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To investigate the tokamak turbulence, a set of Langmuir probes and a triple probe have been
designed and used in the TBR@J. Fusion Energy12, 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. ©1996 American Institute of Physics.@S1070-664X~96!05002-7#

I. INTRODUCTION

The interest in the study of plasma edge is based on the
evidence that the properties of the plasma confinement de-
pend on the edge behavior.1,2 The temperature, potential, and
density fluctuation levels, their phases, and coherences can
provide information about the basic mechanisms determining
edge turbulence.3–5Particularly, these measurements are nec-
essary for a complete estimation of particle and energy trans-
port in this turbulent plasma.6,7

However, despite the intensified studies of plasma trans-
port in toroidal plasmas over the past ten years, there are still
few measurements of temperature fluctuations and their cor-
relations with other fluctuating quantities.8–17 This lack of
results is expected, since the temperature fluctuations have
the same frequencies as density and potential fluctuations
and usually it is technically difficult to make accurate tem-
perature measurements, and obtain conclusive interpreta-
tions, using Langmuir probes at frequencies higher than
100 kHz.

Despite these technical difficulties, some interesting re-
sults have already been obtained by using different probe
techniques.8–14,17 These results indicate that temperature
fluctuations should not be neglected to estimate several rel-
evant turbulence characteristics in tokamaks and stellerators,
as density and plasma potential fluctuations, fluctuation in-
duced energy and particle transport.

In this paper we report measurements of plasma edge
parameters~density, potential, and electron temperature! ob-
tained by using a specially designed system of Langmuir
probes.18 Besides a common single probe and four single
probes to measure floating potential and ion saturation cur-
rent fluctuations, this probe system contains also a modified
triple probe used to measure the~average and fluctuating!
electron temperature.8,9,19Thus, it is possible to measure si-
multaneously the temperature fluctuations and the mentioned
mean parameters and other fluctuating quantities. Further-
more, we also use advanced digital signal analysis tech-
niques, including a bispectral estimation method, to reduce

the obtained data and determine any possible correlation in-
volving temperature fluctuations and other quantities. In the
case of fluctuations monitored at two points in space we used
a statistical method20,21 to estimate linear and quadratic
transfer functions to measure coupling coefficients, energy
transfer, and, therefore, energy cascading.

This investigation indicates that at the TBR22 plasma
edge the relative levels for temperature fluctuation, about
15%, have the same order of magnitude as those obtained
for the density and fluctuating potential; therefore, they must
be taken into account in order to correctly estimate the
plasma edge turbulence. Moreover, their observed linear and
quadratic correlations indicate their importance to interpret
the plasma edge turbulence. Significant bicoherence between
these fluctuations is observed in the sum frequency interac-
tion region. Thus, knowing the corrected edge parameters,
we compare the experimental conclusions with those pre-
dicted by turbulence drift wave theories.1–3,6,7

The remaining sections of this paper are organized as
follows: section II is a description of the experiment, section
III presents the results, namely, the corrected frequency spec-
tra and radial profiles, and discussion, and section IV gives
the conclusions.

II. DESCRIPTION OF THE EXPERIMENT

The experiment was carried out on the Ohmically heated
TBR tokamak with major radiusR50.30 m, minor radius
a50.08 m, toroidal magnetic fieldBf50.4 T, plasma cur-
rent I p.10 kA, chord average densityno.131019 m23,
and pulse length of.10 ms.22 The plasma in the TBR has a
circular cross section and a full poloidal limiter at one toroi-
dal location. The vessel was conditioned with a Taylor dis-
charge cleaning method, and the gas used was hydrogen. For
results presented in this paper, the toroidal field was in the
same direction of the plasma current.

