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Scrape-off layer intermittency in the Castor tokamak
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Spatial-temporal intermittency of floating potential and ion saturation current fluctuations is
analyzed by using data obtained from two probes arrays in the scrape-off layer of the CASTOR
tokamak [Proceedings of the 1996 International Conference on Plasma Phydlegoya
(International Atomic Energy Agency, Vienna, 199%ol. |, p. 322. For these ion saturation
current fluctuations with non-Gaussian probability density functions, a conditional averaging
analysis shows coherent structures with correlation lengths and lifetimes larger for larger amplitude
conditions. Nevertheless, there is no evidence of such large structures in the potential fluctuations.
Furthermore, wavelet transforms are used to analyze these nonstationary fluctuations and obtain
details not observed with the Fourier technique. So, examining wavelet power and coherence
spectra, strong intermittency is found for both kinds of fluctuations, in a time scale two orders of
magnitude higher than that observed in the conditional analysis. Moreover, during the discharges the
observed wavelet quadratic coupling alters intermittently for some low-frequency components.
© 1999 American Institute of Physid$$1070-664X99)00803-4

I. INTRODUCTION and time. These non-Gaussian features suggested the exis-

tence of intermittency with formation and destruction of co-

One of the main technological problems in the operatio . )
of tokamaks is the power density deposited at the limiter an%erent structures. So, we applied complementary numerical

inner wall, with the release of neutrals by sputtering due toecthnthuttas o obtzlr:hm.formalt.lon apotut mttgrmntency, coher-
localized heat and particle loadings. The consequent increa&d' _srruc u_re?h and te|r nonflner?r n ::‘rac lons. " d
of impurity content in the plasma core degrades the plasma 0 _v_erlfy € existence of coherent components, we use
confinement conditions. Thus, the application of tokamaks af con<_j|t|onal averaging techmqgg that f_OHOWS the statistical
nuclear fusion reactors requires the control of this powefVolution ~of ~selected conditions in the measured

. 7 .
deposition. On the other hand, this deposition depends on tHE/Ctuations. Thus, we found coherent components with cor-

width of the scrape-off laye(SOL), formed around the relation lengths and lifetimes larger for larger fluctuation

plasma, which is altered by the electrostatic turbulence chal€ve! conditions. - _
Besides this conditional technique, we also used wavelet

acteristics in this regioh? Therefore, controlling turbulence

at the SOL could reduce the power density deposited at thanalysis to_ detect the intermittency by resolving short-lived
limiter and inner wall, improving plasma confinement in to- 8vents during the considered plasma discharges, and to fol-
kamaks. So, understanding turbulence in this region majPW in time the contribution of the various frequencies to the
lead to the development of appropriate control methods t@nalyzed signal. For that we computed wavelet transforms
avoid this problem. and, by using definitions analogous to the usual definitions of

However, despite the recent experimental effort, turbyfourier analysis, we obtained wavelet cross-spectra and
lence in the SOL has not been completely characterize8ross-coherence. Thus, we obtained local information about
yet}? Thus, one of the most investigated features is the exintermittent correlation at a particular frequency band and
istence of coherent structures in this region, which wouldtemporal location in the time-scale plahén the literature
affect the plasma transport and modify the turbulencéhese quantities are related to particle transport to identify the
descriptior®* Nevertheless, up to now the existence of co-dominant drive source of particle flux at the scrape-off
herent structures in SOL has not been clearly confirned. layer! So, we estimated the driven turbulence particle flux

In this work, we applied some advanced numerical techthat varies intermittently by an order of magnitude during the
niques to search coherent structures and intermittency in thdischarge time.
turbulent electrostatic fluctuations observed at the CASTOR  On the other hand, when a signal has a spatial structure
tokamak scrape-off layér. of any kind, it is expected that some phase coupling

Probability density functions(PDP) of these data occurs’ ! Then, to measure the amount of phase coupling
showed deviations from the Gaussian distribution, i.e., thgresent in a signal or between two signals, we calculated
analyzed fluctuations are not randomly distributed in spacéicoherence spectra with wavelet analysis as it is computed

1070-664X/99/6(3)/846/8/$15.00 846 © 1999 American Institute of Physics
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@u) o Signals from the diagnostics were sampled at a rate of
308 kHz. Calculations are done on the samples after high-
4 S RN N NP S pass digital filtering with a cutoff frequency of 1.5 kHz. The
0 5 10 15 20 25 frequency spectra are broad, up to a few 5 to 80 kHz, with

decreasing power density toward high frequencies. On the
equatorial plane fluctuations present long wavelengths, typi-
FIG. 1. Tokamak time profiles for the studied discharge: plasma currentcally A ,/a~0.9 and\,/a~0.6. The order of magnitude of
density, horizontal and vertical position of the plasma column, from top totha particle flux in the SOL induced by turbulence was esti-
bottom. mated as X 101°m2s™L.

