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Introduction

At present the problem of penetration of fast particles through
composite materials has great practical interest. It is bound up with
problems arisen in new branches of science and technology. The range
of such problems is rather wide: calculation of spatial energy distribu-
tion in composite targets, angular and energy spectrums of past and re-
flected particles, distribution of shift defects in solids and so on.
Showers of secondary particles are generated in the result of incidence
of high energy electrons or photons on the target. Secondary particles
redistribute a part of energy of primary ones in a material. Thus, it is
necessary to take into account the energy transfers by particles of all
types in the result of collision processes.

This work presents the description of physical processes taking
place under action of high energy electrons or photons on the com-
posite targets. The considered energy range is from 5 keV up to 1
GeV. Type of interaction is determined by the forths which affect
between the incident particle and scattering centers of medium. Elec-
tromagnetic interaction is described by the theory of quantum electro-
dynamics [1]. On the base of this theory the Monte Carlo model for
numerical simulation of penetration of particles through complex in
geometry and chemical composition mediums was developed. Physi-
cal model is formed in the approximation of binary collisions. It is
supposed the incident particle interacts simultaneously with one scat-
tering center (electron or nucleus) of medium. Scattering centers are
placed by chance, i.e. the target is polycrystal. Interaction is occurred
instantly in the collision point. Density of incident particles is such
that their collective interaction 1s neglected. Each particle interacts
with the target independently from another. Numerical simulation of
the penetration of particles is performed by the Monte Carlo methods.
In Sections 1 and 2 the fundamental physical processes accompanying
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the penetration of particles through composite targets are discussed. In
Sec. 3 the Monte Carlo simulation model is described, and in Sec. 4
the simulation results are presented.

1. Interaction processes of electrons and positrons with matter,

The following physical processes of electron or positron interac-
tion with matter are taken into account: the bremsstrahlung emission,
the elastic electron-nuclear and positron-nuclear scattering, the elastic
electron-electron and positron-electron scattering, the energy losses
for excitation and ionization. In addition the annihilation process is
taken into account for positrons. The energy losses for bremsstrahlung
emission predominate over that for ionization when the energy of an
incident particle is greater E, =600/Z MeV, where Z is the atomic

number of stopping medium. The losses for emission originate mainly
from the Coulomb interaction with the nuclei. For high energy parti-
cles it is the main form of energy losses in medium. The losses for
ionization predominate by low energies. The interaction cross sections
of charged particles with the medium atoms are rather large. There-
fore, the particles undergo a great number of collisions on some length
of its trajectory (about 10° per | mm).

The characteristic property of electron or positron interaction
with the atoms is deflection of its propagation direction that originates
mainly from elastic collisions with the nuclei. The energy transfer in
this process is negligible small because of the large difference between
the masses of the incident particle and nucleus. The elastic scattering
on the nuclei is Z times more efficient than that on the electrons. The
energy loss of charged particles in matter is due to the processes of
ionization and excitation of the electron cloud surrounding the nu-
cleus. The deflection of propagation direction in these processes is
rather small. Hence, to describe the electron or positron transport in
matter one can take into account independently the acts of energy
transfer and scattering [2]. The deflection of propagation direction is
Z times more efficient than the energy loss. Therefore, a charged par-
ticle many times changes its direction before stops.
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1.1 The bremsstrahlung emission by relativistic electrons and posi-
trons.

The photon emission by charged particles is due to the change of
its direction by motion in the electric field of the nucleus. This process
plays a significant role in the energy losses for high energy electrons
or positrons. The differential cross section of bremsstrahlung may be
obtained in the first-order Born approximation. In this case the initial
and final kinetic energy E, of an electron or positron must satisfy the

condition: E, >>05 [n,c* [[Z/137)°, where m, is the electron mass, ¢ is

the velocity of light in vacuum. In first-order approximation the brem-
sstrahlung cross section has the same form both the electrons and
positrons. In more high-order approximations the symmetry is vio-
lated. The differential cross section for bremsstrahlung is described by
the Bethe-Heitler relativistic formula [1]:

do, _Z(Z+1)Grez pm; | ¢’ 2 2 2\, 2 1 1 ’
P = e 26 +2¢'% - - -
dwdQ,dQ, 41 pqiw nqmg( BreETTg )+q | N n"
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| L S [ —+— L1
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where dQ,,dQ, are the elements of solid angles for photon emission
and charged particle scattering, w 1s the photon energy, €, €' are the
full energies of a charged particle before and after interaction, p, p' are
the momenta of a charged particle before and after interaction, a is the
fine structure constant, r, is the classical electron radius, q =p'+k -p

is the momentum transferred to the nucleus, k is the photon momen-
tum, n=€-np, N'=¢'—-np’, n=k/w. The bremsstrahlung emission in
the electric field of atomic electrons is taken also into account by this
expression.

The integration of the cross section given in Eq.(1.1) over both
the photon and charged particle directions is rather lengthy but may be
obtained in the analytical form. The energy spectrum of the photons
emitted in the bremsstrahlung process is continuous. The distance
from the nucleus where the bremsstrahlung process is occurred has the
important role. It is found that the bremsstrahlung emission is occurred
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on the distance greater than the nucleus radius. Therefore, the nucleus
may be considered as the point charge. However for low energy pho-
tons or for extremely high energy particles it is necessary to take into
account the effect of screening by the atomic electrons. The effect of
screening may be taken into account roughly by using of the potential
V(r) = (Ze/r)exp(-1/a), where a=108Z""*( /mc), e is the electronic
charge, 7 is the Planck constant, r is the radial coordinate. This po-
tential simulates screening by reducing the coulomb interaction for
distant collisions. To take into account the effect of screening it is
necessary in accordance with [3] to change the factor (1/ q4) in

Eq.(1.1) to 1/(q2 + 62)2 , where & =Z7"°m, /108.

The angular distribution of emitted photons is an energy function
of the incident charged particles. If the particle energy is €[lm, then

this distribution 1s uniform. In the case when the initial and final ener-
gies of the incident particle are high (g,e' >>m,) the emitted photon

and emerging particle are occurred in the range 6 Um,_ /€.

The total cross section o, of the bremsstrahlung emission proc-
ess 1s derived by the integration of Eq.(1.1) over dw, dQ, and dQ..
The value o,, determines the probability of the bremsstrahlung proc-

ess. All characteristics (photon, electron or positron energies and di-
rections) of particles taking part in the bremsstrahlung process are
sampled on the base of the Monte Carlo model developed in [4].

