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A phase contrast imaging (PCI) diagnostic has been developed for the Wendlestein 7-X (W7-
X) stellarator. This diagnostic, funded by the US Department of Energy through the Office
of Fusion Energy Sciences, is a collaboration between the Max Planck Institute for Plasma
Physics, MIT and SUNY Cortland. The primary motivation for the development of the
PCI diagnostic is measurement of turbulent fluctuations, such as the ion temperature gra-
dient (ITG), electron temperature gradient (ETG), and the trapped electron mode (TEM)
instabilities. Understanding how the magnetic geometry and other externally controllable
parameters, such as fueling method and heating scheme, modify the amplitude and spec-
trum of turbulence is important for finding operational scenarios that can lead to improved
performance at fusion-relevant temperatures and densities. The PCI system is also sensitive
to coherent fluctuations, as may arise from Alfvén eigenmodes or other MHD activity, for
example. The PCI method creates an image of line-integrated variations in the index of
refraction. For a plasma, the image created is proportional to the line-integral of electron
density fluctuations. This paper provides an overview of some key features of the hardware
and the optical system, and presents two examples of recent measurements from the W7-X
OP1.2a experimental campaign.
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I. INTRODUCTION

Phase contrast imaging (PCI) diagnostics have been
used on a number of magnetic confinement machines, in-
cluding the TCA1, DIII-D2, Alcator C-Mod3, and Toka-
mak à Configuration Variable (TCV)4 tokamaks, and
also on the Large Helical Device (LHD) stellarator5. In-
stallation of a new PCI system on the Wendelstein 7-X
(W7-X) stellarator was completed in the summer of 2017
and first operation of the diagnostic occurred in Septem-
ber of 2017 during the OP1.2a campaign6.

The W7-X stellarator is a large-scale fusion experi-
ment that began operation in 20157,8, and recently con-
cluded its second operational phase, OP1.2a, that ran
from September 5 to December 7 of 2017. The aver-
age major and minor radii of W7-X are 5.5 m and 0.53
m, respectively. W7-X is of the Helias family of stel-
larators, with a nearly quasi-isodynamic magnetic field
geometry at high β (where β ∼ p/4µ0B

2), and was de-
signed with consideration given to seven engineering and
physics constraints, including low neoclassical losses of
particles and energy and low bootstrap current9. The
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ability to vary the coil currents provides external control
over the mirror ratio, rotational transform, and the posi-
tion of the magnetic axis. One of the major goals of the
W7-X research program is to understand the impact of
the magnetic field configuration on global performance
through its influence on both neoclassical and turbulent
transport. The W7-X PCI diagnostic can support this
mission through measurement of turbulent fluctuations
in different magnetic configurations.

The ISS04 scaling, which describes the multi-parameter
scaling for stellarator energy confinement times, indicates
that high-performance plasmas in W7-X should greatly
exceed the performance of all previous stellarators and
approach that of similarly sized tokamaks10. Analysis
of experiments from the W7-X OP1.1 campaign indicate
performance congruent with the ISS04 scaling8, though
these energy confinement times are still about an order of
magnitude smaller than the best tokamak H-mode energy
confinement times.

One of the outstanding points of uncertainty in our
predictive capability, is how turbulent transport will scale
as we move to larger devices, and higher temperatures
and densities. A variety of turbulent mechanisms, in-
cluding the ion temperature gradient (ITG) instability,
electron temperature gradient (ETG) instability, and the
trapped electron mode (TEM) instability, are expected
to modify the transport and energy confinement prop-
erties of these plasmas11,12. This is an important area
of research to address in anticipation of future burning
plasma experiments that will be dominated by electron-
heating. Electromagnetic modes, such as kinetic balloon-
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ing modes13 and Alfvén eigenmodes14, may also modify
the transport of the bulk plasma or energetic compo-
nents. The role of the magnetic field geometry on turbu-
lence and instabilities, and therefore the degree of exter-
nal control over transport, is a subject of much interest.

This paper describes the principle of the phase con-
trast method in §II, briefly describes some of the main
hardware and design features of the W7-X PCI system in
§III, presents a few measurements from the OP1.2a cam-
paign in §IV, and concludes with an outlook to future
experiments and system upgrades in §V.

