DEVELOPMENT AND VALIDATION OF SOFTWARE
FOR SIMULATION OF PRODUCT PROCESSING REGIMES
AT AN ELECTRON ACCELERATOR

V.1. Nikiforov, N.M. Pelichatyi*, R.l. Pomatsalyuk, Yu.V. Rogov, V.A. Shevchenko,
A.Eh. Tenishev, V.L. Uvarov
National Science Center “Kharkov Institute of Physics and Technology”, Kharkov, Ukraine;
V.N. Karazin Kharkov National University, Kharkov, Ukraine
E-mail: uvarov@kipt.kharkov.ua

On the basis of the PENELOPE-2008 transport code, the three fundamental SW complexes for the modelling of
processes in objects of various geometry and materials exposed to the scanned electron beam have been developed.
For testing, the electron range and stopping power as well as photon absorption coefficients for different materials in
the particle energy range 1...30 MeV were calculated. The results obtained were compared with the reference data
given in the ICRU Report 35. At the second stage of validation, the computation and measurement of the absorbed
dose in the standard polystyrene calorimeter as well as the dose distribution in the rectangular phantom passing via
the zone of exposure to the scanned electron beam were conducted. Application of the developed SW enables the
analysis and optimization of the industrial irradiation regimes.

PACS: 81.40.Wx; 87.53.Bn; 87.55.km

INTRODUCTION

Recently, active development of techniques for
computer modelling of processes of the ionising radia-
tion (mainly, accelerated electrons, X-ray and gamma
radiation) interaction with the substance is observed. It
is caused by constant expansion of spheres and volumes
of radiation application in industry, medicine and other
areas, and also by the increase of requirements to quali-
ty of radiation technology implementation [1]. The basic
demand is keeping the absorbed dose of radiation, D, in
any point of the processed product in the range

Dmin SD SDmax ’ (1)
where Dpin and Dy are the minimum and maximum
values of the dose imposed by technological regulations,
respectively. For example, in case of radiation sterilisa-
tion, Dy, corresponds to the value of the sterilization
dose [2].

Ensuring the condition (1) execution by means of
the direct measurement of the dose distribution within
each item is practically impossible considering a bulk of
the processed product (usually, thousands cubic metres).
The standard decision of the problem is the keeping of
key parameters of the process in specified ranges gov-
erning the dose distribution in the given object, while a
direct dose control in specified points of selected ob-
jects.

In case of the technological installation with the
electron accelerator such parameters are [2]:

o electron energy;

e average beam current;

o width and shape of the beam scan;

e conveyor speed.

Corresponding SW based on these data enables to
calculate dose distribution within all volume of the irra-
diated object, and also, that is not less important, to pick
up the optimum regime of the processing for each kind
of the product, satisfying to the condition (1) at the min-
imum expense of the radiation resource.

By now, it has been developed a number of transport
codes on the basis of the Monte Carlo method, allowing
the modelling of processes of radiation interaction with
substance (Geant, PENELOPE, MCNP, FLUKA, EGS4,
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etc.). As a result of the analysis of references as well as
of own preliminary study data on the accuracy of simu-
lation of the electron-photon cascade transport in the
substance, a program system PENELOPE [3] has been
chosen as the basis. This package is intended for the
decision of stationary problems and cannot be directly
used for the dose calculation in objects moved through
the zone of irradiation with the scanning beam.

The communication deals with results of updating of
the PENELOPE-2008 code, and also of validation of the
SW developed in such a way on its compliance with
demands set by governing bodies on radiation technolo-
gy processes.

1. SW STRUCTURE

The main objective of the modelling is an ascer-
tainment of the state of radiation and its absorbed ener-
gy (dose) for the object in whole or for its separate part.
To solve this problem, an algorithm of the basic
PENELOPE package was modified (see the scheme in
Fig. 1, added operators and references to new program
modules are framed). In particular, the package has been
added with the three program complexes providing a
consecutive description of primary radiation, its
transport to the irradiated object and the interaction with
it.

So a program complex “BEAM” provides a descrip-
tion of the electron beam at the exit of the accelerator.
Modules of the complex model the random values of
energy and co-ordinates of points of the electron escape
within the beam cross-section with the set distribution
of the probability density

Modules of the “TRANSPORT” complex together
with modules of “BEAM” are intended for the simula-
tion of processes of the electron, photon and positron
transport in the various media, and also for the registra-
tion of the probability density distribution of the particle
state relative to the energy, radius and angle in various
points of modelled installations and objects.

A complex “DOSE” is intended for the modelling
and optimisation of the product processing regime at the
accelerator with the scanned electron beam relative to
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the absorbed dose distribution.

