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In the Geant4 software, with the help of the computer model of the neutron source at the output of the linear
electron accelerator, the main characteristics of gamma radiation were determined at the location of the irradiated
samples and outside on top of the lead shielding on the large detector. We conducted several computer experiments
on 10 primary electrons with an energy of 25 MeV. The analysis of the obtained data showed that the graphite neu-
tron reflector is also an effective reflector of low-energy gamma quanta (E, < 1 MeV), its presence increased the
flow of gamma quanta of these energies at the small detector by 30%. At the same time, lead protection reduced the
gamma background on the samples and in the bunker by more than 20 times. The performed calculations proved
that lead shielding with a thickness of 5 cm is sufficiently effective for conducting experiments on neutron programs

at primary electron energies of 25 MeV.

PACS: 61.72.Cc, 61.80.Hg, 78.20.Ci, 87.80.+s, 87.90.+y, 07.05.Tp, 78.70.—g

INTRODUCTION

To carry out research in the field of fundamental and
applied nuclear physics, energy and nuclear medicine, a
significant number of experiments are needed to study
the effect of radiation on the properties of materials.
Currently, there is a great need for facilities that can be
used as neutron and gamma radiation sources to create
radiation conditions that are adequate to the operating
conditions of the materials and devices under study as a
part of detector systems. For this purpose, we have de-
veloped a compact neutron source based on the LUE-30
linear electron accelerator [1, 2].

The LUE-30 linear electron accelerator has the fol-
lowing characteristics: the beam energy varies in the
range of 7...30 MeV, the average current is -
1...60 pA. The developed neutron source is based on
the well-known principle, which is as follows. Electrons
leaving the accelerator bombard a metal target with a
high Z (for example, tungsten). The resulting gamma
bremsstrahlung radiation interacts with the atoms of the
same target and as a result of reactions (y, n) a flow of
neutrons is generated. It is known that to obtain the
maximum yield of neutrons, the thickness of the target
should be at least 5 radiation lengths. For tungsten, the
radiation length is 0.17 cm for an electron energy of
25 MeV. Therefore, we chose the thickness of the W-
target equal to 0.8 cm. The target consists of 4 tungsten
plates with a thickness of 2 mm and a transverse size of
20x20 mm. The distance between the plates is 1 mm.

The neutron source will be installed at the output of
the linear electron accelerator LUE-30. It will consist of
an electron-neutron converter, a neutron reflector, lead
shielding from the accompanying gamma background
around the reflector, a neutron detector, lead shielding
around the detector, and a polyethylene box to obtain
neutron fluxes of various energies. The system is quite
compact, it will consist of several parts, its linear di-
mensions will not exceed 60 cm, so if necessary (exper-
iment) it can be mounted within a few hours. After con-
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ducting experiments using neutron fluxes, this system is
quickly dismantled so as not to interfere with other stud-
ies.

The electron beam from the linear accelerator is led
through a hole in the lead shield and a graphite reflector
to a total absorption electron-neutron converter. The
generated neutron flux, partially reflected, partially ab-
sorbed by the reflector, passes through the lead shield, is
insulated with a polyethylene box, and is recorded by a
neutron detector. The scheme of the neutron source pre-
sented in Fig. 1.
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Fig. 1. The scheme of the neutron source
on the linear accelerator

The characteristics of neutron fluxes that can be ob-
tained using the neutron source we developed were de-
scribed earlier [1, 2]. The purpose of this work is to
study, using a computer model in a programming envi-
ronment Geant4 [3], the main characteristics of gamma
radiation arising during the operation of a neutron
source at the LUE-30 linear electron accelerator.

This study is necessary both for the correct conduct
of experiments using neutron irradiation, and for deter-
mining the necessary conditions for the safe operation
of a neutron source.
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DESCRIPTION OF THE COMPUTER
MODEL OF THE NEUTRON SOURCE

In the works, a computer model of a neutron
source at the output of a linear electron accelerator in
the Geant4 environment was developed using PhysList
QGSP_BERT_HP. The hadronic part of this physical
writing consists of elastic, inelastic processes, capture
and separation processes. Each process consists of a set
of sections and interaction models that provide a de-
tailed physical implementation. As it was said above,
the neutron-producing target of the neutron source con-
sists of 4 tungsten plates with a thickness of 2 mm and a
transverse size of 20x20 mm. The distance between the
1 mm plates was 1 mm for effective cooling of the en-
tire assembly. The screenshot of the neutron-producing
target model is shown in Fig. 2.

