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The results of simulations are presented: the characteristics (energy spectra, their integral characteristics,
transverse distributions in the plane) of the beam of electrons and secondary photons at the output of the electron
accelerator, specifically, in the placement plane of the tantalum converter, and the characteristics of photons and
residual electrons in the bremsstrahlung beams generated by the tantalum converters (thicknesses of 0.04, 0.4, 1.0,
4.0, and 10.0 mm) in the placement plane of irradiated samples. Calculations were performed for the electron
accelerator IEP NAS of Ukraine — microtron M-30, considering its technical characteristics at a fixed initial electron
energy of 17.5 MeV. The GEANT4 toolkit was used for the simulations. The information obtained was utilized to
optimize the process of stimulating photonuclear reactions on actinide nuclei and to predict the results.

PACS: 29.17.+w, 29.27._a

INTRODUCTION

Photonuclear reactions play a central role in
studying various properties of nuclear structure [1, 2].
They are stimulated by the electromagnetic interaction
(photon beams), which is the most studied fundamental
interaction and may be the purest and most direct way to
obtain information [3]. It should be noted that
photonuclear reactions on actinide nuclei are also used
to solve a wide range of applied problems. These
problems are related to the reduction of radioactive
waste [4], non-destructive methods of isotopic
identification of nuclear materials [5], alternative
methods of producing medical radioisotopes [6, 7], and
many others.

Despite the development of modern methods for
obtaining photon beams (for example: virtual excitation
of photons by proton scattering and real absorption of
photons by a gamma-ray beam created by laser
Compton scattering [8]) for stimulating photonuclear
reactions, the use of bremsstrahlung photons continues
to play a key role for scientific and applied applications
[9].

As a rule, tantalum (Ta) is used to generate
bremsstrahlung photons in electron accelerators, due to
its nuclear-physical and technical properties (high
photon yield as a result of radiative braking of electrons,
reduced photoneutron vyield, high melting point,
possibility of mechanical processing) [10-12].

Since the optimal thickness Ta of the converter
(when the bremsstrahlung photon output is maximum
[13,14]) is less than the mean free path of an electron in
it, residual electrons will be present in the generated
bremsstrahlung beams, which is confirmed by
theoretical [15] and experimental studies [16, 17].

Fig. 1 shows the energy dependence of the yield of
bremsstrahlung photons produced during radiative
braking of monoenergetic electrons at Ta, and the
maximum range (in the approximation of continuous
deceleration), calculated by the NIST program
“ESTAR” [18].
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In the absence of a process for cleaning the
bremsstrahlung photon beam from residual electrons
using deflecting magnets or filters [19, 20], these
residual electrons will also interact with the irradiated
sample during experimental studies. When interacting
with the samples under study, they will generate
secondary particles (photons, photoneutrons) in them,
and additionally  stimulate electronuclear and
photonuclear reactions and cause damage to the samples
due to their heating (thermalization) [21]. These factors
can significantly affect the final results of studies of the
characteristics of photonuclear processes [21].
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Fig. 1. Dependence of the yield of bremsstrahlung
photons and the electron path on their energy

Therefore, when planning the process of stimulating
photonuclear reactions in electron accelerators (using Ta
radiators) and their optimization, reliable information is
required about the characteristics (particle energy
spectra, their integral values, and transverse
distributions in the plane) of bremsstrahlung photons
and residual electrons and their correlations [9, 21, 22].
Information about the energy spectra of bremsstrahlung
photons, residual electrons and their integral values is
necessary for predicting the yields of formed
radionuclides during the activation of samples of the
studied nuclei [23], as well as for analyzing the
contribution of possible accompanying electronuclear
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reactions to the yields of photonuclear reactions [21],
and developing possible schemes for cleaning
bremsstrahlung photon beams from residual electrons
[19, 20]. Information on the transverse distributions of
particles (bremsstrahlung photons, residual electrons)
along the plane of installation of samples during their
activation is necessary to optimize their geometric
dimensions to increase the vyields of formed
radionuclides [24, 25].

As a result of the analysis of existing experimental
and theoretical studies, it was found that the final
characteristics of the bremsstrahlung photon and
residual electron beams, in addition to their initial
energies, technical characteristics of Ta converters, and
irradiation schemes (the mutual arrangement of the
electron output unit, Ta converter, and the sample under
study relative to the axis of the initial electron beam
[21]), will also be significantly influenced by the
characteristics of the initial electron beams at the
accelerator output [26]. The characteristics of the
electron beams at the accelerator output will depend on
the technical characteristics of the electron output units
(between vacuum and air [27, 28]). They may differ
significantly even for accelerators of the same type [26,
29]. Therefore, these factors must be considered when
preparing schemes for stimulating photonuclear
reactions and optimizing the irradiation process of the
samples under study.

