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Study of Drift Wave Turbulence

by Microwave Scattering in a Toroidal Plasma
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ABSTRACT

A stﬁd;z of drlft Qéve turbulence 'by.micrci);ﬂav.é scatterng
technique was carried out ina toroidal plasma confinement
device, the FM-1 spherator. The principal results are;

(a) Observation of the linear dispersion relation of drift
waves in the high magnetic shear condition. The 1inear dis-
persion relation is followed up to weak lturbulence state (v N w) .
(b) An experimental demonstration of the stabilizatioh of the
drift waves with an increase of the shear strength. In parti-
cular, the ion mass dependence of the observed marginal sta-
bility criterion fof drift waves (w *w,) was in r'e“asonably
good agreement with theoretical expectations. Further, \}ery
low frequency (w <<w,) fluctuations were enhanced when the
shear strength was lowered. (c) A detailed stﬁdy of the
behavior of drift waves ina weak shear condition where a
state of isotropic turbulence was obgérved, The turbulent
density fluctuations showed a strong dependence on frequency,
but no dependence onwave number (somevq}iat in sharp contrast

to theoretical expectations). The possible depéndence of
the anomalous loss process on the obse#ved drift wave turbu-

lence is also discussed. . P
CISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



%

1. INTRODUCTION

There have been intensive experimental studies of drift
wave turbulence in linear and toroidal plasma devices. The purpose
of these stueies was to identify the'cause‘of'low frequency drift
wave fluctuatiops and to examinefthe activity of the drift wave
turbulence in conjunction with the observed apparent anomalous
particle and heat diffusion proceSses; For example, ié the past,
considerable“attention has been payed to the'fluctuatidn studies
in the spherator devices [1-10]. Here we report on the study of drift
wave turbulence in the FM-1 sp};erator by a microwave scattering technique.

We believe that the present experiment is the; first
experimentaI*identification and study of drift wave”tdrbulence by
microwave scCadttering techniques in a tenuous plasma, where tra-
ditionally Langmuir probe measurements have been widely used. One
advantage of using tﬁe microwave'scattering'technique:;s that a
simultaneous measurement can be made of both the w and k spectrum,
where w and k are the frequency and the wave number of the drift wave. '
Secondly, we can eliminate .the physical insertion of the probe
inside the plasma which may cause lecal inhomogeniety:in the
plasma density resulting in additional excitation of low-frequency
fluctuations. Thirdly, we een clarify doubts about the sensitivity
of probe of which the tip size is comparable to the wave length.
Thus, the previous experimental studies which were carried out
mainly by u51ng Langmuir probes will be reexamined in the light

of the present experiment in ‘order to see whether or hot any

significant mlsunderstandlng was introduced by 1nsert10n of probes.

|\
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The recent development of high power microwave tubes with
extremely low noise level at low frequencies (5 1 MHz) has made
this scattering expefimént possible in low density plasﬁas
(ne = 5 x 1011cm"3), although similar techniques have been used
mainly to study high frequency fluctuations in high density
plasﬁa such as the density fluctuations associated with ion-
accoustic waves in current—carrYing plasmas [11, 12].

The principal objectives of the present experiment are:

(a) to show ‘that one can measure the dispersion relatioﬁ of low-
frequency drift waves by microﬁave scattering technique alone;
(b) to demonstrate the shear stabilization of the drift waves,
and specifically to examine whether or not the ion mass dependencé
of the stability criterion is in agreement with theoretical pre-
dictions; (c) to study the behavior of the drift wave frequency
and wave number power spectrum in the fully developed turbulent
reQime in plasmas produced with various different heating schemes
(such as microwave dc discharges, Ohmic heated discharges and
neutral beam injection heated discharges), and (d)to give some
discussions on the possible dependence of the anomalous (particle
and energy) confinement properties of plasmas (produced with
various different heating schemes) - on the level of drift wave
turbulence.

The paper is ofganized as .f'ollows: | Ih Section 2, the experimental
arrangement, the plasma conditions, and the properties of magnetic
field configurations are discussed. The experimental results are pre-
sented in Section 3. Some discussions about strong turbulence and anom-

alous plasma transport are carried out in Section 4. Abrief summary of

the experimental results and our conclusions are given in Section 5.



‘2. "EXPERIMENTAL ARRANGEMENT B
The FM—lnepherator has a levitated“superconducting coil
and the plasmes are confined with the combination of the poloidal
magnetic field BP produced by the superconducting coil current.
I, a magnetic‘surface shaping-vertical field coil current IE'
and a toroida%ifield Bn produoed by the'current‘IT aloné'the
axisymmetric axis [1]. In the present experiment the Superconf
ducting coil wes excited with 275 kAT and the toroidal f&eld
was varied to produce ‘the different magnetlc shear values "'The
average value of the magnetlc field strengthB is 3 0 ~ 3.5 kG and
the ratio B,P/_Bp is 1/5 ~ 1/7 with the maximum toroidal f1eld
strength. In other words, the main magnetic field component
is in the poloidal direction in contrast to that in the tokamak.
For convenience, in the following we use the netural (w; X, ¢)
coordinates,  where y~direction  is parellel to the density
gradient, X—dt;ection is along’'the poloidal field direction BP'
and ¢—direction is parallel to the toroidal fieid CQMQQﬁent.
BT .
Figure: 1 1s a schematic block diagram of the expexlmental
arrangement. The incident microwave power was supplied. by a
Varien VKQ2420G2 extended interaction oscillator. Thlsnewlydeveloped
Varian tube was very stable both in fregquency and power :output.
Further the output of thie tube has extremely low noisenlevel
even in the very close neighborhood of its transmlttlng frequency.
The tube was, capable of delivering a maximum output power of about

100 W. However: in our experiment the tube was operated at an

output power level of about 6 W and this further reduced the
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noise level in.the vicinity of the'tfansmitting frequency. The
incident microwave pdwer from the transmitfer was beamed on to
the plasma by a horn antenna (gain & 25 db) placed inside the
vacuum vessel of the FM-1 spherator. The incident frequency

£, = 33.5 GHz. After correcting for the losses due to the trans-
mission waveguides, vacuum windows :and the high voltage safety
insulation breaks (between the spherator vacuum vessel and the 8-mm
microwave transmitter-receiver system), the effective incident
power PI = 0.2 W.'AThe scattered signal was picked up by another
identical antenna alse placed inside the vacuum chamber. We
have installed an array of horn antennas inside the vacuum
chamberfso that we can make scattering measurements at scattering
angles: 9¢: 45°, 60°, and 75° keeping % = (?I - }S) parallel
to the direction of propagation of the drift waves (i.e., the
¢-direction) ; sz 30° with % along the radial direction (i.e.,
the y-direction); and 6X= 16° with % aiong the poloidal magnetic
field direction (i.e., the x—direction). Here 07is one half of the
angle between the incident wave vector iI and the scattered
wave vector iét The wave number k of the driff wave that is
responsible for the ‘vscat;_tering isgiven by k = ITcI -igl = 27k0 cos 6,
where k_ = 4?11 = Tisl' The .scattering volume as defined by the
common intefseeﬁionAof the transmitter and the receiver horn

- antenna patterns was chosen around the location of the maximum

density gradient. In the homodyne detection system of Fig. 1,

the scattered eignal was mixed with a larger reference signal



directly from the transmitter at the balanced crystal mixer.

