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The results are reported of experiments on a high-frequency discharge excited in a toroidal chamber
in the presence of a magnetic field. The magnetohydrodynamic instability observed in these experi-
ments takes the form of a parametric instability of the hf current in the longitudinal magnetic field.
The experimental results are compared with calculations for an ideal magnetohydrodynamic model.

EXPERIMENTS with a toroidal discharge''’ have shown
that, when the Shafranov-Kruskal criterion is violated,
the stability of the quasiconstant current can be substan-
tially improved by superimposing on the discharge an hf
current with an angular frequency w of the order of 10"
This result enables us, among other things, to evaluate
the possibility of using high-frequency methods in this
frequency range to improve the stability and additional
heating of plasma in toroidal traps in the Tokamak
series.

Experiments performed recently were designed to
elucidate the stabilization mechanism and to investigate
the stability of the toroidal discharge both in the case of
two components of the longitudinal current (quasiconstant
and hf current) and in the case of a single hf current.

The principle of dynamic stabilization®’ was consid-
ered as a possible stabilization mechanism. The con-
clusion of Bobyrev and Fedyanin'®’ that dynamic current
stabilization of long-wave perturbation is possible would
appear to provide a basis for this. The calculations re-
ported in* for a single hf current in a longitudinal
magnetic field and for the case of an hf and quasiconstant
current have shown that the best stabilization conditions
are achieved for the case of the single hf current. It
follows that when the possibilities of dynamic stabiliza-
tion are investigated, the case of a single hf current is
of the greatest interest. In the present paper we discuss
the results of a study of the hf current stability. The
stability of a two- component discharge with an hf and a
quasiconstant current will be considered in a separate
publication.

The experiments were carried out on the Toloskop
installation described in'*’ in which a toroidal quartz
discharge chamber (without internal diaphragms) is
surrounded by a copper envelope with a minor radius
b = 3.75 cm. The main chamber has a major radius of
R =30 cm and a minor radius of a = 3 cm. The copper
envelope has a single transverse slot through which hf
voltage exciting the high-frequency current in the
plasma can be introduced (amplitude up to 10 kA, fre-
quency 1.1 MHz, pulse length about 250 psec). In addi-
tion, there is a single longitudinal slot which enables us
to use the envelope as a single-turn solenoid for produc-
ing the quasiconstant magnetic field (up to 10 kOe). Let
us consider some of the measured parameters of the
plasma column for the following typical conditions:
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hf current amplitude 4 kA, magnetic field 1.5 kOe, initial
hydrogen pressure 10 Torr. Figure 1d shows the hf
current pulse. Figures la and 1b can be used to estimate
the plasma density n as a function of time during the hf
current pulse. Figure 1b shows the intensity of the
radiation in the continuum at a wavelength of about

5700 A in a band of about 50 A. This range was chosen
after preliminary photography of the spectrum after
preliminary photography of the spectrum between 4000
and 7000 A, using the ISP-51 spectrograph. The absence
of line emission against the continuum background within
the 50 A band centered on 5700 & enabled us to use it to
determine the plasma density. A photomultiplier was
used for a time sweep of the spectral region defined by
the slit.

It is well known that the intensity of the continuum is
proportional to n®Tg/? and, in practice, the photomulti-
plier signal represents the time dependence of the den-
sity. This signal can be calibrated at the time of cutoff
of the signal from the 2.26 mm interferometer as the
plasma decays. The estimated density on the flat part
of the hf pulse gives a value of 2 x 10" ¢cm™. The reflec-
ted 2.26-mm signal shown in Fig. 1c and the signal from
the magnetic probe in Fig. le indicate that the plasma
column exhibits oscillations (Fig. 1f shows the rectified
magnetic probe signal illustrating the oscillations in the
envelope of the hf signal from the magnetic probe which
appear in Fig. 1le as a 10—20% modulation). A rough
estimate of the fundamental frequency of these oscilla-
tions using the oscillograms in Figs. le and 1f gives a
figure of about Y, w. Figures 1g and 1h show the low-
frequency component of the diamagnetic probe signal
and the intensity of the H, line (sweep time in Figs.
la—d is 500 psec and in %‘igs. 1f—h it is 200 psec). It
is clear from these oscillograms that the plasma param-
eters show no appreciable variation after a period of a
few usec following the interaction of the high-frequency
current, i.e., the stationary state is reached. At this
time n(Te + Tj) = 8 X 10" and the plasma is highly ion-
ized.

