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Dependence of the distribution of absorbed electron flux energy
in matter on the beam cross section

Beams of electrons confined in space are widely used in technological operations on welding, cutting, surface
treatment. During the passage of electrons in matter, redistribution of beam energy losses occurs. The results
of energy loss modeling using the Monte Carlo method presented in this paper demonstrate the redistribution
of energy losses in the volume of the substance. There is an increase and then a decrease in energy loss as the
electron beam moves deeper into the material. In the direction perpendicular to the beam axis there is an ex-
pansion of the energy loss region and then a decrease in the diameter of this region. The presented calcula-
tions well explain the results of synthesis of refractory dielectric ceramics. The redistribution of energy losses
in the substance determines the morphology of the synthesized samples.

Keywords: synthesis, YAG: Ce ceramics, high-power electron flux, energy loss, Monte Carlo method, Gauss-
ian flux distribution, CASINO V2.5, specific energy losses.

Introduction

High-energy electron fluxes are widely used in a wide variety of applications. Electron fluxes are used
for the treatment of oncological diseases [1-4], in tomography [5-10]. Broad electron beams with energies
up to tens of megaelectronvolts and narrow focused streams are used for these purposes. Radiation steriliza-
tion of medical preparations and medical devices is becoming the main method [11-13]. Widespread espe-
cially in recent years electron fluxes have been used for the treatment of products, surface cleaning, welding,
cutting. As there are many variants of directions of use, technological electron accelerators of various power
and energy of electrons have been created [14-16]. One of the main qualities of electron beam technologies
is high efficiency (up to 70-80 %) of conversion of the supplied electrical energy into electron beam energy.

In recent years, attempts have been made to use electron beams for the synthesis of dielectric refractory
materials needed for photonics, semiconductor electronics, light sources, and optics. In [17-18] it is shown
that by direct impact of a powerful flow of high-energy electrons on the charge of refractory metal oxides it
is possible to obtain ceramics in a time less than 1 second, without the use of any other substances to stimu-
late the process.

Obviously, due to the variety of electron beam applications, which differ in energy, power, and beam
geometry, methods of rapid assessment of quantitative characteristics of the energy loss of electron beams as
they pass through matter are required. Such methods have been developed and allow predicting quite correct-
ly the distribution of absorbed energy during the passage of electron flow through matter [19-20]. In [21] it is
shown that the distribution of energy losses of electron beams of Gaussian shape or limited in cross-section
is inhomogeneous. There is a redistribution of energy in the target volume. This effect is very important to
take into account when using narrowly directed beams.

The purpose of the present work is to investigate the energy losses of a space-limited flow of high-
energy electrons in the volume of irradiated matter.

Modelling methodology

Monte Carlo calculations were performed for beams with a Gaussian flux distribution over the cross
section and the number of incident electrons equal to 10 000 and 100 000 at an energy of 1.4 MeV. Water
with a density of 1 g/cm” and the charge for the synthesis of yttrium-aluminum garnet (YAG) with a density
of 1.1 g/lcm® The CASINO V2.5 software developed at Sherbrooke University [22] was used as an object for
energy loss calculations.
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The programme does not take into account the effect of inelastic scattering on electron deflection and
groups all electron energy loss events into a continuous energy loss function [23]. Under this assumption, the
energy between collisions can be calculated using the following equations:

dE
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i+l |+ds ( )
— -3 n CZ. )
dE _785A07p , 52 5%in| 1.116] S vk, || [kev/nm] ®)
ds E ~F, 3,

where Z; and J; are the atomic number and average ionisation potential of element j, respectively. K; is a var-
iable depending only on Z;.

The elastic collision angle is determined using pre-calculated values of the partial elastic cross sec-
tion [24]. For regions containing multiple chemical elements, the atom responsible for electron deflection is
determined using the full cross section ratio [25].

Many features were added to the first version of CASINO 2.5 to improve the overall use of modelling.
A graphical interface allows the user to view results while the simulation is running to avoid wasting time on
simulations with incorrectly specified simulation conditions. A step-by-step wizard guides the user through
various dialogue boxes to define the sample, set parameters and select the distributions to be created. All
simulation data is stored in a single file to simplify the processing of results.

