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Abstract
It is believed that the radial anomalous transport in tokamaks is caused

by plasma turbulence. Using infra-red laser scattering technique on the
Tore Supra tokamak, statistical properties of the density fluctuations are
studied as a function of the scales in ohmic as well as additional heat-
ing regimes using the lower hybrid or the ion cyclotron frequencies. The
probability distributions are compared to a Gaussian in order to estimate
the role of intermittency which is found to be negligible. The temporal
behaviour of the three-dimensional spectrum is thoroughly discussed; its
multifractal character is reflected in the singularity spectrum. The auto-
correlation coefficient is shown to reflect a short-time coherence of the
dissipative structures as well as their long-time incoherence and statistical
independence. We also put forward the existence of fluctuations transfer
between two distinct but close wavenumbers. A rather clearer image is
thus obtained about the way energy is transferred through the turbulent
scales.

1 Introduction

The study of turbulence small-scales is emphasised by the radial anomalous
transport in tokamaks, which is not described by the neo-classical theory, and
where the natural mixing property of turbulence plays a major role in the process
of enhancing the diffusion coefficient and thermal diffusivity.
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The study of the density fluctuation by light scattering was initiated by R.
E. Slusher & C. M. Surko [1]. A review of the experimental results concerning
anomalous transport can be found in the papers of P. C. Liewer [2] and A. J.
Wootton et al. [3]. With the same experimental device (ALTAIR) as the one
used in this paper many results were obtained on Tore Supra tokamak. We cite
ref. [4] where the correlation between the energy confinement and of electron tur-
bulence was demonstrated. The localisation of the volume where measurements
are performed was emphasised in ref. [5].

In this paper, data are recorded using an infra-red light scattering bench.
The signal is proportional to the spatial Fourier transform of the electron density
fluctuations n(k, t) about the analysing wavevector k defined by the experimental
set-up and in a given volume V. We report some statistical properties of the
turbulent density fluctuations in Tore Supra with respect to k, for ohmic plasmas
as well as additional heating regimes with the ion cyclotron resonance (ICR) or
the lower hybrid (LH) frequency. We thus aim to contribute to the clarification
of the nature of turbulent fluctuations and to answer, in a statistical sense, how
perturbations are distributed within the turbulent scales.

On the other hand, it is admitted that the measured density fluctuations
are caused by strong turbulence so one can compare our experimental results
to what is expected from the two-dimensional Kolmogorov-Kraichnan theory of
turbulence [6, 7, 8, 9, 10]. According to this model, one can assume that at a
given initial time all the energy and enstrophy l are concentrated at the forcing
wavenumber k^. The non-linear interactions lead to a transfer of the fluctuations
to small wavenumbers by an energy cascade where they are damped, at about &£,
probably by the magnetic shear or/and the non-linear ion Compton scattering.
On the other side of the forcing wavenumber, fluctuations are transferred to
larger fc"'s by an enstrophy cascade process until thermal diffusivity dissipates
the kinetic energy at about kv. Far from the three wavenumbers just cited and
assuming no instabilities giving rise to other sources between k^ and kv, a scale
invariance hypothesis leads to an enstrophy and energy transfer ranges of the
form Ev(k) = Crj2/3k-* and Ev{k) = Ce2/3k~5^ respectively. The quantities e
and 7} are the average rates of cascade of energy and enstrophy respectively, and
the index v denotes quantities relative to the velocity field.

This paper is organised as follows: We give in section 2 a short description
of the light scattering technique. In section 3, we investigate the probability
distribution properties of the real part of n(k,t); compared to a Gaussian func-
tion, the distributions are characterised by their skewness and flatness factors.
In section 4, we discuss the characteristics of the signal's amplitude which is the
energy associated to the density fluctuations about a given scale. We determine
in section 5 the singularity spectrum and its dependence on the heating power.
In section 6, we aim to quantify the auto-correlation of the energy. Finally, hav-
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ing the possibility to record at the same time the fluctuations at two different
wavenumbers, we perform, in section 7, the cross-correlation in order to find out
whether or not fluctuations are being transferred from one scale to another.

2 A Short Review of the Experimental Set-up

In this section, we give a short presentation of the experimental set-up, with
some remarks that are critical to the understanding of the information carried out
by the signals. The optical bench is called ALTAIR [11] and its concept consists
in exciting the plasma's electrons and ions by an infra-red laser, called Primary
Beam (P.B.), with a wavevector kexdtation = kps and a frequency denoted by UJL-
For this purpose, a CO2 laser emitting at a wavelength equal to 10.6 /im is used.
The heterodyne detection is performed according kobservation where an optical
detector is placed upon which a beating is prompted between the scattered light
and a local oscillator (L.O.) electromagnetic wave with direction kio \\ ^observation
and a frequency U>LO = ^L + Au;. The recorded signal is thus proportional to

where
K = ^observation ^excitation = &LO ™PB {*•)

is the analysing wavevector. More detailed presentation of the light scattering
technique can be found in [1, 12].

