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To carry out radiation sterilization, one needs to determine the permissible irradiation modes, which is carried out using computer
dosimetry methods. Nowadays, the choice of optimal irradiation modes can be based on the models of the depth-dose curve at different
incidence angles of the electron beam on the layer of matter. In the present paper, the distribution of transferred energy in the volume
of the target initiated by the normal incidence of a point beam of radiation on the surface of a semi-infinite medium (Dose-Map object)
is used to develop such models. Semi-empirical models of the Dose-Map object are designed based on two assumptions. One is that
the target has axial symmetry relative to the direction of the radiation particle incidence on the target. The second is that the dose spatial
distribution is uniform or normal (Gaussian distribution) in the cross-sections of the Dose-Map object at all depths. For a two-parameter
approximation of the Dose-Map object, three-dimensional geometric figures are suggested, which surfaces are formed by rotating the
plots of power functions around the abscissa axis. Semi-empirical models are developed based on the assumption that the parameters
of the Dose-Map object in its eigen coordinate system do not change when the beam incidence angle changes. Expressions are obtained
for calculating the depth-dose curves from radiation incident on the target at an angle 6 in the form of an integral transformation of the
depth-dose curve for normal incidence of the radiation beam on the target. Software has been developed for calculating depth-dose
curves in a semi-infinite medium under uniform irradiation by an electron beam. The implemented algorithms for calculating the depth-
dose curves from an electron beam incident on the target at the angle 8 are tested. Satisfactory agreement is established between the
results obtained using the developed semi-empirical models and the results of Monte Carlo modeling of the depth-dose curves at
different incidence angles of the electron beam on the target. Good agreement is established between the results obtained using the
semi-empirical model "Cone" and the results obtained using the developed two-parameter semi-empirical models SEM2U and
SEM2N. The capabilities of the developed two-parameter models for a more complete description of the technological characteristics
of the radiation sterilization process are investigated using the numerical methods. Examples are provided where the developed two-
parameter models allow for the simultaneous description of two technological characteristics of the two-sided irradiation process: the
optimal target thickness and the dose uniformity ratio (DUR) in the target. Consistent data on these characteristics allow choosing
optimal modes of electron beam irradiation during radiation sterilization in a reasonable manner. The possibilities of using the approach
suggested in the present paper for developing a set of semi-empirical models of computer dosimetry of irradiation processes in radiation
technologies are noted.

Keywords: Electron beam dosimetry,; Depth-Dose curve; Sterilization processes; Control of optimal modes, Semi-empirical model;
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INTRODUCTION

The tasks of optimizing irradiation processes arose simultaneously with the introduction of radiation
technologies [1-11]. Optimization of irradiation processes is ensured by minimizing the level of non-uniformity of the
irradiation dose in the volume of the target being processed [12-20]. For electron beams, the method of two-sided
irradiation provides high uniformity of the irradiation dose in the layer [4, 5]. The effective application of this method
needs the irradiated layer to be of an optimal thickness Hopr, Which is determined from the condition of equality of the
minimum dose value in the center of the layer to the dose value at the boundary of the layer. For the fixed thickness of
the irradiated layer, a strong dependence of the ratio DUR = Dmax/Dmin on the electron energy is observed. Here Dmax is
the maximum dose value, and Dmin is the minimum dose value. This dependence causes difficulties in planning and
controlling the irradiation process, which are associated with technical problems arising from the need to vary the electron
energy.

Varying the angle of the electron beam incidence on the irradiated object surface is considered as a possible solution
to technical problems in implementing the two-sided irradiation method [21-27]. Figure 1 shows the depth-dose curves
in polyethylene layers of fixed mass thickness H; = 8.25 g/cm? and H> = 6.06 g/cm? under two-sided irradiation with
electron beams. The doses under normal incidence of an electron beam with energy E = 10 MeV are shown by red dashed
curves. The dose in the H; layer for the incidence angle of 0; = 20° of the electron beams with the energy E = 10 MeV an
as well as that in the H: layer at the incidence angle of 0, = 45° are given by the black dashed curves, both are calculated
in the semi-empirical model [23]. The beam incidence angles for each layer are selected to provide the optimal thicknesses
for two-sided irradiation. The results of Monte Carlo simulation of depth-dose curves are presented in Fig. 1 by solid
curves for comparison [12,13]. The depth-dose curves for normal incidence of an electron beam with energy E1=9.3 MeV
on the Hi layer as well those for an electron beam with energy E2 = 6.9 MeV incidence on the H: layer are shown by
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dotted curves. For each layer, the electron energy is chosen in such a way that the layer thickness is the optimal one for
two-sided irradiation.

