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An analytical model of ambipolar diffusion in plasma consisting of electrons, positive ions, negative ions, and negatively charged
nanoparticles is proposed. Analytical expressions are derived for the ambipolar diffusion coefficients of all charged species, as well as
for the ambipolar electric field strength. In plasma containing only electrons, positive ions, and negative ions, high concentrations of
negative ions lead to a transition from ambipolar to free diffusion, where the ambipolar diffusion coefficients approach the
corresponding free diffusion coefficients. In plasma consisting of electrons, positive ions, and negatively charged nanoparticles, high
nanoparticle concentrations result in qualitatively different behavior: the ambipolar diffusion coefficient of electrons approaches twice
the free electron diffusion coefficient, while the ambipolar diffusion coefficient of positive ions approaches twice the free diffusion
coefficient of nanoparticles. For the general four-component plasma, the ambipolar diffusion regime is governed by the dominant
electron-loss mechanism, namely, electron attachment to either electronegative gas molecules or nanoparticles. If electron attachment
to gas molecules dominates, the ambipolar diffusion coefficients of electrons, negative ions, and nanoparticles remain close to their
free diffusion coefficients. In contrast, when electron attachment to nanoparticles dominates, these coefficients approach twice the
corresponding free diffusion coefficients. The ambipolar diffusion coefficient of positive ions was found to depend strongly on the
dominant negatively charged species in plasma. Under intensive negative-ion formation, it approaches the free diffusion coefficient of
negative ions, whereas in plasma dominated by electron attachment to nanoparticles it asymptotically approaches twice the free
diffusion coefficient of nanoparticles. It is shown that sufficiently high concentrations of negative ions and/or charged nanoparticles
substantially reduce the ambipolar electric field strength and may even reverse its sign. A weakly negative ambipolar electric field can
remove excess negative ions and nanoparticles from plasma, thereby stabilizing the discharge. Experiments with acetylene plasma
demonstrated intense transport of small nanoparticles toward the tube walls, which may serve as indirect evidence of an ambipolar
electric-field reversal.
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INTRODUCTION

Gas-discharge plasma has found extremely broad application in modern technology and everyday life. At present,
its use is no longer limited to hardening of metal surfaces and fabrication of microelectronic devices, as was the case
several decades ago. A vast number of products and materials currently in use are either manufactured or modified using
gas-discharge plasma. In addition, new research directions have emerged, including “plasma medicine” [1,2] and “plasma
agriculture” [2—6]. Consequently, investigations of the processes governing the maintenance and transport properties of
gas-discharge plasmas under various conditions remain highly relevant.

Quasineutral plasma is typically composed of electrons and positive ions with approximately equal concentrations,
n.=n+, moving in a neutral gas background. Diffusion tends to smooth concentration gradients of charged particles.
When the charged-particle density is sufficiently low, for example n. < 10° cm™, electrons and positive ions diffuse
almost independently and do not significantly affect each other’s motion. Such diffusion is referred to as free diffusion,
and the corresponding diffusion coefficients of electrons and positive ions are denoted by D, and D, respectively.

The situation changes when the charged-particle density increases to n,> 10% cm™, at which point free diffusion
transitions to ambipolar diffusion. Because electrons possess a mobility . much higher than the mobility of positive ions
M+, their diffusion coefficient is also significantly larger, i.e., D.>> D;. As a result, the more mobile electrons,
particularly those with higher energies, tend to escape from the plasma volume. In a gas-discharge chamber, these
electrons are absorbed by the tube walls, charging them negatively. Consequently, the plasma acquires a positive space
charge, and charge separation gives rise to the so-called ambipolar electric field. This field attracts positive ions toward
the negatively charged wall and repels low-energy electrons away from it. Therefore, the fluxes of positive ions and
electrons arriving at the wall become nearly equal. A positive ion reaching the wall recombines with one of the electrons
accumulated there, while another energetic electron subsequently arrives, restoring the negative wall charge.

The first expressions for the ambipolar diffusion coefficient D, and the corresponding ambipolar electric field were
derived by Walter Schottky [7,8], who developed the theory of the positive column in electropositive quasineutral
plasma, where n.=n.. In this case, both electrons and positive ions diffuse with the same ambipolar diffusion
coefficient D,.
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However, many plasma technologies employ so-called electronegative gases, whose molecules capture free
electrons and form molecular negative ions (e.g., SF¢~, O,7, or produce atomic negative ions (F, H, O") through
dissociative attachment processes [9—13]. Such negative ions may be directly accelerated, for example, for plasma
heating purposes [14-19], and they also participate in various plasma-chemical processes [20-24]. Therefore,
electronegative plasmas have attracted considerable attention from researchers [25-37].

The formation of negative ions represents a loss mechanism for free electrons, since negative ions in gas-discharge
plasma generally cannot acquire sufficient energy to ionize gas molecules and, due to their low mobility, carry only a
negligible electric current. In addition, negative ions are repelled by the negatively charged walls and may accumulate
inside the plasma volume. Under certain conditions, the concentration of negative ions #, can become comparable to or
even significantly exceed the free-electron concentration [9,10,38—41]. This substantially affects the transport of electrons
and positive ions toward the walls, thereby reducing the ambipolar electric field strength. William B. Thompson [42] was
the first to investigate ambipolar diffusion in electronegative plasma consisting of electrons, positive ions, and negative
ions. He demonstrated that, in contrast to electropositive plasma, the ambipolar diffusion coefficients become different
for each charged species. Further studies of ambipolar diffusion in electronegative plasmas were reported, for example, in
Refs. [43—47]. These works showed that the accumulation of negative ions may not only substantially reduce the
ambipolar electric field strength, but may even cause a transition from ambipolar diffusion back to free diffusion, since
the ambipolar diffusion coefficients of the charged species approach their corresponding free-diffusion coefficients [47].

Nanoparticles introduced into plasma from an external reservoir or formed in situ due to electrode sputtering [48—
53] or plasma-chemical processes [54—60] also capture free electrons and may therefore be regarded as very heavy
negative ions. Ambipolar diffusion in plasma consisting of electrons, positive ions, and negatively charged nanoparticles
has been investigated numerically in Refs. [61-63], while an analytical model was developed in Ref. [64]. In contrast to
the numerical studies [61—-63], which provided results only for specific plasma conditions, Ref. [64] derived convenient
analytical expressions for the ambipolar diffusion coefficients of each charged species and for the ambipolar electric field
strength. It was shown that a high nanoparticle concentration, and consequently strong electron losses due to electron
attachment to nanoparticle surfaces, may reduce the ambipolar electric field strength to zero.

It should also be noted that technological gases in which nanoparticles are formed through volumetric plasma
polymerization are often simultaneously electronegative. For example, in acetylene plasma, H, C;H™ and heavier
negative ions can be generated [25-27]. The C,H ions may cluster with acetylene molecules during collisions,
eventually leading to nanoparticle formation [65]. Therefore, acetylene plasma simultaneously contains not only electrons
and positive ions, but also negative ions and nanoparticles.

The aim of the present work is to develop an analytical model for such a complex plasma system, determine the
conditions under which the ambipolar electric field reverses direction, and experimentally verify this phenomenon.

1. DESCRIPTION OF THE ANALYTICAL MODEL
For a four-component plasma consisting of one species of positive ions, electrons, negative ions, and negatively
charged nanoparticles, the particle flux equations can be written in the following form:

I'=-D,-Vn,+unk, 1)
I'=-D,-Vn,—unE, 2
T,=-D,-Vn,~tn,E. 3)
r,=-D,-Vn,—unkE, 4)

where D denotes the free diffusion coefficients, # the mobilities, and n the concentrations of the charged species listed
above. The subscripts “e”, “+”, “n”, and “p” correspond to electrons, positive ions, negative ions, and negatively charged
nanoparticles, respectively. Owing to the formation of a space charge, an ambipolar electric field arises, whose strength is
denoted by E.

In quasineutral plasma, the total concentration of positive charges must equal the total concentration of negatively
charged species:

n,=n,+n,+n,-Z,, ®)

Here it is taken into account that a nanoparticle may collect not only one but several electrons. The number of electrons
attached to a single nanoparticle is denoted by Z,. Consequently, the product n, Z, represents the total number of
electrons attached to nanoparticles within a unit volume of 1 cm?,

Furthermore, to maintain plasma quasineutrality, the flux of positive ions must balance the total flux of negatively
charged species:

r,=r+r,+r,-Z,. (6)
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Let us introduce the dimensionless parameters = np/ne and = nn/ne, which represent the relative concentrations of
nanoparticles and negative ions, respectively, normalized to the electron concentration. We also define y=T./T+ = TJ/T,
and 7= T./T,, where T is the electron temperature, 7. = T, are the temperatures of positive and negative ions (assumed
equal), and 7}, is the nanoparticle temperature.

Substituting the flux expressions (1)—~(4) into Eq. (6), and taking into account the quasineutrality condition (5), the
ambipolar electric field £ can be eliminated, yielding:

I=-D,-Vn,_, (7
I,=-D,-Vn,, ®)
r,=-D,-Vn,, ®
r,=-D,-Vn,. (10)

These equations contain the ambipolar diffusion coefficients for each charged species:

b -b y+2ay+y-6-Z,+1+6-7-Z, 1+a'(ﬂn/ﬂe)+5'zp'(/‘p/ﬂe) (11)
oo l+ay+6-7-Z, (\+a+6-2Z,)- (. /p,)+a-(u,/1,)+8-Z, (1, /11,)+1°

y+2oy+y-80-Z +1+6-17-Z
=D, r r . (12)
(ta+d-Z,)-(u./m) o (1, /1) +6-Z, (1, /1) +1

ae

+2ay+y-0-Z +1+8-7-Z
D, =D, . Ul A et ’ . (13)
to (1+a+6-2,)-(u/u) v o (u, /1) +6-Z, (4, /1) +1
+2ay+y-0-Z +1+6-17-Z
b, —p, LA y+20y+y-6-Z, , 14)

o, (\ra+8-2,) (u u) e (/1) + 52, (1, /1) +1

By equating the expressions for the positive-ion fluxes in Egs. (1) and (7) (or similarly Egs. (2) and (8), etc.), and
using the Einstein relation D./u: = k- T+/e where k is the Boltzmann constant and e is the elementary charge, the following
expression for the ambipolar electric field strength can be derived:

D, -D D D v/ D v
EAmb.Nano =$'V7’l+ = (1__a+\J n+ =T-‘+ (1_ a+\J' n+ . (15)
H.n, M, D n D n

+ + + +
Taking Eq. (11) into account, Eq. (15) can be rewritten as

ok w8z ) (a2 ) u) oy (4 1)=82, 1 (1, /1) =7] Vi, 16
e (v y+dorZ, ) (1va+ 82, ) (u )+ y-(u, 1)+ 62, (u, 1) +1] s

For electropositive plasma consisting only of electrons and positive ions, Eq. (16) reduces to the well-known
expression for the ambipolar electric field [66—68]:
D —-D, Vn
A
Next, let us determine the floating potential ¢, acquired by a nanoparticle of radius ¢ immersed in plasma and
collecting electrons, positive ions, and negative ions with masses m., M+ Ta M,, respectively. This will allow us to

determine the nanoparticle charge Q = e-Z, and subsequently evaluate the ambipolar electric field strength using Eq. (16).
The currents of charged particles to the nanoparticle surface can be written as [69]:

an

EAmb =

I, = 4ma’e - %"- (?TkTT:)l/Z : (1 - i—?j), (18)
I, = 4ma’e -%- (i’:::)l/z * exp (i—(;:) (19)
I, = 4ma’e -%"- (?TI(TT:)I/Z - exp (i—f;) (20)

Since nanoparticles are electrically isolated, they acquire a floating potential such that the total current to their
surface is zero:
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I =1 +1, 1)

Using Egs. (18)—(21) together with the quasineutrality condition (5), we obtain the following equation for the
floating potential:

Ty m 1/2 e e
(1+a+6-Zp)-(T—:-M—i) -(1—k—;‘fj)—exp(ki;:)—
Usually, the nanoparticle floating potential relative to the plasma is determined only from the balance between
positive-ion and electron currents to the particle surface. However, at sufficiently high negative-ion concentrations (large
), the free-electron concentration may become very low, leading to a substantial reduction in the electron current to the
nanoparticle surface. Therefore, in Eqs. (21) and (22), the contribution of the negative-ion current to the nanoparticle
surface has also been taken into account. Moreover, the depletion of free electrons due to their attachment to
nanoparticles significantly affects plasma quasineutrality, which is reflected in the first term of Eq. (22).
As noted above, each nanoparticle collects Z, electrons. If a nanoparticle is placed in plasma characterized by a
Debye length Ap, its charge Q is given by [69-77]:

Q=4'7T'50'a'(1+%)'(ﬂ5, (23)

a- (T—" : ﬁ)m . exp (ﬂ) = 0. (22)

Te My kT,

where & = 8.85:107'2 F/m is the vacuum permittivity.
The Debye length can be estimated as [66]

_ T, [ev] \1/2
Ap = 742 - (m) [cm] 24)
For example, for an electron temperature of 1 €V and an electron concentration of 10' cm=, one obtains Ap = 74 pm.
Since nanoparticles in plasma typically have sizes of several tens to hundreds of nanometers, Eq. (23) can be simplified
to

Q=4-m-g-a- ;. (25)

Taking into account that Q =e-Z,, substituting Eq. (25) into Eq. (22) yields the final equation for the nanoparticle
potential:

a (T—" . 3)1/2 exp (%) = 0. (26)

1
LATmEeags) (T Me\z (1 €9s) _ ePs) _
(1 tat+é e ) (Te M+) (1 kT+) €xp (kTe) Te My KTy
The nanoparticle potential ¢, obtained for fixed values of o, 8, and charged-particle temperatures using Eq. (26), is
substituted into Eq. (25) to determine the nanoparticle charge Z,. Examples of the calculated nanoparticle potentials and
charges are presented in Fig. 1 and Fig. 2, respectively.

8_
7eV
6 5eV
>
o 4 3eV NS
$
2_
T.=1eV
0 T T T 100 T Trorrrg T AL | T T T T
10° 10° 107 10° 10° 10°* 107 10°
a, m a, m

Figure 1. Dependence of the negative floating potential Figure 2. Dependence of the number of electrons attached to
acquired by a nanoparticle in plasma on the nanoparticle radius a nanoparticle in plasma on the nanoparticle radius a, for
a, for different electron temperatures 7., in the absence different electron temperatures 7., in the absence
of negative ions (o= 0) of negative ions (o= 0)

Figures 1 and 2 show that both the nanoparticle potential and charge increase with increasing electron temperature
due to enhanced losses of free electrons to nanoparticle surfaces. Nanoparticle size also plays an important role. For radii
a < 100 nm, the floating potential increases relatively slowly with increasing @, while the number of electrons attached to
a nanoparticle is approximately proportional to its radius. However, for larger nanoparticles @ > 100 nm, the rates of
increase of both the potential and the charge become substantially higher.
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Next, Eq. (16) is used to determine the ambipolar electric field strength. Here, our interest is focused on the average
ambipolar electric field over the tube radius R, rather than on its radial distribution. An expression for the average
ambipolar field in a two-component plasma (electrons and positive ions) is given, for example, in the Raizer’s book [66].
Equation (16), as well as its simplified form (17), contains the factor Vn./n:, which depends on the radial distribution of
the positive-ion density.

To estimate this factor, Raizer assumed that the actual radial distribution of positive ions could be approximated by
a straight line decreasing from its maximum value at the discharge center to zero at the tube wall of radius R. In this
approximation, Vn./ns = —1/R.

A more realistic description of the plasma density profile often employs the zeroth-order Bessel function
n+(r) = n(0)-Jo(2.405-7/R), where Jy equals unity at the discharge axis (= 0) and reaches its first root at the tube wall
(r=R). In this case, the factor Vn./n: changes relatively weakly over most of the discharge radius, varying from zero at
the axis to approximately -2 at »=0.8-R, and diverging rapidly to —e only very close to the wall. Therefore, Vn/n:
generally remains negative and is not directly responsible for a possible reversal of the ambipolar electric field.

However, in Eq. (16), the factor Vn./n: is multiplied by another term whose numerator may change sign depending
on the parameters @, J, ¥, Z,, and the mobility ratios of the charged species. This issue will be analyzed in more detail
below. At this stage, it is sufficient to conclude that the conditions for ambipolar field reversal can be investigated using
the average ambipolar field approximation with Vn./n. = —1/R. The average ambipolar electric field strength and the
ambipolar diffusion coefficients of the charged species are important, for example, for the development of global plasma
models and one-dimensional models of the positive column in dc glow discharges.

It should be noted that the calculations were performed for an acetylene plasma generated in a discharge tube with
an inner radius of R = 2.8 cm.

The mobilities of positive and negative ions in acetylene were obtained from the analysis of experimental data
reported in Ref. [78]: u: = 1.414-10° cm?/(V-sec), i, = 1.179-10° cm?/(V-sec). The electron mobility z. was estimated
from measured electron drift velocities in acetylene reported in Ref. [79]: g = 2103 cm?/(V -sec).

Let us now determine the mobility of charged nanoparticles. It can be evaluated using the expression

e-Zp

=—r 27
H, Mo, @7

As noted above, the product e'Z, corresponds to the charge carried by the electrons attached to the nanoparticle. The
nanoparticle collision cross section is assumed to be ¢ = 7-a> while the collision frequency between gas molecules and
nanoparticles is

V.. =Ny, V, -0, (28)

pm r

where Nczp2 1s the concentration of acetylene molecules in the discharge plasma,

8.k 7\’
[ 29
p M : ( )
M,
The nanoparticle mass can be estimated as
4
Mngﬁ-a P (30)

The nanoparticle material density p is also required. We assume that plasma polymerization processes occurring
both on the chamber walls and within the plasma volume produce polymer materials (films and nanoparticles,
respectively) of approximately the same density. The authors of Ref. [80] deposited polymer films from acetylene plasma
and reported a density of 0.4 g/cm>, whereas Ref. [81] obtained a value of 0.6 g/cm>. Therefore, an average value of
p=0.5 g/cm™ was used in the present calculations.

Substituting Egs. (28)—(30) into Eq. (27) yields

3 ez, (6kT, )_1/2

p :E' Neos ’ " .p]/2 : (31

The calculated mobilities of nanoparticles of different sizes are presented in Fig. 3. Since the nanoparticle mobility
My, is inversely proportional to a”?, a rapid decrease in y, is observed with increasing nanoparticle size.
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Figure 3. Dependence of nanoparticle mobility on nanoparticle radius for different electron temperatures

2. ANALYSIS OF THE AMBIPOLAR DIFFUSION COEFFICIENTS

Equations (12)—(14) for the ambipolar diffusion coefficients can be rewritten in a form more convenient for
analysis:

b D, u, y+2ay+y-6-Z,+1+0-7-Z, (32)
“rou (1+a+5-Zp)-(M/ye)+0{~(ﬂﬂ/,u(,)+§-Zp-(,up/ye)+1’
D D, u, y+2ay+y-6-Z,+1+6-7-Z, (33)
Ty (14a+8-Z,) (u ),/ 1)+6-Z, (1, 1)+ 1

D +20y+y-0-Z +1+0-7-Z
= n b Ul A il : (34)

v U, (1+a+6-Z,)- (1 /u)+o-(u, /1) +6-Z,-(u, /1) +1

In Egs. (11)—(14), all coefficients were expressed through the free diffusion coefficient of positive ions Ds. In
contrast, Eqs. (32)—(34) express the ambipolar diffusion coefficients of each charged species through their own free
diffusion coefficients. This representation makes it possible to analyze their behavior over a wide range of the
parameters @, J, and charged-particle temperatures.

First, let us consider a plasma containing electrons, positive ions, and negative ions, but without nanoparticles
(6=0). Using Egs. (11), (32), and (33), the ambipolar diffusion coefficients for the charged species were calculated
over a wide range of the relative negative-ion concentration o. The results are presented in Fig. 4.

2
ae Da+ 4 Dan CTHL /s

D

10" 10° 102 10" 10° 10° 10* 10°
o

Figure 4. Dependence of the ambipolar diffusion coefficients of electrons D, positive ions Dq+, and negative ions Dax on the
relative concentration of negative ions o in the absence of nanoparticles (0= 0). Electron temperature 7e = 5 eV

Figure 4 shows that at very low relative concentrations of negative ions, <1073, the ambipolar diffusion
coefficients of electrons and positive ions coincide, D, = D,+. In this case, the plasma effectively behaves as a two-

component plasma consisting only of electrons and positive ions. For oo =0, Eqgs. (11) and (12) reduce to the classical
ambipolar diffusion coefficient D, [66—68]:
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y+1 D, -u+D, - u,

D, =D,, =D, =
(4, /u,)+1 U+ H,

ae a+

=D, 35)

Furthermore, for small o and large y>> 1, Eq. (33) yields Da, = Dy (1+/tde) << D,. Thus, a small amount of negative
ions added to an electron—ion plasma has almost no effect on the ambipolar diffusion process itself, while the negative ions
remain effectively confined within the plasma due to their extremely small ambipolar diffusion coefficient.

However, the situation changes rapidly as the relative concentration of negative ions increases. The ambipolar
diffusion coefficients of electrons D, and negative ions D,, increase, whereas the coefficient for positive ions D+
decreases. At o> 100, diffusion ceases to be ambipolar because Dye — D., Dy+ — D+, Dy — D,. This means that
charged particles of different species no longer significantly affect each other’s transport. The loss of a small number of
electrons from the plasma volume does not noticeably violate plasma quasineutrality; therefore, charge separation and
the ambipolar electric field do not develop. Such a conclusion for strongly electronegative plasma at large o was
previously reported in Ref. [47]. The present results demonstrate that the derived expressions for the ambipolar
diffusion coefficients in four-component plasma, Eqgs. (11) and (32)—(34), are fully consistent with previously
established results for simpler plasma compositions.

Let us now consider a plasma containing electrons, positive ions, a small amount of negative ions with relative
concentration &= 107, and charged nanoparticles. The calculated dependences of the ambipolar diffusion coefficients
on the relative nanoparticle concentration d are shown in Fig. 5a. Since the quantity of greater physical interest is not
the nanoparticle concentration itself, but rather the losses of free electrons due to attachment to nanoparticles, the
diffusion coefficients are also presented as functions of the product &Z, in Fig. 5b. For these calculations, it was
determined beforehand that for an electron temperature of 5 eV and nanoparticle radius 100 nm, each nanoparticle
acquires approximately Z, = 265 electrons.

j a D b D,
105-; ae 105
& E 2
5§ 10 10
'\Q i an O' D‘“’
Q 10'4 N 10"
S 1 .
Q10" D, oF 10 D,
5 1 2
Q1074 Q107
Q 0t _/ B, aF 107 B.
0% 10" 10*  10° 10? 10* 10° 10* 107 10 100 10* 10° 10°

S A

Figure 5. Dependence of the ambipolar diffusion coefficients of electrons Dee, positive ions Dg+, negative ions Dan, and
nanoparticles Dqp on the relative nanoparticle concentration o (a) and on the product &Z, (b) at low relative concentration of
negative ions (o0 = 10~4). Nanoparticle radius @ = 100 nm, electron temperature 7. = 5 €V

Figure 5 indicates that the diffusion process remains essentially ambipolar, similarly to a two-component electron—
ion plasma, only at very low nanoparticle concentrations, < 10~°. Under these conditions, the ambipolar diffusion
coefficient of nanoparticles is extremely small, Dy, = D, -(t+/tte) << D,. Thus, negatively charged nanoparticles,
similarly to negative ions introduced in small concentration, are efficiently confined within the plasma volume by the
strong ambipolar electric field.

However, with increasing &, the ambipolar diffusion coefficients of nanoparticles, electrons, and negative ions
increase rapidly and eventually approach saturation values. For a<<1 and §>> 1, one obtains D, = 2D, Dge = 2-D.,
Dy, = 2-D,. It should be emphasized that these coefficients at §>> 1 (&Z, >> 1) are twice as large as the corresponding
free diffusion coefficients, unlike the case without nanoparticles at large o>> 1, where the ambipolar coefficients
simply approach the free-diffusion values.

In realistic discharge plasma, however, both negative ions and nanoparticles may be present simultaneously in
significant concentrations. Therefore, for the limiting case a>> 1 and &-Z, >> 1, Egs. (32)—(34) reduce to:

0-Z
D, =D, |1+—*—|, (36)
20{+5-Zp
2-(a+6-Z
D, =D, M (37)

20{+§-Zp
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b -p 2~(0{+5~Zﬁ) 38
« " 20+6-Z, ’ (38)
From Eq. (36), it follows that for 0'Z, >> &, we have D, = 2-D., whereas for the opposite condition 0-Z, << ¢,
Dge = D,. Similarly, Egs. (37) and (38) yield D,, = 2-D, and D,, = 2-D,, for &Z,>> ¢, while D, ~D, 1a Dy, =D, for
0Z, <<
The situation is more complicated for positive ions. Figure 5 shows that with increasing nanoparticle concentration
J, the ambipolar diffusion coefficient of positive ions initially decreases and tends to approach the coefficient for
negative ions, Dg+ — D, similarly to the behavior observed in Fig. 4 for plasma without nanoparticles (J= 0).
However, with further increase in dand &' Z,, the coefficient D,+ decreases again and eventually approaches D+ — Dgp.
Of course, the regime D,+ = D,, corresponds to extremely low free-electron concentrations, when the plasma
effectively consists only of positive ions and negatively charged nanoparticles. Such a situation may arise, for example,
in corona discharges with low discharge current and low electron density in aerosol media (“foggy plasmas”), where
fine droplets capture nearly all free electrons.
Analysis of Eq. (11) under the simultaneous conditions &>> 1 and &'Z, >> 1 gives:

0-Z, -
b —ap, ZrO 2 )
‘ 20+6-Z,

This expression shows that for &Z, << ¢ one obtains D,+ =D+ = D,, whereas for &'Z, -(1,/1£:)>> « the limiting
relation becomes D+ = 2:D,. Thus, the ambipolar diffusion coefficient of positive ions strongly depends on which
negatively charged species dominate in the plasma. If negative ions dominate, then at sufficiently high concentrations
of electronegative species (large electron losses due to attachment to gas molecules), we have D,+ — D,. In plasma
where electron losses due to attachment to nanoparticles dominate, the asymptotic behavior becomes Dy+ — 2:D), = Dy

This unusual behavior of positive ions can be understood rather straightforwardly. In a two-component plasma
consisting only of electrons and positive ions, both species leave the plasma region (for example, toward the discharge-
tube walls) with approximately equal fluxes: I'+ = I'.. If a substantial fraction of electrons attaches to molecules and
forms negative ions with &>>1, then the loss of a small number of free electrons is no longer critical for sustaining the
discharge, and the balance condition becomes I'+ = I',.. Finally, if almost all electrons attach to nanoparticles, while the
concentrations of free electrons and negative ions remain relatively small, then the positive-ion flux from the plasma
must compensate the extremely small flux of heavy nanoparticles: I+ = T,.

The calculated dependences of the ambipolar diffusion coefficients on the product &Z, for a high relative
concentration of negative ions, = 100, are shown in Fig. 6. The initially high concentration of negative ions results in
relatively large ambipolar diffusion coefficients for electrons, nanoparticles, and negative ions even at low nanoparticle
concentrations; these coefficients are already close to their free-diffusion values. With increasing electron losses to
nanoparticles &Z,, these coefficients increase further and approach twice their free-diffusion values. In contrast, the
ambipolar diffusion coefficient of positive ions is initially close to twice its free-diffusion value, but decreases rapidly
with increasing &' Z,, eventually approaching the nanoparticle ambipolar diffusion coefficient.
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Figure 6. Dependence of the ambipolar diffusion coefficients of Figure 7. Dependence of the ambipolar diffusion coefficients of
electrons, positive and negative ions, and nanoparticles on the electrons, positive and negative ions, and nanoparticles on the
product &Z, at relative concentration of negative ions oo=100. relative concentration of negative ions o at J=100.
Nanoparticle radius @ = 100 nm, electron temperature 7. = 5 eV Nanoparticle radius @ = 100 nm, electron temperature 7. = 5 eV
Finally, let us consider the case of plasma with a high relative concentration of nanoparticles (6= 100). The
corresponding results are presented in Fig.7. At low negative-ion concentrations, the electron ambipolar diffusion
coefficient D,. is approximately equal to twice the free electron diffusion coefficient. However, at &> 100, D,
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decreases and approaches the free electron diffusion coefficient. The ambipolar diffusion coefficients of nanoparticles
and negative ions behave similarly, decreasing from twice their free-diffusion values toward the corresponding free-
diffusion coefficients. The behavior of the positive-ion ambipolar diffusion coefficient again appears unusual: initially
small, it increases at &> 100 and eventually approaches the free diffusion coefficient at very large ¢

Therefore, the ambipolar diffusion process in four-component plasma is highly complex and strongly depends on
the relative importance of free-electron losses due to attachment either to nanoparticles or to electronegative gas

molecules forming stable negative ions. The dominant electron-loss mechanism ultimately determines the ambipolar
diffusion coefficients of all charged species present in the plasma.

3. AMBIPOLAR ELECTRIC FIELD

As noted above, we are primarily interested in the average value of the ambipolar electric field strength over the
discharge-tube radius. It is this field that controls the confinement of negatively charged ions and nanoparticles within
the plasma volume. Therefore, we calculated its magnitude for different plasma conditions and nanoparticle sizes.

The calculated results will be compared with those for a conventional two-component plasma consisting only of
electrons and positive ions. The corresponding ambipolar electric field strength E4.» obtained from Eq. (17) will
hereafter be referred to as the “classical” ambipolar field. For an electron temperature of 5 eV, its value is shown in Fig.
8 and is approximately equal to 1.77 V/cm. Naturally, this field does not depend on the nanoparticle radius, since Eq.
(17) does not account for the possible presence of nanoparticles in plasma.
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Figure 8. Dependence of the average ambipolar electric field on nanoparticle radius at o= 0.1 for different values of the relative
nanoparticle concentration J. Electron temperature 7. = 5 eB

Let us now consider plasma additionally containing negative ions with a relatively low concentration o= 0.1. This
means that approximately 10% of the electrons have attached to gas molecules and formed negative ions. However,
even such comparatively moderate electron losses lead to a substantial, nearly tenfold reduction in the ambipolar
electric field strength (the blue curve in Fig. 8 at small nanoparticle radii). If nanoparticles are additionally introduced
into the plasma and their size increases, the ambipolar electric field strength rapidly decreases and approaches zero.

Let us further increase the nanoparticle concentration in plasma. As the relative nanoparticle concentration O
increases, volumetric polymerization processes also lead to an increase in nanoparticle radius. Figure 8 shows that at
sufficiently high nanoparticle concentration and sufficiently large nanoparticle size, the ambipolar electric field reaches
zero and may even reverse its sign. The larger the relative nanoparticle concentration 6, the smaller the nanoparticle
radius at which this sign reversal occurs.

Let us examine the behavior of the ambipolar electric field under different conditions. Figure 9 presents its
dependence on the relative concentration ¢ for different values of J. If nanoparticles are absent from plasma (5= 0) and
negative ions are present only in very small amounts (& < 10#), the ambipolar field strength remains close to its
“classical” value given by Eq. (17). Increasing o results in a gradual decrease in the ambipolar field strength, and at o=
850 the field reaches zero and subsequently reverses its sign as the negative-ion concentration increases further.

In the presence of nanoparticles (the curves in Fig. 9 corresponding to =107* 107 and 1), increasing their
concentration substantially reduces the ambipolar electric field strength. In fact, negative ions and charged nanoparticles
jointly affect the field magnitude. The ambipolar field again reaches zero at sufficiently high ¢ and then changes sign.
Moreover, the higher the relative nanoparticle concentration o, the smaller the value of ¢ at which this occurs. For
example, at 6= 102 and J= 1, the sign reversal of the ambipolar field occurs at &= 826 and = 796, respectively. If
the nanoparticle concentration becomes very high, for example 6= 100, the ambipolar electric field remains negative
over the entire o range, and the corresponding curve in Fig. 9 lies entirely below zero.
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Figure 9. Dependence of the average ambipolar electric field on o for different values of the relative nanoparticle concentration &
and nanoparticle radius a = 100 nm, 7. =5 eV

It is also instructive to consider the dependence of the average ambipolar electric field strength on the product &7,
rather than only on the relative nanoparticle concentration o (see Fig. 10). Since for nanoparticle radius ¢ = 100 nm and

electron temperature 5 eV, one has Z, = 265, replacing J with &Z, shifts the corresponding ambipolar-field curves
toward larger values along the horizontal axis.
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Figure 10. Dependence of the average ambipolar electric field on the product & Z, for different values of the relative negative-ion
concentration & and nanoparticle radius ¢ = 100 nm, 7e =5 eV

Similarly to the previous case, the ambipolar electric field decreases with increasing both the relative
concentration of negative ions o and the normalized number of electrons attached to nanoparticles &Z,. At o< 1, the
curves corresponding to different a practically coincide for &Z,> 10, and the ambipolar field reaches zero at
approximately the same value, &Z,~ 141. However, at higher « the sign reversal occurs earlier. For example, at
o= 100 the ambipolar field changes sign already at 0 Z, = 123.

The reversal of the ambipolar electric field at sufficiently high concentrations of nanoparticles and negative ions
indicates the appearance of conditions for the removal of their excess from plasma. In real gas-discharge plasma, the
ambipolar electric field strength will likely remain close to zero or slightly negative. If an excessive number of
nanoparticles and negative ions is produced, the ambipolar field will drive their excess toward the discharge-tube walls,
after which the field will again approach zero. The stationary state corresponds to a zero ambipolar electric field, while

the nanoparticle concentration reaches saturation.

Thus, if a sufficiently dense nanoparticle cloud is present in plasma, the ambipolar electric field inside this cloud
may become nearly zero. As shown above, at high nanoparticle concentrations the ambipolar diffusion coefficients of
electrons, negatively charged ions, and nanoparticles approach twice their free-diffusion values. In three-component
plasma (electrons, positive ions, and negative ions), ambipolar diffusion effectively transformed into free diffusion for
all charged species. However, after introducing nanoparticles into plasma, the diffusion losses of negatively charged

species become additionally enhanced by a factor of two owing to their removal from the plasma volume by the electric
field after it reverses its sign.



455
Ambipolar Diffusion and Electric Field Reversal in Electronegative Plasma... EEJP. 2 (2026)

To determine the conditions for ambipolar-field sign reversal in more detail, let us analyze Eq. (16). Its
denominator is a combination of positive quantities. However, the numerator contains a factor in square brackets that
may become zero under the condition given by Eq. (40).

(1+a-y+6-7-2,)-(u. /1) - y-(4,/10,)=6-Z,-7-(u, /11, ) =7 =0. (40)

Equation (40) can be rewritten in the following form:

5.7, -t .[1_1.&%[&_&]}, (a1
1u+_lup }/ luf ’uf ’uf

From Eq. (41), it follows that the value of &Z, at which the ambipolar electric field changes sign depends only
weakly on the electron temperature. Since y= T./T: >> 1 and simultaneously /g, <<1, the second term inside the
square brackets in Eq. (41) may be neglected. Calculations show (see Fig. 11) that the dependences of &Z, on a for
different electron temperatures (from 1 eV to 10 eV) practically coincide for nanoparticle radius a = 100 nm. Since the
calculations were performed for acetylene plasma, where the mobility of negative ions is lower than that of positive ions
(1= 1414 cm?(V-s), tn=1179 cm?(V-s)), the dependence in Fig. 11 decreases approximately linearly with
increasing o.

However, some dependence on electron temperature appears for very small nanoparticles. Figure 11 shows that
the curves corresponding to nanoparticle radius @ = 1 nm and electron temperatures 1 eV and 5 eV differ substantially
from each other. In Fig.3, we presented the calculated nanoparticle mobility 4,, which decreases rapidly with increasing
nanoparticle size. At the same time, increasing electron temperature leads to an increase in f,. The mobility of small
nanoparticles with radii of the order of several nanometers may reach 100-200 cm?/(V-s), corresponding to 10-20% of
the positive-ion mobility. Therefore, the denominator of the factor preceding the square brackets in Eq. (41) may vary
significantly in this case.

Therefore, in Fig.12 the values of &Z, corresponding to ambipolar-field sign reversal remain nearly constant over
a wide range of nanoparticle radii at fixed a, but increase noticeably for radii a <5 nm. Figure 12 also demonstrates that
&7, decreases with increasing relative concentration of negative ions ¢, as already discussed above.
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Figure 11. Dependence of the product &7, at which the Figure 12. Dependence of the values of &7, corresponding to
ambipolar electric field reaches zero, on the relative zero ambipolar electric field on nanoparticle radius for different
concentration of negative ions « for nanoparticle radiia = 1 nm  values of the relative negative-ion concentration « at electron
and a = 100 nm at different electron temperatures temperature 5 eV

If the relative concentration of negative ions is fixed at &= 100, then for nanoparticles with radii @ > 10 nm the
calculated values of &Z, corresponding to different electron temperatures coincide with each other. However, for
smaller nanoparticles with radii « < 10 nm, the curves corresponding to different electron temperatures diverge strongly.
This means that in plasma containing very small nanoparticles with radii @ = 1 nm and hot electrons, a larger relative
nanoparticle concentration J is required for ambipolar-field sign reversal than in plasma containing larger nanoparticles.

Calculations show that nanoparticles with radius 1 nm collect Z, = 1 and Z, = 3 electrons at electron temperatures
of 1 eV and 7 eV, respectively. As follows from Fig. 13, sign reversal of the ambipolar field for such 1 nm particles
requires 8 =133 at 7,=1¢V and 6= 150/3 =50 at T,= 7 eV. For large nanoparticles, for example with ¢ =100 nm,
one has Z, =265 and &Z,~ 125. Therefore, the corresponding relative concentration of such large nanoparticles is
much smaller, 6= 125/265 = 0,47. This means that approximately one nanoparticle with a = 100 nm is required per two
free electrons for the ambipolar electric field strength to reach zero and potentially reverse its sign.
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Figure 13. Dependence of the values of &' Z, corresponding to zero ambipolar electric field on nanoparticle radius at relative
concentration of negative ions &= 100 for different electron temperatures

IV. Experimental Verification

Direct experimental measurements of the radial ambipolar electric field strength in acetylene plasma using
Langmuir probes and wall probes are difficult because their surfaces are rapidly covered by dielectric polymer films. In
addition, the gas pressure and plasma parameters also vary with time [58,64].

However, there exists a pronounced phenomenon confirming the possibility of ambipolar-field sign reversal. Let
us consider the conditions of our experiments.

The experiments were performed in a quartz discharge tube with an inner diameter of 80 mm, in the acetylene
pressure range of 0.05—1 Torr, while the maximum acetylene flow rate reached 5 sccm. The distance between the flat
steel electrodes was 76.2 mm. The electrodes were positioned vertically inside the tube, whereas the discharge tube
itself was oriented horizontally. A DC or 20 kHz AC voltage was applied to the powered electrode (cathode).

When the electrodes are arranged horizontally inside a discharge tube or chamber, nanoparticles introduced into
plasma from an external source or formed in the discharge due to volumetric polymerization are trapped near the
boundary of the cathode sheath or electrode sheath by the strong electric field in these discharge regions. In contrast, the
vertical arrangement of the electrodes made it possible to reveal the influence of the ambipolar electric field on
nanoparticle confinement.

Here, we will not focus on the specific discharge regions where the nanoparticle cloud is formed or on the methods
used for its detection. For the present discussion, it is sufficient to note the experimental observation that during
discharge operation the tube walls become coated with a certain substance of particular interest. This substance appears
after several tens of seconds of discharge operation in acetylene. Such behavior was observed both in dc discharges and
in pulsed and high-frequency capacitive discharges. Photographs of the discharge tube with this deposited coating are
shown in Figs. 14 and 15. During the discharge operation, the cathode was on the left and the anode on the right.

Figure 14. Photograph of the discharge tube with a Figure 15. Photograph of the discharge tube with a deposited layer
deposited layer of polymer film containing nanoparticles. of polymer film containing nanoparticles (NPs). Bipolar pulsed
DC discharge. Acetylene pressure 0.5 Torr. Voltage discharge with frequency 20 kHz and duty cycle 50%. Acetylene
between electrodes 1000 V, discharge current 14 mA. Film pressure 0.14 Torr. Peak-to-peak voltage between electrodes
deposition time 1 min 1419 V. Film deposition time 1 min
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Near the cathode or powered electrode of the pulsed discharge, the cathode sheath or electrode sheath is formed,
and the large voltage drop across this region expels negatively charged nanoparticles into the plasma volume.
Therefore, only a thin polymer film can be deposited there. In the negative glow region, by contrast, the inner surface of
the tube becomes covered with a layer of material that becomes opaque as its thickness increases.

Samples of this material were deposited onto grids for transmission electron microscopy (TEM) in a Selmi REM-
125 K. The grids were positioned both at the bottom of the tube and in its upper part. Figure 16 shows a TEM image of
the surface of a grid placed in the upper part of the discharge tube, recorded at a magnification of 25,000%. It can be
seen that a polymer film containing a large number of embedded nanoparticles with diameters of 10-20 nm was
deposited on the grid.
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TEM 100kV x25000 100nm

Figure 16. TEM image of the polymer film and embedded nanoparticles deposited onto the upper part of the tube from a dc
discharge at acetylene pressure 0.15 Torr and deposition time 30 s. Voltage between electrodes 471 V, discharge current 1 mA

These nanoparticles were formed not on the surface itself, but inside the plasma volume. Free electrons attach to
them, charging them negatively. Under ordinary conditions, the ambipolar electric field arises when a fraction of
energetic free electrons escapes from plasma to the tube wall, charging it negatively. The resulting field subsequently
attracts positive ions toward the wall and repels colder electrons and negatively charged nanoparticles back into the
plasma volume. The Coulomb force prevents such nanoparticles from settling onto the bottom of the tube and acts
against gravity. For the upper part of the tube, the same Coulomb force, together with gravity, should instead drive
negatively charged nanoparticles back toward the plasma volume. Nevertheless, small nanoparticles were found
embedded inside the polymer film deposited on the upper part of the tube, meaning that they must have moved against
both gravitational and Coulomb forces.

However, the analytical calculations presented above demonstrated that nanoparticle accumulation in plasma leads
to a substantial reduction of the ambipolar electric field strength. When the nanoparticle concentration reaches a critical
value (more precisely, when the number of electrons attached to nanoparticles per unit plasma volume becomes
sufficiently high), the ambipolar field reaches zero and may reverse its sign. In this case, the field begins to confine
positive ions within the plasma while expelling excess negatively charged nanoparticles and negative ions from it. This
mechanism is responsible for the radial ejection of nanoparticles from the plasma in all directions, including upward. It
should be noted that the ion drag force, which is commonly taken into account when analyzing nanoparticle transport in
plasma, is not expected to play a significant role in the present case, because the radial ambipolar electric field
approaches zero and therefore does not provide substantial acceleration of positive ions.