II. THE PHASE CONTRAST METHOD

The PCI diagnostic is in essence a small-angle scatter-
ing system, where electron density perturbations induce
variations in the index of refraction that diffract the in-
cident light as it passes through the plasma15. The mea-
sured signal is an image of the variations in the index
of refraction of the probed medium. For a plasma, the
intensity of the image is proportional to the line-integral
of electron density fluctuations. The line-integrated na-
ture of the signal is both a challenge and a strength of the
PCI diagnostic. Extracting information on the 3D nature
of fluctuations is difficult, and requires detailed compar-
isons to other diagnostics, and can be aided by use of a
spatial filter that localizes signals according to magnetic
pitch angle and comparison to numerical predictions. On
the other hand, the PCI diagnostic, being generally sen-
sitive to density fluctuations from any source and across
all regions of the plasma along the beam path, can si-
multaneously measure broadband fluctuations from the
plasma edge and coherent mode activity, such as Alfvén
eigenmodes that may exist near the plasma core. Regard-
less of the source of the diffraction, the image intensity
at the detector is proportional to the line-integral of the
electron density fluctuations presenting spatial variations
perpendicular to the beam path15.

In the phase contrast method, electron density fluctu-
ations are equivalent to a phase grating for the incident
light. Most of the power is carried forward by the direct
(m = 0) component of the beam, and the information re-
garding the spatial structures and amplitudes of the fluc-
tuations is carried by the first-order diffracted (m = ±1)
components. By comparing the diffracted components
that traverse the same plasma region to the direct com-
ponent, the effect of the mean density is effectively absent
in the image and the output signal depends only on the
plasma fluctuations. The amplitude of the diffracted sig-
nal (∆) is proportional to the line integral of the density
fluctuations along the beam path, that is,

∆ = E0 reλ

∫
ñe dz, (1)

where E0 is the incident electric field amplitude of the
laser beam, re ≈ 2.8 × 10−15 m is the classical electron
radius, λ = 10.6 µm is the laser wavelength and the inte-
gral over the electron density fluctuations is taken along
the beam path through the plasma. As an example of the

fluctuation amplitude, a W7-X plasma with ne ≈ 1×1019

m−3 and fluctuations with ñe/ne ≈ 10−2 that are present
over one quarter of the path through the plasma (roughly
0.25 m), would have ∆/E0 ∼ 10−3.

Critical to the analysis of image formation in the phase
contrast method is the recognition that the diffracted
components have a mean phase of π/2 relative to the di-
rect beam. This phase shift arises because the diffracted
components carry the information about the plasma
“phase grating” which acts either to advance or retard
the wave phase, and hence is necessarily out of phase
with the direct beam. In the regime of weak diffraction,
an image created by combining the direct and diffracted
components would not show any features representative
of the plasma fluctuations, as the fluctuations only mod-
ify the phase and have no effect on the amplitude of
the incident light. Therefore, imaging of fluctuations re-
quires some manipulation of the relative phase between
the direct and diffracted components. This modification
of phase is performed by the phase plate. Located at a
focal plane of the optical system, the phase plate takes
advantage of the spatial separation of the Fourier com-
ponents comprising the phase grating presented by the
plasma. The phase plate is in essence a 2” diameter,
flat mirror (gold plated) with a 1.0 mm wide groove of
depth λ/8 spanning a diameter. The direct component
is focused onto the groove, and having traveled into and
back out of the groove, travels a total extra distance of
λ/4 for a phase shift of π/2. The optic substrate, be-
ing ZnSe, has a reflection coefficient of R ≈ 0.28, and
reduces the amplitude of the direct component. Thus,
having advanced the phase of the direct component by
π/2, the components at the detector sum to create an
intensity given by

IPCI = |iR1/2E0 + i∆|2 ≈ RE2
0 + 2R1/2E0 ∆. (2)

The linearity of the intensity in the diffracted signal (∆)
means that the measurement is linear in the line-integral
of the electron density fluctuations. The fraction of the
signal attributed to the fluctuations is 2∆/R1/2E0, which
is enhanced by a factor of R−1/2 ≈ 1.89 over a perfectly
reflective phase plate . The detector preamplifiers apply a
filter and eliminate the DC component (E2

0) of the image,
yielding an output signal that is simply proportional to
∆, modified by the frequency response of the detector
and preamplifier network. These effects are discussed
more in §III.

A spatial masking device, not yet implemented, will
localize fluctuations through the relationship between the
magnetic pitch angle within the plasma and the angular
position of scattered signals at a focal plane. A more
detailed analysis of the optical system and its sensitivity
to the entire range of wavenumbers will be provided in a
subsequent publication.

III. OVERVIEW OF THE OPTICAL SYSTEM AND
HARDWARE

Spatial constraints in the W7-X torus hall and the op-
tical path through the torus require that the laser and
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FIG. 1. Photo of the receiving table showing the CO2 laser,
HeNe laser, the 9” diameter off-axis-parabolic (OAP) mirror,
the first 9” diameter steering mirror, and the beam duct up
to the first mirror box.

detector be situated at different locations on separate
optical tables. The CO2 and HeNe lasers, together with
the optics to condition and expand the beams are located
on the transmitting table, shown in Fig. 1, in the second
basement level of the W7-X torus hall. The detector,
together with the phase plate and imaging optics are lo-
cated on the receiving table, shown in Fig. 2, located in
the first basement level of the torus hall. Each table is
covered by a light-tight enclosure, and the entire beam
path is enclosed by a beam duct. A total path length of
approximately 22 meters separates the transmitting and
receiving tables.

