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Electron temperature fluctuations have been investigated in the edge region of the Caltech
research tokamak [S. J. Zweben and R. W. Gould, Nucl. Fusion 25, 171 (1985) ], and an upper
limit to this fluctuation level was found at 7, /7, < 15%. This measurement, together with
previous measurements of density and electric and magnetic field fluctuations, allows a unique
comparison of the heat transport resulting from three basic turbulent mechanisms: (1) heat flux
from the particle flux resulting from microscopic density and electric field fluctuations; (2)
thermal conduction resulting from microscopic temperature and electric field fluctuations; and
(3) thermal conduction resulting from microscopic magnetic field fluctuations. The
measurements indicate that, in the edge regions, the electron heat transport caused by the
measured turbulence-induced particle flux is comparable to or greater than that caused by the
thermal conduction associated with the electron temperature and electric field fluctuations, and is
significantly greater than that resulting from the measured magnetic fluctuations. This electron

heat loss caused by the plasma turbulence is found to be an important electron energy loss

mechanism in the edge regions.

I. INTRODUCTION AND SUMMARY

Extensive measurements have been made of the micro-
scopic fluctuations in tokamak plasmas because of their pos-
sible role in causing the observed anomalous energy trans-
port.! Broadband density fluctuations have been measured
in the central and edge regions of several large tokamaks,
including PLT,? Alcator A and C,> TFR,* PDX,’ and
TEXT,® using electromagnetic wave scattering techniques.
However, measurements of the density fluctuations alone
are not sufficient to determine the “anomalous” transport
associated with these fluctuations.

In the cooler edge regions, where probes can be used,
direct measurements of the radial particle transport caused
by microscopic density and electric field fluctuations have
been made by correlating the fluctuations in the density (#)
and the poloidal electric field (, ).”'° For low-frequency
fluctuations, the contribution to the radial particle flux from
the density and electric field fluctuations is given by the cor-
relation of the density fluctuations with the radial
velocity fluctuations, V, = CE‘,/B, ie,T,(E) =c(RE,)/B,
where B is the toroidal magnetic field strength. The particle
flux has been found to be large and outward in tokamaks
where this measurement has been made.””!° However, to
learn about heat conduction, knowledge of the pressure or
temperature fluctuations is also needed.

In this paper, results are presented from an investigation
of the electron temperature fluctuations in the edge regions
of the Caltech Research Tokamak.'® Using a swept Lang-
muir probe, an upper bound on the possible electron tem-
perature fluctuations was established at 0 < |7, /7, | < 15%.
Simultaneous measurements showed density and floating
potential fluctuation levels of i/n ~ed/T, ~ 30%~50%.

Itis also shown here that, in the edge regions, the expres-
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sion for the electron heat flux from thermal conduction
caused by low-frequency electrostatic fluctuations is g, (E)
=(5/2)nc(TE,)/B. Using this expression and the mea-
sured upper bound on the electron temperature fluctuations,
an upper bound has been determined for this electron heat
loss by thermal conduction. This result, together with pre-
vious measurements™!%!! in the edge regions of the Caltech
tokamak, makes possible a unique comparison of this con-
ductive heat transport to the electron heat transport result-
ing from two other turbulent mechanisms: (1) heat transport
caused by the measured fluctuation-induced particle flux
[(5/2T.T(E)= (5/2)T,c(ﬁE'P )/B ] and (2) thermal con-
duction resulting from the microscopic stochastic magnetic
field fluctuations [q,(§ )= K,(B T, /dr, where K,(B) is a
model-dependent anomalous thermal conductivity resulting
from the magnetic field fluctuations].

This comparison indicates that the electron heat loss
caused by the fluctuation-induced particle flux may be as
large as or larger than the loss from thermal conduction re-
sulting from the temperature and electric field fluctuations,
assuming the turbulence is poloidally symmetric. Moreover,
the heat loss from the fluctuation-induced particle flux is
estimated to be about 100 times larger than the loss from
thermal conduction resulting from stochastic magnetic field
fluctuations calculated using the measured B level and the
Rechester and Rosenbluth collisionless model for the ther-
mal conductivity X, (5).12

The particle diffusion coefficient in the edge region, esti-
mated from the measured E-induced particle flux, is
D(E)=T,/(dn/dr)~1-2X 10° cm?/sec. This is somewhat
larger than the global electron thermal diffusivity of y,
~0.5-1.0X 10° cm?/sec estimated from the measured glo-
bal energy confinement time of 0.5-1.0 msec using the for-
mula y, ~a*/47g. Thus the energy lost through this anoma-
lous particle diffusion is an important electron energy loss
mechanism in the edge regions of this tokamak.
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The outline of this paper is as follows. In Sec. II, the
expression for the heat flux associated with fluctuations in
electron temperature and electric field is derived. The mea-
surement of the upper limit to electron temperature fluctu-
ations is presented in Sec. III. In Sec. IV, the magnitudes of
the turbulent heat fluxes and diffusivities are estimated using
measured values for the fluctuations. The results are dis-
cussed in Sec. V.

