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Evidence for coherent structures within tokamak plasma turbulence
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Coherent structures of density fluctuations have been observed in the shear region of poloidal rotation
of the CT-6B tokamak plasma by analyzing the measurgdlirk emission with a wavelet correlation
technique. The structures exhibit strong temporal and spatial intermittency with a lifetime of 2ps 061
a radial size greater than or equal to 1 cm. The fluctuation shows a skewed non-Gaussian probability density
function in the region where the coherent structures od&063-651X98)09905-X]

PACS numbegps): 52.35.Ra, 52.25.Gj, 52.55.Fa

I. INTRODUCTION solid probes may disturb the hot plasma.

. . . - The spatial resolution measurements of fluctuations in the
Two-dimensional drift wave turbulence models indicate giga| direction have been performed in the edge region of

that it is possible for coherent structures to be formed iny few tokamaks. Since hydrogen atoms form a thin shell
strongly driven drift wave turbulendé—4]. The isolated po-  structure at the edge of the plasma on medium or large de-
tential fluctuation within a structure is sufficiently large and vices, the poloidal structures of plasma turbulence are easy to
long lived compared to the diamagnetic drift time scale, thestudy through the measurement of thglihe emission using
resulting electric field will trap elements of fluids, causing a focal optical system. The measurement results indicate that
them to move in a coherent fashion along with the fluctuathe fluctuations show small-scale broadband structures and

tion. Such vortexlike coherent structures have been observedPpear to rotate in the ion diamagnetic directjds—17.
in plasmas in a homogeneous magnetic fi€& or a Magnetic coils were also used to study the poloidal struc-

; I . ) _ tures of plasma fluctuations and similar results have been
Silérees'fgamdal magnetic fiel@6,7] and in double-plasma de obtained[ 18],

. . In the TEXT tokamak, a probe setup was used to measure
Zweben used a two-dimensional probe array to search fofe correlation length in all three directions in the edge re-

possible coherent structures at the edge of the Caltech tokgion of the plasmd19]. The parallel correlation length was
mak plasma and discovered that the spatial patterns of defigund to be approximately equal to 100 cm and the radial
sity fluctuations appear to consist of localized “blobg¥].  and poloidal correlation lengths are 0.5 and 1 cm, respec-
However, statistical analysis did not suggest any organizedvely.
structures associated with the blobs. In the TFTR tokamak, a beam emission spectroscopy
Jhaet al. [10] analyzed the probe data obtained on the(BES) technique and a method of correlation reflectometry
ADITYA tokamak and found that the probability density were applied to turbulence measuremdi28,21. The ob-
functions(PDFs9 of the plasma density and potential fluctua- tained wave-number spectra in the radial and poloidal direc-
tions were non-Gaussian. One possible source of the nomions have similar widths, but are seen to be highly aniso-
Gaussian behavior in the plasma is coherent structures. Howropic with respect to the peak in the spectra. The radial
ever, similar results have not been obtained on the TEXT-Wpectrum is peaked &,=0, while the poloidal spectrum
tokamak [11]. Janevetal. used a conditional statistical shows a peak ak,~0.5-1.5cm?. Hence the turbulence
analysis technique to deal with the probe data and have naxhibits a wavelet structure in the poloidal direction. The
observed any long-lived coherent structures or obvious norradial and poloidal correlation lengths were 1-2.5 cm in the
Gaussian statistics. A biorthogonal decomposition technigueonfinement region. The radial correlation length was found
has been used to identify coherent structures in the scrape be 2—4 cm in the main core of the neutral beam heated
off-layer turbulence on ADITYA and ASDEX tokamaks plasma in the supershot regime.
[12]. A leptokurtic non-Gaussian statistics has been observed In this paper we present a radial correlation measurement
at high frequencies and coherent structures have been obf plasma fluctuations on the CT-6B tokan{&2]. CT-6B is
served in the edge plasma on a statistical basis on th& small tokamak with a lower plasma temperature. The hy-
ADITYA tokamak [13,14] drogen atoms penetrate deeply into the bulk plasma. Such a
The detection of spatial structures of plasma fluctuationgrofile of H, line emission makes it possible to perform ra-
is usually conducted on the plane perpendicular to the magddially resolved measurement of the fluctuation in the outer
netic field as performed in a homogeneous field or a purelyegion of the plasma by monitoring the,Hine emission
toroidal field using Langmuir probe arraj5—7]. However, with a focal optical system. However, since the viewing
in a tokamak plasma, the correlation measurement simultazhords may intersect different radial zones, a measurement
neous in poloidal and radial directions is more difficult as theof completely localized fluctuations is impossible. A signal
obtained with the optical system along a sightline may be
attributed to the different radial locations. We have carefully
*Present address: Department of Physics, Hebei University, Baodstudied the effects on the results of the correlation measure-
ing 071002, People’s Republic of China. ment. In addition, we introduced a correlation technique to
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FIG. 1. Experimental setup: 1, plasma; 2, vacuum vessel; 3, |
lens; 4, filter; 5, optical fibers; 6, photomultiplier tubes.