The data were collected from a multipin Langmuir
probe, Fig. 1, inserted into the plasma through a diagnostic
port located on the top of the tokamak, 45° toroidally dis-

971Phys. Plasmas 3 (3), March 1996 1070-664X/96/3(3)/971/7/$10.00 © 1996 American Institute of Physics
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

143.107.134.77 On: Wed, 04 Feb 2015 10:26:52



placed from the poloidal limiter. This multipin tungsten
probe could be moved radially between shots. The collecting
part of these probes was 2 mm long and 0.75 mm in diam-
eter. This probe system was composed by four tips, a four-
pin probe array and a single probe tip. Typically, two of the
four tip configurations measure the floating potential fluctua-
tions, w̃ f , and the other two measure the ion saturation cur-
rent fluctuations,Ĩ si . These two pairs of pins were used for
determining the spectrumS(k, f ) and power weighted aver-
age values of poloidal wave vector,ku , frequency,f , phase
velocity, vph , and width of theku .

23 The single tip, at
3 mm from the four tip configuration, was used to directly
measure the mean value of floating potential,w f .

Electron mean temperature,Te , its fluctuation,T̃e , ion
saturation current,I si , and its fluctuation,Ĩ si , were obtained
using a modified triple probe technique9,10,19,24with four pins
for phase delay error corrections. This error arose from finite
probe tip separation across field lines. The probes were care-
fully adjusted to minimize shielding effects and gain differ-
ences.

The probe measurements were performed during the flat
top phase of the plasma current, in time intervals of approxi-
mately 4 ms and averaged over seven consecutive shots. The
time series measurements were recorded using 8 bit digitiz-
ers, with a maximum sampling rate of 1MHz. The length of
the used data consisted of 105 samples of 256 points. These
series were submitted to a statistical criterion to eliminate
spurious points which otherwise would contribute to an over-
estimation of fluctuations.

Temperature from the triple probe was given by

KTe5e~V12V!/ ln 2, ~1!

whereV was the mean of two floating potentials~measured
symmetrically toV1) andV1 was the potential of the posi-
tively biased probe.19 The plasma density was obtained by

naI si /Te
1/2. ~2!

The quantities measured with the triple probe were de-
composed, using a numerical filter, into mean (f,5 kHz)
and fluctuating (5, f,500 kHz) parts.

Density and potential fluctuations corrected by tempera-
ture fluctuations were obtained by19

ñ5nF Ĩ siI si 2 1

2

T̃e
Te

1
1

4 S T̃eTeD
2G ~3!

and

w̃p5w̃ f1
sKT̃e
e

, ~4!

wheres is considered equal to 2.8. The plasma potential
(wp) is related to the floating potential (w f) through an equa-
tion similar to Eq.~4!. The relative level profiles of the fluc-
tuating parameters,ã, were given by the root-mean-square,
a rms, defined as

a rms5^~ ã2a!2&1/2, ~5!

wherea is the mean value of the parameter.
The observed level of temperature fluctuations in the

edge means that corrections to the ion saturation current and
floating potential measurements are needed to yield more
reliable information about density and plasma potential fluc-
tuations.

III. RESULTS AND DISCUSSION

Radial profiles of the mean density, potential, and elec-
tron temperature are plotted in Fig. 2. As can be seen from
this figure, the edge density and temperature are in the range:
n.(0.229.0)31017 m23 andTe.(6235) eV. In addition,
in the radial interval 0.9,r /a,1.1, the density scale length
is Ln.0.631022 m, whereas the temperature scale length is
LTe.1.031022 m. The flatness of the density profile for
r /a,0.9 was also observed in COMPASS~Compact Assem-
bly Tokamak!.17 Moreover, in this machine the equilibrium
profile,Te(r ), also had exponential decay similar to that ob-
served in TBR.

This remarkable density variation in the boundary layer
may occur because most of the neutrals being recycled from
the wall into the plasma are already ionized in the boundary
layers.25 Thus, the inflowing neutral gas only increases the
density of the boundary layer but leaves the density in the
center unchanged. Therefore, as shown in Fig. 2, the density
profile is flat in the regions where there are no longer any
sources and, consequently, the density drop occurs in the
outermost boundary region.

