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This paper presents edge measurements utilizing Langmuir probes to characterize plasma turbulence
in the Helically Symmetric Experiment �HSX� �F. S. B. Anderson et al., Fusion Technol. 27, 273
�1995��. Normalized density and potential fluctuations exhibit strong intensities but are comparable
to mixing length estimates using measured correlation lengths. The correlation lengths are isotropic
with respect to radial and poloidal directions and follow local �gyro-Bohm� drift wave expectations.
These observations are common to measurements in both the optimized quasihelically symmetric
�QHS� configuration, as well as a configuration where the symmetry is degraded intentionally. The
resulting turbulent particle flux in higher density QHS discharges is in good quantitative agreement
with transport analysis using three-dimensional neutral gas simulations. The measured turbulence
characteristics are compared to a quasilinear trapped electron mode �TEM� drift wave model
�H. Nordman, J. Weiland, and A. Jarmén, Nucl. Fusion 30, 983 �1990�� that has been used to predict
the anomalous transport in HSX. While quantitative differences exist �factors of 2–3�, there is a
general consistency between the turbulence measurements and the TEM drift wave model. © 2009
American Institute of Physics. �DOI: 10.1063/1.3205884�

I. INTRODUCTION AND BACKGROUND

In both tokamaks and stellarators the global energy con-
finement is dominated by mechanisms other than neoclassi-
cal �collisional� transport.1–4 In most cases, the anomalous
transport is a result of turbulence arising from microinstabili-
ties driven by gradients in the plasma density and tempera-
ture. In some tokamak cases,5 large scale, nonlinear gyroki-
netic simulations are now capable of quantitative predictions
that agree with experimental transport within uncertainties.
Because of the computational expense involved in such de-
tailed calculations, the number of “successful” direct com-
parisons is quite limited. Alternatively, faster reduced trans-
port models6–9 based on the more comprehensive simulations
have also been used to predict temperature profiles and en-
ergy confinement times for a variety of tokamak discharges.1

In addition to predicting transport, the large scale turbu-
lence simulations, and reduced transport models based on
them, make predictions for the “intermediate” quantities,
such as the fluctuation intensity, wavenumber spectra, cross
phases �e.g., density-potential�, and correlation lengths. In an
effort to thoroughly validate theory and modeling,10 as many
of these intermediate turbulence quantities that can be mea-
sured should be compared to model predictions, concurrent
with the transport comparison. Recently, there has been in-
creased focus on making such broad-ranging comparisons in
tokamaks.11–13 In this paper, we will make comparisons of
calculations of turbulent transport, as well as the intermedi-
ate quantities, to experimental measurements in a stellarator.

Stellarators offer inherent advantages for fusion reactors
as they do not require internal plasma currents. However, the
increased complexity in geometry complicates both experi-
mental and theoretical analyses. The lack of symmetry also
leads to increased neoclassical transport, flow damping, and
direct loss of energetic particle �e.g., fusion alphas�. How-
ever, as the confining field is created by external coils, stel-
larators offer the flexibility to optimize the magnetic field
based on a variety of criteria. As a result, modern stellarators
are routinely optimized based on the theoretical understand-
ing of neoclassical theory.14

One such device, the Helically Symmetric Experiment
�HSX� stellarator15 was optimized to be quasihelically sym-
metric �QHS�,16 i.e., the magnetic field strength within a flux
surface is symmetric in a helical angle. Experiments in HSX
have verified the reduction in flow damping,17 energetic par-
ticle losses,18 and thermal transport19 consistent with expec-
tations from neoclassical theory. In particular, the neoclassi-
cal transport is reduced to such small values that the
resulting particle and electron heat transport in electron cy-
clotron resonance heated �ECRH� plasmas are anomalous
over most of the minor radius. Based on the success of the
neoclassical optimizations in HSX and other stellarators20,21

there is an emerging emphasis on understanding, and hope-
fully predicting, the turbulence and anomalous transport in
stellarators so future experiments may be optimized based on
minimizing both neoclassical and turbulent transport.

Linear and nonlinear three-dimensional �3D� gyrokinetic
simulations performed for many stellarator configur-
ations22–28 demonstrate that they are susceptible to the same
type of drift wave microinstabilities present in tokamaks, in-
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cluding ion temperature gradient �ITG�, trapped electron
mode �TEM�, and electron temperature gradient �ETG�. Re-
cently, a modified version of the Weiland ITG/TEM model6,7

was used to model the anomalous transport in HSX.28 The
results suggest that the anomalous transport in HSX can be
explained by TEM transport driven by both electron tem-
perature and density gradients in the helically symmetric ge-
ometry. It is natural to question whether the measured turbu-
lence is consistent with this model prediction, or if the
transport prediction is simply fortuitous. In this paper, we
present measurements using Langmuir probes to diagnose
the edge turbulence in HSX to determine �1� if the turbu-
lence characteristics are consistent with the expectations
from TEM drift waves, and �2� if the resulting turbulent
transport can indeed account for the anomalous transport in-
ferred from one-dimensional �1D� transport analysis. While
there are some quantitative differences between the TEM
model predictions and the turbulence measurements, there is
a general qualitative consistency that supports the explana-
tion of anomalous transport in HSX.