detect the short-term correlation with intermittent behavior. |
The results were presented on a two-dimensional time-radius
plane and some coherent structures of fluctuations were in---- e SR
dicated. 0 10 20 30 40 50
The present paper is organized as follows. In Sec. Il the
experimental setup and measurement technique are de
scribed. In Sec. Il the measured plasma parameters are pre
sented. In Sec. IV the correlation analysis and its results are 1—/p (9.7kA/div)  2-U (3.9V/div)  3-Hg (200mV/div)
presented. In SecV a PDF analysis is presented and its . .
results are compared with that of a correlation analysis. In FIG. 2. Setof typical discharge wave forms of 1, plasma current
Sec. VI the experimental results are compared with those df:7 kKA/diV); 2, loop voltage(3.9 V/div); and 3, H, line emission
the rotation measurement. Conclusions are given in Sec. VIfignal in the seventh channdi€8 cm).

t (ms)

Then the optical system scans in the region of negative
gradient, 6—10 cm for the fluctuation measurement. The ra-

CT-6B is a small tokamak with an iron core transformer. dial separation between two adjacent channels is 0.57 cm.
The main device parameters are the major rafigss5 cm The m_easured fluctuation signals were digitized with a sam-
and minor radius of the plasma=12 cm. In the present pling time of 3.2us. _
experiment, the toroidal fielB,=6 kG s, the plasma current N the experiment, since the density of hydrogen atoms
|,=10-15 kA, the current pulse duration is 50-60 ms, thehave a relatively flat p.rof|le beca_tuse of thellarge mean free
averaged electron temperatur&, =150 eV, the line- path, the p!asma dens[ty quc.tuatlon can'be |nfgrrgd from the
averaged electron density,= (1—2)x 10 cm 3, and the H, line emission. The mtens!ty of the Hine emission can
energy confinement time is 0.5—-1 ms. The plasma equilibP® expressed byyne(oew). Since the hydrogen atoms have
rium is controlled by a feedback vertical field system. a longer mean free path than the fluctuation scales in the

The standard electromagnetic diagnostics was used 3@Smas, their densityy usually is independent of local
measure the plasma current, loop voltage, and horizontal dig_lasmq parameters. The averaged excitation rate coefﬂqent
placement. The chord-averaged electron density is obtainé@ex) is only weakly dependent on electron temperature in
with a HCN infrared laser interferometer. A radially movable the temperature range of the measurem@@-100 eV.
Langmuir probe set on the weak-field side of the equatoriaiieénce the relative fluctuations of the electron densifgan
plane monitors the plasma parameters and the fluctuations 88 a@pproximately expressed by the relative fluctuations of
the plasma density and potential in the edge region. All rathe H, line emissivity.
dial profiles of plasma parameters in the region were ob-
tained by shot-to-shot discharges.