Average dispersions are line@re., the average poloidal

with Fourier analysis? This wavelet bicoherence detects wave vectorsk, are proportional to the frequencieén the
phase coupling between short lived wavelets rather than beegion of high spectral power density amc,/k>1. The
tween modes as Fourier bicoherence. As predicted by thigroductkps~1 (whereps is the ion gyroradiusis ten times
technique, we observed phase coupling for two frequenciegigher than that expected from drift wave theoridsit simi-
present in a signal along with their sum or difference fre-|ar to values obtained in other takamaks.
guencies. MagnetohydrodynamidMHD) spectra for fluctuating
Thus, in this work, by applying the mentioned advancedradial magnetic field show a coherent peak at the frequency
numerical techniques, we report episodes of coherent strugf 50 kHz (Ref. 6 for which the electrostatic power density
tures and intermittency in the analyzed turbulent electrostatigs |ow. Therefore, MHD is not the driving mechanism of the
fluctuations observed at the CASTOR tokamak scrape-ofg|ectrostatic turbulence analyzed in this work. Moreover, ex-

Time (ms)

layer? perimental correlations between these two kinds of oscilla-
We analyzed data measured by two arrays of prét&es  tions are usually low.
tips spaced poloidally bg=0.005m), which are spaced to- In Sec. Il we present a short description of the condi-

roidally by 0.010 m. The first array measures the ion saturagonal analysis with the results obtained with our data. In
tion current (s5) and the second one measures the floatingsecs. Il and IV we present linear and bicoherence wavelets
potential @).%'® Neglecting temperature fluctuations, the that are appropriate to analyze de nonstationary behavior of
probes measure the plasma potenfig, and the electron our signals. Finally, in Sec. V some conclusions are drawn
density,fi,. for electrostatic fluctuations.

The main plasma parameters in this experiment are ma-
jor radius RO=Q.4O m, mir?or.radius(limiter position a Il CONDITIONAL ANALYSIS
=0.085 m, toroidal magnetic field,=1.0 T, plasma current
I,=6 KA, pulse length of 25 msec, and safety factor at the ~ The usual approaches to characterize plasma turbulence
limiter g(a) ~15. Radial profiles of the floating potential and in tokamaks assume that fluctuating fields are randomly dis-
electrical current fluctuations show plateaux indicating a lastributed in space and timé.This assumption of homogene-
closed magnetic surface at=0.083m, just 0.002 m from ity can be examined with the probability density functions
the limiter. Figure 1 shows typical time profiles of the dis- (PDF) and their moments. In fact, Gaussian signals have
charge studied in this paper. These profiles are stationary ikknown higher-order moments, such as skewn&ss() and
the interval 5 msect<20 msec, for which the fluctuations kurtosis K=3), and these momenta can be calculated from
are analyzed. the analyzed data.

To analyze turbulence, we considered simultaneous two-  Figure 2 shows PDF for floating potential fluctuatians
point measurements of electrostatic quantities at the scrap&=0.04+0.02, K=3.07=0.04) and ion saturation current
off layer (atr =0.090 m, 0.005 m from the limiter and 0.020 fluctuations §=0.66=0.02, K=3.40+0.04). In our data
m from the vesséP The ratios of the magnitude of fluctua- only the ion saturation fluctuations deviate from Gaussian
tions to their mean values in the region of measurements amistribution significantly. Similar values were obtained with
approximately 0.20. all probes of the two arrays.
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These non-Gaussian features imply the formation and
destruction of long-scale length coherent structdfé& ob-
tain information about these structures, we investigated this
turbulence with conditional statistical analysis that shows the
dependence of the statistical characteristics of the fluctua-
tions on the amplitude of the measured parameter. Moreover,
this analysis applies a conditional averaging technique to
separate the coherent structures from the incoherent turbu-
lence.
The conditional time averag®(x+d, 7), is an estimate
of the time average ofP at some distanced, and time
shifted, , away from a reference point at the position
when the oscillation at the reference point takes a vdue
=&, during a time sequendg:
N
®C0n({x+d,r)=(1/N)21 ®j(x+d, 7, D). (1)
i=

