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Abstract

The consumption of materials is growing every day, which means that we will increasingly have to cope with the
problems of natural resources and supply. Therefore, humanity is forced to expand its resource base finding ways to
use existing raw materials more efficiently, turn previously unusable substances into useful materials and also produce
completely new materials from substances that are available in abundance. One of the ways to create new materials
is to irradiate a substance with charged ions. The article discusses this technique based on the cascade-probabilistic
method, the purpose of which is to obtain as well as the next ensuing use of cascade-probabilistic functions (CPF)
considering energy losses for ions. The CPF computations were executed depending on the number of collisions and
the depth of surveillance for various incident ions and samples. When computing cascade-probabilistic functions and
spatial distributions of vacancy clusters patterns of conduct and finding the real resulting region in gold and silver
alloys were obtained. Selection of step and boundaries for calculation were automated. Results of the calculations
performed are illustrated in the form of graphs and tables.
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Introduction

When materials are irradiated with various particles, corresponding defects are formed. To date, ion
beams are mainly used to produce heavy-duty parts and materials in the case of ion radiation exposure
defects in the form of cascade regions are formed [ 1-3]. The presence of defects in materials significantly
accelerates or slows down various processes. As a result, this affects the formation of compounds and
structures, the physicochemical properties of irradiated materials change. Simultaneously, it is needful
take into consideration the full “physical” picture of the interaction process considering the types of
falling particles (light or heavy) [4, 5]. When computing probabilistic characteristics difficulties arise
in the case of ion irradiation, problems associated with the complexity of the mathematical description
of these processes which served to create mathematical models describing the phenomena of the
formation of vacancy clusters in dynamics [6—10].

For computations of cascade-probabilistic functions, spectra of primary knock-on atoms,
concentrations of radiation defects (CRD) in gold and silver irradiated with various incident ions,
an approximation expression for the interaction cross section was selected and the conforming
approximation parameters were found.

55



HERALD OF THE KAZAKH-BRITISH
No. 4(67) 2023 TECHNICAL UNIVERSITY

Gold is a metal and a chemical element, the atomic number of which is according to the periodic
table. Gold is a financial unit in the global economy and in the field of investment as well as a jewel
that is used in the jewelry industry. Silver is a metal and a chemical element whose atomic number is
according to the periodic table. Silver is not only a popular metal for investment in bullion, but also
one of the most useful metals in the history of mankind and in the modern world. As the best conductor
of heat and electricity of all metals, silver is used in a huge number of industrial, technological, and
medical/hygienic products. Silver and gold are among the most common metals used in industry;
therefore, alloys based on them will be considered in this paper.

Materials and methods

The interaction cross section for ions is computated according to the Rutherford formula [11]. The
approximation cross section is computated using the following formula [1]:

1
O'(h.) = Oyg (m - 1), (1)

where 09, a, k, Ey — approximation parameters.
With ion irradiation, the mathematical model for calculating CPF, considering energy losses, is
calculated by the formula [1]:
1 (Ey — kh'\™ h—h' 1“(—E° _kh,) ' 2
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To calculate ¢, ( k', h, E,) a formula convenient for computations was used [1]:
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For ion irradiation, the following ratio is used to calculate the CRD [1]:

£ Ck(EO'h) =
Jg!™ W(Eq, B, h) dE;
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Using the Bethe-Bloch formula we find the corresponding surveillance depths, considering that
ﬂE(h) =Ey,— E; (h)
The spectrum of primary knock-on atoms (SPKA) is calculated by the formula [1]:

Ty h
h —h E, E; k') dh'
W(Eo’Ez’h):Z ]w”(h’)exp(_( 72 ))W(All(le’))lz ' (5)
n=Mp h—kd,

In the range of acceptable values ¥, ( h', h, Ey) ng, 14 are the minimum and maximum values of
the number of collisions.
Computations of SPKA in the elementary act are executed according to the formula [1]:

do (E;, E;) 1

dE, "o (Ey) ©

w (ELEE) =
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Main provisions

The aim of the study is to optimize the algorithms for calculating the probabilistic characteristics
of the processes of radiation defect formation under ion irradiation. The object of research is metals,
namely gold and silver. The subject of the study is cascade-probabilistic functions depending on the
number of interactions and the depth of penetration of particles. The obtained mathematical models
can be used in the future for numerical calculations of the spectra of primary knock-on atoms and the
concentration of radiation defects in other metals and semiconductors, as well as in the study of similar
phenomena. The obtained physical models and calculation results allow a deeper understanding of
the processes of radiation defect formation in condensed media and can be used in their work by
experimenters.

