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An application of semi-empirical models involves analyzing data regularly recorded during irradiation control and processing it to
determine the values of the semi-empirical model parameters. In the present paper, the recorded data used present the depth dose
curves measured at the INCT radiation sterilization center in Warsaw, Poland. The measurement method is described. The depth dose
curves are analyzed using the dosimetric wedge method. The characteristics of the depth dose curves are presented. The depth ranges
are determined within which the measurement results can be used without special processing as depth dose curve values in the
dosimetric wedge. Special procedures are developed to approximate and extrapolate the measurement results. The objective of the
procedures is to obtain the basic dependencies of semi-empirical models, namely the doses as a function of depth at normal incidence
of the electron beam on a semi-infinite medium. Special procedures are developed to process measurement results using the PFSEM
method (two-parameter fitting of a semi-empirical model of depth-dose curves). A procedure for excluding bremsstrahlung
contributions from depth-dose curves is proposed and implemented. The value of this contribution is estimated as the average dose in
the bremsstrahlung tail region. The change of the bremsstrahlung influence on the doses with depth is neglected. The method for
selecting the values of model-fitting parameters is proposed based on the assumption that the fitting parameters depend weakly on
electron energy. Based on the proposed method, the fitting parameters of semi-empirical models are determined from Monte Carlo
simulations of depth-dose curves during irradiation of a layer with a monoenergetic electron beam. The measurement results are
compared with depth-dose curves calculated using semi-empirical models for electron-beam irradiation at different angles of
incidence on an aluminum dosimetric wedge. Based on the comparison results, the errors in model predictions and the feasibility of
implementing methods to optimize irradiation processes by selecting the angle of electron incidence on the surface of the irradiated
object are discussed.
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INTRODUCTION

Radiation technologies are widely used to sterilize pharmaceutical products and medical equipment and to disinfect
food products. Optimizing irradiation is one of the main tasks in implementing radiation technologies [1-16]. In radiation
technologies, the minimum level of dose uniformity (DUR) in the irradiated object corresponds to the optimal irradiation
mode [17-25]. For electron beams, the two-sided irradiation method is the one that enables low DUR [4,5]. When using
this method, the optimal irradiation mode of the layer is achieved when, at a given electron energy E, the layer has an
optimal thickness Hop(E). At the same time, there is a strong dependence of DUR on layer thickness, which poses
technical challenges to implementing the optimal mode of two-sided irradiation at fixed electron energy. Changing the
angle of incidence of the electron beam on the surface of the irradiated object is one possible solution to the technical
problems encountered in implementing the two-sided irradiation method [26-34]. The feasibility of this approach for
optimizing irradiation was demonstrated by reviewing the results of Monte Carlo modeling of depth-dose curves [26]. It
should be noted that the capabilities of such modeling of the depth dose distribution for given angles of incidence of the
electron beam on the layer were implemented in the R7-Office software (ModeRTL module). However, these capabilities
were not used to optimize the irradiation in radiation technologies, since such a knowledge-intensive optimization
procedure is difficult to implement in technology centers.

Therefore, new tasks arose in electron radiation dosimetry related to the need to investigate the dependence of the
depth dose distribution on the angle of incidence of the electron beam on the material layer. To carry out these studies,
semi-empirical models of the depth dose curve caused by an electron beam incident on the surface of a layer at an angle
0 were developed. In these semi-empirical models [27,28], the distribution of transferred energy in the volume of
matter, which is initiated when a point beam of radiation strikes the surface of a semi-infinite medium at a normal
angle, is the basic object (Dose-Map object). The following assumptions were used to develop the models. The Dose-
Map object was assumed to have axial symmetry with respect to the beam particles' direction of incidence on the layer.
The parameters of the object in its eigen coordinate system were assumed to be independent on the angle of incidence
of the beam on the layer of substance. Finally, the dose distribution was assumed to be uniform or normal (Gaussian)
across the object's cross-sections at all depths within the layer. Based on these assumptions, two two-parameter semi-
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empirical models were developed: SEM2U — a model with uniform dose distribution, and SEM2N — a model with
normal dose distribution in the cross-sections of the Dose-Map object.

A comparison of the depth dose curves obtained using the developed semi-empirical models SEM2U and SEM2N
with the depth dose curves obtained by Monte Carlo simulation at different angles 6 of the electron beam incidence on
the layer demonstrated satisfactory agreement of these results for cases of monoenergetic electron beams at incidence
angles 0°< @ < 60° on a semi-infinite layer. In [27], examples were given where the developed two-parameter models
provided the correct calculation of two technological characteristics of the double-sided irradiation simultaneously (in a
coordinated manner): the optimal target thickness and the dose uniformity ratio in the target.