Il. EXPRESSIONS FOR PARTICLE AND HEAT FLUXES
RESULTING FROM ELECTROSTATIC FLUCTUATIONS

To determine the anomalous transport resulting from
observed microscopic fluctuations, expressions are needed
that relate the particle and heat fluxes to the various fluctu-
ations. The expression for the radial particle flux resulting
from electrostatic fluctuations is well known [see, e.g., Refs.
(13)(16)]:

T, = (c/B)(AE,), (1)
where 7 is the density fluctuation, E, is the poloidal electric
field fluctuation, and ( ) denotes a time average over the
fluctuation time scale so that {7#) = (E) = 0, but the corre-
lation (#E) can be finite. Here, we present a simple expres-
sion for the electron heat flux caused by the fluctuations in
electron temperature and poloidal electric field valid for the
edge regions of the Caltech tokamak.

The transport equations for a tokamak plasma can be
written as

d d
—n+—T, =85,
at +8x

(2)
349 ad (5 onT
39,7+ 9 (S muy v, s,
73" +3x(2 n,+qx) 6x+ T

where S, and S are particle and heat source terms, respec-
tively, and, where, for simplicity, slab geometry has been
used with X corresponding to the radial direction, 2 corre-
sponding to the toroidal direction, and y corresponding to
the poloidal direction (so E, = E, throughout). In the
presence of turbulence, the various fluid quantities are de-
fined in terms of the time-averaged distribution function

(F):
=J-_: av(F),

%nT:—i—p:é—J‘jw dvm(y — V(F), (3)

I, =nV, =fw dvu (F),
and
=1 L dvio, — V,)mlo — VYF). @)

The pressure has been assumed to be isotropic. Here I', is
the particle flux and g, is the heat flux attributed to thermal
conduction. It can be seen that the heat flux caused by the
particle flux is (5/2)7TT, . These fluxes will, in general, con-
tain contributions from both classical and turbulent (anoma-
lous) processes.

Expressions for the contribution to these fluxes from
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low-frequency (@ <w,,), electrostatic (B = 0) turbulence have
been calculated by several authors'>~!%; the particle flux was
given in Eq. (1). To obtain an expression for the conductive
heat flux g, , we start with the following expression for the
total energy flux W, resulting from electrostatic turbulence:

W, = %J.dv mv’v, (F)

_ %((eiy) + < fdv mvywﬁ)) : (5)

A derivation of W,, as well as T, , is given in the Appendix
and in Ref. 16. Here F is the fluctuation in the distribution
function caused by the turbulence, and 7 and € as well as
other microscopic (fluctuating) quantities are defined as fol-
lows:

ﬁzjdvfl n\~’=J‘dvvF',

m
I

—l—J dv m*F,

2

3 1 _ (6)
7ﬁ=7fdvm(v— V)ZR

T=(p— Thyn,

where the fluctuations in energy, density, and velocity are
related via

E=3p+mnV -V —1amp2
Note that we have included separate definitions of p and 7'so
that the contribution to the pressure fluctuations resulting
from density fluctuations (7 T") is clearly separated from the
contribution resulting from temperature fluctuations (n7').
Thus, using our definitions, a fluctuating distribution func-
tion of the form F = (ed/T,)F;, where Fyy = (F ) is a Max-
wellian distribution function with (nonfluctuating) tempera-
ture T,, produces a pressure fluctuation (T,.#) but no
temperature fluctuation, consistent with the physical pic-
ture.

Using the definitions in Egs. (3}-(5), the conductive heat
flux g, can be written in terms of the total energy flux W, as
follows:

g, =W, — V,(mnV?/2 +3p). W)

Up to this point, the equations for the particle and energy
fluxes are valid for both electron and ions provided the as-
sumptions in the derivation are valid (see the Appendix). No
assumption of small-amplitude fluctuations has been made,
and thus these expressions can be used in the edge regions of
a tokamak where 71/n ~ 50%.

By specializing to the case of the electrons and taking
V2&T /m, V2<T /m, and VV&(T /m)(i/n), consistent with
the experimental observations in tokamaks, we obtain from
Egs. (5H7):

9. =(/B)QE, p+Ep, —3ThE,), (8)
where p, =  dv m(v — V)(v, — V,)F and all quantities now
refer to electrons.

For the turbulence in the edge regions of a tokamak,
where the frequency of the fluctuations is low compared to
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the electron—electron collision time, one can approximate
the electron pressure fluctuations as isotropic with p, = pj.
With this approximation, the expression for the electron
conductive heat flux in Eq. (8) becomes

.= 3(/BXE,(5— W) =3 (/BIn(TE,).  (9)

Thus the conductive electron heat flux caused by low-fre-
quency, electrostatic turbulence depends on the correlation
of the temperature and electric field fluctuations. Note that,
in this limit, the total electron thermal energy flux 0, can be
written as Q,= (5/2)IT, + g, = (5/2)c(PE,)/B. Equa-
tions for the heat fluxes in the more general case of aniso-
tropic pressure fluctuations can be found in the work of
Krall and McBride."