CONCLUSIONS

In this work, the process of ambipolar diffusion in a four-component plasma consisting of electrons, positive ions,
negative ions, and negatively charged nanoparticles has been investigated. An analytical model was developed based on
the conditions of plasma quasineutrality and zero total current of all charged species to the discharge-tube wall. As a
result, simple analytical expressions were obtained for the ambipolar diffusion coefficients of each charged species, as
well as for the ambipolar electric field strength.

The derived expressions were analyzed over wide ranges of the relative concentrations of negative ions a,
nanoparticles 6, the normalized concentration of electrons attached to nanoparticles & Z,, and electron temperature. It
was shown that in plasma consisting of electrons, positive ions, and negative ions, the ambipolar diffusion regime
gradually transforms into free diffusion at high relative concentrations of negative ions ¢. In this limit, the ambipolar
diffusion coefficient of electrons approaches the free electron diffusion coefficient, while the ambipolar diffusion
coefficients of positive and negative ions approach their corresponding free diffusion coefficients, which are close to
each other.

In plasma containing electrons, positive ions, and negatively charged nanoparticles, high nanoparticle concentrations
lead to qualitatively different behavior. In this case, the ambipolar diffusion coefficient of electrons approaches twice the
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free electron diffusion coefficient, whereas the diffusion flux of positive ions compensates mainly the ambipolar losses of
nanoparticles. For the general four-component plasma, the behavior of the ambipolar diffusion coefficients is governed by
the dominant electron-loss mechanism, namely electron attachment either to electronegative gas molecules or to
nanoparticles. If electron attachment to gas molecules dominates, the ambipolar diffusion coefficients of electrons,
negative ions, and nanoparticles remain close to their free diffusion coefficients. In contrast, when electron losses to
nanoparticles dominate, these coefficients approach twice the corresponding free diffusion coefficients.

The behavior of the ambipolar diffusion coefficient for positive ions was found to be particularly unusual and
strongly dependent on the dominant negatively charged species in the plasma. It approaches the free diffusion
coefficient of negative ions under conditions of intensive negative-ion formation, whereas in a plasma dominated by
electron attachment to nanoparticles, it approaches twice the free diffusion coefficient of nanoparticles.

It was further demonstrated that the accumulation of negative ions and/or negatively charged nanoparticles
substantially reduces the ambipolar electric field strength. Under critical conditions, the ambipolar electric field may
reach zero and even reverse its sign. A stationary plasma state corresponds to a nearly zero or slightly negative
ambipolar field, which can remove excess negative ions and nanoparticles from the plasma volume.

Experimental observations performed in acetylene plasma demonstrated intensive radial removal of small
nanoparticles from the plasma volume, including toward the upper part of the discharge tube against gravity. This
behavior may serve as indirect evidence of ambipolar electric field reversal caused by high concentrations of negative
ions and charged nanoparticles.
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AMBIIIOJIAPHA JU®Y3IsI TA PEBEPCIS 3HAKY EJIEKTPUYHOTI'O I1OJISI B EJEKTPOHEIATUBHINM ILJIA3MI
I3 SAPAJKEHUMU HAHOYACTUHKAMU
B. JlicoBcbkuii, C. Aynin, C. Boratupenko, C. Pe3yHenko, B. €ropenxon
Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapaszina, maiioan Ceoboou 4, Xapxis, 61022, Yxpaina

V wmiit poOoTi 3arpoNOHOBAaHO AHATITHYHY MOJENb aMOiNoisIpHOi Andysii B Iua3Mmi, sIKa CKJIAJAETHCS 3 €IEKTPOHIB, MO3UTUBHUX 1
HETaTUBHUX 10HIB Ta HETaTUBHO 3aps/KEHUX HaHO4acTHHOK. OtpumaHi ¢popmymn juist koedimieHTiB amOinomspHoi qudysii Sk 1t
KOJKHOTO 13 COPTIB 3apsPKEHUX YaCTHHOK, TaK 1 JUIS HANpPY>KEHOCTI aMOINOJIIPHOTO €JIeKTPUYHOro Mmojs. Y Iuia3Mi, 0 MiCTHTh
JIMIIE eIEeKTPOHM Ta ITO3UTHBHI i HEraTHBHI 10HH, 32 BUCOKMX KOHIIGHTPALliii HEraTUBHMX 10HIB Koe(ilieHTH aMOinoysipHoi andys3ii
KOYKHOTO BUY 3aps/KCHUX YaCTHHOK HAOIMKAIOTHCS 10 KoedillieHTiB IXHBOT BiUTbHOI audysii, ToOTO ambinonsapHa nudysis ctae
BiNbHOIO. B muiasmi 3 HeraTtHBHO 3aps/PKCHHX HAHOYACTHHOK, CJIEKTPOHIB Ta MO3UTHBHHUX IOHIB HPH BHCOKHX KOHIICHTpAISX
HAHOYACTHHOK KoedilieHT aMOinoysipHOi Andys3il eJeKTPOHIB AOPiBHIOE MOABIHHOMY KoedilieHTy iX BimbHOT qudys3ii, a koedirieHT
amOinonspHoi An¢y3ii MO3UTUBHUX 10HIB HAOIIKAETHCA IO MOABIMHOTO KoedimieHTa BibHOI Mudy3ii HaHOYacTHHOK. B mia3mi, mo
CKJIQIA€ThCA 3 EJIEKTPOHIB, IIO3UTHBHUX Ta HETATHBHUX 10HIB, a TAKO)K HAHOYACTUHOK, BAYKJIUBHM € T€, SIK CAME BTPAYarOThCS BiNbHI
€JIEKTPOHH, TOOTO, OyIyTh BOHHM IE€PEBaKHO YTBOPIOBATH HETAaTHBHI i0HM a00 NPWIMIATH O MOBEpXHI HAHOYACTHHOK. SIKIIO
JIOMiHYy€ TIPWINIAHHS EJICKTPOHIB 10 MOJEKYyJ] ra3dy i HakOIMYEHHs HETaTHBHHUX 10HIB, TO KoeQilieHTH amOinoysipHOl audysii
€JIEKTPOHIB, HETaTUBHUX IOHIB Ta HAHOYACTMHOK ONM3bKiI MO iXHIX Koe(ilieHTIB BiNbHOI andy3ii. SKIO BiLNBHI €IEKTPOHU
NepeBakKHO 3HUKAIOTh BHACIIIOK iX NPMJIMIIAHHS JO HAHOYACTHHOK, TO KoedilieHTn aMOinomnsipHoi 1udys3ii elneKkTpoHiB, HeraTHBHIX
iOHIB Ta HAHOYACTHHOK MOPIBHIOIOTH iX MOIBIHHMM KoedimieHTam BinbHOI audy3ii. BusiBneno, mo koedilieHT amOinonspHOT
nu(y3ii MO3UTUBHUX 10HIB 3aJIEKUTh Bifl TOTO, SIK CaMe BiJIbHI €JIEKTPOHH BTPAYAIOTHCS 3 IIa3MU. SIKIIO iHTEHCHBHO yTBOPIOIOTHCS
HETaTHBHI 10HH, TO BiH HaOIIMKaeThca 0 KoediieHTa BiTbHOI An(y3ii HETaTUBHUX 10HIB, a IPH IHTEHCHBHUX BTpaTax eJNeKTPOHIB
HA TOBEPXHI HAHOYACTHHOK BiH aCHMIITOTUYHO 30JIIKYETHCS 3 MOABIHAM 3HaUCHHSAM KoedilieHTa BUTbHOI TU]y3ii HAHOYACTHHOK.
3a HasBHOCTI B IUIa3Mi JOCTATHBO BHCOKHX KOHIIEHTpALiil HETaTHBHUX iOHIB Ta/ab0 3apsmKeHHX HAHOYACTHHOK HAIPYXKEHICTh
aMOINOJISIPHOTO €JIEKTPHYHOTO MOJS CYTTEBO 3MEHIIYEThCS H HAaBITh MOXKE MOCATTH HyJS Ta 3MIHHTH 3HaK. 3 IDIa3MH 31 ciabko
HETaTUBHUM aMOINOJSIPHUM MOJIEM MOXKE BHAAISATHCS HA/UIMIIOK HETaTHBHUX IOHIB Ta HAHOYACTHUHOK, SIKI HAKOMHUYYIOTBCS, IO
cTabinizye ropiaHsa po3psanay. Ilin 4ac eKCIEepUMEHTIB 3 alleTHICHOBOIO IUIA3MOI0 CIIOCTEPIiraBcs MOTIK JPIOHUX HAHOYACTHHOK Ha
CTiHKY TPYOKH, 110 MOYKE CBIAYUTH PO 3MiHY 3HAKa aMOIMOJIIPHOTO eEKTPUIHOTO MOJIS.

KuarouoBi ciioBa: ambinonsipna oughysis, anarimuuna mooensb, amoinoisipHe eieKkmpuine nojie; HaHOYACMUHKU, He2amueHi ioHu
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This paper presents the synthesis of tetragonal sodium ferroxide (NaFeO:) via a solar-furnace melting method. The resulting material
is characterized by a quasi-spherical morphology, an average particle size of ~1.2 um, high crystallinity (~ 92%), and a polydisperse
distribution, which ensures efficient transport pathways and uniform electrolyte penetration. SEM analysis revealed the formation of
porous aggregates of nanogranular particles (200-500 nm) with a developed specific surface area (5-10 m?/g). DTA/TGA demonstrates
multistage thermal transformations of the Na2COs+FeOs system with the formation of NaFeO: at 800-850 °C, confirming the thermal
stability of the material. X-ray diffraction analysis confirmed the high crystallinity of the tetragonal phase with parameters a = 4.47 A,
c=14.4 A, and a coherent scattering region size of ~ 28 nm. The obtained data indicate the high structural stability and electrochemical
activity of NaFeO-, making it promising for use in sodium-ion batteries.

Keywords: NaFeO:, Solar furnace; Melt synthesis; Crystallinity; Microstructure; Porous aggregates; Scanning electron microscopy
(SEM); X-ray diffraction (XRD),; Thermal analysis (DTA/TGA); Solid-state reactions
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INTRODUCTION

The development of sodium-ion batteries (SIB) is one of the priority areas of modern electrochemical energy, due to
the high abundance of sodium in the earth's crust, low cost of source materials and a comparatively lower environmental
impact compared to lithium-ion systems [1-3]. Despite their lower theoretical energy density and less favorable ion-transport
kinetics, SIBs are considered a promising alternative for stationary and large-scale energy storage systems, where safety,
service life, and cost-effectiveness are key requirements [4]. The higher standard oxidation-reduction potential of the Na*/Na
pair (=-2.71 V relative to the standard hydrogen electrode) compared to Li*/Li leads to a decrease in the maximum cell
voltage, but a rational choice of the structure and chemical composition of electrode materials can partially compensate for
this disadvantage [5]. The cathode material largely determines the specific energy, operating voltage and cyclic stability of
SIBs. Among the various classes of cathode compounds, NaFeO: oxide is of particular interest, combining the availability
of raw materials, the environmental safety of its components, and structural compatibility with sodium ions. The theoretical
specific capacity of sodium ferroxide (NaFeO.) with complete extraction of Na* from the crystal lattice is approximately 242
mA-h-g!, which corresponds to one electron transfer per formula unit and can be estimated based on Faraday's law, taking
into account the molar mass of the compound [6]. However, experimental studies [7, 8], primarily for the layered a-
modification of NaFeO., demonstrate significantly lower values of reversible capacity, typically in the range of 80-120
mA-h-g™! at an average working potential of approximately 3.3 V relative to Na/Na. These characteristics indicate the
possibility of reversible sodium intercalation and deintercalation without catastrophic structural failure at moderate charge
depths, but also highlight a significant gap between the material's theoretical and practical potential. Limiting factors include
low electron conductivity, limited contact area with the electrolyte, and structural transformations that occur during deep Na*
extraction. One of the key mechanisms of NaFeO: degradation is the migration of iron ions. When charging to potentials
above 3.4-3.5 V, partial release of the sodium layers occurs, accompanied by the transition of Fe cations from octahedral
positions to interlayer regions. This leads to blocking of diffusion channels for Na*, an increase in internal resistance, and a
rapid loss of capacity [9, 10]. This effect significantly limits the reversible charge depth and the cathode's cyclic stability.
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The ionic conductivity of NaFeO: is an important parameter that determines the material's kinetic characteristics. For a-
NaFeO:, the activation energy for Na* transfer is approximately 0.31 eV in the temperature range of 306-498 K, which
corresponds to the migration mechanism between octahedral sites through adjacent tetrahedral spaces, typical of layered
oxides. This value indicates the possible but relatively limited transfer of sodium ions within the crystalline matrix [11].

The phase composition, morphology, and particle size are considered key factors that determine the electrochemical
activity of NaFeO., according to several studies [12, 13]. In particular, for the B-modification, characterized by a
tetragonal prismatic structure, specific capacity values of up to 590 mA-h-g™' were recorded after mechanical grinding
and extended cycling, which is associated with increased specific surface area and improved contact between the active
material and the electrolyte. These data emphasize that morphological control and optimization of Na* ion diffusion
pathways are priority factors for improving the capacitive characteristics of cathode materials [14].

An additional effective approach to improving the electrochemical characteristics of NaFeO: is cation doping, in
which the partial replacement of Fe with Mn, Ni, or Mg suppresses iron migration and stabilizes the crystal lattice, thereby
increasing cyclic stability [15]. A similar effect is observed when protective coatings such as Al:Os or carbon are applied,
which reduce the intensity of side reactions at the electrode-electrolyte interface [16]. Electrochemical studies of the
Na><NaFeO,><Al system using metallic sodium Na+/Na as a reference electrode revealed a redox peak at a potential of
about 0.8 V, accompanied by a specific capacity of about 110 mA-h-g™'. The observed behavior is due to the sequential
process of leaching and insertion of Na' ions followed by the Fe*/Fe*" redox transition, which determines the
electrochemical activity of the material [17, 18]. With increasing interest in developing cost-effective and environmentally
friendly cathode materials for sodium-ion batteries, the use of compounds based on readily available elements is a relevant
area of research. The tetragonal modification of NaFeO- has attracted attention due to the use of iron and the possibility
of implementing reversible redox processes, but remains insufficiently studied, especially when produced by alternative
high-temperature synthesis methods [19]. In this context, using a solar furnace (SF) as a source of thermal energy is a
promising, energy-efficient approach.

The objective of this study is to synthesize the tetragonal modification of NaFeO: by melting in a superconducting
furnace and to investigate its structural, morphological, and electrochemical properties to assess the potential of this
material as a cathode for sodium-ion batteries.

This study aims to establish the temperature-dependent formation of the NaFeO: phase, determine the crystal structure
and degree of crystallinity of the resulting material, analyze the morphology and particle size distribution, and investigate
the electrochemical activity associated with Na* ion intercalation/deintercalation processes and Fe*/Fe** redox transitions.

EXPERIMENTAL SAMPLES AND MEASUREMENT METHODS
The synthesis of NaFeO- material was carried out by melting a stoichiometric mixture of Na.COs + Fe20Os in a stream
of concentrated solar radiation on a solar panel with a vertical optical axis [20, 21]. The density of the concentrated
radiation flux was calculated based on the Stefan-Boltzmann equation, which describes the radiation of heated bodies:

Q=¢eoT* (1)

where ¢ is the emissivity of the material, 6=5.67x10% W/m?’K* is the Stefan-Boltzmann constant, T is the body
temperature (K).

With the emissivity of rocks being € =0.85, the required flux density for melting AMMP metallurgical waste
(T=1750 K) was Q=50 W/cm?. The melt was cooled by pouring it into water at a high cooling rate (~10°°C/s). After
quenching, the melt was ground to a particle size of about 60 pm and molded into cylindrical samples with a diameter of
8 mm and a height of 2 mm. The resulting cylinders were sintered at various temperatures [22-25].

X-ray diffraction (XRD) analysis of the samples was performed on a PANalytical Empyrean diffractometer with Ka
radiation in Bragg-Brentano geometry (A = 1.5418 A) at a 20 range of 20-60°. The slit system was selected such that the
X-ray beam completely covered the sample surface over the entire 26 range.

Surface morphology was examined using scanning electron microscopy (JEOL JSM 6510 and HITACHI FLEXSEM
100), and chemical functional groups were determined using FT-IR (SHIMADZU 8210PK). Electrical conductivity of
the samples was measured by impedance using an LCR meter (frequency range 20 Hz - 500 kHz).

The relative density of the samples was calculated using the formula:

pr = pm/pdw, (2)

where, pn is the density of the sample material, pqw= 0.98 g/cm? is the density of distilled water under normal conditions.
For NaFeO., the relative density was p~4.07 g/cm?.

Thermophysical properties were studied using a synchronous thermal analyzer STA PT 1600/LT (Linseis),
performing simultaneously thermogravimetric analysis (TGA), differential thermal analysis (DTA), and differential
scanning calorimetry (DSC). The morphology of the samples was additionally investigated using an SEM EVO MA 10
(Carl Zeiss, Germany) [26-28].

Particle size distribution was determined using a Laser Particle Size Analyzer Winner 2005. Measurements were
performed using laser diffraction, which is based on recording the intensity of light scattered by particles at different
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angles. The diffraction pattern was processed using Mie theory [29] to determine the volume distribution of particles in
the size range from 10 nm to several millimeters.

RESULTS AND DISCUSSION
To determine the phase transformation temperatures of the studied material (NaFeO,), comprehensive measurements
were conducted using DTA, TGA, and calorimetry. These experiments were performed on a Na:COs+Fe-Os mixture in
the temperature range from 27 °C to 1000 °C, and the results are presented in Fig 2.
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Figure 1. TG-DTA/DSC curves of a sample of the Na2COs + Fe>Os mixture

In the low-temperature range of 27-150 °C, the thermogravimetric curve shows a small mass loss, while in the range
of 80-120 °C, the DTA registers a distinct endothermic minimum. This thermal effect is due to the absorption of energy
during the desorption of physically bound moisture, the removal of low-molecular volatile impurities from the pore space
and the surface of the sample, and the dehydration of hygroscopic sodium carbonate [30, 31]:

NazCO:; : 1’1H20 — N32CO3 + l’leoT (3)

In this temperature range, the initial mass loss of the sample is Am;=2.8% of the initial mass mo. The mass loss is
expressed through the ratio:

Mo—Mj50

Am, = x 100 % 4)

0
where, m;s is the mass of the sample after heating to 150°C.
The DSC curve shows a pronounced endothermic effect (minimum heat flow) [32] associated with heat absorption.
The enthalpy of the thermal effect was determined using the formula [33]:

AH = % fTTf @ (T) dT )

The enthalpy of this process, AH;, was estimated from the area of the endothermic peak on the DTA curve and is
AH~20-50 J/g, which corresponds to the typical range for moisture evaporation processes. The presence of the
endothermic peak confirms heat absorption during desorption and removal of volatile components.

In the medium temperature range (150-500 °C), a more gradual change in sample mass occurs — 3.5 %, and the total
mass loss by 500 °C is 6.3%. The TG curve indicates a gradual decrease in mass, which may be associated with the
thermal decomposition of organic components, dehydroxylation, or the removal of chemically bound water. In the range
of 200-500 °C, smoothed deviations in heat flow are observed, corresponding to overlapping endo- and exothermic
processes [34, 35]. The enthalpies of these effects are estimated as moderate, not exceeding 100 J/g.

With a further increase in temperature in the range of 500-800 °C, the DTA curve shows an increase in thermal
effects, which is associated with the rearrangement of the material structure, phase transformations, and the onset of
crystallization. The change in mass in this range does not exceed 1.7 %, remains moderate, and indicates the relative
thermal stability of the main inorganic matrix of the sample. The observed exothermic effect is due to the onset of solid-
phase interaction between NaxCOs and DTA with the formation of sodium-iron oxide phases, in particular NaFeO: [36]:
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NayCOs + Fe;O3 — 2NaFeO, + CO2 1 (6)

The exothermic effect indicates the release of heat during the formation of a new crystalline structure; the magnitude
of the thermal effect is 50-100 J/g.

In the region of intense transformations, at temperatures of 800-850 °C, a sharp exothermic peak is recorded on the
DTA curve, accompanied by a sudden decrease in residual mass of approximately 4.6 %. This effect is associated with
the intense decomposition of Na-COs and the active reaction with Fe2Os, releasing carbon dioxide:

Na,CO; — Na,O + CO;1 @)

A large peak area indicates the occurrence of an intense phase or structural transformation, and a semi-quantitative
estimate of the process enthalpy is 100-300 J/g, corresponding to high-energy phase and chemical transformations [37].
Upon further heating to 1000 °C, the sample mass stabilizes, and the thermal effects become less pronounced.
Reaching a residual mass of 88-90 % of the initial mass is associated with the completion of decarbonization processes
and the formation of thermodynamically stable sodium-iron oxide phases. DTA and TGA data for the initial
Na>COs+Fe20s mixture revealed the removal of adsorbed moisture and volatile components in the range of 27-330 °C, as
well as a pronounced exothermic effect at 850 °C, corresponding to the completion of the NaFeO: phase formation [38].
Next, to determine the phase state and structure of the material, X-ray phase analysis was performed (Fig. 2).

1500 TXa3Fez00 2
01-080-1159: Na (Fe O2)
01-080-6404: Fe3 04

[ 01-083-1958: Na Fe2 03

1000 — :

Intensity, (rel.u.)

500 -

10

20, degree

10 20 30

Figure 2. XRD pattern of NaFeO: synthesized by the melting method in SP

Figure 3 shows the X-ray diffraction pattern of a NaFeO: sample obtained from a melt in a solar synthesis facility.
X-ray phase analysis of the pattern indicates the formation of a highly crystalline material, as evidenced by the presence
of intense and narrow diffraction reflections. The set of main diffraction maxima is correctly indexed within the tetragonal
crystal structure of NaFeO-, indicating the successful formation of the target phase under high-temperature solar synthesis
conditions. Based on the experimental positions of the diffraction peaks, the interplanar distances were calculated and the
reflections were indexed. The interplanar distances d were determined using Bragg's law [39]:

nA=2dsin0, (®)

where, A is the X-ray wavelength, 0 is the diffraction angle, and n=1 is the reflection order. For the tetragonal crystal
system, the lattice parameters were calculated using the corresponding relationships between interplanar spacings and
Miller indices. The calculation results are presented in Table 1.

Table 1. X-ray structural parameters of NaFeO: synthesized from the melt

Peak no. | 20, degree | Interplanar distance (d), A M1lle(:}rﬂ1(1;)d ees m?;lrirr;dzgftdl;aglrie felaitve itensity. %
1 18.5 4.79 (003) 0.28 100.0
2 32.0 2.80 (104) 0.30 96,7
3 37.2 2.41 (110) 0.32 80.0
4 434 2.08 (113) 0.34 53.3
5 57.4 1.60 (116) 0.36 333

The most intense diffraction maxima were recorded at angles of 26 =~ 18.5° and 32.0°, which corresponded to the (003)
and (104) crystallographic planes. The interplanar distances calculated using Bragg's law were approximately 4.79 A and
2.80 A, respectively. Using the (003) reflection, we determined the lattice parameter c=14.4 A, while a joint analysis of the
(003) and (104) reflections yielded a parameter value of a=4.47 A [40, 41]. Comparison of the obtained unit cell parameters
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with the literature data [42] for tetragonal NaFeO: confirms the preservation of structural order during synthesis from the
melt. The unit cell volume is V=144 A3, and the degree of crystallinity of the material reaches 92 %. The half-width at half
maximum (f) of the peak for the most intense reflection (104) is about 0.30°, indicating a high degree of crystallinity of the
material and a relatively low level of microdeformations of the crystal lattice. Based on the B values, the average size of the
coherent scattering regions, estimated using the Scherrer formula [43]:

D=KJ/pcosb, )

where K is the shape factor (0.9) and is 28 nm, which is typical for materials obtained under conditions of rapid cooling of
the melt.

Analysis of the diffraction peaks indicates minor distortions in the NaFeO: crystal lattice relative to the ideal tetragonal
structure. The absence of pronounced splitting of the diffraction maxima and the small  value reflect a weak monoclinic
distortion of the structure. Low-intensity additional reflections were detected in the diffraction pattern, presumably
corresponding to iron oxides Fe.Os and FesOs, the appearance of which is likely associated with partial non-stoichiometry
and local oxidation of iron under high-temperature solar synthesis conditions [44, 45]. However, the low intensity of these
reflections relative to the main peaks of NaFeO: allows us to consider the material obtained as predominantly single-phase.

Based on these data, a generalized analysis of thermal transformations in the Na:COs+Fe20; system was also carried
out using DTA/TGA methods in the temperature range from room temperature to above 850 °C (Table 2).

Table 2. Characterization of thermal transformations in the Na.COs+Fe:0; system based on DTA/TGA and XRD data

Enthalpy of
Temperature o Thermal effect .
range, °C Am, % (DTA/DSC) the process, The main process Phase state (XRD)
AH, J/g
27-150 28 | Endothermic 20-50 Desorption of adsorbed water, Na:CO+Fe05
removal of volatile components
Weak Dehydroxylation, removal of
150-500 3.5 . <100 chemically bound water, surface Na.COs+Fe20s
endo/exothermic _
activation
The beginning of the solid-phase
500-800 1.7 Exothermic 50-100 reaction, structural rearrangement, | Na:COs+Fe2Os+NaFeO-
the formation of NaFeO-
800-850 46 Intense 100-300 Decarbonization, active formation NaFeOs+FesO
) ) exothermic ) of NaFeO», phase transition e
- Formation of a thermodynamically .
> 850 =0 Absent - stable phase of NaFeOs NaFeO: (main)

The table presents mass loss values, the nature of thermal effects, the predominant processes, and the phase composition
determined by XRD. The results obtained allow for a comprehensive characterization of the thermal stability of the system's
components and the sequence of phase transformations upon heating.

The microstructural features of NaFeO:, studied by scanning electron microscopy, are shown in Figure 4 at a
magnification of x1000.

Figure 4. SEM micrograph of the surface of a sample of NaFeO, material

The image scale corresponds to 1 pum, enabling detailed assessment of the particles' morphological features. As can be
seen in Fig 4, the particles have a quasi-spherical shape and exhibit a high degree of agglomeration, with their sizes varying
from 0.5 to 10 um, with a maximum particle number of approximately 1.2 um. The surface microstructure is characterized
by a coarse-grained and porous texture with the formation of aggregates of small crystalline grains approximately
200-500 nm in size, indicating material growth through crystallization from the melt with subsequent aggregation of crystals
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into larger aggregates. The high degree of surface roughness provides a specific surface area of approximately 5-10 m?/g,
which increases the contact area with the electrolyte and facilitates the diffusion of Na*. Moreover, the particle distribution
is relatively uniform, without pronounced defects or cracks, reflecting the high crystalline integrity of the material [46-48].

To evaluate the particle size and distribution of the synthesized NaFeO., laser transmission spectroscopy (LPSA/LD)
was used, as shown in Fig 5.

The obtained data showed an asymmetric particle volume distribution with a distinct main peak at approximately
1.5 um. Analysis of the particle volume fraction revealed that approximately 70 % of the powder consisted of particles up to
5 um in diameter, indicating the predominance of the finely dispersed component. The median particle size (dso) was 1.5 pm,
which corresponded to the position of the main distribution peak. The particle spread from d;¢=0.5 pm to dep=7 um
corresponds to a wide polydisperse spectrum (PDI = 4.3). This distribution is characterized by the presence of both small
and relatively large particles [49, 50]. Finely dispersed particles provide a significant reactive surface, which can contribute
to higher reaction rates in thermal and electrochemical processes. Large particles, including agglomerates up to 20 um in
size, are relatively rare, which minimizes potential problems with material homogeneity and deterioration of properties
during pressing or forming electrodes [51, 52].
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Figure 5. Particle distribution spectrum of NaFeO. by LPSA/LD method

CONCLUSIONS

Sodium ferroxide (NaFeO:) was synthesized via solar melting, yielding quasi-spherical particles with an average
size of 1.2 pm and a crystallinity of 92%. These characteristics facilitate uniform electrolyte penetration and the formation
of efficient Na* transport pathways. The synthesis method significantly influences the structural and morphological
properties of NaFeO:. High-temperature processes, including melt synthesis, enable the formation of a material with a
high degree of crystallinity and minimal secondary-phase content.

The resulting NaFeO: powder exhibits a polydisperse particle distribution, with a predominance of small and
medium-sized particles, thereby ensuring a combination of high reactivity and structural stability. The variety of particle
sizes also affects powder packing and the density of pressed samples, both of which are important to consider when
developing electrochemical cells. SEM data confirm that the synthesized NaFeO: forms a microstructure with porous
aggregates of nanogranular particles (200-500 nm) and a developed specific surface area (5-10 m?/g), which positively
impacts its functional properties.

Thermal studies of the Na2COs+Fe20s system have shown that the formation of tetragonal NaFeO: occurs at high
temperatures (500-850°C) through successive stages of moisture desorption, dehydration, and solid-phase reactions. Low-
temperature effects (AH~20-50 J/g) are due to the removal of adsorbed and chemically bound water, medium-temperature
effects (AH=50-100 J/g) are due to gradual structural rearrangement and dehydroxylation, and at 800-850 °C intense
exothermic processes are observed with the decomposition of Na-COs and the formation of NaFeO. (AH=100-300 J/g).
DTA/TGA analysis revealed that thermal transformations occur in several stages, with a total mass loss of approximately
10-12 %, primarily due to dehydration and CO- evolution. The highest activity of solid-phase interactions and the
formation of the target phase are observed at 800-850°C, confirming the material's thermal stability and enabling us to
determine the optimal synthesis conditions for its functional application.

X-ray diffraction (XRD) analysis revealed that NaFeO- synthesized by solar melting forms a highly crystalline
tetragonal material with unit cell parameters a=4.47 A, c=14.4 A, and a volume V=144 A3. The presence of the main
diffraction peaks (003) and (104), their width (0.30°), and the calculated size of the coherent scattering regions (28 nm)
confirm the high crystallinity of the material and low microstrain. Trace additional reflections of FeOs and FesO4 do not
disrupt the single-phase nature of the sample.

These comprehensive data confirm that solar melting enables the synthesis of stable tetragonal NaFeO: with high
electrochemical activity and cycling stability, creating favorable conditions for its application in sodium-ion batteries.
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CTPYKTYPHI, MOP®OJIOTTYHI TA EJEKTPOXIMIYHI BJIACTUBOCTI NaFeO:, CUHTE3OBAHOI'O
COHSYHUM IIJIABJIEHHAM
M.C. Haiizyanaxanos'?, ®@.A. Tisicora’, M.A. IOnnomes?, B.B. 'yasmos®, ®.A. Tiscos’, A.E. Orapoacs®,
C.M. Kacimog®, U.A. Hacpitainosa’, I'.B. Pizamyxamenosa®, H.b. Xon6oeBa’, A.A. A6ayBaxo6os’, A.A. Mamagamics®
Inemumym mamepianosnaécmea Axademii nayx Pecnybrixu Yzb6exucman. Tawkenm, Y30exucman
2@epeancviutl depoicasnuii mexniunuii yuieepcumem, Ysbexucman
SMisicnapoonuii ynisepcumem Kimvo ¢ Tawkenmi, Yz6exucman
*Mincnapoonuii ynieepcumem Typan, Hamanean, Y3bexucman
5llenmp nepeoosux mexronoziu, Tawkenm, Y36exucman
SHyxyccokuti deporcagnuii nedazoziunuii incmumym imeni Adxcunisiza, Hyxyc, Yszbexucman
"Tawxenmevkuti incmumym inoicenepis ipuzayii ma mexanizayii cinbcvko2o 2ocnodapemea, Hayionanonuti docnionuyskuil
yHigepcumem, Y30exucman
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V 1iif cTaTTi MpeICTaBICHO CHHTE3 TeTparoHaIbHOro Gepokcnay HaTpiro (NaFeO:) MeTomoM IuaBieHHs B COHUHIN nedi. OTpuMaHuit
Marepiai XapakTepH3yeThcs KBasichepuuHoro MopdoIIorieto, CepeJHiM PO3MIpPOM YaCTHHOK ~1,2 MKM, BUCOKOIO KPHCTATIYHICTIO (~
92%) Ta Mo IUCHEepPCHIM PO3IOALTIOM, 1o 3abe3medye eeKTHBHI MIIIXH TPAHCIIOPTY Ta PIBHOMIPHE MPOHUKHEHHS €JCKTPOIITY.
SEM-anai3 BUSIBUB YTBOPSHHS OPUCTHX arperaTiB HAHOTpaHyJISIPHUX 9acTHHOK (200-500 HM) 3 pO3BHHEHOIO ITHTOMOIO IIOBEPXHEIO
(5-10 m?/r). DTA/TGA nemoHcTpye OaratocTyrneHeBi TepMidHi nepetBoperHs cucteMu Na:COs+Fe:0s 3 yrBopennsm NaFeO: npu
800-850 °C, 110 miaTBepIKye TepMidHy CTabUIBHICTh MaTepiany. PEHTTeHOCTPYKTypHUil aHai3 MiATBEPIUB BUCOKY KPHUCTATIYHICTD
TeTparoHanbHOI (asu 3 mapamerpamu a = 4,47 A, ¢ = 14,4 A Ta po3mipom 0611acTi KOTepEeHTHOTO poO3CioBaHHS ~ 28 HM. OTpHMaHi
JlaHi CBITY4aTh MPO BUCOKY CTPYKTYpPHY CTAOLIBHICTB Ta eNeKTpoxXiMidHy akTHBHICTE NaFeO:, mo poOuTh HOro mepcrneKTHBHUM IS
BHUKOPHCTAHHS B HATPiH-IOHHHUX aKyMyJITOpax.

Karouosi cnoBa: NaFeO:, couauna niu; cunmes posniagy, KpUCMANIYHICMb; MIKpOCMPYKMypa, NOPUCMi azpe2amu,; CKAHyodd
enekmponna mikpockonis (SEM); penmeeniecora ouppaxyis (XRD); mepmiunuii ananiz (DTA/TGA); meepoogasni peaxyii
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The use of metal hydride cathodes in Penning discharges offers a promising approach to the efficient production of negative hydrogen
ions under low- and ultralow-pressure conditions. In this work, we summarize and extend our experimental studies on the influence of
metal hydride elements on the characteristics of Penning discharge with axial extraction of negative ions. At low residual pressure, the
introduction of metal hydride cathodes enables plasma generation exclusively from hydrogen released by the cathode material, without
any external gas injection. This feature opens the way to the development of compact, gas-feed-free ion sources with excellent gas
utilization. The negative ions extraction mechanism is shown to depend strongly on the operating mode of the Penning discharge,
determined by the magnetic field strength. In the low magnetic field mode, the expansion of the anode layer toward the discharge axis
and the associated negative space charge suppresses efficient extraction, limiting it mainly to paraxial ions and those formed near the
extraction aperture. In contrast, in the high magnetic field mode, the anode layer becomes thin, and the central plasma region is
essentially field-free, enabling the extraction of negative ions from the entire discharge cross-section. Furthermore, the effect of
increasing the anode diameter is investigated. Enlarging the anode diameter increases the plasma volume surrounding the metal hydride
cathodes, leading to improved plasma uniformity, more homogeneous cathode heating, and a more uniform hydrogen release. These
effects enhance the conditions for negative ions formation and result in a higher extracted current. The results demonstrate the feasibility
and advantages of metal-hydride-based Penning ion sources for efficient production of negative ions under low-pressure operation.
Keywords: Negative ions; Hydrogen, Penning discharge; Metal hydride; Volume source
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Recent progress in high-energy hydrogen neutral beam technology has intensified interest in negative-ion sources,
since efficient neutralization at energies above ~60 keV per nucleon is only feasible for H- beams [1]. Negative ions can
be produced either in plasma volume via dissociative attachment to rovibrationally excited Ha(v) molecules or on low-
work-function cesiated surfaces [2]. Although cesium greatly enhances H yield, its leakage degrades high-voltage
insulation and limits long-term reliability, motivating the search for cesium-free alternatives [3].

Efforts to reduce cesium consumption have included the development of specialized cartridges based on Cs,CrO4
alloy combined with an St101 getter [4]. Although this approach improves source stability and operational reliability, it
does not resolve the fundamental issue of identifying alternative materials that can deliver negative-ion yields comparable
to those of cesium-coated surfaces. Subsequent experimental studies have demonstrated that tantalum surfaces in
hydrogen plasma can enhance H™ production through the formation of highly rovibrationally excited Ha(v) molecules
generated by recombinative desorption [5]. Alkali-metal-based surface coatings have also been shown to increase
negative-ion emission; however, their practical application is limited by high chemical reactivity and rapid sputtering
under plasma exposure [6]. As a result, current research has increasingly focused on inorganic compounds and metal
alloys as more robust candidates. In particular, LaBs cathodes have exhibited promising performance in cesium-free
Penning discharges, indicating that suitable alternative materials may ultimately replace cesium in negative ion
sources [7].

Among the most promising candidates for volume negative ion sources are stable hydrides formed from ZrV getter
alloys, similar to St707, which are well known for their extremely low equilibrium hydrogen pressures, fast sorption—
desorption kinetics, and pronounced thermal effects [8]. Ion bombardment of such hydrides induces the controllable
release of rovibrationally excited Ho(v) molecules into the plasma providing a substantial enhancement of volume H~
production. This concept opens the possibility of developing a compact, gas-feed-free ion source that operates at very low
pressure and achieves high gas efficiency. It has recently been demonstrated that ZrV-based metal hydrides offer a
significant advantage for H™ ion production, since hydrogen molecules are released from the hydride surface in a
vibrationally excited state [9].

The extraction of negative ions is typically performed perpendicular to the magnetic field through the anode slit [2],
but using high discharge voltages significantly simplifies the source design by modifying the discharge behavior [10].
Particularly, a flux of negative particles (ions and electrons), together with positive ions, is yielding along the magnetic
field [17]. Therefore, replacing the cathode with a metal-hydride cathode and reversing the extraction electrode polarity
can convert a conventional positive-ion source into a gas-feed-free negative-ion source.
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In this paper, we summarize our previous results on the impact of metal hydrides on the properties of a Penning
discharge with axial extraction of H™ ions, and extend the analysis to different anode diameters. This approach is used to
demonstrate the possibility of increasing the negative-ion current by enlarging the plasma volume in which the metal-
hydride cathodes are immersed.

EXPERIMENTAL SETUP

The experiments were performed in a Penning-type discharge cell comprising two opposing flat cathodes (1 and 5)
and a tubular anode (4) placed in an external longitudinal magnetic field of up to 0.1 T (Fig. 1). Discharge operation was
achieved by applying a positive potential to the anode. The cathode (1) could be electrically biased up to —400 V, while
the opposite cathode (5) was maintained at ground potential.

To increase the plasma-filled volume, the anode of 37 mm in diameter and 12 mm in length could be replaced by an
enlarged anode with a diameter of 56 mm and a length of 30 mm. In both configurations, the cathodes were disk-shaped
electrodes 20 mm in diameter and 5 mm thick, mounted coaxially at a distance of 15 mm from the respective anode ends.

Two cathode configurations were used: single metal hydride cathode (1MH) with cathode (1) made of metal hydride
and cathode (5) made of copper and double metal hydride cathodes (2MH), with both cathodes made of metal hydride.

The cathode material captures and retains a large amount of hydrogen due to its multiphase structure, which includes
tetragonal e-ZrH, and the C15-type ZrV,H, intermetallic Laves phase with the metal type of hydrogen bond [8]. This
intermetallic phase absorbs hydrogen efficiently already at room temperature and pressures of about 0.1 MPa, with a
sorption rate that is 2 — 3 orders of magnitude higher than that of pure zirconium. In contrast, the formation of zirconium
hydride ZrH, in pure zirconium requires temperatures of about 500 K and high pressures of 7 — 10 MPa. The intermetallic
phase promotes rapid hydrogen uptake and diffusion, so that even zirconium becomes effectively hydrogenated at room
temperature. As a result, a mixture of hydrides is formed, where both phases are highly saturated with hydrogen.
Additionally, zirconium hydride has an extremely low equilibrium dissociation pressure (about 1.5x10? Pa at 500 K),
which ensures strong hydrogen retention within the lattice, enabling operation under high-vacuum conditions.

Since the process of the alloy uptake with hydrogen is accompanied by the crystal lattice destruction, the obtained
hydride powder was mixed with a copper binder and then pressed into a disk 2 cm in diameter with a thickness of 0.5 cm.
Each cathode absorbed approximately 870 cm® of hydrogen at atmospheric pressure and room temperature.

The main advantage of a metal hydride cathode is its ability to absorb hydrogen isotopes and release them into the
plasma at low pressure via controlled thermal decomposition of the hydride phases. To avoid uncontrolled desorption and
pressure spikes, the cathode temperature was monitored with thermocouples and maintained below 80 °C, well below the
hydride decomposition threshold [8]. Under these conditions, hydrogen is released exclusively through ion-stimulated
processes. Rovibrationally excited Hx(v) molecules form by surface recombination of hydrogen atoms and are then
converted to H™ via dissociative electron attachment, providing an energy-efficient, surface-driven pathway for enhanced
negative-ion production.

The experiments were conducted at a residual pressure of 0.2 mPa in the vacuum chamber pumped by a diffusion
pump, which went to approximately 0.6 mPa during discharge operation due to hydrogen release from the cathodes.
Notably, no external gas injection was used under these conditions. The residual gas composition was not controlled in
our experiment; however, it is assumed to be typical for such conditions, consisting mainly of N,, CH-containing species,
and water vapor. The partial pressures of molecular and atomic hydrogen under similar conditions of metal hydride
application were measured in [9], and it was shown that the gases incapable of forming stable negative ions results in
very low extracted negative currents, primarily composed of co-extracted electrons.
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Figure 1. The scheme of the experiment.
1 — metal hydride cathode, 2 — power unit, 3 — thermocouple, 4 — anode, 5 — metal hydride/copper cathode with an aperture, 6 —
reflecting grid Ugjq = +1.6 kV, 7 — electrons collector, 8 — filter magnetic coil, 9 — H™ ion collector, Hy — main axial Penning
magnetic field (Hy, = 0 — 0.1 T), H.,;; — reverse magnetic field of the filter.
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During Penning discharge operation in high-voltage mode axial electrons oscillate between the cathode layers and
could fall in the central region of the cathodes, which allows for the axial output of negatively charged particles including
negative ions [10]. To suppress electrons and positive ions in the extracted axial beam, an electromagnetic filter was used.
It was positioned behind the cathode (5) with the central aperture of 5 mm in diameter and consisted of a grid (6) for
retarding positive ions, a magnetic coil (8) for deflecting electrons, an electron collector (7) for the diverted electrons,
and a collector (9) for the extracted axial H™ ion beam. The required parameters for the filter operation were determined
through numerical analysis of electron and H™ ion trajectories [11].

