured quantity, are statistical errors in gamma 
count rates and uncertainty in detector efficiency. The statis-
tical errors in counts corresponding to Au and Cu foils were 
0.3% and 0.5%, respectively. In the case of counts for Mo 
foil, the error was ~ 2.36%. The reason for a relatively higher 
value of error was the low count rate in irradiated Mo foil. 
The uncertainty in detector efficiency was ~ 2.3%. Hence, 
the error in Au and Cu reaction rates are 2.32% and 2.35%, 
respectively. The error in the Mo reaction rate is 3.30%. The 
uncertainty in the self-shielding factor is less than 0.5%, 
hence the error in total neutron flux, inferred from the Au 
and Cu reaction rates is 3.45%. Finally, the overall uncer-
tainty in the effective cross-section comes out to be 4.77%.

Table 2  Nuclear data for Au and Cu foils

Activation foil and reaction Cross-section, 
σ0 (b)

g I0 (b)

197Au(n,γ)198Au 98.8 1.005 1550
63Cu(n,γ)64Cu 4.51 1.00 4.9
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Discussions and comparison 
with simulations

At the irradiation location in the Ta-BeO-HDPE experi-
mental setup, thermal and epi-cadmium neutron fluxes 
were measured using two different approaches. It can be 
seen from Table 3 that the neutron flux values obtained by 
the two methods are very close to each other. The ratio of 
epi-cadmium to thermal flux is about 2.55, it shows the 
dominance of epi-cadmium neutron flux, which is use-
ful for utilizing the resonances for 98Mo(n,γ)99Mo reac-
tion cross-section in the intermediate region. The effective 
cross-section of 98Mo(n,γ)99Mo reaction in this neutron field 
is 0.39 ± 0.014  b, which is 3 times the cross-Sect. (0.13b) 
corresponding to thermal neutrons. The measured cadmium 
ratio of 98Mo(n,γ)99Mo reaction is 1.23. The inverse of the 
cadmium ratio is the measure of the relative contribution of 
epi-cadmium neutrons in the reaction, which is about 81% 
in this case. This again confirms the dominance of epi-cad-
mium neutrons contribution in 98Mo(n,γ)99Mo reaction rate.

Simulations

The experimental measurements were compared with the 
results obtained from Monte Carlo simulations of the set-
up. The particle transport code, FLUKA was used to simu-
late the photon and neutron production/transport across the 
experimental set-up. FLUKA is a general purpose Monte 
Carlo code that can handle a wide variety of particles over 
a wide energy range [25]. Low-energy neutrons are simu-
lated using multi-group formalism. FLUKA has its own 260 
energy group library for the same. It can very accurately 
transport electrons and photons from 1PeV to KeV region. 
Also, the neutronic interactions are fully coupled to the elec-
tromagnetic cascades. FLUKA code was found to be suitable 
to simulate the (e-γ-n) cascade reactions occurring in the 
Ta-BeO-HDPE set-up.

A cross-section of the simulated set-up in the Y–Z 
plane (as implemented in FLUKA) is shown in Fig. 6. The 
accelerated electrons (emerging from the Ti window) were 
assumed to incident on a Ta target, along the positive Z-axis. 
The emitted bremsstrahlung spectrum produced from the 

Table 3  Neutron fluxes at the 
irradiation location

Flux determination method Thermal flux 
 (ncm−2  s−1)

Epi-cadmium 
flux parameter

Epi-cadmium flux 
 (ncm−2  s−1)

Total neu-
tron flux 
 (ncm−2  s−1)

Bare Au and Cu foils 2.71E + 06 5.66E + 05 6.90E + 06 9.61E + 6
Bare and Cd covered Au foils 2.83E + 06 5.39E + 05 6.58E + 06 9.41E + 6

Fig. 5  Gamma lines observed 
in HPGe detector for irradiated 
bare Mo foil
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interaction of 10 MeV electrons in the Ta foil (and inci-
dent on BeO blocks) was scored at a distance of 6 mm from 
Ta foil. The intermediate distance was occupied by an alu-
minium sheet (6 mm thick), which was meant to provide 
support to the Ta sheet. The photon spectrum due to elec-
tron interactions in Ta foil is shown in Fig. 7. The neutron 
spectrum was scored at two locations (shown as A and B in 
Fig. 6) and was averaged over the cross-section of the central 
BeO/HDPE block. The simulated neutron energy spectra at 
the two locations are shown in Fig. 8. It can be seen that 
the neutron spectrum at the exit end of BeO-HDPE blocks 

(location B) has an enhanced epi-cadmium component. The 
neutron spectrum just before the BeO edge, facing the Ta foil 
is predominantly fast. All the simulation results mentioned 
in this section correspond to the FLUKA simulations corre-
sponding to 5 cycles with 2.0E + 6 million particle histories 
in each cycle.

The neutron fluxes and cadmium ratios for Au/Mo foils 
obtained from the simulated neutron spectrum and those 
obtained from measurements are compared in Table 4. The 
cross-sections needed for the estimation of cadmium ratios 
were obtained from the JENDL 4.0 library [10]. It can be 

Z-axis

X-axis

Ta target

Electron
Beam 
emerging
from Ti 
window

HDPE Blocks

BeO  
Blocks

Fig. 6  Cross-section of the Ta-BeO-HDPE set-up (As modelled in FLUKA code)

Fig. 7  Photon spectrum incident 
on the BeO blocks
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seen from Table 4 that the neutron fluxes obtained from 
the FLUKA simulation of the set-up are higher than the 
corresponding measured values. The reason for this is the 
spatial scanning of the electron beam incident on the Ta 
foil. The average electron beam current during the experi-
ment was 200 µA. The simulated results given in Table 4 
correspond to this same value of current. However, since 
the electron beam scans over a length of 68 cm of Ta foil 
(along the y-axis), the effective electron current needs to 
be reduced.

