Influence of resonant magnetic perturbations on plasma edge turbulence
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This work reports alterations on plasma-edge equilibrium profiles and on edge turbulence, and
anomalous transport induced by resonant perturbing magnetic fields in the (BBRilian
Tokamak tokamak[J. Fusion Energyt2, 295(1993]. Thus, these perturbations have reduced the
equilibrium parameters and the spectral power of the fluctuations and enhanced their phase velocity.
They have also reduced the particle flux at the plasma edge. All these electrostatic edge parameters
have been computed by taking into account temperature fluctuation corrections. Although the
perturbation slightly affected just the linear correlation between electrostatic fluctuations, its
bispectral analysis shows a reduction of the quadratic mode coupling. Furthermore, the energy
transferred between different spectral components, with and without the magnetic perturbation, did
not have the same direction for all fluctuations. Finally, the normal probability distribution functions

of the fluctuations show significant non-Gaussian features, although the fluctuating potential
distribution became near Gaussian with the magnetic perturbatiorl9% American Institute of
Physics[S1070-664X97)01001-X|

I. INTRODUCTION that used in this workin order to control magnetohydrody-
namic (MHD) oscillations® and turbulence.

The interest in controlling plasma edge is based on the In this experiment, external coils have created both mag-
evidence that improvements of the plasma confinement deretic islands and chaotic field regions through island
pend on the edge behavibf. Remarkably, during recent overlapping? Thus, we have studied the influence of the
years experiments have shown that electrostatic turbulenaesonances created by the=4/n=1RHW (m andn deter-
induces anomalous edge particle transport. Nowadays, thmine the poloidal and toroidal wave numbers, respectjvely
intensive research on edge turbulence and transport has been the plasma edge turbulence.
motivated by the unexpected results obtained with large We needed to measure density, potential temperature
tokamaks fluctuations, and the phases and correlations between these

As it was originally proposed in the seventiethe uti-  fluctuating quantitie]§'14 for estimating the anomalous par-
lization of external magnetic perturbation is currently used inticle transport in such turbulent plasma. Thus, we designed
some tokamak devices to create a chaotic magnetic config@nd installed at TBR a complex system of probes to simul-
ration at the plasma edge. This configuration is adequate f@neously measure electrostatic and magnetic fluctuations
control particle and heat diffusion and, consequently, to im-and some plasma mean parameters. To improve the accuracy
prove the plasma confinement. Accordingly, the magneti®f these measurements, we have also determined temperature
field lines at the plasma edge may become chaotic by appbﬂuctuations and ta!<en them _into account to correct density
ing the resonant helical magnetic fields created by externgtnd plasma potential fluctuatiofrs. _ .
resonant helical winding€RHW),* or ergodic divertor§~” The analysis has shown that the magnetic perturbations

The expected effect of these perturbations is to produce un[€duced the equilibrium parameters and the spectral power of

form particle and heat loads to the wall along chaotic mag:[he fluctuations, and enhanced their phase velocity. These

netic field lines. The resultant edge cooling reduces im uriperturbations also produced a reduction of the particle flux at
g g P e plasma edge. In addition, the bispectral anal§sishas

ties, provides screening to impurity influx, and thus improves ) )
the confinement characteristics. However, the local effect o§hown that the RHW suppressed the quadratic coupling,

these resonant magnetic perturbations on the turbulence ar\%1 ereas the power functions presented no common specific

) ) : direction for the energy cascading driven by the fluctuation,
their effect on the transport in the edge remains an open .
questiorP? I.e., the energy transferred between different spectral compo-

This paper describes an attempt to control the Iasmgems'
o b P The conditions for the existence of intermittency in the

edge turbulence with external electrical currents on the resQs casured signals have been investigated with and without
nant helical windings curled around the TBRrazilian Tok- the perturbations induced by the RHW. However, no clear
amaK tokamak yessé‘l‘? ) i evidence of intermittent fluctuations was found, since the
Other experiments in the TBR tokamak, which em-yenaire from a Gaussian distribution, and from a broad-
ployed these resonant field perturbations created by thgang nower spectrum with no localized peaks, as well as the
RHW, were previously done with a field strength lower thang || time correlations, was not simultaneously detected for
the whole spectrum.
dElectronic mail: ibere@if.usp.br The relation between temperature, potential, and density
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FIG. 2. Time evolution of plasma currenit,j and RHW current I(,).
FIG. 1. Scheme of probe assembly.