The difference signal from the mixer [i.e., the scattered signal
at £ = Ifs - fII] was then amplified (by the broad bandfampli-
fier) and .finally Fourier analyzed ( by the spectrum analyzer).
The receiver wés calibrated by sending a known amount of ampli-
tude moduiated,microwave power. The modulation frequencies of

3 kﬁz and 20,kﬁz were used in the calibration and the reqeiver
sensitivity waé the same for both these modulation frequencies.
The typical scattered power level was in: the range of 10J4 to o
10“6 W and thefnoise level of the homodyne detection sygfém
mainly at low frequencies was about 10-7 W;

The general theory of the scattering of electromagnetic
waves from the électron density fluctuations in a plasmaican be
found in Refs.itl3, 14]. Usually in any scattering experiment
what one measures ié the amount of electromagnetic wave éower
that is scattefed into a narrow frequency interval Sw wﬁich is
determined by the frequency band width of the receiver system’
[i.e., in our experiment»(dw/zﬂl & 2 kHz is the band width of the
spectrum analyéer]. Since the scattered power is proportional to
the square of the electron density fluctuations, we find that it
is useful in pfésenting our experimental results to define (6n/n)i

and (Gn/n)zo as
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and .

fud o [in—‘“’—)]z . (2)

)
respectively. In Sections 3, 4, and 5 we will consi#tently use
the definition of. Eg. (1) in describing the obseived frequency
power spectrum of the scattered radiation; while the definition
of Eq. (2) will be used both in comparing the level of fluctuations
as obtained by microwave scattering with.that obtained by ﬁrobe
and in making estimates of the anomalous diffusion coefficient.
We wish to point out that in our experiment the scattering measure-
ments were done only at discrete values of % = }I - }é and the
angular resolution of the antennas were such that (86k/k) =z 1/5.
Since in the strong turbulence regime the fluctuation spectrum
is fairly iéotropic in k,; space with a width Ak, of the orgder of
k,, we estimate that the total (i.e., after a k-space integral)
fluctuation level én/n - is approximately given by
(Gn/n)2 x (Akl/ék)z(én/n)g X 5?(6n/n%§. We emphasize that this
is only a rough estiﬁate of the total fluctuation level in the
strong turbulence regime. Because of mechanical préblems it
proved impossible fof us to experimentally obtain the entire
k-spectrum of the fluctuétions:[an information that is needed to

obtain more accurate value of the total fluctuation levél].

In ordef.fo complime3t our study of fhe density flucﬁuations
associated with drift waves by microwave scattering, we have
also moniﬁoréd these density fluctuations by a movable Langmuir

probe. The axis of the probe was in the radial direction. The
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tip of the Langmpir pfébeﬁwaS‘atungsten cylindrical wire.of
diameter 0.25 mm with an exposed length of 1 mm. This prbbe was
also usédnUDmeasﬁre the radial density profile and the eleétfon
temperatu:;e. The average electron density was measured with a 4-mm
microwave interferométer. The electrdn temperature Te was also
measured both by.laser Thomson scattering and by spectroscopic
measurements (i;e. determination of 'ré from the line intensity
ratios CIII 4647;\/CIII 2297R and CIII 4647 R/CII 4267 R). ‘The ion
temperature T wés measured spectroscopically (i.e., from the

Doppler broadening of H, and He.II 4686 Zci. lines).

8
In the preéént experiments we have utilized plasmas p'roduced
by three dj;fferé:pt heating methods: microwave dc 'discha;:gés, Ohmic
heated diScharge;, and neutral beaminjection heated discha;ges.'
The dc discharges wer"e‘produced by applying 1 kW dc x-band
(i.e., 10.5 GHz)‘:-microw.ave power. The gases us,ed" were hydrogen,
helium, neon, argon, and xenon with a filling pressure in the

6

range 1 x 10°° to 5 x J.U"‘h rorr. In these dischdaryes the initial

breakdown occurred by electron cyclotron resonance. The average

11 cm’3, the electron temperature

electron‘density' n = 2x 10
T, = 2 to 5 ev aﬁa the ion tem’peratureTi ~ 2 eV, Most of our
measurements were done in these d¢ microwave discharges. These
discharges are cénvenient_for making detail measurements of the
scattered frequeﬁéy and wave number power spectrum because'of
the steady State‘dc nature of the operation. ’

The Ohmic heated discharges were produced by exciting a
plasma current iﬂductively in the‘poloidal direction in a ére—

-3

ionized plasma [5), 15]. The preionized plasma (ofn = 5x lOll cm ’

Te ~ 5 eV and Ti ~ 2 eV) was produced by using a pulsed (200 msec)

(Y
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10.5 GHz microwave power. Here again the gases used were hydrogen,
helium, neon, argon, and xenon with a filling pressure in the

5 to 2 x 10™° Torr. After the microwave power was

range 0.5 x 10~
turned off the Ohmic heating current of about 150 kA with one
cycle at 500 Hz was drawn inductively in the pbloidal direction.
Since the preionized plasma was not fully ionized, the electron
density increased from about 5 x 101! cn3 to about 5 x 1012 em”3
and the electron teﬁperaturelinqreased from about 5 eV to about
50 ev duriné the Ohmic heating pulse. The details of these

n and Te measureﬁen;s can be:found in Ref. [15].

We have also made some studies'of the drift wave turbulence
wﬁen a pﬁlsed (10 msec) neutral hydrogen beam of about 75 kW at
15 kV was injected into a dc microwave target hydrogen plasma.
In the neutral beam heating experiments, the electron tempera-
ture increased from about 5 eV to 40 eV during the first few
milliseconds of injection and decayed slowly thereafter, while

the electron density increased monotonically from about 5><10llcm"°

to about 5 x lolzcm"3 during the entire 10 msec duration of the
neutral beam pulse [16].

