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We analyze alterations on the electrostatic turbulence in experiments with imposed bias to control the
plasma radial electric field in Texas Helimak (K. W. Gentle and H. He, Plasma Sci. Technol. 10, 284
(2008)), a toroidal plasma device with a one-dimensional equilibrium, magnetic curvature, and shear.
Comparing discharges from different biased potentials, we identify, in a roughly uniform gradient
region, a continuous variation from low turbulence level and narrower frequency spectra, for negative
bias, to high turbulence level and broadband spectra for positive bias. Overall, we distinguish two
kinds of perturbed turbulence, classified according to their intensity, spectral, statistical, and recurrence
properties. When the bias is positive, the turbulence shows enhanced and broadband spectra with non
Gaussian probability distribution functions having noticeable long tails (extreme events) similar to the
turbulence in tokamak scrape-off layer. On the other hand, negative bias reduces the turbulence level
and decreases the spectrum widths. Also for negative bias, we found large frequency widths whenever
the coupling between drift waves and the sheared plasma flow is fast enough to allow the enhancement
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of sidebands modes. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793732]

. INTRODUCTION

Improvement of plasma confinement in toroidal devices,
as tokamaks and stellarators, is limited by the electrostatic
turbulence observed at the edge region.'™ In the last years,
several works have investigated how to control plasma tur-
bulence and improve the confinement by imposing an exter-
nal electric potential that changes the radial electric field
profile.>™® Although there has been reported progress, further
investigations are necessary to complete the experimental
description, of the reported turbulence alterations obtained
by controlling the electric field, and to better understand the
influence of the biased electric potential on the turbulence
spectral properties.

In general, turbulent magnetically confined plasmas dis-
play broadband fluctuation power spectra® and the associated
wave coupling interaction are considered essential for
explaining this broadband power spectra observed in labora-
tory settings.”'” It has also been observed that the radial
electric field inside the plasma modifies the nonlinear wave
interactions.>' "1

Complementary investigations of plasma turbulence and
their spectral characteristics have been carried out in several
simple magnetized devices. One experimental work, on a lin-
ear device, showed that drift waves may destabilize and gen-
erate a turbulent spectrum.'> Another experimental
investigation showed that turbulence developed in a toroidal
magnetoplasma due to drift wave destabilization by a large
magnetic confinement field.'* Moreover, in a toroidal device
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without plasma current, anomalous transport was associated
to intermittent large coherent vertical structures.'> In a toroi-
dal magnetoplasma created by radio frequency waves, with-
out plasma current, the development of temporal turbulence
was attributed to the increase of the confinement toroidal
magnetic field.'® In the large plasma device (LAPD),'”'®
investigations in turbulence and turbulent particle transport
were performed due the capability of this device to create a
variable electric field on the radial direction.'®

Recently, electrostatic turbulence has also been investi-
gated in plasmas with flow and magnetic shear in heli-
maks.'>2%23 In these toroidal devices, several experiments
have been performed to study the role of electrostatic insta-
bilities on the turbulence onset. The helimak is one of a class
of basic plasma experiments with characteristics of fusion
plasmas in a simple geometry. This basic plasma toroidal
device has a sheared cylindrical slab that simplifies the tur-
bulence description and provides results that can be used to
understand plasma edge and the scrape-off layer transport in
major fusion machines.”* As the plasma of helimak is colder
and less dense when compared with tokamaks, it is possible
to use a large set of diagnostic probes. These characteristics
make the helimak an interesting device to study the plasma
flow shear influence on wave turbulence.”'"*

In Texas Helimak, turbulence biasing control has been
investigated and, in the biased region, states of greatly reduced
turbulence have been achieved.®** Comparison of the shear-
ing rates with the turbulence amplitudes as a function of bias
showed no relation between the shearing rate and turbulence
reduction, contrary to expectations.'' Data analyzes revealed
features of instabilities in Texas Helimak.'”* Recently,
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we analyzed the turbulence induced transport in this device
and found evidence that transport is much affected by wave
particle resonances and shearless transport barrier.*®

In this article, we analyze the turbulence changes due to
alterations on the radial electric field profile, in the plasma
region of Texas Helimak with roughly uniform equilibrium
gradients, through an external voltage bias applied to a set of
border plates. For normal operation, all plates are connected
to the vacuum vessel ground. For biased operation, some
plates are connected to a controlled bias voltage. By apply-
ing spectral, statistical, and recurrence analyses, we identify
two different kinds of perturbed turbulence. Overall, for pos-
itive biasing, turbulence shows enhanced broadband spectra
and non Gaussian PDF with extreme events. On the other
hand, during negative biasing the turbulence level is reduced.
In this case, the spectral width increases with the wave cou-
pling. Moreover, large frequency widths occur for short
growth rate of the sidebands associated to the recursively
coupling between the drift waves and the zonal flow.