Modeling results

Water and charge for the synthesis of cerium-activated yttrium-aluminium garnet ceramics (YAG: Ce)
were chosen as objects for synthesis. Water is the closest medium in terms of absorption capacity to the tis-
sues of living organisms. The charge is used for the radiation synthesis of YAG: Ce ceramics studied with
the authors. The electron beam entering the material is scattered by atoms, ions of the substance, transfers its
energy to ionisation, generation of secondary electrons. As a result of these processes, as electrons pass
through the substance, there is a change in the spatial structure of the beam energy transfer. Part of the ener-
gy is transferred to the substance outside the beam cross-section. There is a concentration of energy losses
along the beam axis.

Figure 1 shows the results of modelling the distribution of electron energy losses in water as a function
of the beam width in water. The lines indicate the boundaries of equal losses indicated in the table. At beam
widths from 1 mm to 5 mm, the distribution function has a mushroom shape. As the beam width increases,
the general pattern of energy loss distribution approaches a rectangular form. The maximum of the absorbed
energy shifts from the surface along the beam. We emphasise that the above results correspond to the distri-
bution of losses in matter of fluxes with equal integral doses.
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Figure 1. Distribution of electron flux energy losses in matter as a function
of beam width (a) 1 mm, (b) 3 mm, (c) 5 mm, (d) 7 mm

At the electron flow width of 1 mm, the regions of equal losses have an oval shape. As the electron
beam width increases, the areas of maximum energy loss shift along the beam axis, and the oval shape of the
energy loss maximum approaches a circular shape.

Figure 2 shows the results of the modelling of energy losses by depth when passing through water. It
follows from the presented results that the distribution of energy losses along the beam depth has a complex
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character. As the beam passes through, the energy absorption by matter increases, reaches maximum values,
and then decreases. The electron travelling depth mainly depends on the electron energy. The influence of
the beam width on the energy loss distribution is insignificant. Electrons with energy of 1.4 MeV of beams
of different diameters penetrate into water to a depth in the range of 6.4mm-6.6mm.
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Figure 2. Electron spacings in matter as a function of beam width(a) 1 mm, (b) 3 mm, (c) 5 mm

Figure 3 shows the energy loss distribution of 1.4 MeV electrons when passing through the charge for
YAG synthesis. The charge is a mixture of Al,O3 (43 %) and Y,03 (56 %) powders with Ce,O3 (1.0 %) as
activator. The density of the charge was 1.1 g/cm®. Calculations were performed by Monte Carlo method
using 100 000 iterations. Figure 3 on the left shows the distribution of electron beam energy losses in a
cross-section of the irradiated volume along the beam axis. Figure 3 on the right shows the calculated values
of electron energy losses in cross sections perpendicular to the beam axis. The coloured lines indicate the
boundaries of the energy loss region of equal value indicated in the table.
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Figure 3. Distribution of electron energy losses along the beam axis and cross sections perpendicular to the beam axis

The maximum electron beam energy losses are near the beam axis. The distribution of specific energy
losses in sections perpendicular to the beam axis at depths of 0.77, 1.5, 3.87, and 4.64 mm is similar along
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the entire beam path, but differs in absolute value. In general, the energy losses along the beam axis change
according to the regularity shown in Figure 2. The losses are maximum in the region of the beam axis. The
losses decrease with distance from the axis. In the section perpendicular to the axis, the specific losses are
described by a circle with the centre on the axis. However, they differ due to the variation of the cross-
sectional diameter of the energy loss region as the beam passes through. The diameter of the circle increases
as it moves away from the surface, reaches a maximum value, and then decreases.