RESULTS AND DISCUSSION
The operation of volume sources of negative hydrogen ions relies on the interaction between low-energy (thermal)
electrons and rovibrationally excited hydrogen molecules Ha(v). In this process, an electron is temporarily captured,
forming a short-lived resonant compound state H,™. The decay of this state can proceed through dissociative electron
attachment, resulting in the production of a negative hydrogen ion (H") and a neutral hydrogen atom:

Hx(v)+e—> Hy— H +H. @)

The intensity of resulted H™ ion beam is determined primarily by the concentration of rovibrationally excited Ha(v)
molecules, which generated in plasma by energetic electron impact with neutral hydrogen. In case of using a preliminary
hydrogenated metal hydride, rovibrational excitation of hydrogen molecules are ensured by recombination of H-atoms at
the metallic surface, which then can be converted to H™ ion by dissociative electron attachment. So, the challenge is to
increase the concentration of rovibrationally excited Hx(v) molecules keeping the working pressure below 0.3 Pa to
eliminate the negative ion losses due to collisional destruction [16].

The concept of the source relies on a specific feature of Penning discharge operated at low pressure and high voltage.
The electron current dominates in the central cathode region, enabling axial extraction of negatively charged particles,
including negative ions. In contrast to the Ellers-type ion source operating in a high-current mode, H™ ions in this Penning
discharge are generated in the central field-free plasma region via dissociative attachment of low-energy electrons (2 — 4
eV) to vibrationally excited hydrogen molecules Hx(v), released from the metal hydride cathode. The produced negative
ions then drift axially through the field-free plasma, confined by the anode layer, and can be easily extracted through a
central aperture in the cathode [2, 10].

The characteristics of a Penning discharge are known to be strongly influenced by the experimental conditions. The
discharge operating modes were identified as functions of the key physical parameters, namely the anode voltage,
magnetic field strength, and working gas pressure [10]. Particularly under our experimental conditions (the pressure in
the vacuum chamber of 0.6 mPa, the applied voltage of 5 kV and the discharge current of about 0.8 mA) the discharge
burns between “low-magnetic field mode” (LMF -mode) at Hy = 0.06 T and “high-magnetic field mode” (HMF-mode) at
Hy= 0.1 T. Graphically it can be described in Fig.2. In LMF-mode, the axial potential is distorted by a negative space
charge distributed throughout the entire discharge volume resulting in the potential sag on the axis cell. In contrast, in the
HMF-mode a field-free plasma region forms near the discharge axis, while the electron cloud is confined to a sheath
adjacent to the anode. Due to the potential sag in LMF-mode, the energy spectrum of the emitted axial H," ions is strongly
shifted to the low-energy region (Fig.3).

Since the transition from LMF-mode to HMF-mode is not abrupt because of its dependence on gas pressure, it is
not possible to unambiguously define the point at which LMF-mode changes into HMF-mode. Instead, a regime of gradual
transition exists in which effects characteristic of both LMF and HMF modes coexist and mutually influence each other.
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Figure 2. The schematic potential distribution curve inside the Figure 3. The H>" ion energy distribution function axially
discharge cell when measuring the energy spectra of extracted emitted from Penning discharge with metal hydride cathode at
ions. Dots a, b, ¢ (see Fig. 1) designate: a—anode, b — cell center, P =0.6 mPa and Us=5kV

¢ — cathode
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Using the relations between the magnitude of the potential sag and the discharge current for LMF-mode [10] one
can obtain the following expressions for the discharge current:

Iy = 4nlegnoveo;(U, — Up) (2)

Substituting the following parameters: anode length [ = 0.0015 m, ionization cross section of the hydrogen
molecule o; & 1072 m?, electron velocity for ionization v, = 2.35 X 10° m/s, neutral particle density n, [m™3] =
2.6 X 10%%p [Pa], anode potential U, = 5kV, and assuming (Uy~ Epq./€ = 250 V from Fig.3), Eq. (2) yields a local
pressure in the cell of p 16 mPa at I; = 0.8 mA.

Thus, the release of hydrogen from metal-hydride leads to a local pressure increase from 0.6 mPa to 16 mPa near
the cathode surface, and, when the rovibrational excitation of the released molecules is taken into account, results in a
significant enhancement of negative ion formation according to Eq. (1).

The extraction mechanism of H™ ions depends on the mode of Penning discharge operation. In LMF-mode the anode
layer expands toward the axis, and its negative space charge expels H™ ions from the plasma volume. In this case only
ions formed near the extraction aperture in the cathode and paraxial ones could be efficiently extracted. In HMF-mode,
the anode layer is thin, and the central plasma region is essentially field-free, enabling H™ ions to be extracted from the
entire cross-section of the cell. It is demonstrated in Fig. 4 and Fig. 5.

Using single metal hydride cathode placed opposite the extraction region results in the poorest source performance,
particularly for small anode radii. In LMF mode, the extraction of H™ ions generated near the metal hydride surface is
hindered by a thick anode layer, which suppresses the extracted H™ current almost to zero. As the magnetic field increases,
the anode layer contracts toward the anode, allowing paraxial negative ions to reach the extraction region and contribute
to the extracted current, which rises to about 2.5 pA. Applying a negative bias to the metal-hydride cathode only weakly
affects this behavior, increasing the extracted current to approximately 15 pA.

In HMF-mode, this effect becomes more pronounced. The anode layer is thin and only weakly affects the axial
transport of H™ ions. As a result, the extracted H™ current increases by more than a factor of two due to the pushing effect
of the negative potential applied to the metal hydride cathode, near which the main production of negative ions occurs.
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Figure 4. The current of extracted negative ions via magnetic
fields at P = 0.6 mPa, Us = 5 kV, Is = 0.8 mA and grounded
cathodes

Figure 5. The current of extracted negative ions via magnetic
fields at P = 0.6 mPa, Us = 5 kV, Iu = 0.8 mA and electrically
biased cathode (1) Ubias = -400 V in Fig.1.

The introduction of second metal-hydride cathode leads to much stronger increase in the extractable current. In this
configuration, two spatially separated regions of efficient H™ ion production are formed, characterized by different
extraction mechanisms. H™ ions generated near the cathode opposite the extraction region propagate along the discharge
axis with thermal velocity when both cathodes are grounded, or are additionally accelerated toward the extraction region
when a negative bias is applied. In contrast, H™ ions produced near the extraction region are directly extracted by the
electromagnetic filter grid biased at a positive potential. The remaining ions, which are not affected by the grid potential,
may be deflected toward the extraction grid by the negative space charge of the anode layer expanding toward the axis.

This effect is clearly pronounced in LMF mode, as shown in Fig. 4 and Fig. 5, both with and without the application
of a negative bias. In the HMF mode, however, this difference becomes much less pronounced.

Increasing the anode diameter improves the utilization of the metal hydride cathode surface by enlarging the plasma
volume in which the cathodes are immersed. The expansion of this region improves plasma uniformity and increases the
effective plasma—cathode interaction area, resulting in more homogeneous cathode heating and a more uniform release
of hydrogen from the metal hydride. Consequently, the conditions for negative-ion production are enhanced, leading to a
higher extracted H™ current.
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The transition from LMF to HMF mode is accompanied by the formation of a tenuous plasma region around the
discharge axis, which can be distorted by potential sag [10]. This effect complicates the interpretation of the experimental
results; nevertheless, the overall trends described above remain clearly observable.

CONCLUSIONS

The experimental results demonstrate the promising results of metal hydride elements using in plasma sources with
efficient negative ion production. The key advantage of metal hydride lies in its ability to take up hydrogen isotopes in
atomic form and release them into the plasma in a controlled manner under low-pressure conditions. Recombination of
hydrogen atoms on the metal hydride surface directly produces rovibrationally excited hydrogen molecules. The feedback
coupling between the discharge current and the hydrogen release rate provides efficient gas utilization, increases the
density of rovibrationally excited molecules, and consequently enhances H™ ion production via dissociative electron
attachment.

In a Penning discharge operated at low residual pressure, the introduction of metal-hydride cathodes enables plasma
generation only on hydrogen released from the metal hydride, without any external gas injection. This opens the way to
the development of a new type of compact, gas-feed-free ion source capable of operating at low and ultralow pressures
with excellent gas utilization.

Formation of negative ions occurs via the dissociative mechanism of low-energy electron attachment near the surface
of metal hydride cathodes, where the heightened density of rovibrationally excited hydrogen molecules is achieved. The
extraction mechanism of negative ions depends on the operating mode of the Penning discharge. At low pressure, the
determining factors are the electron drift within the anode layer and the presence of a practically field-free central zone,
where axial electrons oscillate between the cathodes and may impinge on the central area, thereby opening the possibility
of their extraction together with negative ions.

In the low magnetic field (LMF) mode, the anode layer expands toward the axis, and its negative space charge expels
negative ions from the plasma volume. As a result, only ions formed near the extraction aperture in the cathode and
paraxial ions can be efficiently extracted. In contrast, in the high magnetic field (HMF) mode the anode layer becomes
thin, and the central plasma region is essentially field-free, allowing negative ions to be extracted from the entire cross-
section of the discharge cell.

Increasing the anode diameter further enhances the efficiency of negative ions production by enlarging the plasma
volume in which the metal hydride cathodes are immersed. The expansion of this region improves plasma uniformity and
increases the effective plasma—cathode interaction area, leading to more homogeneous cathode heating and a more
uniform release of hydrogen from the metal hydride. Consequently, the conditions for negative-ion formation are
improved, resulting in a higher extracted negative-ion current.
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YTBOPEHHS TA EKCTPAKIIS IOHIB H- 3 PO3PSAY NIEHHIHT'A B LMF TA HMF PEXKUMAX
Irop Cepenal, Apocaas I'peuxo’, Kocrautun Cepenal, Ouer Bopooiios?

! Xapkiscvkuii nayionanvnuii ynieepcumem imeni B.H. Kapasina, npocn. Kypuamoea, 31, 61108, Xapxkie, Yxpaina
?Xapxiscoruii nayionanvnuii ynicepcumem Iosimpsnux Cun imeni lsana Koowcedyba, Xapkie, Yxpaina
BukopucTaHHs MeTanTiAPUIHUX KaTOAIB y po3psaax [leHHiHra mpomoHye HMEepCHeKTUBHUE MiAXin 0 e(peKTHBHOrO YTBOPSHHS
HETraTUBHUX IOHIB BOJHIO B YMOBaxX HH3bKOTO Ta HAJHHM3bKOTO THUCKY. Y Wil poOOTI MM HiICYMOBYEMO Ta PO3LIMPIOEMO HAIlli
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SKCIIepUMEHTaIbHI JIOCIIDKEHHSI BIUIMBY METANOTIIPUIHUX €JIEMEHTIB Ha XapaKTEePUCTHKH po3psay I[leHHiHra 3 axciallbHOIO
SKCTPAaKI[i€l0 HeraTWBHUX iOHIB. [Ipy HM3bKOMY 3aJIUIIKOBOMY THUCKY BBEICHHS METAJTiAPUAHUX KATOMIB J03BOJISIE T€HEPYBATH
IUIa3My BHUKJIFOYHO 3 BOJHIO, IO BUIUISETHCS MarTepianoM Karoza, 6e3 OyIb-sKOro 30BHILIHBOrO HamyckKy rasy. Lls ocoOnuBicTs
BIIKPHBA€E MUIAX O PO3pOOKK KOMITAaKTHHX [DKEPEN 10HIB Oe3 mojadi rasy, a TakoX 10 e()eKTHBHOIO BUKOPHCTaHHSA Ta3y. [lokaszaHo,
[0 MEXaHi3M eKCTPaKilii HeraTUBHUX 10HIB 3HAYHOIO MIpOI0 3aJICKHUTh BiJl peskuMy podoTu pospsiny IleHHiHTa, SIKMH BU3HAYAETHCS
HaIpYKCHICTIO MarHITHOrO MmoJisi. Y peuMi HU3bKOT0 MarHiTHOTO I10JIs1 PO3IIMPEHHS aHOHOT'O Iapy A0 OCi PO3psiy Ta MOB’sI3aHUN
i3 HUM HeraTHBHHUH 00’€MHUH 3apsi MPUTHIYYIOTh e(heKTUBHY EKCTPaKI[i0, 00MeXyIouH ii IepeBaKHO MapaKCialbHUMU i0HAMHU Ta
THMH, 110 YTBOPIOIOTBCS MO0IHM3Y OTBOPY eKcTpakiii. HaBmaku, B pexkUMi BUCOKOTO MarHiTHOTO MOJIsi aHOIHMI [Iap CTa€ TOHKUM, a
LCHTpaJIbHA 00JI1ACTh [IIa3MH IPAKTHYHO BiJIbHA BiJl I10JIs, 1[0 JI03BOJISIE EKCTPAryBaTH HETATUBHI iI0HH 3 YCHOTO TIOMEPEUHOTO epepisy
po3psay. Kpim toro, nocmimkyeTbes BIUIMB 301IbLICHHS JiameTpa aHoa. 301IbLIeHHs iaMeTpa aHoa 301blnye 00'eM rua3mu, 1110
0TOYY€E KaTOH 3 TIAPH/IIB METay, 110 IPU3BOJHUTH J0 TOKPAIICHHS OAHOPIIHOCTI IIa3MH, OLTBII OTHOPIAHOTO HArPiBaHHS KaToa Ta
O1TBII piBHOMIpHOTO BHIIEHHS BOAHIO. Li ehekT moKpamrytoTh yMOBH AJIsl yTBOPSHHS HETaTHBHUX 10HIB Ta MPU3BOAATH IO BUIIOTO
CTpyMy BHIy4YeHHs. Pe3ynpTat ZeMOHCTPYIOTh JOUIIBHICTH 1 MepeBaru Jpkepeln ioHiB [IeHHIHra Ha OCHOBI TiOPUAIB METaly Ui
e(eKkTHBHOI reHepalii HeraTHBHUX 10HIB 32 HU3bKOTO THCKY.

KuntouoBi cnoBa: necamueni ionu; odens; pospao Ilenninea; 2iopud memany; 06'emne dxcepeno
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Based on scientific sources presenting modern semiconductor device fabrication technologies and growth methods, the influence of
external factors on ZnO samples was evaluated through various approaches. In this work, ZnO thin films were grown on Si substrates
using the ultrasonic spray pyrolysis (USP) method. The physical characteristics of the obtained samples, including the optical bandgap
energy and in-situ laser Raman spectroscopy measurements, were investigated. The primary objective of this study was to synthesize ZnO
thin films with precise nanometric thicknesses on silicon (Si) substrates and to investigate the influence of substrate temperature, precursor
composition, and evaporation rate. Using Ellipsometry, XRD, and SEM, we characterized the film thickness, crystal lattice structure, and
morphological evolution during growth.

Keywords: Silicon; Zinc oxide; Crystal structure; Molar concentration; Bandgap

PACS: 81.15.Rs

INTRODUCTION

Zinc oxide (ZnO) is a semiconductor characterized by a wide direct bandgap, with an energy of approximately 3.37 eV
at room temperature. This value significantly exceeds the bandgap energies of conventional diamond-structured
semiconductors such as Si, Ge, and GaAs. These unique properties enable the development of a new generation of
nanomaterials. Consequently, ZnO is considered a promising material for optoelectronic devices, including ultraviolet (UV)
photodetectors, light-emitting diodes (LEDs), transparent conducting oxides, pressure sensors, and next-generation memory
elements [1]. The exciton binding energy of ZnO is approximately 60 meV, which is relatively high. This results in strong
exciton emission even at room temperature, thereby enhancing the efficiency of its application in light-emitting devices [2,3].

Various methods have been developed to synthesize ZnO thin films with diverse morphological and structural
properties. These include sol-gel spin-coating, hydrothermal growth, chemical vapor deposition (CVD), and spray
pyrolysis [4]. Among these techniques, ultrasonic spray pyrolysis (USP) has gained particular attention for its
simplicity, cost-effectiveness, and ability to control film thickness and composition over large areas [5]. This method
allows for precise control over the precursor solution concentration, which significantly influences the crystal structure,
defect density, and optical properties of the ZnO films [6]. It is well known that defects within the ZnO structure,
specifically oxygen vacancies (Vo) and zinc interstitials (Zn;), strongly affect its optical and electronic properties [7].
These defects create localized energy levels within the bandgap, resulting in defect-related emissions in the visible
spectrum and altering the overall quality of the film. Previous studies have demonstrated that increasing the precursor
concentration during deposition enhances crystalline quality, reduces defect density, and improves photoluminescence
properties [8,9]. The aim of this research is to investigate how the molar concentration of the precursor affects the
structural and optical properties of ZnO thin films deposited via the USP method. By analyzing the variations in
crystallinity, morphology, and photoluminescence behavior across different molar concentrations, this study explores
the potential to optimize ZnO thin films for advanced optoelectronic applications [10].

2. MATERIALS AND METHODS
2.1. Substrate Preparation

Zinc oxide (ZnO) thin films were deposited on Si (100) oriented silicon substrates using the ultrasonic spray pyrolysis
(USP) technique. Prior to the deposition process, the silicon substrates underwent a rigorous cleaning procedure to eliminate
contaminants and ensure optimal film-to-substrate adhesion. The cleaning process involved sequential immersion of the
substrates in three different solutions for 10 minutes each: 1-Hydrofluoric acid (HF), 2-Acetone, 3-Ethanol. Hydrofluoric
acid was employed to remove the native oxide layer (SiO,) from the silicon surface, while acetone and ethanol were used to
eliminate organic residues. Following the chemical cleaning steps, the substrates were thoroughly rinsed with deionized
(D.1.) water to ensure the complete removal of any remaining impurities and organic solvents. This cleaning protocol is
critical for achieving uniform, planar growth of ZnO thin films and for establishing strong adhesion to the substrate.

2.2. Solution Preparation
Zinc acetate dihydrate [Zn(CH3COO),"2H,0] was employed as the zinc precursor during the deposition process.
Precursor solutions were prepared at three distinct molar concentrations: 0.3 M, 0.4 M, 0.5 M [11]. Each solution was
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synthesized by dissolving the appropriate amount of zinc acetate in deionized water. The mixture was continuously stirred
until a completely homogeneous solution was achieved. These specific molar concentrations were selected to
systematically investigate the influence of precursor concentration on the structural and morphological properties of the
resulting ZnO thin films [12,13].

2.3. Deposition Process

The deposition of ZnO thin films was carried out using an ultrasonic nebulizer operating at a frequency of 1.7 MHz.
This device atomizes the precursor solution into fine aerosol droplets. The generated droplets were transported into the
reaction chamber by a carrier gas flow of oxygen at a constant rate of 500 sccm (standard cubic centimeters per minute).
Oxygen was chosen as the carrier gas to facilitate the oxidation of zinc acetate during the pyrolysis process, leading to
the formation of the ZnO phase. Silicon substrates were placed on a heated substrate holder, and the temperature was
maintained at a constant 400 °C throughout the deposition process. This specific temperature was selected to facilitate the
thermal decomposition of the zinc acetate precursor, leading to the formation of high-quality ZnO thin films [14,15].

The thickness of the deposited films for all samples was approximately 80—100 nm. The thickness of both single-
layer and multi-layer thin film structures was measured at various incidence angles. Additionally, the optical properties
of the film structures, namely the refractive index and extinction coefficient, were determined across the ultraviolet (UV),
visible, and infrared (IR) wavelength ranges (240-2500 nm). The thickness of the primary ZnO film layer is 86.64 nm,
which is considered an optimal thickness for semiconductor optoelectronics. A surface roughness layer with a thickness
of 40.18 nm was also identified, aligning perfectly with the granular structure observed in the SEM images. An interface
layer of 6.21 nm and a native SiO; oxide layer of 10.50 nm were detected between the ZnO and the Si substrate. At a
wavelength of 632.8 nm, the refractive index of the ZnO layer was found to be n = 1.8491. This value is close to the
theoretical parameters of ZnO, indicating the high optical density of the synthesized film [16,17].

M Spectrum 25 M Spectrum 27

A% A%

Si

c) d)
Figure 1. Morphological images and elemental analysis of ZnO thin films obtained using a JEOL JSM-IT510 Scanning Electron
Microscope (SEM) (Japan) equipped with an Aztec Advanced (Oxford Instruments) EDX system: a-b) surface morphology of the
thin film; c-d) quantitative elemental composition data (EDX spectra)

2.4. Characterization Methods
The morphology and structural properties of the grown ZnO thin films were analyzed using a Scanning Electron
Microscope (SEM) to determine surface topography, uniformity, and grain size. Structural analysis was conducted using
a Shimadzu X-ray diffractometer (XRD) with CuKa radiation. XRD measurements were performed over the 20 range of
20° to 60°, enabling identification of crystallographic phases and determination of the film's preferred orientation.
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3. RESULTS AND DISCUSSION
3.1. SEM Analysis of ZnO/Si Thin Films

As illustrated by the micrographs in Figure 1, the ZnO thin films synthesized via ultrasonic spray pyrolysis (USP)
exhibit a nanostructured, polycrystalline morphology with well-defined grain boundaries. The film surface is composed
of closely packed microcrystallites (grains) that are well-interconnected. The size of these grains varies from several tens
to hundreds of nanometers, which is in good agreement with the crystallite size of 481 A determined from the previous
XRD analysis. The film surface appears dense and continuous across the entire substrate area. This is a critical physical
indicator for ensuring stable electrical conductivity in semiconductor devices. When the growth mechanism and
orientation are analyzed alongside the XRD results, several conclusions can be drawn. The shape and alignment of the
grains suggest a preferential vertical growth orientation relative to the substrate, typically along the c-axis. This granular
morphology, resulting from droplet evaporation followed by crystallization during the USP process, is reflective of the
high surface energy inherent to ZnO. The SEM analysis shown in Figure 1(a, b) demonstrates that the ZnO films grown
on the Si substrate are well-formed, low in defects, and nanostructured, consistent with established scientific literature.
The strong correlation between the morphological (SEM), structural (XRD/Raman), and optical (UV-Vis) analysis results
scientifically confirms the high quality and stability of the film's crystal lattice. Furthermore, while the SEM images
highlight the dense packing of the grains, the EDX analysis confirms the stoichiometric purity of the elemental
composition [18,19].

Elemental Analysis (EDX)

The energy-dispersive X-ray (EDX) spectra confirm the chemical purity and stoichiometry of the synthesized
samples. As shown in the spectra of Figures 1(c, d), only peaks corresponding to Zn (zinc), O (oxygen), and Si (silicon)
from the substrate were observed. The absence of foreign impurities demonstrates the high selectivity and cleanliness of
the ultrasonic spray pyrolysis (USP) process. In Spectra 25, the atomic percentages (At.%) of Zn and O are close to a 1:1
ratio (e.g., 45.1% Zn and 54.9% O). The slight excess of oxygen can be attributed to atmospheric absorption or surface
oxidation effects. Furthermore, the high intensity of the Si signal (74.3%) in Spectra 27 indicates either localized thinning
of the film at these points or electron-beam penetration through the thin film to the underlying substrate [20].
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Figure 2. (a) Determination of the optical bandgap energy and (b) dependence of the reflectance coefficient on the wavelength,
measured using a YOKE Focus on Lab M601S-X Spectrophotometer

3.2. Reflectance Spectrum and Optical Bandgap Analysis

Spectrophotometric measurements were employed to evaluate the optical characteristics of the synthesized ZnO thin
films. Figure 2b illustrates the reflectance spectrum as a function of wavelength (L), where a sharp increase in the reflectance
index is observed near the absorption edge in the 370380 nm range. This behavior corresponds to the fundamental
absorption edge characteristic of ZnO. In the visible region (400450 nm), the reflectance reaches a maximum value of
approximately 85%, indicating high optical quality and excellent transparency (low absorption) for visible electromagnetic
waves. The spectral characteristics in the 300-370 nm range confirm the material's strong absorption of ultraviolet (UV)
radiation, which may be influenced by hydroxyl groups and intrinsic defects. To determine the optical bandgap energy, a
Tauc plot of [F(R)*hv]? versus photon energy (hv) was constructed based on experimental data [21]. By extrapolating the
linear portion of the curve to the energy axis in Figure 2a, the bandgap was calculated as E, = 3.21 eV. While this value is
close to the standard bulk ZnO bandgap of 3.37 eV, the observed redshift to 3.21 eV can be attributed to intrinsic defects,
grain-size effects, or lattice strain associated with the Si substrate during the USP process. The linear nature of the plot
confirms the presence of direct allowed electronic transitions in the synthesized ZnO films [22].
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3.3. Structural Characterization and Crystallite Size Analysis of Zinc Oxide (ZnO)

The X-ray diffraction (XRD) pattern presented in Figure 3 fully corresponds to the hexagonal wurtzite structure of
zinc oxide. The primary diffraction peaks observed at 26 angles of 31.75°, 34.43°, and 36.25° are indexed to the (100),
(002), and (101) crystallographic planes of the ZnO lattice, respectively. The structural properties of the ZnO thin films
were characterized using a high-resolution X-ray diffractometer equipped with a Cu Ko, radiation source (A= 1.5406 A).
The measurements were performed in the Bragg-Brentano (BB) geometry using a D/teX Ultra 250 high-speed detector.
To ensure high data quality, a K filter was utilized to eliminate secondary radiation. The diffraction patterns were recorded
in the 20 range of 20° to 60° with a step size of 0.01° and a scanning speed of 3.00 °/min. The X-ray diffraction (XRD)
analysis confirms that the synthesized ZnO thin films possess a hexagonal wurtzite structure. The dominant diffraction
peak, exhibiting the maximum intensity (100%), was observed at 20 = 34.43°, corresponding to the (002) crystallographic
plane. This finding indicates a strong preferred orientation (texture) along the c-axis, perpendicular to the substrate
surface. The preferential growth along the (002) direction is a hallmark of high-quality ZnO thin films deposited on silicon
substrates via ultrasonic spray pyrolysis (USP). Furthermore, the average crystallite size ($D$), estimated using the
Scherrer formula, was found to be approximately 48 nm. This size suggests that the material is approaching the quantum-
scale effect regime, which is beneficial for enhanced optoelectronic performance.
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Figure 3. X-ray diffraction (XRD) patterns of the ZnO thin films grown on Si substrates

The high intensity and narrow full-width at half-maximum (FWHM) of the (002) peak (20 = 34.43°) further
demonstrate that the ZnO crystals grew in an ordered, vertical fashion on the Si substrate. The strong correlation between
the X-ray structural data and the vibrational spectroscopy (Raman) results provides conclusive evidence of the high
crystalline quality and structural integrity of the USP-grown ZnO thin films. The crystalline structure and phase purity of
the ZnO thin films were characterized using X-ray diffraction (XRD). As shown in Figure 4, the diffraction patterns
exhibit well-defined peaks that are in excellent agreement with the standard hexagonal wurtzite structure of ZnO (JCPDS
card no. 36-1451). The most prominent diffraction peak is observed at 20 = 34.43°, corresponding to the (002) plane. The
high intensity of this peak relative to the (100) and (101) reflections indicates that the films possess a strong c-axis
preferred orientation perpendicular to the substrate surface. This vertical alignment is crucial for enhancing the electrical
and piezoelectric properties of the films. The average crystallite size (D) was estimated to be approximately 48 nm using
the Scherrer formula:

092
" Bcos6

where A is the X-ray wavelength (1.5406 A), 0 is the Bragg angle, and B is the full width at half maximum (FWHM) of
the (002) peak. The relatively narrow FWHM values confirm the high crystalline quality and the successful growth of
nanostructured ZnO via the ultrasonic spray pyrolysis method [23].

The crystalline quality of the synthesized ZnO thin films was further evaluated by analyzing the peak intensity and
the full width at half maximum (FWHM) of the (002) diffraction plane. As shown in the XRD patterns, the (002) peak
exhibited a remarkably high intensity of 14,230 counts per second (cps). The narrowness of the diffraction peaks,
characterized by an FWHM of 0.18°, signifies a high degree of crystallinity and a low concentration of lattice defects or
internal strain within the ZnO matrix. The average crystallite size (D) was calculated using the Scherrer formula, yielding
values of approximately 481 A (48 nm) and 474 A (47 nm) for different sampling points. These dimensions confirm that
the USP-grown ZnO films are characterized by a well-defined nanostructured morphology.
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Table 1. Detailed XRD Structural Parameters for ZnO Thin Films

no. | 20() d-spacing (A) (cf)ll‘;:lgt's‘/ts) FWHM (°) (:;‘ltl'nlt‘s‘;;) I“ti‘z,vo')dth Size (&) I:t‘"(';))
I | 31.7593) 2.8153(7) 580(18) 0.1403) 141(13) 0.2403) 630(116) | 3.6
2 | 34436(3) | 2.60231(19) 14230215 | 0.1803) | 3906(18) | 0.274(5) 431(8) | 100.00
3 | 36.2503) | 2.47608(18) 9352(175) | 0.184(5) | 2885(17) | 0.308(8) 474(13) | 73.86
4 | 44386(7) 2.0393(3) 4432(105) | 0257(6) | 1594(17) | 0.360(12) 348(8) 40.80
5 | 47.557(14) 1.9104(5) 844(31) 0.140(17) | 17931 0.21(4) 646(79) 4.59
6 | 47.7253) | 1.90410(12) 636(22) 0.042(9) 34(23) 0.05(4) | 2173(492) | 0.87
7 | 54.575(13) 1.6802(4) 191(9) 0.12(4) 293) 0.155) 777(267) | 0.75
8 | 56.327(12) 1.63203) 445(19) 0.071(15) 44(6) 0.099(19) | 1321279) | LI3

The correlation between high peak intensity and the nanometric crystallite size indicates that the ultrasonic spray
pyrolysis process at 400°C successfully facilitates the formation of a stable, high-quality crystal lattice, suitable for high-
performance optoelectronic applications. The quantitative structural data summarized in Table 1 provides a comprehensive
insight into the crystalline quality of the USP-deposited ZnO thin films. The diffraction peak at 26 = 34.436° is the most
dominant, with a normalized intensity of 100.00%, which corresponds to the (002) reflection plane of the hexagonal wurtzite
phase. The high crystalline integrity of the films is further evidenced by the high peak intensity (14,230 counts/s) and
relatively small full width at half maximum (FWHM = 0.180°) for the (002) reflection. The average crystallite size for the
major peaks — (002) and (101) — was calculated to be 481 A and 474 A, respectively. Interestingly, the diffraction peak at 20
= 47.725° exhibits an exceptionally narrow FWHM (0.042°). This yields a significantly larger local crystallite size of 2173
A, despite its relatively low normalized intensity of 0.87%. These structural parameters indicate that the films are highly
ordered and nanostructured. The stability of the d-spacing values (e.g., d = 2.602 A for the 002 plane) confirms the successful
formation of the ZnO lattice on the Si substrate with minimal parasitic phases or impurities [24].

CONCLUSIONS
The analytical results demonstrate that the investigated samples are pure-phase, polycrystalline zinc oxide with
hexagonal symmetry, predominantly textured along the (002) plane. Such a structural configuration is characteristic of
high-quality thin films and nanopowders utilized in optoelectronics and sensor technologies. Based on the ZnO thin films
grown on Si substrates via the ultrasonic spray pyrolysis (USP) method, X-ray diffraction (XRD) analysis confirmed a
hexagonal wurtzite phase with a high degree of crystallinity. The preferred orientation along the (002) plane (26 =34.436°)
signifies ordered growth along the c-axis of the crystal lattice. The average crystallite size, determined by the Scherrer
formula, ranges between 34 nm and 64 nm. SEM and ellipsometric analyses revealed a continuous, granular morphology.
The geometric thickness of the film was measured at 86.64 nm, with a surface roughness of 40.18 nm. A refractive index
of n = 1.8491 (at A = 632.8 nm) reflects the high optical density of the material. EDX analysis verified high chemical
purity and stoichiometric stability (Zn=45.1 At. %, O =54.9 At. %). The absence of secondary phases or impurities was
further corroborated by the characteristic Ea(high) (437 cm™!) Raman mode. Spectrophotometric analysis determined a
direct optical bandgap of E, = 3.21 eV. The samples exhibited high reflectance (~85%) and transparency in the visible
region, with a sharp absorption edge in the ultraviolet (UV) spectrum.
In summary, the synthesized ZnO/Si thin films — characterized by their nanostructured nature, excellent crystalline
quality, and optimal optical parameters — represent promising active layers for modern optoelectronic devices, particularly
third-generation solar cells and high-sensitivity gas sensors.
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CTPYKTYPHI, MOP®OJIOTTYHI TA ONITUYHI BIACTUBOCTI TOHKUX IVIIBOK ZnO, BUPOILLIEHUX HA
MIAKJIAJKAX Si 3A JOITIOMOI'O10 YJIBTPA3BYKOBOI'O PO3ITUJIIOBAJIBHOI'O MTPOJII3Y
Asim K. Coaros!, Aoaymamxur P. Typaes!, Azamar O. ApciioHos?
[{enmp poseumxy nanomexnonoziti, Hayionanonuii ynieepcumem Yabexucmany
’Kagedpa pizuxu, Hayionanouuii ynieepcumem Yzbexucmany, Tawxenm 100174, Ysbexucman

Ha ocHOBi HaykoBUX IpKepell, IO HPEACTABIAIOTH CyYacHI TEXHOJIOTi BHTOTOBJICHHS HAIiBIPOBIJHUKOBUX MPUIAIiB Ta METOAU
BHPOIIYBaHHS, 4 TAKOX BIUIMB 30BHINIHIX (hakTopiB Ha 3pa3ku ZnO OyiI0 OLiHEHO 3a JOMOMOTOI0 Pi3HUX MiAXOAIB. Y il poOOTI TOHKI
w1iBky ZnO Oy BUPOILEHI Ha MiKIakax Si3a JOMOMOTroo MeToxy yiabTpa3BykoBoro posmuieHHs (USP). Byno nocnimpkeno ¢iznani
XapaKTePUCTUKU OTPUMAHHX 3pa3KiB, 30KpeMa €HEprilo ONTHYHOI 3a00POHEHOT 30HH Ta Ja3epHY PaMaHiBChKY CIIEKTPOCKOIIIIO in Sifu.
OCHOBHOIO METOIO IIbOTO JOCII/PKeHHs OyB CHHTE3 TOHKHX IUIBOK ZnO 3 TOYHOI0 HAHOMETPUYHOIO TOBLIMHOIO Ha KpeMHieBHX (Si)
HigKIagKax, a TakoK [OOCITI/DKCHHsS BIUIMBY TEMIEPaTypH IiAKIAIKH, CKJIady MHpeKypcopa Ta MIBHAKOCTI BHIIapOBYBaHHS.
BuKOpHCTOBYIOUH €IIIICOMETPII0, PEHTIeHIBCKY AN(PAKLI0 Ta CKaHyIo4y eleKTpoHHy Mikpockorito (CEM), Mu oxapakTepu3yBaiu
TOBIIVHY IUTiBKH, CTPYKTYPY KPHUCTAJIYHOI PEIIITKU Ta MOP(OIOTiUHY €BOIIOLIIO ITiJ] Yac MPOLECY POCTY.

Ku11040Bi ci10Ba: kpemuiil, OKCUO YUHKY, KPUCMANTYHA CIMPYKMYPA, MOIAPHA KOHYEHMpayis, 3a00pOHeHd 30HA
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A computationally efficient framework for optimizing multilayer radar-absorbing structures based on periodic planar gratings of
resistive strips embedded in a dielectric slab is presented for the H-polarization case. The electromagnetic response is modeled using
a rigorous singular integral equation (SIE) formulation combined with an operator-based cascading technique, providing high
numerical accuracy and stability with low computational cost. This ultra-fast forward solver is integrated into a parallel differential
evolution (DE) optimization framework implemented in a client—server architecture, enabling efficient solution of high-dimensional
inverse design problems. The optimization targets broadband absorption under normal incidence while preserving optical
transparency, with graphene used as a representative resistive material. Numerical results demonstrate effective suppression of
resonance-induced spectral holes and stable, wideband absorption in multilayer structures with 10 layers, showing robustness under
fabrication-inspired constraints and oblique incidence.

Keywords: Graphene; Wideband absorber; Differential evolution; Singular integral equations; Multilayer periodic structure;
Global optimization
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INTRODUCTION

The ability to lower the radar visibility of various platforms is essential for their protection in modern high-threat
environments. The mitigation of radar cross-section (RCS) directly determines the operational survivability of these
assets [1]. This reduction in radar signatures can be achieved by optimizing sophisticated structural configurations, such
as multi-layered systems, capable of broadband absorption. Beyond stealth applications, absorbing materials are
essential for ensuring the electromagnetic compatibility of electronic equipment, protecting biological entities from
electromagnetic radiation, and eliminating reflections in anechoic chambers [2]. However, many of the proposed
absorber designs rely on complex geometries and fabrication techniques that are difficult to implement in practice,
especially under constrained industrial or real-world field -deployment conditions. This motivates the development of
structurally simple, scalable, and computationally efficient absorber designs. In recent years, graphene-based structures
have attracted particular interest due to their unique surface conductivity, mechanical flexibility, and optical
transparency, which open new possibilities for multifunctional devices. The present study focuses on the efficient
optimization of the scattering and absorption characteristics of an infinite periodic multilayer grating of resistive strips,
enabled by our home-made ultra-fast rigorous electrodynamic solver. The emphasis is not on proposing new exotic
absorber geometry, but on demonstrating a computationally efficient optimization framework suitable for structurally
simple and scalable designs.

Designing an efficient wideband device, be it an absorber, focuser, or radiator, is a non-trivial task that requires
solving a complex multi-parameter optimization problem. The primary objective of this research is to achieve
maximum absorption over a broad frequency band while maintaining the structure's optical transparency for H-
polarization. From a computational perspective, this problem is a high-dimensional inverse design task, in which each
additional layer introduces multiple strongly coupled geometric and material parameters. This requirement is dictated
by the potential use of such absorbers as transparent shielding coatings for aircraft cockpit canopies or protective glass
for optical sensors, where graphene interacts effectively with microwave radiation without obstructing visibility in the
visible range. Although graphene is used as a representative resistive material, the proposed optimization framework
and solver are applicable to a wide class of resistive or impedance-type surfaces. To ensure modeling accuracy, the
dielectric medium hosting the multilayer grating is assumed to be lossless. The solution to this electrodynamic problem
is implemented via a hybrid computational framework built on a client-server architecture. This approach separates the
global search logic from the intensive numerical kernel, enabling efficient parallelization of the rigorous singular
integral equation (SIE) method and the operator method [3], [4] across multiple computing nodes. This methodology
significantly reduces the dimensionality of the resulting system of linear algebraic equations by decomposing the
complex problem into stages, while the stochastic nature of the optimization algorithm enables the simultaneous
analysis of high-dimensional search spaces. A key advantage of this approach is the explicit incorporation of the edge
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condition, which accounts for the singular behavior of the electromagnetic field at the boundaries of the graphene strips.
Unlike approximate approaches based on equivalent circuit models [5] or commercial codes based on finite-element
method, this rigorous formulation ensures high numerical convergence and accuracy, which is essential for the precise
modeling of multilayer graphene-based structures.

In such electrodynamic problems, classical optimization methods, such as gradient descent, often fail. Typically
non-convex objective functions lead to stagnation in local minima. To overcome these topological challenges, the
differential evolution (DE) algorithm is used [6].

While DE is a robust global search tool [6], its performance is often enhanced through specialized strategies.
Recent advancements include perturbation estimation for complex Pareto fronts [7], self-adaptive mutation strategies to
handle noisy functions [8], and multi-strategy approaches to prevent premature convergence [9]. The versatility of DE
extends beyond electromagnetics, proving effective in training high-gain controllers [10] and optimizing magnetic
sensor placement [11].

In applied electrodynamics, the current trend shifts toward hybridizing DE with surrogate modeling and machine
learning to accelerate the design of ultra-wideband antennas [12], [13], slow-wave structures [14], and textile
metasurfaces [15]. Neural networks are frequently employed to assist DE in learning variable patterns [16] or to replace
computationally expensive simulations [17]. Despite the popularity of approximate transmission line models for
absorbers [5], our approach prioritizes a rigorous SIE formulation. By leveraging an in-house developed, ultra-fast
solver combined with a parallelized client-server framework, we bypass the need for surrogate models.

PROBLEM FORMULATION AND OPTIMIZATION GOALS

Consider a multilayer periodic structure consisting of N dielectric layers separated by infinite graphene strip
gratings. The entire stack is situated in a Cartesian coordinate system (x, y, z), where the z-axis is directed along the
infinite graphene strips, and the z-axis is normal to the layers (see Fig. 1). All gratings share a common period / along
the y-axis, which allows the structure to be treated as a single periodic system. However, the geometric parameters of
each layer are independent: the n-th layer, n=1, 2, ..., N is characterized by the strip width 2d,, and the chemical
potential of the graphene p.,. The distance between the n-th and (n+1)-th gratings is A,, the distance from the vacuum-
dielectric interface to the first grating is 4. The structure is illuminated by an H-polarized plane electromagnetic wave
incident from the upper half-space (z > 0) at an angle 0 relative to the normal. The structure is infinite along the x-axis.
The magnetic field vector of the incident wave is directed along the strips (the x-axis):

H)’;(y,z)=exp(—ik0(ysin9+zc059)), )

where ko =2 7/ A is the wavenumber in free space, and the time dependence is assumed to be exp(—iw?).
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Figure 1. Structure geometry. (a) Multilayer structure, (b) single layer.

Graphene is modeled as an infinitesimally thin conductive sheet with a surface conductivity ¢ = (f, uc, t, 7),
calculated using the Kubo formula, which includes both intraband and interband transitions [18], [19]. Here, f'is the
frequency, T is relaxation time, and T is the temperature. In our model, graphene strips are treated as resistive
boundaries imposing a discontinuity in the tangential magnetic field proportional to the surface current density and
continuity of the tangential electric field component:

b o .
E} = E, , in the plane of strips, 2

H - H, =0E} , on graphene strips. ?3)
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Here, the superscripts “+” and “—” denote the field values on the upper and lower sides of the graphene strip,
respectively.