In Sec. II, we review the experimental set up. In Sec. II1,
we describe turbulence in Texas Helimak and in Sec. IV the
influence of external biasing on turbulence. In Sec. V, we
discuss the reported experimental features and, finally, in
Sec. VI we comment our main conclusions.

Il. EXPERIMENTAL SET UP

The experiments are performed at Texas Helimak,”® a
basic plasma toroidal device located at the University of
Texas at Austin. In this machine, the combination between
the toroidal and the small vertical field creates a helical mag-
netic field with curvature and shear as shown Fig. 1(a). Most
of these magnetic field lines start and terminate into four sets
of four plates located at 180° apart at the top and the bottom
part of the machine. These plates are used as a support to the
Langmuir probes and to apply external electric potentials
(bias) to change the radial electric field profile. The Helimak
geometry is well described by the sheared cylindrical slab**
since the connection lengths are long enough to neglect the
end effects. In the analyzed experiments, the dominant toroi-
dal field is about 0.1 T, which, when combined with the
weaker vertical field create magnetic field lines with =240 m
of connection length at the middle of the machine (R =1 m).
The field lines are thus helices as shown in Fig. 1(a), spira-
ling from bottom to top.

Texas Helimak has a vacuum vessel with rectangular cross
section of external radius Reyema = 1.6m, internal radius
Rinternar = 0.6 m, and height=2m. For the experiments ana-
lyzed in this work, Argon gas at 10> Torr was heated by elec-
tron cyclotron resonance heating with 6 kW of power inserted
by a window located on the inner side of the vacuum vessel.
The shot duration is up to 20s and the plasma is in a steady
state with stationary conditions during 10s, the time interval
considered for fluctuation analyzes described in this work.

The diagnostic system count with more than 700
Langmuir probes mounted at the four sets of bias plates. The
analyzed data were taken by two digitizers, one recently
implanted, with 96 channels and 500kHz of sample rate,
and another one with 64 channels and 7 kHz of sample rate.
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FIG. 1. (a) Cross section of Texas Helimak vacuum vessel showing the posi-
tion of the four sets of bias plates (in yellow are those used for this work) and a
sample of its helicoidally magnetic field lines. (b) Probe distribution, on the top
plates, used to measure the fluctuating saturation current analyzed in this work.

The probe distribution shown in Fig. 1(b) was used to mea-

sure saturation current fluctuations analyzed in this work.
Figure 2 shows the mean density radial profile estimated

from saturation current fluctuations and the mean floating
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FIG. 2. Radial profiles of the equilibrium plasma density (in solid) estimated
from current saturation and the equilibrium floating potential (in dashed).
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potential radial profile. The density profile has a maximum
at R = 0.95m and decreases more smoothly on the external
side of the peak, which corresponds to the low field side of
the toroidal magnetic field. The mean floating potential ra-
dial profile presents a minimum at R ¢ 1.10 m and a positive
gradient in the analyzed radial region, 1.10m <R < 1.25m.
In this region, the density gradient is practically uniform and
the electric field is much affected by the external bias
imposed in the four bias plates positioned from R =0.86 m
to R=1.07 m (marked in yellow in Fig. 1(a)).

lll. TURBULENCE

To study plasma turbulence characteristics in Texas
Helimak, we perform spectral analyses on the current saturation
time series n(t) obtained for each probe in the configuration
shown in Fig. 1(b). These signals were originally taken during
the full shots of 22 s of duration but we only analyze the 9.7 s
of stable plasma. As the series were acquired with recently
implanted analog to digital converter with S00kHz of sample
rate, the considered time series have about 4.9 x 10° points.

