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ABSTRACT: In this work we report alterations, on plasma-edge equilibrium profiles;
edge turbulence, and anomaloys transport, induced by resonant perturbing magnetic
fields in the TBR tokamak [J. Fusion Energy 12, 295 (1993)]. Thus, these perturba-
tions reduce the equilibrium parameters and the spectral power of the fluctuations,
and enhance their phase velocity. They reduce also the particle flux at the plasma
edge. All these electrostatic edge-parameters are computed taking into account tel;r1-
perature fluctuation corrections. Although the perturbation only slightly affects the
linear correlation hetween magnetic and electrostatic fluctuations, their bispectral
analysis shows a reduction of the quadratic mode coupling. Fu}-_thermore, the energy
transferred between different spettral components, with and without the magnetic
perturbation, have not the same direction for all fluctuations. Finally, the normal
probability distribution functions of the fluctuations show significant non-Gaussian
features. Nevertheless, the fluctuating potential distribution becomes near Gaussian

with the magnetic perturbation.

Pacs Numbers: 5235R, 5270

1. Introduction.

The ix;terest in the control of the plasma-edge is based on the-evidence that imi-
provements of the plasma confinement depend on the edge beha.vior"’-.‘ Remarkably,
in the last years, experiments show that anomalous edge particle transport is in-
duced by the electrostatic turbulence. Nowadays, the intensive investigation of edge
turbulence and transport is motivated by the unexpected results obtained on large
tokamaks®. R

As originally proposed in the seventies?, the utilization of external magnetic per;
turbation is nowadays used in some tokamak devices to create a_chaotic magpetic
configuration, at the plasma edge, adequate to control particle a‘md heat diffusion
and, consequently, to impfove the plasma confinement. Accordingly, the magnetic
field lines at the plasma edge are made chaotic by applying resonant helical magnetic
fields created by external resonant helical windings (RHW)* or ergodic divertors®=".
The expected effect of tﬁese perturbations is to produce uniform particle and heat
loads to the wall along chaotic magnetic field lines. The resultant edge cooling re-
duces impurities, provides screening to impurity influx, and consequently improves

confinement characteristics. However, the local effect of these resonant magnuetic per-

turbations on the turbulence and its effect on the transport in the edge is still an

open question®®,
This paper reports the tentative of controlling the plasma edge turbulence with ex-
ternal electrical currents on the resonant helical windings wound on the TBR tokarnak

vessel'®, So, it describes some observed alterations produced by these perturbations
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on edge parameters, transport, and structures of magnetic field and electrostatic field
fluctuations. Lo

Other experiments in the TBR tokamak emplqying these resonant .ﬁeld perturba-
tions, created by the RHW, have already been done to control MHD oscillations!?,
and to controi turbulence with a field strength lower than that used in this work?.

In this experiment external coils create both magnetic islands and chaotic field
regions through island overlapping?. Thus, we study the influence of the resonances
created by the m = 4/n = | RHW on the plasma edge turbulence (as usual, m and
n determine the poloidal and toroidal wave numbers, respectively).

For a complete estimation of the anomalous particle transport in this turbulent
plasma, it is necessary to measure demnsity, potential, and temperature fluetuations,
and the phases and correlations between these Buctuating quantities’®'*, Thus, for
the present investigation, a complex system of probes, which measures sirmultane-
ously electrostatic and magnetic fluctuations and some plasma mean parameters, was
projected and installed at TBR. To improve the accuracy of these measurements, tem-
perature fluctuations were also determined and taken into account to correct density
and plasma potential fluctuations'®. |

To determine the influence of the magnetic perturbations on the linear and quad-
ratic coupling between the measured fluctuations, the obtained data are treated with
spectral and bispectral estimation methods'®-2, For ﬂtllctuations monitored at two
points in space we also estimate linear and quadratic transfer functions!™® to measure

coupling coefficients, energy transfer, and, consequently, energy cascading throughout
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the main oscillation frequency domains. .

The analysis show that the magnetic perturbations reduce the e.quﬂ{bnum param-
eters and the spectral power of the fluctuations, and enhances their ?hase velocity.
These perturb_ation; produce also a reduction on the particle flux at the plasma edge.
_Complementa-ry, the bispectral analysis shows that the RHW suppresset.i the quadratic
coupling, whereas the power functions show no common specific direction for the fluc-
tuation driven energy cascading, i.e., the energy transferred between different spectral
components.