We will now give some description of the magnetic field
configuratioﬁ, the plasma conditions (i.e., the present experi-
mental parametér range), and the possible sources of free energy.
for the}drift wave turbuience. The magnetic field configuration
used in the:experiment is shown in Fig. 1. As shown in'Ref.[Z]
this field configuration withiLP/IPS 1l is mainly a shear stabiliza-
tion configuration for d;ift wéves. ﬂﬂuashear'iength LS is defined

by the generalized shear formula (8]
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14, - - P : -
.ﬂﬂ%s = —7;r—-vw mugPR , | (3)

where Ris the fédial distance from the axisymmetric axis anc%. Vy is the
component<1fthé'spatial grédient perpendicular to the magnetic surfaces.
When IT/IP =_l, LS = 0.4 ~ 0.5 m at the inside horizontal plane |
(i.e., close to the toroidal field coils) and at the-outside
horizontal p;ané Lg = 1.5 m., " Thus the average shear length.<Ls>

is about 1 m forAIT/IP = 1. When the value of IT/IP is reduced

to 0.2 the average shear length increases up to about 5 m. The
empirical relation between shear strength and -anomalous particle

and heat tranéport was reported in a previous paper [3,4]. The

anomalous particle and heat diffusion . coefficients D and K are

approximately given by

L; KT,
D=C<3>T6es (4)
and
K=z (3--5)D , (5)

respectively, with C = 1/400 —1/309 for Te 2 2 eV, and. the
associated fluctuations of (8n/n) ~ 5%. Here a is the density
gradient scale' length. Itmust be noted thatin Ref. [3] the observed
density fluctuations. depended vefy'sensitively on both the magnitude
and sign of ng = [(d 2n Te/dr){(q &n n/dr)]. |

It is now ;hysicélly instructive to examine which ofxthe
possible types of drift modes (i.é., collisional, collisibnless,
and trappedﬁelectron modes) are the likely candidates for our

10$ n $5x 1012cm£3,

experimental parameter range of .5 x 10
2 < Te < 390 eV,wand"Ti =~ 2 - 5 eV. The relevant parameters

. for identifyihg the cause of drift wave turbulencc in the
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present ekperiment, afé: (a) the collisionality parameter -

Véff/wbe’ and (b) Te/Ti' Here'veff b ve/e is the

effective collision frequency for scattering a trapped electron
out of the t;apped region, v is the electron collision
frequency, '€ :AB/B.isthg.magnetic mirrér ratid, and.wbe is the
electron bounce frequency between mirror trapping. For our
experimental cdnditiops'o.l N veff/wbe < 2 and 3 < Te/Ti < 10.
Therefore, cOllisional drift waves, collisionless drift wéves,
and collisionalltrapped—electron modes are possible candidates.
In the fifst order approximafion, the real part of the dispersion

relation is the same for all these three types of drift waves,

and this is given by

. | -b ve b _ 7
WY W, Io(b) e /[Io(b)e 1- Ti/Te] ’ (6)
where w, = (K Tekd)/e Ba) is the electron diamagnetic drift frequency,
and b = (k%pi)2/2. Here pi.isthejxn1Larmor radius. However, the

imaginary part of the dispersion relation of these three types
of driftwaves are entirely different. This is because the sources
of free energy that are responsible for their growth rates are

different. Following the simplified formulas givenin Refs. [17-19],

~in the first order approximation the normalized growth rates of the

coilisionalldrift waves, collisionless drift waves, and trapped

electron modes are given by
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(Y/w) % /o ‘\*)’* (b + 0.5 ). , - o
. eff ‘ .

respectively. Here ks is the parallel wave length, k, is the
perpendicular wave length, me-is the electron mass, m, is the
ion mass, e is ‘the the electron cYclqtron frequency, Ve is the
electron thermaiivelocity. Although almore detaiiea aiscuésioh
of these drift modes (including curvature, radial structufe,
connection length) can be found elsewhere, the essential physical

meqhanisms are aéequately described in Eq. (7).

The effect of shear on these drift waves have been treated
with different models. The approximate criterian for the
shear stabilization of long wavelength (i.e., kipy S 1) drift
modes and in particular the ion mass dependence of the

stability condition may be written [20,21]

a ‘ .
, 1/2 - 1/3 .,
L—- 2 (me/mi) ' 7L '(mep/ a'ne’Te/Ti) ! . (8)
s .

where me is the mean free path of electrons, a is the scale

p
length of the plasma, and Neg = [(d@ &n Te/dr)/(d ¢n n/dr)],
Although f is a complicated function of these arguments, it is
expected that # is of the order of unity and is weakly dependent

on these parameters.
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3% EXPERIMENTAL RESULTS

Plasmas produced by different heating schemes .were utilized
to investigate the different aspects of magnetic shear stabiliza-
tion mechanism. For example,. (1) a detailed étudy of the w and
k power spectrum of the scattered radiation for different shear
values and the ion mass dependence of the marginal stability
condition were. carried out in microwave dc discharge plasmas;
and (2) strong turbulence was studied under various conditions
in plasmas produced by different heating schemes (such as micro-
wave dc discharges, Ohmic heated discharges, and neutral beam
injection heated discharges). First we discuss our study of
drift waves in microwave dc discharge plasmas.

In the microwave dc discharge plasmas n- = 2 X lpllcm_3,

T, = 2 to 5 eV, and Ti = 2 eV. As shown in Fig. 2, with strong
shear (IT/IP x i;\i.e,, <Ls> ~ 50 cm) the low-frequency drift-
wave~fluctuati6ns;were observed only around a scattering angle

6, =~ 60° corresponding to k = 0.5 but no scattered signals

¢ oPi

were observed at scattering angles6¢ x. 75° (corresponding to
~ ~ o . ~

k¢pi z 0.25), 9¢ * 45° (corresponding to k¢pi 2 0.75) and

ew x 30° (corresponding to - kq.)pi = 0.87). This data was
taken in a helium plasma. The observed frequency spectrum is
sharply peaked at w/2m = 20 kHz with a half width Aw/w ~ 1/4.
In order to compliment our microwave scattering measurements we

have also carried out measurements of the drift wave spectrum

with the aid of a Iangmuir probe. A typical spectrum as

- seen by the probhe is also shown in this figure. A radial scan
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of the fluctuation lével was alaO‘carried out with the aid of
this movable probe. It was found that the drift wave f£luctua-
tions were 1oc5lized in the region of the maximum density
gradient. As séen from Fig. 2(b), these fluctuations were localized
in a radial;diétanceAI':iO 5'cm. The;deﬁsity~ gradient aCale‘
length a = 7 cm and the ion Larmor radius at the location of the
maximum den51ty gradlent is about 0.3 mm. The frequency spectrum
as observed by the Langmuir probe is similat¥ to that Ubtdlued by

microwave scatterlng at a scattering angle 6 ‘= 60° correspondlng

¢

to k * 0.5. 'However, the half width Aw/w of the spectrum

9P
obtained by the probe is slightly larger than that of the spectrum
obtained by miq%owave scattering. The magnituderf the fluctua-
tion level (6n/§)paskmeasured by the probe is about 5%, and this
is ih reasonable agreement with the average fluctuation level

(Sn/n) of about 2% as measured by microwave scatterlng.,

These results- show that. (1) The dispersion of the

excited fluctuatlons -is well defined in the high magnetic shear
system. In partlcular,at very high shear only a single qode with
k¢pi ~ 0.5 is eacited in the region of the maximum density gradient;
(2) The frequency spectrum obtained by the probe (which has no
%k-resolution) is very similar to that obtained by microwave
scattering at'afscattering angle 6¢ ¥ 60° corresponding to

k¢pi ¥ 0.5; (3)iThese fluctuations are due to drift wavee since
+the observed ffeqtency of 20 kHz is in reasonable agreement with

the calculated value of 25 kHz from the drift wave dispersion
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formula of Eq. (6) (for k ~ 0.5 and a density gradient scale

o°1
length a * 7 cm). Further, earlier probe studies reported in
Refs. [3,4] also showed that these are drift wave flucétuétions .

