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MATHEMATICAL MODELING OF RADIATION DEFECT FORMATION
PROCESSES ON LIGHT TARGETS

The article analyzes the problem of studying the mechanisms of radiation defect generation in
materials under ion irradiation. During the research, algorithms were developed to calculate the
cascade-probability function (CPF) and the concentration of cascade regions as a function of the
depth of the irradiated material, which allowed for an increase in the accuracy of modeling defect
formation processes. The calculations of the CPF and the concentration of cascade regions revealed
patterns in the behavior of radiation defects depending on the physical parameters of irradiation.
The comparison of the obtained calculated data with experimental results confirmed the validity
of the developed algorithms and models. A distinctive feature of the proposed method is the
application of an analytical cascade-probability approach, which allows tracking the dynamics of
defect formation at any depth of the target, unlike traditional numerical methods that require
significant computational resources.

These results can be explained by the fact that the process of particle interaction with matter and
the formation of radiation defects is probabilistic, allowing for the determination of the probabilities
of ion interactions with materials (CPF) at any depth of the irradiated material, which enables
more accurate modeling of defect formation processes and their dependence on physical parameters
such as energy and depth. The developed models and algorithms can be applied in materials science,
micro- and nanoelectronics, and in predicting the radiation resistance of structural materials.
Key words: ion, algorithm, ion implantation, cascade-probabilistic function, concentration of
radiation defects.
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MaremaTuvdeckoe MoOJeJUPOBaHNE MPOIECCOB PaaAuallMOHHOTO
nedekToobpa3oBaHuda Ha JIETKUX MUIIIEHSIX

B nannoit crarbe aHaaU3MpyeTcs MpobseMa M3ydeHUsT MEXaHU3MOB I'eHEPHUPOBAHUS PaJTUAIINOH-
HBIX JIe(DEKTOB B MaTepuajax [Ipu MOHHOM ObJiydyeHuu. B mporecce ucciemoBanust ObLIM CO3/IaHBI
AJITOPUTMBI Jjisl pacdera KackaaHo-seposaraoctHol dyukimu (KBD) u KOHNEHTpaun KaCKaHbIX
obJracTeil B 3aBUCUMOCTH OT TUIyOMHBI 00JIyIa€MOr0 MaTePUAJIA, ITO A0 BOZMOYXKHOCTD ITOBBICUTD
TOYHOCTH MOJIEJIMPOBAHMS MTPOIECCOB medekToobpaszoBanus. Boimosaennbe paciersl KB 1 Kom-
[EHTPAIINN KACKaIHBIX 00JIaCTell TO3BOJIMIIN BBISIBUTH 32KOHOMEPHOCTH TIOBEJICHUsT PAHAITHOHHBIX
1e(EeKTOB B 3aBUCUMOCTU OT (PU3MUECKUX ITapaMeTpoB obsrydenusi. CorocTaBjieHne M0y YeHHBIX
pacYeTHBIX JaHHBIX C Y9KCIIEPUMEHTAIbHBIMU PE3YJIbTATAMHU ITOJTBEPIUIIO JIOCTOBEPHOCTD pa3pabo-
TaHHBIX AJITOPUTMOB U Mojeseit. OTInIuTebHON Y4epToil MPEJIOKEHHOIO METO/IA, ABJISETCH IPU-
MEHEHUEe aHAJTUTUIECKOrO KACKAHO-BEPOATHOCTHOTO MOJX0/1a, KOTOPBI ITO3BOJISET OTCIEKUBATD
JUHAMUKY J1edeKToo0pa3oBanusa Ha JI000il TyIyOnHe MUIIEHH, B OTJIMIHE OT TPAIAIMOHHBIX THC-
JICHHBIX METO/I0B, Tpe6yIOHH/IX 3HaYUTE/IbHBIX BBIYUCJ/IUTEJIbHBIX PECYPCOB.
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OTHU pe3yJbTaThl OObICHAIOTCS TEM, UTO IIPOIECC B3aNMOIEHCTBIS YACTHIL C BEIIIECTBOM U 00pa30-
BaHUS PAJIMANMOHHBIX 1e(DEKTOB SIBJISIETCs] BEPOSTHOCTHBIM ¥ TTO3BOJISIET TIOJIYYUTh BEPOSATHOCTH
B3auMo/leiicrBust noHOB ¢ Marepuasamu (KB®), na sro6oii rirybune obiydaeMoro Marepuasa, 4ro
I03BOJIAET OOJIee TOTHO MOJIEJIMPOBATD IIPOIIECCH J1eheKTOOOPA30BAHUS U UX 3aBUCUMOCTH OT (u-
3UYECKUX IMapaMeTpPOB, TAKUX KaK dHeprusi, iryonna. PazpaboraHHble MOIE/N U aJITOPUTMbL MOT'Y T
OBITH IPUMEHEHBI B MATEPUAJOBEICHUN, MUKDPO- U HAHOIJIEKTPOHWKE, [P IMPOIHO3UPOBAHUU Pa-
JMAINOHHON CTORKOCTH KOHCTPYKITMOHHBIX MATEPHUAJIOB.