HI. MEASUREMENT OF ELECTRON TEMPERATURE
FLUCTUATIONS

A. Method of measurement

The basic parameters of the Caltech tokamak are shown
in Table I. In the present work, we will be concerned only
with the edge plasma, i.e., 0.75 < 7/a < 1.0. In this region the
electron density is approximately 5 10!* — 102 cm ™3 and
the electron temperature is approximately 10-30 eV."" It is
important to note that the edge plasma parameters in this
small tokamak are similar to the edge parameters of the larg-
er tokamaks,'® and also that turbulence properties of the
edge density are similar to those of larger tokamaks.!” Thus
it is plausible that the 7, measurements presented here are
relevant for tokamak edge plasmas in general.

The plasma electron temperature is conventionally
measured by sweeping the applied voltage ¥ to a single
Langmuir probe and monitoring the collected current 7.'%'?
Assuming a Maxwellian distribution for electron energies,
the collected electron current for a Langmuir probe for
V — ¢, is given by'?

Ie =Ie,sat Cxp[e(V'— ¢s)/kTe]’ (10)

where V'is the probe voltage, ¢, is the plasma potential, and
the electron saturation current I, ,, for a probe of area 4 is
given by

L. =ned (kT,/2mm,)">.

There is of course a corresponding, though much smaller,
ion saturation current /, ,, that must first be subtracted from
the total probe current [ in order to obtain the electron cur-
rent of Eq. (10). By plotting the logarithm of the electron
current against the probe bias ¥, one can determine the elec-
tron temperature from the inverse slope of the straight line
fit. Generally this fit is performed over a voltage range
between the floating potential ¢ (at which I, = I,,,) and the

TABLE I. Caltech tokamak parameters.

Major radius R 45cm

Minor radius a 16 cm

Toroidal field B 3.5kG

Plasma current I 25kA
Line-averaged density n, 10%-10" cm 3
Central electron temperature T,(0) 100 eV
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FIG. 1. Experimental layout for the swept-probe 7T, measurement. The
driving amplifier produced a triangular waveform with f= 250 kHz at
¥ < 150 V. The probe current was monitored with a fast Rogowski coil. An
additional variable capacitor was used to null out the displacement currents
caused by cable capacitance of =100 pF.

space potential ¢, where these potentials are defined as usu-
al by!'®

¢g—¢f=fT—"1n(l'—"i). (11)

In order to measure the temporal fluctuations in 7', one
would like to sweep the probe voltage rapidly enough so that
a complete (I,V') sweep is performed over a time scale much
less than a typical period for 7, fluctuations. Alternatively,
for a sweep frequency f one can at best measure 7, fluctu-
ations up to a maximum frequency f/2 (Nyquist frequency).
If in fact the variations in 7 and ¢ over a sweep period are
significant, there are additional uncertainties introduced
into the 7, measurement (see Sec. III C).

In the present experiment, the typical frequency for 7
and ¢ fluctuations is 100-200 kHz,'” while the sweep fre-
quency was limited by the bandwidth of the driving amplifi-
er to at most 250 kHz; thus the sweep period was only slight-
ly less than the time scale for changes in # and ¢ (and
presumably, in T,). Thus this hardware limitation in sweep-
ing speed set the main limitation on the accuracy and band-
width of the 7, measurement.

The Langmuir probe used had a single cylindrical tung-
sten tip 1 mm in diameter and 2 mm in length mounted into a
5 mm grounded stainless steel shaft and insulated from the
shaft by a recessed ceramic sleeve. A second, identical elec-
trode was mounted 3 mm away from the first in order to
simultaneously monitor either the floating potential or the
ion saturation current fluctuations. These probe tips were as
small as possible in order to avoid probe damage caused by
the melting from the normal heat load from the tokamak
pulse. Note that these measurements were made with the
probes located at the top of the plasma for all the data de-
scribed here.

The probe voltage was swept with a specially built am-
plifier capable of drawing 1-2 A at a maximum probe bias of
approximately 150 V with respect to ground (see Fig. 1).
Near maximum current and voltage the driving amplifier’s
response was such that a maximum sweep frequency for an
undistorted triangular voltage waveform was ~250 kHz.

The probe current was monitored using a commerical
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Rogowski coil and fast signal amplifier with a system band-
width of * 1 MHz. A variable capacitor was introduced into
the probe driving circuit to null out the probe cable capaci-
tance. Data acquisition was facilitated by means of LeCroy
2256AS transient recorders operating at a sampling rate of
10 MHz. A difficulty with this digitization system was a
small amount of memory (1K) available with these transient
recorders. This precluded the storage of more than 25 com-
plete I-V characteristics per tokamak discharge.

B. Results

Figure 2 shows a sample of the raw data obtained with
the Langmuir probe swept at 250 kHz. Note that the swept
current and voltage records were only 100 usec (1024 sam-
ples) long. The electron and ion saturation currents (rough-
ly corresponding to the upper and lower envelopes of the
current sweep, respectively) give an indication of how the
plasma density was varying over the duration of the data
sample. Also shown in Fig. 2 is the time varying floating
potential recorded during the same discharge.

Figure 3 shows three plots of In(Z, ) vs ¥ for three typi-
cal probe sweeps. The data analysis program selected only
those data points that fell on an exponential curve (filled
circles). Those points that fell in the saturation regions (un-
filled circles) were excluded from further analysis. A least
squares fit was then performed on the selected points, and
the electron temperature was found from the inverse slope of
the straight line.

