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To plasma electrons motion theory in high-frequency fields

The article is dedicated to the kinetic theory of plasma, where the problem of interaction of high-frequency
electric fields with weakly non-uniform plasma is investigated using kinetic equations with binary collision
integrals for plasma particles. A new methodology for determining the expression of the averaged high-
frequency pressure force is proposed based on solving the kinetic equation and using the method of succes-
sive approximations (separation of slow motions and fast oscillations) under the limiting conditions. An ex-
pression for the averaged quasi-potential force is derived based on the kinetic equation for the electron distri-
bution function in weakly inhomogeneous magnetoactive plasma, taking into account electrons collisions
with fixed ions and the presence of a longitudinally inhomogeneous high-frequency electric field using well-
known methods of theoretical and mathematical physics, such as successive approximations, averaging over
the effective field oscillation period, and integration over trajectories. The amplitude of the field is a slowly
varying function in both time and space coordinates. The obtained expression allows us to estimate the influ-
ence 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. In all calculations, the contribution of the magnetic component of the electro-
magnetic field is neglected, which is quite justified for the longitudinal electric field.

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

Introduction

The heightened interest shown by scientists in plasma physics over the last quarter-century is primarily
due to space exploration and the prospect of obtaining controlled thermonuclear reactions. Among other
fields of application, it is worth mentioning plasma accelerators and generators, gas-discharge devices, plas-
ma electronics, etc. Just from this list, it is evident that the plasma under scrutiny by researchers exhibits a
tremendous diversity of numerical parameters, sometimes differing by many orders of magnitude.

It is difficult to imagine laboratory plasma without external fields. The existence of powerful sources of
monochromatic electromagnetic radiation in various frequency ranges has stimulated the publication of a
large number of studies on the interaction of such radiation with matter. In particular, the interaction of in-
tense electromagnetic waves with magnetically active plasma is of interest due to solving a number of issues
arising in the fusion programme development process, the study of nonlinear properties of the ionosphere
with both given and artificially created inhomogeneity. The peculiar properties plasma appears very clearly
when its behaviour under the influence of an electric field of high frequency is examined. Studies of the in-
teraction of charged plasma particles with high-frequency fields have recently gained particular relevance
addressing issues related to plasma heating and confinement, nonlinear wave evolution in laboratory and
space plasmas, the development of charged particle acceleration methods, exploration of new wave genera-
tion and transformation techniques, and more. The initial studies in the late 1950s on the interaction of
charged plasma particles with inhomogeneous high-frequency fields revealed the existence of the Miller qua-
si-potential force and led to ideas for high-frequency plasma confinement and acceleration [1-7]. The aver-
aged effect of high-frequency fields on the plasma has been studied by many authors. At the same time, the
theoretical description of the particle motion was based on simple physical grounds on the possibility of sep-
aration of slow motions and fast oscillations under compliance with a number of limiting conditions (non-
relativistic approximation stationary and homogeneous external magnetic field, homogeneous plasma, high-
frequency fields in the quasi-stationary approximation or in the form of plane waves, etc.). Along with this,
there is a significant interest in moving beyond the dipole approximation and studying a spatially inhomoge-
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neous system of charged particles in inhomogeneous alternating fields. All this indicates the relevance of the
study of plasma behaviour in high-frequency fields.

In the works of a number of authors [2-4] devoted to the acceleration of plasma particles and the reten-
tion of high-temperature plasma by high-frequency electromagnetic fields, an expression for the force in
guestion was determined based on the equation of electron motion. In this paper, the expression for the Mil-
ler force is derived from the kinetic equation for the electron distribution function, which takes into account
collisions of electrons with ions and the influence of a longitudinal, high-frequency and inhomogeneous elec-
tric field on a weakly inhomogeneous magnetoactive plasma, using the method of successive approximations
(separation of slow movements and fast oscillations).

Experimental

Plasma can be considered as an ideal system where particles interact only in collisions. In this case col-
lisions of plasma particles are considered as a correction leading to slow dissipation of energy, concentrated
in collective degrees of freedom. Developing a consistent collision theory in plasma encounters significant
difficulties associated with the slow decrease of Coulomb forces with increasing distance between interacting
particles. At any given time, each charged plasma particle is exposed to a huge number of surrounding parti-
cles, and all of these effects shall be somehow taken into account. Instead of a simple two-body problem, we
face the challenging problem of many-body interactions. In a strict formulation such a problem is hardly
solvable. To make a solution possible, it is necessary to introduce some simplifications. The simplest is the
pair collision approximation, in which the plasma particle interactions are reduced to independent and instan-
taneous interactions of pairs of particles.

