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Oscillations of the density and electric field in a plasma in the L-1 stellarator have been investigated. A correlation analysis 
method has been used to determine the longitudinal and transverse wavelengths and frequencies of the oscillations. A relation 
has been established between the mode of oscillation and the structure and magnitude of the magnetic field intensity. Stabiliza
tion of the oscillations by ionic collisions has been observed. It is shown that the observed fluctuations have the nature of 
drift-dissipative waves excited as the result of a Cerenkov mechanism and of electron collisions. Other mechanisms for pumping 
energy into the oscillations are discussed. 

1. INTRODUCTION 

STUDY of the instabilities of plasma in magnetic traps 
presents substantial interest for a program of controlled 
thermonuclear fusion, since they can substantially affect 
transport processes. At the present time many experi
mental studies have been published (see, for example, 
Refs. 1-3) in which the relation of the observed fluctua
tions and the plasma lifetime has been investigated. 
Summarizing the results of these studies, we can con
clude that in different apparatus under identical experi
mental conditions, and even in the same apparatus but 
under different experimental conditions, the effect of in
stabilities on transport processes is substantially differ
ent. The difficulties in bringing to light the consequences 
of oscillations present in the plasma are associated with 
possible different mechanisms of their contribution to 
diffusion and thermal conduction. In addition to reduc
tion oLthe plasma containment time as the result of ap
pearance of a drift flux which is the average of the prod
uct of the oscillations of the density fi and the electric 
field E, i.e., ~(n:E)/H, the fluctuations result in in
creased diffusion, which is due, for example to the 
change in particle trajectories in the variable electric 
field E. 1 4• 51 Inclusion of such effects, in the current 
state of theory and experiment, is extraordinarily com
plicated. On the other hand, by learning only the nature 
and type of excited instabilities we can, using the pre
dictions of the theory, find means of suppressing them 
and in this way increasing the efficiency for containment 
of particles and energy in the trap. 

The purpose of the present work was to study the 
spectral and space-time characteristics of the density 
and electric-field oscillations, and also the dependence 
of these oscillations on the magnetic field strength lfv 
and the rotational transform angle i of the lines of 
force. Determination of these characteristics of the 
oscillations, together with knowledge of the main param
eters of the plasma, 13• 61 has permitted, on the basis of 
existing theoretical concepts, identification of the type 
of oscillations excited, and indication of possible buildup 
mechanisms and effects leading to stabilization. 

The experiments were carried out in the L-1 stel
larator, L?J which is a closed magnetic trap with a heli
cal field with multipolarity l = 2. The large radius of 
the toroidal vacuum chamber is R = 60 em, and the 
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small radius a = 5 em. The number of steps of the heli
cal coil is N = 7. The rotational transform angle of the 
magnetic lines of force is i < 2 1r. The range of mag
netic field strengths in which the experiments were car
ried out was H0 = 2-10 kOe. The pressure of neutral 
gas in the chamber could be controlled over the range 
p = 5 x 106 -10-4 torr. The study of fluctuations was 
made in a decaying plasma produced by the external in
jection method. 18 1 The quasistatic plasma potential and 
the fluctuations of the density and electric field were 
studied by means of single and double Langmuir probes. 
The first results of these studies have been published 
previously. 13 1 

In the present work we have made a more complete 
study of long-wave oscillations by means of a correla
tion technique. [ 9 J 

2. METHOD AND EXPERIMENTAL ARRANGEMENT 

In the experiments being described, large-scale long
wave oscillations were investigated. From general con
siderations it is clear that in a closed system with a 
rotational transform, as a result of the periodicity con
ditions, development of long-wave oscillations occurs 
in the density gradient preferentially near magnetic 
surfaces with a rational angle of rotational transform 
of the lines of force 

i = 2Jtlo / m0 , (1) 
where 10 and m0 are integers. Therefore the experi
ments were carried out under those conditions in which 
the magnetic surfaces with rational values i 
= uE 2 N(1 + 2 a 2r 2 ) were located in the density gradient 
(E = Hcp/H0 , Hcp is the amplitude of the fundamental 
harmonic of the helical field, a = N/R). 

