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Influence of a Constant Magnetic Field
and a High-Frequency Electric Field on Plasma

A new method of determining the expression of the averaged high-frequency pressure force (Miller force)
based on the solution of the kinetic equation for the electron distribution function and the method of succes-
sive approximations (separation of slow motions and fast oscillations) is proposed for the case when a high-
frequency electric field and a stationary magnetic field acting simultaneously on weakly inhomogeneous
plasma. Moreover, widely recognized methods of theoretical and mathematical physics, such as averaging
over the period of oscillation of the electric field and integration over the trajectory, have been applied. Colli-
sions between electrons and stationary ions have been considered. The electric field amplitude is considered a
slowly varying function of time and coordinates. The obtained expression allows us to estimate the influence
of collisions of plasma particles on the Miller force, and under limiting conditions it coincides with the
known expressions for the high-frequency pressure force derived from the equation of plasma electrons mo-
tion in high-frequency fields. The calculations neglect the contribution of the magnetic component of the
electromagnetic field, which is applicable to longitudinal electric fields. The results obtained in this article are
primarily of theoretical interest and reveal the interaction of weakly inhomogeneous plasma with a high-
frequency electric field. They can also be used in constructing the kinetic theory of inhomogeneous plasma in
high frequency electromagnetic fields.

Keywords: weakly inhomogeneous plasma, plasma electrons, kinetic equation, averaged force, electric field,
particle collisions, fixed ions, high frequency

Introduction

It is known that in high-frequency electromagnetic fields, particles (specifically, electrons) experience
not only the generalized Lorentz force FO but also an additional force j?M determined by the high-frequency

quasi-potential U, i.e., fM =-n,grad.U, where n, is the electron concentration. As a result of its action,
the plasma electrons tend to move to the field minimum. The physics of such a phenomenon can be ex-
plained as follows. The electromagnetic field, causing high-frequency oscillations of electrons with velocity
U, creates as if an additional high-frequency pressure P, ~nm,v,” (or P,

mass), as a result of which the plasma electrons are displaced from the areas occupied by the field. In oscilla-

~nU,, where m, is the electron

tory motion, the force fM =—grad, P, is directed against the displacement of electrons, so when an electron
is displaced to the right, a return force of greater magnitude acts on it compared to when it is displaced to the
left. The averaged force f),, so called the high-frequency pressure force, or sometimes the quasi-potential

Miller force, do not depend on the particle charge sign. An expression for the studied force, based on the
equation of motion of electrons, was defined in the works of a number of authors [1-4], devoted to the accel-
eration of plasma particles and the confinement of high-temperature plasma by high-frequency electromag-
netic fields. In this article, the expression for the Miller force is derived from the kinetic equation for the
electron distribution function, taking into account electron-ion collisions and the influence of longitudinal,
high-frequency, and inhomogeneous electric fields and stationary magnetic fields on weakly inhomogeneous
magnetically active plasma. This is done using the method of successive approximations (separation of slow
motions and fast oscillations).

In this regard, this article addresses the problem of the impact of high-frequency electric and constant
magnetic fields on weakly inhomogeneous plasma. In particular, the contributions of external fields to the
kinetics of weakly inhomogeneous plasma in the approximation of pair collisions between particles are
evaluated. Expressions for the collision integrals of electrons with electrons and electrons with stationary
ions, as well as for the force of high-frequency pressure, are also determined, taking into account the
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presence of a high-frequency longitudinal electric field and a constant magnetic field. Despite the increased
interest in research in this direction, the question of the mechanisms of plasma behavior in external fields is
far from fully studied and remains open, which makes the topic of the article relevant.

Materials and Methods

Motion of charged particles in electric and magnetic fields based on classical physics concepts, has
been studied in papers [5—8]. These concepts not only remain valid when analyzing the motion of charged
particles under the influence of macroscopic external fields but also form the foundation required for under-
standing processes of particle interaction in plasma — processes involving the microscopic fields of single
particles. When analytically investigating various properties of plasma, one of the common methods is the
kinetic equations approach. Although the Landau, Klimontovich, Lenard-Balescu-Silin, etc. equations have
long been known in kinetic theory, the interest in this area of plasma physics remains unabated. In addition,
widely recognized methods of theoretical and mathematical physics have been applied in plasma research,
such as averaging over the period of oscillation of the electric field and integration over trajectory.