1.2 The elastic electron-nuclear and positron-nuclear scattering.

It was mentioned above that this process gives main contribution
into the deflection of charged particles. For the considered energy
range the differential cross section of the elastic electron-nuclear or
positron-nuclear scattering can be evaluated in the first Born approxi-
mation. In this approximation there is not difference in the electron
and positron scattering. The differential cross section corresponding to
the Coulomb potential Ze/r is described by the Mott formula [1]:

do,, _(Ze*)*e? 1-p*sin’(6/2) (12)
aQ 4p* sin*(6/2) '
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where B=v/c, v is the particle velocity, 6 is the scattering angle. This
cross section is different from the Rutherford one when BLl. From

Eq.(1.2) one can see that there is large probability for scattering at
small angles. The charged particles undergo a great number of far
scatterings with small deflection on some trajectory length L. The
scatterings at large angles (near scatterings) are rather seldom events.
Therefore all scattering may be divided into two groups: near scatter-
ings with deflection angle 8>8" and far scatterings with 8<8".

The near scatterings are described by the Eq.(1.2). The total
cross section describing near scatterings is obtained by the integration
of Eq.(1.2) over the angle 6 in the range from 6" up to m. Carrying
out the integration over dQ, one obtains

(262)252 1+cos®’

4

p 1-cosB’

1-cos@’

— | 1.3
o), (13

When the near scattering is occurred the angle 6 in the laboratory co-

ordinate system is sampled from Eq.(1.2) by means of the Neumann

method [5]. The energy transferred to the nucleus is determined from

the relationship

g, =T +[3* In|

%HZT sin2 9,
(m, +M,) 2
where T is the kinetic energy of the incident particle, M, is the nu-

cleus mass. The value AT is negligible small.

The effect of far scatterings on the propagation direction accu-
mulated on the length L can be considered in the following probabil-
istic approach. Due to the long-range Coulomb interaction the charged
particle undergoes a great number of statistically independent colli-
sions whose bulk effect is fully determined in terms of the mean de-
flection angle square

AT =4

2 4 *
(6*)=N,L qum:§E£§JiNﬁLijLJ, (14)
. 0 .

06<06 p min
where N, is the number density of medium atoms, do_, 1s determined
by Eq.(1.2), 6, is the minimal deflection angle. 6_. is obtained us-

ing the Thomas-Fermi model: 6_, =Z"*am.c/p. The angle 8" is cho-

n
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sen from the condition that the summary deflection angle accumulated
on the length L is small
V2 e* \l/Z

07) =|20"In] — || <<lL.

< > [ n| emin |
The probability that the charged particle due to the far scatterings ac-
cumulates a deflection angle 6 on the length L is determined from the
Gauss distribution

P(6)d 6= %exp(—92/<92>)d 0 (15)

In the end of which length L the accumulated deflection angle 6 is
sampled from Eq.(1.5).

1.3 Kinetic energy loss of incident electrons in electron-electron
collisions.

The atomic electrons of medium can be considered as free and to
be at rest for the incident electrons with high kinetic energy. This as-
sumption is fairly accurate because the character velocity of the
atomic electrons is negligible compared to the high velocity of the in-
cident electron. In the laboratory coordinate system the differential

cross section of energy transfer to the atomic electron is written in the
form [1]:

do =2T|'I'2 dA (y—1)2y2 _2y2+2y—1+1| (16)
STV - B(y-1-a) Alv-1-2) )

where r, is the classical electron radius, A=(T-T')/m, is the Kinetic
energy transferred to the atomic electron in units of electron rest mass,
T, T' are the kinetic energies of the incident electron before and after
collision, y=T/m,. The identity of colliding electrons results in the
occurrence of the so-called exchange interaction. This interaction has
important role when the incident and recoil electrons have the energies
of the same order in magnitude. The value A is changed in the range
from O up to (y-1)/2. In the result of the electron-electron collision
the kinetic energy of the incident electron is decreased by the value
AT=T-T and the recoil electron with the kinetic energy AT is
emerged. The vacancy is generated in an inner shell of the atom. Af-
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terwards this vacancy is decayed either by means of the auger-electron
ejection or photon emission. The cross section (1.6) is very large for
low energy electrons, i.e. such electrons loss its energy in the place of
their emergence. Therefore all electron collisions are divided into two
groups: near collisions with energy transfer A>A" and far collisions
with A<A', where A"=AT"/m, <<1, AT" is some value of kinetic en-

ergy of the recoil electron which is chosen to satisfy this condition.
Near collisions are treated as individual ones. It is convenient to

consider the result of collision in the coordinate system of center iner-

tia. The differential cross section of the near electron-electron colli-

sion 1s given by the relativistic Mo ller formula [1]
2
do, ,m(ed+p2) [ 4 3 pa | 4)
ee_re ) . 4N - +| B . > | I+ ) ) (17)
dQ 4p.Ea sin"@ sin" 0@ g +p S/

Sin

where p; =m./(e-m.)/2, €} =m/(e+m,)/2; €=T+m, is the total
electron energy in the laboratory coordinate system, 6 is the scattering
angle in the system of center inertia. The total cross section o, of near
electron-electron collisions may be obtained by the integration of

Eq.(1.7) over the angle 8 in the range from 6’ :arccos(l —2AT*/T) up

to 1. The value o, defines the probability of the near collision. If the

near collision is occurred then the scattering angle 6 is sampled from

Eq.(1.7) by means of the Neumann method. After that in the labora-

tory coordinate system all characteristics are determined by the fol-

lowing expressions [6]

€—m, (E—AE)(S +me) —em, —m’ .
5 5 2 5 1/2 2

(s —me)((e—Ae) —me)]

(e +m,)Ae"?

[(82 - mﬁ)(Ae +2me)]

Ae =

(l—cose); cosd, =

cosd, = 77 (1.8)

where Ae is the total energy of the recoil electron, 4, is the scattering
angle of the incident electron in the laboratory system, 9, is the angle

between the incident and recoil electron directions in the laboratory
system.



