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Abstract

The work was performed within in the context of cascade—probabilistic method, the essence of which is to obtain
and further application of cascade—probability functions (CPF) for different particles. CPF make sense
probability of that a particle generated at some depth 4’ reaches a certain depth /4 after the n—th number of
collisions. We consider the interaction of ions with solids and relationship between radiation defect formation
processes and Markov processes and Markov chains. It shows how to get the recurrence relations for the
simplest CPF from the Chapman—Kolmogorov equations. In this case the particle does not change its direction
of movement after the collision, the flow rate does not depend on time, and consequently, on the depth of
penetration. We also obtained recurrence relations for the CPF with the energy loss of ions from the
Kolmogorov—Chapman equations, the flow rate depends on the depth of penetration.

Keywords: cascade—probabilistic, ion, defect formation, Markov chain, Markov processes
1. Introduction

Previously were described the basics of the cascade—probabilistic method and its applications in the physics of
cosmic rays, radiation and positron physics. The basics of modelling of radiation defects within the
cascade—probabilistic method were obtained. It should be noted that the problems of radiation defect formation
in the interaction of ions with matter are presented in a large number of works, for example (Agranovich &
Kirsanov, 1976, Orlova & Trushina, 1979, Ackerman et al., 1972, Caro, 1993, Zou et al., 1993, Audouard et al.,
Fink et al., 1993, Konopleva et al., 1971). Energy losses on ionization and excitation of the electron shells of
atoms of the environment are not taken into account, so we used a simple CPF.

Since the mileage of interaction A [lambda] for formation of primary knock—on atoms (PKA) is strongly
dependent on the energy, it is necessary to obtain the mathematical and physical models of the charged particles
through substance. Continuous energy loss of charged particles that occur along the path of their motion in solids
is very important. Calculations show that the neglect of the real dependencies of various parameters of the
elementary act and others on energy, angle, depth, etc. can lead to significant errors in the calculations.

Based on the analysis and the actual calculation of the cross sections of electron—electron, electron—atom,
proton—electron, ion—electron, ion—atom collisions, we can conclude that most of the energy is lost by primary
charged particles as they pass through materials for ionization and excitation of the atoms of the environment
(the so—called ionization losses). On hundreds of collisions of charged particle with the electrons of the atoms of
the solid there are one or two collisions with atoms, nuclei (the same thing happens in the formation of
Kumahovskii’s radiation in crystals and channelling and so on).

For the above types of processes we propose the following physical model. Charged particle along the path of its
motion continuously loses its energy for ionization and excitation (energy loss dE/dx for each class of particles
depending on energy are known and are described by analytic expressions, in particular, the Bethe—Bloch).
Collisions with atoms, nuclei, or in the channelling and formation of Kumahovskii’s radiation occur discretely.
After the collision the primary particles retain its direction of motion. When the charged particles move through
the substance its mileage depends on the energy of the cross section of interaction.
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It should be noted that previously (Boss and Kupchishin, 1988, Vol.1, p. 112, Boss and Kupchishin, 1988, Vol.2,
p. 144) questions of relationship between cascade—probability functions, the spectra’s energy of primary
knocked—on atoms, the concentration of defects and fluxes of secondary particles N, integral multiplicities and
others Markov processes were not considered. The study of these relationships has led to expansion of our
knowledge of the processes occurring in materials when high—energy particles passes through them and a
different look at these phenomena, in particular, from a general standpoint. Actually already obtained analytical
expressions for the CPF, the energy spectra of passing and secondary particles N and the defect concentration C
and etc. can be derived from the Chapman—Kolmogorov equations, by setting the appropriate physical and
mathematical models.

Processes of passing of particles through substance and the formation of radiation—induced defects in it can be
viewed as Markov processes, continuous in time and discrete on the number of collisions. The final expression
for w, N, and C are represented as sums, integrals and multiplications of the corresponding conditional
probabilities and the normalization coefficients, depending on the type and energy of the particles, the reaction
channels, differential and integral cross sections of the interaction, the energy lost from the elemental act,
environment density, and etc.

Consider the interaction of charged particles with substance in the generation of radiation defects in solids
irradiated by electrons, protons, alpha particles and ions.