To implement methods for optimizing irradiation based on selecting the angle of incidence of electrons on the surface
of the irradiated object, the semi-empirical models and the software developed on the basis of these models can be used.
However, for the practical implementation of these developments, the proposed optimization methods should be approved
and the software should be verified. In the present paper, the semi-empirical models are validated by the results of dose
depth distribution curve measurements carried out at the INCT radiation sterilization centre in Warsaw, Poland.

The data recorded during the control of irradiation at this radiation sterilization centre is analyzed. The
measurement method used is described. The characteristics of the depth dose curve measurements carried out by the
dosimetric wedge method are analyzed. The depth ranges within which the measurement results can be used without
special processing as depth dose curve values in the dosimetric wedge are determined. Special procedures for
approximation and extrapolation of measurement results are used to obtain the values of the basic model: the values of
the doses subject to the depth at normal incidence of the electron beam on a semi-infinite medium. Special procedures
for processing measurement results are developed based on the PFSEM method (fitting of semi-empirical model
parameters) [8]. The special procedure is used to exclude the contribution of bremsstrahlung to the depth dose curves.
The procedure is based on the estimate of this contribution as the average dose value in the bremsstrahlung tail region.

The methods for determining the fitting parameters of semi-empirical models are analyzed. The method is
proposed for selecting the values of the model fitting parameters. The method is based on the assumption of a weak
dependence of the fitting parameters on the electron energy. Based on the proposed method, the fitting parameters of
semi-empirical models are determined based on the results of Monte Carlo simulation of depth dose curves during
irradiation of a layer with electron beams of different energies. The possibilities of implementing various methods for
determining model fitting parameters in the practical activities of radiation sterilization centers are discussed.

The measurement results are compared with the results of calculating depth dose curves using semi-empirical
models, when irradiating a layer with electron beams at different angles of incidence on the layer. The errors in the
model predictions are discussed and recommendations are given for the implementation of methods for optimizing
irradiation processes based on the selection of the angle of incidence of electrons on the surface of the irradiated object.

METHOD FOR VALIDATION OF SEMI-EMPIRICAL MODELS IN A RADIATION
STERILIZATION CENTER
Measurement of depth dose curves at specified angles of incidence of the electron beam on the surface of the
irradiated object

To validate the semi-empirical models, the radiation characteristics recorded at the radiation sterilization center are
determined first. This is necessary to reconcile the data on the characteristics of the irradiation process available at this
centre with the parameters of the semi-empirical models, which are required to calculate these characteristics. To test
the semi-empirical models, the results of measurements of depth dose distribution curves in objects exposed to radiation
at the Radiation Sterilization Center of the Institute of Nuclear Chemistry and Technology in Warsaw, Poland, are used.
At this centre, uniform irradiation of the surface of objects was ensured by the uniform motion of objects on a conveyor
line and scanning with an electron beam in a direction perpendicular to the direction of the conveyor motion. Changes
in the angle of incidence @ of the electron beam on the surface of the object were achieved by changing the spatial
orientation of the irradiated object on the conveyor. For this purpose, the object was placed on a platform with a
specified angle of inclination. The schematic of the method for measuring depth dose curves at specified angles of
incidence of the electron beam on the surface of the irradiated object is shown in Fig. 1.
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Dosimetric wedge
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Figure 1. Schematic of measuring the depth dose curve at a given angle of incidence of the electron beam on the surface of the
irradiated object
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It should be noted that when using this method of measuring depth dose curves, it is necessary to take into account
the change in the electron flux @(8) incident on the surface of the object when the angle 6 of the irradiated object
changes @(6) = @y cos(b).

The depth dose curves were measured using an aluminum dosimetric wedge from GEX Corporation, which
characteristics are presented in Fig. 2.
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Figure 2. Aluminum dosimetric wedge for measuring depth dose curves
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Figure 3. Results of measurements of depth dose curves in dosimetric film obtained by the dosimetric wedge method

The dose values D;, determined at a set of points on the dosimetric film, are the measurement results. The starting
point x = 0 of the depth dose curve is selected as the coordinate of the marker — the point at which the dose value is
significantly greater than at neighboring points on the dosimetric film. Figure 3 shows the results of dose measurements
for electron beam incidence angles & = 0° and 45° on the surface of the dosimetric wedge, which are normalized to the
average dose value on the upper surface of the dosimetric wedge (see Fig. 2).

