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The results of computer simulation of the high-energy electrons passage through thin layers of titanium (Ti) and polyimide Kapton®
(C22H10N20s) in the energy range from 3 MeV to 20 MeV are presented. Simulation is carried out using the Geant4 toolkit. The
number of primary electrons is 6.24x107 for each series of calculations. The thickness of the titanium foil in the model experiment is
50 pm, the thickness of the Kapton® film is 110 pm. The energies of primary electrons are chosen as following: 3 MeV, 5 MeV,
10 MeV, 15 MeV, and 20 MeV. The purpose of the calculations is to reveal the possibility of using the Kapton® film in the output
devices of linear electron accelerators. It was necessary to calculate the probable values of the energy absorbed in a Kapton® film
and in a titanium foil for each value of primary electrons energy. Another important characteristic is the divergence radius of the
electron beam at a predetermined distance from the film, or the electron scattering angle. As a result of calculations, the energy
spectra of bremsstrahlung gamma-quanta, formed during the passage of electrons through the materials of the films, are obtained.
The most probable values of the energy absorbed in the titanium foil and in the Kapton® film are calculated. The scattering radii of
an electron beam for the Kapton® film and also for the titanium foil at a distance of 20 centimeters are estimated. These calculations
are performed for electron energies of 3 MeV, 5 MeV, 10 MeV, 15 MeV, and 20 MeV. A comparative analysis of the obtained
results of computational experiments is carried out. It is shown that the ratio of the total amount of bremsstrahlung gamma quanta in
the case of use the Kapton® film is approximately 0.56 of the total amount of bremsstrahlung gamma quanta when using the titanium
foil. The coefficients of the ratio of the electrons scattering radius most probable value after passing through Kapton® to the most
probable value of the scattering radius after passing through titanium are from 0.62 at electrons energy of 3 MeV to 0.57 at electrons
energy of 20 MeV. The analysis of the calculated data showed that the use of Kapton® (C22H10N20s) as a material for the
manufacture of output devices for high-energy electron beams is more preferable in comparison to titanium films, since the use of
Kapton® instead of titanium makes it possible to significantly reduce the background of the generated bremsstrahlung gamma quanta
and reduce the scattering radius of the electron beam.

Keywords: bremsstrahlung, Geant4-simulation, LINAC, Kapton® film, (C22H10N20s), interaction of radiation with matter, electron
angular scattering.
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Linear electron accelerators are used to solve various applied problems related to the processes and effects
occurring during the interaction of ionizing radiation with matter. These problems include irradiation of samples
required for research in nuclear and medical physics, in particular, the improvement of methods for the production of
radioisotopes. Applied studies of irradiated materials properties, as well as many other problems, are no less important
tasks. All these tasks in most cases require an electron beam with certain characteristics. For example, there is a
requirement to minimize the radius of the electron beam, as well as to reduce the bremsstrahlung background after
passing through the output device of the electron accelerator. Great attention is paid to the study of the influence of the
primary electron flux angular distribution on the irradiated object in work [1]. In particular, the study of the absorbed
dose distribution was carried out depending on the penetration depth of the electron beam. The electron scattering angle
at low energies (up to 10 MeV) was calculated for polyethylene layers. The layers thickness was more than 1 radiation
length. The results of these studies suggest the expediency of studying the angular scattering of electrons after passing
through thin polymer films, which could be used in the output devices of accelerators. We chose Kapton® (C22H10N20s)
as an object to study the possibility of optimizing the accelerator beams parameters in the energy range from 3 MeV to
20 MeV. We took into account the physical and chemical properties [2, 3] of Kapton®, in particular, the Kapton®
density, the value of the critical energy, etc. Kapton® is a fairly stable material in the range from low temperatures to
+400°C [4]. Despite the widespread use of Kapton® [3, 4] in medicine, aircraft construction, astronautics, vacuum
technology, and other industries, the possibility of its use in accelerator technology has not been sufficiently studied.

