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A study of drift wave turbulence by microwave sc~tt~ 

technique was carried out in a toroidal plasma confinement 

device, the FM-1 spherator. The principal results are; 

(a} Observation of r.he linear dispersion relation of drift 

waves in the high magnetic shear condition. The linear dis

persion relation is followed up to wea~ turbulence state (y ~ w} • 

(b) An experimental demonstration of the stabilization of the 

drift waves with an increase of the shear strength. In parti-

cuiar, the ion mass dependence of the observed marginal sta-

bili ty criterion for drift waves (w ::: w*} was in reasonably 

good agreement with theoretical expectations. Further, very 

low frequency (w << w*} fluctuations were enhanced when the 

shear strength was lowered . (c) A detailed study of the 

behavior of drift waves in a weak shear condition where a 

state of isotropic turbulencewasobserved. The turbulent 

density fluctuations showed a strong dependence on frequency, 

but no dependence on wave number (some~hat in sharp contrast 

to theoretical expectations}. The possible dependence of 

the anomalous loss process on the observed drift wave turbu-

lem.::~ is also discussed. 
l.0 
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1. }NTRODUCTION 

There have been intensive experimental studies of drift 

wave turbulence in linear and.toroidal plasma devices. The purpose 

of these studies was to iden'bify the cause of low frequency drift 

wave fluctua.~io:r,.s and to examine .the activity· of the drift w.ave 

turbulen<;:e ih conjunction with 'the ·obse·rved apparent c;1:nomalous 

particle and heat diffusion proces·ses. For example, in the past, 

considerable .. attention has been payed to the fluctuation studies 

in the spherator devices [ 1- 10] . Here we report on the study of drift 

wave turbulence in the FM-i spherator by a microwave scattering t:ecc::J:inique. 

We believe that the present experiment is the first 

experimental ... identification and study of drift wave'turbulence by 

microwave s¢ittering techniques in a tenuous pla~ma, w~ere tra

ditionally L~ngmuir probe me~s~renients have been widely used. One 

advantage of using the microw~ve scattering technique }s that a 

simultaneous measurement can be made of both the w ang k spectrum, 

w!1ere w and k are the f:J;equency and the wave number of th,~ drift wave. 

Secondly, we can eliminate :the physical insertion of the probe 

inside the plasma which may cause local inhomogeniety in the 

plasma dens:i;ty resulting in additional excitation of l.ow-frequency 

~ 

fluctuations. Thirdly, we can clarify doubts about the sensitivity 

of probe of which the tip size is comparable to the wave length. 

Thus, the previous experimenta+ studies which were carried out 

mainly by using Langmuir probes will be reexamined in'the light 

of the pres~~t experiment in:o~der to see whether or nbt any 

significant misunderstanding w.as introduced by insertion of probes. 

~: 
·' 

• 

. . 
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The recent development of high ·power microwave tubes with 

extremely low noise level" at low frequencies (~ 1 MHz) has made 

this scattering experiment possible in low density piasmas 

(n ~ 5 x lo
11

cm-
3
), altho~gh similar techniques have been used 

e 

mainly to study high frequency fluctuations ·in high demsi ty 

plasma such ·as the density fluctuations ·associated with ion

accoustic waves in current-carrying plasmas . [11 1 12]. 

The principal objectives of ·the present exper·iment are: 

(a) to show·that one· can measure the dispersion relation of low-

frequency drift waves by microwave scattering technique alone; 

(b) to demonstrate the shear stabilization of the drift· ·waves, 

and specifically to examine whether or not the ion mass dependence 

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 

regime in plasmas produced with various different heating schemes 

(such as microwave de 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 organized as follows: In 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. A brief summary of 

the experimental results and our conclusions are given in Section 5. 
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·~. REXPERIMENTAL ARRANGEMENT 

The FM-1 . spherator has a levitated·· superconducting coil 

and the plasmas are confined with the combination of the peloidal 

magnetic field BP produced by the superconducting coil currel)t 

Ip, a magnetic surface shaping-ve~tical field coil curr~nt IE, 

and a toroida~ field BT produced by the current IT along the 

axisymmetric axis [1]. In the pres~nt experiment the supercon-

ducting coil was excited with 275 kAT and the toroidal field 

was varied to .produce the different magnetic shear value,s. ·'The 

average value of the magnetic fi~ld strength B is 3. 0 ,.. 3. 5 kG and 

the ratio BT(Bp is 1/5 rv 1/7 with the maximum toroidal field 

strength. In other words, the main magnetic· field compo.nent 

is in the peloidal direction in contrast to that·in :the tokamak. 

For convenienc.Y,, in the following we use the natural (ljl, x, ¢>) 

coordinates,·where ljl-direction·is parallel to the density 

gradient, x-direction is along' .the poloidal field direc:ion Bp, 

and ¢>-direction is parallel to the toroidal f-ie;I,d c~m~-~nent 

BT. 

Figure 1 is a schematic block·diaqrarn of the experimental 

arranqement. The incident microwave power was supplied.by a 

varian VKQ2420G2 extended. interaction oscillator. Th.;Ls new_ly developed 

Varian tube wa_s very stable both in frequency and power '.output. 

Further the. output of this tube has extremely low noise,. level 

even in the very close neighborhood of its transmitting frequency. 

The tube was. capable of delivering a maximum output power of about 

100 w. However: in our experiment the tube was operated at a:n 

output power level of about 6 W and this further reduced the 
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noise level in.the vicinity of the transmitting frequency. The 

incident microwave power from the transmitter 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 

fi ~ 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-rnrn 

microwave transmitter-receiver system), the effective incident 

power PI ~ 0.2 W. ·The scattered signal was picked up by another 

identical antenna also placed inside the vacuum chamber. We 

have installed an array of· horn antennas inside the vacuum 

charnber·so that we can make scattering measurements at scattering 

angles: ecp::: 45° 1 60°, and 75° keepi.ngk·= (ki -ks) parallel 

to the direction of propagation of the drift waves (i.e., the 

' cp-direction); eljJ ~ 30° with k along the radial direction (i.e., 

the ljl-direction) ; and e ~ 15 ° with k aiong the poloidal magnetic 
X 

field. direction (i.e., the x-direction) • Here e=·is one half of the 

angle between the incident wave vector ki and the scattered 

wav~ vector k . The wave number k of the dri~t wave tha·t is 
s. 

respons_ible for the sea ttering is _given by . k = I k.I - 1!:31 = 2;k
0 

cos e , 

where k
0 

= Tkii = ·lk.sl· The.scattering volume as defined by the 

common intersection of the transmitter and the receiver horn 

antenna patterns·was chosen around the location of the maximum 
. 