Two examples of the inferred temperature versus time
are displayed in Fig. 4. The probe was 1.5 cm into the plasma
for Fig. 4(a) and 1.0 cm into the plasma for Fig. 4(b). In the
first example, the mean temperature was 19.1 eV with the
rms deviation of 13%, while for the second example the
mean temperature was 15.6 eV with an rms deviation of
14%. These average temperatures roughly agreed with those
obtained previously with a slowly swept probe in the same
edge region.”’

CURRENT (A) ’
{a)
Vv vy vv'vvnvhvvu LA nn LY

VOLTAGE (V)

e

FYyyyyyvyyvyyvyvvyyyyyvyvy

FLOATING POTENTIAL (¢,) (¢)

N NN Pt AT VA gy i 2O
Ak vy 20

100us

FIG. 2. Raw data on (a) probe current, (b) probe voltage, and (¢) simuita-
neously measured ¢, (using a separate probe) during a typical tokamak
discharge. Note that the envelope of the current trace is varying consider-
ably from sweep-to-sweep, indicating that the density is varying on the time
scale comparable to the sweeping voltage.
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FIG. 3. Three typical In I, vs V plots reconstructed from swept probe data
such as those shown in Fig. 2. Filled circles represent points used to calcu-
late the electron temperature. Each point is separated by 0.1 msec in time
(10 MHz digitization speed).

The evaluation of the error bars associated with the T,
points is evidently crucial for interpreting the observed vari-
ationin T,. As discussed in Sec. III C, the major uncertainty
in this 7, measurement is caused by the variations expected
in 7 and ¢ over the sweep period. To within the approximate-
ly + 15% uncertainty, as indicated by typical error bars,
there is no significant 7, fluctuation detectable; that is,
T,/T, < 15% is an upper bound set by these results.

Figure 5 shows simultaneous measurements of T, n,
and ¢, versus time. For ease of comparison, these quantities
were normalized to their average values in the case of 7, and
n, and to T, (eV) in case of ¢, (n was assumed to be propor-
tional to I, ). No temporal correlation was found between
T, and 7 or §,. It was clear that any existing temperature
fluctuation level was considerably smaller than either the
density or the floating potential fluctuation levels. For the
data displayed in Fig. 5, the maximum possible rms tempera-

24_(cl)
5 "ﬂ‘ﬁ—r—‘.rHrliL,tt"
; .s:+311—+1+%1t—‘l ______
F t
Te
%J----H—n“&i +--
T et
of

TIME (us)

FIG. 4. Typical plots of inferred 7, versus time based on analyses similar to
those shown in Fig. 3. (a) Probe position 1.5 cm into plasma and (b) probe
position 1.0 cm into the plasma. The solid horizontal lines are the mean
values for T,, the dashed horizontal lines are the average rms deviations
form the mean, and the vertical solid lines are the estimated uncertainties
for each measurement.
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FIG. 5. Typical variations in T, versus time compared to typical variations
in 7 (as monitored by the variations in electron saturation current) and ¢ ), (as

monitored by a separate probe). The dashed lines are the rms deviations
from the mean in each case.

ture fluctuation level was 14%, while for the density data it
was 34% and for the normalized floating potential data
47%.

C. Uncertainties in the 7, measurement

Any claim as to the existence of temperature fluctu-
ations depends on the individual T, error bar being much
less than the observed rms T, fluctuation level. Hence it is
important to explain how the error bars of Fig. 4 were de-
rived.

There were two contributions to the error bars shown.
The first resulted from the deviation of electron distribution
from Maxwellian, which was reflected in the probable error
in the slope of the In(Z,) vs V¥ curve as determined from a
least-squares analysis; this error was found to be 3%-5%.
The second source of error was more subtle and was caused
by the implicit dependence of the slope-inferred temperature
T, on the expected density and potential variations that oc-
curred during the sweep. Differentiating Eq. (10) with re-
spect to the sweep voltage V yields

dinl, din_ e (1 d¢s), (12)

+ —
av dv kT, dav.
where the actual temperature 7, was assumed constant over

313 Phys. Fluids, Vol. 29, No. 1, January 1986

the sweep. Since T'. is given by (d In 1, /d V)™, we can write

AT, kT, (dlnn) dé,
T, e \dVv av’

where d (In n)/dV is related to the average density variation
expected over a voltage sweep V, and d¢,/dV is the average
space potential variation expected over the same voltage
sweep. Thus variations in the slope-inferred temperature 7',
(such as those plotted in Fig. 4) can be produced by the varia-
tions of # and/or é, during the voltage sweep even without
any explicit variation in the actual 7,.
From the data shown in Fig. 5, typically we measure 2/
20.3 and ed,/T, =0.5 using a probe near the swept T,
probe, each with an average frequency of <200 kHz."
Thus for a typical sweep of d¥ = 50 V over =1 usec used for
the calculation of T, (see Fig. 3), we have for the density
dependent term in Eq. (13), AT ./T, = (kT,/e)d (In n)/dV
= (kT ,/ne)(dn/dt)/(dV /dt). Taking a typical value for dii/
dt of 27f7i, we obtain AT /T, =3%, i.e., the apparent tem-
perature fluctuation caused by expected variations in the
density (causing variations in the apparent slope of the I vs V'
curve) is about 3% rms.

