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Several recent theoretical papers [1 - 3] have been devoted to the influ-
ence of a constant longitudinal electric field on the motion of particles and
on plasma transport processes in closed magnetic ftraps. It is also of interest
to study the influence of a high-frequency (HF) electric field on the motion of
charged particles in magnetic traps, in connection with the possible use of HF
electric fields to decrease the neoclassical diffusion of weak-collision plasma
[4] and to stabilize the instability [4 - 6]. In the present paper we call at-
tention to the fact that the toroidal inhomogeneity of the longitudinal electric
field, possessed by closed traps, can lead in the case of an HF electric field
to an increase of the "degree of trapping"™ of the particles and to a deteriora-
tion of their contalnment.

Let us consider a closed trap with a helical magnetic field and a longi-
tudinal HF electric field E = E¢(1 - € cos ¢) sin wt (E and w are the amplitude
and frequency of the electric field, € = r/Ry is the toroidal ratio, Ry is the
major radius of the torus, and ¢ is the polar angle in the meridional section
of the torus). Owing to the toroidal inhomogeneity of the electric field, a
field gradient is produced along the helical trajectory of the particle. If the
particle oscillation amplitude gEgs/Mw? is much smaller than the characteristic
dimension of the variation of the electric field along the trajectory, then the
particle 1s acted upon by an additional force P o= -VU, connected with the high-~
frequency potential U = q2E%2/4Mw? [7] (q and M are the charge and mass of the
particle). In the case of an axially symmetrical magnetic poloidal field =
(q?Ef1e sin ¢/UmMw3R)L (1 - angle of rotational transformation of the magnetic

force lines, ? - unit vector along the trajectory). When o << Wy = qB/cM, the

magnetic moment of the particle is an adiabatic invariant and the condition for
the trapping of the particles is given by
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where E is the proJection of the electric field intensity on the particle tra-
jectory, B is the magnetic field intensity, V = (V] + V2)'/% is the total par-
ticle velocity averaged over the HF oscillations, and the 1indices 1 and 2 cor-
respond to the values of the quantities in the initial position of the particle
and at the reflection point. From the condition (1) we can obtaln an expression
for the boundary separating the regions of the trapped and untrapped particles
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where V = qEy/wM is the amplitude of the oscillatory velocity. We note that
when the magnetic moment 1is conserved the value of V, 1s close to the trans-_
verse veloclity Vi in the absence of the HF field, and consequently when V v V.
the region of the trapped particle in velocity space broadens greatly compared
with the case without the HF fileld.

The foregoing considerations are confirmed by a numerical calculation of
the particle trajectories in a double-entry circular stellarator, the parameters

of which correspond to the RT-2 stellarator [8]. The equations of motion of the
particle were integrated in the drift approximation. We considered the motion
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of the protons whose Larmor radius, de-
termined from the total initial velocity,
was 0.031 (the unit of length was the
maximum separatrix radius, equal to 4.7
cm). The initial positions of the par-
ticle were chosen at the points of mini-
mum magnetic field. The toroidal HF
electric field, having a single compo-
nent parallel to the magnetic axis, was
specified in the form E = E¢(1l - & cos
¢)sin(wt + ¢). The chosen frequency of
variation of the electric field w = 1.26
x 107 rad/sec satisfied the inequality
W, << @ << Wiys where Wy is the frequency

of passage of the particle through the
periods of the poloidal magnetic field.
We assumed in the calculation three
values of Eq, corresponding to V/Vy =
0.065, 0.26, and 0.65. The range of
initial values of V;/V, was chosen such
as to encompass at ﬁo = 0 all the groups
of particles having different fcrms of
trajectories, namely the untrapped par-
ticles and the particles trapped in the
mirrors of the toroidal and poloidal
magnetic fields.

The results of the calculations at
Eo = 0 show that the boundary of the
trapping of the particles is determined
by the toroidal inhomogeneity of the
magnetic field, and consequently the re-
sults presented below are applicable to
the case of an axially symmetrical
poloidal field, for which expression (2)
was obtained. The influence of the HF
potential gn the trajectory was very
weak when V/Vy, = 0.065. At V/V, = 0.26,
the influence on the particle trajec-
tories was noticeable, although the re-
gion of trapping of the particles in
velocity spaceg remained practically un-
changed. At V/Vo = 0.65, the fraction
of particles that were untrapped in the
absence of the HF electric field (Fig.
la) becomes trapped. In this case there
is a noticeable increase in the region
of trapping of the particles and its new
boundary is in satisfactory agreement
with expression (2). A typical trajec-

tory of such a particle is shown in Fig. b.
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Projections of the trajectories of
particles with initial values

Vi/Vo = 0.9 on the meridional plane.
a - Trajectory of untrapped par-
ticle in the absence of the HF elec-
tric field; b - trajectory of par-
ticle in the absenceg of a toroidal
HF electric field, V/Vy = 0.65. The
small-scale structure is connected
with the drift in the crossed

fields E and B; ¢ -~ particle tra-
Jectory obtained without allowance
for the toroidal_character of the
electric field, V/Vy, = 0.65.

A control calculation performed for

a particle with the same initial conditions but in the case of an electric field
homogeneous over the cross section shows that the particle remains untrapped

(Fig. c¢).

For particles that are untrapped in the absence of an HF field, the

deviation of the drift surfaces from the initial magnetic surfaces increases in

comparison with the case without the HF field.

This 1is connected mainly with

the increase of the time of revolution of the particle about the magnetic axis.
The HF potential has a particularly strong influence on the deviation of the

drift surfaces of the untrapped particles that are close to capture.

In accord-

ance with the foregoing, the containment of the particles in the trap becomes

worse.
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In. conclusion, we note that at the same particle energy averaged over the
period of the HF field, the value of V/Vy is larger by a factor /ﬁi7Me in the

case of electrons that for singly-charged ions. Therefore the influence of the
HF potential on the trapping of the electrons may become manifest at relatlvely
small values of the electric field intensity, which are characteristic of plasma
experiments.

The authors are grateful to V.G. Ustyuzhaninov for performing the computer
calculations.
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The rates of decay of plasma injected by an external source, observed in
experiments with the double-entry stellarator of the Physics Institute of the
USSR Academy of Sciences L-1 [1l], have not yet been reconciled with cal-
culations performed within the framework of any theoretical model [1, 2].

Undertaking the next attempt to explain the mechanism of plasma loss in
closed traps, we turn in the present article to a phenomenon observed in the
L-1 [3, 4], namely the existence of an average velocity of the ion component
(uZ ) along the minor axis of the toroidal chamber (the Z axis). A qualitative

i

analysis and a rigorous theoretical analysis carried out in [4] and [5] enable
us to state that the longitudinal ion streams should of necessity arise in
closed traps in the regime of weak-colllislon plasma with a radial electric field

Er' The cause of the directional streams is the recoil momentum acquired by the

"untrapped" ions as a result of the increased velocity of the drift of the
"trapped" ions, which have at Er # 0 an average axial velocity v, = VE/G (VE =

CEr/HZ)' The measurement procedure used in [3] and [4] has made it possible to

determine the average directional velocity only for the ionic component. How-
ever, the plasma as a whole takes part in the rotation about the principal axis
of the torus. Dragglng of the electrons along the Z axis should be caused by
the ion-electron interaction.

The axial velocity acquired by the electronic component can be estimated
from the relation
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