Results and Discussion

It is known that in high-frequency electromagnetic fields, particles (specifically, electrons) experience
not only the generalized Lorentz force If0 but also an additional force 1?,\,, determined by the high-frequency

quasi-potential U, i.e., qu =—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, [J nemeue2 (orBs ~nU,, wherem, is the elec-
tron mass), as a result of which the plasma electrons are displaced from the areas occupied by the field. In
oscillatory 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 dis-
placed to the left. The averaged force FM , S0 called the high-frequency pressure force, or sometimes the

guasi-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 [8-12], devot-
ed to the acceleration of plasma particles and the confinement of high-temperature plasma by high-frequency
electromagnetic fields. In this article, the expression for the Miller force is derived from the kinetic equation
for the electron distribution function, considering electron-ion collisions and the influence of a longitudinal,
high-frequency electric field

E=E, (eF,et)sin gt (1)

on weakly inhomogeneous magnetically active plasma, using the method of successive approximations (sep-
aration of slow motions and fast oscillations), where EO the amplitude of the field is a slowly varying func-

tion in both time t and space coordinates I . The parameter &, characterising the slowness of change EO,
fulfils the condition &= (VT l m,L) <<1, where V; — thermal velocity of electrons; @, — frequency, L

— typical value of the change in the electron distribution function F, (or typical size of the area occupied by
the plasma). When referring to high field frequencies, we will assume that during the period of field oscilla-
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tion T =27/ a, the electron goes a distance |, much shorter than the free path length l,ie, l,, <I<L

and hence it can be considered as moving in an almost homogeneous field. Here I% =V,," and

-1 .
I :VTVei ’ Ve'

is the frequency of electron-ion collisions. We will assume that the plasma
- is weakly inhomogeneous, i.e., the functions Fe and E do not change much at a distance of the Debye radius

I, or the condition (L / UoT) >>1 is fulfilled, where v, is the average particle velocity;

- fully ionised, i.e., y — oo, where y is the degree of ionisation;
- strongly discharged, i.e.,

Yai <& or @, >>V *)
0 ei ’

W,

| >>(mV,;*/eE). (**)

In addition, we will assume that:
- the activity of the electric field on the length | is greater than the energy of thermal motion kTe (strong field

condition), i.e. €El /K, T, >>1;
- due to the smallness of the ratio (me /mi ) <<1 (or M, =00 ) we can assume that the ions are fixed, where

e — electron charge; M, — ion mass, k — Boltzmann constant; Te — electron temperature. It should be noted that

due to the field's longitudinally E , the magnetic component of the electromagnetic field can be neglected, which gives
significant simplifications of a computational nature, and the collisions of electrons among themselves are also neglect-
ed.

The kinetic equation for F,, taking into account collisions of electrons with ions and fields (1), is writ-
ten in the form

N L 0F,
LOFe+Uﬁ:Stei(Fe)v 2)
where U = p/m, is the electron velocity;
Lo = g —eE i .
ot op

In accordance with (1) the function F, depends on both fast and slow variables, i.e.

F=F (t, P, &t, gF). In this connection, using the method of successive approximations, we can write:

oF, (GFE 8Fe]
- +& ;

ot ot Ost 3)
oF, oF,
—>& ,
or oer
and also
F=F’+eF', 4)

where Fe1 is the fast-variable part, FeO is the stationary (slowly changing) part of the distribution func-

tion.
Substituting expressions (3) and (4) into (2), then equating terms at the same degrees of the parameter
&, we obtain the following two equations of zero and first approximations
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I:O I:eo = Stei ( Feo) (5)
I:OFeO = _ElFeO (6)
where ’
~ 0 _0
= — D—
h oet er

Considering the obtained system of equations, it is seen that the left part of the subsequent equation is
determined by the solution of the previous equation and can be considered to be known. The integral of colli-
sions of electrons with ions in (5) is defined by the expression [13-14]:

3z (KT, /m,)"* oF?