Literature review

The external high-frequency pressure force from the equation of motion is considered in the litera-
ture [1-4] in the case of a plasma without an external magnetic field and homogeneous. In the literature [5—
10], one can become familiar with the interactions between plasma and external fields, kinetic processes, and
electrophysical laws. Additionally, the results of recent years, which have been added to the kinetic theory of
ionized plasma, are analyzed and discussed in references [11-18].

Main part. Experimental
Assume that the plasma, except for the high-frequency field
E =E, (&F,&t)sine,t (1)
is influenced by an external constant magnetic field EO , oriented along the axis z. The kinetic equation for

the electron distribution function F,, considering the collisions of electrons with ions and effecting external

fields, is written in the form of [9-12]

T % 5% (F), @)
ot or op

F= £+1[34,]).

where U= p/m, is the electron velocity. The field amplitude EO is considered a slowly varying function of

time ¢ and as per coordinates 7 . The parameter € characterizing the slowness of the amplitude change, ful-
fills the condition €= (VT / mOL) <<1, where ¥} is the electron thermal velocity, ®, is the frequency, and L

is typical value of the change F,. When referring to high field frequencies, we assume that during the period
of field oscillation, the electron travels a distance much shorter than its free path length, and thus can be con-
sidered to move in an almost homogeneous field [13-16]. Here /, = Voo, and /=V,v,"; v is the fre-

el

quency of electron-ion collisions. We will assume that the plasma is weakly inhomogeneous, i.e., the func-
tions F, and E do not change much at a distance of the Debye radius r, or the condition (L /v,T)>>1 is
fulfilled, where v, is the average particle velocity.

As known, the collision integral characterizes the change in the particle distribution function due to col-
lisions between them. It has dimensionality F'/¢, where is the F distribution function. The characteristic
time ¢ of change F due to time-of-collisions between particles, i.e. # ~ t. Furthermore, the collision integral

becomes zero when F' coincides with Maxwell distribution function.
Therefore, in (2), the collision integral is determined using the following approximate expression

(© -approximation): Sz, {F,}=-v, (FQ— <FE' >) , here the relation is taken onto account v, ~1/t,. Substi-

tuting (2), we obtain:
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LF=v <F"0>, 3)
R aFO 4
LF = 4)
oer
where
iz =Q—Foi+v
ot op

In the presence of EO a small parameter € the relation can be determined by ¢ =(VT / A(DL) <<1,
where Ao = ((90 -0 H) is offset frequency; w,, =eB, / m,c is the electron cyclotron frequency, ¢ is the light
velocity. Under the condition (®,/®,)<€& we have Aw~w,. Since ﬁ(px,py,pz), F(r r rz) and

xoly

E (EOX,E E, ) the equations (3) and (4) can be rewritten as:

0y>
LE"=v,<F" >, (34)
LF'=-8,, (4A)
where, for simplicity, the following notations were used:
IR RV B X

3

a e, o, lon
OF" oF) oF’

S, =v, -v, — oy ;
Osr, Oer, Osr,

M, =eE, smoy+ p o, ;

M, =eE, sinwt— p.o, ;

M, =ekE,_sinmyt.

The approximate solutions to equations (3A) and (4A) can be expressed as:
FO— o0 4 poo. (5)
Flo O g (6)

where the first terms on the right-hand sides of (5) and (6) are solutions to the homogeneous equations
L,F"® =0 and L,F"” =0 respectively, expressed by the equality:

_ o, E,
F'O = F1O =y (2nm kT, i exp{—(ZmekT) [(p, oL —cosmyt)’ +
0 - H
e, E, E ©
+(py—%cos(oot)2+(pz—e %= cos wyt)” + ( O )’ %
o — WnH ®, ®y — Oy

2
X(Ey\> + Ey)sin® oy + ———(p E,, - p,E,.)sin oyt +(2m kT, 1]}
' o — O
The functions F;O(l) and Efm in equations (5) and (6) are solutions to the inhomogeneous equation
(3A) and (4A). Before finding them, consider the following characteristics of the homogeneous equation (2):
dp . ar .
2 =5 @)