Similarly, for the potential dependent term in Eq. (13),
taking ¢, g@f (consistent with the tentative assumption that
the actual 7, = 0), we have AT /T, =(d@,/dt)dt/dV)
=10%, i.e., the apparent temperature fluctuation caused by
expected variations in space potential is about 10% rms.

Thus the combination of these two independent error
sources gives a total uncertainty associated with Eq. (13) of
AT:/T, =11%. This uncertainty was added to the individ-
ual uncertainty in the fit of each (1,V') sweep (=3%-5%) to
produce the error bars shown in Fig. 4. This analysis implies
that the observed variations in the apparent slope of the (Z,V')
curves of the < 15% rms were not significantly greater than
the uncertainties in the determination of each 7, measure-
ment, i.e., that the actual temperature fluctuation could not
be resolved but was less than T, /7, =15%.

(13)

D. Possible improvements

The most obvious direction for improvement in this
diagnostic method is to increase the sweeping frequency so
that the background density and potential fluctuate negligi-
bly over the effective sweep time. Considering the error anal-
ysis of Sec. III C, one would expect that an accuracy of
== 1% in the T, measurement could be obtained with a sweep
frequency of about ten times the present value, i.e.,
=3 MHz. This requires a considerable improvement in the
driving amplifier if the probe current of % 1 A is to be accom-
modated.

A more subtle improvement can be made by attempting
to measure simultaneously the local /i and ¢ within the same
region of fluctuating plasma in order to explicitly correct the
time dependent signal from the swept probe for the varia-
tions. This was not attempted in the present context, mainly
because the spatial correlation lengths of these fluctuations
of 0.5-1.0 cm'® were so short.

Along asimilar line, one can form a compact multiprobe
array of separate fixed-bias probes in order to reconstruct
the (1,¥) characteristic at each sampling time.”® This was
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attempted in the present case using an array of 12 probes
mounted together in an array ~5X 5 mm in size. Although
the average electron temperature determined from this array
was consistent with that determined from the swept probe
method, it was found that the correlation in # among these
probes was too low to assume that 7 (or ¢ ) was constant
across the array. Thus possible fluctuations in 7, were total-
ly masked by spatial fluctuations in 7 (consistent with the
average spatial correlation lengths '°).

IV. HEAT FLUXES IN THE EDGE REGIONS OF THE
CALTECH TOKAMAK

The determination of the upper bound on the 7', fluctu-
ations, presented in Sec. III, together with previous mea-
surements of the microturbulence in the edge regions,”'*"!
allows a comparison of the relative magnitudes of the elec-
tron heat fluxes caused by various turbulent mechanisms. In
this section the fluxes and diffusivities caused by microscop-
ic fluctuations in both the electric and magnetic fields are
compared.

A. Heat fluxes associated with £,

In Sec. I1, expressions for the anomalous electron heat
losses associated with electrostatic fluctuations were given
that are valid for the edge regions of the Caltech tokamak.
These heat loss processes are (1) the heat transport re-
sulting from the anomalous particle flux (5/2)7,T,

= (5/2)T, c(E n)/B [Egs. (1) and (2)] and (2) the con-
ductive heat ﬂux q,= (5/2)nc(E T.,)/B [Eq. (9), valid for
isotropic pressure fluctuations). The ratio of these two heat
losses is
g  n(I.E)
$T.T,  T.(RE,)

The anomalous particle flux resulting from the density
and electric field fluctuations has been measured directly in
the edge regions of the Caltech tokamak by correlating probe
measurements of 7 and E,.”'° The correlation can be ex-
pressed in the form

(iE,) = f A C ) 1B ()| cosblr),  (15)

where C,,;(f) is the coherence of the # and E'y probe signals
over a small frequency range around f.”'° The results of the
measurement of the particle flux were as follows: (1) the flux
was mainly caused by large-amplitude, low-frequency fluc-
tuations (fS 100 kHz); (2) the phase angle was such that
cos =1 for f<100 kHz, and the coherence was
C,z(f)=0.2-0.5 for f < 100 kHz. Thus one can write

(RE,)=(0.2 — 0.5) |#| |E,] . (16)
Using the measured upper bound on the electron tem-
perature fluctuations and the measured correlation in Eq.
(16), an upper bound can be placed on the ratio of the heat
fluxes in Eq. (14). Using (T .E,) <|T,| |E,|, and |T,/T,|
<0.5|//n| as measured, Eq. (14) yields
g |7l |E, |
3T, (iE,)
Thus the measurements indicate that the electron heat flux

(14)

<2. (17)
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caused by thermal conduction is at most about twice the heat
flux resulting from the particle flux. Note that this is only an
upper bound on the relative amount of electron heat loss by
conduction. If the actual electron temperature fluctuations
are significantly smaller than the upper bound of 15% or if
the coherence of the electric field and electron temper-
ature fluctuations is significantly less than 1 [ie., if
(T.E,)/|T.| |E,| ~0.2 - 0.5 as found for the 7 and E, cor-
relation, Eq. (16], then the heat flux carried by the thermal
conduction would be significantly less than the heat flux
caused by anomalous particle diffusion.