00 50 0 50 100-

Following Ref. 7, we approximate this average by a
power series representation around the conditlan ap-

. . . -04
plied to the signal at the reference point 100 50 . &s) 50 100
N
' _ ) i FIG. 3. Normalized cross-correlation functioRs ) and conditional
P cond X+, 7) Zl @i(d, 7)[Pc]'. 2 averagesd 4 (-—-) for ion saturation fluctuations for the conditich,

=10 (a); the same for the conditio® .= 3o (b).
The coefficientsa; do not depend on the condition being
imposed on the signal, but only on the separathrand the
time delay,. We utilize only the first three coefficients in differ from the cross-correlation functions, especially for
Eg. (2) to estimate the conditional averages. These coeffid =3¢. For floating potential fluctuations the shape of the
cients are evaluated by minimizing the mean square éfor conditional averages closely resembles the cross-correlation
p functions.

0=([®ond X+ 7) = Peond X+, )T7). © Figure 4 shows the conditional average for ion saturation

To apply this algorithm, we used data from a referencdluctuations for the same condition of FigaBcalculated for
and four other probes in the same radial positiaia( different poloidal separations at the same radial position. The
=1.06) equally spaceddE=0.51cm) in the poloidal direc- curves are shifted on the vertical axis by the poloidal probe
tion, choosingD as a value ofb at (x=0,t) measured with separation. The shift of the peaks in time as a function of
the reference probe in the equatorial plane, ardhd (n probe separation permits us to obtain the poloidal phase ve-
=1,2,3,4) as the positions of the other four probes. locity of the waves in the plasma.

For the conditional average to track a coherent compo- At a distanced~1.5cm away from the reference probe,
nent in a signal, the condition imposed must define the structhe conditional averages develop a peak with negative am-
ture, that is, the structure should be defined by its amplitudeplitude, which is phase delayed with the positive pé&adsi-

Also the structure must be strongly coherent along the detive peak defines the phase velogityurthermore, as the
fined trajectory(in our experiment the trajectory is assumeddistance between probes increases, the phase-shifted compo-
along the poloidal direction and the shape of the structure nent become more significant, indicating propagation in a
must not change. If these conditions do not exist, the condimedium with frequency and wave number related dispersion
tional average will have the effect of “smearing out” the properties. The peaks of the conditionally averaged fluctua-
shape of the coherent components and no structure is detect-
able.

In Figs. 3a) and 3b) we compare the conditional aver-
ages(dashed lines ®.,,4, and cross-correlation functions
(continuous lineg R, for ion saturation fluctuations. Heke
is plotted for reference purposes since it reveals only the
Gaussian component of the considered fluctuating quantity.
In these figures, each set of five curves corresponds to the
conditional averages calculated with data from the reference
and the other four probes at different poloidal separations,
for the conditions®.=1c¢ [Fig. 3@] and ®.=30¢ [Fig. ~100 50 0 50 100
3(b)] (where o is the fluctuation standard deviatjoriThe T us)

conditional averages are nor_malized SUCh_ _tmﬁonclx, T FIG. 4. Normalized conditional averages for the same fluctuations and con-
=0)/®.=R. For these fluctuations the conditional averagesiitions of Fig. 3a) for different poloidal separations

(D'oond / q)c
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FIG. 5. Exponential decay coefficients in spdcg{a), and time L4 (b), for i ] ) ]
different conditions®. , for floating potentialO) and ion saturation current  FIG. 6. Time-resolved wavelet coherence versus time of floating potential
(X) fluctuations. (a) and ion saturation current fluctuatiotts.

tions were tracked against the poloidal separation and again&fne resolution isAt=2a. If x(t) is the signal under analy-
the corresponding time shift. The exponential decay coeffiSiS: the wavelet transform of(t) with respect to a chosen
cients 84 and B, were calculated by fitting exponential Mother waveletl,(t) is defined by

curves to the experimental data. Exponential space and time

decay coefficients were calculated for several conditibgs Wy (a, T)If X()Wo(t—7)dt, 6)
imposed to data. _ _ ) ) )

