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The possibility of decreasing the depth-dose inhomogeneity in polyethylene with double-sided and one-sided electron
irradiation at different angles with a maximum efficiency of beam use is investigated. The least squares method was
used to determine the optimal parameters, the thickness of the object, and the fraction of the beam incident on the
object at angles ©® = 0° and © # 0°. When irradiating with a main beam with an angle ©® = 0° and an additional
one with ©® = 70°, it was shown that at an efficiency of ~ 97%, the technique allows reducing the deposited dose

inhomogeneity in objects from 70, 51 and 38% to ~17%, and with filters from Al (efficiency ~94%) to

electron energies of 2,5, and 9 MeV respectively.

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

1. INTRODUCTION

Currently, for the sterilization of almost all medical
devices, electron accelerators with energies up to 10
MeV are used. Electron beams are used in radiation
technologies to change the properties of polymers and
other materials, electronic products, etc.

The main requirement for the radiation treatment
of objects is not to exceed the depth-dose inhomo-
geneity in the irradiated volume. To do this, the
thickness of objects is decreased, which reduces the
efficiency of using accelerators. To make the argu-
ments clear, let us consider the depth-dose distribu-
tion defined as the average energy deposited in object
per unit depth.

To increase the volume, objects are double-side
irradiated, and to reduce depth-dose inhomogeneity,
filters [1] are used that decrease the energy of a part of
the electron beam. With optimal double-sided elec-
trons irradiation by energy of Ey < 10 MeV, for
example, polyethylene, the depth-dose inhomogene-
ity is ~40%. In [2, 3], a technique for determining
the optimal parameters of filters, which reduce the
energy E < FEy for a part of the electron beam was
developed. In this case, depth-dose heterogeneity is
significantly reduced, but this method decreases the
efficiency of using an electron beam.

The aim of this work is to study the possibility of
maximum electron beam efficiency due to dose equal-
ization along the depth of an object under irradiation
by electrons at different angles.

2. CALCULATION METHOD

A reliable calculation of the deposited dose for real
irradiated objects, with taking into account different

5% for

initial conditions: energy and angle of incidence of
electrons, geometry and materials of irradiated prod-
ucts, is usually based on the Monte Carlo method. To
calculate the electron transport, with taking into ac-
count all the processes of their interaction with mat-
ter, we use the GEANT, EGS, PENELOPE, MCNP
programs, as well as specialized packages of the RT-
Office type [4].

Polyethylene is used as the research material,
which is used in most medical devices, as well as
material with shape memory. Dose distributions in
polyethylene for energies of 2, 5, and 9 MeV were
calculated using the PENELOPE package [5] in the
range of electron incidence angles from 0 to 80° rel-
ative to the normal to the surface of the irradiated
object.

Fig.1. shows the dose distributions D(X, Ey, ©)
in polyethylene depending on the depth X for elec-
tron incidence angles ©=0, 40, 60, 70, and 80° with
energies Fy =2, and 9 MeV .

From the above data, it follows that with an in-
crease in the deviation of the incidence angle of elec-
trons from the normal (0°), the deposited dose in the
surface layer of the irradiated object increases.

In this case, the form of the dependences
D(X, Ey, ©) for different values of the electron energy
Ey is similar for the same incidence angle of ©. With
increasing incident electron energy for incidence an-
gles © = 0, the difference between the maximum dose
value Dmax = D(X,,, Eo,0) at a depth of X,,, and
on the surface of the object Dsyrp = D(0, Ep,0) de-
creases. For electron energies Ey =2,5, and 9 MeV,
the ratio (Dmaz — Dsury) - 100/Dsyry =70,51, and
38% respectively.
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The data shown in Fig.1 illustrate the possi-
bility of reducing the non-uniformity of the de-
posited dose when objects are irradiated with elec-
tron beams of different energies. Obviously, if an
object irradiated by Fy = 9 MeV electrons for in-
cidence angles (© = 0°) is additionally irradiated
by Ey = 2 MeV electron beam with lower intensity
for incidence angles (© = 0°), then the deposited
dose will increase in the thickness range 0...1 cm.
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Fig.1. Dose distributions in polyethylene depending
on depth X for incidence angles © = 0, 40, 60, 70
and 80° with electron energy Eg = 2 MeV (a) and
Ey =9 MeV (b) respectively

This will lead to a decrease in the inhomogeneity
of the deposited dose in the irradiated object, but a
second beam with low energy is required. Instead of
a low-energy beam, filters are used [1], metal plates
that overlap part of the electron beam and reduce
beam energy, which improves the dose inhomogene-
ity in the object, but reduces the efficiency of the
radiation process.