The remainder of this paper is structured as follows. In
Sec. II, experimental details, including the Langmuir probes
utilized, are discussed. Section III presents the turbulence
measurements and analysis. Section IV will show and dis-
cuss the direct comparison of the analyzed measurements
with the Weiland TEM model. The results will be summa-
rized in Sec. V.

II. EXPERIMENTAL BACKGROUND
AND MEASUREMENT DETAILS

HSX is a four field period device with average major and
minor radii of �R�=1.2 m and �a�=12 cm, respectively. The
main magnetic field is produced by 48 external modular
coils. Using a spectral representation, the magnetic field on a
flux surface labeled by � can be written as

B��,�,��/B0��� = �
n,m

bn,m���cos�n� − m�� . �1�

The magnetic field ripple in the QHS configuration is domi-
nated by the helical �n ,m�= �4,1� component, i.e.,

B��,�,��/B0��� � 1 − 	b41	cos�4� − �� . �2�

The magnitude of this component is approximately
	b41	�0.14r /a, where r /a is the normalized minor radius
defined using the toroidal flux �, �=r /a=
� /�LCFS �LCFS
is the last closed flux surface�. Additional nonsymmetric
�n /m�4� components exist, but at much smaller amplitudes
�less than 1%�.

Surrounding each main coil is a separate planar coil.
These auxiliary coils can be energized in a fashion that in-
tentionally degrades the quasihelical symmetry. For some of
the measurements presented in this paper, these coils have
been used to introduce a dominant toroidal mirror ripple
�n ,m�= �4,0�, with a magnitude b40�0.08 roughly indepen-
dent of minor radius. The nonsymmetric ripple increases
neoclassical transport toward the level of a conventional stel-
larator allowing for comparisons between optimized and

nonoptimized configurations within the same device. This
particular “Mirror” configuration is the same as that used in
the experiments reported in Refs. 17 and 29.

The plasmas investigated here were heated by second
harmonic X-mode electron cyclotron resonance heating
�ECRH� �B=0.5 T, 28 GHz gyrotron� with a nominal 50 kW
of injected power. Peak electron temperatures measured via
the Thomson scattering30 reach 500 eV or larger for central
line-averaged densities �measured with microwave
interferometry31� of �1–2��1012 cm−3. Ion temperatures
measured by impurity Doppler spectroscopy are
Ti�20 eV.17 While an ion temperature profile measurement
is not available, the balance of collisional electron-ion en-
ergy exchange with ion-neutral charge exchange is consistent
with negligible ion transport, hence little expected ITG. The
electron temperature and density place the electrons deep in
the long mean free path regime across the entire minor ra-
dius. As a result, the TEM is the expected theoretical drift
wave instability,28 even near the edge where the measure-
ments described in this paper were performed. The ETG in-
stability is expected to be unstable in some cases near the
core, but theoretically cannot account for the anomalous par-
ticle transport.

Figure 1 illustrates two probe configurations constructed
to diagnose the edge plasma in HSX. While both probes are
mounted on the outboard side of the machine �� near zero�,
they are mounted at toroidal angles offset by roughly one
half field period �� near 0 and � /4�. As a result of the helical
symmetry �Eq. �2��, the low field side �LFS� probe �Fig. 1�a��
is near minimum B on a flux surface, while the high field
side �HFS� probe �Fig. 1�b�� is close to a maximum. Corre-
spondingly, the LFS probe is near the center of trapped par-
ticle orbits, while the HFS probe only samples barely trapped
particles. In addition, the curvature and grad-B drifts within a
flux surface �proportional to �� ·�� and �B ·��� are of oppo-
site sign at these two locations. The LFS probe is therefore in
a region of local “bad” curvature, i.e., unstable to balloon-
inglike perturbations, similar to the outboard side of a toka-
mak. The HFS probe is in a region of “good” curvature,
similar to the inboard side of a tokamak. It might therefore
be expected that these two regions should theoretically ex-
hibit different local stability properties.

Figure 1 also shows the cross section of the flux surfaces
�determined from vacuum field line integration� at the toroi-
dal locations where the probes are mounted. The shaping at
these two locations is significantly different. The distance
between the LCFS and the magnetic axis is about �7 cm for
the LFS probe and over 20 cm for the HFS probe.

Each probe head utilizes four tungsten tips
�dp=0.74 mm diameter, 3 mm exposed� in boron nitride
�12.6 mm diameter�, with a separation of 3.2 mm between
each tip. Three tips are aligned to sample the same flux sur-
face while the fourth tip is recessed an additional 6.4 mm.
The probe tips are aligned to be perpendicular to the local
magnetic field.

To measure time-resolved fluctuations, the probe tips are
electrically configured to measure either floating potential or
ion saturation current. The floating potential is measured
across a 1 M	 resistance inserted between the probe tip and
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the plasma vessel. Ideally it differs from the plasma potential
by a drop across the probe sheath, given by 
plasma=
float

+�Te, where � depends on the ratio of electron to ion
mass �electron temperature fluctuations have not been
measured in this work and are neglected� for Te�Ti and
unmagnetized hydrogen ions ��i�1.5 mm�rp=0.37 mm�,
�=0.5 ln�0.36mi /2�me��3.3.32 This also relies on the as-
sumption of a planar probe surface, which is reasonable since
the Debye length ��70 �m� is much smaller than the tip
diameter. The ion saturation current provides a simple mea-
sure of the local plasma density, Isat�0.6encsAc, where Ac is

the collection area of the probe tip and cs is the local sound
speed �cs= �Te /mi�1/2�. It is determined by applying a large
negative potential �300 V� to the probe tip and measuring
the voltage drop across a small series resistance �a few
ohms�. The signals are acquired by high bandwidth optically
isolated amplifiers �four pole filter, cutoff frequency
�1 MHz� and digitized at 5 MHz.

