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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
C 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793732]
of sidebands modes. V
I. INTRODUCTION

Improvement of plasma confinement in toroidal devices,
as tokamaks and stellarators, is limited by the electrostatic
turbulence observed at the edge region.1–4 In the last years,
several works have investigated how to control plasma turbulence and improve the confinement by imposing an external electric potential that changes the radial electric field
profile.5–8 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 display broadband fluctuation power spectra3 and the associated
wave coupling interaction are considered essential for
explaining this broadband power spectra observed in laboratory settings.9,10 It has also been observed that the radial
electric field inside the plasma modifies the nonlinear wave
interactions.3,11,12
Complementary investigations of plasma turbulence and
their spectral characteristics have been carried out in several
simple magnetized devices. One experimental work, on a linear device, showed that drift waves may destabilize and generate a turbulent spectrum.13 Another experimental
investigation showed that turbulence developed in a toroidal
magnetoplasma due to drift wave destabilization by a large
magnetic confinement field.14 Moreover, in a toroidal device
a)

Electronic mail: dennis@if.usp.br.

1070-664X/2013/20(2)/022310/11/$30.00

without plasma current, anomalous transport was associated
to intermittent large coherent vertical structures.15 In a toroidal magnetoplasma created by radio frequency waves, without plasma current, the development of temporal turbulence
was attributed to the increase of the confinement toroidal
magnetic field.16 In the large plasma device (LAPD),17,18
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.19
Recently, electrostatic turbulence has also been investigated in plasmas with flow and magnetic shear in helimaks.15,20–23 In these toroidal devices, several experiments
have been performed to study the role of electrostatic instabilities 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 turbulence description and provides results that can be used to
understand plasma edge and the scrape-off layer transport in
major fusion machines.24 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.21,25
In Texas Helimak, turbulence biasing control has been
investigated and, in the biased region, states of greatly reduced
turbulence have been achieved.8,20 Comparison of the shearing rates with the turbulence amplitudes as a function of bias
showed no relation between the shearing rate and turbulence
reduction, contrary to expectations.11 Data analyzes revealed
features of instabilities in Texas Helimak.17,25 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.26
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 applying spectral, statistical, and recurrence analyses, we identify
two different kinds of perturbed turbulence. Overall, for positive 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 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 Sec. II, we review the experimental set up. In Sec. III,
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.
II. EXPERIMENTAL SET UP

The experiments are performed at Texas Helimak,20 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 magnetic 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 slab24
since the connection lengths are long enough to neglect the
end effects. In the analyzed experiments, the dominant toroidal field is about 0.1 T, which, when combined with the
weaker vertical field create magnetic field lines with ﬃ40 m
of connection length at the middle of the machine (R ¼ 1 m).
The field lines are thus helices as shown in Fig. 1(a), spiraling from bottom to top.
Texas Helimak has a vacuum vessel with rectangular cross
section of external radius Rexternal ¼ 1.6 m, internal radius
Rinternal ¼ 0.6 m, and height ¼ 2 m. For the experiments analyzed in this work, Argon gas at 105 Torr was heated by electron 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 20 s and the plasma is in a steady
state with stationary conditions during 10 s, 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 500 kHz of sample rate,
and another one with 64 channels and 7 kHz of sample rate.

FIG. 1. (a) Cross section of Texas Helimak vacuum vessel showing the position 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 measure saturation current fluctuations analyzed in this work.
Figure 2 shows the mean density radial profile estimated
from saturation current fluctuations and the mean floating

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 ﬃ 0.95 m 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 radial profile presents a minimum at R ﬃ 1.10 m and a positive
gradient in the analyzed radial region, 1.10 m < R < 1.25 m.
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 ¼ 0.86 m
to R ¼ 1.07 m (marked in yellow in Fig. 1(a)).
III. 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 500 kHz of sample
rate, the considered time series have about 4.9  106 points.
For the spectral analysis, we perform a windowed FFT
algorithm dividing each selected data time series into 194 series with 25  103 points each. Taken the /n ðf Þ as the discrete Fourier transform of the n time signal at frequency f ,
the power density spectrum and the cross power spectrum
are calculated by
Snn ðf Þ ¼ /n ðf Þ/n ðf Þ

(1)

Snm ðf Þ ¼ /n ðf Þ/m ðf Þ;

(2)

and

where / ðf Þ represents the complex conjugate of /ðf Þ.
With these spectra, we calculate the coherency spectrum,
cnm , of the two different probes signals using the relation
given by9
cnm ¼

jhSnm ij
ðhSnn  Smm iÞ1=2

:

(3)

Once the cross power spectrum can be written as
Snm ðf Þ ¼ jSnm ðf Þjeihðf Þ :

(4)

The vertical wave number spectrum, k(f), was calculated
using the phase shift of the cross power spectrum of the signals of two probes placed in different vertical positions9
kðf Þ ¼

hðf Þ
:
Dd

(5)

The power density spectra for two probes at the same radial position, R ¼ 1.21 m, and separated by Dz ¼ 4 cm in the
vertical direction are shown in Figs. 3(a) and 3(b). Both spectra show the same small peak, at f ﬃ 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 values for f < 40 kHz, due to plasma waves propagating in the

FIG. 3. Saturation current power spectra for two probes at the same radial
position, R ¼ 1.21 m, and different vertical positions: (a) z ¼ 1.75 m and (b)
z ¼ 1.77 m. Frequency spectra of (c) coherency and (d) average wave number for these two probes. For this shot, the bias was grounded.

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 Sðk; f Þ spectrum, which can be estimated from
two probe measurements as
X
Sðk; f Þ ¼
dðk; kj Þdðf ; f j ÞjSj nm ðf Þj;
(6)
j

where dða; bÞ is the Kronecker delta and the index j represents each window of the Fourier transformer. Therefore, the
local Sðk; f Þ spectrum is estimated as the bidimensional histogram of the amplitudes of the cross spectrum in terms of
the wave number and frequency among several similar realizations. The Sðk; f Þ spectrum is observed in Fig. 4, in which
we present in color scale the obtained signal power as a function 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 frequencies, 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 position but are expected to be independent of the vertical position. To verify this dependence, we present in Fig. 5(a) the
power spectrum width values, Df , in color scale, obtained
for probes placed in different positions whose radial and
vertical coordinates, R and z, are indicated in the figure.
The Df 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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IV. INFLUENCE OF EXTERNAL BIASING ON
TURBULENCE

FIG. 4. Saturation current Sðk; f Þ spectrum for the probes (same of Fig. 3) at
the radial position R ¼ 1.21 m, and different vertical positions z ¼ 1.75 m
and z ¼ 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 vertical coordinate, we calculate the mean value of the Df 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.

FIG. 5. (a) Frequency spectrum width, Df , for several vertical (z) and radial
(R) positions. (b) Vertical average of the frequency spectrum width, Df , 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.

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 ¼ 0.86 m to R ¼ 1.07 m, near the radial region chosen
to analyze the turbulence (1.10 m < R < 1.25 m).
In Fig. 6(a), we can see the frequency width Df of the
ion saturation current power spectra obtained at different radial positions and several bias values. The obtained frequency 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 negative 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

FIG. 6. Radial profiles of the spectrum width (a) and total power spectrum
(b) for several bias values.
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lower than 1.2 m, an indication of the presence of a macroscopic low frequency mode.
To better understand the influence of the bias on the turbulence, 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 spectrum. 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 15 V, 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 broadband 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 analyzed time series whose points are written as yi, with i ¼ 1,
2,… N. From the latter, we can make a d-dimensional embedding using vectors Xi ¼ (yi, yiþs, yiþ2s,…,yiþ(d1)s), where s is
a suitably chosen time delay.27,28 The points Xi in Rd represent 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 Xi  Xj. A systematic way to investigate the
occurrence of recurrences in a time series is by means of recurrence plots (RPs), which are two-dimensional graphical
representations of the matrix whose elements are
Ri,j ¼ H(e  ||Xi  Xj||), i, j ¼ 1, 2,… N, where e is a predetermined threshold, H is the Heaviside unit step, ||…|| is the
Euclidean (or another suitable) norm.27–29 The recurrence plot
is obtained by assigning a black (white) pixel to the points for
which Ri,j ¼ 1(0). While the RPs depend on the values of the
embedding dimension d and the threshold e, the relative trend
is quite stable with respect to these parameters.27,29
Recurrence quantification analysis consists of a series of
measures obtained from a recurrence plot which can elucidate various aspects of the system behavior. For example,
stationary time series give recurrence plots which are homogeneous, 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 turbulent behavior, and so on.28 Furthermore, some properties
of the RPs can be quantified using the diagnostics of the socalled recurrence quantification analysis.27,28 For instance,
the determinism (DET) algorithm evaluates the fraction of
recurrence points belonging to diagonal lines in the RPs.27,28
Diagonal lines appear in the RPs when similar evolutions are
observed in different time intervals. So, low turbulent fluctuations are expected to exhibit more recurrence points in diagonal 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 measured fluctuations for short time intervals (4 ms, corresponding
to 2.000 points) with (a) bias ¼ 30 V, (b) bias ground, and
(c) bias ¼ þ15 V. For each of these RPs, we calculate the
DET value.29
The obtained RPs are homogeneous, as expected for the
analyzed stationary series. The turbulence differences can be

