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Coherence Imaging Spectroscopy (CIS) has emerged as a powerful tool for investigating complex ion
phenomena in the boundary of magnetically confined plasma devices. The combination of Fourier-
transform interferometry and high-resolution fast-framing cameras has made it possible to make
sensitive velocity measurements that are also spatially resolved. However, this sensitivity makes the
diagnostic vulnerable to environmental effects including thermal drifts, vibration, and magnetic fields
that can influence the velocity measurement. Additionally, the ability to provide an absolute calibration
for these geometries can be impacted by differences in the light-collection geometry between the
plasma and reference light source, spectral impurities, and the presence of thin-films on in-vessel
optics. This paper discusses the mitigation of these effects and demonstration that environmental
effects result in less than 0.5 km/s error on the DIII-D CIS systems. A diagnostic comparison is used
to demonstrate agreement between CIS and traditional spectroscopy once tomographic artifacts are
accounted for. Published by AIP Publishing. https://doi.org/10.1063/1.5039367

I. INTRODUCTION

Ion transport along magnetic field lines (flows) drives the
transport of particles, energy, and momentum throughout the
edge of magnetic fusion devices. Understanding these phe-
nomena, particularly in high powered plasmas, is a prerequisite
for the prediction of impurity migration and divertor perfor-
mance required for the realization of an electricity producing
magnetically confined fusion reactor. Measuring the ion veloc-
ity of both main-ion and impurity populations is being used
to understand the forces that drive these flows in partnership
with fluid modeling codes such as UEDGE1 and SOLPS,2

as well as fully kinetic simulations.3 Significant progress has
been made in understanding these complex phenomena using
Mach probes,4–7 sequential charge-state imaging,1 and tra-
ditional spectroscopy.8 However, these diagnostic techniques
become significantly more challenging in high power and high
performance scenarios due to the interpretation challenges of
line-of-sight spectroscopy, the power handling ability of phys-
ical probes, and the possibility of perturbation from both gas
puffs and probes.

Doppler Coherence Imaging Spectroscopy (CIS) over-
comes many of these limitations as well as provides 2D
spatially resolved measurements. This diagnostic technique
combines a spatial heterodyne polarization interferometer with
a fast-framing camera to generate images of the Doppler shift
of any plasma species emitting in the visible spectrum. The
interferometer is composed of a birefringent crystal sand-
wiched between two polarizers that superimposes a set of inter-
ference fringes onto the brightness image of plasma emission
that has been isolated to a single species using an interference
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filter. Spectral information of the emitting species including
the Doppler shift and width is encoded onto the interferogram
and can be extracted using Fourier demodulation techniques.
Comparison of these demodulated quantities with those from a
spectral reference image can then be used for calculating abso-
lutely calibrated velocities and temperatures. More details on
the diagnostic technique can be found in numerous papers by
Howard and others.9–13 CIS measurements have been made
on a number of plasma devices including DIII-D,10,14 the
MAST spherical tokamak,12 the ASDEX-U tokamak,15 the
H1 heliac,9,16 the WEGA stellarator,25 and the MAGPIE linear
device.17

A distinction of the DIII-D setup is the development of
permanently installed CIS diagnostic instruments with the
aim of providing reliable velocity measurement throughout
extended experimental campaigns. Measurements are primar-
ily made of impurity species such as the bright Ciii line at
465 nm and Heii which is a main-ion species in low tempera-
ture regions of helium plasmas. The desire to make quantitative
comparisons with modeling predictions necessitates a high
accuracy and a trustworthy measurement system. The mag-
nitude of velocities in the scrape off layer (SOL) and divertor
is in the range of 0–30 km/s which drives a target uncertainty of
±1 km/s so that the regions of flow stagnation can be identified.
Ion velocities measured for a range of discharge conditions can
then be used to better constrain modeling efforts14 and investi-
gate complicated phenomena such as the presence of 3D flows.

This paper describes work that has been done to verify the
CIS diagnostic technique, as implemented on DIII-D. The two
Doppler CIS diagnostics installed on DIII-D are described in
Sec. II followed by a discussion on the elimination of envi-
ronmental influences in Sec. III. While benchtop tests have
been used to demonstrate the ability of CIS to make accurate
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absolutely calibrated Doppler shift measurements even when
extrapolating comparatively large spectral distances,13 in situ
plasma measurements must be used to confirm that there are no
installation-specific errors. This is achieved with a comparison
to traditional spectroscopy presented in Sec. IV.

