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The developed model of the process of three-dimensional object irradiation by electron beam in a compact in-
stallation with a local radiation shielding is presented. A methodology of description of this process is created and
the computer code BEAM SCANNING for calculation of irradiation characteristics is modernized. Results of some
the tests shown good calculation accuracy, are submitted. A preliminary modeling of a sterilized box irradiation
process in the real operating regime of the installation is carried out. Places of sterilized box with minimal irradia-
tion dose are determined. The mechanism of formation a nonmonotonous dose profile along an axis of system, con-
sisting in the contribution of neighborhood layers of a continuous beam or neighborhood bunches of modulated
beam creating pear-shaped distributions of a dose is revealed. The developed method and the created computer code

allow to describe processes at work of installation, and also to give out recommendations on its optimization.

PACS: 29.27.Fh

INTRODUCTION

Operation of the sterilization installation based on
linear electron standing wave accelerator with a com-
pact local radiation shielding [1, 2] and the search for
the optimal modes of operation requires the develop-
ment of physical and mathematical model of processes
in it. In [3] the results of the development of such a
model for the exposing the upper surface of the three-
dimensional object — a box filled by sterilized material.
The computer code BEAM SCANNING, created on the
basis of this method, and some results of calculations
are described.

The paper presents a model of the process of irradia-
tion of the volume of three-dimensional object, the me-
thod of its description and modernized computer code
BEAM SCANNING for the calculation of the character-
istics of exposure. The results of testing the program, as
well as preliminary estimates of dose produced by an
electron beam in the volume of the box are presented.

The basis of the sterilization installation — the elec-
tron accelerator is placed vertically inside the bell-
shaped radiation shielding; the beam propagates from
the top to bottom. At the end of accelerator the horn is
placed with magnet of the scanning system which scans
the electron beam in a one plane. At a distance of about
15 c¢cm from the outlet window of the horn, covered with
titanium foil with thickness of 50 microns, there is a
surface of the irradiated box, located on the conveyor.
To achieve a dose of 25...30 kGy the box with the mass
of about 7 kg and with a sizes 30x40x60 cm takes four
irradiation stages — two on top side and two on bottom
side (after turning it with a special mechanical device).
Conveyor velocity is 1.5...2 cm/s, scan frequency —
about 4 Hz, scan angle — up to 28 degrees, the fre-
quency of the 6-microsecond pulse beam — up to
300 Hz, the average energy of the beam spectrum —
5 MeV, the energy at the maximum of the spectrum —
about 6 MeV, pulsed current of the accelerated beam —
250 mA.
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1. THE MODEL OF IRRADIATION AND
THE METHOD OF CALCULATION

The electron beam falling on the surface of the irra-
diated box penetrates inside it and creates an absorbed
dose. The electrons in the process of their movement in
the material gradually lose their energy due to spending
it on the processes leading to the creation of the required
dose in the sterilized object (ionization and excitation of
molecules, etc.) and are scattered by the atoms of mat-
ter. Some of the electrons are lost, leaving the volume of
the box as a result of entering into it under non-optimal
angles, as well as due to scattering by atoms of the mat-
ter. The uniformity of the dose along the axis of the sys-
tem (which coincides with the axis of the accelerator) is
provided by both-sides irradiation.

The main method of measurement of the dose of ir-
radiated objects in our installation is the use of plastic
films, which change the light permeability under the
influence of electron beam irradiation. The error of this
method of measurement of the dose is 10...15%, which
we took for the developed model. Therefore, to describe
the energy loss and the scattering of the beam electrons
in the material we use the Monte-Carlo method of so-
called "enlarged collisions" [4]. This method, most often
used in practical calculations of the radiation dose, is a
simplification compared to the classical Monte-Carlo
method. In the latter method a single scattering events
and energy loses of individual electrons with the use of
cross-sections of the corresponding processes and an
averaging over a large number of these acts are calcu-
lated. In the method with the "enlarged collisions" the
probability functions of the angular distribution and the
energy loses characteristics as a result of multiple scat-
tering events in a certain layer of the irradiated material
are used. The solution of problems of this kind is made
by modeling the trajectories of a large number of elec-
trons within the material. The electrons penetrate the
substance, experiencing the scattering and the energy
losing. Their trajectory thus looks like broken lines, on
each segment of which the energy loss and the angle of
deviation is calculated in accordance with the used dis-
tribution functions. As a result of the summation of dos-
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es produced by all the electrons, the image of the dose
distribution produced by the electron beam in the entire
of the three-dimensional volume is created.