The probe measurements were done during the flattop
studied here may contribute to the identification of the basigphase of the plasma currefiig. 2) in intervals of approxi-
mechanisms that determine edge turbuléié8The corre-  mately 4 ms, then they were averaged throughout seven con-
lations between electrostatic and magnetic oscillations haveecutive shots. The time series measurements were recorded
been analyzed and will be published elsewhere. using 8 bit digitizers, with a maximum sampling rate of

The outline of this paper is as follows: Section Il gives a1 MHz. The data used in the analysis consisted of 105
brief description of the apparatus and basic analysis tectsamples of 256 points. These data were tested with a statis-
niques. In Sec. Il we describe the behavior of temperaturetical criterion to discard spurious points that otherwise would
density, plasma potential equilibrium, and fluctuation pro-have contributed to overestimate the fluctuations.
files, with and without RHW utilization. In Sec. IV we ana- The plasma density then was obtained by using
lyze the spectral and bispectral characteristics of the electraral;/TY?> We applied a numerical filter to the data mea-
static turbulence and the behavior of the anomalousured by the triple probe in order to separate their mean
crossfield flux with and without RHW. Section V summa- (f<5 kHz) and fluctuating (5 kHz f <500 kHz) compo-

rizes the conclusions of this work. nents.
The density and potential fluctuations, corrected by tem-
Il. APPARATUS AND TECHNIQUES OF ANALYSIS perature fluctuations, were obtained using
The experiment was carried out using the ohmically n= n[Tsillsi— %:i:e/Te-f' é(?e/Te)Z] (D)

heated TBR tokamak, with major radilg=0.30 m, minor
radiusa=0.08 m, toroidal magnetic fielB=0.4 T, plasma _
10 i st of sl #0917l @

o ’ P N e p where g is taken as 2.8? The plasma potentialg(,) is re-

in the TBR has a circular cross section and a full poloidal : . . -
limiter. We used hydrogen. lated to the floating potentiakd(;) through an equation simi-
The data were collected using a multipin LangmuirIar to Eq.(2). e .
probe (see Fig. 1 which was inserted into the plasma The external magnetic field perturbation was created by
' kelectric currents circulating through a set of helical windings

through a diagnostic port located at the top of the tokama " IIv located d the tord&Th i duced
and 45° toroidally displaced from the poloidal limiterThis externally located around the fortis/hese colis produced a
erturbation field with dominant helicin=4/n=1 and av-

probe system consisted of four tips, a four-pin probe arra)P ) ) e
and a single-probe tip. Two of the four-pin configuration erage radial amplitudgB, (a)/B,|)=0.4% at the limiter ra-

measured the floating potential fluctuatiags and the other dius (B, is the toroidal equilibrium field, an@, the radial
WO the ion saturation current fluctuatioﬁ§. These two perturbing field. This perturbation was resonant for an edge

<4, i i
pairs of pins were used for determining the Spectrumsafety factorq<4. The currents circulating through these

: ; coils were set td,,= 285 A, and they were switched on after
S(k,f), the power weighted average values of poloidal Wave, " lasma current had reached stead valHiEs 2)
vectork,, the phase velocity,,, and the width ofk,.>* P y Valies o).

. ) . . The above-mentioned coils created both magnetic is-
Another single tip, located 3 mm from the four-tip configu- e : . :
. . lands and ergodic field regions through island overlapping.
ration, was used to directly measure the mean value of th

floating potentiaks; . E|gure 3 shows Poincarenaps computed for those dis-

The following quantities were obtained using a modiﬁedCharges with a natural dominam=2/n=1 MHD mode
triple probe techniqud2-2 with four pins to correct for with [Fig. 3(a)] or without[Fig. 3(b)] the effects of resonant

phase delay errors: The electron mean temperalgeits perturbations created by time=4/n=1 helical windings. To

fl ionT. the | . i qits f compute these maps, tme=2/n=1 natural modgusually
uctuationTe, the on saturation current, and its fluctua- - ,pcared in the TBR experimeht&as described by a cur-

tion Ig;. Two p.airs of magnetic coils were mounted in the ront perturbation inside the plasrfan the unperturbed map
same systentFig. 1) to measure the poloidaB,, and the [Fig. 3(b)] them/n=2/1,3/1 and other smaller islands could
radial, B, components of the magnetic field fluctuations.  be recognized. However, the applied field destroyed the

and
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FIG. 3. Poincaramaps showing the poloidal magnetic-field line configura-
tions with RHW (a) or without RHW (b).