The primary objective of the optimization is to design a structure that acts as a wideband absorber in the
microwave range while maintaining optical transparency. Since optical transparency is inherent to the material choice
(graphene and transparent dielectrics), the optimization routine focuses on maximizing the absorbance A(f) in the target
frequency band [fmin, fmax] under normal incidence, = 0°. The absorbance is defined as 4 = 1-R-T, where R and T are
the power reflection and transmission coefficients, respectively. Thus, the problem is reduced to finding the optimal
vector of parameters P = (4, Ay,..., An-1, di,..., dn, Het,..., Len) that minimizes the following cost function:

Smax
F®)= [S(A(f. Py 0
Sinin

where S(x) is local scoring or penalty function.
The search space is constrained by physical realizability and fabrication limits, such as minimum strip width and
feasible doping levels.

NUMERICAL MODELING STRATEGY
The electromagnetic simulation of the proposed structure is performed using a hybrid scheme that combines a
rigorous SIE method for individual layers and an operator-based cascading technique for multilayer systems.

Scattering Matrix of a Single Layer
First, let us consider an auxiliary problem of diffraction by the n-th individual periodic grating embedded in a
dielectric slab of width #,, characterized by a strip width of 2d,, a period /, and a graphene chemical potential .
Following the rigorous derivation presented in our previous work [3], the problem is reduced to finding the unknown
function F(&), which is related to the derivative of the surface current density on graphene strips. The enforcement of
boundary conditions leads to SIE of the first kind with a Cauchy-type kernel:

) )
Loy [£€) s L [k op@ag=—L2nr, 1o ©
/4 755—1// ER 27 oz

where &=2mny/l, 8=nd,/I are dimensionless coordinate and half of the strip width, K(y, &) is a regular kernel function, H”
is so-called primary field and it describes the excitation field.

We discretize (5) using the Nystrom-type method [20], [21] with Gauss-Chebyshev quadrature rules, converting
the integral equation into a compact system of linear algebraic equations. Solving this system yields the Fourier
coefficients of the scattered field and allows one to construct the local reflection r, and transmission t, operators.

Coupling via Operator Equations

Once the scattering operators r,, and t, are determined for all N layers, the electromagnetic response of the entire
stack is determined using the operator method for multilayer structures [4]. Unlike standard transfer matrix methods,
which may suffer from numerical instability due to exponentially growing terms, we employ a stable recursive system
of matrix equations of the second kind.

Let B, and C,, denote the vectors of Fourier amplitudes of the waves propagating upwards (away from the
substrate) and downwards (towards the substrate) in the region between the m-th (m+1)-th gratings, respectively (see
Fig. 1). The coupling between adjacent layers is governed by the following set of Fredholm second-order matrix
equations:

Bm: tm+lemBm+]+rm+lemCma (6)
Cm:rmemBm +tmem—1Cm—1 5 (7)

where e,, is a diagonal matrix of phase shifts accounting for the propagation of spatial harmonics through the dielectric
of thickness Ay=hu+hm1: en=diag{exp(i yr Am)}, k=o0... 0.

For a finite stack of N layers, the structure is closed by the radiation conditions at the top and bottom interfaces.
The total reflection, R, and transmission, T, amplitude vectors are expressed as:

R =rq+tieBy, ®)

T =ty exCh. 9

For numerical implementation, the operators are truncated by retaining Floquet harmonics with indices k € [-M,,
M,], resulting in matrices of size (2M, + 1)x(2M, + 1). Due to the exponential decay of evanescent modes in dielectric
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spacers, values M,~5—-10 provide sufficient accuracy. The computational cost scales linearly with the number of
layers M.

The key advantage of the proposed formulation lies not only in numerical accuracy but also in its ability to serve
as an efficient forward solver within large-scale optimization loops. By reducing the electromagnetic problem to a
surface-based formulation, the number of unknowns scales with the number of interfaces rather than with the physical
volume of the multilayer structure. This makes repeated forward evaluations feasible even for multilayer systems,
which is generally impractical for volumetric methods such as the finite-element method (FEM) or the finite-difference
time-domain (FDTD) method.

PARALLEL COMPUTATIONAL FRAMEWORK

To efficiently solve the inverse scattering (optimization) problem, which requires evaluating the objective function
thousands of times, we developed a heterogeneous parallel computing framework. The system follows a master-slave
architecture, leveraging Python's flexibility for the evolutionary algorithm and C++'s raw computational speed for the
rigorous electrodynamic solver.

The framework consists of two distinct software components communicating over a TCP/IP network:

The server (Orchestrator) is written in Python. This component manages DE population, handles the genetic
operations (mutation, crossover, selection), and dispatches computing jobs to available clients. It uses the asyncio
library for non-blocking network communication and threading to separate the DE logic from the graphical user
interface (GUI). The clients (solvers) represent the High-performance applications written in C++. Each client acts as a
function evaluator. It receives a set of geometric and material parameters, constructs the corresponding scattering
matrices, and computes the spectral response.

Both server and client applications have graphical user interfaces (GUI). On the server side, this enables real-time
visualization of the convergence curve and dynamic adjustment of DE hyperparameters such as mutation factor, F,
crossover rate, CR. On the client side, the GUI provides visual feedback on the current structure-layer profile and field
distribution, which is essential for debugging and monitoring the physical validity of the solution.

The core optimization logic resides on the Python server. To maximize resource utilization, the server maintains a
pool of connected C++ clients. The DE algorithm is parallelized at the generation level.

During population initialization, the server generates an initial population of NP vectors within the specified
bounds. The initialization and subsequent evolution are confined within a hyper-rectangular search space defined by the
lower and upper bounds for each parameter, e.g., graphene chemical potential p.,€[0, 1]eV, layer spacing
Ap = hipitha,, where hi, ho € [€gap, hmax]. A specific geometric constraint is applied to the strip width 2d, to ensure the
physical realizability of the periodic structure. To prevent the graphene strips from overlapping with neighboring
periods or touching the cell boundaries, the maximum strip width is strictly limited 2dmax = [ — €g4p, Where €44y is a small
safety margin, while the minimum strip width 2dmin = €g4p. This constraint is enforced during the trial vector generation
and DE execution.

At the job dispatching stage, for each generation G, the server generates trial vectors U;. These vectors are
converted into "jobs" and placed in an asynchronous queue. The job_dispatcher coroutine continuously monitors the
status of connected clients and assigns pending jobs to free workers.

A critical feature of our implementation is the strict elitist selection strategy. After all trial vectors in a generation
are evaluated, the server compares the trial fitness F(U; ) with the target fitness F(Xi ), where:

Uig,» 1If F(U; )< F(X; ),
X, 641 ={ l l (10)

X, otherwise.

Here, X, denotes the parameter vector of the i-th individual in the current population (the target vector). This
mechanism ensures that the best traits are preserved ("elitism"), and the global fitness of the population monotonically
improves over time. The best individual of each generation is serialized to disk to prevent data loss and allow for result
analysis.

The client software is implemented in C++ to ensure maximum execution speed for complex matrix operations.
The application listens on a TCP socket for incoming commands. Upon receiving a request, the client performs the
following steps. During the parameter loading step, it reads the specific layer configuration (thicknesses and
permittivity) from shared storage. During the matrix construction step, it generates truncated scattering matrices of size
(M, + 1)x(2M, + 1). At the recursive solving step, it executes the recursive operator algorithm (7)-(10) to determine
reflection and transmission coefficients, as well as absorbance. At the fitness calculation step, it compares the computed
spectral characteristics with the required ones using the weighted objective function and returns the result to the server.

To minimize network overhead, we implemented a custom lightweight text-based protocol. Heavy data (such as
full layer topology vectors) is exchanged via a shared network file system, while the TCP socket is used exclusively for
control commands and synchronization. The communication cycle is defined as follows. Upon connection, the server
assigns a unique ClientID to the worker. The server sends a job request in the ASCII format. It sends the specific
configuration file location and the dynamic weights for the objective function components. The C++ client uses a
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buffered socket reader. It parses the tokenized string, loads the geometry from configuration file, and runs the solver.
After computation, the client sends back a concise response.

This approach decouples the data structure complexity from the transmission protocol, allowing us to change the
number of layers or parameters without rewriting the network code.

The numerical analysis is performed on a discrete frequency grid fi = fmin + kAf, k=1, 2, ..., M, where M is the
number of frequency points, the integral objective function (4) is replaced by a discrete summation of local penalties.
The client calculates the total fitness F as:

M
F(P)=Y S/(A(f;.P), (11

k=1

where S1(A4) is a piecewise linear penalty function defined by a set of thresholds (¢, ..., #4) and value parameters (vy, ...,
v4) received from the server. This function assigns a low penalty value v; if the absorbance A4 exceeds the high threshold
t1, and a maximum penalty v4 if 4 falls below the critical threshold #. Intermediate values are determined via linear
interpolation, allowing for a flexible definition of the optimization goal ("soft" vs "hard" constraints) by simply
adjusting the weights in the server configuration,

Vi, X214,

xX—1,

vy +— v —w), tSx<t,
Si(x) = e p (12)
vy + 3 vy —v3), t<x<ty,

by =1
V4, x<t4.

NUMERICAL RESULTS AND DISCUSSION

The primary goal of the optimization is to maximize the absorbance A(f) over the frequency band of interest, /€
[fmin, fmax]- Namely, our purpose is to maximize absorption, at least at the level 4 > 0.8, preferably 4 > 0.95. For
wideband applications, absorption uniformity is as critical as its peak value. Sharp drops in absorbance (where 4 — 0)
due to the excitation of high-Q resonances render the device ineffective. Consequently, the objective function must
strictly penalize such spectral holes. The structure under study can support multiple resonances. Resistive graphene strip
acts a resonator for the plasmon modes in the terahertz and infrared frequency range. However, at GHz, they are not
excited. Periodic structures support Rayleigh anomalies on vacuum or grating modes in a dielectric slab. Also, inter-
layer Fabry-Perot modes and corresponding resonances can be excited.

Based on the discrete frequency model (11), we employ a piecewise-linear penalty function with the following
empirically determined coefficients: thresholds #=1.00, ©=0.95, :=0.80, =0.20, and corresponding values v,=—-5.0,
va=—0.5, v3=0.0, v4=50.0. This configuration creates a "soft" reward for high absorption (4 > 0.95) and a severe "hard"
penalty for any drop below 0.2, effectively guiding the evolutionary search away from solutions with deep reflection
resonances.

1000 - ‘
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Figure 2. Convergence curves. The best fitness value vs. the generation number for different periods, /= 0.05 m and / = 0.07 m, and
two trials, N=10, 6=0°.

The population consisted of NP=50 individuals. Since DE is a stochastic process, multiple independent runs were
performed to avoid stagnation in local optima. Fig. 2 shows convergence curves of the best fitness value versus the
generation number. The convergence exhibits a characteristic step-like behavior and typical two distinct phases [10]. In
the early stages, we observe large steps corresponding to the "exploration" phase, where the algorithm rapidly discards
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clearly non-optimal geometries. In the later stages, the curve shows long plateaus separated by small improvements
("exploitation" phase), as the algorithm fine-tunes the strip widths and chemical potentials to suppress residual
resonances.

For the optimization, we take the number of frequency points M = 250, the frequency step is Af=0.1 GHz, the
frequency band is fmin = 1 GHZ, finax =25.9 GHz, and the number of layers N=10. The relative permittivity of the
medium is typical for fighter jet cockpit canopy (polycarbonate), € = 3. The incidence angle is @o = 90° (orthogonal
incidence). The graphene parameters are =1 ps, T =300 K. The geometric parameters are /imax= 0.7 m, € is set to
0.01 m in the configuration.

Direct optimization of a 10-layer structure involves a high-dimensional search space (4 parameters x 10 layers =
40 variables), which can lead to slow convergence. To mitigate this, we employ a dimensionality reduction strategy
based on cubic spline interpolation. The chromosome (trial vector) of each individual consists of only 16 reference
parameters. These correspond to the four physical characteristics (dy, /14, han, Men,) defined at four specific "anchor”
layers: indices n = {1, 4, 7, 10}. During the evaluation phase, the server expands this 16-element vector into the full set
of 40 parameters for all 10 layers using cubic interpolation (scipy.interpolate.interpld). This approach ensures a smooth
gradient of properties across the stack, which is physically favorable for wideband matching. After the cubic
interpolation, the constraints are applied preventing parameters for non- anchor layers to be out of ranges.

All computations are performed on a 12th-generation Intel Core i7 processor (featuring 8 performance and 4
efficiency cores). Electromagnetic simulation for a single individual takes approximately 80 seconds on a single
computational thread. The order of the resulting linear algebraic system is 30 for a single layer. Additionally, 21 plane
waves (both propagating and evanescent) are considered in the multilayer structure. During the optimization, the
efficiency cores were deliberately excluded. The number of parallel threads is strictly limited to 10. Allocation of
additional threads increases the computation time per task due to memory access overhead and cache contention among
the performance cores. Consequently, evaluation of a single population of 50 individuals in parallel takes approximately
400 seconds. The time required for the differential evolution algorithm operations, task distribution, and data exchange
is negligibly small compared to the rigorous electromagnetic simulation.

To visualize the effectiveness of the DE optimization, we compare the spectral response of the best individuals at
different stages of the evolutionary process. Fig. 3 presents the power reflection, transmission and absorption
coefficients vs. the frequency for the best candidate obtained at the 25th generation (early stage) versus the final
solution at the 100th generation. As observed, the solution at the 25th generation already satisfies the basic requirement
of 4> 0.8 over a significant portion of the band. However, the dependencies exhibit highly oscillatory behavior, with
several sharp minima where the absorbance drops significantly. These dips typically correspond to the excitation of
high-Q resonances within the multilayer structure, which have not yet been fully compensated. Crucially, the final
converged solution (100th generation) demonstrates that the algorithm successfully adjusted the geometric and physical
parameters to significantly suppress these detrimental resonances. The optimization effectively flattened the spectral
response, maximizing the area under the absorbance curve and eliminating the "holes" in the operational band. For a
complete optimization run of 100 generations, the total number of objective function calls (forward solver evaluations)
is 5000 per trial.
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Figure 3. Power reflection, transmission, and absorption coefficients vs. the frequency for the best individuals from the 25th (dashed
lines) and 100th (solid lines) generations, / = 0.05 m, N=10, 6=0°

We further investigated the influence of the structure period / on the optimization results. Fig. 4 shows the
dependence of the power reflection, transmission, and absorption coefficients on frequency. Two distinct cases are
presented in Fig.4, for /=0.05m and /=0.07 m. The results shown in Fig. 4 indicate that the interpolation-based
optimization successfully finds high-absorption solutions in both cases. With a larger period, more resonances can be
excited in the considered frequency band, creating a strong perturbation that the optimizer must counteract by precisely
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tuning the graphene chemical potential and strip widths. This increased complexity is clearly reflected in the
convergence curves shown in Fig. 2. The fitness levels for the structure with the larger period remain consistently
higher (indicating a larger penalty) throughout the optimization process. DE algorithm requires more generations to find
a specific combination of parameters that can "cancel out" the additional grating-induced resonances. Essentially, each
new resonance peak in the spectrum acts as an additional constraint in the parameter space, shifting the global minimum
of fitness function F(P) and making the optimization landscape more rugged. Despite this, the final absorbance profiles
for both periods reach the target level.
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.-'.'.7~
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Figure 4. Power reflection, transmission, and absorption coefficients vs. the frequency for different periods / = 0.05 m and
[=0.07 m, N=10, 6=0°

From a practical engineering perspective, supplying an individual DC bias voltage to each isolated graphene strip
in a 10-layer stack presents a significant fabrication challenge. To address this, we performed a constrained
optimization run simulating "unbiased" graphene. In this scenario, the chemical potential ., was removed from the
gene vector and fixed at p.,~0 eV, leaving only the geometric parameters (strip widths and layer spacings) available for
optimization. The results are shown in Fig.5 for 100th generation. As shown, even without active tuning of the chemical
potential, the algorithm successfully identifies a geometric configuration that yields substantial absorption.

Finally, we study the angular stability of the optimized 10-layer absorber. Although the structure was optimized
for normal incidence (0 = 0°), its performance was evaluated at oblique angles of 8 =30° and #=60°. The results,
presented in Fig. 6, demonstrate that the absorbance remains remarkably stable. Except for a narrow frequency range at
the lower end of the spectrum, the absorption coefficient remains above the required level of 0.8 even at significant tilt
angles. The results indicate that the proposed multilayer configuration possesses high angular tolerance, which is
essential for effective electromagnetic shielding and radar-absorbing applications in real-world scenarios.
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Figure 5. Power reflection, transmission, and absorption Figure 6. Power reflection, transmission, and absorption
coefficients vs. the frequency for unbiased graphene structure, coefficients vs. the frequency for different incidence angles 6=0°,
[=0.05m, pex = 0 €V, N=10, 6=0° 6=30°, and 6=60°, / = 0.07 m, N=10

The angular stability of the optimized structure under oblique incidence is primarily governed by the strips
resistive nature and the applied optimization strategy. The surface conductivity of graphene strips is independent of the
angle of incidence. In the microwave range, the localized resonance effects on the isolated graphene strip are less
pronounced than in the terahertz frequency range, where high-Q plasmon resonances can arise. Also, the DE
optimization process finds a set of parameters that maximally suppresses the resonances connected with the periodicity,
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thereby preventing the formation of narrow dips in the frequency dependences. As a result, the absorption mechanism
becomes less sensitive to phase variations introduced by oblique incidence, while the contribution of resistive losses
remains dominant over a broad angular range.

CONCLUSIONS

The developed surface-based electromagnetic formulation enables efficient analysis of multilayer periodic
absorbing structures with a large number of layers, avoiding volumetric discretization of the dielectric domain. By
reducing the problem dimensionality to the grating interfaces, the computational cost scales with the number of layers
rather than the physical thickness of the structure. As a result, the proposed forward solver is orders of magnitude more
efficient than domain-discretization techniques such as FEM or FDTD, making it particularly suitable for repeated
evaluations within iterative optimization loops.

Coupling this solver with a parallel differential evolution algorithm allows practical optimization of high-
dimensional multilayer designs under broadband performance requirements and fabrication-inspired constraints. The
numerical results demonstrate that the optimized ten-layer resistive grating structure provides stable broadband
absorption, effectively suppresses resonance-induced spectral holes, and preserves optical transparency and robustness
under oblique incidence.

The proposed approach provides a scalable, computationally efficient tool for designing advanced multilayer radar
absorbers and can be readily extended to other classes of planar periodic electromagnetic structures and polarization
scenarios.
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IpencraBneHo oOYMCIIOBANBHO €()EKTUBHY METOAMKY ONTHMIi3alil OaraTolmlapoBHX pamiONOINIMHAIOYHMX CTPYKTYpP HA OCHOBI
HEePIOUYHMX IUIOCKHX PELIITOK 3 PE3UCTUBHUX CTPIYOK, PO3TAIIOBAHMX Y JAICNEKTPUYHOMY LIapi, Ui BUMaaky H-momsipusarii.
EnexkTpoMarHiTHi XapakTepUCTHKH MOJETIOITECS 3 BHKOPHCTAHHSAM CTPOrOrO METOJAY CHHIYJSIPHUX IHTErpajbHHMX PIiBHSAHb Y
MOEHAHHI 3 OTIEPATOPHUM METOAOM, IO 3a0e3Medye BUCOKY TOYHICTh 1 YHCIOBY CTa0UTBHICTD 32 HU3BKHX OOYHCIIOBAIbHUX BUTPAT.
Le#t HammBuAKWii aNropuTM pPO3B’SI3aHHSA MPSIMOI 3aJadi IHTETPOBAaHO B MapalelibHy CHCTEMY ONTHMi3alii Ha OCHOBI
JuepeHIiaIbHOl eBOMIONI], peanizoBaHy B apXiTEKTypi KII€HT—cepBep, IO J03BOJsIE €(PeKTHBHO PO3B’sA3yBaTH 0araTOBHMIpHI
3amadi 3BOPOTHOTO INPOEKTyBaHHSA. OnTHMIi3alis CIpsSMOBaHA Ha JOCATHEHHS IIHMPOKOCMYTOBOTO IOTJIMHAHHS 32 HOPMAJIbHOTO
MajgiHHs 31 30epeEeHHsSIM ONTHUYHOI IPOo30pocTi. SIK pemnpe3eHTATHBHHMN pPE3NCTHBHUH Martepian BUKopHcTaHO rpaden. Yuciosi
pe3yNbTaTH IEMOHCTPYIOTH e()eKTUBHE NPHUAYLICHHS PE30HAHCHUX MPOBATIB Y CHEKTPi Ta CTaOUIbHE MIMPOKOCMYTOBE ITOTJIMHAHHS
JUISL IECTUILLIAPOBUX CTPYKTYP, @ TAKOXK CTIHKICTh XapaKTEPUCTUK 32 YMOB IIOXMJIOTO TaJiHHS Ta 3 ypaxyBaHHSAM KOHCTPYKTHBHHX
00MeXKeHb.

KurouoBi cioBa: cpagen; wupokocmyeo8uili noenuHay; OupepeHyianvHa esonroyis; CUHZYIAPHEe [HMepanbHe PDIGHAHH,
bazamowaposa nepiooutHa Cmpykmypa, 2106anbHa Onmumizayis
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The works in the field of radiation materials science of targets for neutron sources based on subcritical assemblies driven with linear
accelerators of electrons or protons, the so-called ADS systems, are presented. Currently, electronuclear ADS systems are prototypes
of safe Sth-generation nuclear reactors. In connection with the physical start-up of the neutron source installation of the NSC KIPT
the target of which is made of tungsten coated with tantalum, the effect of radiation on mechanical properties is considered, and the
resource of the tantalum coating of the target is estimated.
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dependences
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INTRODUCTION

The creation of safe nuclear facilities, designed for both electricity production and the transmutation of thermal
reactor products, is one of the priorities of the world nuclear energy industry. Already in one of the first proposals for
the development of such facilities, the so-called ADS systems, all the elements of the future reactors were described [1].
The basis of such facilities is a subcritical nuclear reactor using fast neutrons. It was planned to use a proton accelerator
with an energy of up to 1 GeV and a current of up to 20 mA as the so-called driver of such a reactor.

Today, 30 years later, the basic structure of such systems is as follows. The accelerator of high-energy particles
irradiates the material (target), as a result of which neutrons are formed, which fall on the fuel elements of the
subcritical assembly (SCA), after which their multiplication occurs tens of times. The system starts working as a source
of neutrons (NS).

Most ADS use neutron sources in which high-energy protons bombard targets made of heavy elements to produce
so-called spallation neutrons. In 1947, the term spallation began to be used in nuclear terminology (Siborg, Serber). For
nuclear fission to occur, the proton energy must be sufficiently high. Its criterion is the de Broglie wavelength A. It
should be smaller than the size of the nucleus, which will allow the proton to interact individually with the nucleons
inside the nucleus. (A= h/p, where p is the momentum of the proton), and split it.

Creating (development of) such nuclear accelerator systems, ADS, is a very difficult and challenging task.
Electron accelerators can also be used to test the basic ideas of these systems. As shown in 2002 [2], to obtain flows of
less than 1016 n/cm2 per second, electron accelerators require significantly lower costs for installation. This is
explained by the fact that photonuclear (e, y) processes in this sense have an advantage over reactions induced by
protons.

One of the most important areas of experimental work in nuclear materials science is the study of radiation
damage in materials used or intended for use in nuclear reactor and ADS components. Two types of neutron-producing
targets are being considered for use in future accelerator-driven safe nuclear power systems (ADS): liquid and solid
metal. Among the latter, tungsten, tantalum, and their alloys have attracted considerable attention from researchers.

The purpose of the work is the analysis of radiation damage and changes (degradation) of the mechanical
properties of tantalum, after irradiation in the active zone of the subcritical assembly, as a structural material (coating)
of the "tungsten" target of the neutron source of the NSC KIPT.

KHARKIV NEUTRON SOURCE DRIVEN WITH HIGH-ENERGY ELECTRON ACCELERATOR
In 2021, the physical start-up of just such a facility was carried out at the NSC KIPT together with the Argonne
National Laboratory of the USA. Its main functions include developing work in nuclear materials science and medical
research. The facility will conduct research in reactor physics and materials science [3,4]. The first target of this
installation is a tungsten target with a tantalum coating.
The purpose of the development is to create in Ukraine a safe experimental base for neutron physics research using
intense neutron flows (up to 3 10" n/sec). The main components of the installation are a linear electron accelerator, a
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system for transporting the electron beam from the linear accelerator to the target, a neutron generation target (NGT), a
subcritical assembly, neutron channels, biological protection, and auxiliary systems.

Primary neutrons are born in photonuclear reactions with the help of hard y-radiation, which is formed during the
scattering of electrons on the nuclei of heavy elements. Two target variants are considered: tungsten and natural
uranium. The initial energy of electrons is 100 MeV.

The target is simultaneously exposed to two sources of irradiation: high-energy electron irradiation (100 MeV) and
irradiation from the surrounding environment, i.e., subcritical assembly neutrons (SCA).

The subcritical assembly is designed to obtain the maximum neutron flux with a criticality of 0.98. Thus, the
possibility of a chain reaction in an installation of this type is excluded. The size of the neutron flux is regulated by the
beam current, and the neutron field in the source disappears after the beam is switched off.

W-Ta neutron-generating targets of ADS systems

Due to its high melting point, density, thermal conductivity, strength, and neutron interaction cross-section,
tungsten has been used as a target material in ADS systems such as LANCE, KENS, etc., for many years. [5,6].
However, tungsten corrodes in water, especially under irradiated conditions. This problem can be solved by coating the
tungsten with a corrosion-resistant material. These include titanium, stainless steel, and tantalum.

Targets using bimetal tantalum-tungsten were used in the ISIS and KENS installations. A significant positive
metallurgical factor is the good compatibility of these materials, due to their complete solubility in the solid state.

Why tantalum? Having unique physical and metallurgical properties, tantalum is one of the most suitable materials
for targets. Among the refractory metals of groups 4-6, it has the highest melting point after tungsten (3140°C) and is
characterized by exceptional plasticity and viscosity in the cast and recrystallized states, so it can be deformed at room
temperature to 90-95% without intermediate annealing.

Pure tantalum (99.99%) retains high plasticity and viscosity at temperatures close to absolute zero [7]. However,
as with other bce metals, it becomes sharply pronounced as the content of interstitial impurities increases. For example,
[8] showed that when the oxygen content increases to 1.3 at.%, tantalum becomes brittle at room temperature.

Among all low-value materials, it has the highest corrosion resistance, approaching that of platinum at temperatures
up to 150°C. However, it has low resistance to oxidation in air and other oxidizing media at temperatures above 500°C.

The radiation properties of tantalum have not been sufficiently studied and are controversial. Thus, high plasticity
of tantalum irradiated to a dose of 10 dpa (displacements per atom) was reported in [9]. However, complete embrittlement
of technically pure tantalum was found in [10] even with irradiation doses of only 0.14 dpa. According to one of the
authors, the cause of fragility may be the material's oxygen saturation even before the start of irradiation. Alloys of
tantalum with tungsten also "do not save the situation": they exhibit a complete loss of plasticity at doses below 1 dpa [7].

The disadvantages of tantalum as a target material include its relatively large interaction cross section with
neutrons (especially in the superthermal energy range), which leads to its high radioactivity after irradiation. An
analysis of an ESS installation (SMW) showed that after a year of exposure, tantalum exhibited induced activity 10
times greater than that of tungsten or mercury [11]. That is why the two nuclear installations KENS and ISIS
immediately replaced tantalum targets with tungsten ones.

One of the main requirements for this effective anti-corrosion tantalum coating is to maintain reliable contact with
the tungsten throughout the target's lifetime. The presence of a gap in the tungsten coating dramatically reduces heat
removal from the target by a water stream. In turn, the tantalum coating improves heat transfer from the target to the
cooling water compared to tungsten.

Reliable Ta-W contact when creating multiple targets for megawatt spallation neutron sources is achieved using
the HIP (hot isostatic pressing) method. The successful use of this method was first demonstrated at the ISIS facility
(Rutherford Appleton Laboratory in Great Britain) [8], and then by Japanese scientists at the KENS facility [6].

For these purposes, a high-temperature vacuum rolling method, combined with gas-phase deposition of tantalum
on the target's side surfaces, has been developed at the National Research Center of KIPT.

At the same time, tantalum with a thickness of 0.25...0.3 mm is used to cover the tungsten plates, as in the LANCE
installation (USA). This value is determined by a compromise between ensuring, on the one hand, the reliability of
tungsten protection against water corrosion in an active environment and, on the other hand, preventing a significant
decrease in neutron yield.

Analysis of the results of mechanical studies of irradiated tantalum.
To achieve the purpose of the work, regarding the assessment of the degree of radiation embrittlement and the
target's resource, it was necessary to do three things.

1. To determine the tantalum radiation dose, for example, for one year of operation of the neutron source.

2. To conduct an analysis of the results of mechanical tests of samples irradiated at temperatures corresponding to
the conditions of irradiation of the KIPT neutron source.

3. To mark on the dose dependences of strength and plasticity, the tantalum irradiation dose of the KIPT neutron
source, and determine the corresponding values of the strength and plasticity of the irradiated material that correspond
to it. Based on this, it is necessary to make an estimate of the target coverage resource.
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Determination of the radiation dose in tantalum

When the target is irradiated with a beam of electrons with energy of 100 MeV, radiation defects are formed in the
target material. The main sources of the formation of such defects will be recoil nuclei, which arise during the scattering
of electrons and neutrons on nuclei, as well as a results of nuclear reactions involving gamma- rays.

With the help of the MCNPX program [12], the rate of creation of displacements in the coating of the tungsten
target of the neutron source of the NSC KIPT was calculated when irradiated with high-energy electrons with energy of
100 MeV [13]. It was established that the largest contribution to the rate of damage is made by the elastic interaction of
high-energy electrons with nuclei. The maximum dose rate is about 0.45 dpa / year, and is reached at a depth of ~ 1 cm
(Figure 1).

Figure 2 shows the radiation damage dose distribution in tantalum on the surface of the second tungsten plate.
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Figure 1. The doses in Ta and W accumulated during one year
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Figure 2. Distribution of radiation damage doses in Ta and tungsten that were accumulated during one year of exposure.

Consideration of damage by neutrons of a subcritical assembly. Let's not forget that the target is under the
simultaneous action of two sources of radiation, high-energy electron (100 MeV) and radiation from subcritical
assembly neutrons (SCA). It was shown in [13] that the contribution to the dose of irradiation of a tungsten plate from
neutrons of a subcritical assembly is 0.15 dpa/year.

Tantalum nucleas differ little from tungsten, but the threshold displacement energies differ greatly. It is 70 eV for
tungsten, and 90 eV for tantalum. Taking this into account, we obtain for tantalum the rate of damage by SCA neutrons
equal to approximately 0.11 dpa / year. Thus, the total dose accumulation rate (electrons + SCA) in the coating of the
second plate is 0.45 + 0.11 = 0.56 dpa/year. Let's pay attention to the fact that the contribution to damage from high-
energy electrons is four times greater than from neutron damage to a subcritical assembly. Is it too much or not enough?
What kind of radiation risk does such a dose of exposure indicate? Let's look at the results of mechanical tests of
tantalum samples for tension.

Analysis of deformation curves of irradiated tantalum samples
Tantalum turned out to be very sensitive to radiation. As can be seen from Figure 3, the decrease in its plasticity
begins already at very low doses - about 4 10~ dpa. [10].
It is possible to distinguish 3 stages of the development of radiation embrittlement of tantalum:
1) At a dose of 4 107 dpa, there is already a reduction in elongation (the strain diagram is shortened), but strain
hardening still remains (after the yield point, the flow stress increases slightly).
2) At this stage, starting from 4 10 to 4 10 dpa, strain hardening no longer takes place. After the formation of the
so-called "yield tooth" on the diagram, the stress only decreases. Deformation softening occurs.
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3) At a dose of 0.14 dpa, the strain hardening stage and uniform elongation are completely absent. Immediately after
reaching the maximum stress, destruction occurs. There is no plastic deformation.

Engineering stress, MPa

Ll Unirr.
. 0.00004
30 4

1]} 10 20
Elongation, %

0

Figure 3. Deformation curves of tantalum irradiated under conditions close to the operating conditions
of the neutron source of the NSC KIPT

Dose dependence of flow stress and fracture strength of irradiated tantalum
The main criteria for choosing construction materials are their strength characteristics. The material's ability to
undergo uniform deformation is also of great importance. It is generally accepted that the higher these indicators are,
the better the material withstands technological and operational loads. That is why, in this section, the dependencies of
flow stress and uniform elongation of tantalum of different purities in the initial and irradiated states are presented.

400 L
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2004 ¢ .

100 4 L]
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Figure 4. Dose dependence of the flow stress of irradiated tantalum.
Rhombuses are work [10], balls are work [14]. triangles - work [15]

During the analysis, it should be remembered that the value of the yield strength of non-irradiated samples of
tantalum in these works is (depending on the purity of the metal) from 180 to 220 MPa.

Taking into account the value of the working temperature of the KIPT target, when constructing the dependence,
we tried to use the results of work on tantalum irradiation at temperatures not exceeding 100°C. Currently, the most
number of works on tantalum were carried out at irradiation temperatures higher than 500°C, and were aimed at the
operating conditions of future thermonuclear reactors [6].

Dependence (Figure 4) can be divided into two components. At the first stage of irradiation, there is a significant
effect of radiation hardening. The yield strength increases almost three times - up to 600 MPa. After reaching a dose of
1 dpa, the flow stress begins to decrease, and for doses greater than 10 dpa, the stress decreases even below the values
of the yield strength in the unirradiated state. This means that the process of brittle fracture occurs in the elastic region
of stresses, without the contribution of plastic deformation. This is directly evidenced by the deformation curves of
material irradiated to high doses [14].

Dose dependence of plasticity (uniform elongation) of irradiated tantalum

In order to predict the degree of fragility of the tantalum coating of the target, it is necessary to know to which
purity category the original tantalum belongs to. As can be seen from Figure 5, there is a significant discrepancy
between the behavior of tantalum with an oxygen purity of 50 appm and "dirty" tantalum (500 appm): the latter
completely loses plasticity at doses slightly above 0.1 dpa. Chemical analysis of tantalum by KIPT on the ELVAX
analyzer, showed that the purity of tantalum is 98.8% (category - "dirty").

Thus, the established annual dose of 0.56 dpa for tantalum with a high concentration of oxygen (which corresponds to
the operating conditions of the target coating of the NSC KPTTI) corresponds to the absolute loss of plasticity.
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Figure 5. Dose dependence of uniform elongation of tantalum samples of different purity, irradiated at the LANCE (USA) (hexagons),
SINQ (Switzerland) (circles and asterisk), triangles ISIS(UK). Triangles correspond to oxygen concentration of 50 appm (510 %), and
hexagons to oxygen concentration of 500 appm (5107 %). The size of the asterisk corresponds to the doses of Saito ez al. [14], which are
equal to 10...31 dpa (SINQ). Circles correspond to doses of 0.26 and 2.6 dpa [16], of irradiated “dirty” tantalum (LANCE)

The influence of the impurities and products of nuclear reactions on the development of radiation embrittlement
in metals of the S5th group of the Periodic Table of Elements (tantalum). Mechanisms of embrittlement
Fleischer's theory explains the strengthening of bcc metals and alloys by the interaction of dislocations with

tetragonal strain fields arising in the metal lattice in the presence of interstitial impurities [17]. Thus, the maximum

interaction force of a screw dislocation with an obstacle is given by the expression F = p Ae b/ 3.86, where p is the
shear modulus, Ag is the tetragonal strain (distortion) introduced into the metal lattice by a defect (1 for dislocation
loops, either vacancy or interstitial in nature), and b is the Burgers vector.

Analysis showed that for Group 5 metals, interstitial oxygen atoms are one of the most strengthening factors at the
neutron irradiation temperatures of interest, which are on the order of 100°C [18]. Specifically, the decoration of
dislocations by interstitial atoms or clusters (loops) under irradiation, blocking dislocation generation by Frank-Read-
type sources, causes so-called "source" strengthening (increase) of the yield strength—the formation of a "physical
yield stress" As we can see from the curves shown in Figure 3, with further increase in strain, this leads to a virtually
complete absence of strain hardening and the development of plastic instability.

At the mesostructural level, this is associated with the localization of plastic flow as so-called "dislocation
channeling." This effect leads to the formation of defect-free regions—channels. In these channels, the first dislocations
to escape from their sources, destroy defective clusters of radiation defects [19]. Dislocation channeling is responsible
for the negative slope of the stress-strain curves at doses greater than 10~ dpa (see Figure 3) [20]. The authors of [21]
reached similar conclusions on bce materials irradiated with high-energy protons (590 MeV) to doses ranging from 1073
to 0.3 dpa, and deformed at room temperature. The first study to detect channeling in irradiated (2.510%* n/cm?)
tantalum deformed at room temperature may be [22].

How might all these mechanisms influence the initiation of crack formation and propagation in irradiated
materials? The absence of dislocation generation leads to suppression of the dislocation mechanism for "healing" crack
nuclei, and the crack propagates freely across the entire cross-section of the specimen [23].

Impact of products of nuclear reactions. At the same time, it was established that, in addition to radiation
defects and oxygen, the brittleness of materials under high doses of irradiation in ADS-systems can be associated with
the influence of high concentrations of nuclear reaction products, mainly helium and hydrogen, which are formed
during irradiation [24-27].

According to the authors [26], the main contribution to the sharp (from 35 to 0.5%) decrease in uniform elongation
of steel during tensile tests at room temperature is made by helium and hydrogen, the total concentration of which, even
at a dose of 3 dpa (in ADS), is about 0.6 at.%. At the same time, it is not related to a change in the microstructure of
steel (even the formation of pores), but is determined by a combination of radiation hardening followed by a sharp
deformation softening, which is associated with the localization of plastic deformation processes (see explanation
to Fig. 3).

CONCLUSIONS
* A brief review of the current state of development of ADS-systems, prototypes of future 5th generation reactors,
and an analysis of the use of Ta coatings in neutron-generating targets of ADS-systems was conducted. It is established
that W-Ta composites occupy a prominent place in the world, among the targets of the most powerful ADS.
e An analysis of the influence of tantalum irradiation in ADS systems and reactors on its main mechanical
properties was carried out. Features of the dose dependence of the plasticity of tantalum (its three-stage nature) and the
fact of the determining effect of oxygen on its radiation fragility are shown.
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 The dose dependence of the flow and fracture stress of irradiated Ta was established. It is shown that there is a
transition from radiation strengthening (at doses of the order of 1-2 dpa) to a significant loss of tantalum strength
(radiation suftenning), even in pure tantalum, at doses of 10 dpa. The material begins to break down in the elastic
region, at load levels below the yield point, resulting in brittle failure.

* Briefly analyzed physical mechanisms of influence of radiation defects, products of nuclear reactions, interstitial
impurities on strain hardening of irradiated tantalum.

* A prediction was made regarding the behavior of the tantalum coating of the neutron-generating target of the
NSC of the KIPT. Taking into account the high concentration of impurities in the material (oxygen), it can be assumed
that the tantalum coating of the tungsten target will practically not have a reserve of plasticity already in the first year of
operation of the neutron source.

Conlflict of Interest
The authors declare that there is no conflict of interest regarding the publication of this paper.

ORCID
0.0. Parkhomenko, https://orcid.org/0000-0001-9671-8874; ©V.V. Gann, https://orcid.org/0000-0002-3451-1840;
B.W. Borts, https://orcid.org/0000-0003-0387-3491; ©®A.Yu. Zelinsky, https://orcid.org/0000-0002-4110-8523;
Yu.0. Marchenko, https://orcid.org/0000-0002-9128-0372

REFERENCES

[1] C. Rubbia, J.A. Rubbio, and S. Buono, CERN/AT/95-44T.

[2] D. Ridicas, H. Safa, and M.L. Giacri, in: Seven Information Exchange Meeting on Actinide and Fission Product, (Jeju, Korea,
2002).

[3] A. Bykhun, P. Gladkikh, I. Karnaukhov, V. Lyashchenko, A. Mytsykov, V. Ridozub, V. Selivanov, et al., Ukr. J. Phys. 68(3),
147 (2023). https://doi.org/10.15407/ujpe68.3.147

[4] IM. Karnaukhov, O.P. Bezditko, B.V. Borts, O.V. Bykhun, V.T. Bykov, P.I. Gladkikh, L.I. Glushchenko, et al., Reports of the
National Academy of Sciences of Ukraine, (3), 44 (2024). https://doi.org/10.15407/dopovidi2024.03.044

[5] M.S. Wecsler, J. Sommer, C. Lin, L.L. Daemen, and P.D. Ferguson, Journal of Nuclear Materials, 244, 177 (1997).
https://doi.org/10.1016/s0022-3115(96)00735-0

[6] M. Kawai, M.M. Kawai, M. Furusaka, K. Kikuchi, and H. Kurishita, Journal of Nuclear Materials, 318, 38 (2003).

[7] C.P. Massey, C.K. Goetz, Y.-R. Lin, J. Werden, S. Curlin, and T.I. Siggillino, Journal of Nuclear Materials, 591, 154906
(2024), https://doi.org/10.1016/j.jnucmat.2024.154906

[8] D. Wilcox, P. Loveridge, and T. Davenne, L. Jones, and D. Jenkins, Journal of Nuclear Materials, 506, 76 (2018).
https://doi.org/10.1016/j.jnucmat.2017.10.075

[9] J. Chen, P. Jung, M. Rodig, H. Ullmaier, and G.S. Bauer, Journal of Nuclear Materials, 343, 227 (2005).
https://doi.org/10.1016/j.jnucmat.2004.09.076

[10] T.S.Byun, and S. Maloy, Journal of Nuclear Materials, 377, 72 (2008). https://doi.org/10.1016/j.jnucmat.2008.02.034

[11] E.L. Sola, M. Calviani, P. Avigni, M. Battistin, J.B. Descarrega, J.C. Espadanal, M.A. Fraser, et al., Physical Review
Accelerators and Beams, 22, 113001 (2019). https://doi.org/10.1103/PhysRevAccelBeams.22.113001

[12] D.B. Perlowitz, (April 2008), LA-CP-07-1473.

[13] V.V. Gann, A.V. Gann, B.V. Borts, .M. Karnaukhov, and A.A. Parkhomenko, VANT, Ser. YFL (6)(136), 17 (2025).
https://doi.org/10.46813/2021-136-017

[14] S. Saito, K. Suzuki, H. Obata, and Y. Dai, Nuclear Materials and Energy, 34, 101338 (2023),
https://doi.org/10.1016/j.nme.2022.101338

[15] F.W. Fiffen, Proc. Conf. 730813.1973, 22p.

[16] R.D. Brown, M.S. Wecsler, and C. Tschalar, in: Proceedings of the 13 International Symposium on Effects of Radiation on
Material Properties, ASTM STP 956, (Philadelphia, PA, 1987).

