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ANALYSIS AND OPTIMIZATION OF A MODE OF INDUSTRIAL
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By means of computer simulation, the factors determinating non-uniformity of the volume distribution of the ab-
sorbed dose at product processing by scanned electron beam, namely, the energy spectrum and scanning mode, product
density and homogeneity of its distribution, as well as the distance between the objects moving through the irradiation
zone, are studied. On the basis of the PENELOPE-2008 package, a code for calculating the dose distribution and its
non-uniformity coefficient with due regard to the beam characteristics, surface density and velocity of the object, has
been developed. Verification of the code was carried out by comparison of simulation results with the experimental
data obtained using a reference polystyrene calorimeter RISO as well as by dose mapping in a standard phantom.

PACS: 07.05Tp; 29.27.-a; 81.40.Wx

INTRODUCTION

One of basic criteria of quality at industrial radiation
processing is ensuring the minimum value of the dose
non- uniformity factor

k :ﬂ’ (1)

where Dpin and Dpax — are respectively the minimum
and maximum values of the dose throughout the pro-
cessed product, where D, and Dy, are specified by a
production schedule.

A widespread method of optimization of a pro-
cessing mode is computer simulation (see, e.g., [1]).
Commonly, a regime with uniform distribution of linear
density of the scanned electron beam with conservation
its energy spectrum in the course of scanning is consid-
ered. Such assumption is true for accelerators with nar-
row spectrum. In case of the machine having wide spec-
trum, it is necessary to consider its alteration with the
angle of the beam deflection by magnetic field of the
scanner device. Under such conditions, an additional
parameter of optimization can be the form of the beam
scan.

An actual industrial process includes also the pass-
ing of the processed objects with specified velocity
through the irradiation zone. If product is packed in the
boxes (e.g., at sterilization of medical devices [2]) the
dose distribution along object edges differs sufficiently
from one obtained in their central part.

Earlier, for calculating dose distribution in the im-
movable objects, the program modules “Beam”,
“Transport” and “Dose” on the basis of the transport
code PENELOPE-2008 have been developed and vali-
dated [3]. The modules describe respectively the spatial
radiant distribution of particles in a primary beam, their
transport to an object and interaction with it, in particu-
lar, distribution of the absorbed energy in the object.
Later on, a modification of that package for calculating
dose distribution in the movable objects was carried out
[4].

In the work, the results of application of the modi-
fied code for analysis of main factors determining the
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dose distribution and for optimizing, in such a way, the
regimes of the industrial processing are described.
1. EFFECT OF SCAN FORM

Study of influence of the beam scanning mode on
dose distribution at a wide beam spectrum was carried
out for the conditions corresponding to the accelerator
LU-10 of NSC KIPT [5]. The center of the scanner elec-
tromagnet is positioned at a distance of 51 cm from a
foil of the accelerator output window. A PC-driven con-
trol system of the scanner provides the possibility to set
any form and amplitude of the beam sweep [6].

In calculations, it was supposed, that the axis Z co-
incides with the accelerator axis. Axis X is directed ver-
tically and lays in a plane of the beam scanning. The
axis Y is directed horizontally and coincides with the
direction of moving of the processed object.

Fig. 1 presents an actual spectrum of the beam used
in the simulation. The electron energy E in the maxi-
mum of the spectrum makes 9.3 MeV. A deflection an-
gle o of the electrons in the scanner device was de-
scribed by relationship
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Fig.1. Spectrum of the LU-10 beam

As a standardized object, a parallelepiped from
foamed polystyrene measuring 35 cm (thickness), 35 cm
(height), and 70 cm (length) was considered. The object
density makes 0.12 g/cm?, that corresponds its surface
density of 4.2 g/cm® It was considered also, that the
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object moves through the irradiation zone with velocity
2 cm/s at an average beam current of 800 mA.

The variants with linear mode of the sweep at both
half-cycles of the beam scanning (LinLin), with linear
mode in one half-cycle and cosine in the other (LinCos),
as well as with the cosine-type sweep in the both half-
cycles (CosCos) have been considered. In addition, the
cases with direct representation of the specified spec-
trum of the electrons on the object (version A), and also
with their distributions resulting from a law of changing
the current in the scanner electromagnet with due regard
to the change of the beam distribution at its deflection

(version B) have been studied.

In the Table1, the results of calculation of co-
ordinates of the points in the object with minimum dose
D min, and also the value of the dose non-uniformity fac-
tor for each variant of the beam sweep are presented. It
is seen, that in the case of double-linear sweep (LinLin)
in the both versions the dose distribution preserves it
appearance. In the variants LinCos and CosCos, it is
essentially changed as to the co-ordinates of the area
with minimum dose D.,,, and in relation of the dose
non- uniformity factor. So the variant LinCos provides
essential decrease in this factor.

