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Abstract. Monte Carlo calculations have been performed using MCNP code to study the
generation, angular distribution and energy spectrum of photo-neutrons for 1 GeV and 150
MeV electron beam energies impinging on different thickness of Tungsten, Tantalum and
Lead targets. It is noticed that the photo-neutron yield increases as the target thickness
increases then saturates beyond an optimized thickness of the target. Moreover, the photo-
neutron yield shows significant increase as the electron energy increases. At the optimized
thickness, the angular distribution of photo-neutrons is found almost isotropic for 150 MeV
electrons and anisotropic for 1 GeV electrons. Further, by increasing the electron energy
and/or the target thickness the angular distribution is found to be forward peaked. The energy
spectrum of photo-neutrons can be well described by a Maxwellian distribution for both
electron energies. Such calculations can help in developing a photo-neutron source based time
of flight facility (TOF) for elemental and isotopic identification via neutron resonance
spectroscopy. Photo-neutron yields, angular distribution, mean energy, energy spectrum and
nuclear temperature for 1 GeV and 150 MeV electron energies and different target materials
are presented.

1.Introduction
In earlier works, the neutrons produced in reactors or through spallation reaction were
mainly used to study the nuclear reactions, measurement of cross sections and elemental
analysis in different materials because of their high neutron flux. Electron accelerator based
neutron sources proving themselves as an attractive alternative to spallation neutron sources
because of their compactness, easy handling, adjustable flux, no radioactive waste, less
shielding requirement, etc. Recently low and medium electron accelerators have become very
popular to be used for elemental and isotopic identification via neutron resonance
spectroscopy (Junghans A.; 2014).
In the current work, we studied the characterization and optimization of the photo-
neutrons produced from the impinging of GeV Class electrons on different metallic targets
such as Tungsten (W), Tantalum (Ta) and Lead (Pb) then compared with that produced from



150 MeV electrons. The angular distribution, mean energy, energy spectrum and nuclear
temperature of photoneutrons are evaluated.
2.Photo-neutrons production mechanisms

The most common way for producing high gamma fluxes in the Giant Dipole Resonance
(GDR) region is the bremsstrahlung process resulting from high energy electrons passing
through high Z-materials. This process has a cross section linear with energy above 20 MeV.
The resulting bremsstrahlung spectrum is widely spread in the energy range from zero to the
incident energy of electron, and only a small fraction of these photons are "useful” photons,
I.e. have energy greater than the binding energy of neutron and lying in the GDR range of
15+5 MeV. Therefore, the overall efficiency of neutron production is much lower than one
might expect by having in mind the direct photonuclear process (Ridikas &et. al.; 2002). If
the absorbed photon has energy greater than the binding or separation energy of neutron from
nucleus, then neutron is emitted. Photonuclear interaction is mainly the result of three specific
processes: giant dipole resonance (GDR), quasi-deuteron (QD) production and photo-pion
decay. The GDR neutrons are produced by photons with energies from threshold energy to 30
MeV. While at 50 < E < 140 MeV, the photoneutron production is due to quasi-deuteron
effect (QD). Above 140 MeV, photoneutrons are produced via photo-pion production (Petwal
&et. al.; 2007).
3. Monte Carlo MCNP calculations

By using LA150U photonuclear library in Monte Carlo MCNP code, the photonuclear
physics has been introduced with photon energies up t0150 MeV (X-5 MCNP Team; 2003)
(Quintieri L. & et al.;2012). In the current study, F; and Fs tally are used for scoring photo
neutrons yield and fluence in different angels. 10°-10" histories are run to reduce statistical
error less than 5%. Since Monte Carlo MCNP calculations depend sensitively on the
simulation geometry, the current simulation results was compared with published data
(Swanson W. P.; 1979) (Petwal V. C. & et al.; 2007) to check the photonuclear physics
contained in the code. Figure 1 shows the comparison between the current simulation results
and the published data for cylindrical lead target (Pb-207) (thickness 1.68 cm and radius 3

cm), for which measured data are available.
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Figure 1: the photonuclear yield per kW produced from Lead (Pb-207) target (1.68
cm thickness, r=3cm) bombarded to different electron energies.

It is clearly concluded from figure 1 that the current simulation results for Lead (pb-
207) show good agreement with the published data.
3.1 Photo-neutron yield

Photoneutron yield (neutron/s) is calculated for different target thickness and for
different electron beam energies by using the following formula (Petwal &et. al.; 2007)
(Zolfaghari M. and Sedaghatizadeh M.; 2015):
Pn = Noptl\jt(E)% )
Here M, p and t are the atomic mass, density and target thickness respectively. Ny is the

Avogadro number, @e is the incident electron fluence rate (electron/s), o(E) is the total
photonuclear cross-section (the sum of all cross-sections that leads to neutron emission) and E
is the electron incident energy. Figure 2 shows the neutron yield as function of target
thickness for 1 GeV electron beam impinging on Tungsten, Tantalum and Lead targets
respectively. Figure 3 shows the neutrons yield produced from 1GeV and 150 MeV electron
energies impinging on Tungsten target.
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Figure2: Neutron yield as function of target thickness for 1 GeV energy electron incident on
different targets.
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Figure 3: Neutron yield as function of target thickness for 1 GeV and 150 MeV energy
electron incidents on Tungsten targets.

