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Investigations related with developments of computer simulation and computational methods for spectrometry of sources irradiation
are actual for decision of wide class of scientific tasks into industrial radiation processing. Investigations of influence of electron
beam spectrum characteristics on the spatial absorbed dose distributions formation into materials with various atomic numbers were
performed. Simulation of spatial distributions of electrons absorbed dose in an irradiated targets was accomplished with the Monte
Carlo method by the program ModeRTL. Analysis of numerical experiments results are discussed.
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JocimkeHHs, CIpsAMOBaHI Ha PO3BHTOK 3aCO0IB KOMI'IOTEPHOTO MOJEIIOBAHHS 1 PO3PaXyHKOBHX METOJIB U CIIEKTPOMETpii
JDKepell pajialifHOTO BHIPOMIHIOBAHHS, SBIIAIOTHCS AKTyadbHHMH IS PIMIEHHS IIHPOKOTO KiIacy 3afad B IIPOMHUCIIOBHX
panianiifHuX TexHoJorisx. [IpoBeneHO MOCTIPKeHHS BIDIMBY CIEKTPAJBHUX XapaKTepPHUCTHK ITydka eJEeKTPOHIB Ha (hOpMyBaHHS
PO3MOALTY TOTJIMHEHOI 03K Y MaTepiajax i3 pi3HIMH aTOMHUMH HOMepaMH. MoJIeoBaHHs IPOCTOPOBOIO PO3IOALTY ITOTJIMHEHOT
JO3U EJIEKTPOHIB B ONPOMIHIOBaHHMX MillleHSX NpoBoamiock MeronoM Monrte Kapno i3 Bukopuctanusm nporpamu ModeRTL.
OOroBOpIOIOTECS PE3yJIbTATH YHCETBHUX EKCIIEPUMEHTIB.

KJIFOYOBI CJIOBA: xomm’'ioTepHa CIEKTPOMETpis, PO3MOIiN I03H, CIEKTp eNeKTpoHiB, mMerox Monrte Kapmo, mporpama
ModeRTL
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HccnenoBanus, HampaBleHHbIE HA pPAa3BUTHE CPEACTB KOMIBIOTEPHOIO MOJEIMPOBAHHA M BBIYUCIHTEIBHBIX METOIOB IS
CIEKTPOMETPUN WCTOYHMKOB W3IIydEHHS, SBISIOTCS AaKTyaldbHBIMH IJISI pPEIICHHs IIHPOKOTO Kiacca HAaydHBIX 3aJad B
MIPOMBIIIUIEHHBIX  PaJUAIlIOHHBIX TexXHONOTHsAX. IIpoBeneHO WccieoBaHWEe BIMSHUS CIIEKTPATIBbHBIX XapaKTEPHCTHK ITydka
JJIEKTPOHOB HA (HOPMHUPOBAHUE pACTpeelIeHHH IOTIONIEHHOH [03bl B MaTepHalax C pa3IMYHBIMA aTOMHBIMH HOMEpPaMH.
MopenupoBanre HMPOCTPAHCTBEHHBIX pacHpeeNICHUH IOTIOMIEHHOH 03Bl AJIEKTPOHOB B OONy4YaeMbIX MHIICHSIX INPOBOAMIOCH
metogoM Mounte Kapro ¢ ncrions3oBanuem nporpammsl ModeRTL. OGcysknatorcst pe3yIbTaThl YACISHHBIX SKCIIEPUMEHTOB.
K/IFIOYEBBIE CJIOBA: xoMmbroTepHasi CHEKTPOMETpHs, pacHpeieieHue 103bl, CIEKTp 3J1eKTpoHOB, meron Monre Kapio,
nporpamma ModeRTL

At present electron beam (EB), X-ray and gamma processing are widely used in different industrial radiation
technologies, such as sterilization of medical devices, mail sterilization, foodstuff irradiation, advanced composites
modification, cross-linking of cables, bulk polymer modification, polymerization of monomers and grafting of
monomers onto polymers, tire and rubber pre-cure treatment, decontamination of clinical waste, purification of water
and gas wasters and others. The implementation of radiation technology in various fields of industry is accompanied by
an increasing number of industrial radiation facilities, expansion of assortment of products treated by ionizing radiation
and the development of new methods for radiation processing [1-2]. The usage of new industrial radiation technologies
require in increasing of number of controlled variable parameters of process irradiation as well as enhancement of
accuracy in determination of these parameters value. In particular it is concerned to monitoring of electron beam energy
and spectrum at EB accelerators.

The dosimetric devices and suitable mathematical methods recommended into International Standards for
radiation technologies based on EB accelerators allows to obtain only two scalar characteristics for EB spectrum:
average energy and most probable energy [3, 4]. Information about influence of an EB energy spread on an absorbed
dose distribution formation in an irradiated targets practically is absent. It means, that in the area of radiation processing
dosimetry there are the tasks, that are need in developments of new methods for computational dosimetry and
spectrometry of ionizing radiation. It should be noted that computational dosimetry and spectrometry do not required
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the use of special physical processes or it is difficult realized conditions to performing measurements. These techniques
are founded on use of mathematical calculations and special computing methods developed on base of mathematical
model of the measurement process for absorbed dose distribution of electrons in an irradiated material.

