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The study of the processes occurring in a matter when ionizing radiation passes through is important for solving various problems.
Examples of such problems are applied and fundamental problems in the field of radiation physics, chemistry, biology, medicine and
dosimetry. This work is dedicated to computer modeling of the parameters of a tungsten converter for studying the processes of
radiation damage during the interaction of ionizing radiation with solutions of organic dyes. Simulation was carried out in order to
determine the optimal thickness of the converter under predetermined experimental conditions. Experimental conditions include:
energies and type of primary particles, radiation intensity, target dimensions, relative position of the radiation source and target.
Experimental studies of the processes of radiation damage occurring in solutions of organic dyes are planned to be carried out using
the linear electron accelerator "LINAC-300" of the National Scientific Center "Kharkov Institute of Physics and Technology".
Electrons with 15 MeV energy are chosen as primary particles. The interaction of electrons with the irradiated target substances is
planned to be studied in the first series of experiments. Investigations of the interaction of gamma quanta with the target matter will
be carried out in the second series of experiments. The tungsten converter is used to generate a flux of bremsstrahlung gamma rays.
One modeling problem is determination of the converter thickness at which the flux of bremsstrahlung gamma will be maximal in
front of the target. At the same time, the flow of electrons and positrons in front of the target should be as low as possible. Another
important task of the work is to identify the possibility of determining the relative amount of radiation damage in the target material
by the Geant4-modeling method. Radiation damage of the target substance can occur due to the effect of bremsstrahlung, as well as
electrons and positrons. Computational experiments were carried out for various values of the converter thickness — from 0 mm (no
converter) to 8 mm with a step of 1 mm. A detailed analysis of the obtained data has been performed. As a result of the data analysis,
the optimal value of the tungsten converter thickness was obtained. The bremsstrahlung flux in front of the target is maximum at a
converter thickness of 2 mm. But at the same time, the flux of electrons and positrons crossing the boundaries of the target does not
significantly affect the target. The computational experiment was carried out by the Monte Carlo method. A computer program in
C++ that uses the Geant4 toolkit was developed to perform calculations. The developed program operates in a multithreaded mode.
The multithreaded mode is necessary to reduce the computation time when using a large number of primary electrons. The
G4EmStandardPhysics_option3 model of the PhysicsList was used in the calculations. The calculations necessary for solving the
problem were carried out using the educational computing cluster of the Department of Physics and Technology of V.N. Karazin
Kharkiv National University.
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Linear electron accelerators are currently used to solve various applied and fundamental problems. In particular,
accelerators are used in nuclear medicine, materials science, in the development of radiation detectors, etc. Experiments
on the irradiation of organic dyes were carried out in [1]. Aqueous, alcoholic and glycerol solutions of methylene blue
(Ci6HisN3SCl), as well as methyl orange (Ci4H1sN303SNa), were irradiated with an electron beam. The authors
investigated the optical density of the irradiated dyes. The electron beam energy was 16 MeV. It was found that aqueous
solutions have less radiation resistance than alcohol and glycerol solutions. Further experimental studies of radiation-
stimulated chemical processes during the destruction of dyes organic molecules have become necessary.

An experimental stand with a bremsstrahlung converter is usually used to study the effects that occur in matter
when interacting with a flux of gamma quanta. The generation of a gamma quanta flux occurs in the converter due to
the conversion of part of the electron beam energy into bremsstrahlung. The converter must be made of a material with
a high atomic number and a high density in order to obtain a sufficient amount of gamma quanta. Tantalum and
tungsten are appropriate materials due to their physical and chemical properties [2].

Computer simulation using Geant4 allows virtual nuclear physics experiments. These experiments are necessary
for preliminary assessment, as well as choice of the bremsstrahlung converter optimal parameters for real experiments.

The aim of this work is to select the optimal thickness of the bremsstrahlung converter as part of the experimental
stand "LINAC-300" of the National Scientific Center "Kharkov Institute of Physics and Technology" for studying the
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radiation resistance of organic dye solutions. The primary electron energy is 15 MeV. It is necessary to determine the
optimal thickness of the tungsten converter, at which the bremsstrahlung flux will be maximum directly in front of the
target containing the solution. At the same time, the flux of electrons and positrons should be as low as possible. A
converter with these parameters will be necessary to study the nature of the mechanisms that lead to radiation damage
that occurs when ionizing radiation interacts with organic dye solutions.

