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Radiative instabilities have been considered as a possible driving term to partial-

' ly explain the measured levels of plasma edge fluctuations. Much experimental work
is being carried out in order to evidence the role of the two radiation related mecha-
nisms likely contributing to the edge turbulent transport [1-7]. At present, it is well
stated that the main experimental signature of radiative instabilities is the presence of
substantial temperature fluctuations. Condensation instabilities, for which a significant
coupling between density and temperature fluctuations is expected, are under study in
a number of devices. In our previous work in the TJ-I tokamak [8], it has been report-
ed that in the bulk side region of the velocity shear layer, temperature and density fluc-
tuate at about the same level and in phase close to opposition. Evidence of density and
temperature fluctuating almost in antiphase has also been reported in the TEXT toka-
mak [9] and in the REPUTE-I reverse field pinch [10]. On the other hand, thermal in-

stabilities, extremely sensitive to the detailed radiation cooling profile, are difficult to

be studied separately because the plasma region where dL(T,)/dT, < 0, being I, the

impurity radiation cooling, is typically well inside the magnetic separatrix and hardly
accessible to probe measurements. Nevertheless, under some conditions, the thermal
instability contribution to the radiatively driven turbulence can be significantly more
relevant than the one due to condensation related phenomena [11].

In this letter we present experimental evidence of radiation enhanced edge turbu-
lence due to the presence of a high density of impurities.

Density and temperature fluctuations have been measured in the plasma edge

region of the TJ-I tokamak (R = 30 cm, a = 10 cm) by means of Langmuir probes.

Measurements were performed in ohmically heated discharges with B, =1 T, He = 1.0

-1.5x 1013 cm3 and I_p = 40 kA. The probe system consists of a square array of four

tips ( 2 mm x 2 mm ); pins are 2 mm long and 0.4 mm in diameter.
In order to measure electron temperature fluctuations one of the probes is work-

ing as a fast swept probe. A 500 W broadband amplifier was used to supply the swept



voltage (= 200 V) at 400 kHz to that single probe. To avoid the electron saturation re-
gime in the Langmuir characteristic a variable off-set was applied. Under these condi-

tions, the electron temperature and the deduced electron density can be determined on

a time scale of about 1us and the threshold above which temperature fluctuations are
meaningful is less than 15%. In figure la we are showing the raw data from the swept
Langmuir probe. Further details of the measurement procedure and analysis have been
described elsewhere [8, 12, 13]. Other two tips, aligned in the poloidal magnetic field
direction, were used to measure the floating potential and the poloidal phase velocity
of the fluctuations. The fourth tip was biased at a fixed voltage (V=-180 V) in the ion
saturation current regime. Measurements of the ion saturation current, floating poten-
tial, and their fluctuations, obtained by the later method and by the fast swept probe
technique, are in very good agreemeﬁt as shown in figure 1b.

Radial profiles of the total radiation losses have been measured using a 10-chan-
nels bolometer array with a radial resolution of the viewing chords at the plasma cen-
ter of about 2 cm. Detectors (germanium bolometers [14]) are arranged in a parallel
geometry and look at the same plasma poloidal section than the probes, as displayed in
figure 2a. A movable stainless steel poloidal limiter was placed in the same port of the
vacuum chamber (rectangular section vertically elongated) than the probes (see fig. 2).
The resulting setup designed for this experiment enables us to obtain a strong plasma-
limiter interaction at the cross-talk volume of the uppermost detector in the bolometer
array and the Langmuir probes. Consequently, different radiation profiles due to dif-
ferent impurity concentrations can be obtained as figure 2b illustrates.

For the present experiment we have run series of repetitive discharges and stud-

ied plasmas were limited with the stainless steel limiter located at r; ) = 10.3 and at

Tim = 10.8 cm with respect to the equatorial plane of the vacuum vessel. The edge ra-
dial profiles of both, electron temperature and density, practically do not change with
the limiter position. Figure 3a shows the radial profile of the electron temperature and

figure 3b, the radial profile of the electron density (deduced from the ion saturation



current and the local electron temperature, ng, « I Te‘m) versus the probe radial posi-

tion (rp), for the series of discharges with the limiter at 10.3 cm. The density profile is

much steeper in the bulk side of the shear layer (localized at the limiter position) than
in the scrape-off side.

To investigate the possible influence on the turbulence strength of changes in-
duced by the limiter in the edge radiation, we have compared the behaviour of the

edge turbulence between corresponding discharges of the two series (i.e., discharges in
which probes were located at the same relative distance to the limiter, i rp). Fig-

ures 4a and 4b show the typical time evolution of the chord integral measurements of
the total power losses for discharges with the limiter placed at 10.8 cm (a) and at 10.3
cm (b). As can be seen, power losses profiles remain basically unchanged with ex-
ception of the uppermost detector signal. In both cases, losses coming from the edge
were increasing all along the discharge, due to the strong interaction of plasmas with
the limiter, but in fig. 4b, a more pronounced increase is observed. Contributions to
these signals due to charged particles reaching the detectors through their long colli-
mators can be neglected [15], and the flux of charge-exchange neutrals can be consid-
ered rather constant [16]. Therefore, the observed increase in bolometer signals is due
to the enhancement of impurity radiation near the limiter. The usual Abel inversion
technique does not yield satisfactory results when strong up-down asymmetries are ev-
ident and noticeable uncertainties are obtained at the plasma edge unless high spatial
resolution (few mm) 1s available. Fortunately, in the present case there is no need for
an inversion to realize that the emissivity profile is heavily peaked at the upper plasma
edge.

