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THE ANALYSIS OF THE MUTUAL DEPENDENCE OF IMPACT IONIZATION
AND ELECTRON ENERGY DISTRIBUTION
IN ELECTRIC PROPULSION DEVICES

The object of this study is the set of physical processes in the non-equilibrium plasma of electric propulsion
devices. The subject of the study is impact ionization, specifically the feedback effect on the electron energy
spectrum. The aim of the study is to derive expressions for the impact ionization characteristics in the right-hand
sides of the mathematical model equations describing electric propulsion devices based on the compromise
kinetic-fluid model. The objectives of the study are: to analyze existing continuum mechanics models that
incorporate the impact ionization process building upon the results presented in the author's previous works; to
write an expression for the average values over the electron energy spectrum of the ionization volume coefficient
and cross-section and to analyze the behavior of the calculated values taking into account the interdependence
of ionization processes and the formation of the electron energy distribution. The methods used in the study
include an analytical investigation of existing process models to determine their limits of applicability in rarefied
plasma, as well as a theoretical analysis of the impact of ionization on the electron energy spectrum, taking into
account the characteristics of plasma confined by potential barriers in a boundary bipolar layer. Calculated
energy-dependent distributions above the potential barrier yielded lower values than those obtained for a
Maxwellian distribution; however, higher values were observed below the ionization potential at elevated
electron temperatures. Based on an analysis of the influence of the electron energy spectrum on the ionization
intensity and the influence of the electromagnetic field on electron transport in energy space, a positive feedback
was demonstrated: at relatively high electron temperatures, the need to transport them "upward" from the region
below the ionization potential leads to an excess of electrons in this region. In turn, this surplus increases the
energy-averaged ionization cross-section, further reinforcing the electron excess in the lower energy spectrum.

Keywords: electric propulsion devices, electrons energy distribution; impact ionization; potential barrier;
bipolar boundary layer; angular moments model.

projections, and three velocity projections.
The next as for accuracy is the electric gas dynamics

1. Introduction

1.1. Motivation

Electric propulsion devices (EPD) include electric
thermal thrusters, plasma-ion thrusters, Hall thrusters,
helicon thrusters, as well as plasma, ion, and electron
sources. With the exception of electric thermal thrusters,
one of the most important processes in these devices,
responsible for their operation and performance
characteristics, is the impact ionization of the propellant
atoms.

The quantitative characteristics of impact ionization
depend on the electron energy distribution. The electron
energy spectrum, in turn, is determined by a series of
processes, one of which is ionization.

1.2. State of the art

The most accurate mathematical model of EPD
processes is the system of Kkinetic equations [1].
However, using this model requires calculating the
distributions of at least three components (atoms, ions,
and electrons) as functions of time, three coordinate

(EGD) system [2] within the local thermodynamic
equilibrium (LTE) method. However, the dissipative
components of the momentum (viscosity) and energy
(thermal conductivity) flux densities are only applicable
to dense gases, where these characteristics change little
over time and the mean free path, which is inconsistent
with the EPD conditions.

Two approaches that emerged at the end of the 20"
century are an attempt to solve this problem.

The first approach is presented in a series of
publications as the Hybrid PIC-Fluid (HPICFIu) model
[3]:

- Electron dynamics is described by EGD tools
within the LTE framework under the assumption of a
Maxwell distribution of electrons velocity [4], which is
again possible in sufficiently dense gases and is not
realized in the rarefied plasma of EPD.

- In the PIC section of [5, 6], the problem is solved
by dividing the thruster volume into 20-30 cells in each
of two directions, with an average of 30 so-called macro-
particles in each cell. It can be shown that this number of
macro-particles results in a relative standard error of
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approximately 18%. In the cited work, this manifested
itself in a violation of the mass law of conservation in the
distribution of atomic and ion flows, as well as a
discrepancy between the calculated and measured ion
currents, not only in magnitude but also in direction, over
almost half the channel length.