Fig. 2. The Computer model of the neutron-producing
target

The red color shows a beam of electrons passing

from the accelerator through the lead shield and a hole
in the reflector to the neutron-producing target.
When modeling in GEANT4, the parameters of the in-
cident electron beam (energy spectrum, spatial distribu-
tion) were consistent with experimental data. The per-
formed modeling proved that the neutron yield at an
electron energy of 25 MeV is 5-10% N/N.. Neutron
sources based on the interaction of gamma radiation
with a nucleus are characterized by a neutron energy
spectrum with the most probable energy of 0.6 MeV and
an average of 1.8 MeV. The resulting spectrum of neu-
trons from a neutron-producing target is shown in
Fig. 3.
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Fig. 3. Energy spectrum of a neutron source
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OPERATION WITH THE COMPUTER
MODEL OF THE NEUTRON SOURSE

In the work, with the help of a computer model of a
neutron source at the output of a linear electron acceler-
ator, the main characteristics of gamma radiation from a
neutron-producing target in the primary electron energy
range of 5...30 MeV were determined. Spectra of gam-
ma quanta for primary electron energies of 5, 10, 15, 20,
25, and 30 MeV obtained with the help of a 4n detector
installed around tungsten plates are presented in Fig. 4.
Modeling was carried out for 107 primary electrons.
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Fig. 4. Energy spectra of gamma quanta for electron
beam energies 5, 10, 15, 20, 25, 30 MeV

Fig. 4 shows that as the energy of the primary elec-
tron beam increases, first of all, the number of generated
gamma quanta increases (especially with low energies
of 1...2 MeV). Also, for a small part of the particles, the
energy increases to values corresponding to the energy
of the electron beam.

For all energies presented in the work, the value of
the total yield of gamma quanta K=N,/N, per one inci-
dent electron was calculated. In Fig. 5 the dependence
of the gamma quanta yield K on the energy of the elec-
tron beam is presented.
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Fig. 5. The dependence of the gamma quanta yield K
on the energy of the electron beam

It can be seen from Fig. 5 that the dependence of the
coefficient K is well approximated by a straight line.
From Fig. 5 it can be seen that in the energy range of
operation of the LUE-30 accelerator, the number of
gamma rays that are generated increases 10 times. In the
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work, the average statistical error was determined as the
square root of the number of registered events. The
modeling error is also shown in Fig. 5.

As is known, the operation of a linear electron ac-
celerator is regulated by background radiation standards
specified in the sanitary passport. The maximum operat-
ing mode is determined by measuring the fluxes of
gamma rays and neutrons at control points when the
accelerator beam hits a tungsten target without lead pro-
tection. Taking into account the obtained energy spectra
and dependencies, we were able to evaluate additional
safe operating modes of the accelerator, which do not
exceed the mode specified in the sanitary passport.

As is known, bremsstrahlung gamma quanta do not
propagate isotropically from a tungsten target, but have
a preferred direction along the beam axis in the direc-
tion of electron motion.

To determine the inhomogeneity of gamma quanta
fluxes in different directions, the 2z detector was in-
stalled on the axis of the electron beam. The print screen
of a computer model of the neutron source with the 2z
detector is shown in Fig. 6.

Fig. 6. The Computer model of the neutron source with
2x detector

In Fig. 6 shows in red an electron beam that hits a
neutron-producing target consisting of 4 tungsten plates.
The 2z detector is shown in blue, the gamma quanta
flux is shown in green.

It can be seen from Fig. 6 that the flux density of
gamma quanta into the hemisphere forward along the
motion of the electron beam is significantly greater than
into the rear hemisphere. The energy spectra of gamma
quanta and their number in the front and rear hemi-
sphere were determined by the motion of the beam for
electron energies of 5, 10, 15, 20, 25, 30 MeV using the
27 detector.

The characteristic energy spectra in the front and
rear hemispheres for the electron energy of 20 MeV
shows in Fig. 7.

From Fig. 7 we can see, that not only a larger num-
ber of gamma rays flies into the front hemisphere along
with the movement of the electron beam, but their ener-
gy is greater than in the rear hemisphere. In this case,
the total number of gamma rays that fall into the front
hemisphere is 3 times greater than into the rear hemi-
sphere.

This fact must also be taken into account when cal-
culating the radiation protection of a neutron source at
the output of an electron accelerator.
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Fig. 7. Energy spectra of gamma quanta in the front and
rear hemisphere for 20 MeV electron beam energy

In the Geant4 software, with the help of the comput-
er model of the neutron source at the output of the linear
electron accelerator, the main characteristics of gamma
radiation were determined at the location of the irradiat-
ed samples on the small detector with an area of 100
cm’ and outside on top of the lead shielding on a large
detector. We conducted several computer experiments
on 107 primary electrons with an energy of 25 MeV.
The following system configurations were considered:
1. Tungsten plates without graphite reflector and lead
protection. 2. With reflector, without lead protection 3.
With graphite reflector and lead protection. The samples
were both with and without lead protection. For all the
considered configurations, energy spectra of gamma
quanta were obtained that fall on a small detector at the
location of the samples and a large detector (accelerator
bunker, environment).

The energy spectra of gamma quanta for electron
beam 25 MeV energy, small detector 100 cm? are pre-
sented in Fig. 8.
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Fig. 8. The energy spectra of gamma quanta for elec-
tron beam 25 MeV energy, for small detector 700 cm’

Number 1 indicates the energy spectrum of gamma
quanta on a small detector without lead protection in the
presence of a graphite reflector and lead protection
around it. Number 2 indicates the energy spectrum of
gamma rays on a small detector in the presence of only a
reflector around the neutron-producing target. The num-
ber 3 indicates the energy spectrum of gamma quanta on
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a small detector in the presence of only a neutron-
producing target. The number 4 indicates the energy
spectrum on the small detector of the entire neutron
source assembly Fig. 1.