The energy loss of the incident electron in the result of far colli-
sions when the kinetic energy of the recoil electron is less than AT is
due to the processes of excitation and ionization. To calculate the en-
ergy loss of electrons in far collisions it is necessary to take into ac-
count that atomic electrons are bounded, i.e. to consider the system
formed by the incident electron and atom. The theory for calculation
of probability of different processes which cause the excitation and
ionization was developed by Bethe. It is supposed the velocity of inci-
dent electron 1s much higher than the character bounded electron ve-
locities, i.e. the first Born approximation is valid. Bounded electrons
are detached by the Coulomb force impact produced by the incident
electron. The differential electronic stopping power by detachment of
bounded electrons can be written in the following form:
dk, =Zm,N Ado,, where do, is given by Eq.(1.6). The energy loss
per unit length in far collisions is obtained by the integration of dk,
over A in the range up to A". Performing the integration, one obtains

4T _MZy o 1n[(yz‘1)m§ﬂ_(2 -i+ﬂx

dx ., y*-1 " °° I’ y 'a

2v-1) 2y
where I 1s the average ionization potential. This parameter used in
Bethe theory is formally defined by ZInI= _f InE, where E, and
f_are the possible electronic energy transitions and corresponding di-
pole oscillator strengths for the medium atoms. In practice the oscil-
lator strengths and the transition energies are not well enough known
to simply calculate an I of sufficient accuracy. Therefore this value
was found from quantum mechanically calculations in accordance
with Hartree-Fock-Slater model [7,8]. Equation (1.9) takes into ac-
count both the small and large momentum transfers compared to mo-
menta of the atomic electrons. The momentum transfer is always small
compared to the initial momentum of the incident electron. In the re-
sult of far electron-electron collisions the kinetic energy of the inci-
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dent electron traveled the length L is decreased by the wvalue
AT = LI{dT/dx)

1.4 Kinetic energy loss of incident positrons in positron-electron
collisions.

In this case the identity of interacting particles is absent. There-
fore there is some difference in electron-electron and positron-electron
cross sections. The energy loss of positrons is considered also in the
first-order Born approximation. In the laboratory coordinate system
the differential cross section of energy transfer to the atomic electron
is given by the following expression [1]

2
do,, =2m; dA 'y 2y +4y+ll,

v -1 N y+1 A

2
L3y +6y2+4_ 2y2A+ 1 2A2|, (110)
(y+1) (v+1) (y+1)° |
where A= (Tp —Tl;)/ m, 1s the kinetic energy transferred to the atomic

electron in units of electron rest mass, T,, T, are the kinetic energies of

the incident positron before and after collision, y =T, /m,. The value
A is changed in the range from 0 up to y-—1. All positron-electron
collisions are divided into two groups: far collisions with energy trans-
fer AT<AT" and near collisions with AT>AT", where AT <<m, is
some value of kinetic energy of the recoil electron.

Near collisions when the recoil electron gets some value of ki-
netic energy AT which exceeds AT are treated as individual ones. The
positron-electron scattering is considered in the system of inertia cen-
ter. The differential cross section is given by the Bhabha formula [1]

2, 2)\?
do,. _r? m’ (8ct +pct) 1 e —m, |1
=€ ¢ - ¢ < +
dQ 16 €} L py  sin*@/2  piel sin’6/2
dem’ 4palEa +pe s
+128<:t4 Te t( : t)sir129+_41}t sin 2| (111)
€ € £

ct ct ct

where p?, =me(ep —me)/z, e =me(£p +me)/2; e, =T, +m, is the total

positron energy in the laboratory coordinate system, 6 is the scattering

11



angle in the system of inertia center. The total cross section o, is de-

rived by the integration of Eq.(1.11) over the angle 6 in the range
from 0" = arccos(l —ZAT*/TP) up to 1. The scattering angle 6 1s sampled

from Eq.(1.11) by means of the Neumann method. After that in the
laboratory coordinate system the energy transferred to the recoil elec-
tron, the scattered positron and recoil electron directions are deter-
mined by means of the expressions (1.8).

The energy loss in far positron-electron collisions is due to the
processes of excitation and ionization. This part of energy loss 1s taken
into account in the approximation of continues deceleration. The dif-
ferential stopping power of positrons is written in the form:
dk . =Zm\N Ado ., where do,, is given by Eq.(1.10). The energy loss

per unit length in far collisions is derived by the integration of dk , in

pe?

the range up to A". Carrying out the integration over A, one obtains

|d_T _2TZY 2me(V2‘1)AT*W_2V2+4V+1AT* .
dx y> -1 I? v (y+1) m,

pe

N, m,r’ lnL

5 % 2 £\ 3 2\ 4 2
L3V’ +6y+4 AT 2y (AT L1 (AT\ Ly 1’(1.12)

Zyz(y+1)2 m, 3y2(y+1)2 m, 4y2( v+ 1)2 m, y?
where 1 1s the average ionization potential. The kinetic energy of the
incident positron traveled the length L 1is decreased by the value

AT = L [{dT/dx) ..

1.5 Positron-electron annihilation.

In the result of annihilation the positron-electron pair disappears
and two photons are generated. The production of two photons is nec-
essary to satisfy the momentum conservation law. It is convenient to
consider the result of annihilation in the system of the inertia center. In
this system the energy of positron, electron and two photons is the
same. The differential cross section of annihilation is given by the
following expression [1]

€ + Pit(l +sin’ 9) _ 2pisin*6

2 _ 2 2 2
€ ~ Py cos” O (82 p2, cos’ 9)

ct

22
do,, _ rom;

an

dQ 4gctpct

: (113)
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where p’, = me(ep —me)/z; 2 :me(sp +me)/2; e, =T +m, is the total
positron energy in the laboratory system, 6 is the angle between the
positron and any photon directions. The total cross section of annihi-
lation is derived by carrying out the integration of Eq.(1.13) over 6.
Evaluation of the integration gives

S 1=v2 3-v?, 1+v

O =T = | 1n1_V—2(2—v2) b (114)

where v=,/el —m’ /ep. The value o, determines the annihilation

probability. The angle 6 is sampled from Eq.(1.13) by means of the
Neumann method. If the annihilation process is occurred then all char-
acteristics in the laboratory system are given by the following expres-
sions [6]

ool(sp +2me) —m€, -2m] .
ool\/ep(sp +2me)
ooz(ep +2me) —m.g, -2m}
wm/sp(ep +2me)

where w,,w, are the energy of photons, 8,,8, are the angles of pho-
tons with respect to the initial positron direction.

W, =m, + 8p(1 +cos 6)/2; cos 9, =

b

W, =m, + sp(l —Cos G)/Z; cosd, =

b

2. Interaction processes of photons with matter.

Photons traversing a matter is either absorbed or scattered by the
atomic electrons. It is considered the photons with energy higher 1
keV. The main interaction processes of such photons with matter are
the following: electron-positron pair production, Compton scattering
and photoabsorption.