1.2

magnetic surfaces in an ergodic layer at the plasma edge
[Fig. 3@] with a radial width of about 1.810 2 m. This
ergodic region did not include thg=2 islands and it was
created around the unperturbed magnetic surface with the
safety factorq=4. In this case the stochasticity parameter,
computed fom/n=3/1 andm/n=4/1 island superposition,
was s=1.12 Notice thats= (L 4+ Lz;)/2(r 41— 31), Where

rwn 1S the radial coordinate of the magnetic surface with
q(rmn)=m/n, andLy, is the island width at this surface.
Thus, in this experiment the RHW created a field line con-
figuration similar to those obtained with ergodic divertors in
the tokamak TEXY (Texas Tokamakand TORE SUPRA
(Toroidal Supraconducteur-Cadaraghe

1.2

FIG. 5. Radial profiles of floating potential witt) or without (O) RHW
(a). Radial profiles for plasma potential with) or without (O) RHW (b).

IIl. EQUILIBRIUM AND FLUCTUATION PROFILES

A sharp temperature gradient always exists without the  The radial profile ofE, showed the absence of a shear
RHW utilization [Fig. 4(@)]. With the RHW the radial tem- |ayer, which was also confirmed by the measured profile of
perature profile became flat froma=0.81 tor/a=0.96. the phase velocity. As has already been mentioned, there is
The existence of this modified flat profile suggests the forno experimental evidence of the existence of any shear layer
mation of a layer where the thermal diffusivity is controlled in the TBR plasma edg®:2®
by the chaotic field lines, as was observed in the TORE The results of this work, when compared with previous
SUPRA tokamaK:® The density profile also decreasgélyg.  measurement&€ show that the changes in the mean param-
4(b)] and such behavior has been attributed to the differengter profiles(induced by external perturbationécreased
connection to the walls created by the RHW perturbationwith the perturbing field strength.
and resulting in a larger area seen by the plasma. Similar Figure 6 shows the radial profiles of electron tempera-
alterations were also induced by an ergodic divertor in theure fluctuationrms) amplitudes normalized to a local mean
TORE SUPRA tokamak® value, with or without using the RHW. Although the equi-

During RHW operation the floating potential and plasmalibrium and fluctuating temperature were altered by using the
potential profiles[Figs. 5a) and 8b)] were also modified. RHW, no noticeable effect was detected on the ratio between

The utilization of the magnetic perturbation produced a lesshese two measurements. The same figure also shows the
negative floating potential, in particular near the region

r/a=0.85, where the effect was clearly seen. This result was

also observed in the TEXT tokanfdkfor reduced equilib- 05 . s
rium parameter discharges. AN &9
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FIG. 6. Edge radial profiles of electron temperature fluctuation rms ampli-
FIG. 4. Radial profiles of electron temperature wit) or without (O) tudes normalized to local mean value of temperature, Withor without
RHW (a). The same for plasma density profilés. (O) RHW. The same for the plasma potential.
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FIG. 7. S(k,f) spectra for density fluctuations ata=0.89 without RHW(a) or with RHW (b).

normalized plasma potential fluctuation profiles; here a sig- Figure 8 shows the phase velocity profiles for plasma
nificant alteration may be noticed only at the limiter position. potential fluctuations, with or without magnetic perturba-

We observed a steep increase of the mean density valu®ns. The poloidal phase velocity inside the plasma has es-
n, and of the plasma potential,, with or without the RHW,  sentially the same direction as the ion diamagnetic drift ve-
in a plasma current scan from 6 to 10 kA, for a constantocity. The effect of the RHW is to enhance the phase
positionr/a=0.89 of the probe system. On the other hand,velocity because of the reduction in the average wave vector.
no noticeable alteration was detected in the mean temper&he previously reportéd?® absence of shear layer has been
ture Tg. confirmed in this new experiment.

The driven particle flud", used here &

IV. ELECTROSTATIC TURBULENCE AND 2
TRANSPORT I'= B_(J KgPn, Sin(6y,,)df. 3

To study the effect of RHW on particle transport we

investigated the changes in the plasma edge parameters as- Figure 9 shows particle flux profiles for discharges with
sociated with that transport or without the RHW perturbation. An appreciable alteration

Thus we used digital spectral analysis to compute thavas produced in the plasma edge transport by utilizing reso-
spectral power density distribution functio®(k,f)2* for nant perturbations at this field strength. The results show not

fluctuating density and plasma potential. Figure 7 shows th nly a reduction of the particle ﬂU)_( in the whol_e spectrum
S(k,f) spectra for density fluctuations at the radial position. ut even, fpr some IOW f_requency intervals, an inversion in
r/a=0.89, computed for discharges without magnetic pertur_|ts radial direction. This inward transport effect at low fre-
bation[Fié 7@], and for perturbed dischargéBig. 7(b)] guencies has been associated with drift wave fluctuations
. 3 . . . . . . 1'32

