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In order to measure the mean and fluctuation parts of plasma parameters, various types o
Langmuir and magnetic probes have been designed and installed in the edge region of TBR-1
tokamak. These probes are arranged as an array specially designed to measure, simulta-
neously, electrostatic and magnetic turbulence observed in this region, besides determining
plasma density, potential, and temperature. Advanced digital signal analysis techniques,
including a bispectral estimation method, were used to obtain spectra correlations, phase
relationships, and degree of fluctuation coupling. Thus, it was possible to identify character-
istics of the observed strong and high dispersive turbulence and to compute the connected
electrostatic fluctuation induced particle transport.

|, Introduction

It is well known that large amplitude, broadband
density and electrostatic potential fluctuations occur at
the edge of' tokamak plasmasi®?. These fluctuations
are responsible for a significant portion of particle loss
rate, and may account for alarge part of the anomal ous
energy losses observed in magnetic confined plasmas!!l.

A genera and important feature o these fluctua-
tions is the observed wide range o frequencies, at a
given wave number, which supports the conclusion that
the natural y occurring waves are described as a turbu-
lence. In fact, the experimental investigation of these
phenomena is very complex due to the simultaneous
presence of many waves, possible nonlinear interactions
between them, noise, and turbulence. This investiga-
tion has been partially done with probes, which play an
important role in the characterization of plasma edge
turbulencel345].

In order to study the mean and fluctuation parts of
plasma parameters, a complex system of probes!®) was
designed and installed in the TBR-1 tokamak. A dis-
tinguishing feature of these probeswasto compose a di-
agnostic system specially designed to measure, simulta-
neously, and within a short distance (few millimeters),
electrostatic and magnetic fluctuations, in addition to
relevant plasma parameters, as density, potential, and

temperatwe.

The acquired data were digitized, and submitted to
a specific power spectral analysis to quantify several
statistical properties of the turbulent fluctuations in
the plasma edge. With these data, as a consequence
of the performed numerical analysis, it was also possi-
ble to estimate the particle flux caused by these fluc-
tuations. The particle flux values thus obtained were
o the same order of magnitude as those directly com-
puted from particle diffusion measurements. Further-
more, with this spectral analysis, an algorithm recently
introduced!™ to verify nonlinear wave-wave coupling in
fluctuations was also used, and no predominant cou-
pling between any specific modes (a characteristic of
wesk turbulent plasmas) was identified.

In section II the experimental set-up is described;
in section Il the spectral analysis techniques used in
this work, such as cross-correlations, wave-number fre-
quency spectra S(k, f),and some tools to demonstrate
the role of nonlinear wave coupling in the interaction
processes, are presented. Section IV contains some re-
sults and discussions, and sectich V some conclusions,
obtained with these signal processing techniques.

II. Experimental Set-up

The Tokamak TBR-18 isasmall device in which the
plasma is created inside astainlesssteel vessel. Its main
parameters are: major radius R = 0.30 m, poloidal
plasma limiter radius a = 0.08 m, vessd radius b =



274

(q ) FIELD COILS

M. V. A.P Heller et al.

7 (b} TOROIDAL ANGLE
O S
FIELD LINE
[
-;\ VESSEL
: N
¢ \ YPOLOIDAL ANGLE

e N

MAJOR RADIUS '\PLASMA RADIUS

Figure 1: (@) Scheme of TBR-1 Tokamak. (b) Scheme of coordinate system.

0.11 m (Fig. la.b). The gas used in this experiment
was hydrogen with a base pressure of 8.7 x 10~ mbar.
For the reported experiment, the machine was operated
with a central electron temperature 7. (0) 22 2 X 102 eV,
central density ng = 6X 10'®* m~3, plasmacurrent Ip =
8.5 kA, toroidal field By = 0.4 T, and loop voltage V, <
1.5V (Fig. 2).
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Figure 2: Time evolution of plasma current, Ip, and loop
voltage V for typical pulses of TBR-1.