KuaroueBbie cJjoBa: uwOH, aJIT'OPUTM, WOHHAS UMILJIAHTAIMSA, KaCKa IHO-

BEPOATHOCTHAs (PYHKITHSA, KOHIIEHTPAIMSA PaIUAIMOHHBIX J1e(DEKTOB.
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2KeHis HBICTAaJIapaa paauanusablK JEeKTIiKTePIiH KaJbIIITacCy MPOoIecTepiH
MaTeMaTUKAJIBIK, MO/IEJIbEY

MakaJia WOH coyJIesieHyl Ke3iHae MaTepraaapaarbl PaJuallisIblK, aKayJIapabl TeHePaIusaay
MEXaHU3MJIEPIH 3epTTey MOCEeJIECIH TasIaiijbpl. 3epTrey OapbIChIHIA COYJIEJEHI'€H MaTepPUaJIIbIH,
TepeH/liriHe GalIaHBICTBI KacKaAThl bIKTUMAJIBIK GyHknuscbiH (KbI®) xoHe KackaaThbIK afi-
MaKTap/IblH KOHIIEHTPAIUSIChIH eCcelrTey YIMNH aJrOpUTMIEp O3ipJeHi, Oy akay Ty3ioy mpore-
CTepiH MOJETbACY/IIH JIJIAITIH apTThipyra MyMKiHmiK Oepmi. KbI® kome KacKaaTBIK aiiMakTap-
JTBIH, KOHIIEHTPAIINSACHI OOMBIHITIA YKYPTi3iAreH ecenreyaep paanallusiibiK, aKayIapabliH (pU3nKaIbIK
coyJIeJIeHy IapamMerpJepine OaliylaHBICTBI MiHE3-KYJIKBIH aHBIKTayFa MYMKIHJIK Oepi. AJibIHFaH
€CeNTIK JepPeKTep/li SKCIEPUMEHTTIK HOTHKEJIEPMEH CAJIBICTBIPY O3ipJIEHTeH AJTOPUTMJIEp MeH
MOJIETbJIEP/IIH, JIYPBICTBIFBIH PACTabl. ¥ ChIHBIIFAH QJICTIH €PeKIIesiri - akay Ty3iay JuHaMUKa-
CBIH MAKCATTBIH Ke3 KeJINeH TePEHJIIriHIe OaKblIayFa MyMKIHIIK O€peTiH aHATUTUKAJIBIK, KACKAIThI
BIKTUMAJIIIBIK, TOCITIIH KOJJIaHy, JICTYPJIl CAHBIK, OIICTEP/IiH e19yip ecenTey pecypcTapblH Tajlall
eTEeTIH/IINMEH CaJIBICTBIPFaH/IA.

Byt soTmkenep 6eIeKTep i 3aTIEH 63apa 9PEKETTECY KOHE PATUAIUSIIBIK aKayTapIbIH TY31ay
IIPOIIECT BIKTUMAJIIBIKTBI OOJIBII TAOBLIATHIHILIFBIMEH TYCIHIIpiaeai, Oy HOHIapAbIH MaTepuaJ-
napmen (KbI®) e3apa opekerTecy bIKTUMAJIBIKTAPLIH COYJIEIEHI€H MATEPUAJIbIH, Ke3 KEJITeH Te-
PeHJIrine aHbIKTayFa MYMKIHIIK Oepesi, Oyl akay TY3lly IpOIECTepiH KoHEe OJIAD/IBIH SHEPIHS,
TePEeHIiK CUAKTHI (PUBUKAJBIK IMapaMeTpjepre TOYeIIUTTIH 19/ MOJEIbIeyre MYMKIHIIK Oepei.
JaMBITBIIFAH MOJIEIbIEP MEH aJTOPUTMIED MaTepPHAJITaHy, MUKPO- KOHE HAHOIJIEKTPOHUKAJIA,
KOHCTPYKIHUSIIBIK, MATEPUAJIAPIBIH, PAIAAIUIBIK, TOIIMIIIINH 60/2Kay 18 KOJIIAHBLIYBl MYMKIiH.
Tyiiin ce3aep: WOH, aJrOPUTM, MOHIBIK, UMILIAHTAIINAS, KACKAThI-BIKTUMAJJIBIK (DYHKIUS, pa-
JIUATTUSITBIK, aKAYJIap/IbIH KOHIIEHTPAIIASACHI.