It is assumed that the primary particles (electrons, protons, alpha particle or ion) are formed at a depth %/, is
reacted with a substance in following ways:

1. Charged particle loses energy on ionization and excitation (the main type of energy loss). These losses are
assumed to be continuous to a depth of the passing of particles.

2. The primary particle forms PKA, and on hundreds of interactions with electrons of the environment
(ionization losses) there are approximately a few interactions on the formation of PKA.

3. PKA forms Frenkel pairs (vacancy, interstitial atom) in the case of electron irradiation and cascading regions
in the case of proton, alpha and ion irradiation.

4. For electrons the relativistic case is considered, since the kinetic energy of the electrons is comparable or more
than the rest energy of the electron interaction cross section is taken as the McKinley—Feshbach or Mott cross
sections, ionization losses are calculated from the Bethe—Bloch formula.

5. For protons, alpha particles and ions non—relativistic case is considered, the cross section of the interaction is
selected as the Rutherford cross section, ionization losses for protons and alpha particles are calculated from the
Bethe—Bloch formula, for ions are taken from the tables of the spatial distribution parameters of ion—implanted
impurities (Kumakhov—Komarova).

Consider the system S, which is a process of interaction of particles with material and having one, two, three...
collisions. Such process is a stochastic process with a discrete number of collisions and continuous in time, and
consequently, continuous in depth of particle penetration. Transitions of system S from one state to another occur
under the influence of some event streams. Since we consider the ordinary flow of events and without
consequences, they are Poisson flow of events. If the events form a Poisson flow, the number of events that
occur at any part of the time (f,,4,+7) has a probability distribution law (Guter & Ovchinskii, 1967,
Kolmogorov, 1974, Feller, 1984):

an —a

Pn=—"7¢ (1

n!
where a — the expected number of points falling on the interval:

o+T

a= I A(r)dr, 2

A(t) — flow density or intensity.
If ﬂ(t) = const , Poisson process is called stationary Poisson, or just flow.
At a constant flow rate
a=AL ?3)

Distribution in the form of (1) obtained by eminent French mathematician of the last century, Poisson S.D.
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In our case, the states of the system are related with one neighbour element. This scheme of random process
refers to pure breeding scheme, and the process is a pure breeding process. Set of system states is nonergodic,
intransitive, not closed, finite, states are irrevocable and non—recurrent, the finite state of the system is absorbing.
The process of interaction of particles with material is also a Markov process, since all the probabilities in the
future depend only on what state this process is in now and do not depend on how this process took place in the
past. A Markov chain is a kind of a Markov process, in which the future depends on the past through the present
(Guter & Ovchinskii, 1967, Kolmogorov, 1974, Feller, 1984, David, 2009, Wentzell, 1996, Norris, 1998).

2. Method

The process of interaction of ions with material, including solids, is described as a Markov chain, because the
conditional probability of each event in this trial are uniquely determined by the result of the previous state.
Markov chain is completely described by specifying of all possible transition probabilities, which are written in
the form of a square matrix of order & (Guter and Ovchinskii, 1967, Kolmogorov, 1974, Feller, 1984, Wentzell,
1996).

A Markov chain is a process with discrete states and discrete time, so in order to make the transition from the
Markov process with discrete states and continuous time to the Markov chains we need to set a sufficiently small
depth interval 4k, so small that not in one of the Poisson flows acting on the system could not appear more than
one event in the depth interval 44 (Guter and Ovchinskii, 1967, Kolmogorov, 1974). Let’s define for each pair of
states (S;, ), between which there is a transition S; — S}, the transition probability , (h,Ah) =y, (k), which
corresponds to a penetration depth (Guter and Ovchinskii, 1967, Kolmogorov, 1974, Feller, 1984, Wentzell,
1996). Suppose at some depth /' at an angle y [gamma] in the chosen direction (relative to the perpendicular to
the sample surface) was generated a particle (nucleon, electron, positron, primary knock—on atom). Let us
assume that after the collision, it does not change its direction of movement, the flow rate does not depend on
time, and consequently, on the penetration depth, i.e.

