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ABSTRACT. Edge-plasma turbulence was investigated over a wide range of plasma and field parameters in
the Caltech research tokamak. Fluctuation levels and spectra were measured using Langmuir probes in the
region r/fa = 0.75—1.0. Under almost all conditions the edge plasma was turbulently unstable, with a broad-
band fluctuation spectrum in the drift-wave range of frequencies f = 10—1000 kHz. A stable state was observed
only in the very cold, low-current discharges formed at unusually high neutral filling pressure. Otherwise, the
relative fluctuation level as monitored by the ion saturation current J * was very high, in the range 'j”'/f*% 0.2-0.8,
while the fluctuation power spectra were roughly invariant in shape. The relative fluctuation level was always
highest near the wall and decreased 'monotonically toward the plasma centre. The same edge turbulence was
observed with or without an outer limiter present. The relative fluctuation level was observed to be independent
of the local collisionality over a range of nearly 100. The radial variation of T"‘/ T*can be related to the radial

density scale length Ly by T +/J_ t i35 Yos/ Lyt

1. INTRODUCTION

Small-scale density fluctuations have often been
observed in tokamak experiments using electro-
magnetic scattering [1—5], Langmuir probes [6—9] or,
recently, visible imaging [10, 11]. Generalizing the
collective results of these observations, we find at
least two common features [12]: (i) the frequency
and wavenumber spectra of 1i are broad, which suggests
that the plasma is ‘turbulent’ on a spatial scale A =2 p;
and a frequency scale f Ev; /pi, where p; is the ion
gyroradius and v, is the electron diamagnetic drift
velocity; and (ii) the rclative fluctuation levels fi/n
generally increase from less than 1% at the centre to a
maximum of fi/n = 5—100% in the edge plasma near
the wall [2, 6]. These small-scale ‘microscopic’ fluc-
tuations have been observed whenever they have been
looked for in tokamaks, and they appear to exist
independently of the global ‘macroscopic’ magnetic
modes which may be present at the same time.

In view of the probable importance of this turbulence
for tokamak particle and energy confinement, exten-
sive theoretical work has been done to examine the low-
frequency microstability of the tokamak [13—14].
Recently, several non-linear models have been developed
which can simulate the self-interaction of many waves
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and thus predict broadened wavenumber spectra which
are similar to those observed experimentally. However,
both the complexity of the theories and the incom-
pleteness of the experimental data base have so far
allowed only limited success in fitting such a theory

to experiment [15].

In this paper we systematically examine the tur-
bulence of the edge region of the Caltech tokamak.
One aim was to search for an operation regime in which
the edge plasma would be stable, or at lcast linearly
(non-turbulently) unstable, so that some clue could be
obtained as to the physical mechanism normally
driving the turbulence. Another aim was to provide a
set of data on the ‘scaling’ of this turbulence in order to
test current theoretical models. A third motivation comes
from the practical need to understand the sources of
cross-field particle diffusion in the edge region in order
to optimize the design of limiters or divertors for larg
tokamak reactors. :

The organization of the paper is as follows:

Section 2 contains the experimental details about the
tokamak and the Langmuir probe techniques,

Section 3 describes the experimental results, Section 4
contains a discussion of these results with respect to
other experiments and theory, and Section 5 is a
summary.
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2. EXPERIMENTAL DETAILS

The Caltech research tokamak has the following
typical parameters: major radius Ry =45 cm, minor
radius a = 16 cm, toroidal field Bt = 3.5 kG,
plasma current I =25 kA, line-averaged density
n = 102 — 10" cmi 3, and central electron temperature
Te = 100 eV (assuming Z = 2). The machine is
routinely Taylor-discharge-cleaned, and the impurity
level as monitored by a broadband UV detector
indicates a relatively clean plasma. Unless otherwise
noted (Section 3.6) the machine is operated without
any localized limiters.

The edge plasma, defined here as the region
r/a=0.75-1.0, is diagnosed using Langmuir probes
similar to those described previously [6]. The single
cylindrical tungsten tip used for most of these experi-

ments has (unless otherwise noted) a radius rp = 0.08 cm,
a length of 0.23 c¢m, and a total exposed area of 0.13 cm?.

This tip is mounted at the end of a 0.35 cm diameter
grounded stainless steel shaft and insulated from the
shaft by a recessed ceramic sleeve. Variously sized
probes of tungsten, gold or stainless steel have been
tried, with either grounded or insulated shafts, with
essentially the same results. The probe tip is biased
typically =150 V with respect to the local chamber
ground in order to collect ion saturation current J°;
very similar resulfs are obtained over a range of biases
from —100 to =200 V. The probe current is monitored
by the voltage across a 3—10 ohm series resistor in the
biasing circuit. The voltage at the probe can also be
swept to obtain the local electron temperature from
the (I, V) characteristic in the usual way {16, 17]. Edge
densities and temperatures deduced from the probe
data are similar to those obtained for other tokamak
edge plasmas [18, 19], i.e. n=(0.5—-5) X102 cm™3
and Te= 15-35 eV.

The use of Langmuir probes for studying edge-
plasma turbulence has some advantages and some dis-
advantages with respect to the more sophisticated
technique of electromagnetic scattering. The main
advantages of the probe technique are its extremely
good spatial resolution (the probe size is rp= ps/2,
where pg = +/ ie/mi/wci = 0.15 cm) and the simul-
taneous sensitivity of the probe to many wavelengths,
particularly to those long wavelengths k; ps < 0.3

which are sometimes difficult to resolve with scattering.

Although the probe response will diminish for wave-
lengths smaller than the tip diameter (k, ps $ 6), the
relative fluctuation level for all larger wavelengths can
be measured directly without calibrations and calcu-
lations such as are necessary for scattering measure-
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ments. On the other hand, a single probe as used here
cannot provide information on the k-spectrum, only
on the frequency spectrum, and it cannot generally be
assumed that these two spectra are directly related
through a constant phase velocity. Also, the detailed
theory of ion collection in a warm magnetized plasma
can be very complicated [20, 21], so that the inter-
pretations of the probe signals are always inexact to
some extent (see below). Finally, the probe can
obviously be operated only in the cold outer regions
of the tokamak, and even there an effort must be
made to ensure that perturbations due to the probe on
its local environment are negligible (see below).