The uncertainty in the estimation of plasma potential,
from the probe floating potential, is substantial because the
exact value ofs in Eq. ~4! is difficult to determine.1 In the
plasma edge the plasma potential decreases outwards. From
the wp radial profile the mean radial electric field is esti-
mated to beEr.163102 V/m in the limiter shadow and
Er.353102 V/m in the plasma edge. Furthermore, in this

FIG. 1. Scheme of probe system.

FIG. 2. Edge plasma profiles for density, potential and temperature.
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region Er varies monotonically. This radial variation indi-
cates the absence of a shear layer, confirmed also by the
nonobservance of a reversal in the phase velocity direction.
Thus, contrary to what has been observed in other
tokamaks,1 until now there is no evidence of the existence of
a shear layer in TBR.26,27

The value of the radial electric field in the plasma edge
is comparable to the one that would be created by stochastic
magnetic field lines, according to Ref. 28:

Er.Te@Ln
2110.5LTe

21#.363102 V/m. ~6!

The radial profile of the root-mean-square of the tem-
perature fluctuation is shown in Fig. 3~a!. The influence of
the corrections introduced by temperature fluctuations, ac-
cording Eqs.~3! and ~4!, on the potential and density fluc-
tuation profiles are shown in Figs. 3~b! and 3~c!. At some
radial positions the corrected values are at least 30% higher
than those obtained neglecting the mentioned corrections. As
was reported in Refs. 8, 10, and 19, these fluctuation levels
introduce significant errors in the turbulence description if
they are not taken into account in Eqs.~3! and ~4!. Indeed,
these corrections are remarkably important in the plasma
edge, although they cannot also be neglected even in the
scrape-off layer. Thus, the observed temperature fluctuations
affect significantly the previous interpretations of probe data
in the TBR.26,27

To determine if the fluctuations are due to a density gra-
dient drive, we also plotted in Fig. 3~d! the radial variation
predicted for drift waves:7,29

ew̃p

KTe
.
ñ

n
.4rs /Ln, ~7!

where rs is the Larmor radius~estimated by assuming
Ti.Te) andLn is the density scale length. In Eq.~7! the use
of the factor 4 encloses the prediction of both the Waltz–

Dominguez and Terry–Diamond models.29 As we can see,
even the corrected experimental profiles are incompatible
with the model prediction.

In Fig. 3~d!, we also plotted the fluctuation radial profile
calculated for the self-sustaining drift wave model according
to the following expressions:6,30

ñ/na~Ls
2nZ!1/2Bf

21/2Te
23/4LTe

23/2 ~8!

and

ew̃p

KTe
a~Ls

2nZ!1/2Bf
21/2Te

23/4LTe
23/2, ~9!

where the magnetic shear is given by

Ls5q2Ro /aq8, ~10!

q is the safety factor andZ is the effective charge state. Since
Ls and Z were not directly available, we used their mean
values over the observed radial range. For the fluctuating
potential, the computed radial profile@Fig. 3~d!# is consistent
with the measured one@Fig. 3~b!#, although the computed
and the measured magnitudes are different. Moreover, this
model predicts neither the profile nor the magnitude of the
fluctuating density. However, as predicted from this model,
our results show that:

ew̃p

KTe
.ñ/n. ~11!

The relative magnitude of the temperature fluctuations were
Te
rms/Te.0.15. For these values, the computation of the po-

tential and density profiles at plasma edge are considerably
affected. Despite some mentioned agreement, the data are
not consistent with drift wave model.

Figure 4 shows the frequency power spectra of tempera-
ture fluctuations computed from data measured at the radial
position r /a50.81 andr /a50.96. At the plasma edge the
temperature fluctuation spectra are similar to those obtained
for the other fluctuations.

A two point estimate of theS(k, f ) spectrum23 indicates
that both the waves vector poloidal component,ku , and its
spectral width,sku , are reduced if they are computed with
temperature corrections. This effect is observed in Figs. 5~a!
and 5~b! where we see theS(k, f ) spectrum, for fluctuating
potential atr /a50.81, computed without and with tempera-
ture fluctuation corrections. In Fig. 5 the positive wave vec-

FIG. 3. Relative root-mean-square~rms! profiles for temperature fluctua-
tions ~a!, floating potential~b!, and density~c! @neglecting (*) and consid-
ering ~s! the temperature fluctuations#. Relative profiles for two theoretical
models~d!.