It is noted in‘*’ that the measured plasma diamagne-
tism, i.e., the quantity n(Tg + Tj), increases linearly
with increasing magnetic field H,, but only up to a cer-
tain critical value (~ 1000 Oe), and then this increase
essentially stops. It is shown in'®? that at this value of
the magnetic field the current column begins to exhibit



878 ROIFE, VASILEVSKII, and SEREDENKO

FIG. 2. Calculated boundaries of the instability regions: v = H,

p— ¢’
n=Hj.

oscillations at a frequency equal to half the current fre-
quency. The instability occurs in a broad range of fields
(in our experiment up to 7000 Oe; no measurements
were carried out at higher fields) and for initial neutral
gas pressures in the chamber between 5 x 10™ and

5 x 1072 Torr. By analogy with®*! we calculated the
regions of hf current instability for the parameters of
the Toloskop installation and these calculations differed
from those in'*"*! by the fact that the effect of the con-
ducting envelope was taken into account. The calcula-
tions were performed for perturbations of the form

£(r) sin (/snwt — o) expi(me + kz + y.t)
using the coordinates
1 H, 1 H
oa Yamp oR Vhno
where H_ is the field due to the current on the boundary
of a plasma column of radius a.

Figure 2 shows the results of the calculation of the
boundaries of the instability regions for n = 1, where
parametric oscillations at frequency 7.w should occur.
Instability regions for a set of kg are shown for m =1
(the subscript s increases toward short-wave perturba-
tions beginning with s = 1 which corresponds to long-
wave perturbations). For m = 2, 3, ... the figure shows
the boundaries of the instability regions only for the
long-wave perturbation (k;). For short-wave perturba-

M

FIG. 1. a—Output of the 2.26-mm interferometer, b—intensity of
the continuum between 5700 and 57504, c—reflected 2.26-mm sig-
nal, d—signal of the Rogowski loop measuring the current in the
plasma, e—magnetic probe output, f—rectified magnetic probe out-
put, g—low-frequency component of the diamagnetic probe, h—Hﬁ.
Time scale a—d 500 usec, e—h 200 usec.

tions, the limits shift toward lower values of 1 by
analogy with m = 1, The figure does not show the boun-
daries of the short-wave regions for m > 1 and not all
regions for n > 1 are indicated. Bearing this in mind,
we may conclude that for the ideal magnetohydrodynamic
model of the plasma column the entire v — 1 plane is
covered with regions of parametric instability.

Let us consider in greater detail our experimental
results on hf current instabilities. As indicated in‘®?,
the instability was investigated by correlational proces-
sing of the results of measurements of oscillations in
the position of the center of the hf current column.
These oscillations were measured with pairs of magnetic
probes connected in opposition and mounted at diametri-
cally opposite points on the minor circle of the torus in
the gap between the quartz chamber and the copper en-
velope. It is well known that the output of differential
point probes depends not only on the axial component of
the shift of the current column but also on the perpen-
dicular component. The use of such probes complicates
the analysis of measurement results. In our experiments
we used probes similar to those described in/"'. They
were in the form of two half-circles with a continuous
winding. The winding density varied sinusoidally along
the minor circle of the torus. It can be shown that when
the two halves are connected in opposition the probe
output is a measure of the axial shift along a line pass-
ing through points of maximum winding density.