To analyze the measurement results, we highlight three spatial areas, which are separated in the figure by vertical
dotted lines.

Area 1 — the dose in the film located on the upper surface of the dosimetric wedge and that in the film when the
film enters the dosimetric wedge. The measurement results in this area cannot be used to describe the depth dose curves,
since they are distorted by boundary effects in the design of the dosimetric wedge and the positioning of the marker on
the film.

Area 2 — the dose in the film located at a sufficient distance from the boundaries of the dosimetric wedge. The
measurement results in this area are suitable for describing the depth dose curves.

Area 3 — the dose in the film, where the dose values are determined by the bremsstrahlung from the electron beam
passing through the dosimetric wedge to this area, the so-called bremsstrahlung tail. The measurement results in this
area cannot be used for comparison with the results of calculations based on semi-empirical models, since the models
take into account the dose formation only due to the ionization losses of electrons.

Thus, the data obtained on the basis of measurements of depth dose curves by the dosimetric wedge method can be
used to describe depth dose curves only in a limited depth range. To validate the models, it is necessary to extract the
ionization component of the dose from this data.

Determination of the basic parameters of the model based on the results of measuring the depth dose curve
Semi-empirical models of the depth dose curve for an electron beam incident on a semi-infinite medium at an
angle @ are based on relationships in the form of integral transformations of the depth dose curve for normal incidence
of the radiation beam on the medium [27,28]. Therefore, processing the measurement results with the objective to
obtain the depth dose curve for normal incidence of the electron beam on a semi-infinite medium is the first step in
determining the model parameters. As shown in the previous section, the data that can be obtained based on
measurements by the dosimetric wedge method correctly describes the depth dose curve only at a sufficient distance
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from the irradiated surface of the dosimetric wedge. In the integral transformations applied in the models, the depth
range near the surface of the irradiated object makes a significant contribution to the results. Therefore, special methods
of processing the measurement results are required for the correct extrapolation of the depth dose curve in the shallow
depth range in the wedge. For this purpose, the processing of the measurement results of the depth dose curve in the
film at normal incidence of the electron beam on the wedge was carried out using a two-parameter electron beam model
(PFSEM method), i.e., by fitting the parameters of a semi-empirical model [34].

The red solid curve in Fig. 4 presents the result of a two-parameter fit with the following PFSEM method
parameters: monoenergetic electron beam energy is £y = 9.84 MeV and additional layer thickness corresponding to the
displacement in the film is Xy = 0.87 cm. The dotted curve is calculated in the result of a single-parameter fit with the
following PFSEM method parameter value: monochromatic electron beam energy is £; = 8.4 MeV. As one can see in
Fig. 4, the two-parameter fitting of PFSEM measurement results provides a more accurate approximation of
measurement results and extrapolation of the depth dose curve to the shallow depth region in the wedge than standard
one-parameter method.

It should be noted that the obtained approximation of the depth dose curve in the film under normal incidence of
the electron beam on the wedge contains the contribution of bremsstrahlung to the dose value. In Fig. 4, the dotted
horizontal line shows the level of the bremsstrahlung tail. Since the models take into account the dose formation only
due to ionization losses of electrons, it is necessary to exclude the contribution of bremsstrahlung from the
approximation of the depth dose curve. To do this, the value of the contribution of bremsstrahlung to the dose is
assumed to be independent of the depth. The value of this contribution is calculated as the average dose in the region 3 -
the tail of the bremsstrahlung and subtract the obtained value of the contribution from the dose values at all depths. The
result of excluding the contribution of bremsstrahlung from the depth dose curve is shown in Fig. 5. The model
parameter L is determined from the curve in Fig. 5. This parameter is the depth to which the values of the depth dose
curve in the film are known. The parameter is determined as the maximum value of the depth x to which all dose values
D(x) > 0. For the data in Fig. 5, the model parameter Ly.x = 6.6 cm.

Aluminum, 8 = 0° D*(x) Aluminum, 8 = 0°

Xa
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Figure 4. Results of processing the measurements of the depth Figure 5. Depth dose curve in the film due to ionization
dose curve in the film (dashed curve) using the PFSEM method. losses of electrons, with normal incidence of the electron
The red solid curve corresponds to the two-parameter fit. The beam on the wedge — basic dependence for semi-empirical
dotted curve corresponds to the single-parameter fit. models.