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

the scattered signal was mixed with a larger reference signal 
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directly from the ·tran·$mitter at· the balanced crystal mixer. 

The difference signal from the mixer [i.e., the scattered signal 

at f =I fs- f
1 

11 was then amplified {by the broad band:ampli

fier) and ,finally Fourier analyzed { by the spectrum analyzer) . 

The receiver was calibrated by sending a known amount of ampli

tude modulated microwave power~ The modulation frequencies of 

3 kHz and 20. kHz were used in the cal·ibration and the receiver 

sensitivity wa~ the same for both these modulation freqtiencies. 

·4 
The typical sca_ttered power level· was in the range of 10 to 

10-6 wand the,.noise level of the homodyne detection system 

mainly at low frequencies was about 10-
7 

W. 

The general theory of the scattering of electromagn~tic 

waves from the electron density fluctuations in a pl.asma can be 

found in Refs. [13, 14]. Usually in any scattering experiment 

what one measures is the amount of electromagnetic wave ~ower 

that is scattered into a narrow. frequency interval ow which is 

determined by the frequency band width of the ·receiver system· 

[i.e., in our experiment (6w/2n) ~2kHz is the band width of the 

spectrum analyzer] . Since the scattered power is proportional to 

the square of the electron density fluctuations, we· find that it 

is useful in presenting our experimental results to define {on/n)
2 
w 

and { on/n)
2 

as 
0 

w + ow/2 

. (0~)'1. 
w f . ·[on{w)J 

2 

= dw ~ ' n 
{1) 

w- ·ow/2 

... 

fJ: 
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and. 

I 
(2) 

respectively~ In Sections 3, 4, ·and 5 we will consistently use 

the definition of. Eq. (1) in describing the observed frequency 

power spectrum of the scattered radiation; while the definition 

of Eq. (2) will be used both in comparing the l.evel of fluctuations 

as obtained by microwave scattering with that obtained by probe 

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 k = ki - ks and the 

angular resolution of the antennas were such that (ok/k) ~ 1/5. 

Since in the strong turbulence regime the fluctuation spectrum 

is fairly isotropic in k~ space with a width 6k~ of the orger of 

k~, we estimate that the total (i.e., after a k-space integral) 

fluctuation level on/n . is approximately .. given by 

2 . 2 2 2 2 
(on/n) ~ (6k~/ok) (on/n) ~ 5 (on/n) . We emphasize that this 

0 . 0 

is only a rough estimate of the total fluctuation level in the 

strong turbulence regime. Because of mechanical problems it 

proved impossible for us to experimentally obtain the entire 

k-spectrum of the fluctuations .[an information that is needed to 

obtain more accurate value of the total fluctuation level] . 

In order to compliment our study of the density fluctuations 
. ' 

associated with drift waves by microwave scattering, we have 

also monitored 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 Langmuir pr0be ';was ·a,tungsten cylindrical wire of 

diameter 0. 25 ·nun w.i:th an exposed length of 1 mrn. This probe was 

also used to measure the radial density profile and the electron 

temperature. The average electron density was measured with a 4-mrn 

microwave interferometer. The electron temperature T was also 
e 

measured both by laser Thomson scattering and by spectroscopic 

measurements {i.e. determination of Te from the line inte~sity 

0 0 0 0 

ratios CIII 4647 A/CIII 2297·A and CIII 4647 A/CII 4267 A). ·The ion 

temperature Ti was measured spectroscopically {i.e., from the 

0 

Doppler broadening of H
6 

and·.He.II 4686 A lines). 

In the present experiments we have utilized plasmas produced 

by three d~ffere.nt heating methods: microwave de ·discharges, Ohmic 
., 

heated discharges, and neutral beam injection heated discharges.· 

The de discharges were produced by.applying 1 kW de x-band 

(i.e., 10.5 GHz).microwave power. The gases used were hydrogen, 

helium, neon, argon, and xenon with a filling pressure in the 

range 1 x 10-6 to 5 x 1u""'n 'l'Orr. · In these ull::)t:hciLyes l:he ini'tinl 

breakdown occurred by electron cyclotron resonance. The a,verage 

electron density· n ~ 2 x 10 11 em ...... ), the electron temperature 

Te ~ 2 to 5 eV and the ion temperature Ti ~ 2 ev. Most of. our 

measurements wer~· done in thes·e de microwave discharges. T.hese 

discharges are cc:mvenient for making detail measurements of the 

scattered frequency and wave nuinber power spectrum because of 

the steady state' de nature of the operation.· 

The Ohmic heated discharges were produced by exciting a 

plasma current itiductively in the peloidal direction in a ~re-
. 11::. -3 

ionized plasma [5·~ 15]. The preionizedplasma (ofn ~ 5x 10 .em , 

T ~ 5 eV and T. ~ 2 eV) was produced by using a pulsed {200 msec) 
e ~ 

.. 

.. 
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10.5 GHz microwave power. Here again the_ gases used were hyqrogen, 

helium, neon, argon, and xenon with a filling pressure in the 

-s -s range 0.5 x 10 to 2 x 10 Torr. After the microwave power was 

turned off the Ohmic heating current of about 150 kA with one 

cycle at 500 Hz was drawn inductively in the poloidal direction. 