The conditions for the existence of intermittency in the measured signals are in-
vestigated with and without the perturbations induced by the RHW. In spite of that,
oo clear evidences of intermittent fluctuations are found, since the departure from a
Gaussian distribution, a broadband power spectrum with no localized peaks, and the
smal] time correlations are not simultaneously detected for the whole spectrum.

The relation between the temperature, potential, density, and magnetic fluctu-
ations investigated in this work may contribute to identify the basic mechanisms

determining edge turbulence?®2.

The outline of this paper is as follows: Section 2 gives a briefAdescription of the
apparatus and basic analysis techniques. In Section 3, we describe the behavior of
temperature, density, plasma potential equilibrium, and ﬂuctuatioil profiles, with and
without RHW utilization. In section 4, we analyze the spectral and bispectral char-
acteristics of the electrostatic turbulence and the behavior of the anomalous crossfield

flux in the sitvation of section 3. In section 5, the characteristics of magnetic fluctu-
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ations are studied with and withont RHW and results of cross speétra and bispectral
calculations between electrostatic and magnetic fluctvations are analysed. Section 6
- L]

-

summarizes the conclusions of this work,
I¥. Apparatys and Analyzing Techniques.

The experiment was carried out on the Ohmically heated TBR. tokamak, with
major radius B, = 0.30 m, minor radius ¢ = 0.08 m, toroidal magnetic field
B = 047, plasma current Ip ~ 10 kA, chord average density ng ~ 7 x 10'8 m~3,
and pulse length of 10 ms'°, The plasma in the TBR has a circular cross section and
a full poloidal limiter. The ysed gas was hydrogen. 7

The data were collected from a maultipin La.ngmuir probe, Fig.1, inserted into the
plasma through a diagnostic port at the top of the tokamak, 45° toroidally displaced
from the poloidal limiter!®, This probe systemn was composed by four tips, a four-
pin probe array and a single probe tip. Two of the four pin configuration measures
the floating potential Buctuations, @y, and the other two measure the ion saturation
current fluctuations, f;. These two pairs of pins were used for determining the
spectrum, S(k, f), the power weighted average values of poloidz:l wave vector, kg, the
phase velocity, vp},,la.nd the width of the &y 2*. Another single tip, at 3mm from the
four tip configuration, was used to d-irectly measure the mean value of the floating
potential, ;.

The electron mean temperature, Te, its fluctuation, T,, the ion saturation cur-

rent, Isi, and its fluctuation, ,; , were obtained using a modified triple probe tech-

nique’®?=*" with four pins for phase delay error corrections. Mounted in the same
5

system, two sets of two magnetic coils, Fig.1, measured polqidal,ég » and radial, B""
components of magnetic field fluctuations. From these coils we de_temlﬁne the radia.l.
profiles of the magnetic field components, the poloidal wave vector,— the phase velocity,
and the ratio betwéen magnetic and electrostatic fuctuations. .

The probe-measurements were done during the flat top phase of tile plasma cur-
rent (Fig.2), in time intervals of approximately 4 ms and averaged throughout seven
consecutive shots. The time series measurements were recorded using 8 bit digitizers,
with a maximum sampling rate of 1 M. he. 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 that otherwise would contribute to over estimate the
fluctuations.

The p_la.sma. density was obtained by nal./T}?. The quantities measured with
the triple probe were decomposed, using a numerical filter, intoc mean (f < 5kHz)
and ﬂuc[.:ua.ting (5kHz < f < 500 kHz) parts.

Density and potential fluctuations corrected by temperature fluctuations were

obtained by?”:

fio= nllifl; - To/2T. + (T./2T.)" 1)

_ and

& =@r+oKT./e, (2)

where o is considered equal to 2.8 . The plasma potential (i, ) is related to floating
6




potential (¢ ) through an equation similar to Eq. 2.

The external magnetic field perturbation were created by elec{iric ?urrents circu-
lating in a set of helical windings located externally around the t-orus?a. These coils
produced a perturbation field with dominant helicity m = 4/n = 1 and average
radial amplitude <| B,(a)/B, |> = 0.4%at the limiter radius { B, is the toroidal
equilibrium field, and B, the radial perturbing field). This perturbation was resonant
once the edge safety factor ¢ < 4. The currents circulating in these coils were
adjusted to I, = 285 A and they were switched c;n after the plasma current had
reached steady values, Fig.2.