Phys. Plasmas 20, 022310 (2013)

FIG. 7. Recurrence plots for shot with (a) bias ¼ 30 V, (b) bias ground,
and (c) bias ¼ þ15 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 ¼ 1.17 m and z ¼ 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 positive 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.27 The estimated DET decreases
from negative to positive bias, confirming what is observed
directly by the plots: 0.93 for bias ¼ 30 V, 0.90 for bias
ground, and 0.76 for bias ¼ þ15 V.
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 common 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 isotropy in the plane perpendicular to the toroidal magnetic
field. Usually, fluctuation PDFs and the probability distribution of time interval between successive bursts, P(s), are
used to characterize statistical properties of the electrostatic
turbulence.
In Figure 8, we present PDFs of saturation current signals for three different bias values: 25 V (dashed line),
ground (solid line), and þ15 V (dotted line). These experimental curves cannot be fitted by Gaussians, as it can be recognized 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 indication of intermittent bursts. The same kind of PDF with
long tail has been commonly observed in tokamak plasma
edge and scrape-off layer.30 As in tokamaks and other devices, there is a great variability in the amplitude of bursts as
well as in the time interval between two successive
bursts.31,32
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 ¼ 3 and S ¼ 0
obtained for Gaussian distributions, indicating the presence
of positive extreme events. As observed in Torpex,31 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 magnetic confinement devices,29,33 and the parabolic relationship

Phys. Plasmas 20, 022310 (2013)

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.34
Next, for data from probes at R ¼ 1.170 m and a shot
with bias ¼ þ15 V, we present in Fig. 10 the probability distribution, P(s), of time intervals, s, 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 fluctuation in the tokamak scrape-off layer. This distribution of s
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.35 Particularly,
mode coupling has been proposed as one relevant mechanism

FIG. 8. PDFs of saturation current signals for three different bias values:
25 V (dashed line), ground (solid line), and þ15 V (dotted line). A
Gaussian PDF is showed for comparisons (solid red thin line).

FIG. 10. Probability distribution, P(s), as a function of s. Data obtained for
probes at R ¼ 1.170 m for a shot with bias ¼ þ15 V. The curve is an exponential fitting. In the inset, we show the same date with linear scale on s
axes.
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for the onset of turbulence.16 One of most fruitful procedures
to identify the mode coupling and estimate its importance is
the bispectral analysis.9,36 We apply this analysis to the turbulence in Helimak to identify the bispectrum differences in discharges 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 bispectral analyses to identify and measure nonlinear mode couplings. The auto-bicoherency was calculated through the
auto-bispectrum.9 Taking /n ðf Þ as the discrete Fourier transform of the n time signal at frequency f than the autobispectrum of n is
Bðf1 ; f2 Þ ¼ h/n ðf3 Þ/n ðf1 Þ/n ðf2 Þi;

(7)

where f3 ¼ f1 þ f2
The normalization of the auto-bispectrum gives the
associated auto-bicoherency, b2 , which does not depend on
the mode amplitudes
b2 ðf1 ; f2 Þ ¼

jBðf1 ; f2 Þj2
hj/n ðf1 Þ/n ðf2 Þj2 ihj/n ðf3 Þj2 i

:

FIG. 12. (a) Sum of bicoherency, Sb , and (b) spectrum width as a function of
the radial position. Discharge for a bias ¼ 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.

(8)

In Figure 11, we show the auto-bicoherency spectrum
for one signal obtained for R ¼ 1.21 m and z ¼ 1.75 m and a
negative bias of 8 V. In this figure, the frequencies are on
the axis and the auto-bicoherency (b2 ) value is in grey
scale. We decide to plot only frequencies less than 1 kHz,
but in the subsequent results we calculate the autobicoherency until f ¼ 4 kHz. Fig. 11 auto-bicoherency spectrum shows some higher values of b2 , for example, the
region where f1 ﬃ 0.20 kHz and f2 ﬃ 0.13 kHz, 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,
P P we introduce the sum of
the auto-bicoherency, Sb ¼ f1 f2 b2 ðf1 ; f2 Þ, whose value
reflects the amount of the wave coupling. Fig. 12(a) shows the
value of the Sb as a function of the radial position. In this

FIG. 11. Auto-bicoherency for radial position R ¼ 1.21 m and vertical position z ¼ 1.75 m. For the considered shot, the bias was 8 V.