Read input file
CALL PEINIT
CALL GEOMIN
Source, counters settings
Set initial random seeds

N=0
N=N+1

I Particle initial state I

CALL CLEANS
CALL START

Store particle position, IBODY
CALL JUMP(DSmax,DS) —
CALL STEP(DS,Dseff,Ncross)

Ncross=0?

es
CALL KNOCK

I Data counting 2 I

Data counting 1

yes

Correct position I

es

Particles counters

|

l CALLSECfAR(LEFT) ]

( LEFT>0 es 'l Correct dose data |

v

D ves { N<NTOT )

Output of results

Fig. 1. Scheme of modified algorithm of PENELOPE
main program

In case when the modelling of radiation processes in
the concrete installation is needed, a special main pro-
gram is developed as well as a file with its initial pa-
rameters, a corresponding readout module, a file with
the description of the simulated system geometry, and
also a file of materials. For readout of radiation charac-
teristics in various points as well as of results of the
radiation influence on the irradiated object, special soft
modules- transducers were brought into service.

2. SW VALIDATION
2.1. COMPARISON WITH REFERENCE DATA

2.1.1. Testing of the developed package was con-
ducted in the two stages. At the first stage, a study of the
adequacy of the modelling of basic radiation processes
has been executed, beginning from the description of
the primary electron beam and finishing with the deter-
mination of principal characteristics of its interaction
with material media. As an example, some results of the
complex “BEAM” application for the description of
beam profile and spectrum of the accelerator KUT-30
[4] are shown in Fig. 2.

2.1.2. For testing of the complex “TRANSPORT”,
dependences of the range (Fig. 3,a) and stopping power
(Fig. 3,b) on electron energy as well as of the photon
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mass attenuation coefficient on their energy (Fig. 4) in
various materials were calculated.
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Fig. 2. Comparison of normalized experimental (dots)
and simulated (solid curves) electron distributions (a, b)

and beam spectrum (c)
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2.1.3. For the purpose of the complex “DOSE” ex-
amination, the distribution of the absorbed energy of the
electron beam at different electron energy in a number

of materials was calculated (Fig. 5).
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Fig. 5. Absorbed energy as function of normalized
depth in various materials at their irradiation with
electrons: z-depth, R-electron range in continuous

slowing-down approximation, S,-total mass stopping
power of material. Solid curves-result of simulation,
dots- data from the work [5]

2.2. BENCHMARK EXPERIMENTS

2.2.1. A power supply of the beam scanner of the
LU-10 Linac is controlled by PC [7]. It provides a pos-
sibility for the operator to set any shape of the beam
sweep. In particular, at carrying out of testing experi-
ments it was sinusoidal for the one half-cycle and linear
for the other (Fig. 6). Such mode of the scanning allows
to decrease the factor of non-uniformity of the dose dis-
tribution, Dpmax/Dmin. The dependence of the beam devi-
ation angle on time was defined by conditions

,_|F (t—Kt, ), at (k—0.25)t, <t < (k +0.25)t,,
R (t-(k+05)), at (k+0.25)t, <t < (k+0.75)t,

where k=0,1,2...
period.

()

is the number of the beam scanning
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Fig. 6. Shape of beam sweep at benchmark experiments
(Gmax — amplitude of beam deviation angle;
to — period of scanning)

In the course of the modelling, as random quantities
the position of the irradiated object relative to the plane of
the beam scanning (Fig. 7) and also, the interaction of
accelerated electrons with the object were considered
taking into account cyclic boundary conditions (2).

The calculated value of the dose, D., was deter-
mined from the expression

N
p, -+ sp, ©)
V-N iz
where H is the conveyor period (the distance between
equivalent surfaces of neighbour objects), V is the con-
veyor speed, | is the beam current, D; is the dose in the
point with co-ordinate x;, ‘N is the number of events.
lle
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Fig. 7. Scheme of modelling of moving object irradia-
tion with scanning electron beam

2.2.2. For the estimation of adequacy of calculation
of the absorbed dose in the moving object under influ-
ence of the scanned electron beam, a standard polysty-
rene calorimeter, commonly applied as a reference do-
simeter of electron radiation [8], was used as such ob-
ject. It represents a parallelepiped from cellular polysty-
rene measuring 29x29x10 cm, in the centre of which a
body of the calorimeter in the form of the disk from poly-
styrene of 138 mm diameter and 18 mm thick is situated.
In the disk, there a thermistor is inserted with contacts
leading to the external surface of the calorimeter.