2
87, U, ov,

Stei (Fe 0)

: (7)

where 7, [11/v,, ™ — characteristic time of collisions of electrons with ions:

_3m. (k1,)™

Tei = .
427 Ae%e N,

A Coulomb logarithm; €,and n, — charge and ion concentration, respectively. It should be noted that

in (7) the terms of order (me / mi) are neglected. After substituting instead of Fe0 in expression (7), the so-
lution

-3/2

F7® =n, (2zmKT,) " exp {—(ZmekTe )" ( p—ew, ‘E, cos a)ot)z} :

of the homogeneous equation [,F.*® =0, we have

a2 dnAe’e’n
P

L,F.° =T =n, (22zm,kT,) p—ea, 'E, cos ot ) x

3
(v,m,) KT, (5A)
_ . 2
xexp{—(ZmekTe) '(P-ew, 'E, cos ) }
The general solution of this equation can be represented as
F’=F@+F (5B)

where Feo‘l) is the solution of the inhomogeneous equation. The first approximation equations (6) can
be rewritten in the form
L =-G(t, B, et eF), (6A)

e

where G =L,F.°. The solution F.,"® of the homogeneous equation L,F.® =0 is the expression for

F.%®  and the general solution of (6A) is of the form:

22 BecTHuk KaparaHgmMHCKOro yHusepcureTa



To plasma electrons motion theory...

Fel — Fel(O) + Fel(l) , (8)

where Fel‘l) is the solution of the inhomogeneous equation. In order to find the solutions Fel(l) and
Feo(l) let’s write down the characteristics of the homogeneous equation (2), i.e.
p - dr

— =—¢E; m—=p, 9
eqt P (9)

solutions ma which are the values of impulses P and coordinates T at time instant t ; they are related to

the values I3O and R at the initial time instant t as follows [15-18]:

5 (+' + R = . eE N -
P (tt, et ef ) = p+;°{l—cosa)0 (t—t")};

0

3

—

(t-t) -2 fa sin g, (t-t)—(t—t)}.

R(tt, R, T et eT )= F_FZ o

Moving from P to I30 and from F to R, he required solutions are determined [9; 10]:

F® (t, P,et, eﬁ) = —jG (t —t' et ¢R, Iso)dt’ . (10)
0
t

RO (tB)=[r(t-t,P,)dt". (10A)

0

Hence, the general solution of equation (2), according to (4), (5B) and (8) will be as follows
t t
F=F"04 j rdt’+ g[Fel(O) - j Gdt']. (11)
0 0

Note that when integrating the integrand exponential functions I' and G, in (10) the condition
(eE, / @,PRy) <1 was taken into account, using which these functions were expanded into a series. At the

same time, only terms were considered in the expansion [J E02 .

Oscillatory components in (11) can be eliminated by averaging this relation over T . The operator of
averaging the function F, will be denoted by the symbol { ):

)
(F)=T" j F.dt. (11A)
0

Representing the solution in this form involves constructing the first approximation, the so-called aver-
aging method, which has found wide application in nonlinear physics tasks [19-21].

Finally, integrating the product of T*llf’0<Fe> over |30 in the limit from —co to +oo0 , we obtain the fi-

nal expressions for the force f,,:
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)= . 2
f,= D€ By g Vel (12)
2 maw,” 0¢R @,

or

3 oU i

£, =—on, Sel1-05| Yo | |,

2 " 0sR @,

and

- \2
U - L[
2m, { @,
Under condition (*), from (12) follows the expression [11-13]:

£ _3ne’E, o,
o 2mew,’ deR’

The obtained result coincides, up to a constant, with known expressions for the Miller force, and is also
of theoretical interest and reveals the picture of the interaction of a weakly inhomogeneous plasma with a
high-frequency electric field. However, the approximate solution (11) allows estimating the influence of
electron-ion collisions on the high-frequency pressure forceand can be used in constructing the kinetic theory
of inhomogeneous plasma located in high-frequency electromagnetic fields. In all calculations, the contribu-
tion of the magnetic component of the electromagnetic field is neglected, which is quite true for the longitu-
dinal electric field, and well-known methods of theoretical and mathematical physics are used, such as aver-
aging over the period of oscillation of the electric field and integration along trajectories.