II. COHERENCE IMAGING SETUP

Two distinct tangentially viewing Doppler CIS systems
are installed on DIII-D. The “main-SOL” system leverages
a wide field-of-view to measure velocities in both the upper
and lower divertors as well as the intervening main cham-
ber scrape-off-layer (SOL). To achieve this, a high-resolution
2160 × 2560 pco.edge camera is combined with a “periscope”
optical train to achieve suitable resolution across the view and
without optical fibers. The periscope optics setup is shared with
an infrared imaging diagnostic that has been described previ-
ously.18 The second CIS system uses a faster Phantom v7.3
camera to focus on the lower divertor. The faster frame-rate
of this system can be used to separate data affected by Edge
Localized Modes (ELMs) and inter-ELM data during high
power H-mode and advanced-tokamak discharges. Examples
of the raw data from these systems are shown in Fig. 1.

FIG. 1. Raw data (C2+) from the (a) main-SOL and (b) lower divertor CIS
diagnostics.

Both the main-SOL and lower-divertor systems share
a similar design for the interferometer cell which has been
detailed elsewhere.13 In short, a birefringent crystal is sand-
wiched between two orthogonal polarizers to produce a spa-
tially varying delay. Alpha-barium borate (αBBO) crystals are
used with a nominally 5 mm 15◦ cut angle crystal in the lower
divertor system and a 5.8 mm 30◦ cut angle in the main-SOL
system. Interference filters with a 2 nm FWHM transmission
width are mounted in a remote-controlled filter wheel mounted
on the front of the interferometer cell. The cell, lens arrange-
ment, filter wheel, and camera are rigidly fixed to an optical rail
to minimize the movement of the crystal and lens relative to
the camera. A photo of the diagnostic setup is shown in Fig. 2.
To actively stabilize the crystal temperature, a series of resis-
tive heating elements are adhered to the interferometer housing
that are themselves surrounded by foam insulation. PID con-
trol is used to heat the crystal and aluminum mounting blocks
to 33 ◦C. The PID control thermistor for this heater setup is
adhered to the top of the crystal with thermal epoxy. The inter-
ferometer cell and camera are inside an air-cooled shield box
constructed from borated polyethylene panels to provide neu-
tron attenuation, lead bricks to provide x-ray shielding, and
stress annealed iron for magnetic shielding.

Absolute velocity calibration is achieved using a model
of the interferometer and a reference image of a well-known
spectral source illuminating an integration sphere inserted into
the CIS field-of-view. This calibration procedure has been
outlined previously where an optimized system demonstrated
accuracy to 0.2 km/s over a 3.5 nm extrapolation range.13 In
the lower divertor system, a pneumatic mirror is inserted into
the optical train to bring the integration sphere into view. In the
main-SOL system, the integration sphere itself moves into the
optical train. In both cases, the light directed into the sphere
can either be light from a tunable diode laser or a spectral
lamp. Where the laser is used for reference images, a High-
Finesse WS7 wavemeter provides a measurement of the laser
wavelength with an accuracy of 0.04 pm at 465 nm. For the
Heii measurements described here, a zinc spectral lamp was
used for the calibration images. These lamps have a prominent
spectral line at 468.014 nm, about 0.55 nm from the measured
Heii line at 468.571 nm. While this extrapolation difference is

FIG. 2. Photograph of the main-SOL instrument before mounting in the
shield box. Displayed components include A—Front 85 mm lens (collimator);
B—filter wheel; C—resistive heater elements surrounding interferometer cell;
D—rear of interferometer cell; E—rear 85 mm lens; F—camera; G—camera
mounting plate; and H—rigid optical rail.
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non-optimal, it allowed switching between Ciii and Heii con-
figurations faster than could be achieved by retuning the diode
laser. A LabView control system is used to co-ordinate the
cameras, filter wheels, integration sphere translation, lamps,
and wavemeter for the calibration sequence, the results of
which are stored in local and remote MDSplus trees and a
S3 object store system.