Since the preionized plasma was not fully ionized, the electron 

density increased fr·om about 5 x 10
11 

cm- 3 to about 5 x 10
12 

cm-
3 

and the electron temperature increased from about 5 eV to about 

50 eV during the Ohmic heating pulse~ The details of these 

nand T measurements can be·found in Ref. [15]. 
e 

We have also made some studies of the drift wave turbdlence 

when a pulsed (10 msec) neutral hydrogen beam of about 75 kW at 

15 kV was injected into a de microwave target hyQrogen 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 

11 -3 
the electron density increased monotonically from about 5 x 10 em 

12 -3 
to about 5 x 10 em during the entire 10 msec duration of the 

neutral beam pulse [16]. 

We will now_ give some description of the magnetic field 

configuration, the plasma conditions (i.e., the present experi-

mental parameter range), and the possible sources of free energy 

for the drift wave turbulence. The magnetic field configuration 

used in the:experiment is shown in Fig. 1. As shown in Ref. [2] 

this _field conf~guration with IT/Ip~ 1 is mainly a shear stabiliza

tion configuration for drift waves. The shear length Ls is defined 

by the. generalized sl1ecu· ;formula [ 8] 
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(3) 

where R is the r~dial distance from the axisymmetric axis an_d. 'ili/J is the 

component of the spatial gradient perpendicular to the magnetic surfaces. 

When IT/Ip = 1, Ls = 0.4 - 0.5 m at the inside horizontal plane 

(i.e., close t6 the toroidal field coils) and at the-outside 

horizontal plahe Ls = 1.5 m. "Thus th~ average shear len~th_<Ls> 

is about 1 n1 for IT/Ip ~ 1. When th~ vnlue 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 transport was reported in a previous paper [3,·4]. The 

anomalous particle and heat diffusion coefficients D and K are 

approximately given by 

and 

respectively, with C 

L KT 
D == C <~ > e 

a 16 eB I 

K::: (3-- 5)D 

= 1/400 - 1/800 for T : 2 eV, and. the 
e 

( 4) 

( 5) 

associated fluctuations·of (8n/n) ~ 5%. Here a is the density 

gradient scale' length. It must be noted that in Ref. [ 3] tne observed 

density fluctuations depended very sensitively on both the magnitude 

and sign of n = [ (d tn T /dr) I (d tn n/dr)] . 
e . . e. , . . , 

.. 
It is now physically instructive to examine which of the 

possible types of drift modes (i.e., collisional, collisionless, 

and trapped-.electron modes) are the likely candidates for our 
. . 

experimental parameter range of .. 5 x 10
10 ~ n ~ 5 x 1o

12
cm .::.

3
, 

; 

2 < T < 30 eV, and'. T. "' 2 - 5 ·ev. The relevant parameters 
e 1 

for l.dentifying the cause of drift· wave turbulence in .the 

. ,• 
~~· 

.. 
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presen.t experiment are: (a) the collisional± ty parameter 

.(b) T /T .• 
e 1 

Here· v ff :::: v /£ · e e 
is the 

effective collision frequency for scattering a traP.ped electron 

out of the trapped region, v is the electron collision 
. . . e 

frequency, · £ :::: l!B/B is the. magnetic mirror ratio, and _wbe is the 

electron bounce frequency between mirror trapping. For our 

experimental conditio~s 0.1 ~ veff/wbe ~ 2 and 3 S Te/Ti ~ 10. 

Therefore, collisional drift waves, collisionless drift waves, 

and collisional trapped-electron modes are possible candidates. 

In the first order approximation, the real part of the dispersion 

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

and this is given by 

w o: w* I
0 

(b) e -b I [I (b) e -b - 1 - T .jT ] 
· o 1 e 

( 6) 

where w* = (K Tekcp/e Ba) is the. electron diamagnetic ·drift frequency, 

and b = (k.ltpi)
2
/2 .. Here pi is the ionLarmorradius. However, the 

imaginary part of the dispersion relation of these three types 

ofdriftwaves are entirely different. This is because the sources 

of free .energy that are responsible for their_ growth rates are 

different. Following the simplified formulas given in Refs. [ 17-19) , 

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

collisional drift waves, collisionless drift waves, and trapped 

electron mqdes are given by 

k
2 n 2 

m 1 
" e e 

~ 

k
2 
~ w* m. v 

· 1 e 

(y/w) 

:::: rrr ~ (1 - n /2) 
k .... e 

II V e . 
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and 

( 7) 

respectively. Here k, is the parallel wave length, k~ is the 

~erpendicular wave length, me.is the electron mass, mi is the 

ion mass, Qe is 'the the .electron dyclotron frequency, ve is the 

electron thermal' ·velocity. Although a more detailed discussion 

of these drift modes (including curvature, radial structure, 

connection lenqth) can be found elsewhere, the essential physical 

mechanisms are adequately 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 o£ long wavelength (i.e., k~pi ~ 1) drift 

modes and in particular the ion mass dependence of the 

stability condition may be written [20,21] 

a 
( 8) 

where Lmfp. is the mean free. path of electrons, a is the scale 

length of the plasma, and ne = [ (d ,Q,n Te/dr)/{ d tn n /dr)]. 

Although f is a complicated function of these arguments, it is 

expected that f 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 o~ magnetic shear stabiliza

tion mechanism. For example, (1) a detailed study 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 de discharge plasmas; 

and (2) strong turbulence was studied under various conditions 

in plasmas produced by different heating schemes (such as micro-

wave de discharges, Ohmic heated discharges, and neutral beam 

injection heated discharges). First we discuss our study of 

drift waves in microwave de discharge plasmas. 

In the microwave de discharge plasmas n· ~ 2 x 10
11

cm-
3

, 

T ~ 2 to 5 eV, and T. = 2 ev. 
e 1 

As shown in Fig. 2, with st~ong 

shear (IT/Ip ~ i-~..,_i.e .• , <Ls>- 50 em) the low-frequency drift

wave ·fluctuations-were observed only around a scattering angle 

8~ ~ 60° corresponding to k~pi = 0.5 but no scattered signals 

were observed at scattering angles 8 ~ ~- 75° (corresponding to 

k~pi z 0.25), e~ ~ 45° (corresponding to k~pi z 0.75) and 

8 ~ 30° .(corresponding to k 0 87) This data was 1jJ ~pi ~ • "' 

taken in .a helium plasma. The observed frequency spectrum is 

sharply peaked at w/21T ~ 20 kHz with a half width l:!,.w/w ~ 1/4. 