MATERIALS AND METHODS

The scheme of the planned experiment is shown in Figure 1. The primary electrons beam passes through the

titanium outlet window foil of the LINAC accelerator. The electron energy is Ec=15 MeV. The thickness of the foil is

50 um. The bremsstrahlung converter is located at a distance of 50 mm from the titanium foil. The converter is marked

in black in Figure 1. The electrons beam is directed along the normal to the converter surface. The target containing the

solution is located after the converter. The target is marked in light green in Figure 1. The irradiated target contains 1%

aqueous solution of an organic dye. Methylene blue CisHisN3SCl was chosen as an organic dye, as one of the
substances studied in [1].

The dimensions of  the target are

10 mmx10 mmx10 mm, i.e., rather small, due to the need

for further studies of the target. The transverse

7 dimensions of the converter are 40 mm x 40 mm. The

e- e " irradiated target is located at a distance of 1 mm after the
_.l _______________ converter. The thickness of the tungsten converter is
Ti foil varied from 0 mm to 8 mm in 1 mm increment in a series
Target of computational experiments. A value of 0 mm

corresponds to the case when the converter is absent. This
case is necessary to study the interaction of electrons with
the target material in the absence of bremsstrahlung. In
this case, there will still be a small amount of gamma
quanta formed in the titanium foil material when primary
electrons pass through it.

One of the objectives of this work is to determine the thickness of the converter at which the flux of
bremsstrahlung gamma quanta immediately in front of the target will be maximum, regardless of the amount of
electrons and positrons in front of the target. The number of electrons and positrons in front of the target in this case
should be minimal. It is necessary to estimate the relative amount of radiation damage in the target containing the
organic dye solution for each value of the tungsten converter thickness.

We have developed a computer model of the planned experiment to solve the problem. The model is based on a
computer program. The program is developed in C++ and uses the Geant4 toolkit of version 10.6 [3, 4].

The Geant4 toolkit has a complete set of tools for computer modeling of nuclear physical processes of radiation
with matter interaction. Geant4 modules used in our program include Instrumentation for describing the detectors
geometry and the experimental setup as a whole, description of particles and physical processes, transport and tracking
of particles, simulation of the detector response. The Geant4 library uses CLHEP classes [5] and has a wide range of
utility functions as well as random number generators.

The developed program contains the definition of several main classes that correspond to the specifics of the task
when using the Geant4 library. All these classes must be registered in a special object-instance of the G4RunManager
class, which controls the modeling process. The main classes are G4VUserDetectorConstruction, G4VPhysicsList,
G4VUserPrimaryGeneratorAction [3]. The G4VUserDetectorConstruction class contains the geometry definition of the
experimental setup model and its constituent parts, their mutual arrangement, as well as their materials. The
G4VPhysicsList class is necessary to describe the models of physical processes [4] that occur during the interaction of
ionizing radiation with materials of experimental setup components. We specify the primary particles source in the
simulation, their type and energies in the G4VUserPrimaryGeneratorAction class. We also specify the particles
movement direction and other parameters that characterize the radiation source in the G4VUserPrimaryGeneratorAction
class. In addition, optional classes, for example, G4UserEventAction, G4UserSteppingAction [3], etc. can also be
registered in the instance of the G4RunManager class. These classes allow one to control the behavior of the developed
program at various stages of its execution, as well as set the required level of detail when displaying results.

The Geant4 toolkit developers offer about 30 predefined PhysicsList models to date. These models are described
in detail in the documentation [6], and have application in modeling of almost any problem - from problems in high
energy physics to applications in microdosimetry. We have chosen the G4EmStandardPhysics_option3 model of the
PhysicsList module to solve our problem. This model is the most suitable [6] for simulating the passage of 15 MeV
electron beam through the blocks of the studied facility. A monoenergetic electron beam is used in our problem to
simulate ideal experimental conditions. The electron beam diameter in the model is specified to be 2 mm due to the fact
that this series of calculations is preliminary. We will be able to find out the real parameters of the beam after carrying
out a real experiment in order to use them in further calculations. The particle transport-tracking threshold was specified

Figure 1. Simplified scheme of the experiment.
The target size is 10 mm x 10 mm x 10 mm



93
GEANT4 Modeling of the Bremsstrahlung Converter Optimal Thickness... EEJP. 4 (2021)

to be 0.1 mm in length units. We used the setCut() function to calculate the threshold for tracking particle transport in
units of energy. The threshold is approximately 351 keV for electrons in tungsten, and 36 keV for gamma rays in
tungsten. The tracking threshold for particle transport is, respectively, 85 keV for electrons and 1 keV for gamma
quanta in an aqueous solution of methylene blue.