Literature review

It should be noted that many works have been devoted to the problems of radiation defect formation
during the interaction of ions with matter, for example [2—10]. Energy losses due to ionization and
excitation of the electron shells of the atoms of the medium were not considered, so the simplest CPF
was used. When charged particles interact with matter, continuous energy losses occur along the path
of their movement. These losses lead to a strong dependence of both the energy spectra of the incoming
particles themselves and the primary knocked-out atoms (PKA) on the penetration depth. The range
of interaction for the formation of PKA significantly depends on energy, and therefore it became
necessary to obtain physical and mathematical models that consider the real dependences of various
parameters of the elementary act on energy, depth. Previously, in most cases, the simplest cascade
probability function (CPF) was mainly used for specific calculations, this is not always justified, since
the interaction path depends on the energy [11]. It is necessary to investigate the behavior of the
obtained CPF considering the energy losses for ions, to prove the properties that they should possess
both from a physical and mathematical point of view, to develop calculation algorithms and perform
calculations of CPF depending on the number of interactions and the depth of penetration of particles,
and the concentration of radiation defects.

Results and discussions

To calculate ¥, ( h', h, Ey) it is needful to calculate the interaction cross-section according to
the Rutherford formula [11], find the surveillance depths from the tables of parameters of the spatial
distribution of ion-implanted impurities [12] and determine the approximate parameters calculated
by the formula (1), which are also included in the expressions for the PKA spectra, concentrations
of radiation defects. The results of the selection of approximations are shown in figure 1. The
approximation parameters and the correlation index for indium in gold at various values of Ej are

shown in table 1 (p. 58).
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Figure 1 — Approximation of the modified y(h', h, E,) cross section for indium in gold:

E, = 1000 (1),800 (2),500 (3),200 (4),100 (5) keV. Curves — approximation lines,
asterisks — calculated data of the section dependence on h
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Table 1 — Approximation coefficients for indium in gold

E, gy * 10° a E, k n chi?
1000 53.53353 0.23606 0.00599 8.57545 0.99667 33292.43045
800 102.8195 0.95274 0.00698 0.5697 0.99126 94088.98762
500 128.15188 0.52176 0.0222 143.41385 0.99095 109625.1123
200 163.07921 0.1802 0.05376 2524.30618 0.99641 66123.10731
100 129.54471 0.04733 0.12437 12034.90155 0.99925 20334.99881

Next, computations were executed Y(h', h, E;), the areas of finding the result were revealed, the
patterns that emerged when determining this region were set. Figure 2 and table 2 illustrate the results
of the calculations.
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Figure 2 — Addiction of E, = 100 kevV on  for nitrogen in gold at
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h=0,5"-10"%;0,9 - 1072, 0,13 - 107% 0,17 - 10" cm and Eg = 100 keV

Table 2 — Addiction of the percentage of displacement of the left and right boundaries
of the resulting region on the surveillance depth for silver in gold at E, = 1000 keV

h =105 cm h Ca % 3% N, C3. %
A, cm

10 8682 -7,79 21 100 13,2
15 15483 -15,89 25 150 9,1
20 25015 -22,579 29 225 6,42
25 38912 -27,67 32 325 4,33
30 60433 -30,38 32,8 600 2,42
35 97168 -29,37 30,5 1300 1,13
40 171765 -22,835 23,1 5500 0,265
45 396151 -11,26007 11,2627 500000 0,00263

The results of computations of the concentration of radiation defects are illustrated in table 3

(p. 59).

After the calculations (h', h, E;) depending on the number of collisions and the depth of particles
surveillance, the regularities of the behavior of the step and the resulting region for computation were

identified.

Let ’s pick out the patterns when choosing step:

1. For small values of the atomic mass A, of the incident particle and small values of the depths,
the step is significantly small (approximately in the range of 10—20) with an increase in the

value of the surveillance depth, the step begins to increase.

58




KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 4(67) 2023

2.
3.

Increasing the .. value of the incident particle it also leads to an increase in the step.
If the A, value of the incident particle is large and the sample is small, then the step begins
to increase significantly.

