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Abstract
The effect of biasing on edge fluctuations has been studied in the HSX stellarator using Langmuir probes. Biasing
leads to an increase in the bicoherence of the poloidal electric field, as well as a simultaneous increase in long-range
correlations of the floating potential, measured using toroidally separated Langmuir probes. These observations
are consistent with zonal flow formation. A comparison has been made between experiments in an optimized
quasi-symmetric magnetic configuration (quasi-helically symmetric—QHS) and a configuration with the symmetry
intentionally degraded (mirror). The observed differences are insignificant and most likely unrelated to the change
in configuration.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In spite of considerable efforts, the physical mechanism of
spontaneous L–H confinement transitions in fusion plasmas
is still not understood in full detail. One model finds that the
sheared poloidal flows leading to these confinement transitions
are the consequence of the non-linear energy transfer between
broadband drift wave turbulence and low-k zonal flows [1].
This energy transfer from the turbulence towards low mode
number poloidal flows via the Reynolds stress leads to a
reduction in turbulent transport and a subsequent increase
in the ion pressure gradient. This gradient increases the
radial electric field shear, which further reduces transport,
and a large equilibrium E × B flow shear can be sustained.
At this point, turbulence is no longer available to drive the
zonal flows, but the equilibrium flow shear remains, radial
transport is reduced and a pedestal is created in the plasma
pressure profile [1–3]. While this theory explains many
phenomena observed in experiments, further characterization
of confinement transitions is necessary for the design of future
devices. Here we examine the effect of mean radial electric
fields on zonal flows, as well as the effect that the magnetic
configuration has on zonal flow formation.

Bicoherence analysis is capable of detecting non-linear
three-wave coupling, and so it is expected to be a useful
tool for understanding zonal flow formation and confinement

transitions [3–5]. Indeed, enhanced levels of bicoherence of
the density, potential or velocity signals have been correlated
with the triggering of sheared flows during spontaneous L–H
transitions in tokamaks and stellarators [3–7]. Enhanced levels
of bicoherence in these signals have also been measured during
bias-induced confinement transitions in the devices CCT [5]
and TJ-II [7], which suggest a common mechanism between
forced and spontaneous confinement transitions.

The effect of neoclassical optimization on anomalous
transport and zonal flows in stellarators has been studied
at LHD, where reduced anomalous transport was measured
in the ‘inward shifted’ configuration designed to reduce
neoclassical transport. This anomalous transport reduction
has been attributed to higher levels of zonal flows [8]. The
optimization of helical configurations with the purpose of
reducing neoclassical transport has been predicted to lead to
a concomitant reduction in anomalous transport by enhancing
the zonal flow response [9, 10]. This situation would of course
be very attractive, as both neoclassical and anomalous transport
could be reduced simultaneously.

This work reports on measurements of the bicoherence
at the Helically Symmetric Experiment (HSX), a stellarator
optimized for quasi-helical symmetry. In this case, the
magnetic field strength possesses a helical direction of
symmetry, similar to the toroidal direction of symmetry in a
tokamak [11, 12]. This optimization has been shown to reduce
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the neoclassical transport [13] as well as the neoclassical
flow damping in the direction of symmetry [14]. Here we
measure the bicoherence in two magnetic configurations at
HSX: one with the quasi-helical symmetry optimized and one
in which this symmetry has been intentionally degraded. In
this paper, we will test whether the degree of symmetry affects
the formation of zonal flows and the detection of bicoherence.

The presence of zonal flows can be detected independently
by measuring the long-range correlations of plasma potential
fluctuations using toroidally separated Langmuir probes, as
shown in the stellarators TJ-II [15] and TJ-K [16], as well as
the TEXTOR tokamak [17]. In this work, we report on similar
measurements at HSX, using multiple Langmuir probes placed
around the device.