1 Introduction

Research in the field of ion implantation and radiation-induced defect formation has been
conducted and continues to be an important topic for the scientific community to this day.

This area is particularly relevant for the advancement of science in Kazakhstan, as many
organizations are engaged in experimental studies on the effects of various types of radiation,
including electron (1-10 MeV), proton and alpha (1-50 MeV), and ion (100-1000 keV)
irradiation. There is a need for further explanation and analysis of experiments related to ion
irradiation.

The relevance of the topic is confirmed by a number of factors. First, with the increasing
consumption of materials and the growing demands for their properties, it is essential to
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develop new methods for their production and processing. It is expected that in the coming
years, the demand for structural materials will significantly increase, highlighting the need to
optimize ion irradiation processes to enhance radiation resistance and other key properties of
materials. Second, the results of research in this area can have a substantial impact on their
practical applications. The development of algorithms for calculating defect distribution will
allow for more accurate predictions of material behavior under various operating conditions.
This, in turn, could lead to the creation of more efficient and reliable structural materials,
contributing to the advancement of technologies and increasing their competitiveness in the
market. For example, the Institute of Nuclear Physics in Almaty has a proton accelerator and
an alpha-particle accelerator (light ions), a cyclotron, and a nuclear reactor. The Eurasian
University in Astana has an ion accelerator, and work is being conducted at the National
Nuclear Center in the city of Kurchatov. Similar research is being carried out in countries
near and far abroad.

Previously, mathematical models were developed to describe the processes of radiation
defect formation within the framework of an analytical CP-method using the simple CPF
(probability of transition in n steps) that did not account for energy losses due to ionization
and excitation. Mathematical models have been developed taking into account energy losses
for alpha particles, protons, electrons and ions. Unlike electrons, protons, and alpha particles,
for ions it is necessary to find the actual result area for calculating transition probabilities
and the concentration of cascade regions.

The object of the study is a solid body. The subject of the research is the CPFs depending
on the number of interactions and the depth of particle penetration, the concentration of
cascade regions during ion irradiation. The aim of the research is to mathematically model
the processes of radiation defect formation in materials irradiated with ions, taking into
account energy losses. Accordingly, the following tasks have been formulated:

- to develop algorithms for calculating the CPFs and the concentration of cascade regions
as a function of the depth of the material irradiated with ions, and to create a software
package (SP) for performing the calculations of these characteristics;

- to carry out calculations of the CPFs and the concentration of cascade regions;

- to verify the developed algorithm through a comparison of the simulation results with
experimental data..

2 Literature review and problem statement

The paper [1| presents the results of research aimed at assessing the suitability of glassy
carbon as a material for packaging nuclear waste. It is shown, that ion bombardment with
xenon leads to the amorphization of the glassy carbon structure, which is confirmed by
Raman spectroscopy analysis. However, unresolved questions remain regarding the influence
of defects and radiation damage on the microstructure and surface of glassy carbon. This may
be due to objective difficulties related to the lack of data on the behavior of glassy carbon
under radiation exposure. A way to overcome these difficulties could be the use of computer
modeling methods to predict material behavior. This approach was used in article |2], but
the results indicated that a broader range of factors affecting the microstructure needs to
be considered. All of this suggests that it is advisable to conduct research for a deeper
understanding of the impact of radiation defect formation.
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In article |3|, the problem of understanding how the energy transferred to electronic and
atomic subsystems can affect defect dynamics in materials is addressed. The interaction
of displacement and ionization cascades induced by irradiation in silicon carbide (SiC) is
investigated. It is shown that under ion irradiation, a delay in damage accumulation is
observed, which linearly depends on both the increase in ionization and the energy transferred
to the material. However, unresolved questions remain regarding the evolution of defects and
their influence on material properties. This may be due to the limitations of existing models,
making the investigation of this issue relevant. A way to overcome these difficulties could
be the use of more complex models, such as Monte Carlo methods, which are classified as
statistical trial methods and are numerical approaches to solving mathematical problems
by predicting random variables. This method began to be widely applied in the 1970s for
statistical modeling of particle trajectories and calculating the energy distribution transferred
from ions to the atoms of the material. This approach was used in article |4, allowing
for the calculation of particle penetration depth and the determination of radiation defect
concentrations, such as vacancy clusters and interstitial atoms, which became the basis for
quantitative analysis of radiation damage to materials. However, the results indicated that
the dynamics of defect interactions need to be considered, as the algorithm only allows for
the calculation of the distribution and concentration of primary defects, without accounting
for their subsequent evolution.

