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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
2
 and the charge for the synthesis of yttrium-aluminum garnet (YAG) with a density 

of 1.1 g/cm
2
 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: 
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where Zj and Jj are the atomic number and average ionisation potential of element j, respectively. Kj is a var-

iable depending only on Zj. 

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. 

a b c d 

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. 

a b c 

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 Al2O3 (43 %) and Y2O3 (56 %) powders with Ce2O3 (1.0 %) as 

activator. The density of the charge was 1.1 g/cm
2
. 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. 

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 Pl. Under specific energy 

losses we will understand the energy losses of the electron flux in the unit of elementary volume WL 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
2
. 

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. 

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 WL, a.u. 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 Wc, 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 WL, a.u. (1), it is realised on the electron flow path 

with WL, a.u. (3), WL, a.u. (4) in the range from 0 to ΔZ3 and ΔZ4, respectively, as well as in the range from ΔZ2s 

to ΔZ2d at WL, a.u. (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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Д.А. Мусаханов, А.С. Көбей, М.Г. Голковский, А.Т. Тулегенова 

Электрон ағыны энергиясының заттағы сіңірілуінің таралуының 

сәуле көлденең қимасына тәуелділігі 

Кеңістікте шектелген электрон сәулелері дәнекерлеу, кесу, бетті өңдеу сияқты технологиялық опера-

цияларда кеңінен қолданылады. Электрондардың зат арқылы өтуі кезінде сәуле энергиясының 

шығындары қайта бөлінеді. Осы жұмыста Монте-Карло әдісін қолдана отырып ұсынылған энергия 

шығынын модельдеу нәтижелері зат көлеміндегі энергия шығынын қайта бөлуді көрсетеді. Электрон 

сәулесі материалға тереңірек енген сайын энергия шығынының артуы және кейіннен кемуі байқалады. 

Сәуле осіне перпендикуляр бағытта энергия шығыны аймағының кеңеюі және кейіннен осы аймақтың 

диаметрінің азаюы байқалады. Ұсынылған есептеулер отқа төзімді диэлектрлік керамиканы синтездеу 

нәтижелерін жақсы түсіндіреді. Заттағы энергия шығындарының қайта бөлінуі синтезделген 

үлгілердің морфологиясын анықтайды. 

Кілт сөздер: синтез, YAG:Ce керамикасы, жоғары қуатты электрон ағыны, энергия шығыны, Монте-

Карло әдісі, Гаусс ағынының таралуы, CASINO V2.5, меншікті энергия шығындары. 
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Д.А. Мусаханов, А.С. Кобей, М.Г. Голковский, А.Т. Тулегенова 

Зависимость распределения поглощенной энергии потока электронов 

в веществе от поперечного сечения пучка 

Пучки электронов, ограниченные в пространстве, широко используются в технологических операциях 

сварки, резки и обработки поверхности. При прохождении электронов в веществе происходит пере-

распределение потерь энергии пучка. Результаты моделирования потерь энергии с использованием 

метода Монте-Карло, представленные в данной работе, демонстрируют перераспределение потерь 

энергии в объеме вещества. Наблюдается увеличение, а затем уменьшение потерь энергии по мере уг-

лубления электронного пучка в материал. В направлении, перпендикулярном оси пучка, происходит 

расширение области потерь энергии, а затем уменьшение диаметра этой области. Представленные 

расчеты хорошо объясняют результаты синтеза тугоплавкой диэлектрической керамики. Перераспре-

деление потерь энергии в веществе определяет морфологию синтезированных образцов. 

Ключевые слова: синтез, керамика YAG:Ce, высокомощный поток электронов, потери энергии, метод 

Монте-Карло, гауссово распределение потока, CASINO V2.5, удельные потери энергии. 
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