It should be noted that the measurements of the tem-
perature fluctuations and particle fluxes were not made si-
multaneously, but the experimental conditions are quite
similar. The temperature fluctuation measurement was
made at the top of the torus, whereas the particle flux was
measured at both the top and the outer edge with similar
results. Also, density fluctuations were measured at the top,
outside, and inside of the torus with similar results.'” Thus,
we have assumed that the turbulence and fluxes are poloidal-
ly symmetric.

Equation (17) indicates that the heat flux carried by the
particle flux is comparable to or larger than the heat lost by
conduction in the edge regions of this tokamak. Using the
measured particle flux, this heat transport can be compared
to the estimated global heat transport. The magnitude of the
E-induced particle flux in the edge regions was measured to
bel, (E) = c(nE }/B=1-2x10" cm~? sec™.7'® Taking
I', = Ddn/dx and using the measured density gradient,
dn/dx ~5x 10" cm™* (within a factor of 2}, one obtains the
particle diffusion coefficient in the edge, D (E ) ~(1 — 4) X 10°
cm?/sec. This is somewhat larger than the global electron
thermal diffusivity of y, ~0.5-1.0 X 10° cm? estimated from
the measured global energy confinement time of 0.5-1.0
msec using the formula y, ~a 2/4r ;. Thus we conclude that
the heat loss caused by the measured E-induced particle flux
is an important energy loss mechanism in the edge regions of
this tokamak. Moreover, it is of the correct magnitude to
account for all of the electron energy loss in the edge region,
although other electron energy loss processes, such as impu--
rity radiation, charge exchange, and ionization, may also be
present. Note that Taylor discharge cleaning was used for
these discharges, and thus losses from impurity radiation
should be relatively small.

Using Eq. (17), we can also put an upper limit on the
ratio of the thermal and particle diffusivities associated with
E Xe (E), and D(E) in the edge regions. Since

= ny,(dT,/dx), Eq. (17) yields

D(E) dinT,/dx
(E) " dlnnsdx

Prevnous measurements in the edge regions of this toka-
mak'’ give [d (In T')/dx]/[d (In n)/dx] S 1, so we can con-
clude that D (E ) is at least comparable to y. (E) in the edge
regions, but y,(E ) may still be larger.

B. Heat flux from magnetic fluctuations

_ Broadband microscopic magnetic fluctuations at a level
B./B=2x10"* were measured in the edge regions of the
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Caltech tokamak by Hedemann.'' (For similar measure-
ments in other tokamaks, see Ref. 1 and references therein.)
The electron heat flux caused by these fluctuations can be
estimated using theoretical models of the electron thermal
conductivity resulting from stochastic magnetic field fluctu-
ations (see, e.g., Refs. 21 and 1 and references therein.)

The model appropriate for Caltech parameters is the
collisionless model of Rechester and Rosenbluth,'? valid
when the electron mean free path is longer than the parallel
correlation length of the turbulence, L, Taking L,~¢R, the
Rechester—Rosenbluth model gives y, (B) =gRv, (B,/B)*
=2 X 10° cm?/sec, where v, ( =2 X 10% cm/sec) is the elec-
tron thermal velocity for T, =25 eV as measured in the edge,

g(=4) is the safety factor, and R( = 45 cm) is the major
radius. [If the mean free path were shorter than the correla-
tion length L,, the thermal diffusivity y, (B) would be re-
duced.'>®'] The resulting radial heat flux is given by
4. (B) = ny. (B)(dT,/dx), and the ratio of this heat flux to
the radial heat loss by the measured particle flux is

4.(B)
ST.T(E)

xe(B) dInT,/dx 10-2
D(E) dlnn/dx

sincey, (B )/D (E)~10"2and[d (In T)/dx]/[d (In n)/dx] S 1
in the Caltech edge.'” Thus, the heat flux caused by the mi-
croscopic magnetic fluctuations is negligible compared to
the heat flux resulting from the E-induced particle flux in the
edge regions (see also Ref. 18).

C. Estimate of neoclassical fluxes

For completeness, the neoclassical fluxes have also been
estimated for the Caltech Research Tokamak using the
Chang-Hinton formula for the ion neoclassical thermal dif-
fusivity y; (Ref. 22). It was found that for core parameters
(T;=75eV, r=7 cm, R=45 cm, n=5X10"? cm™3,
B =35 kG, Z4=1.5), the diffusivity is y, =2X 10* cm*/
sec; for edge parameters (7;=30eV, n=10”cm =3, r =15
cm), the diffusivity is y,=10* cm?/sec. The neoclassical
electron thermal diffusivity and the particle diffusion coeffi-
cient will be smaller by approximately /m,/m, . Thus the
electron neoclassical thermal flux and the neoclassical parti-
cle flux are about two orders of magnitude smaller than the
observed anomalous fluxes discussed in this section.

V. DISCUSSION

An upper limit has been placed on the magnitude of the
electron temperature fluctuations 7, in the edge regions of
the Caltech Research Tokamak.This measurement, together
with previous measurements of the edge fluctuations, al-
lowed a unique comparison of the heat fluxes caused by var-
ious turbulent mechanisms. The measurements indicated
that the heat loss associated with the measured turbulent
particle flux resulting from # and E is as large as or larger
than the loss via thermal conductivity caused by E and Te
fluctuations and about 100 times larger than the heat loss
expected from the measured magnetic fluctuations B,. The
various assumptions involved in making these comparisons
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were discussed in Sec. IV.