FIG. 4. Power-spectra of temperature fluctuations at two radial positions, at
r /a50.81 ~dashed curve! and atr /a50.96 ~full curve!.
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tor orientation corresponds to the ion drift direction. As can
be seen in this figure, the poloidal wave number spectrum
narrows with correction. This effect can be better seen in Fig.
6, which shows the radial profile of the corrected and uncor-
rected mean-wave number for the fluctuating potential, with
a high dispersion relation,sku

/ku;1.3. This computedk̄u

and the toroidal magnetic field in TBR fit the general depen-
dence ofk̄ on Bf observed in many magnetic devices.31

Figure 7 shows the frequency spectra of the fluctuation
driven particle flux atr /a50.96 considering and neglecting
the correction introduced by the temperature fluctuations.
The driven particle flux spectrum is calculated by29

G52 kuuPñw̃usin~u ñw̃!/Bf . ~12!

Besides the influence of temperature fluctuations in the
particle flux, Fig. 7 shows also the fact that the flux is mostly
supported by low frequency components. As can be seen, in
this case the corrections affected not only the intensity of the
fluctuations but also the direction of their poloidal propaga-
tion. Consequently, near the limiter the integrated transport
was higher than the computed incorrected value.

In order to determine a possible relationship between the
measured fluctuations, the cross-spectra of fluctuations were

computed. We observed that the ion saturation current and
floating potential fluctuations are in phase and present a lin-
ear coherenceg.0.5 at frequencies below 100 kHz. In the
frequency range for which the coherence is above the noise
level, the linear coherence between floating potential fluctua-
tions and temperature fluctuations is lower than coherence
between ion saturation current and temperature fluctuations
~Fig. 8!. As observed in other machines,15 the phase calcula-
tion between ion saturation current and temperature fluctua-
tions shows that they are almost in antiphase for frequency
components until 100 kHz. Evaluations of the convected and
the conducted energy fluxes at the limiter giveqconv>0.10
kW/m2 andqcond>0.02 kW/m2, for a total input power of 20
kW/m2. So, the power flux is dominated by other losses,
such as radiation.

To investigate the coupling between the measured fluc-
tuations, we used a bispectral analysis technique.32,33 In the
present analysis the recorded data are not enough to neglect
the variance of bicoherence. Confidence limits on the esti-
mates of the squared bicoherence (b2) depends on the true
value of the bicoherence. Thus, it has been shown that the
variance of bicoherence34 estimates issb2'2b/AM ~where
M5210 is the number of successive realizations with time
intervals of 128ms!. By inspection of the autobicoherence
of floating potential, ion saturation current and temperature
fluctuations, we concluded that nonlinear interactions are
concentrated mainly at 10< f 2<50 kHz and
25< f 1<60 kHz and have a significant level only for tem-
perature fluctuations.

FIG. 5. S(k, f ) spectra and contours of potential fluctuations atr /a50.81,
without temperature corrections,w̃ f ~a!, and with temperature corrections,
w̃p ~b!.

FIG. 6. Mean wave number profile of potential fluctuations with tempera-
ture correction,w̃p (*) and without correctionw̃ f (s).

FIG. 7. Induced particle flux spectra atr /a50.96, with temperature fluc-
tuations correction~dashed curve! and without correction~full curve!.