For the spectral analysis, we perform a windowed FFT
algorithm dividing each selected data time series into 194 se-
ries with 25 x 10* points each. Taken the ¢, (f) as the dis-
crete Fourier transform of the n time signal at frequency f,
the power density spectrum and the cross power spectrum
are calculated by

Sun(f) = ¢u(F) 9, (f) (1
and

Snm (f) = ¢n (f) (]5;:1 (f) ) 2

where ¢*(f) represents the complex conjugate of ¢ (f).

With these spectra, we calculate the coherency spectrum,
Y.ms Of the two different probes signals using the relation
given by’

Snm
Yim = |<4>|1/2 . 3)
(<Snn ) Smm>)
Once the cross power spectrum can be written as
Snm (f) = |Snm (f) |€m(f> . (4)

The vertical wave number spectrum, k(f), was calculated
using the phase shift of the cross power spectrum of the sig-
nals of two probes placed in different vertical positions”

kp) =0, )

The power density spectra for two probes at the same ra-
dial position, R=1.21m, and separated by Az=4cm in the
vertical direction are shown in Figs. 3(a) and 3(b). Both spec-
tra show the same small peak, at f = 100 Hz, and power decay
as a function of frequency. The coherency spectrum, Fig. 3(c),
of these two probes present high and uniform coherency val-
ues for f <40kHz, due to plasma waves propagating in the
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FIG. 3. Saturation current power spectra for two probes at the same radial
position, R =1.21 m, and different vertical positions: (a) z=1.75m and (b)
z=1.77m. Frequency spectra of (c) coherency and (d) average wave num-
ber for these two probes. For this shot, the bias was grounded.
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vertical direction. The average wave number presents a linear
frequency dependence, Fig. 3(d), showing that all spectra
have the same phase velocity.

To better characterize the dispersion relation, we can
introduce the S(k,f) spectrum, which can be estimated from
two probe measurements as

S(kvf) = Z 5(kv kj)a(f’fjﬂsjnm(f”? (6)

where d(a, b) is the Kronecker delta and the index j repre-
sents each window of the Fourier transformer. Therefore, the
local S(k,f) spectrum is estimated as the bidimensional his-
togram of the amplitudes of the cross spectrum in terms of
the wave number and frequency among several similar real-
izations. The S(k,f) spectrum is observed in Fig. 4, in which
we present in color scale the obtained signal power as a func-
tion of its frequency and wave number. This spectrum shows
an almost linear relation between the wave numbers and
frequencies with a similar dispersion for all measured fre-
quencies, including the low frequency peak, indicating that
the dominant waves propagate in the vertical direction with
similar phase velocity.

Turbulence characteristics change with the radial posi-
tion but are expected to be independent of the vertical posi-
tion. To verify this dependence, we present in Fig. 5(a) the
power spectrum width values, Af, in color scale, obtained
for probes placed in different positions whose radial and
vertical coordinates, R and z, are indicated in the figure.
The Af is estimated by sorting the channels values of the
power spectrum in descending order and then computing
the number of channels that needs to be summed in order to
reach half of the total spectral power. Figure 5(a) shows
that the power spectrum width becomes broader with
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FIG. 4. Saturation current S(k,f) spectrum for the probes (same of Fig. 3) at
the radial position R=1.21m, and different vertical positions z=1.75m
and z = 1.77 m. In this shot, the bias was grounded.

increasing R and is approximately independent of z. As the
power spectrum width basically does not depend on the ver-
tical coordinate, we calculate the mean value of the Af on
the z direction and the result is show in Fig. 5(b). The
uncertainties are estimated by the standard deviation for the
vertical set of values.
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FIG. 5. (a) Frequency spectrum width, Af, for several vertical (z) and radial
(R) positions. (b) Vertical average of the frequency spectrum width, Af, for
several radial positions, for a bias grounded discharge. The uncertain of each
point is estimated by the standard deviation for the vertical set of values.
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IV. INFLUENCE OF EXTERNAL BIASING ON
TURBULENCE

In Texas Helimak, the turbulence power spectra can be
modified by changing the radial profile of the radial electric
field component. This electric field alteration can be
achieved by imposing an external electric potential on some
of the 16 available bias plates (see Fig. 1(a)). For the shots
analyzed in this paper, bias is imposed in the four plates (two
on the top and two on the bottom, on both sides of the
machine, as indicated in Fig. 1(a)) placed in the interval
from R =0.86 m to R = 1.07 m, near the radial region chosen
to analyze the turbulence (1.10m <R < 1.25m).

