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Abstract. Monte Carlo calculations have been performed using MCNP code to study
the optimization of photo-neutron yield for different electron beam energies impinging on
Pb, W and Ta cylindrical targets of varying thickness. It is noticed that photo-neutron
yield can be increased for electron beam energies ≥100 MeV for appropriate thickness of
the target. It is also noticed that it can be maximized by further increasing the thickness of
the target. Further, at higher electron beam energy heat gradient in the target decreases,
which facilitates easier heat removal from the target. This can help in developing a photo-
neutron source based on electron LINAC by choosing appropriate electron beam energy
and target thickness to optimize the neutron flux for ADS, transmutation studies and as
high energy neutron source etc. Photo-neutron yield for different targets, optimum target
thickness and photo-neutron energy spectrum and heat deposition by electron beam for
different incident energy is presented.
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1. Introduction

Facilities generating high intensity neutrons find applications in wide-ranging fields
viz, boron neutron capture therapy (BNCT) for cancer treatment, nuclear, material
science, condensed matter physics, polymer science, radioisotope productions, in-
dustries, biotechnology etc. In nuclear science and technology the measurements of
neutron cross-sections for (n, γ)(n, xn) and (n, f) reactions for the hybrid reactors
and transmutation of long-lived isotopes are of immediate interest. Similarly, fusion
reactor design technology needs important inputs for radiation damage of metals
and alloys, tritium breading ratio and neutron multiplication, neutron spectrum
and reaction rates in the blanket as well as structural shielding materials. Electron
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LINAC-based neutron sources are inherently compact, economical, reliable, easy to
handle, less hazardous in nature and most suitable for applications such as neu-
tron capture and fission cross-section studies, radio-isotope production and basic
neutron scattering experiments for material science studies.

Electron LINAC-based photoneutron sources have recently been used for the
Reactor Accelerator Coupling Experiments (RACE) and for providing vital in-
formation about the coupling of sub-critical assembly with neutron source [1–3].
These sources are therefore proving themselves as an attractive alternative to spal-
lation neutron sources. Although the process of conversion of electron beam via
Bremsstrahlung and giant dipole resonance processes are not very efficient in neu-
tron generation as compared to the spallation neutron process, however the reliabil-
ity, low cost, compactness and ease of operation makes the electron-driven neutron
source as a viable alternative. MCNP codes have been used for calculations of
neutron yield through bremsstrahlung interactions of electron beam with low as
well as high-Z metallic targets [4] for ADS application as well. Recently, photoneu-
tron capabilities have been included in the code by introducing LAU150 library,
which contains photonuclear cross-sections. The code has been used to simulate
photoneutron generation from metallic targets bombarded by electron beams up to
150 MeV. In the first step, proper functioning of the code is checked by comparing
the simulation results for a 1.68 cm thick lead target and the results published in
IAEA 188 [5].

Applications of such neutron sources in ADS and transmutation require higher
neutron yield along with less stringent heat deposition in the target assembly.
MCNP simulations have been further extended to obtain the maximum photoneu-
tron yield as a function of optimum target thickness and incident energy of the
electron beam impinging on tantalum target. The neutron energy spectrum and
the heat deposition rate in the target for various incident electron energies have
been calculated. The photoneutron yield for 100 kW system with electron beam
energy of 100 MeV can deliver a neutron yield of 2.34 × 1014 n/s (3.4 × 1014 at
150 MeV). Such a system can be used to drive a sub-critical assembly with keff

value ≥0.95. Further the heat deposition rate which is critically dependent on
the energy of the incident electron beam and target thickness suggest that one can
work at higher incident energy getting higher neutron yield and producing less heat
deposition density above 100 MeV energies.

2. Photoneutron production mechanism

When high-energy electrons impinge on a target material, continuous spectrum of
bremsstrahlung photons is generated. These bremsstrahlung photons subsequently
interact with the nucleus of the target material, resulting in the emission of the
nucleons. This interaction is known as a photonuclear interaction. As the nucleons
are bounded with the nucleus by binding energy (5–15 MeV), the photon should
have energy above a threshold value to participate in the photonuclear reaction [6].
Photonuclear interaction is mainly the result of three specific processes: giant di-
pole resonance (GDR), quasi-deuteron (QD) production and intranuclear cascade.
Between the threshold energy and up to ∼35 MeV, neutron production results
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primarily from GDR. The physical mechanism can be described as one in which
the electric field of the energetic photon transfer its energy to the nucleus by in-
ducing an oscillation (known as giant resonance oscillation) which leads to relative
displacement of tightly bound neutrons and protons inside the nucleus. Absorption
of the incident photons excites the nucleus to a higher discrete energy state, and
the extra energy is emitted in the form of neutrons. For heavy nuclei, the excited
nucleus comes to the ground state by emission of neutron (γ, n). Some contribution
from double neutron emission (γ, xn) is also possible for higher photon energies as
shown by Kumar et al [4]. Because of the presence of the large Coulomb barrier,
proton emission is strongly suppressed for heavy nuclei. The cross-section for this
process has a maximum at photon energy between 13–18 MeV for heavy nuclei and
20–23 MeV for light nuclei (A < 40). The cross-section for giant resonance neutron
production reduces rapidly, at photon energies >35 MeV, while at 50 < E < 140
MeV, the photoneutron production is due to quasi-deuteron effect. In this process,
the incident photon interacts with the dipole moment of a neutron–proton pair
inside the nucleus rather than with the nucleus as a whole; hence the name quasi-
deuteron. Above 140 MeV, photoneutrons are produced via photo-pion production.

