Journal of the Physical Society of Japan
Vol. 66, No. 11, November, 1997, pp. 3453-3460

Correlation between Plasma Edge Electrostatic
and Magnetic Oscillations in the Brazilian Tokamak TBR

Maria V. A. P. HELLER, Raul M. CASTRO, Ibere L. CALDAS,
Zoezer A. BRASILIO, Ruy P. da Sitva and Ivan C. NASCIMENTO

Institute of Physics, University of Sdo Paulo, C. P. 66318, 05315-970, Sao Paulo, SP, Brazil

(Received March 17, 1997)

Measurements of poloidal and radial magnetic field, density, potential, and temperature fluctu-
ations were simultaneously performed at the plasma edge of the TBR tokamak using a especially
constructed probe system. Direct cross spectral and bispectral analyses of these fluctuations
showed evidences of both linear and nonlinear coupling between electrostatic and magnetic os-
cillations. Resonances created by external perturbing magnetic fields slightly reduced the linear
coupling and almost entirely suppressed the quadratic coupling.
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§1. Introduction

It is generally believed that plasma edge fluctua-
tions are critical for tokamak performance and could
cause strong transport and poor magnetic energy con-
finement.':?) However, despite the known experimental
results, the sources of these turbulent oscillations have
not been completely identified yet.

Although in some devices both electrostatic and mag-
netic fluctuations directly contribute to the edge trans-
port,>%) in tokamaks this effect seems to be determined
by the electrostatic fluctuations only. Nevertheless, a
possible correlation between electrostatic fluctuations
and magnetic field oscillations in plasma edge has been
studied in tokamaks.!»*7) Coupling between these os-
cillations could affect the electrostatic fluctuations and,
consequently, modify the transport. _

It is known that the electrostatic turbulence can
be modulated by a dominant magnetohydrodynamic
mode®) and that there is some correlation between elec-
trostatic and magnetic oscillations.®7:910) Other than
these observations, there is no general understandings
on the influence of the magnetic oscillations on micro-
turbulence in tokamaks. Thus, determining the precise
correlation between these two kinds of fluctuations is im-
portant to improve the description of turbulence.

The correlation between plasma edge electrostatic and
magnetic oscillations was studied in the Brazilian toka-
mak TBR. A feature of this device is a partial super-
position of the magnetic and electrostatic power spectra
which may enhance the correlation!?) and create favor-
able conditions for observing this effect.

In order to study this correlation, data were collected
with a system of Langmuir probes and two sets of mag-
netic coils and then subjected to linear spectral and bis-
pectral analyses.!? 13) Cross spectra of luctuations at ev-
ery radial location were calculated to determine a possi-
ble relation between these oscillations. Temperature fluc-
tuations had significant correlation with magnetic field
fluctuations (both, poloidal and radial magnetic compo-

nents).

Bispectral analysis, that uses the lowest-order coupling
of three waves as the dominant nonlinear wave-wave in-
teraction, ' 12-16) was applied to our experimental data.
We also estimated linear and quadratic transfer func-
tions!?13) for fluctuations monitored at two points in
space!?13) in order to determine coupling coefficients,
energy transfer, and thus, the energy cascading through
the main frequency components.

Although conditions for the existence of intermittence
in the measured signals were studied here, no conclusive
proof of its existence in the plasma edge turbulence was
obtained.

Section 2 of this paper gives a brief description of the
experimental set up. Section 3 describes the spectral
characteristics of the magnetic and electrostatic fluctu-
ation fields, with or without the external resonant per-
turbation. Section 4 discusses the coupling between elec-
trostatic and magnetic oscillations, and §5 presents the
conclusions of this work.

§2. Experimental Set-Up

The experiment was carried out using the Ohmically
heated TBR tokamak (major radius Ry=0.30m, mi-
nor radius a=0.08 m, toroidal magnetic field B4=0.4T,
plasma current I,;:IO kA, chord average density
no=7x10"¥ m~3, and pulse length of 10ms) with a cir-
cular cross-section, a full poloidal limiter, and using hy-
drogen as working gas.