In Fig. 6(a), we can see the frequency width Af of the
ion saturation current power spectra obtained at different ra-
dial positions and several bias values. The obtained fre-
quency width depends on the external bias. Namely, the
fluctuation power spectra become broader for positive bias
and are narrower for negative bias. Thus, application of neg-
ative bias induces frequency localized modes which will be
analyzed in the next section. Moreover, in Fig. 6(a), for two
specific bias values, —16 V and —20 V, we observe a strong
decrease of the spectrum width, specially for radial values
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FIG. 6. Radial profiles of the spectrum width (a) and total power spectrum
(b) for several bias values.
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lower than 1.2m, an indication of the presence of a macro-
scopic low frequency mode.

To better understand the influence of the bias on the tur-
bulence, we present in Fig. 6(b), the total spectral power as a
function of the radial positions and bias values is shown. The
total spectral power was obtained integrating the power spec-
trum. By comparing the spectra of Figures 6(a) and 6(b), we
note that high values of power and spectrum width occur for
positive bias values.

Thus, varying the bias values from —25 V to 15V, we
observe the influence of the electric field on the turbulence, a
continuous variation from low turbulence level and narrower
spectra, for negative bias, to high turbulence level and broad-
band frequency spectra for positive bias.

An additional indication of two kinds of turbulence in the
considered data can be obtained from the recurrence of the an-
alyzed time series whose points are written as y;, with i=1,
2,... N. From the latter, we can make a d-dimensional embed-
ding using vectors X; = (y;, y,H, y,ﬁr, Vit 1)1) where 1 is
a suitably chosen time delay.””*® The points X, in R? repre-
sent the reconstructed dynamical state of the system at a given
time i. The points at times i and j of the series are said to be
recurrent if X;~ X, A systematic way to investigate the
occurrence of recurrences in a time series is by means of re-
currence plots (RPs), which are two-dimensional graphical
representations of the matrix whose elements are
Rij=0E—1X;=X|), i, j=1, 2,...N, where ¢ is a pre-
determined threshold, ® is the Heaviside unit step, Il...Il is the
Euclidean (or another suitable) norm.?’~?° The recurrence plot
is obtained by assigning a black (white) pixel to the points for
which R; ;= 1(0). While the RPs depend on the values of the
embedding dimension d and the threshold ¢, the relative trend
is quite stable with respect to these parameters.”’*’

Recurrence quantification analysis consists of a series of
measures obtained from a recurrence plot which can eluci-
date various aspects of the system behavior. For example,
stationary time series give recurrence plots which are homo-
geneous, while for non stationary ones the recurrences are
mainly concentrated close to the main diagonal. If the plot
shows a cloud of points with a homogeneous yet irregular
distribution, then the time series has a pronounced random
nature. The formation of patterns may indicate stationary tur-
bulent behavior, and so on.” Furthermore, some properties
of the RPs can be quantified using the diagnostics of the so-
called recurrence quantification analysis.””*® For instance,
the determinism (DET) algorithm evaluates the fraction of
recurrence points belonging to diagonal lines in the RPs.*”-*®
Diagonal lines appear in the RPs when similar evolutions are
observed in different time intervals. So, low turbulent fluctu-
ations are expected to exhibit more recurrence points in diag-
onal lines than high turbulent ones (for which the recurrence
points are expected to be uniformly distributed).

In Figure 7, we present the RPs obtained from the meas-
ured fluctuations for short time intervals (4 ms, corresponding
to 2.000 points) with (a) bias=—30 V, (b) bias ground, and
(c) bias=+15V. For each of these RPs, we calculate the
DET value.”

The obtained RPs are homogeneous, as expected for the
analyzed stationary series. The turbulence differences can be
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FIG. 7. Recurrence plots for shot with (a) bias=—30 V, (b) bias ground,
and (c) bias =415 V. The estimate determinism for each case is 0.93, 0.90,
and 0.76, respectively. The analyzed time series of saturation current was
obtained for a probe positioned on R=1.17m and z=1.747 m.

identified in the three RPs of Figure 7 by their characteristic
patterns, or structures, made of certain distributions of pixels.
Observing these plots, we see for negative bias the size of
the recurrence structures in the RPs is bigger than for posi-
tive bias. It suggested that the regularity is lower at positive
bias than at negative one, which can be interpreted as an
increase of the turbulence.”” The estimated DET decreases
from negative to positive bias, confirming what is observed
directly by the plots: 0.93 for bias=—30 V, 0.90 for bias
ground, and 0.76 for bias=+15V.