Conducting  experimental  studies of  the
characteristics of bremsstrahlung photon and residual
electron beams in the plane of the studied samples
(those that stimulate photonuclear reactions) is
associated with significant difficulties (expensive and
long-term measurements), and in many cases is
practically impossible [7, 12, 21]. Therefore, to
determine the characteristics of bremsstrahlung photon
and residual electron beams obtained at electron
accelerators, taking into account their technical
parameters, computer modeling is used using Monte
Carlo codes (for example: MCNP6, FLUKA, GEANT4)
[9, 12, 30]. These codes provide the opportunity to
obtain the necessary information with a maximum
approximation to the real conditions of formation of
bremsstrahlung  photons and  residual electrons
interacting with samples [12].

The paper presents the results of modeling the
characteristics of bremsstrahlung beams (its components
are bremsstrahlung photons and residual electrons)
generated by Ta converters (of different thicknesses) at
the electron accelerator of the Institute of Electron
Physics of the National Academy of Sciences of
Ukraine — the M-30 microtron for optimizing the
process of stimulating photonuclear reactions.

1. MATERIALS AND METHODS

To conduct computer simulation of the process of
electron transport and generated bremsstrahlung
photons in a titanium window (Ti, ellipse shape
22x6 mm, thickness — 50 um) of the electron output unit
into the air of the M-30 microtron [31,32] and the
generated bremsstrahlung radiation in Ta converters, a
program was developed based on the GEANT4 v11.1
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toolkit [33]. Calculations were performed for the initial
electron energy of 17.5 MeV.

During the simulations, all electrons and the photons
generated by them that hit the plane perpendicular to the
electron beam axis (100x100 mm) at the output of the
accelerator electron output unit (the plane of Ta
converter placement) and in the plane of irradiated
samples placement — 1000x1000 mm at a distance of —
100 mm from the Ta converter were recorded.

The program was implemented under the Windows
platform using multi-threading mode. Two computers
with  6-core Intel (R) Core (TM) i7-9750H
CPU@2.60GHz processors and 32 and 16 GB of RAM
were used to perform the calculations [12].

Visualization of the simulation schemes of electron
transport and photon generation in the planes of
placement of the Ta converter (a) and irradiated samples
(b) is presented in Fig. 2.

b
Fig. 2. Visualization of the modeling scheme using the
GEANT4 toolkit

The integral values (N) of generated photons and
residual electrons were calculated according to formula
(1) from the obtained particle energy spectra (¢(E)):

N = [y ¢(E)dE. @

The percentage of secondary photons in the electron
beam was determined by the formula

C=2L-100%, @)

where Ny and N, are the integral values of secondary
photons and electrons calculated by formula (1),
respectively.

The calculated particle spectra and their integral
values were normalized to one initial electron.
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Based on the simulation results, probability maps of
the transverse distribution of photons and residual
electrons in the planes (placement of the Ta converter
and irradiated samples) were created using the inverse
Gaussian cumulative distribution (the ORIGIN package
[34] was used to create the figures).

2. RESULTS AND DISCUSSION

2.1. CHARACTERISTICS OF THE ELECTRON
BEAM AT THE ACCELERATOR OUTPUT

As a result of the simulations, the characteristics of
the electron beam and secondary photons (generated in
the Ti window of the electron output unit of the M-30
microtron) at the accelerator output, the Ta converter
placement was calculated. Fig. 3 presents the energy
spectra of electrons and secondary photons. Their
numerical integral values are — 1.0071 e/e and
0.0010 y/e. The percentage content of bremsstrahlung
photons in the electron beam does not exceed 0.1012%.
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Fig. 3. Dependence of the energy spectra of a) electrons
and b) bremsstrahlung photons at the output of the
output unit, the plane of the Ta converter placement

From the simulation results, the profiles of electron
beams and bremsstrahlung photons in a section on a
plane measuring 100x100 mm at the installation
location of the Ta converter (Fig. 4) and the transverse
distribution (Fig.5). The inset of Fig. 4,a presents a
photograph of an electron beam taken using a window
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glass in the plane of placement of the Ta converter [31,
32], which is identical to the simulation result.
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Fig. 4. Profiles of electrons and photons in the plane of
placement of the Ta converter
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Fig. 5. Transverse distribution of electrons and
bremsstrahlung photons in the plane of Ta converter
placement

171



The calculations performed reflect the general
patterns of the characteristics of electron beams at the
output of accelerators, where Ti plates are used for the
schemes of extracting electrons from vacuum into air
[27, 28], and the possible difference is related to the
initial energy of the electrons and their technical
parameters (geometric dimensions).