L=Fim =
dt dt
The solutions of these characteristic equations relate the values of momentum p,,p ,p. and coordi-

nates 7,,7,,7. of electrons at time ¢ to the values £, £ ,,F,. and R ,R ,R_at the initial time, ¢’ i.e.
P, =P, cosw, (1—1") =B, sinw, (1—1)+ Ne(o,N, E,, + N,E, )
P, =B, sinw, (t—1) =B, cosw, (t—1')+ Ne(o,N,E,, — N;E,, );
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P, =P —ew, 'E, {1 —cosa, (1 - t')} ;

-1

ry =R, —(mw,) PR, {1 —coso, (1 —l’)} +(m,o, )71 B, sino, (1—1")+m,"eN, (N4E0y + Nson) ;

-1

=R, —(mo,) B, {l-coso, (t-1)}+(mw, ) B, sinw, (1—1")+m,"eN, (NSEO}, —N4E0X) ;

r,=R. +m B (t—1")~(mw,) " ek, {(t —t')—w, " sinw, (- t’)} ;
N, = (cooz -0, )71 ;
N, =coso, (1 —1")—cosw, (t—1');
N, =o,sino, (1—1')-o, sino, (1-1');
N, =0, " {1-cosm,, (1—1')} — 0,0, {1-cosw, (t-1')};
N =sino, (1 —1') - w0, " sino, (1-1).
When studying kinetic effects in inhomogeneous plasma, it is required to know the perturbed distribu-

tion function of such plasma. One way to find this function is the trajectory integral method, which was first
used in problems of oscillations of homogeneous and inhomogeneous plasma in a magnetic field. Transition-

ing from p to 130 and as well as from 7 to R using the method mentioned above, we determine the desired

solutions F*" and F'" in the form [17]:

1
£ :J'vei <EO(0)(,_,',8t,gE,E))>dt’; ®)
0

F'O = —j S, (l —1',¢et,eR, P, )dt' . )
0

It should be noted that when integrating the integrand exponential functions in (8) and (9), the condi-
tions were taken into account

ek ek ek,
—% < Aw; ¥ < Aw; —% < Aw,

0x 0y 0z

. . . . . . 2
under which these functions were expanded into a series. In this case, only terms were considered ~ E".

Subsequently, by averaging the function F, the following expressions for the Miller force components are
obtained:

2 2
_+w 1 5 2 (6(90) 0 op 2 0p 2 n, | e 5E022 .
fX_LT P <F >dP,=—NSn, ——y (ME, + M, E,, )—2m€ (m—()] C;

—~

2 2
+00 N o E. 2
ﬁ’:ITilB)y<F;>dR):_N12”e o) 0 (M10E0x2+M20E0y2)_ o (ij O O

2m, OeR, 2m, | o,

—

f.=|[T"B.<F.>df =-N'n,

o,) 0 ) * OF, 2
eznze) OeR. (M30 (on2 + EOy2 )) - 2”7;% Ewio) =-C,,

here

M= 3005[27560—”} —%{ZQ +r (1 +v,” (40302 +v, )_1 )Dsin[an—”J} ;

@, ®,
o 3 0y 1 5 , ) ) 2\ ) Wy
M =Zcos| 2n— |- =120+>n (1+ve,, (40, +v,?) |Dsin| 2n= |}
2 o, ) 3 2 ®,
o 1 0y 1 1 ) ) 2\ . Q)
M, =—+cos| 2n—= |- =120+ == (1+v€i (4(00 +v, ) )Dsm 2n—= | ¢
2 ®, 3 2 ®,
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C = 11 cos 275— w21 2Q+1n v, (4cooz+vm.2)71Dsin 2n 2|l
2 3 2

@,

C, = 1) cos 2n— 2|1 2Q+ v, (40302+v8,.2)71Dsin 22 (L
2 3 o,

Q:ﬂ[(mo—cof,)zwj} ve,.{(m (DH)sm(2nm—]+v cos(2n—ﬂ(l—D);

O‘)O (’00
D=1-exp(2nv, /).
In the absence of a constant magnetic field (EO - 0) or under the condition (coH / coo)< ¢ the follow-

ing expression for the force is obtained fM :
2 - 2
- 3n, (e )oE |, 4(v,
R R e M RZR R (10)
22m,\ o, ) OeR 9\ ®,

If we neglect collisions (v,, — 0), then from (10) we have fu= —%neng.Ue , where V. is nabla. Thus,

an expression for the quasi-potential Miller force has been derived, taking into account for electron-ion colli-
sions. The obtained expression, in the limiting cases EO — 0 and v, =0 coincides with known expression
for the high-frequency pressure force up to a coefficient of order unity [18].

