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Temperature fluctuations and plasma edge turbulence
in the Brazilian tokamak TBR

R. M. Castro, M. V. A. P. Heller, I. L. Caldas, R. P. da Silva,
Z. A. Brasilio, and I. C. Nascimento
Institute of Physics, University of 8&aulo, C.P. 66318, 05389-970 &®aulo, SP, Brazil

(Received 12 July 1995; accepted 9 November 1995

To investigate the tokamak turbulence, a set of Langmuir probes and a triple probe have been
designed and used in the TBR Fusion Energi2, 529(1993] to measure average and fluctuating
values of density, potential, and temperature of the plasma edge. The obtained results showed a
significant influence of the temperature fluctuations in the transport parameters. Namely, taking into
account this influence, the density and plasma potential power spectra were obtained, and the
turbulence parameters reevaluated. Furthermore, the computed cross-power-spectra showed
appreciable linear correlation, and the cross-bispectra showed a quadratic mode coupling between
temperature fluctuations and other quantities. Significant bicoherence between these fluctuations
was observed. Finally, for a fluctuation monitored at two probe points, no preferential direction for
energy cascading was detected. 1®96 American Institute of Physid$1070-664X96)05002-7

I. INTRODUCTION the obtained data and determine any possible correlation in-
volving temperature fluctuations and other quantities. In the
The interest in the study of plasma edge is based on thease of fluctuations monitored at two points in space we used
evidence that the properties of the plasma confinement dex statistical methdd?! to estimate linear and quadratic
pend on the edge behaviot The temperature, potential, and transfer functions to measure coupling coefficients, energy
density fluctuation levels, their phases, and coherences caransfer, and, therefore, energy cascading.
provide information about the basic mechanisms determining  This investigation indicates that at the TBRolasma
edge turbulencd:® Particularly, these measurements are necedge the relative levels for temperature fluctuation, about
essary for a complete estimation of particle and energy transt5%, have the same order of magnitude as those obtained
port in this turbulent plasm&’ for the density and fluctuating potential; therefore, they must
However, despite the intensified studies of plasma transse taken into account in order to correctly estimate the
port in toroidal plasmas over the past ten years, there are stifllasma edge turbulence. Moreover, their observed linear and
few measurements of temperature fluctuations and their coguadratic correlations indicate their importance to interpret
relations with other fluctuating quantitiés'’ This lack of  the plasma edge turbulence. Significant bicoherence between
results is expected, since the temperature fluctuations hatkese fluctuations is observed in the sum frequency interac-
the same frequencies as density and potential fluctuatiortton region. Thus, knowing the corrected edge parameters,
and usually it is technically difficult to make accurate tem-we compare the experimental conclusions with those pre-
perature measurements, and obtain conclusive interpretalicted by turbulence drift wave theorigs>®’
tions, using Langmuir probes at frequencies higher than The remaining sections of this paper are organized as
100 kHz. follows: section Il is a description of the experiment, section
Despite these technical difficulties, some interesting redll presents the results, namely, the corrected frequency spec-
sults have already been obtained by using different prob&a and radial profiles, and discussion, and section IV gives
technique$*" These results indicate that temperaturethe conclusions.
fluctuations should not be neglected to estimate several rel-
evant tu_rbulence characterlstlc.s in tokam_aks and stellgratprﬁz DESCRIPTION OF THE EXPERIMENT
as density and plasma potential fluctuations, fluctuation in-
duced energy and particle transport. The experiment was carried out on the Ohmically heated
In this paper we report measurements of plasma edgé€BR tokamak with major radiu®=0.30 m, minor radius
parametergdensity, potential, and electron temperajwb- a=0.08 m, toroidal magnetic fiel& ,=0.4 T, plasma cur-
tained by using a specially designed system of Langmuirent | ;=10 kA, chord average density,=1X 10*° m3,
probest® Besides a common single probe and four singleand pulse length 010 ms?? The plasma in the TBR has a
probes to measure floating potential and ion saturation cuircular cross section and a full poloidal limiter at one toroi-
rent fluctuations, this probe system contains also a modifiedal location. The vessel was conditioned with a Taylor dis-
triple probe used to measure ti@verage and fluctuating charge cleaning method, and the gas used was hydrogen. For
electron temperatuf®®® Thus, it is possible to measure si- results presented in this paper, the toroidal field was in the
multaneously the temperature fluctuations and the mentioneshme direction of the plasma current.
mean parameters and other fluctuating quantities. Further- The data were collected from a multipin Langmuir
more, we also use advanced digital signal analysis tectprobe, Fig. 1, inserted into the plasma through a diagnostic
nigues, including a bispectral estimation method, to reduceort located on the top of the tokamak, 45° toroidally dis-
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placed from the poloidal limiter. This multipin tungsten FIG. 2. Edge plasma profiles for density, potential and temperature.
probe could be moved radially between shots. The collecting 5
part of these probes was 2 mm long and 0.75 mm in diam- . . oKTe
eter. This probe system was composed by four tips, a four- ¥p~ et e ' (4)