The solid curve in Fig. 5 shows the depth-dose curves in the film when the electron beam strikes the wedge normally,
which is prepared for use in semi-empirical models as basic data for calculations. In the following, the characteristics for
these depth-dose curves are calculated in accordance with standards [4, 6]. These parameters are: the practical range of
electrons R, and the depth of half the maximum dose reduction Rsy. The characteristics of the dose-depth dependence
curves (R,,Rs0) relate to the parameters of the PFSEM method (Ey,Xp) by the following relationships [8]:

Ry = Ry(Eo) - Xo-Kyw; Rso = Rso(Eo ) - Xo'Ko, 1)

where R,(Ey) is practical range of electrons and Rso(Ey) is the depth of half the maximum dose reduction for electrons
with energy Ey, K,, is the ratio of film distance to the depth in dosimetric wedge (for standard aluminum dosimetric
wedge, this ratio is K,,= 0.28).

Using eq. (1) and the values of the parameters (Ey, Xy) determined during processing the measurement results (see
Fig. 4) by the PFSEM method, one obtains R,= .75 cm, Rsj= 1.32 cm. Based on these values (R,, Rs), according to the
standard [6], characteristics of the electron energy: average energy E. and most probable energy E, of the electron
source, are determined: E4, = 8.47 MeV  E, = 8.77 MeV. Note that the energy value E; = 8.4 MeV, calculated based
on a single-parameter PFSEM fit, is close to the energy value E 4.
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Determination of fitting parameters for semi-empirical models of the depth dose curve
The basic relationship for the depth dose curve in a semi-infinite medium D(x,6,E), under uniform irradiation with
a monoenergetic electron beam with energy E at an angle 6 to the surface of the medium, can be represented as an
integral transformation of the depth dose curve in a semi-infinite medium D(x,0,E), when the medium is irradiated with
a normally incident electron beam

D, (x,0,E)= _[ D(t,0,E)-K,(t,x,0,0,(E),Q.(E))dt 2)

where K;(t,x,0,0,(E),Q,(E)) is the kernel of the integral transform; ¢, (E),Q,(E) are fitting parameters of semi-

empirical models; for the Dose-Map object model with uniform dose distribution, the index i=1/, and for Gaussian
distribution, the index i=2.

In semi-empirical models [27], power functions are used to approximate the distribution of transmitted energy in
the volume of matter, which is initiated by the normal incidence of a point beam of radiation on the surface of a semi-
infinite medium (Dose-Map object).

0
F('x’a’Q):a.Lﬂ’laX [LLJ b a>07 Q207 0<x£Lmax (3)

Therefore, these models have two fitting parameters: Q - the exponent of the power function and « - a multiplier
that determines the maximum value of the function Fu = @'Luma. Due to the axial symmetry of the Dose-Map object,
the dependence of the radius R(x) = F(x,a,;,0;) of the circle is used to describe uniform distribution, and the dependence
of the dispersion o{x) = F(x,a2,Q>) on the depth x in the medium is used for Gaussian distribution.

The procedures for determining the fitting parameters of semi-empirical models were described in [28]. However,
the calculation results were presented there only for monoenergetic electron beams. Industrial radiation facilities
typically have electron beams with a fairly broad spectrum. In this case, the depth dose curve D(x,6) can be calculated
as the average of the depth dose curves D(x,E,6) according to the spectral distribution of electrons S(E):

E ‘'max

D(x,0)= [ D(x,6,E)-S(E)IE @)

E,

‘min

Here Ein, and E,q are minimum and maximum electron energy in the beam.
Substituting Eq. (2) into Eq. (4) and changing the order of integration, one obtains

E,

Lmﬁl\( ‘max

D,(x,6) = j j D(,0,E)-K,(t,x,6,0,(E),0,(E))- S(E)dEdt ®)

0 E

min

If the spectral distribution S(E) and the fitting parameter functions of the models a;(E) and Q,(E) are known for
irradiation by the electron beam with the given spectrum, then eq. (5) makes it possible to calculate the depth dose curve
Dj(x,0). However, detailed information about the spectrum and the dependence of the model fitting parameters on
electron energy is usually unavailable.