In figure 4c, we have plotted the normalized root mean square (rms) values of

the ion saturation current, (Isat/Isat)’ electron density, (ne/ne), and electron tempera-

ture fluctuation levels, (T /T,), versus the edge radiation for shots belonging to the

above mentioned series in which probes were located inside the viewing chord of the



uppermost bolometer and at ry; - Tp = 0.2 cm. Analyses of fluctuation levels were

performed during 6 ms in each discharge (the time intervals are delimited by the ar-
rows drawn in figures 4a and 4b). For shots with profiles like the shown in figure 4a,
at the lower levels of edge radiation, the rms values of the three magnitudes are very
similar. As edge radiation increases, temperature fluctuations slightly increase and

density and ion saturation current fluctuations slightly decrease, resulting in a ratio
(T’e/T o)/ (fi/ng) of about 2 (see open symbols). However, and although edge radiation
is notably higher and further increasing (up to a factor 3), as is the case shown in fig-
ure 4b, the rms values of ('T‘e/T e), (ﬁe/ne) and (fsatﬂsat) remain constant (see full sym-

bols). .
Fourier analysis of the temperature and density fluctuations deduced from the
fast swept probe technique show that fluctuations are dominated by frequencies below

100 kHz (see figures 5a and 5b). Figures 5c and 5d show the coherence and crossphase

between Te and ﬁe‘ The phase seems to change from zero ( for r /alim < 1) to close to

opposition (for r/ aj; , 2 1) in the frequency range in which the coherence is above the

noise level (~ 0.2).

Considering that impurity radiation cooling drives electron temperature fluctua-
tions, the high values of the rms electron temperature fluctuations observed in the plas-
ma edge region of the TJ-I tokamak point out the possible role of radiative instabilities
as a driving mechanism of edge turbulence [7].

As mentioned above, the present experiment shows an increase of the ratio

('T"e/T o) / (i/ng) as the radiation profile tends to peak near the limiter radius (i.e.,
when BIZ(Te)/aTe tends to be negative). Once the radiation profile peaks at the upper

plasma edge, no relationship between the strength of the radiation (R =< n,I ) and edge

fluctuation levels is observed.

i



Taking into account that temperature fluctuations can be larger than density

fluctuations in the plasma region where BIZ(Te)/aTe is the dominant drive for turbu-

lence (thermal drive), the observed correlation between edge radiation and fluctuation
levels reveals that thermal instabilities likely are an important drive for the edge turbu-
lence measured at the upper plasma edge.

Although density and temperature fluctuations are in phase close to opposition in
the plasma bulk side of the limiter radius, the absence of any dependence of tempera-

ture fluctuation levels on the absolute level of the total radiated power from the edge

(e< R), shows that under these experimental conditions, the condensation instabilities,
if present, are not the dominant drive of edge turbulence.

Finally, it has to be noticed that the fluctuation levels, especially those of elec-
tron density, measured in the present experiment in the proximity of the shear layer lo-
cation at the upper plasma region of TJ-I, are significantly smaller than those previous-
ly reported in the outer region of the equatorial plane [8]. Therefore, and taking into
account the additional asymmetry introduced by the presence of the limiter, these re-
sults demonstrate the existence of strong poloidal asymmetries in the edge turbulence
of the TJ-I tokamak.

In summary, the present experiments show that when impurity radiation is
strongly peaked in the vicinity of the limiter of the TJ-I tokamak there are substantial
temperature fluctuations and that these are notably higher than density fluctuatons.
The results indicate that modifying the radiation cooling profile at the plasma edge
significantly affects turbulence levels. While no effects of condensation related phe-
nomena have been observed so far, we have found experimental evidence of edge tur-

bulence driven by thermal instabilities.
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Figure Captions

Figure 1. a) Raw data from the fast swept Langmuir probe. b) Comparison between the
rms values of the ion saturation current fluctuations measured with the fast swept
probe and with the probe at a fixed bias in the ion saturation regime.

Figure 2. a) Experimental setup (D, germanium detectors; C, collimator tubes). b)
Standard and perturbed vertical profiles of the total radiation in the TJ-I tokamak.
(-10.0 cm, bottom; +10.0, cm, top).

Figure 3. a) Electron temperature and b) electron density profiles for the series of dis-
charges with the limiter at rj;,, = 10.3 cm.
Figure 4. Time evolution of the line integrated profiles of plasma emissivity for shots

with the limiter at a) 10.8 cm and b) 10.3 cm. ¢) normalized rms fluctuations of the

ion saturation current (o, @), electron density (A, 4) and electron temperature (0,¢) as
a function of the edge radiation. Open symbols refer to fig. 4 a) and black ones to fig.
4 b).

Figure 5. a) Electron density and b) temperature normalized fluctuation power spectra;

¢) coherence (YTene) and d) crossphase (aTene) between them, for two shots with the

probes located at the bulk side (dotted lines) and at the scrape-off layer side of the

limiter radius (bold lines).
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