Two of the three tips aligned on a flux surface are con-
figured to measure floating potential so the poloidal electric
field fluctuations �E�= �
float,1−
float,2� /d��, and hence radial
E�B velocities can be inferred. Here d�=6.4 mm is the
separation between the two tips. The probe tip between the
two tips that measure floating potential is configured to mea-
sure the ion saturation current �Fig. 1�. Correlation analysis
can be used to determine the density-potential cross phase
from these three signals, as well as the inferred local turbu-
lent driven radial particle flux. The fourth recessed probe tip
measures floating potential, which is used to determine the
local radial electric field and the radial correlation length of
the turbulence. Additional measurements with the probe head
rotated 180° were acquired to ensure shadowing effects did
not modify interpretation of the recessed probe tip data.

The probes were moved on a shot-by-shot basis to create
radial profiles. In B=0.5 T plasmas, probes could be in-
serted as far as �=r /a�0.6 while maintaining density con-
trol. However, as the probes are moved inside r /a�0.8, the
total stored energy �measured by a diamagnetic flux loop�
begins to decrease, dropping a total of �20% �from 22 to
17 J� by r /a=0.6. Figure 2 shows the edge radial electron
temperature profile measured by the Thomson scattering in
the absence of probes, and by the LFS probe configured as a
swept double probe.32 A drop in the local electron tempera-
ture is noticeable as the probe assembly is inserted further
into the plasma. Therefore most measurements reported were
acquired near or outside r /a�0.8.

It is important to note that while the local electron tem-

FIG. 1. �Color online� Probe configurations used for the turbulence mea-
surements at two different toroidal locations, ��0 and ��� /4. A poloidal
cut of the QHS flux surfaces is also shown for each location.
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FIG. 2. Edge electron temperatures measured by the Thomson scattering
�squares� and a double probe �crosses� for a 0.5 T QHS plasma ��ne�=1.0
�1012 cm−3�.
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perature gradient may be relatively small in the edge with the
diagnostic probes inserted, a strong density gradient �a /Ln

�2–3� remains that is capable of destabilizing the TEM,28

which can drive the resulting turbulence and transport.

III. TURBULENCE CHARACTERISTICS

A. Fluctuation intensity, length, and time scales

Time series of ion saturation current and floating poten-
tial have been measured in both QHS and Mirror plasmas.
Figure 3 shows the radial profiles of the corresponding Isat

fluctuation levels �standard deviation from the time average�,
normalized to the time-averaged values, for both QHS
and Mirror configurations at a line-averaged density of
�ne�=1.0�1012 cm−3. The fluctuation levels range between
10%–40% for the location of r /a�0.6–1.0, and are similar
in both configurations. The fluctuation levels of the floating
potential measurements are 10–16 V in amplitude in-
side the separatrix, corresponding to relative values of
25%–40% when normalized to the electron temperatures
measured by the double probe in Fig. 2. These values are
very similar to the normalized Isat fluctuation levels, consis-
tent with expectations from linear electron drift wave theory
��n /n0�e�
 /Te�.

While these normalized fluctuation levels are relatively
large compared to “typical” core values �few percent� in
magnetic confinement devices,33–35 they are consistent with
mixing length estimates based on a radial correlation length
of the order ��s, where �s=cs /	i, cs= �eTe /mi�1/2, and
	i=eB /mi. A simple mixing length estimate can be derived
under the assumption that the instantaneous gradient �kr�n�
is limited in magnitude to the background equilibrium gradi-
ent ��n0�. This leads to �n /n0�Lr /Ln, where Ln=−�n0 /n0

and Lr represents an average radial correlation length
�Lr�kr

−1�. In Fig. 2, at r /a=0.8, �n /n0�25%�8�s /Ln, sug-

gesting a radial correlation length of about Lr�8�s

��1 cm�, similar to measurements in other devices.33–35

Fourier transforms have been used to characterize the
frequency content of the fluctuations. To create statistically
meaningful spectra, time series �10–40 ms of stationary data�
are separated into 100 �s segments, limiting the frequency
resolution to 10 kHz. Spectra are calculated for each of the
100–400 realizations and averaged together, reducing the un-
certainty in the expected value of any frequency to 5%–10%
�1 /
N�. The resulting power spectra, normalized by the vari-
ance of each signal, are shown in Fig. 4 for both Isat and Vfloat

at r /a=0.8. The fluctuations exist over a broad range of fre-
quencies, up to 100–300 kHz, before decaying rapidly with a
spectral index �P� f−m� of about m=4. Furthermore, the fre-
quency content in each configuration is nearly identical. As-
suming drift waves are present, they should have character-
istic frequencies of ��e /2��k�Te /BLn2��20–100 kHz
�assuming k��s=0.1–0.5�, similar to the range of frequencies
measured. However, the frequencies measured in the labora-
tory frame of reference will include a Doppler shift due to
equilibrium E�B velocities ��lab=��e+k�VE�B�. The im-
pact of this Doppler shift will be discussed later.