In order to compliment our microwave scattering measurements we 

have also carried out measurements of the drift wave spectrum 

with tne aid of a Langmuir probe. A typical spectrum as 

· seen by the probe is al5o shown in thio figure. A radial sca.u 

, .. 
·,. 

:• .. '; 
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of the fluctuation level was also·carried out with the aid of 

this movable probe. It was found that the drift.wave fluctua-

tions were locatized in the region of the maximum density 

gradient. As seen from Fig •. 2 {_b}, the$e · fluctuat)ions were local;ized 
. . -

in a radial· distance b.r;:: :!;0. 5 ·CIT\ •. The··. derisi ty . gradient s.cale 

length a ~ 7 ern and the ion La~or radius at the location of the 

maximum density gradient is about 0. 3 ·-nun. The frequency spectrum 

as observed by the Langmuir probe is similar to that ubtd.iueu by 

microwave scattering at a scattering angle e<P·-::: 60° corresponding 

to k<Ppi ~ 0.5. 'However, the half width b.w/w of the spectrum 

obtained by the probe is slightly larger than that of the spectrum 

obtained by rnicfowave scattering. The magnitude of the fluctua

tion level (on/n) as measured by the probe is about 5%, and this 
::- p 

is in reasonable:: _agreement with the average fluctuation level 

(on/n) of about 2% as measured by microwave scattering. 0 . _. __ 

These results- show that: (1) The dispers;ion of the 

excited fluctuations ·is well defined in the high magnetic shear 

system. In par~i~ular,at very ~igh shear only a single mode with 

k<Ppi ::: 0.5 is ~~cited 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·~-:· scattering angle 8 <P ::: 60 ° corresponding ~o 

k<Ppi :::: 0.5; (3)·'~These fluctuations are due to drift waves. since 

ythe observed frequency of 20 kHz is in reasonable agreement with 

the calculated ·~alue of 25kHz from the-drift wave dispersion 

't . 

j· 

'•. 
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formula of Eq. (6) (for k~P· ~ 0.5 and a density gradient scale 
~ 1 . 

length a~ 7 em). Further, earlier probe studies reported in 

Refs. ( 3, 4] ·also showed that these are drift wave fluctuations. 

In order to demonstrate the shear stabilization of the 

drift waves we·reduced the value of the magnetic shear strength 

to an inte~ediate value corresponding to an <L > ~ 5.0 m with 
s 

IT/Ip - 0.2. The observed fluctuation spectrum in this inter-

mediate shear 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-G 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:±n the high m?-gnetic shear condition. Since 

the half width ~w/w is a measure of the normalized growth rate 

y/w of the drift waves, it is clear that increase in the value 

of the. magnetic 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 ect> ~ 75° 

(corresponding to kcppi ~ 0.25), ect> ~ 60° (corresponding to 

The 

spectrum obtained by microwave scattering at a scattering angle 

~ljJ ~ 30° corresponding to kljJpi ::: 0. 87 is similar·to that obtained 

at a scatteri~g angle e~ ~ 60° corresponding to k¢pi ~ 0.5. 

Further, i~ was found that a significant amount of microwave 

scattering by the low-frequency fluctuations occurred also for 

a scattering angle e = 15° corresponding to k p. ::: 0.97. Thus, 
· X X 1 . 

in the intermediate shear condition the excited drift waves had 

finite components of their wave vector k in all three. directions 
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(i.e. I <PI 1jJ I and x-direc_:t,ions). Further I in this intermediate shear 

condition very low frequency (w << w~) fluctuations with a pow~r spectrum 

peaked around w :::: 0 were also observed. This is in sharp contrast to 

the very high shear condition where a single mode with k<P~i ~ 0.5 

and kljJ - k 
X 

- 0 was excited. This seems to indicate that~the 

system 1s try~ng to go towards a state of isotropic turbulence 
.. 

with decreasing:values of the magnetic shear strength. As seen 

from Fig. 31 in"'this intermediate shear con9ition the normalized 

haif width. f).wjw 'is about unity fu1. dll !!cattering angles ... : Th:i.~ . . 

implies that the growth rate y of the drift waves under s~~dy 
... 

is already about· equal to the wave frequency w. Since y :::: w
1 

... 
it is not unreasonable to find some tendency towards a k-s;pace 

isotropy in the'observed fluctuation spectrum. ·Also it i~ seen 
.. 

from Fig. 3 that the peak frequency shifted from about 60 kHz 

for a scatteri~g angle e¢ ~ 60° corresponding to k<Ppi :::: 0.5 to 

about 90kHz for. a scattering angle e<P:::: 45° corresponding: to 

k<Ppi ::: 0.71. These peak frequencies are in reasonably goo~ 

agreement with the corre~pondin~J vmluc.• (nf ,,hnut 50 kHz f:nr 

k<Ppi ~ 0. 5 and about 75 kHz for k:<PPi ~ 0. 71) obtained from the 

theoretical drif~ wave dispersion relation of Eq. (6). Th~ fact 

that these frequencies are .somewhat higher than those in f}:le high 

magnetic shear configuration is mainly due to the change in the 

density gradient scale length when the shc.:tr valuQ w;;~~ varied. 

It should be noted from Fig. 3 that the spectrum obtained with 

.the probe is very·similar to that obtained by microwave sc~ttering 

at a scattering ~ngle e<P :::: 75° corresponding to k<Ppi ~ 0.25.,. 