The program we have developed contains a visualization module that uses the OpenGL library. A screen shot of
the visualization module is shown in Figure 2 (a, b) in order to visualize the relative position of the experimental setup
components, as well as to demonstrate the result of the particles passage through the converter.

Figure 2. Passage of 10 primary electrons through the facility. The electron energy is 15 MeV.
(Figure 2a — The converter is absent; Figure 2b — We use a bremsstrahlung converter, its thickness is 2 mm)
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Figure 2 shows the converter with a thickness of 2 mm. The converter thickness increases by 1 mm in each
subsequent series of computational experiments. The energy of primary electrons is 15 MeV. The trajectories of
electrons are shown in red in Figure 2, the trajectories of bremsstrahlung gamma quanta are shown in green. The
OpenGL visualization of 10 primary electrons passing through the setup is shown in Figure 2a. There is no
bremsstrahlung converter in this case, but the outline of the converter is shown in the screen shot in order to to keep the
scale. We use air instead of a tungsten converter in the DetectorConstruction module in this case. A slight deviation of
the electron beam can be seen after passing through the thin titanium foil. All primary electrons hit the target.

The passage of 10 electrons through a tungsten bremsstrahlung converter is shown in Figure 2b. The trajectories of
gamma quanta are shown in green, the trajectories of electrons are shown in red in Figure 2b, similar to the marking in
Figure 2a. It can be seen that primary electrons are decelerated in the converter, and bremsstrahlung gamma quanta are
formed. A certain amount of gamma quanta does not hit the target in this case due to the small size of the target.
Therefore, calculations using a large number of events are necessary, as well as an analysis of the obtained results.

The program developed by us has a batch mode for performing calculations by the Monte Carlo method for the
purpose of further statistical data processing. The passage of 107 primary electrons with energy Ec=15 MeV through the
setup containing the target was simulated in the batch mode. The statistical error of the Monte Carlo method will be less
than 1% for this amount of primary electrons.

The calculations required to solve the problem were carried out using the educational computing cluster of the
Scientific and Educational Institute "Physics and Technology Faculty" of V.N. Karazin Kharkiv National University.
The educational compute cluster (Figure 3) consists of Dell Power Edge 1850 blocks of various configurations. These
blocks are integrated into a local network, and use the Linux operating system.

Figure 3. Educational computing cluster of the Scientific and Educational Institute "Physics and Technology Faculty"

We used the multi-threaded mode of the Geant4 toolkit. The required additional libraries have been installed for
this. In addition, we modified the source codes of the G4MPI module [3, 7] in order to uniformly load the computing
blocks of the cluster, depending on their performance.

RESULTS AND DISCUSSION

The series of computational experiments were carried out using the batch mode of the developed program.
The energy spectra of bremsstrahlung gamma quanta (Figure 4) in front of the target containing an organic dye
solution were obtained as a result of data processing. The values of the gamma quanta flux directly in front of the
target were also calculated for different converter thicknesses (Figure 5). The values of the electron flux in front
of the target (Figure 6) were obtained depending on the thickness of the converter. In addition, the energy spectra
of electrons in front of the target were calculated for two values of the converter thickness (Figure 7), at which a
significant flux of gamma quanta is observed in front of the target. All presented results are normalized to
1 incident electron. The transverse dimension of the target is 10 mmx10 mm. The transverse dimension of the
converter is 40 mmx40 mm.

The energy spectra of bremsstrahlung gamma quanta for primary electrons with energy E. = 15 MeV in front of
the target are shown in Figure 4. These spectra have 100 keV resolution and are presented in a log scale on Y-axis. It
can be noted that the maximum relative amount of gamma rays crossing the target boundary will occur for tungsten
converter thickness of 2 mm.

The relative amount of bremsstrahlung gamma quanta crossing the target boundary, depending on the converter
thickness, is shown in Figure 5. The flux is normalized to 1 incident electron. It can be seen that the maximum flux of
bremsstrahlung gamma quanta in front of the target will be at the converter thickness of 2 mm for primary electrons
with energy of 15 MeV. The flux of gamma quanta decreases when the converter thickness is 3 mm.

The electron flux values in front of the target (Figure 6) were obtained for the same values of the converter
thickness from 0 mm to 8 mm with a step of 1 mm.