In order to demonstrate the shear stabilization of the
drift waves we reduced the value of the magnetic shear strength
to an intermediate value corresponding to an <L> = 5.0 m with
IT/IP 2 0.2. The observed fluctuation spectrum in this inter-
mediate sheéar condition is shown in Fig. 3. Here again this
data was taken in a helium plasma at a filling pressure of
1.5 x 10-6 Torr. It is seen from Figs. 2 and 3 that the frequency
spectrum of the fluctuations in the intermediate shear condition
is much broader than that'in the high magnetic shear condition. Since
the half width Aw/w is a measure of the normalized growth rate
v/w of the drift waves, it is clear that increase in the value

of the'maghetic shear tends to stabilize the drift wave fluctua-

tions under study. In Fig. 3 we .show the fluctuation spectrum

obtained by microwave scattering for scattering angles 6¢ x 75°
(corresponding to k¢pi x 0.25), 6¢ % 60° (corresponding to

. A . C = ° i I~
k¢pi 3 O.SLf and 6¢ 45° (corresponding to k¢pi 2 0.71). The

spectrum obtained by microwave scattering at a scattering angle
Qw % 30° corresponding to kwpi 2 0.87 issimilar to that obtained

at a scattering angle 6, * 60° corresponding to k 2 0.5.

¢ " pPi
Further, it was found that a significant amount of microwave
scattering by the low-frequency fluctuations occurred also for
a scattering angle GX ® 15° corresponding tokxpi * 0.97. Thus,

in the intermediate shear condition the excited drift waves had

finite components of their wave vector % in all three directions



e

(i.e., ¢,1p,and”x-dire¢§i0ns). Further, in this intermediate shear
condition very low frequency (w << w,)fluctuationswith a powAer spectrum
peaked around w >~ 0 were also observed. This is in sharp contrast to

¢ei ~ 0.5

and kw i~ kX < 0 was excited. This seems to indicate that;the

the very high shear condition where a 31ngle mode with k

system is trylng to go towards a state of isotropic turbulence
with decreas1ng talues of the magnetic shear strength. As seen
from Fig. 3, in"this intermediate shear congltlon the norgalized
half width,Aw/wfis about unity for all scattering angles,; This
implies that the growth rate y of the drift waves under stpdy

is already aboué?equal to the wave frequency w. Since ¥y ; W,

it is not unreasonable to find some tendency towards a k-space
isotropy in the" observed fluctuation spectrum. ‘Also it is seen
from Fig. 3 that“the peak frequency shifted from about GbEkHz
for a scatteripg'angle 6¢ X 60° corresponding to k¢pi £ Ofs to
about 90 kHz for a scattering angle-e¢ x .45° correSpondinézto
k¢pi > 0.71. These peak frequencies are in reasonably goog
agreenment with the coriaspondiny values (nf ahout 50 kHz ﬁor
k¢pi ~ 0.5 and about 75 kHz for k¢pi ¥ 0.71) obtained from the
theoretical driftvwave dispersion relation of Eq. (6). The fact
that these frequéncies are somewhat higher than those in Ebe high
magnetic shear configuration is ﬁainly due to the change ip the
density gradientiscale length when the shcar value was varied.
It should be notéd from Fig. 3 that the spectrum obtained'éith
.the probe is very:similar to thattobtained by microwave scattering
at a scattering ahgle 9¢ x 75° corresponding to k¢pi z 0.23.
However, the‘probe measurements failed to detect the peake§
frequency spectrdﬁ as observed.by‘microwave scattering at

~

scattering angles e¢ 2 60° corresponding to k¢pi ¥ 0.5 and -

k3
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?cb ¢Pi

probes can only measure an integrated k-spectrum and 1n particular

X 45° corresponding to k = 0.71. This is because the

the probes:have no k-resolution. Further, this result seems to

indicate that the probe is more sensitive to longer wavelengths

(i.e., kypg < 0.3) and is very less sensitive to shorter wave-

lengths (i.e., k_,_pi 2 0.3) even though the exposedsizeArP of
the probe tip is sufficiently small compared to the wavelengths
.of the fluctuations under study [i.e., for our experiments
(ArP/Al) << 1/30].

In Fig. 4 we show the fluctuation spectrum obtained by
microwave scattering in a hydrogen plasma at -a filling pressure
of 5 x 10—6 Torr. The spectra obtained at scattering angles
6¢ * 75° corresponding to k¢pi z 0.13, 9¢ x 60° corresponding to

k¢pi ~ 0.25, and 6¢’: 45° corresponding to k¢pi * 0.36 are shown
in this figure. The observed shift of the peak of the spectrum

from 20 kHz at a scattering angle 6, X 75° corresponding to

¢

k¢pi x 0.13 to 60 kHz at a scattering angle 6¢ ~ 60° corresponding

to k¢pi X 0.25 is consistent with the corresponding values of

25 kHz and 50 kHz respectively as predicted by the theoretical
drift wave . dispersion relation of Eq. (6). It should be noted
that the data shown in this figure was taken with the maximum
shear configuration corresponding to an average shear length

<Lg> = 50 cm with IT/IP * 1. Even in this maximum shear con-
figuration the spectrum in the hydrogen plasma did not show the
highly localized single mode type spectrum as was the case in the

helium plasma (see Fig. 2). Thus, from a comparison of the helium

spectrum of Fig. 2 with the corresponding hydrogen spectrum of
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Fig. 4 under éﬂe samé maximum shear condition, it is cl;ar that
the smaller thé ion mass is, the harder it is to stabiiiée the
drift waves with magnetic shear. This is consistent with the
prediction of ;he theoretical shear stability criterion:bf
Eq. (8); Hence the helium data of Fig. 2 in conjunétioﬂ:with
the corresponding hydrogen data of Fig. 4 provide a semiquanti-
tative experiméntal aemonstration of the ion mass depenéénce of
the shear stability criterion for drift waves [see,Eq.,iB)].
When the value of the shear strength was further r;auced,
the plasma wen% into a state of 'strong turbulence with respect
to the drift wave fluctuations. That is, with extremel§}low
shear strength (i.e., <L> 2 5 m with IT/IP < 0.2), the;frequency
power spectrumfof the drift wave fluctuations as obtainéd by
microwave scatfering did not show the peak at the frequ;ﬁcy
expected from fhe linear dispersion relation of Eq. (6)L(for any
scattering angle). Indeed, the experimenlally observcdﬁfluctua—
tion spéctrum was essentlally the same (both in magnitudé and‘
shape) for allivalues of klpi. This is illustrated in Eig. 5.