\6 ®/,Red Perspex
=
< [l Conveyor

Fig. 8. Scheme of absorbed dose on-line measurement
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The absorbed dose is determined on the change of
the calorimeter body temperature as a result of irradia-
tion, measured from the thermistor resistance. The
scheme of the measurement is represented in Fig. 8.

The polystyrene calorimeter RISO and phantom
RISO, completely identical to the calorimeter, were
positioned on the transport container of the conveyor of
irradiation installation with the accelerator LU-10 [9]. In
the phantom, routine dosimeters of the Red Perspex
4034 type [10] were placed. The transport container
together with calorimeter and phantom were passed
with specified velocity through the zone of irradiation.
In the on-line mode, the measurement of the calorimeter
resistance via a two-wire line with the use of the ohm-
meter SCH-306 was made. The digitized values of the
calorimeter resistance were read out in the module of
the register 305 located in the crate CAMAC and pro-
cessed in the operator workstation WS. Interval of the
information read out was set by operator and made
2 seconds. The data on thermistor resistance before-,
during- and after irradiation were unloaded in the graph-
ic form and downloaded in the file. As a result of their
following processing in accordance with the procedure
[8], the value of the calorimeter temperature, and also of
the absorbed dose in it and in the phantom was deter-
mined (Fig. 9). In the course of measurements, the aver-
age electron energy made 9.6 MeV, the beam current
780 pA, the width of the sweep at the front plane of
calorimeter and phantom was 44 cm.
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Fig. 9. Results of measurement of calorimeter
temperature and absorbed dose

Analysis of data in Fig. 9 shows, that values of the
dose calculated and measured using the calorimeter
technique differs generally no more than on 5%. It is in
agreement with the value of the error of measurements
provided with the calorimeter. The observed systematic
underestimating of the dose, measured with the Red
Perspex dosimeters, can be explained by their calibra-
tion on the gamma source. In case of electron radiation,
a dose rate is by ~ three order of values higher. There-
fore, as a result of the detector heating by radiation its
sensitivity decreases [10].

2.2.3. Next series of testing experiments was con-
ducted with the use of the specially designed 3D-
phantom (Fig. 10). It corresponds a parallelepiped from
cellular polystyrene with density 0.114 g/cm® measuring
79x37x39 cm. The phantom contains a net of slots for
placing Red Perspex dosimeters. Devices of such type
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are recommended for dose mapping at certification of
facilities for radiation processing [2].
790 .
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Fig. 10. 3D-polystyrene phantom

Using the developed SW, the calculation of the dose
distribution in the phantom for the irradiation regime
realised in the experiment was executed. The beam cur-
rent made 800 pA, the electron energy — 9.6 MeV. The
phantom moved through the irradiation zone at a veloci-
ty of 1.2 cm/sec. Results of the measurement and calcu-
lation of the dose distribution along the central axis of
the phantom as well as data of the analysis of inhomo-
geneity of the dose distribution in the phantom at its
two-sided irradiation are summarized in Fig. 11 and in
the Table. Results of the Red Perspex dosimeter calibra-
tion by means of the RISO calorimeter technique (see
Fig. 9) were used at the dose measurement. The differ-
ence between calculated and experimental data can be
explained by the accuracy of the dosimeter calibration,
instability of beam parameters, and also by rolling oscil-
lations of the transport container with the phantom at its
passage through the irradiation zone.
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Fig. 11. Dose distribution along central axis of phantom

Characteristics of dose field inhomogeneity
in the phantom (two-sided irradiation)

Experiment | Calculation
Ne of point with Dpax 25 25
Ne of point with D 13 13
Dmax/Dmin 2.47 2.21

CONCLUSIONS

The software has been developed and tested for the
modelling of processes of influence of the scanned elec-
tron beam with any shape of the sweep on objects mov-
ing at any velocity through the irradiation zone.

At designing of main programs for the modelling of
particle transport, a special attention was paid to the
control of the balance of their quantity and energy in the
system in whole, and also to the calculation of basic
characteristics of particles, which are absorbed in the
system and left it. The designing of main programs has
been executed in such a way, that the calculation of
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listed characteristics does not depend on the degree of
complexity of the simulated installation.