2. Experimental setup

HSX plasmas studied here have an on-axis magnetic field
strength of 1 T and 50 kW of injected power, using fundamental
ordinary mode electron cyclotron resonance heating (ECRH)
at 28 GHz. The rotational transform has low shear across
the plasma radius, going from �ι(0) = 1.05 in the core to
�ι(a) = 1.12 at the edge. Electron densities in the edge region
(at the position of the probes) are approximately 1 × 1018 m−3

and hydrogen is used as the working gas. The stainless-steel
walls were conditioned with boron prior to these experiments,
which led to greater density control and lower radiated power
relative to the previous carbon conditioning.

The optimized magnetic configuration in HSX is designed
to be quasi-helically symmetric (QHS configuration). Planar
auxiliary coils can be energized to break this symmetry by
adding additional terms to the magnetic spectrum. The denoted
‘mirror’ configuration is a specific magnetic configuration that
breaks the symmetry with minimal changes in other parameters
such as the mean field strength, well depth and rotational
transform [18]. This configuration allows a comparison
of plasmas with quasi-symmetry versus plasmas with the
symmetry broken, and has been used for the comparisons
presented here.

One measure of the neoclassical optimization of the
magnetic field is the effective ripple, εeff . This quantifies the
unfavourable 1/υ transport that is exhibited in non-symmetric
magnetic configurations, including rippled tokamaks, at low
collisionality [19]. The 1/υ transport scales with ε

3/2
eff for zero

radial electric field in the low collisionality regime. In the edge
region where probe measurements can be taken, the effective
ripple in the QHS configuration is approximately 1 × 10−2,
and ∼5×10−2 in the mirror configuration (figure 2 [18]). The
difference in the degree of symmetry breaking between the two
configurations at the edge is not as great as it is further into
the plasma, where the QHS configuration is better optimized.
By comparison, NSTX with RMP coils has an εeff of ∼10−3

at the edge [20], and the conventional stellarator TJ-II at the
edge has an εeff of ∼0.5 [21].

A 5-pin Langmuir probe is installed on HSX, a diagram
of which is presented in figure 1. Three pins (pins 2, 3 and
4) are aligned poloidally on a toroidal cut of the same flux
surface. The centre pin (pin 3) is biased to measure ion
saturation current while the end pins (2 and 4) measure the

Figure 1. Probe tip configuration for fluctuation measurements.
Tungsten tips shielded with boron nitride tubes extend 2 cm out from
the bulk boron nitride shell. Pins 1 and 5 are recessed 4 mm radially.

floating potential. Using this configuration, the instantaneous
poloidal electric field can be inferred from

Eθ = Vf,4 − Vf,2

|x4 − x2| , (1)

where Vf,4 and Vf,2 are the floating potentials measured at pins
4 and 2, respectively, and |x4−x2| is the linear distance between
the two pins in the poloidal plane. While electron temperature
fluctuations may in principle affect this measurement, it has
been shown that the fluctuating floating potential measured
with Langmuir probes is in fact a good proxy for the fluctuating
plasma potential in the relevant plasma conditions [22], and
so we will ignore the contribution of temperature fluctuations
here. The final two pins, pins 1 and 5, are recessed radially and
are configured to measure floating potential to infer the radial
electric field.

The probe is located on the low-field, bad curvature side
of the machine, near the plasma mid-plane where the flux
surfaces are compressed. Figure 2 shows a cross-section of
the magnetic surfaces at the probe’s location along with the
probe measurement points in the QHS configuration. The
surfaces shift slightly when the configuration is changed to
mirror, but the shaping remains largely intact. Radial scans
of the probe are taken on a shot-by-shot basis. Discharges in
HSX are limited to 50 ms of ECRH, about 30 ms of which has
a line-averaged density that is constant during the discharge to
within 5% and a stored energy that is constant to within the
measurement error, ∼10%.

For the long-range correlation studies, a reference probe
with a single pin is used. This probe is placed at ρ = r/a = 0.9
and left stationary while the 5-pin probe is scanned radially.
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Figure 2. A toroidal cross-section of a QHS plasma at the 5-pin
probe location (shown in figure 3). The arrow indicates the position
of the probe. The magnetic field is directed primarily into the page,
and the radial range of the measurements is indicated in red.

Figure 3. Top view of HSX vessel, coils, and ports. Bicoherence
measurements are made using the 5-pin Langmuir probe at top, and
the long-range correlation analysis is performed between this probe
and the reference probe.

