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DETERMINATION OF EMPIRICAL PARAMETERS OF DEPTH-DOSE DISTRIBUTION MODELS
FOR CASES WITHOUT ANY CONTROL OF THE ELECTRON BEAM SPECTRUM

Two preconditions are crucial for the calculation of depth-dose distributions in existing semi-empirical models. An
available detailed information regarding the electron beam spectrum is one precondition. And the dependence of the
model’s empirical parameters on the energy and incidence angle of the beam on the irradiated object is the other
precondition. However, in industrial applications, the electron beam spectrum is typically not controlled during the
radiation sterilization process. The present paper addresses and solves the problem of developing a procedure for using
existing semi-empirical models to calculate depth-dose distributions if the electron beam spectrum is not controlled.

The procedure for determining the empirical parameters of the model is suggested. It is based on the selection of a
single irradiation mode from a set of values for electron energies and electron beam incidence angles on the layer that
make a significant contribution to the depth-dose distribution. An estimation of the electron energy range in the
spectrum is carried out based on an approximation of the spectrum by a triangular distribution with parameters
corresponding to standard characteristics of the electron depth-dose distribution. The errors in determining the empirical
parameters of the model are evaluated using a set of irradiation modes in the electron energy range from 5 to 10 MeV
and electron beam incidence angles on the layer from 0° to 60°.

The error of the SEM2U model is determined based on the deviations of the model’s predictions from the results of
numerical experiments obtained by simulating depth-dose curves in the layer using the Monte Carlo method. Standard
characteristics of the radiation sterilization process are used to estimate errors: values of optimal layer thicknesses, dose
uniformity indices, and beam energy utilization coefficients.

The method for using semi-empirical models is described for the cases without any control of the electron spectrum.
The method consists of processing measurements taken using a dosimetric wedge to obtain the depth-dose curve under
normal incidence of the electron beam on the irradiated object (the baseline curve for the models) and selecting a single
irradiation mode to determine the empirical parameters of the models. The depth-dose curves in a semi-infinite medium,
calculated using the described method, are compared with the results of simulating depth-dose curves using the Monte
Carlo method. For these comparisons, an electron beam with a broad Spectrum_8 spectrum is used at various beam
incidence angles on the medium. The error of the calculations of depth-dose curves for electron beams with the
Spectrum_8 spectrum is evaluated according to the characteristics of the two-sided irradiation process, which is
standard in radiation sterilization. The error is estimated based on the deviation of the predictions of the semi-empirical
SEM2U model from the results of numerical experiments obtained by simulating depth-dose curves in the layers of
optimal thickness using the Monte Carlo method.

It is shown that the procedure for determining the empirical parameters of the model, based on the selection of a
single irradiation mode, provides sufficient accuracy for the calculations in the SEM2U model for electron beams with a
broad spectrum. The possibilities of the proposed method for using semi-empirical models to calculate depth-dose
curves when selecting optimal irradiation modes in radiation sterilization in cases without any control of the spectrum
are discussed.

Keywords: electron beam dosimetry, sterilization, two-side irradiation, depth-dose curve, selection of optimal
modes, semi-empirical model, Monte Carlo method.

1. Introduction

Optimization of irradiation processes in radiation
technologies [1-8] requires minimizing the degree
of dose nonuniformity within the volume of the
treated object [9-14]. A high dose uniformity ratio
(DUR) for electron beams can be achieved using the
two-sided irradiation method [3, 4]. However, this
requires that the irradiated layer has an optimal
thickness hos. This requirement produces technical
difficulties in planning and controlling the irradia-

tion process, which are associated with the need to
vary the electron energy when irradiating layers of
different thicknesses h. One way to overcome these
difficulties is to change the angle 6 of incidence of
the electron beam on the surface of the irradiated
object without changing the electron energy E
[15-21]. In this case, the beam incidence angle
should be selected such that the optimal thickness
hopt(0,E) for two-sided irradiation of the layer is
equal to h.
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DETERMINATION OF EMPIRICAL PARAMETERS OF DEPTH-DOSE DISTRIBUTION MODELS

The selection of the electron beam incidence
angle on the surface of the irradiated object to opti-
mize the two-sided irradiation process can be carried
out using a Monte Carlo simulation of depth-dose
curves [10, 11]. Unfortunately, this approach is not
well-suited for finding optimal irradiation parame-
ters in the practical operations of radiation steriliza-
tion centers. In [17, 21], semi-empirical models of
the depth-dose curve were developed for a limited
range of electron beam incidence angles on the
layer. The empirical model parameters were deter-
mined by fitting data calculated using the semi-
empirical model to data obtained via Monte Carlo
simulation. For example, for the ISE model [21], the
empirical parameter of the model was determined
using data on optimal layer thicknesses [17] at vari-
ous angles of incidence of the electron beam on the
layer. It should be noted that, unfortunately, the use
of single-parameter semi-empirical models can pro-
vide a good description of only one of the technolo-
gical indicators of the irradiation process.