Therefore, the dynamical analysis from the RPs confirms
the results of the statistical analysis that suggests the existence
of two regimes of turbulence according to the signal of the
bias.

V. INTERPRETATION OF TURBULENCE ALTERATION
A. Broad frequency spectrum

The electrostatic turbulent fluctuation spectra have com-
mon properties in several plasma confinement devices.
Namely, the time series of the signals are intermittent, nearly
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random, the statistics of the fluctuations does not completely
satisfy the assumptions of statistical homogeneity and iso-
tropy in the plane perpendicular to the toroidal magnetic
field. Usually, fluctuation PDFs and the probability distribu-
tion of time interval between successive bursts, P(t), are
used to characterize statistical properties of the electrostatic
turbulence.

In Figure 8, we present PDFs of saturation current sig-
nals for three different bias values: —25 V (dashed line),
ground (solid line), and +15V (dotted line). These experi-
mental curves cannot be fitted by Gaussians, as it can be rec-
ognized by comparing these distributions to the Gaussian
shown in solid red thin line. The PDF of the turbulence
observed for positive biasing (15 V) has a long tail, an indi-
cation of intermittent bursts. The same kind of PDF with
long tail has been commonly observed in tokamak plasma
edge and scrape-off layer.’® As in tokamaks and other devi-
ces, there is a great variability in the amplitude of bursts as
well as in the time interval between two successive
bursts.>' 2

To systematize the statistical analyses of the PDF shapes
and evaluate the observed deviations from Gaussians, we
compute the skewness and kurtosis for all discharges and
indicate in Fig. 9 by axes (crosses) the results obtained with
positive (negative) bias. For positive bias, the kurtosis and
skewness are higher than the values K=3 and S=0
obtained for Gaussian distributions, indicating the presence
of positive extreme events. As observed in Torpex,>' K and
S values are approximately distributed along a parabola.
This deviation from a Gaussian is due to the presence of
intermittent bursts, a phenomenon common to several mag-
netic confinement devices,?”~> and the parabolic relationship

--------- bias= -25 V (S=0.10, K=2.93)
bias= 0V (S=0.58, K=3.13)
w bias= +15 V (§=0.97, K=3.83)
— Gaussian

PDF

(g /(0 )

it

FIG. 8. PDFs of saturation current signals for three different bias values:
—25 V (dashed line), ground (solid line), and +15V (dotted line). A
Gaussian PDF is showed for comparisons (solid red thin line).
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FIG. 9. Kurtosis versus skewness curve for bias grounded (black dots), bias
> 0 (blue axes), and bias < 0 (red crosses). An estimated quadratic curve is
showed to guide the interpretation.

between K and S has been observed in several kinds of
plasma turbulence.**

Next, for data from probes at R=1.170m and a shot
with bias = +15V, we present in Fig. 10 the probability dis-
tribution, P(7), of time intervals, 7, between successive bursts
(considered as events with amplitude at least four times the
standard deviation). In this figure, the curve is an exponential
fitting. The observed exponential distribution is also
observed for the inter bursts time of the intermittent fluctua-
tion in the tokamak scrape-off layer. This distribution of t©
values in the sequence of Fig. 10 indicates that the bursts
appear in uncorrelated time intervals.

B. Bispectral analysis

Nonlinear mode coupling has been identified in several
experiments with broadband turbulent plasmas.> Particularly,
mode coupling has been proposed as one relevant mechanism

FIG. 10. Probability distribution, P(7), as a function of 7. Data obtained for
probes at R =1.170m for a shot with bias =415 V. The curve is an expo-
nential fitting. In the inset, we show the same date with linear scale on t
axes.
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for the onset of turbulence.'® One of most fruitful procedures
to identify the mode coupling and estimate its importance is
the bispectral analysis.”*® We apply this analysis to the turbu-
lence in Helimak to identify the bispectrum differences in dis-
charges with positive and negative bias.