We constructed and installed at TBR a complex sys-
tem of probes to measure simultaneously the electro-
static and magnetic fluctuations and some of the plasma
parameters. Fig. 1(a) shows this probe system scheme.
This system consisted of a set with four tips, a modified
triple probe (with a four-tip probe array), and a single
probe tip. More details of the experiment can be found
in references.'”18) We used a modified triple probe tech-
nique with four tips to consider the phase delay error
corrections,® 2% and to determine the following quanti-
ties: the mean electron temperature and ion saturation
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Fig. 1.

current and their corresponding fluctuations. Two of the
four-tip configuration measured floating potential fluc-
tuations, and the other two, the ion saturation current
fluctuations. The single tip measured the mean value of
floating potential.

The fluctuating plasma density, 72, was obtained from
the fluctuating ion saturation current, I, by using 7 ~
I,/ T2, The plasma potential fluctuation, @,, was ob-
tained from the floating potential fluctuation, ¢y, con-
sidering the approximation @, ~ @ .

Temperature fluctuations should not be neglected
to- estimate some relevant turbulence characteristics in
tokamaks, as turbulence induced energy and particle
transport.'”>19) However, these corrections difficult to
calculate properly the correlations between the fluctu-
ations studied in this work. In fact, estimations of these
corrections (see ref. 17) show that they obscure the in-
vestigated correlations. Therefore, we used the measured
electrostatic signals (I, and @) to calculate the corre-
lations concerning density and plasma potential fluctua-
tions.

Two pairs of magnetic coils were mounted in the same
system to measure the poloidal and the radial compo-
nents of the magnetic field fluctuations. The probe
system was mounted on a single axially movable shaft
(Fig. 1(b)) allowing radial profile measurements and two-
point estimates of poloidal wave numbers.

The data sampling frequency (1 MHz) used was suffi-
cient to study edge electrostatic and magnetic fluctua-
tions with frequencies up to 500kHz. Time series mea-
surements of approximately 4ms, during the flat top
phase of plasma current, were averaged and recorded
over seven consecutive shots. These series were studied
using a statistical criterion in order to eliminate spuri-
ous points that would otherwise have overestimated the
fluctuations. The statistical properties were obtained av-
eraging over 105 realizations of 256 point intervals.

The magnetic field perturbation was created by
an electric current (I,=280A) through resonant he-
lical windings (RHW) externally located around the
torus'1®) (Fig. 1(b)). Figure 2 shows both the time
evolution of plasma current with or without the appli-
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Fig. 2. Time evolution of plasma current (Ip) with or without
RHW current (Ip).

cation of RHW current, and the time when the res-
onat perturbation was applied. The application of RHW
does not alter the global discharge conditions. The
RHW coils produced a perturbation field b with domi-
nant helicity m=4/n=1, and an average radial amplitude
(|br(a)/Bg|) ~20.4% at the limiter radius. Such perturba-
tion was resonant at the region with safety factor g ~ 4.
In this experiment the RHW created a field line config-
uration similar to those obtained with ergodic divertors
in TEXT?Y) and TORE SUPRA?? tokamaks.

§3. Spectral Characteristics of Field Fluctua-
tions

As previously reported,’’) the main frequencies ob-
served in the spectra of electrostatic fluctuations in TBR
are lower than the Mirnov frequencies. Nevertheless,
there is a marked partial superposition of the magnetic
and the electrostatic spectra. This instrumental pecu-
liarity made possible for us to study linear and quadratic
correlations between electrostatic and magnetic spectral
components. Figure 3 shows this peculiar partial su-
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Fig. 3. S(f) spectra of fluctuating density (--—-— , plasma po-
tential (-—-) at r/a=0.85, and poloidal magnetic field ( ) at
r/a=1.07.

perposition of density, plasma potential, and magnetic
poloidal fluctuation spectra measured at r/a=0.85 (for
electrostatic fluctuations) and at r/a=1.07 (for poloidal
magnetic fluctuations). -
In TBR not only the magnetic oscillations were

strongly reduced (their amplitudes decreased to less than

one third of the umperturbed values), as in other toka-
maks,23-25) but also the electrostatic oscillations were
slightly modified by the RHW.!® Furthermore, some
equilibrium parameters could have also been changed
had the plasma been properly perturbed by these res-
onant fields.'®)