In [18], two-parameter semi-empirical models
were presented. The models can jointly describe the
optimal layer thickness and the dose heterogeneity
index DUR during two-sided irradiation, which is
necessary for making the decision on the feasibility
of using irradiation parameters for the radiation
sterilization process. These models were developed
based on the distribution of transferred energy
within the volume of the material, which is initiated
by the normal incidence of a point radiation beam on
the surface of a semi-infinite medium (the Dose-
Map object). Semi-empirical models were developed
for the depth-dose curve from the radiation entering
the medium at an angle 0, based on the following
assumption. The dose was assumed to be distributed
uniformly (SEM2U model) or according to a Gaus-
sian distribution (SEM2N model) in the cross-
sections of the Dose-Map object at all depths within
the object. The SEM2U and SEM2N semi-empirical
models were verified using results obtained from the
Monte Carlo simulations of depth-dose curves for
various angles of incidence of the electron beam on
the object.

The development and implementation of proce-
dures and methods for determining the empirical
parameters of the model is a critical task for the
practical application of semi-empirical models.
These parameters are determined by fitting the
results of calculations using the model to available

Emax Lmax

reliable data (e.g., measurement results or Monte
Carlo simulations).

The basic relations for the depth-dose curve in a
semi-infinite medium Di(x,0,E) under uniform irra-
diation by the monoenergetic electron beam of ener-
gy E incident on the surface of the object at an angle
0 can be represented as the integral transformation of
the depth-dose curve in a semi-infinite medium
D(x, 0, E) under irradiation of the object by a nor-
mally incident electron beam

Lmax

D,(x,0,E) = j D(t,0,E)-K,(t,x,0,0,(6,E),Q (6, E))dt,

1)
where K,(t,x,6,0,(6,E), Q;(6,E)) is the integral

transform kernel, o,(6,E), Q,(6,E) are empirical

parameters of semi-empirical models.

In the ISE model [21] as well as in the SEM2U
and SEM2N models [18], if the object was irradiated
by a normally incident electron beam, the depth-
dose curve D(x,0,E) in a semi-infinite medium was
calculated based on a semi-empirical model [22]
using the EMID software [23]. In the SEM2U and
SEM2N models, when implementing transformation
(1), integral transformation kernels were used, which
were obtained by approximating the Dose-Map
object with power-law functions

Q
F(x)=a.Lmax(Lij . Q20,0<x<L_, (2

max

where Lmax IS the penetration depth of radiation
particles in the object [2].

Therefore, these models have two empirical
parameters: o, which determines the maximum value
of the function Fmax = a-Lmax, and Q — the exponent
of the power function. In Eq. (1), the index i=1
denotes the SEM2U model (uniform distribution),
and the index i=2 denotes the SEM2N model
(Gaussian distribution).

Procedures for determining the empirical parame-
ters of the models were proposed in [17, 21]. How-
ever, the use of these procedures assumes the elec-
tron beams to be monoenergetic. Industrial radiation
facilities typically have electron beams with a suffi-
ciently broad spectrum. In this case, the depth-dose
curve D(x,0) can be calculated by averaging the
depth-dose curves D(x,E,0) in accordance with the
electron spectral distribution S(E)

D.(x,0) = j J'D(t,O,E)-Ki(t,x,e,ai(e,E),Qi(O,E))-S(E)dtdE, ©)

E 0

min

where Emin and Emax are the minimum and maximum
electron energies in the spectrum, respectively.
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The boundaries of the electron energy range in
the spectrum (Emin, Emax) can be estimated as fol-
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lows. The maximum electron energy Emax Can be
estimated as the maximum energy that the electron
accelerator can provide. The minimum electron
energy Emin can be calculated according to standard
[4] characteristics of the electron energy, such as the
average energy Ea, and the most probable energy E,
of the electron source. Using the approximation of
the spectrum S(E) by a triangular distribution based
on these data, one obtains

Emin: 3 EAv_Ep_Emax' (4)

If the spectral distribution S(E) and the functions
of the empirical model parameters o, (6,E),Q,(6,E)

are known in the range (Emin, Emax) Of electron ener-
gies in the spectrum, then Eq. (3) makes it possible
to calculate the depth-dose curve Di(x,0) for irradia-
tion with an electron beam of a given spectrum.
However, detailed information about the spectrum
and the dependence of the model’s empirical para-
meters on the energy E and the angle 6 of the elec-
tron beam incident on the surface of the object are
unknown in practice.