These coils created both magnetic islands and ergodic field regic;ns through island
overlapping. Fig.3 shows the Poincaré maps computed for those discharges with a
dominant m/n = 2/1 MHD mode with, Fig.3a, and without, Fig.3b, the resonant
perturbations created by the m/r = 4/1 helical windings. While in the unperturbed
map, Fig.3b, the mfn = 2/1,3/1 and other smaller islands can be recognized, the
applied field destroyed the magnetic surfaces in an ergodic layer of about 1.5x10~2 m
radial width at the plasma eage, Fig.3a. This ergodic region did not include the
¢ = 2 islands and it was created around the unperturbed ma.g:netic surface with
the safety factor ¢ = 4. In this case the stochasticity parameter, computed for the

min = 3/1 and m/n = 4/1 island superposition, was s = 1!2. Thus, in this

experiment the RHW created a field line configuration similar to those obtained in .

the tokamak TEXT? and TORE SUPRAT with ergodic divertors.

Y. Equilibrium and Fluctuation Profiles.

In the. analyzed experiments, the resonant magnetic perturbation created by the
helical windings change remarkably the equilibrium parameters and fluctnating quan-
tities at the plasma edge.

A sharp temperature gradient exists without the RHW utilization, Fig.da. With
the RHW the radial temperature profile became flat fromr/a = 0.81 tillrfa = 0.96.
The existence of this modified flat profile suggests the formation of a layer where the
thermal diffusivity is controlled by the chaotic field lines, as it was observed in the
Tore-Supra tokamak™®. The density profile also decreases, Fig.4b, and this behavior
is attributed to the different connection to the walls created by the RHW perturbation
resulting in a larger area seen by the plasma. Similar alterations were also induced
by an ergodic divertor in the Tore Supra tokamak™.

During RHW operation the floating potential and plasma potential profiles, Figs.
Sa-b, were also modified. The utilization of the magnetic perturbation turned the
floating potential less negative, specially near the region r/a = 0.85, where the
effect was clearly seen. Consequently, since the plasma potentiil profile was lowered
and smoothed by the perturbation, the radial electric field, E,, decreased.

The plasma potential is positive in the measured region; this result was also ob-
served in the TEXT tokamak®® for reduced equilibrium parameter discharges. Fur-
thermore, the variation of E, shows the absence of a shear layer, confirmed also by
the measured profile of phase velocity. As already mentioned, there is no experimen-

tal evidence of the existence of any shear layer in the TBR plasma edge'®? . The
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results of this work, compared with Previous meaa'uremen.ts"'.s , show that the chang&s
in the mean parameters profiles induced by external perturbations.incx;eases with the
perturbing field strength. )

Fig.6 shows the radial profiles of electron temperature Auctuation rms amplitudes
normalized to local mean value, with and without utilization of RHW. Although the
equilibrium and fuctuating temi)erature were altered by the utilization of the RHW,
no noticeable effect was detected on the ratio between these two measurements. In
the same figure are also the normalized plasma potential fluctuation profiles; here
a significant alteration is noted only at the lirniter position. Furthermore, the gen-
eral level of density tui-Bulence, ne™ [n,, remained approximately c.onsta.nt when the
resonant field was activated,

In a plasma current scan from 6 kA to 10 kA, for a constant position r/a = 0.89
of the probe system, we observed a steep increase of the mean value of density, n, and
plasma potential, ¥py without the RHW. On the other hand, no noticeable alteration
was detected in the mean temperature, T,. Although this behav-ior of the n and ¢,
profiles during the plasma current scan was the same with the RHW, even so, the
previously described effect of lowering the mean parameters wa.s: ratified with the
RHW utilization.

For the mentioned scan of plastna current, the relative level of the density and
temperature fuctuations remained constant even with the utilization of the RHW.
On the other hand, the relative level of the plasma potential fluctuations decreased

with the plasma current increment. Finally, the utilization of external magnetic

9

perturbations during the current scan did not affect the plasma potential fluctuation
level. '
. - L]

The observed profiles showed that the external magnetic pe&mbation produced

changes in the edge plasma structure, specially in the equilibrium pa-r;ametem.
IV. Electrostatic Turbulence and Transport.

To study the effect of RHW on particle transport we investigated the changes in
the plasma edge parameters that are commonly associated with that transport.

Thus, digital spectral amalysis is used to compute the spectral power density dis-
tribution function S(k, f )*, for density and fluctuating potential time series. Fig.7,
shows the S(k, f ) spectra for density fluctuations at the radial position rfa = 0.89,
computed for discharges without magnetic perturbation, Fig.7a, and for perturbed
discharges, Fig.7h. Spectral density functions are strongly decreased by the RHW.
These spectra show that both the Wwave vector component, ks, and its spectral width,
Ok, are reduced by the RHW utilization. This reduction corresponds to a global
decrease of the fluctuations and, since the low wave numbers are dominant in the
spectrum, this suggests a turbulence stabilization. Althougl: not so marked, the
same kinds of alterations were also produced by the RHW on the plasma potential
spectra.