Because of the Bragg condition, the analysing wavenumber is related to that
of the P.B. by A; = 2kpB s'm0/2. 6 is the angle between the P.B. and the local
oscillator beams as it is schematised in fig. 1. In this paper, a scale is denoted
by A and equal to 27r//c; it corresponds to the spatial band-pass filter position
performed by the Fourier transform. We use the conventional unit cm"1 for the
analysing wavenumber, and it will be sometimes omitted. The values of k are
between 3 and 14 cm"1 leading to 2 > A > 0.44 cm. The direction of k in this
paper is always in the poloidal plane.

In reality, two primary beams (PB1 and PB2) with frequencies respectively
u>i and UL + Au' and one local oscillator are used so as to obtain the Fourier
transform of the density fluctuation at two wavevectors k\ and fc2 simultaneously
integrated over the same volume.

We denote by V the analysing volume of the Fourier transform; it results from
the common volume of the primary beam, the local oscillator and the plasma.
However, it has been shown [5] that a better spatial resolution can be attained
due to (1) the perpendicularity of the density fluctuation wavevector to the local
magnetic field lines (2), the twist of the magnetic field lines and (3) the angular
selection of the Fourier transform. The signals investigated in this paper are all



recorded in the same central vertical chord with a cylindrical shape situated in
the lower part of the plasma. The cylinder base diameter is equal to 2w = 5.4 cm
and its length depends on k varying between 0.3 and 0.5 times the plasma minor
radius. V is schematised by the grey area in the vertical section of the Tore
Supra illustrated in fig. 1. The role of the finite dimensions of V can be neglected
from the statistical point of view because the number of cells included in the
averaging, V/A3, is much greater than 1, e.g. about 700 for the parameters of
V cited above and for A = 1 cm. Besides, the radial distribution of the beam
intensity, exp(—2r]_/w2), leads to a Gaussian distribution about k. Consequently,
the variance about k at 1/e is equal to 8k = 2/tu ~ 0.7 cm"1.

Experiments have been performed in a set of stationary Helium discharges
in Tore Supra with BT = 3.5 T, Ip = 1.3 MA, R = 2.32 m, a = 0.76 m and
q(a) = 3.5. A feedback control on the gas allowed to keep the plasma density
constant with an averaged value (ne) = 3.5 x 1019 m~3. For each discharge, and
after an ohmic phase, additional heating using lower hybrid or ion cyclotron waves
is applied in four consecutive steps with total power ranging from 1 to 4 MW
and lasting each about 1 s. The total power P, that will be used in this paper,
is determined as the sum of the ohmic and the additional heating power. For
each step, a 32000 data string has been recorded with an acquisition frequency
of 5 MHz simultaneously for two wavenumbers ranging from 3 to 14 cm"1.

3 The Probability Distribution Functions

In this section, we focus our attention on the random character of the scat-
tered signal. The main idea is based on the property of turbulent, neutral or
ionised, flows to possess a high number of degrees of freedom reflected by the sig-
nal randomness. One major consequence of the random character is the Gaussian
distribution of the events due to the central limit law. Therefore, comparing the
density fluctuation probability distribution (pdf) to a Gaussian yields a measure
of how much random the signal is. The deviation from a Gaussian distribu-
tion could be due to a reduction of the number of degrees of freedom. In fully
developed turbulence this is called intermittency where turbulent fluctuations
inhomogeneous distribution favours coherent structure formation [13, 14].

We plot on fig. 2 two pdfs of X/iX2)1/2, where X is the real part of n(k,t),
for k = 5 and 10 cm"1 in dotted and dash-dotted lines respectively. The data
strings of the two pdfs were recorded during ohmic plasma discharges, however,
the properties that will be established hereafter are also valid when additional
heating is applied. Because of the normalisation, the two pdfs collapse into one
Gaussian distribution with a first and second order moments equal to 0 and 1
respectively. The semi-logarithmic plot shows that the fit by a second order
polynomial function reproduces in a satisfactory way the two histograms.



However, the comparison to an error law is better apprehended when it is
quantified via the third and the fourth normalised order moments known as the
skewness and the flatness factors and defined by

s (X2)2"

The first factor describes the asymmetry of the pdf, while the second measures the
tail's weight with respect to the core of the distribution. They take respectively
the values of 0 and 3 for a random Gaussian signal.

The skewness factor of X is determined as above for different heating power,
and the result is shown on fig. 3(a). The values obtained are approximately equal
to 0 within experimental precision; this is also the case when the skewness is
computed us k. We conclude that the pdf's are symmetric, independently from
the heating power and from the scale about which the study is performed.