MATERIALS AND METHODS
We carried out a computer simulation of the passage of electron beams of various initial energies through a
titanium foil. This simulation is carried out in order to study the possibility of optimizing the parameters of the output
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devices of linear electron accelerators. The output window of a typical LINAC usually is made of titanium foil. We
consider the titanium foil thickness of 50 microns. This value of the titanium foil thickness is selected in accordance to
the real foil thickness used in the LINAC-300 accelerator at National Scientific Center "Kharkiv Institute of Physics and
Technology". The energies of primary electrons are equal to 3 MeV, 5 MeV, 10 MeV, 15 MeV, and 20 MeV in the
simulation. The fluencies of bremsstrahlung gamma quanta and the electron beam scattering radii are calculated at a
distance of 20 centimeters after the foil, since an irradiated target is supposed to be installed in this position. Similar
calculations are performed for the Kapton® film with a thickness of 110 um. This thickness of the Kapton® film was
chosen for our research because of studies of the mechanical properties of various thicknesses of Kapton® films were
carried out earlier in laboratory conditions. The obtained data were in good agreement with the data from the
manufacturers' catalogs [5], as well as with the literature data [6].

We have developed a computer program in the C++ language that uses the Geant4 toolkit [7-9] for modeling the
processes of interaction of radiation with matter. The primary electrons amount is 6.24x107, and the threshold E, for
particle tracking [7] is 0.1 pum. We have used the low energy emlivermore model of the PhysicsList unit. This
model is based on the data of EEDL, EPDL libraries [9], and is applicable for electromagnetic processes modeling in
the energy range from 100 eV to 20 GeV.

The results of Monte Carlo simulation of the absorbed energy spectra in the titanium foil and in the Kapton® film
are shown in Figure 1. The calculation results are normalized to 1 primary electron. It can be seen that the most
probable value of the absorbed energy in the case of using Kapton® is slightly less than the most probable value of the
absorbed energy in the case of using titanium. The value of the absorbed energy is calculated for two values of the
primary electrons energy. These values are 3 MeV and 15 MeV. The most probable values of the absorbed energy in
Kapton® and titanium are obtained as a result of statistical data processing. The value of the electron energy absorbed
in Kapton® is 17 keV for both values of the primary electron energy. The most probable energy absorbed in titanium is
20 keV for primary electrons with energy of 3 MeV, and 21 keV for primary electrons with an energy of 15 MeV. The
statistical error is no more than 1%. The step of creating histograms when calculating the energy spectra is 1 keV.
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Figure 1. Energy spectra of absorbed energy in the titanium foil and in the Kapton® film for primary electron energies of 3 MeV and
15 MeV (triangles indicate values for Kapton®, circles indicate values for titanium)

The total and average values of the energy absorbed in titanium and in Kapton® during the passage of 3 MeV
electrons beam, as well as 15 MeV electrons beam are presented in Table 1.

Table 1. Total (for Ne=6.24x107) and average values of energy absorbed in titanium and in Kapton®

Titanium 50 microns
Electrons Total absorbed energy, MeV Average value of absorbed energy, MeV
energy, MeV
3 Sum= 1.79x10° Sum/N¢= 0.0286
15 Sum= 1.82x10° Sum/Ne= 0.0292
Kapton® 110 microns
Electrons Total absorbed energy, MeV Average value of absorbed energy, MeV
energy, MeV
3 Sum=1.514x10° Sum/Ne=0.0243
15 Sum=1.514x10° Sum/Ne=0.0243
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The scattering radii of electrons at a distance of 20 cm after passing through a 50 um thick titanium foil are
estimated by the Monte Carlo method. A similar series of simulations is carried out to estimate the scattering radii of
electrons after passing through a Kapton® film with a thickness of 110 um. The distance of 20 cm after the foil is
chosen as the position at which we estimate the electron scattering radius, because the irradiated sample will be placed
at this position. The calculations are carried out for several values of the primary electrons energy. These values are
3 MeV, 5 MeV, 10 MeV, 15 MeV, 20 MeV. The number of simulated events is 6.24x107. The graphs characterizing the
value of the scattering radius of the electron beam after passing through the titanium foil, as well as after passing
through the Kapton® film, for each energy of primary electrons are shown in Figure 2. The corresponding values of the
scattering radii, as well as the comparison result, are presented in Table 2. The error in determining the scattering radii
of electrons is 0.1 mm. This error is due to the size of the histograms calculating step during data processing. Graphs of
changes in the values of the electrons scattering radii depending on the primary electrons energy for each of two
materials are shown in Figure 3.
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Figure 2. The scattering radius of electrons of various energies after passing through the titanium foil as well as after
the Kapton® film at 20 cm distance after the film or foil