In our model, we calculate the passing of bunches of
the beam to the surface of the box, further the scattering
and energy losses of electrons in the box material, cre-
ated dose in it and beam losses due to getting out of the
particles through all the faces of the box are calculated.
In our program to speed up the calculations we use the
tabulated functions for the energy loses and the scatter-
ing abilities of material. The program uses also the an-
gle distribution probability function, developed by the
authors, which is approaching to the widely used distri-
bution of Moliere [4] and gives a good agreement with
experimental data of the beam scattering on a thin tita-
nium foil [3]. Although using these functions do not
provide a very high accuracy of coincidence with the
experimental results, but it allows to get a qualitative
picture of the dose distribution and to fit into the margin
of errors. For testing our model we use the experimental
data and the results of calculations using a program
based on the method proposed by T. Tabata et al. [5 - 7].

Below are the results of some calculations using the
technique described above, which was implemented in
the computer code BEAM SCANNING.

2. RESULTS OF CALCULATIONS

2.1. THE IRRADIATION BY THE THIN BEAM
WITHOUT SCANNING

A three-dimensional configuration of the dose in the
object is created by a contribution of a large number of
beam bunches of relatively small diameter, that are fal-
ling on different places at different angles. Therefore, as
first test we present simulation of experimental results
[8] described in [9] of measure the dose generated by
the electron beam with a small diameter — about 5 mm
and small divergence angle — up to 3 degrees. Beam
energy — 22 MeV, energy spread — 50 keV, the dose is
created in water.
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Fig. 1. Relative isodoses of object irradiation presented
in the form of three-dimensional grids. The unit dose
corresponds to a dose at a depth of 2 cm along the axis
of system

Fig. 1 shows the results of calculations in a three-
dimensional representation in the form of grids, corre-
sponding to fixed levels of relative dose. The beam in
the figure falls down on the surface of the box. As can
be seen, at some part of plot the isodoses have a shape
of a cylinder with constant diameter, and then the di-
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ameter of the cylinder is changing, forming the typical
pear-shaped isodoses.

Fig. 2 (at right side) shows the same calculation re-
sults, but as an isodoses lines at a cross-sectional plane
of symmetry of the system. At the left part of the figure
the experimental results are shown by the similar way.
Presented are isodoses for levels 2, 5, 10, 20 and 50% of
the maximum dose.
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Fig. 2. Isodoses of irradiated object at the plane
of symmetry: experimental (a) and calculated (b).
The coordinates are measured in meters

It can be seen that the shapes of the calculated and
experimental isodoses are qualitatively similar and have
well-known pear-shaped form. At the same time, the
quantitative differences are visible, displayed in a great-
er width and shorter length of calculated "pears". This is
due to the fact that our model is focused on the descrip-
tion of the beams with energy of about 5 MeV, while
the energy in the simulated experiment is much more.
At this energy the calculation requires an accurate ac-
counting of the secondary bremsstrahlung radiation and
its contribution to the dose of the object.

2.2. THE INFLUENCE OF THICKNESS OF THE
BEAM ON DOSE DISTRIBUTION

Analysis of the results of calculations with different
thicknesses of the falling beam has revealed its influ-
ence on the form of the dose distribution in the direction
of beam propagation.

Figs. 3,a-d show the two-dimensional distributions
of the relative dose in the plane of symmetry for the
four different thicknesses of the falling beam. The cal-
culations were performed for beams with energy of
5 MeV, irradiated material has the characteristics of a
sterilized object. On the figures, the beam is falling
down to the object surface. The width of the object cor-
responds to the width of the picture and is equal to
30 cm. The density of the object is homogeneous.
Fig. 3,e shows the dose distribution along the axis of the
system for the same four thicknesses of the beam as in
Figs. 3,a-d. Note that a different width of the irradiating
beam is simulated by setting a different maximum de-
flection angle of the beam scanning system, while the
other beam parameters — beam current and power, the
number of bunches — remain unchanged. The beam
width varies from very thin in the absence of scanning
angle (3,a) up to thick enough to cover the whole object
(3,d).