The imaging optics is shown schematically in Fig. 1. It
consists of a simple lens with an aperture of 2.5 cm, a focal Figure 2 shows wave forms of the plasma current, loop
length of 5 cm, and an interference filter. Theg khe emis-  voltage, and chord-averaged intensity of thg lihe emis-
sion from the viewing chord is imaged onto an eight-channebkion in one channel of a typical discharge. All measurements
linear fiber array and monitored with eight photomultiplier are taken during the plateau phase of the plasma current. The
tubes. measured integrated intensity of the, Hhe emission as a

For the measurement of radial profile of thg khe emis-  function of height(radial position of the viewing chojds
sion intensity, the lens—optical-fiber system first views theshown in Fig. 3. The Abel-inverted emissivity is shown in
whole radius of the plasma. After Abel inversion, the chord-Fig. 4. It peaks between=5 and 6 cm, indicating that the
integrated emission intensity gives the emissivity of the H integrated signal measured along a chord with6 cm is
line as a function of the radius. This measurement ascertairdominantly contributed by the central part of the chord. Then
the radial range that is suitable for the fluctuation measurethis radial range is chosen as the region of fluctuation mea-
ment where the gradient of the emissivity and its fluctuatiorsurement. The relative fluctuation level as a function of the
level on the radius are negative. In this region the centratadius is shown in Fig. 5. The absolute fluctuation ampli-
section of a viewing chord contributes dominantly to thetudes can be obtained approximately by combining the val-
signal. ues shown in Figs. 4 and 5.

Il. EXPERIMENTAL SETUP

IIl. MEASUREMENT RESULTS
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FIG. 3. Chord-integrated intensity of the,Hine emission vs the

height of the viewing chord. FIG. 5. Relative fluctuation level of the chord-integrated inten-

sity of the H, line emission vs the height of the chord.

We analyze the turbulent fluctuation signals using a fas ) )
Fourier transform and a general correlation technique. Thauctuation should be taken into account. In other words,

power spectrum of the density fluctuation as shown in Fig. gince a viewing chord intersects different radial zones, the

exhibits a broadband and follows a power law with an indexuctuation measurement on the chord is not completely lo-

of approximately 2. The correlation time is 0.1 ms and thecalized. The measurement signals from different chords may

correlation length is 0.5-1.3 cm. The results indicate a fully?€ correlated as they may come from the same radius. We

developed turbulent feature of the density fluctuation in theshould analyze the effects of the nonlocalization of the mea-
plasma. surement geometry on the results of correlation analyses.

A set of typical wave forms of the density fluctuation is ASSuming cylindrical symmetry, we partition the cross

shown in Fig. 7. Careful observation of the curves reveal$€Ction of the plasma column into coaxial zones with one
certain short-lived similarities in shape and phase betweefCn€ for each viewing chord as shown in Fig. 8, in which the

the signals from adjacent channels, which indicate the exis?On€S are designated by the subsciipand the viewing
tence of intermittent coherent structures of the fluctuationschords by the subscript The measured signal on the chord

A quantitative presentation of the structures is obtained by & €an be written as
correlation analysis given below.

N
pi=2 (sj+s)lij, (1)
IV. CORRELATION ANALYSES j=i

In the measurement geometry, the maximum transvers\%heresj ands’ are, respectively, the local fluctuation am-

?l_(r:lale (\)/f :he Imt;':lgne \?prtlcal cor|1esi for en?ChrCE?mt]el tlﬁ Srmdi |itudes on the small- and the largeside in the zong. |;;
e average transverse scale is comparable to the radigl,, length matrix

wavelength of the fluctuation. Therefore, the local fluctuation
away from the imaged volume on a viewing chord cannot be
completely averaged over in the measurement signal. The
contributions from the whole viewing chord to the observed

Jri+Ari2)2—r2, i=j

=31 V(rj+Ar/2)2—rZ=\(r;—Ar/2)2—r?, i<j
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FIG. 4. Emissivity of the H line vs the radius of the plasma.

FIG. 6. Power spectrum of the Hine fluctuation in the seventh
channel b=8 cm).
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931208.13 TABLE I. Fluctuation levels as a function of the radius and the
WMM&MWMWWW\AV 8 extrapolated values in zones 9 and 10.
o WM 7 [ r (cm) s
o u v 6
= | 1 6.00 7.20
2 w 5 2 6.57 7.04
e
WWM . 4 7.71 6.57
1 5 8.29 6.16
i ‘ ! ! 6 8.86 5.56
17.0 17I.2 17.4 17.6 17.8 18.0 18.2 7 9.43 4.76
t ( ms) 8 10.00 4.00
_ FIG. 7. Typical wav_e forms of fluctuations_ in theaHir_we emis- _ 190 ﬁiz igg
sion shown on a short time scale for observation of their correlation. ' )
The numbers denote their channels: 1-8 correspondr to
=6-10cm.
(sjs{)=0. (5)