In order to understand this result, one must remember that the studied signal
is not density fluctuation itself but rather its spatial Fourier transform. The
linearity of this operation yields random n(fc, t) if n(f,t) is a random field in
time. Nevertheless, the Fourier transform does alter some of the signal properties,
namely its skewness factor as shown below. One can easily demonstrate that the
numerator of the skewness factor can be written in the form

(X3) = f dt (Jdrcos(k.f)n{r,t)) =

J dt J dr J dA j dA' cos(k.r) cos(k.(f+A)) cos(k.(r+A'))n(r, t)n(r+A, t)n{r+A', t).

Assuming that n(r, t) is ergodic and homogeneously distributed in space, the
integral

f dtn(f,t)n(r +A,t)n(r +A',t)
JT

is independent of f, the position where the temporal integration is computed, and
depends only A and A'. Therefore, the integration over dr, being now performed
over functions of the form [cos(k.f)p s'm(k.r)9] where p + q = 3, is equal to 0
leading to (X3) = 0.

So, the fact that S is always equal to 0 within experimental precision re-
flects an effect of the spatial Fourier transform on locally homogeneous (about k)
turbulent density fluctuation.

On the other hand, this bias of the Fourier transform does not affect the
flatness factor. In fig. 3(b) and (c), we show the dependence of T on the total
power and on the analysing wavenumber respectively. The flatness factor is found
to be about 3 independently from the heating power, heating sources or analysing
scales. This is a strong evidence of the signal random character, and reflects that
events with high intensity are rare obeying to an error law distribution at all



the investigated turbulent scales. We interpret this result as the consequence of
the coherent structures 'absence' in the scattered signals. By coherent structures
we designate long-lived dissipative mechanisms which reduce locally in space and
time the number of degrees of freedom and lead to flatness factor different from 3.

4 The Modulus of the Signal

It can be assumed [1] that the signal is proportional to the sum of the electrons
individual phases

N

which is the spatial Fourier transform of the density fluctuations if A is large
enough with respect to the electrons Debye length. The signal being complex,
one can derive a phase and an amplitude. The phase mainly reflects the Doppler
shift -due to electron velocities, while the modulus is the energy associated to the
density "fluctuations at a given wavenumber (see discussion hereinafter). In this
section, we aim to clarify the meaning of the signal modulus, and especially its
temporal behaviour.

4.1 The Wavelet Transform
We perform the wavelet transform on X in order to give a 'visual' example of the
fluctuations distribution among the temporal scales. For this purpose, we use the
Morlet mother function defined by

by changing / we dilate it, whereas by putting t —>• t — b we translate it through
the data string (see ref. [15] for more details), wo is chosen equal to 6 and denotes
the number of oscillations in the mother wavelet at / = 1. The continuous wavelet
transform is defined by

l t ^wo{t"b)X{t)' (3)

where T is the length of the data string, that is 0.4 ms for 2000 points. The
wavelet transform acts like a temporal filter enhancing the fluctuations with life-
times about the value of I. The modulus of T(l,b) takes maximum values where
^i,wo(t) approaches a local solution of the equations that might gouvern X.

We show on fig. 5(b) the contour plot of \T(l, b)\2 applied to X, where localised
bursts in time with typical lifetimes are recorded. As / increases, the wavelet



transform filters the high frequency parts of the signal mainly reflecting the long-
lived structures. We observe no long-time 'links' between the turbulent bursts
that could suggest the correlation among them.

On the other hand, we obtain the fluctuations distribution with respect to /
by computing the scologram of the continuous wavelet transform modulus defined

by
Sc(l)= I \T(l,b)\2db. (4)

JT

The result is plotted in fig. 6, where we deduce that the energy associated with
fluctuations at I does not monotonously increase with the latter but rather shows
a maximum about 5 //s after which the scologram decreases. This behaviour
is a direct consequence of the Fourier transform band-pass filter. It is better
apprehended when fig. 5(a) is compared to what is obtained when the wavelet
transform is applied to a signal containing all the scales, e.g. n(f,t). In this
case, 5c scales with respect to / (see ref. [16] for further details). Besides, we
emphasise that high amplitudes of |n(fc,t)\2 in fig. 5(a) correspond to the high
values of |T(/,6)|2 in fig. 5(b) using the same data string.

The example just exposed enables us to form a picture of the turbulent fluc-
tuations through the continuous wavelet modulus. They appear to be localised
in time with small correlation among them. In the next section, we aim to clarify
this picture by using statistical data processing.

4.2 The Three-dimensional Spectrum

In this subsection, we are interested in Fn{k,i) = |n(fc, £)|2, or what is often called
in hydrodynamics literature the three-dimensional spectrum [17]; the index n
denotes density. We recall that density fluctuations are filtered out and a signal
is recorded only when the characteristic scale of a perturbation or a wave is
about the analysing scale. Therefore, the three-dimensional spectrum 'witnesses'
the energy that could be transferred by the fluctuations when their characteristic
scales are about A. Accordingly, studying the statistical properties of Fn(k.t)
supplies us with the information about the energy transfer across the turbulent
scales.

