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Intermittency in Tokamak Edge Turbulence
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We report the observation of a key feature of intermittency in the tokamak edge turbulence. The
probability distribution functions of broadband plasma density and potential fluctuations in an Ohmical-
ly heated tokamak plasma are measured and shown to be non-Gaussian. The intermittency is observed
on scales large compared to the dissipation scale and it is found to evolve during the flattop current phase

of the discharge.

PACS numbers: 47.25.Cg, 05.40.+}, 52.55.Fa

The study of intermittency in turbulent fluids and its
relation to deviations from Gaussian statistics has recent-
ly received a great deal of attention [1]. It is well known
that Gaussian probability distribution functions (PDFs)
naturally arise when modes with completely random
phases are superposed. Near-Gaussian PDFs are ade-
quate to describe stationary turbulent spectra such as
those arising due to a cascade of energy from driven long
scales to viscosity-damped dissipation scales. Most
modern theories of turbulence in fluids or plasmas, there-
fore, use weak departure from Gaussianity outside the
dissipation scale as a fundamental approximation [1,2].
Significant non-Gaussian features, measured by higher-
order moments of the PDF in the spectral range outside
the dissipation scale, are important quantitative measures
of phase correlation amongst modes and the resulting in-
termittency in the turbulence [1].

In neutral fluids, the non-Gaussian nature of PDFs for
velocity, velocity gradients, and passive scalars (e.g., tem-
perature) have been observed in analytic models [1], lab-
oratory experiments [3], and numerical simulations [4].
In contrast, there is hardly any study of intermittency in
plasma turbulence [5]. In particular, although it is wide-
ly recognized that density and potential fluctuations in
the tokamak edge plasma play a crucial role in determin-
ing overall confinement characteristics of the discharge,
most of the experimental work on these fluctuations [6]
has been devoted only to a study of correlations, spectral
power indices, etc., and no measurements on intermitten-
cy have been reported. In this Letter we report what we
believe are the first measurements of intermittency in
tokamak edge turbulence. We demonstrate that the
broadband density and potential fluctuations in the edge
of the Ohmically heated ADITYA tokamak [7] exhibit
non-Gaussian PDFs. It should be emphasized that al-
though the use of simple fluid models like the Hasegawa-
Mima equation or its variants [8] to describe tokamak
edge turbulence has its inadequacies (difficulty of realis-
tic modeling of wave-particle interaction effects, atomic
physics phenomena—other than that through ionization
and radiative loss terms, limiter boundary effects, etc.),
the basic physics of non-Gaussian PDFs and their rela-
tionship to intermittency are such general features of the
turbulent state that their investigation is as crucial for
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plasma as it is for neutral fluids.

For these experiments, ADITYA is operated at the fol-
lowing parameters: toroidal field Br=2.5 kG; plasma
current I, =20 kA; major radius R =75 cm; minor radius
a=25 cm; average density 7, =5%10'? cm ~3; electron
temperature T, = 100 eV. The plasma density and tem-
perature as measured by Langmuir probes in the scrape-
off layer (SOL) are 5x10'' cm ™3 and = 15 eV, respec-
tively. The fluctuations in the plasma density (7
=6n./n.) and floating potential (§=6¢) are measured
using Langmuir probes separated by 5 mm from one
another and distributed in the SOL and the edge region
(1 to 3 cm inside the limiter) [9]. The data are digitized
at 250 kHz after low-pass filtering to remove aliasing
effects. Figure 1 shows plasma current, loop voltage, ion
saturation current, and the SOL floating potential. The
discharge typically lasts for 20-25 ms, out of which
10-15 ms is flattop in plasma current.