Fig.8 shows the phase velocity profiles for plasma potential fluctuations with and
without magnetic perturbations. Inside the plasma, the poloidal phase velocity is

essentially in the same direction as the jon diamagnetic drift velocity, The effect of

the RHW is to enhance the phase velocity because of the reduction of the average
10




wave vector. The absence of shear layer already repc;r!;ed“"‘.l is cotifirmed in this new
experimqht. .
-

To determine a possible relationship between the measured ﬁu;:tuations, the cross
spectra of these fluctuations were computed. The results show that the influence of the
magnetic pertﬁ:bations is overall to enhance the correlation between tlie temperature,
the jon saturation current, and fhe floating potential fluctuations.

Evaluations of the convected and the conducted energy fluxes at the limiter show
that they are very low compared with the total power imput!®, so the power flux
should be dominated by other losses, such a5 radiation. Even though, the magnetic

perturbation further reduces these two kinds of energy fluxes.

In this work, the driven particle flux,T', is calculated by30:

T = j ko Prysin(Bry,)/ Badf (3)

Fig.9 shows the particle flux profiles for discharges with and without the RHW
perturbation. An appreciable alteration was produced in the plasma edge transport
by the utilization of resonant perturbations, at this field strength. The results show
not only a reduction of the particle flux in the whole spectrum but even, for slome low
frequency intervals, an inversion in its radial direction. In the literature, this inward
transport at low frequencies has been associated with drift wave fluctuations driven
by ionization effects3132,

From the radial distribution of electron density at the plasma edge we can roughly

estimate the i'a.dia.l diffusion coefficient across the main magnetic field under the effect

11

or not of the applied perturbations. The diffusion coefficient, D, is given by

L]
[

where I' is the particle flyx, Results obtained near the limiter give D =~ 0.3 m?/s.
Even so the perturbing magnetic field seems to enhance slightly the diffusion coeffi-
cient at the plasma edge, the computed difference is almost within the experimental
errors of the measured quantities. Thus, at least from our results, even with the previ-
ously described variations of I and V7, we cannot assure that the RHW perturbatioﬁ
increases the radial diffusion coefficient

To understand the experimental results related to particle transport in the pres-
ence of resonance fields, we compare the diffusion coefficient previously computed
from the data with the following theoretically predicted under the conditions of the
described experience®, Thus, in the collisionless plasma limit witk a stochastic field,

the following expression can be used to estimate the diffusion coefficient, D8

D =<« D, > vy - ) (5)

where Dy, is the magnetic diffusion coefficient of the chaotic field lines given by:

D, =7R <| B,/B, |*> (6)

The ion thermal velocity, vy, is estimated by considering the average values of

the plasma edge temperatures, near the limiter, 7} ~ 7.~ 15 eV, as usually, Thus,
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we obtain D 2 0.27 m?/s, as the average radial diffusion coefficient in this region.
This value is in good agreement with the experimental diffusion coeffioient D.
) Sha
Another expression that can be used in the collisional low stthaaticit.y limit is®:

DY = 0.3 < B./Bs > Aca (N

where X, is the density scale length, ¢, is the ion sound speed, and 0.3 is a
factor used tc; account for similar experimental observations in magnetic limiter® and
divertor experiments® as suggested in Ref. 34. Estimations of D™ for the same
region give DV ~ 0.05m?/s, a resuit in disagreement by one order of magnitude
with the value obtained from the data.

One way to investigate the nonlinear coupling ameng different fluctuation com-
ponents is to use the bispectral analysis technique as suggested in Refs. 16,19. In
the present analysis the recorded data are not enough to neglect the variance of the
bicoherence (). It has been shown that the variance of bicoherence® is estimated
as gy 2 2b/MY? (where M = 210 is the number of successive realizations with
intervals of 128us). Considering the autobicoherence of Hoating potential, ion satu-
ration current, and temperature ﬂ;ctuations, no prominent peaks can be identified.
However, a low level of nonlinear coherent interactions (much larger than the statisti-
cal uncertainty) is clearly observed in the bispectral analysis, showing that nonlinear
coupling exists in the edge electrostatic fluctuations.