129



...I - a
' L |
- TR -
- l. A
o ""0.... "u o
a b 8 ..0:.l i d
20] n.“a“;u“:.':n
E Ay
' -< “"“""“"’v ‘.'
0.01- vy
C d "A=
e . . . \
R 00 01 02
10 05 0.0
Depth, m

Fig. 3. Relative two-dimensional dose distributions
in the plane of symmetry of the system for different
width of the incident beam (a-d) and corresponded
profiles of a dose in logarithmic scale (e) along
the axis of the system

One can see that with the increase of the beam width
the profile of dose along the axis of the system is
changed. Monotonic decrease at the small width of the
beam in Figs. 3,a,b is changed with a ("shelf") plateau-
like profile with a decrease at the end in Fig. 3,c. Then,
in Fig. 3,d (see also the presentation of this profile in a
linear scale - curve “b” on Fig. 4,¢) the profile became
non-monotonic one, having the part of increase, and the
maximum height at some distance from the object sur-
face. Analysis shows that this maximum occurs not only
because of the turning of some electron trajectories to-
wards the surface of the object but also due to the con-
tribution of electrons "arriving" to the plane of symme-
try from the adjacent planes. One can say that it is a
consequence of the addition of several pear-shaped dose
distributions.

2.3. EFFECT OF THE ELECTRON BEAM
ENERGY SPECTRUM

The above results refer to calculations and experi-
ments with an electron beam with a negligible energy
spread. However, the actual beam energy spectrum in
the sterilization installation is relatively wide.

The role of the width of the energy spectrum of the
beam is illustrated by the results of the calculations pre-
sented in Fig. 4. It shows the profiles of the doses re-
ceived by a three-dimensional object irradiated by
plane-parallel beam with all the parameters, listed in the
previous section, and with the width corresponding to
Fig. 3,d for two different energy spectrums. Figs. 4a,b
are two-dimensional distributions of the relative dose in
the plane of symmetry of the system, Fig. 4,c — dose
distribution along the axis of the system. Fig. 4,a corre-
sponds to the calculation with a monoenergetic beam,
Fig. 4,b — with a beam with a "real" spectrum described
in [10].

From the graph it follows that the dose distribution
produced by the real beam is more uniform than in the
case of a monoenergetic beam. The reason is that the
low energy electrons create the maximum dose closer to
the surface of the box than the electrons with high en-
ergy. As a result of the addition of doses produced by
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the fractions with different beam energies, the total dose
is more uniform along the depth of the irradiated object.
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Fig. 4. Relative dose distribution in the plane of symme-
try of the system (a, b) and along the axis of the system
(c), created by monoenergetic beam (a) and the beam
with the actual spectrum (b)

2.4. TEST CALCULATION
FOR THE PLANE-PARALLEL BEAM

An important test for the sterilization installation is
the irradiation of object with a plane-parallel beam
front.

Fig. 5 shows the dose distribution along the axis of
the system created by plane-parallel beam with an en-
ergy of 10 MeV in polystyrene. It shows the results of
measurements on the accelerator IMPELA [11] in com-
parison with the results of calculations by the method
[5, 6] and with the use of the program BEAM
SCANNING.
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Fig. 5. Dependence of relative dose on the mass pene-
tration depth of the plane-parallel beam with energy
of 10 MeV in the target of polystyrene. Curve 1 —ex-
perimental data; 2 — calculation by program BEAM

SCANNING; 3 — calculations by the method [5, 6]

As one can see, the result obtained with our program
BEAM SCANNING differs from the experimental re-
sult not more than by 10...15%, and exceed the accu-
racy of the result obtained by the method [5, 6].

Another test made for comparison the calculation
and experimental results obtained on our sterilization
installation for the irradiation of the target consisting of
a number of aluminum plates with the film dose meters
between them. In our installation the electron beam is
not monoenergetic, so the preliminary work is required
to model and restore the energy spectrum of the beam
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(by the method described in [10]). Fig. 6 shows the de-
pendence of the measured and calculated dose as func-
tion of penetration depth of the electron beam into the
aluminum target.
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Fig. 6. Dose dependence on the depth of penetration
of a wide electron beam in sterilization installation
in an aluminum target. Curve 1 — experimental data;
2 —calculation by program BEAM SCANNING;,

3 —calculations according to method [5, 6]

A comparison of experimental and calculated curves
shows that the difference between them is within the
experimental error of the measurements that is
10...15%. It is also seen that the method [5, 6] gives a
little more difference from the measurements results.