The spectral density functions were strongly decreased b§jfiven by ionization effects. .

the RHW. These spectra showed that both the wave vector From the radial distribution Of. electron den§|ty gt the
component k,) and its spectral widthd,,) were reduced plasma edge we can roughly estimate the radial diffusion
by using the RHW. This reduction corresponds to a globapoefficient across the main magnetic field subjected or not to

decrease of the fluctuations and, since the low wave numbeFQe effect of the applied perturbations. The diffusion coeffi-

are dominant in the spectrum, it suggests a turbulence stab‘?—'emD is given by
lization. Although not so well identified, similar alterations D=-T/Vn, (4

were also produced by the RHW on the plasma pOtemla\I/vhereF is the particle flux. The result that we obtained near

spectra. L .
P the limiter wasD=0.3 n¥/s. Although the perturbing mag-
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FIG. 8. Phase velocity profiles for plasma potential fluctuations ijror
without (O) RHW. FIG. 9. Induced particle flux profiles witt) or without (O) RHW.
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FIG. 10. Bicoherence for ion saturation current fluctuations/at=0.92 with (a) or without (b) RHW. Data filtered at 250 kHz and frequencies normalized
to the Nyquist frequency.

netic field seemed to slightly enhance the diffusion coeffi-128 us intervaly. If we consider the autobicoherence of
cient at the plasma edge, this enhancement falls within th@oating potential, ion saturation current, and temperature
experimental uncertainties. fluctuations, then no prominent peaks may be identified.

In order to better understand the experimental resultgHowever, a low level of nonlinear coherent interactions
associated with particle transport in the presence of resqmuch larger than the statistical uncertaintyas clearly ob-
nance fields, we will compare here the diffusion coefficient,served in the bispectral analysis, showing that nonlinear cou-
which we have previously computed from our experimentalpling exists in electrostatic fluctuations at the edge.

data, with the following theoretically predicted valfen Figure 10 shows the bicoherence Igf fluctuations at

the collisionless plasma limit with a stochastic field, the dif-r/a=0.92, with(a) or without (b) the RHW utilization. The

fusion coefficientD® may be estimated By maximum value is b?=0.24+0.03 for case (a) and
DC=(D vy (5) b?=0.40+0.05 for caséb). For the unperturbed oscillations

o o ~ [Fig. 1Qb)], nonlinear interactions occur mainly between
whereDy,, the magnetic diffusion coefficient of the chaotic modes with frequenciesf,<50kHz and those with
field lines, is given by f,=<120 kHz. However, the presence of the magnetic pertur-

D= 7TR<|BY/B¢|2>. (6) bations Iowgred the bicoherence values and reduc_ed_ the fre-
. ) ] i quency regions td,<20 kHz andf;=<50 kHz. A similar
The ion thermal velocity;, may be estimated by using sjyyation was observed for the other parameter fluctuations.
the average values of the plasma edge temperatures near rigyre 11 shows the integrated bicoherence for the same
thg limiter (i.e., Ti=Te=15eV). Thus, we obtained fciations depicted in Fig. 10, with or without resonant
D€=~0.27 nf/s for the average radial diffusion coefficient fig|gs. The calculated values decreased with the magnetic
in this region. This value is comparable with that measuregyeyrhation. Furthermore, we observed the highest bicoher-
experimentally and is thus at variance with the observationnce values for 50 and 100 kHz components. If we consider
that the RHW makes little change to the valuelof any of these two frequency components to satisfy the reso-
Another formula to calculat® for the collisional low  nant conditionf = f, + f,, then the bicoherenc@or interac-
stochasticity limit i$ tions with or without RHW will not show any contribution
DN=0.3 (Br/B,) AnCs, (7)  from modes of the high frequency band.

. . . _ We will utilize the method proposed in Refs. 17 and 18
where )\, is the density scale lengtlt is the ion sound

speed, and 0.3 is a factor used to account for similar experi-
mental observations in magnetic limiterand divertor

experiments? as suggested in Ref. 34. For the discharges 05
with RHW, the estimated values &\ (for the same region 0.4
considered befoje give DN=0.05 nf/s. This diffusion
caused by the RHW is small compared with the observed 0.3
total diffusion. So, the predicteBN is compatible with our £b?
present observation. 0.2
A way to investigate the nonlinear coupling among dif- 0.1t
ferent fluctuation components is to use the bispectral analysis
technique, as suggested in Refs. 16 and 19. In the present 0O 03

analysis, however, the recorded data do not have a sufficient

number of events for neglecting the variance of the bicoher-
2 .