The second approach is presented in a series of
publications called Angular moments models for rarefied
gas dynamics (AMM) [7], using parameters and
equations in a form intermediate between Kinetics and
EGD. The main problem in this series is the limitations
of the existing traditional notation, which does not allow
for the use of universal notations for tensors of arbitrary
ranks:

- This led to a limitation of the system of equations,
which are angular analogues of continuity and motion
equations in EGD. The authors of [8] announce AMM as
a more accurate model compared to LTE. The method of
closing the equations system, based on the so-called
"entropy minimization principles" procedure, leads to a
recording of the electron velocity distribution, which is
an implicit form of the Maxwell distribution, and the
approximation error, relating the second-rank tensor to a
scalar and a vector, becomes less than 10% only for
hypersonic electron flow, which is not typical for EPD.

Unlike LTE, the resulting system of equations does
not contain viscosity and thermal conductivity even
approximately. In [9], a comparison of the results of
solving a one-dimensional problem using the Navier-
Stokes equation and the AMM method is presented. The
“good” agreement between the results shown there is
easily explained by the fact that, the Navier-Stokes
equation gives zero values of the off-diagonal
components of the viscosity tensor within the framework
of a one-dimensional problem, while the AMM method
always does.

- The mentioned limitation in the symbolism in the
work [10] was also reflected in the violation of the
momentum conservation law in electron-electron
collisions.

Common feature in the shown works devoted to
HPICFLU and AMM methods is the absence of records
for ionization collisions and slightest attempt of analyze
the electrons velocity distribution function.

The optimal method for modeling processes in EPD
at the National Aerospace University "Kharkiv Aviation
Institute”, of which the author of this study is a graduate,
is an approach that involves:

- solution of the EGD equations system using
universal symbolism, which allows not to limit the rank
of tensor parameters;

- finding some coefficients in the left-hand sides and
collision terms in the right-hand sides of the EGD
equations using kinetics or the methods of developed by
us Compromise kinetic-fluid model (CKFM) [11].

1.3. Objectives and tasks

Taking into account the above, the aim of the study
is to find expressions for the characteristics of impact
ionization in the right-hand sides of the equations of the
mathematical model of processes in EPD based on
CKFM.

To achieve this goal, it is advisable to solve the
following problems:

1. To analyze the sequence "kinetics — EGD —
CKFM" taking into account the impact ionization process
using the unified symbolism presented in the work [12].

2. To write down the expression for the average
over the electron energy spectrum values of the volume
coefficient and ionization cross-section.

3. To analyze the behavior of the calculated values
taking into account the interdependence of ionization
processes and the formation of electron energy
distribution.

2. Materials and methods of research

The following scientific methods were used in the
study:

- analytical method when studying of existing
models of processes in EPD, with the determination of
limits of their applicability in the rarefied plasma;

- theoretical methods at the analysis of a role of
impact ionization in formation of electrons energy
spectrum in view of features of plasma, limited by
potential barriers in a boundary bipolar layer.

The object of the study is the processes in non-
equilibrium plasma EPD.

The subject of the study is impact ionization, taking
into account its feedback with the energy spectrum of
electrons.

2.1. The sequence "'kinetics — EGD — CKFM"
as varieties of continuum mechanics

The most accurate approach within the framework
of continuum mechanics is kinetics, the main tool of
which is the particle velocity distribution function
f(t,7,V) — the number of particles in 6-dimensional unit

volume of coordinate-velocity space [1].
Tool for finding f(t, 7, V) is a kinetic equation, the
entry for which for electrons has the following form:

of e Eruxp)|= ot
a—:+V-(fev)—m—er'(fe(E’LVXB)]:a_:’ S

where e, mg— elementary charge and mass of an

electron; E and B- electric field strength and magnetic
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induction; V,-A(V) — divergence of the vector in

. of L
velocity space; —f — collision integral: change f, per

unit of time as a result of collisions in the volume.

The collision integral must, at a minimum, take into
account electron-electron, electron-atom, electron-ion
elastic collisions and ionization collisions:

% _ 6eefe + 8eafe + 8eife + 6ife
ot ot ot ot ot

, O]

In this case, the recording of the integral of
ionization collisions must take into account the transport
of electrons from the region above to the region below
the allocated volume in velocity space:

8ife(v) _ Sefe (\7) + nge (V) (3)
3t 5t 5t
Befe(V) ~fo(V)voi(v), (4)
ot
—+ —
Seget("): [0V oi(v)p(v, 9)dv', )
v’z,lv2+vi2
mev{ =2e;, (6)
where  o; — ionization cross-section; p(V',V) — the

probability density of detecting a secondary electron with

a velocity v as a result of ionization by a primary
electron at a speed V'; ; — ionization potential.