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 Sb and
the power spectrum width with the radial position presented,
we note that both present similar radial profiles. This similarity could be interpreted as an evidence that, for negative
bias, the spectrum width changes with the mode coupling intensity (as considered in Sec. V C).
In Figure 13, we show the auto-bicoherency spectrum
for one signal obtained for R ¼ 1.21 m and z ¼ 1.75 m and a
positive bias of þ8 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
Sb 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. V C, for discharges with negative bias, we use
the dominant modes with high bicoherence values, as in

FIG. 13. Auto-bicoherency for radial position R ¼ 1.21 m and vertical position z ¼ 1.75 m. For the considered shot, the bias was þ8 V.
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FIG. 14. (a) Sum of bicoherency, Sb , and (b) spectrum width as a function of
the radial position. Discharge for a bias ¼ þ8 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.
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Here, / is the total electrostatic potential given by
 þ /,
~ where /
 is the equilibrium and /
~ the fluctua/¼/

is the equilibrium flow
tion. The velocity V0 ¼ c^e x  r/=B
due to the E  B drift and is referred to as the zonal flow,
where the equilibrium magnetic field is B ¼ B^e x . Vd ¼ Vd ^e z
is the diamagnetic drift with Vd ¼ c2s =ðXi Ln Þ, and Ln is the
n jd
n =dxj, while
equilibrium density scale length, L1
n ¼ 1=
~
VE ¼ c^e z  r/=B
is the fluctuating E  B drift and
qs ¼ cs =Xi . The used time normalization is t ! ðqs cs =a2 Þt,
where qs is the ion-acoustic gyro radius, cs 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 present initially, whose frequency and wave number are given by
ðx0 ; k0 Þ, where k0 ¼ ð0; ky ; kz Þ, and

Figure 11, to identify the modes whose iteration with the
zonal flow may explain the observed width radial dependence 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 turbulence due to the coupling between the drift waves and the
zonal flow. But, it is worth to mention that some interpretations of turbulence in helimaks indicate that fluctuations may
be driven by drift or interchange instabilities.17,22
Turbulent drift fluctuations have been described by nonlinear wave equations.3 This subject was pioneered in the
field of magnetically confined plasmas by Hasegawa and his
co-workers who obtained numerical solutions of HasegawaMima equation for the basic nonlinear three-wave interaction.37 In Ref. 37, the Hasegawa-Mima equation describing a
nonlinear coupling of three drift waves was assumed to govern 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 numerical 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 GCHME38

(9)

x0 ¼

akz
;
1 þ q2 k02

(10)

where k02 ¼ ky2 þ kz2 and a ¼ a=Ln .
Now, we consider the presence of a zonal flow fluctuation
ðx; qÞ with wave number q, which varies on a time scale
much longer than x1
0 . The zonal flow fluctuation can then beat
with the finite amplitude pump wave to generate drift wave sidebands with wave numbers, k6 ¼ k0 6q ¼ ð0; ky 6q; kz Þ. 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.38
Introducing the amplitudes A0 , B, a6 , we have
~ ¼ A0 ðtÞexpðiky y þ ikz z  ix0 tÞ þ c:c:
/
0

(11)

and the sidebands


~ ¼ a6 ðtÞexp iðky 6qÞy þ ikz z  ix6 t þ c:c:
/
6

(12)

In this expression, the unperturbed drift wave frequencies,
x6 , are given by
x6 ¼

akz
;
2
1 þ q2 k6

(13)

2
¼ ðky 6qÞ2 þ kz2 . The zonal flow perturbation is
where k6
assumed to be of the following form:

V0 ¼

qs
cs e^z ½iqBðtÞexpðiqyÞ þ c:c:
a

(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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2
½1 þ ðkþ
 q2 Þ^
q2
dA0
¼ X0
aþ B
dt
^ 2Þ
ð1 þ k02 q