However 1 the ,probe measurements failed to detect the peake.~ 

frequency spectrUm as observed .by microwave scattering at .. : 

scattering angles. e<P:::: 60° corresponding to k<Ppi:::: 0.5 and·· 

'' 

• 
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r~ : 45° corresponding to k~pi ~ 0.71. This is because the · 

probes can only measure an integrated k-spectrum and in particular 

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

indicate that the probe is more sensitive to longer wavelengths 

(i.e.', k~P· ~ 0.3) and is very less sensitive to shorter wave-
1 

lengths (i.e., k~pi ~ 0.3) even though the exposed size b.rp of 

the probe· tip is sufficiently small compared to the wavelengths 

of the fluctuations under study [i.e., for our experiments 

(~rp/A~) << 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 

e~ ~ 75° corresponding to k~pi ~ 0.13, e~ ~ 60° corresponding to 

k¢pi ~ 0.25, and e¢ ~ 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 e~ : 75° corresponding to 

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

to k¢pi : 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 

<L
5

> ~ 50 em with IT/Ip : 1. Even in this mnximum sh9ar 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 the sartief maximum shear condition, it is clear that 

the smaller the ion mass is, the harder it is to stabilize the 

drift waves with magnetic shear. This is consistent· with the 

prediction of the theoretical shear stability criterion of 

Eq. (8). Hence the helium data of Fig. 2 in conjunction. with 

the corresponding hydrogen data of Fig. 4 provide a semiquanti-

tative experimental demonstration of the ion mass dependence of 

the shear stability criterion for drift waves [~ee.Ey. (0)]. 

When the value of the shear strength was further reduced, 

the plasma went into a state of ·strong turbulence with respect 

to the drift wave fluctuations. That is, with extremely.: low 

shear strength (i.e. , <Ls> ~ 5 m with IT/Ip < 0. 2) , the frequency 

power spectrum of the drift wave fluctuations as obtained by 

microwave scattering did not show the peak at the frequency 

expected from the linear dispe·rsion relation of Eq. ( 6) (for any 

scattering angle). Indeed, the experirne11Lally observed fluctua

tion spectrum was essentially the s.:tme (both in magnitud'=' r:~ntl 

-
shape) for all values of k~p .. This is illustrated in Fig. 5. 

1 

The data shown .in this figure were taken in an argon pla~ma at 
..... 

a filling pressure of 1.5 x io-6 
Torr. Here we have shown the 

spectrum as obtained by microwave scattering at scatteri:ri.g 

angles 8¢ ::: 75~: corresponding to k¢1)i :: 0--75, e¢ ::: .G0° co'rrcu;pondinCJ 

to k¢pi ::: 1.50,~nd8¢ = 45° corresponding to k¢pi ::: 2.1 •. q Although 

not shown in this figure, it was found that the spectra a.t 

scattering angl'es 8'ljl = 30° corresponding to k'ljlpi ::: 2.6 

8 ;:: 15° corresponding to k p. :::: 2. 9 were very similar '(both in 
X · X 1 

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 d~nsity fluctuations 

showed a strong dependence on frequency .but no dependence on 

wave number (somewhat·in sharp contrast to theoretical expecta-

tions). Indeed as also shown in this figure the power law 

dependence of the turbulent density fluctuations is of the 

2 -6 
form (on/n)w ~ w for any scattering angle (i.e., for any value 

of k~pi) and for frequencies higher than about 20 kHz. But for 

frequencies less than about 20 kHz the fluctuation amplitude reached a 

saturated value of about 1% [,i.e., (on/n)'; r:: 10-
4
]. ·In Section 5 we will 

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 strengths which were needed to ·stabilize the drift waves 

under 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. In regime A the observed fluctuation 

spectrum ],R highly locu.lized a:r:·uund 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~pi. That is, in regime A the observed 

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 ~w/w of the order of unity, and for different 

scattering angles the frequency corresponding to the peak of the 
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spectrum shifte~ accdrding.to the linear drift wave dispersion 

relation of Eq. {6). In other words the observed fluctuation 

spectrum in regime B is similar to the ones shown in Figs. 3 and 

4. The curve labelled 1 shows the experimentally measure9. 

boundary for the transition from the high shear regime A .:[where 

!:J.w/w < 1] to the intermediate shear regime B [where l:::.w/w 'is of 

order unity]. In regime C, the plasma is in a state of strong 

isotropic trubulence with .L8spect to the drift wnve fluctl,ltions, 

and the power l~w dependence of the observed turbulent de~sity 

fluctuations is "of the form. { cSn/n) 
2 

a: w -G for an; scatter~ng 
w 

angle {i.e., fo~ any value of k~pi). That is, in regime~ the 

observed fluctuation spectrum is of the type shown in Fig. 5. 

The curve labelled II shows the experimentally measured ~gundary 

for the transition from the intermediate shear regime B {where 

the spectra is C?.f the type shown in Figs. 3 and 4) to the, extremely 

low shear regime C {where the spectra is of the strong t'ltJbulence 

type similar to. the one shown in Fig. 5) . ·· We should poin.t out 

that our microwave scattering measurements of the fluctuation 

spectra were only carried out at discrete values of the scattering· 

angles correspo~ding to discrete values of k. Consequen~ly, our 

experimental measurements of the boundary curves 1 and II· are 

not very precise. Nevertheless, th~ experimentally meas~red 

magnetic shear values corresponding to the boundaries between 

regimes A and B', and regimes B and C clearly showed a monotonical 

decrease .with the increase in ion mass. To opr knowledge. this 

is the first experimental demonstrationof the ion mass d~pendence 

of the magnetic shear marginal stability condition for drift waves. 
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In particular it is clear that larger is the ion mass, the easier 

it is to stabilize 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). In particular, 

our experimental results seem to indicate that the ion mass 

dependence of the magnetic shear marginal stability condition is 

1/3 
more or less given by (a/L) « (m /m.) . Further, since the 

s e 1 

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 results are reasonably consistent with the predictions 

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

drift waves by magnetic shear [20, 21]. 

