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PRODUCTION of neutrons through the use of electron 
beams is well established and has played an important 
role in neutron experimental physics. The photo-neutron 
conversion is convenient over other neutron sources such 
as nuclear reactors. An electron beam can be used to pro-
duce bremsstrahlung photons which, in turn, can evoke 
neutron emission in materials. Many researchers have  
already studied this method of production of neutrons. 
Barber and Geoge1 measured the total neutron yields 
from thick targets of carbon (C), aluminium (Al), copper 
(Cu), lead (Pb) and uranium (U) in the range of electron 
energy from 10 to 36 MeV. Gabriel et al.2 produced  
neutrons using continuous working (CW) electron linear  
accelerator (linac) with 1 mA, beam current and 40 MeV 
beam energy. Bedogni et al.3 have described the photo-
neutron source at Frascati National Laboratory, Italy in 
which an electron beam of 510 MeV was made to fall on 
a tungsten (W) target inside a polythene–Pb assembly. 
Kim et al.4 have described Pohang neutron source, in 
which a 100 MeV electron beam falling on water-cooled 
tantalum (Ta) target was optimized. This article describes 
the target optimization study for neutron generation from 
a thick Pb target with 50 MeV and 100 kW electron beam 
for the upcoming facility at Advanced National facility 
for unstable and rare-isotope beams (ANURIB), at Varia-
ble Energy Cyclotron Centre (VECC), Kolkata5. These 
photo-neutrons are often utilized for various other  
purposes such as calibration of instruments, production of 

radionuclides for use in medical and industrial applica-
tions, to name a few. 

Materials and method 

The present study was carried out using MC code 
FLUKA version 2011.2c.3 (refs 6 and 7). The FLUKA 
code can handle several particle, types including elec-
trons, photons, neutrons and heavy ions in the energy 
range of a few kilovolts to Tera electronvolt. The 
PHOTONUC card was used for switching the (γ, n) reac-
tion in the target of interest. In this study, 5 × 107 histo-
ries were processed to arrive at the desired statistical 
convergence (less than 1%) of the output. The geometry 
of the model used in the simulation was realized with the 
graphical interface FLAIR8. The geometry of the simula-
tion consists of detectors for scoring neutron fluence 
which were placed at a distance of 10 cm from the centre 
of the target at 0° and 90° position with respect to the 
beam direction. The detectors had right circular cylin-
drical geometries with a radius, of 5.5 cm and height of 
1 cm. The material inside the detector has been consi-
dered as vacuum in Monte Carlo simulation. Figure 1 
shows the geometry used for Monte Carlo (MC) simula-
tion. In this figure, the target is having a radius of 5.5 cm 
and a thickness of 5.5 cm. 

Optimization of target 

Choice of target material: When an electron interacts 
with matter, it loses energy through two processes, viz. 
collisional loss and radiative loss. Collisional loss, which 
comprises mainly of ionization and excitation increases 
logarithmically with energy and linearly with Z (atomic 
number of the target material). Radiative loss varies  
linearly with energy and as Z2. At E > Ec, where energy 
of electron (E) and critical energy of electron (Ec), radia-
tive loss dominates over ionization loss, where Ec is the 
critical energy. For Pb, Ec = 9.51 MeV. As a large part of 
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the electron energy is dissipated as heat, the target ma-
terial should be able to withstand heat. Most of the target 
materials will melt due to high beam current of the acce-
lerator if sufficient cooling arrangements are not made for 
the target. This heat can be efficiently dissipated through 
convection in case of liquid targets. The advantage of a 
liquid target is that the neutron flux is not limited by the 
heat load of the target. It is limited only by the electron 
power of the accelerator. Another advantage of the liquid 
target system is its ability to withstand radiation damage, 
thus minimizing the waste disposal problem. Moreover, 
radiation damage to solid targets over a period of time 
leads to their embrittlement and fracture9. This reduces 
the heat conduction capacity, which in turn affects  
neutron intensity. 
 Photonuclear interaction is mainly the result of three 
specific processes: giant dipole resonance (GDR), quasi-
deuteron (QD) production and intra-nuclear cascade. 
Beyond the threshold energy, the GDR process is domi-
nant in photo-neutron production at energies less than 
30 MeV. The (γ, n) reaction energy thresholds are above 
7–8 MeV for most high-Z materials. In order for the  
photo-neutron interaction to occur, the threshold energy 
(neutron separation energy) must be overcome. So,  
photo-neutron production is primarily governed by the 
neutron separation energy and the photo-neutron cross-
section. For Pb, this threshold energy is 7.5 MeV. This 
indicates that at photon energies below 10 MeV, Pb is  
capable of producing neutrons. However, at higher ener-
gies (>15 MeV) it is even capable of producing neutrons 
through (γ, xn) reaction10. This allows generation of more 
neutrons with a higher energy electron beam. Pb has a 
small neutron capture cross-section. Hence, it does not 
become radioactive and unstable. Based on all these facts, 
Pb (Z = 82) in molten form was chosen as a suitable  
target material having its melting point ≈327°C. It is non-
corrosive and does not dissolve or amalgamate with other 
materials, the material of the structural container in par-
ticular. Another element like tungsten (W) could have 
been a suitable choice owing to its high atomic number  
 

Figure 1. Geometry used for Monte Carlo simulation.

and similar photo-neutron cross-section, but the melting 
point of W is 3422°C, which makes it unsuitable for  
liquid targets. W is the appropriate choice for solid  
targets only. A similar arrangement has been used with 
Pb for the neutron source at electron linac for beams with 
high brilliance and low emittance (ELBE) at For-
schungszentrum Dresden-Rossendorf, Germany11. 
 