The probe assembly is mounted on a port hole at
the top of the tokamak, along the plasma centerline at
45° from the liiniter and on a structure that permit a
radial movement in the vessel.

A scheme of the arrangement of the probes is shown
in Fig. 3. The used Langmuir probe array has four
tungsten wire tipsof 2x 1072 m long, 5x 10~* m diam-
eter, configured in 2 x 2 square matrix with 2x 1073 m
spacing. Two of the probe tips are connected to mea-
sure floating potential fluctuations, (), and the other
two connected to collect the ion saturation current to
measure density fluctuations (7).

Other three tips of the same previously specified
dimensions are biased as a triple probel®1%. The
triple probe is used to measure the mean plasma den-
sity, n, electron temperature, 7., and floating potential

(Fig. 4). In this probe a constant voltage (50 V) is
applied between two tips and the third probe poten-
tial () isfloating. T, and n are determined from the
probe current flowing through the biased two tips, and
the potential difference between the positively biased
tip and the third floating tip, ¢4 — ¢;. The tempera-

ture is given by:
To= s (o —9s) M

In2

The determination of density and plasma potential
is obtained from the measurement of ion saturation cur-

rent, |,,, and floating potential using the equations:
] - N7 1/2
Lo=neas (Z) [FET @

and

kT, 2mrme, T;
w=er= () {m [ (10 )] -1}
(3)
where A isthetip area, K the Boltzmann constant, m;
the ion mass, T, and T3, respectively, the electron and

theion temperature, f isafunction that depends of the
model adopted*!], and ¢, is the plasma potential.
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Figure 3: Probe head view.
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Figure 4: Scheme d triple probe.

Fig. 5shows a diagram of the data acquisition probe
system. Ths circuits used for the measurement of float-
ing potentizl, and ion saturation current, have typically
high input impedance and frequency response in the
range 3-500 kHz. In the triple probe, the circuits for
measurement of ¢4 and ¢ have high input impedance
and response frequency with a 15 kHz cutoff. An iso-
lation amplifier is used to measure the ion saturation
current.

Four coils, two poloidally and two radially oriented,
were mounted in the same system at 2.3x 10~2 m from
the Langmuir probes. As the voltage induced in the
coils is proportional to the rate of change of magnetic
flux, they provided radial profiles of poloidal and ra-
dial field component fluctuations (By and B,).These
fields can b« measured with afrequency response up to
500 kHz.

The probes signals are digitally recorded at a sam-
pling frequency of 1 MHz to alow measurements up to
the Nyquist frequency of 500 kHz. To avoid frequency
aliasing, lov passfilters have been used with cutoff fre-
quencies lower than 300 kHz. All measured quantities
are taken in the time interval of 2 ms during the cur-
rent flat to~3nd averaged over four consecutive shots.
The length of the used data consists of 62 samples of
128 points. Measurements have been made in the re-
gion accessible to the probes, r/a = 0.87-1.25. In the
present analysis the effect of temperature fluctuations
on the computation of saturation current fluctuations
in terms of density fluctuationsis neglected. As an ex-
ample, Fig. 6 shows temporal profiles of floating poten-
tial, ion saturation current, magnetic poloidal fluctua-
tion and electron temperature at »/a = 0.99. All the
threeinitial traces display a high level of fluctuations.

II1. Spectral analysis and applications

The digital power spectra analysis applied in the
next section”'?1 will now be introduced. The subse-
quently defined functions are computed from digitized
time-varying signals, z(¢) and y(t), obtained with the
probes, and their Fast-Fourier-Transform (FFT), X(f)
and Y(f).

a) Cross correlation
The cross-power spectrum Py (f) can be expressed
as:
Pay(f) = | Pey(f)] € 4)
where | Pry(f) | is the cross-amplitude spectrum given
by:

Poy(£) = X"(NY () . (5)
and 6., (f) is the phase spectrum given by:
ny(f) :ey(f)_gx(f) ) (6)

the phase spectrum is a direct measure of the dispersive
characteristics of the wave system i.e.,

Oy (f) = k(f) - AF (7)

were k isthe wave vector and Ar' is the vector distance
of separation of the points at which the fluctuations
were monitored.