In article [5], the method of pulsed ion bombardment was used to investigate the
interaction of noble gas ions with potassium tantalate (KTaO3) and its influence on damage
formation and amorphization. It was shown that the mechanism of amorphization is primarily
due to defects caused by ion irradiation. However, the results indicated that additional factors
influencing defect dynamics need to be considered.

Article [6] presents the results of a study dedicated to the formation of nanostructured
TiAIN coatings on AISI 304 stainless steel substrates using reactive magnetron sputtering.
It is shown that irradiation of the coatings with argon ions at an energy of 200 keV leads to
changes in their mechanical properties, including hardness and Young’s modulus. However,
the calculations only considered the distribution of implanted ions, not the defects generated
by them.

Article [7] employs a more detailed analytical method, such as scanning electron
microscopy. However, the results indicated that the influence of various irradiation conditions
on mechanical properties needs to be taken into account.

Thus, existing research highlights the need for further investigation into the effects of
ion implantation and irradiation on material properties, opening new horizons for scientific
research.

One of the key issues of ion implantation is the formation of radiation defects. First and
foremost, it is essential to know the distributions of defects generated in atomic collision
cascades. Despite the well-known numerical methods and models, analytical methods have
undeniable advantages over them, even if they can only approximate certain phenomena. In
this regard, a cascade-probabilistic method has been developed using a CPF, which allows
for the creation of mathematical models in analytical form and, consequently, provides the
opportunity to track the entire defect formation process at any depth of the irradiated
material dynamically.

Previously, a simple CPF was used [8|, which did not account for the actual changes in
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the range and angle of ejection of particles after each collision. This is not always justified,
especially if the interaction range depends on energy. Such an approach can at best be used
only for estimating results. Therefore, work has been conducted in this direction, resulting in
mathematical models of the CPF that consider energy losses, the dependence of range and
cross-section on energy for electrons, protons, alpha particles, and ions [9,[10].

This research aims to address the specified problems, which will allow for the management
of defect generation and evolution, ultimately leading to the production of materials with
desired properties.

3 Materials and methods

The interaction cross-section for ions is calculated using the Rutherford formula [11]. The
observation depths are based on data from tables [12]|. The obtained interaction cross-section
values are approximated by the following expression:

=5 (e ) W

where Ay, a, k, Ey — approximation parameters.

It is not possible to use the provided formula (1) from [13]| for the calculations of the
CPF, as it leads to overflow issues when )¢ is small or when n takes on large values (which
can reach several million). By modifying this formula, we obtain:

(Bg—kh')
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h—H 1 Ey — kW nol = — e
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where n — number of interactions; h', h — depths of ion generation and registration, [ = /\Olak

In order to optimize the algorithms for calculating the CPF as a function of n and h,
as well as the concentration of cascade regions, Stirling’s formulas (5) and (6) from [14]
are applied. To automate the determination of the CPF result area based on n, h, and the
concentration of cascade regions, Binary [15] and Ternary [16] search algorithms are used.
When ions interact with matter, defects are formed in the form of cascade regions, which
consist of vacancy clusters and interstitial atom aggregates.

To calculate the concentration of cascade regions, the following formula from [9] is used:

E2maz
Cu(Eo h) = / W (Eo, Ex, h) dEs, (3)

Ec

_ 4(myc*mac?)

E2maa; -

(mic® +mgc)2 "

E7 — the energy of the particle after energy losses at h, Ey — the initial energy of the ion,
Cx(Eqg, h) is defined considering that the energy of the particle at depth h is Ei(h), Eymnar —



T. Shmygaleva, A. Srazhdinova 163

the maximum possible energy gained by an atom, E,. — the threshold energy, E, — the energy
of the primary knocked-out atom, mjcy — the rest energy of the ion, mocy — the rest energy
of the atom.