Size of target: The thickness of the target should be  
sufficient to be able to stop the primary electron beam 
completely and should yield maximum photons. The  
continuous slowing down approximation (CSDA) range 
of electrons in Pb from ESTAR database is 14.63 g/cm2 
(ref. 12). So, to stop the primary electron beam of 
50 MeV, the target should be more than 0.9 cm. The 
bremsstrahlung photons produced have anisotropic distri-
bution, which is forward-peaked. The Pb target, with  
cylindrical geometry, was chosen for simulation, with the 
same radius and thickness. In this study, the target size 
was varied from 5X0 through 20X0, where X0 is the radia-
tion length of electron in Pb (≈0.55 cm). The neutron and 
photon yields were evaluated in both 0° and 90° positions 
with respect to the primary electron beam direction.  
Although the bremsstrahlung photons are forward-
peaked, the photo-neutron production through GDR is 
isotropic in nature. The neutrons at the 90° position 
would have lower photon contamination. 

Results and discussion 

The photo-neutron cross-section shown in Figure 2 has 
been evaluated with TALYS code version 1.8 (ref. 13). 
The cross-section shows an increasing trend beyond the 
threshold energy and peaks around ≈15 MeV, thereafter it 
decreases. 
 Figure 3 shows the neutron yield (cm–2) per unit primary 
electron with variation of target size in terms of X0 at  
 
 

Figure 2. Cross-section of (γ, xn) reaction for Nat. Pb.
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0° and 90° positions with respect to the electron beam  
direction. For the 0° position, there is a continuous  
increase in neutron yield up to 17.5X0, beyond which it 
decreases. At the 90° position, neutron yield increases  
rapidly till 10X0 and thereafter increases slowly until 
12.5X0, beyond which the yield begins to decrease. As  
the bremsstrahlung photons are forward-peaked, more  
photons are available for photonuclear interactions at the 
forward direction. Beyond the peak yield of neutrons, its 
production decreases due to decrease in the photon yield 
by virtue of the target itself. Figure 4 shows the photon 
yield (cm–2) per unit primary electron at 0° and 90° posi-
tions with variation of target size in terms of X0. We can 
see a marked difference in photon yield at the two posi-
tions. In both cases, photon yield decreases with increas-
ing target size. For all target sizes, photon yield is always 
maximum at 0° position. As photons produced through 
bremsstrahlung contain both high-energy and low-energy 
components, an increase in the size of the target atte-
nuates the low-energy components. Hence there is a  
 
 

Figure 3. Neutron yield at 0° and 90° positions with different target 
sizes. 
 
 

Figure 4. Photon yield at 0° and 90° positions with different target 
sizes. 

decrease in photon yield with an increase in the size of 
the target. However, with photon contamination being 
less at the 90° position, the target was optimized for 
12.5X0. Neutron yield at the 90° detector position was 
found to be 1.72 × 1013 n/s. Although there are no data in 
the literature for neutron yield from photo-neutron source 
using 50 MeV accelerator, data from the ELBE photo-
neutron source with 40 MeV energy and 1 mA beam cur-
rent have been compared11. The neutron yield obtained 
with them is 2.7 × 1013 n/s. It is important to understand 
that the neutron yield is sensitive to energy of the elec-
tron beam from the accelerator. 
 Table 1 shows the ratio of neutron to photon yield at 0° 
and 90° positions with respect to primary electron beam 
direction for different target sizes in terms of X0. It can be 
seen that for the 0° and 90° positions, the ratio increases 
with increase in target thickness. The constant increase at 
the 90° position is mainly due to decrease in the photon 
yield rather than increase in the neutron yield. So, the  
optimized thickness of the target was kept at 12.5X0. 
 Figure 5 shows the lethargy plot of the neutron energy 
spectrum at the 90° position. This energy spectrum has 
 
 
Table 1. Ratio of the neutron to photon yield at two positions for  
 various target thickness values 

 
Target size 
(in terms of X0) 

Ratio of neutron to photon yield at 
  

0° 90° 

5 5.45E-04 3.14E-03 
10 2.63E-03 1.33E-02 
12.5 4.85E-03 2.53E-02 
15 8.73E-03 5.16E-02 
17.5 1.55E-02 1.02E-01 
20 2.52E-02 1.94E-01 

 
 

Figure 5. Neutron spectrum at 90° position for target size of 12.5X0.
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Figure 6. Photon spectrum at 90° position for target size of 12.5X0.
 
 
been evaluated with 50 MeV electrons impinging on the 
optimized target thickness of 12.5X0. It shows the neutron 
evaporation peak at ≈1.0 MeV produced mainly through 
GDR. 
 Figure 6 shows the semi-log plot of the photon energy 
spectrum at the 90° position for target size of 12.5X0. The 
energy spectrum of bremsstrahlung photons is continuous 
with a domination of low energies. 

Conclusion 

The obtained results of simulations indicate that the larg-
est number of neutrons can be generated in a single high-
Z converter like lead when optimal converter thickness is 
in the range 6–7 cm corresponding to a 50 MeV electron 
beam. It is observed that the flux of photons decreases  
as a function of thickness of the converter, while for  
neutrons the flux increases with thickness to the tune of 
12.5X0 and then decreases. The photo-neutron energy 
spectrum peaks at 1 MeV and then decreases. 
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