2.5. CALCULATION OF THE BEAM CURRENT
TRANSMISSION COEFFICIENT

One of the main operational methods of measuring
the energy of the accelerated beam is the use of coeffi-
cient of beam current transmission through an alumi-
num plate. To find it, one should measure the current,
coming to the plate, and the current passing through it
and entering the Faraday cup, located behind the plate.
The ratio of current from Faraday cup to the sum of
these currents is called the current transmission coeffi-
cient. Its calculation is performed with the values of
these currents, taken from the waveforms, mostly for the
values on the plateau of 6-microsecond beam pulses.
The characteristic energy of the beam is obtained using
a known dependence of the transmission coefficient on
an energy of a monoenergetic beam. Therefore, one of
the test calculations is to compare the experimental and
calculated dependencies of transmission coefficient
through an aluminum plate on its thickness. Fig. 7
shows the graph of the transmission coefficient of a
monoenergetic electron beam with an energy of 5 MeV
through aluminum plates of different thicknesses ob-
tained from the calculations and the experimental data
[12] described in [7].

It can be seen that the result calculated using the
BEAM SCANNING is in excellent agreement with the
experimental data.

ISSN 1562-6016. BAHT. 2014. Ne3(91)

4 A9 B —n—1
g 1] ey =5
- N A
t.% 80 8- ;\x\\ =t
s e} N
g
8 20.67 \X
= 9 AN
S L4 BN
27 \a

= N

2 =02 -
g0 i
= .-l
= 0.04 )

00 02 04 06 08 10 12

Plate thickness, cm
Fig.7. Dependence of transmission coefficient
of the electron beam with energy of a 5 MeV through
an aluminum plate on its thickness. Curves: 1 — experi-
mental data; 2 — calculations by program BEAM
SCANNING; 3 — calculation according to [7]

2.6. PRELIMINARY CALCULATION OF THE
DOSE IN THREE-DIMENSIONAL OBJECT

Let’s describe the results of preliminary calculations
of the dose distribution produced by an electron beam in
a three-dimensional target (box) to model the actual
regime of operation of our sterilization installation. The
calculations are carried out for the box with the dimen-
sions 30x40x10 cm’, i.e. for the length in the direction
of the conveyor less than actual one. The results for the
irradiation of the box with the beam with spectrum cal-
culated for the working regime is shown in Fig. 8. The
left part of the figure presents the whole box with the
distribution of the dose on its visible faces. In the right
figure part, the dose distributions on the three mutually
perpendicular central cross-section planes of the box are
presented. Electron beam is moving along the axis Z
and enters the upper and lower faces of box, thus simu-
lating the double-sided irradiation. Beam is scanned
along the X axis, the conveyor moves along the Y axis.
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Fig. 8. Relative radiation dose for actual installation
conditions on the box surface (a) and in three different
central cross- sections of the box (b)

One can see relatively small dose inhomogeneity in
the direction of scanning (along the X axis), which is
due to an increase of linear velocity of the beam on the
surface of the box when the angle of its deflection is
large. This effect occurs when “sawtooth”-shape of
waveform of the current in the magnet of scanning sys-
tem is used. This inhomogeneity can be eliminated by
optimizing the current waveform of the magnet.
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The highest dose inhomogeneity occurs in the center
of the edges connecting the narrow and wide side faces
of the box. It is due to the following effect, manifested
most strongly in the plane located at the mid-depth of
the box (i.e., along the axis Z). Namely in this plane the
most of the electrons leave the box through side faces.
Non-uniformity in these areas of the box is beyond the
permissible and requires finding the solutions to delete it.

CONCLUSIONS

The model of the process of irradiation of the three-
dimensional objects by the electron beam in the com-
pact sterilization installation based on standing wave
linear electron accelerator with the local radiation shiel-
ding is developed. The method of describing this proc-
ess is created and the program BEAM SCANNING for
the calculation of the irradiation characteristics is mod-
ernized. The presented test results show good accuracy
of calculations.

A possible positive role of the beam energy spread,
which may give an equalizing of the dose in the irradi-
ated box is demonstrated.

The mechanism of formation of non-monotonous
dose profile along the axis of the system is found. It is
due to contribution to the axial dose profile of neigh-
borhood layers of a continuous beam or neighborhood
electron bunches of modulated beam, each of which
creates a pear-shaped dose. Contribution of the neigh-
borhood "pear" to the dose leads to the appearance of a
dose maximum located at a certain distance from the
surface of the object (namely, at the distance of expan-
sion of the "pear").

The preliminary modeling of the box irradiation in
an actual operating regime of a sterilization installation
is performed. The areas of the box with minimum dose
are determined.