Correlation analysis can be used with multiple probe tips
to characterize the spatial scales of the fluctuations. An esti-
mate of the local poloidal wavenumber,36 at a given fre-
quency, is made by using the cross phase calculated between
the Fourier spectra of two probe tip measurements, F
�f�,

k��f� =
1

d�

phase�F
1
� �f�F
2�f�� , �3�

separated by a distance d�. From the numerous time series
realizations, a local poloidal wavenumber-frequency spectra
SL�k� ,�� is calculated.36 This local k�-f spectrum provides
an estimate of the spatial scales present in the fluctuations at
a given frequency. Figure 5 shows a contour plot of the mag-
nitude of the local k�-f spectra for the QHS r /a=0.8 data for
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FIG. 3. Normalized Isat fluctuation levels measured in both the QHS and
Mirror configurations. Also shown is the mixing length estimate used in the
Weiland model.
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FIG. 4. �Color online� Power spectra of Isat and Vfloat at r /a=0.8 for both
QHS and Mirror configurations.
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�ne�=1.0�1012 cm−3. The amplitude at each frequency
has been normalized to the total fluctuation level at that
frequency �i.e., SL�k� ,�� /S����. While the fluctuations
are spread over many wavenumbers, a clear dispersion is
observed, as indicated by the mean wavenumber �k��f��
�solid line�. A phase velocity is estimated using the
most intense fluctuations �f �100 kHz, Fig. 4� to be
Vphase=� /k��2�105 s−1 /100 m−1�6 km /s.

A local poloidal wavenumber spectrum can be estimated
by integrating the local k�-f spectra over frequency,
SL�k��=� fSL�k� , f�df . Figure 6 shows the local k� spectra cal-
culated for the same condition as Fig. 5. The spectra are very
similar between the two configurations, with mean wave-

numbers of �k���1.0 and 1.1 cm−1 for QHS and Mirror,
respectively. Using the electron temperature of Te=40 eV
��s�0.13 cm�, �k���s�0.14, comparable to other experi-
mental results.33–35 The standard deviation of k� ��k�= ��k�

− �k���2�1/2� is slightly smaller than the mean value in each
case. Assuming a Gaussian spectrum shape, the correspond-
ing poloidal correlation length �half width at half maximum�
would be L��1.2 /�k��7–8�s, very similar to the esti-
mated radial correlation length derived from the fluctuation
levels and mixing length estimate discussed above.

A radial correlation length, Lr, is found more directly by
using the cross correlation, C��r ,�t�, between two radially
separated ��r� measurements, via

Cmax��r,�t� � exp�− �r/Lr� ⇒ Lr =
− �r

ln�Cmax�
. �4�

This analysis has been performed using the additional float-
ing potential measurement from the radially recessed probe
tip �Fig. 1�. Although this tip is also separated poloidally
from its nearest neighbor, both the cross correlation and co-
herence are much larger between poloidally separated tips
compared to the radially separated tips. Therefore the above
approximation is reasonable.

Figure 7 shows the radial correlation lengths calculated
with Eq. �4� �at r /a=0.8� for density scans in both the QHS
and Mirror configurations. Again, the correlation lengths are
very similar between configurations for the same line-
average density. As the density is increased, the radial corre-
lation length decreases from �1.5 to �0.5 cm. A compa-
rable decrease in the characteristic poloidal scale length
���k�

−1� is also observed for this density scan. The relative
uncertainty results mostly from the finite sampling length of
the probe tips �3 mm length� compared to their separation
�6.4 mm�.
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FIG. 5. Local k�-f spectra �conditioned on the fluctuation amplitude at each
frequency� for the QHS configuration at r /a=0.8. The bold solid line is the
average poloidal wavenumber at each frequency �k��f��.
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FIG. 7. Radial correlation lengths vs line-averaged density at r /a=0.8 for
QHS and Mirror configurations.
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For a similar scan in density, the double probe measure-
ments indicate that the local Te �at r /a=0.8� decreases from
50 to 30 eV between the densities of �0.5–1.5�
�1012 cm−3. This reduction in temperature corresponds to a
reduction in �s ��Te

1/2� of �20% �1.4–1.1 mm�. In this range
of densities, the correlation lengths also decrease �30%,
from 1.5 to 1.0 cm. The radial and poloidal correlation
lengths remain isotropic and are almost linearly proportional
to the local value of �s ���k��−1�Lr�7�s�, as expected from
gyro-Bohm scaling inherent to local drift wave theory.

As electron drift waves are expected to be dominant in
these ECRH plasmas in HSX, the turbulent fluctuations �in
the plasma frame of reference� are theoretically expected to
propagate in the electron diamagnetic drift direction. How-
ever, as mentioned previously, the measurements in the labo-
ratory frame of reference are Doppler shifted by the local
equilibrium E�B velocity. In an attempt to extract the mode
velocity of the drift waves, both the phase velocity of the
fluctuations �in the laboratory frame of reference� and the
radial electric field need to be measured.