The oscillations observed in most plasma experi
ments are a complex fluctuation process. Therefore, 
for analysis ofthe experimental data, it is necessary to 
use the method of correlation analysis. Use of the cor
relation method permits determination of the degree of 
turbulence of the plasma and the space-time character
istics of the fluctuations. I 10 J 

In the present work in analysis of the experimental 
results we calculated a normalized correlation func
tion1) 

1>When a constant component was present in the signals, correspond
ing formulasl91 were used which avoided its effect on the final result. 
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R12 ('t) =K12 ('t) /l'Ku(O)K,(O), (2) 

where K12 ( T) is the mutual correlation function of two 
signals ~(t) and 77(t) which are, for example, the read
ings of two probes measuring some kind of fluctuations. 
In the calculations we made use of an approximate ex
pression for Kd T): 

1 N• 

K"('t) ~ N' L, ~ (iii)TJ (ill+ 't), 
i=l 

where N' is the rrumber of intervals into which the time 
period studied is broken up, o is the length of an inter
val, and T = no is the time shift of one signal with re
spect to the other. In the case when ~(t) and 77(t) are 
the same signal, Eq. (2) permits calculation of the auto
correlation function R11( T), which is the time charac
teristic of the process being studied. 

The period of time T was chosen, on the one hand, 
sufficiently large that increasing it by a factor of two 
made practically no change in R12( T) and, on the other 
hand, much smaller than the time of variation of the 
plasma parameters (T = 150-200 J..LSec). Since the 
characteristic frequencies of the oscillations studied 
were of the order of tens of kilohertz, and the lifetime 
of the plasma was ~ 1-2 msec, the choice T = 150-
200 J..LSec satisfies the requirements errumerated above. 
The rrumber of intervals into which the time period T 
was broken down was varied over the range N' = 108-
240, which provided the necessary accuracy of the cal
culations. 

In the present work a computer was used to calculate 
the correlation functions. This permitted us to calcu
late, in addition to R12( T), the autocorrelation functions 
R11( T), R22( T) and K12( T), v'K11(0), and v'~2(0) for a 
pair of signals obtained in one operating pulse of the 
apparatus. The last two quantities are time-average 
effective amplitudes of the fluctuations. 

In order to obtain a complete picture of the proper
ties of the oscillations existing in the plasma, it was 
necessary to investigate also the spatial correlation of 
the fluctuations, i.e., to determine Rd T, p), where p 
is the distance between the two points of observation. In 
a magnetic field a plasma, like the oscillations developed 
in it, is anisotropic and therefore R12 is a function of 
four variables R12( T, p 1 , p 2 , p 3 ). In the particular case 
of a toroidal magnetic trap p1 = ~z is the distance along 
the magnetic field lines, p2 = ~l is the distance along 
the azimuth of the section of the magnetic surface, and 
p3 = ~r is the distance along the plasma density gradient, 
which coincides with the normal to the magnetic surface. 

In the experiments on measurement of the correlation 
function R12( T, ~z), the probes were exposed to the 
same magnetic field line by means of an electron 
beam ,l 9• lll In measurement of R12( T, ~l) the probes 
had to be located on the same magnetic surface, and the 
same method was used to establish this placement. 

The probes used in all measurements were Langmuir 
probes. Density fluctuation measurements were made by 
single probes under the condition of saturation ion cur
rent. The quasistatic floating potential Uf was also 
measured by single probes. The quasistatic electric 
field E and its oscillations E were recorded2 > by dou-

2>The space-time correlation functions of E agree rather well with the 
corresponding characteristics of ii. Therefore we will limit ourselves below 
to description of the results of detailed investigation of the density fluctua
tions. The characteristic value of the amplitude is E :S I VI em. 
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FIG. I. Distribution in radius in relative units of electron tempera
ture Te(curve 1), ion temperature Ti (curve 2), plasma density n (curve 
3), fluctuation amplitude (fi) (curve 4), and relative fluctuation ampli
tude (fl.)/n (curve 5). H0 = 3 kOe, i = 4rr/3. 

FIG. 2. Relative amplitude of oscillations as a function of gas pres
sure, i = 4rr/3, H0 = 3 kOe, r0 = 20 mm. 

ble probes. The probe dimensions (length 2 rum, diam
eter 0.1-0.6 rum) assured the necessary localization of 
the measurements. The characteristics of the measur
ing equipment (bandwidth 2-300 kHz) permitted the ex
perimentally observed signals to be reproduced without 
appreciable phase and amplitude distortion. 3 > 

3. EXPERIMENTAL STUDY OF PLASMA DENSITY 
OSCILLATIONS IN A STELLARATOR 

In the first studies of low-pressure plasma confine
ment in the L-1 stellarator it was already establishedl 3 l 

that density and electric field oscillations build up in a 
plasma, with spectra characterized by several sepa
rated frequencies. 