From the data shown in Fig.1, it follows that when
objects are irradiated with an electron beam with en-
ergy Ey, where part of the beam hits the object at
an angle ©® = 0°, and part of the beam at an an-

gle © > 0° the non-uniformity of the deposited dose
can be reduced. The angle of the electrons incident
on the object is changed by a magnetic field, for ex-
ample, the Panovsky lens, and does not change the
energy of the electrons. That is, unlike the use of
filters, when irradiating objects with electrons at dif-
ferent angles, all the energy of the electron beam is
transferred to the irradiated object.

The total depth-dose of the thickness of the object
when irradiated with two beams at an angle © = 0°
and at an angle © # 0° is determined by the relation:

Dsum(kvX,@) = D(X7E0,0)+kD(E7X0a@)a (1)

where X is the coordinate at the depth of the irra-
diated object, k is the fraction of the electron beam
incident on the object at an angle © (k > 0). For
double-side irradiation of an object of thickness Rt
with two beams, the dose along the depth of the ir-
radiated object is determined by the relation:

Dys(X,k,0, Rt) = Dsym (X, k,0)+Dsym(Rt—X, k,0) .
(2)

The inhomogeneity of the deposited dose over the
depth of the irradiated object by electrons with en-
ergy Ey depends on the values of the parameters k
and Rt. In [6], the optimal parameters k and Rt were
determined by minimizing the standard deviation of
Dgym from D, 4, in the thickness range 0...Xm. This
technique is applicable when the depth-dose created
by an additional electron beam is released at a thick-
ness of the irradiated object less than Xm. The use
of absorption filters in [6], which reduce the energy of
part of the electron beam, allows one to obtain dose
distributions close to Add dose to 0°, see Fig.1. An
additional beam with a dose distribution of Add dose
to 0° allows the depth-dose to be flatted in depth in
the thickness range 0...Xm.

In our case, the deposited dose from the additional
beam with © # 0° is distributed at the same depth of
the object as the dose from the main beam © = 0°.
We determine the optimal values of the parameters k
and Rt, at which the inhomogeneity of the deposited
dose is minimal over the entire thickness of the ob-
ject, with double-sided irradiation. We use a similar
technique proposed in [7], where the optimal parame-
ters of radiation sources are determined at which the
standard deviation of the dose rate from its average
value is minimal. The average value of the deposited
dose in the thickness range 0...Rt is determined by
the relation:

Rt
1
Doyer(k,©, Rt) = T /DdS(X,k, O, Rt)dX . (3)
0

Then the standard deviation of Dy, from D, e, in the
interval 0...Rt is determined by following relation:

A(k,©, Rt) =
Rt
= / [Das(X,k, 0, Rt) — Dyyer(X, k,0, Rt)]?dX .
0

(4)

121



The optimal parameters k and Rt are determined
from the joint solution of the system of differential
equations (5).

d(A(k,©,Rt))/dk =0,
d(A(k,©,Rt))/dRt = 0.
3. CALCULATION RESULTS

(5a)
(50)

The technique of minimizing the standard deviation
of the deposited dose in polyethylene from the aver-
age value allows us to determine the optimal values
of the parameters k and Rt for energies of 2, 5, and
9MeV at different incidence angles © of the addi-
tional electron beam. Fig.2 shows the dose distribu-
tions in polyethylene upon double-sided irradiation
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by electrons with energies of 2 and 9 MeV with an
additional beam incident on the object at an angle
© = 70°. Fig.2 also shows the depth-dose distribu-
tions created by the main beam (0 = 0°, see Fig.
1) and the additional beam (© = 70°, see Fig.1).
The values of D(X, Ey,70°) are given with the op-
timal coefficient k. The values of the optimal pa-
rameter k decrease with increasing electron energy.
At Eg = 2 MeV k = 0617, and at Eg = 9 MeV
k = 0.227. The proposed irradiation technique makes
it possible to reduce the depth-dose inhomogeneity in
objects instead of 70% to ~17% when irradiated by
2 MeV electrons, and instead of 38 to ~16% when
irradiated by 9 MeV electron energy.
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Fig.2. Dose distributions in polyethylene depending on depth X for incidence angles © = 0 and 70° with
electron energy Eo =2 MeV (a) and Eg =9 MeV (b) respectively

Table 1 shows the values of the optimal parame-
ters k and Rt for combined irradiation of polyethy-
lene by 2, 5, and 9 MeV electron beams at angles
O = 0° and © = 70°. The values of deposited en-
ergy (DEPOS) (column 3) in polyethylene, the en-
ergy carried away by backscattered electrons from
the surface of the polyethylene (BACK) (column 4)

and the energy of the bremsstrahlung photons gen-
erated in the polyethylene and not deposited in it
(TRANS) (column 5) are given as for combined irra-
diation, and for angles © = 0° and © = 70°. The
depth-dose heterogeneity is determined by Dy
(Dg}eaz - Dcﬁm)/Daver-