The location of this reference probe on HSX, as well as the
placement of the 5-pin probe and the bias electrode, is shown
in figure 3.

The HSX bias probe consists of a molybdenum cylinder,
10 mm in diameter, encased in an insulating boron nitride shell.
The final 5 mm of the probe are exposed radially to the plasma.
A positive bias voltage is applied with respect to both the
vessel and a carbon plate placed just outside the last closed
flux surface. The carbon plate is located approximately one

Figure 4. Radial electric field profiles in the (a) QHS and (b) mirror
configurations from Langmuir probes. These profiles are calculated
by fitting a curve of the shot-by-shot floating potential profile and
taking the spatial derivative.

field period away toroidally and 90◦ poloidally from the bias
probe. Measurements show that over 90% of the return current
passes through the plate, with the rest going directly to the
vessel. This confirms field-line following studies showing that
the plate intersects nearly all of the field lines launched from
just outside the last closed flux surface.

For these experiments, a positive 250 V bias is applied
while the bias probe is located at ρ ∼ 0.75. The probe
draws approximately 18 A of current and imposes a radial
electric field as shown in figure 4 for both the QHS and
mirror configurations, as measured by Langmuir probes.
These values have been calculated by fitting a curve to the
shot-by-shot floating potential profile and taking the spatial
derivative. Since the electron temperature profile is flat
to within the Thomson scattering measurement error in the
region of interest in both configurations, the contribution of
the electron temperature gradient to Vf is neglected in the
calculation of Er . In the region where r/a > 0.9, there
are no Thomson scattering measurements, but a temperature
gradient may exist that would affect the radial electric field
calculation using this method. However, this contribution
to Er will be on the order of ∼0–50 V cm−1, and it will be
similar for the biased and unbiased cases, since Thomson
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scattering does not show a temperature change in the rest of
the edge region during biasing. Without local temperature
measurements, this contribution is impossible to localize, and
it will thus be ignored. For the discharges analysed here, the
bias probe was energized for the final 10 ms of plasma, giving
20 ms of unbiased and 10 ms of biased fluctuation data for each
radial location.

An attempt was made to keep turbulent transport drive
terms the same between the experiments in the QHS and mirror
configurations, so that any difference in measured quantities
could be attributed to a change in εeff . In the QHS and mirror
discharges used here, electron density profiles as measured
by Thomson scattering match to within the measurement error
across the minor radius. Core electron temperatures in the QHS
configuration peak at around 1 keV, while those in mirror only
reach 600 eV on axis. However at the edge, where these data
were taken, both configurations have a negligible temperature
gradient and a relatively low electron temperature near 60 eV.
The trapped particle fraction is also nearly constant between
the two configurations. Due to the small temperature gradients,
low electron collisionality and high Te/Ti, trapped electron
mode turbulence is expected to be the dominant transport
mechanism in the edge region in HSX [23].

When the bias is applied, the potential profile and radial
electric field imposed in both configurations are qualitatively
similar, with a large peak in Er between ρ = 0.86 and
ρ = 0.93, as seen in figure 4. According to Thomson scattering
measurements, the temperature profile does not significantly
change during biasing in the region measured by the probes.
The density gradient in the biased region increases quickly
when the bias is applied, and is approximately steady for the
time when data presented here are taken.

2.1. Signal processing

The bicorrelation of two signals X1(t) and X2(t) with zero
mean and unit standard deviation is defined by

C2(t1, t2) = 〈X1(t)X2(t + t1)X2(t + t2)〉, (2)

where the angle brackets imply averaging over t . The
bispectrum is the Fourier transform of the bicorrelation, and
can be written in terms of the Fourier transforms of the signals:

B(ω1, ω2) = X̂∗
1(ω)X̂2(ω1)X̂2(ω2), (3)

where X̂ indicates the Fourier transform of X, X̂∗ is the
complex conjugate of X̂ and ω = ω1 + ω2. The bicoherence
is then obtained by averaging the bispectrum over statistically
equivalent realizations and normalizing as

b2(ω1, ω2) = |〈B(ω1, ω2)〉|2
〈|X̂1(ω)|2〉〈|X̂2(ω1)X̂2(ω2)|2〉

. (4)