The wave number (k) and frequency (w) spectra,
S(k) and S(w), respectively, for 7 in the SOL plasma
are shown in Fig. 2 and indicate broadband turbulence.
The spectra are represented by a power law with indices
Ok == 0o = —2 for k>2 cm ™! and o> 130 krad, re-
spectively. The spectra for ¢ also indicate broadband tur-
bulence and the power-law indices are a4 = —4 and
agp= —2 for k> 1 cm " and w > 100 krad, respective-
ly. The statistical dispersion relation yields an average
frequency @(k) which increases linearly with the wave
number k(@), giving an apparent phase velocity of
=~ 10> cm/s. The observed E, X By drift speed, the phase
velocity of fluctuations, and the electron diamagnetic
drift speed are all of the same order of magnitude
(1-4)x10° cm/s. The statistical correlation length
lo(w) =2 to 5 cm and /,(w) =1 to 3 cm. The correla-
tion times are tg(k)=7t,(k)=5 to 30 pus. These
features are similar to the observations in other tokamaks
[6].

The PDFs of density and potential fluctuations in SOL
plasma are shown in Fig. 3. The density and potential
data of 20 similar shots, during 8 ms of flattop in plasma
current, are combined. About 40000 data points are di-
vided into 100 bins of fluctuation amplitudes. The PDF
is plotted as a function of fluctuation amplitude normal-
ized to the standard deviation (o) of the PDF. The dis-
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FIG. 1. Typical discharge of ADITYA. Top block: Plasma current (I,) and ion saturation current (/) in SOL. Bottom: Loop

voltage and floating potential in SOL.

tribution functions are clearly non-Gaussian for both 7
and ¢ in SOL plasma. The moments of the PDF were es-
timated using standard statistical procedures. The rms
values of 7 and the ¢ estimated from the second moments
are o, = 0.40 and o,= 7.5 V, respectively. The values of
the skewness (S) and kurtosis (K) parameters were es-
timated to be =2 and = 20, respectively. Although the
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FIG. 2. S(®) and S(k) spectra for 7 in SOL plasma.
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PDF showed a linear trend on a semilogarithmic plot
(Fig. 3), a small number of data points (<0.1%), in
which the fluctuation amplitude exceeded the 6o level,
fell out of this trend. We note that the statistical errors
in the PDF, beyond the 60 level, are large because of
poor statistics and may affect the estimates of the S and
K parameters which are sensitive to large amplitudes.
We, therefore, recalculated the moments by limiting the
data points to within the 6o level. The values of S and K,
for this analysis, turned out to be = 0.9 and = 6, respec-
tively. This value of K agrees with that expected for an
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FIG. 3. The PDFs of 7 and ¢ in the SOL plasma as a func-
tion of fluctuation amplitude normalized to the respective stan-
dard deviation (o). The dashed curves represent Gaussians
with the same o.
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exponential PDF. These results indicate that the ob-
served non-Gaussian PDF is of the exponential form up
to 60 amplitudes and may exhibit a skirt at higher posi-
tive amplitudes. The negative density fluctuation (rare-
faction) is limited to |/i| <1, whereas the positive fluc-
tuation (compression) has no such bound. Typically, the
exponential tail on the positive side extends up to 7 = 2.

We have verified similar characteristics for six probes
distributed in the SOL and edge plasma (1-3 cm inside
the limiter) for a large number of the shots. These
probes cover a range of Ay values from 0.15 to 0.40, and
in all these cases, the exponential and asymmetric form of
the PDF persists. Thus, these characteristics are the
basic features of the edge turbulence and are not deter-
mined by the probe locations or the magnitude of the
fluctuations. The asymmetry of the PDF of 7 indicates a
preponderance of density depletions (holes) in the SOL
plasma. A similar asymmetry is also seen in the PDF for
the ¢.

The non-Gaussian nature of the PDFs of 7 and 4, to-
gether with their broadband spectra and short correlation
time and length, is a signature of intermittency in the tur-
bulent edge plasma of ADITYA. An interesting aspect
of the present observations is that the intermittency
evolves during the flattop current phase of the discharge.
This is evident from the PDFs of fluctuations during two
4-ms time segments of the discharges (Fig. 4). The
8-12-ms time segment represents the initial part of the
current flattop and the 12-16-ms segment represents the
later part. In the first part, the PDF of the 7 is Gaussian
for amplitudes within the 2.50 level (c=0.33). The de-
viation from Gaussian is marginal at higher positive am-
plitudes, while there is a sharp cutoff at 7= —1. In the
second part, the PDF is distinctly non-Gaussian. The
PDF for the positive fluctuation has an exponential form
up to the 5o level (6 =0.51) whereas that for the nega-
tive fluctuation shows an exponential form up to the 2o
level and then a sharp cutoff. Thus, the results indicate
that the intermittency evolves during the discharge.