[17] R.L. Fleischer, in: Strengthening of Metals, edited by D. Peckner, (Reinhold Publishing Corporation, N.Y., 1964). pp. 93.

[18] M. Bocek, H. Béhm, and W. Schnider, Journal of Nuclear Materials, 40, 249 (1971). https://doi.org/10.1016/0022-
3115(71)90093-6

[19] B.N. Singh, A.J.E. Foreman, and H. Trinkaus, Journal of Nuclear Materials, 249, 103 (1997). https://doi.org/10.1016/s0022-
3115(97)00231-6

[20] T.S.Byun, K. Farrel, E.H. Lee, J.D. Hunn, and L.K. Mansur, Journal of Nuclear Materials, 298, 1269 (2001).

[21] M.I. Luppo, C. Bailat, R. Schaublin, and M. Victoria, Journal of Nuclear Materials, 283-287, 483 (2000).
https://doi.org/10.1016/S0022-3115(00)00370-6

[22] F.W. Wiffen, Journal of Nuclear Materials, 67, 119 (1977). https://doi.org/10.1016/0022-3115(77)90168-4

[23] M. Laptev, and O.0O. Parkhomenko, Vacancies, martensitic transformation, and resource of nuclear reactors, (Kharkiv
National University, Kharkiv, 2018), pp. 170. (in Ukrainian)

[24] S. Maloy, M.R. James, G. Willcutt, W.F. Sommer, M. Sokolov, L.L. Snead, M.L. Hamilton, et al., J. Nucl. Mater. 296, 119
(2001). https://doi.org/10.1016/S0022-3115(01)00514-1

[25] X. Wu, X. Pan, M. Li, and J.F. Stubbins, Journal of Nuclear Materials, 343, 302 (2005).
https://doi.org/10.1016/j.jnucmat.2004.12.015

[26] H. Sencer, S.A. Maloy, M.L. Hamilton, and F.A. Garner, Journal of Nuclear Materials, 345, 136 (2005).
https://doi.org/10.1016/j.jnucmat.2005.05.005

[27] D.S. Pudjorahardjo, T. Sujitno, and Suprapto. Journal of Physics: Conference Series, 2498, 012020 (2023).
https://doi.org/10.1088/1742-6596/2498/1/012020



497
Radiation Embrittlement of Tantalum Coating of the Neutron Source Targets EEJP. 2 (2026)

PAJIIAIIAHA KPUXKICTh TAHTAJIOBOI'O IIOKPUTTS MIILEHEM I)KEPEJI HEUTPOHIB
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[IpencraBneHo poOoTy B ramysi pagialiifHOr0 MaTepiajJOo3HABCTBAa MaTepialiB MIIIEHEH Ui JKepel HEWTPOHIB Ha OCHOBI
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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.

Keywords: Electron beam dosimetry, Depth Dose curve; Sterilization; Control of optimal modes; Semi-empirical model; Monte-
Carlo method

PACS: 87.53.Bn, 02.60.Cb

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.

Electron beam

Dosimetric wedge

Platform

) - onentation angle

Conveyor

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



500
EEJP. 2 (2026) Valentin T. Lazurik, et al.

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

-1 0 1 2 3 4 5 6 x cm -1 0 1 2 3 4 5 g X .cm

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.
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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.



504
EEJP. 2 (2026) Valentin T. Lazurik, et al.

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
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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
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Irradiation of the industrial aluminum alloy AA6111 with a high-current pulsed electron beam (HCPEB) with particle energy of
0.35 MeV, a beam current of 2.0 kA, a pulse duration of 5 pus, and a beam diameter of 3 cm results in the formation of a surface layer
with improved physical and mechanical properties. However, the potential formation of craters on the surface of HCPEB-treated
materials is one of the negative effects caused by HCPEB. This study examines the types and morphology of craters formed on the
surface of AA6111 aluminum alloy after irradiation with HCPEB. The distribution of crater sizes and the crater density on the irradiated
surface were studied. An analysis of the elemental composition of the crater walls and the adjacent melted surface was performed. The
features of the grain microstructure, including shape and size, in the crater area were studied. The implications of these observations
for a deeper understanding of the mechanisms underlying crater formation during HCPEB irradiation are discussed.

Keywords: High-current pulsed electron beam; Aluminum alloy; Surface layer,; Craters

PACS: 29.25.Bx, 61.80.Fe, 62.20.—x

INTRODUCTION

The study of the morphology and mechanisms of formation of surface structures in metals and alloys resulting from
irradiation with charged-particle flows is of great scientific and applied importance. The surface treatment of solid objects
by high-current pulsed electron beams (HCPEB) significantly affects their physical and mechanical properties [1-8].
High-density energy is released in the process of HCPEB-irradiation at a shallow depth below the material's surface within
a short period of time. This results in rapid heating and cooling with a high temperature gradient, leading to melting,
vaporization, plasma ablation, and the formation of thermal stresses and shock waves. These non-equilibrium processes
can alter the microstructure, chemical composition, phase structure, and stress state at the surface. In addition, the dynamic
stress field triggers intense deformation processes on the material's surface due to the HCPEB effect [9,10]. It was
established that the modified cross-sectional area following HCPEB treatment is divided into three zones: the remelted
layer, the heat-affected zone, and the thermal stress wave zone [11]. Metastable structures form in the molten layer due
to high heating and cooling rates. The presence of crater-like defects is the most characteristic feature of the microstructure
of the remelted zone [12]. Moreover, crater formation is characteristic not only of HCPEB-irradiated steels and alloys,
but also of pure metals. For example, craters were observed when irradiating pure nickel, aluminum, zirconium, and
copper [13-16]. The size of the craters and the density of their distribution on the irradiated surface depend on the purity
of the material, grain size, irradiation parameters, and other conditions [17-19]. Crater formation increases surface
roughness and creates local areas with highly inhomogeneous stress states in the near layer [17-19].

Craters form as a result of a complex set of physical processes. However, a definitive answer to the mechanisms and
causes of crater formation on the HCPEB-irradiated surface has not yet been found. Issues regarding crater size and density
on the irradiated surface are also debatable. Therefore, further detailed studies of crater morphological features,
microstructural characteristics in the crater-formation zone, and possible mechanisms of crater formation are required. Such
experimental studies are of interest not only from a technological standpoint but also from a broader scientific perspective.

MATERIAL AND EXPERIMENTAL

The studied alloy AA6111 has such a chemical composition: Al; 0,5-1,0wt.%Mg; 0,5-0,9wt.%Cu; 0,1-0,4wt.%Mn;
0,15-0,44wt.%Fe; 0,7-1,1wt.%Si; 0,15wt.%Zn; 0,1wt.%Ti [20]. The initial microstructure of the AA6111 alloy had a
grain size of approximately 40 um [21]. The grains vary in size, but there is no distinct metallographic texture. The
AAG6111 alloy is classified as a medium-strength aluminum alloy. Tensile strength, o; = 340 MPa, and yield strength,
oy= 152 MPa [22]. The microhardness of the studied AA6111 alloy, in the initial condition, is 70470.50. The microhard-
ness of the HCPEB-irradiated layer of the AA6111 alloy increases and on average amounts to 101/470.50 [3]. The results
of diffraction studies of the initial microstructure of the AA6111 alloy, reported in [3,23], revealed that the initial micro-
structure is characterized by the presence of phases Al,FesSis and AlsCu,MgsSi;. The maximum elongation at break at
room temperature of the AA6111 alloy under study is 21%. At elevated temperatures, despite its coarse grain size, the
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alloy shows superplastic behavior [21,24]. At a temperature of 7= 793 K and a true strain rate, ¢ = 5,2-10* 5!, the elon-
gation of specimens made of this alloy at break is 180%.

Plates measuring 100x100 mm? were cut from AA611 alloy sheets (1.2 mm thick) for irradiation. The cladding layer
on the plate surface was grinded off, and the plate surface was polished before irradiation. Irradiation of alloy sheets was
performed by a high-current electron beam (HCPEB) at the TEMP-A accelerator in the NSC KIPT of the NAS of Ukraine
[2,3,25]. The energy flux density at the target W is approximately 10°W/cm? (beam energy E ~ 0.35 MeV, current
I ~2000 A, pulse duration t; ~5-10° s, beam diameter ~ 3 cm). Irradiation was done by a single impulse in a vacuum at
1.31073 Pa. Microstructural examinations were conducted with an optical microscope (Olympus GX51) and a scanning
electron microscope (Tescan VEGA 3 LMH). Energy-dispersive X-ray microanalysis of local microvolumes in the irra-
diated alloy layers was performed using a Tescan VEGA 3 LMH scanning electron microscope equipped with a Bruker
XFlash 5010 SSD EDS detector. The distribution of alloying elements across the cross-section was determined using
mapping mode on a Tescan VEGA 3 LMH scanning electron microscope using energy-dispersive X-ray analysis method.
To reveal the granular microstructure of the craters, the surface was chemically etched using Keller’s etchant.

RESULTS AND DISCUSSION

The effect of HCPEB irradiation on materials comprises mechanical, thermal, and radioactive effects [1,11]. Under
such irradiation, the alloy's heating rate is higher in the deeper layers. Maximum energy absorption occurs at a depth of
approximately one-third of the electron path length in this material. This results in an explosive ejection of molten material
and the subsequent rapid cooling of the alloy via heat transfer to the target's bulk. Cooling is accompanied by the crystal-
lization of the molten material and structural and phase transformations. Previous studies [3, 23] have examined the
characteristics of structural and phase changes in the surface layer of the HCPEB-irradiated AA6111 industrial aluminum
alloy (Al-Mg-Cu-Si system). In particular, it was determined that the effect of HCPEB is accompanied by the formation
of a complex surface topography on the AA6111 alloy plate and the appearance of microcracks and craters on its surface.
The surface exhibits a wavy texture with localized protrusions exceeding 100 pum in height. The presence of these hemi-
spherical protrusions is caused by the ejection of molten material from the area of maximum energy release and the ultra-
rapid solidification of the molten material following irradiation. The local surface roughness does not exceed 1.7 um. At
the same time, the depth of the surface-modified layer reaches 200 pm.

Fig. 1 shows a panoramic micrograph of the crater distribution on the irradiated surface of a target made of AA6111
alloy. An analysis of these micrographs revealed that the craters are distributed fairly uniformly across the entire irradiated
surface. Most craters are either perfectly round or elliptical. A visual inspection of the irradiated surface confirms that
most craters appear exactly as shown in Fig. 1.

Figure 1. Appearance of craters on an irradiated target of AA6111 alloy: a and b are different areas of the irradiated surface

Fig. 2 shows an overview of the diameters of several craters, which vary significantly in size, for a more detailed
analysis of their appearance. Thus, the diameter of the crater shown in Fig. 2a is approximately 100 pm, the diameter of
the crater shown in Fig. 2b is approximately 65 pum, and the diameter of the crater shown in Fig. 2¢ is approximately 10
pum. That is, the diameters of the largest and smallest craters in Fig. 2 differ by an order of magnitude. An analysis of the
overall appearance of all three craters shown in Fig. 2 suggests that the craters formed on the HCPEB-irradiated surface
of the AA6111 alloy are characterized by central symmetry. Craters are typically multi-ringed and have a funnel-like
morphology. The craters either have a distinct ring structure (see Fig. 2a) or feature blurred peripheral rings (see Fig. 2bc).
The larger the crater's diameter, the more ring-like structures it has. The crater floor can be either flat, as in the crater
shown in Fig. 2b; or parabolic, as in the crater shown in Fig. 2a. The edge of a crater is usually higher than the average
surface level, while its center is lower.

The distribution of craters by size is an important parameter that can be quantified. Such data are of particular interest
in predicting the mechanism of crater formation, which has not yet been fully studied and remains debatable [12,17-19].
To establish this relationship, the diameters of the craters were measured in two mutually perpendicular directions, and
the average was calculated. The statistical results of a quantitative analysis of micrographs of craters on the irradiated
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surface are shown in Fig. 3. The block diagram shows the distribution of craters by size, expressed as percentages. It is
evident that the resulting distribution of crater sizes is approximately Gaussian. It is also evident that most craters range
in size from 20 pm to 50 um, and that the average diameter of all craters, D, is 37 um. Measuring the crater density » and
the average crater size D allows determining the crater coverage ratio of the HCPEB-treated surface S = 7ZD2n/ 4 [17].

This parameter is an important factor in determining the degree to which craters occupy the surface area of a HCPEB-
modified surface and, as such, may be significant in determining certain properties of surfaces treated in this manner. The
calculated value of S for the irradiated surface of the AA6111 alloy is 3.7%. That is, the craters occupy a negligible portion
of the alloy's irradiated surface. However, based on the value of S, the presence of craters shall be taken into account when
analyzing the physical and technological properties of the irradiated surface.

Figure 2. Appearance of craters on an irradiated target of AA6111 alloy
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Figure 3. Size distribution of craters on an irradiated target of AA6111 alloy

It is known that chemical composition is an important indicator of a metal’s structure following HCPEB treatment.
Therefore, an analysis of the chemical composition was conducted on the crater walls and on the remelted surface adjacent
to the crater. The studies were conducted on the crater shown in Fig. 4. Fig. 4c shows the EDS testing areas (labeled 1, 2,
and 3). Data on the chemical composition of the selected areas are shown in Table 1. Each value shown in this table is an
average value for the selected areas. An analysis of the data in Table 1 allows for the drawing of several conclusions about
the chemical composition of the spectra studied. First and foremost, there are noticeable differences in the Mg and O
content across the selected areas. Given the characteristic ratio of the mass fractions of oxygen and magnesium, it can be
concluded that an oxide film consisting of MgO is present on the surface of the remelted layer. Irradiation was done by a
single impulse in a vacuum at 1.3x10 Pa. At this pressure, oxidation will still occur due to the presence of oxygen in the
residual vacuum. Magnesium oxidizes much more rapidly in the air than aluminum does. Magnesium oxide is easier to
form than Al.Os, as magnesium is more reactive than aluminum. MgO is the initial product of the oxidation of a molten
magnesium-containing aluminum alloy [26]. As for the other alloying elements present in the AA6111 alloy, there are
minor differences in their distribution between the alloy’s surface layer and the inner walls of the craters. In addition, the
concentrations of Cu and Si on the inner walls of the crater are slightly higher than in the central part of the crater.

Fig. 4b shows the results of studies on the distribution of Mg atoms across the irradiated surface, conducted in
mapping mode. Magnesium is distributed in patches over the surface. Thus, the differences in magnesium content in the
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spectrum are due to the patchy distribution of magnesium oxide over the surface, as shown in Fig. 4b. At the same time,
the distribution of aluminum atoms on the irradiated surface is more uniform (see Fig. 4a) than that of magnesium atoms.
It should be noted that similar studies were conducted in [27] using an Al-20%Si-5%Mg alloy as an example. This study
also highlights that aluminum atoms are distributed more uniformly in the crater area than are Si and Mg atoms. The
highest concentration of Si and Mg atoms was found at the crater floor [27]. At the same time, according to the energy-
dispersive analysis data (Table 1), the central region of the crater was depleted in magnesium and silicon.

-5 K,« i &

20 pm

Figure 4. SEM image of a crater on the surface of the remelted alloy layer. Maps showing the distribution of magnesium (b) and
aluminum (a) atoms across the surface

Table 1. EDS Analysis Results of Selected Areas in Fig. 4(c)

Spectrum | O Mg Al Si Mn | Fe Cu
1 1.61 | 0.87 | 98.70 | 0.13 | 0.04 | 0.07 | 0.20
2 2.82 | 1.09 | 95.15 | 0.41 | 0.05 | 0.21 | 0.27
3 327 [ 143 19425 | 0.32 | 0.06 | 0.09 | 0.28

As shown in [28], crater formation alters the local stress state. Heterogeneity in the stress state can affect the
appearance and shape of the grain structure in the vicinity of the crater formed during melt solidification. Fig. 5a shows
the grain structure of the irradiated surface of the AA6111 alloy under study in the area where the crater is located.
Asymmetrical, elongated grains, radiating outward from the central eruption zone, are visible near the center of the crater.
Whereas smaller equiaxial grains are observed at the crater's rim. All of this suggests that solidification occurred quickly
after the eruption that formed the crater. Thus, crater formation affects the course of the melt crystallization process and,
consequently, the physical and technological properties of the surface after irradiation. A similar crater grain structure in
type and shape was also observed in study [29]. Fig. 5b shows the granular microstructure on the surface away from the
craters. An equiaxial, uniform microstructure is observed, which may indicate that the surface has uniform physical and
technological properties and contains no craters. Thus, the craters introduce distortions in the surface properties of the
HCPEB-irradiated surface.

Since craters significantly impact the surface properties of materials exposed to pulsed energy beams, understanding
the mechanisms of crater formation is crucial for understanding the fundamental processes involved in HCPEB irradiation
and, consequently, for predicting the potential applications of this technology. According to [17], non-uniform local
melting in the near-surface layer of the target material, followed by the ejection of molten material through the solid outer
surface, is the primary hypothesis for the crater formation. An alternative mechanism suggests that craters form due to
uneven crystallization of the remelted layer [19]. Arguments in favor of one or another mechanism of crater formation
during irradiation are crucial for further understanding the processes that occur when materials are irradiated with HCPEB.
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Figure 5. Appearance of the grain microstructure in the crater location area of an irradiated target of AA6111 alloy (a); general
appearance of the grain microstructure on the irradiated surface of the AA6111 alloy (b)

It is known that the presence of surface cracks is a characteristic feature of many aluminum alloys and other metals
and alloys irradiated with HCPEB [2,3,5,30]. As shown in Fig. 1 and Fig. 6, such cracks are also present on the irradiated
surface of the AA6111 alloy under study. The zigzag-like pattern of cracks on the surface is caused by local
inhomogeneities in the distribution of alloying elements within the solidified material and local variations in the strength
and ductility properties of the solidified material across its various microvolumes. However, it is worth noting that some
craters are crossed by fractures (see Fig. 6ab), whereas others lie atop fractures (see Fig. 6¢d). In other words, some craters
form during the crystallization of the molten layer, while others form after the surface layer has already crystallized. This
may support the crater-formation mechanism proposed in [19], according to which craters form during crystallization of
the molten target material due to uneven crystallization of the remelted layer.

Figure 6. Appearance of craters on the irradiated surface of AA6111 alloy

CONCLUSIONS
It has been shown that HCPEB irradiation with a particle energy of 0.35 MeV, a beam current of 2.0 kA, a pulse
duration of 5 ps, and a beam diameter of 3 cm results in the formation of craters on the surface of the AA6111 industrial
aluminum alloy.
The craters are distributed fairly evenly across the entire irradiated surface of the AA6111 alloy target, and the size
distribution of the craters, as a function of their fractional abundance, follows an approximately Gaussian distribution.
Most craters range in size from 20 um to 50 um.
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There is a non-uniform distribution of alloying elements in the alloy’s surface layer and on the inner crater walls.
The concentrations of Cu and Si on the inner crater walls are slightly higher than in the central part of the crater.

The grain structure of the irradiated surface in the crater region was studied. It has been established that
asymmetrically elongated grains are observed near the crater center, radiating outward from the central eruption zone.

The overall appearance of the irradiated surface of the AA6111 alloy indicates that craters form during crystallization
of the molten target material due to uneven remelting of the layer.
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MOP®OJIOTTYHI OCOBJIUBOCTI TA XAPAKTEPUCTUKH MIKPOCTPYKTYPU KPATEPIB HA OITPOMIHEHII
CUJIBHOCTPYMOBUM IMIIYJIbCHUM ITYYKOM EJIEKTPOHIB TIOBEPXHI ITPOMHUCJIOBOI'O
AJIIOMIHIEBOI'O CILTABY AA6111
B.B. Bpioxoseunkuii', B.B. JlutBunenko', I.€. Muaa', O.J1. Pak?

! Inemumym enexmpodpisuxu i padiayiiinux mexnonoziii HAH Yxpainu, eyn. I'voanosa, 13, 61024 Xapxis, Yrpaina
’HHI] «Xapxiecvkuti gizuxu-mexuivnuii incmumymy HAH Vipainu, eyn. Axademiuna, 1, 61108 Xapxis, Ykpaina
OnpoMiHEHHS IIPOMHUCIIOBOTO aTIOMiHi€BOTO ciutaBy AA6111 cHIBHOCTPYMOBHM IMITYIIECHUM E€JIEKTPOHHUM IYYKOM 3 CHEpri€ro
gactuHOK 0,35 MeB, cTpymom myuka 2,0 KA, TpHBAJICTIO IMITYJIBCY 5 MKC Ta JiaMeTpPOM ITy4yKa 3 ¢M HPHU3BOIUTH 10 (HOPMYBaHHS
MOBEPXHEBOTO LIApy 3 HOKPAIECHUMH (hi3NKO-TEXHOJIOTIYHIMH BIacTUBOCTAMH. OfHAK OJJHUM i3 HETraTHBHUX €(EKTIB, CIPUYNHEHHX
IMITyJIbCHAM €JIEKTPOHHUM OINPOMIHEHHSIM, € MOTEHLifHe YTBOPEHHs KpaTepiB Ha MOBEPXHI ONPOMiHEHOro Marepiamy. B poborti
BUBYCHI TUIIH Ta MOP(OJIOTis KpaTepiB Ha MMOBEPXHIi atoMiHieBoro cruiaBy AA6111, 110 BUHHKAIOTh BHACTIJOK OITPOMIHEHHS IOBEPXHi
LIFOTO CIIaBy. BIBYEHO pO3MOis KpaTepiB 3a po3MipaMu Ta MIIIBHICT KpaTepiB Ha onpoMiHeHil moBepxHi. [IpoBeneHo aHami3 ckiamgy
XIMIYHHX €JIEMEHTIB Ha IMOBEPXHi CTIHOK KpaTepa Ta Ha MPHIETIii 10 KpaTepa MeperiaBHiid HoBepXHi. BiuBueHo 0cobnmmuBoCTI hopMu
Ta PO3MIpiB MIKPOCTPYKTYpH 3€peH y 30HI po3TamryBaHHsS Kparepa. OOroBOPIOETHCS 3HAUCHHS IUX CIIOCTEPEXKEHb JUIS DIIMOIIOro
PO3YMIHHS MEXaHI3MiB YTBOPEHHSI KpaTepiB IIiJ] 9ac ONPOMIHEHHSI CHIIFHOCTPYMOBUM IMITYJTECHUM €JICKTPOHHUM ITyJKOM.

Kuio4oBi cjioBa: cunbHocmpymoguil iMnynbCHutl eneKmpoHHULl NY4OK, allOMIHIC8UL CHAA8, NOBEPXHEBUN Wap, Kpamepu
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In this work, the effects of 0.5 wt.% Sn and 0.16-0.23 wt.% As on tensile properties of Pb—3.5%Sb grid alloy for lead-acid batteries
were compared in the as-cast condition. The alloys were melted under different cooling-rate conditions in a casting mold preheated
between 50°C and 170°C, with cooling rates ranging from 100 °C/s to 50 °C/s. Mechanical properties, such as ultimate tensile
strength and percentage elongation, were measured at room temperature using the TIRAtest 2300 universal testing machine at a
constant crosshead speed of 10 mm/min. It was established that as mold preheating temperatures rise, the elongation and ultimate
tensile strength of the Pb—3.5%Sb-0.23%As alloy decrease by 13.9% and 11.8%, respectively. Addition of tin in place of some
arsenic causes a decrease in ultimate tensile strength of the Pb—3.5%Sb-0.5%Sn-0.16%As alloy, but only by 2.8 %, whereas
elongation increases by 2.4 %. It was concluded that additions of tin compensate for the negative effect of arsenic on the tensile
properties of the Pb—3.5%Sb grid alloy, which relates to the formation of brittle arsenic-containing phases at the grain boundaries.
Tin addition to the Pb-3.5 %Sb alloy produces higher tensile properties at room temperature than those obtained by the addition
of arsenic.

Keywords: Lead-acid batteries;, Pb—Sb based grid alloys;, Casting mold preheating temperature; Cooling rate; Tensile tests;
Ultimate tensile strength; Elongation

PACS: 61.82.Bg, 61.66.Dk, 62.20.-x, 62.20.Fe, 62.20.Mk, 64.70.Dv, 81.70.Bt, 81.40.Cd, 81.40.Lm

Lead-acid batteries are the most widely used rechargeable batteries in the automotive and industrial sectors,
powering many appliances and grid-scale power systems for decades [1-6]. Irrespective of the environmental hazards
they pose, lead-acid batteries remain ahead of their peers because of their lower cost compared with lithium-ion or
nickel-cadmium batteries. Industry will still have to deal with millions of lead-acid batteries, already existing and those
planned to be produced in the next few years. The increasing demand for motor vehicles as countries undergo economic
development and growth in the use of renewable energy sources, with the need for storage batteries, is directly
proportional to the increasing demand for lead-acid batteries.

Lead-acid batteries contain cast lead alloy grids, packed with varying amounts of Pb, PbO2, or other active pastes
to form the positive and negative grids. The grid is the most critical non-active component in a lead-acid battery. This is
used to support the positive and negative active materials and to provide a conductive path for current to and from the
plates during charging and discharging.

Lead grids alloyed with antimony are commonly used in batteries today. Lead-antimony grids have been well-
researched and are known for their use in the positive electrode grids of lead-acid batteries, as antimony enables high
charge-discharge performance and good castability [7-10]. However, high-antimony lead alloys are prone to sulfation
and should not be left at low states of charge for extended periods of time [11-13]. These alloys increase battery gassing
during charging, leading to high water loss. Because water must be added to these batteries, they have higher
maintenance costs. Furthermore, high-antimony lead batteries have a high discharge rate and a short lifetime. These
problems are caused by the dissolution of antimony from one electrode and its deposition on the other electrode [14].
Therefore, lead-antimony alloys for battery grids in automotive applications are produced only up to 3.5 wt.% Sb [15].

Medium-antimony lead alloys (containing 3.0—4.0 wt.% Sb) reduce the transfer of antimony to the negative plate
and thus reduce water loss of the battery [16], especially when alloyed with additions of such elements as arsenic and
tin [17-21]. The combination of these alloying elements with antimony enables the manufacture of battery grids with
lower antimony content that meet the necessary mechanical strength and quality requirements.

The main difficulty with casting lead-antimony alloys is that the decrease in antimony content is accompanied by
the appearance of hot cracks. Solidification occurs in a coarse dendritic structure with cracks along grain boundaries [9].
Tin additions have been shown to improve castability, mechanical properties, deep cycling and to reduce the tendency
towards passivation and corrosion [22-25]. Another element, arsenic, has been added to lead-acid batteries and is
currently used mostly with lead-antimony grids because it allows for lower antimony content which minimizes the self-
discharging characteristics of higher antimony composition batteries [26-31]. In addition to improving lead-antimony
grids, alloying lead grids with arsenic at low percentages (<0.1%) increases hardness, yields finer grains, and improves
casting properties in lead-arsenic grids.
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Suitable grid alloys must possess acceptable tensile properties for processability, enabling the alloys to be cast into
plates of the desired configuration [32]. In other words, the alloys can be processed under desired battery assembling
and manufacturing conditions [33-35]. Ultimate tensile strength and elongation are among the mechanical properties
important to grid performance. Among the factors that can affect these properties is the cooling rate of the alloys during
casting, which is regulated by the mold preheating temperature [35-38]. Changes in this parameter has been commonly
used to control grain size and second phase dispersion that are responsible for achieving the required mechanical
properties [39-42]. Although much attention has focused on lead-antimony grid alloys for lead-acid batteries, research
on the factors influencing tensile properties remains scarce. Currently, the microstructure and hardening mechanisms
are mostly determined using metallography, hardness measurements, and/or electrical resistivity measurements [43-45].
But studying the tensile properties of these grid alloys is indispensable for ensuring their safe and reliable application
and has important research value and practical significance. Therefore, this work focuses on comparative analysis of the
effect of tin and arsenic additions to the Pb—3.5%Sb grid alloy on tensile properties as a function of mold preheating
temperature during conventional casting.

MATERIALS AND METHODS

The alloys for this study were cast in the melt pot of the cast-on-strap machine on the production line of BM
Company (Austria) for lead-acid battery grids at Westa Corp. (City of Dnipro, Ukraine). The molten alloys maintained
at the temperature of 450£10 °C were poured in different cooling rate conditions into a preheated mold, which
temperature was changed in the range between 50 °C and 170 °C with an interval of 5 °C. Then the casting mold was
left to cool to room temperature at different rates, ranging from 100 °C/s to 50 °C/s. The temperature was measured
using a K-type chromel-alumel thermocouple with a standard error of +5 °C. The diameters of the thermocouple
electrode wires and their junction were 1 mm and 2 mm, respectively. For each mold preheating temperature, six
specimens were collected from each casting for further investigation.

The weight values of alloy chemical composition determined by atomic absorption spectroscopy using ARL 3460
instrument were 3.5 wt.% Sb, 0.5 wt.% Sn, 0.16—0.23 wt.% As, and Pb — the balance. Trace amounts of impurities, such
as Al and Se, amounted to less than 0.02 wt.%. The additional amount of trace elements was a factor that largely
fluctuated depending on the blending ratio of scrap. Samples were obtained from a same casting batch to guarantee an
identical chemical composition. Three samples for chemical analysis were taken at the time of the casting to ascertain
the exact chemical composition of each alloy.

The tensile tests were conducted at room temperature on a TIRAtest 2300 PC-controlled testing system at a
constant crosshead speed of 10 mm/min. The ultimate tensile strength (ou) and percentage elongation () were
determined one day after casting. Standard flat samples with a total length of 60 mm, a gage length of 45 mm, and a
thickness of 3 mm were prepared for tensile tests. For this purpose, casting mold made of structural carbon steel that
had 2.5 mm thick thermal coating of cork suspension inside was designed (Fig. 1). Each reported value of tensile
properties corresponded to the mean of six measurements. The average uncertainty of measurements was estimated at
approximately £5 %.

\\
\\

Figure 1. General view of casting mold

RESULTS AND DISCUSSION

Variation of the preheating temperatures of a casting mold has the potential for influencing the tensile properties
of the studied grid alloys to a noticeable extent. As the mold preheating temperature increases from 50 °C to170 °C, the
values of ultimate tensile strength for Pb—3.5%Sb—0.23%As alloy decrease from 38.9 MPa to 34.8 MPa (by 11.8 %)
with an average decrement equaling to 0.03 MPa per 1 °C (Fig. 2a). The percentage elongation of the alloy exhibits the
same trend with respect to mold preheating temperature. The elongation decreases from 8.2 % to 7.2 % (by 13.9 %)
with an average decrement of about 0.008 % per 1 °C (Fig. 2b). So, the alloy tends to become more brittle, less prone to
deformation, as shown by the decreased elongation [46]. The tensile properties of the Pb—3.5%Sb—0.23%As alloy are
less influenced by cooling conditions between 50 °C and 110 °C.
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Considering that elongation and ultimate tensile strength of the alloy are nearly the same at mold temperatures
lower 110 °C, a mold during casting should be preheated over the temperature range between 50 °C and 110 °C.
Besides, this ensures 1.5 times higher cooling rates of the alloy and enhances the supersaturation of the lead-based solid
solution [47]. As a result, less brittle arsenic precipitates can form at the grain boundaries in the as-cast structure [27].
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Figure 2. Effect of preheating temperature of casting mold on tensile properties of Pb—3.5%Sb—0.23%As alloy: a — ultimate tensile
strength; b — elongation

When Pb—Sb—As grid alloy contains up to 0.5 wt.% tin in place of some of the arsenic, provided that the arsenic
level is at least 0.16 wt.%, the ultimate tensile strength slightly decreases from 40.0 MPa to 38.9 MPa (by 2.8 %) while
elongation insignificantly increases from 8.1 % to 8.3 % (by 2.4 %) with higher mold temperature (Fig.3). The
temperature dependencies of tensile properties are approximately 0.012 MPa/°C and 0.002 %/°C, respectively. So, these
characteristics remain virtually unchanged, which correlates with insignificant changes in the grain size of the Pb—
3.5%Sb-0.5%Sn-0.16%As grid alloy as the mold temperature increases from 75 °C to 165 °C. As shown, the tensile
properties are more stable between 140 °C and 165 °C. Considering that elongation of the alloy is nearly the same at
mold temperatures above 110 °C, while ultimate tensile strength tends to slight decrease up to 140 °C, a mold during
casting should be preheated over the temperature range between 140 °C and 165 °C.
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Figure 3. Effect of preheating temperature of casting mold on tensile properties of Pb—3.5%Sb—0.5%Sn—-0.16%As alloy:
a — ultimate tensile strength; b — elongation

Considering obtained results, it may be assumed that with preheating temperature of the mold increasing, the
cooling conditions become closer to an equilibrium kinetic. The effect of the slower cooling rate results in the decreased
distortion in the alloys’ crystal structure, so the dislocation motion occurs easily, hence the tensile strength decreases.
Since mold temperature is related to the cooling rate, the increase in the mold temperature enlarges grains in the
structure of the alloys [48]. By increasing the grain size, the area of grain boundaries which can block dislocations and
impede their movement decreases, which is disadvantageous for the strength as well. As a result, ultimate tensile
strength of both alloys tends to reduce.

Besides the slower cooled alloys have a less uniform structure due to more severe segregation effects. The grain
boundaries contain relatively higher arsenic and tin content [25-27]. Due to the segregation, grain boundaries become
weaker than similar boundary areas (which contain fewer alloying elements) in rapidly cooled alloys. The segregated
arsenic forms own phases which can make the Pb-3.5%Sb—0.23%As alloy more brittle as confirmed by its decreased
elongation. When the preheating temperature of the casting mold is higher, the slight increase in elongation of the
Pb-3.5%Sb—-0.5%Sn-0.16%As alloy indicates that arsenic contributes more to the embrittlement of grain boundaries
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than tin. Tin may also prevent the migration of arsenic towards the boundaries, thereby ensuring a more uniform
structure of the Pb—3.5%Sb—0.5%Sn—0.16%As alloy. As a result, tensile properties of this alloy show less noticeable
changes with variation of mold preheating temperatures as compared with those of the Pb—3.5%Sb-0.23%As alloy.

CONCLUSIONS

The tensile properties of the Pb—3.5%Sb—0.23%As and Pb—3.5%Sb—0.5%Sn-0.16%As grid alloys are found to be
sensitive to the temperature parameters of the casting procedure. Changing the preheating temperature of the casting
mold in the range 50 —170 °C reduces the ultimate tensile strength of both alloys by 11.8% and 2.8%, respectively. At
the same time, elongation of the Pb—3.5%Sb—0.23%As decreases by 13.9 %, but that of the Pb—3.5%Sb—0.5%Sn—
0.16%As increases by 2.4 %, exhibiting an inverse trend compared to the strength with respect to preheating mold
temperature. Based on the results obtained, it is assumed that tin has a positive effect on the tensile properties of the Pb—
Sb—As alloy. The improvement in tensile properties can be attributed to a more uniform structure and less brittle arsenic
phases at the grain boundaries of the tin-containing alloy.

Within the range of 110 °C to 170 °C, the Pb—3.5%Sb—0.23%As alloy is more sensitive to cooling conditions in the
mold. But when a mold is maintained at temperatures below 110°C, the ultimate tensile strength and elongation
generally stabilize. For the same reason, the casting parameters for the Pb—3.5%Sb—0.5%Sn—0.16%As alloy, should be
kept in a range 140 °C-165 °C.

The work was performed within the framework of research projects of the National Academy of Sciences of Ukraine No. 1.3.6.18
“Development of new methods and improvement of known ones to investigate mechanics of transport and energetic
systems® (2017-2021) and No. 1.3.6.22 “Development of mathematical models and investigation of ground transport and energetic
systems* (2022-2026).
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ITOPIBHSIHHS BIIJIUBY Sn TA As HA BJJACTUBOCTI HA PO3TSIT CILVIABY Pb-3,5%Sb JUISI CTPYMOBIJIBOJIB

CBUHIEBO-KHUCJIOTHUX AKYMYJISITOPIB

Bikrop O. /I3en3zepcbkuii, Cepriii B. Tapacos, Osena B. Cyxosa, Borogumup A. IBanos
Inemumym mpancnopmuux cucmem i mexrnonoeit Hayionanvnoi Axademii nayx Yrpainu

49005, Yxpaina, m. [ninpo, eyn. IHucapcescokozo, 5
B po6oti nopisuioBaiu BB 0,5 Bar.% Sn Ta 0,16-0,23 Bar.% As Ha BIacTMBOCTI Ha pO3TAr JuTOro cruiaBy Pb—3,5%Sb mis
CTPYMOBIZIBOZIIB CBHHIIEBO-KHUCIOTHUX aKyMymsiTopiB. CIUIaBH BHUIUIABISUIA B YMOBaX OXOJIODKEHHS 3 PI3HOIO IIBHIKICTIO B
nauBapHUX (opMax, NONEePeaHbO MiAIrpiTuX B iHTepBati Temnepatyp Big 50 °C no 170 °C, 1o BiAmoBiAano MIBUAKOCTI OXOIOKCHHS
B nmianazoni Bix 100 °C/c mo 50 °C/c. MexaHiuHi BIIaCTHBOCTI, a caMe MEXY MILIHOCTI Ha PO3TAr i BiJIHOCHE ITOJOBXKEHHS,
BHMIpPIOBaJIH 3a KIMHATHOI TeMIIepaTypy Ha yHiBepcanbHii BunpoOyBanpHiit MammHi TIRAtest 2300 3a cranoi mWBUAKOCTI TpaBepcH
10 mm/xB. BeTanoBmim, mo 3i 30UIBLIICHHSAM TEMIIEpaTypH MiTirpiBy JUBapHOi (OPMHU MOIOBKEHHS 1 MEKa MIITHOCTI Ha PO3TAT
cruaBy Pb—3,5%Sb-0,23%As 3menmryrotecs Ha 13,9 % Ta 11,8 %, BignosigHo. JJogaBaHHS 0710Ba 3aMiCTh MU' SIKY 3HUKYE MEXKY
MIITHOCTI Ha po3Tsr jwumie Ha 2,8 %, ToHi SK MOJOBKEHHS 30UIbIIyeThcs Ha 2,4 %. 3poOJeHO BUCHOBOK, IO JOJAaBaHHS OJIOBa
KOMIICHCYE€ HETaTHBHUH BIUIMB MHMII’SIKY Ha BJIACTHBOCTI Ha po3puB cmiaBy Pb—3,5%Sb s cTpyMoBinBOZIB, TOB’s3aHUM 3
YTBOPEHHSM KPHXKHX (a3 i3 BMICTOM MHII’SIKY Ha IPaHUIIX 3epeH ciuiaBiB. JlonaBaHHs oyioBa 1o cruiaBy Pb—3,5%Sb 3a6esneuye
Kpallli BJIaCTHBOCTI Ha PO3TAT 3a KIMHATHOI TeMIIepaTypH, HK TOAaBaHHS MHLI SIKY.
KoirouoBi cioBa: ceunyeso-kuciomui akymyaisimopu, cniagu Ha ocHosi cucmemu Pb—Sb onsi cmpymogiosodis;, memnepamypa
nioiepisy MUBapHOT hopmu; WEUOKICTIb OXONOONCEHHS; UNPOOYBAHHS HA PO3PUS;, MENHCA MIYHOCMI HA PO3PUB; NOOOBICEHHS
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The paper considers issues related to simulating the electrodynamic characteristics of a patch antenna based on a microstrip disc
resonator with a complex topology of the radiating aperture in the form of three slot log-periodic discontinuities, oriented at an angle of
120° with the scaling factor 7 =0.8 and the spacing factor o =0.15. Three concentric ring slot discontinuities are located in a
grounded base at a certain distance from the dielectric substrate, the centers of which coincide with the center of the microstrip disc. The
antenna was fed by a section of a coplanar line with a stepped profile of the central conductor. The calculations used two methods: the
magnetic wall model (semi-open resonator model) and the finite element method. After optimization procedures were carried out for the
selected parameters, it was established that compromise parameter sets were necessary to obtain the required characteristics.
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Patch monopole antennas, which appeared in the mid-20th century, became a fundamental design for creating
radiating systems for various purposes, thanks to their simplicity, low cost, relatively straightforward matching, and
fairly easy parameter optimization. Since their appearance, the design of such antennas has been constantly evolving.
This process affects not only changes in the topology of radiating elements — from the simplest canonical forms
(rectangular, circular, ring-shaped, and their modifications) [1-3] to fairly complex ones in terms of topology (including
fractal ones) [4-12], but also the process of searching for and using new substrate materials with unique
characteristics [13-15]. A separate niche is occupied by so-called conformal antennas [16-18], whose geometry is
matched to the curved surfaces on which they are placed.

The directions of antenna modifications were almost always determined by the need to solve specific problems. This
was either the formation of specific directional patterns [19-21], or the creation of designs that provided the radiation
(reception) of signals with circular polarization [22-24], or ensuring high gain values [25, 26], or ensuring the
reconfigurability of the antenna design through the use of semiconductor elements [27, 28], and others. However, in solving
all these problems, the important issue remained ensuring an acceptable level of antenna matching to external circuits.

Recently, there has been a real need to develop so-called ‘wearable’ small-sized antennas for both individual
identification and common communication tasks [29, 30]. Given the specifics of this type of task, at least two non-
standard requirements for the characteristics of such antennas can be formulated. The first requirement is that,
depending on the antenna's location, the surface's radius of curvature at that location must be taken into account. This
factor will be particularly relevant when the antenna's geometric dimensions increase relative to the wavelength. In
cases where the geometric dimensions of the antenna are comparable to (or smaller than) the wavelength, flat antennas
can be considered. The second requirement concerns the need to form a specific directional pattern. The specificity is
that reception (radiation) in a direction perpendicular to the antenna plane is not predominant. The reason is that the
transmitter (receiver) will almost always be at some angle of elevation above the horizon (above the antenna plane). Of
course, with all this, it is necessary to ensure satisfactory matching with external circuits. It is desirable to ensure
circular (elliptical) polarization within a certain angle range and a sufficiently high antenna gain.

It is clear that such a set of requirements cannot be implemented using trivial (classical) designs. It can be assumed
that the potential design should have both a sufficiently non-trivial topology of the radiating aperture and additional
design elements that enable the formation of the required directional pattern.

In this paper, the results of a simulation of the characteristics of a planar monopole antenna with a complex
radiating aperture topology consisting of three slot log-periodic radiators oriented at an angle of 120° to each other, and
a grounding screen with a set of slot discontinuities in the form of concentric circles, are presented. The antenna was fed
using a section of a coplanar line.