The spectrum of primary knocked-out atoms (PKA) is calculated using the (4.26) from [9].
Modifying equation (3 , we obtain:

Ed (E2maa: - Ec) jnlz /h ( h — h/> ’ dh’
C E 3 h — exr - n h/ 9 4
k( 0 ) >\2Ec (EQmax — Ed) e h—kAs p )\2 ¢ ( )Al(h/) ( )

where 1, (R’) is used as (2), E4 — the average displacement energy, ng, n; —the initial and final
values of the number of collisions from the area of the CPF, k£ — is an integer greater than
one.
! 1 24
A(R') = T * 10°* (em),
om0 (5 —my — 1)

Ao = * 10%* (cm).

021y

The cross-section o is calculated using the Rutherford formula; A\;, Ay — are the mean
free paths for ion-atomic and atomic-atomic collisions, respectively, og = 1/ .

4 Results and discussions

When approximating curves, difficulties arise in specifying the initial data \g, a, Fy, and k
in the approximation formula. The approximation expression best describes the cross-section
values, as the theoretical correlation coefficient is sufficiently close to 1. The approximating
curves of the dependence of ¢ on h are shown in Fig. 4.1. Table 1 presents the approximation
parameters and the theoretical correlation coefficients for boron in silicon at various initial
energy values. The targets are metal - aluminum and semiconductor - silicon.
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Figure 4.1: Approximation of the modified cross-section of the CPF for boron in silicon: Ey =
1000, 800, 500, 200, 100 (1-5) keV'. Solid lines — approximation values, stars — calculated data
for the dependence of the cross-section on h

Table 1: Approximation parameters for boron in silicon
Ey oo * 10° a k E} n
1000 1,96808 0,2161 584,57 4,3801 0,9961
800 1,96898 1,199 91,07 0,57988 0,9954
500 1,61508 2,01 55,807 0,2519 0,9887
200 4,16808 0,254 921,908 2,0801 0,978
100 3101242 0,32 23424 3,041 0,9811

The CPF represents the probability that a particle generated at a certain depth A’ will reach
a specific depth h(registration depth) after n collisions.
Let’s conduct a study of the CPF and examine its main properties:

1. Domain of the function: Ey/ak(k —1) < h < Ey/k.

2. limp—phn(h', b, Ey) = 0, limp—po(R, h, Ey) = 1.

3. limg—sotn (W, by, Ey) = %(h_Th,)”exp(—h_Th/), that is the probability of transitioning over
n steps, taking energy losses into account, reduces to the simplest CP-function without

considering energy losses.

4. The sum of the CPF over all interactions is equal to 1, i.e., Koo = > " (W', h, Ey) =
1.

5. Limn—on (W, b, Ey) = (B2=20) Teawp(B52) = o (W, h, Ey)

6. lim,—soon (W, h, Ey) = 0, that is the probability of a particle experiencing an infinite
number of collisions while traversing a depth from A’ to h is undoubtedly equal to zero.

7. [y LRI g where A(h) = 1/(a(h)no).
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The results of the CPF as a function of n are presented in Figs. 4.2 and 4.3.

Figure 4.2: Dependence CPF on n for boron in silicon at Ey = 800 keV; h = 5,0x1073;5,5x
1073;6,0 x 1073;6,3 x 1073 (cm.) (1-4)
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Figure 4.3: Dependence CPF on n for selenium in aluminum at Ey = 200 keV; h = 1,5 X
10741, 7 x 107%42,0 x 107%42,2 x 107* (cm.) (1-4)

The results of the CPF as a function of h are presented in Figs. 4.4 and 4.5.
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Figure 4.4: Dependence CPF on h for boron in silicon at Ey = 1000 keV; n =
116611; 306622; 651245; 1421513 (cm.) (1-4)
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Figure 4.5: Dependence CPF on h for selenium in aluminum at Ey, = 800 keV; n =
549; 866; 1288; 1564 (1-4)

The results of the calculations of the concentration of cascade regions for boron in silicon
are presented in Fig. 4.6 and Table 2 and for selenium in aluminum in Fig. 4.7 and Table 3.
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Figure 4.6: Dependence of concentration of cascade regions on h during the irradiation of

silicon with boron ions for: Ey = 800 keV, E. = 200 keV (1), 100 keV (2), 50 keV (3)