2.2. INFLUENCE OF THE CONVERTER
THICKNESS TA ON THE CHARACTERISTICS
OF THE BREMSSTRAHLUNG PHOTON
AND RESIDUAL ELECTRON BEAM

As a result of the simulations, the dependences of
the energy spectra of the generated bremsstrahlung
photons and residual electrons in the plane of sample
placement on the thickness Ta of the converter were
investigated, taking into account the characteristics of
the initial electron beam (Fig. 6).
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Fig. 6. Dependence of the energy spectra of a)
bremsstrahlung photons and b) residual electrons in the
plane of sample placement on the thickness of the Ta
converter

It was found that with increasing thickness of the Ta
converter, the initial energy of electrons changes. Its
nominal values are: 17.3 MeV (0.04 mm), 16.7 MeV
(0.4 mm), 15.4 MeV (1.0 mm). Further, with increasing
thickness from 4.0 to 10.0 mm, there is a continuous
energy decline. The loss of energy by electrons during
interaction with the Ta converter occurs due to inelastic
collisions in the form of ionization or excitation of Ta
atoms and generation of bremsstrahlung [30].

The obtained energy spectra were used to determine
their integral values and the percentage of residual
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electrons in bremsstrahlung photon beams depending on
the thickness Ta of the converters (Table 1).

Table 1
Dependence of the integral values of bremsstrahlung
photons and residual electrons on the thickness Ta of
the converter and the percentage of electrons in the
bremsstrahlung photon beam

Thickness, mm Ny, y/e Ne, ele C, %
0.04 0.0704 1.0165 93.53

0.4 0.5560 1.0204 64.73

1.0 1.3132 0.9530 42.05

4.0 2.1747 0.0766 3.40

10.0 1.2286 0.0197 1.58

With increasing thickness Ta of the converter, the
integral values of bremsstrahlung photons increase up to
4.0 mm, then there is a decrease. The integral values of
residual electrons decrease (from 1.0165 to 0.0197 e/e)
with increasing thickness from 0.01 to 10.0 mm. The
percentage content of residual electrons decreases from
93.53 to 1.58 %.

The obtained results reproduce the general
regularities of bremsstrahlung photon generation by Ta
converters and are consistent with similar works of
similar research [12-15]. Differences in the numerical
results will be associated with the initial parameters of
the calculations (parameters of the initial electron beam,
sample irradiation schemes [21, 26]).

The simulation results obtained transverse
distributions of residual electrons and photons generated
by the Ta converter in the plane of sample placement at
different thickness values (Fig. 7).

FTathickness, mm . T
10=-E 0,04
= 0.4 ;
S i 1 AN
8 | 4 27 T VAR
o N 20 B IS
& 10 r 10 f ‘.‘ \ S 1
- | :
g I | ]
v - .
& o}
\‘
107 bt ", PO S PG, DU S ¥/ PN
20 -10 0 10 20
X, cm
a
S [ e ——— SON—— —— 1

Incident eleciron energy, MeV
- 0,04 1
0.4 \

10

..
=

S .. IR
-

Electrons, count
2

Fig. 7. Dependence of transverse distributions in the
plane of placement of samples of a)bremsstrahlung
photons and b) residual electrons, and on the thickness
Ta of the converter
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Fig. 7,a and tabular values (see Table 1) show that
with increasing converter thickness Ta, the largest value
of the integral number of bremsstrahlung photons is
achieved at a thickness of 4 mm, after which they
decrease, with the angular distribution along the plane
constantly increasing, which leads to the escape of a
certain number of photons beyond the boundaries of the
irradiated plane. The peak values of photons in the
plane’'s center and their distribution remain practically
the same for thicknesses of 0.4...4 mm, which confirms
previous studies on the optimality of the thickness of
1mm[5, 7, 12].

From Fig. 7,b it can be seen that increasing the
thickness of the Ta converter leads to a decrease in the
number of electrons and an increase in the angular
distribution of electrons in the plane.

To verify the calculated transverse distributions of
photons and residual electrons in the plane of sample
placement, their characteristics' dependence on the
plane’'s geometric dimensions was investigated.

