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The characteristics of bremsstrahlung (BS) irradiated at different angles from a three-layer converter made of Ta, 

water, and Fe, the electron energy is 7.5 MeV, was investigated. It is shown that Ta thickness increasing leads to 

increasing of Eav – the average energy of BS, but Eav decrease with increasing BS emitted angle relative to the 

electron trajectory. It is shown that the depth-dose distribution of the irradiated polyethylene depends on both the 

incident angle on the surface and the spectral composition of BS. For double-side irradiation, the maximum object 

thickness depends on the BS angle interval at a fixed dose inhomogeneity DUR. The use of BS filters made of heavy 

materials was proposed for irradiation of materials requiring high depth-dose uniformity (small DUR values). 

PACS: 29.25.-t, 29.85.-c, 52.59.-f, 24.10.Lx 

 
The possibility to form the bremsstrahlung (BS) 

characteristics, which provide the maximum thickness 

of the irradiated objects at a given value of the dose 

uniformity ratio (DUR), is investigated. The electron 

beam is incident perpendicularly to the surface of the 

converter, while the transverse dimensions of the 

converter are larger than the diameter of the electron 

beam. The BS generation by 7.5 MeV electrons is 

calculated by the Monte Carlo method (PENELOPE 

package) in a three-layer converter with different 

thicknesses of Ta, water, and Fe. Fig. 1 shows an 

irradiation scheme of large moving objects by BS 

radiation. 
 

 

Fig. 1. Irradiation scheme of large moving objects by 

bremsstrahlung radiation 
 

The water thickness of 1.5 cm and steel of 2.5 mm in 

the converter are chosen so that the primary electrons do 

not reach the irradiated object. Changes in the photon 

yields and spectral characteristics of BS at different 

angles are investigated. Fig. 2 shows the BS yields as a 

function of the Ta target thickness for the angular 

ranges  = 0…30, 0…48, 0…90 (Total). The 

calculations show that increasing Ta thickness causes 

that -quanta with higher energy appear in the BS 

spectra due to the absorption of low-energy photons in 

the Ta target [1]. Fig. 3 shows the dependences of the 

average photon energy on the angle of photon emission 

from the converter for different thicknesses of the Ta 

target. One can see that the average BS energy Eav 

decreases with an increase of the photon emission angle, 

and Ta layer increase in the thickness from 0.8 to 

2.4 mm leads to increase of Eav. 
 

 

Fig. 2. Dependences of the BS yields on the Ta target 

thickness for the angular ranges 

 = 0…30, 0…48, 0…90 (Total) 

 

 

Fig. 3. Dependences of the average photon energy on 

the angle of photon emission from the converter for 

different thicknesses of the Ta target 
 

The incidence angles and the spectral composition of 

BS, which depends on the incidence angle, are the 

initial data for calculating the depth-dose distributions 

of polyethylene in the PENELOPE package. Fig. 4 

shows the BS spectra for the converter with a 1.4 mm 

thick Ta target. 
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Fig. 4. BS spectra for the converter with 1.4 mm thick 

Ta target 
 

Calculations of deposited depth-doses in 

polyethylene, caused by BS falling on the surface of an 

object at different angles, are carried out [2]. Fig. 5 

shows the dependences of the specific (per unit area) 

deposited depth-dose in polyethylene for different 

incidence angles of BS within the angular intervals of 

angles  = 6. 
 

 

Fig. 5. Dependences of the deposited depth-dose in 

polyethylene for different incidence angles of BS 
 

It follows from the data shown in Fig. 6 that with a 

significant deviation of the BS incidence angle from the 

normal, the near-surface deposited dose is much higher, 

and at thicknesses greater than 20 cm it is less than for 

BS incident perpendicularly to the object. The 

distribution of the depth-dose in the irradiated 

polyethylene depends on the incidence angles and the 

BS spectra corresponding to these angles, as well as the 

angular distribution of BS generated by the converter. 