Conclusion

An expression for the quasi-potential force in the approximation of fixed ions and a strong external field
has been obtained. This expression allows us to estimate the influence of collisions of plasma particles on the
Miller force. The force components have been determined for the case when a high-frequency electric field
and a stationary magnetic field acting simultaneously on weakly inhomogeneous plasma. Thus, this article
introduces a new methodology for determining the expression of the averaged high-frequency pressure force.
The approach is based on solving the kinetic equation and the method of successive approximations while
observing limiting conditions. The motion of charged particles in an electric field is considered based on the
concepts of classical physics, and these concepts retain their validity not only when analyzing the motion of
charged particles under the influence of macroscopic external fields but also form the foundation necessary
for understanding the processes of particle interaction in plasma — processes involving the microscopic
fields of individual particles.

Practical significance of research results. The results of this article can be applied in controlling the
spatial distribution of plasma parameters in external fields and in the mathematical modeling of
inhomogeneous plasma processes. Furthermore, these results can be applied in the theory of electron motion
in high-frequency and constant fields, fluctuations, nonequilibrium processes, the stability of inhomogeneous
plasma, and other collective nonlinear phenomena.
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T. Komreibaes, A. TarenoB, M. Anuesa, K. JKantneyos

TypakTbl MATHUT OPici MeH KOFapbI KUUTIKTI JIeKTP OPIiCiHiH Ma3Mara dcepi

Makanazna anci3 6ipTekci3 mwIasMara 0ipMe3TiIIe JKOFaphl KUUTIKTI JIEKTP pici MEeH TypaKThl MarHHUT epici
acep eTKeH Karqai YIIiH OpTallaiaHFaH jKOFapbl )UUTIKTI KbICBIM KyIIiH (MuuIep KYIIiH) aHbIKTayIbIH ThIH
TOCITI YCHIHBUTFAH. Byl TaCUT 3JIeKTpOHAApABIH YiiecTipiM (QyHKIHAChIHA apHAIFaH KMHETHKAJBIK TeHICY/I
Ti30€KTECTIK JKYBIKTay apKbUIbI ILEIIyre Heri3/enreH. ATairaH KyblKTay OolblHIIA Oasy KO3FaiblCTap MEH
KapKbIH/BI TepOenicTep Oejex kapacToipbuiansl. COHbIMEH Oipre, ecemTeysiep Ke3iHIE TEOPUSUIBIK KOHE
MaTeMaTHUKANBIK (PU3MKaHBIH >KAINbIFa OENrill Tocuijepi, aram aiiTKaHAa CBIPTKbI AiHBIMANBI OPICTIH
neproasl OOWBIHINA OpTallaiay >XOHEe TPAaeKTOpHsl OOMBIHINA HMHTErpajjay oIicTepi Je NaimanaHbULIbL.
DJeKTpOHIApABIH KO3FaJMaiTEIH HOHJAPMEH COKTHIFBICYJIaphl eckepingi. JKorapbl >KHMINIKTI epicTiH
aMILUTUTYIAChl YaKbIT )KOHE KOOpANHATa OOHBIHIIIA MapIbIMCHI3 FaHa e3repeTiH GyHkius. [IIsrapeimn ansiHFaH
OpHEK IUIa3Ma OeJIIEKTepiHIH e3apa COKTHIFbICYJIaphl Mmuiuiep KymliHe acepiH Oaramayra MYMKYHZIIK
JKacaii/ipl ykoHe Oenrini Oip meKTeyil mapTrapaa Oy epHeK IeKTPOHIAPABIH KOFAaphI XKULTIKTI epicTepaeri
KO3FaJIBICHIH CUMATTaWTBIH TEHAEY AapKbUIbl aHBIKTAIFaH Oenrini epHEeKHeH coiikec kemexi. Ecemreymep
Ke31HJE CHIPTKBI AJIEKTPOMArHUTTIK ©PIiCTIH MAarHUTTIK KypayIIbICHl €CKEPUIreH >KOK, OyJl »aFaail )KOFapbl
JKUUTIKTI 3JEKTp OpicCiHiH OOMIBIK (KymMa) eKEHIITiH aifakTaiifbl. ATanblll OTIAreH OapiiblK HOTHXKEIEp
TEOPUSUIBIK CHUITATTa OOJIFAHIBIKTaH OJIApJBl JKOFAphl JKUUIIKTI DJIEKTPOMArHUTTIK OpicTepliH ocepiHmeri
0ipTeKCi3 IIa3MaHbIH KHHETHKAIIBIK TEOPHSICHIH jkacay OapbIChIHAA KOJIAaHyFa O0Iabl.