Predominant magnetic fluctuations occurred in a
broad frequency range centered at f ~ 50kHz with am-
plitudes B™$/By(a) ~ 1.2 x 1073, where B{™ is the
root mean square of the poloidal magnetic fluctuation
By. The correlation analysis showed magnetic fluctua-
tions, detected by two poloidal or radial oriented coils, to
be highly correlated. In fact, the coherence was higher
than 0.9 for the most relevant frequency regions. Phase
angles between fluctuations obtained from two poloidal
or radial coils (separated poloidally by 0.2rad) were ap-
proximately equal to 7/6. Furthermore, the phase angle
between poloidal and radial fluctuations, measured with
coils at the same poloidal position, was approximately
equal to /2, as expected from the magneto hydrody-
namic (MHD) theory.26) The RHW kept constant these
phase angles.

Figures 4(a) and 4(b) show the influence of the RHW
on the S(k, f) spectra of potential fluctuations mea-
sured at r/a=0.89; and Figs. 4(c) and 4(d) show the
same for poloidal magnetic field fluctuations measured
at r/a=1.07. The perturbed spectral density expanded
the frequency distribution and lowered the wave number
values.

Since we performed simultaneous two-point measure-
ments of electrostatic and magnetic fluctuating quanti-
ties, we were able to compare their propagation charac-
teristics. Behind the limiter, some propagation charac-
teristics for B » and B ¢ are similar to those of electro-
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static fluctuations. In fact, both average dispersions were
linear (i.e., the average wave vectors, k, are proportional
to the frequencies, f in the region of high spectral power
density and oy, /k (wave vector spectral width) >1. In
addition, the phase velocities diminished in the outside
rarefied plasma region. However, the propagation veloci-
ties for magnetic fluctuations were always in the electron
drift direction, while the electrostatic fluctuation veloc-
ities were in the ion diamagnetic drift direction. Fur-
thermore, as in other tokamaks,?”) the magnetic phase
velocities were much higher than those of electrostatic
fluctuations.

The RHW raised the value of phase velocity for the
electrostatic fluctuations, although for magnetic fluctua-
tions this effect was observed only near the limiter. For
the measured poloidal magnetic oscillations at these po-
sitions, the phase velocity was vg, >~ —9.0 X 10% m/s for
the discharges without RHW, and vg, ~ —13.0x10*m/s
with RHW. As seen in Fig. 4, the high power magnetic
fluctuations with k values smaller than those of the elec-
trostatic fluctuations are responsible for these results.

Figures 5(a) and 5(b) show phase velocity radial pro-
files of electrostatic and magnetic poloidal fluctuations
with or without an external perturbation. The average
phase velocities of the electrostatic fluctuations, shown
in Fig. 5(a), were calculated by using the spectra S(k, f)
obtained from two single probes indicated in Fig. 1. As
we can see in Figs. 5(a) and 5(b), the phase velocities of
the electrostatic fluctuations are one order of magnitude
lower than those for magnetic oscillations.

Fluctuation levels and wave vectors predicted for the
drift wave and rippling modes?8-30) were compared with
those values obtained in our experiment. Despite some
discrepancies, which were also observed in other toka-
maks,? the rippling mode gives a better description of
our experimental electrostatic fluctuation levels than the
drift wave theory. Nevertheless, none of these models,
even in their present versions, adequately describe our
measured temperature fluctuations.V

§4. Coupling Between Electrostatic and Mag-
netic Fields

Data were treated with spectral and bispectral esti-
mation methods!?'® in order to determine linear and
quadratic couplings between measured electrostatic and
magnetic fluctuations.

These fluctuations were measured with different
probes separated by 1.8 x 1072m in radial direction.
Even so, in this work the correlation estimations are
realiable, once correlation between magnetic and elec-
trostatic oscillations extends to beyond the radial cor-
relation length of electrostatic fluctuations.®) In fact,
our correlation lengths are 3.0x10~2 m for magnetic and
0.6x10~2m for electrostatic oscillations. However, due
probe separation, the correlations were not sensitive to
eventual small localized structures, as that suggested
by the sudden change of phase velocity at r/a=0.85
(Fig. 5(a)).