A(h) = A = const “4)

In the future, instead of the time we will consider the depth of penetration. Using the well-known
Chapman—Kolmogorov equation for a Markov process, namely (Feller, 1984):

pin(T’t):Zpiv(T:S)an(Sat) (5
where 7 <s<t?,we obtain the recurrence relation for the transition probabilities:
v, (W hog) = 3w, (b o), (h" b, oy) (6)

But since the process is continuous on depth of penetration and the particle is always at a certain depth, instead
of the sum we have the integral, which is taken over the entire depth of 4’ to 4. Thus, we obtain the following
relations:

"

f dh
v, (ks hay) = [y (W) =, (B a), (7)
l

N

h ”
W, hay) = [, 0 ao)ﬂ\yk(h”,h,ao ), k=1+(n—1). (8)
n aO

Or in a simpler form:

, f ' , dh”
‘Pn(h,h,%)=f‘l’o(h,h o), (h ,h,%)F, ©
n 0
h dh"
v, (h”h’ao) = _[l//n—l (h"h"’ao)'//o (h"’h’ao)_’ (10)
h' 0

where , (h',h,c,) — the probability of n particle collisions, reaching a depth of 4 — the transition probability
innsteps; o, =Acosy; v, (h',h",e,) — the probability of (n-1) particle collisions — probability of transition
in (n-1) step; ¥, (h",h,e,) — the probability that a particle reaches the depth A, without suffering any collision

— probability of transition in 1 step; Gl the probability that the particle is going to collide at a depth A"
aO
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From (1) we obtain for n = 0 the probability that the particle will reach the depth A, without suffering any
collision:
h—h'

wolh' hay)=e=e @ (11

where a = h=h .
aO

Using recursive relation (10), we obtain the probability that the particle will reach a depth %, experiencing one,
two, ... n collisions in the case where A[lambda] and & [theta] are not changed after a collision (Boss and
Kupchishin, 1988, Vol.1, p. 112, Boss and Kupchishin, 1988, Vol.2, p. 144, Kupchishin, 1986):

l//n(h’,h,ao)z[%J iexp[—h;h'j. (12)

|
0 n. 0

In this case, the Markov chain is nonuniform because the transition probabilities ,, k=0, 1, ...n [psiy] are
changed for each step k, the flow rate does not depend on the penetration depth, i.e. all flows that transform the
system S from one state to another, are the simplest stationary Poisson flows. This Markov chain has not
stationary regime, because it does not have the ergodic feature.

The simplest CPF is in the extreme case, namely, when

= goes to the Poisson distribution.
0

3. Results

Consider the case where after the collision particle does not change its direction of movement, the flow rate
depends on time, and consequently on the penetration depth, i.e. (Kupchishin et. al, 2010).

1 1
AMh) = Z(—Q(Eo ) - IJ . (13)

But since the process is continuous on depth of penetration and the particle is always at a certain depth, instead
of the sum we have the integral, which is taken over the entire depth of 4’ to 4. Thus, we obtain the following
relations (Kupchishin et al., 2010):

1 f ' " " 1 1 "
l//n(l’l,h,EO)=h‘[l//k(h,h ’EO)I//n—k—l(h ,h,EO) Z(M—IJ dh , (14)
B = [ OB B % 1,y i(;—lj dh (1s)
i A\ a(E,'=kh")
Or in a simpler form:
v, (h'h.E,)= fw&hzh':E»%(h'zh,Eo)i(;—l]dh (16)
" Ay \a(E,'—kh")

where h’, h — depth generation and registration of a flying ion; E, — initial ion energy; ¥, (h',h,E,) —
probability that the particle will experience n collisions, reaching a depth h; v, (h',h",E,) — probability that
the particle will experience n-1 collisions, reaching a depth of 4" from h; , (h",h,E,) - the probability that
the particle will reach a depth %, while not experiencing any collision; 4, [lambday], @, E,', k — the approximation
parameters.

Where we have the expression for CPF ions in the form (Jeleunova et al., 2013):
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3 E, — ki’ '
(W hE,) = Bk o[ ) MUY —(h=H (17)

n — number of interactions.

Consider some properties of cascade—probability functions. CPF should have such properties in a physical and
mathematical point of view.

’

—kh k};z j greater than 0 or

E —
hJ is defined for (h’<Eyk; h<Eyk), and h{EO

0

. . E,
1. CPF domain. Function In

0

equal to 0; so we have h>=h"; approximation coefficient section must be greater than 0, i.e., o(h)>0, so cy>0.
Eyk-1/ak < h <Eyk.
Thus, the CRF domain for ions is the interval (Eyk-1/ak ; Eyk).