Table 2. The most probable values of scattering radii of electrons at the distance of 20 cm after the titanium foil or the Kapton® film,
as well as the ratio coefficient of the electron scattering radii

Electrons energy, The most probable scattering The most probable scattering The coefficient of
MeV radius (mm) of electrons after radius (mm) of electrons after the scattering radii

the Kapton® film, 110 pm the Ti foil 50 um ratio

3 13 21 0.62

5 8 14 0.57

10 4 7 0.57

15 2.5 4.5 0.56

20 2 3.5 0.57

It can be noted (Fig. 2, Table 2) that with an increase in the primary electrons energy, the scattering radius
decreases both in the case of using titanium and in the case of using Kapton®. However, in the case of using the
Kapton® film, we have a much smaller scattering radius. For example, the scattering radius for 10 MeV electrons when
using Kapton® is 4 mm (Table 2). This value is even less than the scattering radius of 15 MeV electrons in the case of
using the titanium film. The scattering radius of 15 MeV electrons is 4.5 mm.

It can be noted that the general tendency towards a decrease in the electrons scattering radius persists with an
increase in the electron energy from 3 MeV to 20 MeV (Table 2). The scattering radius of electrons at the distance of
20 cm after passing through the Kapton® film is smaller than the scattering radius of electrons after passing through the
titanium foil. Therefore, we can assume that the use of the Kapton® film instead of the titanium foil in the design of the
linear electron accelerators output devices would make it possible to obtain narrower electron beam.

One of the tasks of this work is to determine the possibility of reducing the bremsstrahlung background after
passing through the output device of the electron accelerator. The energy spectra of bremsstrahlung gamma quanta at
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the distance of 20 cm after passing through the titanium foil, as well as after the Kapton® film, are shown in Figure 4.

The calculation step for each spectrum is 100 keV.
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Figure 3. The comparison of the electrons scattering radii at the distance of 20 cm after the titanium foil (blue solid dots) as well as
after the Kapton® film (green open points)
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Figure 4. The comparison of the bremsstrahlung spectra at the distance of 20 cm after the titanium foil as well as after the Kapton®
film for different values of the primary electrons energies

It can be seen (Figure 4) that the amount of bremsstrahlung gamma quanta at the distance of 20 cm after a 110 um
thick Kapton® film is less than the amount of bremsstrahlung gamma quanta after a 50 um thick titanium foil for the
same values of the primary electrons energy. The numerical values of the bremsstrahlung gamma quanta amount for
each material, as well as the coefficient of their ratio, are presented in Table 3.

Table 3. The numerical values of the bremsstrahlung gamma quanta amount (S) for each material, as well as the coefficient of their

ratio, at the distance of 20 cm after Kapton® or titanium

Electrons energy, MeV S (for Kapton®) S (for Ti) S(Kapton®) / S (T1)
3 452486 804833 0.562
10 634884 1.148E6 0.553
15 676580 1.198E6 0.564
20 724679 1.309E6 0.554

Figure 5 shows the values of the bremsstrahlung amount at the distance of 20 cm after the foil. Data are

normalized to 1 primary electron.
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Figure 5. The comparison of the bremsstrahlung fluences at the distance of 20 cm after the titanium foil (blue solid points) as well as
after the Kapton® film (green open points)

Gamma quanta are formed as a result of the primary electrons passage through the titanium foil, or the Kapton®
film (Figure 5). It can be noted that in the case of using Kapton®, the fluence of bremsstrahlung gamma quanta is
significantly less.