We studied linear correlations between magnetic
(poloidal or radial field) fluctuations and electrostatic
(density, temperature, or plasma potential) fluctuations,
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Fig. 4. Contour plot of S(k, f) spectrum of plasma potential fluctuations without (a) and with (b) the RHW, measurements at
r/a=0.89; the same for poloidal magnetic fluctuations without (c) and with (d) the RHW, measurements at r/a=1.03. The safety

“factor at the plasma edge was g(a) £25.0.

with or without a resonant external perturbation. Fig-
ure 6 shows the linear coherence between the magnetic
poloidal fluctuations and temperature or density fluctu-
ations, without resonant external perturbations. For the
spectral region of high-power density, the highest values
of the coherence are given by v ~ 0.4. This highest co-
herence occurs in the range of frequencies that accounts
for most of the transport associated with electrostatic
turbulence.'® Our results obtained for the parameter
suggest that electrostatic fluctuations are correlated with
a perturbing plasma current, as pointed out in ref. 6.
This is so because the measured magnetic fluctuation is
usually interpreted as created by a fluctuating current
density, flowing on rational flux surfaces.5 26)

A radial scan of coherence showed no substantial vari-
ation in the reported coherence values. The perturbation
caused by the RHW produced a small reduction of these
values, without any considerable change of their radial
profiles.

There were no significant variation in the linear cor-
relation between magnetic and electrostatic fluctuations
(potential and density) for a scan of the safety fac-

tor g(a) = (aBy)/(RBg) at the plasma edge (r = a),
(6.5 > g(a) > 4.5) obtained at a fixed radial position
in the plasma edge. We noted, however, a pronounced
dependence on g(a) for the correlation between tempera-
ture and magnetic fluctuations. Indeed, this correlation
decreased from v ~ 0.50 to v ~ 0.25 for increasing values
of g(a).

Using the model suggested in ref. 27, to link the com-
puted coherence with the fraction of magnetic fluctuation
power B(f) attributed to the electrostatic turbulence,
the magnetic fluctuation signal becomes:

B(f) = SeL(f) + N(f) (1)

where Sgy, is the magnetic signal due to the local elec-
trostatic luctuation, and N(f) is the magnetic noise ele-
ment. From ref. 27, we can establish an equation for the
coherence between the magnetic and electrostatic fluctu-
ations and the ratio Sgy /N, as follows:

¥(f) = (1+ (Ser/N)"2)~V/2. @)

Then a maximum of v =~ 0.4 corresponds to (Sgr/N)? =~
0.2. Consequently, in our case a small fraction (~20%)
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Fig. 6. Linear coherence between poloidal magnetic field and
temperature and density fluctuations, respectively ( ) and
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of magnetic fluctuation power is due to the local electro-
static fluctuation.
Inspection of the autobicoherence of poloidal and ra-
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Fig. 7. Integrated bicoherence for poloidal magnetic fluctuations
( ) at 7/a=1.07, density (—-—— ) potential fluctuations (——-)
at r/a=0.85.

dial magnetic fluctuations using the bispectral analysis
showed that the nonlinear interaction is concentrated
mainly in the frequency intervals 10 ~< f; ~< 60kHz
and 10 ~< fy ~< 50kHz. Furthermore, this interaction
was significantly above the statistical uncertainty.

Figure 7 shows the integrated bicoherence of poloidal
magnetic fluctuations at r/a=1.07, and density and po-
tential fluctuations at r/a=0.85. We observed the high-
est bicoherence values for the 50 and 100 kHz components
of the magnetic and density oscillations.  This power dis-
tribution, however, was not the same for the potential
fluctuations. For these fluctuations, the integrated bi-
coherence for magnetic fluctuations is higher than for
electrostatic fluctuations. The bicoherence did not show
contributions from modes of the high frequency band for
any of the two frequency components that satisfy the
resonant condition f = f; + fo. Although the effect
of external perturbations were reduced for all the calcu-
lated bicoherences, the general features mentioned above
remained unchanged.