Detailed measurements showed that, immediately 
after injection, oscillations are excited over the entire 
volume of the plasma. On establishment of a quasista
tionary density distribution (200-300 iJ.Sec) the fluctua
tions in the central region of the plasma are damped. 
At this same time a quasistationary distribution of the 
ion temperature Ti and electron temperature Te is es
tablished. Normalized distributions of n, Ti, and T e as 
a function of radius are shown in Fig. 1 (curves 3, 2, 
and 1). Oscillations in the region of the density gradient 
exist during the entire decay time of the plasma. The 
autocorrelation functions R11 ( T) show that the correla
tion time of the signals is substantially greater than 
their period of oscillation. 

1. Amplitude-time Characteristics of Fluctuations 

Measured values of the spatial distribution of den
sity-oscillation amplitude are shown in Fig. 1 (curve 4). 
Also shown are values of ( Iii I >rel in relative units as a 
function of radius for H0 = 3 kOe and i = 47T /3. Since 
the oscillation amplitude varies randomly both with time 
and from one measurement to another, two probes were 
used in investigation of the radial distribution of oscilla
tion amplitudes, for normalization. One-the measure
ment probe-was moved along a radius, and the second
a fixed probe set at radius r 0 -served as a monitor, so 
that (In I )rel = ( liil)(r)/( liil)(r0 ). As can be seen from 
Fig. 1, the oscillations encompass practically the en-

3>specially made measurements with a bandwidth f= 106 Hz showed 
that frequencies above 200 kHz are absent in the spectrum. 
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FIG. 3. Oscillograms of oscillations of the saturation ion current to 
probes located on the same line of force (above), and the mutual cor
relation function of these signals (below), i = 47r/3, H0 = 3 kOe, b.z = 
570 em. 

tire region of nonuniformity of the plasma density. Fig
ure 1 (curve 5) shows the dependence on radius, meas
ured under the same conditions, of the relative value of 
density fluctuation ( liil)(r)/n(r), where n(r) is t.."'le qua
sistationary density value at the point of measurement 
of the fluctuations. It is evident that this value increases 
along the direction to the boundary surface, reaching 
almost 100% at the surface (rbound. = 30 mm), and in 
the center of the plasma in the region of low density 
gradients the relative amplitude of the oscillations falls 
off rapidly. Similar measurements made for i = 1T/2 and 
1T showed that the relative size of the density fluctua
tions ( Jiil)(r)/n(r) in the region of greatest oscillation 
amplitudes (I iii) amounts to 10-30% and remains prac
tically constant as the field varies over the range 2.5-
5 kOe. 

The level of the oscillations decreases substantially 
with an increase of gas pressure. The gas pressure 
usually does not exceed p = 5 x 10-6 torrc 12 l in the 
plasma-decay process. In experiments with admission 
of gas it was established that the relative amplitude of 
the fluctuations begins to fall for a pressure increase 
of approximately an order of magnitude. As can be seen 
from Fig. 2, the relative amplitude of fluctuations begins 
to decrease at 2-4 x 10-5 torr, reaching several percent 
at p ~ 10-4 torr. 

2. Measurement of the Longitudinal Length of 
Oscillations 

In clarifying the nature of the oscillations which 
arise, it is necessary to determine the wave-vector 
components longitudinal (k 11 ) and transverse (kl) with 
respect to the magnetic field vector H0 • 

In order to find k 11 it is necessary to investigate the 
space-time correlation function of the two signals along 
the direction of the lines of force. From the time shift 
tl. r of the maximal value R12(tl. r, tl.z) = R~ax (tl. r, tl.z) 
relative to the moment of time r = 0, the distance be
tween the probes tl.z, and the frequency of the fundamen-
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FIG. 4. Correlation function as 
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a function of distance tl.z along the 
magnetic force line. i = 47r/3, Ho = U.ll 
3k0e. 
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tal mode determined from the mutual correlation func
tion, we can calculate k 11 = w/vphase II• where Vphase 11 