Investigations related with development of computer simulation and computational methods for spectrometry and
dosimetry of powerful sources irradiation are actual for quality control of radiation processing.

The objective of this study was the detailed computer analysis of influence of the EB spectrum on an absorbed
dose distribution formation in an irradiated targets. Estimation of uncertainties for method of EB energy control with
use of traditional devices such as dosimetric wedge and stack by computational dosimetry method are discussed in the
report. Computational dosimetry method suppose the use of computer simulation of radiation-technological process for
selected spectrum of electrons.

COMPUTATIONAL APPROACH IN SPECTROMETRY OF ELECTRON BEAMS

International Standards for radiation technologies based on EB accelerators allows to obtain only two scalar
characteristics for EB spectrum: E,, — average energy and E, — most probable energy [3, 4]. Uncertainties for an
absorbed dose distribution of electrons in the “critical” points of dose map as well as the values of non-uniformity for
absorbed dose of electrons when only two scalar characteristics £,, and £, for EB spectrum are controlled should be
estimated. “Critical” points of dose map are characterized by locations of the dose minimum (D,,;;,) and dose maximum
(Dmax) for the dose map in an irradiated product. Non-uniformity for absorbed dose distribution of electrons in an
irradiated product is characterized by relation DUR=D,,,,/Dy,. It is obvious that in general case the reply cannot be
obtained.

In practice for determination the spectral characteristics of electron beams the following parameters are used: £,
E, and energy spread E,, - is the full width of spectrum on the half of maximum. Therefore it is preferable to examine the
models of EB spectrum, which use these parameters.

Simplest form, that corresponds to three-parameters function y(E) is triangular form with parameters: £, F . -

the value of minimum energy of electrons in an EB spectrum, f_ - the value of maximum energy of electrons in an

» E

max

EB spectrum. The parameters E,» E

min

interlinking with £ _, E, E, by following equations:
E..=15E, -E —05E, E  =15E,+E, - 0.5E,- EB spectrum is described by the following formula:
h(E_Emin)/(Ep_Emin)’ Emin<ESEp
y(E) = h(E_Emax)/(Ep _Emax > Ep <E< Emax
0, E<E ,.VE=ZE_,.
- Emin) is the maximum function y(E).
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EB FACILITY AND SIMULATION MODEL OF RADIATION PROCESSING

Schematic representation of the EB facility used for simulation of the electron depth dose distributions in the
heterogeneous target irradiated with scanned EB and on moving conveyor are shown in Figs. 1(a) and (b). The gap
between exit window of accelerator and the incident surface of irradiated target is filled with air.

Simulation of EB dose distributions in an irradiated targets was accomplished with the Monte Carlo (MC) method
in a 2-dimensional geometrical model with the program ModeRTL [5, 6]. In the program a source of electron beam
including spectral characteristics, a scanner, a conveyor line and an irradiated target are considered as uniform self-
consistent geometrical and physical models.

The following processes of interaction of electrons with substance and their modeling conceptions were included
in the physical model of software ModeRTL:

» electrons lost energy by two basic processes an inelastic collision with atomic electrons and bremsstrahlung;

« inelastic electron collision with atomic electrons lead to excitation and ionization of the atoms along the path of
the particles (model of grouping of the transferred energy);

« emission of the secondary electrons (model of the threshold energy);

« electrons participated in elastic collisions with atomic nuclear lead to changes in the electron direction (model of
grouping of transferred pulse).

In the default mode of the software ModeRTL, the values of energy cut off and threshold energy of electrons are
selected in automatic regimes to provide the necessary space distribution for absorbed dose of electrons in an irradiated
target. All physical processes which assure obtaining of results with predetermined accuracy are taken into account at
simulation of an absorbed dose distribution of electrons. For example, for EB radiation processing in the energy range
of incident electrons from 20 keV to 10 MeV and irradiated materials with atomic number Z< 30, the model uncertainty
is less than 5% for calculated dose distribution in the field of the basic EB energy absorption. Software ModeRTL was
validated in some benchmarking experiments [5, 6, 7].

The software ModeRTL provides the end-user with: data sets in the graphic and tabular form for an absorbed dose
and charge depositions within the target irradiated with a scanned EB; comprehensive comparative analysis of output
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data; cognitive visualization of output data; decision of optimization problems with using dynamic and statistical
databases; presentation of physical and operational characteristics for radiation processing.

The features of the software ModeRTL are the following: 1. Detailed decomposition of spectral characteristics for
irradiation source. 2. Built-in tools for statistical analysis. 3. Built-in tools for uncertainties estimation of results
simulation due to uncertainties of input data for radiation facility. 4. Estimation of uncertainties for physical models. 5.
Comparison Modulus for visual and a numerical analysis of calculated and experimental data and for decision of

optimization tasks in radiation processing.
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Fig.1. Schemes of EB radiation facility with target and package box placed on moving conveyor.
a) The target irradiated by EB with triangular scanning. b) The target irradiated by EB with non-diverging scanning. Axis X -
direction of EB incidence, axis Y - direction of EB scanning, axis Z - direction of conveyer motion.