In this experiment the turbulence spectra and relative
fluctuation level are monitored using the ion saturation
current J* (although similar results can also be obtained
with the electron saturation current). In general, the
ion saturation current to the probe can be written
{18, 20]:

T'(Arcmi?) =I"A = nev (¢))

where I” is the current drawn by the probe, n is the
local plasma density, v is a velocity characteristic of
ions entering the probe sheath, and A is the effective
area for ion collection. Thus an estimation of the
local n from the measured I* involves a knowledge of
both A and v. Although the ‘small sheath’ condition
is easily satisfied (rp > Ap), the effective A in general
depends on the size of the ion gyroradius compared
with the probe size. For our case, Ip = pj, SO WE use
the total exposed area of the tip, i.e. A=0.13 cm?, for
calculating the average densities. The velocity v is
usually taken to be the ion sound speed [18],

v = (1/4)+/(8/1) Tg/m;, and we shall use this formula
even though the exact ratio of T/T; is not known for
this plasma. The uncertainties involved in estimating
A and v imply that there is at least a factor-of-two
uncertainty in the estimation of the absolute value of
density obtained using Eq.(1).

Fluctuations in J* can in general be caused by
fluctuations in n, v or A. Since the sheath is negligibly
small and the magnetic fields are approximately
constant, we can rule out fluctuations due to A. If the
plasma electron (or ion) temperature was fluctuating,
this would also cause a fluctuation in J* proportional
to/T. Howevgr, we have so far been unable to detect
any broadband T, with a rapidly swept probe (to be
reported elsewhere), while there is clear evidence for
fi from scattering, so we can tentatively assume T/ T=0,
FoenandT7'7 = fi/n. Evenif T #0, the " signal
has a precise interpretation in terms of the local ion
flux to the probe.
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Another possible source of I fluctuation would be
obtained if the floating potential of the plasma fluc-
tuated and if the actual slope of the (I, V) probe
characteristic in the ion saturation region was not
exactly zero. This effect has been estimated for our
case by noting that the measured floating potential
fluctuations are typically ¢ < 20 V (root mean square)
about zero, and that the average collected current
varies by less than 6% between bias levels of =125 V
and —175 V; thus the expected changes in J* due to
the potential fluctuations around —150V are less than
2% root mean square and therefore negligible with respect
to the observed fluctuation level of 20—80%. This
effect can in principle be eliminated by using a double
probe to bias one probe with respect to another nearby
probe; however, we have chosen to retain the simpler
single-probe method in the present experiment.

There is also the possibility that fluctuations in a
high-energy electron tail could cause a response in J*,
since these electrons would not be repelled by the
probe bias. This effect was shown to be negligible by
noting that a probe shielded from the electron drift
side has J*and J */T* similar to an unshielded probe.
Secondary electron emission from the probe may also
cause the total current to be larger than the ion
current; however, as long as the secondary electron
emission coefficient is constant, this effect would only
change the absolute magnitude of the inferred density
and not the relative fluctuation level or spectrum.

Thus we conclude that the fluctuations in the probe
current J " are essentially due to fluctuations in the
local plasma density. However, for the sake of pre-
cision we retain the notation J *and +/.T+ rather than
translate this measurement into an equivalent 0 and n/n.

Various checks have been made which show that the
presence of the probe does not perceptibly change
either the global plasma or the local fluctuation level,
at least for probes in the cool edge region where the
heat load onto the tip is not high enough to evaporate it.
For example, the introduction of a second probe
< 0.2 cm away from a given probe does not change the
signals from the first probe, whether or not the second
probe is biased. Also, the total UV emission monitored
near the probe does not change as the probe is inserted,
indicating that the probe is not a significant source of
impurities. A separate attempt to bias a very large
2 cm X 7.5 cm ‘probe’ in the edge plasma showed that
up to 10 A of ion current can be drawn from the edge
without affecting the global properties of the dis-
charge and without affecting the local fluctuations.

The clearest evidence that the probes do not perturb
the plasma comes from a recent measurement of edge
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turbulence made using the visible light emitted from
the edge plasma of the Caltech tokamak [11]. It was
shown that the light intensity fluctuations near the
probe tip are well correlated with probe J* signals and
that these light fluctuations were unchanged when the
probe was removed from the plasma. This again indi-
cates not only that the probe did not perturb the
fluctuations, but also that the probe was responding
to the same density fluctuations which cause the
visible light emission to fluctuate.

Finally, a previous comparison between probe and
far-infra-red (FIR) scattering in Microtor [4] showed
that the edge fluctuation spectra were the same as those
measured by the two systems, but that the probe
indicated a higher relative fluctuation level than the
scattering system. - This disagreement can be accounted
for by the difficulties in the calibration of the FIR
detector and geometry [22], by the different volume
of plasma sampled by the two systems, by the
uncertainty in measuring the local n for the FIR
measurement, and by the uncertainties involved in
using the scattering system in the long-wavelength
region k, ps < 0.3 where the fluctuation amplitude is
still very high. On the other hand, the principal
uncertainty in the interpretation of the probe j i
namely the possible existence of significant electron
temperature fluctuations, still remains a potential
contributor to this discrepancy. However, a recent
measurement of furbulence in the TEXT tokamak
using a multi-channel FIR system [23] has shown edge
fluctuation levels to be up to 30%, indicating that
the probe and FIR results are not all that different.

The J* signals are digitized at typically 2 MHz with
LeCroy 2264 recorders. The band width of the signal
amplifiers is limited to 1 MHz to avoid aliasing. The
high-frequency response of the ' signals is limited only
by the effective resistance of the probe and the
~ 100 pF cable capacitance, and is estimated to be
well above 1 MHz. This was checked to be so by
noting that the cable length could be increased ten
times without affecting the observed fluctuation
spectrum. The low-frequency response of the probe
biasing circuit was set by the discharge of the 1000 uF
series capacitor to be ~1 Hz.

Typically, 32 kbytes of 8-bit data were recorded for
each shot for later analysis on an LSI 11/23 computer.
Spectra are calculated for 1-kbyte-long records using a
Hanning window and typically a 6 kHz FWHM Gaussian
averaging. Fluctuation levels are calculated by taking
the root-mean-square deviation about the mean after
linear trend removal and normalizing by the mean.
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3. SCALINGS OF EDGE TURBULENCE

Measurements of the edge-plasma turbulence under
various discharge conditions are described in this
section. A comparison of these results with other
experiments and with theory is given in Section 4.

3.1. Time dependence

Figure 1(a) gives an example of a typical tokamak
discharge, showing the plasma current, total UV light
emission through the plasma centre, line-averaged
density i1, and ion saturation current J*, which for this
case was monitored by a probe located at the top of
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FIG.1. (a) Typical tokamak discharge showing the time
dependences of plasma quantities and also the Langmuir probe
ion saturation current J" measured at r/a = 0.9; (b) expansion
of the J* trace at t = 8 ms, showing its turbulent character.