In this work, we consider the plasma turbulence spectra,
like those of Fig. 3, and apply the standard procedure of bis-
pectral analyses to identify and measure nonlinear mode cou-
plings. The auto-bicoherency was calculated through the
auto-bispectrum.’ Taking ¢, (f) as the discrete Fourier trans-
form of the n time signal at frequency f than the auto-
bispectrum of 7 is

B(f1.12) = (6, (f3),,(f1) b, (f2)) @)

where f3 = fi + /2

The normalization of the auto-bispectrum gives the
associated auto-bicoherency, b?, which does not depend on
the mode amplitudes

B(fi.f2)”
(16, (F1) b, () ) U, (5)7)

b (fi.fo) = : ®)

In Figure 11, we show the auto-bicoherency spectrum
for one signal obtained for R=121mandz=1.75m and a
negative bias of —8 V. In this figure, the frequencies are on
the axis and the auto-bicoherency (b*) value is in grey
scale. We decide to plot only frequencies less than 1 kHz,
but in the subsequent results we calculate the auto-
bicoherency until f=4kHz. Fig. 11 auto-bicoherency spec-
trum shows some higher values of b2, for example, the
region where f; = 0.20kHz and f, = 0.13kHz, indicating
the existence of coupling between modes with frequencies
0.13,0.20, and 0.33 kHz.

In order to investigate the wave coupling dependence
with the radial and vertical positions, we introduce the sum of
the auto-bicoherency, Sy =3, > b?(f1,f>), whose value
reflects the amount of the wave coupling. Fig. 12(a) shows the
value of the S, as a function of the radial position. In this
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FIG. 11. Auto-bicoherency for radial position R = 1.21 m and vertical posi-
tion z = 1.75 m. For the considered shot, the bias was —8 V.
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FIG. 12. (a) Sum of bicoherency, S, and (b) spectrum width as a function of
the radial position. Discharge for a bias = —25V. The uncertain of each point
is estimated by the standard deviation for the vertical set of values. The
dashed line indicates the sum of bicoherency of a random signal.

figure, we observe that the sum of the auto-bicoherency
increases with the radial position, especially for R > 1.18 m.

Comparing, in Figure 12, the dependence of the S, and
the power spectrum width with the radial position presented,
we note that both present similar radial profiles. This similar-
ity could be interpreted as an evidence that, for negative
bias, the spectrum width changes with the mode coupling in-
tensity (as considered in Sec. V C).

In Figure 13, we show the auto-bicoherency spectrum
for one signal obtained for R=1.21m and z=1.75m and a
positive bias of +8 V. In this case, the auto-bicoherency
spectrum also shows evidence of mode coupling. However,
Figure 14 shows that, for discharges with positive bias, the
Sp and the power spectrum width do not have similar radial
profiles, suggesting that the power spectrum width is not a
function of the coupling.

In Sec. VC, for discharges with negative bias, we use
the dominant modes with high bicoherence values, as in
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FIG. 13. Auto-bicoherency for radial position R =1.21 m and vertical posi-
tion z = 1.75 m. For the considered shot, the bias was +8 V.
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FIG. 14. (a) Sum of bicoherency, S, and (b) spectrum width as a function of
the radial position. Discharge for a bias = +8 V. The uncertain of each point
is estimated by the standard deviation for the vertical set of values. The
dashed line indicates the sum of bicoherency of a random signal.

Figure 11, to identify the modes whose iteration with the
zonal flow may explain the observed width radial depend-
ence as the one shown in Figure 12.

C. Evidence of wave and zonal flow coupling for
negative bias

Next, we use a model to describe the coupled wave
propagation in Helimak discharges with negative bias. More
specifically, we consider a model describing the onset of tur-
bulence due to the coupling between the drift waves and the
zonal flow. But, it is worth to mention that some interpreta-
tions of turbulence in helimaks indicate that fluctuations may
be driven by drift or interchange instabilities.'”**

Turbulent drift fluctuations have been described by non-
linear wave equations.” This subject was pioneered in the
field of magnetically confined plasmas by Hasegawa and his
co-workers who obtained numerical solutions of Hasegawa-
Mima equation for the basic nonlinear three-wave interac-
tion.>” In Ref. 37, the Hasegawa-Mima equation describing a
nonlinear coupling of three drift waves was assumed to gov-
ern the evolution of the system to a turbulent state. It was
also emphasized that such an interaction could proceed not
only for the resonant case but also for the non resonant,
where a significant frequency mismatch occurs. In view of
this, a Generalized Charney-Hasegawa-Mima equation
(GCHME) was used in Ref. 38 to describe the underlying
nonlinear interaction generalized to a four-wave process.
This is particularly relevant to the case where one of the
interacting waves is an almost zero-frequency zonal flow, as
we are considering in the present investigation.