=tl.Z/tl.T. 
Detailed measurements of the longitudinal correla

tion function R12( r, tl.z) of the density of oscillations 
were carried out near the magnetic surface with trans
form angle i = 41T/3. Three probes were placed at dif
ferent cross sections of the torus on the same magnetic 
line of force. The distances between them were respec
tively 0.5, 1, and 1.5 revolutions of the line of force 
about the principal axis of the torus, i.e., tl.z was 190, 
380, and 570 em. In addition, measurements were made 
at closer distances tl.z ~ 0.5 and 40 em. These meas
urements were made for magnetic surfaces with aver
age radii r equal to 15, 20, and 25 mm. Figure 3 shows 
for illustration signals from the oscillations of density 
from two probes located on the magnetic surface 
r = 20 mm, tl.Z = 570 em, and the mutual correlation 
function of these signals. As can be seen, the correla
tion coefficient is rather large (R?Jax = 0.8), the funda
mental mode of oscillations with frequency f =28kHz 
is clearly distinguished in the correlation function, and 
the correlation time of the signals is considerably 
greater than the period of oscillations. Some isolated 
frequency whose value could change as a function of the 
experimental conditions was always present in the spec
trum of oscillations. Sometimes harmonics were also 
observed in addition to the fundamental frequency. It 
can be seen from Fig. 3 that the mutual correlation 
function is symmetric relative to the time r = 0 (i.e., 
RWax(r, tl.z) = R12(0, tl.z)). This indicates the absence 
of a phase shift of the fundamental mode along the length 
of the line of force in distances greater than the length 
of the apparatus (tl.z = 570 em > 21TR). A similar picture 
is observed at the magnetic surface with mean radius 
r = 15 mm. Figure 4 shows the correlation coefficient 
R12(0, tl.z) as a function of the distance between probes. 
Beginning with tl.z = 40 em, the correlation coefficient 
is practically unchanged, remaining at a level R12(0, tl.z) 
= 0. 7. The correlation coefficient measured by probes 
placed at a distance 0.5 em from each other turned out 
to be 0.95. The drop in the correlation coefficient in the 
range of values tl.z = 0.5-40 em can be assigned to the 
presence of short-wave oscillations (0.5 em :s; A 11 
:5 40 em). Their contribution to the amplitude of the 
fluctuations is relatively small. 

From the measurements presented it follows that 
the fundamental mode of oscillation consists of density 
perturbations drawn out along the magnetic lines of 
force, with a wave vector k 11 = 0. This structure is ob
served in the radial region located near a magnetic 
surface with a rational transform angle. In view of the 
closed nature of the lines of force, similar long-wave 
perturbations close on themselves, and the azimuthal 
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FIG. 5. Correlation function of two signals from probes displaced 
along a radius by ill= 5 mm. i = 471/3, H0 = 3 kOe. 

mode of oscillations in the cross section of the torus 
should be equal to or equal to a multiple of the number 
m0 of the resonance of the magnetic lines of force. [ 3 l 

When the substantial extent of the radial region of ex
istence of oscillations is considered (see Fig. 1), it is 
necessary to take into account that the presence of 
crossing of magnetic lines of force (shear) 

r' di 
8=--

2nR dr 

leads to the fact that, on deviation from the resonant 
magnetic surface by Ar, a certain kj1 should appear. 
Actually, since at the resonant surface k 11 = 0, it follows 
from geometrical considerations that kj1 = kcpEIAr/r, 
where kf is the azimuthal wave number and r is the 
radius o the resonant surface. This relation permits 
evaluation for i = 4rr/3 of the expected value of phase 
velocity of the wave along the lines of force of the mag
netic field at a certain distance ( :::o 1 em) from the reso
nant surface, Vphase 11 = w/k~ :::o 5 x 107 em/sec. Cor
relation measurements of oscillations carried out for 
these same conditions gave the close value Vphase 11 

:::o 2 x 107 em/sec. We note that the measured value of 
phase velocity of the wave lies in the interval between 
the ion (vTi) and electron (VTe) thermal velocities for 
the entire range of particle temperatures observed in 
our experiment. 

3. Radial Correlation Measurements 

An important characteristic of the oscillations of a 
nonuniform plasma is the structure of the wave along 
the direction of variation of the plasma density, i.e., 
along the normal to the magnetic surfaces. 

Correlation measurements along a radius were made 
by means of two probes. A fixed probe was placed suc
cessively at several fixed locations along the radius (15, 
20, and 25 mm) and for each of these values the second 
probe was moved from the center of the plasma filament 
to the periphery in 5-mm steps. In each series of meas
urements, the two probes were given a preliminary ex
posure on the same line of force. Figure 5 shows the 
mutual correlation function R12( T) obtained for H0 

= 3 kOe, i = 4rr/3 and a radial distance between the 
probes Ar = 5 mm. The maximum of the function RIRax 
was displaced by AT :::o +5 jj.Sec. On increasing the ra
dial distance between the probes, together with an in
crease in the phase shift, i.e., with increasing AT, a de
crease occurs in the maximum absolute values of 
RWax . The results of these measurements are shown 
in Fig. 6, which shows the decrease in RTzax on both 
sides of the point r = 20 mm at which the fixed probe 
was located. The curve shown in Fig. 6 characterizes 

FIG. 6. Correlation function as a 
function of distance along the radius 
r, i = 4-rr/3, H0 = 3 kOe, solid line- M 
R~ax(AT, ill), dashed line-R12(0, 
ill). 

the region of localization of the fundamental mode of 
oscillations, which roughly coincides with the region of 
existence of density fluctuations (see Fig. 1) and with 
the region of plasma with different density and tempera
ture gradients. 