Using the technique proposed in [3], the calculations 

of dose distributions for double-sided irradiation under 

bremsstrahlung radiation from an extended converter 

were completed. The deposited depth-dose at a depth X 

with double-sided irradiation is determined by the ratio: 
 

( ) ( ) ( ), ,   ,     ,dsD X Xo D X D Xo X =  − −  ,(1) 

 

where D (X, ) is the deposited depth-dose in 

polyethylene for the incidence angles interval  of BS, 

Xo is the thickness of the object. 

The dependences of the deposited depth-dose on the 

thickness of polyethylene under double-sided irradiation 

for different ranges of the BS incidence angles with 

inhomogeneity DUR = 1.5 are shown in Fig. 7. 

 

Fig. 6. Dependences deposited depth-dose on 

thickness of polyethylene for different intervals of the 

BS incidence angles 
 

 

Fig. 7. Dependences of the deposited depth-dose on 

the thickness of polyethylene under double-sided 

irradiation for different ranges of BS incidence angles 

 

The thickness of polyethylene significantly depends 

on the BS incidence angle ranges for a fixed value of 

DUR. In our case, double-sided irradiation at 

DUR = 1.5 is considered. Table shows the dependences 

of the thickness t, the ratio of the thicknesses t()/t(0-

90) and the ration of the deposited energies 

Edep()/Edep(0-90) in the object on the intervals of the 

incidence angles for double-sided irradiation of 

polyethylene. 
 

Polyethylene thickness vs incidence angle ranges,  

DUR = 1.5 

 0…18 0…30 0…48 0…90 

t = Thickness, cm 85.5 82.6 77.1 68.8 

t()/t(0-90) 1.24 1.20 1.12 1.00 

Edep()/Edep(0-90) 0.573 0.763 0.919 1 
 

In radiation technologies, the inhomogeneity of the 

deposited depth-dose DUR = 1.5 is usually used for 

food irradiation processing by BS radiation. In 

technological processes connected with a change in the 

properties of the irradiated materials, the DUR value 

should be smaller than 1.15. Under the condition of 

maximum thickness under double-sided irradiation, the 

minimum inhomogeneity of the deposited depth-dose 

distribution is determined by the ratio of Dmax to Dmin, 
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where Dmin is the dose on the surface of the object [1]. 

In [1], filters made of light elements (in particular, Al) 

are used to equalize the depth distribution of the dose 

under electron irradiation. In the case of irradiation by 

BS photons, Pb is used as a filter, which well absorbs 

low-energy photons. Fig. 8 shows the dependences of 

the deposited depth-dose on the thickness of 

polyethylene irradiated without filter and with Pb filter 

for different ranges of the BS incidence angles. 
 

 
Fig. 8. Dependences of the deposited depth-dose on 

the thickness of polyethylene irradiated without filter 

and with Pb filter for different intervals of the BS 

incidence angles 
 

The optimal magnitudes of Xo were determined 

from the doses equality on the surface and in the center 

of the object, and is determined by the following 

relation: 

( ) ( )0, ,   / 2, ,ds dsD Xo D Xo Xo =  .  (2) 

 

 
Fig. 9. the dependences of the deposited depth-dose on 

the thickness of polyethylene under double-sided 

irradiation with 2 mm Pb filter for different ranges of 

the BS incidence angles 

Fig. 9 shows the dependences of the deposited 

depth-dose on the thickness of polyethylene under 

double-sided irradiation with 2 mm Pb filter for 

different ranges of the BS incidence angles. 
 

CONCLUSIONS 
 

The characteristics of BS produced by electrons with 

7.5 MeV energy in a three-layer converter with different 

thicknesses of Ta, water, and Fe target are investigated. 

Changes in the yields and spectral characteristics of BS 

at different angles are calculated. It is shown that the 

average energy of BS decreases with increasing angle 

relative to the electron trajectory. An increase in the Ta 

layer thickness leads to increase of the energy Eav. 

Taking into account the spectra, the distributions of 

deposited depth-doses of polyethylene by BS incident 

on the surface of the object at different angles are 

calculated. The incidence angles and the BS spectra 

corresponding to these angles are shown to affect the 

formation of the depth-dose distribution of the irradiated 

polyethylene. For double-sided irradiation at a fixed 

value of the dose inhomogeneity DUR, the thickness of 

the object depends on the BS angle range. For 

technological processes related with a change in the 

properties of irradiated materials requiring high dose 

uniformity (low DUR values), the use of BS filters 

made of heavy materials is proposed. 
 