A sample of the normalised Fn(k,t) is given in fig. 5(a). We note that, in
spite of V ^> A3, the three-dimensional spectrum, at the scale A, exhibits a
singular behaviour in time reflecting the way energy is transferred across the
analysing scale. By singular behaviour, we designate the property of the signal
to be gathered in distinct bursts separated by lapses of time with relatively low
intensity.

Before further discussions about the temporal character of the signal's mod-
ulus, we plot on fig. 4 its average dependence on k, where a best fit of the form

<FB(M)> ~ k~2-9 (5)



is recorded. The scaling exponent, compared to the prediction of Kolmogorov-
Kraichnan theory, is much closer to —8/3 than to —4, the scaling exponents
of the three-dimensional spectra in the energy and enstrophy cascade subranges
respectively.

4.3 Discussion

In this subsection, we compare the experimental results to what one expect from
two models of turbulence proposed by Kolmogorov-Kraichnan and by Frisch-
Parisi. But first, we are to position the studied scales with respect to the those
that characterise plasma turbulence described in section 1.

It is admitted that the scales beyond which viscous damping becomes the
dominating mechanism is about the Debye length. The wavenumber of the latter
is estimated to be about kv ~ 120 cm"1 leading to k <£. kv. On the other hand, we
note that the fc-spectrum plotted on fig. 4 extends down to small wavenumbers
with no evidence of saturation; we are lead to presume that k ^> k^. The
estimation of the position of k with respect to ko is less evident although the
scaling exponent of the three-dimensional spectrum vs k (—2.9) is much closer to
—8/3 than to —4 as it was already mentioned, which could suggest that k <C kQ.

The range ki <C k <C kv can thus be compared to Kolmogorov-Kraichnan
inertial subrange where energy and enstrophy spectra are self-similar in distinct
subranges with respect to k. Because plasma's parameters remain constant for
much longer lapses of time than the total duration of the data sets (T = 64 ms),
turbulence can be assumed to be stationary, the three-dimensional spectrum,
written in the form

Fn(k, t)= I dfeiLfr f dxn(x, t)n(x + r,t) ,

should be independent of t for homogeneous turbulence. Accordingly, one might
expect that the experimental values of Fn(k,t) would fluctuate in time around
a given average value. Obviously, this is not the case as it is clearly shown in
fig. 5(a), where there exist lapses of time with energy having values close to zero
and lapses of time where it is much greater than zero.

This type of temporal behaviour can be compared to what could result from
the multifractal model proposed, for fluid turbulence, by Frisch & Parisi [18, 19,
20]. According to this model, fluctuations in the inertial range are assumed to
be transferred by singularities according to

An r = n(x,t) -n(x + f,t) ~ rh, (6)

where h is a local scaling exponent that depends on x and t and can take values
between [/im,-n, hmax]. Following the arguments of Frisch & Parisi, one obtains at
a given time the expression of the energy density

(Anr
2) = jdP(h)r2h+d-D^ ~ r«a<fc), (7)



where d is the dimension of the fluctuations, and D(h) is the fractal dimension
of the iso-h set of the dissipation field. The integration, at a given time, is solved
using the saddle point method leading to

tP = mm{ph + d-D(h)). (8)
h

The three-dimensional spectrum, can thus be written in the form

Fn(k,t)(xk-^h^-d+\ (9)

and it has no reason to be independent of t. As a matter of fact, it reflects, in
time, the most intense singularities occurring the most frequently in the analysing
volume.

We deduce that the multifractal model allowed us to have a mathematical ex-
pression to what we qualified as the 'singular' behaviour of the three-dimensional
spectrum. In the coming section, this multifractality will be characterised using
the spectrum of singularities.

5 The Singularity Spectrum

One of the main features of the three-dimensional spectrum pointed out in
the previous section is its singular aspect. In this section, we propose to study
this behaviour using the so-called the "singularity spectrum" according to which
the singularities strengths and their frequency of appearance in the signal are
determined in a statistical way. We shall also try to understand what are the
temporal changes of Fn(k,t), if any, with increasing total input power.

5.1 Introduction

Many models were elaborated to determine accurately the spectrum of singu-
larities, among them the Canonical method developed by Chabra et al. [21] to
overcome the practical difficulties of other methods like the histogram or the Leg-
endre transform [22]. The study is not performed on Fn(k,t) itself, but rather on
Et defined at the time to as

fT Fn(k,t>)dt>

(Et)o is the energy dissipated in a lapse of time [t0, ̂ o + t]. Chabra's method
is based on an analogy between the temporal variation of Et and a statistical-
mechanical system. According to this analogy, the mean strength of singularities,
denoted by a, and its correspondent mean probability f(a) are equivalent to the



internal energy and to the entropy of the statistical system respectively. Let
/j,i(^q,t) = (Et)i/J2i (•E't)' denotes the equivalent of the Boltzmann weight in
the zth box. The average singularities strength is determined as

a{q) = bg l

and the corresponding average probability of appearance is

/M«» -glaMjzsa&l. (12)

For each value of <?, the numerators of the expressions (11) and (12) are assumed to
scale with respect to their denominators, and a(q) and f(a(q)) are the exponents
of the best fit performed on the scaling range. We verified that this scaling
hypothesis with respect to log t/T is met when q varies between —4 and +4.