III. ENVIRONMENTAL EFFECTS

While one of the advantages of CIS is its high sensitivity,
this sensitivity also makes it vulnerable to environmental influ-
ences. These environmental influences include thermal drift of
the crystal, stress-induced birefringence, vibration, and mag-
netic field effects. These amount to both direct changes to the
crystal that alter the interferometric delay, as well as changes
in the relationship between the crystal and the camera that
alter the interferogram’s position on the CCD and therefore
manifest as a phase-change. The influence of these effects on
the DIII-D CIS systems is evaluated using a “calibration con-
figuration” whereby the integration sphere used for post-shot
calibration is placed into the CIS field-of-view during plasma
operations. The wavelength of the light is well known, either
from NIST wavelength standards for spectral lamps or using
the wavemeter for the diode laser. The “velocity” of this source
can then be calculated using the technique used for ascertain-
ing plasma velocities; in an ideal scenario, the Doppler shift of
the light source will always be zero. Any deviation from zero
during the course of a plasma shot or over the course of a day
can be used to evaluate the impact of environmental effects in a
quantitative way and provide experimental uncertainty values.

A. Thermal drift

A birefringent crystal’s refractive indices are a function of
the crystal temperature and so thermal drifts cause phase shifts
that will be incorrectly interpreted as Doppler shifts. Where
this temperature drift occurs between the plasma measurement
and the calibration image measurement, it causes a systematic
velocity offset across the velocity image. Novel approaches
have been presented to solve this problem including passive
temperature stabilization by combining birefringent crystals
with opposing thermal expansion and thermo-optic coeffi-
cients.17 The approach taken on DIII-D is to combine modest
active temperature stabilization with fast calibration measure-
ments under the premise that only a significant change in tem-
perature between the plasma measurement and the calibration
measurement is important. Active temperature stabilization is
achieved using the PID control of resistive heaters adhered to
the exterior of the interferometer cell. A layer of foam insu-
lation separates this region from the rest of the shield box
which is air-cooled to protect the cameras from over-heating.
Typical temperature drifts for both systems over a DIII-D run
day are shown in Fig. 3. These measurements were made by
tracking the phase-shift between each post-shot laser calibra-
tion image and calculating the associated velocity drift. Over a
10 h span, the main-SOL system experienced a 29 km/s drift
with a maximum gradient of 9.7 (km/s)/h, whereas the lower
divertor experienced a 8 km/s drift with a maximum gradient

FIG. 3. Velocity drift over the course of a DIII-D run day primarily due to
crystal temperature changes.

of 1.5 (km/s)/h. The faster rate of change in the main-SOL
system is due to heating from a FLIR infra-red camera diag-
nostic that shares the shield box. Better temperature stability
has been observed in benchtop systems where a stability of
0.08 (km/s)/h over 5 h has been achieved.19 However, the
degree of engineering required to achieve this stability is not
a practical solution for diagnostics installed on the tokamak
where space is limited due to radiation shielding requirements.
To mitigate the effect of the residual thermal drift, calibra-
tion data by the automated acquisition system are acquired
quickly after every shot. The time between plasma shot and
calibration data is around 20 s for the main-SOL system and
about 2 min for the lower divertor. The difference in response
times between the two systems is due to the different memory-
handling capability of the pco.edge and Phantom cameras. The
combination of fast calibration and active temperature stabi-
lization reduces the error due to thermal drifts to be less than
0.06 km/s in the main-SOL system and 0.05 km/s in the lower
divertor.

B. Magnetic field

While not yet fully understood, magnetic fields have been
observed to impact CIS systems both due to field-induced
mechanical movement and the direct influence of the magnetic
field on the birefringent crystal itself. This effect was origi-
nally observed in an early iteration of the main-SOL system
whereby a phase shift of up to 0.01 fringe (∼3 km/s) occurred
during a DIII-D plasma shot where the CIS diagnostic was in
a “calibration configuration” observing HeNe laser light. This
configuration has been used extensively to test the resilience
of the diagnostic to environmental influence. The calibration
source is placed into the camera’s field of view during a plasma
shot, and the phase shift is monitored throughout the discharge;
there is no view of the plasma. Provided the wavelength of the
light source is stable, the calculated Doppler velocity for this
setup should be zero across the image and for all times. Any
deviation from zero represents a diagnostic error that can be
used for quantifying uncertainty of plasma measurements.