It can be seen that with a converter thickness of 2 mm, when the largest amount of bremsstrahlung gamma quanta
is observed in front of the target, there is also a significant amount of electrons in front of the target. The relative
electrons number in front of the target, depending on the converter thickness, is presented in Table 1. The presented
results are normalized to 1 incident electron.
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Tablel. Relative number of electrons crossing the target boundary, depending on the bremsstrahlung converter thickness for primary
electrons with energy Ec= 15 MeV

Tungsten

thickness, mm 0 ! 2 3 4 5 6 7 8
Amount of 0.982 0.815 0.339 0.0703 0.0162 0.0112 0.0092 0.0076 0.0064
electrons in front
of the target

Comparison of the electrons energy spectra in front of the target was carried out for two values of the tungsten
converter thickness. These studies are necessary to choose the optimal converter thickness, at which it is expedient to
study the mechanisms of radiation damage in the target. Two values of thickness for the tungsten converter are 2 mm
and 3 mm (Figure 7). The calculations of spectra were done in same steps of 1 MeV for the convenience of results
comparing.

z E—m
"3 0,04 "
= TR
< =}
= - b i m
o u
- A
= 0,03 | u
9 i
5 i /'
3 =
moo2r /
[
A ]
A\ e A\ e A,
0,01 F el
A
u A
A Al
0,00 A A —3—0Y
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14

E., MeV

Figure 7. Comparison of the electrons energy spectra in front of the target for two values of the tungsten converter thickness.
These values are 2 mm and 3 mm. The energy of primary electrons is Ec = 15 MeV. The electrons spectrum in the case of 2 mm
converter is indicated by dark squares. The electrons spectrum in the case of 3 mm converter is indicated by light triangles

It can be seen (Figure 7) that a significant amount of high-energy electrons are still present in front of the target
with a converter thickness of 2 mm. However, the energies of electrons in front of the target noticeably decrease with
increasing the converter thickness to 3 mm. The relative amount of electrons also decreases. The electrons energy
spectra (Figure 7) are normalized to 1 incident electron. A significant decreasing the number of electrons in front of the
target, as well as decreasing the electron energy, suggests us that it is desirable to use a 3 mm thick tungsten
bremsstrahlung converter irradiated with 15 MeV primary electrons to study the radiation damages processes in organic
solutions irradiated by gamma quanta.

The simulation of the '®O nuclei formation in the target was carried out in order to determine the possibility of a
preliminary assessment of radiation damage occurring in a 1% aqueous solution of an organic dye upon irradiation by
primary electrons. We took into account '°O nuclei with energies above 5 €V. This simulation was carried out for
various values of the tungsten converter thickness. The dependence of the number of '°O nuclei with energies above
5 eV on the converter thickness is shown in Figure 8.

It can be noted that the rupture of water molecules’ chemical bonds is practically not observed in the absence of
bremsstrahlung gamma quanta, i.e., with a converter thickness of 0 mm. The relative number of such events is
approximately 3.7x107°. A significant increase in radiation-stimulated chemical processes of the target substance
destruction [8] is observed with increasing the number of gamma quanta (Figure 4 and Figure 5) crossing the target
boundaries. The number of water molecules chemical bonds rupture is 5.4x10* per one primary electron with energy of
15 MeV at 1 mm tungsten thickness. The relative number of ruptures of water molecules chemical bonds is now about
10 times greater than in case of absent converter. Approximately 6x10 ruptures of water molecules chemical bonds per
1 incident electron occur when tungsten is 2 mm thick.

The attenuation of the gamma-ray beam occurs due a further increase in the converter thickness [9]. This fact
explains decreasing (Figure 8) of the number of water molecules chemical bonds ruptures while increasing the
converter thickness.

Therefore, further experimental studies of the interaction of radiation with organic dye solutions are necessary to
reveal the mechanisms leading to radiation damage of dye solutions.
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Figure 8. Formation of '°0 nuclei with energies above 5 €V depending on the thickness of the converter

CONCLUSIONS

The simulation of the passage of electrons flux with energy of 15 MeV through tungsten converters of various
thickness values, from 0 mm to 8 mm, was carried out with a step of 1 mm. The values of the bremsstrahlung gamma
flux immediately in front of a small target containing 1% aqueous solution of an organic dye were obtained as a result
of simulation. It is shown that it is necessary to locate the target at the minimum possible distance from the converter
due to the rather small dimensions of the target. The values of the converter thickness for carrying out experimental
studies at the linear electron accelerator "LINAC-300" of the National Scientific Center "Kharkov Institute of Physics
and Technology" were obtained as a result of a computational experiment. It is shown that the flux of gamma quanta in
front of the target is maximum at 2 mm of tungsten, but there are also high-energy electrons in front of the target. The
electron flux in front of the target is much less for a 3 mm thick tungsten converter. The gamma quanta flux decreased
slightly in this case.