From the mutual space correlation function of the 
signals of the two probes displaced along the radius, 
plotted with inclusion of the phase shift, we can estimate 
the radial wavelength .\r of the fundamental mode of os
cillation. Figure 6 (the dashed curve) shows the function 
RdO, Ar) for T = 0. It follows from consideration of the 
curve in Fig. 6 that .\r i?:. 2 em, and high radial modes 
of oscillation are not observed. 

In principle, in propagation of a wave in a region of 
variable plasma parameters (n, T) and their gradients, 
the mutual space correlation function should depend not 
only on the relative distance Ar between the probes but 
also on the coordinate of the fixed probe. Values were 
measured for r equal to 15, 20, and 25 mm, which 
showed that although Rznax(t.T, Ar, r), like RdO, Ar, r), 
differs somewhat, the region of existence of the funda
mental mode of oscillation and the radial wavelength 
nevertheless change insignificantly. 

4. Coupling of Azimuthal Modes and Frequencies of 
Oscillations with the Magnetic Field 

In determination of the azimuthal phase velocity 
Vphase 'P• the mode of oscillation m, and the frequency 
Wd in the coordinate system moving with the plasma, it 
is necessary to take into account the Doppler shift due 
to presence of a quasistatic radial electric field, [31 

w d = WL - kcpUE. where w L is the oscillation frequency 
in the laboratory system, kcp is the wave number, and 
UE = cEr/H. According to our earlier measurementsP31 

the radial dependence of the plasma potential has the 
nature of a quadratic parabola, so that kcpuE does not 
depend on radius. This permitted determination of Er 
at one point, but not over the entire region of oscilla
tion. 

The measurements were made in the following way. 
In one of the cross sections of the vacuum chamber sev
eral single probes measuring density oscillations were 
placed on the same magnetic surface. The distance be
tween the probes along the magnetic surface was t.l. 
From the mutual correlation function of the signals, we 
determined the fundamental oscillation frequency w L 
and from the time shift of the correlation function max
imum AT we determined the azimuthal phase velocity 
in the laboratory system Vphase = t.l I AT and the azi
muthal modem =WLAT/Acp, where t.cp is the angular 
distance between the measuring probes. Near one of 
the measurement points was located a group of two 
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FIG. 7. Frequency and oscillation mode as a function of magnetic 
field strength H0 . i = 4rr/3; O-m0 = 3; X-2m0 = 6; +-4m0 = 12; the 
bars denote cases for which determination of the mode was difficult. 

pairs of mutually perpendicular probes which measured 
the components of the electric field normal to the lines 
of force of the magnetic field. The value of Er was 
measured in the same operating pulse of the apparatus 
as the density oscillations. The value of Er determined 
in this way permits calculation of uE and the plasma 
filament rotation frequency fE =UE/2rrr. 

Detailed measurements have confirmed our earlier 
representations (SJ of the azimuthal structure of the 
wave. The lowest azimuthal mode rrumber of the oscil
lations, determined for rotational transform angles 
i = rr /2, rr, and 4rr/3, turned out to be equal to the num
ber m0 of the resonance of the magnetic surfaces (see 
Eq. (1)). For these values of i this corresponds to m0 

equal to 4, 2, and 3, which agrees with the conclusions 
of measurements of the longitudinal correlation of the 
signals. 