In microwave de discharge plasmas strong drift wave turbulence 

w~s produced by reducing 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 T with . e 

a different auxiliary plasma heating scheme such as the neutral 

beam injection heating and.Ohrnic heating. The time. behavior of 

the plasma parameters such as n and T and the low-frequency 
e 

drift wave ~luctuation amplitudes when a pulsed (10 msec) 
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neutral hydrogen 'bearn-ef about 75 kW at 15 kV was injected into 

a de microwave t~~get hydrogen plasma are shown in Fig. 7. The 
... 

frequency power spectrum obtaineo at two different times 

(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 ~f about 40 to 50 eV and the density fluct~ations 

were excited with a relatively large:·[(s}n/n}; ::::· 5 x 10 ..,..s] but rea~~::mably 

constant arnpli tude up to 20 to 30 kHz. As seen from Fig .. 8, at 

t ::: 2 msec and for frequencies larger than about 30 kHz th~ 

fluctuation amplitude decreased monotonically 

frequency a~cnrding to the relation (on/n)
2 ~ 

w 

with increase in 

-4 
w After·2 msec 

the electron temperature dropped to about 10 eV and .the fluctua-

tion level stayed relatively constant for the rest of the duration 

of the neutra.l beam pulse. The measured frequency power spectrum 

of the fluctuations at t :::: 5 msec is alsu shown in Fig. R. As seen 

from. this tigure at t ::: 5 mcec the fluctuation amplitude r¢mained 

relatively constant up to about 100 kHz and thereafter decreased 

monotonically with increase in frequency according to the relation 

(on/n)
2 ~ w-

4
. In Fig. 8 we have also shown the turbulen~ spectrum 

w 

obtained in an Ohmically heated plasma of Te :::: 30 eV and 

12 ·~3 
n - 3 x 10 em . Here again at low frequencies (i.e., less 

than about 500kHz) the turbulent fluctuation spectrum tends to 

saturate at a value of (o n/n) 2 :::: 3 x 10 ... 5 , and at highe.r frequencies 
w 

the spectrum showed a power law dependence of the form ... 

(on/n)C: ~ w-r( 4-S) .. ~ We should point out that regardless of:·,the 

nature of the plasma heating scheme (i.e., microwave de discharge, 

.. 
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neutral beam heating, or Ohmic heating), when the system was in 

the state of strong turbulence the turbulent density fluctuations 

i -(4-6) showed a strong dependence on frequency [i.e., (6n/n) «w 1 
w 

but showed no significant dependen~e on wave number. This 

seems to indicate 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 [221 has shown 

that the turbulent dispersion is markedly different from the 

linear dispersion for the case of ion acoustic wave turbulence. 

However, we are not aware of any theoretical calculations of 

turbulent drift wave dispersion relation. 

Anothe·r interest.;i..ng result indicated by Fig. a is the 

fluctuation saturation level. Although the ·appare.nt saturated 

level at low frequencies (on/n); differs for the different plasma 

heating schemes or shear strength, the integrated fluctuation 

level (on/n)o
2 

[see Eq. (2) 1 . . t tl c~ I ) . . g1ves cons1s en y un n 
0 

~ 3% 

independently from the plasma conditions. Hence, we estimate 

that in the strong turbulent regime, the total density fluctuations 

(on/n) ::: 5 (on/n)0 is about 15% [see disscussions following 

Eq. (2) L 

.. 



4. SOME DISCUSSIONS 

We now wish to make some remarks fi~st about the strong 

turbulent state, and second about the possible dependerice of the 

anomalous particle and energy confinement properties of plasmas 

on the level of drift wave fluctuations. 

It is seen from Fig. 8 that regardless of the nature of the 

plasma heating scheme (i.e., mi'c:rowave de discharge, neutral 

heam heating, or Ohmic heating), when the system was .l.ll Lhe 

state of strong turbulence the frequency power spectrum of the 

turbulent density fluctuations had a common behavior. At the low 

frequency side the turbulent density fluctuations tends to saturate 

··-
at some constant value, and at the higher frequencies a power 

law dependence of the form ( on/n) .2 
ex: w -m where 4 :5 m ::;· 6 .. ~as 

w 

observed. In the early literature [23-25] seve~al afith6rs htive 

reported on the observation of a similar drift-wave turbulent 

spectrum in entirely different plasma devices (such as in stel

lerators and in linear plasma devices). All of those e~-r-,.1P.r 

measurements of the turbulent spectrum were carried out with 

probes and it is generally knowr'li ehat ~J:obe~ do not ha"~.TP r~ny 

k-resolution. However, here we have presented the observation of 

a similar turbulent spectrum by microwave scattering at different· 

scattering angles corresponding to different values of k .',_ The 

pu!Zzling feature of our measurements is that the observed.; turbu

lent density fluctuations showed the strong dependence [o_:f the 

2 -m < < · h h' h form (on/n) ex: w where 4 - m- 6] on frequency at. t e ~g er 
w 

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.,~..Pj_ ~ 4 ) .. 

The universality of the spect~um under such diverse con-

ditions suggests that th~ final turbulent state is more or less 

independent of the excitation mechanism. This type of a universal 

behavior has been known in ordinary hydrodynamic turbulence. In 

the study of turbulence in incompressible fluids one finds that 

there exists an inertial range in k-space where the k-spectrurn 

is universal and it was found by Kolmogorov [26] by dimensional 

analysis that the spectrum should vary as k-
513

• In the turbulent 

stationary state there exists a nonlinearly coupled 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 smallest 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 sizes yield the familiar Kolmogorov k-spectrum of the 

hydrodynami~ turbulent s"t:ationary !:itate. If we now take the 

similar view for drift-wave turbulence as was done by Chen [231, 

then one can easily show that the spectra of the potential fluctua

. tions o.<f> associated with the drift wave density fluctuations fin 

should show a power law dependence of the form (o<t>)
2 ~ k-

5
• If 

further we assume that a small but finite k., always exists _in a 

-+ 
"turbulent state so that electrons flowing along B preserved the 

app.roximate relation n ~ n exp ·(-eo<f>/KT )", then one can easily 
o e 

show that the density fluctuations in the stationary ·.turbulent 
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state should obey a power :law dependence of the form.T23] 

2 -5 
( O.n/n)k ex: k • (9) 

Furthermore, if we now assume that for drift waves the turbulent 

dispersion is essentially the same as the linear dispersion 

(somewhat in sharp contrast to the recent theories of ion acoustic 

wave turbu~enc~ ~y Tsytovich [22)), then it is relatively easy 

to show from Eq. (9) that in the turbUlent stationary stat.e 

for drift waves of k~p. < 1 •. 
l. 