To develop the approximate calculation method, when integrating the energy in eq. (5), the model fitting parameters
are assumed to be constants equal to a;(E4,) and Q,(E.4,). In this case, one derives the expression

L

D(x.0)= [ D(.0) K (t.x.0.0(E,,).0,(E,, ) (6)

0

Here D(%,0) is the dose depth curve in semi-infinite medium under irradiation by normally incident electron beam with a
given spectrum,
E

D(t.0)= | D(.0,E)-S(E)E %)

E,

min

It should be noted that the simple method for calculating the depth dose curve in accordance with the following
expression was suggested in [27]:

LI

D(x.0)= | D(t.0.E,) K, (t.x.0.0,(E,).0.(E,))dr ®)

g

o

However, the results obtained by this method appeared to be unsatisfactory because of the difference between the depth
dose curve D(t,0,E4y) and the approximation of the dose measurement results D(%,0), which is shown in Fig. 4. The
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application of the exact dependence of the depth dose curve D(%,0) in eq. (6) ensures satisfactory accuracy of the model
predictions.

In the proposed method based on eq. (6), to determine the fitting parameters of the semi-empirical model, it is
sufficient to determine the values of these parameters for a monoenergetic electron beam with energy E4. The
procedure for determining the fitting parameters of semi-empirical models, as described in [28], is used in the present
paper.

The fitting parameters of the semi-empirical model are determined from the condition of equality of the value of
the optimal layer thickness H,,; during two-side electron irradiation, obtained by modelling the depth dose curves using
the Monte Carlo method, to the value of the optimal layer thickness calculated using the semi-empirical model with
these parameters. The implemented method is as follows.

1. The irradiation mode is selected: electron energy £ and angle # of incidence of the beam on the surface of the
object undergoing the radiation treatment. The selected irradiation mode of the object should ensure a strong
dependence of the results of the depth dose curve calculation on the fitting parameters of the semi-empirical
model.

2. The depth dose curve for the selected irradiation mode is determined based on modelling the electron passage
through the semi-infinite medium by the Monte Carlo method. The depth dose curve calculated using the Monte
Carlo method is shown in Fig. 6 in the form of the histogram.

3. The optimal layer thickness H, is determined for two-side electron irradiation using the depth dose curve
calculated by the Monte Carlo method. The optimal layer thickness H,, is determined by searching through layer
thickness values with the step of 0.01 g/cm?. The search for thicknesses is stopped when the layer thickness is
found for which the difference between the dose at the centre and the dose at the surface of the layer has a
minimum positive value. The depth dose curve in the layer of optimal thickness under two-side electron
irradiation is shown in Fig. 7 by dashed curve.

4. The parameters of the semi-empirical models are determined from the condition of equality of the value of the
optimal layer thickness H,y, obtained on the basis of the depth dose curve calculated by the Monte Carlo
method, to the value of the layer thickness obtained on the basis of calculations using the semi-empirical model.
The parameters of the semi-empirical model are determined by searching through parameter values with the step
of 0.01. The depth dose curves calculated with the selected parameters for the semi-empirical model with the
uniform distribution (solid curves) and the Gaussian distribution (dotted curves) of the dose in the cross-sections
of the Dose-Map object are shown in Figs. 6 and 7.

* . =200 * .
5 D*(x) Aluminum, 8.5 MeV, 6=30' D*(x) Aluminum, 8.5 MeV, 9=300
1.6 4
1.5
1.4 4 ’ \\\ ,,
/
\\ ’
1 \ /)
1.2 1 \ ’ \
/ \ ’
1 \
/ AN ,’/ \\
N ’
0.5 1 N ”
0 T T T T T 0.8 T T T T
0 0.2 04 0.6 0.8 1 X 0 0.2 04 0.6 0.8 1 X

Figure 6. Depth dose curves calculated for a semi-infinite  Figure 7. Depth dose curves in a layer of optimal
medium. A histogram corresponds to a Monte Carlo thickness Hop= 6.7 g/cm? with two-sided irradiation. The
simulation. dashed curve corresponds to the Monte Carlo simulation.