Here, we use the GCHME to describe electrostatic drift
waves in magnetically confined plasmas. We present numeri-
cal solutions for a four-wave mechanism introduced in Ref.
38, for which the energy of a pump wave, in the presence of
a modulated zonal flow, is transferred to two sideband
modes. Thus, in this paper, we analyze the Helimak plasma
turbulence as described by the GCHME?®
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Here, ¢ is the total electrostatic potential given by
¢ = ¢ + ¢, where ¢ is the equilibrium and ¢ the fluctua-
tion. The velocity Vo = cé, x V¢ /B is the equilibrium flow
due to the E x B drift and is referred to as the zonal flow,
where the equilibrium magnetic field is B = Be,. V, = V€,
is the diamagnetic drift with V; = cf /(L,), and L, is the
equilibrium density scale length, L' = 1/7|d#ii/dx|, while
Ve =cé. x V¢ /B is the fluctuating E x B drift and
ps = ¢s/Qi. The used time normalization is t — (p,cs/a®)t,
where p, is the ion-acoustic gyro radius, ¢, is the ion sound
velocity, and a is the characteristic plasma size.

Next, we simplify the problem by assuming that there is
just a single, finite amplitude, monochromatic drift wave pres-
ent initially, whose frequency and wave number are given by
(o, ko), where ko = (0, ky, k), and

ok

= 10
et (10)

o

where k3 = kf, + k% and o = a/L,.

Now, we consider the presence of a zonal flow fluctuation
(w, q) with wave number q, which varies on a time scale
much longer than e '. The zonal flow fluctuation can then beat
with the finite amplitude pump wave to generate drift wave side-
bands with wave numbers, k+ = ko*xq = (0, k,*q,k.). The
sidebands can beat with the pump wave to reinforce the zonal
flow fluctuation, thus closing the feedback loop. This is the
mechanism underlying modulational instabilities which have
been studied in fluids and magnetized plasmas.*®

Introducing the amplitudes Ay, B, a+, we have

bo = Ao(t)exp(ikyy + ik.z — iwot) + c.c. (11)
and the sidebands
¢ = a-(t)exp <i(kyiq)y + ik,z — ia):t) +cc.  (12)

In this expression, the unperturbed drift wave frequencies,
w-+, are given by

ok,
= 13

where k3 = (k,=¢)* + k2. The zonal flow perturbation is
assumed to be of the following form:

Vo = %cséz[iqB(t)exp(iqy) +c.c (14)

Substituting these waves into Eq. (9) and keeping only
the terms which satisfy perfect wave number matching, we
obtain the following coupled equations:
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dA 1+ (K2 —¢*)p?
_0:790[ + (k3 f/z)p ]a+B*
dt (1+kp*)
1 k2 2\ a2
_i_QOMa_B’ (15)
(1 + kop )
da. . [1+ (K — ¢%)p’]
—+idya, = Qy———""A¢B, 16
dt +U4 0 (] —Q—kiﬁz) 0 ( )
da_ . [1+ (B —q*)p*]
——4ida =-Qpr——0 TP 14 B*, 17
7 0 (+ 27 0 (17)
dB K=k kK — k2
—= 0—( - O)a+A3 - 907( — O)QiAo, (18)
dt q2 q2

where 0+ = w+ — wg and Qy = ¢k..

Next, we analyze numerical solutions from this model to
interpret the dependence of turbulence spectrum widths with
bias and radial position, observed for discharges in Texas
Helimak with negative bias. To do so, we obtain from the
experimental data the input parameters and integrate the sys-
tem’s equation. The experimental input parameters are
obtained as follow. The magnetic field, B, is obtained directly
using the equation B (R) =0.077/R (T). The electronic tem-
perature was defined as a constant and uniform T, ~ 13eV,
which is consistent with the measured I x V curve of the
Langmuir probes in a specific experiment. The mass of the
ion (argon) is: m; = 6.67 x 10 2° kg. The characteristic length
of the machine is a=1m. The equilibrium density scale
length, L,,, was obtained for each bias value, radial and verti-
cal positions using the mean radial profile of the measured sat-
uration current once we adopt

a o L
" di/dR " dl/dR

neglecting the temperature changes with the radial position.
The vertical wave number, k,, was obtained thought the
S(k,f) spectrum, like the spectrum of Fig. 4, for each bias
value in each vertical and radial positions. The radial wave
number cannot be accurate measured, than we took it as
kg = k./3. The zonal flow wave number, g, was calculated
using the bias adjusting sinusoidal curves on the sheared
plasma vertical flow velocity profiles which was measured
by an spectroscopic method.®