STRUCTURE UNDER CONSIDERATION
We will consider a monopole planar antenna, the design of which is based on a disc microstrip resonator with
three slot apertures in the form of log-periodic elements oriented at an angle of 120° with a scale factor 7=0.8 and a
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spacing factor o =0.15. The element standard for all microstrip structures — a grounded base — is located at a certain
distance from the dielectric substrate. It is assumed that the geometric dimensions of the grounded base significantly
exceed the geometric dimensions of the substrate, and they are significantly larger than the wavelength. This choice of
dimensions eliminates specific effects (diffraction effects at the edges of metal elements and the so-called ‘flow’ of
currents to the opposite side of the grounded plane). The grounded base has three concentric slot irregularities, the
geometric centers of which coincide with the geometric center of the disc resonator. The width of the slot elements is 1
mm, and the radii are selected so that the slot discontinuities intersect the projections of the log-periodic apertures in
three characteristic areas. The antenna is fed using a section of a coplanar line, the inner conductor of which has a
stepped profile. The antenna design is shown in Fig. 1. Fig. 1la — the image of antenna, Fig. 1b — the topology of
aperture on the top part of the substrate, Fig. 1c — the grounded base with concentric slot discontinuities.

2

a) b)
Figure 1. The design of the antenna
The following symbols are used in the figure: 1 — grounded base, 2 — dielectric substrate, 3 — disc resonator, 4 — log-periodic
discontinuities, 5 — coplanar elements, 6 — additional slot discontinuities in the metalized screen

The geometric dimensions of the disc resonator and the material constants of the dielectrics were selected based on
the assumption that the antenna would operate in the microwave range. The use of slot discontinuities in the screen
provides additional opportunities for solving problems such as matching the antenna to external circuits and adjusting
the antenna's energy characteristics (directivity pattern, gain coefficient, and polarization characteristics). The gap
between the dielectric substrate and the grounded base is easily achieved by using an additional dielectric layer. In cases
where the required characteristics are achieved at & =1, it is possible to use special dielectrics, such as expanded

polystyrene foam or polyurethane foam with parameters £, =1.02...1.06 and zg 8 = (1...5)10* (the parameters remain

virtually unchanged in the frequency range from 100 MHz to 10 GHz). It is assumed that the conductivity of all metal
elements is infinite (ideal metal).

NUMERICAL MODELLING RESULTS

Complete information about the electrodynamic characteristics of any electrodynamic structure can only be
obtained by solving the corresponding boundary value problem formulated for a model that takes into account the
maximum set of factors and features of the object itself. The antenna under consideration is a rather complex 3D
structure, which makes it extremely difficult to build a model that takes all factors into account. In this situation, it can
be argued that a rigorous solution to such an electrodynamic problem, which is currently unavailable, is unlikely to be
found in the near future. A realistic solution in this situation is numerical simulating of the antenna's characteristics
based on a model that takes into account the most significant parameters and the relationships between them. An
important step in constructing such a model is to identify the most characteristic variable parameters, which are used to
optimize the characteristics. However, it should be noted that the optimal set of parameters obtained for a particular
antenna characteristic does not guarantee the optimality of other antenna characteristics.

The complexity of constructing a generalized model lies in the fact that the structure is a combination of
resonators. In the plane of the microstrip patch, the first resonances are those of the aperture of the microstrip disc itself,
and the second are those of the slot discontinuities. Resonance may also occur in the dielectric substrate and in the gap
between the substrate and the grounded base (especially with increasing frequency). In the grounded base itself, where
the ring slot discontinuities are located, resonances may occur at certain frequencies. Resonances in the coplanar line
segment can be disregarded, since it has relatively small linear dimensions, which shifts the resonance frequencies
beyond the range under consideration. The overall characteristics of the antenna will be formed taking into account all
these factors, which is why it is mandatory to optimize the parameters according to the selected variable parameters.

It is obvious that the optimal model cannot be based on the use of only one approach or method (even numerical),
since such implementation would lead to high demands on computer resources and calculation time. The most rational
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approach seems to be the use of a combination of several methods. The calculations use a model based on two methods:
the magnetic wall model (sometimes called the semi-open resonator model) [31] and the finite element method (FEM),
implemented in the commercial ANSYS HFSS package [32]. The following parameters were selected as significant
variables: f— the gap between the dielectric substrate and the grounded base, and & — the relative dielectric

permittivity of the substrate itself. The substrate thickness parameter # was excluded from the variable parameters,
since the thin substrate approximation is used exclusively for calculating the parameters of real antennas h<< A,

where A, is the resonant wavelength of the excited oscillations. This approximation minimizes the possibility of surface

waves being excited in the dielectric layer of the substrate [33].

Considering all physical aspects affecting the antenna's operating mode, the natural first step in the study would be
to examine the spectral composition of the oscillations excited in the structure. It is the presence of certain types of
oscillations and their mutual influence (taking into account possible dispersion) that will determine the potential
capabilities of such an antenna.

The main variable parameter selected ¢ is the distance between the dielectric substrate and the grounded base.
This parameter will have a decisive influence on the entire spectral composition, since with a fixed geometry, the
resonant frequencies of the microstrip patch itself and the slot discontinuities will not change, and a change in the
dielectric permittivity of the substrate itself can only lead to a trivial shift in the characteristics along the frequency axis
(without changing the spectral composition). Figure 2 shows the spectral characteristics of the antenna when the
parameter ¢ varies in the frequency range from 0.7 GHz to 13 GHz.

L o T -l
1 2 3 4 5 6 7 B 9 0 11 12 13 14 1 2 3 4 5 6 7 8 9 1‘0 11 1‘2 13 1; 1 2 3 4 5 6 7 8 9 10 1 12 13 14
F, GHz F, GHz F, GHz

g =24t=1mm £ =24,t=15mm £, =24,t=2mm

Figure 2. Spectral characteristics of the antenna with parameter ¢ variation

The characteristics given include 40 spectral lines in this range. The relative error in calculating the natural
resonance frequencies does not exceed 107, yielding a maximum error of no more than 1.4 kHz in the high-frequency
part of the range under consideration.

A comparative analysis of the characteristics allows us to draw a general conclusion that, with the selected
parameter ¢ values, the radiating structure can operate in various modes: single-frequency with relatively narrow bands
(corresponding to single spectral lines), multi-frequency with relatively wide bands (corresponding to frequency bands
with a condensed spectrum or to individual frequencies with degenerate types of oscillations), and mixed mode.
Modeling the spectrum above 13 GHz is not advisable due to strong spectral condensation and degenerate oscillation
types, which greatly complicate type identification.

The conclusion about possible operating modes is illustrated by comparing the mutual arrangement of spectral
lines in the characteristic near frequencies of 5.1 GHz and 7.5 GHz at a fixed value of the parameter ¢ (for example, at
t =1.5 mm). Near these frequencies, the spectral lines are located quite close to each other (5.10379 GHz, 5.13788 GHz

and 7.5732 GHz, 7.61883 GHz), and there is no degeneration. It is precisely near these frequencies that the antenna can
operate effectively. It can be argued that the value ¢ =1.5 mm is optimal in terms of spectral characteristics.

Another indirect indication of the optimality of certain parameter values is the structure of current densities on the
surfaces of radiating apertures. The efficiency of their excitation may indicate the possibility of forming the necessary
field distributions in the far field. Fig. 3 shows the structures of current density distributions on the surfaces of apertures
(in the background, you can see the distribution of current densities on the surface of the grounded plane and on the slot
discontinuities in it).

Frequencies close to the natural frequencies in the spectrum were selected for distribution, with a parameter value
of t=1.5mm. As can be seen from the distributions shown, the excitation of the aperture elements is sufficiently

intense and sufficiently uniform. There are only slight differences in the excitation intensity of the slot log-periodic
aperture element most distant from the microwave energy input point. Evidence that the ring-shaped slot discontinuities
in the grounding screen actively influence on the formation of the radiated fields and other characteristics is their
sufficiently effective excitation.
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# a/m (log)

A

 F=5.138 GHz  F=7573 GHz

Figure 3. Distribution of current densities on radiating apertures
The peculiarities of the current density distribution on the central conductor of the coplanar line necessitate

additional research of the degree of antenna matching with external circuits. In addition, the degree of matching will
indirectly indicate the efficiency of aperture excitation.

Fig. 4 shows the dependencies |S“| in the frequency range under consideration on the variable parameters ¢
and ¢, . These dependencies allow us to assess the nature of the influence of the selected variable parameters on the
reverse loss modulus, the presence of satisfactory matching bands, and the width of these bands.

Both dependencies are oscillatory in nature, with a significantly greater number of sharp fluctuations in value |S“|
observed depending on &, . Absolute minima in dependencies |S,,|on ¢ at a fixed & =2.4 are observed near certain

natural frequencies. And, if near the frequency F =5.5 GHz the frequency distance of the minima is about 200 MHz,
then near the frequency F =7.5 GHz the distance does not exceed 80 MHz. In this situation, we can say that value of

|S11| practically does not depend on the distance to the ground plane. The value &, has a significantly greater influence
on the characteristic of |S“| . If at a low value of & =1.1 the characteristic has a fairly wide frequency band with an
acceptable level of matching (near the frequency F =6.5 GHz, AF =778 MHz).

IS, |, dB
IS, |, dB

8.53 GHz
6.12 GHz L 23.8dB

y -25.3 dB i

F, GHz
t=1.5mm

Figure 4. Dependencies of |S11| on variable parameters ¢ and £,

At the value of £ =2.4 the band near this spectral line narrows significantly, but a relatively narrow band appears near
the spectral line at a frequency of F =7.5 GHz. That is, with this value of relative dielectric permittivity, the antenna
can already operate in dual-band mode. A further increase &, to a value of 3.8 leads to the appearance of three narrow

bands with an acceptable level of matching. However, when moving away from the center frequencies of these bands,
there are quite sharp changes in the value |Sll , which is generally unacceptable.

The functional purpose of any antenna is to form fields with specified energy characteristics in a certain part of
space. These characteristics are: directivity pattern, gain coefficient, polarization characteristics. The synthesis of
antennas taking these characteristics into account has always been a complex electrodynamic task, since each of the
characteristics is described by a function that is multi-parametric, depending on the type of antenna, the features of the
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form factor of the radiating apertures, the material constants of the substrates (in the case of planar antennas), and the
possible presence of auxiliary structural elements.

Fig. 5 shows the directional patterns at a frequency of F =7.5 GHz with variation of the parameter ¢#. Curve 1
corresponds to the value ¢ =1mm , curve 2 corresponds to ¢ =1.5mm , and curve 3 corresponds to ¢ = 2mm . The curves

are normalized to the absolute maximum (observed at # =1.5mm ) to enable the evaluation of radiation efficiency.

1.0 -
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Figure 5. Directivity diagrams in the angular plane with parameter ¢ variation

As shown in the figure, the distance to the grounded plane significantly affects both the shape of the directional
pattern and the radiated power level. At a short distance (¢ =1mm ), the pattern has an almost two-lobe shape (curve 1).

The main lobe is shifted relative to the normal by an angle of 9°, and the amplitude is 0.69 of the maximum value. As
the distance increases (curve 2 — ¢t =1.5mm, curve 3 — t = 2mm ), the patterns transform into single-lobe patterns, the

offset from the normal is practically the same, and is 5°, and the maximum amplitude is observed at ¢ =1.5mm , while

the width of the main lobe at a level of 0.707 is 27.8°. Increasing the distance to the grounded plane to 2 mm leads to a
slight narrowing of the main lobe.

It is clear that the total diagram is formed taking into account both elevation dependence and azimuthal
dependence. Figure 6 shows two 3D directional diagrams at a frequency of F =7.5 GHz for two values of the
parameter ¢ .

Analysis of the diagrams shows that, in principle, the type of diagrams is the same and largely repeats the type of
diagrams in the elevation plane (Fig. 5). However, the amplitude values differ significantly, which indicates that the

azimuthal components of the fields vary greatly.
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Figure 6. 3D directional diagrams at a frequency of F=7.5 GHz with parameter variation

Another energy parameter that determines an antenna's efficiency is the gain coefficient. Any antenna must
provide an acceptable input signal level for subsequent processing. An important requirement for this characteristic
is maintaining certain values above a specified level. Fig. 7 shows the dependence of the gain coefficient on the
variation of the parameter ¢ .
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The behavior of the gain coefficient dependencies when varying the parameter ¢ in the frequency range under
consideration is fairly uniform. In the frequency range below 1.5 GHz, the gain coefficient values either fluctuate near
zero or are negative. This behaviour is primarily due to the strong mismatch between the antenna and the exciting
coplanar line (Fig. 4). With increasing frequency, a monotonic increase in the value of & begins. The maximum values
for all values of the parameter ¢ are reached near the frequency F =8.3 GHz. From the point of view of the maximum
gain coefficient, the optimal value is t =1.5mm with o =9.22 dBi.

1°
8

a, dBi

T ! T X T i T y T ! T r T r T T 1
6 7 8 9

5
F, GHz
Figure 7. Dependencies of the antenna gain coefficient with parameter ¢ variation

Another important energy characteristic is the so-called polarization characteristic, which shows the possibility of
forming fields with a given polarization for transmission (reception). If we focus on the criterion of universality, then an
antenna with circular (or elliptical, close to circular) polarization would be preferable. In most known designs, planar
patch antennas form linearly polarized radiated fields, unless complex apertures, auxiliary elements or special excitation
methods are used. Fig. 8 shows the polarization characteristics (according to the IEEE criterion in dB) for variations in
the parameters ¢, F'=7.5 GHz £ =2.4.

Figure 8 confirms the existence of a fairly strong dependence of the ellipticity coefficient function 77 on the
observation angle & (the angle of elevation, measured from the normal to the antenna plane). The optimal option in
terms of minimum ellipticity coefficient is the close location of the grounding plane (¢ =1mm ). At an observation angle

6=068.3", an ellipticity coefficient of 7=1.2 dB is achieved. Moreover, in the angle range from 55° to 78.5°, the
ellipticity coefficient does not exceed 3 dB.

n, dB

——6=68.3". =12 dB
0 ——— —_—
0 10 20 30 40 50 60 70 80 90

0, deg

Figure 8. Polarization characteristics with parameter ¢ variation

When the observation angle deviates from these values, the polarization becomes linear. For other tested
parameter values, the ellipticity coefficients do not differ significantly from each other. The minimum achievable value

is 77=6.6 dB at an observation angle of @ =54.9°, which is quite far from the desired ellipticity coefficient value.
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CONCLUSIONS

This paper presents the results of numerical modeling of the main characteristics of a patch antenna with a
complex radiating aperture in the form of three sets of slot discontinuities in a microstrip disc with a log-periodic profile
and oriented at an angle of 120° relative to each other. A ground plane located at a certain distance from a dielectric
substrate with three ring slot discontinuities is used as an auxiliary element to influence the main characteristics. Using
procedures for optimizing the electrodynamic characteristics of the antenna according to selected variable parameters, it
was established that it is necessary to use a certain compromise set of parameters capable of ensuring the formation of
the specified distributions of radiated (received) fields, an acceptable level of matching with external circuits, and
acceptable values of the gain coefficient.
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XAPAKTEPUCTHKH BUITPOMIHIOBAHHMX ITOJIIB, COOPMOBAHUX MMATY-AHTEHOM
31 CKJIAJHOIO ATEPTYPOIO
Cepriii O. [lorapcokuii, JImurpo B. Maiioopoaa, Muxaiijio B. Hecrepenko, Cepriii M. Muxanwk, Ouaexcanap A. binomenko
Xapriecokuii nayionanvruil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, Ykpaina, 61022

VY cTaTTi PO3MISHYTO NUTAHHS, IOB'S3aHI 3 MOJEIIOBAHHAM EIEKTPOJMHAMIYHUX XapaKTEPHCTUK CMY>KKOBOI aHTCHH Ha OCHOBI
MIKPOCMY’KKOBOTO [IMCKOBOT'O PE30HATOpa 3i CKJIAJHOIO TOIOJOII€I0 BHIPOMIHIOIOUOI amepTypH y BHUIJISIAI TPHOX IIUTHHHHX
TorapuMiTHO-TIEPIOMYHAX HEOMHOPIAHOCTEH, opieHTOBaHMX mix KytoM 120° 3 macmrabumm koedimientom 7=0,8 i
koedimienrom kpoky © =0,15. V 3asemmeHiii ocHOBI Ha MHEBHil BiACTaHi Bix AieTEKTPHYHO! MIAKIAAKH PO3TAIIOBAHI TPU
KOHIICHTPHYHI KUIbLIEBI IIUIMHHI PO3PHBH, LEHTPU SKUX 30IiraloThCsi 3 LEHTPOM MIKPOCMY)KKOBOIO JMCKa. AHTEHA >KUBHJIACS
BiZIpI3KOM KOMIUIaHAPHOT JIiHIT 31 CTYHiHYAaCTUM Mpo(dieM HEeHTPAIBLHOTO MPOBITHUKA. Y po3paxyHKaX BUKOPHUCTOBYBAIACs MOJEIb,
noOynoBaHa Ha OCHOBI JIBOX METOIIB: MOJENli MarHiTHOI CTiHKM (MOJENb HamiBBIAKPUTOrO PE30HATOpa) Ta METOAY CKiHUYCHHHX
enemeHTiB. Ilicis mpoBeAeHHs ONTHMi3aulifHUX MpOLEAyp /Ulsi BUOpPAaHHX MapaMeTpiB Oysi0 BCTAHOBIICHO, LIO IJIsI OTPHMAHHSI
HEOOXiAHUX XapaKTEPUCTUK HEOOXiTHI KOMIPOMiCHI HabOpH mapameTpiB.

KirouoBi ciioBa: xinbyesuil pesoHamop; WiNUHHUL PO3PUS; KOMWIAHAPHA JIHIA, V3200MHCEHHA, YACMOMHI XAPAKMEPUCUKU,
EHep2eMUYHI XapaKmepucmuKu
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Using the aperture method, radiation from the open end of a rectangular waveguide was studied. Expressions were derived to describe
the radiation pattern of such an aperture in the far-field region in two mutually perpendicular planes. Numerical studies of the radiation
pattern cross-sections in the image plane were performed for two rectangular apertures, 40x33 mm and 30%x21.6 mm, with varying
aperture widths and heights. A comparison of the obtained radiation pattern cross-sections with a Gaussian field distribution showed
that up to the —11 dB level, the radiation pattern cross-sections in both image planes practically coincide with the Gaussian field
distribution. This result is particularly important when a wave beam is incident on the flat face of an axicon. It was also shown that
varying the smaller dimension of the rectangular aperture can yield an axially symmetric radiation pattern. Experimental studies of
these apertures in the K. band were conducted. Good agreement between the experimental results and theoretical calculations was
demonstrated. It was found that when the geometric dimensions of the rectangular aperture exceed two wavelengths, a traveling-wave
regime is established in the waveguide section. Experimentally, it was found that the amplitude distribution of the field for both
apertures in the far-field region coincides with the Gaussian distribution down to —8.7 dB. It was shown that the use of rectangular
apertures to illuminate the flat face of an axicon with a wave beam is impractical.

Keywords: Aperture method,; Ko-band; Rectangular aperture; Radiation pattern; Gaussian field distribution, Axicon

PACS: 41.20.Cq, 07.57.Hm

1. INTRODUCTION

When exposed to high-power pulsed electromagnetic radiation, voltages on semiconductor components can reach
hundreds of volts, potentially causing a malfunction. If the affected equipment contains such components — for example,
communications hardware or the input circuits of unmanned aerial vehicles (UAVs) — pulsed irradiation can drive devices
into saturation or cause outright failure, effectively disabling them. Compact pulsed sources with high peak power are
available in the X-band [1-3], but producing comparable devices in the K,-band presents challenges. These difficulties
stem from increased ohmic losses in electrodynamic elements as frequency rises and from reduced efficiency of energy
exchange between the electron beam and the high-frequency field in resonant structures [4]. Consequently, the output
pulse power typically decreases in the K,-band.

Therefore, investigating the effects of high-power pulsed electromagnetic radiation on UAV input circuitry is an
important and timely research topic. Several high-power pulse systems have been reported in the literature and open
sources. One example is the THOR (Tactical High-Power Microwave Operational Responder) system developed at the
U.S. Air Force Research Laboratory. THOR employs ultra-wideband pulses to disrupt UAV operation and reportedly can
protect airspace out to approximately 5 km, with peak pulse powers on the order of 150 kW.

The PHASER system, developed by Raytheon, is another well-known, powerful microwave source mounted on top of
a six-meter shipping container-like box coupled with radar (e.g., the MPQ-64 Sentinel or Close Combat Tactical Radar) to
detect and localize UAVs and to direct pulses toward them. Publicly available information on PHASER’s radiator parameters,
pulse duration, and output power is limited; its antenna is described as a rectangular panel used with a steerable reflective
mirror. The Tesla transformer is apparently used in both systems to generate powerful ultra-wideband pulses.

Epirus Technologies’ Leonidas anti-drone system is an example of a compact, high-power X-band microwave
solution. Leonidas is lightweight and vehicle-mountable, facilitating rapid deployment. The system has been procured by
the U.S. Army; compared with earlier Epirus designs, its effective range against UAVs is reported to have doubled to
about 2 km and its output power to have increased by roughly 30% (contract signed on 17 July 2025).

Given these constraints, operation in the K,-band is attractive. K,-band waves can penetrate small openings and
shielding in UAV enclosures, potentially damaging both input circuits and shielded microelectronics. The principal
obstacle is the lack of compact, high-power K,-band sources. An alternative to increasing source pulse power is to employ
low-divergence beams. Bessel beams are a promising candidate: their weakly diverging spatial profiles can concentrate
field strength at a target location more efficiently, allowing lower source power to achieve the electric-field intensities
needed to affect UAV electronics.
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The propagation of such beams in open resonators has been studied in the K,-band [5-7]. Several works have also
reported the spatial formation of Bessel beams [8,9]. In particular, the authors of [9] demonstrated a Bessel beam with a
diameter of 5.5 mm at a distance of 100 mm in the W-band using a diagonal horn, a convex lens, and an optical element
(axicon). In all such implementations, an optical element is required to convert a Gaussian beam into a Bessel beam [10,
11]. It has also been shown [12] that circular waveguides can be effectively used for exciting Bessel beams with the aid
of optical elements. This requires that the waveguide's operating mode exhibit an axially symmetric electric-field
distribution in the plane of the optical element. In the K,-band, the most commonly used transmission lines are rectangular
waveguides, such as the EIA standard WR-28 (7.11 x 3.56 mm?) and 7.2 x 3.4 mm? waveguides. In these waveguides,
the dominant TE:0 mode supports a linearly polarized electric field. As demonstrated in [13-15], the laser output radiation,
which is a circular Gaussian beam, is incident on the flat face of an optical element to efficiently form a Bessel beam at
its output. Consequently, in the K,-band, the optical element must likewise be illuminated by an axially symmetric field
in order to generate a Bessel beam. Unlike the optical regime, however, a waveguide radiator is required in the K,-band
to produce such an electric-field distribution.

Two key questions arise in this context: whether it is practically feasible to generate an axially symmetric field using
a waveguide radiator, and what the diameter of the corresponding Gaussian-like beam will be in the far field (Fraunhofer
zone). Therefore, the objective of this paper is to analyze aperture geometries capable of producing axially symmetric
field distributions in the far field that closely approximate a Gaussian profile while maintaining a relatively small diameter
at the 1/e intensity level.

2. RECTANGULAR APERTURE WITH THE TE:c MODE

Radiation from the open end of a rectangular waveguide remains of considerable practical interest [16]. However, the
problem of forming a far-field radiation pattern (RP) of a rectangular aperture that closely approximates a Gaussian field
distribution has not been fully resolved.

Let us therefore consider radiation from the open end of a rectangular waveguide. The origin of the Cartesian coordinate
system is placed in the plane of the waveguide aperture (Fig. 1). The z-axis coincides with both the waveguide axis and the
direction of propagation of the TE:0 mode. Since an electric field exists in the aperture (at z = 0), a corresponding field is also
present in the external region. For this configuration, the aperture field method is most commonly applied. Its use is based on
the following assumptions [17]:

e the waveguide opening serves as the radiating aperture;

o the exciting field is zero outside the waveguide aperture (z > 0);

e the electric field in the aperture plane (z = 0) is identical to that in a waveguide cross-section located several wavelengths
away from the opening;

e the waveguide operates in a single mode, namely TEjo.
It should be noted that for a specific mode (TE)), the accuracy of the results increases as the aperture size becomes large

compared with the wavelength 4.
X P
AY
| a <)
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Figure 1. Coordinate systems for studying the radiation of TE1o mode from the open end of a waveguide

In the Cartesian coordinate system, the electric-field strength at a point P (Fig. 1) can be expressed as follows
E(P)=E (P)i +E, (P)j+E.(P)k (1)
By analogy with (1), the electric field strength at point P in the spherical coordinate system is expressed as follows
E(P)=E,(P)é,+E,(P)é,+E,(P)é 2

The angles 6 and ¢ for the spherical coordinate system are shown in Fig. 1. Let us express the Cartesian coordinates of
point P through spherical ones

=E,(P)sin@ cos p—E,,( P)sin p+E,(P)cos ¢ cos b,
=E,(P)singsin 0+E,(P)cos p+E,(P)sin ¢ cos 6, 3)
(P)=E, (P)cos@—E,(P)siné.

>3

Ex
E,

Y
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A rectangular waveguide supporting the dominant TEio mode (m = 1, n = 0) is considered. In this case, the electric field
has only one nonzero component E,, while the remaining components £\=FE.=H,=0. Therefore, in the spherical coordinate
system (see Fig. 1), the radial component can be set to zero, £,=0. Taking this into account, expression (3) for the electric-
field components of the mode at point P can be written as follows:

E,(P)=~E,(P)sinp+E,(P)cos¢ cos,

E,(P)=E,(P)cosp+E,(P)sing cosé, 4)
E_(P)=—E,(P)siné.

After substituting the expressions for the electric-field components from equation (4) into equation (1), we obtain a
relation in the Cartesian coordinate system that defines the electric-field strength of the TEi10 mode at point P in terms of
spherical coordinates.

E(P) :(Ee (P)cos@cos@—E,(P)sin (p) i+ (Ew (P)cos p+E,(P)sin gcos 9)] ~E, (P)sin 6k %)
Taking into account the simplification made (£, =0), the components of the electric field Esand Epat point P, determined

by the electric-field distribution of the TEio mode in a rectangular aperture of cross-section @ X b, can be written in the
following form in the spherical coordinate system [17]:

a’h . Ao cosa  sinf
E,(P)=AZ,—sin¢g| 1+2cos @ : ; (6)
o\P)=A% ( A, Jaz_(n/zf ]
a’b A cosx  sinf3
E (P)=AZ,—-cos@| cos@+— | ——— . (7
o(P)=A2, A ( ZgJaz—(ﬂ'/Z)z B

Here 4 is the amplitude coefficient, Z»=1207 is the wave impedance of free space, a=(7a/4,)sinfcosg ,

B=(7b/ 4, )sin@sin @, A is the wavelength in free space, 4, =4, / JI=(4/ 2a)2 is the waveguide wavelength.

Let us now consider the electric-field component E.(P) that appears in equations (1) and (5). Substituting into (5) the
expressions for E¢P) and E4P) given by equations (6) and (7), and omitting the intermediate steps, we can write the result in
the following final form:

E.(P)=E,(P)cospcos0—E (P)sinp= —D%sin @cosgsin’ @, (8)
8
where

a*h cosa sinf

D=AZ,—— Q)
" & oP—(z/2)} B
The expressions for the components of the electric field £, and E., which appear in (1), (5), have the following
form
E, (P)=E,(P)cos@+ E,(P)sing cosf= D[cos2 (p[cos t9+/1iJ+sin2 @ cos 9[1+%cos HH , (10)
g 4
E.(P)=-E, (P)sinHz—Dsin(psinﬁ(1+%0059J. (11)
8

By substituting the obtained expressions for the electric-field components E(P), E,(P) and E.(P), as defined by
equations (8), (10), and (11), into equation (5), we obtain the expression for the electric-field strength at point P in the Cartesian
coordinate system, expressed in terms of spherical coordinates, as follows:

E(P) :(_D/li sin @ cos gsin’ 0]? +D|:COSZ (/{cos 9+%J +sin” gcos [H% cos QH J—Dsin @sin @ [H% cos 9] k.(12)

4 g g 4
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By setting ¢ =0 in equation (12), we obtain an expression that describes the RP of a rectangular aperture of cross-section

a % b excited by the TEi0 mode in the plane of the magnetic-field vector H (Fig. 1). Taking this into account, equation (12)
can be rewritten in the following form:

E(H) :D(cos9+%]j. (13)

g

Let us now consider equation (9). taking into account the notations introduced above:

a’b cos| (a/ 2, )sinBcos ¢ | sin[(ﬂb/ﬂo)sinﬁsin(p]
/70 [7[01//10 smé?cosg)] 7r/2 [(”b/ﬂo)smesm(ﬂ]

Since both the ratio sin [(ﬂ'b/ A, )sin @sin ¢] / |:(ﬂ'b/ A, )sin @sin (o] and cos@=ltend to unity at ¢ — 0, we write (9)
in its final form
a’b cos[ 7a/ A, )sin 9]

DAL 78 [ﬂa/ﬂo smﬁ] (7/2)’ o

By substituting equation (14) into equation (13), we obtain:

E(H)=AZ a’b COS[ zalh) siné’] [cos0+i]j' (15)
Z [ﬂa/ﬂo s1n0] (/2" A,

An important practical conclusion can be drawn from the analysis of equation (15). The angular dependence of the

electric-field strength in the plane of the magnetic-field vector H of the TEio mode in a rectangular waveguide of cross-section
a % b is given by the following relation:

cos [(71'61//10 )sin 6]/[(7[51//10 )sin 9]2 ~(#/2)"

This relation is valid for in-phase excitation of a rectangular aperture and for an amplitude distribution of the field within
it following the law cos(7zx/a). The TEi mode exhibits exactly this distribution of the electric-field strength in the aperture,

in the plane of the magnetic-field vector H .
Upon transitioning to scalar quantities and substituting the meridional angle =0 into equation (15), the following
expression is obtained:

mx )=z, S0 1 A
E™ (H)=AZ, IR _(”/Z)Z[HA J (16)

g

Using equations (15) and (16), we can write an expression that defines the normalized RP of a rectangular aperture of
cross-section @ x b, excited by the TE1o mode, in the plane of the magnetic-field vector H (Fig. 1, x0z plane):

E(H) =20lg COS[ ral4) sin@} (cos¢9+i}<[(_ﬂ (17)

E™ (H) [ (7a/,)sin 6} (7/2) 2 A ) | 1+( A4, )} '
Let us now set the azimuthal angle ¢=m/2 and analyze the RP produced by a rectangular aperture excited by the TEio

mode, in the plane of the electric-field vector E (Fig. 1,0z plane). In this case, equation (12) can be rewritten in the following
form:

E"(E)=Dcos0[1+%cos¢9}]—Dsin@(H%cos&jl;. (18)

g g

In equation (18), the electric-field component £ is neglected, since this component is zero in a rectangular waveguide
operating in the TEi«0o mode. Then, expression (18) can be written as
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E(E)ZDCOS@[I+%COS(9J]. (19)

g

When @=772, expression (9) is significantly simplified and takes the form

., ab 1 .sin[(ﬂ'b/ﬂo)sinﬁj
D_AZO/%Z (-*/4)  [(#b/4)sin6]

(20)

After substituting (20) into (19) we obtain

oo adh 1 sin[(ﬂ'b//io)siné?]x A .
E(E)—AZ()?-(_EQM). [(ﬂ-b/ﬂo)sine] [cos&(l+700s6]]]. 2]

Expression (21) determines the RP of a rectangular aperture with the TE;o mode in the plane of the E vector (Fig.
1, the y0z plane). From (21) it is clear that in this plane the RP is determined by the relation

sin[ (7b/ 4, )sin 9]/[(ﬂb/lo)sin 6].

This behavior of the radiation pattern in the specified plane occurs when a rectangular aperture is excited by a mode with
uniform amplitude and phase. The TE:0 mode exhibits exactly this field distribution.
In (21) set 6=0. Then, transitioning to scalar quantities and taking into account that at &—0 both the ratio

sin[ (7b/4,)sin 6 ]/[(ﬁb//io )sin@ | and cos6 =1 tend to unity, we write (21) in its final form

<4

S S B
E™ (E)=4Z, Fa ey (1+/1 ] (22)

g

Using equations (21) and (22), expression that defines the normalized RP of a rectangular aperture of cross-section a x
b, excited by the TEi0 mode, in the plane of the electric-field vector E (Fig. 1, plane y0z) can be written:

E(E) 201 1 'sin[(ﬂ'b//io)sine]

EEICH R A
E™ (E) [1+(4/4,)] [(7b/2)sind]

XCO0s 0(1+/1—cos BH (23)

g

Equations (18) and (24) describe the RP of a rectangular aperture excited by the TE10 mode in two mutually perpendicular
planes, (H )and (E).
We now analyze the RP of a pyramidal horn with transverse aperture dimensions a xb of 40 x 33 mm?> The

aperture aperture
horn transitions into a rectangular waveguide with a cross-section of @ x b = 7.2 x 3.4 mm?, which supports the propagation
of the TE10 mode. The external appearance of the horn is shown in Fig. 2. For the RP calculation, we employ equations (17)
and (23).

Figure 2. Pyramidal horn

The operating frequency in the K,-band is chosen within the atmospheric transparency window. To determine this, we
use the dependency constructed based on the results reported in [18]. Its behavior is described using an approximate physical
model based on the recommendations of ITU-R P.676-12, combined with an absorption continuum model for water vapor
and oxygen (Fig. 3).

The figure shows that the minimum atmospheric attenuation occurs in the 30-35 GHz frequency range. The narrow
absorption peak at 35.5 GHz corresponds to the water-vapor line, while near 40 GHz the attenuation gradually increases due
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to the oxygen absorption continuum. Based on these data, the operating frequency was selected as 34 GHz (Ao = 8.824 mm).
As seen in Fig. 3, the atmospheric attenuation at this frequency is approximately 0.04 dB/km. Using the expression provided
above, the wavelength in the rectangular waveguide, A, is equal to 11.166 mm (a = 7.2 mm). To construct the RP (Fig. 2) in
two mutually perpendicular planes, it is necessary to determine the distance R from the aperture to the far-field zone. This
distance is given by the following expression [19]:

R22a,,,. /2. (24)

aperture

Here, a =40 mm is the larger aperture dimension. The far-field region is of particular interest when analyzing the

aperture
RP of any antenna, since the angular distribution of the electric field strength in this region is practically independent of the
distance from the antenna. For the radiator under consideration, this region can be determined from inequality (24) and begins
at a distance of R>362.647 mm. For further analysis, a distance of R = 363 mm was selected. Let us now examine the
radiation pattern of the pyramidal horn (Fig. 2).
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Figure 3. Atmospheric attenuation of electromagnetic radiation in the 3040 GHz frequency range

In this analysis, we are interested not in the angular dependence itself, but in the cross section of the RP in the x0z plane
(the H -plane). The meridional angle 6 appearing in equation (17) is defined as 6 = a.rctan(x/ R) (Fig. 1). The calculation

results, taking into account this definition, are shown in Fig. 4 (a =40 mm, red curve). As the next step, the cross section

aperture

of the pyramidal horn pattern (Fig. 2) was constructed in the y0z plane (the E -plane). In this case, the angle @ = arctan ( v/ R)

is defined accordingly. The calculation results obtained using equation (24) are presented in Fig. 4 (b, =33 mm, blue

erture
curve).
0

E(H)E™*(H), E(EYE™(E), dB
>
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Figure 4. Cross sections of the RP of the pyramidal horn in the image plane

As can be seen, the cross section of the RP of the horn radiator in the image plane of the £ vector is narrower than that

in the H -plane. This behavior is explained by the different amplitude variation of the electric field in the aperture of the
radiator excited by the TEi0 mode along the x0z and y0z planes (Fig. 1). Consequently, the RP of the pyramidal horn (Fig. 2)
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is not axially symmetric in the far-field region (R = 363 mm). In the E -plane, an increase in the side-lobe level is observed:
—14.23 dB compared to —23.45 dB in the H -plane (Fig. 4). The Gaussian beam radius is determined at the 1/e level

corresponding to —8.686 dB. Let us compare the RP cross section of the pyramidal horn in the H -plane with a Gaussian field
distribution. In this plane, the half-width of the main lobe of the RP, determined at the —8.686 dB level, is taken to correspond
to the beam radius w of the Gaussian field distribution. The calculated value of w is 78.351 mm (Fig. 4). The Gaussian field
distribution is represented in the form exp(-x”/78.351°) , and the results obtained using equation

E;(H)= ZOIg[exp(—xz/ 78.351° )] are shown in Fig. 4 (green curve). Next, let us compare the RP cross section in the

image plane of the E vector with the Gaussian field distribution. In this plane, the value of w at the —8.686 dB level is 68.467
mm. The calculation results obtained using equation E (E ) =20lg [exp(—x2 / 68.467° )J are shown in Fig. 4 (pink curve).

As can be seen, up to the level of 201g[ £(H)/E™ (H)]=-10 dB, the amplitude distribution of the electric-field

component of the pyramidal horn in the far-field region in both the H - and E -planes coincides with the Gaussian field
distribution. The main drawback of such a pyramidal horn is its axially asymmetric RP. This limitation can be mitigated by
reducing the aperture dimension b

aperture *

The paper [20] shows that the condition for negligible diffraction losses in an open resonator supporting oscillations with
a Gaussian field distribution is determined by the relation G = 4w, where G is the resonator mirror diameter. Therefore, the
condition for negligible diffraction losses during the incidence of a Gaussian beam on an optical element with the specified

dimensions in the H -plane is satisfied if the beam diameter is at least 313.4 mm. This plane is considered because its RP
cross section in the image plane is larger. As can be seen, this is a rather large diameter for the K,-band. To reduce it, the size
of the wide side of the pyramidal horn q must be increased. However, doing so leads to an increase in the parameter R

aperture
according to inequality (24) and, consequently, to an increase in the Gaussian beam radius. Therefore, a reasonable
compromise between these parameters is required.

Fig. 5 shows cross sections of the RP of the pyramidal horn in the image plane of the H vector for the TEi0 mode of a
rectangular aperture at three values of the wide-side dimension: a =40 mm (R = 363 mm, red curve), a =50 mm

aperture aperture

(R =567 mm, blue curve), and a =60 mm (R = 816 mm, green curve).

aperture

It can be seen from the figure that the Gaussian spot diameter increases as the value of a increases. It is also evident

aperture

that enlarging the dimension a makes it impossible to achieve an axially symmetric field distribution.

aperture
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Figure 5. Cross sections of the RP of the pyramidal horn in Figure 6. Cross sections of the RP of the pyramidal horn in the
the image x0z plane for increasing values of the image x0z plane for decreasing values of the

wide side a wide side a

aperture aperture

Let us now consider the case when the larger side of the rectangular aperture a is reduced. The calculation results

aperture

in the plane of the A vector, obtained using expression (18), are presented in Fig. 6. The cross-sections of the RP in the image
plane are shown for the following cases: a =40 mm (R = 363 mm, red curve); a =35 mm (R = 278 mm, blue

decreases, the RP becomes narrower

aperture aperture

curve); and a =30 mm (R =204 mm, green curve). It is clearly seen that as a

aperture aperture

in the far-field region. This occurs due to the corresponding decrease of the parameter R (see (24)). Let us now compare the
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field distribution in the H -plane for a = 30 mm with the Gaussian distribution. As before, the field spot radius w is

aperture

determined at the —8.686 dB level and is equal to 59.527 mm (Fig. 6). The distribution of the electric field component according
to the Gaussian law E; (H ) = ZOIg[exp(—x2 / 59.527 )] , is shown in Fig. 6 (black curve). It follows from the figure that

the cross-section of the RP in the image H -plane when E (H) = 201g[exp(—x2 /59.527* )] = 30 mm coincides with the

Gaussian field distribution down to approximately the —10 dB level. This result confirms the earlier conclusion that the RP of

a rectangular aperture in the H - and E -planes exhibits an electric field distribution that agrees with the Gaussian one up to
the —10 dB level.

Let us determine the required diameter of the optical element placed at a distance of R = 204 mm from the aperture (in
the Fraunhofer zone). The condition for negligible diffraction losses of a Gaussian beam incident on the optical element will
be satisfied if the beam diameter equals 4w=238.084 mm [20]. Therefore, the optical element diameter is chosen to be 240 mm.
It follows that, in this case, the optical element also has considerable geometric dimensions in the K,-band, approximately 274,.

To obtain an axially symmetric distribution of the electric field component in the far-field region at a distance of 204 mm
from the aperture (a =30 mm), it is necessary to reduce the size of its narrow side b . The results of the calculations

aperture aperture

in the plane of the E-vector, performed in accordance with (23), are presented in Fig. 7. The red curve corresponds to the RP
cross-section in the H-plane (a =30 mm). As can be seen from Fig. 7, side lobes appear in the RP cross-section, with an

aperture

amplitude of —23.85 dB. When the narrow side of the pyramidal horn is reduced to b,,,,,, =21.539 mm, the RP cross-section

erture

in the E-plane (blue curve) at a distance of 204 mm from the aperture increases to the —12 dB level and practically coincides
with the RP cross-section in the H-plane. This correspondence holds for the main lobe of the RP. The side-lobe level for this
value of b decreases to ~15.73 dB, compared to —14.23 dB for b,

aperture

=33 mm (see Fig. 4).

aperture

0
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Figure 7. Cross sections of the RP of the pyramidal horn in the x0z and y0z planes when the aperture dimension was decreased
down to b,,,,,,=21.539 mm
The calculations were performed under the assumption that the TE ;o mode exists in both the aperture and the waveguide.
The electric field distribution of this mode in the aperture, in the x0z plane (Fig. 1), must be in phase. The length of the horn
radiator should therefore be chosen to ensure the required phase distribution across the aperture.
The maximum phase error in the aperture is determined by the geometric dimensions of the horn. Its permissible value
must satisfy the following condition [19]:

2

a aaperture 3 ry
é’max :WSZ” s ( H _plane) (25)
o'y
zh’ -
Eon= 4/1;R s% . (E-plane) (26)
E

Here: Ry and Rj are the distances from the aperture to the point where the edges of the horn converge in the planes of the
H and E vectors of TE;o mode in the waveguide.
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On the other hand, the quantities Ry and Rg are related to the aperture dimensions @, » By @nd to the

waveguide dimensions a, b by the relation [19]:
RH zaaperture . (buperture _b) ) (27)

RE baPe"fW e (aaperture _a)

From inequality (24) it follows that R;>34 mm that allows us to select Ry=40 mm. The cross sections of the
rectangular waveguide and of the radiating aperture are axb = 7.2 x 3.4 mm? and a xXb =30%21.539 mm

aperture aperture
respectively. Then, from (27), it follows that Rz=36 mm that satisfies inequality (26).
Let us estimate the reflection coefficient from the designed radiator. This is necessary to determine what fraction of the
generator power is actually radiated into free space. In general, reflection in such a radiator occurs at two regions: at the

aperture itself (1 wernre ) A0 @t its neck (r '« )- The reflection coefficient at the aperture, I is a complex quantity

erture aperture

whose magnitude and phase depend on the aperture dimensions. As shown in [17, 19], with increasing aperture size, the
magnitude of the reflection coefficient decreases, and the phase difference between the aperture center and the edge decreases.