COMPARISON OF MODELLING RESULTS WITH MEASUREMENT RESULTS

The depth dose curves are calculated in semi-empirical models using eq. (4). This equation uses D(z,0) - the depth
dose curve prepared on the basis of processing the measurement results described in the previous section of the present
paper. To determine the fitting parameters of the models, the method proposed in the previous section of the present
paper is used. The irradiation mode is selected: the energy of the monoenergetic electron beam is assumed to be equal to
the average energy E4= 8.5 MeV, calculated based on the processing of the deep dose curve measurement results. The
angle 6 of the beam incidence on the surface of the dosimetric wedge is assumed to be equal to 8 = 30°. The choice of
this angle of orientation of the dosimetric wedge ensures sufficiently strong dependence of the results of the depth dose
curve calculation on the fitting parameters of the semi-empirical model. However, at this angle of incidence of the
electron beam on the layer, the influence of the layer boundary is still insignificant.
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The equality of the values of the optimal layer thicknesses, the thickness obtained on the basis of Monte Carlo
calculations, and the thickness obtained on the basis of calculations using a semi-empirical model is illustrated in Fig. 7.
The depth dose curves shown in Fig. 7 are calculated with the selected parameters a; = 0.8, and Q; = I for the model with
a uniform distribution (solid curves) and with parameters a; = 0.4, and O, = [ for the model with Gaussian distribution
(dotted curves) of the dose in the cross-sections of the Dose-Map object. These values of the fitting parameters can be used
to calculate depth-dose curves in semi-empirical models for any orientation angle of the dosimetric wedge.

The results of calculations of depth dose curves in semi-empirical models for angles 8 = 10° 20°, 30°, 45° of the
dosimetric wedge orientation are shown in Figs. 8-11.

D'(x) Aluminum, 8 = 10° D*(x) Aluminum, 8 = 209

- X, cm
1 0 1 2 3 4 5 6 W 0 1 2 3 4 5 6 x cm

Figure 8. Depth dose curves calculated for a semi-infinite  Figure 9. Depth dose curves calculated for a semi-infinite
medium. The red curve corresponds to the calculation in medium. The red curve relates to the calculation in the
the SEM2U model. The dotted curve relates to the base SEM2U model. The dotted curve corresponds to the
curve for the SEM2U and SEM2N models baseline curve for the SEM2U and SEM2N models

D*(x) Aluminum, 8 = 309 D*{x) Aluminum, 6 = 450

-1 0 1 2 3 4 5 6 x cm

Figure 10. Depth dose curves calculated for a semi- Figure 11. Depth dose curves calculated for a semi-infinite
infinite medium. The red curve relates to the calculation medium. The red curve represents the calculations in the
in the SEM2U model. The blue curve corresponds to the SEM2U model. The blue curve relates to the calculations in
calculation in the SEM2N model the SEM2N model

The red curves represent calculations in a model with uniform dose distribution, and the blue curves represent
calculations in a model with Gaussian dose distribution in the Dose-Map object cross-sections. The dashed curves
represent depth-dose measurements carried out at different orientations of the dosimetric wedge. The dotted curves
represent the depth-dose curve for normal incidence of the electron beam on the dosimetric wedge, which is used as
baseline data for calculations in semi-empirical models.

As one can see in Figs. 8 and 9, at small angles of orientation of the irradiation object, the depth dose curve (red
curve) does not differ significantly from the depth dose curve (dotted curve) at normal incidence of the electron beam.
In this case, there is good agreement between the simulation results and the measurements. It should be noted that the
results of calculations using the two models at small angles of orientation of the irradiation object differ only due to
rounding errors in the calculations.

As the orientation angle increases, the difference between the results of calculations using the two models
increases, as one can clearly see in Figs. 10 and 11. These differences are related to the influence of the boundary on the
dose distribution in the cross-sections of the Dose-Map object. Therefore, the difference between the calculation results
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using the two models can serve as an indicator of the correctness of the basic assumption that the parameters of the
Dose-Map object in its eigen coordinate system are independent on the angle of incidence of the beam on the layer. As
one can see in Fig. 11, the model with a Gaussian distribution (blue curve) of the dose in the cross-sections of the Dose-
Map object describes the results of measurements of the depth dose curve near the irradiation surface more adequately.

The large error in the model description of the measurement results should be noted in Fig. 10 at the orientation
angle of 30°. This is explained by changes in the irradiation mode happened on different days. Such differences indicate
instability in the radiation sterilization process during a single batch of the treated product.

CONCLUSIONS

The method of electron beam irradiation with specified beam-incidence angles on the surface of the irradiated
object is proposed.

The object is assumed to be placed on a special platform with a variable angle of inclination. The platform is
assumed to be installed on the conveyor line of the radiation technology unit.