The data shown in this figure were taken in an argon plasma at

a filling pressure of 1.5 x 10_6 Torr. Here we have shown the

spectrum as obtained by microwave scattering at scattering
angles 6¢ X 75§:corresponding to k¢pi M 0,75,6¢ X G0° corraesponding

to k ~1.50,and®, = 45° corresponding to k¢pi x 2.l.j#‘Althoughv

¢°i ¢
not shown in this figuré, it was found that the spectra at
scattering dngles ew ~ 30° corresponding to kwpi ~ 2.6 ‘and
6. = 15° correéponding to kxpi ~ 2.9 were very similar ‘(both in

X .
magnitude and shape) to the ones shown in Fig. 5. This seems to
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~indicate that the observed drift~wave turbulence is fairly
isotropic in k-space. In this figure the verticle scale is

a logarithmic scale. -The turbulent density fluctuétions

showed a étrong dependence on frequency but no dependence on
wave number (somewhat in sharp contrast to theoretical expecta-
tions). 1Indeed as also shown in this figure the power law
dependence of the turbulent density fluctuations is of the

form (Gn/n)j < 0

for any scattering angle (i.e., for any value
of klpi) and for frequencieé.higher than about 20 kHz. But for
frequencies less than about 20 kHz the fluctuation amf)litude reached a
saturated value of about 1% [i.e., (,(_Sn/n)"m2 & .10-4] . In Section5wewill
make a comparison of this observed turbulent spectrum with the
corresponding predictions of the existing, turbulent theories.

The experimentally observed ion mass dependence of the
shear strehgthsAwhich were needed to stabilize the drift waves
ﬁnder-study are summarized in Fig. 6. In this figure we have
divided the entire parameter space into three distinct regimes
labelled A, B, and C. 1In regime A the observed fluctuation
spectirum is highly localized arvund the region of the maximum
density gradient} and the frequency power spectrum of the observed
fluctuations is sharply peaked at a frequency corresponding to -

only one value of k That is, in regime A the observed

¢Pi
fluctuation spectrum is of the single mode type and is similar

to the on€ shown in Fig. 2.  The observed frequency power spectrum
of the fluctuations in regime B is a broad spectrum with a

normalized half width Aw/w of the order of unity, and for different

scattering angles the frequency corresponding to the peak of the
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spectrum shifted achfding.to the linear drift wave dispéfsion
relation of Eq. (6). In other words the observed fluctuékibn
spectrum in reg;me B is similar to the ones shown in Figs; 3 and
4. The curve labelled 1 shows the experimentally measured
boundary for the transition from the high shear regime A :[where
Aw/w < 1] to the intermediate shear regime B [where Aw/w’is of
order unity]. In regime C, the plasma is in a state of sfrong
isotropic trubulence with respect to the drift wave fluc?ytions,
and the power law dependence of the observed turbulent depsity

6 for any scattering

fluctuations is 'of the form<(6n/n%f =
angle (i.e., fo; any value of klpi). That is, in regimedC the
observed fluctuation spedtrum is of the type shown in Fig. 5.

The curve labelLed IT shows the exéerimentally measured pgundary
for the transition from the intermediate shear regime B (where

the spectra is of the type shown in Figs. 3 and 4) to thejextremely
low shear regime C (where the spectra is of the strong tgfbulence
type similar to.the one shown in Fig. 5). - We should poiﬁL out

that our microwave scattering measurements of the fluctuation
spectra were only carried out at discrete values of the scattering
angles corresponding to discrete values of k. ConsequenEly, our
experimental measurements of the boundary curves 1 and II are

not very preciseﬂ Nevertheless, the experimentally measgred
magnetic shear values corresponding to the boundaries between
regimes A and B, énd regimes B and C clearly showed a monOtonical
decrease with the increase in ion mass. To our knowledgé'this

is the first experimental demonstrationof the ion mass dependence

of the magnetic.Shear marginal stability condition for d:ift waves.
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In particular it is clear that larger is the ion mass, the easier
it is to stablllze the drift waves with magnetic shear. It is
seen from Fig. 6 that around very low values of ion mass, the
experimentally measured marginal stability condition has a
stronger ion mass dependence than that expected from the theoreti-
cal predictions of Eq. (8). However, for higher values of ion
mass there is reasonably good agreement between our experimental
results and the theoretical predictions of Eq. (8). 1In particular,
our experimental results seem to indicate that the ion mass
dependence of the magnetic shear marginal stability condition is
more or less given by (a/Ls) « (me/mi)l/3. Further, since the
constant of proportionality of the order of unity reasonably
describes our experimentally observed marginal stability condi-
tion at higher values of ion mass, we conclude that our experi-
mental reéults are reasonably consisteht with the predictions

[see Eq. (8)] of the available theories of stabilization of

drift waves by magnetic shear [20, 211,

In microwave dc discharge plasmas strong drift wave turbulence
was produced by feducing the value of the magnetic shear strength
to extremely low values. However, it was found that strong
turbulence could also be produced even in a high magnetic shear
configuration by increasing the electron temperature Te with
a different auxiliary plasma heating scheme such as the neutral
beam injection heating and .Ohmic heating. The time behavior of
the plasma parameters such as n and Te and the low-frequency

drift wave fluctuation amblitudes when a pulsed (10 msec)
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neutral hydrogenﬁbeam-ef about 75 kW at 15 kV was injected:into
a dc microwave té;get hydrogen plasma are shown in Fig. 7.; The
frequency power spectrum obtained at two different times..i

(t ~ 2 msec and t = 5 msec) during the neutral beam pulse is
summarized in Fig. 8. At t % 2 msec the electron temperature
reached a value 9f about 40 to 50 eV and the density fluct;ations
were excitedwith arelatively la,rge:"{(_én/ﬁ)j = 5x 10"-"5] but reasonably
constant amplituae up to 20 ﬁo 30 kHz. As seen from Fig. §, at
t 2 msec and for frequencies larger than about 30 kHz Eﬁé
fluctuation amplitude decreased monotonically with increas%'in