Conclusions

Therefore, in the article a new methodology has been proposed for determining the expression of the
averaged high-frequency pressure force. It is based on solving the kinetic equation with the collision integral
of plasma particles and the method of successive approximations, while adhering to a number of limiting
conditions (weakly inhomogeneous and fully ionized plasma, longitudinal and inhomogeneous high-
frequency electric field, nonrelativistic approximation, as well as fixed ions approximations, strong electric
field, and pair collisions between particles). The effects of the weak inhomogeneity of the plasma and the
external field on particle collisions and the Miller force are estimated. The motion of charged particles in an
electric field is considered on the basis of representations of classical physics and these representations retain
their force not only when analyzing the movements of charged particles under the action of macroscopic ex-
ternal fields, but form the foundation necessary for understanding the processes of particle interaction in
plasma—processes involving microscopic fields of individual particles.
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Ilnazmamarel 2JIEKTPOHAAPABIH KOFAPBIKUUIIKTI epicTepaeri
KO3FaJIbIC TEOPHUSACHIHA

Makana ria3MaHbIH KHHETHKAIIBIK TEOPUACHIHA apHAIFaH JKOHE JKOFAPBDKHUUTIKTI AJIEKTP OpiciHiH d7ci3 Oip-
TEeKCi3 IUIa3Mara acepi Typasbsl Macese Iua3Ma OelIIeKTepi apachIHAAFbl XKYNTHIK dcepiiecy MHTerpaisl 6ap
KAHETUKAIBIK TCHICYI KOJIAHy apKbUIbl miemrinreH. benrini Oip mekTey mapTrapbl OpbIHIAIFAH XKaFaail
YILIIH OpTaniajaHFaH KOFapbDKHUUTIKTI KBICHIM KYIIiH TaOy/AbIH XaHa 9[iCTeMeCi YCHIHBIIFAH JKOHE OJ1 KHHe-
THUKQJIBIK TEHICYAl IICHIyTre, Ke3eKTECTIK JKYBIKTay TociyiiHe HerizmenreH. COHFbI allThUIFaH Tocinme Oasy
KO3FaJpIcTap MEH IIammaH TepOemicTepai Oeim KapacThpraH. ©OJci3 OipTekci3, opi MarHHUTTi-OenceHni
TUIa3Ma/iaFbl OOJIIEeKTEepIiH YIecTipiM (YHKIMACHIHA apHAIFaH KHHETUKAIBIK TEHICYAl LIeNTy apKbUIbl Op-
TallaJlaHFaH KBa3HUMOTEHIMANABl KYIUTIH OPHEri KOPBITHUIBII MIBFapbulAbl. KONIaHBUTFAaH KUHETHUKAIBIK
TEHJEY OJIEKTPOHMAAPIBbIH KO3FAIMalTBIH HMOHIAPMEH COKTBIFBICYBIH JKOHE JKOFapbDKHUTIKTI OOMIIBIK-
OipTeKci3 aneKTp epiciHiH acepiH eckepeni. CoHbIMEH Oipre, KYIITiH OpHEriH HIbIFapy GapbIChIHAA TEOPHs-
JIBIK JKOHE MaTeMAaTHKAJIBIK (PU3UKAHBIH OCMriii Tociiaepi KONAaHbLIIbI, aTall alTKaHa: Ke3EKTECTIK JKYbIK-
Tay TOCLIi, CBIPTKBI OPICTIH TepOesic mepruo sl OOMbIHIIA OpTallanay TICiI KIHE TPACKTOPHUs OOMBIHIIA WH-
Terpanaay Taciii. OpicTiH aMIUTUTYJachl yaKbIT IIeH KOOpAMHATAFa Toyeni Oasy e3repMmeri QyHKIHs G0JIbIIT
TaObUTabl. AJIBIHFaH OpHEK IIa3Ma OeINIIeKTepiHiH COKTBHIFbICYIaphIHBIH Mmiiep KyIIiHe BIKHalblH Oara-
JayFa MYMKIH/IK jKacaii/ibl J)KoHE IIeKTey MIapTTapbl OPbIHIAIFAaH Ke3/1e AJICKTPOHIAP/IbIH JKOFAPbDKHULIIKTI
epicTeplieri KO3FalbIC TCHICYIHEH ABIHFAaH KOFAPBDKUUTIKTI KBICHIM KYIIiHIH ©pHeriMeH Oenrini Oip Typax-
TBIFa JEWIHT1 JONIKIIEH colikec Kemeni. XKypriziaren 6apiblk ecenteynep Ke3iHae 3eKTPOMarHiTTIK OpicTiH
MarHUTTIK KypayLIbIChl €CKepiIMe/li KoHe OyJI JKaF/iail OOMIBIK 3JIeKTp epiciHe Typa Oonaisl.