FIG. 8. Coherence atr /a50.92 of T̃e with Ĩ si and w̃ f ~dashed and full
curves respectively!. Straight line denotes statistical uncertainty.
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Figure 9~a! shows the integrated bicoherences,(b2, for
fluctuating temperature and floating potential atr /a50.81;
whereb2 is the bicoherence corresponding to a tripletf 1 ,
f 2 and f5 f 11 f 2 . Each value of(b2 is a sum ofb2 for all
f 1 and f 2 satisfying the resonant conditionf5 f 11 f 2 within
the spectral region 0< f 2< f N /2 andf 2< f 1< f N2 f 2 , where
f N is the Nyquist frequency. As it is shown in Fig. 9~a!, the
nonlinear coupling is negligible for the potential fluctuations.
However, for temperature fluctuations the sum of bicoher-
ence is close to unity possibly indicating the presence of
coherent nonlinear interactions at small frequencies around
f>35 kHz. The bicoherence of fluctuating temperature and
plasma potential show similar behavior for all radial posi-
tions in the plasma edge; however, near the limiter and in its
shadow these computed bicoherences are negligible.

Figure 9~b! shows the bicoherence of potential and tem-
perature fluctuations atr /a50.81 for interactions satisfying
the resonant condition f5 f 11 f 2 , with f fixed at
.35 kHz. In the case of the two considered fluctuations for
the same resonant condition we do not see any contribution
from modes of the high frequency band. In the case of cross-
bicoherence between temperature, ion saturation current, and
floating potential, the quadratic coupling is more significant
for the first two fluctuations. Accordingly, Fig. 9~c! shows
the cross-bicoherence between temperature and ion satura-
tion current atr /a50.92 with values ofbc

2>0.4060.05.
Furthermore, this highest value appears for two wave bands
of fluctuations around 50 kHz related to another~sum! wave
band with frequencies around 100 kHz. Although this indi-
cates the existence of energy cascading, the corresponding
flux, in the frequency space, cannot be determined from this
result.

To obtain a quantitative estimation of the nonlinear cou-
pling coefficients and the resulting amount of energy cascad-
ing between waves at the plasma edge, we applied the
method described in Refs. 20 and 21. This method models

the linear and quadratically nonlinear relationship between
fluctuations monitored at two points in space in a turbulent
medium. This relationship~the wave coupling equation! is
described with the aid of linear and quadratic transfer func-
tions. From the linear transfer function we can compute the
growth rate and dispersion relation. From the quadratic trans-
fer function we can compute the wave-wave coupling coef-
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 frequencyf ,
into waves of frequenciesf 1 and f 2 or to the merging of two
waves into one.

The power transfer function is computed from the cou-
pling coefficient and the auto-bispectrum of the fluctuations.
Positive values of power transfer mean transfer of power into
the waves with frequencyf5 f 11 f 2 and negative values in-
dicate a cascading of power away from this frequency into
the other two components.

The fluctuations of Ĩ si and w̃ f were analysed at
r /a50.81. 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-
ponents we observed an almost linear dispersion relation.
The amplitude of the quadratic coupling coefficient denoted
significant coupling efficiency forĨ si in the difference inter-
action region (f 2,0). Other areas of some coupling through
sum and difference interactions involve input spectral com-
ponentsu f 2u,60 kHz andf 1,100 kHz. On the other hand,
the amplitude of the quadratic coupling coefficient forw̃ f is
negligible for the regions with significant spectral power.

The power transfer function calculated forĨ si showed
that the difference interaction region was dominated with
positive power transfer rates almost comparable to the loss of
power.

Calculated values of skewness and kurtosis for the mea-
sured fluctuations are very near the expected values for
Gaussian distributed signals, so probability distribution func-
tions for the analysed data, indicate no significant deviation
from normal distribution.