A conditional correlation lengti, 4= 85, and lifetime, ~Whereais a scaling parameter andis a time shift param-
L=, were obtained for both fluctuations from the decayeter- In wavelet a_naIyS|s time resolutlon is varlablg with fre-
coefficients. Figure 5 shows correlation lengths,, for ~ duency, so that hlg_h_frequenmes have a sharper time resolu-
specified conditions &) r =9 cm and(b) lifetimes, L,. The tion. Wavelet coefficients are averaged over a finite interval
changes in correlation lengths and lifetimes for different con-T-{To— T/2<7<To+T/2}. _ .
ditions for potential fluctuations are less than 7%. For jon  Similarly to classical Fourier spectral analysis, we de-
saturation fluctuations the variation ir for different con-  finéd the cross-power spectrum for two time sexigg and
ditions is ~8%. The change i, is ~32%. We calculated Y (1)

the error of these variations as 2% since the estimated cor-

relation lengths and lifetimes errors were of 1%. These pre- Cyx(a,To)= fT W, (a,7)Wy (a,7)dr. (6)
cisions are enough to identify a significant asymmetry be- 0

tween positive and negative conditior{§ig. 5. Larger The phase spectrum was obtained from

correlation lengths and lifetimes occur at larger conditions. 0yx(a,T0)=tan*1{lm[CyX(a,r)/Re[ny(a,T]}. @

This result seems consistent with the hypothesis that struc-
tures at larger amplitudes have longer lifetimes compared To quantify where two nonstationary fluctuating signals
with structures with a smaller condition. are linearly correlated at a particular scéleequency and
time location in a time-scale plane, we defined the coherence
spectrum with values in the intervalsoyfys 1. When there
is a perfect linear relation at some frequency it is equal to 1.

Wavelet analysis completes the Fourier analysis and petAccordingly, the coherence spectrum was defined as
mits often a similar interpretation, but amplifies it, by adding 2 _
time resolution. Therefore, this numerical technique is ad- Yyl @, To) =[Cyu(a,T)|?/Cr(a,To) Cyy(a,To), (8
equate to analyze our signals with rapidly changing frequenwhereC,, andC,, are the wavelet autopower spectra of the
cies during short intervafst16:17 signalsx(t) andy(t), respectively.

The application of the wavelet method on our nonsta- The statistical errorg, was determined following Ref.
tionary signal analysis is based on a wavelet function set that5 and is given by
changes its size and position by dilatation and shifting. Thus 12
wavelet transform decom i i i & (1) = (Tn/TN) ©

poses the experimental time series

using a wavelet basis of functions localized both in time andvhere fy is the Nyquist frequency and is the number of
frequency domains. However, a good frequency resolutiosamples.
can only be achieved by means of a large sampling window, Figure 6 shows the temporally resolved coherence be-
which results in a poor time resolution; on the contrary, atween two poloidally separated probes f@ fluctuating
good time resolution implies short windows, which results infloating potential andb) ion saturation current. Noise level

Ill. SPECTRAL WAVELET ANALYSIS

a poor frequency resolution. is £~0.10 for low-frequency components. Such spectra are
In this analysis we used the continuous wavelet transuseful to follow the coherence development, in frequency
form based on the Morlet wavel&t: and time, showing alternated regions of high and low coher-

_ap . _ 2 ence values suggesting an intermittent behavior. The coher-
Va()=a Texdi2mt/a=(t/a)72]. ) ence is intermittent for both kinds of fluctuations. This elec-
A frequencyf=2mx/a is assigned to each scade The fre- tric potential intermittency is not in conflict with the absence
guency resolution of the waveldt,(t) is Af=f/4, and the of coherent structureg¢for this fluctuation previously re-
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FIG. 7. Time-scaleS(k) wavelet spectrum for ion saturation current fluc- positions, for floating potential fluctuatiorfa) and average poloidal wave

tuations. number for the same probél). Symbol(O) for #~—5.6x 10" ? rad, (X)
for 6~0 rad (equatorial plang (+) for ~5.6x10 2rad, and(*) 6~1.7
X 10" *rad.

ported, in the average conditional analysis, since the time
scale of the wavelet analysi$ mseg is two orders of mag-

nitude higher than the time scale of the average conditionahe scalek . This reported behavior is also observed for the

analysis (X 10”2 msec). phase velocity and wave vectors of ion saturation current
We applied the technique @(k,f) spectrum® using  fluctuations.
wavelet auto- and cross-spectra and calculasétl) and Besides the relevance of the intermittent behavior of the