1628

the chamber, 1.5 cm in past the chamber wall (r/a=0.9).
Without gas puffing the average density would stay
below 10'2 cm™® after t = 2 ms; with gas puffing, such
as shown, the average density can be raised up to
10'3cmi3. In general, the average value of the ion
saturation current J* follows the time dependence of
the line-averaged density, but the exact shapes of these
two signals can be different owing to variability of the
density profile and plasma positioning.

Figure 1(b) gives a detailed view of the J" trace,
which shows the irregular and apparently unpredictable
nature of this signal as observed throughout the whole
discharge. According to the discussion of Section 2,
this signal can be interpreted as the time dependence of
the plasma density at the point in space occupied by
the probe.

Some analysis of the J* signal of Fig.1(b) is given in
Figs 2(a, b). The autocorrelation function of J* shows
that a typical autocorrelation time is only = 10 us and
that there are no significant long-time correlations as
might be expected for coherent modes (except for the
pre-disruptive high MHD phase, as discussed in
Section 3.5.6). For this case the amplitude distribution
function of J" is approximately Gaussian about its
mean, as would be expected from a random variable
(see Section.3.3).

Flgure 2(b) gives an example of the power spectrum
of the J* signal plotted in three different ways. The
typical spectra are very broad, extending from ~10kHz
to 1 MHz. The spectral shape can be approximately
described as flat up to some critical frequency {3]

f; = 50—100 kHz, above which the spectral power falls
with an approximately power-law dependence

P(f) = £, where for this spectrum o = 2.5 in the
frequency range 100—1000 kHz. The spectrum might
also be described as approximately exponential over
the range 10—500 kHz. The linear plot of power versus
frequency serves to point out that nearly 90% of the
power is below 100 kHz, a fact which is somewhat
masked in the log-log plots.

Figure 2(c) gives an analysis of the time dependence
of the whole discharge of Fig. l‘, again for the same
probe position r/a = 0.9. The average 7" has been
translated into a local density using Eq.(1) and the
assumption of a constant electron temperature of
Te = 25 eV. The actual temperature measured from
the (I,V) probe characteristic is also shown in this figure..

The relative fluctuation level of J” is defined as
the root-mean-square fluctuation amplitude T (after
linear trend removal) divided by the mean value T
The values calculated for this discharge and for
this probe position are shown to have a range of

NUCLEAR FUSION, Vol.23, No.12 (1983)



CALTECH TOKAMAK TURBULENCE
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FIG.2. (a) Autocorrelation function of the sample of J* in
Fig. 1(b), showing the short autocorrelation time of 10 us;

(b) typical power spectra of J*, taken over a 0.5 ms interval at
A t = 8 ms, with the same data plotted on log-log, log-linear and
linear-linear scales (hatched region shows system noise level);
10 Te) 10 10 (c) time dependences of various probe quantities for the
discharge of Fig.1.

T*7" = 0.15-0.6; however, during the steady portion
of t = 4—8 ms the typical value is T =03.

The frequency spectrum can be characterized in
various ways, for example by its FWHM or by the
frequency f. above which it begins to fall with a
power-law dependence. However, since the FWHM is
affected if there is a low-frequency coherent MHD
mode present (see Section 3.5.6), and since the f; is not
as sharply defined as it might be for the k-resolved
spectra, we have instead used the power-law index «
in the range 100—1000 kHz as the spectral shape .
variable. For this typical discharge the power spectrum
- exponent can be characterized by a =2 £ 0.5 for all
I 'J.,.|2 times during the discharge, as shown in Fig.2(c).

Examination of a typical discharge has thus shown
the following: The fluctuation level in the edge
plasma is always quite large, typically §°/7" = 0.3, and
= - the spectrum is always quite broad and roughly invariant
in shape. At no time during such a typical discharge
L 1 can the plasma be termed ‘stable’, either through
0 0.5 1.0 having a very small relative fluctuation level or a very

MHz long autocorrelation time.

~
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FIG.3. (a) Traces of J" versus time for three different discharges in the density scan, i.e. no gas puffing (top),
intermediate gas puffing (middle), and maximum gas puffing {bottom), shown together with the respective
spectra at the times indicated by the bars; (b) results of the density scan for a probe position of r/a=0.9;

(c) results of the density scan for a probe position of rfa = 0.8.

3.2. Density dependence

In the previous example it was shown that the
spectrum and relative fluctuation level of J* were
roughly invariant with time during a typical discharge.
To examine the density dependence of the turbulence,
a scan was made of the gas puffing strength (and hence
the density) while keeping all other parameters fixed.
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The probe was again inserted from the top of the
chamber.

Figure 3(a) gives some data from a density scan for
which the probe was at r/a = 0.9 (as for Figs 1 and 2).
At the top is J* versus time with no auxiliary gas
puffing (n'= 1012 cmi3), and at the bottom the dis-
ruptive density limit was reached at t = 7 ms owing to
strong gas puffing. Therefore, this scan covers the full

NUCLEAR FUSION, Vol.23, No.12 (1983)



PROBABILITY DISTRIBUTIONS

0.4 cm

NUMBER OF EVENTS

AMPLITUDE (rel.)

FIG.4. (a) Radial profiles from a probe scan, showing the
decrease in relative fluctuation level toward the plasma centre;
(b) probability distributions of the amplitude of J* for two
probe positions in this scan.

density range available on this machine, over which the
local average ion saturation current J* varies by a factor
of 10 (at t = 4 ms). Note that the plasma current
which peaks at t = 4 ms decreases by only 15% with
increasing density over this range.

Power spectra of T analysed at the time indicated
by the bars (t = 4 ms) are shown on the right of
Fig.3(a). Evidently, the spectral shape is not a sensi-
tive function of the local density.

In Fig.3(b) the relative fluctuation level and spectral
index are plotted versus the average J*, again for the

NUCLEAR FUSION, Vol.23, No.12 (1983)
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time t = 4 ms. ‘There is no systematic change in J*/J*
with density over this range at this position, while there
is at most a slight increase in « with increased 7' Local
electron temperatures are also shown for part of this
scan; since Te is decreasing with J the local density as
inferred through Eq.(1) is chang_l_rlg by approximately
a factor of 15 over this range of J (3 X 101! —
5 X102 cm™).