Any gas-dynamic parameter is a distribution
function moment of a certain order — a tensor of the
corresponding rank:

I\/IL"](t,?):meij 7,99 v2dvda, %
0Q

where k — order of moment; Q — solid angle in the
spherical velocity reference system; \7M =VVV..V —
k tines
iteration [12] (factor [2]) of velocity.
Here M = p,, — mass density; ME =pV) -
mass flux density = momentum density; MLZ] =II -
the momentum flux density, half of which trace is the

I\/IL3]=Q — an

unnamed 3 rank tensor, half of which trace is the energy

energy density %Trﬂza(\/);

flux density %Tr Q =q.

Using the universal symbolism we have developed
[12], taking into account (1), we can write the equation
of a moment of arbitrary order:

M[] LY. M[k+1]
. (8)
+k_{MLk_1]E+MLk]X~J_8ML|<]
: 5t
where
) ;
zsl\a/lt[el=me %(V)vmdv. ©

Equation (9) is the continuity equation (for k=0),
the motion equation (at k=1), the momentum flux
equation (at k = 2), half of the trace of all terms in which
is the energy equation.

The main problem in EGD (as in gas dynamics in
general) is the fundamental non-closure of the equations
system. The second term of the Kinetic equation (1) in
each equation (8) of the new order k creates a second
term not represented in the equations of previous orders.

n "classical” gas dynamics, approximate closure of the
system is achieved using the Maxwell distribution of
electron velocity within the framework of the LTE
method, which, as already mentioned, is applicable only
to relatively dense gases.

In the absence of maxwellization factors (intense
collisions), in EPD with closed electron drift there are
isotropy factors in the electron velocity distribution [11],
which allows the application of CKFM, limiting itself in
(7) to integration only over the total solid angle:

Fo)iklae, o)

where F[k] — angular momentum of the distribution
function; i,, — unit velocity vector.

The transition to gas-dynamic parameters (7) is
determined by the expression:

MKt 7)= 4nmeTF[k](t,F, v)vi2dy. (12)
0

Within the framework of CKFM, one can write the
equation of angular moment of arbitrary order:



Jleuzynu i enepzemuuni ycmanoexku J1imanbHuX anapamie 49

Gl +vv-Fletl g

€ [E’ 1 0 ( k+2|:[k+l])

meV k+l ov

—k|Fl1 EJ):

(12)

5F K]
5t

k]
where |......| — symmetry operation [11]; SFt -

angular collision integral:

sFMy) _ 1 L 30 g)aq. (13)

ot 4n ot

It can be noted that, being similar to the moment
equation (8), expression (12) retains in the first term in
brackets in the second line the feature of the kinetic
equation (1).

2.2. Average values of the volume coefficient
and ionization cross-section

The main factors of non-equilibrium that determine
the difference between the electron distribution function
and the Maxwell one are:

- dissipative flow of electron energy beyond the
plasma boundaries through the potential barrier in the
bipolar boundary layer [13];

- dissipative flow of electron momentum from the
plasma due to non-mirror reflection of electrons from the
potential barrier [13];

- loss of electron energy in acts of impact ionization
in the volume [14].

Just as in gas dynamics, the system of angular
moments equations CKFM is fundamentally not closed,
and can be closed approximately.

Using equation (12) and materials presented in
papers [14], calculations were made of the electron
velocity distribution function and the characteristics of
the boundary bipolar layer in the Hall thruster [13].

The main characteristic of ionization in the
continuity and energy equations is the so-called volume
ionization coefficient f;:

\/_ds,

(14)

eGI J.f

€ 0j

where mevz(s): 2¢ — energy of the primary electron;

f(e)=4nFO(v(e)) - angular momentum of the

distribution function (10) of the 0™ order.
Average ionization cross-section according to (14):

If \/_ds

. (15)
If(s)v(s)\/g de

0

Dependence of the ionization cross-section on the
energy of the primary electron in accordance with the
modified Thomson formula [14]:

(1+\/§)28(Pi(8—e@i)

8(8+2€(pi)

Gj (S) = Oimax ) (16)

where ©jnax — maximum value oj .