S(k) spectra. Figure 7 shows the contour3tk) spectrum oscillations, relating these quantities to other quantities used

for ion saturation current fluctuations, suggesting an interin the literature to analyze the turbulent transport would be

mittet wave number variation. This intermittent variation canworthwhile. In fact, spatial and temporal heterogeneity of

be seen better in the one-dimensional plot of Fig. 8 thatransport could be used to identify the dominant drive source

shows theS(k= 1.3 cm*) evolution for the spectrum of Fig. of particle flux at the scrape-off layérTherefore, we esti-

7. The same results are obtained with floating potential flucmated this transport from the electrostatic fluctuations ana-

tuations. lyzed in this work. For that, the radial particle fluX;
From S(k,f) we determined the power-weighted aver- =(fi7), driven by the densityfi, and plasma potentialp,,

age values of poloidal wave vectdr,, and the phase veloc- was obtained by calculating the fluctuating radial drift veloc-

ity, vpn. This was obtained from four pairs of probes at theity »=E/B, (E=k’<,bp). In this work we used the spectral
same radial distance and near the equatorial pleoegering analysis to calculat€ from the equatioh

a vertical distance larger than the precision of the vertical

plasma column positignFigure 9a) shows the phase veloc- I'=2k|C,,|sin(6,,)/By, (10

ity for floating potential fluctuations for pairs of probes at , , oo ,
different poloidal positions. These values are comparable t§/1€re, as beford, is the toroidal magnetic field aridis the
those obtained by using Fourier transforms of data from fouP!2Sma potential poloidal wave number. Figure 10 shows the
similar discharges. Figure(l§) shows the average values of intermittent time resqlved frequency transport spectra for
poloidal-wave-vectors for the same probes. The dispersion iB/0P€s a; th_ezeH;JatO“a' planda=1.06, maximum value of
so high that in some discharges the phase velocity and thg 8> 10"'m ?s Y/kHz. Furthermore, the order of magni-
averaged wave vector values are not well defined for th&ude of to;[)al 95“95'9 flux in this radial position was estimated
distant probes above the equatorial plane. There is an asyrtS 1% 10'm~?s™". This intermittent behavior varies by an
metry in the velocity and wave vector, namely, a variation ofofder of magnitude during the discharge time. This strong
these quantities for increasing poloidal angles. The observeffriation was recently predicted by numerical simulations
wave vector variation from the probes below and above th@Ptained for a model with threshold instability driven by a
equatorial plane, separated By~ 1 cm, is sk~k, compa- volumic source, in contrast to a diffusive transport described

rable to the variation expected from calculated dispersion offy @ gradient drive mechanisth.

! q 80— 1
08t oo \ R 08
) /A <60 ’
> \ b .
08 . ?/ 3 2 0.6
= ] 7 \ 240
%07 v P ® 3 04
v/ \ g
0.6 @ \ & 20 0.2
\
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FIG. 8. One-dimensional evolution of the spectrum of Fig. 7 for  FIG. 10. Intermittent time-resolved frequency transport spectra for probes at
=1.3cml the equatorial plane anda=1.06, maximum value6x 10""/m?.s-kHz.

Downloaded 29 Jan 2013 to 128.83.61.192. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 6, No. 3, March 1999 Heller et al. 851

IV. BISPECTRAL WAVELET ANALYSIS 0.15 0.15

ce

To detect short-lived intermittent coherent structures, we 04
combined wavelet and bispectral analysis by calculating, f0r§
short intervals, wavelet bispectra and bicoherences betweesg 0.05
two frequencies and their sum and difference frequencies§
Furthermore, from these wavelet algorithms we obtained evi-*
dences of phase coupling between wavelet components ¢

0.1

0.05

different scale lengths, expected to occur if turbulence pre- %° 50 d
sents some structufé®2°
Bicoherence was calculated according to the following g . g o
definitions. First, the wavelet bispectrum is & o
B(al,az)=fVV§(a,T)Wx(al,T)Wx(az,T)dr, (17) 50 50
T 0 20 40 60 80 0
1 (kHz) 1 (kHz)

whereW,(a, 7) is the wavelet transform of(t) [Eg.(5)] and

the integral is taken over a finite intervRlas with the linear- FIG. 11. Sumr_ned—gutobicoherence for ion saturation current fluctuations for

wavelet specirum. This waveletbispectrum measures i Seecled Ime enias o3 86 wm w102 198 ), bashed

amount of phase coupling that occurs between wavelet CONwerence for the same time intervals and prétyeand (d).