The method is proposed to measure the depth-dose curve at specified object-orientation angles during electron-
beam irradiation. The dosimetric wedge is assumed to be placed on a special platform with a specified angle of
inclination, which is installed on the conveyor line of the radiation technology facility. For this method, the dependence
of the electron flux @(@) incident on the surface of the object on the change in the orientation angle 6 of the irradiated
object is determined as @(8) = @y cos(b).

Based on the proposed method, measurements of depth dose curves are carried out in a standard aluminum
dosimetric wedge at wedge orientation angles 8 = 0°, 10°, 20°, 30°, 45°, 60°.

The results of measurements across three spatial regions at different depths within the wedge are analyzed. It is
shown that data obtained from depth-dose curve measurements using the dosimetric wedge method are applicable only
within a limited depth range and that specialized methods for processing these data are required when testing semi-
empirical models.

Special methods are developed for processing measurement results to correctly approximate and extrapolate the
depth dose curve in the shallow depth region of the wedge, based on the PFSEM method, i.e. the two-parameter fitting
method of the semi-empirical model. A method for excluding the contribution of bremsstrahlung from depth-dose curve
measurements is proposed and implemented, as required for comparisons with model-based calculations. The basic
depth-dose distribution curve is determined and serves as the basis for calculations in semi-empirical models.

The basic depth dose distribution curve is obtained using special methods developed in the present paper for
processing measurements of depth dose distribution curves on a film under normal incidence of an electron beam on a
wedge. For this curve, in accordance with the standard [6], the values of electron energy characteristics, such as the
average energy E,, and most probable energy E, of the electron source, are determined. For this depth dose curve, the
values of the electron energy characteristics, namely, average energy Ey4, and most probable energy £, of the electron
source are determined.

A method for determining fitting parameters for semi-empirical models is proposed. It is based on the assumption
that these parameters are independent of electron energy. In this method, a base curve derived from processed
measurement results is used in the integral transformation. The fitting parameters of semi-empirical models o;(E.,) and
Qi(E +) are determined based on the values of these parameters for the case of a monoenergetic electron beam with energy
E 4. The values of the fitting parameters are determined for the model with the uniform distribution (a; = 0.8, Q; = I) and
for the model with the Gaussian distribution (a; = 0.4, Q> = 1) of the dose in the cross-sections of the Dose-Map object.

The measurement results are compared with the simulation results from the depth dose curves in semi-empirical
models for angles 8 = 10°, 20° 30° 45° of the dosimetric wedge orientation. At small angles of orientation of the
irradiated object, good agreement between the simulation and measurement results is observed. In these cases, the
results of calculations using the two models differ only due to rounding errors.

As the orientation angle increases, the difference between the results of calculations using the two models widens
due to the boundary's influence on the dose distribution in the Dose-Map object cross-sections. Therefore, the difference
between the results of calculations using the two models can serve as an indicator of the model error. It should be noted
that the model with a Gaussian dose distribution in the cross-sections of the Dose-Map object more adequately
describes measurements of the depth dose curve near the irradiation surface.

It is found that changes in the irradiation regime during radiation sterilization can significantly increase the
discrepancy between the model description and the measured depth-dose curve.
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3ACTOCYBAHHA HAIMIBEMIIIPUYHAX MOJEJEN YIIPABJITHHS ITYYKOM EJIEKTPOHIB ¥ TEXHOJIOTTi
PAJIAIIAHOI CTEPUJIIBALIII
Basnentun T. Jlasypuk!, Irop O. Tipka!, Oxexcanap O. 3oaoryxinl, 36irnes 3imex?
I Xapkiscvkuii nayionanonuii ynieepcumem imeni B.H. Kapasina, Xapxie, Yxpaina
2Incmumym s0epnoi ximii ma mexnonoziti, Bapwasa, Ionowa