in probe array and a single probe tip. Typically, two of the . _ .
pin p 4 gep p. ypica’y where ¢ is considered equal to 2.8. The plasma potential

four tip configurations measure the floating potential fluctua- ) ) .
tions, ¢, and the other two measure the ion saturation cur—(""p) Is related to the floating potentiapf) through an equa-

R : . tion similar to Eq.(4). The relative level profiles of the fluc-
rent fluctuations) ;. These two pairs of pins were used for tuating parametersy. were given by the root-mean-square
determining the spectrurg(k,f) and power weighted aver- gp 81’ 9 y q '

. a"™3, defined as
age values of poloidal wave vectdr,, frequency,f, phase
velocity, v,n, and width of thek,.*® The single tip, at a™=((a—a)?)?, (5)
3 mm from the four tip configuration, was used to directly

measlure the mean value of roatmg pfcl) tentml-, ~ The observed level of temperature fluctuations in the
Electron mean temperatur@, its fluctuation,Te, on edge means that corrections to the ion saturation current and

saturation current,;, and its fluctugtionllgéwgre obtained  fgating potential measurements are needed to yield more
using a modified triple probeltechnlcﬂ%i]@ “Awith four PINS — reliable information about density and plasma potential fluc-
for phase delay error corrections. This error arose from finitg ,5ions.

probe tip separation across field lines. The probes were care-
fully adjusted to minimize shielding effects and gain differ- Ill. RESULTS AND DISCUSSION
ences. Radial profiles of the mean density, potential, and elec-
The probe measurements were performed during the flaton temperature are plotted in Fig. 2. As can be seen from
top phase of the plasma current, in time intervals of approxithis figure, the edge density and temperature are in the range:
mately 4 ms and averaged over seven consecutive shots. TRe- (0.2—9.0)x 10" m~2 and T.=(6—35) eV. In addition,
time series measurements were recorded using 8 bit digitizn the radial interval 0.9r/a<1.1, the density scale length
ers, with a maximum sampling rate of 1MHz. The length ofis | =0.6x 10"2 m, whereas the temperature scale length is
the used data consisted of 105 samples of 256 points. Thesg ~1.0x10 2 m. The flatness of the density profile for
series were submitted to a statistical criterion to eliminate-/a<0.9 was also observed in COMPA$Sompact Assem-
spurious points which otherwise would contribute to an overply Tokamal.!” Moreover, in this machine the equilibrium

wherea is the mean value of the parameter.

estimation of fluctuations. profile, T¢(r), also had exponential decay similar to that ob-
Temperature from the triple probe was given by served in TBR.
KT.=e(V,—V)/In2, (1) This remarkable density variation in the boundary layer

may occur because most of the neutrals being recycled from

whereV was the mean of two floating potentidlsieasured  the wall into the plasma are already ionized in the boundary
symmetrically tov. ) andV. was the potential of the posi- |ayers?® Thus, the inflowing neutral gas only increases the
tively biased probe” The plasma density was obtained by gensity of the boundary layer but leaves the density in the

na|si/Té/2- 2) center unchanged. Therefore, as shown in Fig. 2, the density
profile is flat in the regions where there are no longer any

The quantities measured with the triple probe were desources and, consequently, the density drop occurs in the
composed, using a numerical filter, into mean<G kHz)  gutermost boundary region.

and fluctuating (5<f<500 kHz) parts. The uncertainty in the estimation of plasma potential,
Density and potential fluctuations corrected by temperafrom the probe floating potential, is substantial because the

ture fluctuations were obtained ¥y exact value of in Eq. (4) is difficult to determiné. In the

T - T2 plasma edge the plasma potential decreases outwards. From

lsi 1Te 1(Te . ; ) > e .

