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Electron cyclotron resonance heating (ECRH) of plasma is a problem which is of sub-
stantial interest to researches working in the field of control fusion. Most of theoretical
studies of the processes taking place during the ECRH has not been taken into account ef-
fects connected with the presence of charge separation electric field. However these effects
might be significant in the case when the plasma inhomogeneous in a plane transversal to
external magnetic field. Specifically the quasi-stationary ambipolar electric field can in-
fluence the evolution of electron temperature. As it is shown below the effect of the charge
separation results in limitation of the electron energy increase even within nonrelativistic
consideration.

The exactly solvable physical model implies that there is an axially symmetric column
of collisionless plasma with two sorts of particles (electrons and ions). The column is
located in a uniform magnetic field directed along the axis of symmetry of the column, z,
and in a uniform transversal electric field rotating with electron cyclotron frequency, wy:

B
B = Bye,, E.. = Ey(cos(wot)e, + sin(wot)e,) , By, Eg = const, wy = Zo (1)

MecC

The plasma column is considered to be homogeneous along the z-axis. Therefore, the
potential of charge-separation electric field, ¢, depends only on one spatial variable r
which is the distance from the axis of symmetry of the column: r = \/x? + y? . Particles of
each sort are described by distribution functions f, which do not depend on z. Therefore,
they satisfy the following Vlasov kinetic equations:

%f% + (v, Vi) fa — %f;j (Ve, Vo) fo + %f;f (B + L v B, Vo) fu=0, (2)

r=(z,y), v=_(vsvy), Vi = (a%,%> , Vy = <8%T’c’)%y) . (a=1,¢€)

where Z,e and m, are the charge and mass of particles of sort a, respectively, (Z, = —1,
Z; = Z). The commonly accepted approach to analyzing dynamics of a sufficiently dense
plasma is quasi-neutral approximation. It implies that the charge separation field provides
the following relationship to be fulfilled:

S Zano(r, ) 20, n(r,1) E/fa(v,r,t)dv (3)
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But for the case of the presence of the external field E.,; rotating with the high frequency
wy the relationship (3) is valid only for the densities n, averaged over period of electron’s
cyclotron oscillations T' ~ 1 /wy, i.e.

1 pt+T
= / [Zni(r,7) — no(r,7)] dr ~ 0
1

A fruitful approach to analysis of Eqs. (2) - (3) is based on the method of moments
developed in [1, 2]. Specifically, following this method, the dynamics of a plasma column
can be described by the following moments of the distribution functions:

(ry) . = Ni [ [reatvriavir, No= [ [ ftvrtivde, (), ()

<Tk7”j>a = NL //rkrjfa(v,r,t)dvdr, <rkv]~>a, <vkv]->a, (5)

where N, is the total number of particles of sort a per unit length of the plasma column; ry,
rj, v, v; denote the z- and y-components of the transverse radius-vector r and velocity v,
respectively; and moments (vg)_, (rzv;),, (viv;),, are defined in analogy with (4), (5).

The set of equations for the moments of the first order is equivalent to the equations
of motion of one particle in the given electric and magnetic fields:

d d o ZaeBO o Zme

Sl = (ol = (o), wam 20, T
d Zae |0 Zae

E<vm>a — walvy), = — me<8_j> + mPEO cos(wot), we = —wyp, (7)
d Zae [0 Za€ .