whereAr is the distance between two adjacent chords, or the

zone width. The correlation coefficient without a time delay

between the signals from two adjacent viewing chords is  Finally, we assume that the fluctuations from the different
zones are completely uncorrelated

o (PiPi-1) 3)
TSIy (530 =(sjsi)=(sy50) =0, j#k. ®

where angular brackets denote a temporally averaged valuq:hen the correlation coefficieri8) can be obtained from
In calculating Eq.(3) we make use of the following as-

sumption. First we suppose that the fluctuation signals from

the same side on one zone are completely correlated since

they are emitted from the neighboring regions in the same _ 2 2

zonye g greg <p'pi—1>—2:_ {(s))+(s{Mijli—1j

(sisj)=(s]sj)=(s?). (4)
(p?)y=14s] it E ((SEY+(s{ D17 (7

Another finite correlation term is the first cross tefss; )13
in the calculation of p?). We suppose that they are com-  |n our experiment, an eight-channel measurement of fluc-
pletely corrected since they are also emitted from the neightuations has been performed with the spatial resolution
boring regions in the same zone. Except for the central sec=0.57 cm in the regiorr=6-10cm. If we consider the
tion of a chord, the signals from the largeand smallR  relative fluctuations of signals from the various viewing
sides on the same zone are completely uncorrelated as t@ords as the relative values of the fluctuation of emissivity
distance between the two emission regions is farther than th& corresponding radii, the fluctuation levels as a function of
poloidal correlation length: the radius can be obtained by multiplying the values in Fig. 4
by the corresponding values in Fig. 5 as shown in Table |,

i=N TABLE Il. Correlation coefficients between signals from adja-
N-1 cent channels.
N-2

////// . Channels,i—1 Cii 1
//’ 2,1 0.54
\ & 3,2 0.51
r 4,3 0.48
54 0.46
6,5 0.42
7,6 0.39
8,7 0.35

FIG. 8. Measurement geometry.
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which includes the extrapolated values in zones 9 and 10. eliminated by data processing. Any correlation values ex-
The correlation coefficients between signals from adjacenteeding the background indicate a real radial correction.
channels can be obtained from E¢®.and(7) and the above For presentation of the coherent structures on a time-
data and are given in Table II. space plane, combining wavelgt3] and correlation analy-
The above values of the correlation result from the selfses, we suggest a wavelet correlation analysis technique to
correlation of fluctuation signals in the same zones, which, aprocess the data. We define the wavelet correlation coeffi-
a background of radial correlation measurements, cannot baent as

((r+Ar/28)1(r—Ar/24 e~ (' ~0%20%

p(r,t)= 8

\/<T2(r+Ar/2,tr)e*(t’7t)2/20-2> \/<T2(r_Ar/2,tr)e*(t’7t)2/20-2>

wherel(r = Ar/21) are the alternating components of fluc- relation coefficient in the time-radius plane calculated from
tuation signals in the adjacent channels. Their mean valugbe data shown in Fig. 7. Since the self-correlation of the
over 100 points have been removed. Expresé®iis differ-  signals originating from the same radial zone due to the non-
ent from the conventional correlation coeffici€Bj in intro- localization of measurement should be taken into account,
ducing a wavelet functioa—(t'—t)zlz(rz’ which is a “moving ~ only the correlation values much higher than the maximum
window,” and makes the coefficient a function of time. Its values shown in Table Il may be considered as the results of
varianceo may be chosen as 12,8, which is less than the radial correlation. In fact, the values pfr,t) in most of the
self-correlation time. Note that the wavelet correlation coef-+egion, especially for small values of the radius, are much
ficient is unity for two signals with complete correlation and lower than the expected background values caused by the
with the same phases. self-correlation shown in Table Il. The reason is that the
Figure 9 illustrates a contour diagram of the wavelet cor-assumption(4) is a very strong condition, which gives an

04 06

2 0.8 1
JANAUATUMORAN " TR

0 O
A

9.5
9.0
8.5

E 8.0

- 75
7.0
6.5

6.0
17.017.217.417.6 17.8 18.0 18.2
t (ms)