-4. Afterfé msec

frequency accnrdihg to the relation (dn/nhf «
the electron temperature dropped to about 10 eV and the fluctua-
tion level stayed relatively constant for the rest of the duration
of the neutral beam pulse. The measured frequency power spectrum
of the fluctuations at t x 5msec ig alsu shown in Fig. R. As'seen‘
from this tigure at L = 5 meec the fluctuation amplitudelrgmained
relatively constant up to about 100 kHz and thereafter decieaéed
monotonically with increase in frequency according to the relation

-4

(6n/nhf « . in Fig. 8 we have also sthn the turbulent spectrum

obtained in aﬂ Obmically heated plasma of Te © 30 eV and

n 3‘ 3 x 1012 cm%a. Here again at low frequencies (i.e., less

than about 500 kHz) the turbulent fluctuation spectrum tends to

saturate at a value of (& n/n)j *3x 10"'5, and at higher frequencies
the spectrum sho&éd a power law dependence of the form

o (4-5)-

(Gn/nhf « . We should poiht out that regardless of':the

nature of the plésma heating scheme (i.e., microwave dc discharge,

1R
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neutral beam heating, or Ohmic heéting),'when the system was in
the state of strong turbulence the turbulent density fluctuations
sho’we.d a strong dependence on frequency [i.e., ((Sn/n)f)? w_(4_6)]
but showed no significant dependence on wave number. This

seems to iﬁdicate that the linear drift wave dispersion relation
of Eq. (6) is no longer valid in the fully developed strong
turbulent state. In the literature Tsytovich [22] has shown
that the turbulent dispersibn 1s markedly different from the
linear dispersion for the cdase of ion acoustic wave turbulence.
However, we are not aware of any theoretical calculatiops of
turbulent drift wavé dispersion relation.

Another interesting result indicated by Fig. 8 is the
fluctuation saturation level. Although the apparent saturated
level at low frequencies (Gn/nhi differs for the different plasma
heating schemes or shear strength, the integrated fluctuation
level (Gn/n)j [see Eq. (2)]Agiyes consistently (6n/n)O = 3%
independently from the plasma conditions, Hence, we estimate -
that in the_strong turbulent regime, the total density fluctuations
(dn/n) =~ 5 (Gn/n)b is about 15% [see disscussions following

Eq. (2)].
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4. SOME DISCUSSIONS

We now wish to make some remarks first about the stfbng
turbulent state; and second about the possible dependerice of the
anomalops particle and energy confinement properties of piasmas
on the level of drift wave fluctﬁations.

It is seen from Fig. 8 that regardless of the nature{of the
plasma heating scheme (i.e., mic;owave dc discharge, neutral
heam heating, Q; Ohmic heating), when the system was in Lﬁe
state of strong.turbulence the ffequency power spectrum of the
turbulent density fluctuations had a common behavior. Atjthe low
frequency side fhe turbulent density fluctuations tends to saturate

at some constant value, and at the higher frequenciesma power
law dependence of the form (Sn/n%f « w ™ where 4 S m 5'6“;as
observed. In the early literature [23-25] several aUthdr; have °
reported on the observation of a similar drift-wave turbuient
spectrum in entirely different plasma devices (such as inzstel-
lerators and in linear plasma devices). All of those eaffier
measurements of the turbulent spectfum were carried out with
probes and it -is generally known. that probes do not havpmgny
k—resolution.l However, here we have presented the obserQStion of
a similar turbulent spectrum by microwave scattering at dlfferent
scattering angles corresponding to different values of ii; The
puzzling feature of our measurements is that the observed;turbu—
lent density fluctuations showed the strong dependence [of the

<

form (Gn/n)j « @-m where 4 < m 6] on frequency at the higher

. frequencies but showed no corresponding significant dependence
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on wave number (and in fact within our experimental accuracy there was
no dependence at -all on the wave number: for 0.2 & k.‘_,_.pi N 4 ).

The universality of the spectrum under such diverse con-
ditions suggests that the final turbulent state is more or less
independent of the éxcitation mechanism. This type‘of a universal
behavior has been known in ordinary hydrodynamic turbulence. In
the study of turbulence in incompreésible fluids one finds that
there exists an inertial range in k-space where the k-spectrum
is universal and it was found by Kolmogorov [26] by dimensional
analysis that the spectrum should‘vary as k—5/3. In the turbulent
stationary state there exists a nonlinearly éoupled statistical
distribution of eddies of various spatial dimensions. The largest
size (i.e., the shortest k) of the eddies is determined by the’
physical size of the system (i.e., the boundary conditions), and
the smalleét size (i.e., the largest k) is determined by the
efficiency of viscous damping. In essence the k-Fourier spectrum
of this statistical distribution of the number of eddies of
different siies yield the familiar Kolmogorov k-spectrum of the
hydrodynamic turbulent stationary state. If we now take the
similar view for drift-wave turbulence as was done by Chen [23],
then one can easily show that the spectra of the potential fluctua-
‘tions &8¢ associated with the drift wave density fluctuations &n
should'show a power law dependence of the form (6(1))2 «‘k—s. If
further we assume that a small butvfinite Ku alwaysAexists in a
‘turbulent state so that electrons flowing along B preserved the

approximate relation n %I%)exp(fe§¢/KTe), then one can easily

show that the density fluctuations in the stationary turbulent
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state should obey a power law dependence of the form.[23]

(6n/n)? = k7> . o (9)

Furthermore, if we now assume that for drift waves tﬁe turbulent
dispersion is essentially the same as ﬁhe linear disperéion
(somewhat in sharp contrast to the recent theories of iog acoustic
wave turbulence by Tsytovich [22]), then it is relatively easy

to show from Egq. (9) that in the turbulent stationary state

(6n/m? = v, | . o)

for drift waﬁes of k_lpi < 1..

Our microwave scattering experiment and the probe'méasure—
ments reported:in the early literaturc [23-25]do indicate that at
higher frequencies the observed turbulent density fluctgations
follow a puwer law dependence of the form given by Eq. {;0).
However, since the probes have no k-resolution it is fai; to say
that all of these experiments-énd ours in particular indicate that
the power law dependence of the form given by Eg. (9) is in no
way close to féality. We theréfore conclude that our experimental
results (and possibly also the earlier results obtained with
prébes) aré in complete disagreement with the existing theory
[23] of drift wa&e strong turbulence. Nevertheless, the fact
that our experimental results show good agreement with Eq. (10)\

but show complete disagreement-with Eq. (9) is an important piece
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of experiméntal information Athat one should bear in mind if one wishes
to formulate a truly satisfactory theory of strong drift wave turbulence.
Furthermore, since the observed frequency power spectrum is not of a
Lorentzian type, it is hard to reconcile our experimental results on
the basis of turbulent line broadening [22].