The method of radiation damage preliminary estimation in the target for different converter thickness values, and,
therefore, different values of the gamma quanta flux crossing the target boundaries, was investigated by the computer
simulation method using Geant4 toolkit.

The possibility to optimize the experimental stand for studying the main mechanisms leading to the ruptures of
organic dye molecules appeared on the basis of the obtained results. It is planned to receive specific proposals for
optimizing the experimental stand in further research.
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GEANT4-MOJIEJITFOBAHHS ONTUMAJIBHOI TOBIIMHA KOHBEPTEPY TAJTBMIBHOT'O BUITPOMIHIOBAHHS
JJISI TOCJIKEHHS ITPOIECIB PAIAIITHUX MOIIKOXXEHD ITPH B3AEMO/IIi BUTTIPOMIHIOBAHH S
3 PO3UNHAMMU OPI'AHIYHUX BAPBHUKIB
T.B. Manuxina®®, B.€. Kosryn?®, B./. Kaciios®, C.II. I'okos®
“Xapxiscvxuil Hayionanvuuil yHisepcumem imeni B.H. Kapasina, matioan Ceoboou, 4, 61022, Xapxis, Ykpaina
bHayionanenuii nayxosuii yenmp «Xapriecoxuti ghisuxo-mexuiunuii incmumymy, eyi. Axademiuna, 1, 61108, Xapxis, Yipaina

