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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 
(C16H18N3SCl), as well as methyl orange (C14H14N3O3SNa), 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 Ее=15 MeV. The thickness of the foil is 
50 µm. 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 C16H18N3SCl was chosen as an organic dye, as one of the 
substances studied in [1]. 

The dimensions of the target are 
10 mm10 mm10 mm, i.e., rather small, due to the need 
for further studies of the target. The transverse 
dimensions of the converter are 40 mm  40 mm. The 
irradiated target is located at a distance of 1 mm after the 
converter. The thickness of the tungsten converter is 
varied from 0 mm to 8 mm in 1 mm increment in a series 
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  10 mm  10 mm 
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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 Ее=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 mm10 mm. The transverse dimension of the 
converter is 40 mm40 mm. 

The energy spectra of bremsstrahlung gamma quanta for primary electrons with energy Ee = 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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Figure 4. Energy spectra of gamma quanta crossing the target boundary 

 

 
Figure 5. The gamma quanta flux crossing the target boundaries, depending on the converter thickness  

 

 
Figure 6. The electrons flux crossing the target boundaries, depending on the converter thickness  
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Table1. Relative number of electrons crossing the target boundary, depending on the bremsstrahlung converter thickness for primary 
electrons with energy Ee = 15 MeV 

Tungsten 
thickness, mm 

0 1 2 3 4 5 6 7 8 

Amount of 
electrons in front 

of the target 

0.982 0.815 0.339 0.0703 0.0162 0.0112 0.0092 0.0076 0.0064 

 
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. 

 

 
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 Ee = 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 16O 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 16O nuclei with energies above 5 eV. This simulation was carried out for 
various values of the tungsten converter thickness. The dependence of the number of 16O 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 3.7×10-5. 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 5.4×10-4 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 6×10-4 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 16О nuclei with energies above 5 eV 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-МОДЕЛЮВАННЯ ОПТИМАЛЬНОЇ ТОВЩИНИ КОНВЕРТЕРУ ГАЛЬМІВНОГО ВИПРОМІНЮВАННЯ 
ДЛЯ ДОСЛІДЖЕННЯ ПРОЦЕСІВ РАДІАЦІНИХ ПОШКОДЖЕНЬ ПРИ ВЗАЄМОДІЇ ВИПРОМІНЮВАННЯ 

З РОЗЧИНАМИ ОРГАНІЧНИХ БАРВНИКІВ 
Т.В. Малихінаa,b, В.Є. Ковтунa, В.Й. Касіловb, С.П. Гоковb 

aХарківський національний університет імені В.Н. Каразіна, майдан Свободи, 4, 61022, Харків, Україна 
bНаціональний науковий центр «Харківський фізико-технічний інститут», вул. Академічна, 1, 61108, Харків, Україна 

Дослідження процесів, що відбуваються у речовині при проходженні через нього іонізуючого випромінювання, має важливе 
значення для вирішення різних задач. Прикладом таких задач є прикладні та фундаментальні завдання в галузі радіаційної 
фізики, хімії, біології, медицини та дозиметрії. Представлена робота присвячена комп'ютерному моделюванню параметрів 
вольфрамового конвертера для дослідження процесів радіаційних ушкоджень при взаємодії іонізуючого випромінювання з 
розчинами органічних барвників. Моделювання проведено з метою визначення оптимальної товщини конвертера при 
заздалегідь визначених умовах експерименту. До умов експерименту відносяться: енергії і тип первинних частинок, 
інтенсивність випромінювання, розміри мішені, взаємне розташування джерела випромінювання і мішені. 
Експериментальні дослідження процесів радіаційних ушкоджень, що відбуваються в розчинах органічних барвників, 
планується проводити з використанням лінійного прискорювача електронів «ЛУЕ-300» Національного наукового центру 
«Харківський фізико-технічний інститут». В якості первинних частинок обрані електрони з енергією 15 МеВ. У першій серії 
експериментів планується дослідити взаємодію електронів з речовиною мішені. У другій серії експериментів будуть 
проводитися дослідження взаємодії гамма-квантів з речовиною мішені. Для отримання потоку гамма-квантів 
використовується конвертер з вольфраму. Одним із завдань моделювання є визначення товщини конвертера, при якій потік 
гальмівних гамма-квантів безпосередньо перед мішенню буде максимальним. У той же час потік електронів і позитронів 
перед мішенню повинен бути мінімально можливим. Ще одним важливим завданням роботи є виявлення можливості 
визначення методом Geant4-моделювання відносної кількості радіаційних ушкоджень в речовині мішені під дією 
гальмівних гамма-квантів, а також під дією електронів і позитронів. Обчислювальні експерименти для різних значень 
товщини конвертера – від 0 мм (немає конвертера) до 8 мм проведені з кроком 1 мм. Виконано детальний аналіз отриманих 
даних. В результаті аналізу даних проведених обчислювальних експериментів отримані значення товщини вольфрамового 
конвертера, при якій потік гальмівного випромінювання безпосередньо перед мішенню є максимальним, але в той же час 
потік електронів і позитронів, що перетинають межі мішені, не робить істотного впливу на мішень. Обчислювальний 
експеримент проведений методом Монте-Карло. Для проведення розрахунків нами була розроблена комп'ютерна програма 
мовою С++, яка використовує бібліотеки класів Geant4, і працює у багатопотоковому режимі. Багато потоковий режим 
необхідний для зменшення часу обчислень при використанні великої кількості первинних електронів. При проведенні 
розрахунків використовувалася модель G4EmStandardPhysics_option3 модуля PhysicsList. Необхідні для вирішення завдання 
розрахунки здійснені з використанням навчального обчислювального кластера Науково-навчального інституту «Фізико-
технічний факультет» Харківського національного університету імені В.Н. Каразіна. 
Ключові слова: гальмівне випромінювання електронів, Geant4-моделювання, конвертер гальмівного випромінювання, 
взаємодія випромінювання з речовиною. 