Expression (15) in dimensionless variables has the
form:

vi | f2) =iz
vi

Z+ 2\Vi
= (1+‘/§)25imax s (17)
[f(z)zdz
0
or
W|Jf Z+WI);dZ
Z+3\Vi
(1+\/_)25|max s (18)
[f(2)zdz
0
where
€ € Qj
Z=—n, j=—. 19
kT, VimkT, (19)
Introducing f(z) as
f(z)=f(0)e @, (20)
it can be written:
Me‘” (@vi) 2 g,
Z+3\|li
(1+J_ )zc,max — (1)
Je’”(z)zdz
0
For the Maxwell distribution:
uz)=z. (22)
When  calculating in  accordance  with
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expression (21), it is convenient to identify the factors: - e_“’iS-(\y-) (25)
- energy spectrum of electrons (Fig. 1): boomex e
w where (Fig. 3)
je_u(z+\4’i ) zdz
R A C:) Si(yi)=e"ViIVIRG,),  (26)
I eu(@);4;
0 554 Si(yi) e, =k Ty,
2 el
Pw;) e@; =k T.y; 1.5 <l
0 1 23 45 678 910 1
y;, 0.5 v
P S 0 12345678 910
N — Maxwell — calculated
T Fig. 3. Function S;(y;)
-10 AN For the Maxwell distribution:
\ o
Palvi)=-vi. (27)
X Sim(wi)=Rm(vi)=
-15
® 28
:(1+\/§)2\Vije_z z dz (28)
0 Z+ 3\|li
| — Maxwell — calculated \
Fig. 1. Function ‘P(‘Vi) Dependence ‘P(\ui) with absolute error A¥ < 0.01
can be represented by an approximation (Table 1):
- dependence of the ionization cross-section on the
energy of the primary electron (Fig. 2): Y(yi)=ag+agy; +ayl. (29)
Tou(zy) 2 Table 1
(1+ ‘/§)Z‘VI ie " 3y, dz Approximation coefficients (29)
R(\yi)= - . (24) Vi do a1 ay
je‘”(“‘*’i )2dz <0.2 0 1.125 0
0 0.2-1.8 0.0414 0.9163 0.0094
1.8-3.8 0.3576 0.6411 0.0665
5 51k R(yi) e, =k T,y 3.8-86 2.1572 -0.3121 0.1927
: 8.6-10 -7.1659 1.7996 0.0732
2 T >10 -14.048 3.2200 0
1.5
1 Dependence R(\I’i) with  relative  error
0.5 Wi SR <£0.0025 can be represented by an approximation
0 > (Table 2):
1 2 3 45 6 7 8 910
— M 11 — calculated 7.4641vy;
axwe R(yi)= Vi . (30)
Fig. 2. Function R(y;) ag + (a1 +azvi v

In this case:
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Table 2
Approximation coefficients (30)
Vi ao a1 az
0-1 1.37 3.98 -0.49
1-2 1.90 2.92 0.04
2-10 3.26 1.88 0.20
>10 0.62 3.00 0

2.3. Analysis of the interdependence
of ionization processes and the formation
of electron energy distribution

It can be seen (Fig. 3) that the calculated value of
o; is significantly inferior to that found for the Maxwell

distribution in the electron temperature region, starting at
a value five times lower than the ionization potential. In
this region, ionization is produced by electrons whose
energy is sufficient to overcome the potential barrier in
the boundary layer.

Fig. 4, Fig. 5 show a comparison of the electron
energy distribution function in a Hall thruster on xenon,
calculated in work [13], with the Maxwell one at
ep; =5kT,, where @; — ionization potential. The
height of the
eAQ=4.910kT,.

Nz f(z)

potential barrier in this case

0.84 e=kT,.z

0.7
0.6

05| n
0.4 /

0.3 \\

0.2

0.1 \

SN

O 123 45678910
— Maxwell — calculated
P — ionization arca
——— — potential barrier
kT, =0.2e¢; eAp=4.910kT,
Fig. 4. Electron energy distribution function

N

One can notice a deficit of electrons in the ionization
region due to their intensive escape from the plasma.
Somewhat unexpectedly, the value turned out to be

greater than for the Maxwell distribution &; in the high

energy region (Fig. 3). Fig. 6, Fig. 7 shows a comparison
of the electron energy distribution function calculated in
[13] with the Maxwell on at e @; =0.25k T, . The height

of the potential barrier in this case e Ap=5.060k T, .