2. limy, (b, Ey) =05 limy, (K, h,E,)=1.

3. Consider

-1
E,— ki h—h

hrn N —hrn *e .
1//0( 0) [E —kh} XP[ 2 j

Making some transformations and limit calculation, we obtain

. , B h—h' 1 1 (1
}flf&%(hﬂh»Eo)exp(— ﬂo \J,rﬂe E*Z (a—EO—lJ.

Similarly,

’ =l ’
limy, (1,1, By =— | 222 | o 220
k—0 /’LO” Eo_kh

J(E,— i’ E,—kh' L E,— i’
In e B
E, —kh E, —kh E, —kh

n!ankn (n 1)'an lknl 2)' nanZ

(h=h) +..+

- ln[E0 _—]l(:ilz,j (h—)
(n—1)lak =)+ D=

After the limit calculation for each member of the sum, we obtain

iy, (.. £ = P21 exp[—h‘hj ,
k—0 n!

A A
i.e. CPF with the energy loss becomes simple CPF.

4. Consider the CPF sum over all possible values of interactions number #:
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k.= v, (W,hE,) .
n=0

We divide i, by n terms:

’ -1 ’ ’
wl(h’,h,Eo)=i [Eo—khj *exp(h—hJ* Lln[Eo—kh -y -
A \E,—kh A ak  \ E,—kh

-1

| (E,—k h-H
WohE) =— | 2" | #ex *
VA N (Eo_khJ p( A j

>

E,— kit
In?| =20 ™%
E,—kh h—h’ln(Eo—kh']Jr(h—h')z

24k ak | E,—kh 21

ﬂ'o Eo_kh /10
| 3(E0—kh’] Z(Eo—kh’]
E, — kh E, —kh ~WY . (E, ki yas
) _ el iy B0 (B ki) (=)
3la’k 21a%k 2lak E, — kh 3!

-1

E— 7 _ ’
w,(h',h,E,) | o~ *exp hol
A"\ E, —kh A

In” E, —kh 1! E,—kh 0> E,—kh
E,—kh E,—kh , E,—kh

- T (h=h)+ 2712
nla"k" (n=-D'a" k" 2l(n=-2)la" k"

(h=h) +..+

(-)""'In Eq =k
E, —kh

(n—1)!ak

j (=) +(=1)"

(h=h"Y"
n!

Group all the members for (-4, (h—h") ,(h=h)*, ...
We have

S , h=1
;l/fon(h ,h,E0)=eXp[ ) ]
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>, (. E,) =—%exp[h;0h J(h—h’),

= , =) (h—h
;l//,-ﬂ(h’h»Eo)—i%i eXP[ i J(h Ky

Summing over all i, we obtain the expression:

K. —hmz( [h%h j(h ny = llmexp(h h]z( D'(h—K) =1,

n—e T8 AU =0 1'2‘0

ie Koo =1.

5. limy, (. hE)=0;  lim y, (W.h,E,)=1.

E,—kh h—H ,
6. l1ml//(h h,E))= [E kh] *exp( ) J=1//O(h,h,EO).

7.n—oo .
Breaking w,(4’,h,E,) into n members, calculation the limit of each member and using Stirling's formula, we

obtain limy, (h',h, E,)=0.

J.y/(h oEy)dh a18)

A(h)

where A(h)=1/(c(h)n,),

— number of target atoms per cubic centimeter.

This integral cannot be expressed in members of elementary functions and, therefore, has been calculated
numerically by Gauss’s method.

The calculation of CPF results depending on the number of interactions and penetration depth are shown in
Tables 1, 2.