Figure 3(c) shows a similar scan, but this time for
a probe posmon of r/a= 0.8 instead of 0.9 as above.
Although the T" values are somewhat : higher and the
fluctuation levels are somewhat lower (see Sectmn 3.3),
there is again no systematic variation in i) /J with
density in this case,

3.3. Radial dependence

The radial dependence of the T fluctuations is
obtained by varying the probe position, keeping all
other parameters fixed. The discharges used were of a
relatively high-density type, with n= 103 ¢cmi™3, The
probe was again inserted from the top into a limiterless
chamber, and no change in the global discharge para-
meters was caused by the insertion of this probe up to
r/a=0.75.

The radial profile of I* and its root-mean-square fluc-
tuation level are shown in Fig.4(a), together with the
spectral index and the electron temperature. This
profile was taken at t = 6 ms for this case, but similar
results are obtained for other times and at other line-
averaged densities. The average value T varies by over
an order of magnitude in this radial scan, while Te
changes by only 30%. The local probe density as
calculated using Eq.(1) is shown on the left-hand scale,
where the approximation has been made that.

Te = 30 eV throughout this region.,

This figure shows that the relative fluctuation level
decreases significantly from a maximum of 0.9 near
the wall to a minimum of 0.2 at the point farthest into
the plasma. This is the most pronounced variation in
7 "/.T'P seen for any scan within the normal operating

" range of this tokamak. The spectral index also increases

significantly from 1.5 near the wall to 3 at r/a = 0.75.
The amplitude distributions of the J* signals near
the end-points of this scan are shown in Fig.4(b). At
places where the relative fluctuation level is about 0.2
the distribution function has a symmetrical Gaussian-
type distribution about its mean; however, nearer the
wall where the fluctuation level is 0.8 the distribution
function becomes strongly skewed. It is clear that
in the latter case the plasma does not simply have a
small density fluctuation about a mean, but rather has
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FIG.5. (a) Plasma current traces for the current scan;
(b) probe J* signals and spectra for three different plasma
currents (spectra taken at the bars); (c) results of the current

scan.
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a ‘shredded’ structure in which one can imagine that
discrete shreds of plasma (elongated in the toroidal
direction) interact with one another rather than with
the average background.

3.4. Current dependence

The plasma current was varied at fixed toroidal field
by adjusting the Ohmic heating voltage and keeping the
gas puffing and all other fields at their normal values.
The standard probe was used at a position r/a = 0.9
at the top of the chamber. Since the toroidal field was
3.5 kG, the resulting current range of 10—28 kA
represented a range of q (a) =3.3—9.

The current wave forms in Fig.5(a) show that the
discharge length also shortens significantly as the
voltage is reduced; therefore, many plasma parameters
(i.e. average density and temperature) are changing
together with the current in this scan and so we cannot
unambiguously determine the current dependence of
the edge stability. However, it can be seen from
Figs 5(b), (c) that in all cases the J* fluctuations (at
peak current) were large and turbulent, independent
of the plasma current over this range.

The plasma current also varies at the beginning and
end of a discharge. In these circumstances also there is
no qualitative change in the character of the turbulence
in the edge plasma (see, for instance, Fig.8(b)). Thus
we can tentatively conclude that plasma current is not
an important variable in determining the edge sta-
bility; however, the range of variation of the local
current density during these scans is not known.

3.5. Other dependences

Several other dependences were investigated which
basically confirm the notion that the edge turbulence
is relatively invariant with respect to changes in the
plasma conditions. The following results were all
obtained using the standard probe inserted from the
top of the chamber at r/a = 0.9, unless otherwise noted.

3.5.1. dn/dt dependence

A specially programmed discharge was produced in
which strong gas puffing was started at t = 3 ms and
stopped at t = 7 ms, so that the time-dependent
behaviour of the edge fluctuations during density rise
and fall could be examined. Between t =3 ms and
t = 7 ms the average ion saturation current at the
probe J” rose by a factor of 5; between t = 4.5 ms and
t=7ms,J was approximately constant, and from
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t=7—10ms, J* fell again by a factor of 4. Over this
whole time the rela}vtiveJrﬂuctuation level remained
nearly constant at J /J = 0.25 0.05, with no syste-
matic trends toward increasing or decreasing with dn/dt.
The spectral coefficient also remained within its normal
range over this time period. Thus the scaling with
density obtained in this way was quite similar to that
obtained by varying the steady-state density as described
in Section 3.2.

This constancy of the relative fluctuation level is in
part similar to results obtained in PLT during a similar
density-rise experiment [24], in that in PLT the relative
fluctuation at the edge was the same before and after
an increase in edge density. However, a transient
increase in fluctuation level during the period of largest
dn/dt observed in PLT was not observed in the present
experiment, which is perhaps due to the considerably
different neutral penetration length relative to the
chamber size (i.e. the ion source function is much more
peaked toward the edge in PLT).

3.5.2. Poloidal dependence

Edge turbulence levels and spectra were measured at
both the outer equatorial plane and the inner equatorial
plane (R = R * a), and results very similar to those
measured from the top (Fig.4) were obtained. An
example of a radial scan made from the outer equatorial
plane is shown in Fig.7(b).

A separate attempt was made to compare the probe
J" signals from the inner and outer equatorial planes
for the same discharge. It was found that when the
average J* was the same for these two probes, the
spectra and relative fluctuation levels were also
approximately the same. Thus there is evidently no
strong poloidal dependence of the edge turbulence in
this tokamak.

3.5.3. Position dependence

Since the plasma position is not feedback-controlled
in the present experiment, and since this position
would be expected to change somewhat with changing
density or current, separate scans were made to deter-
mine the dependence of the edge turbulence on the
radial plasma position. This was done by varying the
applied vertical field at a fixed density or at a fixed
current.

The result was that the relative fluctuation level and
spectrum of J* were approximately unchanged over
the range of vertical fields which produced normal
discharges. This indicates that the edge fluctuations
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are not sensitively dependent on the particular way in
which the plasma contacts this limiterless chamber.
Note that the top probe position is less sensitive to
in/out positioning than a side probe (top probes were
used for the parameter scans of Sections 3.1—3.4).

3.5.4. Toroidal field dependence

The magnitude of the toroidal field Bt was varied
over the range 2.3—4.6 kG while keeping all other
external parameters constant (normally, Bt =3.5 kG).
It was found that the spectra had their usual form,
o= 2--3, over this whole range; however, there was a
trend for the relative fluctuation level to decrease with
increased Bt over this range (by about a factor of 2).
Unfortunately, the plasma current and density were
also varying as the toroidal field varied, so that this
trend could not be unambiguously related to the
toroidal field.