In order to clarify what the singularity strength reflects, we point out that,
at the position i in the signal, we have a,- = log(Et)i/log(t/T). Accordingly,
when a is less than 1, it reflects divergent singularities because Fn(k:t) -» 00 as
t —v 0. When a > 1, it reflects regular or bounded singularities for Fn(k,t) —>
0 as t —> 0. a = 1 corresponds to constant values of Fn(k,t). The various
singularities strengths are explored by varying q. Its role is, in some sort, to
favour a certain type of singularities on others; for q <C 0, it is the most regular
ones that dominates the values of a and / ( a ) , whereas for q 3> 0 it is the most
divergent ones.

5.2 Experimental Results

We illustrate on fig. 7(a) the result for three different ohmic discharges with the
same plasma parameters and for the same k. We deduce that, from the statistical
point of view, turbulence is identical in the three shots and thus a small error is
introduced due to the fact that many shots are necessary to obtain the dependence
on P. The singularity spectra wideness are comparable to the one obtained in
fully developed fluid turbulence [23, 24, 25, 26]. For further comparison, we note
that a mono-fractal model would lead to a point (a = / ( a ) = 1) for any value
of q. Therefore, the singularity spectrum wideness reflects the multitude of the
bursts in the three-dimensional spectrum and thus its multifractality.

Let us denote by TC the typical correlation time of Fn(fc, t) (see discussion in the
next section for further details). In this paper, the dependence of the singularity
spectrum on the analysing wavenumber is not represented. The reason for that
is the condition rc > 1//acquisition which is not really met in our experiment
for large k. This condition is crucial because it assures that the correlation time
decrease should not be accompanied with a decrease of the amount of information
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in the signal. The fact that the above condition is not met leads to a natural
'shrinking' of the singularity spectra towards the mono-fractal one represented
by (a = 1 , / = 1) with increasing k. This behaviour only reflects the lack of
information in our signals due to the decrease of the typical correlation time with
increasing k as it will be shown later on.

The dependence of the singularity spectrum on ICR total power is illustrated
in fig. 7(b) for k = 5 cm"1, where it is shown that the heating does not have a
significant effect on the singularity spectrum. This means that, when the ICR
frequency is applied, the averaged intensity (Fn(k, t)) increases with P (see fig. 10)
but the temporal character of the signal remains, on the average, approximately
unchanged. The same behaviour is observed when the LH frequency is used.

6 The Auto-Correlation Coefficient

In this section, we aim to quantify the temporal correlation of the three-
dimensional spectrum. For this purpose, we use the auto-correlation coefficient,
defined by

(F.(g.t)F(£,« + r))
<F»(M)2}

to determine the way the distinct peaks are correlated within each other and
whether or not they are correlated among them. We comment first a sample of
the correlation coefficient in order to show its various properties and then we
discuss in details its dependence on k and P.

For three distinct ohmic plasma discharges with the same parameters, we
compute the correlation coefficients of Fn(fc, t) taken at two wavenumbers, k = 5
and k — 9 cm"1, and we plot the result on fig. 8(a). The main features of this
graphic are:

• The correlation coefficients determined with the same k are identical from
one shot to another. A rather small error is thus committed when different
plasma shots are used to elucidate the dependence on k and the total power
P.

• The typical correlation time at k = 5 is longer than that at k — 9.

• We do not observe long-time correlation among the peaks. This result
confirms, in a statistical way, the observations made earlier when using the
wavelet transform, i.e. distinct peaks are not correlated among them.

• The correlation coefficient value at infinity {{Fn)
2/{F%)) is approximately

equal to 0.5.
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6.1 Dependence on the Analysing Wavenumber
6.1.1 The Typical Correlation Time

One of the key information that the correlation coefficient supplies us is the typical
correlation time determined as the time for which C(rc) = (1 + C(T —> oo))/2.
2TC reflects the typical duration of an Fn(k,t) burst, and it measures the average
lapse of time that the fluctuations have spent near the scale A. If energy is
assumed to cascade, 2rc is the average time needed for density fluctuations to be
transferred from k — 8k' to k + 8k' or vice versa; 8k' is equal to 8k/\/2 because
the correlation is computed for the modulus of the signal.