The light source for the PCI system is a 100 Watt
CO2 industrial-quality laser operating at a wavelength
10.6 µm. A HeNe laser (632.8 nm wavelength) is com-
bined with the CO2 beam to assist with alignment for
safe operation during open access to the torus hall. Op-
tics on the transmitting table combine the HeNe and CO2

laser beams and, once combined, the combined beams
are expanded with a telescope comprised of two off-
axis parabolic (OAP) mirrors, with a magnification of
M = 80”/6” = 13.3. A typical beam size out of the tele-
scope during the OP1.2a campaign was about 8.0 cm.

A series of seven 9” diameter steering mirrors deliver
the beams from the transmitting table to the receiving
table. The first sends the beam from the transmitting
table vertically up along the inside of the torus toward
the first window. Two mirror boxes, one located adjacent
to each port window, house additional mirrors that redi-

FIG. 2. Photo of the receiving table showing the 9” diameter
OAP mirror, the detector, and the phase plate. The black
tube passing over the top of the table is the beam duct for
the Thomson scattering system.

rect the beam into and out of the W7-X cryostat. Two
steering mirrors within the first mirror box redirect the
beam horizontally in front of the port window and then
deflect it upward at the required 18 degree angle, with re-
spect to the horizontal. Two mirrors in the second mirror
box steer the beam first horizontally then down to the re-
ceiving table. The two final 9” steering mirrors direct the
beam onto the 9” diameter OAP mirror for focusing onto
the phase plate. Following the phase plate, the beam is
collimated by a second OAP mirror, forming a telescope
with magnification of M = 6”/80” = 0.075. After the
second OAP the collimated beam passes through two 2”
diameter, 16” focal-length ZnSe lenses that are separated
by 32”. A wavenumber filter, for selecting scattered com-
ponents at particular angles, can be placed at the focal
plane located between these two lenses. Three final ZnSe
lenses (focal lengths of 5”, 8.5”, 16”) form a detector
telescope and create an image at the detector. The lat-
ter two lenses in this series of three are mounted linear
stages that allow the diagnostic operators to remotely
adjust the image magnification in the range of approx-
imately 1 to 5. The net magnification of the system is
then equal to the product of the magnification from the
OAP mirrors (0.075) and the the magnification of the
detector imaging telescope, and is in the range of 0.075
to 0.375, approximately.

The detector is a linear array of 32 HgCdTe ele-
ments, each with a width of 0.5 mm, operating in photo-
conductive mode. The detector is cooled with liquid ni-
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trogen to reduce thermal noise. The frequency response
of the detector has been calibrated by measuring the el-
ement output voltage in response to a modulated signal
from an array of LEDs. An example of the frequency
response curve for a single element is shown in Fig. 3.

The detectable wavenumber range depends on the
beam diameter and phase plate geometry in the lower
limit, and the net system magnification and the width of
the detector array size in the upper limit. At a typical
final magnification of 3 (net magnification of 0.225), the
distance in the plasma imaged over the 32 detector ele-
ments is about 7.1 cm. This provides a typical kmax ≈ 14
cm−1. The lower limit to the wavenumber range is set by
the requirement that diffracted components fall outside
the groove of the phase plate, which gives kmin ≈ 1.5
cm−1. For an 8.0 cm beam diameter in the plasma and a
net magnification of 3.0×0.075 = 0.225, the 8.0 cm beam
diameter is imaged onto the the detector with a diameter
of 1.8 cm, corresponding to a channel-to-channel spac-
ing projected onto the plasma of about 0.25 cm. This
magnification range is ideally suited to detecting TEM
turbulence with kθρs ∼ 1, corresponding to a fluctua-
tion wavenumber of about 2.5 cm−1 and a wavelength of
approximately 2.5 cm. The ITG and ETG fluctuations,
occurring at length scales an order of magnitude smaller
and larger than the TEM, respectively, are somewhat
outside of the range for optimal detection with the PCI
system at the typical magnification. Additionally, these
modes can be distinguished by the direction of propaga-
tion in the plasma frame, with ITG rotating in the ion-
diamagnetic direction, and the ETG and TEM modes
rotating in the electron diamagnetic direction. Simula-
tions of ITG12 and TEM11 turbulence indicate that these
modes should have substantially larger amplitude on the
outboard side of the plasma, compared to the inboard
side, and therefore it is expected that the PCI diagnostic
will measure an asymmetric k-spectra that is representa-
tive of the direction of propagation.