To highlight this fact, in the FLUKA simulations, the 
electron beam was first assumed to be incident at the center 
of the Ta foil. The width of the beam in the y-direction was 
kept at 1 mm. Figure 9 shows the photon fluence distribu-
tion in the Y–Z plane, for this case. It can be seen that the 
bremsstrahlung photons are mostly peaked along the forward 
direction. The photon fluence distribution in the X–Y plane 
is shown in Fig. 10. The neutron production in BeO due to 
these photons will vary with the position of the electron 

beam on the Ta foil. Figure 11 shows the neutron fluence 
distribution (in the X–Z plane) for this case.

The electron beam was then made to fall at y = 15 cm 
(near the top edge of the BeO-HDPE blocks). The photon 
and neutron fluence distributions (in the X–Y plane) for this 
case are shown in Figs. 12 and 13. There is a clear reduction 
in contribution to the neutron flux in the scoring region. To 
further highlight this effect, a simulation was also carried out 
with the electron beam hitting the top edge (along the y-axis) 
of Ta foil (y = 34 cm). The photon and resulting neutron flu-
ence distribution in the Y–Z plane for this case is shown in 
Figs. 14 and 15.

From the results discussed above, it is obvious that both 
the flux and the spectrum of neutrons at the exit end of HDPE 
are dependent on the point of interaction of electrons with Ta 
foil. As the photons and the neutrons generated due to elec-
tron beam interaction at different points of Ta foil will travel 
different distances in BeO and HDPE, this will also affect the 
corresponding spectrum of neutrons reaching the exit side of 

Fig. 8  Neutron spectrum on the 
incident and the exit face of the 
BeO-HDPE blocks

Table 4  Neutron fluxes and cadmium ratios at the exit end of the central HDPE block

Flux determination method Thermal flux 
 (ncm−2  s−1)

Epi-cadmium flux 
 (ncm−2  s−1)

Total neutron flux 
 (ncm−2  s−1)

Rcd for Au Rcd for Mo

Measured Values 2.71E + 6 6.90E + 06 9.61E + 6 2.35 1.23
Values from simulations 2.66E + 7 1.32E + 08 1.59E + 8 2.23 1.07
Values from simulations after applying cor-

rection for electron beam scanning
3.91E + 6 1.94E + 7 2.33E + 7 2.23 1.07
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Fig. 9  Photon fluence  (cm−2primary−1) distribution in the Y–Z plane for  e− beam at y = 0 cm

Fig. 10  Photon fluence  (cm−2primary−1) distribution in the X–Y plane for  e− beam at y = 0 cm
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Fig. 11  Neutron fluence  (cm−2primary−1) distribution in the X–Z plane for  e− beam at y = 0 cm

Fig. 12  Photon fluence  (cm−2primary−1) distribution in the X–Y plane for  e− beam at y = 15 cm
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Fig. 13  Neutron fluence  (cm−2primary−1) distribution in the X–Y plane for  e− beam at y = 15 cm

Fig. 14  Photon fluence  (cm−2primary−1) distribution in the X–Y plane for  e− beam at y = 34 cm
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HDPE (Location B in Fig. 6). For qualitative analysis, it can be 
deduced from the fluence distributions, shown in Figs. 9, 10, 
11, 12, 13, 14 and 15, that the gammas are mostly concentrated 
within a distance of 5 cm (along the y-axis) on either side of 
the point of interaction of electrons with Ta foil. The spread 
of neutron fluence is larger. However, it may be safe to assume 
that the electrons falling within the line of sight of a particular 
HDPE block will have a maximum contribution to the neutron 
flux at the exit end of the block.

The effective electron current and the subsequent flux 
were reduced by a fraction equal to the ratio of the width 
of the central BeO-HDPE block (10 cm) and the distance 
over which the electron beam scans (68 cm). The values of 
fluxes obtained at the exit end of the central HDPE block 
was normalized with this factor, which comes out, be 0.15 
(see Table 4). There is a good agreement of the normalized 
values with the measured values. The small difference in 
the measured and simulated cadmium ratio values for Au 
and Mo can be attributed to the difference in the spectrum 
of neutrons corresponding to different points of interaction 
of the electron beam with the Ta converter.

Conclusion

Effective cross-section of 98Mo(n,γ)99Mo reaction was 
measured in an electron accelerator driven photo-neutron 
source, having epi-cadmium dominant neutron energy 

spectrum. Enhancement of 98Mo(n,γ)99Mo reaction cross-
section by three times compared to the corresponding 
value in the thermal neutron spectrum was demonstrated 
experimentally. The increment in the effective cross-sec-
tion can be attributed to the presence of large resonances 
of 98Mo in the epi-cadmium region of the neutron spec-
trum. The enhancement in effective cross-section has a 
direct significance in increasing 99Mo yield through the 
neutron capture route in 98Mo.

A good agreement between the measurements and 
Monte Carlo simulations of the present Ta-BeO-HDPE 
configuration, using FLUKA code was encouraging. The 
theoretical simulations will be used for the optimization of 
the set-up and planning future experiments in this regard. 
The final aim is to explore the feasibility of 99Mo produc-
tion using electron accelerators. Although the neutron flux 
in the present work was low (9.51E + 6  ncm−2  s−1), the 
results indicate that a high current and high energy elec-
tron accelerator can emerge as an alternative to nuclear 
reactor for 99Mo production using neutron capture in 98Mo.
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