CONCLUSIONS

A series of simulations of the electron beam passage through 50 um thick titanium foil, as well as through 110 pm
thick Kapton® film, are carried out for electrons of various energies. The eclectron energies are 3 MeV, 5 MeV,
10 MeV, 15 MeV, and 20 MeV. The fluence values of bremsstrahlung gamma quanta after the passage of the foil as
well as after the film are obtained as a result of simulation. The most probable values of the absorbed energy in the
titanium foil and in the Kapton® film are calculated for each value of the primary electrons energy. The values of the
most probable scattering radius of an electron beam after passing through a 50 um thick titanium foil and after passing
through a 110 pm thick Kapton® film were calculated for the same values of the primary electrons energy. A
comparative analysis of the obtained results of computational experiments is carried out. It is shown that the ratio of the
total amount of bremsstrahlung gamma quanta when using a Kapton® film is approximately 0.56 to the total amount of
bremsstrahlung gamma quanta when using a titanium film. The ratio coefficients of the most probable values of the
scattering radii of electrons at a distance of 20 cm after passing through Kapton® to those after titanium are from 0.62
at 3 MeV electrons energy to 0.57 at 20 MeV electrons energy.

Analysis of the calculated data showed that the use of Kapton® (C,2H;oN2Os) as a material for the manufacture of
high-energy electron beam output devices is promising in comparison to titanium films. The use of Kapton® instead of
titanium makes it possible to significantly reduce the background of the produced bremsstrahlung gamma rays, as well
as to reduce the scattering radius of the electron beam. Additional studies of the material thermal stability are necessary
for the final decision on the experimental research.
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MOJEJIOBAHHS TPOXO/)KEHHS ITYYKA BUCOKOEHEPTETUYHHUX EJIEKTPOHIB
YEPE3 TOHKI IIIBKA TUTAHY TA KAIITOHY®
T.B. Maauxina®?, C.I'. Kapnycs®, O.0. lllonen®, B.I. lpucryna®
“Xapriscokutl nayionanbHull yHieepcumem imeni B.H. Kapa3zina
bHayionanvhuii nayxosuii yenmp «Xapxiscokutl hizuxo-mexuiuHuti incmuntymy