The crossbicoherence between poloidal or radial mag-
netic fluctuations measured by two different coils was
more significant without than with the RHW pertur-
bation. Figure 8 shows the crossbicoherence between
data from the coils at r/a=1.07. The highest values of
the nonlinear coupling appear between components at
f1 = 100kHz and f; — fo ~ 50kHz, and f; ~ 50kHz and
f1+ fo ~ 100kHz; the modes were coupled in both sum
and difference regions.

The crossbicoherence between electrostatic fluctua-
tions and poloidal or radial magnetic field fluctuation
was significative for temperature and density fluctua-
tions, but not for the potential. Figures 9(a) and 9(b)
show the squared crossbicoherence spectrum of density
fluctuations at r/a=0.85 and poloidal magnetic fluctua-
tions at r/a=1.07; Fig. 9(a) shows a surface plot while
Fig. 9(b) shows a contour plot, both with a maximum
level of 0.19. For the analyzed data the statistical uncer-
tainty in the crossbicoherence is less than 0.02. In this
figure the highest values appear in the same frequency
region of the maximum crossbicoherence between two
poloidal magnetic coils (Fig. 8). The crossbicoherence
levels between magnetic field and potential oscillations
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Fig. 9. Squared crossbicoherence spectrum for density and
poloidal magnetic fluctuations, at r/a=0.85 and r/a=1.07 re-
spectively. Surface plot (a), and contour plot (b) (maximum
level 2=0.19).

were not appreciable. The effect of RHW perturbation
had almost entirely supressed any crossbicoherence be-
tween the measured parameters.

The observed level of the nonlinear interactions (higher
than the statistical uncertainties) shows that a nonlinear
coupling exists between the electrostatic and "magnetic
field fluctuations at tokamak plasma edge.

We used the methods proposed in refs. 12 and 13
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to evaluate the nonlinear coupling coefficient and the
amount of energy cascading between waves. We calcu-
lated the power transfer between three spectral compo-
nents with frequencies fi, f2, and f = fi + fa, in terms
of the quadratic coupling coefficient. The coupling co-
efficient is a complex quantity and gives the change in

. amplitude, as well as changes in the phase of the spec-

trum, due to three wave interactions. Due to symme-
try properties the coupling coefficient does not need to
be computed over the entire (f1, fo) plane. The region
where fi1, fo > 0 denotes sum frequency f = fi1 + fa
interactions, and regions where f; > 0, fo < 0 denotes
difference frequency interactions f = f; — fa. In this
paper a positive energy transfer corresponds to a power
transference from low to high frequency modes.

The resulting coupling coefficients for both electro-
static and magnetic fields were small. Power transfer
functions for the potential fluctuations showed that the
difference frequency interaction region was dominated by
negative transfer rates. Conversely, for the density, the
power transfer function was lower and presented no pref-
erential direction.

For magnetic fluctuations the amplitude of  the,
quadratic coupling coefficient without magnetic pertur-
bations was high. The most efficient coupling was ob-
served for the sum interacting modes f; + f2 ~ 80kHz
and involves spectral components with frequencies f; ~
50kHz and f2 ~< 30kHz. The power transfer function
presented positive transfer rates only in the difference in-
teraction region. The external perturbation reduced to
negligible values both the quadratic coupling coefficient
and the power transfer function.

Finally, in order to study the oscillation distribution
function, we calculated the correlation time 7 for mag-
netic and electrostatic fluctuations. This quantity was
computed from the e-folding time of the auto-correlation
functions, R, according to the equation R(r,7) =
(X(r, t)X(r, t + 7)), where (...) represents the ensem-
ble average over a temporal interval and X(r, t) is a
measured time series. The calculated correlation time,
T ~ 4us, was approximately the same for all fluctua-
tions, a small value when compared to the time scale
of the experiment or even to the fluctuation time scale.
This result might suggest Gaussian distributions for our
data. However, this was not confirmed by more precise
tests as described in the next paragraph.

The results of the analysis of high order momenta, such
as skewness and kurtosis,3?) did not produce a clear evi-
dence of a Gaussian distribution for electrostatic fluctu-
ations with or without magnetic perturbations. On the
other hand, for magnetic fluctuations the mean skewness
was zero but the mean kurtosis was high. The RHW per-
turbation enhanced the value for the kurtosis.