Table 1. The optimal parameters k and Rt, as well as the energy distribution during the combined
irradiation of polyethylene by 2, 5, and 9 MeV electron beams, at angles © =0 and 70°

Ey, MeV | Angle, deg. ENERGIES, % k Rt, cm | ADds, %
DEPOS | BACK | TRANS
1 2 3 4 5 6 7 8
0° 99.2 0.35 0.43
2.0 70° 95.3 4.29 0.37 0.617
0° + 70° 97.7 1.85 0.41 1.56 16.3
0° 98.6 0.18 1.26
5.0 70° 96.7 2.21 1.09 0.372
0° + 70° 98.1 0.73 1.22 4.33 18.3
0° 97.2 0.15 2.69
9.0 70° 96.6 1.28 2.17 0.227
0° + 70° 97.1 0.36 2.59 8.1 16

From the Table 1 of the data it follows that the ef-
ficiency of combined irradiation of polyethylene with
electron beams at angles of 0 and 70° in the energy
range of 2...9 MeV exceeds 97%.
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The main contribution, see Fig.2, to the degree of
depth-dose inhomogeneity falls on the surface layer of
the irradiated object. If particles with low energies
were present in the spectrum of electrons incident on



polyethylene, then the dose in the surface layer would
increase.

By analogy with filters, to change the spectrum of
electrons incident on an object, we add a thin layer
of metal — a filter placed in front of the object. Note
that for electrons incident on the object at angles
other than zero, the effective thickness of the metal
will be greater, and accordingly, the energy loss is
greater than for electrons incident at an angle © = 0°.

For energies of 2, 5, and 9 MeV and combined elec-
tron irradiation at angles ® = 0 and 70° of polyethy-
lene, at a distance of 5 cm from the surface of which
there is a metal layer, the optimal values of the pa-
rameters ka and Rt are determined.

We studied the use of a number of materials for
filters, it was shown that the minimum energy loss
of electrons in the filter with its sufficiently high effi-
ciency is provided by materials from light elements,
in particular from aluminum. The data when using
an Al filter, similar to the data given in Table 1, are
shown in Table 2. In addition to the deposited energy
(DEPOS), the energy carried away by the backscat-
tered electrons from the surface of the polyethylene
(BACK) and the not deposited bremsstrahlung pho-
ton energy (TRANS), the deposited energy values in
aluminum filter layer are shown in Table 2.

Table 2. The optimal parameters ka and Rt, as well as the energy distribution during the combined
wrradiation of polyethylene by 2, 5, and 9 MeV electron beams, at angles © = 0 and 70°

Ey, MeV | Angle, deg. ENERGIES, % DEPOS-Al | ka | Rt,cm | ADds, % | Al,mm
DEPOS | BACK | TRANS
1 2 3 4 5 6 7 8 9 10
0° 97.2 0.44 0.46 1.9
2.0 70° 90.0 5.56 0.41 4.04 0.61
0° 4 70° 94.5 2.38 0.44 2.71 1.44 4.61
0° 96.1 0.23 1.37 2.33
5.0 70° 91.0 3.09 1.22 4.68 0.395 0.3
0° 4 70° 94.6 1.04 1.33 3.00 4.05 4.90
0° 94.3 0.17 2.76 2.66
9.0 70° 90.4 1.89 2.41 5.09 0.230 0.6
0° 4+ 70° 93.6 0.49 2.70 3.12 7.65 5.16

Fig,3 shows the dose distributions in polyethylene
under double-sided irradiation by 2 and 9 MeV elec-
trons with an additional beam incident on the object
at an angle © = 70° and an Al filter with a thick-
ness of 0.1 and 0.6 mm. The values of D(X, Ey, 70°)
are given with the optimal coefficient ka, which are
slightly less than k, see columns 6 and 7 in Tables 1
and 2.

Thus, the use of aluminum filters reduces the in-
homogeneity of the depth-dose by more than 3 times,

and the efficiency of using an electron beam in the en-
ergy range of 2..9 MeV decreases by approximately
3% to ~ 94%. When the beam is partially over-
lapped by [6] filters, whose thickness for Al is an
order of magnitude larger than those proposed in
this work, the efficiency of using the electron beam
reaches 58% for 2MeV, 77% for 6 MeV, and about
90% for 10 MeV. The inhomogeneity of the depth-
dose for these options is comparable with the results
obtained in the present work 5%.
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Fig.3. Dose distributions in polyethylene depending on depth X for incidence angles © = 0 and 70° by
Ey =2 MeV electron with 0.1 mm Al filter (a) and by Eq = 9 MeV with 0.6 mm Al filter (b) respectively
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Note that close results on the degree of beam in-
homogeneity compared to irradiation using filters can
be obtained by combined irradiation with electrons at
angles © = 0 and 80° of polyethylene without filters.