It is rather important to emphasise that rc has no relation with the time that
an electron is present in the analysing volume. As a matter of fact, one can easily
verify that the maximum of the frequency spectrum of Fn(k,t) is always about
0 Hz no matter what the electrons average velocity direction is with respect to
kjk. Moreover, for ohmic plasma the electrons poloidal velocity is estimated from
the frequency spectra of n(k, i) [27] to be of the order of 1 km/s and travelling
across the 5.4 cm of V s diameter. This yields a typical crossing time of the order
of 54 ^s, a value much greater than 2rc approximately equal to 1 and 0.6 /us for
k = 5 and 9 cm"1 respectively. Accordingly, most of the fluctuations about A
"live and die" in the analysing volume.

For ohmic plasma, TC dependence on the analysing wavenumber is plotted on
fig. 8(b), where we also show the best fit of the form

. - 1 . 2 (14)

Accordingly, the duration of a peak about a given wavelength decreases with
decreasing scales reflecting the way density fluctuation is redistributed towards
the neighbouring scales, i.e. the smaller are the dissipative structures the faster
is the redistribution.

The typical time that a dissipative structure spends about A can be compared
to Tfc, the typical time needed for the energy to be transferred from one scale to
another [28], which is expected to behave like {k3Ev)~

l12 ~ fc~2//3 in the energy
cascade subrange according to the Kolmogorov-Kraichnan model; in the enstro-
phy cascade one r^ is expected to be independent of k. Therefore, assuming a
certain relation between rc and T^ leads us to presume that the analysing scales lie
most probably in the energy cascade subrange. This deduction is in agreement
with the result of section 4, where the scaling exponent of (Fn(k,t)) vs k was
found equal to —2.9, a value much closer to —8/3 than to —4.

The decrease of rc with increasing k is thus in qualitative agreement with
the expected behaviour of r*. But from the quantitative point of view the com-
parison between the scaling exponent found for rc and —2/3 is confronted to
considerable difficulties that comes in addition to the unknown presumed rela-
tion between rc and r^. Among these difficulties, we cite two which, from our
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point of view, are rather important. The first is the compressibility of the plasma
which affects not only the relations that might exist between quantities related to
velocity (theory) and those related to density (experiment), but also Kolmogorov
expressions themselves. The second is the dimensionality of the flow where the
difference between two- or quasi two-dimensional turbulent plasma is to be taken
into consideration.

6.1.2 The Correlation Coefficient as r —> oo

In this paragraph, we aim to find out the reason for which C(oo) is always equal
to 0.5 as it is clearly shown on fig. 8(c) where no dependence on the analysing
wavenumber is recorded. We recall first, that the modulus of the signal is equal
to X2 + Y2, where Y is the imaginary part of n(k,t). Taking into account the
relation (Xp) = (Yp) for all p, one obtains

CM = -A-,

where C = (X2Y2)/(X2)2 and T is the flatness factor of X. C(oo) is thus not
only related to the flatness factor but also takes into account the correlation
between the two channels. In section 3, the flatness factor was shown to be equal
to 3 independently of k and P. On the other hand, writing C(r) — (X2(t)Y2(t +
T))/{X2)2 leads to C(r = 0) ~ 1 because of the phase difference between the
two channels due to the fact that"A" and Y are respectively the cosine and the
sine Fourier transforms of the density fluctuations. The behaviour observed in
fig. 8(c), where C(oo) ~ 0.5, is thus a consequence of the values of C and T and
their independence with respect to A; and P.

6.2 Dependence on the Heating Power
In this subsection, we aim to understand the changes that the additional heating
power induces on the typical correlation lifetimes about a given scale. Having
also the possibility of changing A, we are interested in the heat effects on the
various turbulent scales.

In fig. 9(a) and (b), we plot the dependence of rc on the total power using
respectively ICR and LH heating. The power laws obtained are:

rc(k = 5) ~ Pfc
0g5, rc(k = 10) ~ PfcT: (15)

rc(k = 5) ~ P[°\ rc(k = 9)~P£™3. (16)

The overall behaviour of rc suggests that (1), the typical lifetime of a dissipative
peaks about a given scale (say k = 5) decreases as extra-heating is applied to the
plasma, (2), heating is not equally affecting the lifetimes at all scales for larger

13



scales (k = 5) are less affected than smaller ones (k = 9) and (3) a slightly greater
effect is recorded when using the ICR frequency with respect to that of the LH.

The decrease of the typical correlation time with increasing total input power
can be understood if one assumes an analogy between rc and r*. and takes into
account the relation r^ ~ (Fl/(A;)A;'i+2)~1/2, where d is the dimension of the fluc-
tuations. Therefore, the dependence of rc on P is mostly due to the amount of
energy injected into the plasma. As a matter of fact, we plot on fig. 10 the av-
erage three-dimensional spectrum dependence on P. The best fit yields a power
law of the form

(Fn{k,t))~Plf. (17)

Accordingly, plasma heating increases the turbulent energy that is injected into
the flow leading to more strains and to a faster passage of the fluctuations about A.
This behaviour is thus in qualitative agreement with the Kolmogorov-Kraichnan
model.