Here the angle brackets indicate an average over
realizations. The normalization is such that 0 � b2 �
1. The bicoherence is symmetric under the transformations
(ω1, ω2) → (ω2, ω1) and (ω1, ω2) → (−ω1, −ω2), such that
only one quarter of the plane (ω1, ω2) contains independent
information. Additionally, for discretely sampled data all
frequencies must be less than the Nyquist frequency: |ω1|,

|ω2|, |ω| � ωNyq. These restrictions define a polygonal
subspace of the plane, which is how the bicoherence is usually
represented, as it is in figure 5. When X1 = X2, the above
quantities are designated auto-bicorrelation, auto-bispectrum
and auto-bicoherence, respectively.

The summed bicoherence can also be calculated to reduce
the dimensionality of the bicoherence at a given radial location
using the expression

b2
sum (ω) = 1

N(ω)

∑

ω1+ω2=ω

b2(ω1, ω2). (5)

This quantifies the mean contribution of coupling waves
to the mode at the sum frequency.

For the study of the long-range correlations, the coherence
is used as an indicator of the spectral similarities of the
two fluctuating signals. The coherence presented here is
calculated as

γ (ω) = |〈Pxy(ω)〉|√〈|Pxx(ω)|〉〈|Pyy(ω)|〉 , (6)

where Pxy is the cross-spectral density and Pxx and Pyy are
the auto-spectral densities of the fluctuations at the two probe
tips and the angle brackets again indicate an average over
realizations. The contributions of frequencies below a given
level, 10 kHz in this case, are then averaged to give the low-
frequency coherence.

3. Results

3.1. Biocoherence

Using these analysis techniques for the HSX Langmuir probe
data, it was found that a significant level of broadband auto-
bicoherence was measured in the Eθ fluctuations during
biasing. The analysis of the auto-bicoherence of Er signals
produced values in the range of the noise, as did the analysis
of the cross-bicoherence between Eθ and Er signals. This
situation, while not fully understood, is also encountered at TJ-
II [6]. Although density fluctuations were observed to produce
significant bicoherence during L–H transitions in DIII-D [24],
this was not the case in the biased discharges in HSX.

Figure 5 represents the frequency-resolved auto-
bicoherence of the Eθ fluctuations in the (a) QHS and (b)
mirror configurations in HSX at multiple radial locations
spaced between ρ = 0.83 and the last closed flux surface.
For each radial position, 20 ms of unbiased and 10 ms of
biased fluctuation data are each divided into 200 realizations
to be averaged. The colour at a given location in the two-
dimensional plot indicates the amount of auto-bicoherence
between fluctuations at frequencies f1 on the x-axis and f2 on
the y-axis, as they correlate with fluctuations of frequency f1 +
f2. Before biasing is applied, the bicoherence at all frequencies
is near the noise level, which is 0.005 across all frequencies
in these cases, both before and during biasing. When the bias
probe is energized, bicoherence significantly higher than the
noise level is measured across a broad range of low frequencies
in the biased region. The highest peaks in the plots correspond
to a bicoherence of 0.12. In both configurations, the region
with the highest levels of bicoherence corresponds directly to
the region of strongest induced radial electric field.
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Figure 5. Radial scan of Eθ auto-bicoherence in (a) QHS and (b) mirror configurations. Data from unbiased times are on the top, biased
times are at the bottom. In both configurations, broadband coupling is observed in the same region as the large bias-induced radial electric
field.