The phase velocity can be inferred from the local k�-f
spectra discussed earlier. As shown in Fig. 5, there is strong
correlation between the measured poloidal wavenumber and
frequency. For the broad turbulent spectrum in Fig. 5, a
phase velocity can also be calculated using a spectrum
average,37

Vphase =


k�,�

� �

k�
�SL�k�,��dk�d�


k�,�

SL�k�,��dk�d�

. �5�

For the data in Fig. 5, the spectrum-averaged phase velocity
is calculated to be 7.0 km/s in the ion diamagnetic drift di-
rection. This is similar to the value determined from the
simple estimate �6 km/s� discussed above.

The phase velocity of the measured fluctuations calcu-
lated for the QHS density scan of Fig. 7 is shown in Fig. 8.
Also shown are the E�B drift velocities calculated using the
time-averaged values of the radially separated floating poten-
tial measurements. There is a strong correlation between the
E�B velocity and the measured phase velocities. They both
propagate in the ion �electron� diamagnetic direction at low
�high� density.

From this figure, the inferred mode velocities �Vmode

=Vphase−VE�B� are nearly always in the ion diamagnetic drift
direction, contrary to the expectation for electron drift
waves. However, to determine the correct E�B drift veloc-
ity from the floating potential measurements requires a cor-
rection due to the local electron temperature gradient
�−��Te� which was not included in Fig. 8. It is unclear what
the appropriate temperature gradient is at the location of the
probe measurements, especially considering the perturbative
nature of the probe measurements. While there is scatter in
the data, the Thomson scattering measurements in Fig. 2 �in
the absence of probes� illustrate Te decreases from �120 eV
�r /a=0.5� to 60 eV �r /a=0.9�, corresponding to a gradient
of −�Te /e�20 V /cm. Using �=3, this amounts to an in-

crease in VE�B of about 12 km/s over the VE�B�4 km /s
from the floating potential measurements, for a total VE�B

�16 km /s at �ne�=1.0�1012 cm−3. This would be consis-
tent with phase velocities in the electron diamagnetic direc-
tion when the phase velocity is only 7 km/s. However, the
double probe measurements in Fig. 2 indicate a near zero or
reversed Te gradient implying mode velocities remain propa-
gating in the ion diamagnetic drift direction. The error bar on
the E�B velocity in Fig. 8 represents this uncertainty in the
local electron temperature gradient, which prevents direct
confirmation of the mode propagation direction.

B. Turbulent particle transport

Using the Fourier spectra of the floating potential and
ion saturation current measurements, a local density-
potential cross phase spectra, �n��f�, can be calculated,

�n
�f� = phase�Fn
�F
� . �6�

In practice, this is determined by averaging the two Isat-
float

cross phase spectra determined independently using the 
float

measurements on either side of the Isat measurement �Fig. 1�.
It is important to use this average, as the separation between
the probe tips �0.32 cm� is a significant fraction of the char-
acteristic poloidal scale length ��1 cm�. Using only one
Vfloat measurement artificially biases the cross phase mea-
surement, depending on the direction of the phase velocity.

With the above n-� cross phase spectra, and the local
poloidal wavenumber spectra k��f� calculated previously, it
is possible to estimate the turbulent driven particle flux
spectra,38
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FIG. 8. Spectrum averaged phase velocities for the QHS density scan data
�triangles�, local E�B velocity determined by the radially separated floating
potential measurements �diamonds�, and mode velocity from the Weiland
model �square�.
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��f� = Re�− ik��f�Fn
��f�F��f��/B ,

��f� = Im�k��f�Fn
��f�F��f��/B , �7�

��f� = k��f�	Pn
�f�	sin��n
�f��/B ,

where 	Pn��f�	 is the amplitude of the density-potential cross
spectrum. Figure 9�a� shows the radial profiles of the
spectrally averaged turbulent particle flux �� f��f�df� at
�ne�=1�1012 cm−3 for QHS and Mirror plasmas. The re-
sulting fluxes are of comparable magnitude to the fluxes de-
termined using absolutely calibrated H� emission measure-
ments coupled with 3D DEGAS �Ref. 39� neutral gas
simulations �described in Ref. 19�. However, the turbulent
driven fluxes for these two plasmas are measured to be di-
rected inwards, up the density gradient.

There is no reason to assume the turbulent particle flux is
symmetric on a flux surface, especially in highly shaped
plasmas such as those in HSX. Therefore, the turbulent par-
ticle flux was also measured using the HFS probe. Figure
9�b� shows that the turbulent particle flux measured in this
second location with different local geometries is also di-
rected inward in the region r /a�0.85.

It is unclear why the measured transport is directed in-
ward for these plasmas. However, as the line-averaged den-

sity is increased, the direction of the measured transport
changes sign. Figure 10 shows the turbulent particle flux for
the QHS density scan. Above line-averaged density of
�ne��2.0�1012 cm−3, the measured particle flux transitions
to be directed outward. The Mirror particle flux �not shown�
appears to follow the same trend but high enough densities
could not be achieved at 0.5 T operation to determine if a
similar reversal of measured turbulent particle flux occurs as
for QHS plasmas. The fluxes determined from 3D DEGAS
neutral gas simulations at two different densities are also
shown. From this comparison it appears that the turbulent
driven particle flux can account for the anomalously large
particle transport determined from neutral gas analysis.