In order to show the heating effect on the lifetimes at various scales, we plot
on fig. 9(c) ( as a function of k, where we assumed that rc ~ P^k\ A power law
of the form

( ~ k-06 (18)

is obtained which shows that greater absolute value exponents are obtained at
smaller scales. This plot confirms what was obtained for only two analysing
wavenumbers in fig. 9(a) and (b). Accordingly, we state that as ICR or LH
frequency heating is applied, faster energy transfer takes place as density fluctu-
ations visit smaller scales. It also appears that, at a given wavelength, the ICR
heating does slightly affect more the typical lifetimes than the LH.

To conclude this section, we review the major results encountered. We first
recall the three-dimensional energy singular aspect. We showed that the sin-
gularities responsible for the energy dissipation have an internal coherence for
fast-time correlation was observed. But on the other hand, they are not cor-
related among each other. When varying k, we concluded that the smaller are
the dissipative structures the faster is the transfer. Based on the comparison
with the predictions of the Kolmogorov-Kraichnan model, we concluded that the
scales investigated in this paper would lie in the energy cascade subrange if the
latter existed. Finally, we changed the heating power where it was shown that
the typical dissipative structures lifetimes decrease with increasing input power
mainly because of the turbulent energy increase with P.

7 Existence and Locality of the Energy Transfer
Between Distinct Scales of Turbulence
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According to the Kolmogorov-Kraichnan model for fully developed turbu-
lence, fluctuations in the energy cascade subrange are transferred from a scale
to its nearest neighbour. This locality is less evident in the enstrophy cascade.
On the other hand, intermittent turbulence or the existence of 'coherent struc-
tures' couples the various scales of turbulence together giving rise to a correlation
among distant scales. We recall that a scale here is defined as 2K /k and it is not
to be confused with a distance.

In this section, we aim to verify that a correlation between fluctuations at
distinct scales exists, and investigate its local character in the £;-space. For this
purpose, we take advantage of the possibility to record, in the same time and in
the same volume, two data strings in two channels corresponding to two analysing
wavenumbers.

The spatial band-pass filter shape in the A;-space was discussed in section 1.
The distributions, which accounts for the auto- and the cross-correlation, are
plotted on fig. 11 for three analysing wavenumbers equal to 6, 7 and 8. We also
illustrate by two shaded distributions the fc-region where fluctuations contribute
to two wavenumbers at the same time. Accordingly, the more a scale of a per-
turbation is far from the filters average position the more its signal is damped.
On the other hand, fluctuations with wavenumber equal, for example, to 6.5
contribute in the same way to the two channels k = 6 and 7 cm"1.

For further understanding of these shaded regions, let us assume that the
fluctuations at two distinct scales (ki and Â ) are not correlated. In other words,
we assume no energy transfer between the two scales. The cross-correlation in
this case will reflect the auto-correlation of the dissipative structures at k about
(&2 + &i)/2, and the statistical properties of the cross-correlation will reflect that
of the auto-correlation. It is thus by comparing the cross- to the auto-correlation
that a possible conclusion can be drawn about the fluctuations transfer between
distinct scales.

Before reporting the statistical results on the temporal cross-correlation, we
illustrate on fig. 12 two normalised Fn(k,t) at the two different wavenumbers
k = 6 and 7 cm"1 during an ohmic discharge. We distinguish several generic
types of behaviour when comparing the two graphs. Namely, lapses where the
singularities strengths and shapes are approximately identical at the two scales,
lapses where the singularities are more intense at smaller scales than at greater
ones and vice versa. One must keep in mind that the variety of these local dissipa-
tive phenomena encountered in plasma turbulence are included in the statistical
description of the energy transfer.

To study the statistical dependence of one data set on another, we define the
cross-correlation coefficient of the three-dimensional spectra

) .
, (19)
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where Fii2 = |n(fcii2,i)|2; C12 is equal to 1 whenever F\ is identical to F2.
We plot four cross-correlation coefficients on fig. 13(a) and (b) for Ak = 1

(k = 6 and 7) and 2 (k — 12 and 14 cm"1) respectively. The four data strings
needed to obtain these graphs were performed during plasma ohmic discharges.
The overall behaviour of Cu shows a decrease of the typical correlation amplitude
and time with increasing Ak. For Ak > 4 no evidence of a cross-correlation was
obtained.