, (10) 

Our microwave scattering experiment and the probe·measure-

ments reported.,, in the ear.ly literature [23'-?.L)] do t.ndicate that at 

higher frequencies the observed turbulent density fluctuations 

fol.low a iJUYler law d~p~ndence of the form given by Eq. (10) . 

However, sine~ the probes have no k-resolution it is fair to say 

that all of these experiments·and ours in particular indicate that 

thP. power law dependence of the form given by Eq. (9) i~ in no 

way close to reality. We therefore conclude that our: experimentRl 

results (anu possibly also the earlier resul~s obtained with 

probes) are in complete disagreement·with the existing theory 

[23] of drift wave 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 experimental information that 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 

Lorentz ian 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 instabilities, namely convective and 

absolute. These two distinct types ·of instabilities may 

eventually evolve into two distinct types of strong turbulent 

states. If we conjecture that in one of these turbulent states 

the system·consists of nonlinearly coupled statistical dist~i

bution of eddies of roughly a uniform distribution 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 ensemble can in principle yield 

a power law dependence on· frequency wi.thout. showing any signi

ficant dependence on wave number (a feature that 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 relationship between the shear strength 

and the anomalous transport coefficient is given by Eq .. (4). For 

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 fl\ix· r due to. the electrostatic drift wave 

fluctuations may be written 

r ~ - DVn ~ <6n X 6E>/B , ( 11) 

where 6n is the density fluctuations due to drift waves, 6E is 

the associated electric field fl~ctuations,and the angular bracket 

refers to an ensemble average. Since 6E =:-kef> 6~, 6n/n = e6~/KTe 

and 'V'n/n = - n/a, thl::::! ct.nomalouo diffu&ion r.nP.fficient D of 

Eq. (11) llld.}'" be writ ton a& 

.(I' )2 . 
D . ~ . \.)~

1 

0 
(k cf> a K T ~/e.B) sin ct , (12) 

where a is the phase angle between the density fluctuations on 

and the associated potential fluc·tuations 6~. By comparing the 

empirical relation of Eq. (4) with the phenomenologi<:=al relation 

of Eq. (12), we·get 

-1 . -2 
sin a = . {L

8
/a) (kef> .. a) ( 6n/n)

0 
(C/16} .. ( 13) 

As discussed in Ref. [27] it should be noteu Lhat in woak .. tl.lThnlP.nce 

when y < w, the sine of the phase angle between the density and 

potential fluctuations should be:approximately equal to the 

normalized growth rate yjw. Further, since in weak turbulence the 

normalized half width (flw/w) of the fluctuation spect.:r.um is also 

approximately equal to the normalized growth rate y/w, it is 

,, 

,, 
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seen from Eq. (13) that 

(l!w/w) ::: (L /a) (k"'a) -l (on/n) -
2 

(C/16). 
s ~ 0 

(14) 

Our experimental measurements did show that the observed values 

of (llw/w) increased with increasing values ~f the shear length Ls. 

However, we have not carried out a detail experimental study of the 

exact functional dependence of (llw/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. (i4) predicts a value of llw/w of about 

0. 02 while the experimental value of llw/w is about 0·. 25. It does 

therefore appear that in the weak turbulent regime, our present 

experimental results in conjunction with the previously reported 

[3, 4] empirical relation of Eq. (4) seem to indicate that the 

observed (~w/w) is about ten times the value of sin a of Eq. (13), 

while theoretically [27] oneexpects that (l!w/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 saturation 

level of the fluctuation amplitude in the strongly turbulent regime. 

As shown in Fig. 8, in the strong turbulent regime the fluctuation 

amplitude tends to saturate at (on/n) ~ 3% regardless o.f heating 
. 0 

scheme, shear strength or electron temperature [see Eq .. (2)]. Accord-

ing to KadomtseV. [17], when strong turbulence develops, the growth rate 

Y reaches w and the oscillation amplitude increases to such an 
D 

extent that the· perturbation of density gradient kljJon becomes of the 
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order o:r the mean gradient 'Vn ~ n/a. That is! for strong turJ:mlence 

2 -2 ·(o;) ~ (kl/Ja) • 
0 . 

(15) 

In Eq. (15) k~ ~an be replaced by k¢' since in the strong turbu

lent regime our experimental measurements seem to indicate .that 

k~ ~ k¢. For the experimental conditions of Fig. 8, the theoreti

cal Eq. (15) pre~icts that (on/n)
0

should saturate at a value of 

about 2 to 3%, while the experimentally observed saturation value 

u£ ( on/n)
0 

is ab011t- 3%. Thus, in the strong turbulent regime, 

our experimentally measured level of drift wave turbulence appears 

to be in reasonable agreement wl L11 Lhat prcdiotea th'='0n~t.icaL!,y by 

Kadomtsev [see Eq. (15)]. However, in strong· turbulence our 

experiment indicates that the observed k-spectrum of the turbu-

lP.nt density fluctuations is fairly isotropic in k.,~.-space with a 

width ~k~ of the order of k~. Consequently, we.estimate that the 

total (i.e., after a k-space integral) fluctuation level (8n/n) 

is about 15% [see discussions following Eq. (2)]. Thus the observed 

total fluctuation level is somewhat higher than Kadomstsev's 

estimate [17]. 