An ultrasonic sound wave at frequency of 43 kHz
(λ ≈ 0.79 cm, k ≈ 7.9 cm−1) is launched in air in the
second mirror box. Measurement of the sound waves
serves two purposes. First, the known wavelength in air
provides a check of the imaging system magnification.
Secondly, if the density perturbations from these sound
waves are known in absolute units and the spatial struc-
ture of the waves is known accurately, then the change
in index of refraction in air can be related to the change
in index of refraction of the plasma, allowing absolute
density fluctuation levels to be determined. At this time
we do not have reliable measurements of the density per-
turbations from the sound waves and cannot use it as an
absolute calibration source.

IV. SURVEY OF MEASUREMENTS

Typical plasma parameters for OP1.2a plasmas had Te
in the range of 2 − 4 keV, Ti in the range of 1 − 2 keV,
and ne in the range of 2− 4× 1019 m−3, in both helium
and hydrogen plasmas. Heating in the OP1.2a campaign
consisted exclusively of up 8.5 MW of X-mode electron-

FIG. 3. Calibration curve for detector channel 01. This sys-
tem can be modeled as a bandpass filter, with an approximate
2 kHz high-pass frequency and an approximate 572 kHz low-
pass frequency. The blue dots are measurements of the am-
plitude response inferred from measurements of sinusoidally
modulated light from an array of LEDs and the orange (solid)
curve is the band-pass function.

cyclotron resonance heating (ECRH). During the OP1.2a
campaign, the PCI diagnostic measured a wide range
of phenomena, including broadband spectra that exhibit
variations with the magnetic configuration, fluctuations
in the after-glow phase after ECRH is terminated, and
coherent fluctuations likely from Alfvén eigenmodes.

Precise identification of the driving mechanisms of tur-
bulence requires careful analysis and comparisons with
other diagnostics. While such studies are underway, no
conclusive results are yet available. In lieu of presenting
measurements of broadband turbulence, we focus here
instead on a select set of coherent modes that illustrate
the capability of the PCI diagnostic. Figure 4 shows a
set of semi-coherent modes that may be due to a rotat-
ing magnetic island whose rotation slows, and hence the
measured frequency decreases, in the after-glow phase.

Figure 5 shows a series of modes persisting over almost
1.5 seconds that are thought to be Alfvénic in nature
due to the strong correlation with the Alfvén frequency
and no significant correlation with temperature, which
could indicate an acoustic mode. The absence of similar
signals on the magnetics suggests that these modes are
located deep within the plasma core. It has been pre-
viously shown that the spatial structure and frequency
of some Alfvénic modes are sensitive to the plasma equi-
librium and can therefore provide additional information
regarding properties of the deep core16. It is somewhat
surprising that Alfvénic modes could be driven in plas-
mas that are purely electron heated with ECRH, and thus
absent of any energetic-ion component. However, similar
modes were observed in the W7-X OP1.1 campaign and
it was speculated that they are excited by the thermal
electron population or energetic trapped electrons17. In
some prior experiments in the COMPASS18 and Alcator
C-Mod19 tokamaks, Alfvénic activity was correlated with
fast-electrons created by lower-hybrid waves. Somewhat
related are studies from the Helically Symmetric eXper-
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FIG. 4. Frequency spectrogram showing a series of down-
chirping modes near the end of a plasma experiment, perhaps
associated with a rotating magnetic island that is slowing as
the plasma density decreases.

FIG. 5. A series of coherent modes near 200 kHz appear to
have an Alfvénic nature based on their scaling with density.

The red overlay shows the change in n
−1/2
e .

iment (HSX) showed that a population of energetic elec-
trons from ECRH could excite acoustic modes20, though
we anticipate that the frequency in W7-X is far too high
to be relevant to the observations reported here.

V. CONCLUSIONS

The W7-X PCI diagnostic is providing measurements
of coherent modes and turbulent fluctuations. Coherent
modes that exhibit a strong correlation with the Alfvén
frequency are likely Alfvén eigenmodes. These measure-
ments may provide insight into the spectrum of weakly-
damped Alfvén modes that will be of greater concern
once an energetic-ion population is present. While the
analysis of the turbulent fluctuations is on-going and

in the early stages of vetting, some initial observations
on turbulent fluctuations in different magnetic config-
urations with similar plasma values suggest significant
changes in the fluctuation levels and spectral shape.

Future upgrades for the PCI system include a second
detector with an identical optical system. By placing a
spatial filter on each one of these beam lines, the PCI
diagnostic will be able to simultaneously localize fluctu-
ations from two radial regions within the plasma. The
goal of the this system upgrade is to provide constraints
on radial correlation lengths in addition to the poloidal
structures that are regularly measured by a single detec-
tor array. Other hardware upgrades underway include
an improved sound wave source for calibration, remotely
positionable optics that will allow for modifications to
the beam size, and an improved range of magnifications.
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