The anomalous particle diffusion coefficient in the edge
region, estimated from the measured E-induced particle
flux, was shown to be comparable but somewhat larger than
the global electron thermal diffusivity estimated from the
measured global energy confinement time. Thus the heat
loss associated with this particle flux is a significant energy
loss mechanism in the edge region. In fact, the heat loss car-
ried out by the measured anomalous particle flux seems large
enough to account for all the electron heat loss at the edge.
‘Whether or not it is the only important electron energy loss
process in the edge region remains an open question.

Another implication of the 7, measurement relates to
the diagnostic interpretation of measured fluctuations in the
ion saturation current. Generally, for the edge regions of this
tokamak, it is assumed that the electron temperature fluctu-
ations are negligible and the fluctuations in 7, ,,, ~n7T />
are assumed to be proportional to the density fluctuations.
This assumption in now better justified since for
|IT,/T,| < 15% when |#i/n| %30%, the temperature fluctu-
ations produce at most a 25% effect on I, . /I, ... On the
other hand, the usual assumption concerning the relation of
fluctuations in the floating and space potentials, é, =4 ), can
not be justified at present since if |T,/T,|=15% and if
é, =¢f + 37, [see Eq. {1 1)], then the possible T =2 eV can
contribute significantly to the observed ¢f 10V,

The measured bound of 15% for the relative tempera-
ture fluctuations was found when simultaneously 7 and ¢
fluctuations were 30%-50%. This measured ratio,
|T,/T,| < |i/n|, is consistent with several theoretical mod-
els of edge fluctuations. A model of edge turbulence caused
by resistive MHD rippling modes? predicted a temperature
fluctuation level of 7, /T, = 5% for parameters typical of the
edge of the Macrotor tokamak?*; the corresponding density
fluctuation level was estimated to be 7/n=20%.%* Linear
models of collisional drift and drift-rippling modes, investi-
gated by Horton'* and Hassam and Drake,? respectively,
are also consistent with |7,/T,| < |#/n| (for comparable
density and temperature gradient scale lengths) because of
the importance of classical parallel electron thermal conduc-
tivity in limiting 7,. Linear models of collisionless and
trapped electron drift waves would also generally predict
T./T, ~(y/w) i/n € ii/n, where y is the growth rate and
is the frequency of the drift wave. Note, however, that
T,/T, <#/n does not, in general, imply that the transport
from convection is larger than the transport from conduc-
tion since it is the correlation as well as the magnitude of the
fluctuations that determine the resulting transport. For ex-
ample, quasilinear calculations of transport from dissipative
trapped electron instabilities (see, e.g., Horton and Estes®)
indicated that the thermal conduction losses can be signifi-
cantly larger (up to five times) than convective losses even
though for this drift mode T, /T, ~ (y/®) 7i/n. This is be-
cause the necessary correlations are of comparable magni-
tude, i.e.,

<ﬁEy>T¢ ~ ¥/ ®) |'~l| lElee ""'n(TeEy) ~an¢| IEyl

One can make a rough estimate of the temperature fluc-
tuations that should accompany magnetic fluctuations of the
measured level, B, /B=2x10"* (Ref. 11). Assuming the
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electrons have infinite parallel electron thermal conductivity
(see, e.g., Ref. 13), one obtains

t

=

1
T, ~ Br kLy’

LY

where L ! =d (In T')/dx is the temperature gradient scale
length. For Caltech edge parameters (k - '~¢R ~200 cm,
L, ~2 cm), one obtains T,/T, ~2% 1072, well below the
measured upper limit (Sec. III).

The fact that the heat conduction from the magnetic
fluctuations was found to be unimportant in edge regions of
the Caltech tokamak does not indicate that magnetic fluctu-
ations will not be important in other, higher-g situations
since the magnetic fluctuations are generally expected to in-
crease with . For instance, the approximate level of mag-
netic fluctuations from drift wave turbulence found by
Waltz?’ is | B, /B | ~(gB /2)|7i/n|, where B is the toroidal 5;
in Ref. 27, this estimate is shown to fit the measured ratio on
the Macrotor tokamak. The resulting electron thermal
transport can be compared to an estimate of the transport
from electrostatic drift waves to give a rough indication of
the B at which transport from magnetic fluctuations will be
significant. Using the Rechester and Rosenbluth collision-
less model of the electron thermal diffusivity with the above
estimate for B,, one obtains y(B ) ~v,.¢°R (8 /2)(#/n)?. The
conductivity from electrostatic drift waves can be estimated
as X(E )~kp,(y/o)c,L,(7/n)?, where L, is the density gradi-
ent scale length, k is the perpendicular wavenumber, p, is the
ion gyroradius with the electron temperature, and c; is the
sound speed. Taking (y/@)~0.1 and kp, ~(0.3-1.0), one ob-
tains y(B)/y(E)~ (2-8)X(¢B(gR /L, }m./m,). Thus,
these estimates suggest that for 82 (0.04-0.1)L,/(¢°R)
~ 1%, the thermal conduction from magnetic fluctuations
might be expected to dominate over the electrostatic trans-
port.