The spectral components of the turbulent particle
flux spectra �Eq. �7�� are shown in Fig. 11 for both low
�1�1012 cm−3� and high density �2.2�1012 cm−3� dis-
charges in the QHS plasma. The measured particle flux oc-
curs over a broad range of frequencies in both cases. The
density-potential cross phase spectra �Fig. 11�c�� are nearly
identical, however the measured local poloidal wavenumbers
�Fig. 11�b�� reverse sign. This is consistent with the reversal
in the direction of the phase velocity observed in Fig. 8. The
result is a relative sign change between k�-�n�, which is
responsible for the change in the direction of the particle
flux. The change in transport direction is also reflected in the
probability distribution function �not shown� where the
skewness in � changes sign from 2 to +2. Although the
measured turbulent flux direction changes direction, there is
no observable change in the characteristic shape of the edge
density profile measured by the Thomson scattering.

There are a few sources of ambiguity in the measure-
ment of inward directed particle flux for low-density 0.5 T
HSX plasmas. The perturbative nature of the probe measure-
ments has been discussed already. It is likely that the local
particle and heat fluxes are modified by the probes acting as
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local sources or sinks of particles and energy. A quantitative
analysis of this effect is complicated by the unknown sheath
structure surrounding the probe as it is inserted into the
plasma.

There is also significant evidence in lower density 0.5 T
HSX plasmas for the existence of a suprathermal electron
population.18,19 The spatial distribution of these very ener-
getic electrons �up to many hundred keV� has not yet been
measured. Modeling of ECE emission spectra40 suggests that
the distribution is peaked near the ECRH resonance on axis.

However, there could still be a significant number of non-
thermal electrons out to the edge plasma, where the probe
measurements are being made. These electrons would not be
repelled by the negative bias �300 V� of the ion saturation
current measurement, modifying the interpretation of the in-
ferred density. High energy electrons impacting the tungsten
tips would also cause secondary electron emission, modify-
ing the floating potential measurement.32 Based on ECE and
soft-X measurements, the population of suprathermal elec-
trons is significantly reduced at the highest densities in 0.5 T
plasmas.

The last source of uncertainty results from the neglect of
the electron temperature fluctuations in both Isat and Vfloat

measurements. This could modify the overall correlation of
the density and potential fluctuations. Significant electron
Te fluctuations have been measured in the edge of other
devices;41,42 however, the overall impact was not large
enough to cause a reversal in the direction of inferred
transport.

Although the above mechanisms add uncertainty to the
turbulent particle flux interpretation, inward directed particle
fluxes have been measured previously in other stellarators. In
TJ-II, a change in particle transport direction was attributed
to low order rational surfaces, which are also responsible for
the triggering of internal transport barriers.43 In H-1 and
compact helical system �CHS� the change from outward to
inward directed transport was observed to occur when the
measured E�B shear rate ��E� was larger than a measured
decorrelation time scale, estimated as Vphase /Lr.

44 There are
no low order rational surfaces in the QHS and Mirror con-
figurations �n ,m�7�, but the phase velocities �correlated
with the E�B velocity� change significantly depending on
density �Fig. 8�. An E�B shear rate can be estimated from
the floating potential profiles �ignoring the influence of the Te

profile�, using an expression developed for quasisymmetric
stellarators,45

�E =
k�

k�

	��		B� � ��	
B2 · ��� − N�

�

��

�� 1

�� − N�
�

��

0����� . �8�

Changing variables from �→r and using k� /k�=1 based on
the spatial correlation measurements discussed previously,
this can be written as

�E = � 	�r		B� � �r	
B2 B0� ·

1

B0
� �Er

�r
+

�

� − N
ŝ
Er

r
� , �9�

where ŝ=−r / � ·�� /�r and �=1 /q is the rotational transform.
The leading geometry factor varies on a flux surface and has
been found using field line integration techniques.46 In the
region of the LFS probe, this factor is about 2.6. Further-
more, in HSX ���1.1, N=4� the term depending on mag-
netic shear is negligible �ŝ · � / ��−N��0.1· �1 /3��0.03�.

Figure 12 shows the floating potential profiles and cor-
responding E�B shear rates from low and high density QHS
plasmas. The significant change in the floating potential pro-
files is consistent with reversal of the E�B and phase ve-
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locities in Fig. 8. The calculated shear rates are larger in the
lower density discharges over much of the measured edge
region. The estimated decorrelation rate Vphase /Lr for these
two cases decreases from �8 to 5�105 s−1. The observa-
tion of inward directed transport in HSX as �E becomes as
large or larger than Vphase /Lr is consistent with the observa-
tions in H-1 and CHS. It is again emphasized, however, that
the reversal in measured particle flux does not appear to cor-
respond with any significant changes in the density profiles
or overall particle confinement.

IV. COMPARISON TO LINEAR DRIFT WAVE THEORY

The measured turbulent particle flux at high density is in
good quantitative agreement with the particle flux deter-
mined from the neutral gas simulations, as seen in Fig. 10.
Given the caveats in the low-density measurements de-
scribed above, the measurements at high density are mostly
focused on from here for making further comparisons to the
Weiland model. There are no nonlinear simulations of turbu-
lence in HSX available for comparison to the experimental
measurements. Therefore the following comparisons are
made to predictions from linear theory.