(@) LOW-MHD AMPLITUDE
a

T T T T T 1T T°°7T

SPECTRUM

L) o s e s s 100 0t 102 10%khz

0.05ms/DIV'N
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Ty T ,T T v T T T

(b)

SPECTRUM

Obrrrr—r—rrrr1 . |<;°’|o’ 102

10° khz
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FIG.6. Langmuir and magnetic probe signals and spectra for
two different MHD activity levels: (a) low level during a normal
discharge, and (b) high level later in the same discharge just
preceding a major disruption. The MHD mode can be seen at
15 kHz in the J* spectrum in case {b); however, the rest of the
turbulent spectrum is unchanged (1 kHz FWHM frequency
averaging was used for these spectra).
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FIG.7. (a) Radial profiles taken 180° toroidally away from an
outer limiter; (b) same profiles but with the limiter removed;

(c) radial profiles taken with a probe directly adjacent to the
outer limiter. These results show that the turbulence in the
shadow of a limiter is similar to that observed in the edge without
a limiter.
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3.5.5. Impurity level dependence

A comparison was made between the edge turbulence
in a normally discharge-cleaned plasma and that obtained
in dirtier plasmas without proper cleaning (the impurity
involved was predominantly oxygen from the walls). The
impurity level was increased to the point where the
discharge was significantly degraded, i.e. the plasma
current decreased by more than a factor of 2, while
the total UV radiation (from impurities) increased by
more than a factor of 10. Over this range of impurity
levels the edge turbulence spectrum was qualitatively
unchanged and the relative fluctuation level varied by
less than a factor of 2. This result again shows that
edge turbulence occurs over a wide range of plasma
conditions, in particular over a wide range of edge
collisionality.

3.5.6. MHD dependence

In this tokamak there can be large MHD oscillations
as the density limit is approached, particularly just
preceding a major disruption. Figure 6 is a comparison
of two probe J' signals, one obtained with the usual
low-level MHD activity and the other taken 1.5 ms
later in the same discharge during high-level MHD
activity just preceding a major disruption. Also shown
are By, signals from a magnetic probe located at the wall.

Evidently, the Langmuir probe does respond to the high-
level MHD mode, as can be seen particularly by the narrow
peak in the J* spectrum at 15 kHz for this case. This
type of response would be expected from a density
modulation caused by the rotating magnetic island.
However, it can be seen that the rest of the v spectrum
above 20 kHz is not changed by the presence of this
coherent mode, which suggests that MHD and edge
turbulence can be superimposed without qualitatively
affecting the turbulence.

3.6. Limiter dependence

For all the above cases there was no localized
limiter in the chamber. The influence of a limiter on
the edge turbulence was checked by inserting at the
outer equatorial plane a 7.5 cm high stainless steel
limiter 3 cm into the chamber. Edge fluctuations were
first measured with the standard probe located 180°
toroidally away from the limiter at the outer equatorial
plane. The discharges were of the typical kind shown
in Fig.2, and the data were analysed for the steady-
state regionatt = 6 ms.
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In Fig.7(a) the observed radial pro%ilcs of T*and
i) "/T', and the spectral index are plotted for the limiter-
inserted case. The radial location of the limiter is
shown by the hatched box at the bottom of the figure.
For comparison, another scan was made using the same
gas puffing and magnetic fields, but with the limiter
removed, as shown in Fig.7(b). The presence of the
limiter changes the edge density in its shadow, as
shown by a comparison of the T profiles; however, the
relative fluctuation levels and spectra at r/a = 0.75—1.0
are the same in both cases. This result is independent
of whether the limiter is floated or grounded to the
chamber.

A separate run was made to measure the turbulence
near to the limiter. A limiter similar to that described
above was again inserted 3 cm into the chamber, but
this time a probe 0.2 cm long by 0.1 cm diameter was
scanned radially in the region directly adjacent to the
ion drift side of the limiter (< 0.5 cm toroidally away
from the limiter face). The results of this scan are
plotted in Fig.7(c). It can be seen that the turbulence
in front of the leading edge of the limiter (3.0—3.8 cm
from the wall) is quite similar to that observed in the
scrape-off region behind the leading edge of the limiter
(2.0—-3.0 cm from the wall), and that the radial profile
of the turbulence next to the limiter in Fig.7(c) is
similar to that observed 180° away from the limiter
in Figs 7(a, b). The data in Fig.7(c) were taken with
the limiter electrically grounded to the wall; however,
the results are almost identical for an electrically
floated limiter. Thus the presence of an outer limiter
does not seem to significantly influence the edge
turbulence.

In another set of experiments (to be reported
elsewhere) the edge turbulence was also seen to be
roughly independent of a bias of 260 V applied to this
limiter, at which point up to 10 A of ion current or
100 A of electron current was drawn by the limiter.
Furthermore, the turbulence was also qualitatively
unchanged by the presence of a strong local toroidal
divertor [25] which was mounted inside a limiter such
as that of Figs 7(a, ¢).

3.7. Filling-pressure dependence

A final scan was made of the initial neutral hydrogen
pressure which fills the chamber before the shot. Al
other external parameters were kept at their normal
values. Ordinarily, the filling pressure is fixed at the
optimum breakdown point and is not an interesting
variable in tokamak operation. However, in this
machine it was observed that at an unusually high
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filling pressure the edge plasma was quite stable,
although the discharges themselves were substantially
degraded.

Figure 8(a) shows what happens to the plasma
current and UV emission when the filling pressure is
raised from its normal value of 1.63 X 107 torr
H2 (high-current case) to 3.85 X 10™* torr (intermediate-
current case) or to 5.44 X 107* torr (smallest-
current case). The extra gas in the chamber inhibits
the growth of the current, perhaps because of the
extra energy loss due to neutral hydrogen radiation.
The UV signals indicate a strong increase in total
radiation between the normal filling pressure case and
the intermediate pressure case; however, at the highest
pressure the UV emission drops again as if the plasma
was being quenched by the neutrals.

Figure 8(b) shows the traces of J* as monitored by
the standard probe at r/a = 0.9 at the top of the
chamber (note the expanded time-scale). At normal
filling pressure the turbulence begins almost immediately
and continues at high relative levels with the usual
spectrum throughout the current rise phase. At inter-
mediate pressures the magnitude of J* is increased by a
factor of 2, but the higher-frequency fluctuations
appear to be absent. Finally, at the highest pressures
there is only a very low frequency oscillation during the
rise of J*, and there are almost no fluctuations during
the decay of J* The oscillations on the rising part are
not always as coherent as those shown in the figure,
but the absence of fluctuations on the decaying part of
" is quite reproducible.