In [17, 21], the empirical parameters of the model
were determined based on the use of the optimal
layer thickness, whose value was obtained as a
solution to the equation

D(x,E,0)=D(0,E,0)/2, h,,(6,E)=2x. (5)

The procedure consisted of the following three
steps. First, the value of the optimal layer thickness
was determined based on the Monte Carlo simula-
tion of the depth distribution of the electron radia-
tion dose [10, 11]. Second, the value of the optimal
layer thickness h_,(6,E,0;(6,E),Q,(6,E)) was

determined based on the depth distribution of the
electron radiation dose D,(x,0,E,h), which was

calculated in the model with empirical parameters
0,(6,E),Q;(6,E). Third, empirical model parame-
ters were selected from the condition

hioa (0, E, 04 (6,E),Q;(6,E)) =h,,, (0,E). (6)

It should be noted that the procedure described
above for the determination of the model empirical
parameters requires significant time to simulate a set
of depth distributions of the electron radiation dose
D(x,E;,0;,,h) using the Monte Carlo method for

discrete values of electron energies E; and incidence
angles 6i. Furthermore, for each element in this set,
the condition (6) should be verified using a brute-
force search, and values for the model’s empirical
parameters should be selected.
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2. Empirical parameters of the depth-dose
distribution models for a given angle of incidence
of the electron beam

2.1. The method for determining the empirical
parameters of the model based
on a single irradiation mode

The present paper proposes a less labor-intensive
method than that in [17] for determining the empiri-
cal parameters o, Q, of the model. The method is

based on selecting a single irradiation mode (hode)
from a set of discrete values of electron energies E;
and beam incidence angles 6; on the surface of the
irradiated object, and determining the empirical
parameters of the model based on Eg. (6). In this
method, the irradiation mode is selected based on the
dependence of the calculated depth-dose distribution
results on the empirical parameters of the model.
The node is selected for which the changes in the
predicted characteristics of the irradiation process
during radiation sterilization [4] depend most strong-
ly on the changes in the values of the model empiri-
cal parameters.

For the LUE-10 electron accelerator applied for
radiation sterilization [6], according to Eg. (4), the
estimated limits of the energy range in the electron
spectrum are: Emin = 5 MeV, Emax = 10 MeV. Irradia-
tion modes with monoenergetic electron beams
having energies of 10.0, 7.0, and 5.0 MeV and beam
incidence angles of 30, 40, and 50° are considered.
The irradiation mode with electron energy of
10 MeV and beam incidence angle of 50° is selected
as the reference for determining the empirical
parameters o,, Q, of the models. The empirical

parameters of the model are determined from the
condition of equality of the optimal layer thickness,
obtained by simulating the depth-dose distribution
using the Monte Carlo method, to the optimal layer
thickness, calculated using the semi-empirical model
with these parameters.

The results of applying the proposed method to
the selected node are illustrated in Fig. 1. Fig. 1, a
shows the dependence of the electron radiation dose
on depth in a semi-infinite medium. The depth x is
normalized to the value of the extrapolated average
free path length of electrons p(E) in polyethylene.
Fig. 1, b shows the dependence of the electron radia-
tion dose on depth in the layer under two-sided irra-
diation. The depth x is normalized to the value of the
optimal layer thicknessh,, (6,E), which is calcula-

ted in the semi-empirical model. As can be seen in
Fig. 1, b, the requirement for the dose value at the
center of the layer of optimal thickness to be equal
to the dose value at the layer boundary, as defined
by Eg. (5), is satisfied. This equation is solved
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DETERMINATION OF EMPIRICAL PARAMETERS OF DEPTH-DOSE DISTRIBUTION MODELS

numerically by simply sweeping the values of the
empirical model parameters a; with a step size of
0.01, while keeping Qi=1 fixed. The empirical
parameters determined by this method for the
SEM2U model are a1 =0.4, Qi1=1, and for the
SEM2N model they are a; =0.2, Q.=1. In Fig. 1,
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the depth-dose curves calculated using the SEM2U
model are shown by the solid curves, while the dot-
ted curves represent the depth-dose curves calcula-
ted using the SEM2N model. The histogram and the
dashed curve show the results of the Monte Carlo
simulations of the depth-dose curves.
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Fig. 1. The depth-dose curves calculated using the SEM2U model are shown by the solid curves; the dotted curves
represent the depth-dose curves calculated using the SEM2N model. The histogram and the dashed curve show the
results of the Monte Carlo simulations of the depth-dose curves. a — Depth-dose curves calculated for a semi-infinite
medium. The depth x is normalized to the value 4.95g/cm? b — depth-dose curves in a layer of thickness
hopt(E, 0) = 5.52 g/cm? under two-sided irradiation. Model prediction error is Ahopt = —0.18 %.

As shown in Fig. 1, there is a satisfactory agree-
ment between the depth-dose curves for a semi-
infinite medium and those for the layer of optimal
thickness subjected to two-sided irradiation. Good
agreement is observed between the value of the
optimal layer thickness obtained by the Monte Carlo
method and that calculated using semi-empirical
models with the parameters selected according to the
condition (6). The relative error for the procedure of
selecting empirical model parameters is estimated as
the error of the optimal layer thickness value calcu-
lated in the model with the selected parameters rela-
tive to that obtained based on the Monte Carlo simu-
lation. For the selected irradiation mode, the relative
error is Ahgp: = —0.18 %.