Figure 7 shows measured values of the frequency 
fL = WL/2rr of the oscillations as a function of magnetic 
field value H0 for i = 4 rr/3. Each measurement, made 
in one operating pulse of the apparatus, is represented 
by a point on the plot. The spread in the results ob
tained under the same conditions is apparently due to 
definite instability of the mode of operation of the spark 
gun. It is evident from the figure that for small mag
netic fields, as a rule, only the lowest oscillation mode 
m0 = 3 arises (the points; the lines denote cases for 
which determination of the mode was difficult). Near 
the magnetic field value H0 = Her ,::; 5 kOe, ·in addition 
to the fundamental mode, there begins to appear also 
its multiple mode 2m0 = 6, the two modes appearing 
now one, now the other, or simultap.eously. With further 
increase in the magnetic field, the fundamental mode 
disappears and, in addition to the mode 2m0 = 6, the 
mode 4m0 = 12 also begins to appear.4 > Similar results 
were obtained for i = rr. In this case for a field H0 

,::; 2.5 kOe only the fundamental mode of oscillation m0 

= 2 exists. For H0 ~ 5 kOe the mode 2m0 = 4 is excited, 
as a rule. From the data presented it can be seen that 
the rrumber m0 of the fundamental mode is determined 
by the structure of the magnetic field, and its multiplic
ity depends on the value of H0 • The experiments permit 
us to find from the known frequencies and modes of os
cillation the dependence of the oscillation frequency of 
the first mode fL 1 = fL/m on the value of the magnetic 

4)The error in determination of A I makes it difficult to determine 
accurately the number of the higher modes, so that appearance also of 
3rno=9 is not excluded. 
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FIG. 8. Oscillation frequency of the first mode fd in the coordinate 
system moving with the plasma, and electron drift frequency f* (cross
hatched region), as a function of magnetic field. The value off* was 
calculated forTe= 2-4 eVand a In n/ar = 0.5-1 em"'. 

field in the laboratory system of coordinates. 
In order to determine the frequency fd of the wave 

and its direction of propagation, it is necessary to take 
into account the Doppler effect due to the presence of a 
radial electric field. For this reason we measured the 
dependence of Er on the field strength over the range 
H0 = 2-8 kOe, which permitted calculation of f E,{H0 ). As 
a result we obtained the dependence of the frequency 
fd of the first mode of oscillation on the magnetic field 
in1the coordinate system moving with the plasma. Fig
ure 8 shows as an illustration the function fd (H0 ) for 

1 
i = 4rr/3. The cross-hatched region in Fig. 8 shows the 
values of the drift-electron frequency f* (H) calculated 
for the range of plasma parameters Te = 2-4 eV and 
a ln n/ilr = 0.5-1. As can be seen, rather good agree
ment is observed between the experimentally determined 
and calculated values of the frequencies. A certain dis
crepancy in the region of high magnetic fields may be 
due, as we have indicated above, to inaccuracy in deter
mination of the numbers of the higher modes. 

The direction of propagation of the wave in the plas
ma coordinate system depends on the value of the trans
form angle i, but is constant over the entire range of 
H0 • Thus, for i = rr the direction of the wave coincides 
with the direction of diamagnetic drift of the electrons, 
and for i = 4rr/3 the wave is propagated in the opposite 
direction. 

4. DISCUSSION OF EXPERIMENTAL RESULTS 

In turning to discussion of the results obtained, it is 
necessary to consider the question of whether the theory 
of instability of a nonuniform plasma is applicable to the 
experiment being described. 

At the present time we can base the discussion mainly 
on the linear theory developed for an unbounded plasma 
and satisfied in the approximation of geometrical optics. 
In a real experiment there is a plasma of finite size with 
a rather large established amplitude of oscillations, 
( I fi I ) (r )/ n(r) ,::; 30%, i.e., with a substantially nonlinear 
mode of oscillation. The geometrical-optics approxima
tion is valid for wavelengths substantially smaller than 
the size of the nonuniformity, a condition which, as ex
periment has shown, is not satisfied in our case (see 
Fig. 6). In the theory there are a number of additional 
approximations which are not consistent with the condi
tions existing in the present experiment. Thus, in the 
theoretical discussion of the problem of excitation of in
stability, a solution is sought in the form of a series of 
plane waves, which cannot describe the perturbation in 
a closed toroidal system. Furthermore, for example, 
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the spectra of long-wave drift oscillations found for the 
frequency region k11VTi << w << k11VTe for lie<< w, 
k11VTe or lie >> w, k11VTe are well known; solutions 
are known also for w >> k11VTe· In our experiment the 
values of w, k11VTe• and lie are extremely close to
gether and there are no exact solutions for this case. 
From all this it follows that in comparison of experi
ment with theory it is reasonable to compare the func
tional dependences and to discuss agreement of numeri
cal values in order of magnitude, while not pretending 
to any accurate quantitative agreement. 