Fig.10 shows the bicoherence of I; fluctvations at rfa = 0.92, with (a) and
without (b) the RHW utilization. The maximum value is 8 = 0.24 +0.03 for the

13

case (a) and 5 = 0.40 4 0.05 for the case (b). For the unperturbed oscillations;
Fig.10 (b), the nonlinear interactions are concentrated mainly a:t fg.‘ < 50 ElH:
and f; < 120 kHz. However, the presence of the magretic perh;.rba.iiions lower the
bicoherence valyes é.nd alter the frequency regionsto f; < 20kHzand f; < 56 kH 2.
A similar situation is observed for the other parameter fluctuations.

Fig.11 shows the integrated bicoherence for the same fluctuations o.f Fig.10 with
and without the resonant ﬁefds. The computed values decreased with the magnetic
perturbation. Furthermore, we ohserve the highest bicoherence values for components
at 50 and 100 kH =, Considéring any of these two frequency components e;a.tisfyiug the
resonant condition f = f 4+ f2, the bicoherence (for interactions with and without
RHW) does not present any contribution from modes of the high frequency band.

The crossbicoherence between the considered fluctuating parameters shows no
prominent peaks, but the values are larger than the statistical uncertainty. However,
the utilization of the RHW lower the crossbicoh_erence values to approximately the

statistical uncertainty,

To evaluate the nonlinear coupling coefficients and the amount of energy cascad-
ing between waves, we utilize the method proposed in Refs. 17,18.r The relationship
between fluctuations monitored at two points in space is described with linear and
quadratic transfer functions. From these we can compute the growth rate, tile dis-
persion relation, the wave-wave coupling coefficient, and the energy transfer between

spectral components!®,

Overall, the systematic calculation of the growth rate of the electrostatic fluc-
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tuations show negative values correspondents to a linear damping mechanism. An

almost linear dispersion relation js observed for the low frequency components. The
. - Y

RHW does not introduce any significative difference in the frequency dependence of -

the growth rate and the dispersion relation.

The amplitude of the coupling coefficient that gives the strength of coupling,
leading to the decay of the wavé of frequency f, into waves of frequencies Srand f;
or to the merging of two waves into one, is not significative with and without RHW.

For floating potential fuctuations the power transfer function shows that the dif-
ference interaction region was dominated by negative transfer rates, For ion satura-
tion current fluctuations the power fransfer function is much lower and presents no
preferential direction. The fluctuating potential fluctuations perturbed by the RHW
presents a positive power transfer in the difference interaction region.

Analyzing the values of kigher order morﬁents of the data, such as skewness and
kurtosis, we observe no clear evidence of Gaussian probability distribution functions

for the electrostatic fluctuations with and without the magnetic perturbation. Thus,
Fig.12a,b shows non-Gaussian probability distribution functions obtained for the jon
saturation current fluctuations. In' these cases the signal has an alz;mst zero value for
skewness, but the kurtosis values differ significantly from three (the value correspond-
ing to Gaussian distributions). The RHW do not alter these distributions. However,
in the case shown in Fig.12b,c for fluctuating potential fluctuations, - the magnetic
perturbations alter significantiy the distribution that became similar to a Gausssian

one. Finally, the time correlations are small, nearly 4us, and do not show any change
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with the RHW,

V. Magnetic Fluctuations. "

The magnetic fluctuations on surfaces inside the plasma are deter;ted by pick-up
coils located behind the limiter. The amplitude and phase of these fluctuations can
be compared with the previously analyzed electrostatic parameters to determine any
possible correlation between these two kinds of oscillations and, consequently, between
the magnetic oscillations and the anomalous transport during the TBR, discharges.

Although the magnitude of the fluctuation is higher for the poloidal field than for
the radial field, these field components have similar spectra. In addition, as previ-
ously reported?®, in the TBR the main frequencies observed in the electrostatic power
spectra are smaller than the Mirnav frequencies. Furthermore, the frequency power
spectra of these oscillations still have a marked partial superposition. These two
last particular characteristics of the fluctuations in TBR encourage the investigation
of any possible correlation between the electrostatic and the magnetic oscillations.
These TBR features are observed in discharges with and without the RHW utiliza-
tion. Fig.13 shows, in the case of RHW utilization, this peculia.;' partial superpo-
sition of density, plasma potential, and magnetic poloidal Auctuations measured at
rfa = 0.81 (for electrostatic fluctuations} and at »f¢ = 1.03 (for poloidal mag-
netic fluctuations). This peculiarity can offer a unique condition to investigate linear
and quadratic correlation between electrostatic and magnetic fluctuation spectra’s

components in tokamaks.
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As expected' ¥, the RHW reduces the magnetic field fluctiation a.mplitud&a..