2.2. Comparison of semi-empirical model predictions
with numerical experiment results

In this Section, the empirical parameters deter-
mined by the single-node selection method proposed
in the previous section are used to study the error in
the predictions of semi-empirical models. To com-
pare the depth-dose curves obtained by the Monte
Carlo simulation and those calculated using the
selected empirical model parameters (a1 =0.4,
Qi=1; @2=0.2, Q2=1), Figs.2-4 present the
results of calculations of depth-dose curves in a
semi-infinite medium and for two-sided irradiation
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of a polyethylene layer. The depth-dose curves,
which are calculated for the optimal layer thick-
nesses determined in accordance with the model
predictions, are presented in Figs. 2, b, 3, b and 4, b.
These figures show only the calculation results for
irradiation modes in which the relative error of the
procedure for selecting empirical model parameters
is the largest. The depth-dose curves calculated
using the SEM2U model are shown by solid curves,
while the dotted curves represent those calculated
using the SEM2N model. The histograms and
dashed curves show the results of simulating the
depth-dose curves using the Monte Carlo method.
As one can see in Fig. 2, the results of the depth-
dose curve calculations in the SEM2U model and in
the SEM2N model are very close for beam incidence
angles less than 50°. This indicates that the influence
of object boundaries for these irradiation modes is
negligible [18]. However, as it is shown in Fig. 1,
the influence of object boundaries is already evident
at a beam incidence angle of 50° to the irradiated
object, even for the electron energy of 10 MeV. The
comparison of the results of depth-dose curve calcu-
lations in the SEM2U model (shown as solid curves)
with the results of depth-dose curve calculations in
the SEM2N model (shown as dotted curves) makes
it possible to conclude that the object boundaries can
significantly affect the depth-dose distribution [18].
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Fig. 2. a — Depth-dose curves calculated for a semi-infinite medium at different angles 6 of incidence of the electron
beam on the object. The depth x is normalized to the value 4.95 g/cm?2. 1 — 6 = 50°, 2 — 40°, 3 — 30°. b — Depth-dose
curves in a layer of thickness hop(E,0) = 7.58 g/cm? under two-sided irradiation. The depth x is normalized to the value
7.58 g/cm?. Model prediction error is Ahgy = —2.5 %.
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Fig. 3. a — Depth-dose curves calculated for a semi-infinite medium at different angles 6 of incidence of the electron
beam on the medium. The depth x is normalized to the value 3.44 g/cm? 1 - 6 =50°, 2 — 40°, 3 — 30°. b — Depth-dose
curves in a layer of thickness hop(E,0) = 5.28 g/cm? under two-sided irradiation. The depth x is normalized to the value
5.28 g/cm?. Model prediction error is Ahgyt = —3 %.
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Fig. 4. a — Depth-dose curves calculated for a semi-infinite medium at different angles 6 of incidence of the electron
beam on the medium. The depth x is normalized to the value 2.42 g/cm?. 1 — 0 = 50°, 2 — 40°, 3 — 30°. b — Depth-dose
curves in a layer of thickness hop(E,0) = 2.74g/cm? under two-sided irradiation. The depth x is normalized to the value
2.74 g/cm?. Model prediction error is Ahgpt = —2.6 %.
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DETERMINATION OF EMPIRICAL PARAMETERS OF DEPTH-DOSE DISTRIBUTION MODELS

This phenomenon is weakening as the angle of
incidence of the electron beam on the irradiated
object decreases and the electron energy increases.
According to the error data for the procedure of
selecting the model’s empirical parameters, the
relative error Ahgy does not exceed 3% for the
irradiation modes shown in Figs. 2—4.

For more detailed estimations of the model
errors, the deviations of the model’s predictions,
under given empirical parameters, from the results
of numerical experiments obtained by simulating
depth-dose curves in the layer using the Monte Carlo
method are considered. The values of the optimal
layer thickness hoyt [g/cm?], the dose uniformity
indices in the irradiated object K, [DUR], and the
electron beam energy utilization coefficients K, [%]
are compared. These three observables are standard
characteristics of the irradiation process during radi-
ation sterilization [4]. The data used for these com-

parisons are presented in Table 1. The MC columns
present irradiation process characteristics calculated
based on the Monte Carlo simulation of depth-dose
curves in a layer of optimal thickness under speci-
fied electron beam parameters. The Model columns
present irradiation process characteristics obtained
based on predictions from the SEM2U semi-
empirical model, under specified model parameters.
The M_MC columns present the optimal layer
thicknesses, which are calculated based on predic-
tions from the SEM2U semi-empirical model and
the irradiation process characteristics, which are
calculated for these layer thicknesses based on the
Monte Carlo simulations of depth-dose curves. For
comparison, the irradiation process characteristics
are presented, which are calculated based on the
Monte Carlo simulation of the depth-dose curve for
the case of normal incidence of the electron beam on
the layer of optimal thickness.