JlociipkeHHS poLeciB, Mo Bi0yBaOTECS y PEUYOBUHI IIPH MPOXOHKEHHI Yepe3 HbOTO 10HI3yI0U0r0 BUIIPOMIHIOBaHHS, Ma€ BaXKIINBE
3HAUESHH AU BUpILICHHS pi3HuX 3axad. [Ipuxiianom Takux 3ajad € NpUKIanHi Ta GpyHJaMeHTa bHI 3aBJaHHS B rajy3i pamiariiHol
¢i3uku, ximii, 6iosorii, MeruuuHn Ta no3umMerpii. [IpencrasieHa poboTa NMPHUCBsIYEHA KOMITTOTEPHOMY MOJEIIOBAHHIO ITApaMeTpiB
BOJIb()PaMOBOrO KOHBEpTEpa IJIsl AOCIIPKSHHS MPOLECIiB patialiifHuX yIIKOMKEHb P B3a€MOJIl i0HI3yI0UOro BUNPOMIHIOBAHHS 3
PO3UMHAMH OpraHiyHUX OGapBHHUKIB. MOZENIOBaHHSA NPOBEACHO 3 METOI0 BM3HAYCHHS ONTHMAJbHOI TOBLIMHH KOHBEpTEpa HpH
3a37ayierigb BH3HAYEHHX YMOBaX EKCIIEPHUMEHTY. J[0 yMOB EKCHEPHUMEHTY BIAHOCATHCS: €HEpril i THUI HEepPBHHHHUX YaCTHHOK,
IHTCHCHBHICTh ~ BUIIPOMIHIOBAaHHS, pO3MIPH MilICHi, B3a€EMHE pO3TAlIyBaHHA JDKEpelda BHIIPOMIHIOBAaHHA 1 MiIIeHi.
ExcriepuMenTanbHi  JOCTIDKEHHS TIPOIECIB palialiifHuX YIIKOJDKEHb, IO BiAOyBalOThCS B PO3UMHAX OPraHIYHMX OapBHHUKIB,
IUTAaHY€ThCSL IPOBOJUTH 3 BUKOPHUCTAHHSM JIIHIHHOTO TpHCKOpioBada enekTpoHiB «JIYE-300» HamioHaapHOTO HayKOBOTO IIEHTPY
«XapKiBChbKUH (i3UKO-TEXHIYHUH IHCTHTYT». B SIKOCTI MEpBMHHUX YaCTHHOK 00paHi enexTpoHH 3 eHepriero 15 MeB. Y nepmuiii cepii
SKCIICPUMEHTIB IUIaHYEThCS JOCTIIMTH B3a€MOII0 €JIEKTPOHIB 3 PEYOBMHOIO MilleHi. Y ApyTiil cepil eKkcrepuMeHTiB OyIyTb
MPOBOJIUTHUCS JIOCHTI/DKCHHSI B3a€MOAil TraMMa-KBaHTIB 3 pEYOBHHOK MimieHi. [l OTpUMaHHS MOTOKY TraMMa-KBaHTIB
BHKOPHCTOBYEThCS KOHBEpPTEP 3 Bosib(pamy. OJHUM i3 3aBJaHb MOJICIIOBAHHS € BU3HAUCHHS TOBLIMHU KOHBEPTEPa, MPHU SAKiH MOTIK
raubMiBHAX TaMMa-KBaHTIB 0€3MOCEPEAHBO MEepe] MIMIeHHIO Oyle MakCUMaJbHAM. Y TOH K€ Yac MOTIK €JIEKTPOHIB 1 MO3UTPOHIB
mepea MINICHHIO MOBHHEH OyTH MiHIManbHO MOXUMBUM. llle OZHMM BaKIMBHUM 3aBIaHHSAM POOOTH € BUSBICHHS MOKIJIHBOCTI
Bu3HaueHHA MeronoM Geant4-MoIeNMIOBaHHA BiJHOCHOI KIUNBKOCTI pajiallifHMX YIIKO/DKEHb B PEYOBHMHI MiIIeHI MiJ Hi€ro
raJbMiBHAX I'aMMa-KBaHTIB, a TAKOX IiJ JI€I0 €NeKTPOHIB i MO3UTPOHIB. OOUHCITIOBANBHI €KCIIEPUMEHTH IS Pi3HUX 3HAUCHb
TOBIIMHM KOHBepTepa — Bix 0 MM (HeMae KOHBepTepa) 10 8 MM IpoBezieHi 3 KpokoM 1 MM. BukoHaHO feTanbHUIl aHAI3 OTPUMaHUX
JaHux. B pe3ynbraTi aHanizy JaHUX NMPOBEJCHUX OOYHCIIOBANBHHMX SKCIIEPHMEHTIB OTpUMaHI 3HAYCHHs TOBILMHYU BOJIb(HPaMOBOIO
KOHBEpTepa, NPH SIKil MOTIK rajJbMiBHOIO BUIPOMIHIOBaHHS 0€3M0CEPEAHbO Hepel MIIICHHIO € MaKCHMaJbHUM, aje B TOW ke yac
MOTIK €JICKTPOHIB i TMO3UTPOHIB, L0 MEPETHHAIOTh MEXI MilleHi, He pOOUTH ICTOTHOTO BIUIMBY Ha MimieHb. OOUHCIIOBAIBHUI
eKCIIEpUMEHT IpoBezieHnit MetonoM MonTe-Kapio. {is nmpoBeneHHs po3paxyHKiB Hamu Oyinia po3po0ieHa KOMITIOTepHa porpaMa
MoBoto C++, sika BHKOpUCTOBYe 0i0mioTexkn kimaciB Geant4, i mpaioe y 0araToroTOKOBOMY pexuMi. bararo MOTOKOBHH pexXAM
HEOOXiTHUH I 3MEHIICHHS 4Yacy OOYHCIICHb IPH BHKOPHCTAHHI BEJIMKOI KITBKOCTI NMEpBUHHHX elekTpoHiB. [Ipm mpoBeneHHI
po3paxyHKiB BUKopHucToByBanacs Mozxens G4EmStandardPhysics option3 momymnst PhysicsList. HeoOximHi fu1st BUpIMIEHHS 3aBIaHHS
PO3paxyHKH 31ifiCHEHI 3 BHKOPHCTAHHSIM HaBUYaJBHOI'O OOYMCIIIOBAJIBHOTO KiacTepa HaykoBo-HaB4anbHOro iHcTuTyTy «@i3mko-
TexHIuHMH (akynpTeT» XapKiBCHKOro HallioHansHOro yHiBepcuteTy iMeHi B.H. Kapasina.

KoirouoBi cioBa: ranbMiBHE BHUIPOMIHIOBaHHsS eleKTpoHiB, Geant4-MOIeIOBaHHS, KOHBEPTEp aJbMIBHOTO BHIIPOMiHIOBAHHS,
B3a€MO/Iisl BUIIPOMIHIOBAHHS 3 PEYOBHHOIO.