Table 1. Dependence of displacement percent of the left and right result area borders on number of interactions
for aluminum in aluminum: a) £, = 1000 keV; b) £, = 800 keV

h*10°, cm B,.% B,.% N, B;.%
10 25 -8,67 74 16,33

15 32,29 -21,86 85 10,43

20 41,52 -34,15 100 7,37

25 53 48,3 130 4,7

30 67,56 -64,8 160 2,76

35 90,82 -90,33 220 0,49

a)

7*10%, cm B,.% B,,% N, B;,%
1 28,8 28,6 25 57,4
5 20,46 2,63 63 23,09

9 25 -10 78 15

13 32 22 90 10

17 41,10 33,6 105 7,5
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21 51,82 -47 130 4,82

25 65,93 -63,25 160 2,68

29 87,33 -86,6 200 0,73
b)

Table 2. Dependence of displacement percent of the left and right result area borders on the depth of penetration
for silicon into silicon: a) E, = 1000 keV; b) E, = 500 keV; ¢) E,= 100 keV

7*10%, cm h/\, cm C1,% C,% N, Cs3.%
1 933 18 25 20 43
3 2918 7,9 16 40 23,9
5 5076 3,2 14,8 60 18
7 7432 -0,5 15,5 75 15
9 10015 -3,6 16,5 90 12,9
10 11401 -5 16,5 110 11,5
30 67193 28,08 31 500 2,92
a)
7*10°, cm h/\, cm C1,% C,.% N, Cs,%
5 10758 -2,85 14,5 100 11,65
10 26876 -14,65 21,7 180 7,05
15 54546 24,83 28,5 380 3,67
20 115467 -27,6375 28,8 1300 1,1625
25 376703 -11,9135 11,9182 280000 0,0047
b)
h*10%, cm h/A, cm C1.% Co.% N, C3.%
1 10018 2,78 15,5 90 12,72
1,5 16700 -8,898 18,5 125 9,602
2,0 25136 -14,8 22,35 175 7,55
2,5 36204 20,37 26 250 5,63
3,0 51488 25,1 29 375 3,9
3,5 74157 27,98 30,15 650 2,17
4,0 111627 27,145 28,1 1500 0,955
4,5 186233 20,65 20,832 7500 0,182
c)

Energy spectrum of primary knock—on atoms (PKA) calculated by the formula (Kupchishin et al., 2010):
n—n \W(E. By 1) di’
b)) AW,

where ¥,(h") — CPF in a modified form; 4, 4, [lambdal], [lambda2] — mileages on ion — atom and atom —

"
W(E E ,h)= Y (19)

h
02 [ I//n(h,)eXP[_

=Ny h—k

atom collisions, correspondingly; k— an integer greater than one; ng, n, — the initial and final value of

interactions number in the domain of the CPF; w(E,,E,,h") — spectrum of PKA in the elementary act; E,—

energy of primary knock—on atom.
The expression of the vacancy concentration clusters during ion irradiation of a solid is given by (Kupchishin et
al., 2010):

E2max
Ck (Eo,h) = ];l W(EO,Ez,h)dE , (20)
c

E

2max

The results of calculations radiation defects concentration are shown in Figure 1 and Table 3.

— maximum possible energy, acquired by the atom.
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Ck*1 03, cm

124

10

Figure 1. The dependence of the radiation—induced defects concentration on the penetration depth under ion
irradiation for silicon in silicon at £, = 50 keV; E, = 1000, 800, 500, 200, 100 keV (1-5); E. = 100 keV; E, =
1000, 800, 500, 200 keV (6-9); E. =200 keV; E,= 1000, 800, 500 keV (10—12)

Table 3. The borders of the radiation—induced defects concentration domain for nitrogen in aluminum at E. = 50

keV and E; =500 keV

h*107, cm C,., cm Ey, keV ny ny
0,1 581 500 0 47
4,5 713 400 345 729
6,9 800,7 350 630 1122
9,4 906 300 987 1585
10,5 959 280 1166 1810
11,6 1016 260 1361 2050
12,7 1076 240 1573 2309
13,8 1139 220 1805 2589
14,9 1203 200 2060 2893
16,1 1279 180 2368 3256
17,4 1365 160 2743 3695
18,7 1443 140 3172 4191
20 1494 120 3670 4762
214 1488 100 4306 5485
22,8 1273 80 5088 6366
23,5 975 70 5555 6889
243 411 60 6174 7579
25 -738 50 6815 7900

Formula (19) can also be written as an equation of Chapman—Kolmogorov, the flying particle is ion. It is obvious
that the interaction of ions with solids, generation of PKA is also described by a Markov chain.