Table 3 — Boundaries of the CRD determination area for titanium in silver at
E, = 50keV,Ey, = 1000 keV

h* 10° Ck, cm E, keV T, Ty t
0,1 31762,9 1000 6 142 7"
3 34925,6 900 1559 2331 32"
6,1 39102,9 800 3617 4748 72"
9,1 44196,7 700 5930 7354 2'
12,2 51079,3 600 8731 10442 3
15,3 60469,0 500 12092 14092 5'
18,4 74001,0 400 16272 18584 7
19,9 82838,5 350 18722 21199 9
21,5 95016,9 300 21778 24446 I
22,1 100401,3 280 23076 25822 12'
22,7 106368,0 260 24477 27304 13'
23,3 112991,09 240 25996 28912 15'
23,9 120342,19 220 27661 30667 16'
24,4 126202,89 200 29176 32263 17
25,0 134643,69 180 31183 34375 19
25,6 143506,49 160 33445 36753 22
26,2 152073,69 140 36036 39471 24
26,7 153675,79 120 38525 42078 26'
27,3 151251,19 100 42057 45774 29
27,9 124648,19 80 46458 50371 32
28,1 83424,29 70 48202 52190 34
28,4 13628,49 60 51186 55300 38
28,7 0 50 54763 59027 43'

When calculating (k' h, E;) depending on h, the regularities of the step behavior are revealed:

1.

4.

With a small value of A, of the incident particle the step is significantly small, an increase
in the value of the surveillance depth leads to a growth in the step at the end of the mileage it
is significantly strong.

. Reducing the particle £, will lead to a growth in the step, provided that the value of the

surveillance depths does not change.

. As the A, value of the incident particle increases, the step begins to grow gradually and then

very sharply, provided that the value of the surveillance depths does not change.
The dependence of the step on A, can be represented as an increasing curve.

Patterns of conduct of the resulting domain for Y(h', h, E,) calculated depending on n:

L.

h
The maximum value of ¥(h', h, E;) is shifted to the region of shallow depths concerning to —

when the value of A, of the incident particle is large and at large depths the result is in a narrow
region.

. The most limited resulting region is turned out with a large value of A4,. of the incident particle

and a small value of the sample at the end of the mileage.
As the value A,. of the incident particle increanls, the resulting finding area narrows and moves

to the region of shallow depths concerning to 7

Finding the resulting CRD region under ion irradiation revealed the following patterns:

1.

The values of the CRD at the same depth of surveillance are significantly reduced.
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2. Depending on 4, the values of the CRD increase.
. If the E, of the primary particle increases at the same value of threshold energy E_and / then
the values of the CRD begin to decrease.

4. Depending on E_ the boundaries of the resulting region remain constant provided that £ and /
remain unchanged.

5. The boundaries of the resulting CRD region, depending on 4, increase and move to the region
of great depths and the interval of boundary changes in the interval ranges from 0 to 5000.

6. The counting time t increases significantly for heavy incident particles and light samples.

(98]

Conclusion

In this paper, the expressions of the CPF are obtained, considering the energy losses for ions in
an analytical form. The approximation expression is selected, and the approximation parameters are
chosen so that the correlation index is close to one. Computation algorithms have been developed
and computation of cascade probabilistic functions has been optimized, considering energy losses
depending on the number of interactions and the depth of surveillance particles, the concentration of
vacancy clusters under ion irradiation. Computations were executed and patterns of conduct of the
resulting region of the CPF and the step for computation were found depending on the number of
collisions and the depth of surveillance particles. It is shown that the resulting region is significantly
affected by the initial energy of the primary particle, the surveillance depth, the atomic number of the
incident particle and the sample. Comparisons of the computation results by time before and after
optimization are performed. The computations were executed using a software package developed in
Microsoft Visual Studio 2017 and the database was created in MS SQL Server 2019.
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MOHJAPMEH COVJEJIEHTEH MATEPHAJIIAPIATbBI
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Angarna

Marepuanmapapl TYTBIHY KYH CaiiblH apThIll KeJiedi, OV ©3 Ke3eriHae TaOuru pecypcTap JKOHE KaOapIKTay
MOCeJIeNIepIMEH KHi KYpecy/iH maiaa 0oiysiH Oungipeni. COHIBIKTAH ajaM3aT KOJIAHBICTAFbl MIUKI3aTThl THIMII
naiinansany, OypbIH jKapaMChI3 OOJFaH 3aTTaplbl MalJabl MaTepuaiiapra aiHaIABIPy MCH KOJJIAHBUIFAH 3ar-
TapJaH MYJJIEM jKaHa MaTepHuajjap MIbIFapy >KOIaapblH Taly apKbUIbl ©31HIH PECYpCTHIK 0a3achlH KEHEHWTyre
MOKOYp. Kana Marepmanmapisl ’Kacay TOCUIAEpiHIH Oipi — 3aTTBI 3apsATaiFaH HOHIAPMEH coyieneHnaipy. Ma-
Kajaja MOHJIAp YIIiH DHEPrHs IIBIFBIHBIH €CKEPEe OTBHIPHIN, KACKaAThl bIKTUMAIABIK (QyHKiusiapsiH (KbId) amy
JKOHE TNalJajaHy MaKCaThIHAAFbl KacKalThl BIKTHMAJABIK OJiCiHE HEri3JenreH Tocin KapacTbipbiiajasl. Kbl
ecenTeysiepi COKTBHIFBICTAP/IBIH CAHbIHA JKOHE OPTYPJIi KYJIaFaH MOHIAp MEH YITUIepaiH Oakpliay TepeHIriHe Oai-
JIAHBICTHI JKypri3unai. KackaaTsl BIKTUMANIBIK (QYHKIMSUIAPBIH KOHE 00C KJIACTEPIICP/iH KCHICTIKTIKTE TaparyblH
ecenrtey Ke3iHJe alThlH MEH KYMIC KOpBITHAJapbIHIaFrkl HAKThI HOTH)KE aliMarblH Taby MEH MeTal KaCHeTTEpPiHiH
3aHJIBUIBIKTAPhI aNbIHAbL. EcenTey yiiH KajamMaap MeH IieKapaiap/bl TaH1ay aBTOMATTaHAbIpbuiFaH. OpbIHIaFaH
ecenTeyIepaiH HoTImKeIepi rpadukTep MEH KecTenep TYPiHAe YCHIHBIIFaH.