= F_ET_+Z T (3)  the ¢, radial profile the mean radial electric field is esti-

si e € mated to beE,=16x10? V/m in the limiter shadow and

and E,=35X10? V/m in the plasma edge. Furthermore, in this
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even the corrected experimental profiles are incompatible
with the model prediction.
FIG. 3. Relative root-mean-squatems) profiles for temperature fluctua- In Fig. 3(d), we also plotted the fluctuation radial profile

tions (a), floating potentiaib), and density(c) [neglecting (*) and consid-  calculated for the self-sustaining drift wave model according
ering (O) the temperature fluctuatiohRelative profiles for two theoretical to the following expression%SO

models(d).
A/na(Linz)VB,,Mor ¥4 1 37 (8)

and
region E, varies monotonically. This radial variation indi- ~
cates the absence of a shear layer, confirmed also by the Cep a(L2nz)V2g Vot 34 32 9
nonobservance of a reversal in the phase velocity direction. KTe ° voe TTe
Thus, contrary to what has been observed in othefyhere the magnetic shear is given by
tokamaks, until now there is no evidence of the existence of ’ ,
a shear layer in TBR®?’ Ls=a°R./ad’, (10
The value of the radial electric field in the plasma edgeq is the safety factor and is the effective charge state. Since
is comparable to the one that would be created by stochastic, and Z were not directly available, we used their mean
magnetic field lines, according to Ref. 28: values over the observed radial range. For the fluctuating
_ -1 —19_ otential, the computed radial profilEig. 3(d)] is consistent
E=TelL; *+0.8.7¢]=36x10° Vim. C \Ilavith the measured ongrig. 3b)], although the computed
The radial profile of the root-mean-square of the tem-and the measured magnitudes are different. Moreover, this
perature fluctuation is shown in Fig(e3. The influence of model predicts neither the profile nor the magnitude of the
the corrections introduced by temperature fluctuations, acluctuating density. However, as predicted from this model,
cording Egs.(3) and (4), on the potential and density fluc- our results show that:
tuation profiles are shown in Figs(l8 and 3c). At some -
radial positions the corrected values are at least 30% higher e%> a/n. (11)
than those obtained neglecting the mentioned corrections. As KTe

was reported in Refs. 8, 10, and 19, these fluctuation level$he relative magnitude of the temperature fluctuations were
introduce significant errors in the turbulence description ifT;mS/TezO.15. For these values, the computation of the po-
they are not taken into account in Ed8) and (4). Indeed,  tential and density profiles at plasma edge are considerably
these corrections are remarkably important in the plasmaffected. Despite some mentioned agreement, the data are
edge, although they cannot also be neglected even in thgot consistent with drift wave model.

scrape-off layer. Thus, the observed temperature fluctuations  Figure 4 shows the frequency power spectra of tempera-
affect signifzig%ntly the previous interpretations of probe datgyre fluctuations computed from data measured at the radial
in the TBR™ positionr/a=0.81 andr/a=0.96. At the plasma edge the

To determine if the fluctuations are due to a density gratemperature fluctuation spectra are similar to those obtained
dient drive, we also plotted in Fig.(® the radial variation fgr the other fluctuations.

predicted for drift waves:*® A two point estimate of th&(k,f) spectruni® indicates
ep, 0 that both the waves vector poloidal componédqt, and its
KTp = ﬁz4pS/Ln, (7) spectral width,o,, are reduced if they are computed with
e

temperature corrections. This effect is observed in Fig®. 5
where pg is the Larmor radius(estimated by assuming and 5b) where we see th&(k,f) spectrum, for fluctuating
T;=T,) andL, is the density scale length. In E() the use potential atr/a=0.81, computed without and with tempera-
of the factor 4 encloses the prediction of both the Waltz—ture fluctuation corrections. In Fig. 5 the positive wave vec-
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k(em™) computed. We observed that the ion saturation current and

floating potential fluctuations are in phase and present a lin-
FI‘G. 5. S(k,f) spectra and gont~ours of potential fluctuations /at= 0.8‘1, ear coherence/=0.5 at frequencies below 100 kHz. In the
\iwthgut temperature correctiong; (a), and with temperature corrections, frequency range for which the coherence is above the noise
e 0 level, the linear coherence between floating potential fluctua-