Table 1. Characteristics of the two-sided irradiation during radiation sterilization

Energy 0 0° 30° 40° 50°
MC MC M_MC | Model MC M_MC | Model MC M_MC | Model
hopt | 8.91 7.77 7.58 7.58 6.82 6.66 6.66 5.52 5.52 5.52
10 MeV | Ky 1.32 1.30 1.30 1.34 1.31 1.31 1.32 1.31 1.31 1.31
Ko | 0.848 | 0.863 0.842 0.837 | 0.867 0.847 0.844 | 0.865 0.865 0.857
hopt | 6.18 5.44 5.28 5.28 4,78 4.65 4.65 3.86 3.86 3.86
7 MeV Ky 1.40 1.35 1.35 1.43 1.33 1.33 1.41 1.32 1.32 1.38
Ko | 0.822 | 0.849 0.824 0.808 | 0.861 0.837 0.817 | 0.881 0.881 0.835
hopt | 4.28 3.79 3.74 3.74 3.34 3.3 3.3 2.67 2.74 2.74
5 MeV Ky 1.47 1.38 1.38 1.52 1.35 1.35 1.49 1.32 1.40 1.45
Ko 0.8 0.835 0.824 0.782 | 0.856 0.847 0.794 | 0.871 0.841 0.812

As can be seen from the comparison of the data
in Table1, the relative differences between the
values of the optimal layer thicknesses hoy calcula-
ted in the semi-empirical model (column “Model”)
and the values of the optimal layer thicknesses
obtained from numerical experiments (column
“MC”) do not exceed 3 %. Therefore, at the plan-
ning stage, for known object thickness h, the semi-
empirical model can be used to optimize the irradia-
tion process (to determine the electron energy E and
the beam incidence angle 6 on the irradiated object)
according to the equation h = hox(E,0).

The comparison of the data presented in the
columns “MC” and “M_MC” of Table 1 shows that
the prediction of the semi-empirical model for selec-
ting the optimal layer thickness hoy = hop(E,0), for
given values of electron energy E and beam incidence
angles 6 on the layer, provides very good agreement
between the predicted and optimal regimes.

Lmax Emax

D, (x,0) = j
0 Epin
When integrating over energy in (7), the empiri-
cal parameters (oi, Qi) of the models are assumed to
be independent of the electron energy and the beam
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j D(t,0,E)- K, (t,x,6,a,(6,E),Q.(6,E))-S(E)dEd: .

3. Semi-empirical model for beams
with a wide spectrum of electrons

3.1. Basic equations and error estimation
for the semi-empirical model

Note that the satisfactory agreement between the
predictions (verification) of the semi-empirical
model and the results of numerical experiments car-
ried out over a wide range of electron energies E and
beam incidence angles 6 makes it possible to expect
that the proposed procedure for selecting the
model’s empirical parameters can provide sufficient-
ly accurate calculations for non-monoenergetic elec-
tron beams. To verify this expectation, an approxi-
mate method for calculating the depth-dose curve
Di(x,0) by changing the order of integration in
Eqg. (3) is considered

()

incidence angle on the irradiated object and are
determined by the single-node selection method
suggested in the previous section. In this case,
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expression (7) is significantly simplified and takes
the form

D,(x,6) = Lj D(t,0)-K, (t, x,0,0,,Q,)dt. (8)

0

Here, D(t,0) is the depth-dose curve in a semi-
infinite medium under irradiation by a normally
incident electron beam. In particular, this quantity
can be determined by carrying out the measurements
using the dosimetric wedge method [24]. It can also
be calculated using the depth-dependent dose pro-
files in the object D(t,0,E) [17, 18] under irradiation
by a normally incident monoenergetic electron beam

D(t0)= | D(LO,E)-S(E)E.  (9)

Emln

Eq. (8) is used to verify the assumption that
determining the empirical parameters of the model
by the single-node selection method provides correct
calculations for electron beams with a sufficiently
broad spectrum. To verify this assumption, the trian-
gular spectral distribution Spectrum_8 with the

Polyethylene, Spectrum_8

1.5 A

0.5 4

0

0 1 2 3 4 X, glem?

following parameters is considered:

maximum electron energy Emax = 10 MeV;

minimum electron energy Emin = 5 MeV;

most probable electron energy E, = 9 MeV.

For this distribution, the average electron energy
Ea = 8 MeV and the half-width AE = 2.5 MeV.

The depth-dose curve D(t,0) in a semi-infinite
medium under irradiation by a normally incident
beam with this electron spectral distribution is calcu-
lated. Fig. 5, a shows the results of the Monte Carlo
calculation of D(t,0) — see the histogram (3). Nume-
rical values of D(t,0) and values of the empirical
model parameters (01 =0.4, Q1 =1; 02 =0.2, Q2 =1)
are used to calculate the depth-dose curves Di(x,0)
according to Eq. (8). The results of the calculations
of the depth-dose curves Di(x,0) for electron beam
incidence angles on the object of 6 = 20, 30, 40, 50,
and 60° are shown in Fig. 5. The depth-dose curves
calculated using the SEM2U model are shown by
solid curves, while dotted curves represent the
depth-dose curves calculated using the SEM2N
model. The histograms show the results of simula-
ting the depth-dose curves using the Monte Carlo
method.