2.1 The production of an electron-positron pair by energetic pho-
tons.

The effect of pair production is in that a photon with energy
higher 2m, generates a positron-electron pair in the field of nucleus. In
the result of pair production a photon disappears. This process pre-
dominates for high energy photons. The nucleus in the electric field of
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which the pair production is occurred takes a part of the photon mo-
mentum. However the nucleus does not acquire a considerable energy
because of its large mass. Therefore the sum of total electron and
positron energies is equal to the initial photon energy. Due to the
limitations of the first Born approximation the low energy limit of va-
lidity is (Zez/ v+) <<1 and (Zez/ v_) <<1, where v,,v_ are the posi-

tron and electron velocity, respectively. The differential cross section
for the production of an electron-positron pair of energy €_,e, and
momenta p_,p, by a photon of momentum k is given by the expres-
sion [1]

d0~ 2 2 4 2 2
ST R R

dQ dQ.ds, 41 ¢ & |nnm? n. n.

2 2 2
+4(8_-_8_+\ +299 (L+Q-2‘*§ (£+M @D
n. n- m- \n. n, m \n, n

where dQ_,dQ, are the elements of solid angles for emitted electron
and positron, w=¢_ +¢, is the initial photon energy, q =p_ +p, -k 1s
the momentum transferred to the nucleus, n, =€, —p, cosb,; 6_,0, are

the electron and positron angles with respect to the initial photon di-
rection.

The cross section of pair production is increased with Z as Z°.
Hence, this process is more effective for high-Z nuclei. Symmetry of
Eq.(2.1) with respect to an electron and positron is the result of the
first-order Born approximation. Shielding becomes important for
photon energies of the order of 13727’ m_? and can be taken into ac-

count approximately in accordance with [3] by replacing (1/ q4) in
Eq.(2.1) by | 1/(q2 +832)2 |, where 3=2""m,/108.

The angular distributions of generated electron and positron de-
pend essentially from the photon energy w. In the case when €, >>m,

the electron and positron are emerged at small angles of order of
0, Um, /e, with respect to the initial photon direction.
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The probability of the pair production process is determined
from the total cross section o . which is obtained by carrying out the

pair
integration of Eq.(2.1) over de,,dQ, and dQ_. Energies and angles of
emitted electron and positron are sampled from Eq.(2.1) on the base of
the Monte Carlo model developed in [4].

2.2 Compton scattering.

When the photon energy is still higher then the average ioniza-
tion potential of the medium atoms the Compton scattering is a pre-
dominant process. In the result of Compton scattering a photon inter-
acting with an atomic electron changes its direction and transfers a
part of its energy to an electron. This process predominates in the en-
ergy range 1 - 10 MeV for elements with low and mean atomic
weights. The differential cross section of Compton scattering in the
laboratory coordinate system is described by the Klein-Nishina-Tamm
formula [1]

do

mdw| w m m 1 1
com = Tle ——| — +—+| = ——=¢| —2me(———w , (22)
(6)) W' W 0] (0))]

()

where w,w’ are the photon energies before and after scattering. The
total cross section o, of Compton scattering is derived by the inte-
gration of Eq.(2.2) over dw' in the range from w/(1+2w/m,) up to w.
The value o, characterizes the probability of Compton scattering. If

com

the process of Compton scattering is occurred then the photon energy
w' 1s sampled from Eq.(2.2) by means of the Neumann method. The
scattering angle 9 in the laboratory system is determined from the
following expression: cosd =(ww' —m,(w- o)) /( wd).

2.3 Photoeffect.

The physical phenomena of photoeffect is in the following: the
photon interacts with an orbital electron of atom in the result of which
an electron ejected from an atomic level obtains energy. A released
level of atom 1s closed hereinafter by one of outside electrons. The act
of photoabsorption is finished by the emission of electromagnetic ra-
diation or ejection of auger-electron. In the case of small photon ener-
gies the optical electrons take part in the photoabsorption process. But
by increasing of photon energy the photoabsorption results to ejection
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of electrons from more deep shells. When the photon energy coincides
with the bond energy of electrons of the given shell the effective sec-
tion of absorption has a resonant maximum. Therefore it is known [1]
that the maximum section of photoprocesses is occurred near to
thresholds of photoionization. The cross section of photoabsorption
depends essentially from the charge of medium nuclei and photon en-
ergy. By increasing of the nucleus charge the absorption cross section
is increased as Z", where n is changed in the range from 4 up to 5 de-
pending on the photon energy. For low energies (w <02 MeV) the ab-
sorption cross section is proportional to 1/w’. For high energies
(w>05 MeV) that is proportional to I/w. In a case of high energy
photons the maximal absorption is occurred on the K-shell of atoms.
Then the differential cross section of photoabsorption is written in the
following form [1]

do, = Gn(oo) sin® Bcos ¢(1 +4 Bcos G)dQ, (2.3)

where dQ is the element of solid angle for an ejected photoelectron,
0,0 are the polar and azimuthal angles, o, is the cross section of

photoabsorption on the corresponding shell, B=v/c, v is the photoe-
lectron velocity. The values o, are determined in the result of quan-

tum mechanically calculations in accordance with Hartree-Fock-Slater
model [7,8]. The total photoabsorption cross section o, is evaluated

by carrying out the integration of Eq.(2.3) over dQ. This cross section
determines the probability of photoabsorption process. The angles 6
and ¢ are sampled from Eq.(2.3).

3. Monte Carlo Simulation Model.

A three-dimensional Monte Carlo simulation code MONSOL
was developed to track the combined photon-electron transport in
composite materials. The Monte Carlo calculation follows real physi-
cal processes. This method makes it possible to simulate the random
trajectories of particles as real ones if the cross sections of interaction
processes are known. The Monte Carlo approach is vital in determin-
ing different information for complex in geometry and chemical com-
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position targets. It gives also the possibility to take into account the
secondary particles. The random numbers are used in the Monte Carlo
calculation for sampling of the trajectory elements (trajectory length,
scattering angle) from corresponding probabilistic distributions. This
method is discrete one. From this point of view it is applicable for a
wide adoption on a computer. The Monte Carlo approach doesn’t re-
quire formulation of the discrete model of corresponding transfer
equation. The simulation model used in the present work is as follows.
3.1 Target.