~ This effect can be seen in Fig.14 that shows the Bj™ values, for discharges with and
. - [

without the RHW_ utilization, normalized to.the equilibrium ma.g-netit_: poloidal field

value at the limite‘ll'.

The correlation analysis shows that the magnetic fluctuations detected by the
poloidal or the radial oriented coils are very well correlated. In fact, the coherence
is higher than 9.9 for the regions with higher spectral density. The phase angle,
approximately equal to 7/6, between the fluctuations obtained from two poloidal
coils is almost the same of that obtained with two radial coils. The utilizétion of
resonant magnetic fields do not change the phase angle between radial magnetic
fluctuations, but for the perturbed poloidal fluctuations we detect a phase angle ﬁear
zero, an indication of a possible standing wave pattern in the poloidal direction. The
utilization of the external perturbations do not change the phase angle, approximately
equal to 7/2, between the poloidal and the radial fluctuations.

Since the specially constructed edge probe array permits simultaneous two point

measurements of electrostatic and magnetic fluctuating quantities, we compared their

propagation characteristics é.nd investigate the relation between tl;ese oscillations.
The propagation characteristics of ﬁ,. and Eo are similar to those of electrostatic
fluctuations, because the dispers.ion is linear in the region of high spectral power
density and o /k > 1. Propagation velocities for magnetic fluctuations are always
in the electron drift direction. They are much higher than those of electrostatic

fluctuations, as in other tokamaks®
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The RHW utilization raises the value of phase velocity of the magnetic ﬂuctu;
ations. Calculations near the limiter givevgs = —9.0x 103m/_3, ?ithout RHW,
and vgy = —13.0 x 10°m/s with RAW. These results come from t_he high power
magnetic fluctuations with & values lower than those measured for the electrostatic
fluctuations.

Next step is to investigate the linear correlation between electrostatic and magnetic
fluctuations, and the influence of external perturbations on this correlation. For the
region of high-power density, the average coherence between temperature fluctuations
and poléidal or radial magnetic flectuations is almost uniform,y = 0.4, in the plasma
edge. The coherence between magnetic fluctuations and electrostatic fluctuations is,
for the same high-power density region,y =~ 0.3.

The perturbation caused by the RHW produces, in the plasma edge, a small
lowering of coherence between the considered parameters.

Using the model suggested in ref. 38, to link the computed average coherence v
with the fraction of magnetic fluctuation power attributed to the electrostatic turbn-

lence, the expression for the magnetic fluctuation signal is given by:

Bo(f) = Seu(f) + N(J), (8

where Sy, is the magnetic signal due to the local electrostatic fluctuation and
N(f) is the magnetic noise element. From this reference, we can relate the previously
computed coherence between the magnetic and the electrostatic fluctuations with the
ratio Sgp /N

18




W) = (1 + (Sgr/N)~2)2 S (9)

Then, a maximum of v ~ 0.4 still corresponds to only (Sgr/NY = 0.2.
Therefore, in our .case a relatively low fraction of the magnetic ﬂutt:tua.tion power
could be associated to the local electrostatic fluctuation (=~ 20%).

Using the bispectral analysis, by inspection of the autobicoherence of poloidal
magnetic fluctuations, we concluded that the nonlinear interactions are concentrated
mainly in the frequency intervals 10 av< fi =< 60 kHz and 10 m< fy m< 50 kH z;
Furthermore, without RHW utilization, they have a significant level larger than the
statistical uncertainty.

The integrated bicoherence is significative for the frequencies in the MHD region
around 50 kHz. Here, modes of the broadband high frequency do not satisfy the
resonant condition f; & f, = 50 k¥, Thus, for the magnetic oscillations, there
is no evidence of coupling between the macroscopic modes and the turbulent gscilla-
tions. The effect of magnetic perturbations is to reduce the value of the integrated
bicoherence, but the general aspects already mentioned are preserved.

The crossbicoherence between tlhe poloidal magnetic fluctuations measured by two
different coils is more significative without RHW. The highest value of the noﬁlinea.r
coupling appears between modes with f ~ 250 kHz and f; — f, ~ 100 kH-.

The crossbicoherence between poloidal magnetic fluctuations and electrostatic
fluctuations is significative for temperature and ion saturation current fluctuations.

