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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 ﬁo but also an additional force j?M determined by the high-frequency

quasi-potential U, i.e., f,, =-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, ~nmv,” (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,(eF,&t)sinoyt (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]

e % 5% (r), @)
ot or op

F=o £+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 / oaOL) <<1, where V} 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

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

tuting (2), we obtain:

38 BecTHuk KaparaHguHckoro yHuBepcuTeTa



Influence of a Constant Magnetic Field ...

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 - H) is offset frequency; w,, =eB, / m, 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,EO) ,E, ) the equations (3) and (4) can be rewritten as:

LE"=v,<F">; (34)
LF'=-8,, (4A)
where, for simplicity, the following notations were used:
PRIV

M M, M,
OF" oF) OF

S, =v, -v, -V, ;
Osr, Oer, Osr,

M, =eE, smoy+p o,;

M, =eE, sinwyt— p.o, ;

M, =eE,_sinmyt.

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

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

_ o, E
FYO =F' =n, (2mm kT,) " exp{-(2m kT, )" [(p, ~—52=2 cos 1)’ +
0 H
e, E, E, 0
+(py_%coscoot)2+(pz—e 0z coscoot)2+( i 2)2><
o — Oy ®, ®y — Oy

2
X(Ey\> + Ey 2)sin® oy + ——t—(p E,, = p, Ey.)sin ot +(2mkT,)v,i1}.
' 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, =B, 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,, );

Cepus «®usukay. 2025, 30, 1(117) 39



T. Koshtybayev, A. Tatenov et al.

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}, —N4EOX) ;

r,=R. +m B (t—1')~(mw,) " ek, {(t —1')—w, " sinw, (- t’)} ;
N, = (coo2 -0, )71 ;
N, =coso, (1 —t")—cosw, (t—1');
N, =o,sino, (—1")-o, sino, (1—1');
N, =y, {1-cosm,, (1=1')} — 0,0, {1-cosw, (1 -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
FeO(l) :J.vei <F;0(0)(t_t',gt’gjé,}3o) >dt'; (®)
0

F'O = —j S, (l —1',et,eR, P, )dz’ . 9)
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 Oy 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 (emo) 0 op 2 0p 2 n, | e 5E022 .
fX_LT P <F. >dP,=—NSn, ——y (ME, + M,"E,, )—2m€ (CO—O] C;

—~

2 2
+00 R 0 E 2
f,= [T, <F,>dP=-N}n-" ) @ (MOE,> + M,'E, )~ (i) % ¢,

2m, OeR, 2m, | o,

—

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

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

here

M= %cos[%tm—”j —%{ZQ +r (1 +v,’ (40302 +v, )_1 )Dsin[2nm—”J} ;

@, @,
o 3 Oy 1 5 , ) ) 2\ ) 0y
M =Zcos| 2n— |- =120+>n (1+ve,, (40, +v,?) |Dsin| 2n= |}
2 o, ) 3 2 ®,
o 1 0y 1 1 ) ) 2\ . Oy,
M, =—+cos| 2n—= |- =120+ == (1+v€i (4030 +v, ) )Dsm 2n—= | ¢
2 ®, 3 2 ,
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C = 11 cos 275— w21 2Q+1n v, (40302+vm.2)71Dsin on 2 |l
2 3 2

@,

C, = L) cos 2n— 2|1 2Q+ v, (40)02+ve,.2)7lein 22 (L
2 3 o,

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

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

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

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. Komrei6aes, A. TarenoB, M. Anuesa, K. JKantneyos

TypakTbl MATHUT OPiCi MeH JKOFaPbI KUUTIKTI JIeKTP OPICiHIH Ma3Mara dcepi

Makanazna anci3 6ipTekci3 ma3Mara 0ipMe3TiIIe JKOFaphl KUUTIKTI JIEKTP Opici MEeH TypaKThl MarHHUT epici
ocep eTKeH Karaail YIIiH OpTallaiaHfaH jKOFaphbl )UUTIKTI KbICBIM KYIIiH (MuuIep KYIIiH) aHbIKTayIbIH THIH
TOCITI YCBIHBUTFAH. ByJT TaCiN 3IeKTpOHAApABIH yiiecTipiM (QyHKIHACHIHA apHAIFaH KMHETHKAJBIK TeHICY/I
Ti30€KTECTIK JKYBIKTay apKbUIbI ILIEIIyre Heri3/enreH. ATairaH KyblKTay OolblHIIA Oasy KO3FaibICTap MEH
KapKbIHIBI TepOemicTep Oenek KapacTolpputafsl. COHbIMEH Oipre, ecemrTeyiep Ke3iHIe TEOPHSUIBIK JKOHE
MaTEMaTHUKANBIK (PU3MKaHBIH >KAIIbIFa OEriTl Tocuijepi, aram aiiTKaHAa CBIPTKbI AiHBIMANBI OPICTIH
neprosl OOWBIHINA OpTallajay >XQHEe TpPAaeKTopHsl OOMBIHINA HHTErpajjay oiicTepi e NaiaanaHbULIbL.
DJeKTpOHIApABIH KO3FaJMaiTEIH HOHJApMEH COKTHIFBICYJIaphl eckepingi. JKorapbl >KHMINIKTI ©picTiH
aMIUTUTYAachl YaKbIT )KOHE KOOpANHATa OONBIHIIIA MapIbIMCHI3 FaHa e3repeTiH Gynkius. [IIsrapein ansiHFaH
OpHEK IUIa3Ma OeJIIEKTepiHIH e3apa COKTHIFBICYIapsl Mmuiuiep KymliHe acepiH Oaramayra MYMKYHZIIK
JKacai/Ipl ykoHe Oenrini Oip mekTeyil mapTrapaa Oyir epHeK IeKTPOHIAPABIH KOFAPhI XKULTIKTI epicTepaeri
KO3FaJIBICHIH CUIATTaWTBIH TEHAEY apKbUIBl aHBIKTAIFaH OeNrini epHeKHeH coiikec kemexi. Ecemreymep
Ke31HE CHIPTKBI AJIEKTPOMArHUTTIK ©PIiCTIH MAarHUTTIK KypaylIbICHl €CKEPUIreH >KOK, OyJl »aFaail sKoFapbl
JKUUTIKTI 3JEKTp OpiCiHiH OOIMIBIK (KymMa) eKEHIITiH aifakTaiifbl. ATanblll OTIAreH OapiiblK HOTHXKEIEP
TEOPUSUIBIK CHUITATTa OOJIFAHIBIKTaH OJIApJBl JKOFAphl JKUUIIKTI DJIEKTPOMArHUTTIK ©picTepliH ocepiHmeri
0ipTeKCi3 IIa3MaHbIH KHHETHKAIIBIK TEOPHSICHIH jkacay GapbIChIHAA KOJIAaHyFa OO0 bl