The element of target is presented in the form of a cube or par-
allelepiped of arbitrary measurements. From such elements the target
of arbitrary form may be constructed. The free space between different
composite elements is allowable. The cube or parallelepiped covered
all composite elements will present the target. The coordinate system
is chosen in the following manner. It is supposed that the flux of parti-
cles is incident on the plane (Y,Z) of the target and propagated along

the axis X. The individual spatial grid is introduced for each compos-
ite element of target. The lengths along the axes X, Y and Z are dis-
cretized and represented by the 1+1, J+1 and K+1 mesh points x;, y;
and z, for each element of target, respectively. It is considered a spa-
tial grid where the points x;, y; and z, form the cell boundaries. Thus,

each spatial cell is described by the numbers (i, j,k).

The mass density p, of medium atoms may be given in two

ways: 1) as a constant within the boundaries of each element of target;
2) as a constant within the boundaries of each i-th layer of each target
element. The composition of medium atoms may be given as constant
within the boundaries of each element of target. The composition is

given by means of the fractions by mass. The fraction by mass wl) of
the 1-th component in the composition is the ratio of the mass of i-th

component to the total mass of composition: wl! = / m,, . The num-
ber density of medium atoms for the 1 -th component is determined by
the following expression: N = wlilg / ( 0), where Al) is the

atomic weight of the i-th component, M, is the mass of unit atomic
weight .
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3.2 Sampling of initial characteristics of the incident particles.

The initial energy of an incident particle may be given in three
different ways: 1) as a monoenergetic value; 2) as an uniformly dis-
tributed value in the given energetic interval; 3) as an arbitrary spec-
tral function of energy distribution. In first case all incident particles
have the same value of energy. In second case the energy value is
sampled from the interval [€,,¢, ] in accordance with the following ex-
pression: € =¢, +§(g, —¢,), where & is an uniform random number in
the range 0<&<1. In third case the energy value is sampled from

spectral function by means of the Neumann method. Usually the high-
energy particles sampling from such spectral functions (e.g. solar-flare
spectrums) are occurred with the low probability. But high-energy
particles can essentially influence on some calculated characteristics.
To increase the quota of such particles the scheme with weight is used.
The energy of particle is sampled uniformly from the interval [¢_,¢, ]
as described above, where ¢€,,¢, are the boundary values of energy
within of which the spectral function f(g)[1/MeV] is changed. When

the energy ¢ is sampled the weight of particle is determined by the
following expression: W(e) =(g, —¢,) [ (€). Afterwards this value is

used by calculation of required characteristics. The sum of the values
e, W_ over all N histories determines the mean energy of the incident

N
flux:  €,W, =(¢), where ¢, is the sampled energy on the n-th history,

n=1
W, 1s the weight of particle on the n-th history.

Polar and azimuthal angles of the incidence of particle on the
target may be given also in three different ways: 1) as a monoangular
value; 2) as an uniformly distributed value in the given angular inter-
val; 3) as an arbitrary spectral function of angle distribution. The val-
ues of angles are sampled in the same way as in the previous case. The
polar angle is measured from the plain surface (Y,Z) in the range from

0 up to 90° degrees. The azimuthal angle is measured clockwise from
the axis Z in the range from 0 up to 360 degrees if to see along the
axis X.
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Particles can enter into the target either in the given point or uni-
formly on some square of the plain (Y,Z).

3.3 Simulation of photon trajectories.

The model of individual collisions [9] 1s used to describe the
transport of photons. According to this technique all elementary inter-
action acts are treated as individual. The realization of this technique
is in the construction of a great number of photon trajectories. These
trajectories are some polygonal lines. Rectilinear parts of trajectories
are photon paths between two sequential collisions. One from possible
elementary interaction processes (pair production, Compton scattering
or photoabsorption) takes place in each collision point. Then the pho-
ton is absorbed (pair production or photoabsorption) or moved
(Compton scattering) in a new direction with new energy while the
next collision is occurred.

Let us take that the photon is in the point r with coordinates
(x,y.z) and penetrates in the direction Q characterizing the direction

cosines (O(X,By,yz). The Monte Carlo technique for simulation of the

photon trajectory includes the following steps:

1. The initial energy and incidence angle of the photon are sampled
from corresponding distributions.

2. The optical path s between two sequential collisions 1s sampled ac-
cording to s=-In¢.

3. For the cell (i,j,k) in which the point r is located the total macro-

scopic cross section E(i;tj’k) is evaluated as the sum of pair produc-

tion, Compton  scattering and  photoabsorption  ones
ot = pair T com T ph> where pair = N0 pair 5 com = ZN 0 o s
ph =ZN, O

4. The length d to the nearest cell boundary in the direction Q is de-
termined. The optical thickness d* is evaluated as d* =d O .
5. If s>d° and the photon is within the boundaries of any target ele-

ment then a new value of s is evaluated as s=s-d*. In this case
the photon enters into a new cell (i',j,k' ). Further simulation is

continued from step 3.
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6. If s<d® then the coordinates of collision point is evaluated as
x'=x+La,,y =y+LB,, z =z+Ly,, where L=5s/ .

7. The selection of the collision partner is made randomly according
to the probability (i) / o for the photon to collide with the i-th

atomic species, where () is the total macroscopic cross section for
the i-th atomic species.
8. The process type 1s sampled according to the probability ./ .,

where . are the macroscopic cross sections of possible processes.

1

If the absorption process is occurred then the photon trajectory is
stopped.

9. The energy transfer and scattering angle are sampled from the cor-
responding expressions of the sampled process. The new direction
cosines are calculated using the following expressions:

a, =a, cosd +(O(r —a Xcoser)\/(l —00526)/(1 —coszﬂr),
B, =B, cosE)+(Br — B, cos Br)\/(l —cos’ 3/(1 —cos” Q),
Y, =Y, cos G+( Y. — Y, cos Q)\/(l —cos’ g)/(l —cos’ Q), (3.1)

where 0 is the scattering angle, a_,B,,y, are the direction cosines of
a random vector which has the uniform probability of distribution,
cosB_ 1s the angle cosine between the initial direction Q and the

random vector. If the scheme with weight was used then the trans-
ferred energy is multiplied by the weight W. After that the simula-
tion procedure is continued from step 2.
The procedure described above is repeated until the photon loses all its
initial energy or is absorbed. When the photon energy becomes
smaller than some value w_ this calculation sequence is stopped. All

secondary photons are traced in a similar way. Monte Carlo simulation
is performed by carrying out the above calculations on many test
photons.
3.4 Simulation of electron and positron trajectories.