Kinm co30ep: anci3 6ipTekci3 mIa3Ma, Ia3MaiblK 3JIeKTPOHAAp, KHHETHKAIBIK TEHIEY, OpTallaJlaHFaH KYII,
INIEKTp epici, OeIEeKTep IiH COKTHIFBICYbI, KO3FaJIMaiTHIH HOHAP, KOFaPHI KHITIK.
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T. Komrreibae, A. Tatrenos, M. AnueBa, K. X)Kantieyos

Bo3zaelicTBue MOCTOSHHOTO0 MATHATHOI'O TOJIS
U BBICOKOYACTOTHOI0 3JIEKTPHUYECKOI0 MOJIsl HA MJIa3My

B naHHOW paboTe mpeAnoXkeHa HOBas METONWKA OIPEACICHHS BBIPAKCHUSA YCPECAHCHHON CHIIBI
BBICOKOYACTOTHOTO JaBiieHHs (cuibl Mrmuiepa). DTOT METON OCHOBAaH HAa PEIICHHH KHHETHYECKOTO
ypaBHeHUS AN (GYHKOUH paclpefeieHUs SJICKTPOHOB M METOAE IOCIEIOBATENbHBIX IPUOIMKEHUH
(pasneneHne MeIUICHHBIX JBIDKCHHN W OBICTPBIX oCHWIULINMKN). PaccmarpuBaeTcs ciydail, korna Ha ciabo
HEOIHOPOIHYIO TIJIa3My OJHOBPEMEHHO NEHCTBYIOT SJIEKTPHUUECKOE TI0JIe BEICOKON YacTOTHI H CTAIIHOHAPHOE
MarHuTHOE TMojie. B wuccleqoBaHMM TakKe NPUMCEHEHBI OOUICH3BECTHBIC METOABI TEOPETHYCCKOH |
MaTeMaTH4YeCKOW (H3HKH, TaKhe KaK YCPEOHEHHE MO TMepHoay KojcOaHWs 3SJICKTPUYCCKOTO MO U
MHTCTPUPOBAHUE TI0 TPACKTOPUAM. YUTEHBI CTOJKHOBEHHUS OJIICKTPOHOB C HEMOJBIKHBIMH HOHAMHU.
AMIUMTYIa SJIEKTPUYECKOTO TOJISA SIBIACTCS MEIJICHHO MEHSIONICHCS (GYHKIUMEH MO BpPEMEHH U 10
koopauHataM. [lomydeHHOe BhIpaKCHHE MO3BOJIACT OLCHHUTh BIMSHUC CTOJKHOBEHHH IMJIa3MEHHBIX YaCTHI]
Ha cwily Mmiuiepa ¥ TMOATBEPANTH, YTO MPH OMPEICICHHBIX YCIOBHAX OHO COBIQJACT, C TOYHOCTBIO JIO
MOCTOSIHHOM, C W3BECTHBIMH BBIPQKCHHUSMH JUIS CHIIBI BBICOKOYACTOTHOTO JAaBJICHHS, MOJTYYCHHBIMH Ha
OCHOBE YpaBHEHHS JBW)KCHHS JJICKTPOHOB IUIA3MBI B BBICOKOYACTOTHBIX MHONAX. BO BCeX BBIYMCICHHSAX
npeHeOperaeTcs BKIAJIOM MarHUTHOW COCTABIISIONICH 3JIEKTPOMArHUTHOTO TIOJIS, YTO BIIOJHE CIIPABEIUBO
JUTA IPOJIOJIBHOTO 3JIEKTPUYECKOro o, Pe3ynbTarsl, HOTydYeHHbIE B JAHHOM HCCIEOBaHUHU, IPEICTABIAIOT
MIPEXJIe BCEro TCOPETUUYECKUH MHTEpEC U PacKphIBAIOT MEXaHU3MbI B3aMMOJCHCTBUS c1a00 HEOTHOPOIHOM
IUTa3MBl C BBICOKOYACTOTHBIM JJICKTpPUUECKHUM moneM. OHHM Takke MOTyT OBbITh HCIOJb30BaHBI IPH
MIOCTPOCHUN KHHETHYECKOM TEOpHHM HEOAHOPOIHOM IUIa3Mbl, HAaXOASALIEWCS B  BBICOKOYACTOTHBIX
JNIEKTPOMATHUTHBIX TTOJISIX.