The stability of a plasma in a stellarator can be af
fected by a number of factors: curvature of the mag
netic field lines, nonuniformity of the plasma density 
and the temperature of its components, different dissi
pation mechanisms, the presence of an electric field, 
which is frequently nonuniform over radius, existence 
of trapped and passing particles, and so forth. At the 
present time there is no theory which takes into ac
count the influence of all these factors as a set, and 
therefore, knowing the frequency of the oscillations and 
the structure of the wave, we must consider a wide cir
cle of mechanisms capable of contributing to excitation 
of the instability being discussed. 

Analysis of the types of long-wave low-frequency 
oscillations capable of existing in a plasma in the L-1 
stellarator has shown that the most likely is excitation 
of drift-dissipative instabilities. As is well known,£ 14 -

16 l this instability is stabilized by a shear of the mag
netic field lines 9T > ..J1 + Te/Ti Pi/Lo where Pi is the 
Larmor radius of the ions and Lo is the characteristic 
size of the nonuniformity in density. According to an es
timate, under the experimental conditions the necessary 
value of magnetic field shear ( 9 T > 5 x 10-2) is much 
greater than that existing in the L-1 stellarator 
(9 ~ 10-3). 

In order to excite drift oscillations, it is necessary 
to satisfy the condition k11VTi << w << k11VTe· The left 
portion of the inequality under our conditions (Ti = 10-
20 eV) is satisfied over the entire cross section of the 
plasma filament. The right-hand part is violated near 
the resonant magnetic surface, where k 11 = 0. However, 
as experiment has shown, closer to the plasma surface 
a region exists in which this condition is satisfied. 
(vPha,se 11 = 2-5 x 107 em/sec, VTe ~ 108 em/sec). The 
idea of efficient buildup of drift oscillations outside the 
resonant magnetic surface, for R = 25-30 mm, is illus
trated in Fig. 1 (curve 4). A similar region would have 
to exist also on the other side of the resonant surface, 
closer to the center of the plasma, but the density gra
dient is very small there and, evidently, for this reason 
the oscillation amplitude drops substantially. 

From the point of view of the necessity of satisfying 
the condition v~ase 11 < vTe it is possible to under
stand also the dependence of the mode of the excited 
oscillations on magnetic field strength. For drift-dissi
pative oscillations the region of localization X = r 1 - r 2 

is determined by the expression C14 l 

X Lo V--p:( m,) 'I• [ ] <- --- em, a mi.., m, 
(3) 

where .\e is the electron mean free path. Using Eq. (3), 
we will estimate the phase velocity of the wave at the 
boundary of the localization region: 

Vphasen=-=ro/-9->- - __ • ro • m X T,v cl., v m [ em 1 kn" r, L, L, em,'I,T,'I• H, sec 
where 

• k.f;T, 81nn m cT. 
(J) =-----~---

eH iJr r 0 eH,L, 
(4) 

is the electron drift frequency. Using the plasma
parameter values of the L-1 stellarator and expressing 
H0 in kiloOersteds, we obtain a simple relation between 
the phase velocity and the ratio of the oscillation mode 
and the magnetic field: 

v~hasen > 4 · 10'im/H, [em/sec J • (4') 

Taking into account that Eq. (4) determines the value of 
vPha_se 11 at the boundary of the localization region and 
that the phase velocity of the wave increases as the res
onant surface is approached, we can assume that those 
modes of oscillation are excited for which Vphase 11 is 
minima~ i.e., when ..Jm/H0 :S 1 (for ..Jm/H0 = 1 the val
ue of Vphase 11 is only 2-3 times smaller than VTe)· On 
the other hand, the increment in the oscillations in
creases with the number of the mode and from this point 
of view it is natural to expect excitation of higher modes. 
As a result of these factors, with increase of the mag
netic field, origin is possible of higher modes which do 
not violate the condition ..J m/H0 :S 1. The structure of 
the magnetic field determines the fundamental mode of 
oscillation and its harmonics. Therefore the transition 
to excitation of higher modes which are multiples of the 
fundamental can occur for definite values of magnetic 
field and, consequently, appearance of these modes has 
a threshold nature. This threshold nature of the excita
tion of higher modes is well confirmed in experiment, 
which can be seen from analysis of Fig. 7. 

Thus, the series of factors listed above, as well as 
the coincidence of oscillation frequencies with electron 
drift frequencies, and the inverse proportionality of the 
oscillation frequency to magnetic field strength (Fig. 8) 
confirm the suggestion which has been made that drift
dissipative instability is excited in the experiments be
ing analyzed. 