The Weiland model uses a quasilinear �QL� transport
estimate where all quantities are evaluated for a single wave-
number

�k��s=0.3�, as it cannot make a prediction for the intensity
spectra. The resulting model particle flux can be expressed as
a product of a few components, similar to Eq. �7�, as

�QL = n0cs�k��s���n

n0
�2

sin��n
� , �10�

where �n /n0=e�
 /Te has been assumed. The density-
potential cross phase �along with growth rates and real fre-
quencies� is determined from the solution of the linearized
model fluid equations.6,7 The following comparison focuses
on the measured and modeled wavenumber �k��s�, intensity
��n /n0�, cross phase ��n
�, and transport ���.

As discussed above, the measured transport spectrum
peaks around 200 kHz �Fig. 11�d��. Using the measured
dispersion in Fig. 11�b�, this corresponds to an average
�k���2 cm−1, or �k���s�0.25, which is �15% smaller than
k��s=0.3 prescribed in the evaluation of the Weiland QL
transport expression.6,7 However, the experimental transport
is spread over many frequencies and wavenumbers so a qua-
silinear transport model is neglecting a significant amount of
information.

The predicted phase velocities from the Weiland model
are �1.2 km /s, much smaller than the measured phase ve-
locities ��5 km /s, Fig. 8� in the laboratory frame. Uncer-
tainty in the E�B Doppler shift would need to be reduced
considerably to confirm a direction of propagation.

The dashed line in Fig. 3 shows the mixing length esti-
mate as used in the Weiland model, given by

��n

n0
�ML

=
�

��e

1

k�Ln
, �11�

where ��e=k�Te /BLn and k�=kr is assumed. It is apparent
that these values underestimate the measured values in the
outer region of the plasma by �50%. The ratio of linear
growth rate to real frequency in Eq. �11� often approaches
unity. The corresponding difference in Eq. �11� and the mea-
surements in Fig. 3 is consistent with the difference in mea-
sured radial correlation length ��7�s� and the corresponding
model “correlation length,” � /��ek��2–4�s.

It is interesting to note that the comparison between LFS
and HFS probes indicates that the measured turbulence does
not exhibit a strong ballooning character. Figure 13 shows
the fluctuation intensity in the QHS configuration on the LFS
is at most 25% larger than the HFS ��nLFS /�nHFS�1.25�.
While a stronger ballooning character has been observed in
some tokamak edge probe measurements,47 linear eigen-
modes from global 3D gyrokinetic stability analysis in HSX
�Ref. 22� are not that strongly ballooning ��nLFS /�nHFS

�1.5�, consistent with the turbulence measurements here.
However, the calculations in Ref. 22 were performed for the
ITG instability with adiabatic electrons so the TEM instabil-
ity is not treated.

From the multiple turbulence measurements, the density-
potential cross phase spectra, �n��f�, and local poloidal
wavenumber spectra, k��f�, have been used to create a power
spectrum weighted, k�-�n� spectra,
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Ŝ�k�,�n�� =
� fP�k�,�n�	f�S�k�,�n�	f�

� fS�k�,�n�	f�
, �12�

where P�k� ,�n� 	 f� and S�k� ,�n� 	 f� are the joint distribution
function and power spectrum of k�-�n�, conditioned on fre-
quency. When negative wavenumbers are calculated, the
signs of both k� and �n� are changed. This results in positive
definite wavenumbers with the correct relative sign between
k�-�n�, which maintains the correct transport direction. Av-
erage and standard deviations of the cross phase are then
calculated at each wavenumber. Figure 14 shows the mean
spectrum-averaged n-� cross phase, along with lines repre-
senting the standard deviation of the distribution. These rep-
resent the width of the distribution of the measured cross
phase and are not an uncertainty estimate.

For a given wavenumber, the cross phases are distributed
over a very broad range, indicative of the strong turbulence
present. The mean cross phase reaches values as large as
�30° near k��s�0.4–0.6, and approaches zero at k��s=0.
This is consistent with drift waves as they are linearly stable
at k��s=0. Above the values of k��s�0.5–0.6 on Fig. 14, the
coherency between the signals used to infer k� and �n� is
dropping significantly, reducing the significance of the de-
rived spectra in that region. Also shown in Fig. 14 is the
theoretically calculated n-� cross phase from the Weiland
model. The predicted linear cross phases are consistently
higher ��15° –20°� than the mean experimental cross
phases, but are well within one-sigma ��30° –45°� of the
measured turbulent distribution of cross phases.

There is some evidence from gyrokinetic simulations of
TEM turbulence in tokamak geometry that the mean n-�
cross phases in the nonlinear turbulent state are nearly iden-
tical to the linear cross phases.48 However, fluid simulations
exist where the nonlinear structure of the turbulence can

differ substantially from the linear predictions.49 Nonlinear
simulations would be required, using the HSX stellarator ge-
ometry with appropriate experimental plasma parameters, to
determine whether the above measured distribution of cross
phases is consistent with TEM turbulence.

The resulting transport prediction from the Weiland
model �shown in Fig. 10� is three to four times smaller than
the flux inferred from the Langmuir probe measurements and
DEGAS results. This difference is nearly consistent with the
cumulative differences in the wavenumber ��0.8�, intensity
��22=4�, and cross phases ��0.7� discussed above in the
context of Eq. �10� ��0.25 /0.3��2�2�sin�30°� /sin�40°��
�2.5�.