E<vy>CY + wo(vs), = — — <a—?;> + - Fosin(wot), w; = piwy . (8)

Based on the results obtained in [2] for the case Fy = 0 we shell search for solution of
basic equations (2) — (3) with:
me

ep(r,t) = — 2' Vrt, v(t) K wo, |dv/dt] <€ Wi (9)

Here v is the frequency of electron’s oscillations in the charge separation electric field
which is considered to be much smaller than the electron cyclotron frequency, wy. In
the frames of the model (9) the general solution of the Eqgs. (6) — (8) can be presented
via linear combination of free oscillations of the moments (ry)_, (vz), and constrained
oscillations on the frequency wy. For the case of interest ( v < wp, v* < pw?, p < 1)
assuming that the field E.,; has been switched on adiabatically, one can keep only forced
oscillation in the solution and supposes for the ions (ry); & 0, (vg), & 0. For the electrons
the approximate solution is presented in a form:

[}
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(z), = Ajcos(wot) — Agsin(wot), (y), = Aqsin(wot) + A; cos(wot), (10)

d . d . . ck
MOEAI—I_VZA?:O? MOEAQ_VZAI :u)éa, a = wogo (11)

where Ay, Ay change insignificantly on the time interval T ~ 1/wg. In frames of the
described approach the equations for the moments of the second order (r?), (zv, + yv,)_,
(zvy — yvg), and <v£ + UZ>Q = (v?),_ include only slow functions of time. Therefore,
in the case of interest (two-component symmetrical plasma column) the moments (r?)
are equal for different sorts of particles due to the quasi-neutral approximation (3). The
spatial structure of a plasma column, respectively, can be described by one scalar function

of time [(t) = 1/(r?) which satisfy the following equations:

1 d?
§ W ZQ = Z M |:<1)2>a + wa<;vvy — yU“">a:| — mwgaAl (t) =
(12)
<v > — wo(rvy, — yvug), — V()P —wiaAi(t), pa = Moo
e Y e 0 9 M 9

d q. | -
o Je weaAy(t), i = 0, Ja=(zvy—yv,), + ?12’ (13)
d

<U2>a _ —I/Q(t)%ZQ + %wga (wg + UQ) Ag(t), d <U2>' _ ,lﬂ/?il2 (14)

dt dt i dt

where M = ZmaNa is the total mass per unit length of the plasma column, and the
function A 5(1) satisfies (11).

Without the external electric field ( i.e. Fy = 0) the Eqs.(12) — (14) describe the

harmonic oscillations of the plasma column cross-section at the low-hybrid frequency,

Q= /pwo (= Zme/m;) [2]:

d? 1 —
pTE 4+ Q% =2 Z o {<vz> + waja} = const, [* I/Q(t) + T’uwg = const. (15)

However there is a particular stationary solution: [ = [ with v = 0.

In the presence of ECRH (E.,; # 0) starting with the conditions [?(0) = I3 = [%, and
v(0) = 0 the parameters of the plasma column - [?, (v?)_, j., v — became slow functions

of time. In this case the quasi-stationary dynamics of the column is described by the
relationships which follow from the set (12) — (14):
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3
J? (W 2 2 _ 2
S+ (570) ( — | P = e’ (16)
2
] 1 < om0, = (14w = const (17)

Note, that the Eq. (16) corresponds to nonlinear oscillations of the plasma cross-section
I*(t) between the initial value [ and the maximum [2, . Respectively the Eq. (17) results

in limitation of the electron energy increase even within nonrelativistic consideration.
Specifically, in the case of not very strong heating, i.e. Ey/Bg < pwgly/c one can obtain:

Ioaz ) 101 8a \/*
B (14 ) B2 1\ 4/3
(M) e = 0l = 0oy, (L ) () T2 (g
For Ey/ By > pwoly/e:

e b (8_0 &)2 (A0~ (§ @)Q 2 (20)

max 1+/’L g BO ! e/ max o BO
The relativistic limitation for the electron energy in the case Fy < By can be written as

4E 2/3

B0~ (B) € @)

Therefore we can state that the ambipolar effect in ECR heating can be considerable
if initial cross section of the plasma column is small enough, i.e. (wolo/c)? < .
In the later case the limitation of electron energy is given by

E l

1) Eq. (19) when 72 < B0 < pi/%;
lh . E

2) Eq. (20) when F20 < 20 < i/,

E
3) Eq. (21) when Wg > 1t
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