~In plasma physics it is known that in general there are
two types of plasma wave instabilitiés, namely convective and
absolute. These two distinct types'of.instabilities may
eventually evolve into two distinct types of strong turbulent
states. If we conjecture tﬁat in one of these turbulent states
the system consists of nonlinearly coupled statistical distri-
bution of eddies of roughly a uniform distribuﬁion in size but
having different energy content, then by the uncertainty principle
eddies of different energies will last for different times. The
Fourier transform of such an eﬁsemble can in principle yield
a power law dependence on frequency without: showing any signi-
ficant dependence on wave number (a feature fhat is qualitatively
consistent with our experimental results). However, at present a
mathematical formulation based on such a conjecture does not seem
to exist in the literature.

We remarked earlier that in the FM-1 spherator, the previously
observed [3, 4] empirical felationship between the shéar strength
and the anomalous transport coefficient is given by Eq. (4). TFor
the sake of completeness we now wish to make some comments: First,
on the relationship between.our measured level of drift wave
turbulence and the value of the anomalous diffusion coefficient
as given by Eq. (4); and second, on the nonlinear saturation level

of drift wave fluctuations in the strongly turbulent stage. The
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anomalous particle f£flux'T due to.the electrostatic drift wave
fluctuations may be written

I = ~ DVn = <én x 6E>/B (11)
where én is the density fluctuations due to drift waves, 0E is
the associated electric field fluctuations, and the angular bracket
refers to an ensemble average., Since 5E=¥¥k¢6®, dn/n = ed@/KTe
and Vn/n = - n/a, the ancmalous diffusion cnefficient D of _ N
Eg. (11) may be writton as

e 2 ,,
D =~ A(U—ll)o (kq) aKTe-‘.'/'eB)sin o, (12.)

n
where o is the phase angle between the density fluctuations én
and the associated potential fluctuations §¢. By comparing the
empirical relation of Eg. (4) with the phenomenological relation -

of Eq. (12), we -get

sin a =‘(Ls/a)(k¢

@ sn/m2ere). a3

As discussed inykef. [27] it should bé noted Lhat in woakhturhn1ence
when vy < w, the”éine of the phase angle between the density and
potenfial fluctuations should be:aﬁproximately equal to the
normalized growth rate y/w. Fﬁrther, since in weak turbulence the
normalized half width (Aw/w) of the fluctuation spectrum is also

approximately eéual to the normalized growth rate y/w, it is
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seen from Eq. (13) that

(Bw/w) = (L_/a) (k,a) “t(en/n) 2 (c/16). (14)

¢
Our exéerimental measurements did show that tﬁe observed values

of (Aw/w) increased with increasing values of the shear length L -
However, we have not carried out a detail experimental study of the
exact functional dependence of (Aw/w) on (Ls/a) in the weak turbulent
regime. Nevertheless, it is‘instructive to point out that for the
helium data of Fig. 2, Eq. (14) predicts a value of Aw/w‘of about
0.02 while the experimental value of Aw/w is about 0.25. It does
therefore appear that in the weak turbulent regime, our present
experimental results in conjunction with fhe previously reported
[3, 4]Aempirica1 relation of Eq. (4) seem to indicate that the
observed (Aw/w) is about ten times the value of sin o of Eg. (13),
while theoretiéally [27] oneexpects that (Aw/w) = (y/w) % sin a.

We do not know the physical reason for this discrepancy between
theory and experiment.

The other comment we wish to make is related to the satura£ion
level of the fluctuation amplifude iﬁ'the stroﬁgly turbulent regime.
As shown in Fig. 8, in the strong turbulent regime the fluctuation
amplitude tends to saturate at (Gn/n)o ~ 3% regatdless of heating
scheme, shear strength or electron temperature [see Eq. (2)]. Accord-
ing to KédomtsaV.[l?],when strong turbulence develops, the growth rate
Y reaches w-and the oscgllation amplitude increases to such an

extgnt that the perturbation of density gradient k Sn becomes of the

v
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order of the mean gradient Vn = n/a. Thatis, for strong turbulence

. 2 -2
(%?) > (#wa) . | (15)

(o]

In Eq. (15) k can be replaced by k since in the strong‘turbu—

¥ ¢

lent regime our experimental measurements seem to indicate that

kw X k¢.

cal Eq. (15) préaicts that (Gn/njoshould-saturate at a value of

For tﬁg experimental conditions of Fig. 8, the theoreti-

about 2 to 3%, while the experimentally observed saturatioh value
ol (Sn/n%)is aboﬁf 3%. Thus, in the strong turbulent reéime,
our experimentally measured level of drift wave turbulence appears
to be in reasonable agreement willi Lhat prcdioted thenretically by
Kadomtsev [see Eq. (15)1. However, in stronc'turbﬁlence Our.
experiment indicates that the observed k-spectrum of the turbu—
lent density fluctuatlons is fairly isotropic in k,-space w1th a
width Ak, of the order of k,. Consequently, we estimate that the
total (i.e., after a k-space integral) fluctuation level (Gn/n)
is about 15% [see discussions following Egq. (2)]. Thus the observéd
total fluctuation level is somewhat higher than Kadomstsev's
estimate [17].

Finally we wish to draw Lhe rcaders attention to the very
low frequency (i;e., w << w,) fluctuations with a power sﬁectrum
peaked around w & 0 in Figs. 3 and 4. As seen from Fig. 2(a),
these very low frequency fluctuaéions around w & 0 are absent
in the very high magnetic shear condition where only a single
mode typé d?ift‘Wave specfrum with k¢pi: 0.5 was seen. In other
words these very low frequency fluctuations are absent in;regime A

of Fig. 6 and tﬁéy appear only when the toroidal plasma is in
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regime B of Fig. 6 (i.e., when theishear strength is sucp that

the drift wave of w < w, is in the weak turbulent regime). In
regime B the frequency power spectrum of these very low frequency
fluctuations is peaked around w = 0. As the shear strength is
further reduced these very low frequency (w << w,) fluctuations
grew at a relatively faster rate thén the high frequency (w X wy)
drift wave fluctuations. In regime C of Fig. 6, these very low
frequency fluctuations have already reached their nonlinear
saturated stage and their frequency power spectrﬁm is flat (see
Fig. 5). It may4be pointed out that other recent microwave and
coé laser scattering experiments on the adiabatic toroidal com-
pressor (ATC) plasmas [28] also revealed a fluctuation spectrum

of the weak turbulence type similar to the ones shown in Figs. .3
and 4. This experimental observation of the very low frequency