To separate out contributions from individual magnetic
field coils and eliminate the possibility of stray-light con-
tamination, a sequence of coils were individually energized
comprising the strongest and closest coil sets to the main-SOL
diagnostic location. A schematic of the main-SOL CIS loca-
tion in reference to the DIII-D magnetic field coils is shown
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FIG. 4. Cross section of DIII-D showing the position of the main-SOL CIS
system alongside the DIII-D magnetic field coils. Approximate length scale
shown.

in Fig. 4. Coil currents were chosen to be close to the nominal
values used during routine plasma operation, although exact
values depend on the magnetic equilibrium shape and 3D field
configuration for any given discharge. Maximum coil currents
used were 109 kA in the ohmic coil (Ecoil), 4 kA in two of
the shaping coils (F6A and F7A), 1.6 kA in an external 3D
coil centered at a torodial angle of 79◦ (C79), and 3.1 kA in
a 3D coil internal to the DIII-D vacuum vessel centered at a
toroidal angle of 90◦ (IU90). The results of this test are shown
in Fig. 5 where it can be seen that the ohmic coil and F6A
shaping coil elicit the greatest phase response. A single-axis

FIG. 5. A sequence of current pulses applied to individual DIII-D magnetic
coils to test the magnetic field dependence of CIS. (a) Normalized current in
each coil. (b) Radial magnetic field strength measured in the SOL system shield
box. (c) Phase change measured for a HeNe laser with stable wavelength.

gauss meter placed near the interferometer cell and aligned to
measure radial fields (along the CIS axis) showed that phase
changes up to 0.008 fringes resulted from radial fields up to
−20 G but that the phase response was not linear with radial
field. This phase shift corresponds to about 1.5 km/s velocity
shift for Ciii at 465 nm. Furthermore, no linear superposition of
coil currents multiplied by individual coefficients could repro-
duce the time history during both the early and late portions of a
DIII-D plasma shot indicating that the magnetic field generated
by the plasma current (1 MA loop) is significant.

Increasing the magnetic shielding around CIS cell only
reduced the phase-shift during plasma operation by about 30%.
A revised mounting system that held the CIS cell more rigidly
and fixed the CIS cell, camera, and lenses to the shield box
generated a factor of six improvement. This indicates that the
magnetic field was inducing mechanical movement in a com-
ponent of the system that produced the phase shift. However,
benchtop testing with permanent magnets confirmed that the
magnetic field can directly impact the crystal. In this test, a
permanent magnet was placed near the crystal while the phase
of a spectral lamp was being monitored. When the magnetic
was positioned 4 cm above the birefringent crystal such that the
field at the crystal was about 300 G, a phase shift of 0.02 fringes
was detected. This phase shift was constant while the crystal
remained stationary. Using a stationary permanent magnet iso-
lates the magnetic field itself as being able to generate a phase
shift, as opposed to an electric field or eddy currents. These
other effects may still be influencing the crystal in the more
complex tokamak environment. Rotating the magnet pole-wise
or azimuthally did not affect the sign of the phase shift indi-
cating that the effect of the magnetic field on the crystal is
not as straight forward as a simple Faraday rotation. This is
most likely due to the inherent non-linearity of birefringent
crystals; Faraday rotation in birefringent crystals oscillates
about zero as a function of the path length.20 Furthermore,
the cut angle of the crystals used in the CIS setups described
here is non-orthogonal to the light’s propagation direction
and so the magnetic field angle will be important. Three-axis
Helmholtz characterization of these crystals is required to fully
understand the effect.

In the current main-SOL design, the intra-shot drift has a
magnitude of up to 0.5 km/s, as seen in Fig. 6. While physi-
cally remounting the diagnostic assembly reduced the impact
of magnetic fields to an acceptable value, it is clear that mag-
netic fields can have a significant effect on a CIS instrument and

FIG. 6. Average effective velocity of laser fiducial during a DIII-D discharge
for both lower divertor (blue) and SOL (orange) systems.
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must be considered carefully in situations where the diagnostic
is exposed to magnetic fields.

C. Vibration

A number of prominent sources of vibration exist in
the vicinity of the DIII-D vessel due to the routine opera-
tion of pumps and fans, and from plasma disruptions and
Edge Localized Modes (ELMs) that can shake the tokamak.
When these vibrations rigidly move the entire instrument,
they only alter the spatial alignment which can be corrected
using in-vessel fiducials on a frame-by-frame basis. These
changes tend to be small linear deviations (<10 pixels) or
rotations (<5◦) applied to the in-vessel calibrations completed
during infrequent machine-openings. However, changing the
position of the crystal with respect to the camera, or alter-
ing the backward facing lens position, alters the registration
of the fringes on the detector and so appears as a spurious
phase shift. To combat these effects, a rigid mounting system
was developed using cinema-grade optical rails. This system
creates a common mounting platform for the camera, interfer-
ometer cell, imaging lenses, and filter wheel. The performance
of this system can be measured using the same dataset used
to quantify the effect of magnetic fields, shown in Fig. 5.
High frequency (frame-to-frame) oscillations in the average
velocity across the image were observed in both the main-
SOL and lower divertor systems. For both the lower divertor
and main-SOL systems, high-frequency oscillations display a
peak-to-peak magnitude of around 0.05 km/s. These results
indicate that the mounting system adequately shields against
vibration noise.