Although this and the subsequent definitions are
valid for any k£ component, in this work, due to the
chosen probe array, only the poloidal component, kg,
was measured. Thus, k - Ar'= ks Ad.

Another function used in this work was the coher-
ence spectrum, which is defined as follows:

| Poy ()]

[Pre(f) Py (£

The coherence spectrum measures the degree of mu-
tual coherence between two signals, it is areal positive
number lying in the interval 0 < |ygy] < 1. In this
work, the coherence spectrum is necessary to compute
the particle plasma transport due to electrostatic fluc-
tuations (Eq. 15).

(8)

e ()] =

b) The wavenumber-frequency spectrum, S(k,f)

A description of turbulence is provided by the
wavenurnber-frequency spectrum S(k, f) [%12 which de-
scribes the fluctuation power resolved as function of
wavenumber and fregquency.
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Figure 5: Diagram of probe the data acquisition system.
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Figure 6: Temporal behaviour for potential fluctuations (¢), (a), and saturation current, I,,, (b), at r/a = 0.99; magnetic

poloidal fluctuations, Be, (c), at r/a = 1.26; temporal profile of electron temperature, T%, (d), at r/a = 0.99 .



Brazilian Journal of Physics, vol. 23, no. 3, September, 1993 277

Thus, a statistical dispersion relation Z:(f) and its

spectral width o3 (f) can be defined as

s(k, f) S(k, [)

lz’(f)zz;_:km ,S(k,f):m, (9)
k k.f
and
1/2
a)= {3 (28D ) kb o

AUPECH)

Analogous quantities may also be represented in terms
of wavenumber.

In addition, it is possible to extract the apparent
propagatior. velocity for the bulk of the turbulence

which is given by

vph = (?) s(k, f). (11)

k. J
As k = kg, ~his gives the phase velocity in the poloidal

direction.

The adejuate probe separation (to obtain good spa-
tial resolution on the measurements of the wave vector
k by the used two point technique) is determined by the
ion Larmor radius, 77,, since the typical mean electro-
static wave vector is given by & < 77!, at the plasma

12
edge’”.

¢) Bispectrvm

Linear spectrum analysis techniques are of limited
value when various spectral components interact with
one another due to nonlinear process. In such case,
higher order spectral techniques!™3 are necessary to
characterize the fluctuating signal, since the nonlinear-
ities result in new spectral components being formed,
which are phase coherent. The detection of such phase
coherence may be carried out with the aid of high or-
der spectra. The digital bispectral analysis techniques
permit to investigate nonlinear wave-wave interactions.

The biccherence spectrum may be utilized to distin-
guish between spontaneously excited modes and cou-
pled modes in a self-excited fluctuation spectrum. The
discrimination is based on the fact that the bicoherence
spectrum (Iiq. 13) is capable of detecting the phase co-
herence which characterizes the coupled-mode case.

The aut>bispectrum Bger(f1, f2) is defined as’

Bewe(f1, f2) = (X(f1) X(f2) X" (fr + f2)) . (12)

If the waves present at fi, fo and fi + f2 are spon-
taneously excited independent waves, each wave may
be characterized by statistically independent random
phase mixing effect. On the other hand , if the three
spectral components are nonlinearly coupled to each
other, the total phase of the three waves will not be
random, although phases of each wave are randomly
changing for each realization. Consequently, the sta-
tistical averaging will not lead to a zero value of the
bispectrum.

The bicoherence spectrum is defined as:

Ime(fle)l2
X (f1 + £ 1X(f1) X(F2)]

The bicoherence b%(f1, f2) will take a value close to

b (fi f2) = - (13)

unity when the wave at f = f; + f2 is excited by the
coupling of the waves at f1 and fy. The bicoherence
also measures the fraction of power at f; + f2 due to

the three-wave coupling.

d) Transport

The transport associated with a given spectral band
depends not only on the phase angle but also on the
degree of coherence between the density and potential
fluctuations in the same band. Following Ref. 7 the
particle flux is estimated directly from correlations in ¢
(potential) and 7 (density). The particle flux T' results
from (7i¥) convection out of the edge, where ¥ is the

fluctuating radial velocity given by

E x §¢ koo
5T | 5 By

R

TR (14)
where By is the toroidal component of the magnetic
field. The wavenumber kg is determined from the statis-
tical dispersion relation for potential fluctuations, and
the electrostatic approximation is assumed to be valid.