Since the fluctuation statistics in the dissipation range
are known to be non-Gaussian, it is important to verify
that our data represent scales longer than the dissipation
scale. The basic dissipation mechanism in tokamak edge
turbulence is parallel Landau damping (or parallel ion
viscosity if the plasma is very collisional) and/or perpen-
dicular gyroviscous damping. Unstable waves at long
scales (k. p; <1, kymi/o<1) couple nonlinearly to
damped short scales (k,.p;=1, kymi/w==1) either
directly or through the route of condensation at long
wavelengths and secondary instability generation. Our
measurements filter out wavelengths shorter than 1 cm
(because of low-pass filtering of the data). Hence, we are
outside the regime of direct gyroviscous damping. Using
the experimentally measured radial decorrelation length
(Ar=1-3 cm) of turbulence, we find that kywm/@
== (kyAr/L;)vwi/® == Ar vgi/Lsvg = 0.04-0.12< 1 for
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FIG. 4. The PDFs of density fluctuation as in Fig. 3. The 8-
ms data are divided into two equal parts.

experimental conditions in ADITYA; thus the parallel
ion Landau damping is also negligible. Similarly, we
conclude that the non-Gaussian characteristics of the
PDFs are not due to long-lived coherent modes in the
plasma because of the following: (i) The turbulence is
very broadband in @ and k space; there is no distinct
peak in the S(k) and S(w) spectra. (ii) The correlation
times are small (5 to 30 us).

What could be the source of the observed intermittency
in the edge plasma turbulence and what would be its
consequences? We now speculate on some of the in-
teresting possibilities. It is likely that edge plasma fluc-
tuations arise due to plasma instabilities driven by pres-
sure gradient, current gradient, field line curvature, etc.,
catalyzed by radiative and ionization effects (well-known
candidates are drift-dissipation modes, rippling modes,
resistive ballooning modes, radiative-condensation modes,
etc.). These are typically low-frequency long-wavelength
(w0 <o, k1p;<1) instabilities for which ExB convec-
tion of density, pressure, and momentum is the dominant
nonlinear effect. Numerical simulations of nonlinear sat-
uration of such instabilities in 2+ dimensions have indi-
cated [10] a tendency towards formation of coherent
long-scale-length structures. However, in a realistic 3D
situation with magnetic shear, this tendency will be op-
posed by secondary instability processes [11] which break
up the coherent structures into fine-scale eddies and put
energy back into the short scale lengths where it can be
dissipated. The nonlinear processes thus characteristical-
ly lead to formation of short-lived coherent structures
which collapse due to secondary instabilities and lead to a
new intermittent mechanism of energy dissipation which
supplements the direct coupling of unstable waves to
damped waves. Such processes have recently also been
invoked in explaining observed intermittency in 3D hy-
drodynamic fluid turbulence [12]. An important conse-
quence of the intermittency is that conventional theories
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[2] of plasma turbulence which utilize a closure scheme
based on weak departure from Gaussian ensemble may
need serious revision. Another consequence of intermit-
tency effects is that dissipation of plasma fluctuations and
the associated anomalous transport will also exhibit an in-
termittent behavior. Thus, if intermittency is significant
in the wavelength range which dominates the transport,
the observed plasma transport will also exhibit a “bursty”
character. To pin down these processes, one needs more
detailed and controlled measurements on secondary insta-
bilities, short-lived coherent structures using correlation
and conditional averaging techniques [5], wavelength
dependence of intermittency, characteristics of “bursty
transport,” effect of changing critical plasma parameters,
etc. Such measurements are in progress and will be re-
ported separately.
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