Kinm ce30ep: anci3 6ipTeKci3 mia3Mma, ia3ManblK JIeKTPOHIAp, KHHETUKAJIBIK TeHJIeY, OpTallajaHFaH Ky,
JNEKTP Opici, GONIIEKTep IiH COKTBIFBICYBI, KO3FaIMaiTHIH HOHIAP, KOFAPBDKHUIITIK.
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Crathsl IOCBSIIEHa KHHETHYECKON TEOPHH ILIA3Mbl, M B HEll MccieoBaHa mpobieMa B3auMOACHCTBHS dIIeK-
TPHUYECKOTO TOJIST BEICOKOH 9acTOTHI CO ¢1ab0 HEOTHOPOIHON IITa3MOi METOJOM KHHETHIECKIX YPaBHEHUH ¢
UHTErpajlaMy IapHBIX CTOJIKHOBEHUH YacTHI Iu1a3Mbl. IIpeioskeHa HOBas METOAMKA OIPE/ICIICHHS BhIpaXke-
HUSl YCPEAHEHHOM CHUJIBI BBICOKOYACTOTHOI'O JIaBJICHHs, OCHOBAHHAs HA PELICHUM KMHETHYECKOTO YpPaBHEHUS
U METOJIe MOCIEI0BaTENbHBIX MPHOMIKEHHN (pa3aeneHne MeUICHHBIX ABIDKEHUH M ObICTPBIX OCLUILIAINIT)
IpHU COOMIOEHUN OTPAaHUYUTENBHBIX YCIOBUH. BhIBeeHO BBIpaKeHUE AN YCPEIHEHHON KBA3HIIOTCHIHANb-
HOM CHMJBl Ha OCHOBE KHMHETHYECKOTO ypaBHEHHA Uil (DyHKIMM pacmpefeneHus 3IeKTPOHOB c1ado
HEOJHOPOJHOW MarHWTOAKTUBHOM IUIA3Mbl, YYUTHIBAIOIIEH CTOJIKHOBEHHE 3JIEKTPOHOB C HEMOMABIKHBIMHU
HMOHAMHU U HaJIH4HE IIPOAOJIHO-HEOJHOPOAHOIO MIEKTPUUECKOTO TOJIS BEICOKOM YacTOTHI C UCIIOJIb30BaHUEM
OOIIEeN3BECTHBIX METONOB TEOPETHUECKOW M MaTeMaTHYecKOH (H3MKH, TaKUX KaK II0CIeOBaTeIbHBIE
NPHUOVDKEHUS, YCPEAHEHNS 110 TTepHOAy KoyieOaHus IeHCTBYIONIETo TI0JIsl M HHTETPUPOBAHHMS 10 TPaeKTOPH-
M. AMIUTMTYJa MOJIS SIBJSIETCS MEJUIEHHO MEHSIOoIIeicst GyHKIMe 1o BpeMeHH M KoopauHataM. [lomyden-
HOE BBIPa)KCHHUE MO3BOJISIET OLEHUTH BIUSHUE CTONKHOBEHUH MIa3MEHHBIX YacTHUIl HA CUITy Muiuiepa, U pu
OTPaHUYUTENBHBIX YCIOBUH OHO COBMAAAET C TOYHOCTHIO 10 MOCTOSHHOM C M3BECTHBIMH BBIPAKEHUSIMHU IS
CHJIBI BBICOKOUACTOTHOTO JABJIEHHUS, PACCUUTAHHOTO HAa OCHOBE YPABHEHH JBHKEHUS SJIEKTPOHOB ILIA3MBbI B
BBICOKOYACTOTHBIX NOJISIX. BO BCeX BBIYMCICHUAX HE YUUTHIBACTCS BKJIAJ MATHUTHOM COCTaBILIONIEH 3NIEK-
TPOMAarHUTHOI'O 110JISl, YTO BIIOJIHE CIIPABEIJIUBO ISl IPOJOJIBHOIO MIEKTPUIECKOTO OIS,

Kriouegvie cnosa: cnabo HEOTHOPOHAs IIa3Ma, IUIA3MEHHbIE MIEKTPOHBI, KUHETUYECKOe YPaBHEHHE, YCpel-
HEHHasl CUJIa, SJICKTPUYECKOE TI0JIe, CTOJIKHOBEHHE YaCTHII, HETIO/IBIKHBIC HOHBI, BHICOKAsI 4aCTOTA.
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