SW provides a possibility of calculation of the ab-
sorbed dose and its distribution within irradiated items,
as well as optimisation of irradiation modes, and also
estimation of the accuracy of dosimetry system calibra-
tion in the field of electron radiation.
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PA3ZPABOTKA U BAJIMJAIIAA TPOT'PAMMHOI'O OBECIIEYEHUSA 1JIA MOJAEJIUMPOBAHUSA
PEXKUMOB OBPABOTKU ITPOAYKIIUU HA YCKOPUTEJIE 3JIEKTPOHOB

B.U. Huxugopoe, H-M. Ilenruxamutii, P.U. Ilomayaniox, IO.B. Pozos, B.A. lllesuenko, A.3. Tenuwes,
B.JI. Ysapoes

Ha ocHose tpancnoptHoro koma PENELOPE-2008 pa3paboranbl Tpu 6a30BBIX KOMILIEKCA TIPOTPAMM IS MOJIC-
JUPOBAHUS TPOIIECCOB BO3JCHCTBHS CKAHUPYIOIIETO MydKa 3JCKTPOHOB HAa OOBEKTHI PA3JIMYHON T€OMETPHH U U3
pa3HBIX MaTepuayioB. [l TecTHpOBaHUS pa3pabOTaHHBIX MPOrpaMM Ha WX OCHOBE OBLUTH pacCYMTaHBI Ipoder u
VIENBbHBIC TOTEPU SHEPTHU IIICKTPOHOB, a TAKKE MACCOBBIN KOI((MUITUCHT 0CTa0IeHNsT (JOTOHOB B Pa3IIMYHBIX CpE-
Jax B auana3oHe 3Hepruw yactull 1...30 M»aB. [IpoBeneHo cpaBHEHHE MONYUYCHHBIX PE3YIbTATOB C ped)epSHTHBIMHU
JAHHBIMH, conepxainumucs B qokiaae 35 MKPE. Ha Bropom 3tane Baiuaanyu ObUTH MPOJICIAHbl pacueT U U3Me-
PCHHUE TOTJIONICHHOM 03Bl B CTAHIAPTHOM IOJMCTUPOIEHOM KaJIOPHUMETPE, a TAKXKE e¢ PaclpeleICHUil B MPsIMO-
YroJibHOM (haHTOME, MEPEMEINacMbIX Yepe3 30HY BO3JCHCTBUS CKAHHPYEMBIM ITYYKOM 3JICKTPOHOB. IIpuMmeHeHHE
paspaborannoro [10 obecrniednBaeT BO3SMOXKHOCTh aHANIN3a M ONTHMHU3AIMU PEKMMOB MPOMBIIUICHHONW 00paOOTKH
MPOIYKITMH HA YCKOPHUTEJIC AICKTPOHOB.

PO3POBKA TA BAJIIAALIS TPOT'PAMHOI'O 3ABE3NNEYEHHS
JIJISI MOJEJIOBAHHS PEKAMIB OFPOBKHU ITPOIYKIIIE HA TIPUCKOPIOBAYI EJIEKTPOHIB

B.1. Hikigpopos, M.M. Ilenixamuii, P.1. ITomayaniox, I0.B. Pozos, B.A. Illesuenko, A.E. Teniwmes, B.JI. Yeapoes

Ha ocHogi tpancnoptaoro konxy PENELOPE-2008 po3pob6ieno Tpu 6a30Bi KOMIIIEKCH IIPOTrpaM JUIs MOJIEIIO-
BaHHS TIPOIIECIB JIii CKAHyIOYOro IydKa eJIEeKTPOHIB Ha 00'eKTH pi3HOI reoMerpii i 3 pi3HMX MaTepiaiiB. s Tecty-
BaHHs PO3po0JIEHNX MpOorpaM Ha iX OCHOBI OyiM po3paxoBaHi MPOOIr i MUTOMI BTPATH €HEPTii ENEeKTPOHIB, a TAKOXK
MacoBHi kKoe(ilieHT ocnabneHHs (OTOHIB y pi3HUX cepeloBHUIIax y Aiana3oHi eneprii yactuaok 1...30 MeB. Ilpo-
BE€JICHO TIOPIBHSHHS OTPUMaHMX pe3yNbTaTiB 3 peepeHTHUMH JTaHUMH, 10 MicTiaThes B pomosiai 35 MKPO. Ha
Jpyromy erami Basifamii Oyin BUKOHaHI pO3paxyHOK i BUMIPIOBaHHS HOINIMHYTOI 03 B CTAaHJAPTHOMY KaJOpUMe-
Tpi 3 MOJICTHPOIY, a TAKOX Ii PO3IOALIIB B IPSMOKYTHOMY (haHTOMI, MepeMilllyBaHUX Yepe3 30HY Iii CKaHYIOuUM
ITy4KOM €JIeKTPOHIB. 3actocyBaHHs po3podienoro ITO 3abe3nedye MOXKIMBICTD aHai3y Ta ONTHMI3alil PeXXUMIB
MIPOMHUCIIOBOT 0OPOOKH MPOAYKIIii HA MPUCKOPIOBAYi €IEKTPOHIB.
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