Inf(z)/£(0) e=kT,z
0 1 23 45 678 910
Z
-5
Ny
~10 \
\
~15 3
\
— Maxwell — calculated
P — ionization area
——— — potential barrier
kT, =0.2e0; eAp=4.910kT,

Fig. 5. Electron energy distribution function

Nz f(z) e=kT,.z

0.84
0.7
0.6

0.5
0.4

0.3 \

0.2

0.1 N

\s e Z

0 123 45678 910
— Maxwell — calculated
I — ionization area
——— — potential barrier
kT, =4eq; A =5.060k T,
Fig. 6. Electron energy distribution function
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Inf(z)/ £(0) e=kT,z 1 (y.2) = 127 Tf (@ +vi) 7-z d7 34)
oal 23 45678 910 VT @) O T sy
Z
. The regions of predominant incoming or outgoing
5 SN electrons are highlighted In Fig. 8.
N ~ .
=, AT+
T 1ol < T
-10 9
XS 3
N <
¥ §
\ 6
15 \ 5
4
— Maxwell — calculated 3
P — ionization arca 2 e
——— — potential barrier 1 ﬁ
e
kTe =4e(pi EA(p=5.060kTe 0 1 23 456 78 910 v
Fig. 7. Elect distribution functi = = -
ig ectron energy distribution function 5;f, S 8i+f0 51, J S?fo 871, o
Here it can be seen an excess of electrons in the kT, kT, kTe kTe kT,

region of intense ionization and, mainly - lower.
3. Results and Discussion

Thus, it can be assumed that there is a direct and
feedback relationship between the processes of ionization
and the formation of electron energy distribution.

The expression for the angular integral of ionization
collisions found in [14] can be represented as:

3ifo(v) _ 3ifo(v) 8ifp(v) ’ (31)
ot ot ot

where the first term on the right side corresponds to the
arrival of secondary electrons in the region of lower
energies, and the second to the departure of primary
electrons from the region of higher energies.

It can be written:

Sif
i O(V) =N,Gim

ot megV

2e; e mev?
folv)li| —, —— , (32
o().[kTe 2k, | @2

where n, — population of atoms; oy, — maximum of
dependence of the ionization cross-section on energy.
In this case:
- Z— Vi
i (wj, z)=max
i (‘Vl ) (Z T+ 2y

,OJ , (33)

Fig. 8. Regions of predominant incoming or outgoing
electrons

For example, the value e; =5k T, (Fig. 4, Fig. 5)
corresponds to a sharp transition from the region
8ifo(v) | 8ifo(v)

St ot
relatively uniform filling of the electron energy region
e<e@; with the distribution of their energy in this
region close to Maxwell's:

to the region %‘)t(v):o and

of,

fo+kTe =20, (35)
€

On the contrary, the meaning e@; =0.25k T, (Fig.

6, Fig. 7) corresponds to the presence of an extended
- +

region 0< d ;ot(V) < ;ot(V) with the distribution

function of their energy in this region exceeding the
Maxwell one, but with

of,

f0+kTea—<0. (36)
3

A positive value on the left-hand sides of (35) and
(36) in elastic electron-atom, electron-ion, and electron-
electron collisions generally means a "top-down"
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electron flow in energy space, while a negative value, as
in (36), means a "bottom-up" flow. However, in a
rarefied EPD plasma, the intensity of these collisions is
clearly insufficient to form an electron distribution close
to Maxwell. The effect of an electromagnetic field may
be a factor in this closeness.

The distributions presented in Fig. 4 — Fig. 7 were
found in the work [13] as a result of solving the equations
of the M1+ angular model, that is, by writing equation
(12) for the zero and first angular moments:

ofy

—+VV'f1— € E'li(vzfl)=%, (37)
ot MgV VOV ot
a_fl+vv.|:[2]+ifl><§_
ot me (38)
__¢® E.ii(\,SF[Z])_EfO _h
mevl  y2 v 5t

where f, = F0, § = FI _ spherical functions of 0t

and 1%t order [11, 12].