The Caltech tokamak is the only experiment to date in
which the turbulence-induced heat flux can be studied in
such detail. However, the edge turbulence observed in the
Caltech tokamak is not unique; similar edge turbulence has
been observed and studied using both scattering and probe
techniques in other tokamaks, both large and small (see Ref.
1 and references therein). For instance, in the Alcator C to-
kamak, edge density fluctuations at a level 7i/n ~40% have
recently been studied.’

Since edges of many other tokamaks, both large and
small, have similar parameters and turbulence, the heat flux
from the turbulence-induced particle flux may be important
in these experiments as well. Comparison of results from
PDX in the H and L modes gives indirect evidence that par-
ticle transport leads to a significant electron heat loss: in the
H mode, the edge particle confinement is better and the edge
electron temperature higher than in L mode discharges.?® If
the energy loss associated with the particle flux is an impor-
tant energy loss mechanism in larger tokamaks, it might be
possible to lower this heat loss at the edge by lowering the
particle transport associated with edge turbulence, for exam-
ple, through modifying local density gradients via changes in
the fueling.
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APPENDIX: DERIVATION OF EXPRESSIONS FOR
PARTICLE AND HEAT FLUXES RESULTING FROM
LOW-FREQUENCY, ELECTROSTATIC FLUCTUATIONS

Particle and heat fluxes caused by low-frequency, elec-
trostatic fluctuations have been calculated by several auth-
ors,'*!® generally for the case of drift wave fluctuations.
Here, we briefly review the calculation for the case of arbi-
trary low-frequency, electrostatic fluctuations.

In the presence of low-frequency (w<w,;), electrostatic
(B=0) turbulence, the effect of the fluctuations on the micro-
scopic evolution of the plasma is calculated by separating the
distribution function and the electric field into average or
macroscopic parts, which evolve on a slow, transport time
scale, and microscopic, rapidly varying parts associated with
the microturbulence, i.e.,

F=(FY+F
and
=(E)+E,
where ( ) denotes a time average over the fluctuation time
scale so that (F) = (E) =0 and (F) and (E) are macro-

scopic quantities. Averaging the Vlasov equation over the
fluctuation time scale yields

[ai+v-—a-+i(<E>+ﬂ)-%]<F>

-4k a—F> +(CPY, (A1)
m av
where the effects of the electrostatic turbulence are con-
tained in the correlation (E - 9F /dv) and (C(F)) is the op-
erator for all the classical, collisional processes. The equa-
tions for the evolution of the macroscopic plasma variables
in the presence of the classical (and neoclassical) and turbu-
lent processes are obtained from the velocity moments of Eq.
(A1). In the derivation below, contributions from the classi-
cal processes will not be included and slab geometry will be
used (cf. Sec. II).

The first two even moments of Eq. (A1), in which the
terms involving the magnetic field vanish, yield the equa-
tions for the evolution of the density and temperature,

a4
9yt %y —o,
ot ox
(A2)
34 a(s ) onT
nT+-9(3 Ty, v, 9L L on(V-E
Zat Tua\ "t > TV E.

The radial particle flux is I', = n¥, and the heat transport-
ed by this particle flux is (5/2)TT . The remainder of the
heat flux, g, , generally referred to as the thermal conduction
flux, represents the heat transport that takes place without
any corresponding particle transport.

Liewer et al. 316

Downloaded 31 Mar 2003 to 192.188.106.130. Redistribution subject to AIP license or copyright, see http:/ojps.aip.org/phf/phfcr.jsp



The § components of the first two odd moments of Eq.
(Al) are

d d q Vsz q /-F

EnVy +gan Vy = —-r;n—c—-i-;(nEy)s (A3)

a a q Wsz q /-7 q

g g = 977 9eEy+ 4

ot it m ¢ +m(€y)+m
X<J.dvmvyv-ﬁ7>, (A4)

where H,, =  dvv,v,(mv’/2)(F ). The definitions of the
other macroscopic (fluid) and microscopic (fluctuating)
quantities are given in Sec. I1, Egs. (3)-(6), and the relation
between the total radial energy flux W, and the conductive
heat flux g, is given in Eq. (7). The set of equations [Egs.
(A2)-(A4)] is closed using the standard method: the time
variation of the macroscopic quantities is assumed to be slow
compared to gyrotimes and the characteristic length for spa-
tial variation of the macroscopic quantities is assumed to be
long compared to the gyroradius, i.e., (1/w.)d(In F)/dt <1
and (v/w,)d(In F)/3x = pd(In F)/3x <1, wherew, = gB /
mc is the gyrofrequency and p = v/w, is the gyroradius.
With these orderings, the terms on the left-hand sides of Egs.
(A3) and (A4) can be neglected, yielding closed expres-
sions for the turbulent fluxes I', and W, in terms of mo-
ments of the “turbulent” collision operator (E - 3F /dv): Eq.
(A3) yields the standard expression for the particle flux I',
caused by the electrostatic turbulence given in Eq. (1), and
Eq. (A4) yields the expression for the energy flux W, caused
by the electrostatic turbulence given in Eq. (5).
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