Finally, the physical-mathematical tool (computer
code) is developed which allows studying the physics of
the processes in the sterilization facility, in particular, to
describe the mechanism of the dose creation in the box
volume. It gives an opportunity to improve the installa-
tion, to make it easier a tuning and a testing of the facil-
ity.
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MOJEJIb OBJIYYEHUSA SJIEKTPOHHBIM ITYYKOM TPEXMEPHOI'O OBBEKTA
B CTEPUJIM3AIIMOHHOMN YCTAHOBKE C MECTHOM BUO3AIIIUTON

II.A. Bvicmpos, H.E. Po3anoe

IIpencraBnena pa3zpaboTaHHas MoOJEb Ipolecca o0JIydeHHs TPEXMEPHOI0 OOBEKTa 3JIEKTPOHHBIM IIYYKOM B
KOMITAaKTHOHW CTEPHJIM3aLIOHHONW yCTAaHOBKE C MECTHOI Ouosiornmueckoit 3ammroi. Pazpaborana meroauka omnuca-
HUS 9TOTO Iporiecca 1 Mojepan3uposana nporpamma BEAM SCANNING juist pacyera XapakTepUCTHK 00ITydeHusl.
[IpencraBneHsl pe3ynbTaThl psijia TECTOB, ITOKA3aBILIME XOPOIIYI0 TOYHOCTH pacueToB. [IpoBeneHo mpenBapuTeb-
HOE MOJIeIIMPOBaHUE Ipouecca oOJydeHUs] KOPOOKH B PEXMME pealbHO paboTaromieil ycraHoBKH. OnpeneseHbl
MecTa KOPOOKH ¢ MUHUMAIBHOM 10301 00mydeHns. BrisBieH MexaHn3M (popMHUpOBaHIS HEMOHOTOHHOTO MPOGUIIA
JI03bI BIIOJIb OCH CHCTEMBI, COCTOSIIIMN BO BKJIAJE COCEIHMX CJIOEB HEMPEPHIBHOIO IyYKa MIIM COCEIHHX CI'yCTKOB
MOJYJINPOBAHHOTO ITy4Ka, CO3AAI0INX IPpylIeoOpasHble pacrpeneneHns 103bl. Pa3paboTaHHBI METOA M HalWCaH-
Hasl IPOTrpaMMa MO3BOJIAIOT OMHUCHIBATH IPOLECCHI IPU PAOOTE YCTAaHOBKH, a TAK)KE BBIAABATh PEKOMEHIALNH T10 €€
ONTHMU3ALINN.

MOJEJIb OTPOMIHEHHS EJJEKTPOHHUM IIYYKOM TPUBUMIPHOI'O OB'€KTA
B CTEPUIIBALIUHIN YCTAHOBII 3 MICHEBUM BIO3AXNCTOM

II.A. Bucmpos, H.€. Po3zanos

[MpencraBneno po3poOiieHy MOJENIb HpOLEecy OINPOMIHEHHS TPHUBUMIPHOTO O00'€KTa E€NEKTPOHHHM ITyYKOM Y
KOMITAaKTHIH CTepwIli3alliifHiil ycTaHOBII 3 MiclieBUM OioJOriYHMM 3axucToM. Po3pobiieHa MeTonuKka Omucy IbOro
npouecy i mozaepHizoBana nporpama BEAM SCANNING 151 po3paxyHKy XapakTepUCTHK onpoMineHHs. [Ipencra-
BJIEHO PE3yJIbTATH PALY TECTIB, IO IOKA3AJIM XOPOITY TOUHICTh pOo3paxyHKiB. [IpoBeieHO monepeaHe MOJETIOBaHHS
mpoIieca OMPOMiHEHHS KOPOOKH B PEKHUMI peabHO MPAIOY0i YCTaHOBKH. Bu3HadeHi mMicis KOpoOKH 3 MiHIMaIb-
HOIO JT03010 OMPOMiHEHHS. BusiBieHo MexaHi3M (opMyBaHHSI HEMOHOTOHHOTO MPO(LITIO T03HU Y3IOBXK OCi CHCTEMH,
IO TONATae y BKJIAMAl CYCIOHIX mIapiB Oe3mepepBHOTO Mydka abo CYCiOHIX 3TYCTKIB MOAYJIBOBAHOTO ITydYKa, IO
CTBOPIOIOTH TPYIIONOAIOHI po3moninu m0o3u. Po3pobnennii MeTon 1 HammMcaHa MporpaMa J03BOJISTIOTH OMHCYBaTH
mporiecy Ipu poOOTi yCTAaHOBKH, a TAKOK BHIABAaTH PeKOMEHAAIlii 3 11 onTuMizarii.
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