FIG. 9. (Color) Contour diagram of the wavelet correlation coefficient in a time-radius plane obtained from the data shown in Fig. 7.
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FIG. 11. Skewness of the PDF of density fluctuations vs the
radius obtained with the Hline detection and Langmuir probe and

_FIG. 10. PDF of the i emission line signals in the channel ,5¢ of the floating potential obtained with the Langmuir probe.
with r=8cm as a function of the fluctuation amplitude and the

Gaussian distribution function, shown by the curve. The data were
obtained during=14—26.5 ms with a sampling time of 6. The  channel withr =8.5 cm is plotted in Fig. 10 as a function of
relative fluctuation amplituda /n has been normalized to the vari- fluctuation amplitude, where a Gaussian distribution function
anceo obtained from the fité=(n /n)/o. fitted with the same variance is also shown by a curve. The
distribution function is obviously asymmetric non-Gaussian.

upper limit of the background values. Another possible rea- The Gaussian or non-Gaussian properties of a PDF can be
son is that the small-scale fluctuations away from the imageduantitatively described by statistical criterfd0]. For a
volume are partially averaged over. Gaussian PDF its skewneS=((x— 7))/{(x—7)?)%? is

The diagram in Fig. 9 also shows some irregular, highequal to zero and its kurtosk={(x— 7)*)/{(x— 77)2>2 is
p(r,t) regions, some of which are closed and some open atqual to 3, where is a random variabley is its mean, and
the.bourjda_ry of the measurgd region. The presence of thew is the variance. A departure from these values
regions indicates the formation and destruction of some coj,gicates non-Gaussian statistics.
herent structures in the plasma on a short-time scale. We The skewness and kurtosis of the PDF of density fluctua-
choose 0.8 as the boundary value of the high,t) regions  {jons are calculated from the measured data of theike
in the diagram and consider the regiofis red with  5nq plotted as functions of the radius in Figs. 11 and 12,
p(r,t)=0.8 as the domain of coherent structures, since theagpectively(solid circleg. The error bars are taken as the
value is higher than the maximum value of the expectediandard deviation of results from shot-to-shot measure-
background value in the whole measurement region angents. The results calculated with different sampling times
much higher than the background values in the edge regionp 8—6.4 us) are similar. The skewness shown in Fig. 11

The lifetime of these structures is 2018 and their size  gpyiously deviates from zero; it is due to the asymmetry of
in the radial direction is greater than or equal to 1 cm. The

larger structure has a longer lifetime. The ratio of the radial
width to the lifetime is several £0m/s, which is less than

the local diamagnetic drift velocityseveral 18 m/s, calcu- L ng
lated from the local plasma parameters: electron temperature 39 |- :Ii“
T.=20-30eV and density scale length=1-2 cn). The i -
orientation of the regions is almost perpendicular to the time |
axis, indicating that the coherent structures do not propagate I ¢
in the radial direction. The feature is consistent with the mea- ™ .
surement result of radial wave-number spectra on the TFTR 33
tokamak[20]. I

3
V. PDF ANALYSES - - 1 “-

We have also studied the statistical characteristics of den- 27 ‘ : ' : . . : ‘
sity fluctuations in the plasma boundary region by analyzing 40 50 60 70 8 9% 100 110 120 130
PDFs of the measured signals of the khe emission. As is
well known, the PDF becomes Gaussian when modes with
completely random phases are superposed. A non-GaussianFIG. 12. Kurtosis of the PDF of density fluctuations vs the ra-
PDF may be caused by the presence of intermittency or cadius obtained with the Hline detection and Langmuir probe and
herent structures. A PDF obtained from the signals of thehat of the floating potential obtained with the Langmuir probe.

r (mm)
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the distribution function shown in Fig. 10. It is noteworthy 4r
that the departure from Gaussian statistics increases with the
radius forr<10 cm. The trend is consistent with the distri- a2 [

bution of coherent structures in the radius shown in Fig. 9.
The kurtosis of the PDF shown in Fig. 12 is higher than 3,
but with a high error level. The parameter shows scattering
on the radius and is not consistent with the distribution of the
observed coherent structures.