Some further properties of this pressure scan are
shown in Fig.8(c), where various quantities have been
measured at the time indicated by the bars in Fig.8(b).
The average T peaks at about 4 X 1074 torr, reflecting
a competition between the increase in available ion
density and the decrease due to loss of ionization at high
pressure. The edge electron temperature drops mono-
tonically with pressure to an estimated 5 eV in the
stable case at 5 X 107 torr, at which point the esti-
mated edge density is 3 X 102 cm™3. The relative
fluctuation level also decreases monotonically with
pressure down to less than 3% (some of which comes
from the system noise level). An indication of the
change in the spectrum is given by the relative amount
of fluctuation power in a narrow band around 100 kHz,
which seems to drop abruptly above a critical filling
pressure.

Magnetic fluctuations were also monitored by a
ﬁp probe in the edge plasma for various filling pres-
sures. At normal pressure the magnetic fluctuations
are relatively large and chaotic during the current rise
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{a) portion of the discharge. As the pressure was increased
ok o~ the amplitude of the magnetic fluctuations decreased,
ok | Sbé;g’,ﬁ.r and at the highest pressures there were no detectableN
o (kA) magnetic fluctuations. Thus there was no coherent Bp
4 present corresponding to the coherent 7t signal seen
at the bottom of Fig.8(b).
_A(__’N l(Jr\él_) A more complete analysis of this transition from
: coherence to turbulence is beyond the scope of the
T present paper. Some discussion of this stable regime
is given in Section 4.5.
(b) EXPANSION OF J* A practical consideration should be noted: when
operating at an unusually high filling pressure it is
- possible to create dangerous runaway electron
(A-em™) discharges. In the present experiment the hard X-ray
flux was carefully monitored, and no runaways
) were created.
(A-em®)
4. DISCUSSION
g In this section we first discuss the observations of
0.75 M (A-cm?) Section 3 in terms of two commonly cited dimensionless
o Ly parameters; then a comparison is made with other
Y 0.5 1.0 ms experimental results on edge-plasma turbulence and
with various instability theories. The last subsection is
{c) a brief discussion of the stable regime.
=~ 225
| 4s 4.1. Dependence on collisionality
. T (A-em® o
- 1075 Figure 9 is a plot of the observed J /7" versus the
] i ) I | o local collisionality as estimated from the probe-inferred

density and electron temperature:

v _ 45 X105 nZT;¥? _ 9@Re )
e~ ve/(a(a) Ro) Amfp

—— T — v 1.0

! ] | ] -
0 | 2 3 4 5 °

FILLING PRESSURE (10" *torr H,)

FIG.8. (a) Plasma current and UV emission for three different
filling pressures of hydrogen: longest discharge at normal

1l 1ot il

| 10 100

filling pressure of 1.63 X 10~ torr, 2 ms long discharge at

3.85 X 107* torr, and shortest discharge at 5.44 X 107 torr; %i /vre

(b) traces of J+ for these three discharges, showing the unusual FIG.9. Relative fluctuation level versus local edge collisionality
edge stability at high filling pressure; (c) results from the for various scans. The parameter Vp;/vr, is the electron collision
filling pressure scan. frequency normalized to the electron transit time.
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where Amfp is the electron mean free path, Te(eV) is
the local electron temperature, n (cm™3) is the local
density, and v, is the local electron transit frequency
taken to be the electron thermal speed divided by the
typical parallel scale length q(a) R;. We have assumed
Z =2 for the purpose of evaluating the collisionality. Each
box in Fig.9 represents a particular set of data from
Section 3; for example, the ‘time’ box includes the
data described in Section 3.1 on the variation with
time during a typical discharge, and the ‘radial’ box
refers to the data described in Section 3.3 on the
radial scan. It should be noted that several variables
may be changing during each particular scan; for
example, in the 1 scans, part of the variation in collision-
ality is due to the decrease in temperature with
increased density.

Evidently, a wide variation in collisionality has
been obtained in the edge plasma in this machine; in
particular, the ‘@’ scan at r/a = 0.9 (Section 3.2) shows
that the relative fluctuation level is approximately
insensitive to the local collisionality over a factor of
at least 50. On the other hand, it is also true that at
the normal collisionality of ¢ I the fluctuation level
can vary from 0.2 to 0.8, evidently depending on some
other parameters besides collisionality. Therefore,
these results imply that the relative edge fluctuation
level is not simply determined by the local collisionality.

It should be noted that the systematic uncertainties
involved in the calculation of vej/rye Were not included
in the boxes of Fig.9; thus the actual numerical value
for vei/vTe is uncertain by at least a factor of 2, because
of the assumption of Z = 2 and the systematic
uncertainty involved in using Eq.(1) to infer the local
plasma density.

FIG.10. Relative fluctuation level versus local radial scale-length
parameter for various scans. The parameter pg/L,, is the ion
gyroradius (evaluated at T,) normalized to the radial density
scale length.
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For all cases shown in this plot the tokamak was
operated without a localized limiter. However, the
invariance of the turbulence in the presence of a
limiter (Fig.7) also suggests that collisionality isnot a
significant factor in determining the relative fluctuation
level, since the presence of a limiter would appear to
strongly affect the electron collisionality in its shadow.

The “fill’ box in Fig.9, referring to the data of
Section 3.7, points out a possible explanation for the
unusual stability at high neutral pressure, namely that
the collisionality is over 10 times its normal value.
However, this is only one of several dimensionless
parameters which may cause this stability (see
Section 4.5).

4.2. Dependence on radial density scale length

Figure 10 is a plot of the observed J*/J" versus the
radial scale-length parameter pg/L,, where pg is the ion
gyroradius evaluated at the electron temperature and
L, is the density-gradient scale length L, = n/(dn/dx).
The ‘radial’ box again refers to the radial scan of
Section 3.3, and the ‘n’ boxes again refer to Section 3.2.
In each case, ps was evaluated using the local probe-
inferred temperature measurements and the toroidal
field at R =R,,.

For the ‘radial’ scan the variation in pg/L, comes
almost entirely from the change in n versus radius and
not from changes in dn/dx or in pg (the temperature
profile is very flat in this region). Thus these data
reflect the fact that the relative fluctuation level
decreases as the probe is moved inward to higher-
density regions.

For the ‘n’ scans the L, were measured separately
at several n values by scanning the probe radius +0.5 cm
about r/a = 0.8 or 0.9. For r/a = 0.9 it was found that
L, varied from (2 £ 0.5) cm at J"= 0.45 A+cm™ to
L,=(5.5+2)cmat]) =1.6 Accm™, while for r/a = 0.8

it was found that L, = (2.3 +0.5) cm at J'=2 A-cm™.