According to (10) it can be seen that the trace of
angular moment F[k] at k>1 contains the previous
moments of the same parity Tr FI< = Flk-2].

Spherical ~ functions constructed as linear
combinations of angular moments contain only new

information at a new degree of anisotropy Trf [] _ 0.
In this case:

Pl =251, + 212 (39)

In case of transverse E=igE and B=igB at
i, =ig xig itcan be written:

fy=igfe +igfg +i,f, (40)

where, under closed-drift EPD conditions, the drift
projection of the electron flux density is dominant f, .

Accordingly, the prevailing in f[z] is the
component corresponding to the viscous flow of the Hall
projection of the electron momentum along the magnetic
lines:

F—(igi, +i,ig)f8). (41)

Assuming that the distribution of electrons in space
is close to the Boltzmann distribution:

eE
Vig=——-f1 42
0=y, 0 (42)
expressions (37), (38) can be written in the form:
= 1 0 (o 3ifo
V-T + = —\vT, J]= 22, 43
) e a

1 (¢ KTe10fo) By _ v ¢
3 kT, Mg V OV me Ay

(1B)
Evaf +£fE:—Lfl, (45)
3 GXB Mg 7\.\/

where Xpg — coordinate along the magnetic line; Ay, —
the relaxation length of the electron momentum in
collisions in the volume; T, and T, — electron flux
density in the space of coordinates and velocity modulus:

r,--2Ef.
e

Fr:V 1, (46)

An approximate closure of system (43)—(45) can be
achieved using the results of [15]:

ofLB)
“oxg =X—Zf¢, (47)

where Xg - the size of the device channel in the

direction of the magnetic line; np — the relaxation

coefficient of electron momentum
boundary layer.
In this case, from (45), (46) we have:

in the bipolar

B =t (48)
Mg Ay
2
m.v kT, of
I, =- e | fy+—e—9], 49
v WEB3kTe(O+mev 6v) (“49)
where
i:i_i_gn_p’ (50)
As Ay 3Xp

2
=)
__ \Me) ) (51)

That is, as in elastic collisions in the volume, the
action of the electromagnetic field means a flow of
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electrons in the energy space (velocity modulus) “from
bottom to top” in case (36) and vice versa in the opposite
case.

It is characteristic thus, that the directions of
electrons flows in energy space are identical in an
accelerating and decelerating electric field and depend
only on the sign in brackets of expression (49).

4. Conclusions

In accordance with the stated objective of the study,
the following tasks were solved:

1. The analysis of the sequence "kinetics — EGD —
CKFM" was carried out taking into account the impact
ionization process.

2. An expression is written for the average values
of the volume coefficient and ionization cross-section
over the electron energy spectrum.

3. An analysis of the behavior of the calculated
values revealed the interdependence of ionization
processes and the formation of the electron energy
spectrum. The electron flux from the energy region
where ionization-induced electron influx predominates
results in an excess of electrons in this region compared
to the Maxwell distribution. This excess, in turn,
increases the average cross-section and impact ionization
rate at high electron temperatures.

The prospect of further research involves
generalizing the obtained results to the process
conditions in different types of EPD operating on
different working fluids.
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AHAJII3 B3AEMO3AJIEKHOCTI ITPOIECIB IOHI3AIII TA ®OPMYBAHHSA PO3IOLTY
EHEPTII EJIEKTPOHIB Y EJJEKTPOPAKETHHX INPUCTPOSIX
Hlaxpam Powmannyp