A probe measurement of the plasma density and floating
potential is also made for comparison. A single Langmuir
probe is used to minimize disturbance. The movable probe 4T
traverses the radial range of=10.2—12 cm. The fluctua- I

V: (km/s)

tions in the plasma density and the floating potential are 6 [ ! \ \ ‘ s
analyzed. The obtained values of skewness and kurtosis are 0 2 4 6 8 10 12
also shown in Figs. 11 and 12, respectiv@pen circles and r (cm)

solid squares The skewness from the probe measurement
agrees with that from the Hline measurement in the edge
region, while the behavior of kurtosis obtained in both meth-

ods is similar. Thus both the Hine and the probe measure- ent structures in the plasma, the plasma poloidal rotation

ment show a skewed non-Gaussian stafistics indicating th|$1easurements based on the spectroscopic Doppler shift have
presence of intermittency or coherent structures in the edggeen performed along different viewing chords by using a

region. .
. . monochromator-photodiode array detector system. The rota-
In addition, the theoretical study shows that the cohere ion speed of the impurity ions is in the electron diamagnetic

structures generated in a two-dimensional drift turbmenc%irection in the plasma interior and in the ion diamagnetic

may be one of two types: monopole or dipg83. They can direction in the boundary region. An analysis of the results

be expenmentall_y identified by the observed values of Skewbbtained from the measurement for neutral hydrogen atom
ness and kurtosis. The monopole type has a nonzero ske

nes indicates that the main ions rotate in the same poloidal
direction as that for impurity ions in the plasma interior.
?_)setails of the measurement results will be reported else-
parture of skewness values from zero and the correlation o hgre. Here iny the result for the 104642-A line 'S given
in Fig. 13, which shows the rotation speed of the ions vs the

its values with .the d|str|but|op of °°h9“?”t structures. Theradius. The curve was obtained from the Doppler shift of the
results agree with the theoretical prediction obtained from

numerical simulatiorj4] aSpectral line observed along a chord_with radiuybut can be
' regarded as a local quantity except in the central region. The
plasma rotates as a rigid body in the interior. The linear
VI. DISCUSSION speed attains a maximum value of about 2.5 km/s at
=7 cm; then it slows down and reversesrat10 cm. The
Some features of the observed coherent structures such ggserved coherent structures are located in the shear region
a long lifetime (compared to the diamagnetic drift time of r=8—12 cm and near the zero point of the rotation speed
scalg, stochastical occurrence in space, dependence of thethe unmeasured region of>10 cm is ignored. It must be
structure lifetime on their size, and their statistical paramyginted out that the ratio of the radial size of the coherent
eters are consistent with those predicted by the driven drif1gtructures to their lifetiméseveral 18 m/s) is of the same
wave theory and those obtained in some experiments pepyder of magnitude as the poloidal rotation speed in the shear
formed in magnetized plasmas. However, the pattern of thgegionr=9—10 cm. The observed coherent structures and
structures may possibly be different from that obtained theotheir relations with the poloidal rotation suggest that the co-
retically or experimentally in two-dimensional fluctuations in herent structures may be driven by the rotation shaar

a homogeneous or a pure toroidal magnetic field due to thgheir transient property could be interpreted by introducing
existence of magnetic surfaces and the rotation transform igome dissipation mechanisms.

a tokamak configuration. We have not conducted a poloi-

dally resolved measurement of the fluctuation on the device. VIl. CONCLUSIONS

The results of such measurements conducted on other de-

vices[15-18 show that the fluctuation structures rotate in  In summary, a wavelet correlation concept has been sug-

the poloidal direction. Since the observed structures on thgested to treat the fluctuation data. This analytic method is

CT-6B tokamak are located near the zero point of the poloisimilar to the wavelet bicoheren¢24,25 as both are suit-

dal rotation speed as shown below, the behavior of the coable to analyze fluctuation data containing short-lived events.

herent structures in the poloidal direction may be differentHowever, the suggested wavelet correlation detects phase

from the results obtained on other devices. Therefore, weoupling between two signals, while the wavelet bicoherence

cannot determine whether the observed coherent structuréletects that occurring in a single signal. Using the present

are isotropic or anisotropic in the plane perpendicular to thenethod to analyze the density fluctuations data with radial

field on the basis of the present experimental data. resolution, some coherent structures within the plasma turbu-
In order to determine the location of the observed coherience with temporal and spatial intermittency have been di-

FIG. 13. Poloidal rotation speed of oxygen ions in the first ion-
ized state vs the radius.
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