Thus for these data there was not a significant change
in the relative fluctuation level even though the pg/Ly
parameter varied by about a factor of 2.

However, according to Fig.10 the values of J*/J"
observed in these scans can be approximately given by:

Since there are considerable uncertainties, as indicated
by the boxes, the exact form of this scaling is not yet
clear; for example, a relationship Tr/T = 1.6 \/ps/Ly
fits the data at least as well as the linear dependence of
Eq.(3). It should also be noted that other variations
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are not ruled out by such a scaling; for example,
possible changes in temperature gradients or magnetic
shear or current density may be occurring together
with the explicit changes in radial position and density.
Therefore the scaling of Eq.(3) should be considered

a tentative correlation rather than a causal connection.

Nevertheless, the results of Fig.10 are similar to the
scalings proposed by Mazzucato [1], Horton [26], and
Surko and Slusher [12] to fit the range of fluctuation
data gathered from different tokamaks. Their scaling of
fi/n = 1/k, Ly, is approximately equivalent to Eq.(3)
if we take k, ps== 0.3, as is typical for drift-wave
turbulence, where k is the mean wavenumber perpen-
dicular to the magnetic field.

There is unfortunately a limitation in these scalings
in that Ly is not easily computable from theory, since
it depends on the particle diffusion caused by the
turbulence and on the particle sources. There is also
some question as to the relevance of the average
density scale length for regions in which i) 11*30.3
locally, since the instantaneous density gradients are
much different from their average values. However,
such scalings are at present the only empirical guidelines
available to describe tokamak turbulence levels.

4.3. Relation to other experimental results

Langmuir probe measurements of tokamak edge
plasmas have been reported previously several times.
The most detailed results were from Macrotor in which
electron [6] or ion [19] saturation currents were
monitored in the edge with and without limiters. The
observed edge turbulence was generally similar to that
described here; for example, the relative fluctuation
levels were always largest nearer the wall and decreased
toward the centre of the discharge, the spectra were
always broad and turbulent, and the results were
independent of the presence of a limiter. However,
for Macrotor the relative fluctuation levels were some-
what less than in the present experiment, varying from
40% to 10% root mean square, compared with 80%
to 20% in the present experiment, and the spectra of
Macrotor fluctuations were also somewhat narrower,
with a typical power-law exponent of a =4 compared
with & = 2—-3 in the present experiment. The most
significant difference between Macrotor and the present
experiment is in the scaling of the relative fluctuation
level with density, which was J/T* « 72 in Macrotor
butisJ +/T+ independent of density in the present
experiment. The reason for this difference is not yet
understood.
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Other Langmuir probe edge measurements in JFT-2a
[8] and DITE [9] have also indicated large levels of
T */;T* in the range of 5-100% with broadband spectra.
Also, recent probe measurements on the PRETEXT
tokamak [27] and on ISX-B [28] have shown edge
turbulence quite similar to that described here. For
example, the fluctuation levels in PRETEXT range
from fi/n = 0.2—0.9, while those in the ISX-B scrape-
off region are typically fi/n = 0.5. In both these cases
and also in the UCLA [19] Caltech tokamak [7], these
edge density fluctuations have also been associated with
large edge particle diffusion coefficients, e.g. D =
5DBonm in ISX-B [28].

Another view of the plasma edge was obtained in
ASDEX [10] by using a high-speed movie camera
focused on the visible light emitted from the hydrogen
in the edge. Relatively small-scale ‘filaments’ were
observed which were irregularly fluctuating in space
and time. A connection between these visible light
fluctuations and the Langmuir probe 7" fluctuations
was established using a visible photodiode array in the
Caltech tokamak [11]. :

Finally, several types of electromagnetic scattering
experiments have shown that broad frequency and
wavenumber density turbulence exists in the edge
plasma, with frequency spectra (averaged over k;)
which are generally similar to those seen in the present
experiment. Also, the relative fluctuation levels are
seen to increase toward the wall as in the present
experiment. In particular, the CO, scattering resuits [2]
have consistently indicated that edge fluctuation levels
are typically in the range of 10—100%. Using millimetre
scattering, the relative fluctuation levels have been
estimated to be 2—5% at r/a = 0.8 [1, 3] rather than the
520% as reported in the present experiment; however,
a recent result from multi-channel FIR scattering in
TEXT [23] also indicates a $20% fluctuation level.
These differences may in part be due to the differing
plasma conditions; however, some of the difference
may be due to the presence of very long wavelength
components (k05 <€ 1) which are difficult to resolve
with some scattering systems (see Section 1).

4.4. Relation to theoretical models

Instabilities driven by density or temperature
gradients are plausible candidates for explaining the
observed edge turbulence, since the presence of particle
and energy sources and sinks allows relatively large
gradients to form in the edge region. Other possible
sources of instability refer more directly to the presence
of the open-flux surfaces intersecting the wall or limiter,
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or to the particularly low electron te\mperature or
directed velocity of the plasma near the wall.

Hasegawa and Wakatani [29] have calculated the
non-linear mode coupling of collisional drift waves in
a shearless slab fluid model and have shown that a
strongly turbulent saturated state exists in which
density fluctuation levels can be as high as 30% and
for which there is a broad frequency and k; spectrum.
The main parameter determining the saturated state
was pg/Ly. These results appear to be at least qualita-
tively consistent with typical results in the present
experiment, e.g. the edge plasma is usually fairly
collisional, the fluctuation levels inferred from the
probe data were typically 30%, the frequency power
spectrum exponent was similar to the k, power spec-
trum exponent, and ps/L, was a parameter useful in
describing the trends in the data. However, in the
present experiment it was observed that the edge
turbulence appeared to persist even into the collision-
less regime where the approximations of the Hasegawa
model break down. One possible resolution would be
that turbulence is convected radially such that a
collisionless point is being influenced by the turbulence
from a more collisional point (in this tokamak there is
arange of radii in the edge region over which the
collisionality increases toward the centre of the plasma).

Terry and Diamond have recently described an
analytic calculation of the spectrum of dissipative
drift-wave turbulence in a tokamak edge plasma [30].
Their results agree at several points with the data
presented here; for example, the calculated fluctuation
amplitude for a typical collisional edge plasma was
fi/n = /3ps/Ly. which is about a factor of two below
the results of Fig.10, and the calculated fi/n was also
seen to be approximately invariant with collisionality
(in the collisional regime), in agreement with the results
of Fig.9. In addition, the calculated frequency spectrum
was broad and peaked at low frequencies similar to
the data presented here. The calculated radial particle
diffusion also scaled as D & n¥3TV, in qualitative
agreement with recent probe data from PRETEXT [27].