The classification model in collisions [10] i1s used to describe the
transport of charged particles. It was mentioned above that charged
particles have very large interaction cross sections with medium atoms

min
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and undergo a great number of collisions on some trajectory length.
Therefore the usage of the model of individual collisions requires an
enormous amount of computer time. The main idea of the classifica-
tion model is to divide all collisions into two groups: far and near. Due
to the long-range Coulomb interaction a charged particle is deflected
mainly at small angles with small energy transfers. The scattering at
large angles is rather seldom events. Hence, there is the certain sense
to divide all collisions into two groups: far and near. Parameters de-
termining this division are some energy T in the energy loss proc-
esses and some angle 8 in the processes of scattering. The great num-
ber of far statistically independent collisions is occurred on some tra-
jectory length L limited by coordinates of two near collisions. Far
collisions is described by the multiple scattering theory [11,12]. In the
end of which length L the summary scattering angle and energy loss
are sampled from the corresponding angular and energy distributions.
Near collisions are treated as individual ones. The characteristics of
particles after a near collision are determined from the differential
cross sections of interaction.

Let us take that the charged particle is in the point r with coor-
dinates (x,y,z) and penetrates in the direction Q characterizing the di-

rection cosines (O(X,By,yz). The Monte Carlo technique for simulation

of the charged particle trajectory includes the following steps:

1. The initial energy and incidence angle of the charged particle are
sampled from corresponding distributions.

2. The optical path s between two near collisions 1s sampled accord-
ing to s=-In¢.

3. In the case of electrons for the cell (i,j,k) in which the point r is

. . 1.1.k « .
located the total macroscopic cross section ﬁ;’tj’ ) of near collisions

is evaluated as the sum of bremsstrahlung emission, elastic elec-
tron-nucleus scattering and electron-electron energy transfer ones
= 7t ot where , =N,0,, . =N,O w=ZN O

tot en ee? n-en? n-ee*

In the case of positrons the total macroscopic cross section %) of

near collisions is evaluated as the sum of bremsstrahlung emission,
elastic positron-nucleus scattering, positron-electron energy transfer
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and annihilation ones = ,+ .+ .+ ,, where , =N g,,
ep = ZI\Ino-ep > an = ZNno-an .
. The length d to the nearest cell boundary in the direction Q is de-

termined. The optical thickness d* is evaluated as d* =d

en = N, O

n-en?

ot *

. If s>d°" and the charged particle is within the boundaries of any
target element then a new value of s is evaluated as s=s—-d*. In
this case the charged particle enters into a new cell (i',j,k' ). On the
length d the energy loss because of the excitation and ionization
processes is taken into account into the (i, j,k)-th cell in accordance
with Ae =d [[dT/dx), where (dT/dx) is given by Eq.(1.9) in the case
of electrons or by Eq.(1.12) in the case of positrons. If the scheme
with weight was used then the energy loss Ae is multiplied by the
weight W. In the end of the length d the angle correction is per-
formed by the value 6 sampled from Eq.(1.5). The new direction
cosines are calculated by means of Egs.(3.1). Further simulation is
continued from step 3.

. If s<d® then the coordinates of collision point is evaluated as
x'=x+La,, y'=y+LB,, 2 =z+Ly,, where L=s/ . On the length

L the energy loss and angle correction are taken into account as de-
scribed above. The new direction cosines are determined by using
Eqgs.(3.1). The energy loss is multiplied by the weight W in the case
of the scheme with weight.

. The selection of the collision partner is made randomly according

to the probability () / o for the charged particle to collide with

the i-th atomic species, where () is the total macroscopic Cross
section for the i-th atomic species.

. The process type is sampled according to the probability ./ ,,
where . are the macroscopic cross sections of possible processes.

. The energy transfer and scattering angle in a near collision are
sampled from the corresponding expressions of the sampled proc-
ess. The direction cosines are evaluated by using Egs.(3.1). If the
scheme with weight was used then the transferred energy is multi-
plied by the weight W. After that the simulation procedure is con-
tinued from step 2 .
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The procedure described above is repeated until the charged particle
loses all its initial kinetic energy. When the energy becomes smaller
than some value T_. this calculation sequence is stopped. All secon-

dary charged particles are traced in a similar way. Monte Carlo simu-
lation 1s performed by carrying out the above calculations on many
test charged particles.

There is some difficulty to choose correctly the length L be-
tween two near collisions. In the considering model this value is de-
termined in the following manner. The total macroscopic cross section

o determines the mean length L between two near collisions. The

length L must not be less some minimal value below which the multi-
ple scattering theory is invalid. This value may not be very large such
that the energy losses for 1onization will be compared with the kinetic
energy at the beginning of this length. It is necessary to choose the
length L in such manner that the difference in the interaction cross
section was negligible on this length. To take into account this situa-
tion the fictitious collisions are introduced. The fictitious collision is
occurred with probability ,/ ,, where . is the fictitious macro-
scopic cross section. The value of | 1s determined from the condition
that the energy losses would not be higher 10% of the kinetic energy
at the beginning of the length L. If the fictitious collision takes place,
then the particle energy and its direction are not changed. Introducing
of fictitious collisions allows to take into account the large sampled
values of lengths L.
3.5 Simulation characteristics.

The following characteristics may be obtained using the 3-D
Monte Carlo code MONSOL.:
I. One-dimensional profiles and two-dimensional fields of deposited
energy into the elements of target. In the result of tracing of N histo-
ries there are some values of deposited energy AE,;, [MeV] in each

cell (i,j,k). In order to calculate the deposited energy Ae, ;, [MeV] per
one incident particle it is necessary to divide the values AE; ;, [MeV]
by the number of histories N. Dividing each value of Ag, ;, [MeV] by

the corresponding cell volume AV, [em’] one can obtain the distribu-

23



tion of deposited energy per one incident particle
(de/dv), ., [MeV/cm®] in the elements of target. The values (de/dv), .,
were averaged over N different collision histories. Usually the density
of energy flux P[MeV/ (crn2 sec)] is given as an initial parameter. The

initial flux of particles F[part/ (cm2 sec)] before the target (plain (Y,Z))

may be given either a constant or arbitrary spectral function. In the
case of spectral function the average flux of particles is determined as
F=P f(T)/TdT, where T is the kinetic energy of particle, f(T) is the

spectral function. The flux® [part/sec] through the surface (Y,Z) is
expressed as ® =F [, (IL,, where L ,L, are the target lengths along the

axes Y and Z. The power density (dQ/dV), ., [W/em®] is evaluated by

i’j

multiplying the values (de/dV)... and ®. One-dimensional profile of

i,j,k
deposited energy along the axis X is obtained by summation over in-
dexes j and k. In the same way the corresponding profiles along an-
other axes can be determined. Two-dimensional fields of deposited
energy are obtained by summation over one of indexes.