Integrating the system with the experimental parameters,
we observe that the pump wave, the zonal flow, and the side-
band waves exchange energy with each other. During this
exchange, the amplitude of the waves is modulated. To inter-
pret these experimental turbulence spectrum characteristics,
the time period of this modulation can then be measured for
each set of experimental input values. We conjecture that
for shorter times of interaction waves, the spectrum should
be broad once there is time for sideband creation and these
sidebands interact with the zonal flow to create another side-
bands in a recursively processes that will create many waves
resulting in a broad band spectrum. To illustrate the differen-
ces in the time interaction of two different input parameters,
we show in Fig. 15 the evolution of the a, for two different

Phys. Plasmas 20, 022310 (2013)
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FIG. 15. The interaction time dependence on external bias potential: evolu-
tion of amplitude of the sideband (a,) for two different radial positions:
R =1.11m (dashed line) and R =1.21 m (solid line), both for the same bias
value, =25 Vz=1.747m.

radial positions: R=1.11m (a) and R=1.21 m (b), both for
the same bias value, —25 V, and vertical position z= 1.747 m.

In order to interpret the spectrum width dependence
with the radial position and the external bias values, in the
framework of the considered wave coupling, we theoretically
estimate the mean value of the wave interaction time, for
several radial positions and negative bias values. This de-
pendence is shown in Fig. 16, where we observe that the

Bias (V)

Bias (V)

112 1.16 1.2 1.24

R (m)

FIG. 16. Interaction time (a) and power spectrum width (b) for several bias
voltages and the radial positions.
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interaction time present a region of high values (from
R~1.16m and bias ~—8 V to R~121m and bias
~—22V) similar to the region where the spectrum width
present small values. We note that the model estimated inter-
action time does not taken into account the low frequency
mode observed for bias ~—16 Vand R < 1.2m.

In the analyzed Helimak discharges, with negative bias,
the spectrum widths depend on the radial coordinate (see
Figure 12). The results obtained in this section indicate that
the experimentally observed spectrum width increases where
the coupling interaction time, estimated from GCHME solu-
tions, decreases. Consequently, in the regions with long
interaction time, the wave coupling with the zonal flow
recursively generates a sequence of daughter waves during
the wave propagation in Helimak.

VI. CONCLUSIONS

In Texas Helimak, the turbulence has been investigated
in a sheared flow one dimensional equilibrium plasma. As
the plasma is cold and rarified, a large set of Langmuir
probes can be used to measure the fluctuations inside the
plasma. Moreover, the ion flow velocity profile is spectro-
scopically measured. The turbulence level has been reduced
by controlling the radial electric field using a set of metal
plates at the top and bottom inside the vessel. Thus, investi-
gations performed in Texas Helimak could be of consider-
able value to elucidate the influence of the electric field and
zonal flow radial profiles on plasma turbulence.

In this article, we analyzed the plasma turbulence in
Texas Helimak, in a roughly uniform gradient region, in the
discharges with biased electric fields, and identify a continu-
ous variation from low turbulence level, for negative bias, to
high turbulence level for positive bias. By applying spectral,
statistical, and recurrence analyses, we identified two differ-
ent kinds of perturbed turbulence. Overall, for positive bias-
ing, turbulence shows enhanced broadband spectra and non
Gaussian PDF with extreme events. On the other hand, when
applying a negative bias, turbulence level is reduced. In this
case, the spectral width increases with the wave coupling.
Moreover, large frequency widths occur for short growth
rate of the sidebands associated to the recursively coupling
between the drift waves and the zonal flow.

In conclusion, our analysis of Texas Helimak data
reveals new features that may contribute to better understand
the influence of the electric field radial profile on the turbu-
lence observed in magnetically confined plasmas.
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