ponents of scale lengtlss , a,, anda such that the sum rule

l/a=1/a;+1/a, is satisfied. Since the scale lengths may be

interpreted as inverse frequencies, the wavelet bispectrum

may be interpreted as the coupling of wavelets of frequencies

such thatf=f,+f,. Phase coupling is usually expressed by  (b)?=(1/S)23[b(f;,f,)1?, (15

the normalized wavelet bicoherence. Then, substituting the

scale lengths by the frequencies we have

[b(f,.f,)]2 where the sum i§ taken over §ﬂh and f,, and S'is the

172 number of terms in the summation. So, the total bicoherence

measures the total spectral power of the signal during the

=|B(f1yf2)|2/ [fT|Wx(f1,T)Wx(f2aT)|2dT interval of the calculated integrals. As wavelet analysis can
be done with short data sequences, we can verify the alter-

ations of total bicoherence during a discharge time, identify-

ing intermittent behavior.

It was possible to select in our data five data sections of
The normalized wavelet-bicoherence is usually plotted OVEek-3.3 msec to visualize Changes in the quadratic Coup"ng
the frequency spacef{,f,) plane. The interaction region petween modes during a discharge. Consequently, wavelet
includes both sum and differencef,(-f,) interactions. picoherences were calculated with a frequency cell of 1.2
However, due to the symmetry of the interaction, it is suffi- kHz Figures 11a) and 11b) show the summed bicoherence
cient to calculate the bicoherence in the frequency space gt two selected timeg.3-9.6 and 16.2—19.5 mgeor ion
<f;<fyand—f,<f,<f,/2, and, finally, the casef(,f;)  saturation fluctuations, for a probe at fixed poloidal position;
is identical to the casef,,—f,). Heref, is the highest at the equatorial plane. Dashed curves are statistical noise
frequency admissible for the wavelet\(4). This normal-  |evel estimates. The value shows the reliability of results.
ized bicoherence takes values betwee(fiod a random fluc-  The summed bicoherence shows that the maxima are mainly

X

fT|WX(f,T)|2dT . (12

tuation and 1(for an unmixed quadratic coupling due to frequencies around 10, 30, and 50 kHz. As turbulent
A statistical noise level can be associated to wavelet bistructures are not constant in time, the interval from 16.2—

coherence in the same way that Ref. 11: 19.5 msec shows a rather low bicoherence. Thus, the cited
e[b(f1,F)1={(F)nmin(|fo|,|fol,|f)}Y2 (13) three peaks show structures that are not clearly present at the

last interval. Figures 1) and 11d) show the contour plots
wheren is the number of pointd,, is the Nyquist frequency, of bicoherence for the same intervals. The peaks of the
and mir(---) denotes the minimum frequency of the triplet summed bicoherence can be also identified in these plots.
members; consequently the error is frequency dependent. Finally, Fig. 12 shows the total bicoherence versus time
To compare cases calculated under the same numericfdr the five data sections of the same probe. Time variation
conditions(wavelet transform and frequency resolulidinis in this plot is a clear indication of turbulent intermittency.
convenient to define the summed bicoherence The same calculations done for probes at different poloidal
2 2 ositions show similar intermittency. Moreover, the total bi-
[b(f)]"=[1s(f)]2[b(F1, ) % (14 therence for probes above the eq){JatoriaI plane, where there
where the sum is taken over dlj and f, such that the could be a density rarefactiért? shows the highest values.
summation rule is satisfied, asdf ) is the number of terms These characteristics are more pronounced for ion saturation
of eachf. We can obtain the total bicoherence as current than for floating potential fluctuations.
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0.075 currents due to the curvature and gradient of the magnetic
8 007 - ) field).?*

go'oes ° ° The applied wavelet spectral analysis was very efficient

8 006 S to detect intermittency in the measured electrostatic fluctua-
5 ’ tions, as observed by the evolution of the coherence and