Kinm co30ep: anci3 6ipTekci3 mia3Ma, Ia3MaiblK 3JIeKTPOHAAp, KHHETHKAIBIK TeHIEY, OpTallaJlaHFaH KYII,
JIEKTp epici, OeIIIEeKTep IiH COKTHIFBICYbI, KO3FaJIMaiTHIH HOHAP, KOFaPBI KHITIK.
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T. Komrreibae, A. Tarenos, M. AnueBa, K. XKantieyos

Bo3aelicTBHe MOCTOAHHOT0 MATHATHOTI'O TOJIS
U BBICOKOYACTOTHOI0 3JIEKTPUYECKOI0 MOJIsl HA MJIa3My

B onanHOW paboTe mpemyiokeHa HOBash METOAMKA OIPENCICHHS BBIPAKCHUS YCPEIHCHHOMN  CHIIBI
BBICOKOYACTOTHOTO JaBieHHs (Cuiabl Mmmtepa). DTOT MeTOX OCHOBAaH Ha pEMICHHH KHHETHIECKOTO
ypaBHEHUS Uil (GYHKOUH pacHpefeleHus OSICKTPOHOB M METOAE IIOCIEIOBATENbHBIX IPUONIDKEHUIH
(pa3zmeneHUe MEIUICHHBIX JBIDKCHUH M OBICTPBIX ocIuLinmii). PaccmarpuBaercs cimydaii, korma Ha ci1abo
HEOIHOPOIHYIO TUIa3My OJHOBPEMEHHO JEHCTBYIOT IEKTPHUECKOE MOJIE BEICOKOI YaCTOTHI U CTAlIHOHApHOE
MarHUTHOE ToJie. B mHccnenoBaHWM TakKe NPUMEHEHBI OOIIEH3BECTHBIE METOJbl TEOPETHYECKOH U
MaTeMaTH4ecKOil (M3MKH, Takhe KaK YCpeJHEHHE IO IEPUOAY KOIeOaHMs SIISKTPUYECKOro MOJsl M
WHTETPUPOBAHHME II0 TPACKTOPHUSIM. YUTCHBI CTOJIKHOBEHHS OJIEKTPOHOB C HEMOJBIKHBIMH HOHAMHU.
AMIUTITYyIa DJIEKTPUYECKOTO TIOJIs SIBISIETCS MEICHHO MeHsmomeiics (yHKIMeid 1o BpeMeHH H 110
koopauHataM. [lomydyeHHOE BBIpakKEHHE ITO3BOJISICT OLICHHUTH BIMSHUE CTOJIKHOBEHUH IJIa3MEHHBIX YaCTHI]
Ha CIiIy Mmiepa W MOATBEPANTH, YTO IPH ONPEAETCHHBIX YCIOBHSAX OHO COBIANAcT, C TOYHOCTBIO IO
MOCTOSIHHOM, C W3BECTHBIMH BBIPDAXEHHSMH IS CHJIBI BBEICOKOYAaCTOTHOTO MAABJICHUS, IOJNyYeHHBIMH Ha
OCHOBE ypaBHEHHS [BIDKCHHS 3JIEKTPOHOB IUIa3MblI B BBHICOKOYACTOTHBIX MOJSAX. BO BCeX BBIYMCICHHAX
IpeHeOperaeTcsl BKJIaJOM MarHUTHOM COCTaBIIIOIIEH 3JIEKTPOMAarHUTHOTO MOJIS, YTO BIOJHE CIPAaBEATIMBO
JUIS TIPOZIOJIBHOTO 3MIEKTPUYECKOro Mmojis. Pe3ynbTarsl, MoqyueHHBIE B JaHHOM HCCIIEI0BaHNUH, MPEICTABIISIOT
MpPEK/Ae BCEr0 TEOPETUUECKUI MHTEpeC W PacKpBIBAIOT MEXaHU3MBI B3aUMOJAEHCTBUSA c1ab0 HEOJHOPOAHOM
IUIa3Mbl C BBICOKOYACTOTHBIM 3JeKTpHueckuM mosieM. OHM Takke MOTYT OBITh HCIOJIB30BaHbl IPH
MOCTPOCHUH KHHETUYECKOH TeopuH HEOJHOPOAHOM IUIa3Mbl, HaXoJsmielcds B  BBICOKOYACTOTHBIX
3JIEKTPOMATHUTHBIX ITOJIAX.

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