Knrouesvie cnosa: ciabo HEOAHOPOJHAasd IUla3Ma, IUIa3MCHHBIC J3JICKTPOHBI, KHMHETUYECKOC YpPaBHCHHEC,
YCpeaHCHHAs CUila, SJICKTPUICCKOEC I10JI€, CTOJIKHOBEHUS YaCTULl, HCIIOABUKHBIC NOHBI, BBICOKAsA 1aCTOTaA.

References

1 Veksler, V.I., & Kovrizhnykh, L.M. (1958). O tsiklicheskom uskorenii chastits v vysokochastotnykh polyakh [Cyclical Ac-
celeration of Particles in High-Frequency Fields]. Zhurnal eksperimentalnoi i teoreticheskoi fiziki — Journal of Experimental and
Theoretical Physics, 35, 5(11), 1116-1118 [in Russian].

2 Miller, M.A. (1958). Dvizhenie zariazhennykh chastits v vysokochastotnykh elektromagnitnykh poliakh [Motion of Charged
Particles in High-Frequency Electromagnetic Fields]. [zvestiia vuzov. Seriia Radiofizika — News of universities. Radiophysics series,
1(3), 110-123 [in Russian].

3 Gaponov, A.V., & Miller, M.A. (1958). O potentsialnykh yamakh dlia zariazhennykh chastits v vysokochastotnom
elektromagnitnom pole [On Potential Wells for Charged Particles in a High-Frequency Electromagnetic Field]. Zhurnal
eksperimentalnoi i teoreticheskoi fiziki — Journal of Experimental and Theoretical Physics, 34, 1,242-243 [in Russian].

4 Morozov, A.l, & Solovyev, L.S. (1963). Dvizhenie zariazhennykh chastits v vysokochastotnom elektromagnitnom pole
[Motion of Charged Particles in a High-Frequency Electromagnetic Field]. Voprosy teorii plazmy — Plasma Theory Issues, 2, 214—
218 [in Russian].

5 Gildenburg, V.B. (1964). O nelineinykh effektakh v neodnorodnoi plazme [On nonlinear effects in inhomogeneous plasmal].
Zhurnal eksperimentalnoi i teoreticheskoi fiziki — Journal of Experimental and Theoretical Physics, 46, 6, 2156-2164 [in Russian].

6 Koshtybayev, T., & Aliyeva, M. (2024). To plasma electrons motion theory in high-frequency fields. Bulletin of the Universi-
ty of Karaganda — Physics, 114(2), 19-26. https://doi.org/10.31489/2024ph2/19-26

7 Koshtybayev, T., & Aliyeva, M. (2024). Correlation functions of weakly inhomogeneous plasma. Bulletin of the University
of Karaganda — Physics, 115(3), 6-14. https://doi.org/10.31489/2024ph2/6-14

8 Klimontovich, Yu.L. (1964). Statisticheskaia teoriia neravnovesnykh protsessov v plazme [Statistical theory of
nonequilibrium processes in plasmaj. Moscow: Izdatelstvo Moskovskogo Gosudarstvennogo Universiteta [in Russian].