In the field of the hf current column, whose center
oscillates, the probe measures the amplitude-modulated
hf signal. As already noted, analysis of these signals
shows that they are amplitude- modulated at a frequency
of about w%. = w/2. The frequency wY: is more clearly
defined when H, = 1—2 kOe. To obtain more detailed
information on the modulating signal we used a rectify-
ing system in which the signal from each half-probe was
detected separately, and the two were then subtracted
using a differential amplifier. The detectors were con-
nected in parallel and their loads were in the form of a
filter with a cutoff just below w. The output of the dif-
ferential amplifier was proportional to the shift of the
center of the current column and had both a constant and
a variable component. Narrow-band filters were placed
at the output of the differential amplifier in the case of
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FIG. 3. Noise spectrum of the
hf discharge (relative units) ob-
tained by correlation analysis of
magnetic probe output: 1-H, =
1.5 kOe, 2—H, = 4 kOe, 3—H; =
6 kOe; 2 = wl2—frequency of
paramagnetic instability.
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fast oscillations of the center of the current column.
The output signals were analyzed with the correlation
receiver described in'®!. Correlation coefficients were
obtained with a relative variance of 209, and were used
to construct self- and mutual-correlation functions (for
probes distributed at different angular distances on the
major circle of the torus).

Figure 3 shows the results of a Fourier analysis of
the self-correlation functions for an hf current ampli-
tude of 4 kKA. The fields were H, = 1.5, 4, and 6 kOe for
curves 1, 2, and 3, respectively, and the initial pressure
was 107 Torr. The figure also shows the passband of
the filter (shaded). The vertical dot-dash lines define
the region of reliable results of our analysis. It can be
seen that the spectrum of instability frequencies © has
three peaks of which the central peak corresponds to
Q= we.

When the frequency spectrum is investigated it must
be remembered that the instability which we are study-
ing has a nonstationary character, so that if we assume
that the plasma column is excited at the parametric fre-
quency then, clearly, it may come into contact with the
chamber walls after a few oscillations. At the same
time, the instability amplitude should vary with time,
and this additional amplitude modulation, whose fre-
quency is less than the parametric frequency, should
lead to the appearance of side bands in the spectrum.
These ideas seem good enough to explain the presence
of the two relatively symmetric side peaks in the fre-
quency spectrum of the instability.

Measurements of the mutual correlation coefficients
have shown that the perturbations have the form of a
standing wave along the major circle of the torus. This
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conclusion follows from the fact that the maximum on
the mutual correlation function found experimentally
corresponds to zero delay for any angular separation
between the probes. Our measurements have also shown
that in one cross section of the torus there is no mutual
correlation between the outputs of probes recording dis-
placements in mutually perpendicular directions.

Figure 4 shows the results of a Fourier analysis of
the mutual correlation functions obtained by using the
narrow-band filter at the output of the differential ampli-
fier with a passband of about Y>w (passband at the
0.7—100 kHz level). The use of the narrow-band filter
was forced on us by the fact that the analysis of the
spectrum of characteristic wavelengths of the perturba-
tions using broad-band filters (with the low-frequency
cutoff at 100 kHz) showed that the zeroth component of
the spectrum of spatial harmonics has an appreciable
magnitude. The significance of this component will re-
quire additional discussion. However, it seems quite
likely that the factors which determine its presence are
short-period interactions between the plasma column
(looked upon as an elastic ring) and the chamber wall,
field inhomogeneities in the chamber (for example, those
determined by the transverse slot in the copper enve-
lope), and other agents unconnected with the parametric
nature of the instabilities.

It is clear from Fig. 4 that as H, decreases the insta-
bility shifts toward shorter wavelengths. Using the
known and measured parameters of the plasma column
(a, R, w, Hy, I~ g%, N), we can calculate v and 1 corre-
sponding to the experimental region in Fig. 2, and com-
pare the instability wavelength data obtained after corre-
lational analysis with the corresponding wavelengths of
parametric instabilities.

It is clear from Fig. 4a (H, = 1 kOe, point I in Fig. 2),
Fig. 4b (2 kOe, point II in Fig. 2), and Fig. 4c (3 kOe,
point IIT in Fig. 2) that there is good agreement between
experiment and calculation. It is interesting to note that,
as H, decreases, the spectrum of spatial harmonics of
the instability increases.

Our studies thus lead to the conclusion that the
toroidal plasma column with an hf current in a longi-
tudinal magnetic field is unstable under our experimental
conditions, and that this instability has the parametric
character.
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