3 Polyethylene, Spectrum_8

4 % .,gfom?

Fig. 5. a — Depth-dose curves in polyethylene irradiated by an electron beam with spectrum Spectrum_8 for different
angles 0 of incidence of the beam on a semi-infinite medium. 1 — 6 =50°, 2 — 30°, 3 — 0°. b — Depth-dose curves in
polyethylene irradiated by an electron beam with spectrum Spectrum_8 for different angles 6 of incidence of the beam

on a semi-infinite medium. 1 - 6 = 60°, 2 — 40°, 3 — 20°.

One can see in Fig. 5 that the depth-dose curves
Di(x,0), calculated using the SEM2U and SEM2N
models, agree reasonably well with the results of the
Monte Carlo simulations of depth-dose curves (his-
tograms). Note that agreement of the results is
observed for a wide range of electron beam inci-
dence angles on the object: 6 = 20, 30, 40, 50, 60°.

To estimate the errors in the calculations of
depth-dose curves for electron beams with the
Spectrum_8 spectrum, the characteristics of the two-
sided irradiation, which is the standard one in
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radiation sterilization, are used [4]. The deviations of
the values of the optimal layer thickness hey, the
dose uniformity indices in the layer K(u), and the
electron beam energy utilization coefficients K, are
evaluated. The error estimates are based on the
deviation of the predictions of the SEM2U semi-
empirical model from the results of numerical
experiments obtained by simulating depth-dose
curves in the layer using the Monte Carlo method.
The data used for these estimates are presented in
Table 2.
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Table 2. Data for comparing standard characteristics of the two-sided irradiation in radiation sterilization

® 0° 10° 20° 30° 40° 50° —
MC MC Mod MC Mod MC Mod MC Mod MC Mod -
Nopt 7.1 6.99 7.01 6.66 6.66 6.12 6.09 5.34 5.31 4.31 4.36 g/cm?
Ky 1.33 1.32 1.36 1.31 1.35 1.31 1.35 1.31 1.35 1.31 1.34 -
Ko | 0.847 | 0.848 | 0.832 | 0.851 | 0.831 | 0.853 | 0.831 | 0.859 | 0.833 | 0.863 | 0.843 %

The columns “MC” present the characteristics of
the two-sided irradiation, calculated based on the
Monte Carlo simulations of depth-dose curves in a
layer of optimal thickness at given electron beam
incidence angles 6 with the Spectrum_8 spectrum.
The columns “Mod” present the irradiation charac-
teristics obtained based on SEM2U model predic-
tions for the empirical parameters oz =0.4 and
Q1 =1.

As one can see from the comparison of the data
in Table 2, the relative differences between the
values of the optimal layer thicknesses hey calcula-
ted using the semi-empirical model and those
obtained from numerical experiments do not exceed
1 %. The errors in the values of the standard charac-
teristics of the radiation sterilization — the dose uni-
formity index and the beam energy utilization coef-
ficient — do not exceed 4 and 3 %, respectively.
Therefore, the proposed method for calculating the
depth-dose curve Di(x,0) can be useful in selecting
optimal irradiation modes in radiation sterilization
for cases without any spectrum control.

4, Conclusions

In the present paper, a procedure is developed for
determining the empirical parameters of the model
based on the selection of a single irradiation mode
from a set of modes that can make a significant con-
tribution to the depth-dose distribution, for the cases
in which the electron spectrum is unknown (uncon-
trolled). The error of the procedure for determining
the empirical parameters of the model is estimated
for the sets of irradiation modes with electron ener-
gies ranging from 5 to 10 MeV and electron beam
incidence angles on the layer ranging from 0 to 60°.
It is shown that when using this procedure, the rela-
tive error in the predictions of the optimal layer
thickness Ahoy does not exceed 3 %. Therefore, the
procedure for determining empirical parameters can
be effectively used to determine the optimal layer
thickness for a given two-sided irradiation regime.

The errors of the SEM2U model are estimated
based on the deviations of the values predicted using
the model from the results of numerical experiments
obtained by simulating depth-dose curves in the
layer using the Monte Carlo method. It is shown that
for the radiation sterilization process, when the
thickness of the irradiated object h is fixed, this
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semi-empirical model can be used to determine the
optimal irradiation regime (E,0) according to the
equality h = hox(E,0). When this irradiation regime
is used, good agreement is observed between the
characteristics of the predicted and optimal steriliza-
tion processes.

