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Experimental Evidence of Significant Temperature Fluctuations in the Plasma Edge
Region of the TJ-I Tokamak
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Density and temperature fluctuations have been measured in the plasma bulk side of the velocity-shear
location of the TJ-I tokamak using a fast swept Langmuir probe technique. Evidence has been found
that substantial temperature fluctuations have a phase diA'erence of close to ~ with respect to the corre-
sponding density fluctuations. This result suggests the possible role of radiation in determining edge
fluctuation levels and calls into question the determination of the density and potential fluctuations from
the Langmuir current probe and floating potential fluctuations.

PACS numbers: 52.55.Fa, 52.25.Gj

Much effort is being made to determine the underlying
mechanisms responsible for the anomalous transport ob-
served in tokarnaks and stellarators. Langmuir probes
have been extensively used to characterize the structure
of edge fluctuations. Measurements of the edge particle
transport induced by fluctuations have been made by
studying the correlation between density and plasma po-
tential fluctuations, assuming negligible temperature fluc-
tuations ([1] and references therein). Under this approx-
imation edge electrostatic fluctuations can account for
most of the edge particle transport. Although no satisfac-
tory theoretical model has been developed to explain all
the edge turbulence features, turbulence driven by radia-
tive instabilities has been considered as a possible candi-
date to partially account for the observed edge fluctuation
levels [2-71. Two simultaneous mechanisms contribute
to the radiative instabilities. In the plasma region where

dl, /dT, is negative, I, and T, being the cooling rates and
the electron temperature, respectively, a decrease in the
electron temperature causes an increase in the radiative
loss rate, resulting in a further decrease of the electron
temperature (thermal instability). Furthermore, provid-

ing that there is a coupling mechanism between density
and temperature fluctuations (i.e., pressure balance), a
decrease in the electron temperature implies an increase
in the electron density, with a subsequent increase in the
radiative loss rate (condensation instability). The experi-
mental signature of radiative instabilities is the presence
of substantial temperature fluctuation. In the case of the
condensation drive, a significant coupling between density
and temperature fluctuations is expected; in particular, if
the pressure balance condition is fulfilled [5], the phase
between density and temperature fluctuations should be
in phase close to opposition, that is the phase difIerence is
close to z. Thus, the comparison between the level of
temperature and density fluctuations and their relative
phase can provide key information to understand the
basic mechanisms driving edge turbulence.

In this Letter we present experimental evidence of
significant edge temperature fluctuations which are in

phase close to opposition with the corresponding density
fluctuations.

Density and temperature fluctuations have been mea-
sured in the plasma edge region of the TJ-I Tokamak
(R =30 cm, a =10 cm) using a fast swept Langmuir
probe technique [Sl. Measurements were done in Ohmi-
cally heated discharges with B =1 T, n, = (1-2)x10'3
cm, and I~ = 30 kA. The vacuum chamber acts as a
belt limiter. Impurity radiation in the edge is dominated
by oxygen and carbon impurities. Typically Z, a is of the
order of 3 [9). The probe system consists of a square ar-
ray of four Langmuir probes (2 mm x 2 mm); pins are 2
mm long and 0.4 mm in diameter. A broadband (1
MHz), 75 W amplifier was used to supply a swept volt-
age (=150 V) to a single probe at 300 kHz. Measure-
ments were digitized at 5 MHz, using a 12-bit CAMAC
digitizer. Two tips, aligned perpendicular to the local
magnetic field, are used to measure the poloidal phase ve-
locity of the fluctuations, deduced from the floating po-
tential fluctuations; this measurement provides the posi-
tion where the poloidal phase velocity of the fluctuations
reverses propagation (shear layer) from the ion to the
electron drift direction when moving radially inwards.
The position of the shear layer (a,h„,=a) has been tak-
en as the point of reference for the measurements. The
importance of the shear layer location on edge turbulence
has been reported in experiments done in ATF which
have shown that the structure of the turbulence appears
to be different in the plasma bulk side of the shear layer
(r/a h„,( 1) and in the scrape-off' layer region
(r/a,„„,) 1) [10).