One can see in Fig. 1, that the dose non-uniformity DUR at normal incidence of an electron beam with an energy of
10 MeV (see red dashed curves) can significantly exceed the dose non-uniformity during irradiation with electrons with
a specially selected energy (which is the essence of optimization method 1) or with a specially selected beam incidence
angle (which is the essence of optimization method 2).
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Figure 1. Depth-dose curves for two-sided irradiation of a layer of fixed thickness A

Comparison of DUR values in layers of fixed thickness under electron irradiation using optimization method 1
(dotted curves) with those calculated using optimization method 2 (black dashed curves) shows that optimization method
2 provides more uniform dose distribution in the layer. Let compare also the Monte Carlo simulation of the depth-dose
curves, presented in Fig.1 by solid curves, with the results calculated within the semi-empirical model (black dashed
curves). One can see that the errors in calculating the DUR values within the semi-empirical model can be significant.

Therefore, further development of models and methods for describing depth-dose curves at different incidence
angles of the electron beam on the layer of matter is the actual problem. The development is necessary when using method
2 to optimize the irradiation parameters in the practical implementation of radiation sterilization.

Development of models and methods for implementing the optimization method 2 was presented in [23-27]. The
Monte Carlo method based on the detailed physical model was used in [13] to simulate the depth-dose curves for different
incidence angles of the electron beam on the layer. Unfortunately, large arrays of numerical data were the key results of
the modeling. These arrays are of little use in searching for optimal irradiation parameters for the practical activities of
radiation sterilization centers. Semi-empirical models of the depth-dose curve were developed in [23, 27] for a limited
range of incidence angles of the electron beam on the layer. The distribution of the transferred energy in the volume of
the target, initiated by the passage of one particle of radiation through the target, was considered as the basic object of the
model (the Dose-Map object) in the development of these models. Since the passage and transfer of energy by a radiation
particle to a substance is a stochastic process, the Dose-Map is defined as the average value of the dose distribution over
a large number of radiation particles. The semi-empirical model was presented in [27], in which the geometric shape of a
cone with one adjustable parameter, the cone angle, was used to approximate the Dose-Map object. The model parameter
was determined in the result of fitting the data calculated using the semi-empirical model to the data obtained by Monte
Carlo simulation in a detailed physical model. For example, for the ISE model [27], the model parameter was determined
using data on the optimal layer thicknesses at different incidence angles of the electron beam on the layer [23]. Note that
application of single-parameter semi-empirical models, unfortunately, can provide a good description of only one of the
technological indicators of the irradiation.

In the present paper, two-parameter semi-empirical models are suggested that can simultaneously describe the
optimal layer thickness and the dose uniformity index DUR for two-sided irradiation. This is necessary to make a decision
on the appropriateness of using irradiation parameters to carry out the radiation sterilization. To design such models, a
generalized model of the Dose-Map object is developed at the first stage of the present research, which can ensure the
elaboration of semi-empirical models for the depth-dose curve in a semi-infinite medium at a given incidence angle of
radiation particles on the target.