ence b )'glt has been, shown that the 1>/2ar|ance of FIG. 11. Integrated bicoherence for ion saturation current fluctuations with

blcoherenc may be estimated bwbz_:Zb/M _ (Where _(...) or without(—) RHW atr/a=0.92. Data were filtered at 250 kHz and

M =210 is the number of successive realizations withfrequencies normalized to the Nyquist frequency.
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0 0 kurtosis equal to threeThe RHW do not alter these distri-
a b butions. However, for the case shown in Figs(k2and
12(c) for fluctuating potential fluctuations, the magnetic per-
turbations significantly alter the distribution, which became
similar to a Gaussian distribution. Finally, the time correla-
tions are small, nearly gs, and do not show any change
with the RHW.

V. CONCLUSIONS

In this work we present evidences of relevant alterations
on the electrostatic spectra and on the turbulence driven
transport when the edge magnetic structure became chaotic
after the application of external resonant fields.

It should be noted that in TBR not only were the mag-
netic oscillations strongly reduced, as in other
experimentg¢37put the electrostatic oscillations were also
slightly modified by the resonant helical windings that were
used to perturb the magnetic field. The latter effect could be
associated with the uncommdin tokamaks® partially simi-
lar frequency spectra for these two kinds of oscillations. In
fact, although the electrostatic power spectra present fre-
guencies lower than the Mirnov frequencies, the spectra still
i/ P/ show a partial superposition with the magnetic power spec-
tra. Therefore, it may be possible in TBR to routinely alter

FIG. 12. Probability distribution fqnctions for ion saturation _current, with- the magnetic fluctuations in order to control the turbulence
out (a) or with (b) RHW, as a function of the fluctuation amplitude normal-
spectra at the plasma edge.

ized to the respective standard deviation. The same for floating potenti - e
fluctuations,(c) and (d). The cashed curves represent Gaussians with the Evidence for this kind of control also was recently re-

same standard deviation. ported for the reversed field pinch@®FP).33°However, for
tokamaks the magnetic and the electrostatic oscillations do
not have the same dominant driven processes, as was sug-
to evaluate the nonlinear coupling coefficients and thegested for the RFP. In fact, the spectral analysis showed that
amount of energy cascading between waves. The relatiorenly a relatively low fraction of the magnetic fluctuation
ships between fluctuatiorimonitored at two points in space power could be associated with the electrostatic fluctuation
are usually described with linear and quadratic transfer funcpower.
tions. From these relationships we can estimate the wave— Other examples of this influence are the modulation of
wave coupling coefficient and the energy transfer betweethe electrostatic turbulence by a dominant MHD mode, and

spectral components. the correlations between the magnetic turbulence and the
The amplitude of the coupling coefficient that gives theelectrostatic transpoff,

strength of coupling between a wave of frequerfcyand A strong decrease of the measured equilibrium param-

waves of frequencie$; and f, is not significant, with or eter profiles in TBR was observed with the utilization of the

without RHW. RHW. With the magnetic perturbation the temperature pro-

The power transfer function shows that the differencefile became flat, which suggests the formation of a layer
interaction region was dominated by negative transfer ratewhere the thermal diffusivity would be controlled by the
for floating potential fluctuations. The floating potential fluc- chaotic field line$ This profile might produce modifications
tuations perturbed by the RHW present a positive powein the density gradient of the plasma current, and allow a
transfer in the difference-interaction region. For ion saturapossible suppression or stabilization of the internal resistive
tion current fluctuations the power transfer function is muchmodes®41-43Consequently, this effect might contribute to
lower than the transfer function of the other parameter flucthe observed decrease in the turbulence fluctuation at the
tuations and presents no preferential direction. plasma edge. The density profile also decreased in discharges

After a data analysis of higher order momenta, such aperturbed by the RHW, since the chaotic field line diffusion
skewness and kurtosis, we found no clear evidence of Gausw the walls had increaséd.
ian probability distribution functions for the electrostatic In addition to the mentioned alterations of the mean and
fluctuations with or without the magnetic perturbation. Thus,the fluctuating values, the ratios between these quantities, or
Fig. 12 and 12b) shows non-Gaussian probability distri- more specifically, the level of densitn{"¥n,), temperature
bution functions obtained for the ion saturation current fluc-(T¢"¥T,) and potential épy"7k T¢) remained approximately
tuations. For these cases the signal has a value almost equainstant when the resonant field was activated.
to zero for the skewness, but values significantly different  The radial profile of the plasma potential was lowered
from three for the kurtosiga Gaussian distribution has a and smoothed by the perturbation, consequently, the radial
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