9 Kosarev, ILN. (2006). Kinetic theory of plasmas and gases. Interaction of high-intensity laser pulses with plasmas.
Achievements of the physical sciences, 49(12), 1239-1252. DOI:10.1070/PU2006v049n12ABEH006027

10 Magee, R.M., Galante, M.E., Gulbrandsen, N., McCarren, D.W. & Scime, E.E. (2012). Direct measurements of the ionization
profile in krypton helicon plasmas. Physics of Plasmas, 19, 123506. https://doi.org/10.1063/1.4772060

11 Charles, C., Boswell, R.W., Laine, R., & MacLellan, P. (2008). An experimental investigation of alternative propellants for
the helicon. Journal of Physics D: Applied Physics, 6, 175213. DOI 10.1088/0022-3727/41/17/175213

12 Lafleur, T., Charles, C., & Boswell, R.-W. (2009). Detailed plasma potential measurements in a radio-frequency expanding
plasma obtained from various electrostatic probes. Physics of Plasmas, 16, 044510. DOI: 10.1063/1.3125314

13 Anisimov, [.A., & Litoshenko, T.E. (2008). Interaction of a modulated electron beam with an in homogeneous plasma: Two-
dimensional electrostatic simulations. Physics of Plasmas, 34(10), 847-854. https://doi.org/10.1134/s1063780x0810005x

Cepus «®usukar. 2025, 30, 1(117) 43



T. Koshtybayev, A. Tatenov et al.

14 Repin, A.Yu., Stupicki, E.L., & Shapranov, A.V. (2004). Dinamika i vzaimodeistvie s pregradoi toroidalnogo plazmennogo
sgustka. Ionizatsionno-dinamicheskie kharakteristiki i elektromagnitnoe izluchenie [Dynamics and interaction with the barrier of a
toroidal plasma clot. Ionization-dynamic characteristics and electromagnetic radiation]. Teplofizika vysokikh temperatur — High
temperature thermophysics, 42(4), 523-538 https://doi.org/10.1023/B:HITE.0000039980.35217.cb [in Russian].

15 Lafleur, T., Boswell R-W., & Charles, C. (2010). lon beam formation in a very low magnetic field expanding helicon dis-
charge. Physics of Plasmas, 17, 043505. https://doi.org/10.1063/1.3381093

16 Shaihitdinov, R.Z. (2014). The Mechanism of Attraction of Negatively Charged Macroparticles in Dusty Plasma. Low-
Temperature Plasma in Functional Coating Processes, 5, 168—171.

17 Kralkina, E.A., Neklyudova, P.A., Pavlov, V.B., Vavilin, K.V., & Tarakanov, V.P. (2014). Radial inhomogenity of plasma
parameters in a low-pressure inductive RF discharge. Moscow University Physics Bulletin, 1, 79-89. DOI:
10.3103/S0027134914010093.

18 Golubkov, G.V., Bychkov, V.L., Ardeljan, N.V., Kosmachevskij, K.V., & Golubkov, M.G. (2019). Vliianie vneshnego
elektricheskogo polia na parametry plazmy nizhnei ionosfery [Influence of external electric field on plasma parameters of the lower
ionosphere]. Khimicheskaia fizika — Chemical Physics, 38(7), 23-29 https://doi.org/10.1134/S0207401X19070045 [in Russian].

Information about the authors

Koshtybayev, Talgat (corresponding author) — Candidate of physical and mathematical sciences, As-
sociate Professor, Department of Physics, Kazakh National Women’s Pedagogical University, Almaty, Ka-
zakhstan; e-mail: koshtybayev70@mail.ru; ORCID ID: https://orcid.org/0009-0004-7344-6801

Tatenov, Adambek — Candidate of physical and mathematical sciences, Associate Professor of the
Department of Physics, Kazakh National Women’s Pedagogical University, Almaty, Kazakhstan; e-mail:
a.tatenovl@gmail.com; ORCID ID: https://orcid.org/0000-0003-4767-5788

Aliyeva, Moldir — Master of sciences, Senior lecturer, Department of Physics, Abai Kazakh National
Pedagogical  University, Almaty, Kazakhstan; e-mail:  moldir-2008@mail.ru; ORCID ID:
https://orcid.org/0000-0003-0440-6211

Zhantleuov, Kenzhebek — Candidate of physical and mathematical sciences, Associate Professor of
the Department of Mathematics and Mathematical Modelling, Abai Kazakh National Pedagogical Universi-
ty, Almaty, Kazakhstan; e-mail: Kzhantleuov@mail.ru; ORCID ID: https://orcid.org/0009-0001-6658-1165

44 BecTHuk KaparaHguHckoro yHuBepcuTeTa