DISTRIBUTION OF ENERGY TRANSFERRED FROM ONE RADIATION PARTICLE
TO THE TARGET VOLUME
Let us start with considering the case of normal incidence of radiation particles on a semi-infinite medium. The
material of the medium is assumed to be isotropic with respect to the processes of passage and scattering of particles in
the medium. In this case, the distribution of energy transferred from one radiation particle to the target volume (Dose-
Map object) has axial symmetry relative to the direction of incidence of the radiation particle (X axis) on the medium. To
determine the parameters of the Dose-Map object model, the well-known fact is applied, that with uniform irradiation of
the surface of the medium, the dose at any depth x in the medium is proportional to the integral value of the energy
released in the cross-section of the Dose-Map object by the plane at depth x. This means that if the flux of radiation
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particles @(y,z) incident on the surface (x=0) does not depend on the coordinates (y,z) along the surface (@(y,z) = Do),
then the dependence of the depth-dose curve D(x) on the depth x in the medium is determined by the expression [27]

D(x) =, j D,(x,y.z)-dS, dS=dydz, (1)
G(x)
where Dp(x,y,z) is the dose distribution in the volume of the medium, which is produced by one radiation particle entering
the medium, i.e. the mathematical description of the Dose-Map object. G(x) is the cross-section of the Dose-Map object
at depth x. Relation (1) makes it possible to determine the integral values of the dose E(x) in the cross-section G(x) of the
Dose-Map object based on the data on the depth-dose curve under uniform irradiation of the surface of the medium

E(x) = D(x)/®. 2)

Note that relations (1) and (2) are valid for radiation fluxes of any type and for any angles of incidence of a radiation
particle on the boundary of the medium. Therefore, the depth-dose curve D(x,0) from the radiation entering the medium
at an angle @ can be calculated based on the integral value of the dose E(x,6) in the cross-section Gi(x,6) in accordance
with the following expressions

Ex.0)= [ D,(x,yz6)-dS, dS=dyd:, 3)

G(x,0)
D(x,0)=®, - E(x,6),

where Dp(x,y,z,0) is the dose distribution in the volume of the medium, which is produced by one radiation particle
entering the medium at an angle 6.

The depth-dose curves for uniform irradiation of a semi-infinite medium for particles of various types of radiation
(electrons, gamma quanta, protons, X-rays) falling normally on the surface of the medium have been studied in detail.
For example, for electron irradiation, a semi-empirical model [28] and the implementation of the program for calculating
the depth-dose curves in various materials are known. Therefore, for electron irradiation, the integral values of the dose
E(x) can be calculated according to (2), based on these data. Therefore, to complete the stage of determining the
parameters of the Dose-Map object, it is sufficient to establish the characteristics of the dose distribution in the cross-
sections G(x) at all depths x in the target.

Uniform distribution and normal (Gaussian) distribution are the simplest types of distribution. Due to the axial
symmetry of the Dose-Map object, to describe the uniform distribution it is sufficient to know the dependence of the
radius R(x) of the circle on the depth x in the medium. The Gaussian distribution requires the variance o{x) to depend on
the depth x in the medium. These dependencies should be described by continuous positive functions.

In the present paper, power functions are used as model dependences of dose distributions on x in cross-sections of
the Dose-Map object:

o
F(x):a-Lm(LLj, 020, 0<x<L__ . (4)

In (4), Lmax is the path depth of the radiation particles in the medium [4]. Thus, the Dose-Map object model is
completely formed and has two model parameters. First, @ determines the maximum value of the function Fumax = @* Lumax.
And, second, @ is the exponent of the power function.

DEPTH-DOSE CURVES FOR A GIVEN ANGLE OF INCIDENCE OF RADIATION PARTICLES
ON A SEMI-INFINITE MEDIUM
Basic assumptions in developing semi-empirical models

The statement that the parameters of the Dose-Map object in its eigen coordinate system [x, y’, z’] do not change
with a change in the angle @ is the main assumption in developing the semi-empirical models. This assumption obviously
is valid only for those angles 6, for which the influence of the boundary of the target on the dose distribution in the Dose-
Map object can be neglected.