Discussion

In order to optimize the modes of radiation synthesis of ceramics, studies of the dependence of the syn-
thesis result on the electron flux power density on the charge surface, which is set in the experiment and well
controlled, are carried out. As shown above, the distribution of the absorbed radiation dose is not homogene-
ous over the irradiated volume both in the depth of the beam passage and in the cross section. The redistribu-
tion of absorbed energy in the volume should affect the morphology of the synthesized sample. This effect
should certainly be taken into account during synthesis. Therefore, it is necessary to establish a relationship
between the electron flux power density on the charge surface and the beam energy losses in the irradiated
region of the charge. To establish the relationship, we introduce the following definitions: integral electron
beam power density and specific beam energy losses in the charge volume. Under integral we will under-
stand the power density averaged over the entire beam area on the charge surface P,. Under specific energy
losses we will understand the energy losses of the electron flux in the unit of elementary volume W__ in the
irradiated area of the material with given coordinates.

For the synthesis of ceramics in the field of high-energy electron flow in [17-18], a Gaussian electron
beam with a diameter of 1.2 cm was usually used on the surface of the charge with an area of about 1 cm?.
The energy loss is maximum along the axis of the beam passing through the medium along the entire elec-
tron flow path. Along the beam axis, the energy loss increases, then decreases to 0 (Fig. 2). Energy losses
along the beam axis are maximum at some depth from the surface, depending on the electron energy and ab-
sorption capacity of the substance. In the cross-section transverse to the axis, the energy losses of the elec-
tron flow decrease from the maximum on the beam axis to 0. The diameter of the specific energy loss distri-
bution area grows along the beam axis to the maximum, then decreases. The distribution of specific energy
losses in the cross-section of the beam has a bell-shaped form similar to the one shown in Figure 4.

W, a.u

X, mm

Figure 4. Distribution of specific energy losses of electron flow in the cross-section perpendicular to the beam axis

This distribution of specific losses is qualitatively similar for all modes of radiation exposure at the
same experiment geometry and electron energy. With increasing integral power density, only absolute values
of specific losses grow proportionally, but the picture does not change qualitatively. Specific energy losses in
the whole volume of irradiated matter also grow proportionally.

In order to form ceramics in the radiation field it is necessary to overcome the threshold for the realisa-
tion of this process. Synthesis is realised in those areas of the charge in which specific energy losses of the
radiation flux exceed this threshold. Therefore, the morphology of the sample obtained by the radiation
method reflects the distribution of energy losses.
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Figure 5. Distribution of specific energy losses of electron flux along the beam axis

Figure 5 shows the results of calculations of the values of specific energy losses of the electron flux
with energy of 1.4 MeV along the beam axis in the charge. The results are presented in relative units of inte-
gral values of the electron flux power density W__ ., at the same exposure time, differing in the ratio 4:3:2:1.
The dotted line indicates the value of the threshold of specific electron flux energy losses W, sufficient to
realise the synthesis. Synthesis is realised in those regions where specific electron flux energy losses are suf-
ficient or exceed the threshold. Synthesis is not realised at W_ ... (1), it is realised on the electron flow path
with Wi a4 (3), WL au. (4) in the range from 0 to AZz and AZ,, respectively, as well as in the range from AZj,
to AZyq at W 44 (2). This explains the experimentally observed facts. At small values of the integral power
density of the electron flux, fusion is realised in the subsurface layer. The thickness of the synthesised ceram-
ics increases with increasing integral electron flux power density.
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JIEKTPOH aFbIHBI JHEPIUSACHIHBIH 3aTTAFbI CIHIPUIYIHiH TapaJybIHbIH
cdyJie KoJJIeHeH KHMAaChIHA TIYeJIIIri