The method is proposed for using semi-empirical
models in cases in which the electron spectrum is
unknown (uncontrolled). The method consists of the
following. First, the measurements carried out using
a dosimetric wedge are processed to obtain the dose-
depth curve under normal incidence of the electron
beam on the irradiated object (the baseline curve for
the models). Second, the single irradiation mode is
selected to determine the empirical parameters of the
models. The depth-dose curves Di(x,0) in a semi-
infinite medium, calculated using the proposed
method, and the results of simulating the depth-dose
curves using the Monte Carlo method are compared.
For the calculations, an electron beam with a broad
model spectrum Spectrum_8 is applied at various
beam incidence angles on the layer. Satisfactory
agreement of the results is found to be observed for
a wide range of electron beam incidence angles from
0 =0° to 60°.

The errors in the calculations of the depth-dose
curves in the layers of optimal thickness under two-
sided irradiation with electron beams having the
Spectrum_8 spectrum for the beam incidence angles
0 =10, 20, 30, 40, and 50° are evaluated. The rela-
tive errors of the standard characteristics of the radi-
ation sterilization process — optimal layer thick-
nesses, dose uniformity indices, and beam energy
utilization coefficients — are shown to be smaller
than 1, 4, and 3 %, respectively. This confirms that
the suggested procedure for determining the empi-
rical parameters of the model provides sufficiently
accurate calculations in the SEM2U model for elec-
tron beams with a broad spectrum. Thus, the pro-
posed method for calculating the depth-dose curve
Di(x,0) can be useful in selecting optimal irradiation
modes in radiation sterilization for the cases in
which the spectrum is not controlled.

The method is proposed for estimating the range
of electron energy values in the spectrum based on
approximating the spectrum with a triangular distribu-
tion whose parameters correspond to the standard
characteristics of the electron depth-dose distribution.
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The results of calculating depth-dose distributions
in the SEM2U model are compared with those in the
SEM2N model. The comparison shows that the
influence of the object boundary on the depth-dose

distribution is weakening with a decrease in the angle
of incidence of the electron beam on the irradiated
object and with an increase in electron energy.
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BU3HAYEHHS EMIIIPUYHUX ITAPAMETPIB MO/IEJIEM I''TABUHHOT' O PO3IOJILTY 103U
JJIS BUITAIKIB, KOJIM CIIEKTP ITYYKA EJIEKTPOHIB HE KOHTPOJIIOETHCA

BimoMi HamiBeMMipu4HI MOJENI JAIOTh 3MOTY pPO3paxyBaTH TIHOWHHI PO3MOAUIH JO3W 332 HASBHOCTI JCTAIbHOI
iH(pOpMaIii PO CHEKTp IMyyKa eJICKTPOHIB Ta 3aJIe)KHOCTI eMIIPUYHHUX TapaMeTpiB MOAEINI BiJl eHepril i KyTa naiHHs
Iy4ka Ha 00’ekT onpoMiHeHHs. OJHAK y TEXHOJOTIYHHUX LEHTPaxX y Mpoleci paaialiiHoi cTepuiizamii CekTp mydyka
€JIeKTPOHIB, K MPaBWIO, HE KOHTPOJIOETHCA. Y il poOOTI MOCTaBIeHO W PO3B’A3aHO 3afady pO3pOOKH MPOIEexypH
BUKOPHCTAHHS HAsSBHUX HAIIBEMITIPUYHAX MOJENCH I pO3paxyHKy TIMOMHHHX PO3IMOLTIB 03U Yy BHMANKY, KOJH
CHEKTp IMy4Ka ENICKTPOHIB HE KOHTPOIIOETHCS.

OmnmcaHo TpoIeaypy BH3HAYCHHS EMITIpHYHHX MTapaMeTpiB MOJET] Ha OCHOBI BUOOPY OHOTO PEXXHUMY OIPOMiHEH-
HS 3 HaOOpy 3HAYCHb CHEPTill eJIeKTPOHIB Ta KYTiB MaIiHHS My4YKa €JICKTPOHIB HA IMIap, SKi JAIOTh CYTTEBHHA BHECOK Y
PO3paxyHOK TJMOWHHOTO pO3MoAiry mo3u. [IpoBemeHO OMIHKY Aialla30Hy CHEpPriii eNeKTPOHIB y CIIEKTPi HA OCHOBI
anpoKcuMalii CreKTpa TPUKYTHUM PO3HOALIOM 3 MapamMeTpamHu, IO BiANOBIJAalOTh CTAHIAPTHUM XapaKTEPHCTHKaM
TJIMOMHHOTO PO3IOJTY J103M eNeKTpoHiB. [IpoBesieHO OIIHKK MOXMOOK BU3HAUEHHS EMIIPUYHHX IapaMeTpiB MOAei 3
BUKOPHCTaHHSIM Ha0Opy PEXHMMIB ONPOMIHEHHS B Jiana3oHi eHeprii enexTpoHiB Bix 5 no 10 MeB ta xyTiB majiHHs
Iy4Ka eJIEKTpOHiB Ha map Bix 0 1o 60°.