Fig. 8 shows the dependences of the energy spectra
of bremsstrahlung photons and residual electrons in the
plane of sample placement on their geometric
dimensions at a fixed converter thickness Ta of 1.0 mm.
Their integral characteristics and the percentage of
residual electrons in bremsstrahlung photon beams are
presented in Table 2.
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Fig. 8. Dependence of the energy spectra of a)
bremsstrahlung photons and b) residual electrons on
the sample dimensions at a converter thickness Ta
of 1 mm
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Table 2
Dependence of the integral values of bremsstrahlung
photons and residual electrons on the dimensions of the
particle detection plane and the percentage of electrons
in the bremsstrahlung photon beam

Dimensions Ny,y/e | Ne,ele | C,%
diameter 12.5 mm 0.0450 0.0078 | 14.72
diameter 25 mm 0.1771 0.0376 | 17.52
diameter 50 mm 0.4458 0.1364 | 23.42
10001000 mm 1.3048 | 0.9530 | 42.21

The integral values of photons and residual electrons
and the percentage of residual electrons in
bremsstrahlung photon beams increase with increasing
plane dimensions, which is consistent with the results of
modeling transverse distributions on the plane.

CONCLUSIONS

Computer simulations of the characteristics of
bremsstrahlung photon and residual electron beams
generated on the M-30 microtron, taking into account its
technical parameters of the output unit, allowed
optimizing the process of stimulating photonuclear
processes for a wide range of actinide nuclei and
predicting the yields of the formed radioactive isotopes.

As a result of the research conducted:

the initial characteristics of the electron beam and
secondary photons (generated by Ti window) are
established at the output of the electron output unit, the
plane of placement of the Ta converter;

the influence of the converter thickness Ta on the
characteristics of the beams of generated
bremsstrahlung photons and residual electrons in the
plane of potential sample placement for stimulating
photonuclear reactions on the M-30 microtron was
investigated,;

the modeled energy spectra of bremsstrahlung
photons and their integral values are input parameters
for a computer program for assessing the efficiency of
using a beam of bremsstrahlung photons to stimulate
photonuclear reactions, taking into account the nuclear-
physical characteristics of the samples under study and
the parameters of their irradiation schemes [35];

the calculated energy spectra of residual electrons,
their integral characteristics, and percentage content in
the bremsstrahlung beam are necessary for analyzing
the contribution of accompanying nuclear reactions to
the photonuclear outputs and developing possible
schemes for cleaning bremsstrahlung photon beams
from residual electrons;

modeled transverse particle distributions
(bremsstrahlung photons, residual electrons) along the
sample mounting plane during their activation is
necessary to optimize their geometric dimensions.

This work was carried out within the framework of
the topic "Study of the influence of closed nuclear shells
on the processes of excitation/conversion of
photonuclear reaction products in the M-30 microtron,"
state registration number: 0124U000962.
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MOJAEJIOBAHHSA XAPAKTEPUCTUK ®OTOHIB TA 3AJIMINIKOBUX EJIEKTPOHIB
Y IYUYKAX I'AJIBMIBHOI'O BUITPOMIHIOBAHHA],
3I'EHEPOBAHUX TAHTAJIOBUM KOHBEPTEPOM HA MIKPOTPOHI M-30
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[IpencTaBneHO  pe3ynbTaTd  MOJEIIOBaHb  XAapPAaKTEPUCTUK  (CHEPreTUYHI  CIEKTpH, IX  IHTErpalibHi
XapaKTepUCTUKY, IIONEPEYHi PpO3MOJMUIM y IUIOLIMHI) MyYKa eJEeKTPOHIB 1 BTOPMHHMX (OTOHIB Ha BHXOJI
€JIEKTPOHHOTO NPHUCKOPIOBada — y IJIOIIMHI PO3MILIEHHSI TAHTAJOBOIO KOHBEpTEpA Ta XapaKTEPHCTHK (POTOHIB i
3aJMIIKOBUX €JIEKTPOHIB y IMyYKaxX TI'aJbMiBHOTO BHIIPOMIHIOBAHHS, 3T€HEPOBAHOTO TAHTAIOBHMH KOHBEPTEPAMHU
(toBmmua — 0,04; 0,4; 1,0; 4,0; 10,0 MM) y mIOmHMHI PO3MIIICHHS ONPOMIHIOBAaHUX 3pa3kiB. Po3paxyHkm
MIPOBOIIIIKCS Uil eleKTpoHHOro mpuckopioBada [E® HAH Vkpaiau — mikporpona M-30, 3 BpaxyBaHHSAM HOTO
TEXHIYHUX XapaKTepUCTHK IpH (iKCOBaHIM MOYATKOBiH eHeprii emektponiB 17,5 MeB. [lns moznemoBaHb
BUKOpUCTOBYBaBca iHCTpyMeHTapiii GEANT4. Otpumana iHpoOpMamis BHKOPHUCTOBYBaiacs IS ONTHMI3arlii
npolecy CTUMYJISILIT (OTOSICPHUX Peakilii Ha siipax akTHHIZAX Ta MPOTHO3yBaHHs OTPUMAHUX Pe3yJIbTaTiB.
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