As follows from (3), to calculate the depth-dose curve D(x,0) in a medium from radiation incident at an angle 6, it
is sufficient to calculate the integral values of the dose E(x,6) in the section G(x,8) of the dose distribution Dy(x,y,z,0)
(see Fig. 2). To determine the magnitude of the integral dose values E(x,0) in the region G(x,0), the contributions 4(x,x",8)
are integrated from each of the regions G(x",0), which are located perpendicular to the X" axis from x*= 0 of the boundary
of the medium to x* = Luax of the maximum depth of the Dose-Map object. Then, the relation (3) for the depth-dose curve
D(x,0) from the radiation entering the medium at an angle & read

Lmax
D(x,0) =, j A(x,x",0)dx" . )

0
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Figure 2. A model of the distribution of transferred energy in a volume of the target, which is initiated by
the passage of one particle of radiation through the matter - a Dose-Map object

Uniform dose distribution in the cross-sections of the DOSE-MAP object
For a uniform dose distribution in the sections of the Dose-Map object, the dependence of the radius R(x) in the
cross sections G(x,0) on the depth x in the medium is assumed to be known. Then the conditions of intersection of the
region G(x", 0) with the plane perpendicular to the X axis at the depth x in the medium are check while integrating eq. (5)

h(x,x )< R(x'), h(x,x") =%(°6°;‘@, (©6)

where h(x,x") is the distance from point x* on the plane perpendicular to the X" axis to the line of intersection of this plane
with the plane perpendicular to the X axis at the depth x in the medium (see Fig. 3).

Xy

Figure 3. To calculating the depth-dose curve in a semi-infinite medium.

If condition (6) is met, then the contribution of the region G(x",0) to the dose value in the region G(x",0) is
proportional to the chord length L(x,x") (see Fig. 3):

L(x,x)=2-|R*(x") = h*(x,x") - (7)

In accordance with the assumption that the parameters of the Dose-Map object in its eigen coordinate system

[x"y",z"] do not change with a variation of the angle 6, the dose distribution in the medium D,(x",y",z’,8) can be represented
as

N - 'y
D,(x,y,z,0)={7R (x) )
0 yP+z% >R (x")
E(x)= j D,(x,y.z)dS, dS=dydz, ()

G(x)

where R(x) is the radius of the section G(x) of the Dose-Map object. In this case, the contribution 4(x,x",6) from the
region G(x",0) of the Dose-Map object to the region G(x,0) reads
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*

)= E(x") .L(x,x*)

A(x,x =— - .
R (x) sin(6)

)
In (9), the multiplier 1/sin(g) determines the effective area of intersection of the plane perpendicular to the X" axis at
point x* with the plane perpendicular to the X axis at depth x in the medium.

According to (5), the depth-dose curve D(x,) from radiation entering the medium at an angle € is determined by the
relation

Liax * *
D(,6) =, J- E(x) L(x,x ) i

o TR*(x") sin(6) (10)

This relationship can easily be represented as an integral transformation of the depth-dose curve D(x,0) from radiation
entering the medium at an angle 0°.

L

| Dx',0)- LX) e (an

D(x,0) = ! )

- 7sin(@) 3 R*(x

Note that in (11), the dependence R(x) can be any continuous positive function. In particular, when choosing
R(x) = R, > one obtains the model “Cylinder”. If one chooses R(x) = x - tan(a) , the equivalent of the model “Cone” [27] is

obtained. In the present paper, the two-parameter model of the Dose-Map object is applied, R(x)=F(x) (see eq. (4)), and

two-parameter (a,Q) semi-empirical model SEM2U is designed for the depth-dose curve in a semi-infinite medium at a
given incidence angle of electrons on the medium.

Normal dose distribution in cross-sections of the DOSE-MAP object
For a normal dose distribution in the cross-sections of the Dose-Map object, the dependence of the variance o(x) of
the distribution in the cross-sections on the depth x in the medium is assumed to be known. This model uses a dose
distribution in the cross-sections of the Dose-Map of the type of axially symmetric spatial distribution of the Gaussian
type on a plane, i.e.
EGC) i
2707 (x")

D,(x",y\z.0)= ; (12)

E(x) = j D,(x,yz)dS, dS=dydz,

G(x)

where ofx) is the dependence of the variance of the dose distribution in the Dose-Map cross sections on the depth x in the
medium; x”, y’, z” are the coordinates of the Dose-Map object in its eigen coordinate system.

For a normal dose distribution in the cross-sections of the Dose-Map object, the contribution from the region G(x",0)
to the dose value in the region G(x,6)) can be determined by integrating the contributions along the line of intersection of
the plane perpendicular to the X" axis at point x™ with the plane perpendicular to the X axis at depth x (see Fig. 3, dotted
line).