In the expression for the spectrum of PKA (19) there is a multiplication of the probabilities under the integral

sign. Here they are:
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E n
E 1 ln[E Okh']
A ak ’ -
Loy )= ——| 0 [0 e || 20 | oy, 1)
(I 2 ak

v, [psii] — the probability that the ion reach a depth 4’ after (n-1)—th collision, provided that the previous event

occurred, i.e. at a certain depth the primary particle was generated — ion.

2. w(E,,E,,h'")=y,, — the conditional probability of forming primary knock—on atom with energy E, from the

ion with energy F after the n—th collisions.
h—h' . o .
3. exp _T /A, =y, — the conditional probability that the PKA, formed at a depth 4’ after the n ion

interactions with the substance will reach the depth h.

Spectrum of PKA W(E,,E,,h) is a probability that from the 1st ion with energy E, will be generated a certain
amount of the secondary particles with energy E, at a depth /.

In the general case, all the functions ¥, v,,, ¥, [psik], [PSikm], [PSims] are the transition probabilities of the
Markov chain correspondingly from the i—th state to the k—th, from the k—th to the m—th, from the m—th to the
s—th.

Then the Chapman—Kolmogorov equation can be written as follows:
W[j = ZZ\Pik : lIlkm ’ ‘Pms 4 (22)
k m

y,; =W — the probability of the transition from the i—th state to the j—th.

Since the states of the system are continuous in depth, then the expression (22) is transformed into the following:

m h
W(Ey, s )=y = (Wi Wi Wi - (23)

n=0 ¢
4. Discussion

Markov chains are used in various areas of scientific research. In chemistry, enzymatic activity,
Michaelis—Menten kinetics, can be viewed as a Markov chain, where at each time step the reaction proceeds in a
certain direction. While the Michaelis—Menten kinetics is quite simple, much more complex reaction networks
can also be modeled by a Markov chain (Kutchukian et al., 2009). In physics, the growth (and composition)
copolymers can be obtained using Markov chains. The chain structure can be calculated based on reactivity
ratios of the monomers which constitute the growing polymer chain (Kopp et al., 2011). Markov chains are used
in finance and economics, to simulate various conditions, including asset prices and the collapse of the market
(Prasad et al., 1974, Hamilton, 1989). Our work shows the relationship between the processes of particles
interaction with matter and radiation defect formation in solids irradiated by ions with Markov chains and
Markov processes. We got recurrence relations for the cascade—probability functions, expressions for the spectra
of primary sputtered atoms and the concentration of radiation—induced defects of Markov chains. Similarly, we
can show the relationship between the processes of radiation defect formation in solids irradiated by electrons,
protons, alpha particles Markov processes and Markov chains.

Similarly, we can show the relationship between the processes of radiation defect formation in solids irradiated
by electrons, protons, alpha particles and Markov chains.

Thus, the interaction of particles with solids and the formation of radiation defects in solids irradiated by charged
particles can be described by Markov chains and Markov processes.

Unlike others, our researches are used in radiation solid state physics. Also Markov chains and Markov processes
can be used in space research.
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5. Conclusion

Thus, it is shown that the interaction of particles with material and the formation of radiation defects in solids
irradiated by ions is a Markov chain. In this case, the Markov chain is inhomogeneous because the transition
probabilities y,, k=0, 1, ..n [psiy] are changed on each step &, the flow rate depends on the penetration
depth, i.e. all flows that transform system S from one state to another, are non—stationary Poisson flows.
Conditional probabilities ¥, ¥,, ¥,, ¥, ... ¥, [psio), [psi1], [psiz], [psiz] ... [psi,] are the transition
probabilities for inhomogeneous Markov chains with no stationary state. When k& — 0, either g — « , CPF for
ions in view of losses of energy goes into the simplest CPF, and therefore goes into the Poisson distribution. The
simplest CPF ignores the energy loss on ionization and excitation directly in the process of generating PKA. This

Markov chain has not stationary state because they do not have the ergodic property.

In this paper we consider the relationship between the Markov chains and Markov processes to produce models
that describe the particles interaction with matter and the formation of radiation—induced defects during ion
irradiation.

In the future we plan to use the Markov chain to obtain a cascade—probability functions for unstable particles,
muons, pions, neutrons, positrons.
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