þ X0

2
½1 þ ðk
 q2 Þ^
q2
a B;
^ 2Þ
ð1 þ k02 q

(15)

daþ
½1 þ ðk02  q2 Þ^
q2
þ idþ aþ ¼ X0
A0 B;
2
2
dt
^ Þ
ð1 þ kþ q

(16)

da
½1 þ ðk02  q2 Þ^
q2
þ id a ¼ X0
A0 B ;
2
2q
dt
^ Þ
ð1 þ k

(17)

ðk2  k2 Þ
dB
ðk2  k2 Þ
¼ X0 þ 2 0 aþ A0  X0  2 0 a A0 ;
dt
q
q

(18)

where d6 ¼ x6  x0 and X0 ¼ qkz .
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 system’s equation. The experimental input parameters are
obtained as follow. The magnetic field, B, is obtained directly
using the equation B (R) ¼ 0.077/R (T). The electronic temperature was defined as a constant and uniform Te 13 eV,
which is consistent with the measured I  V curve of the
Langmuir probes in a specific experiment. The mass of the
ion (argon) is: mi ¼ 6.67  1026 kg. The characteristic length
of the machine is a ¼ 1 m. The equilibrium density scale
length, Ln, was obtained for each bias value, radial and vertical positions using the mean radial profile of the measured saturation current once we adopt
Ln ¼

FIG. 15. The interaction time dependence on external bias potential: evolution of amplitude of the sideband (aþ) for two different radial positions:
R ¼ 1.11 m (dashed line) and R ¼ 1.21 m (solid line), both for the same bias
value, 25 V z ¼ 1.747 m.

radial positions: R ¼ 1.11 m (a) and R ¼ 1.21 m (b), both for
the same bias value, 25 V, and vertical position z ¼ 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 dependence is shown in Fig. 16, where we observe that the

1=
n
1=Isat
 
d
n =dR d I sat =dR

neglecting the temperature changes with the radial position.
The vertical wave number, kz, 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
kR ¼ kz =3. The zonal flow wave number, q, was calculated
using the bias adjusting sinusoidal curves on the sheared
plasma vertical flow velocity profiles which was measured
by an spectroscopic method.8
Integrating the system with the experimental parameters,
we observe that the pump wave, the zonal flow, and the sideband waves exchange energy with each other. During this
exchange, the amplitude of the waves is modulated. To interpret 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 sidebands in a recursively processes that will create many waves
resulting in a broad band spectrum. To illustrate the differences in the time interaction of two different input parameters,
we show in Fig. 15 the evolution of the aþ for two different

FIG. 16. Interaction time (a) and power spectrum width (b) for several bias
voltages and the radial positions.

Downloaded 28 Feb 2013 to 200.17.209.129. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions

022310-10

Toufen et al.

interaction time present a region of high values (from
R 1.16 m and bias
8 V to R 1.21 m and bias
22 V) similar to the region where the spectrum width
present small values. We note that the model estimated interaction time does not taken into account the low frequency
mode observed for bias 16 V and R < 1.2 m.
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 solutions, 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 spectroscopically 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, investigations performed in Texas Helimak could be of considerable 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 continuous 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 different kinds of perturbed turbulence. Overall, for positive biasing, 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 turbulence observed in magnetically confined plasmas.
ACKNOWLEDGMENTS

We would like to thank the partial support of this work
by the Brazilian agencies FAPESP, CNPq, CAPES, and the
French agency CNRS. We thank Dr. W. Rowan (The
Universty of Texas at Austin) for spectroscopic vertical
flux velocity data. We also thank Mr. Pedro F. C. Pinto for
revising the article.
1
2

C. Hidalgo, Astrophys. Space Sci. 292, 681(2004).
R. D. Hazeltine and S. C. Prager, Phys. Today 55(7), 30 (2002).

Phys. Plasmas 20, 022310 (2013)
3

W. Horton, Rev. Mod. Phys. 71, 735 (1999).
X. Garbet, Plasma Phys. Controlled Fusion 43, A251 (2001).
C. Hidalgo, C. Alejaldre, A. Alonso, J. Alonso, L. Almoguera, F. de
Arag
on, E. Ascasıbar, A. Baciero, R. Balbın, E. Blanco, J. Botija,
B. Bra~
nas, E. Calder
on, A. Cappa, J. A. Carmona, R. Carrasco,
F. Castej
on, J. R. Cepero, A. A. Chmyga, J. Doncel, N. B. Dreval,
S. Eguilior, L. Eliseev, T. Estrada, J. A. Ferreira, A. Fernandez, J. M.
Fontdecaba, C. Fuentes, A. Garcıa, I. Garcıa-Cortes, B. Gonçalves,
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