According to the basic assumptions, the Dose-Map object has axial symmetry relative to the direction of incidence
of the radiation particle (axis X*) on the target and in its eigen coordinate system does not change when the incidence
angle of the radiation particle varies. Therefore, one can choose the Z” axis parallel to the dotted line - the intersection of
the planes shown in Fig. 3. Note that with this choice of coordinate system orientation, the ¥ axis is perpendicular to the
intersection line of the planes. In this case, the contribution A(x,x",6) from the region G(x",0) of the Dose-Map object to
the region G(x,0) can be represented as follows

A(x,x",0) = [ D,y 260)dz. (13)

L
sin(@)
Using (12) and integrating in eq. (13), one obtains

—h* (x,x",0)

1 E(x") e 202 (x")
N 27 -sin(6) o(x")

A(x,x ,0)= s (14)

where A(x,x",0) is the distance along the Y~ axis to the intersection line of the planes.
According to (5), for the depth-dose curve D(x,6) from radiation entering the medium at an angle ¢, we have the
relation
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1 Liax D * _hz (xz,x*:H) .
D(x,e) = J' (.X ) e 20°(x) dx . (15)

27 -sin(@) 3 o(x)

In this version of the computational scheme, the dependence ofx) can be chosen as an arbitrary continuous positive
function. However, ensuring a given error in the calculation results requires numerical methods that take into account the
features of the chosen dependence. In the present paper, two-parameter model of the Dose-Map object, o(x)=F(x) (see

eq. (4)) is used, and two-parameter (,Q) semi-empirical model SEM2N is designed for the depth-dose curve in a semi-
infinite medium at a given incidence angle of electrons on the medium.

NUMERICAL STUDY OF TWO-PARAMETER EMPIRICAL MODELS
Study of two-parameter SEM2U model

Software for calculating depth-dose curves using the SEM2U model is developed. The calculation results obtained
using the SEM2U model are compared with those obtained using the “Cone” model. To do this, one has to take the model
parameter Q = 1, and the value of the parameter a is determined by the value of the parameter ® of the “Cone” model,
a = tan(w). For the angles 6 < 60°, when the influence of the medium boundary on the dose distribution in the Dose-Map
object can be neglected, good agreement between the calculation results obtained using these models is observed. It should
be noted that the observed differences are associated only with the error in the numerical integration of the relationships
for calculating the depth-dose curve in a semi-infinite medium.

Figure 4 shows the depth-dose curves in a semi-infinite medium and in a layer with two-sided irradiation. The black
solid curves correspond to the calculations in the “Cone” model and the SEM2U model with the model parameters Q. =1,
0,=0.47. Dotted curves relate to the calculations in the SEM2U model with the model parameters: Q,~1.5, a,=0.53
(curve 1); Qu=1.1, 0,=0.55 (curve 2); Q,=0.9, 0,,=0.40 (curve 3); and Q,=0.5, 0,=0.65 (curve 4). Red solid curves are
calculated in the result of modeling the depth-dose curves using the Monte Carlo method.
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2
4--*.:,?/”” X, gfem?
0 T r T S e 08 r ;

0 1 2 3 4 5 0 1 2 3 4 5 6

Figure 4. Depth-dose curves in a semi-infinite medium (left) and in a layer of optimal thickness
Hopt = 6.06 g/cm? with two-sided irradiation (right).

One can see in Fig. 4, that the selected combinations of model parameter values (Q,a) describe a set of depth-dose
curves for which the value of the optimal layer thickness for two-sided irradiation is fixed. At the same time, the value of
the dose distribution uniformity characteristic DUR in this set varies in a wide range — from 1.1 to 1.5. This confirms that
in the two-parameter SEM2U model, it is possible to select the values of the model parameters in such a way that the
calculated depth-dose curves simultaneously describe two technological characteristics of the irradiation.