IMoxubxy moneni SEM2U Bu3HaueHO Ha OCHOBI BiIXWJIEHb Tepen0daueHp Li€l MOZENI Bill Pe3yJbTATIB YHCIOBHX
eKCIIEPUMEHTIB, OTPUMAHUX MOJEIIOBAaHHAM TMIMOMHHUX KPHBHX H03U B mapi mMeromoM Monte-Kapmo. i ominox
MOXMOOK BUKOPHCTOBYIOTHCSI CTAaHAAPTHI XapaKTEPUCTUKHU TPOLeCy padialliifHoOl cTepriIi3amii: 3HAYeHHS ONTUMAaIbHUX
TOBILWH IIapy, MTOKa3HUKH OJHOPITHOCTI JO3U Ta KOCQIi€HTH BUKOPHUCTAHHS CHEPTii MyJKa.

OnncaHo METO/ BUKOPUCTAHHS HAIiBEMITIPUYHUX MOJEJCH I BUNIAJKy, KON CHEKTP €JIEKTPOHIB HE KOHTPOJIIO-
eTbesi. Meton nonsarae B 00poO11i BUMipIOBaHb, BAKOHAHNX 3 BUKOPUCTaHHAM JIO3UMETPUYHOTO KIIMHA, JUIS OTPUMaHHS
3aJICKHOCTI TO3M BiJ] TNIMOWHU MPU HOPMAILHOMY TMAaJliHHI ITyYKa eJIEKTPOHIB Ha 00’€KT onpoMiHeHHs (0a30Ba 3ayex-
HICTh MoOJielieit) Ta BUOOPI OJHOTO PEXUMY ONPOMIHEHHS JJis BU3HAYCHHs eMIipUYHUX HapaMeTpiB Moaeneil. [Ipose-
JICHO MOPIBHSHHS TJTMOMHHMX KPUBUX JIO3U B HAMliBHECKIHYCHHOMY CEpPE/IOBHIIII, PO3PAXOBAHUX OIMHMCAHUM METOJIOM, 3
pe3yJbTaTaMy MOJIENIIOBaHHS ITMOMHHUX KPUBHX 1031 MeTogoM MonTe-Kapo. /Iyt ux HopiBHSHb BUKOPUCTOBY€ETh-
¢4 MyYOK eNEKTPOHIB i3 MIMPOKHUM CIIEKTpoM Spectrum 8 HpH pi3HMX KyTax MaJgiHHA Iydka Ha cepeporuie. [IpoBexne-
HO OIIHKY ITOXHOKHM PO3paxyHKIB ITMOMHHMX KPUBHUX O3 JUIA MyYKiB €JIEKTPOHIB 31 criekTpoM Spectrum_8 3rigHO 3
XapaKTepUCTHKaMHU MPOIECY ABOCTOPOHHBOTO OMPOMIHEHHS, CTAaHAAPTHUMH IPH HPOBEICHHI padialiiiHOl cTepmitiza-
uii. OumiHKy MOXWUOKH MPOBENCHO 3a BEIHMYMHOK BIAXWICHHS mepenbadeHs HamiBemmipuaaol moxemi SEM2U Bin
pe3yJIbTaTiB YHCIOBUX E€KCIIEPUMEHTIB, OTPUMaHHUX MOJICIIIOBAHHAM TIIMOMHHHMX KPUBHUX J03U B Iapax ONTHMAJIBHOI
TOBILUHHU MeToJ0M MoHTe-Kapio.

[TokazaHo, 1m0 mpoueaypa BU3HAUCHHS EMIIIPUYHKX MapaMeTpiB MO/ Ha OCHOBI BUOOPY OJJHOTO PEXUMY OIpO-
MIHEHHSI Ja€ 3MOTY JOCTaTHBO KOPEKTHO NMPOBOJMTH po3paxyHKH B Mojeni SEM2U s mydkiB eNeKTpOHIB i3 IIHpo-
KuM CIieKTpoM. OOTOBOPIOIOTHCS MOXIIMBOCTI 3alPONIOHOBAHOTO METOJY BHUKOPHCTAaHHS HAIMIBEMIIPHYHUX MOJIENeH
JUTS PO3paxyHKIB TTMOMHHUX KPUBHX 03U MPH BHOOPi ONTHUMAIBHHUX PEXHUMIB OMPOMIHEHHS B paiamiiHil cTepmiiza-
il y BUMIAJKy, KOJH CIIEKTP HE KOHTPOIIOETHCS.

Kniouosi crnoea: no3uMeTpist €1€KTPOHHOIO IyYKa, CTEpHIIi3allis, ABOCTOPOHHE ONPOMIHEHHS, KpUBa TNTMOMHHOL
JI031, BUOIp ONTUMAJIBHUX PEXUMIB, HaIliBEMITipUYHA MOJIelb, MeTol MoHTe-Kapo.

Hapiiima / Received 20.05.2026

ISSN 1818-331X SIJJEPHA ®I3VMIKA TA EHEPTETUKA 2026 T.27 Ne3 247


https://ror.org/03ftejk10
https://ror.org/00183pc12
mailto:oozolotukhin@karazin.ua