The highest value appears in the same frequency region of the cross coherence peak

19

observed for the two poloidal magnetic coils. For poloidal magnetic and fluctuating
potential Buctuations cmssbicohérence is negligible. Here, the RHW has also the
. - [}

-

effect almost to suppress crosshicoherence. )

For the high power density modes, the growth rate calculated for two magnetic
coils is negati;re, showing the existence of a damping mechanism. No change in this
damping is pfoduced by the external magnetic perturbation.

The amplitude of quadratic coupling coefficient is high without magnetic per-
turbations. The most efficient coupling is observed for the sum interacting modes
fi+ f2 % 80 khz and involves spectral components with frequencies | f 1< 30 khz
and fy =~ 50 kHz. The RHW reduces the quadratic coupling coefficient and the
frequency coupling range.

The power transfer function calculated for By presents only positive power trans-
fer rates in the difference interaction region. The RHW reduces the power transfer
function to negligible values,

For the magnetic fluctuations the calculation of skewness and kurtosis give mean
zero values for skewness but hig.h values for kurtosis. The RHW enhances the high
values for kurtosis, |

The correlation time is of the same order than for the electrostatic fluctuations,

which is a smal] value compared with the time scale of the experiment and with the

fluctuation time scale.

V1. Conclusions.

In this work we present evidences of partial correlations between the electrostatic
' 20




and maguetic fluctuations at the plasma edge turbulence of the tokamak TBR. Rel-
evant alterations on the spectra of these oscillations and on the e‘iectjl:osta.tic driven
transport were obst‘erved after the edge magnetic strﬁcture, perturbed l:_oy the external
resonant helical ﬁél;is, became predominantly chaotic. )

1t is noticeable that in TBR not only the magnetic oscillations were strongly re-
duced, as in other experiments’i”m +.but alto the electrostatic were slightly modified
by the resonant helical windings used to perturb the magnetic field. This last effect
could be associated to the uncommon (in tokamaks)*® partly similar frequency spectra
for these two kinds of oscillations. In fact, although the electrostatic power specira
present frequencies lower than the Mirnov frequencies, they still show a partial su-
Perposition with the magpetic power spectra. Therefore, in TBR, altering routinely
the magnetic fluctuations to control the turbulence spectra at the plasma edge may
be possible. |

Recently, evidences of this kind of control were also reported for the Reversed F ield
Pinches (RFP)39:10, However, besides our present observations, the magnetic and the
electrostatic oscillations do not have the same dominant driven processes, as it was
suggested for the RFP, since the spectral analysis showed that oniy a relatively low
fraction of the maguetic fluctuation power, not more than 20%, could be associated
to the electrostatic fluctuation power,

Other examples of this influence can be mentioned, such as the modulation of the
electrostatic turbulence by a dominant MHD mode®, and the correlations between

the magpetic turbulence and the electrostatic transport 1?43,
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In TBR, these observations were obtained by using a special designed probe systen;
that coulfl measure simultaneously the amplitude and the phase of.thes:e fluctuations.
In fact, the data were collected with a system of Langmuir probes: fo_gr tips, a four
pin probe array, al..single probe tip, and two sets of two magnetic coils. Thus, the
mean and ﬁucfua.ting values of the saturation current, floating potential, temperature,
radial and poloidal magnetic field components were measured during discharges with
and without the application of a resonant magnetic field.

A strong decrease of the measured equilibrium parameter profiles was observed
with the utilization of the RIW. With the magnetic perturbation, the temperature
}Sroﬁle became flat, suggesting the formation of a layer where the thermal diffusivity
would be controlled by the chaotic field lines®. The observed changes of the electron
temperature profile with the RHW utilization might produce modifications of the
plasma current density gradient allowing a possible suppression or stabilization of
the internal resistive modes-44-16, Consequently, this effect might contribute to the
observed decrease of the turbulence fluctuation at the plasma edge. The density
profile also decreased in discharges perturbed by the RHW since the chaotic field line

difusicn to the walls increased?”,

Besides all the mentioned alterations on the mean and the fluctuating values,

the ratios between these quantities, or specifically the level of density (nI™ /n,),

temperature (Tf™(T.), and potential (epf™*/kT,) remain approximately constant

when the resonant field is activated.

The plasma potential radial profile is lowered and smoothed by the perturbation,
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consequently the radial electric field E, decreased monotonicglly. This radial va.n'atio:;
of E, reinforces the previous measurements? that show the absence oli a shear layer
in the TBR discharges, ’

In a plasma current scan, for a constant position of the probe system and without
the helical pe;'turbation, we observed a steep increase of the mean va.lue of density
and plasma potential, and no sagnlﬁca.t.lve alteration of the mean temperature. The
utilization of the RHW maintains the same dependence of the measured parameters
on the plasma current, but with a lowering of the mean values. Furthermore, this
current scan do not produce any appreciable changes in the relative density and
temperature fluctuation levels. Only the potential fluctuation amplitude decreases
with increasing plasma current, and this behavior do not depend on the external
magnetic perturbation.