As follows from Figs.1 and 3, the depth-dose dis-
tribution form D(X, Ey,80°) and ka x D(X, Ey, 70°)
with an Al filter are close to each other.

However, in practice, the use of beams incident on
the irradiated object at angles close to 90° is difficult.

4. CONCLUSIONS

It was shown that when polyethylene is combined
irradiated by the main electron beam (incident on
the object at an angle of 0° relative to the normal)
and an additional beam (for example, incident on
the object at an angle of 70° relative to the normal),
the depth-dose inhomogeneity decreases significantly
with double-side and one-side irradiation.

To determine the optimal parameters, the fraction
of the beam incident on the object at angles ©® = 0°
and © # 0°, as well as the thickness of the object,
the least squares method was used. It was shown that
double-sided irradiation with the main ( © = 0°) and
additional ( © = 70°) electron beams with an alu-
minum filter provides a depth-dose inhomogeneity of
~ 5%.

The efficiency of using electron beams with op-
timal parameters is ~ 94% for energies of 2, 5, and
9 MeV and filter thicknesses of Al = 0.1, 0.3, and
0.6 mm respectively.
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BBIPABHUBAHWUE J035bI 110 I'VIVBUHE IIPU OBJIVUHEHNN JIEKTPOHAMMU ITIO/I
PA3SHBIMNA YI'JIAMN

B.I. Pydwvines, B.T. Jlasypux, /I.B. Pydwwes, E.B. Pydvues

UccmenoBana BO3MOXKHOCTb YMEHBITEHUS] HEOTHOPOIHOCTH 035 B TIOJIAITHIIEHE IPU ABYXCTOPOHHEM U OJTHO-
CTOPOHHEM OBOJIyIeHUH JIEKTPOHAMU IO PA3HBIMU yrIaMu pu MakcuMaabHoM KIT ncrmoab30BaHms mydKa.
s onipe/iesieHns ONTUMAJBHBIX TTAPAMETPOB, TOJIIMHBI OObEKTa U 016l Ty9Ka, MaJa0NIX Ha OObeKT o1
yraamu © = 0° u © # 0°, UCTONMBH30BAJICA METOI HAUMEHBINX KBAAPATOR. IIpu 00IyUeHNN OCHOBHBIM TTyU-
KoM ¢ yraom O = 0° u gponommuTenbHbM ¢ © = 70° mokazano, uro npu KITJI ~97% wmeromuka mossossier
YMEHBIIATH HEOTHOPOAHOCTL MO3bI B 00bekTax ¢ 70, 51 u 38% no ~17%, a ¢ Tonkumm dunbrpamu u3 Al
(KITO ~94%) no ~5% mns suepruii snexkrponos 2, 5 u 9 MsB coorsercrsento.

BUPIBHIOBAHHA 103U I10 T'VJIMBWHI ITPU OIIPOMIHEHHI EJIEKTPOHAMMWJ IIT/T
PISHNIMU KYTAMMN

B.I. Pyduues, B.T. Jlasypux, /.B. Pyduues, €.B. Pyduues

JocaimkeHo MOXKIIHBICTh 3MEHITTeHHS HEOJHOPITHOCTI TO3W B TOJieTUIEH] TPH ABOCTOPOHHLOMY 1 OTHOCTO-
POHHBOMY ONMPOMiHEHHI eIEKTPOHAMY MiJ pi3HUMHU KyTaMu mpu MakcuMaabaoMy KK/ Bukopuctanns mydka.
st BU3HAYEHHS ONTUMAIBHUX MAPaMeTPiB, TOBIMHA 00’ €KTa i YaCTOK IMydYKa, IO A al0Th Ha 00’€KT i
kyramu © = 0° i © # 0°, BUKOPUCTOBYBaBCsA METOJ, HaliMeHIIuX KeaapatTiB. IIpu onpomiHeHHI OCHOBHUM
nydkoMm 3 Kyrom © = 0° i momarkosum 3 © = 70° nmokasano, mo npu KK ~97% meromuka mossosse
3MEHIIUTH HeOAHOpIAHICTh mo3u B of’ekrax 3 70, 51 1 38% 1o ~17%, a 3 Toukumu dinsrpamu 3 Al (KKJT
~94%) no ~5% mms emepriii enexTponis 2, 5 1 9 MeB Bianosimuo.
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