Tipek co3mep: MoeIbICY, 3aHIbUIBIK, KACKAIThI BIKTUMAIBIK (OYHKIIUSACHI, KOHIICHTPALIUS, HOH/IBIK COYJICIICHY.
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MOJAEJIUPOBAHUE PAIMALIMOHHBIX MNPOLECCOB
JE®EKTOOBPA3OBAHUSA B MATEPUAJIAX,
OBJIYYEHHBIX HOHAMM

AHHOTAIHUA

[MoTpebnenne MaTepranoB pacTeT ¢ KAKIBIM JHEM, a 3TO 3HAYHT, YTO HAM BCE Yallle TIPUICTCS CIIPABISATHCS C
mpobaeMaMyl IPUPOAHBIX PECypcoB U cHaOkeHMs. [109ToMy YenoBeuecTBO BBIHYKACHO PACIIHPATH CBOIO pecypc-
HYIO 0a3y, Haxos1 crtoco0bl 6oee 3(h(HEKTHBHO UCIIOIB30BATh CYIIECTBYIOIIEE ChIPhE, IIPEBPAIIaTh PAaHEE HEIIPUTOI-
HbIC BCHICCTBA B MOJIC3HBIC MAaTCPUAJIbI, @ TAKKE IMTPOU3BOJNUTH COBEPIICHHO HOBBIC MAaTCPpUaJIbl U3 BEIIECCTB, KOTOPHIC
JIOCTYIHBI B n300Manu. OZHUM U3 CIIOCOOOB CO3/IaHMsI HOBBIX MaTepHajioB SIBISIETCS OOIyueHHE BEIIEeCTBa 3apsi-
JKeHHBIMHM MOHaMH. B crarbe paccMarpuBaeTcs JaHHBIH c110co0, OCHOBaHHBIH Ha KaCKaIHO-BEPOSITHOCTHOM METOJIE,
IIeJTb KOTOPOTO COCTOHT B TIOTYYCHUH, a TAKKE TOCICAYIONIEM UCTIONB30BaHIH KACKaTHO-BEPOSTHOCTHBIX (DYHKITHI
(KB®) ¢ yuetom moTeps sHepruu st HOHOB. [IpoBenens! pacaers: KBD B 3aBHCHMOCTH OT KOTHYECTBA COyAapEHHA
1 TIyOWHBI HAOMIOAEHUS IS PAa3IMYHBIX MAAfONMX MOHOB M 00pa3moB. Ilpu pacdere xackagHO-BEpOATHOCTHBIX
(GYHKIMH ¥ TPOCTPAHCTBEHHBIX paclpe/ieieHUi BAKAHCHOHHBIX KJIACTEPOB MOTY4YEHbl 3aKOHOMEPHOCTH ITOBEICHHS
1 HaXOXJICHUSI pealIbHOM pe3yJbTHPYIOIIeii 00nacTy B CIjlaBaX M3 30J10Ta U cepedpa. ABTOMaTU3UpOBaH Moadop
11ara U TpaHuIl Juisl pacyera. Pe3ynbraTsl BBHIIOIHEHHBIX BBIYMCICHUH MPOMIUIIOCTPUPOBAHEI B BUjaE rpadukoB 1
TadIuII.

KoaroueBble cjioBa: MOIETMPOBAHKNE, 3aKOHOMEPHOCTh, KacKaJHO-BEPOSTHOCTHAS (DYHKLHS, KOHICHTPALUS,
HMOHHOE OOITydeHHe.
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