Table 2: The boundaries of the region for determining the concentration of cascade
regions for boron in silicon at F, = 50 keV', Ey = 1000 keV

h 1073, cm Cl, cm Ey, keV no n
0,1000 0,011332 1000 1 9
0,5000 0,1567 900 1 14
1,1286 0,52027 800 1 20
1,7200 0,946 700 1 27
2,3330 1,3808 600 1 34
2,9770 1,91 500 1 44
3,6600 2,61075 400 1 57
4,0270 3,0578 350 1 65
4,4070 3,5944 300 1 75
4,5860 3,6484 280 1 77
4,7270 4,1036 260 1 85
4,8930 4,3868 240 1 90
5,0640 4,536 220 1 96
5,2390 5,012 200 2 103
5,4204 5.3427 180 1 110
95,6080 5,63 160 6 119
5,8030 5,9128 140 9 129
6,0070 95,9962 120 13 141
6,2215 5,7033 100 18 156
6,4470 4,1819 80 25 175
6,5640 2,40099 70 30 187
6,6860 0 60 36 200
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Figure 4.7: Dependence of concentration of cascade regions on h during the irradiation of
aluminum with selenium ions for: £, = 100 keV', Ey = 1000 keV (1), 800 kel (2)

Table 3: The boundaries of the region for determining the concentration of cascade
regions for selenium in aluminum at F, = 50 keV' Ey = 1000 keV

h*10~*, cm Cl, cm Ey, keV no nq
1,15 451,7 1000 21 173
2,21 477,7 900 74 288
4,33 544.,8 800 214 521
6,71 417,84 700 320 678
8,49 412,58 600 429 831
10,23 406,59 500 671 1154
27,6 408,17 400 1713 2441
28,1 397,25 350 1749 2483
29,3 383,21 300 1835 2584
30,6 376,91 280 1925 2695
32,1 369,6 260 2036 2822
33,1 360,18 240 2109 2907
34,2 348.,9 220 2189 3001
35,3 335,06 200 2270 3095
36,2 317,6 180 2336 3172
37,6 295,92 160 2440 3292
38,1 266,74 140 2477 3335
39,4 228,11 120 2573 3447
40,9 173,37 100 2686 3577
41,8 89,97 80 2754 3655
42,4 30,11 70 2799 3707

For comparison with experimental data, Fig. 8 shows the distributions of implanted boron
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ions with depth in irradiated silicon as a function of depth at an energy of 50 keV.
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Figure 4.8: Distribution of implanted boron atoms with depth in Si: 1 — Experiment (50
keV); 2 — SRIM (50 keV)

The distribution of implanted boron atoms in Si exhibits clear maxima, and their
concentration is unevenly distributed with depth. Comparing the calculated distributions of
implanted boron ions (50 keV') in silicon with experimental data shows a good agreement. The
slight discrepancies between the calculations and experimental data for boron are attributed
to the incomplete consideration of the influence of the ambient temperature.

Unlike previously developed mathematical models of radiation defect formation that used
simple CPF [8], this work proposes improved models that:

— take into account energy losses due to ionization and excitation of the medium’s atoms,
as well as the dependence of interaction range and cross-section on energy, achieving a closer
agreement of the obtained results with physical experimental data (within 15%);

—they provide the ability to observe the entire process of ion interaction with the substance
as a function of h.

Unlike electrons [17], protons [18], and alpha particles [19], modeling the interaction
process of ions with matter is more complex [10], [13], [20-23]. In the proposed approach:

— it is possible to perform calculations for various incoming particles and targets from the
periodic table;

— patterns of cascade regions distribution are identified based on threshold energy,
penetration depth, and initial ion energy;

— the actual region of the result is found when calculating the transition probabilities and
the concentration of cascade regions.

5 Conclusion

Algorithms and SP have been developed to calculate transition probabilities as a function of
the number of collisions, the penetration depth of particles, and the concentration of cascade
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regions for ions. This enables the identification of patterns in the behavior of radiation defects
based on the physical parameters of irradiation. All CPF calculations were performed using
, and concentrations were calculated using in C#, with MS SQL Server 2022 used as
the database management system.

The developed SP enables the calculation of interaction cross-sections, ionization losses,
observation depths, and the determination of approximation coefficients. The created
algorithms have enabled the automation of the area of result finding and the identification
of patterns in the behavior of this area.

An analysis of the CPF has been conducted, and the properties that these functions should
possess have been outlined. A comparison of the calculation results of the distributions of
implanted particles for boron (50 keV) in silicon has been made with experimental data.

The study of the distribution of implanted ions and energy losses is crucial for
understanding the processes occurring during ion implantation. The application of the
obtained results can significantly enhance the understanding of radiation processes related
to defect formation in materials irradiated by charged particles.
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