Spectral power distribution functions S(k, f} of the fluctuating parameters de-
creased with the RHW perturbation. Since both the wave vector component and its
spectral width are reduced, this reduction corresponds to 2 global decrease of the
turbulence level. -

The phase velocities of electrostatic Huctuations inside the plasm‘a are essentially in
the direction of the jon diamagnetic drift velocity. The effect of the RHW perturbation
is to enhance the phase velocity because of the reduction of the average wave vector.
On the other hand, propagation velocities for magnetic fluctuations are always in
the electron drift direction and are much higher than electrostatic fluctuations. The

RHW utilization also rajses the magnetic fluctuation phase velacity,
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The influence of the external perturbations is to en.ha.nce the linear cotrelation
between ﬁhe electrostatic fluctuations. However, the introduction of the REW pro-

duces a small lowenng of linear coherence between the magnetic and the electrostatic
fluctuations.

The utilization of the RHW produces also a significant alteration on the parti-
cle flux profiles at the plasma édge. The particle flux shows not only a reduction
but even, for some low frequency components, an inversion in its radial direction.
However, this inward transport produces only a small overall effect on the frequency
integrated transport. Theoretical studies show that the drift wave ﬁuctuations driven
by ionization effect could generate the observed inward transport®.

The particje diffusion coefficients caleulated from the particle flux and density
edge gradient for discharges with and without RHW show no remarkable differences.
These diffusion coefficients are compared with some theoretical models; however, only
the coefficient computed considering the randomization of the field lines gives values
compatible with our resylts.

To investigate nonlinear coupling we used bispectral analysis. Thus, the autobi-
coherences of electrostatic fluctuations showed no prominent pea.l;s; however, a low
level of nonlinear coupling was clearly observed. The same js valid for the magnetic
fluctuations. The effect of the magnetic perturbations is to reduce these bicoherences
for all measured oscillations,

The crosshicoherence between two point data of electrostatic fluctuations and the

crossbicoherence between two magnetic coils showed the same situation observed for

24




the autobicoherence. Another effect of the RHW js to lowex_' the nonlinear coupling..

Howe'iret", the crossbicoherence between the electrostatic and thtz pol.oidal magnetic
fluctuations is significative only for the jon saturation current or thf: temperature
fluctuations, The ilighest value appears in the same frequency region of the cross
coherence pea:k observed for the two poloidal magnetic coils. Here, the RHW has also
the effect almost to suppress this crosshicoherence.

The systematic calculation of the growth rate of the electrostatic and the magnetic
fluctuations show negative valyes corresponding to a linear damping mechanism. Fur.
thermore, the RHW does not introduce any significative alteration in these spectra.

For the electrostatic fluctuations, the amplitude of the quadratic coupling coeffi-
cient is not significative with and without the RHW. On the other hand, for the non
perturbed magnetic fluctuations this coefficient is high. In this last case, the RHW
reduces not only the coupling coefficient but also the frequency coupling range.

The power transfer function shows that for floating potential fluctuations the
transfer of energy occurs in the negative direction, i.e., from high to low frequency
modes. The RHW reverses this direction. For ion saturation. current fluctuations
the power transfer functions age ;nuch lower and present no prei;erentia.l diréction.
Fo1; the magnetic fluctuations the transfer of energy occurs in the positive direction.
Generally, this quadratic coupling is reduced by the RHW.

Analyzing the values of higher order moments of the data, such as skewness and
kurtosis, for both the electrostatic and the magnetic fluctuations, we observed, with

and without the magnetic perturbation, no clear evidence of Gaussian probability
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distribution functions.

This r_éported analysis is not yet conclusive to prove the e)dstem.:e ot:'intermittency
in the ﬂuctua.ting Darameters measured at the TBR plasma edge, .for d_ischarg&i with
and without RHW. The smail correlation time and high values for kurtosis seem to
agree with thé existence of intermittency in the data, but as the measured fluctuating
parameters exhibit some significant peaks in their autospectra, we think that we do
not have a sufficient number of evidences, To prove the intermittency we are working

in a more detailed analysis using correlation and conditional averaging techniques’®.
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