Study of two-parameter SEM2N model

Software for calculating depth-dose curves using the SEM2N model is produced. The calculation results obtained
using the SEM2N model are compared with those obtained using the "Cone" model. Figure 5 shows the depth-dose curves
calculated in the “Cone” model (solid curve) for the model parameter value @ = 24.75° [23]. The depth-dose curves
calculated in the SEM2N model with the model parameters: Q, =1, a, = 0.36 (curve 1); Qn =1, oy = 0.09 (curve 2), and
Qn =1, an = 0.23 (dashed curve) are displayed in Fig. 5 for comparison.

One can see from Fig. 5, that the results obtained in the “Cone” model are in good agreement with those obtained in
the SEM2N model for the parameters (Q, =1, o, = 0.23). Note that the results obtained in the “Cone” model coincide with
the results obtained in the SEM2U model for the model parameters (Qu = 1, a,=0.46). Calculations of the depth-dose
curves for different beam incidence angles 6 < 60° show that there is satisfactory agreement between the results obtained
in the “Cone” model and in the SEM2N model, if one assumes that the model parameter Q, =1, and the value of the
parameter a, is determined by the value of the “Cone” model parameter: o, = 0.5*tan(®).

The results obtained from comparing the “Cone” model with the SEM2U and SEM2N models indicate that, at a
qualitative level, there is agreement between the results obtained in the SEM2N model and the SEM2U model. Numerical
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comparison of depth-dose curves calculated using these models demonstrate that the calculation results are in good
agreement for angles 0 < 60° if the model parameters are linked by the following relations: Q, = Q, and o, = 0.5%a.
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Figure 5. Depth-dose curves in a semi-infinite medium (left) and in a layer of optimal thickness
Hopt = 6.06 g/cm? with two-sided irradiation (right).

The depth-dose curves in the layer of optimal thickness under two-sided electron irradiation, calculated in the
“Cone” model and in the SEM2N model, are shown in Fig. 6. The parameter of the “Cone” model is chosen as @ = 24.75°
(solid curve). And for the SEM2N model the following model parameters are chosen: Q, =1, a, = 0.23 (dashed curve),
and Q, =1.1, a, = 0.27 (dotted curve). The depth-dose curve calculated using the Monte Carlo method is presented by
solid red curve for comparison.
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Figure 6. Depth-dose curves calculated for a semi-infinite medium (left) and for a layer of optimal
thickness Hopt = 6.06 g/cm? with two-sided irradiation (right).

One can see in Fig. 6, that the depth-dose curve calculated by the SEM2N model can correctly describe both the
value of the optimal layer thickness and the uniformity of the dose distribution in the layer. This follows from the fact
that the maximum value of the dotted curve is close to the maximum value of the dose in the layer calculated by the
Monte Carlo method, and the minimum value equal to 1 is in the middle of the layer of optimal thickness. Thus, the two-
parameter SEM2N model provides the possibility to calculate a depth-dose curve that can simultaneously describe two
technological characteristics of the radiation sterilization process — the optimal layer thickness and the uniformity of the
dose distribution in the layer.

CONCLUSIONS

The spatial distribution of transferred energy in the volume of a target, initiated by the normal incidence of a point
beam of radiation on the surface of a semi-infinite medium, is used as a basic object (Dose-Map object) for the
development of computer dosimetry models. For a two-parameter approximation of the Dose-Map object, three-
dimensional geometric figures are suggested, whose surfaces are formed by rotating the plots of power functions around
the abscissa axis.

The two-parameter semi-empirical models of the object are designed on the base of two assumptions. First, the
Dose-Map object has axial symmetry relative to the direction of the radiation particle incidence on the target. Second, the
dose spatial distribution is uniform or normal (Gaussian distribution) in the Dose-Map object cross sections at all the depths.

Semi-empirical models SEM2U and SEM2N are developed for calculating the depth-dose curves from radiation
incident on the target at the angle 6. Doing this, the following assumption is applied. The parameters of the Dose-Map
object in its eigen coordinate system do not change with a change in the beam incidence angle 6.

Expressions for calculating the depth-dose curves from radiation incident on the target at the angle 0 are obtained in
the form of the integral transformation of the depth-dose curve known for normal incidence of the radiation beam on the
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target. Software is produced for calculating the depth-dose curves in a semi-infinite medium with uniform irradiation of
the medium surface by the electron beam.