Current probe (I,/I, ), temperature (T,/T, ), and densi-
ty (n/n) fluctuations have been determined by sweeping
the applied voltage (V) to a single Langmuir probe at a
frequency of 300 kHz (Fig. 1). The current-voltage
characteristic has been fitted by the expression [11]

I=I, [1 —exp[e(V —Vf)/kT, ]],
where I, is the ion saturation current and Vf is the float-
ing potential. The ion saturation current is linearly pro-
portional to the local plasma density (n) and to the veloc-
ity (v) of the ions entering the probe sheath [11). The
velocity is taken as v ee (T,/I;)'~, although the ratio
T,/T; is not known in the present experiment. Using a
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FIG. 2. Ion saturation current deduced from the fast swept
Langmuir probe (300 kHz) and with the probe bias in the ion

saturation regime.
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FIG. l. ( ~(a) Langmuir probe (I V) charact-eristics measured

in the proximity of the velocity-shear layer in the TJ-I tokamak
and (b) I-V characteristic with the deduced values for the elec-
tron temperature and ion saturation current.

nonlinear least-squares fitting routine, we have deter-
mined the electron temperature (T, ), the ion saturation
current (I, ), and deduced the local plasma densit

—&/2

ensi y
(nrxI, T, ) on a time scale (=2 ps) smaller than the
relevant times of the turbulence (= 10 ps). Capacitance
to ground has been minimized to reduce parasitic capaci-
tive currents to less than 3 mA (rms). Edge density and
electron temperature are in the range n, = (1-3)&&10'

cm and T, = 10-30 eV.
An important point is to determine which part of the

I-V characteristic should be used to get the electron tem-
perature [12-14]. The eff'ect of varying the cutofl' voltage
V, (i.e., fitting of the I Vcharacteristic -for V( V, ) in

determining the electron temperature and its fluctuations
has been studied in the range (V, —Vf)/kT, =0-1. ln
this range the determined parameters T, and T,/T, are
not very sensitive to V, [8]. ln the present experiments
we have used the cutoff voltage given by (V, —VI)/kT,
=0.5. It has to be noted that this result is not in con-
tradiction to previous experiments in JET [13], which
show that a true departure from the exponential behavior
occurs for V, ) Vf. It is expected that the larger the
probe size (as is the case of the JET probes) the clearer
the departure expected from the exponential behavior for
V ) Vf [14]. As a consequence, small probes as those
used in the present experiment allow one to sample a
significant fraction of the electron distribution. The
drawback of using small probes is that the efIective probe
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FIG. 3. Fluctuations in the ion saturation current (I,/I, ),
electron temperature (T,/T, ), and density (n/n) vs the local

p asma density (n rx I, T, ). Measurements were done in the1
—]/2

radial range r/a, h„,=0.9-1. The shaded area shows the loca-
tion of the velocity-shear layer with respect to the density
profile.

area is not well defined [15] and thus only relative varia-
tion in the local electron density can be monitored.

swepThe measured ion saturation currents by the fast swe t
probe method were in good agreement with those com-
puted when the probe was at a fixed bias in the ion satu-
ration regime (Fig. 2). This agreement shows the relia-
bility of the fast swept probe technique.

Figure 3 shows the probe-current, density, and temper-
ature (rms) fluctuation levels in the plasma bulk side of
the velocity shear location (r/ash„, ( 1). Measurements
are plotted versus the local electron density deduced from
the ion saturation current and the electron tern eratpera ure
(n rxI, T, ). The local density can be considered as a
monitor of the probe radial position: The higher the local
density the further inside the plasma the measurements
are taken. Measurements were done in the radial range
&/ashear = 0 9

The estimated temperature Auctuation levels are on the
order of 40%, and are comparable to the correspondining

ensity fluctuations. The measured temperature fluctua-
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FIG. 4. (a) Phase between density and temperature fluctua-
tions in the plasma edge region r/a, q„,=0.9 [n, (a.u. ) = 1.61
and (b) frequency spectra for the ion saturation current, the
electron temperature, and the density fluctuations deduced from
the fast swept Langmuir probe technique.

tion levels are higher than those previously reported in
the Caltech tokamak [16]. However, it has to be noted
that whereas in the present experiments the I-V charac-
teristic has been fitted from the ion saturation regime up
to about the floating potential, in the Caltech experiment
the I-V characteristic was fitted from the floating poten-
tial up to the plasma potential. Fitting the I-V charac-
teristics up to the plasma potential can possibly overesti-
mate the electron temperature [13] and as a consequence
could lead to an underestimate of the temperature fluc-
tuations in the Caltech experiment [16].