Since the phase-shifts due to vibration and those due to
magnetic fields described above tend to be systematic phase
shifts applied across the image, they could be easily countered
using intra-shot calibration. This could be achieved using very
stable light source, a laser, for example, that illuminates an
otherwise unused part of the CCD. This light source would
provide information about systematic shifts that can then be
removed in post-processing.

IV. DIAGNOSTIC COMPARISON

Direct comparison of CIS with an independent diagnostic
technique provides a stringent test of the CIS implementation.
One of the weaknesses of the CIS technique is the use of an
interference filter that passes a discrete band of spectral emis-
sion. This requires assumptions to be made about the quality
and consistency of the line shape that can lead to significant
errors; spectral impurities, or an asymmetric change in the
line shape, will appear as Doppler shifts and are impossible
to detect with CIS alone. Traditional spectroscopy does not
suffer from this limitation and so is well suited for provid-
ing an independent test of CIS operation. Additionally, using
a spectroscopic velocity measurement ensures that the mea-
sured velocity is of the same ion population being sampled
with CIS. This avoids the need to rely on assumptions about
ion entrainment or charge state concentrations as would be the
case with a probe-based comparison.

There are three main areas of concern for CIS that
are addressed with a traditional spectroscopy comparison:

spectral impurities passing through the interference filter band-
pass; thin films on in-vessel optics causing the preferen-
tial throughput of only right-handed or left-handed circularly
polarized sates from Zeeman-split spectra; and geometric dif-
ferences in light collection optics between the calibration and
tokamak light sources that invalidates absolute calibration
from ex-vessel light sources. In each case, attempts have been
made to quantify the degree of influence that the effect might
be having on velocity measurements. These included spec-
trometer surveys accumulating a wide range of discharges;
in-vessel polarization tests to identify changes in polariza-
tion extinction thresholds due to in-vessel optics; and the
construction of full-size replica optics for testing. While in
each case these tests gave positive indications, the challenging
tokamak viewing geometry and the nature of in-vessel optics
make it difficult to draw firm conclusions. The more rigor-
ous test is the comparison with traditional spectroscopy that is
presented here.

A. Traditional spectroscopy setup

Spectroscopic ion velocity measurements have previously
been made on DIII-D using the high resolution Multi-Chordal
Divertor Spectrometer (MDS).8,21 With this spectrometer, both
vertical and mostly-tangential viewchords are simultaneously
measured using a Princeton Instruments PI-MAX 4 intensi-
fied camera. The spectrometer itself is a McPherson 1.3 m
Czerny-Turner fitted with a 1200 l/mm grating with a dis-
persion of about 0.07 Å/pixel. The wavelength offset between
viewchords is calculated using zinc and cadmium fiducial lines
at 468.014 nm and 465.112 nm, respectively. The magnitude
of this correction ranged up to 0.08 Å, equivalent to a Doppler
shift of about 5 km/s at these wavelengths.

In previous work, the method for calculating the velocity
for a given time slice used an iterative fitting procedure that
takes into account the local Zeeman splitting, multiple ion pop-
ulations, and the viewchord geometry. The Zeeman splitting
aspect of the fit was used to localize the emission in com-
bination with magnetic field information from the magnetic
equilibrium reconstruction code EFIT.22 The velocity fiducial
was taken from one of the vertical chords, ideally the one that
passes near to the x-point where the line-averaged velocity can
assumed to be zero due to the view angle being mostly per-
pendicular to the magnetic field. Several improvements to this
method have been implemented for the present work. First,
one of the spectrometer viewchords was connected to an inte-
gration sphere with the aforementioned Zn and Cd spectral
lamps. This provided an intra-shot wavelength and dispersion
reference to ensure a high quality wavelength fiducial spe-
cific to each plasma shot and one that does not require any
plasma assumptions. However, it is worth noting that for the
lower single null diverted plasmas examined here, the velocity
of the lower-viewing chords passing near the X-point had a
zero Doppler shift to within the experimental accuracy. This
confirms the previously used approach.