RESULTS AND DISCUSSIONS
Comparison results of the MC simulation of the absorbed dose distributions (ADD) of electrons in the
polyethylene (PE) target irradiated by scanned EB with various energy spread are shown in Fig.2. The flat PE target
with density 0.94 g/cm’ and thickness 4.7cm irradiated with scanned EB from two opposite sides.
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Fig.2. Comparison results: influence of the EB energy spread on absorbed dose distributions of electrons in the PE target. EB average
energy -5MeV. Two-sided irradiation. Non-divergent scanned EB. MC simulation.

Curves 1 and 2 — ADDs in the target center irradiated from opposite sides by scanned EB with triangular spectrum. Spectrum

parameters: E,,= E, = SMeV, E,, = 2.5 MeV. Curve 3 — total ADD from curves 1 and 2. Curve 4 - ADD in the target center.

Spectrum parameters: E,,= E, = 5MeV, E,, = 0 (mono-energy EB). Curve 5- ADD in the target center. Spectrum parameters: E,,= E,,

=5MeV, E, =5 MeV.

Analysis of the presented results (Fig.2) have shown that under changing of EB energy spread E,, the values of the
ADD of electrons significantly change in the target center and insignificantly change near the entrance surface of EB
into target. The target center is the critical area, because in this area the changing of an ADD influenced on the values of
dose uniformity ratio DUR=Dy,,,/Dyi, and on the optimal target thickness.

The values of relative variation for absorbed dose of electrons in the target center at 2-sided irradiation due to
variation of EB spectrum are represented in the Table. MC simulation was performed for process irradiation of target
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with optimal thickness by mono-energy EB with E,~= 0 and EB with wide triangular spectrum E,= E,. Calculation was
performed at various values of EB energy £, in the range from 1 to 10 MeV.

Presented results in the Table show that variation of absorbed dose values for EB in the center target at 2-sided
irradiation is increased with decreasing of EB energy for materials with small atomic number (PE, Water) and weakly
depends for materials with greater atomic numbers (Aluminum). Comparison of the MC simulation results for value
variation of the relative absorbed dose AD/D for EB in the center of target at 2-sided irradiation of various materials
irradiated with various EB energy as function of £,/ E, value are presented in the Fig.3.

Table
Variation of absorbed dose values for EB in the center target
E,, MeV 1 2 3 4 5 6 7 8 9 10
Material
AD/D, %

Polyethylene | 30.2 | 279 | 252 | 21.1 | 20.1 | 149 | 145 | 133 | 16.1 | 11.0

Water 305 | 259 | 28.0 | 247 | 222 | 22.1 | 194 | 164 | 17.6 | 12.6
Aluminum 196 | 213 | 21.8 | 21.9 | 209 | 219 | 21.2 | 21.1 | 18.6 | 184

Results (Fig.3) show that dependences of the absorbed dose AD/D as function of EB energy spread E,, have similar
view for various EB energy and atomic numbers of target materials. Therefore, for detection of general regularities, it is
interesting to compare obtained dependences at various conditions of normalization. The values of the absorbed dose
variations AD normalized on the value of maximal deviation for the absorbed dose ADy,, at EB energy E,, = E,, that is
(i.e.) when the width of EB spectrum is taken the maximal value, are presented in Fig.4. The values AD and AD,,, were
calculated in the target center at 2-sided irradiation with EB of various energy.
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Fig.3. Variation of the relative absorbed dose AD/D for EBin ~ Fig.4. Dependence of the absorbed dose variations AD normalized
the center of target at 2-sided irradiation. on the value of maximal deviation for the absorbed dose AD,,,, as
function £,/ E,, value.

As it is seen from Fig.4, the EB absorbed dose distributions into materials with various atomic numbers irradiated
with EB of various energy have similar view.

CONCLUSION

Investigations of influence of EB spectrum characteristics on the absorbed dose distribution formation into
materials with various atomic numbers irradiated with EB of various energy were performed with use of the
computational methods. It was shown, that at 2-sided irradiation of target by EB with variation of EB energy spread the
following features were observed:

* under changing of EB energy spread E,, the values of the absorbed dose distribution of electrons significantly
change in the target center and insignificantly change near the entrance surface of EB into target.

» variation of absorbed dose values for EB in the center target at 2-sided irradiation is increased with decreasing of
EB energy for materials with small atomic number and weakly depends for materials with greater atomic numbers.

* dependences of the absorbed dose AD/D as function of EB energy spread E,, have similar view for various EB
energies and atomic numbers of target materials.

Results simulations have shown that EB dose map variations can be greater in comparison with predetermined and
acceptable in practice uncertainties. This effect can be due to variation of EB energy spread even when controlled EB
characteristics such as an average energy and most probable energy are fixed. Therefore, further growth of dosimetry
and spectrometry for EB radiation processing related with development of hardware and software for control of the
energy spread. In particular, for realization this purpose the development of devices and spectrometry methods on the
base of charge deposition registration into multi layer absorber can be used.
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