I1. One- and two-dimensional distributions of produced ions. It should
be noted that the distributions of produced ions are easily determined
if the energy deposition ones are known. It is supposed according to
[13] that the total number of produced ions is proportional to the ini-
tial energy of an incident particle. Therefore the mean energy V, re-
quired to produce one pair of ions can be introduced. Then the ion
production rate is given as the ratio of energy deposition to the mean
energy V,. One- and two-dimensional distributions of produced ions
can be obtained by dividing the values (dQ/dV), ., into the value V.

1]
I11. One- and two-dimensional distributions of shift defects. Fast par-
ticle penetrated into the matter undergoes collisions with the atoms. If
the energy transferred to the atom i1s sufficiently high then the
knocked-on atom is shifted from the node of crystal lattice. To shift
the atom it is necessary to transfer the energy €, [125¢V. The shift de-

fects are produced in the result of the elastic electron- and positron-
nucleus scattering. The recoil nucleus can have a considerable energy
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and produce new defects. The number of secondary knocked-on atoms
per primary one is estimated as N =g, /(2¢,), where ¢, is the energy of

the primary recoil atom. The number N +1 is added into the cell (i,j,k)

where the formation of defects is occurred. One- and two-dimensional
distributions of shift defects are obtained in the same way as in the
case of energy deposition where the number of shift defects AN, ;, is

used instead of the values AE,;,. In the case when the scheme with

weight 1s used the number N +1 of shift defects is multiplied by the
weight W.

IV. Angular and energetic spectrums of past and reflected particles.
These characteristics can be easily obtained in the presented Monte
Carlo procedure. When the particle crosses any boundary plain of any
target element its energy and angle are fixed. The unity is added into
the cells within which the fixed energy and angle are found. The aver-
aging over all histories gives the angular and energetic spectrums of
particles for each boundary plain of each element of target. If the
scheme with weight is used the weight W instead of the unity is added
into the corresponding cells.

4. Numerical results.

To check the physical model for calculation of the electron inter-
action with solid targets results of numerical simulation were com-
pared with experimental data obtained in the ELDIS facility [14,15].
ELDIS i1s a powerful electron beam facility. Calculations were per-
formed for three angle distributions shown in Fig.1. The angle is
measured from the axis X which is perpendicular to the target surface.
The kinetic electron energies E, in the beam are 70, 130 and 250 keV

for three cases, respectively. Comparison of the results for carbon tar-
get 1s presented in Fig.2. One can see the satisfactory agreement be-
tween calculated and experimental data.

This code was applied also to the cases in which electrons are
injected into different materials. Electrons of energy of 1-MeV were
assumed to be incident perpendicularly on planar solid targets. Com-
parison of Monte Carlo results with experimental [16] and calculated
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Fig. 1. Angle distributions of electrons with
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Fig. 3. Deposition profiles for 1-MeV electrons
in aluminum. The curve represents the Monte
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Fig. 2. Comparison of energy deposition for
carbon target. Points - experimental data,
curves - results of calculations. 1-E =70 keV;
2-E=130 keV; 3-E=250 keV.
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Fig. 4. Deposition profiles for 1-MeV electrons
in silicon. The curve represents the Monte

Carlo result. The dots are experimental data [16]. Carlo result. The dots are calculated data [17].
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Carlo result. The dots are calculated data [17].  The curve represents the Monte Carlo result.
The dots are experimental data [18].

data [17] are presented in Figures 3, 4 and 5. The simulation results
are in rather good agreement with the results of experiment and the-
ory. Figure 6 shows the comparison of the energy spectrum from
0.624-MeV electrons in gold target of thickness 38.35 mg/cm® with
experimental that derived from the B-spectrometer by Andreev [18].
The presented theoretical model was used for realization of the
numerical experiment on passage of the photon-electron component
through the atmosphere of the earth. The simulation was performed for
a case when the electrons with energy equal to 1 GeV are incident on
the top of the atmosphere. The space electrons with energy 1 GeV can
enter into the atmosphere at the latitude 65° and greater. At smaller
latitudes such electrons are strongly deflected by the magnetic field of
the earth. The magnetic field of the earth does not allow the electrons
with energy smaller some threshold to reach the atmosphere. Atmos-
phere inhomogeneity in the density and composition was taken into
account. In the top-atmosphere the density of air is very low. There-
fore in this atmosphere area the energy loss of incident electrons
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originates mainly from ionization which is negligible small. Processes
of electromagnetic collisions with the atmosphere atoms are occurred
in the bottom-atmosphere below than 60 km. The origin and propaga-
tion of the photon-electron cascade are occurred in this atmosphere
area.

The research of passage of the photon-electron shower is carried
out in slab geometry in the area from height of 60 km and below. This
height is assumed for a zero point. The flux of electrons with energy 1
GeV incident on the top-atmosphere is taken equal 30 elec-
trons/(m*Sec). The considered atmosphere area was divided into 1050
layers with a various step. The step is taken smaller near to the surface
of the earth. In the boundaries of each layer the density of air is sup-
posed constant. As the energy of an incident electron is rather high on
the nitial stage of origin of the cascade the secondary particles are
ejected under very small angles with respect to direction of a primary
electron. In the process of propagation of the shower there is its ex-
pansion in cross directions.

The distribution of ion production rate as a function of height is
presented in Figure 7. The ion production rate was determined as de-
scribed above. It 1s shown that the maximum ion production rate is oc-
curred at height about 17 km above a sea level. Below this height a
gradual attenuation of the photon-electron cascade is occurred. The
minimal energy for electrons and positrons is taken equal 50 keV. On
achievement of this energy a charged particle are considered absorbed.
Electrons and positrons with energies smaller than the minimal energy
are not considered. The minimal energy for photons is taken equal 1
keV. For electrons and positrons the minimal energy in 50 keV is suf-
ficient to consider their absorbed by achievement of this energy. The
path of these particles with such energy up to a complete stop is about
12 meters at the height in 40 km. In the bottom-atmosphere layers the
path will be much less as the density of air is increased. The minimum
size of a cell is taken equal 40 meters. Therefore there are all basis to
consider electrons and positrons with energies smaller 50 keV ab-
sorbed in that cell in which they reach this energy. The average num-
ber of secondary particles arising in the considered energy ranges is
about 852, of them 604 electrons, 233 photons and 15 positrons per
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one primary electron. 33.5% initial kinetic energy of incident electrons
is transformed to the electromagnetic radiation.