Table 1

Coordinates of the point with the minimum dose and dose non-uniformity factor in the reference object
at different forms of the current in the scanner magnet

A B
X Y ims Zwn X=17,Y=-33.5,Z2=0.5 X=-17,Y=-33.5,2=05
LinLin N
Dyiax/Du 2.88 2.87
X YuwsZw | X=17,Y=-34.5,7=15.5 X=17,Y=-34.5,7=175
LinCos N
Dyiax/Du 2.51 2.23
X YumsZw | X=-17,Y=-34.5,7=13.5 X=0.0,Y=-34.5,7=345
CosCos N
Dyiax/Du 2.41 2.62
2. EFFECT OF OBJECT DENSITY 0 1
Dependence of the dose distribution in a processed ; m
object from its density was analyzed for the LinCos & 27 4&
sweep and conditions of the LU-10 Linac. This time as z
an object a parallelepiped from expanded polystyrene g 207 7
measuring 39x79x37 cm (X, Y, Z) has been considered. e
Those parameters are close to the characteristics of a 159
phantom used for dose mapping at a procedure of the
radiator qualification [4]. In calculations, it was sup- 101
posed, that the object moves via the irradiation zone at a .

velocity of 1.2 cm/sec, the amplitude of the beam sweep
at the accelerator output window makes 7.2 cm.
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Fig. 2. Dose distribution along object’s edge
In Figs. 2-4, the results of calculation of the dose
distribution along the three spokes crossing the object
with various surface density t (g/cm?) in different places
in parallel of the axis Z are plotted (a — one-sided irradi-
ation, b — two-sided irradiation): 1 — t=3.33; 2 — t=3.70;
3 - t=4.44; 4 — t=4.81; 5 — t=5.55; 6 — t=6.66; 7 —
t=9.25; 8 —t=11.1.
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Fig. 3. Dose distribution along the central axes
of the upper object’s plane
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Fig. 4. Dose distribution along the central axis
of the object

In Fig. 5, influence of distance between the aobjects
moving through the irradiation zone on the dose non-
uniformity factor is shown.
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Fig. 5. Dependence of the dose non- uniformity factor
from distance between objects

It is evident, that at an increase of the object density
and interval between the irradiated objects the non-
uniformity of the dose distribution increases.

3. EFFECT OF NON-UNIFORMITY
OF THE OBJECT DENSITY DISTRIBUTION

As a rule, a processed object is not homogeneous.
For example, at radiation sterilization of medical devic-
es each unit is packed in the individual wrap. A certain
quantity of the units is put up into a transport box,
which is exposed to irradiation. If the transport box with
volume V contains the n individual units of volume v,
each, the estimation of the effective size of in homoge-
neity can be received from the expression

vV 1/3
hef = (F - Vlj . (3)

In calculations, the four variants of the processed ob-
ject inhomogeneity were considered:

- homogeneous object;

- object with effective size of the inhomogeneity

he=0.5 cm;
he=1.0 cm;
he=2.0 cm.

In every case the object corresponded a parallelepi-
ped from cellulose measuring 36x108x36 cm (XXYXZ)
with average surface density t=3.08 g/cm?. Those char-
acteristics are close to parameters of the boxes with
bandaging material sterilized at the LU-10 plant. The
actual distance between objects makes 12 cm (an inter-
val between transport containers on the plant conveyor),
at a velocity of their moving of 2.1 cm/s. In Fig. 6, the
variants of the objects surface density distribution de-
pending on the effective size of the inhomogeneity, and
also the resulting dose distributions along the central
axis of the object (Fig. 7) are shown.
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Fig. 6. Distribution of surface density of the object

at different size of inhomogeneity
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object, one-sided irradiation

4. BENCHMARKING

Experimental study was carried out with the use of a
rectangular phantom from heavy expanded polystyrene
(p =0.114 g/cm®) measuring 39x79x37 cm (X, Y, 2).
For dose mapping, the phantom contains a 3D net of the
slots for placing the dosimeters (Fig. 8). The routine
PMMA dosimeters (Harwell Red 4034) calibrated on-
site with the use of reference polystyrene dosimeters
were applied in the measurements. The phantom was
two-side irradiated with the beam having the spectral
maximum 9.3 MeV (see Fig. 1) at an average beam cur-
rent of 0.8 mA and the LinCos sweep with frequency
3 Hz. A velocity of the phantom conveyance made
1.2 cmls.