tions and temperature fluctuations is lower than coherence
tor orientation corresponds to the ion drift direction. As canbetween ion saturation current and temperature fluctuations
be seen in this figure, the poloidal wave number spectruniFig. 8). As observed in other machin&sthe phase calcula-
narrows with correction. This effect can be better seen in Figtion between ion saturation current and temperature fluctua-
6, which shows the radial profile of the corrected and uncortions shows that they are almost in antiphase for frequency
rected mean-wave number for the fluctuating potential, withcomponents until 100 kHz. Evaluations of the convected and
a high dispersion relatiomkalk,p 1.3. This computek, the conducted energy fluxes at the limiter giyg,~=0.10
and the toroidal magnetic field in TBR fit the general depenXW/m? andgon=0.02 kW/nf, for a total input power of 20

dence ofk on B, observed in many magnetic devicds. KW/m?., So,_th_e power flux is dominated by other losses,
Figure 7 shows the frequency spectra of the fluctuatiorsuch as radiation. .
driven particle flux ar/a=0.96 considering and neglecting To investigate the coupling between the measured fluc-
the correction introduced by the temperature fluctuationsiU@tions, we used a bispectral analysis technidéin the
The driven particle flux spectrum is calculatec?by present analysis the recorded data are not enough to neglect
) the variance of bicoherence. Confidence limits on the esti-
I'=2ky| Przlsin(67;)/B . (12 mates of the squared bicoherend®)( depends on the true

Besides the influence of temperature fluctuations in the/alue of the bicoherence. Thus, it has been shown that the
particle flux, Fig. 7 shows also the fact that the flux is mostlyvariance of bicoherenééestimates isrye~2b/\/M (where
Supported by low frequency components_ As can be seen, |M =210 is the number of successive realizations with time
this case the corrections affected not only the intensity of théntervals of 128 us). By inspection of the autobicoherence
fluctuations but also the direction of their poloidal propaga-of floating potential, ion saturation current and temperature
tion. Consequently, near the limiter the integrated transporfiuctuations, we concluded that nonlinear interactions are
was higher than the computed incorrected value. concentrated  mainly at  ¥f,<50kHz  and

In order to determine a possible relationship between th@5< ;<60 kHz and have a significant level only for tem-
measured fluctuations, the cross-spectra of fluctuations weRerature fluctuations.
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FIG. 6. Mean wave number profile of potential fluctuations with tempera-FIG. 8. Coherence at/a=0.92 of T, with I, and &; (dashed and full
ture correction,r:op (*) and without correctionp; (O). curves respective)y Straight line denotes statistical uncertainty.
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the linear and quadratically nonlinear relationship between
fluctuations monitored at two points in space in a turbulent
medium. This relationshifthe wave coupling equatigns
described with the aid of linear and quadratic transfer func-
A tions. From the linear transfer function we can compute the
Rk A growth rate and dispersion relation. From the quadratic trans-
o 02 0.4 06 0 02 0.4 06 fer function we can compute the wave-wave coupling coef-

felforfal/in fi/fu ficient and finally the energy transfer between different spec-
tral components.

From the growth rate we evaluate the change of the
mode amplitudes while propagating the distance between
probes. Thus, positive growth values correspond to a grow of
the wave and negative values are caused by a damping
mechanism. The coupling coefficient gives the strength of
the coupling leading to a decay of the wave of frequefcy
into waves of frequencief; andf, or to the merging of two
waves into one.

FIG. 9. Atr/a=0.81, integrated bicoherence fdg, (dashed curveand The power transfer function is computed from the cou-
@ (full curve) (a). Bicoherence for the same parameters for interactions

satisfying the resonant conditidr= 35 kHz (b). Cross bicoherence between pling coefficient and the auto-bispectrum of the fluctuations.
T. andly;, atr/a=0.92(c). Frequencies normalized to Nyquist frequency POSitive values of power transfer mean transfer of power into
and filtered at 250 kHz. the waves with frequencf/=f,+ f, and negative values in-
dicate a cascading of power away from this frequency into
the other two components.