The energy spectra of electrons and photons produced by pri-
mary electrons allow to determine an average number of these parti-
cles in the given intervals of energies at certain heights. Such spectra
are shown in Figures 8-10. The angular spectra of electrons and pho-
tons are presented in Figures 11-14.
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Fig. 7. Ion production rate Q as a function of
height in the atmosphere for the photon-
electron cascade.
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Fig. 12. Angular spectrum of photons
in the atmosphere at height 12 km.
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The developed Monte Carlo model gives the possibility to in-
vestigate different aspects of radiating damages (failures) of semi-
conductor elements by particles of high energies. Many electronic de-
vices consist of a plenty of semi-conductor cells with the sizes in a
few hundreds pum and smaller. By action of high-energy radiation on

the device the processes with participation of photons, electrons and
positrons are occurred in its cells. In the result of passage of such cas-
cade the medium of device is ionized and the failure of its work is
taken place. The probability of frequency of failures of a semi-
conductor cell can be estimated if the value of energy deposited into it
1s known.

As a particular example the radiating damage by the electronic
beam of an inhomogeneous microcircuit having the cross sizes 3x2 cm
and consisting from 11 cells with different thickness was considered.
A schematic view of a microcircuit is shown in Fig.15.
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Fig. 15. Scheme of microcircuit. Numbers denote the thickness of cells in pm.
The electron beam incident on the microcircuit surface is shown.

It was assumed that the electron beam with the radius 0.25 cm and the
coordinates of center in the point (1.5;1 cm) is incident perpendicu-
larly on the surface of a microcircuit. The electrons in the beam are
distributed uniformly on the area of cross section. The energy spec-
trum of incident electrons is presented in Fig.16. The energy of an in-
coming electron is sampled from the given spectral function by means
of the Neumann method. The scheme with weight described above
was used to increase a portion of high-energy electrons. Energy flux
of incident radiation was taken equal 10° MeV/(cm® sec). It corre-
sponds to the electron flux in 345,2 electr/sec through the (X,Y) sur-
face of a microcircuit. In the result of tracing of 27800 histories the
following results are obtained.

One-dimensional distribution of energy deposition into the cells
of microcircuit is presented in Fig. 17. The average energy of elec-
trons in the beam is equal 43.94 MeV. Total energy deposition in a
microcircuit makes 8.3 MeV. 22.8% of average energy was trans-
formed to electromagnetic radiation. Percentage of particles forming
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the photon-electron cascade is the following: 34,8% of photons,
65,1% of electrons and 0,1% of positrons. The low boundary on en-
ergy for all particles was taken equal 1 keV. In volume of each cell
making a microcircuit the following values of energy was deposited: 1
-0.54 MeV, 2 - 1.89 MeV, 3 - 0.001 MeV, 4 -0.1 MeV, 5-0.9 MeV,
6 - 0.28 MeV, 7 - 0.16 MeV, 8 - 0.24 MeV, 9 - 3.14 MeV, 10 - 0.9
MeV, 11 - 0.16 MeV. Comparing these values with threshold energy
[19] describing radiative stability it 1s possible to predict the damage
of considered cells.

Two-dimensional surfaces of energy deposition are shown in
Figs.18-25 for different cells of a microcircuit. The energy and angular
spectra of electrons and photons are shown in Figs.26-41.

—
<

IIIIIIN

Energy function (1/MeV)

107

| | | | LI L L] II | | | | | | L L] II | | | | | | LI L L] II | | | |
10° 10' 10°
Energy (MeV)

Fig. 16. Energy spectrum of incident electrons.
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deposition into 3-rd cell (Air) of a microcircuit.
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Fig. 22. Two-dimensional surface of energy Fig. 23. Two-dimensional surface of energy
deposition into 5-th (Si) cell of a microcircuit. deposition into 7-th (Ge) cell of a microcircuit.
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Fig. 26. Energy spectrum of electrons at
the depth of 0.01 cm (after 1-st cell) in
a microcircuit.

Fig. 25. Two-dimensional surface of energy
deposition into 10-th cell (Co) of a microcircuit.
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Fig. 27. Energy spectrum of electrons at
the depth of 0.37 cm (after 5-th cell) in
a microcircuit.
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Fig. 28. Energy spectrum of electrons at
the depth of 0.39 cm (after 8-th cell) in
a microcircuit.
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Fig. 30. Energy spectrum of photons at
the depth of 0.26 cm (after 3-rd cell) in
a microcircuit.
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Fig. 29. Energy spectrum of electrons at
the depth of 0.95 cm (after 11-th cell) in
a microcircuit.
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Fig. 31. Energy spectrum of photons at
the depth of 0.375 cm (after 6-th cell) in
a microcircuit.
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Fig. 32. Energy spectrum of photons at
the depth of 0.89 cm (after 9-th cell) in
a microcircuit.
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Fig. 34. Angular spectrum of electrons at
the depth of 0.01 cm (after 1-st cell) in
a microcircuit.
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Fig. 33. Energy spectrum of photons at
the depth of 0.95 cm (after 11-th cell) in
a microcircuit.
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Fig. 35. Angular spectrum of electrons at
the depth of 0.37 cm (after 5-th cell) in
a microcircuit.
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Fig. 36. Angular spectrum of electrons at
the depth of 0.39 cm (after 8-th cell) in
a microcircuit.

Angular function (1/deg)

L B LA L LA B LN LN LA
0 10 20 30 40 50 60 70 80 90
Angle (deg)

Fig. 38. Angular spectrum of photons at
the depth of 0.27 cm (after 4-th cell) in
a microcircuit.

Angular function (1/deg)

Angular function (1/deg)

.—
~
|

—_—
N
1

—_
=
1

0 10 20 30 40 50 60 70 80 90
Angle (deg)

Fig. 37. Angular spectrum of electrons at
the depth of 0.95 cm (after 11-th cell) in
a microcircuit.

L L B B N LN NN LA LA
0 10 20 30 40 50 60 70 80 90

Angle (deg)

Fig. 39. Angular spectrum of photons at
the depth of 0.375 cm (after 6-th cell) in
a microcircuit.
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Fig. 40. Angular spectrum of photons at
the depth of 0.89 cm (after 9-th cell) in
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Fig. 41. Angular spectrum of photons at
the depth of 0.95 cm (after 11-th cell) in

a microcircuit. a microcircuit.

Thus, presented Monte Carlo model allows to carry out the nu-
merical experiment on passage of the photon-electron cascade through
composite targets.
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