7.1 The Typical Cross-Correlation Time

The typical cross-correlation time, denoted by rcc, is determined as the total
width of C12 at (Cu(0) + Ci2(oo))/2, and reflects the average time needed for
the fluctuations to be transferred from one scale to another. Its value is about
2.1 x 10~6 s for Ak = 7 — 6 = 1 cm"1. rcc is thus about twice 2rc computed
for ki = 6 and k2 = 7 cm"1 that are respectively 1.1 and 1.04 x 10"6 s (see
section 6). The difference between 2rc and rcc is beyond experimental error
and thus constitutes the first evidence that C12 of fig. 13(a) does reflect the
cross-correlation between the distinct scales of turbulence. Furthermore, if 2rc is
assumed to be the time taken by the modulus of the density fluctuations to pass
from k- 6k' to k + 8k', we get, for Ak = 1 and 5k = 0.74, TCC/2TC ~ (Ak/5k') ~ 2
a value in agreement with the experimental result.

For Ak = 2, the fluctuations in the common fc-region are rare, about 1% of all
the events, and with small amplitude, about 3% of the average amplitude. Their
contribution to the cross-correlation can thus be neglected, and fig. 13(b) is con-
sidered as a second proof of the existence of the fluctuations transfer between two
distinct scales. Moreover, for Ak = 14 —12 = 2, the condition rc > l/facquisition is
hardly met, and it is for this reason that we were not able to determine accurately
its TCC.

Comparing the Ak = 1 and Ak = 2 figures, we note the decrease of the
cross-correlation amplitude which, as already mentioned, is found to be equal to
0 for Ak > 2. Such behaviour reflects the locality in the fc-space of the perturba-
tions transfer according to which the system loses information as the difference
between the scales is increased. This result is in agreement with the Kolmogorov-
Kraichnan neighbour-to-neighbour perturbations transfer model. The cross-correlation
typical time decrease with Ak is in fact a consequence of the auto-correlation typ-
ical time decrease with the analysing scales.

7.2 Effects of Additional Heating

We recall that the typical auto-correlation time follows a power law with respect
to P with scaling exponents between —0.45 and —0.5 for k between 7 and 6 cm"1

as it was shown on fig. 9. We plot on fig. 14 the dependence of rcc on the heating
power for Ak = 7 - 6 = 1 cm"1, where for both types, ICR or LH, the decrease
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is approximated by the power law P °-7. On the other hand, no systematic effect
of P was observed on the cross-correlation amplitude. We draw two conclusions
from this behaviour: First, and because of the difference between the auto- and
the cross-correlation typical times dependence on P, one can add a third evidence
to the existence of a correlation among the scales of plasma turbulence, and the
second conclusion confirms the results on the role of heating which stated that it
makes the energy transfer from one scale to another faster.

To sum up, we demonstrated, in this section, in three independent ways, that
distinct scales of turbulence are correlated among each other. We also showed
that this correlation decreases as the distance between the scales is increased.
Finally the role of heating studied in section 6 is confirmed here; we record a
decrease of the cross-correlation typical times as more heating is applied which
reflects a faster energy transfer among the scales. We consider the purpose of
this section achieved which is to demonstrate the existence and the locality of
the correlation among distinct scales induced by the energy transfer through the
turbulent scales. However, more experiments are to be performed in order to
elucidate whether an average phase shift exists due to the existence of cascades.

8 Conclusion

Two aspects are studied in this paper: the statistical properties of the plasma
turbulence and their dependence on the scales and the heating using ion cyclotron
or the lower hybrid resonance frequencies.

Light scattering and heterodyne detection supply us with the spatial band-
pass filter on the scales due to the Fourier transform naturally performed on
density fluctuations. A scale is thus defined as indicating the position of this
filter, and fluctuations are recorded only when their characteristic scales are about
A = 2ir/k.

Our first conclusion concerns the way energy is transferred through the analysing
scales where we point out the singular aspect of the dissipation. This multifractal
character of Fn(k,t) is put forward by the singularity spectra which are compa-
rable to the ones found in three-dimensional fully-developed fluid turbulence.
However, many aspects of the dissipation seems in agreement with Kolmogorov-
Kraichnan model particularly the randomness of the fluctuations and the lack of
coherent structures. Such elements are quantified by the distribution of X where
we obtain a flatness factor about 3 independently of the scales. Furthermore, the
wavelet transform clearly illustrates the fluctuations temporal locality. The lat-
ter aspect is quantified by the correlation coefficient which showed no long-time
correlation. The other rather important feature in our investigation is the local
fluctuations transfer in agreement with the Kolmogorov model. We also argued
that if the inertial range exists, then the scales investigated in this paper lies in
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the energy cascade subrange.
With respect to the heating power, the typical lifetimes of the singularities

decrease with increasing heating power. Furthermore, heating is not equally
affecting the turbulent scales. We observe that smaller scales typical correlation
times decrease more steeply with the heating power than the larger ones; adding
a slightly greater effect of the ICR with respect to the LH heating. On the other
hand, the singularities spectra are self-similar with respect to P for they remain
nearly unchanged as more heating is applied.
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