For apertures with dimensions of several wavelengths, I, can be considered approximately zero. This condition is
=30 mm (=3.4 ko) and b =21.539 mm (=2.45 Qo).

satisfied for the rectangular aperture under consideration, where a perture
To determine the magnitude of the reflection coefficient of the designed radiator, the following relation is used:

aperture

=[1=(r/k)]/[1+(r/k)] (28)

Faperlure

where y=27, [1—(20 /28 4periare )2 / 4, is the propagation constant in a rectangular waveguide whose cross-section is equal
=30 mm), k=27/4, .
The calculation using (28) at a frequency of 34 GHz (40=8.824 mm) resulted in

to the aperture of the horn (a

aperture
r

aperture

=0.006. Therefore,

reflection from a rectangular aperture can be neglected.
Let us now estimate the fraction of the generator power reflected from the neck (phase focus) of the radiator under
consideration. The absolute value of the reflection coefficient at the neck | fmk| can be determined from the following

expression [19]:

r

neck

=(Zegur 1) [ Z oy +1) » (29)
where

1 3 1
| a(2ﬂ/&1,)ctgao(1—(20/2a)2) b(27/ A, )etgfs,

equiv ™

20, and 2f3) are the radiator aperture angles in the A and E planes, respectively; :arctan((aa perture /2) /RH) ,

B, = arctan((bwrm / 2) / RE) . For the given dimensions Z,,, =0.991and |I",  |=0.005 and therefore, reflections from

equiv

neck

both the aperture and the neck can be neglected. This indicates that almost all of the source power is radiated into free
space, i.e., a traveling-wave regime is established in the waveguide section.

3. EXPERIMENTAL STUDY
To verify the above calculations, an experimental study was conducted using two pyramidal horns, one of which is
shown in Fig. 2. The dimensions of the second radiator which appearance is shown in Fig. 8 were chosen based on the
theoretical analysis of the rectangular aperture.

Figure 8. Pyramidal horn with a rectangular waveguide section
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Let us consider a horn with rectangular aperture dimensions @,,,,.,,. X5, =40%33 mm. Using a panoramic VSWR

meter R2-65, the VSWR in the waveguide section loaded with this pyramidal horn was measured in the 33-35 GHz
frequency range. The measurement results are presented in Fig. 9.

20— 7T T T 1 1

119 .
1.1854

W
—_
-
~

T

1

115 ]

114 ] ] ] ] ] ] ] ]
33.0 332 334 336 338 340 342 344 346 348 350

Frequency, GHz

Figure 9. Dependence of the VSWR on frequency in the waveguide section loaded with a rectangular horn having aperture
dimensions of 40x33 mm
As can be seen from the figure, at a frequency of 34 GHz the VSWR is 1.1854, which corresponds to a field reflection
coefficient from the given aperture of /"= 0.0848. The obtained result is in good agreement with the results of [17, 19], where
it was shown that the reflection from a rectangular aperture can be neglected if its dimensions exceed several wavelengths.
To measure the RP cross-section of the pyramidal horn in the image plane, an experimental setup was assembled, the
block diagram of which is shown in Fig. 10.

oS a— 24
‘ — - nn
—————————— Tg™>"" R 45341

A1) 90° 90°

Figure 10. The experimental setup block diagram

As the source 1 of 34 GHz radiation, a high-frequency signal generator G4-156 was used. The main parameters of this
generator are as follows: frequency range 29.95-37.5 GHz; output power not less than 5 mW; frequency setting error +1%.
To expand the dynamic range, the output signal was modulated by a rectangular waveform (square wave) with a frequency
of 1 kHz.

Between the generator and the investigated horn 4, a 60 mm long section of rectangular waveguide 2 was inserted. In
this configuration, the setup makes it possible to measure the RP cross-section of the pyramidal horn in the image plane of

the H vector of the TEio mode in the waveguide, i.e., in the x0z plane. The receiving path includes: a receiving horn 5, a
section of rectangular waveguide 6 identical to the section 2, a polarization attenuator 8, and a detector section 9. The signal
from the detector is fed to a resonant amplifier 10 tuned to a frequency of 1 kHz. An oscilloscope 11 is used for visual
monitoring of the signal level. Both pyramidal horns 4 and 5 have identical apertures of 40x33 mm. For the investigated
horn, the distance R determining the far-field region is 363 mm. The part of the measuring setup enclosed by the dashed line
in Fig. 10 allows the receiving horn to be moved along the z-axis over a range of +25 mm and along the x-axis over a range
of £80 mm.

The results of measuring the RP cross-section of horn 4 in the image plane of the H vector are presented in Fig. 11.
The experimental values are shown by green circles. The figure also presents the theoretically calculated RP cross-section
in the same plane for a horn of the specified dimensions, obtained using formula (17) (red curve).

As can be seen from the figure, there is good agreement between the calculated and measured cross-sections of the RP.

To measure the RP cross-section of horn 4 in the image plane of the E vector (the 0z plane), it is necessary to replace
the waveguide sections 2 and 6 with 90° waveguide twists 3 and 7 of the same length (Fig. 10). The measurement results are
shown in Fig. 12. As in the previous case, good agreement is observed between the measured (green circles) and the

calculated, according to formula (23), (blue curve) RP cross-sections in the image plane of the E vector.
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Figure 11. The measured RP cross-section of the pyramidal horn having aperture dimensions of 4033 mm in the image plane x0z

From the presented figures, it follows that the RP cross-section of the considered pyramidal horn in the x0z image plane
at the —8.7 dB level (corresponding to the Gaussian field distribution) is wider than in the y0z image plane. In this case, these
cross-sections are 160 mm and 140 mm, respectively. Thus, the experimental results confirm the theoretical conclusion that
the pyramidal horn with an aperture of 4033 mm? has an axially asymmetric radiation pattern. In the previous section, a
pyramidal horn was designed to provide an axially symmetric RP in the far-field region (Fig. 8).

Using a panoramic VSWR meter R2-65, the VSWR was measured in a waveguide line loaded with a pyramidal horn
having an aperture of 30x21.6 mm? in the same frequency band. The measurement results are shown in Fig. 13.
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Figure 12. The measured RP cross-section of the pyramidal Figure 13. The measured VSWR dependence on frequency in
horn having aperture dimensions of 40x33 mm? in the the waveguide line loaded with a rectangular horn having an
image plane y0z aperture size of 30x21.6 mm?
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Figure 12. The measured RP cross-section of the pyramidal Figure 13. The measured VSWR dependence on frequency in
horn having aperture dimensions of 40x33 mm? in the image the waveguide line loaded with a rectangular horn having an

plane y0z aperture size of 30x21.6 mm?
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As can be seen from the figure, in this case, at a frequency of 34 GHz, the VSWR = 1.1325, which corresponds to a field
reflection coefficient of "= 0.0621. The obtained result correlates well with the calculated data for this horn presented in the
previous section. Thus, the reflection from the aperture of such a radiator can be neglected.

Now let us consider the RP cross-section of this horn in the image plane. To carry out the measurements on the
experimental setup, horn 4 was replaced with the test radiator having the specified aperture dimensions. For this horn, the
distance R=204 mm. Instead of the receiving horn 5, an open end of a rectangular waveguide with a cross-section of 7.2x3.4
mm? was placed at the specified distance. The results of the radiation pattern cross-section measurements in the image plane

of the H -vector of the TE1o mode in waveguide 2 are shown in Fig. 14.
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Figure 14. The measured RP cross-section of the pyramidal horn ~ Figure 15. The measured RP cross-section of the pyramidal
having aperture dimensions of 30x21.6 mm? in the horn having aperture dimensions of 30x21.6 mm? in the
image plane x0z image plane y0z

From the figure, a good agreement can be seen between the measured RP cross-section in the specified image plane
(green circles) and the one calculated using formula (18) (red curve). At the —8.7 dB level (corresponding to the Gaussian
field distribution), the radiation pattern cross-section width is 122.4 mm. For comparison, let us consider the RP cross-section
of the rectangular aperture in the picture plane of the E vector. As in the previous case, the waveguide sections 2 and 6 are
replaced with 90° waveguide twists 3 and 7 of the same length (see Fig. 10). The measurement results are shown in Fig. 15.
In this case, there is also good agreement between the experimentally measured and the calculated radiation pattern cross-
sections in the image plane y0z. The RP cross-section width at the —8.7 dB level is 121.1 mm. Thus, the designed pyramidal
horn produces an axially symmetric radiation pattern in the far-field region. However, using such a pyramidal horn for the
intended purpose is impractical due to the large field spot size at the —8.7 dB level in the far-field region. In this case, to
ensure negligible diffraction losses when a Gaussian beam is incident on the flat face of the axicon, its diameter must be
approximately1 240 mm. This represents unreasonably large geometric dimensions of the optical element in the K,-band.

4. CONCLUSIONS
The studies of the rectangular aperture performed in the first part of the paper make it possible to draw several important
practical conclusions.

1. By varying the aperture dimensions a xb it is always possible to obtain an axially symmetric radiation pattern

aperture aperture >
of such a radiator in the far-field region. This is due to the linear distribution of the electric field in the aperture.
2. Up to the —8.7 dB level, the radiation pattern cross-sections of such a radiator in two mutually perpendicular planes
coincide with the Gaussian field distribution.
3. Depending on the specific application, it is always necessary to find a compromise between the aperture dimensions
xXb and the distance R to the far-field region.

aaper ture aperture

4. For the chosen geometric dimensions of rectangular apertures in the K,-band, a traveling-wave regime is established in
the waveguide section.

5. Inthe K,-band, the optical element must have large geometric dimensions (~27 o) in order to minimize diffraction losses
when a Gaussian beam is incident on its flat surface. Therefore, when using a rectangular aperture with an axially
symmetric radiation pattern in the far-field region and an acceptable distance R = (20+23) A, the geometric dimensions
of the axicon become unreasonably large.

6. It is of practical interest to consider radiating apertures of other shapes that would allow obtaining narrower radiation
pattern cross-sections in the far-field region.
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OTPUMAHHS AKCIAJIBHO-CUMETPUYHOTI' O PO3ITOJALTY ITOJISI 3 BAKOPUCTAHHSIM ITPSIMOKYTHHX
ATTEPTYPHUX BUITPOMIHIOBAYIB
LK. Ky3bmuuog!, O.A. Boiitosuu!, O.C. Jlykam'!, E.M. Xytopsan', B.Il. Maasues!, O.B. Maii?
! Inemumym paoioghisuxu ma enexmponixu im. O. A. Yeuxosa HAH Yipainu,eyn. Ax. Ipockypu 12., Xapxis, 61085, Ykpaina
’TOB “Axmoxc Yipaina”, eyn. I. Fonmu, 1, Kuis, 04112, Ykpaina

VY poGoTi 3 BUKOPUCTAHHSIM anepTypHOr0 METOAY AOCHIIYKEHO BUIPOMIHIOBAHHS 3 BIAKPUTOTO KiHISI MPSIMOKYTHOTO XBHJICBO.Y.
OTtpuMaHo BHpa3H, 1110 OMKUCYIOTh AiarpaMy cnpsmoBaHocTi (JIC) Takol anepTypu B JaibHiil 30HI Y ABOX B3a€EMHO IIEPIICHIUKYIIAPHUX
wIomuHax. s KOHKPETHHX PO3MipiB IBOX MPAMOKYTHHX amepTyp 40%33 mm ta 30%21,6 MM MpoBeneHO YMCEIbHI JOCIiIKEHHS
niepepiziB JC y KapTHHHIH IJIOMKHI 32 3MiHHUX OIMPHHU Ta JOBKUHH CTOPiH PO3KPUBiB. 3p00JICHO MOPIBHAHHS OTPUMAaHHX Iepepi3iB
JC 3 I'aycoBHM pO3MOiIOM IOJIS Ta BCTAaHOBIICHO, 10 10 piBHA -11 1B, nmepepizu JIC B 000X KapTHMHHUX IUIOIIMHAX IPAKTUIHO
36irarotecst 3 ['aycoBuM posnoainoM moist. Lle ocobarBO BaXIIMBO IMiJ| Yac MamiHHA XBHJIBOBOTO ITydKa Ha IUIOCKY TPaHb aKCIiKOHY.
Ilpm 3MiHI po3Mipy BY3bKOI CTOPDOHM MPSMOKYTHOI amepTypd MoOXHa oTpuMmartH akcianeHo-cuMerpuuny JIC. IIposexeno
eKCTIepUMEHTaIIbHI JIOCIIJDKEHHS IIUX MPSIMOKYTHHX anepTyp y Ka nianasoni. [Toka3ano rapHuii 30ir ekCriepuMeHTaIbHUX PEe3yJIbTaTiB
i3 pO3paxyHKOBUMH JIaHMMH. BCTaHOBIIEHO, 110 SKIIO F€OMETPHYHI PO3MIpU NMPAMOKYTHOI anepTypH INEPeBUILYIOTh Bi JOBXUHU
XBHITi, TO B XBHJICBOJHOMY TPAKTi BCTAHOBIIIOETHCS PEXKKUM O1XKy40i XBIJIi. EXCriepuMeHTalIbHO BUSIBIICHO, 110 aMILUTITY JHUH PO3MOILT
moJist 000X anepTyp y HanbHii 30H1 10 piBHA —8,7 b 30iraerbes 3 ['ayccoBum posmozinom moist. [TokasaHo, oo 1uist ONpoOMiHEHHS
IUTOCKOI TPaHi aKCIKOHY XBUJIBOBHM ITyYKOM BUKOPHCTOBYBATH MPSAMOKYTHI aliepTypH HE AOIIITBHO.
KurouoBi ciioBa: anepmypruii memoo, Ka dianason, npamoxymua anepmypa, oiazpama cnpsmosanocmi; I ayccosuti po3nooin nois;
axcixkom
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Purpose. To establish a reliable computational method for calculating external radiation dose rates from nuclear medicine patients
using Monte Carlo simulation and to systematically evaluate the effects of phantom geometry and detector characteristics on
occupational exposure. Methods: MC GATE simulations version 9.1 (Geant4 10.7) calculated external dose rate constants for most
clinical radionuclides: **Tc, ©’Ga, '8F, ''C, 13'I, and '*’I. Two phantoms were used, one with dimensions of (25x15%20, 30x20x25,
and 35%25x30 ¢cm?), and the other with a fixed length of 170 cm and variable width (15%20, 20x25, and 25%30 c¢m?), specific to the
9mTe nuclide. Detector sizes (3%3%3 to 10x10x10 cm?) were evaluated at distances of 1, 2, and 3 m. Different detector media (air,
argon, and neon) were assessed for photon sensitivity. The results were compared with experimental data. Results: Simulated results
agreed with experimental data within £10%. Argon demonstrated superior sensitivity compared with air and neon detector media.
Phantom dimensions increased overall, resulting in a 36.8% reduction due to self-attenuation. Radionuclides of '8F and ''C, followed
by 7Ga, 131, 12°], and **Tc, posed the highest occupational exposure hazard. Patient body thickness was a more significant attenuation
factor than patient height. Conclusion: GATE/Geant4 simulations provide a reliable and accurate tool for evaluating external dose
rates in nuclear medicine departments. These findings underscore the importance of using appropriate detector sizes and media, as well
as realistic patient geometry, in occupational dose assessments and provide essential data to improve radiation protection protocols.
Keywords: External dose rate; Nuclear Medicine; Radiation Protection;, Monte Carlo simulation; Gamma rate constant

PACS: 02.70.Uu, 07.05Tp

1. INTRODUCTION

Nuclear medicine is an important medical specialty that uses radioactive substances for diagnostic and therapeutic
procedures [1]. Fluorodeoxyglucose (F18-FDG) has a specific role in clinical oncology for patient stratification,
diagnosis, staging, restaging, and management [2]. Technetium (®™Tc) is the workhorse of most nuclear medicine
examinations in the diagnosis of many diseases, including orthopedic, cardiac, urological, endocrine, and other
pathologies [1]. Gallium-67 (67Ga) has been used to image inflammation and infection, as well as various solid
neoplasms, particularly lymphomas [3].

Aniodine-131 (1311) and iodine-123 (*2’I) nuclide scan is a noninvasive imaging procedure used to detect metastatic
thyroid cancer and assess the remaining thyroid tissue after thyroidectomy and thyroid cancer treatments [4,5]. The
carbon-11 (!!C) nuclide makes an ideal non-invasive option for targeted labeling molecules in PET imaging [6].

After patients are injected with radiopharmaceuticals, they become a source of contamination, emitting ionizing
radiation to those who come into contact with them [7].

Each radiation exposure in nuclear medicine, even if minimal, potentially carries an inherent risk. This risk, primarily
the potential for genetic alterations or malignancies, requires careful use of radionuclides by medical staff when
administering pharmaceuticals [8].

The reduction of occupational exposure is by the ALARA acronym, which stands for “As Low As Reasonably
Achievable” principles, optimizing dose in any work that includes radiation exposure. This crucial endeavor in radiation
safety helps reduce occupational exposure. ALARA encapsulates the obligation to avoid unnecessary radiation exposure,
emphasizing that any exposure should be clinically indicated and provide a direct benefit to the ALARA principles, which
manifest through three essential strategies (Time, Distance, Shielding), each designed to reduce radiation exposure
consistently, which are dependent on precise dose rate [9]. The exposure dose rate constant (I') is essential in dosimetry
for estimating dose rate at distance (usually at 1 m from the source) to ensure a safe environment and monitoring, by
ICRP and IAEA [10,11]

The International Commission on Radiological Protection (ICRP) has established a radiation dose rate of 20 uSv h!
at a distance of Im from the patient as one of the criteria for discharging patients after injection with radioactive
isotopes [12].

Some researchers have adopted a dose calculation method whereby radioactivity within the patient, as a point source,
is subject to the inverse-square law, and the physical half-life is taken into account instead of the effective half-life [13,14].
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Monte Carlo simulation has emerged as a prominent tool in radiation protection and dosimetry, capable of simulating
complex scenarios that are otherwise infeasible due to ethical or spatial constraints. One such Monte Carlo simulation
platform, specializing in nuclear medicine, is GATE (GEANT4 Application to Tomographic Emission). Based on the
Geant4 (GEometry ANd Tracking) libraries, it offers a scripting interface with numerous advantages for simulating
SPECT and PET systems. It boasts high performance in measuring internal and external radiation doses [15].

Despite previous studies investigating external radiation exposure from nuclear medicine patients using MCNP
simulation, a clear lack of understanding persists. Simple geometry was used to calculate dose rates, employing a point
source without any attenuation to ensure realism. This leads to significant overestimation of dose rates, especially at short
distances. While some studies have suggested simulating linear or point sources to improve exposure accuracy, systematic
evaluation of the impact of patient dimensions, such as thickness and height, remains limited [15,16]. In the Soares et al.
2018 study, which used MCNPX and employed anthropomorphic voxel phantoms based on ICRP-110, although the study
was comprehensive, it did not assess the dose rate on the effect of anatomical differences, such as variations in height and
width [18].

This focused on the need to use Monte Carlo simulation to assess the impact of phantom geometry and varying
distances between the source and detector, comparing dose rates between the bare source and the phantom to better support
radiation protection and enhance the safety of workers and the public.

This study aimed to use the Geant4/Gate Monte Carlo simulation to calculate dose rates for most radionuclides
employed in nuclear medicine by systematically varying phantom dimensions and detector-phantom distances, and
employing different detector media (air, argon, and neon) to evaluate detector media and responses on dose rate values.

2. MODELING AND METHODS
2.1 GATE simulation setup
The simulations were performed using GATE (version 9.1) installed in combination with Geant4 (version 10.7) [19].
The simulation was run on an HP laptop with an Intel Core i15-7Y 54 processor and 8 GB of RAM. The GATE was operated
on an Ubuntu Oracle virtual machine hosted on a Windows 10 Pro operating system.

2.2 World Geometry
In the MC GATE simulation, a cubic environment with equal dimensions of 6x6x6 m* was created and filled with
air, as specified in the GateMaterials database. These dimensions were chosen to ensure accurate and complete
containment and tracking of primary and secondary particles, thereby enabling accurate analysis of energy distribution
across the entire simulation domain and eliminating boundary-related photon-scattering artifacts that affect dose
calculation accuracy.

2.3 Physics List

The physics list was used in this simulation, and all electromagnetic interactions involving transport particles and
photons are consistent with those of the radionuclide used in nuclear medicine. Regarding photon transport, Compton
scattering and the photoelectric effect were implemented, and Rayleigh scattering was implemented using the Penelope
model [11]. Charged-particle interactions, positron and electron decays, bremsstrahlung, and high-energy annihilation
(511 keV) were also implemented. A physics list for radioactive decay was also used to accurately simulate this process,
resulting in the emission of gamma rays [20]. This approach ensures the optimal balance between dose recorder accuracy
and computational efficiency.

2.4 Phantom Geometry and Dimension

In this study, a water-based phantom with a water density of 1.0 g/cm?, equivalent to human soft tissue, was used. The
phantom was modeled using geometric shapes with varying length and width to assess changes in external exposure across
different phantom dimensions. Two sets of phantom configurations were used in this study. The first set of phantoms, based
on the ICRP-110 report for the adult voxel phantom, has a height of 176 cm for males and 168 cm for females.

In this work, the mean ICRP-110 report tall phantom, with a fixed height of 170 cm and variable width (15%20,
20%25, and 25%30 cm?®), was used to ensure optimal assessment of the external radiation dose rate. This largely simulated
the variable dimensions of the human thorax. The second set of phantoms had smaller overall dimensions (25%15x20,
30%20x25, and 35%x25x30 cm?). The phantom dimensions were derived from the transverse thoracic diameter of an adult
Nigerian population [20].

However, the effect of varying the phantom length and width on the external dose rate was evaluated under the same
radiation conditions. A point source was placed inside the phantom at a predetermined position. Using a point source
enables precise calculations and facilitates the evaluation of how variations in geometric shape affect the dose rate.

2.5 Source Configuration
In this study, the source was modeled as a point source and defined as an ion source with isotropic emission in all
directions, using a general particle source (GPS). The point source emits particles and photons of each radionuclide
according to the physics decay scheme. Fluorine-18 and Carbon-11, the positron-emitting radionuclides, undergo f*
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decay, producing positrons and neutrinos, which generate two gamma photons with an energy of 511 keV. In contrast,
Iodine-123 emits gamma photons with an energy of 159 keV. lodine-131 emits beta particles accompanied by gamma
photons at 364 keV.

Gallium-67 decays by electron capture and emits photons with energies around 93, 184, and 300 keV. Technetium-
99m emits a gamma photon with an energy of 140 keV [1]. The source was placed in two conditions: in the first, it
was an unshielded source to ensure the absence of Compton scattering or attenuation that might absorb a portion of
the photons, and to calculate an external dose rate constant (I') to be used as a reference and compared with previous
studies.

In the second, the source was placed inside the phantom to calculate the dose and determine the extent to which self-
attenuation and scattering affect radiation exposure under realistic clinical conditions. The radioactivity used in the
simulation was 100 kBq for an acquisition time of 60 s to produce 6x10° particle histories. This event number was used
in the simulation to ensure the statistical uncertainties in the dose rate values, resulting in a maximum relative standard
deviation of 1.5%.

2.6 Detector Geometry and Dose Calculation
A detector was modeled to measure radiation exposure. The detector was designed to operate with different gaseous
media: air, argon, and neon. Each gas detector was assigned to a specific boundary, and its physical properties were
specified. The densities of air, argon, and neon were set to 1.22x107 g/cm?, 1.61x1073 g/cm?, and 8.39x10* g/cm?, with
effective atomic numbers Zeff =~ 7.6, Z = 18, and Z = 10, respectively.

The purpose of this study was to examine the effect of gas type on photon energy deposition. The detector was
placed at distances of 1, 2, and 3 m from the source to evaluate the effect of distance on the external radiation dose. The
detector size was varied from (3x3x3 cm?® to 10x10x10 cm?®) to assess the measurement response and the accuracy of
dose calculation. The detector was coupled within a Geant4 Gate simulation with a Dose Actor to calculate photon energy
deposition within the detector volume. The effect of low-energy interactions, which are not scientifically significant at
doses below 10 keV, was neglected to ensure high consistency with previous studies, including Unger & Trubey
(1982) [21]. In the dose actor, the energy of the deposit was converted into a radiation dose according to the following
equation:

_ Edep
D =% Q)
Where D represents the absorbed dose (Gy), Eqep, is the energy deposited within the detector volume (J), and m is the
detector mass (kg), calculated using the previously defined detector volume and density [22].

3. RESULTS
3.1 Unshielded point source

Figure 1 shows six separate graphs (a-f) comparing dose-rate constant values from GATE/Geant4 simulations with
previous experimental studies for the six nuclides across different detector media (air, argon, neon) and multiple detector
sizes at 1 m from an unshielded point source.

Table 1 shows a comparison of GATE simulations using different detector dimensions and gas media with published
data. The optimal detector size that gave results closest to experimental values was selected. The matching results showed
variation in the detector dimensions and media depending on the specific radionuclide; the agreement ratio was calculated
between the simulation and published data, and the deviation was within +£10% of the total experimental data. In the study
by Unger & Trubey (1982) [21], the mean overall agreement ratio and standard deviation (SD) were 1.089+0.120, in the
study by Tschurlovits et al. (1992) [23], it was 1.127£0.194, and in the study by Smith & Stabin (2012), it was
1.114+0.241[24].

Table 1. Validation of the MC Gate simulation of dose rate constants for radionuclides with experimental published previous studies

at 1l m.
Nuclide Experimental Simulation Ratio
r . 3 Media r
Reference (mSv-m¥MBqh)y ~DetectorSize (em) oo tor  (mSv-m¥MBq h)
Unger & Trubey 1.91x10* 8x8x8 Argon 1.86x10 0.973
(1982)
e Tschurlovits et al. 1.39x10* 9x9%9 Air 1.36x10* 0.978
(1992)
Smith & Stabin 1.54x104 TXTXT Argon 1.66x104 1.078

(2012)
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Nuclide Experimental Simulation Ratio
r . 3 Media r
Reference (mSv-m?*MBq-h) Detector Size (M) potector (mSv-m*MBq-h)

Unger & Trubey 1.85x10* 6x6%6 Argon 1.77x10* 0.956
(1982)

18p Tschurlovits et al. 1.37x10* 8x8x8 Air 1.40x10* 1.022
(1992)

Smith & Stabin 1.49x10 10x10x10 Argon 1.49x10* 1.000
(2012)

Unger & Trubey 3.00x107 9x9x9 Argon 3.57x1073 1.190
(1982)

& Tschurlovits et al. 3.10x10* 4x4x4 Argon 3.42x10* 1.103

Ga

(1992)

Smith & Stabin 2.08x107 9x9x9 Neon 2.02x107 0.971
(2012)

Unger & Trubey 7.48x107 TxTxT Air 9.21x10% 1.231
(1982)

1231 Tschurlovits et al. 1.69x10* 10x10x10 Argon 1.93x10* 1.142
(1992)

Smith & Stabin 4.54x10° 10x10x10 Air 4.14x10° 0912
(2012)

Unger & Trubey 7.64x107 6x6x6 Argon 8.91x107 1.166
(1982)

131y Tschurlovits et al. 5.93x10° 6x6%6 Argon 8.91x10% 1.503
(1992)

Smith & Stabin 5.65x107 6x6x6 Argon 8.91x107 1.577
(2012)

Unger & Trubey 3.32x10° 9x9x9 Argon 3.39x10°3 1.021
(1982)

99me Tschurlovits et al. 3.60x107 6x6x6 Argon 3.66x107 1.017
(1992)

Smith & Stabin 2.06x107 4x4x4 Argon 2.36%x10° 1.146
(2012)
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Figure 1. Simulation of external dose rate constants for (a) *™Tc, (b) ’Ga, (c) '3F, (d) 'C, (e) '3'I, and (f) '>I radionuclides in
various detector media and different detector sizes, compared to previous studies at 1 m from an unshielded point source
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The six nuclides used in the present work and investigated in different media (air, argon, and neon) are shown in
Figure 2. The figure presents the mean external dose rate constant values for an unshielded point source isotropic emission,
for detector sizes ranging from (8x8x8 to 10x10x10 c¢m?®). These values were compared with those from previous
experimental studies that used an unshielded bare point source at 1m.

The results showed a dose rate constant of 0.0108 uSv-m?*-MBq'-h™! in air detector media for ®™Tc, a higher dose
rate of 0.0418 pSv-m*>-MBq'-h! for argon detector media, the neon detector media failed to record a reading, unlike the
air and argon detector media, which showed a perfect balance between the simulation results and previous reference
studies.

In the 3!, the highest reading was recorded in neon at 0.840 pSv.m?. MBq'.h"!, indicating the neon detector media
high sensitivity to radionuclides that have multiple energies. '*'I recorded high values in the neon detector, exceeding
those of the air and argon detectors. The 2 nuclide in the argon detector media showed a higher response than in air and
neon, consistent with the study conducted by Tschurlovits et al. in 1992 [23]. As for the Ga nuclide, the study by
Tschurlovits et al. 1992 [23] stands out as a high value compared to other studies of different detector media simulations.

Conversely, for '®F and ''C nuclides, there is significant agreement and stability in the different detector media with
the results of previous studies. The ratio agreement between the simulation and experiment published data for '*F showed
the argon media 0.70,0.94, and 0.87 for Unger & Trubey (1982) [21], Tschurlovits et al. (1992) [23], and Smith & Stabin
(2012) [24], respectively, and air media was 0.70,0.88, and 0.81 for Unger & Trubey (1982) [21], Tschurlovits et al. (1992)
[23], and Smith & Stabin (2012) [24] , respectively, and neon media was 0.40,0.55, and 0.46.for Unger & Trubey (1982)
[21], Tschurlovits et al. (1992) [23], and Smith & Stabin (2012) [24], respectively.

Followed by the ''C nuclide, the argon media 0.77,1.06, and 0.96 for Unger & Trubey (1982) [21], Tschurlovits et
al. (1992) [23], and Smith & Stabin (2012) [24], respectively. and the air media was 0.60,0.80, and 70 for Unger & Trubey
(1982) [21], Tschurlovits et al. (1992) [23], and Smith & Stabin (2012) [24], respectively, while the neon media were
0.90,1.16, and for 0.84 Unger & Trubey (1982) [21], Tschurlovits et al. (1992) [23], and Smith & Stabin (2012) [24],
respectively.
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Figure 2. Mean dose rate constants for radionuclides in various detector media and different detector sizes
(from 8x8x8 to 10x10x10 cm?) at 1 m

3.2 Phantom Measurements (Shielded Source)

Figures (3, 4, 5) illustrate the effects of variations in phantom dimensions, detector size, and media (air, argon, and
neon) on the dose rate constant. Variable phantoms measuring (25x15%20 cm?, 30x20x25 cm?, and 35x25%30 cm?) were
used, with detector sizes ranging from (3x3x3 c¢cm?3 to 10x10x10 cm®) at 1 m, compared with previous studies. Variations
were measured from the initial valid readings to the 10x10x10 cm? detector size for each radionuclide.

Figure 3. (air detector media), **™Tc with variations of 78.3%, 94%, and 60% and ®’Ga recorded decreases of 69.4%
and 47.7% and 81.9%, '8F with variations of 35.1%, 47.1%, and 54.7%, "'C and 3'I showed decreases for the small
phantom (61.5% and 51.1%, respectively) but highly irregular increases for the larger phantoms, and '>*I with variations
of 3.1%, 83.9%, and 99.8% for all the small, medium, and large phantoms, respectively.

Figure 4 (argon detector media) shows the same general pattern of decrease with phantom size, but with significantly
higher dose rate values than the air media detector, with *™Tc 23.3% and 35% and 30.1%, ’Ga with variations of 59.9%,
61.7%, and 60.3%, and 'F showed variations of 10.9%, 90.5%, and 61.7%, ''C recorded variations with decreases of
52.6%,5.3% and,12.1%and "*'I demonstrated variations of 142.0%, 151.8%, and 108.0%, and '%’I with variations 2.3%,
13.9%, and 17.3% for all the small, medium, and large phantoms, respectively.
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Figure 5 (neon detector media) shows exhibited highly irregular behavior where *™Tc failed to register any
measurable readings across all detector sizes and phantom dimensions, and '*I failed to record large phantom(30x25x35
cm?), 121 recorded variations of 47.2% and 25.0% for the small and medium phantoms only, ’Ga recorded with variations
of 76.7%, 58.7%, and 92.3%, '3'I exhibited an increasing trend with variations of 73.4%, 50.5%, and 9.6%, and ''C
showed consistent decreasing trends of 41.5%, 34.6%, and 79.8%, '8F showed variations of 31.7%, 91.2%, and 3.9%. for
all the small, medium, and large phantoms, respectively,
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Figure 5. Simulation of external dose rate for (a)**™Tc, (b) ’Ga, (c) '*F, (d) ''C, (e) '*'I, and (f) '*I radionuclides in
Neon detector media and different phantom dimensions and detector sizes, compared to previous studies at 1 m.

Figure 6 presents three sets (a, b, ¢) showing the mean dose rates of the six radionuclides in the three-detector media
(air, argon, and neon) across different phantom dimensions (25%15%20 cm?, 30x20x25 cm?, and 35%25x30 ¢cm?) and
compares them with previous experimental studies.

In set (a) for the air detector media, **™Tc decreases from 0.0038 to 0.0019 pSv-m? (50% reduction), and ’Ga
decreases from 0.0125 to 0.0062 uSv-m*>MBq'h"! (50% reduction), '8F decreases from 0.0423 to 0.0211 puSv-m?
MBq!h! (50% reduction), and ''C decreased from 0.0389 to 0.0254 uSv-m?-MBq!-h! (35% reduction), '3'I decreased
from 0.0318 to 0.0114 (64% reduction), and %I decreased from 0.0136 to 0.0011 pSv-m?-MBq!-h! (92% reduction).

In set (b), the argon detector shows the same general pattern of decrease with phantom size, but with significantly
higher dose rate values than the air media detector, with *™Tc increasing from 0.0349 pSv-m?>-MBq'-h! to
0.0218 uSv-m?. MBq!-h! (37% reduction), ’Ga increasing from 0.0420 to 0.0307 pSv-m?> MBq!-h'! (27% reduction),
and '8F rises from 0.0950 to 0.0760 uSv-m?*MBq'-h!' (20% reduction), ''C rises from 0.0776 to 0.0564 puSv-m?*
MBq!h! (27% reduction), '3'I decreases from 0.0478 to 0.0118 pSv-m?-MBq.h! (a 75% reductions), and '] decreases
from 0.0362 to 0.0166 pSv-m>-MBq!-h'! (a 54% reductions).

In set (c), the neon media shows irregular, more complex, and inconsistent behavior where *™Tc and 2’ record very
low or nearly zero values, and '?°I decreases from 0.0309 to 0.00 in the larger phantom, while ®’Ga rises to 0.0165 pSv.m?.
MBq'-h'! and falls to 0.0017 pSv-m*>MBq!-h"! (90% reduction), and ' records the highest absolute value ever of
0.8407 puSv-m2-MBq!-h™! but drops sharply to 0.0035 (99% reductions), and ''C rises to 0.1607 uSv-m>-MBq'-h™! and
falls to 0.0293 puSv-m?(81% reductions). MBq!-h'!, and '3F rises to 0.0733 and falls to 0.0453 uSv-m*-MBq!-h"!(38.2%
reductions).
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Figure 6. Mean dose rate constant for the radionuclides used, (a) air, (b) argon, and (c) neon detector media for detector size
(from 8x8x8 to 10x10x10 cm?) with different phantom dimensions, compared with previous studies at 1 m

Figure 7 (a and b) describes the *™Tc nuclide, comparing the dose rate across two different detector media (air and
argon) and the two sets of phantoms. Where the dimensions were divided into small (170x15%20 and 25%15x20 cm?),
medium (170x20x25 and 30x20x25 c¢cm?), and large phantoms (170x25x30 and 35x25%30 cm®) at 1 m compared with
previous studies.

Figure (7a), which represents air detector media, the GATE simulation values are very low, starting at
0.0038 puSv-m*>MBq ! h! for the small phantom and gradually decreasing to 0.0026 pSv-m*>MBq ! h™! for the medium
phantom (a 31.6% reductions), then to 0.0019 pSv.m?. MBq.h"! for the large phantom (50% reductions).

Figure (7b), which represents argon detector media, shows much better agreement, with GATE simulation values
starting at 0.0349 uSv-m?>-MBq!-h™! for the small phantom, but decreasing to 0.0218 uSv-m*MBq!-h! for the medium
phantom (37.5% reductions), and then to 0.0191 uSv-m?>MBq'-h! for the large phantom (12.4% reductions).
(Supplement file shows the *™Tc nuclide used with an argon detector media for various phantoms and detector sizes at
1, 2, 3 m with previous studies in Figure S1 to Figure S3).

Table 2 presents the results for the *™Tc nuclide, demonstrating that the dose rates recorded conform to the inverse-
square law across different phantom dimensions, and selected optimal detector sizes prove the inverse-square law.

The argon detector media maintained its ability to produce measurable readings at 1, 2, and 3 m, whilst the air and
neon detectors failed. The power-law fitting function, whilst the exponential coefficient 1/r2 presents a range from —0.167
to —1.054 across all phantom dimensions, deviating from the ideal value -2 of the inverse-square law for an unshielded
point source. (Supplement file shows Figure S4 to Figure S11)

Table 2. Analysis of the Inverse-Square Law distances of 1, 2, and 3 m from the source across various phantom dimensions and detector
sizes for the **Tc nuclide.

Phantom Dimension (cm?) Size of the Detector (cm?) Fitting Function R? 1/r?
10x10x10 y-0.0300x0-2%8 0.9760 -0.258
170x15%20 9%x9x9 y-0.0285x0-293 0.8646 -0.293
8x8xY y=0.0335x0:483 0.9836 -0.483
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Phantom Dimension (cm?) Size of the Detector (cm?) Fitting Function R? 1/r?
9x9x9 y=0.0243x0-167 0.4924 -0.167
170%x20x25 8x8xY y=0.0301x70444 0.9983 -0.444
TXTXT y=0.0220x02%0 1 -0.250
9x9x9 y=0.0232x0-537 0.7758 -0.537
170x25x30 8x8x8 y=0.0279x0428 0.9926 -0.428
TXTxT y-0.0214x702% 0.9979 -0.259
10x10x%10 y=0.0344x0963 0.9606 -0.963
25%15%20 9x9x9 y=0.0341x1-054 0.9977 -1.054
8x8x8 y=0.0389x°0-84 0.9652 -0.845
10x10x10 y=0.0260x0-869 0.9664 -0.869
30%x20%25 9x9x9 y=0.0212x05% 0.9939 -0.593
8x8x8 y-0.0198x7044 0.9993 -0.449
10x10x%10 y=0.022x0230 0.9515 -0.230
35%25%30 9x9x9 y=0.0199x0-292 0.9082 -0.292
8x8x8 y=0.0129x70-180 0.2028 -0.180
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Figure 7. Comparison of Dose rate for the **™Tc nuclide using (a) Air, (b) Argon detector media for various phantom dimensions
and detector sizes at 1 m with previous studies

4. DISCUSSION

This study used MC GATE/Geant4 simulations to calculate the external dose rate constants for six clinically
important radionuclides, including *™Tc, ¢’Ga, '®F, ''C, 13'I, and '?I. The resulting simulated values were compared with
three reliable and validated experimental references: Unger & Trubey (1982) [21], Tschurlovits et al. (1992) [23], and
Smith & Stabin (2012) [24]. The comparison yielded agreement ratios of 1.089, 1.127, and 1.114, respectively, indicating
that all simulation results fell within an acceptable £10% deviation margin, confirming the accuracy and validity of the
MC GATE computational model. This, in turn, indicated good agreement between the MC GATE simulation and
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experimentally measured values in radiation dose measurements, reinforcing confidence in computational methods as an
effective tool in radiation protection research.

4.1 Influence of Detector Media

The results show a significant correlation between the effective atomic number of the detector media and the
sensitivity of the recorded readings, as argon (Z=18) has a larger atomic number than neon (Z=10) and air (Z¢x=7.6). On
this basis, the argon detector is more efficient than air and neon in absorbing low- and medium-energy photons. Therefore,
due to the higher probability that the photoelectric absorption occurs with a higher atomic number, with photon interaction
[25].

In contrast, the neon detector failed to record measurable readings, such as T-99m nuclide, and was very low for
’Ga nuclide. As for 13!, the neon detector recorded unexpected readings that were higher than those of the air and argon
detectors media. This may be due to the multiple energies of photons. The remaining nuclides recorded readings lower
than those of argon and air [26].

The calculated mean dose rate in the presence of the phantom yields the highest value at the argon detector media,
followed by air and neon. The neon detector failed to provide any readings for the **"Tc and %I nuclides (specifically for
the phantom dimension of 35%x25x30 cm?). This is due to the low emission energy of these radionuclides, combined with
the low stopping power of neon, leading to insufficient energy deposition within the detector volume with absorption self-
attenuation of the phantom [1].

The result shows excellent agreement with previous clinical studies, such as Fathy et al. 2019 [27], in the '8F in an
argon detector media; however, for the air detector media, the simulation results showed half the reference value. In the
neon media, the reference studies showed higher values than the simulation results.

In contrast, the 13! showed agreement with the reference studies by Fathy et al. 2019 [27] and Al-Esaei et al.2024
[28] across all detector media, particularly for the phantom dimension (25x15x20 cm?), with perfect agreement. Followed
by the $’Ga, which is consistent with the simulation results in the argon media and with the reference studies by Fathy et
al. 2019 [27], Fragoso Costa et al. 2021 [29].

Despite the *™Tc, the air detector media values are significantly lower than those in the reference studies by Fathy
etal. 2019 [27], Gunay et al. 2019 [30], and Sarihan & Abamor 2022 [31]. In the argon detector media, however, excellent
agreement was observed with the reference studies, in contrast to the neon detector media, which failed to register any
readings.