The particle flux is given by

r = Y I,
f
L(f) = B,l—; V' Pai /Pag ka(f) vag sen :5(f).

(15)

The phase angle of the density, relative to the potential,

gncpa
spectrum between 7i and ¢, and together with the sign

is computed from the phase of the cross-power
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of ke(f), it determinesthe direction of the particle flux
(radially inward or outward). The quantity v,,(f) is
the degree Of mutual cohcrence between density and
potential, included to account for the decorrelation of
n with ¢ as a result of their turbulent nature.

1V. Results and Discussion

The spectral analysis described in the preceding
section was used to determine, from the computer-
generated power-spectra, the squared amplitude, fre-
guency, wavcnumber, and coherence from each of the
several wavessimultaneously present in the plasma.edge
of the TBR-1.

Fig. 7 shows the normalized rms fluctuating am-
plitudes for density and potential. Root-mean-square
fluctuation levels are typical of those obtained in other
small and medium tokamaks; 7/(n) decreases toward
the inner region and e/ KT, has a maximum near the

limiter(34.5:141,
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Figure 72 Radial dependence of the normalized rms fluc-
tuating amplitudes for density (x) the same for potential

(A).

Fig. 8a shows the wavenumber frequency spectrum
S(k,f) at »/a = 0.91 for potential fluctuations (ob-
tained,from two probes poloidally separated by 2 mm).
Its shape appears broad and asymmetric about k4 = 0.
The fluctuation power is confined to frequencies f <
150 kHz and wavenumbers | k¢ |< 3.5 x 10?2 m~1.
Density fluctuations have similar spectra. The dis-
persive widths o and o; were calculated and, in the
edge plasma, had about the same value for density
and potential spectra (typicaly ¢, = 1 X 10? m~!
and oy = 1 x 105 Hz). The strength of the reported
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turbulence can be shown by the relative broadening
ok, ke = 1.6 (see Fig. 8b), higher than those obtained
in Similar experiments in other tokamaks for which the
values of this ratio was about onel312:14}.
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Figure 8 (@) S{ke,f) spectrum for potential fluctuations at
r/a = 0.91. (b) Dispersion relation, oy, 4, for the same
position.

Power weighted poloidal phase velocities, obtained
from EqQ. 11 (in terms of k and s(k,f)) ,are of the same
order of magnitude astheion diamagnetic drift velocity,
tipically v,, = 1X10° m/s; these velocitieshave alsothe
same direction. Although no evidence of a shear layer
was found (examining the v,; and the £, X B profiles)
in the region accessible to the probes, there may exist a
shear-layer (in a more internal region) displaced by the
stochasticity enhancement!*%,

Theradial induced particle flux T'(f) due to electro-
static fluctuations was estimated from Eq. 15. Fig. 9a
presents the particle flux spectra at to different radial
positions; inside plasmaand in thelimiter shadow. This
figure shows outward fluxes over the entire spectrum,
but whileinside the plasmaa broad frequency spectrum
is clearly observed, in the shadow of the limiter only a
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Figure 10: (a) Typical By power spectrum in the coherent MHD frequency range, at r/a = 1.16. (b) Typical B, power
spectrum in the broad band activity frequency range.
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predominant low frequency peak can beidentified. This
contrast indicates the importance of inserting probes in
tlie plasma edge to obtain information about its turbu-
lence, i.e., its electrostatic broad-band spectrum. Fur-
thermore, integrating I'( f}, one obtains, for these fluc-
tuation induced fluxes, values (I' ~ 1 X 101° particles
m~2s~1) comparable to those computed directly from
the anomalous particle diffusion!*!]. From these values
one can estimate diffusion coefficients (D ~ 1 m?s™*)
and confinement times (r~ 1X 1072 s) compatible with
other previous TBR-1 results!**].