(w << wy) fiuctuations then raises the following two theoretical
questions: First, what are these very low frequency fluctuations?
Are these a linear mode of a toroidal plasma with magnetic shear,
or are these some nonlinear modes due to the presence of drift
wave turbulence in the plasma? Second, what is the source of free
energy that drives thesé very low frequency modes unstable? From
linear dispersion theory the two possible very low frequency modes
are the convective cells [29] and ion acoustic waves with negative
parallel phase velocity [17]. According to the recent drift wave
turbulence, theory of Dupree [30], he finds that at very low fre-
quencies one can have turbulent ballistic modes (i.e., clumps in
phase space). All three of these modes (i.e., convective cells,
ion acoustic waves, and clumps) should have very long parallel

(i.e., parallel to ﬁ) wavelengths (i.e., very small k,) and. can be
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parametrically éxcitedyby the turbulent high frequency (i.e.,

w ~ w,) drift waves. Due to our experimental limitations we are
not in a position to state that. our experimentally observed very
low frequency fluctuations in Fiés.3 and 4 are convective cells

or ion acoustic waves or clumps. All these three types of modes

are likely candidates for the: experimental conditions of Figs. 3 and 4.
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5. SUMMARY AND CONCLUSIONS

The principal results of our experimental measurements can
be summarized as follows: (1) In microwave dc discharge plasmas
the measured dispersion relation of ‘the observed fluctuations
by microwave scattering was in reasonably good agreement with
that predicted from the theoreticél linear drift wave dispersion
relation of Eq. (4) when the magnetic shear strength is sufficiently
large. In high magnetic shear configuration the observed frequency
power spectrum of the fluctuations was of a single mode type with
a half width (Am/w5 ~ 1/4 and had a single value of k¢pi which
is less than unity with k¢ e kx-: 0. As the shear strength was
reduced the half width (Aw/w) increased, thus showing the effect
. of shear stabilization of drift waves. In the intermediate
shear configuration the half width (Aw/w) was of order unity and
the observed fluctuations had finite components of % in all the
three direbtions (i.e., ¢, ¥, and y~directions). However, even
when (Aw/w) was of order unity these fluctuations obeyed the
lineér drift wave dispersion relation of Eq. (4). Furthermore,
in this weak turbulent regime for drift waves of w * w,, very
low frequency (w << w,) fluctuations with a frequency power
spectrum peaked‘around w & 0 were also observed. These w << w,
fluctuations may be convective cells, ion acoustic waves or
turbulent ballistic modes (i.e., clumps) and are driven unstable
by parametric coupling to the turbulent drift waves of w & Wy
As the shear strength was further redﬁced the system went into a
state of strong turbulence with respect to drift waves. The turbulent
density fluctuations showed a strong dependence [of the form
(Gn/n)i e« m_6] on frequency but no dependence on wave number

(somewhat in sharp contrast to theoretical expectationg). The
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passage of the éYstem into the strong turbulent state occurred
rather abruptly with a relatively small reduction in shear strength.

(2) The experimentally measured ion mass dependence of thé
ﬁagnetic shear ﬁarginal stability condition was in reasonably
good agreement with the theoretical pfediction of Eq.-(8);
(3) Our results;seem to indicate that the response of a probe d
is a very sensitive function of the wave length even when the
probe tip is suﬁficiently‘small compared to the wave lengths of
the fluctuations under study. Inh particular the power spectrum
obtained with probes may be somewhat misleading since probes
have a tendency to respond only to very long wave length
fluctuations. (4) It was found that the strong turbulent state
can also be produced even in a high magnetic shear configuration
by increasing t?e electron temperature Te with a different
auxiliary plasma heating scheme such as the neutral beam injec-
tion heating and Ohmic heating. At the low trequency side thc turbulent
density fluctuations tend to salurate around some ronstant vélue,
and at the highé; frequencies a bower law dependence of fhe form
(dn/n%f = o™ yhere 4 <m $ 6 was Qbserved.

In conclus;on we wish to point out that our present experi-
mental study yiéids the following physical information abéut
drift waves in a toroidal plasma: (1) It is interesting and "
somewhat instruéﬁive to find that the linear drift wave disper-
sion relation i;?obeyed not only when y << w, but also in the
weak turbulent éegime where v  w. (2) The éxperimentally mea-
sured ion mass éependence of the magnetic shear marginal stability
condition is injreasonable agreément with the theoreticél'expecta—

tions. To our knowledge, this is the first experimental demonstra-

tion of the marginal stability criterion. (3) In the weak
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turbulent regime when y < w, our results seem to indicate that the
observed (Aw/w) = 10 sin o, while theoretically one expects that
(Aw/w) = (y/w) = sin a. At present we do not know the physical
reason for this discrepancy between theory and experiment. (4) In
the strong turbulent regime (when Yy is.of the order of w) the
measured level of driff wave turbulence is in reasonable (i.e.,
within an order of ﬁagnitude) agreement with that predicted
theoretically by Kadomtsev. (5) Finally, the puzzling feature of
our measurements is that in strong turbulence the observed
turbulent density fluctuatiohs shéwed a strong dependence [of the
form (Gn/nhf « u ™ where 4 $m $ 6] on frequency, but showed no
cbrreSponding significant dependence on wave number. In other
words, our experimental results in the strong turbulent regime
are in complete disagreement with Chen's theory of drift wave
strong turbulence. We believe that this is an important piece
of experimental information that one should bear in mind if one
wishes to formulate a truly satisfactory theory of strong drift
wave turbulence.
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Fig. 1. Schematic diagram of the experimental arrangement.
Insert on the lower left hand corner shows the magnetic field
configuration.
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e o Fig. 2(a). The observed
frequency power spectrum by
Fish probe and by microwave scattering
in high magnetic shear configura-
tion in a helium plasma. The band
width of the spectrum analyzer
42025 S = 2 kHz.
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Fig. 2(b). On top left hand
corner is the ion saturation
current as a function of radial
position. Shown from (a) to (e)
is the frequency power spectrum
observed by a probe at various
radial positions.
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Fig. 3. The frequency
power spectrum observed by probe
and by microwave scattering in
the middle shear configuration
in a helium plasma. Again
6f = 2 kHz.
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power spectrum observed by
microwave scattering in high
shear configuration in a
hydrogen plasma. &f = 2 kHz.
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Fig. 6. The observed ion
mass dependence of the shear
strengths which were needed to
stabilize the drift waves. 1In
regime (A) is a single mode-
type spectrum, weak turbulence
regime (B), and strong turbulence
regime (C). The dashed lines are
the different theoretical pre-
dictions for marginal stability . 1
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1 Fig. 7. Top shows the
Lime behavior of density and
temperature during the neutral
beam heating. Bottom shows

the time behavior of the

’ scattered power at various
frecquencica. Ilcre 8f 2 10 kiIlz.
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Fig. 8. A comparison of the turbulent spectrum obtained
by microwave scattering in plasmas produced by three different

heating schemes. Here all data were normalized to a receiver
band width §f =~ 2 kHz.