A clear indication of small scale turbulence coupling
directly and preferentially to large scale zonal flows would
be the appearance of high magnitude bands in this frequency-
resolved plot, one at f1 ≈ f2, and the other at f2 ≈ 0,
as seen in [25]. This is indeed what has been observed
in Eθ fluctuations in TJ-II during spontaneous (not biased)
transitions to improved confinement regimes [7]. During
the biased discharges presented here, broadband coupling is
observed in the region of strong induced radial electric field.
However, there are no clear indications of direct wave coupling
with near-zero frequency zonal flows. This is consistent
with previously published measurements of bicoherence in
biased discharges of other devices, namely TJ-II [7] and
CCT [5]. Although the fluctuations do seem to couple to
low frequencies, the latter are not sharply defined. This may

constitute a difference with spontaneous transitions. It should
also be noted that the auto-bicoherence of density fluctuations
displayed a similar broadband coupling during spontaneous
L–H transitions in DIII-D [24].

Figure 6 shows the summed bicoherence ofEθ fluctuations
in the QHS (left) and mirror (right) configurations over the
full range of measured frequencies. The frequency plotted
is f , which includes the summed contributions of all f1 and
f2, where f = f1 + f2. Here it can be seen more clearly
that the region with the largest biased radial electric field,
roughly 0.86 < ρ < 0.93 in both configurations, is the same
region that measures significant bicoherence while biasing.
The location where the largest bicoherence is measured also
corresponds to the peak measured Er in both cases, ρ = 0.88
in mirror and ρ = 0.90 in QHS. The experiment in the mirror
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Figure 6. Summed bicoherence as a function of minor radius and
frequency during biasing, in the (a) QHS and (b) mirror
configurations. The scales are different between the two plots to
demonstrate the similar radial extent and frequency range of the
bicoherence. The unbiased times produced insignificant
bicoherence relative to the noise level.

configuration was not able to measure as far inward as the QHS
scan because of a loss of density control with the probe that
far in. Nevertheless, the lower level of measured bicoherence
with smaller applied Er is still evident at the innermost point
in both configurations.

The scales of the colour bars in figure 6 are not the
same in the two configurations, so that the radial extent of
the bicoherence can be seen clearly in both cases. The
magnitude of the measured bicoherence is higher in the mirror
configuration than in QHS, which could be a result of a larger
Er imposed by the bias. The differences in the measured
magnitude of bicoherence between the two configurations
are indistinguishable given the changes in the imposed radial
electric field that is measured.

3.2. Long-range correlations

On the same radial probe scans, another probe was placed at a
fixed radial location φ = 150◦ toroidally around the machine,
as seen in figure 3. This reference probe is located near the
mid-plane of the plasma, close to the same poloidal location
as the scanning probe. However, with respect to the magnetic
field strength of HSX, this reference probe is located at the
high-field side of the machine, whereas the 5-pin scanning
probe is positioned at the low-field side. Both probes are on
the outboard side of the device.

Zonal flows are expected to be a zero frequency mode
resulting in a radially sheared flow, and a small perturbation

to the radial electric field. The mode, however, has a
finite spectral width, δf , determined by collisional damping
[26]. By examining the cross-phase and coherence of low-
frequency potential fluctuations at spatially separated points
in the plasma, one can look for evidence of the n = 0, radially
localized zonal flows through this finite-frequency component
of the mode. This measurement using multiple probes to
analyse the modes is significantly more accessible than direct
measurements of the radial electric field or flows with the
time resolution necessary to differentiate from the equilibrium
values.

To resolve the low-frequency fluctuations, the number of
realizations used here had to be smaller than in the bicoherence
analysis. Ten realizations were used for the biased times and
20 for the data before the bias was applied. Changes to this
frequency resolution/realization balance do not significantly
alter the results.

Indications of these long-range correlations are found
during biasing in HSX, as presented in figure 7 for both
the (a) QHS and (b) mirror configurations. When the
bias is applied, the cross-phase between the low-frequency
components (<10 kHz) of the two fluctuating signals goes
to zero, and the coherence of the low-frequency fluctuations
increases relative to the pre-bias coherence. This is true
over roughly the same radial regions in which the induced
radial electric field is the strongest, and where the increase
in bicoherence is measured. The phase is zero within the
statistical uncertainties, the coherence increases relative to
the unbiased case, and the coherence is at least 0.6 during
biasing for the regions where 0.83 < ρ < 0.93 in QHS and
0.84 < ρ < 0.95 in mirror. The noise level for this coherence
during the 10 ms of biased time is around 0.3. There are no
low-frequency modes observed in the bias current that might
explain these measurements as artefacts of the biasing method,
nor are GAM oscillations observed in these discharges.