O0'exTOM JaHOTO JOCIIKEHHS € TPOIIECH Y HEPIBHOBAXKHIH I1a3Mi eJIeKTpopakeTHUX MpucTpoiB. [Ipeamerom
JOCII/DKCHHS € yJnapHa ioHi3amisi 3 ypaxyBaHHSIM ii 3BOPOTHOTO 3B'SI3KY 3 €HEPIeTHMYHUM CIIEKTPOM EJIEKTPOHIB.
MeTo10 nOCHi/DKEHHsI € BiJIIyKaHHS BHpa3iB Uil MOKAa3HUKIB yIapHOi 10Hi3amii y NMpaBUX YacTUHAX DPiBHSHb
MaTeMaTUYHOI MOJIEINI MPOLECIB B €JIEKTPOPAKETHUX MPHUCTPOSIX 3 ypaxyBaHHIM KoMpomicHoi kinetic-fluid mozeni.
3aBaHHs: IPOaHANI3yBaTH ICHYIOU1 PI3HOBHIM MEXaHIKH CYyLIILHOTO CEPEOBUILA 3 yPaxyBaHHSIM IpoLecy yAapHOT
iOHI3amii 3 BHUKOPHCTAaHHSIM pE3YJIbTaTiB, MPEACTABICHUX Yy MOIMEPEJHIX poOOTax aBTOpa; 3alKMCaTH BUpPa3 st
Cepe/iHIX 3a EHEPreTMYHHUM CIIEKTPOM EJIEKTPOHIB BEIMYMH 00'eMHOro KoedillieHTa Ta mepepily ioHi3alii,
MpOaHai3yBaTH MOBEOIHKY pO3paXOBaHWX BEIMYHMH 3 YPaxXyBaHHSAM B3a€EMO3AJEKHOCTI TPOIECIB ioHI3amii Ta
(hopMyBaHHS PO3IONLTY €Heprii enekTpoHiB. MeToau, BUKOPUCTaHI y IOCTIKCHHI, BKIIOYAIOTh AaHATITUYHE
JOCIIJDKEHHST ICHYIOUMX MOJIeNel TpOoIeciB 3 BHU3HAYECHHSAM MEX iX 3aCTOCYBaHHS y pO3pIUKEHIN Tmumasmi;
TEOPETHYHHUI aHaji3 poji ymapHOI ioHi3amii y (GopMyBaHHI €HEPreTHIHOTO CIEKTPY €IEKTPOHIB 3 ypaxyBaHHIM
OCOOITMBOCTEH IIa3Mu, 00MEKESHOT TOTCHIIHHIMHE Oap’epamMy y IOTpaHUIHOMY OirmoJiipHOMY npomapky. O04ucieHi
3aJIeKHOCTI B 00JIaCTI €HEeprii BUIIE 3a MOTEHIIHHUH Oap'ep TOKa3any 3HAaYeHHS HIDKY1 y TOPIBHAHHI 31 3HAWICHUMHA
IIPU MaKCBEJUTIBCBKOMY PO3MOJIiIi, e BHI B 00JIACTI HI)KYE 3a MOTEHIlia)I 10HI3aIlli MPU BEIUKHUX TEMIIEpaTypax
eNleKTpoHiB. Ha 0cHOBI aHami3y BIUIMBY €HEPreTHYHOrO CIEKTPY €IEKTPOHIB Ha IHTEHCHUBHICTH 10HI3allii Ta BIUIUBY
€JIEKTPOMArHiTHOT'O MOJIsl HA TPAHCHIOPTYBaHHS €JIEKTPOHIB y MPOCTOPI eHeprii OyIio MoKa3aHo JOAATHUI 3BOPOTHHMA
3B'SA30K: IPH BIIHOCHO BHCOKHX TEMIEpaTypax eleKTPOHIB HeOOXiIHICTh iX TpaHCmopTyBaHHs "Bropy" 3 o0iacTi
HWKYE MOTEHITiaTy 10HI3aIil MPU3BOIUTH 10 iX HA/UIMIIKY B Iiil 00JaCTi; y CBOIO Yepry Heil HaUIUIIOK MPU3BOAUTH
J10 301ITIBIICHHS CepeIHROT0 3a CHEPTIE0 Mepepi3y ioHi3amii i 30UTBIeHHS X HAJIHIIKY Y HIKHIA YaCTHHI CIIEKTpa.

Karo4oBi cioBa: elekTpopakeTHI IPUCTPOi, PO3MOALT €HEpril eNeKTPOHIB; yAapHa 1OHI3aIlis; MOTEHIHIN
6ap'ep; OIMONAPHNI TPUKOPAOHHUH NPOIIAPOK; MOJIENb KyTOBUX MOMEHTIB.

Mlaxpam Pomannyp — [mxenep-nocniaauk, IL Sentiero International Campus, Schio VI, Itanis.

Shahram Roshanpour — Engineer/Researcher, IL Sentiero International Campus, Schio VI, Italy.
e-mail: space.science@protonmail.com, ORCID: 0000-0002-4272-9217, Scopus Author 1D: 60693707500.