REFERENCES 

1. V.T. Lazurik, V.G. Rudychev, et al. An increase 

of utilization efficiency of X-ray beam // Radiat. Phys. 

Chem. 2007, v. 76, р. 1787-1791. 

2. V.G. Rudychev, V.T. Lazurik, Y.V. Rudychev. 

Influence of the electron beams incidence angles on the 

depth-dose distribution of the irradiated object // Radiat. 

Phys.  Chem.  2021,  v. 186,  p. 109527; 

https://doi.org/10.1016/j.radphyschem.2021.109527 

3. A. Lisitsky, S. Pismenesky, G. Popov, V. Ru-

dychev. Quality improvement of irradiating technique // 

Radiat. Phys. Chem. 2002, v. 63, p. 591-594. 

4. J. Meissner, M. Abs, M.R. Cleland, et al. X-Ray 

Treatment at 5 MeV and Above // Radiat. Phys. Chem. 

2000, v. 57, N 3-6, p. 647-651 

5. F. Stichelbaut, J.-L. Bol, M.R. Cleland, et al. The 

PalletronTM: A High-Dose Uniformity Pallet Irradiator 

with X-Rays // Radiat. Phys. Chem. 2004, v. 71, issues 

1-2, p. 291-295 

6. L. Ruihong, H. Yueping. Study of the X-ray 

energy utilization efficiency of the X-ray digital 

imaging systems in industrial applications // Nucl. Instr. 

Meth. in Physics Research A. 2010, v. 622, p. 368-372. 

Article received 21.02.2022 

 

ОПТИМІЗАЦІЯ ХАРАКТЕРИСТИК ГАЛЬМІВНОГО ВИПРОМІНЮВАННЯ  

ДЛЯ ОПРОМІНЕННЯ ОБ'ЄКТІВ ВЕЛИКОЇ ТОВЩИНИ 

В.Г. Рудичев, М.О. Азаренков, І.О. Гірка, Є.В. Рудичев 

Досліджено характеристики гальмівного випромінювання (ГВ), що виходить під різними кутами з 

тришарового конвертера з Ta, води та Fe, енергія електронів 7,5 МеВ. Показано, що збільшення товщини Ta 

призводить до зростання Eav – середньої енергії BS, але Eav падає зі зростанням кута вильоту ГВ відносно 

траєкторії електрона. Показано, що розподіл дози по глибині поліетилену, що опромінюється, залежить як 
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від кута падіння на поверхню, так і від спектрального складу ГВ. Для двостороннього опромінення 

максимальна товщина об'єкта залежить від інтервалу кутів ГВ за фіксованого значення неоднорідності дози 

DUR. Запропоновано використання фільтрів ГВ із важких матеріалів при опроміненні матеріалів, що 

вимагають високої однорідності дози по глибині (малі значення DUR). 

 

 

ОПТИМИЗАЦИЯ ХАРАКТЕРИСТИК ТОРМОЗНОГО ИЗЛУЧЕНИЯ ДЛЯ ОБЛУЧЕНИЯ 

ОБЪЕКТОВ БОЛЬШОЙ ТОЛЩИНЫ 

В.Г. Рудычев, Н.А. Азаренков, И.А. Гирка, Е.В. Рудычев 

Исследованы характеристики тормозного излучения (ТИ) выходящего под разными углами из 

трехслойного конвертера из Ta, воды и Fe, энергия электронов 7,5 МэВ. Показано, что увеличение толщины 

Ta приводит к росту Eav – средней энергии BS, но Eav падает с ростом угла вылета ТИ относительно 

траектории электрона. Показано, что распределение дозы по глубине облучаемого полиэтилена зависит как 

от угла падения на поверхность, так и от спектрального состава ТИ. Для двустороннего облучения 

максимальная толщина объекта зависит от интервала углов ТИ при фиксированном значении 

неоднородности дозы DUR. Предложено использование фильтров ТИ из тяжелых материалов при 

облучении материалов, требующих высокой однородности дозы по глубине (малые значения DUR).  

 