Jnsi BUKOPHUCTAHHSI HAMiBEMITIPUYHUX MOJeliell HeoOXiJHO aHalli3yBaTH JAaHi, SIKi PETyJsIPHO PEECTPYIOTHCS MiJ 4ac KOHTPOIIIO
MPOIIECiB ONMPOMIHEHHS, Ta OOPOOIATH Il JaHi IS BU3HAUCHHS 3HAYCHb IapaMeTpiB HaIliBEMITIPHYHHUX MoJenei. Y mii podoTi sk
peecTpoBaHi JaHI BUKOPHUCTaHO TMHOWMHHI KpuBi 103u, BuMipsHi y Llentpi pamiamifinoi crepwnizanii INCT, Bapmasa, [Tonpmia.
OmnucaHo MeTox IPOBEICHNX BHMIPIOBaHb 1 MPEICTABICHO aHANi3 OCOOMMBOCTEH TIMOMHHUX KPHBUX JO3H, SKi OyJIO BHMIpSHO
METO/IOM JIO3UMETPUYHOr0 KiInMHA. Bu3HaueHO o0nacTi rMOWH, B SKHX PE3yJIbTaTH BUMIPIOBaHb MOXYTh OyTH BHKOpHCTaHi 0e3
crewiajgbHOi 0OpOOKH B SKOCTI 3Ha4YeHb ITMOMHHOI KPUBOI JI03M B JIO3MMETPUYHOMY KiHMHI. Po3poGneHo crerianbHi nponenypu
anmpOKCHMAIIIT Ta eKCTPAIOJIAIIl Pe3yJIbTaTiB BUMIPIOBaHb Il OTPUMAaHHS 3HAYCHb 0Aa30BOi 3aJIC)KHOCTI HAIMIBEMITIPUYHUX MOJCICH
- 3Ha4YeHHs MIMOMHHOI KPHUBOI 103U MPH HOPMAaJbHOMY MaiHHI MyYKa EIEKTPOHIB Ha HamiBHECKIHYCHHE cepenoBuile. Po3pobieHo
crewuiajgbHi mpoueaypun oOpoOKH pe3yibTaTiB BuMipioBaHb Ha 0a3i metomy PFSEM (nBomapamerpuyHa MiAroHKa MapameTpiB
HaMIBEMITIPUYHOI MOJENI TITMOMHHIX KPUBHX J03H). 3allpONOHOBAHO Ta PEAi30BAHO MPOLEAYPY BHKIIOUYECHHS BHECKY T'aJbMiBHOTO
BHINIPOMIHIOBAHHA 31 3HAUCHb MNIMOWHHHUX KPUBHX I03H. BelMW4nHY IIbOTO BHECKY OLIHEHO SIK CEpPEeIHE 3HAYCHHS J03HM B IHTEpBaJi
XBOCTa TaJbMIBHOTO BHIIPOMIHIOBAHHS, 1 PHITYIIEHO, 10 BEJIMYHHA BHECKY TajbMiBHOTO BHIIPOMIHIOBAHHS B 103y HE 3MiHIOETHCS 3
ITTHOMHOI0. 3allpOIIOHOBAHO METOJ] BUOOPY 3HAaUeHb MTapaMeTpiB MiATOHKK MOJENed Ha OCHOBI NPUITYIICHHS PO CJIa0Ky 3aJIeXHICTh
napaMeTpiB MIiArOHKM BiJ eHepril enekTpoHiB. Ha OCHOBI 3anpONOHOBAHOIO METOJXY BH3HAUEHO IapaMeTPH IIiJrOHKH
HaMiBEeMITIpUYHUX MOJENel 3a pe3ylbTaTaMH MOJEIIOBaHHs MeTogoM MonTe-Kapiio rmOMHHMX KPUBHMX JO3H IPH ONPOMiHEHHI
[Iapy MOHOCHEPreTHYHHUM IYYKOM eleKTpoHiB. [IpoBeaeHO MOpIiBHSHHS pe3yNbTaTiB BUMIPIOBAaHb i3 pe3yJbTaTaMH PO3PaxyHKY
THOMHHUX KPUBUX J03H, BUKOHAHHUX 32 HAMIBEMIIPHYHUMHU MOJCIISIMHU, NIPU OIPOMIHEHHI IIapy IMyYKaMy eJICKTPOHIB 3 Pi3HHUMHU
KyTaMd TaJiHHA Ha aTIOMiHIEBHH HO3MMETpUYHUI KinH. Ha OCHOBI pe3ynbTaTiB MOPIBHSHHS OOTOBOPEHO MOXHOKH MPOTHO3IB
MoJeNiell 1 MOXKIIMBICTh peati3alii MEeTOJIB ONTHMi3aLii MPOIeciB OMPOMIHEHHS Ha OCHOBI BHOOPY KyTa HaliHHSA €NCKTPOHIB Ha
TIOBEPXHIO ONIPOMIHIOBAHOTO 00'€KTa.

Kuto4uoBi cjioBa: enekmponno-npomenesa O003uMempis, Kpuea IuOUHU-003U; Npoyecu cmepunizayii; KOHMpOIb ONMUMALbHUX
pedicumis; Hanisemnipuuna mooeis, menood Morwme-Kapio