§5. Conclusions

We used especially designed probes and advanced sta-
tistical techniques to study the correlation between elec-
trostatic and magnetic oscillations in the TBR tokamak.

This work was motivated by the marked partial super-
position between magnetic and electrostatic spectra in
this tokamak, which made feasible measurements of the
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correlation. However, as in other experiments with toka-
maks,33) we faced a serious experimental limitation when
measuring magnetic turbulences, because the coils were
placed behind the limiter. Thus, the components of the
low-power region of the magnetic spectrum were hardly
detectable because magnetic oscillations decreased very
rapidly from the plasma surface. Despite this limitation,
we found statistically significant correlation between the
magnetic and electrostatic turbulence that we could an-
alyze.

Our results showed some similarities on dispersion re-
lations between magnetic and electrostatic oscillations.
Such similarities are compatible with a partial common
driving process for these waves.”) These observations
were expected if magnetic fluctuations in the plasma edge
were due to the currents driven by electrostatic turbu-
lences.?”)

The driven mechanisms mentioned above are sup-
ported by (statistically significant) a linear correlation
between edge electrostatic fluctuations and floating mag-
netic fields. That is, the linear coherence between these
two kinds of fluctuations showed its highest values be-
tween temperature and magnetic field fluctuations. In
addition, we used a model suggested in ref. 27 (which
estimates a maximum values of 20% for the magnetic
fluctuation power associated to the electrostatic fluctua-
tion) to evaluate the relevance of these correlations.

For all of our recorded time series, the nonlinear cou-
pling between the various frequency fluctuation com-
ponents was higher than the estimated maximum level
(10%) of the statistical uncertainties. The nonlinear cou-
pling was generally more significant for magnetic than for
electrostatic fluctuations.

We found evidence of quadratic correlation between
edge electrostatic fluctuations and fluctuating magnetic
fields. In fact, the crossbicoherence between temperature
(or density) and magnetic fluctuations was appreciable.
Moreover, the highest calculated values occurred in the
same frequency region of the maximun crossbicoherence
calculated from two poloidal magnetic coil data.

The energy transfer between different frequency com-
ponents of the electrostatic power spectra was negligible
in this work. On the other hand, for the magnetic fluc-
tuations energy transfers were significant and presented
positive transfer rates (from low to high frequency com-
ponents) only in the difference frequency interaction re-
gion, i.e., from waves with frequencies f; and f, to waves
with frequencies f; — f2. Furthermore, the existence of
these linear and quadratic couplings (although small) in
the power spectra could be important for energy trans-
mission between electrostatic and magnetic frequency
components. This effect had been predicted by a basic
turbulence theory for the wave-vector power spectra.%)

We also studied the response of linear and nonlinear
coupling between the magnetic and the electrostatic fluc-
tuations to the applied magnetic perturbation created
by the resonant helical windings. These resonant per-
turbations globally decreased the turbulence level at the
plasma edge and somewhat modified the experimental
dispersion relations.

The main effects induced by the RHW were mostly a
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small reduction of the linear coherence and a suppression
of the crossbicoherence between all measured parame-
ters. This external perturbation also reduced to negligi-
ble values the power transfer function. The supression
of the quadratic coupling between the magnetic and the
electrostatic fluctuations showed its effect on the ampli-
tude of the magnetic fluctuations, which were also re-
duced by the perturbation.

We did not find a model that adequately described
most of the measured characteristics of edge turbulence,
in particular, the correlation between electrostatic and
magnetic fluctuating fields presented in this work. Our
data, however, may contribute to identify the basic
mechanisms that determined edge turbulences.

As with other tokamaks,’»?) plasma edge transport
in the TBR is driven by electrostatic fluctuations.®)
Although the relation of magnetic and electrostatic
fluctuations found in our work did not change the
transport framework, it confirmed that the magnetic
fluctuations are somewhat linked to the electrostatic fluc-
tuations. Consequently, this linking may have an indi-
rect influence on transport, as discussed in some review
articles.l:3%) Recent numerical results obtained from a
drift-wave model confirm that the transport is predom-
inantly electrostatic.?!) Magnetic fluctuations, however,
may have an important influence on the relation between
density and potential fluctuations, enhancing the non-
adiabatic character of electrons.3%
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