Under conditions in which the electron collision fre
quency lie ( ~ 105 sec-1 for a plasma density n = 10 
= 1010 cm-3) is roughly equal tow and k11VTe• it is pos
sible to excite both a class of oscillations with a Ceren
kov buildup mechanism and a class due to electron col
lisions. The characteristic frequency for both classes 
is the electron drift frequency. The increments in the 
oscillations are respectively r15 l 

Y• =y, -y,, (5) 

where v n ro { k.L'p,' ( T,IJlnT,) 
y, = Z-~ T;/T-: 1 + T, iJlnn (6) 

1 8lnT, g } 
2 iJ ln n Vs'IJ ln n/iJr 

y, = ..!_v«k.l.'Pt( 1 +.!..!.-~a 1nnT,) 
10 T, 28 IJlnn ' 

g = Vr.'/Reff, Vs = l/ T,. Y: mi 

Under the conditions of the experiment lle/k 11 vTe is 
close to unity and, consequently, y1 ~ y2 • According to 
an estimate, 'Yr ~ 4 x 104 sec-1 • The second part of the 
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increment Yi > 0 since, according to Fig. 1, 
%8 a ln Tu'i31n n < 1,and, consequently (see Eq. (7 )), ion 
collisions are a stabilizing factor. Since in our case the 
main contribution to ion collisions is from neutral par
ticles, !Iii is replacedc 17 l by a quantity R~ llioW2fk~1 v~i· 
For a working pressure of 5 x 10-6 torr, Yi 
R~ 2 x 103 sec - 1 • From comparison of this value with the 
theoretical value Yr R~ 4 x 10' sec-1 it is evident that in
creasing llio by 10-100 times should lead to stabiliza
tion of the oscillations. These estimates are confirmed 
by experiment. As shown in Fig. 2, a noticeable de
crease in the relative level of oscillations ( liil)(r0)/n(r0 ) 

occurs on change of the pressure by a factor of 10, i.e., 
at p R~ 5 x 10-5 torr, and for p > 10-4 torr it is not pos
sible to detect oscillations. According to our estimates 
Y12 < 0 at this pressure. 

A number of other classes of drift-dissipative insta
bilities with Vphase 11 << VTe have been considered; 
however, for our plasma parameters and value of e 
their excitation is unlikely. 

As can be seen from Figs. 1 and 6, oscillations exist 
over a rather wide radial region in which Vphase 11 

>> VTe• Although oscillations can be maintained in it 
as the result of the instabilities discussed above, the 
existence also of other mechanisms providing their own 
energy contribution is not excluded. 

In our case, in a system with a periodically varying 
curvature of the lines of force and, consequently, a vari
able longitudinal velocity of the particles, kinetic build
up is possible of oscillations associated with resonant 
interaction of moving ions with the wave.cla l Since the 
increment of this instability is large, and the condition 
for its stabilization by magnetic field shear are barely 
satisfied, we can expect that it will provide an additional 
contribution of energy to the oscillations. 

Another cause of excitation of instabilities in the re
gion k 11 R~ 0 may be curvature of the lines of force, lead
ing to excitation of flute or gravitational-dissipative 
modes. n4 l These instabilities have apparently been 
stabilized in experiment, so that we can assume that 
they do not exert appreciable influence on the buildup 
of the oscillations observed. 

5. CONCLUSION 

As the result of an investigation of long-wave plasma 
oscillations in the L-1 stellarator it has been established 
that azimuthal modes of oscillation are determined by 
the structure of the vacuum magnetic field and depend on 
its intensity. Thus, for rational values of the rotational 
transform angle i = 2rrl0 /m0 , the modes are equal to or 
multiples of m0 • Near resonant magnetic silrfaces the 
wave vector k 11 R~ O, and the density perturbations are 
flutes winding around the toroidal plasma column and 
closing on themselves. The oscillations encompass the 
entire region of plasma nonuniform ity, so that kr R~ 1/ r. 
The measured oscillation frequency (in the coordinate 
system moving with the plasma) is close to the electron 
drift frequency and is inversely proportional to the mag
netic field intensity. The stabilization of oscillations on 
increasing the ion-neutral-particle collision frequency 
has been established. 

Analysis of the experimental data and comparison 
with theory provide a basis for suggesting that a drift
dissipative instability is responsible for excitation of 

the oscillations. The main mechanisms for transfer of 
energy to the wave may be Cerenkov absorption or dis
sipation in electron collisions. The possibility is not 
excluded of an additional energy contribution to the os
cillations as the result of interaction with the wave of 
traveling ions periodically changing their longitudinal 
velocity in the nonuniformities of the magnetic field. 
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