3. MCNP code calculations

MCNP is a general purpose Monte Carlo code for solving radiation transport prob-
lems related to neutron, photon, electron and coupled neutron–photon or electron–
photon in various mediums. Recently photonuclear physics for 12 isotopes has been
introduced in MCNP by using LA150U photonuclear library with energies up to
150 MeV. The code treats an arbitrary three-dimensional configuration of materials
in geometric cells bounded by first- and second-degree surfaces and some special
fourth degree surfaces. As MCNP handles photon and neutron transport, it can
further be used to simulate the cooling system and reflector, moderator etc to get
neutrons of desired energy. F1 and F2 tally are used for flux and yield scoring.
106 histories are run to reduce statistical error less than 5%. Though neutron yield
depends sensitively on the material and the geometry of the target, for compari-
son of the results and ascertaining the proper functioning of photonuclear physics
included in the code, we have considered a lead target, for which measured results
are available (cylindrical pallet with r = 3 cm and thickness 1.68 cm). Simulation
results and measurement results are shown in figures 1 and 2.

3.1 Photoneutron yield

Photoneutron yield for tantalum target is calculated for different target thickness
and for different electron beam energies.

Neutron yield ϕn = N0ρt · σT(E) · ϕe/M (n·s−1),

where M,ρ and t are atomic mass, density and target thickness respectively. N0

is the Avogadro number; ϕe the incident electron fluence rate (electron/s); σT(E)
is the total photonuclear cross-section, where the sum of all the cross-sections of
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Figure 1. Comparison of neutron spectrum from lead target.

Figure 2. Comparison of the photoneutron yield from lead target.

processes is leading to neutron emission and E is the electron incident energy.
Figure 3 shows neutron yield as a function of target thickness for various incident
electron beam energies.

It is evident that maximum yield occurs at 5.6–6.0 cm thickness from the region
where the slopes are greatest.

3.2 Heat deposition in the target

Figure 4 shows the heat deposition rate in the Ta target at 50, 100 and 150 MeV
energies. It is noticed that the heat deposition at 100 MeV is nearly half of that in
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Figure 3. Photoneutron yield from Ta target as function of target thickness.

Figure 4. Heat deposition density as a function of target thickness for dif-
ferent incident electron energies (1 kW power).

the case of 50 MeV per kW of electron beam power. The FWHM and the peak value
of heat deposition density for 50 MeV are 160 W/cc and 130 W/cc respectively.

This helps in efficient cooling of the target assembly which normally consists of
targets in the form of disks of varying thickness with slight gap for cooling channels.

3.3 Energy spectrum of photoneutrons

The photoneutrons generated by 50, 100 and 150 MeV electron beams from a Ta-
target are shown in figure 5. The spectrum can be well described by a Maxwellian
distribution, which is dominated by the low energy neutrons with peak at ∼0.6
MeV.
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Figure 5. Photoneutron energy spectrum from Ta target.

The fitted equation of the distribution is

dN

dEn
= k · En

T 2
e−En/T .

Here T is a nuclear temperature (MeV), which is characteristic of a particular target
nucleus and represents the most probable energy of the neutrons generated. T is
found to be 0.57 MeV for Ta. Also from figure 5, it is clear that on increasing the
target thickness the distribution of the neutrons does not change. Magnitude of
the electrons in a particular energy band changes till the saturation thickness is
achieved.

4. Conclusions

Photoneutron production from Ta, W and Pb targets have been studied for different
electron beam energies and for different target thickness. The photo neutron yield
was compared with the reported results published by IAEA reports and after this
benchmarking exercise we extended it to higher electron beam energies. It is noticed
that maximum neutron yield for Ta target is obtained at target thicknesses of 5.8
cm and 6 cm for 100 and 150 MeV respectively. The rate of heat deposition for
100 and 150 MeV energies for Ta target is nearly half of the value corresponding
to 50 MeV energy case. Thus, the dual advantage of working with higher incident
electron energy offers maximum neutron yield and less heat deposition rate in the
target. The energy spectrum of neutron shows a peak at 0.6 MeV and a relatively
smaller percentage of high energy neutrons ( >10 MeV). The neutron yield for 100
kW electron beam at 100 MeV energies inducing photoneutrons in Ta target is
2.4×1014 n/s which can be coupled to a sub critical assembly with keff value above
0.95.
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