The fluctuations oflg and ¢ were analysed at
r/a=0.81. We found that the growth rate showed a value
that could be due to a linear damping mechanism, or a trans-
ference of energy to other waves as a result of nonlinear
wave-wave coupling. For the dominant low frequency com-

the spectral region € f,<fy/2 andf,<f,<fy—f,, where POnents we observed an almost linear dispersion relation.
f\, is the Nyquist frequency. As it is shown in Fig;(aa the The amplitude of the quadratic coupling coefficient denoted
nonlinear coupling is negligible for the potential fluctuations, Significant coupling efficiency foty; in the difference inter-
However, for temperature fluctuations the sum of bicoherction region {;<0). Other areas of some coupling through
ence is close to unity possibly indicating the presence ofUm and difference interactions involve input spectral com-
coherent nonlinear interactions at small frequencies arounonents|fz| <60 kHz andf,<100 kHz. On the other hand,
f=35 kHz. The bicoherence of fluctuating temperature andn® amplitude of the quadratic coupling coefficient faris
plasma potential show similar behavior for all radial posi-N€gligible for the regions with significant spectral power.
tions in the plasma edge; however, near the limiter and in its ~ The power transfer function calculated foy; showed
shadow these computed bicoherences are negligible. that the difference interaction region was dominated with
Figure 9b) shows the bicoherence of potential and tem-Positive power transfer rates almost comparable to the loss of

perature fluctuations ata=0.81 for interactions satisfying POWer. _
the resonant conditionf=f,+f,, with f fixed at Calculated values of skewness and kurtosis for the mea-

~35 kHz. In the case of the two considered fluctuations forsured fluctuations are very near the expected values for
the same resonant condition we do not see any contributiofpaussian distributed signals, so probability distribution func-
from modes of the high frequency band. In the case of crosdions for the analysed data, indicate no significant deviation
bicoherence between temperature, ion saturation current, ah@m normal distribution.
floating potential, the quadratic coupling is more significant
for the first.two fluctuations. Accordingly, Fig.(® shows IV. CONCLUSIONS
the cross-bicoherence between temperature and ion satura-
tion current atr/a=0.92 with values ofb§50.40i0.05. In the TBR tokamak, a complex system of Langmuir
Furthermore, this highest value appears for two wave bandgrobes was used at the edge to determine plasma parameters,
of fluctuations around 50 kHz related to anotkgum) wave  namely, temperature, density and plasma potential, as well
band with frequencies around 100 kHz. Although this indi-their broadband fluctuations. Besides four single probes, to
cates the existence of energy cascading, the correspondimgeasure the fluctuation spectra, and one single probe to mea-
flux, in the frequency space, cannot be determined from thisure the plasma potential, a modified triple probe was used to
result. measure the mean and fluctuating temperatures. Accurate
To obtain a quantitative estimation of the nonlinear cou-tests were exhaustively done to assure the reliability of ob-
pling coefficients and the resulting amount of energy cascadained data, especially in the case of the not so common
ing between waves at the plasma edge, we applied theiple probe. Thus, it was possible to obtain the corrected
method described in Refs. 20 and 21. This method modelevels of the electrostatic fluctuation intensities, taking into

Figure 9a) shows the integrated bicoherencE®?, for
fluctuating temperature and floating potentialr &= 0.81;
whereb? is the bicoherence corresponding to a triplet
f, andf=f,+f,. Each value of£b? is a sum ofb? for all
f, andf, satisfying the resonant conditidin= f + f, within

Phys. Plasmas, Vol. 3, No. 3, March 1996 Castro et al. 975



account the temperature fluctuations, in order to obtain th@ary results obtained with thg; and &; fluctuations for the
right radial profiles of the measured quantities and to per;

X - auantitative estimation of nonlinear coupling coefficients and
gortm the spectral and bispectral analyses of the obtainegdnergy cascading showed a significant coupling efficiency
ata. -

, i , for Ig; in the difference interaction regiof,<0. The cou-
Radial profiles of, ¢, andT, were determined. Atthe 0" coefficient ford, is negligible for regions with signifi-
plasma edge,/a>0.9, these radial profiles are well approxi- cant spectral power.
ma;egz by z>|<_pon~e1n t(l)alsl _v2\/|th Tshc_ale Iefr_1|gthlsn:0.6 The power transfer function f&rsi showed no preferen-
x 107 m andLre= N X107 m. Thisn profile steepness tial direction for energy cascading away from dominant
was also observed in other tokamaks as COMPASS a

I Tiah ) K i Ndaves in the power spectrum.
START (Small Tight Aspect Ratio Tokamak™ Moreover, Finally, probability distribution functions of these fluc-

the remarkable flatness of the density profile, reported in thig, ti0ns indicate no significant deviations from normal dis-
work, was also noticed in these tokamaks. As reporteqribution

before®2” until now there is no evidence of shear layer in
TBR.
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