It is observed from figure 2 that as the target thickness increases, the neutron yield
increases and saturates beyond the optimized thickness 7.28, 8.5 and 12.35 cm for Tungsten,
Tantalum and Lead respectively. Tungsten produces higher photo-neutrons vyield than
Tantalum and Lead (Wasilewski & Wronka; 2006). From figure 3, as the energy of incident

electrons increases, the neutrons yield shows significant increase. The observed increase in



neutrons yield may be attributed to the increase of "useful” photons fraction, i.e. photons have
energy greater than the binding energy and lying in the GDR or QD ranges (Ridikas &et. al.;
2002). Also, due to the increase of electron photon cascaded showers that increase as the
electron energy increases. The electron photon cascaded showers can induce photon
multiplications in both GDR and QD energy regions. The optimized thickness and the
maximum neutrons yield obtained from these targets are listed in table 1.

Table 1 the maximum neutrons yield at optimize thickness of Tungsten, Tantalum and Lead
targets

Target Electron | Max. Yield | Optimized | Optimized
beam | (neutrons/e’) | thickness | thickness
energy (g/cm?) (cm)
Tungsten 1
774, p-19.24 1GeV 3.47x10 140 7.28
150MeV 5.23x107 100 5.2
Tantalum 1
Z-73. p-16.4 1GeV 3.2x10 140 8.5
Lead 1
7-82. p=11.34 1GeV 2.98x10 140 12.35

Figure 4 shows the forward neutron intensity in comparison with the neutron vyield
produced from 1GeV electron energies impinging on Tungsten target. From figure 4, it is
observed that the majority of neutrons yield are emitted in the outward direction. Also, the
neutrons yield emits in forward direction increase as the target thickness increase until certain
thickness (60-70 g/cm?) then decreases. At certain thickness (60-70 g/cm?) almost 23% of the

neutron yield is generates in forward direction.
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Figure 4: Neutron yield and forward neutron intensity as function of target thickness for 1
GeV energy electron incidents on Tungsten targets.

3.2 Angular distribution of photo-neutrons

Figure 4 shows the angular distribution of neutrons produced from 1 GeV and 150 MeV
incident electrons on the optimized thickness of Tungsten target. Figure 6 represents the
angular distribution of neutrons produced from 1 GeV incident electrons on different
thicknesses of Tungsten.
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Figure 5: Angular distribution of neutrons as function of angle for 1 GeV and 150 MeV
electron energy incidents on optimized thickness of Tungsten



From figure 5 it is noticed that as the energy of the incident electron decreases, the
neutron fluence is almost isotropic (X-5 MCNP Team; 2003). The isotropic nature of
neutrons is due to the dominance of GDR neutrons. The neutrons emitted by GDR mechanism

is like the evaporation neutrons from a compound nucleus (Sahani &et. al.; 2012).
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Figure 6: Angular distribution of neutrons as function of angle for 1 GeV electron energy
incidents on different thickness of Tungsten.

From figures 6 it is observed that for thin targets the neutrons are produced in an
isotropic form. As the target thickness increases the neutron fluence is assumed to be
anisotropic for 1 GeV electrons. The noticed forward-peaked angular distributions may be
attributed to the increase of Pre-equilibrium emission of neutrons (X-5 MCNP Team; 2003)
by increasing the target thickness and due to the anisotropic emission of neutrons from the
QD and Photo-Pion decay (Sahani &et. al.; 2012). Such forward-peaked angular distribution
can deliver the highest neutron fluence per cm? in forward direction (0 angle).

3.3 Energy spectrum
Figure 7 shows the energy distribution of neutrons generated from 1 GeV electron

beams impinging on Tungsten, Tantalum and Lead targets respectively.
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Figure 7: Energy distribution of neutrons produced from 1 GeV electrons incidents on
60g/cm? thickness of different targets.
From figure 7, the energy spectrum can be well described by a Maxwellian

distribution, which is dominated by the low energy neutrons with peak at 0.6, 0.58, 1.2 MeV
for Tungsten, Tantalum and Lead targets respectively. The fitted equation of the distribution
(Petwal &et. al.; 2007) is:

dN En — En
2 =k—e
@ dEn  T* Xp( T )

Here T is a nuclear temperature (MeV), which is characteristic of a particular target

nucleus and represents the most probable energy of the generated neutrons, k is a
normalization factor. From equation fitting the calculated values of the nuclear temperature T
are 0.44, 0.57 and 0.98 MeV for Tungsten, Tantalum and Lead targets respectively (Swanson
W. P.; 1979). The high nuclear temperature value for Lead may be attributed to its high
binding or neutron separation energy due to the existence of the magic number (82) in lead
nucleus (Mao &et. al.; 1996).
3.4 Mean energy of photo-neutrons

The average mean energies of photo-neutrons are 1.64, 1.41 and 2.24 MeV for
Tungsten, Tantalum and Lead targets respectively bombarded to 1 GeV electrons and 1.58
MeV for 1 50 MeV electrons impinging Tungsten. It is observed that Tantalum can produce
neutrons with lower mean energy than that for Tungsten and Lead. The high mean energy of
lead may be attributed to the high nuclear temperature (T) of Lead (Mao &et. al.; 1996).



4. Conclusion
As a conclusion, the photo-neutron yield increases as the target thickness increases

then saturates beyond an optimized thickness of the target. Tungsten produces photo-neutrons

more than Tantalum and Lead. Also, the photo-neutron yield shows significant increase as the

electron energy increases. At the optimized thickness, the angular distribution of photo-

neutrons is found almost isotropic for 150 MeV electrons and anisotropic for 1 GeV electrons.

Further, by increasing the electron energy and/or the target thickness the angular distribution

is found to be forward peaked. The energy spectrum of photo-neutrons can be well described

by a Maxwellian distribution for both electron energies and the calculated values for nuclear

temperature T are 0.44, 0.57 and 0.98 MeV for Tungsten, Tantalum and Lead targets

respectively. Such calculations can help in developing a photo-neutron source based time of

flight facility (TOF) for elemental and isotopic identification via neutron resonance

spectroscopy.
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