0055 5 d S(k) spectra in several intervals. In these spectra, we ob-

0.05, = " 2 served a poloidal asymmetry in the fluctuation distribution,
t(ms) namely, the values of phase velocities are lower above the
FIG. 12. Total bicoherence versus time for the same probe and data consi —ql.Jatonal plane than those obtained at the O.ther posltlons.
ered in Fig. 8maximum statistical errer0.01). his seems to depend on the mode quadratic coupling as

discussed in the next paragraph.
The reported turbulence characteristics were used to ana-
lyze spatial and temporal heterogeneity of radial particle
V. CONCLUSIONS transport, which varies by an order of magnitude during a
discharge. Such a strong variation was recently predicted by
To investigate spatial-temporal characteristics of plasmaumerical simulation based on a threshold instability mecha-
turbulence in the scrape-off layer, we analyzed electrostatinism, driven by a volumic source as an incoming particle
fluctuations from two probe arrays at the CASTOR flux from the plasma bulk® The flux predicted by this kind
tokamak®3 of model is strongly intermittent exhibiting features of self-
Using standard statistical analysis, we obtained nonerganized-criticality dynamic® However, although our
Gaussian probability distribution functio®DP for fluctu-  transport shows a strong intermittency, the available fre-
ating ion saturation current, concluding that these fluctuaguency range of our data is not appropriate to identify other
tions are not randomly distributed in space and time butharacteristics of the proposed dynamics such as avalanche-
associated to coherent structures. Consequently, we appliedike bursts and a f/decrease of the flux spectru’r’h.
conditional averaging analySigo determine a statistical To extract information about relevant nonlinear interac-
measure of these structures. In fact, we found detectablgons, we applied wavelet-bicoherence that provides reliable
structures propagating along the poloidal direction with cortesults for short data sequences. So, we found that the evo-
relation lengths(=~1 cm) and lifetimes(~10 use larger |ution of total bicoherence, during different intervals, shows
than the spatial separatign=0.5 cm and transit time(~5  turbulent intermittency in both fluctuations. On the other
useg between two probes. The larger correlation lengths anthand, the quadratic coupling increases with the poloidal
lifetimes occur at the higher fluctuation amplitude condi-angle while the reverse was observed for the phase veloci-
tions. This is consistent with the hypothesis that coherenties. This opposite variation, i.e., the tendency of increasing
structures at large amplitudes would have long lifetimeshonlinear behavior to reduce the phase velocity, is expected
compared with structures with small conditions. However for drift wave multimode spectra in two-dimensional
for floating potential fluctuations we obtained Gaussian probturbulence?*
ability distribution functions(PDF. Moreover, in the fre- This work supports the efficacy of wavelet analysis in
guency range of the analysis, the changes in the correlatiogtescribing peculiarities of intermittent plasma fluctuations
lengths and lifetimes of these fluctuations were not enough tand shows a better detectiotompared with Fourier analy-
draw a conclusion about the existence of structures. Howsis) of turbulence nonlinearity that could be compared with
ever, these structures may exist at lower frequencies as olaumerical models of turbulence. In fact, previous results ob-
served in turbulence with different spectrum regimes pretained with Fourier analysis involved averages in time scales
dicted by the turbulence decay latvsNevertheless, the larger than the characteristic time scale of the reported inter-
conditional statistical analysis used cannot always be guamittency, preventing its investigation. Eventhough in this
anteed to reveal coherent structures in turbulence. In fact, #nalysis turbulence is not described by modes that are con-
many coherent structures are present with randomly distribstant in time, the physical intuition associated to mode de-
uted velocities, this conditional analysis may fail to showscription is still preserved, since a frequency is assigned to
their presence and will overestimate their damping, failing toeach wavelet scale.
separate these structures from the background turbulence. In conclusion, by using a conditional analysis, we found
A rough estimate of radiaEXB drift velocity that  evidence of coherent structures related to non-Gaussian be-
causes the particle transporf(I'~HE/B) is E/B havior of electrostatic fluctuations. These results improve the
~ 1000 m/sec. With this velocity, the plasma can cross theinderstanding of the reported intermittency described by the
radial scale length of the SOL of 2.0 cm in 28ec, which is  wavelet analysis. Thus, in this sense these complementary
of the same order of magnitude as the lifetime of the reportetechniques are useful to evaluate the significance of turbu-
n fluctuation structures. Therefore, these structures can affetgnce intermittency at the plasma edge.
the radial particle transport induced by the fluctuating ion
saturat|on_ and floating !ooter!tlal. S_uch long life StrUCtureSACKNOWLEDGMENTS
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