IpencraneHi pe3yibTaTH KOMII'IOTEPHOTO MOJENIOBAHHS IPOXOKEHHS BHUCOKOCHEPreTHYHMX EJIEKTPOHIB 4epe3 TOHKI IIapu
turany (Ti) ta Kantony® (C22H10N205) y nianasoni exepriit Big 3 MeB 1o 20 MeB. MozenioBaHHs NPOBEEHO 3 BUKOPUCTAHHAM
6ibmiorexu knacip Geant4. KinbkicTh NEPBUHHUX €JEKTPOHIB aopiBHIOBama 6.24x107 mis koxHOi cepii pospaxyskis. Topmuna
THUTAHOBOI (OJIBTH Y MOJENBHOMY €KCHepUMEHTi nopiBHIoBaia 50 MkM, ToBiuHA IUIiBku 3 Kantony® popiBHioBama 110 MkM.
Eneprii nepBuHHUX eneKTpoHiB oOpani Takumu: 3 MeB, 5 MeB, 10 MeB, 15 MeB Ta 20 MeB. MeToto po3paxyHKIiB € BHSBICHHS
MOXKTMBOCTI BUKOPHCTaHHs IUTiBKH 3 KanToHy® y BHBIIHHX NPHUCTPOSX JIHIHHUX MPUCKOPIOBAYiB eIeKTpOoHIB. ToMy HEoOXiaHO
PpO3paxyBaTH BipOTifiHI 3HAYEHHS MOTJIMHEHOI y KaNTOHI Ta y TUTaHi €Hepril Uil KOXKHOI eHepril MepBUHHHUX eJIeKTPOHIB. Takox
BXITUBOIO XapaKTEPUCTUKOIO € PajiyC PO3XOKCHHS Iy4Ka €NEeKTPOHIB Ha TMEBHilM BiICTaHI BiX IUTIBKH, a00 KyT PO3CiIOBaHHS
€JIEKTPOHIB. Y pe3ysbTaTi POo3paxyHKiB OTPHMAHO €HEPreTUYHI CIIEKTPU TaIbMIBHHX TaMMa-KBaHTIB, IO YTBOPIOIOTHCS i Yac
IIPOXO/KEHHS eJIEKTPOHIB Uepe3 pedoBHHY IUIiBOK. Po3paxoBaHi HAaifOUIBII BipoTiAHI 3HAUEHHS MTOTJIMHEHOI y THTaHi Ta y KanToHi®
e”eprii. OmiHeHi paaiycd PO3XOKCHHS ITy4Ka EJCKTPOHIB JUIS IUTIBKM 3 KalTOHY, a TaKOX JIUIsl TUTAHOBOI IUTIBKM, HAa BiJCTaHI
20 cantumetpiB. Lli po3paxyHku mpoBeneHi s eHeprii enekTpoHiB 3 MeB, 5 MeB, 10 MeB, 15 MeB Tta 20 MeB. [IpoBenenuit
MOPIBHSUIBHUH aHaJIi3 OTPUMAHUX Pe3yJIbTaTiB O0UYNCIIOBATEHUX eKcriepuMeHTiB. [lokazaHo, 1o KOedillieHT BiTHOIIEHHS CyMapHOT
KIJIBKOCTI TAJIbMiBHUX TaMMa-KBaHTIB y pa3i BUKopycTaHHs MIiBkU 3 Kantony® cranoButh nprn6ian3Ho 0.56 10 cyMapHOi KilbKOCTI
raJbMiBHHX TaMMa-KBaHTIB y pa3i BUKOPHCTAaHHs IUIBKH 3 THTaHy. KoedilieHTH BigHONIEHHs HafOUIBII BipOTiZHOTO 3HAYCHHS
pazniycy po3ciloBaHHS €JIeKTPOHIB micis npoxomkeHHs KantoHy® 1o HaiOimbII BipOTiJHOTO 3HAYSHHS pajiyCy pO3CiIOBaHHS MicCs
TUTaHy jaopiBHIoe Bif 0.62 npu eneprii enextponiB 3 MeB no 0.57 npu eneprii enexrpoHis 20 MeB. AHaii3 po3paxyHKOBHX JaHUX
I0Ka3aB nepcrekTuBHicTs BukopuctanHsa Kantony® (C22HioN20s), sik Marepiany a1 BUrOTOBJICHHS BHBIJHMX IPUCTPOIB ITy4KiB
BHCOKOCHEPTeTHYHUX €JICKTPOHIB y MOPIBHSIHHI 3 IUTIBKAMHU TUTaHY, OCKUJIBKH JO3BOJISIE CYTTEBO 3HM3HUTH CYIYTHIH ()OH yTBOPEHHX
raJbMiBHAX raMMa-KBaHTIiB Ta 3MEHIINTH PaiiyC PO3CiFOBaHHS MMy4Ka eJIEKTPOHIB.

KorouoBi cioBa: ranpmiBHe BurpominioBanHs, Geant4-MozenOBaHHsL, JTiHIHHUNI IPUCKOPIOBAaY €JIeKTPOHIB, miiBka 3 Kantony®,
C22H10N20s, B3aeMo1ist BUIIPOMIHIOBAaHHS 3 PEIOBHHOIO, KyTOBE PO3CIIOBAHHS €JIEKTPOHIB.