KeHicTikTe IIEKTeNIreH 3JIeKTPOH coylieliepi AoHeKepIey, Kecy, OSTTi OHIey CHSKThI TEXHONOTHSIIBIK Onepa-
UsUIapa KeHIHeH KOJIaHBUIAAbl. DJCKTPOHIAP/bIH 3aT apKbUIbl OTyl Ke3iHAe coyle 3HEeprusChIHBIH
IIBIFBIHAAPB! KaliTa Gemineni. Ockl sxymbicta MoHTe-Kapio oficiH KojaHa OTBIPBIN YCHIHBUIFAH SHEPTHS
IIBIFBIHBIH MOJIENB/ICY HOTIDKEINep] 3aT KeJIeMiHAeri SHeprHs IIBIFBIHBIH KaiiTa Oyl kepceTreni. DIeKTpoH
coyJIeci MaTepHaiFa TepeHipeK eHIeH CailblH SHEPIHsl LIBIFBIHBIHBIH apTybl )KOHE KeHiHHEeH KeMyi OaiKasapbl.
Cayre ociHe NMepreHIUKyYIsIp OaFbITTa SHEPIUsl MIBIFBIHBI aiiMaFbIHBIH KEHEIO1 JKoHe KeHiHHEeH O0Chl alMaKThIH
JMaMeTpiHiH a3aiobl OaifKanaapl. Y CBIHBUIFAH €CenTeysep OTKA TO3IM/AI AUDJICKTPIIIK KepaMUKaHbl CHHTE3CY
HOTIDKEJICPIH JKAaKChl TYCiHIipedi. 3aTTaFbl JHEPrys IIBIFBIHAAPBIHBIH KaiTa OejiHyli CHHTE3[eNreH
YJIrinepaiH MOpQOIOTHsCHIH aHBIKTalIbL.

Kinm co30ep: cunte3, YAG:Ce kepaMHKachl, )KOFapbl KyaTThl JJISKTPOH aFbIHbI, YHEPIHs LIBIFBIHBL, MOHTe-
Kapio anici, I'aycc arpmabpmsig Tapanyst, CASINO V2.5, MeHITIKTI SHeprus IBFBIHAAPEL
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3aBHCHMMOCTDH pacnpeneeHHsI MOMIOIEHHOH IJHEPTUH MOTOKA JIeKTPOHOB
B BelleCTBE OT MONMEPEYHOro CeYeHusl MyIKa

Ily4xu 37€KTPOHOB, OTpaHUYEHHBIE B IPOCTPAHCTBE, MINPOKO HCIIOIB3YIOTCS B TEXHOJIOTHUECKUX OMEPAIIX
CBapKH, PE3KH U 00pabOTKU MOBEPXHOCTU. [IpH MPOXOKICHUM FJIEKTPOHOB B BELIECTBE MPOUCXOIUT Iepe-
pacrpeneneHre NMOTeph SHEPTUH IyduKa. Pe3ynbTaTel MOAEIMPOBAHUS TOTEPh SHEPIHU C HCIOIb30BAHHEM
Mmerona Monre-Kapno, mpencrapieHHble B JAaHHOW paboTe, JEMOHCTPUPYIOT INepepachpesiefieHHe MoTephb
SHepruu B o0beMe BemecTBa. HabmomaeTcst yBenudeHne, a 3aTeM yMEHbIIEHHE T0TePh SHEPTUH MO Mepe Y-
TyOJICHUs JIEKTPOHHOTO ITy4YKa B MaTrepuai. B HampaBieHnu, NepleHIUKYIIPHOM OCH ITyYKa, TPOHCXOIUT
pacmpenre o0JacTh IOTeph SHEPIHH, a 3aTeM yYMEHBLIEHHE IuaMeTpa 3Toil obnacth. IIpencraBieHHbIC
pacdeTsl XOpoIIo OOBSICHSIOT pe3yiIbTaThl CHHTE3a TYrOIUIaBKOM IMAIEKTpHUecKoi kepamuku. [lepepacmnpe-
JieJIeHHe TT0Teph SHEPTHHU B BENIECTBE OIpe/iessieT MOp(OIOTHIO CHHTE3NPOBAHHBIX 00Pa3IoB.

Knioueswvie cnosa: cunres, kepamuka YAG:Ce, BBICOKOMOIIIHBIN MTOTOK 3JIEKTPOHOB, IOTEPH SHEPTHH, METO
Mosnre-Kapio, rayccoBo pacmnpezenerue motoka, CASINO V2.5, yaenbHble OTepH SHEPTHH.
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