4.2 Influence of Detector Size

The results shown demonstrate that the size of the detector is a decisive factor in measurement accuracy and reading
stability, as it can be observed that the dose rate values decrease with an increase in detector size (from 3x3x3 to 10x10x10
cm?). This phenomenon is physically attributed to the volume averaging effect. Although a larger detector absorbs more
total energy, this energy is distributed over a larger mass. Because the regions of the large detector further from the source
receive less radiation flux, this spatial averaging reduces the overall recorded dose rate compared to small detectors, which
more closely approximate an ideal point-like measurement geometry [26].

In contrast, the simulation data indicates that the dose rate begins to reach a state of stability and convergence at a
detector size of (8x8x8 to 10x10x10 c¢m?®), where it appears that large detectors have a higher stopping power for
secondary particles and electrons resulting from the interaction of radiation with the detector media (whether air, argon
or neon), as a large detector ensures that majority of secondary particle tracks remain within the volume active, facilitating
the establishment of charge particle equilibrium.

4.3 Influence of Phantom Dimensions

The impact of phantom dimensions on the external dose rate was evaluated using different phantom dimensions
(20x15x20, 25%20x30, and 30x20x35 cm?) with detector sizes ranging from (3x3x3 to 10x10x10 cm?®) at 1 m. The results
indicate. The increase in phantom dimensions correlates with a gradual decline in the recorded dose rate for all six
radionuclides across the various detector media (air, argon, and neon).

Physically, this attenuation is primarily attributed to increased attenuation in tissue-equivalent phantom material. As
the dimensions of the phantom increase, the absorption of photons by the phantom before they reach the detector
increases, causing a decrease in the observed dose rate [18]. The decrease in the dose rate between the smallest phantom
(20x15%25 cm?) and the largest phantom (30x25%35 cm?) was approximately 36.8%, indicating that self-attenuation and
phantom dimensions reduce the external radiation dose.

The air detector showed lower values than the argon detector, with a total attenuation of 50% for the phantoms. In
contrast, the 170 cm long phantoms showed a marked increase in photon attenuation.

Conversely, the results show more stable values for the argon detector, with the small phantoms showing a total
attenuation of 37.5%, which is more consistent with previous studies. The large 170 cm phantom also showed a higher
degree of photon attenuation compared to the shorter phantom.

These findings reveal that phantom dimensions have a direct effect on workers' radiation exposure. The data suggest
that a patient's height, when injected with radioactive pharmaceuticals, is less important than the patient's body thickness,
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which is considered the most significant barrier to radiation, and that the patient's height does not affect radiation exposure.
This was also confirmed by a Kinsara et al. 2014 study that used MCNP cylindrical phantom shapes of different diameters;
it was observed that when the diameters changed, the amount of radiation exposure changed. This was also confirmed by
a Kinsara et al. 2014 study that used MCNP cylindrical phantom shapes of different diameters; it was observed that when
the diameters changed, the amount of radiation exposure changed [17].

In this context, the use of phantoms with dimensions that differ from the ICRP standard reference phantom, which
is based on standardized geometries, is justified; the main reason is that the standard reference phantom is an idealized
model, whereas the geometric shapes of patients in nuclear medicine vary and cannot be accurately reflected by the
reference phantom. Consequently, the results of this study were designed to assess the extent of variation in phantom
dimensions rather than to replace them, and it has been shown that using different phantom dimensions is a valid approach
for assessing radiation exposure.

4.4 Influence of Source/Detector distance

As shown, the power-law exponents are highly significant and vary from -0.167 to -1.054 across all phantom
configurations studied, in contrast to the theoretical exponent of -2.0 for the inverse-square law. This deviation is ascribed
to several major causes, among which the most important that explain the difference in source size between the
reconstructed and the real cases are photon attenuation and Compton scattering within the phantom, and effects of source
geometry and detector size. The most striking observation is that the phantoms that produced the best values of the
coefficient of determination R? had exponents that were no closer to the theoretical value of -2.0 for a point source in free
space, These results finding the necessity of incorporating realistic phantom geometry and appropriate detector selection
into occupational dose assessment for nuclear medicine personnel, rather than relying on simplified point source inverse-
square law approximations that may yield inaccurate exposure estimates.. Lastly, these results indicate that argon media
can give accurate measurements at 1, 2, and 3 meters.

5. CONCLUSION

This study demonstrated the effectiveness of the MC GATE simulation in calculating external dose rates for the six
most important clinical radionuclides used in nuclear medicine: *™Tc, “’Ga, '®F, 'C, 13'I, and '2I. The results were
compared with experimental references, and all fell within an acceptable 10+ margin of error.

The results confirmed that the argon detector media proved to be the most sensitive and reliable, in contrast to air
and neon media, which exhibited unexpected behavior and low sensitivity across the detector size.

Furthermore, detector size was shown to influence the measured response, with dose rate values remaining stable
for detector sizes ranging from (8x8x8 to 10x10x10 cm?), consistent with previous experimental studies.

The simulation results confirmed that phantom dimensions affect radiation exposure, with a mean overall reduction
of 36.8% when phantom dimensions were increased from the smallest phantom (25x15%20 ¢cm?) to the largest phantom
(35%25x30 cm®). In contrast, through various detector media, the actual clinical exposure and how patient-induced
exposure reduces occupational exposure for staff. The high-energy emitter radionuclides at 511 keV had the highest
radiation exposure: '*F and !'C, followed by ¢’Ga, '3'1, 1%*I, and lastly *™Tc.

Conversely, the patient's height is less significant than body thickness, as phantom height does not reduce radiation
exposure compared with body thickness, which acts as a physical barrier that reduces occupational exposure for staff.
This was analyzed using the inverse-square law, which confirmed the effectiveness of the GATE/Geant4 simulation across
various scenarios at different distances and the accuracy of the detector response, with the argon detector media standing
out for maintaining readings even at 3 m. Finally, this study presents a reliable computational tool for optimizing external
dose rates across various clinical scenarios, providing guidance for improving radiation protection protocols and assessing
occupational exposure in nuclear medicine departments.
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OIIHKA IIOTYKHOCTI TAMMA-OIIPOMIHIOBAHHSI 1151 KJITHIYHO 3HAYHUX PAIIOHYKJIIIB VY SIAEPHIA
MEJUIWHI 3 BAKOPUCTAHHAM MOJEJIOBAHHSI MOHTE-KAPJIO GATE/GEANT4
Aoayaxaaek O. Jlxxapanax!, Anaa M. Exaroxapi!, Mounipa M. Parex!, Marai M. Xaain?3
'Kagheopa bioghizuxu, paxynemem npupoonuyux nayk, Kaipcoxuii ynisepcumem, €aunem
’Meouuna 6iogizuxa, xageopa izuxu, axyromem npupoouuqux Hayx, Xeryaucokuii ynisepcumem
31Ixona npurnadnux meouunux nayx, Yuisepcumem Baop y Kaipi (BUC), Kaip, €2unem
Meta. Po3pobuty HamiifHui 0OYMCIIOBAJIBHUH METOJ JUIS PO3PaxyHKY IOTY)KHOCTI JO03M 30BHIIIHBOTO OIPOMIHEHHS Mali€HTIB
sepHOI MEAMLMHY 32 JJOTIOMOTOK0 MOJIETIOBaHHSA MeTosioM MoHTe-Kapio Ta CHCTeMaTHYHO OLIHMTH BIUIMB reoMeTpii ¢aHToma i
XapaKTEepPHUCTHUK JeTeKTopa Ha npodeciitne onpominenns. Meroan: Monemosanus MC GATE sepcii 9.1 (Geant4 10.7) po3paxysaio



553
Estimation of the Gamma Exposer Rate Constant for Clinically Relevant Radionuclides... EEJP. 2 (2026)

KOHCTAHTH MOTYXKHOCT] 30BHIIHBOT J03M JUIs OLIBIIOCTI KIiHIYHKMX pamionykinis: ™ Tc, ¢’Ga, '8F, ''C, 131 Ta '2°]. Byno Bukopucrano
IBa (paHTOMH: OAWH i3 po3MipaMu (25%15%20, 30x20%25 ta 35%25%30 cm?), a iHmmMi — 3 GiKCOBaHOO TOBKHHOIO 170 cM Ta 3MiHHOIO
mupuHoro (15%20, 20%25 ta 25%30 cm?), crenubivanmu s Hykiniga *™Tc. Posmipu nerekropis (Big 3x3x3 go 10x10x10 cm?)
omiHIoBanucs Ha Bijgcransx 1, 2 ta 3 m. Pi3Hi cepenoBuina nerexropa (IOBITPs, aproH Ta HEOH) OLIHIOBAJIMCS HA YyTIHMBICTH 1O
(GoToHIB. Pesynbrary NOpIBHIOBANM 3 EKCIEPUMEHTAIPHUMHU JaHUMH. Pe3yiabrarH: Pe3ynbraTét MOJENIOBaHHS Y3TOMKYBAlIUCS 3
eKCIIePHIMEHTAIbHUMHI JaHUMH B Mexax +£10%. AProH IpoieMOHCTPYBAB BUIIY UyTAUBICTh HOPIBHSHO 3 TIOBITPIHIMH 1 HEOHOBHMH
cepeloBHIIaMH JieTeKTopa. Po3mipu ¢QaHTOMa 3aragoM 30UTBIIIIIHCS, IO MPU3BENO A0 3MEHIICHHS caMo3aTyXxaHHS Ha 36,8%.
Panionyxniau '8F ta !'C, a Takox ¢’Ga, I, 12 Ta *™Tc, cTanosun Haiibinbiy HeGesneky npodeciiinoro onpominenns. ToBumHa
Tina maiienrta Oyna Ourbin 3HaYHUM (hakTopoM ocnabieHHs, HiXK Horo 3pict. BucHoBok: MonentoBanus GATE/Geant4 3abe3neuye
HaIifHUH 1 TOYHMH IHCTPYMEHT IJIsl OI[HKM IIOTYXHOCTI 30BHINIHBOI 03U y BiJAUICHHSAX snepHOi MemumuHHU. Lli pesymprarn
T IKPECITIOIOTH BaYK/IMBICTh BUKOPUCTAHHS BiJIIOBIJHUX PO3MIPIB AETEKTOPIB i CEPEIOBUILL, @ TAKOXK PEaiCTHYHOI reOMeTpii maiieHra
B OIiHII po¢eciiiHOT 103U Ta HAJAl0Th BOXIIUBI AaHi [JIsl BAOCKOHAJICHHS IPOTOKOIIB paiallifHOro 3aXUCTY.

KurouoBi ciioBa: nomysicricme 3068HiuHb01l 003U, A0epHA MeOUYUHA, paodiayitinutl 3axXucm, mMooeno8ants memooom Moume-Kapno;
KOHCManma weuoKoCmi 2amMma-6unpOoMiHIO8aHHs.
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Background: HDR brachytherapy represents a cornerstone in prostate cancer management by enabling high tumor doses while sparing
surrounding normal tissues. Radiobiological modelling allows quantitative assessment of tumour control and normal tissue complication
probability for optimization of fractionation schedules. Objective: The purpose of this study is to comparatively appraise the
radiobiological outcome of two HDR brachytherapy regimens, 13.5 Gy x 2 fractions versus 15 Gy x 1 fraction, regarding tumor control
probability, normal tissue complication probability, and dose-effect metrics in patients presenting with intermediate- to high-risk prostate
cancer. Materials and Methods: A retrospective analysis of 20 patients treated by Co-60 HDR brachytherapy was performed. The
treatment planning was image-based, in which, target and organ-at-risk delineation was followed standard guidelines. BED, EQD2, and
Deff were computed using the linear-quadratic model. TCP and NTCP modeling utilized Poisson-based and Lyman—Kutcher—Burman
methods, respectively. Correlations between radiobiological parameters and TCP/NTCP were analyzed. Results: The single 15 Gy fraction
regimen resulted in significantly higher BED, EQD2, Deff, and modeled TCP compared with 13.5 Gyx2 fractions (p < 0.031). However,
NTCP for urethra at 10% volume was higher in the 15 Gy group (8.42% + 1.58 vs. 6.86% + 1.24; p = 0.006). Strong positive correlations
were observed between BED, EQD2, Deff and TCP (p = 0.984-1.000; p < 0.001). NTCP at 30% urethral volume negatively correlated
with BED, EQD2, and Deff (p = -0.52; p = 0.003). Conclusions: Higher radiobiological doses (BED, EQD2, Deff) in prostate HDR
brachytherapy are strongly associated with improved tumor control, with Deff showing perfect correlation with TCP. A single 15 Gy
fraction yields greater radiobiological effectiveness than 13.5 Gy x 2. Urethral toxicity shows no clear correlation at 10% volume but a
strong negative correlation at 30%, indicating that higher doses may reduce toxicity at this level. Radiobiological modeling is thus valuable
for optimizing HDR planning, enhancing tumor control prediction, and balancing urethral toxicity.

Keywords: Prostate cancer; HDR brachytherapy; Biologically Effective Dose; Equivalent Dose; Tumor Control Probability; Normal
Tissue Complication Probability; Radiobiological modeling; Fractionation

PACS: 87.53.Jw, 87.55.D-, 87.55.de, 87.55.dk

1.1. INTRODUCTION

Brachytherapy is one internal radiation therapy technique whereby a high dosage of radiation can be delivered
directly to the tumor while exposing the normal tissues surrounding it to minimal radiation. This technique has grown to
become an important modality in the treatment of a number of malignancies, especially those of the prostate [1]. High-
dose-rate brachytherapy, facilitated by advanced remote afterloading technology, has significantly transformed clinical
practice by providing superior dose optimization, reduced treatment duration, and enhanced patient comfort compared
with conventional low-dose-rate (LDR) techniques [2].

The basic principle of HDR brachytherapy is to utilize steep dose gradients developed by the temporary placement
of radioactive sources within or in proximity to the tumor volume [3]. State-of-the-art HDR treatment planning
encompasses, the highly conformal dose distributions accounted for the unique geometry and radiobiological features of
prostate tumors. A thorough understanding of the radiobiological influence of HDR fractionation schemes is thus crucial
for delivering maximum therapeutic benefit with minimal complications to OARs. [4]

Prostate cancer remains one of the most studied indications for HDR brachytherapy, and a wide range of HDR
fractionation schedules including single- and multifraction (each with distinct radiobiological implications) [5]. The main
parameters-the biologically effective dose, the equivalent dose in 2-Gy fractions, and the effective dose-play a
fundamental role in tumor control probability and normal tissue complication probability calculations [6]. There have
been several comparative studies, such as 13.5 Gyx2 versus 15 Gyx1, aimed at offering some balance between tumor
sterilization and the risk of toxicity [7].

Radiobiological modeling has enabled further refinement of the assessment of HDR brachytherapy beyond the use
of conventional dosimetry [8]. Inclusion of o/f ratios, DNA repair kinetics, and fractionation sensitivity in models allows
quantitative predictions of both TCP and NTCP, thus addressing individualized clinical decision-making. These models
facilitate systematic comparisons across treatment schedules, enabling more personalized and biologically adaptive dose
prescriptions [9, 10].

Prostate tumors are slow-growing tumors with a relatively low o/p ratio, which contributes to their significant
sensitivity to hypofractionation, making HDR brachytherapy particularly effective for this kind of tumor [11]. Biological
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behavior is important in understanding and optimizing dose-delivery strategies and supports the rationale for high-dose-
per-fraction treatments [12].

Simultaneous evaluation of TCP and NTCP yields a more complete characterization of therapeutic
effectiveness [13]. The difference between the two probabilities, which describes the margin between TCP and NTCP, is
an increasingly useful surrogate for therapeutic gain. The wider the margin, the greater the treatment selectivity; further
dose escalation is thus possible, with less risk of significant increased toxicity [14].

Recent advances in imaging and 3D planning have also enhanced HDR brachytherapy precision in prostate cases.
The integration of CT and MRI further enhances target volume and OAR delineation to improve dosimetric parameter
correlations and clinical outcomes [15]. The technological evolution has heightened interest in performing systematic
comparisons of BED, EQD2, Deff, and modeled TCP/NTCP across different HDR regimens in order to better understand
their radiobiological equivalence and its clinical implications [16, 17].

Therefore, the objective of this study is to investigate the radiobiological benefits of HDR brachytherapy for prostate
cancer quantitatively by considering the most relevant parameters: BED, EQD2, Deff, TCP, and NTCP. This study
explores the variation in these parameters with the most common HDR fractionation schedules applied to clarify issues
concerning the relative therapeutic benefit of various HDR approaches and aid in dose prescription optimization in order
to achieve maximum tumor control with minimum normal tissue toxicity.

1.2. PATIENTS AND METHODS
1.2.1. Study Design
This was a retrospective quantitative study designed to evaluate the radiobiological and dosimetric effect resulting
from Co-60 source-based high-dose-rate brachytherapy among patients with prostate cancer falling into the intermediate
and high-risk categories. The study received approval from the Institutional Review Board of Menoufia University, and
all patient information was treated with confidence.

1.2.2. Study Population
The patient group consisted of 20 male subjects diagnosed with adenocarcinoma of the prostate from January 2024
to December 2024. The stages were all T2b-T3a according to AJCC 8th edition. HDR brachytherapy was administered
either as monotherapy, given as 13.5 Gy in two fractions or a single fraction of 15 Gy, or as a boost after EBRT at 9.5 Gy
in two fractions. Exclusion criteria included incomplete or corrupted CT datasets, prior pelvic irradiation, anatomical or
medical contraindications to transperineal needle placement, and poor performance status (ECOG > 2).

1.2.3. Implant Procedure and Imaging
CT was performed immediately after needle implantation for all patients with a SIEMENS Somatom Definition AS
scanner with 2-mm slice thickness in the supine position. Interstitial implantation was carried out transperineally under
spinal or general anesthesia with a template-guided technique. Real-time transrectal ultrasound ensured the geometric
accuracy of needles. The timing of the CT images, within one hour of implantation, ensured that there was no movement
of the needles and thus provided anatomically correct information before treatment planning.

Figure A1. Sagittal CT confirms the intracavitary—interstitial brachytherapy implant geometry, showing multiple interstitial
needles traversing the pelvis and their depth relative to pelvic anatomy. Sagittal CT complements this by verifying
applicator/needle trajectory and insertion depth, ensuring correct positioning before (and during) treatment planning

1.2.4. Contouring of Target Volumes and OARs
Target and organ-at-risk delineation was performed in accordance with guideline-based standards. The clinical target
volume included the whole prostate gland and the proximal 1-1.5 cm of seminal vesicles based on risk category. The
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urethra was outlined with a contrast-filled Foley catheter, while the rectum was contoured from the rectosigmoid junction
to the anal canal. All contours were then reviewed by two experienced radiation oncologists. All volumetric definitions
presented conformed to ICRU Report 50, including gross tumor volume, clinical target volume, planning target volume,
and the treated and irradiated volumes.

1.2.5. Dose Prescription and Constraints

Dose prescriptions are chosen according to the treatment modality. Monotherapy regimens consisted of two fractions
of 13.5 Gy or a single fraction of 15 Gy, whereas HDR boost regimens delivered two fractions of 9.5 Gy following EBRT.
Dose constraints included urethral limits of D10% < 125% and D30% < 105% of the prescription dose, and a rectal
constraint of D2cc < 75% of prescription.

Treatment Planning and Optimization Treatment planning was executed with a three-dimensional image-based
brachytherapy planning system such as BrachyVision or Oncentra Brachy. First, 3D Conformal planning algorithms were
applied in order to achieve an optimum target coverage; then, this was supplemented by manual refinement of dwell times
and dwell positions in order to further improve normal tissue sparing. Dosimetric and Radiobiological Evaluation The
dose-volume histogram parameters extracted for all patients included D90, D98, and D100 for the target and D2cc for the
rectum and urethra. Additionally, Coverage Index, Dose Homogeneity Index, Overdose Index, and Dose Non-Uniformity
Ratio were calculated to determine the quality of implant dose uniformity and overall adequacy of the plan. Collectively,
these parameters allowed for an assessment of the dosimetric and radiobiological characteristics of HDR brachytherapy
in intermediate- to high-risk prostate cancer.

Figure A2. Coronal CT treatment planning slice showing representative isodose distribution (color wash/isodose lines) around the
prostate target, illustrating high-dose coverage centered on the implant with rapid dose fall-off to spare surrounding tissues.

Figure A3. Axial CT-based brachytherapy plan demonstrating contoured target volume and organs at risk (e.g., urethra and rectum)
together with catheter/needle trajectories, dwell positions, and isodose contours illustrating how dwell time/position optimization
achieves target coverage while limiting hotspots and sparing OARs for DVH-based dosimetric and radiobiological evaluation.
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Figure A4. Coronal CT view showing the implant in profile with representative dose distribution, highlighting the anterior-posterior
dose gradient and proximity of high-dose regions to nearby organs at risk.

Radiobiological Analysis
Radiobiological modeling was conducted based on the Linear—Quadratic (LQ) model for the computation of the
Biologically Effective Dose (BED) and the Equivalent Dose in 2 Gy fractions (EQD2).
The BED was calculated as:

BED—nxdx[Hi]
a/B

where 7 is the number of fractions, d is the dose per fraction, and o/f represents the tissue-specific ratio (10 Gy for tumor
tissue and 3 Gy for organs at risk).
The EQD2 was then derived from the BED using the following relationship:

BED

EQD2=
I+——

alp

This conversion normalizes doses of differing fractionation schedules to an equivalent dose delivered in 2 Gy
fractions, facilitating inter-patient comparison.

The effective dose (Deff) representing the equivalent uniform dose to a given organ or target volume was calculated
using Niemierko’s model as:

Deff = EQD2 brachytherapy + EQD2 external beam

The Tumor Control Probability (TCP) was calculated using Niemierko’s Poisson-based model, describing the
probability of eradicating all clonogenic tumor cells as:

1

4750
14 TCD;,
Deff
where TCD:so is the dose required to achieve 50% tumor control and yse is the slope of the dose—response curve at 50%
control probability.

The Normal Tissue Complication Probability (NTCP) for organs at risk, particularly the urethra, rectum, and
bladder, was calculated using the Lyman—Kutcher—Burman (LKB) model, defined as:

NTCP=® w
mxTD,,

TCP =

where TDso is the uniform dose causing a 50% complication rate, m is the slope parameter representing the steepness of
the dose—response curve, and @ is the cumulative normal distribution function.

The model parameters used in the computation included the dose required to produce a 50% response (Dso), the
slope of the response curve (), and the volume-effect parameter (7). All radiobiological parameters were extracted from
the dose—volume histogram (DVH) using dedicated analytical tools within the treatment planning system.

1.2.6. Data Collection and Statistical Analysis
All statistical analyses were performed to evaluate the relationship between radiobiological parameters (BED,
EQD2, Deff) and tumor control probability (TCP) and normal tissue complication probability (NTCP) in prostate HDR
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brachytherapy patient groups. Data normality was established prior to inferential testing, and appropriate parametric
(independent t-test, Pearson correlation) or nonparametric (Mann—Whitney U test, Spearman's p) tests were employed for
analyzing differences. Statistical significance was established at p < 0.05.

1.3. RESULTS

Compared with the 13.5 Gy x 2 regimen, the single-fraction 15 Gy regimen yielded significantly higher BED,
EQD2, DEFF and modelled TCP (all p < 0.031), indicating a greater predicted tumoricidal effect for the 15 Gy single
fraction. However, the 15 Gy arm also showed a statistically significant increase in predicted urethral toxicity for the
NTCP Urethra 10 % metric (8.42% + 1.58 vs 6.86% + 1.24; p = 0.006). NTCP Urethra 30% did not differ between groups
(» = 0.517). Clinically this suggests that while a single 15 Gy fraction may improve predicted tumor control, it may
increase the risk of urethral complications; careful urethral dose-sparing, close follow-up, and correlation with observed
toxicity are therefore recommended (Table A1).

Table A.1. Patient Demographics and Baseline Clinical Characteristics

Characteristic Overall (N =20) 135Gy x2 (n=10) 15Gy x1(n=10) P value

Age (years) 68.43 +4.96 67.85+5.03 69.60 + 4.84 0.371
Initial PSA (ng/mL) 11.44 £+ 6.08 11.17 £6.52 11.98£5.23 0.737
Gleason Grade Group 2 (2-3.25) 2(2-3) 3534 0.041
EBRT dose (Gy) 46 (45-50.4) 48.2 (45-50.4) 46 (45-50.4) 0.642
EBRT fractions 26 (25-28) 27 (25-28) 26 (25-28) 0.642
ECOG 0(0-1) 0(0-1) 0.5 (0-2) 0.056
Risk group 0.439

High-risk 15 (50%) 9 (45%) 6 (60%)

Intermediate 15 (50%) 11 (55%) 4 (40%)
Clinical T stage 0.555

T2b 13 (43.3%) 10 (50%) 3 (30%)

T2c 8 (26.7%) 5 (25%) 3 (30%)

T3a 9 (30.0%) 5 (25%) 4 (40%)
ADT use 0.297

No 13 (43.3%) 10 (50%) 3 (30%)

Yes 17 (56.7%) 10 (50%) 7 (70%)
Treatment approach 0.605

HDR boost 16 (53.3%) 10 (50%) 6 (60%)

HDR monotherapy 14 (46.7%) 10 (50%) 4 (40%)

Data are presented as mean = SD or median (IQR) for continuous variables and n (%) for categorical variables.
Comparisons were performed using t-test, Mann—Whitney U test, Chi-square, or Fisher’s exact test as appropriate. Two-
sided p < 0.05 was considered significant. Abbreviations: PSA, prostate-specific antigen, EBRT, external beam
radiotherapy; ECOG, Eastern Cooperative Oncology Group; ADT, androgen deprivation therapy; HDR, high-dose-rate.

In the 13.5 Gyx2 group, tumor control probability (TCP) showed a perfect positive correlation with all evaluated
radiobiological parameters (BED, EQD2, and Deff), reflecting that increases in these parameters were consistently
associated with increases in TCP. The correlations were statistically significant (p < 0.01) (Table A2)

Table A.2. Radiobiological Parameters for Prostate HDR Brachytherapy

Parameter 13.5Gy x2 (n=10) 15 Gy x 1 (n=10) P value
BED (Gy) 125.0 140.91 0.004
Median (IQR) (121.65 —136.50) (132.44 — 148.83)
EQD2 (Gy) 53.57 60.39 0.004
Median (IQR) (52.14 — 58.50) (56.76 — 63.78)
Deff (Gy) 103.17 107.91 0.031
Median (IQR) (101.74 — 108.10) (104.28 —111.30)
TCP (%) 92.00 94.29 0.031
Median (IQR) (91.16 —94.36) (92.63 - 95.49)
NTCP Urethra 10 (%) 6.86 +1.24 8.42+1.58 0.006
Mean = SD
NTCP Urethra 30 (%) 9.02+1.24 8.71+1.28 0.517
Mean + SD

BED = biologically effective dose; EQD2 = equivalent dose in 2-Gy fractions; Deff = dose-effect metric; TCP = tumor control
probability; NTCP = normal tissue complication probability; IQR = interquartile range; SD = standard deviation. BED and EQD2 were
derived using the linear-quadratic model (o/f = 1.5 Gy for prostate). Data are median (IQR) or mean + SD; p-values from Mann—
Whitney U or t-test as appropriate (p < 0.05 significant).
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In the 13.5 Gyx2 group (n = 10), NTCP for the urethra at 10% volume (NTCP.URETHRA.10) showed no significant
correlation with BED, EQD, or DEFF (p = 0.087, p = 0.714). However, NTCP at 30% volume (NTCP.URETHRA.30)
demonstrated a moderate negative correlation with BED, EQD, and DEFF (p =-0.479, p = 0.033), indicating that higher
radiobiological doses are associated with lower predicted urethral complications at this volume threshold (Table 3).

Table A.3. Correlation Between Radiobiological Parameters and Tumor Control Probability (TCP) in the 13.5 Gy*2 Group (n = 10)

Parameter Spearman’s p p-value
BED 1.000 <0.01
EQD2 1.000 <0.01
Deff 1.000 <0.01

TCP = Tumor Control Probability; BED = Biologically Effective Dose; EQD2 = Equivalent Dose in 2 Gy fractions; Deff = Effective
Dose. Spearman’s rho (p) indicates the strength and direction of a monotonic relationship.

TCP is very strongly and significantly positively correlated with BED, EQD, and DEFF in the 15 Gy x 1 group,
indicating that higher radiobiological doses are associated with higher tumor control probability (Table 4)

Table A.4. Correlation Between Radiobiological Parameters and NTCP Urethra in the 13.5 Gyx2 Group (n = 10)

Parameter (Gy) NTCP.URETHRA.10 (p, p) NTCP.URETHRA.30 (p, p)
BED 0.087,0.714 -0.479%, 0.033
EQD 0.087,0.714 -0.479%*, 0.033
DEFF 0.087,0.714 -0.479%, 0.033

*p = Spearman’s correlation coefficient; p = two-tailed significance. BED = Biologically Effective Dose; EQD = Equivalent Dose in
2 Gy fractions; DEFF = Effective Dose; NTCP = Normal Tissue Complication Probability. *p < 0.05 indicates statistical significance.

There is a moderate negative correlation between BED/EQD/DEFF and NTCP.URETHRA.10 and
NTCP.URETHRA.30, but none are statistically significant (p > 0.05). This suggests that in this small sample, urethral
toxicity is not strongly dependent on radiobiological dose parameters (Table AS).

Table A.5. Correlation Between Radiobiological Parameters and Tumor Control Probability (TCP) in the 15 Gy x 1 (n = 10)

Parameter Spearman’s p p-value
BED 0.996 0.000
EQD 0.996 0.000
DEFF 0.996 0.000

Spearman’s p = Spearman’s rank correlation coefficient; NTCP = Normal Tissue Complication Probability; N = 10.

Table B. 5. Correlation Between Radiobiological Parameters and NTCP Urethra in the 15 Gy x 1 (n = 10)

Parameter (Gy) NTCP.URETHRA.10 (p, p) NTCP.URETHRA.30 (p, p)
BED -0.419, 0.229 -0.542, 0.106
EQD -0.419, 0.229 -0.542, 0.106
DEFF -0.419, 0.229 -0.542, 0.106

1.4. DISCUSSION

Radiobiological doses measured as a result of the single-fraction 15 Gy HDR brachytherapy regimen were
significantly higher compared with the 13.5 Gy x 2 regimen: BED, 140.91 Gy versus 125.0 Gy; EQD2, 60.39 Gy versus
53.57 Gy; Deff, 107.91 Gy versus 103.17 Gy; and TCP, 94.29% versus 92.00%. These data depict a higher predicted
tumoricidal effect for the single-fraction 15 Gy HDR protocol.

This finding is consistent with previously reported evidence highlighting the radiobiological benefits associated with
HDR brachytherapy. Dutta et al. [18] described that HDR allows for higher conformality than EBRT, enabling higher
doses per fraction to be delivered with consistent dosimetry. Similarly, Yoshioka et al. [19] assured that BEDs of 208—
299 Gy could be achieved with single-fraction HDR monotherapy, which offers a convenience and potential
radiobiological benefit. Morton and Hoskin [20] mentioned that HDR, used either as a boost or as monotherapy combined
with EBRT, exploits the low a/f ratio of prostate cancer to achieve that BEDs is higher than EBRT alone. Patel et al. [21]
and Strouthos et al. [22] also emphasized the precision and dose-escalation capability of HDR, achieving BEDs
comparable to or exceeding LDR while respecting normal tissue constraints. Hauswald et al. [23] and De Bari et al. [24]
confirmed that HDR monotherapy alone provides an adequate BED to ensure excellent biochemical and local control.
Chapman et al. [25] demonstrated that focal dose escalation to dominant intraprostatic lesions is feasible, delivering up to
150% of the prescription dose without compromising normal tissue constraints.

Nevertheless, several reports have demonstrated limited survival differences despite differences in BED. For
instance, Barnes et al. [26] reported that although HDR brachytherapy enables highly precise dose modulation, overall
survival outcomes remained comparable to those achieved with LDR in a large patient cohort.

Skowronek [27] similarly noted, while HDR afforded dosimetric advantages that the tumor control rates were
comparable to LDR and that both approaches can be clinically effective.
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Our findings are in agreement with the majority of published studies supporting single-fraction HDR brachytherapy
due to its enhanced radiobiological efficacy, while also indicating that its impact on long-term clinical survival outcomes
may remain limited.

Analysis of the urethral NTCP demonstrated that the 15 Gy single-fraction cohort had significantly higher NTCP at
10% volume (8.42% vs 6.86%, p = 0.006) but not at 30% volume (p = 0.517). This may indicate that higher single-fraction
doses increase the risk of urethral complications for small volumes but not for larger volumes.

This finding is consistent with previous studies emphasizing the importance of meticulous treatment planning to
optimize urethral dose sparing. Dutta et al. [18] and Yoshioka et al. [19] referred to the HDR's ability to sculpt the dose
distribution to spare the urethra. Morton and Hoskin [20] and Yamada et al. [27] demonstrated a low incidence of severe
urethral toxicity with accurate HDR treatment planning. Patel et al. [21], Strouthos et al. [22], and De Bari et al. [24]
showed favorable urethral sparing with HDR compared with LDR, while Hauswald et al. [23] reported only 4.9% late
grade 3—4 genitourinary toxicity. Chapman et al. [25] similarly demonstrated low toxicity with focal dose escalation.

Conversely, Barnes et al. [26] observed no significant difference in urethral toxicity between HDR and LDR
brachytherapy, underscoring the critical role of appropriate patient selection and meticulous treatment planning.

In summary, these reports suggest that single-fraction HDR treatment can maintain acceptable urethral safety
provided dose constraints are carefully applied.

All the radiobiological parameters in our study had strong positive correlations with TCP: BED p=0.984; EQD2
p=0.984; Deff p=1.000, p<0.001, thus confirming their reliability in predicting tumor control. Of note, Deff had a
perfect correlation with TCP, underlining its potential as a robust predictor.

These findings are consistent with those in previous literature. Dutta et al. [18] and Yoshioka et al. [19] reported
improved biochemical control at higher BED and EQD2 in particular for intermediate- and high-risk disease. Morton and
Hoskin [20] and Yamada et al. [29] also confirmed that higher HDR are associated with reduced recurrence and excellent
biochemical control. Patel et al. [21] and Strouthos et al. [22] highlighted that HDR can facilitate dose escalation to
improve biochemical control and recurrence-free survival. Hauswald et al. [23] reported that 6- and 10-year PSA
progression-free survival rates exceeding 97%, further supporting the relationship between HDR dose escalation and
improved tumor control. Chapman et al. [25] reported no biochemical failures following focal dose escalation to DIL
over median 4.9-year follow-up.

Although Barnes et al. [26] and Skowronek [27] previously suggested that overall survival outcomes may not differ
significantly between HDR and LDR brachytherapy, the association between higher radiobiological dose delivery and
improved tumor control has been consistently demonstrated in the literature.

This study revealed that no significant correlation of the radiobiological parameters with NTCP for 10% urethral
volume and a strong negative correlation for NTCP at 30% volume (p=-0.52, p=0.003). These findings indicate that
higher BED, EQD2, or Deff values do not necessarily translate into increased urethral toxicity across larger treatment
volumes, thereby highlighting the critical importance of optimized dose distribution and meticulous treatment planning.

This is in line with prior publications that showed HDR planning can deliver high BEDs while minimizing urethral
exposure. Dutta et al. [18], and Yoshioka et al. [19] confirmed that precise HDR planning can safely escalate tumor dose.
Morton and Hoskin [20], Patel et al. [21], and Strouthos et al. [22] further emphasized that precise HDR dosimetry reduces
urethral toxicity even at higher doses. Hauswald et al. [23], De Bari et al. [24], and Chapman et al. [25] have reported low
genitourinary toxicity despite high radiobiological doses, while Yamada et al. [29], on their part, observed a very low
incidence of severe urethral complications. Collectively, they support the results that HDR can increase tumoricidal doses
without compromising urethral safety.

This study has several limitations, including the relatively small sample size, particularly within the single-fraction
15 Gy cohort, which may restrict the generalizability of the findings. The analysis was based on radiobiological modeling
instead of long-term clinical outcomes; actual toxicity and tumor control may differ in larger prospective cohorts. Patient-
specific anatomical variations and uncertainties in urethral contouring could influence NTCP estimates. Finally, our
follow-up period may not fully capture late genitourinary or gastrointestinal toxicity, which can manifest years after
single-fraction HDR. Future studies with larger patient cohorts and long-term follow-up are needed to validate these
findings and refine optimal fractionation strategies.

CONCLUSIONS
Single-fraction 15 Gy HDR prostate brachytherapy demonstrated superior predicted tumor control compared with
the 13.5 Gy x 2 regimen, although with a modest increase in the potential risk of urethral toxicity. While the 13.5 Gy x 2
schedule showed a more consistent balance between tumor control probability and urethral dose tolerance, the 15 Gy
regimen maintained high tumor control efficacy with less predictable urethral response patterns. These findings support
the clinical feasibility of single-fraction HDR brachytherapy, provided that meticulous urethral dose optimization and
careful post-treatment monitoring are implemented to maximize therapeutic benefit while minimizing toxicity.
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PAJIIOBIOJIOITYHI EGEKTH IIPM BUCOKOI030BIN BPAXITEPAIILL PAKY IPOCTATH
Aaaa A. A6y Xanpa', lutecap A. Enb-Mecani?, Exaé M. Arranina’, Moxamen A. Illexara*
'Kagheopa kniniunoi onxonozii ma sdeproi meduyunu, meouunuti gpaxyrvmem, Yuieepcumem Menyii, Llebin-Envkom, €2unem
’Kagpeopa hizuxu, paxynromem npupoonuuux nayx, Yuieepcumem Menydii, Llle6in-Envkom, €2unem
3Kagheopa meouunoi ¢isuxu, Hayionanonuii incmumym paxy, Kaipcoxuii ynicepcumem, Kaip, €zunem

‘Kagpeopa xniniunoi onxonozii ma adepnoi meduyunu, meduunuti gpaxyromem, Yuicepcumem Menyeii, Ille6in-Envkom, €Caunem
IepexymoBu: bpaxiteparist HDR € HapikHIM KaMeHeM Y JIIKyBaHHI paKy HepeAMiXypoBOi 3a103H, J03BOJISIOYN OTPUMYBATH BUCOKI
JI03W ONPOMIHECHHS IMyXJIMHH, HE BIUIMBAIOYM NPU IbOMY Ha HAaBKOJMIIHI HOpMaJibHI TKaHWHH. PamiobiooriyHe MOIEIIOBaHHS
JIO3BOJISIE KUTBKICHO OLIHUTH KOHTPOJb MyXJIMHU Ta WMOBIPHICTh YCKJIAJHEHb y HOPMaJbHUX TKaHWHAX I ONTHMIi3alii rpadikis
¢pakumionyBanHas. Meta: MeTo0 HIBOrO IOCTIDKCHHS € ITIOPIBHSUIBHA OIIHKA Pamio0ioNIOriyHOTO pe3ysbTaTy IBOX PEXUMIB
opaxirepamii HDR, ¢paxmii 13,5 I'p x 2 npotu dpaxuii 15 I'p X 1, moxo #iMOBIpHOCTI KOHTPOIIIO ITyXJIMHH, IMOBIPHOCTI YCKJIaHEHb
y HOPMaJIbHUX TKaHWHAX Ta IIOKa3HUKIB J103a-e()eKT y Mali€HTIB 3 PAKOM IEePeAMiXypOBOI 3aJI031 CEPEAHBOTO Ta BUCOKOTO PU3HKY.
Marepiaan Ta meronu: Byno mpoBeneHo perpocniekTuBHHE aHani3 20 mamieHTIB, sIKi oTpuMyBaiM Opaxitepamito Co-60 HDR.
[TnanyBaHHs JTiKyBaHHs 0a3yBayiocsi Ha Bi3yauizauil, IpU LbOMY BH3HAYCHHs MillleHEil Ta OpraHiB PU3UKY MPOBOAMIIOCS 3TiHO 3i
cranmaptHuMu pekomengauisimu. BED, EQD2 Ta Deff Oymu pospaxoBani 3a JOMOMOroro JiHIHHO-KBaAPATHYHOI MOJIEII.
MopemoBanust TCP ta NTCP BukopucroByBano wmeroau Ilyaccona ta Jlaiimana—Kyruepa—bypmana BimnoBinHo. Byio
MIPOaHATiI30BaHO KOPEILALi0 Mk pagiobionoriuanmu napamerpamu Ta TCP/NTCP. Pe3yabraT: PexxuM ogHOpa30Boro GppaxiiifHoro
ompomineHHs 15 I'p mpusBiB no 3nauno unmx BED, EQD2, Deff Ta 3moaensoBanoro TCP nopiBHsHO 3 dpakuismu 13,5 I'px2 (p <
0,031). Opnax, NTCP mnst yperpu npu 10% o06'emi 6y Bummm y rpymi 15 I'p (8,42% + 1,58 mpotu 6,86% + 1,24; p = 0,006). CunpHi
MO3UTHBHI Kopemii criocrepiramucs Mk BED, EQD2, Deff Ta TCP (p = 0,984-1,000; p < 0,001). NTCP 3a 30% o0'emy yperpu
HeratuBHO KopemoBaB i3 BED, EQD2 ta Deff (p = -0,52; p = 0,003). BucnoBkn: Bumi panio6ionoriuni no3u (BED, EQD2, Deff)
npu Opaxitepanii npocratn HDR TicHO moB’si3aHi 3 NOKpaIleHHM KOHTpoJieM MyxiuHH, npudoMmy Deff nemonctpye ineansHy
kopesiuito 3 TCP. OnHopa3sosa ¢paxuis 15 I'p qae Oinplry pagiodionoriuny epeKTUBHICTD, Hixk 13,5 I'p X 2. YpeTpaibHa TOKCHYHICTH
He NoKasye 4itkoi kopesuii npu 10% o06'eMi, ane cunbHy HeraTuBHy Kopessiuito npu 30%, 1110 BKa3ye Ha Te, 1110 BHILI 1031 MOXKYTb
3HHU3UTH TOKCHYHICTh Ha HOMY PiBHI. TakuM 4rHOM, pamio0iooriuHe MOJENIOBAaHHA € [IIHHUM JJIsl onTtuMizamii mianyBanas HDR,
MOKPAIIEHHS POrHO3YBaHHS KOHTPOJIIO IyXJIMHH Ta OalaHCyBaHHS ypeTpalIbHOI TOKCHYHOCTI.
Kuarouosi cnoBa: pax npocmamu; HDR bpaximepanis,; bionoeiuno epekmugna 003a, exgisaieHmua 003a, UMOIPHICIbG KOHMPOTIIO
NYXIUHU, UMOBIPHICIb YCKAAOHEHb Y HOPMATLHUX MKAHUHAX; PAdiobionociune MOOeno8anH s, PPaKyionyeanHs