While prone to increased uncertainty, higher order spec-
tral calculations have been used to infer growth rates from
turbulence measurements.50,51 Bispectral analysis52 can be
used to measure the rate of energy transfer between fluctu-
ating wave components due to nonlinear three-wave interac-
tions that satisfy k� =k�1+k�2. Assuming the evolution of a tur-
bulent spectrum can be modeled using only quadratic �three-
wave� processes, a single field model equation can be
written,50

��k

�t
= �k

L�k + �
k=k1+k2

�k1,k2
Q �k1�k2, �13�

where �k1,k2
L,Q are the linear and nonlinear transfer functions.

If the turbulence is statistically stationary, the nonlinear en-
ergy transfer is assumed to be balanced by the linear growth
of the instabilities. With this assumption a set of equations
can be derived50,51 to determine an experimental estimate of
the growth rate spectrum using the measured power spectra
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��k
1�k

1��, cross spectra ��k
1�k

2��, and bispectra ��k1
1 �k2

1 �k
2��,

where �¯ � represents an ensemble average and the super-
script numbers represent measurements at two points in time
to approximate a finite difference of ��k /�t.

Ideally, this method would use time dependent wave-
number spectra ���k� , t��, which is usually not feasible to
measure. It is much easier to measure space dependent fre-
quency spectra ���f ,x���, as has been done in the above ex-
periments. These measurements can still be used in the
bispectral analysis as the fluctuations are moving rapidly past
the observation points. With phase velocities on the order of
5–10 km/s, the turbulence is propagating by the two floating
potential measurements in a time ��0.6–1.3 �s� faster than
a typical decorrelation time �3–5 �s�. Therefore Taylor’s
“frozen flow” hypothesis can be used to transform between
wavenumber and frequency space, via k�=� /Vphase.

The above analysis �see Ref. 51� has been performed for
the higher density QHS plasma using the poloidally sepa-
rated floating potential measurements. The resulting inferred
growth rate spectrum is shown in Fig. 15. About 1500 inde-
pendent time series have been used from similar discharges
to reduce statistical uncertainty in the bispectrum estimators.
The uncertainty estimate shown in the figure was found us-
ing a Monte Carlo approach assuming 10% random noise of
both amplitude and phase of the measured frequency spectra.
This likely underestimates the true uncertainty at higher fre-
quency �wavenumber� as it does not account for the reduc-
tion in overall coherence and bicoherence of the measured
signals above k��s�0.5.

The inferred growth rates are on the order of a few
105 s−1 �consistent with the decorrelation rates, validating
Taylor’s hypothesis� and approach zero at k��s=0, consistent
with drift waves which are linearly stable. Also shown is the
predicted linear growth rate spectrum from the Weiland

model for the same case shown in Fig. 14. The agreement in
the predicted and measured growth rates is comparable to
that in the density-potential cross phase.

The predicted and experimentally inferred growth rates
in Fig. 15 appear to peak at values of k��s�0.5 or greater.
However the peak in transport is estimated to occur at the
smaller values of k��s�0.25 or 0.3. This downshift in peak
spectra is often observed in magnetically confined plasmas
due to the inverse cascade expected in two-dimensional
turbulence.53

V. SUMMARY

Langmuir probes have been used in ECRH B=0.5 T
plasmas in HSX to characterize the edge �r /a=0.8–1.0� tur-
bulence. It is found that the measured turbulent particle
transport does indeed account for the anomalous transport
determined from 1D analysis using neutral gas simulations.
The measured turbulence intensities in electron-heated B
=0.5 T HSX plasmas are strong ��n /n0�e�
 /Te

�10%–40%� with fluctuations existing over a broad range
of frequencies and wavenumbers. Correlation lengths are iso-
tropic and follow the local gyroradius ���k��−1�Lr�7�s�,
consistent with local �gyro-Bohm� drift wave expectations.
In addition, measurements at two different locations indicate
the turbulence is not strongly ballooning. The edge turbu-
lence is very similar for plasmas in both the optimized
�QHS� and nonoptimized �Mirror� configurations.

While the above features are generally consistent with
drift wave expectations, a quantitative comparison has been
made between the turbulence characteristics and the Weiland
quasilinear TEM drift wave model that has previously been
used to predict the anomalous transport in HSX.28 The mea-
sured density-potential cross phases are �30% smaller than
the linear TEM predictions, but are well within one standard
deviation of the measured distribution. The measured inten-
sities are approximately two times larger than the model
mixing length estimate, and the overall measured transport is
approximately three to four times larger than the resulting
model transport prediction. The low level of model transport
results mostly from the inadequacy of the simple mixing
length estimate.

The discrepancy in measured and modeled transport in
these B=0.5 T plasmas is quantitatively consistent with that
seen in the edge of the B=1.0 T predictions in Ref. 28.
There, the modeled flux �diffusivity�, using measured pro-
files as input, was outside experimental uncertainties for
most of the profile. However, when using experimental
sources as input, the predicted profiles were within experi-
mental uncertainties due to the sensitivity of model transport
with respect to driving gradients. For a more thorough
validation,10 future work should test the sensitivity of this
�and other� model predictions with the turbulence and trans-
port measurements within experimental uncertainties. It is
also hoped that future comparisons can be made with more
comprehensive nonlinear 3D gyrokinetic simulations that are
becoming available �e.g., Refs. 25 and 26�. Specifically, a
comparison of more detailed measurements for both the
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QHS and Mirror configurations with such simulations will
hopefully lead to a better understanding of the influence of
the 3D geometry on the turbulent transport.
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