Satisfactory agreement is established between the results obtained using the developed herein semi-empirical models
SEM2U and SEM2N and the results obtained in the semi-empirical model "Cone" and Monte Carlo modeling of depth-
dose curves at different incidence angles of the electron beam on the target.

Examples are provided for which the developed two-parameter models make it possible to simultaneously and
consistently describe two technological characteristics of the two-sided irradiation process: the optimal target thickness
and the dose uniformity coefficient in the target. Consistent data regarding these characteristics allow for the reasonable
choice of optimal electron beam irradiation modes for radiation sterilization.

The present paper describes in detail the procedure of developing the semi-empirical models for calculating the
depth-dose curves of the electron beam in a semi-infinite medium. The described approach to developing the
semi-empirical models can be further applied to developing models for computer dosimetry of other types of penetrating
radiation, for example, bremsstrahlung or gamma quanta, which are widely, used nowadays as penetrating radiation for
radiation technologies.
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HAINIBEMITIPUYHI MOJEJI KEPYBAHHA EJJEKTPOHHAM IIPOMEHEM JIJ151 PAJIALIAHOI CTEPHIIBALIILL
Irop O. I'ipka, Banentun T. Jlazypux
Xapxiscokuii nayionanvHui yHieepcumem imeni B. H. Kapasina, Xapxis, Yxpaina