Finally we·wish to drdw Lhe r~Qdcrs att~n~ion to the very 

low frequency (i.e., w << w*) fluctuations with a power spectrum 

peaked around w ~ 0 in Figs. 3 arid 4. As seen frbm Fig. 2~d), 

these very low frequency fluctuations around w ~ 0 are absent 

in the very high· magnetic shear condition where only a si~gle 

mode type drift'wave spectrum with k¢pi ~ 0.5 was seen. In other 

words these very low frequency fluctuations are absent in:regime A 

of Fig. 6 and they appear only when the toroidal plasma is in 
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regime B ·of Fig. 6 (i.e., when the shear strength is such 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 than the high frequency (w: w*) 

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 spectrum is flat (see 

Fig. 5). It may be pointed out that other recent microwave and 

co
2 

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 << w*) fluctuations 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 

P.nergy that drives these 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 B) wavelengths (i.e., very small k .. ) and. can be 
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~arametrically excite~-by the turbulent h~gh frequency (i.e., 

w ~ w*) drift waves. Du~ to our experimental limitations we are 

not in a position to state that. our experimentally observed very 

low frequency fluctuations in Figs. 3 and 4 are qonvective cells 

or ion acoustic waves or qlurnps. All these three types qf modes 

are likely candidates fo:r: 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 ~ollows: (1) In microwave de discharge plasmas 

the measured dispersion relation of ·the observed fluctuations 

by microwave scattering was in reasonably good agreement with 

that predicted from the theoretical linear drift wave dispersion 

relation of Eq. (4) when the magnetic shear strength is sufficiently 

large. In high magnetic she~r configuration the observed frequency 

power spectrum of the fluctuations was of a single mode type with 

a half width (~w/w) : 1/4 and had a single value of k~pi which 

is less than unity with k~ ~ kX ~ 0.· As the shear strength was 

reduced the half width (~w/w) increased, thus showing the effect 

of shear stabilization of drift waves. In the intermediate 

shear configuration the half width (~w/w) was of order unity and 

the observed fluctuations had finite components of k in all the 

three directions (i.e.,~,~, and x-directions). However, even 

when (~w/w) was of order unity these fluctuations obeyed the 

linear drift wave-dispersion relation of Eq. (4). Furthermore, 

in this weak turbulent regime for drift waves of w ~ w*, very 

low frequency (w << w:~;) f-luctuationo w;ith a .(.r;equency power 

spectrum peaked around w ~- 0 were also observed. The·se 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 !:: w* ·~ 

As the she~r strength was further reduced 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 

2 -6 
(cSn/n)- ex: 111 ] on frequency but no dependence on wave number 

w 

(somewhat in sharp contrast to theoretical expectations) • The 
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passage of the system jnto the strong turbulent state ocri~rred 

rather abruptly with a relatively small reduction in shear strength. 

(2) The experimentally measured ion mass dependence of the 

. -
magnetic shear marginal stability condition was in reasonably 

good agreement with the theoretical prediction of Eq. (8). 

(3) Our results seem to indi.cate that the respons.e of a probe 

is a very sensitive function of the wave length even when the 

probe tip is sufficiently small compared to the wave lengths of 

the fluctuations under study. In pa:r·ticular the power spectrum 

obtained with probes may be somewhat misleading since pro.bes 

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 the electron temperature T with a different 
- e 

auxiliary plasm~ heating scheme such as the neutral beam injec-

tion heating and Ohmic heating. -~t the low trequenc.:y side the turbulent. 

flP.nsi ty fluctuations tert6 to !:ict Lurate .:::~rounO. some r.onstant value, 

and at the higher frequencies a power law dependence of the form 

(on/n)
2 ~ w-m where 4 ~ m ~ 6 was observed. 

(JJ 

In conclusion we wish to point out that our present experi~ 

mental study yields the following physical information about 

drift waves in a toroidal plasma: (1) It is interesting and 

somewhat instructive to find that the linear drift wave disper-

sian relation is.obeyed not only when y << w, but also in the 

weak turbulent regime where y ~ w. (2) The experimentally mea-

sured iori mass dependence of the magnetic shear marginal stability 

condition is in.reasonable agreement with the theoretical expecta

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

tion of the marginal stability crite~ion. (3) In the weak 



,, 

-35-

turbulent regime when y < w, our results seem to indicate that the 

observed (~w/w) ~ 10 sin a, while theoretically one expects that 

(~w/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 y is of the order of w) the 

measured level of drift wave turbulence is in reasonable (i.e., 

within an order of magnitude) agreement with that predicted 

theoretically by Kadomtsev. (5) Finally, the puzzling feature of 

our measurements is that in strong turbulence the observed 

turbulent density fluctuations showed a strong dependence [of the 

form (on/n)
2 ~ w-m where 4 ~ m ~ 6] on frequency, but showed no 
w 

corresponding 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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Fig. 2(a). The observed 
frequency power spectrum by 
probe and by microwave scattering 
in high -magnetic shear configura
tion in a helium plasma. The band 
width of the spectrum analyzer 
of :::: 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 prove 
and by microwave scattering in 
the middle shear configurati on 
in a helium plasma. Again 
of ~ 2 kHz. 



763996 

Fig. 4. The frequency 
power spectrum observed by 
microwave scattering in high 
shear configuration in a 
hydrogen plasma. of ~ 2 kHz. 
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Fig. 5. On left is the 
frequency power spectrum ob
served by microwave scattering 
in low shear configuration in 
an Argon plasma. On right we 
show the power law dependence 
of the observed fluctuation 
spectrum at high frequencies. 
of ::: · 2kHz. 
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Fig. 6. The observed ion 
mass dependence of the shear 
strengths which were needed to 
stabilize the drift waves. In 
regime (A) is a single mode-
type spectrum, weak turbulence 
regime (B) , and strong turbulence 
reqime (C). _The dashed l1nes are 
the different theoretical pre
dictions for marginal stability 
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Fig. 7. Top shows the 
Llme Lellctvlor o( den::;lty and 
temperature during the neutral 
beam heating. Bottom shows 
the time behavior of the 
scattered power at various 
frequencien. IIere 8f :::: 10 kiiz. 
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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 of ~ 2 kHz. 