Since T'(f) depends on the phase angle, 85, and
the coherence spectra, ya5(s), these are also shown in
the Figs. 9b,c. From thesefigures, it is possible to rec-
ognize that sinf;; and vs¢ do not change much in the
range f < 150 kHz. Therefore, the electrostatic fre-
guency spectra are mainly determined by the #n and ¢
amplitude dependence on f (one example of this varia-
tion can be seen in Fig. 8a). These qualitative features
of the transport spectrum were also observed at other
radial positions.

Signals from the radial and the poloidal compo-
nents of the fluctuating magnetic field were measured
with pick-up coils, whose dimensions allow the mea-
surement of the wavenumbersup to 3x 1072 m. Thus,
Fig. 10a shows a typical B power spectrum in the co-
herent MHD frequency range (identified in other experi-
entesin the TBR-1116:17 for picli-up coil at r/a = 1.16,
and Fig. 10b shows the same B power spectrum in
the broad band frequency range. This composition has
been also observed in other tokamaksi®, but in differ-
ent frequency ranges, specialy the MHD oscillations,
whose frequencies are — for bigger tockamaks — much
lower than in TBR-1. Consequently, in the TBR-1, the
magnetic and density fluctuation spectra are not sosep-
arated, as in other machines, a characteristic that may
contribute to check correlations, not yet observed('9],
between these oscillations. The spectral shapes of B
and B, are similar for different radial positions. An-
other particular observation was reported elsewhereb,
about small peaksin coherency spectrum v, 5 (f), con-
centrated in the MHD frequency range.

To quantify the strength of the wave-wave coupling
in the plasma edge turbulence, the bispectral analy-
sis was applied to tlie obtained data. As an exam-
ple, Fig. 11 shows the bicoherence spectrum (Eq. 13)
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for the case of poloidal magnetic fluctuations, probe
at r/a = 1.16; the low value of bicoherence implied
tliat the system is turbulent in the frequency space and
cannot be described in terms of few nonlinear coupled
modes, possibly only spontaneously excited indepen-
dent modes. Thisbehaviour is similar for ail oscillations
analysed in this work.

Figure 11: Bispectrum, b°(f1, f2), for poloidal magnetic
field fluctuations at r/a = 1.16.

V. Conclusions

The application of spectral analysis to the fluctu-
ation data obtained with the electric and rnagnetic
probes installed in the TBR-1 were adequate to char-
acterize the turbulence and mean parameter profiles at
tlie plasma edge. Moreover, with the information ob-
tained from these diagnostic techniques that includes
power spectral analysis, it was possibie to determine the
wavenumber frequency, the phase angle, the coherency,
and the fluctuation induced transport spectra.

The electrostatic waves are highly dispersive, their
spectra are broad, and asymmetric about ks = 0O; their
power is confined to frequencies f < 150 kHz and
wavenumbers [kg| < 3.5 x 10?2 m~1.

In TBR-1, as observed in other tokarnaks, the mag-
netic fluctuation frequency spectra can be interpreted
as a superposition of a low frequency Mirnov (MHD)
oscillations and high frequency turbulence. However,
there were observed Mirnov oscillations with frequen-
cies up to 80 kHz, higher than in other larger toka-
maks. Consequently, there was a partial superposition
between the MHD and the electrostatic spectra, an un-
usual characteristic of plasma edge fluctuations. More-
over, this MHD activity is higher than those usually
observed in other tokamaks and creates a stochastic
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magnetic fi:ld in the plasma edge, which affects the
plasma confinement17:20]

The application of the bispectral analysis to data of
the TBR-1 plasma edge indicated no evidence of any
dominant coupling modes.

With the results presented in this work it was pos-
sihle to improve previous work['™2 on turbulence at
TBR-1 plasma edge.
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