The analysis of the obtained data showed that the
graphite neutron reflector is also an effective reflector of
low-energy gamma quanta (E,< 1MeV), its presence
increased the flow of gamma quanta of these energies at
the small detector by 30%. In general, the configuration
with a graphite reflector and lead shielding around it in-
creases the flux of gamma quanta to the irradiated sam-
ples by more than 40%. At the same time, lead protection
reduced the gamma background on the samples by more
than 20 times.

The energy spectra of gamma quanta for electron
beam 25 MeV energy on the big detector around the
neutron-producing target without lead protection (num-
ber 1) and with protection (number 2) are presented in
Fig. 9.
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Fig. 9. The energy spectra of gamma quanta for
electron beam 25 MeV energy, for big detector

From Fig. 9 it is clear that in the presence of lead
protection around the graphite reflector, the flux of
gamma quanta into the environment also decreases sig-
nificantly (more than 20 times) The performed calcula-
tions proved that lead shielding with a thickness of 5 cm
is sufficiently effective for conducting experiments on
neutron programs at primary electron energies of
25 MeV at the linear electron accelerator LUE-30.

CONCLUSIONS

In the Geant4 software, with the help of the comput-
er model of the neutron source at the output of the linear
electron accelerator, the main characteristics of gamma
radiation were determined on the neutron-producing
target, at the location of the irradiated samples and out-
side on top of the lead shielding on a large detector.

We conducted several computer experiments on 10’
primary electrons with an energy of 25 MeV. The fol-
lowing system configurations were considered: 1. Tung-
sten plates without graphite reflector and lead protec-
tion. 2. With reflector, without lead protection 3. With
graphite reflector and lead protection. The samples were
both with and without lead protection. For all the con-
sidered configurations, energy spectra of gamma quanta
were obtained that fall on a small detector at the loca-
tion of the samples and a large detector (accelerator
bunker, environment).

The analysis of the obtained data showed that the
graphite neutron reflector is also an effective reflector of
low-energy gamma quanta (E,<1 MeV), its presence
increased the flow of gamma quanta of these energies at
the small detector by 30%. In general, the configuration
with a graphite reflector and lead shielding around it
increases the flux of gamma quanta to the irradiated
samples by more than 40%. At the same time, lead pro-
tection reduced the gamma background on the samples
and in the bunker by more than 20 times.

The performed calculations proved that lead shield-
ing with a thickness of 5 cm is sufficiently effective for
conducting experiments on neutron programs at primary
electron energies of 25 MeV at the linear electron accel-
erator LUE-30.
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JIOCJII)KEHHSI TIAPAMETPIB TAMMA-BUIIPOMIHIOBAHHSI HA KOMIT'FOTEPHIN
MOJIEJI JUKEPEJIA HEUTPOHIB HA JITHIMHOMY ITPUCKOPIOBAYI EJIEKTPOHIB

C. I'okos, B. I'opoau, C. Kouemos, JI. Konnaxosa, O. Jlioxman, €. I[ayvko

VY nporpamHoMy cepenoBuii Geant4 3a J0OMOror0 KOMI'IOTEPHOT MOJIEN pKepesa HeHTpOHIB Ha BUXOI Ji-
HIHOTO TpHCKOpIOBaya €JIEKTPOHIB OyJM BH3HAUCHI OCHOBHI XapaKTEPHCTHKH TaMMa-BHIIPOMIHIOBAHHS y MiCTi
po3TamryBaHHs 3pa3KiB, IO ONPOMIHIOIOTECS, Ta 30BHI, IIOBEPX CBHHIIEBOT'O 3aXMCTy Ha BEIMKOMY JETEKTOpi. Mu
POBENM JeKibKa KOMIT'IOTEPHHX eKCIIepHMeHTiB Ha 107 TepBHHHEX eIeKTpOHIB 3 eHepriclo 25 MeB. Amnais
OTPUMaHUX JaHWUX JOBIB, M0 TpadiToBUIl BiZOMBaY HEHTPOHIB TAaKOX € e()eKTUBHIM BiOMBadeM HU3BKOCHEPTeTH-
YHMX ramMma-kBaHTiB (E, <1 MeB), Tiibku HOro npucyTHIiCTh 30iIblIyBajla NOTIK raMMa-KBaHTIB UMX €HEpriid Ha
Manomy netektopi Ha 30%. [Ipu poMy CBUHIIEBHIT 3aXMCT 3MEHITYBaB raMMa-(hoH Ha 3pa3kax i B OyHKepi O1bIr
HiX y 20 pa3iB. [IpoBenieHi po3paxyHKH JOBEIH, 10 CBUHIIEBUI 3aXHUCT TOBIIMHOIO 5 CM € JI0CUTH e(heKTUBHHUM IS
NPOBEICHHS EKCIIEPUMEHTIB 32 HEHTPOHHUMH IIPOTPaMaMH IPH €HEPrisiX MepBUHHUX €IeKTpoHiB 25 MeB.
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