These long-range correlations are observed in potential
fluctuations, but density fluctuations do not demonstrate this
same behaviour. These are expected characteristics of zonal
flows for sufficiently collisionless plasma, and are a compelling
piece of evidence that the bicoherence measured is indeed
related to zonal flow activity. This is again consistent with
previous results from TJ-II in both biased and spontaneous
confinement transitions [15], as well as the small stellarator
TJ-K. TJ-K has measured long-range correlations in density
fluctuations as well as potential during biasing, but this has
been attributed to either background density fluctuations or
a turbulent drive of zonal density resulting from its high
collisionality [16].

4. Conclusions

Measurements of HSX plasmas with multiple Langmuir probe
tips have been presented. When a positive bias voltage is
applied using a bias probe, a positive radial electric field and
corresponding E×B flow is imposed on the edge of the plasma.
In the region of the strongest imposed radial electric field, there
is significant auto-bicoherence measured in the fluctuating Eθ

signals while the bias is applied. This bicoherence is measured
over a broad range of frequencies, and does not display the
direct coupling to near-zero frequency zonal flows that has
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Figure 7. Long-range correlations of low-frequency fluctuations
between a scanning probe potential and a stationary reference probe
on the far side of the machine in the (a) QHS and (b) mirror
configurations. All values are for fluctuations <10 kHz. The radial
location of the fixed reference probe is indicated by a dotted line.
Phase wrapping was used to smooth the phase plots, which leads to
values slightly higher than π in some cases.

been observed during spontaneous confinement transitions in
other devices.

These observations reproduce results from TJ-II [7] for
biased discharges in three respects. First, the quantity
producing the clearest bicoherence is the poloidal electric
field. The radial electric field and the radial/poloidal electric
field combination do not produce clear bicoherence results.
One possible explanation for this observation is that the Er

scale length is significantly smaller than the Eθ scale length,
rendering our method of measurement inadequate. Another
explanation may be that the Reynolds stress is not the driving
force of the phenomenon being observed.

Second, the bicoherence of the poloidal electric field
shows a very clear response to the applied biasing. The
level of bicoherence measured before biasing is near the noise
level, and when a bias is applied, the bicoherence found is
significantly higher than what would be expected for noise.
This increased bicoherence is limited to a specific radial range,
which corresponds to the region of strong radial electric field
and the possible region of zonal flows.

Third, long-range correlations in low-frequency potential
fluctuations have been detected during biasing in the same
region of large radial electric field. The phase difference
between low-frequency potential fluctuations at two spatially
separated probes goes to zero, and the coherence increases
significantly during the biased times relative to the unbiased
times. This is another piece of evidence pointing towards
zonal flows as the origin of the broadband bicoherence
measurements.

Overall, these measurements show that there is a link
between an applied radial electric field, bicoherence and long-
range correlations of potential fluctuations below 10 kHz. The
general characteristics of these measurements are consistent
with steady-state radial electric fields interacting with zonal
flows. However, the frequency-resolved bicoherence in HSX
shows broadband coupling, very similar to what was observed
in biasing experiments at TJ-II, which is distinct from the
direct coupling to near-zero frequency zonal flows seen in
spontaneous (non-biasing) transitions at several other devices.

There is a slight change in magnitude between
the measured bicoherence between the QHS and mirror
configurations, but this can be accounted for by the change in
imposed radial electric field between the different experiments.
Both the level of edge bicoherence and long-range correlations
are similar, within experimental error bars, between the mirror
and quasi-symmetric configurations.

The main difference between the QHS and mirror
configurations is the degree of effective ripple, which
determines the deviation of particle orbits from the flux
surfaces at zero electric field. Upon applying a radial
electric field, this deviation is reduced, and thus the associated
difference between the two configurations decreases. It may
be, therefore, that the strength of the radial electric field applied
in these experiments overwhelms any configurational effect,
thus possibly explaining the observed absence of significant
differences between configurations.
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