IV. CONCLUSIONS

In the TBR tokamak, a complex system of Langmuir
probes was used at the edge to determine plasma parameters,
namely, temperature, density and plasma potential, as well
their broadband fluctuations. Besides four single probes, to
measure the fluctuation spectra, and one single probe to mea-
sure the plasma potential, a modified triple probe was used to
measure the mean and fluctuating temperatures. Accurate
tests were exhaustively done to assure the reliability of ob-
tained data, especially in the case of the not so common
triple probe. Thus, it was possible to obtain the corrected
levels of the electrostatic fluctuation intensities, taking into

FIG. 9. At r /a50.81, integrated bicoherence forT̃e ~dashed curve! and
w̃ f ~full curve! ~a!. Bicoherence for the same parameters for interactions
satisfying the resonant conditionf535 kHz ~b!. Cross bicoherence between
T̃e and Ĩ si , at r /a50.92 ~c!. Frequencies normalized to Nyquist frequency
and filtered at 250 kHz.
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account the temperature fluctuations, in order to obtain the
right radial profiles of the measured quantities and to per-
form the spectral and bispectral analyses of the obtained
data.

Radial profiles ofn, wp andTe were determined. At the
plasma edge,r /a.0.9, these radial profiles are well approxi-
mated by exponentials with scale lengthsLn.0.6
3 1022 m andLTe.1.031022 m. Thisn profile steepness
was also observed in other tokamaks as COMPASS and
START ~Small Tight Aspect Ratio Tokamak!.17 Moreover,
the remarkable flatness of the density profile, reported in this
work, was also noticed in these tokamaks. As reported
before26,27 until now there is no evidence of shear layer in
TBR.

The resultant broadband power spectra for the fluctuat-
ing density, floating potential, and temperature are similar,
suggesting a common driving source for these turbulent fluc-
tuations. However, as reported before,11 differences in the
slope of these fluctuations were observed above 100 kHz.
These differences may be relevant to identify near-Gaussian
probability distribution functions35 and to distinguish struc-
tures in the turbulent fluxes at the plasma edge.36

The corrections due to the measured temperature fluc-
tuations introduced significant alterations in the magnitude of
the relative valuesñ/n andew̃p /KTe . However, the radial
profiles of these quantities are not modified by these correc-
tions. Therefore, we must use the corrected parameters to
check the theoretical predictions.

Thus, for the plasma edge, the drift wave scaling7

.4rs /Ln still fails to predict the radial dependence for
ew̃p /KTe andñ/n. With respect to the behavior predicted by
the self-sustaining drift waves model,29,30only the inequality
ew̃p /KTe.ñ/n and theew̃p /KTe profile were verified.

In the region accessible to the probes, the frequency
spectrum of temperature fluctuations is similar to the density
and fluctuating potential spectra. From theS(k, f ) spectra we
conclude that the spectral widthsk is reduced and thes f is
increased with temperature corrections.

The ion saturation current and temperature fluctuations
were strongly correlated, while the fluctuations of tempera-
ture and fluctuating potential were only weakly correlated.
The phase calculation betweenT̃e and Ĩ si showed that they
were almost in antiphase for frequency components below
100 kHz.

The reported analysis showed that neglectingT̃e in the
turbulent particle flux calculation altered significantly the re-
sults in the plasma edge. In fact, the previous particle fluxes,
for radial positions near the limiter, were computed without
taking into account the observed strong increase in the phase
difference betweenñ andw̃p , u ñ,w̃ @see Eq.~12!#. Convected
and conducted energy fluxes at the limiter giveqconv.0.10
kW/m2 and qcond.0.02 kW/m2 for a total input of 20
kW/m2.

The nonlinear coupling calculated through the integrated
bicoherence of temperature fluctuations was not negligible,
especially for low frequency modes with high power. Cross-
bicoherence betweenĨ si and T̃e was more significant than
that betweenw̃ f and T̃e . The largest contribution to the
cross-bicoherence lies in the sum interaction region. Prelimi-

nary results obtained with theĨ si and w̃ f fluctuations for the
quantitative estimation of nonlinear coupling coefficients and
energy cascading showed a significant coupling efficiency
for Ĩ si in the difference interaction regionf 2,0. The cou-
pling coefficient forw̃ f is negligible for regions with signifi-
cant spectral power.

The power transfer function forĨ si showed no preferen-
tial direction for energy cascading away from dominant
waves in the power spectrum.

Finally, probability distribution functions of these fluc-
tuations indicate no significant deviations from normal dis-
tribution.
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