In Fig. 9, the data of the dose mapping are given. It
is obvious, that in point of definition of both the areas
with Dy and Doy, and dose non-uniformity factor, the
results received by the simulation and experimentally
are satisfactory agreed.
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Fig. 9. Results of dose mapping

In the Table 2, the results of the dose measurement
with the polystyrene calorimetric dosimeters RISO [7]
at their passing with various velocity through the irradi-
ation zone, and also calculated with the use of devel-
oped sw are listed. It can be seen, that both the data dif-
fer no more, than on 7%.
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Fig. 8. 3D-phantom with slot numbering
Table 2
Absorbed dose in the calorimetric dosimeters at a various velocity of the conveyor
Conveyor velocity, Average beam Calculated Measured
cm/s current, mA dose, KGy dose, KGy
4.88 0.816 6.9 6.5
3.65 0.808 9.1 9.2
2.43 0.801 13.5 13.4
1.82 0.804 18.1 17.9
1.22 0.809 27.2 26.5
0.92 0.804 36.1 38.8
CONCLUSIONS REFERENCES

Developed sw provides the possibility of analysis
and optimization of a product processing mode at an
electron accelerator with the scanned beam against all
the key parameters determining the value of the ab-
sorbed dose and its spatial distribution within an irradi-
ated object.
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AHAJIN3 U1 ONTUMM3AIIUS PEXKUMA ITPOMBIIIJIEHHON OFPABOTKH ITPOIYKIIUA
HA YCKOPHUTEJIE 2JIEKTPOHOB

B.H. Huxudghopos, P.U. llomauyaniok, F0.B. Pozos, A.3. Tenuwes, B.J1. Yeapos, A.A. 3axapuenxo

MeTo10M MOAEINPOBAaHHUS HCCIIET0BaHbI (DAKTOPHI, ONPEENIoIe HEpaBHOMEPHOCT 00BEMHOTO pacipeese-
HUSI TTOTJIONIEHHOM J03BI ITPU 00paboTKe MPOIYKIMH CKAaHUPYIOLIUM ITYy9YKOM 3JIEKTPOHOB: SHEPTreTHUECKHI CIIEKTP
n Gopma pa3BepTKH IydKa, IUIOTHOCTh 00BEKTa M OJHOPOJHOCTh €€ PACIpE/eICHUs, a TaKKe PACCTOSHUE MEXIY
o0beKTaMH, TepeMeniaeMbIMu depe3 30Hy obmydenns. Ha ocroBe nmporpammuoii cuctemsl PENELOPE-2008 pas-
paboTaH KoJ JUIsl pacyeTa pacrpeaeieHus 1036l 1 Kod(duImeHTa ero HeOTHOPOIHOCTH C YIETOM XapaKTEPUCTHK
ITy4Ka, TTOBEPXHOCTHOW IUIOTHOCTH M CKOPOCTH IepeMelieHusi o0bekTa. BrimomHena Bepudukanms koma myTem
CpaBHEHUsI PE3yNbTaTOB MOJIEIHPOBAHKS C IKCIIEPUMEHTAJIbHBIMU JAaHHBIMH, MOJTYYEHHBIMH C ITOMOLIBbIO pede-
peHTHOro mnojucTuponbHoro kanopumerpa RISO, a Taxke meromoMm kaprorpadMpoBaHHs 03Bl B CTaHAAPTHOM
¢anTOME.

AHAJII3 TA ONTUMI3AIIS PEXKUMY ITPOMUCJI0BOI OBPOBKH MPOIYKIII
HA MTPUCKOPIOBAYI EJIEKTPOHIB

B.I. Hixigpopos, P.1. Ilomauyaniox, I0.B. Pozos, A.E. Teniwes, B.JI. Yeapos, 0.0. 3axapuenxo

MeTo10M MOJIETIOBAHHS IOCII/DKEHI YHHHUKY, 110 BU3HAYAIOTh HEPIBHOMIPHICTH 00'€MHOT0 PO3IOIiTY ITOIIIH-
HYTOI 03U IpH 00poOLi NMPOAYKIii CKaHYIOUHM ITyYKOM EJIEKTPOHIB: €HEPreTHYHHUH CHEeKTp i hopMa po3ropTKH
ITy4Ka, IIIBHICTE 00'€KTY Ta OJJHOPIAHICTD i PO3IOLTY, @ TAKOXK BiJICTAHb MK 00'€KTaMH, 110 TIEPEMIIIYIOTh Yepe3
30HY onpominroBaHHsA. Ha ocHOBI mporpamuoi cucremu PENELOPE-2008 po3poGnennii ko Ut po3paxyHKy po3-
TIOAITY JT03M 1 KoedillieHTa HOro HEOTHOPIAHOCTI 3 ypaXyBaHHIM XapaKTepUCTHK ITydKa, TOBEPXHEBOI IIUIBHOCTI 1
IIBHKOCTI TepeMilieHHs 00'ekTy. Bukonana Bepudikamis KOAy OUITXOM MOPIBHAHHS Pe3yIbTaTiB MOACTIOBAHHS 3
eKCTIEpUMEHTAJIbHUMHY JIAHIMH, OTPUMaHUMH 32 JOIOMOroi0 pedepeHTHOro Kanopumerpa 3 nomictuporny RISO, a
TaKOXX METOJIOM KapTyBaHHS JO3H B CTAHAAPTHOMY (paHTOMI.
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