Fluctuations in the ion saturation current decrease
when the probe moves radially inwards. This result is

common for all studied devices independent of their mag-
netic configuration (tokamaks, stellarators) and size
[1,10]. However, whereas I,/I„T,/T„and n/n are com-
parable near the shear location, I,/I, is smaller than both
n/n and T,/T, in the plasma edge region (r/a, h„r& 1).
Taking into account that the ion saturation current is

proportional to the local electron density and to the
square root of the electron temperature, the present re-
sults imply that density and temperature are fluctuating
in phase close to opposition [Fig. 4(a)].

The current probe fluctuation levels (I,/I, ) are given

by

(I,/I, ) =(n/n) + —,
' (T,/T, ) +(nT, )/nT, ,

where (nT, ) is the correlation term between density and
temperature fluctuations.

It has to be noted that only when temperature fluctua-
tions are negligible then the current-probe fluctuations
are dominated by density fluctuations. However, when
density and temperature fluctuations are strongly corre-
lated with n/n = T,/T, and a„T= z, it follows that
I,/I, =0.5T,/T„in consistency with the results presented
in Fig. 3.

Fourier analysis of the current probe, temperature, and
density fluctuations deduced from the fast swept probe
technique shows fluctuations that are dominated by fre-
quencies below 100 kHz [Fig. 4(b)].

It has to be noted that whereas the thermal drive re-
quires the restrictive condition dl, /dT, &0, the relevant
parameter for the impurity condensation drive is n, I„n,
being the impurity concentration. Thus, the existence of
radiation (present in all devices) and some kind of cou-
pling mechanism between density and temperature fluc-
tuations are the only required conditions for the conden-
sation drive. The fulfillment of these general require-
ments in the present experiment make the condensation
drive an attractive candidate to partially explain edge tur-
bulence features. However, although the presence of
significant temperature fluctuations can be an indicator of
radiative drives, other models would also predict signifi-
cant temperature fluctuations under realistic assumptions.
A systematic study of the correlation between radiation
levels and turbulence levels is needed to fully understand
the role of radiative instabilities on edge turbulence.

Two diff'erent factors contribute to the total uncertain-
ty associated with the electron temperature and current
fluctuations deduced from the fast swept method. First,
variations in the local plasma parameters (density, poten-
tial, and temperature) during the sweeping time of the
probe are estimated to produce apparent temperature
fluctuations of approximately 10% on the measured tem-
perature fluctuations, using the analysis presented in Ref.
[16]. However, the observed uncoupling between current
probe and temperature fluctuations (that is to say, the
fact that while current probe fluctuation levels decrease
when moving radially inward, temperature fluctuation
levels remain basically constant, see Fig. 3) strongly sug-
gests that the inferred temperature fluctuations are not
dominated by the contribution of plasma fluctuations
occurring simultaneously. Second, additional errors on
the measured level of temperature fluctuations are due to
deviations from the electron Maxwellian distribution.
The fitting errors of the I-V characteristics are in the
range of (5-10)% for the ion saturation current and
about (10-15)%for the electron temperature.

The accumulated errors imply that only fluctuation lev-
els approximately above 10% and 20% for I,/I, and
T,/T„respectively, can be resolved with the present ex-
perimental setup. However, as shown in Fig. 3 the mea-
sured fluctuation levels for current and temperature fluc-
tuations are significantly above the maximum uncertain-
ties.
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In conclusion, the present experiments show that the
fast s~ept Langmuir probe technique is a powerful
method to determine the mechanisms underlying edge
turbulence. Evidence of substantial temperature fluctua-
tions has been found in the plasma edge region (r/a, h„,( 1) with n/n = T,/T, . Furthermore, T,/T, and n/n are
fluctuating in phase close to opposition. These results

suggest that radiative instabilities, and in particular the
condensation efl'ects, could play a key role in driving plas-
ma edge fluctuations. On the other hand, the presence of
temperature fluctuations can significantly aff'ect the inter-
pretation of the Langmuir probe data (the approximation
I,/I, = n/n is called into question) and makes it necessary
to reconsider the validity of the particle fluxes computed
with the approximation T,/T, =0. A systematic study of
the correlation between edge radiation levels and the level

of density and temperature fluctuations is needed.
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