Jnst mpoBeieH s pajianiifHoi cTeprizamii HeoOXiqHO BU3HAYATH JIOMYCTUMI PEXUMHE OIIPOMiHEHHS, IO 3iHCHIOETHCS 3a OTIOMOT0I0
METOJiB KOMII'IoTepHOT 1o3umetpii. Ha choroaui BUOip ONTUMAaNBEHUX PEKUMIB OIPOMIHEHHS MOYKE IPYHTYBATHCS Ha MOJIEIIAX KPUBOT
3aJIE)KHOCTI 1031 BiJI INTMOMHY NPH Pi3HUX KyTax MaJAiHHS €JIEKTPOHHOTO ITyyKa Ha Iap pedoBHHH. Y Liil poOOTI 11 po3poOKH TaKkux
Mozeneil BUKOPHCTAHO PO3MOALT IepeaaHol eHeprii B 00'emMi MilleHi, iHII[iHOBaHUI HOPMaJbHHM MAAiHHAM TOYKOBOIO Iy4Ka
BUIIPOMIHIOBAHHS Ha MOBEPXHIO HamiBOe3kiHeuHoro cepenoBuina (06'ekt Dose-Map). HamiBemmipuuni mozeni 06'exta Dose-Map
PO3pO0IIeHI Ha OCHOBI JBOX MpHITyIIeHb. OfHA 3 HUX MOJIATA€E B TOMY, IO MillIEHh Ma€ OCbOBY CUMETPIO BiIHOCHO HANIPSAMKY TTaiHHS
YaCTUHOK BHUIPOMIHIOBAHHS Ha MillIeHb. J[pyre mossrae B TOMY, IO IPOCTOPOBHI PO3MOILT T03H € PiBHOMIpHUM a00 HOpMaJbHUM
(posnoxin 'ayca) y monepeunux nepepizax o6'ekra Dose-Map Ha Bcix rimounax. s nBonapameTprdHoi anpokcuManii 06'ekra Dose-
Map 3anponoHOBaHO TPUBHMIpHI reoMeTpudHi (irypH, HOBEpXHi SKUX YTBOPIOIOTHCS 0OepTaHHAM rpadikiB CTEIeHeBUX (YHKIii
HaBKoJIo oci abcuuc. HaniBemnipnaHi Mozeni po3po0iieHi Ha OCHOBI IPHITYIIEHHS, 1110 TapameTpy 00'ekta Dose-Map y Horo BiacHiit
CHCTEMI KOOPJMHAT He 3MIHIOIOTBCS NPH 3MiHI KyTa nmagiHHs npoMeHs. OTpuMaHO BUpa3H ISl pO3paxyHKy KPHBUX TJTMOMHHOT 03U
BiJl BUIIPOMIHIOBaHHS, 1[0 IaJa€ HA MilIeHb IiJ KyTOM 0, y BUIJISIl iHTErpalbHOrO MEPEeTBOPEHHST KPUBOI TMOMHHOI JO3U IS
HOPMAJIBHOTO MaJ(iHHS Iy4YKa BHUIIPOMIHIOBaHHS Ha MilleHb. Po3poOieHo mnporpamHe 3a0es3nedyeHHS Ul PO3PaxyHKY KPHBHX
3aJIeKHOCTI ZI03U BiJl TIMOWHU B HamiBOE3MEKHOMY CEpPEIOBUINI IPH PIBHOMIPHOMY OIIPOMIHEHHI €JIEKTPOHHUM ITy4KOM. TecTOBO
peanizoBaHi aTOPUTMH PO3PAXYHKY KPHUBHX 3aJI€KHOCTI I03H BiJl ITMOWHU BiJl €IIEKTPOHHOTO ITyYKa, IO Ma1a€ Ha MillIeHb il KyTOM
0. BcraHOBIIEHO 33/10BITBHY Y3TOKEHICTh MiX pe3yJIbTaTaMH, OTPUMAHUMH 32 JOIIOMOT0I0 pO3POOIICHHX HalliBEMITIpHYHAX MOIeNeH,
Ta pe3yibTaTaMd MOJENoBaHHS MerogoM MonTe-Kapino KpuBHX 3aJeKHOCTI 03 Bill MIHOMHM NpU Pi3HUX KyTax MaJiHHS
CJISKTPOHHOTO IIPOMEHS] Ha MillleHb. BCTaHOBIEHO X00pY Y3rODKEHICTh MDK pe3yjbTaTaMH, OTPUMaHMMH 3a JIOIOMOTIOO
HamiBeMmnipuynoi Mopxeni "Konyc", Ta pesynpratamu, OTPUMaHHMHU 32 JONOMOTOI0 PO3POOJIEHHMX JIBOHAPAMETPUYHHX
HamiBeMmipuyaux Mmopaeneii SEM2U ta SEM2N. 3a 10moMOrorm 4HCIOBHX METOAIB JOCII/KEHO MOXKIHMBOCTI PO3POOICHHX
JBOMAapaMEeTPUYHUX MOJeNeld Uisi OUIbII MOBHOTO OIMKMCY TEXHOJIOTIYHHX XapaKTepHCTHK IpOLeCy pamialiiHol crepuiizarii.
HaBeneno mpukiagw, ne po3poOJieHi ABOMapaMeTpHyYHI MOAETI AAlOTh MOXJIMBICTH OJHOYACHO OIMMCYBAaTH IBI TEXHOJIOTIYHI
XapaKTEPHCTHKH MPOIECy TBOCTOPOHHBOTO ONMPOMIHEHHS: ONTUMAbHY TOBIIMHY MilleHi Ta KoedimieHT piBHOMipHOCTI 1031 (DUR)
y MillIeHi. Y3ro/pKeHi qaHi o0 X XapaKTepPUCTUK JAal0Th MOXKIIMBICTE OOIPYHTOBAHO BUOHPATH ONTUMAIIBHI PEXUMH OIIPOMIHCHHS
SJICKTPOHHIM IIPOMEHEM IIifl 9ac pafmialiiHol creprmizarii. 3a3HaueHO MOXKIMBOCTI BUKOPHCTAHHS 3aIIPOIIOHOBAHOTO B IIiff CTATTi
MiAX0My MI1 Po3poOKKM HaOOpy HAIiBEMIIIPHYHHX MoJeied KOMITTOTEPHO! 03MMETpil MpOoLECiB ONPOMIHEHHS B pajialiifHuX
TEXHOJIOTisX.

KirouoBi ciioBa: Oosumempisn enekmponnHo20 nyuka, Kpugea enuOuHHOi 003u; npoyecu cmepunizayii; KOHMpOdb ONMUMATbHUX
peosrcumia; Hanigemnipuuna mooenv;, memoo Moume-Kapno