Scveral other models of drift-wave turbulence have
been developed which are not necessarily specific to
the collisional edge region [31—-35]. In particular, Waltz
and Dominguez [32] have calculated broadened spectra
with a saturated turbulence level, fi/n = 2—5 ps/L,,
which is only weakly dependent on the driving strength
of the instability, while the resulting transport was found
to be linearly dependent on the driving strength of the
instability. In general, these models are each
investigating one or more of the many.: possible driving
and damping mechanisms which may be responsible for
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producing the saturated steady-state turbulence observed
in the experiments.

Another type of instability due to temperature
gradients has been investigated by Callen et al. [36]
and Carreraset al. [37]. They have shown that under
typical tokamak edge conditions the rippling mode is
unstable, and have calculated the linear, non-linear and
turbulent phases of this instability in the context of
resistive MHD theory. Good agreement has been
obtained between their model and the edge fluctuation
correlation lengths in Macrotor, and these models also
bredict broad spectra and short autocorrelation times
as seen in the experiments. However, the calculated
relative fluctuation levels of 5—10% appear to be too
low to explain the 20—40% levels observed both in
Macrotor and in the present experiment.

Since both the collisional drift and rippling mode
models predict edge density turbulence, it is not yet
clear which (if either) instability dominates in the
present context. Hassam and Drake [38] have shown
that there is a smooth transition from one mode to the
other, depending on the collisionality and current
density. For typical parameters of the present experi-
ment (i.e. from the radial scan of Fig.4(a) at 2 cm)
we find § 2 0.5 and € = 1 in the normalized units of
Ref. [38]. Although this result implies instability in the
collisional-drift region, a factor-of-three increase in C
would move the plasma into the rippling region, and
this cannot be ruled out considering the uncertainties
in the plasma parameters. On the other hand, the
rippling instability can also be viewed as having an
electron temperature threshold above which it is stable,
and according to Ref. [38] this threshold can be as low
as Te = 5 eV for typical edge plasma conditions in the
present experiment. However, the linear model of
Hassam and Drake may not be directly applicable to
the strongly turbulent plasma observed in the present
experiments,

A model implicating the limiter as a possible source
of edge turbulence has been described by Staib [18],
and a somewhat different limiter model has been dis-
cussed by Motley {39]. These authors point out that
the equilibrium and stability of a plasma on open field
lines intersecting a limiter may be quite different from
those of a confined plasma, particularly with respect
to the creation of d.c. electric fields which can drive
convective plasma flows. However, the results of Fig.7
show that the edge turbulence appears present with or
without a localized outer limiter. Furthermore, the
vertical field scan of Section 3.5.3 shows that in the
limiterless case the turbulence was also insensitive to
the plasma location within the chamber. It remains
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possible that even a nearly parallel contact of the field
lines with the wall is enough to form a turbulent
boundary, perhaps indirectly through plasma flows [40]
or radial electric fields [41].

Considering the wide range of experimental
parameters over which the plasma edge is strongly
turbulent, one would suspect that the appropriate
theoretical models would predict saturated states which
were not sensitive to the details of the linear growth
or damping mechanisms. This is in fact the case for
several non-linear models; however, this also makes the
identification of the ‘source’ of the instability quite
difficult. Another difficulty in comparing experiment
and theory lies in the possibility that the turbulence is
convected either inward from the edge or outward from
the centre, in which case the local parameters do not
necessarily determine the local turbulence,

4.5. Stable edge state

The unusually stable regime observed at high neutral
filling pressure (Fig.8) may not exist in ‘normal’
tokamak discharges, but it does show that a toroidal
current-carrying plasma need not be turbulent. The
stability may be related to the very high collisionality
or to low pg/Ly, obtained in this cold and rather high-
density plasma (Fig.9); however, other dimensionless
parameters may be involved, such as the streaming
parameter, magnetic shear, temperature gradients, etc.

It is interesting to note that there is a smooth
transition between a coherent mode and an incoherent
turbulent spectrum as the discharge comes nearer to a
normal neutral filling pressure. A further investigation
of the coherent state may allow an identification of
the dispersion relation and the driving terms which
ultimately lead to the turbulence.

Finally, the non-turbulent and relatively stable edge
state observed under these conditions might have some
connection with the recently observed ‘H-mode’ [42]
plasmas which appear in certain diverted tokamaks.

If edge-plasma conditions like those observed in this
tokamak at high neutral pressure are being reproduced
in the edges of larger ‘H-mode’ tokamaks, then their
improved edge stability might help explain the overall
improvements in particle and energy confinement,

5. SUMMARY

Edge-plasma stability has been studied over a wide
range of parameters in the Caltech research tokamak.
The relative fluctuation levels and spectra were
measured by the ion saturation current J* drawn to
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small metal probes inserted into the plasma edge. The
results were as follows:

(1) The relative fluctuation levels were typically
T +/f *2(0.2-0.8 in the edge plasma. The clearest
variation in the relative fluctuation level corre-
lates with the probe’s radial position in the
plasma, i.e. J*7* 0.8 atr/a= 1 while T =02
atrfa=0.75. '

(2) The spectra of probe current J” were always broad
and roughly invariant in the frequency range
10 kHz -1 MHz. Below 100 kHz the spectra
were typically flat, and above 100 kHz the
spectral power fell like T where aa=2—3. The
only coherent activity was that associated with
strong MHD before disruption.

(3) A stable edge regime was found in the cold
low-current plasma obtained when the neutral
H, filling pressure was unusually high. Relative
fluctuation levels below 3% were present in these
very short-lived discharges.

(4) The edge turbulence was observed to be inde-
pendent of the presence or absence of an outer
limiter in the chamber.

(5) The edge turbulence was approximately unchanged
over a range of local edge collisionality
Vei/vTe = 0.1—-10. Thus the local collisionality did
not seem to be the controlling factor in deter-
mining the local edge turbulence.

(6) The level of turbulence did seem to vary with the
parameter ps/Ly, which measures the strength of
the radial density gradient. However, this scaling
came mainly from the observed decrease in fluc-
tuation level with increased density toward the
plasma centre and not from observed variations in
ps or dn/dx.

Two subjects which were not mentioned in the
present paper but which are important in understanding
the edge plasma are: (i) the spatial structure of the
turbulence, and (ii) the correlation between the density
turbulence and other fluctuating variables, such as
potential, magnetic field or possibly temperature.
Particularly interesting is the relationship between
density fluctuations and radial particle transport [7,

19, 27], an understanding of which may be relevant
for the interior regions of the tokamak as well.
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