The second improvement was the removal of Zeeman
localization in favor of using tomographically inverted
emissivity profiles to determine where the emission is
originating from. The CIS emissivity profiles were used for
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FIG. 7. Heii spectra observed using MDS along a tangential view of the diver-
tor. Measured spectra (open circles) are shown alongside the fitted line shape
(red line) comprised of 146 Zeeman components (blue lines) calculated at a
magnetic field of 2 T and viewing angle of 148◦. The Doppler shift for this
case is the wavelength difference between the peak of the fitted spectra and
the zero-velocity fiducial (vertical dashed line) corresponding to a velocity of
12.7 km/s.

this purpose. From this localization, the local magnetic field
can be obtained from the EFIT and then used for the calculation
of the Zeeman splitting. An exact calculation of the Zeeman
components and their relative intensity is determined using
the method outlined by Isler et al. in Appendix B of Ref. 23.
This method calculates a set of relative intensities and wave-
length positions for a given electronic transition for arbitrary
viewing angle and arbitrary magnetic field strength without
needing to make high- or low-field approximations. A typical
Heii line shape plotted alongside its constituent 146 Zeeman
components is shown in Fig. 7. The instrumental broadening
was unusually large for these cases due to a recent change in
spectrometer focus which results in an instrument-dominated
spectral width, however this does not impact the Doppler
shift calculation. In the low temperature divertor region, it is
expected that broadening to Zeeman splitting is the next largest
contributor to the width, followed by temperature broadening.
The uncertainty in velocities determined with this method is
approximated to be ±0.5 pixels based on the determination of
fiducials and the need for track-to-track calibration which are
the two greatest sources of error. This corresponds to±2.5 km/s
which is mostly systematic.

B. Velocity comparison

To compare CIS with traditional spectroscopy, measure-
ments were made in a pure helium plasma with 0.98 MA
plasma current, a toroidal field of 1.68 T (ion B × ∇B down),
the plasma shape shown in Fig. 4, and about 1.5 MW of elec-
tron cyclotron heating (ECH) to generate a low confinement
(L-mode) plasma without ELMs. Density was ramped over
the course of the discharge using He gas puffing that generates
a change in detachment conditions in the divertor. The den-
sity trajectory is shown in Fig. 8 alongside measurements of
peak heat flux measured using an infrared camera system and
electron temperature measured near the divertor surface at the
outer target measured with Thomson scattering. Heat flux and
electron temperature measurements show the transition from

FIG. 8. Discharge evolution of a pure helium DIII-D discharge. Electron den-
sity is ramped using He gas puffing (a) causing a reduction in peak heat flux
(b) and electron temperature (c) measured at the outer divertor target plate
signifying the onset of a partially detached state.

well-attached to partially detached conditions. While there are
several quasi-tangential viewchords available, the “T3” MDS
viewchord was chosen for ease of interpretation. The trajec-
tory of this viewchord can be seen in Fig. 9. It only passes
through a single divertor leg and so avoids the complication of
accounting for two separate ion populations traveling in oppo-
site directions as would be the case if both inner and outer
divertor legs were sampled.

Tomographic inversions of 300 CIS time slices were pro-
duced using 300 iterations for both emissivity and velocity
whereby a 2D profile of He+ velocity parallel to the magnetic
field is calculated. Full details on the inversion process have
been published elsewhere.24 Obvious reflections are masked
using a user-defined mask. Examples of the inverted emissiv-
ity and velocity profiles are shown in Fig. 9 for an attached
case and Fig. 10 for a partially detached case. To remove the
impact of low-signal inversion artifacts, both the emissivity
and velocity are masked using an emissivity threshold of 5%
of the maximum emissivity in each time slice. This masking
has been previously shown to have only a small impact on the
sum of the mean squared error.14

The partial detachment onset causes the region of Heii
emissivity to become less localized and to rise up the diver-
tor leg as the electron temperature falls. One impact of this
change in emissivity location is that the position of reflections
also changes location. While reflections from DIII-D’s carbon
walls are substantially smaller than those of a metal-walled
machine, during partially detached conditions, reflections may
account for as much as 10% of the emissivity and so impact
the tomographic inversion process. The emissivity observed
along the shelf tiles in Fig. 10, for example, at Z = −1.2 m and
R = 1.5–1.7 m, may be indicative of this problem.

Whereas the tomographic inversion of CIS data calculates
ion velocity along parallel field lines, MDS makes line-of-
sight velocity measurements that are specific to the particular
viewchord geometry. To enable a direct comparison between
the two diagnostics, the CIS velocity solution was interpo-
lated onto the MDS viewchord using an emissivity-weighted
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FIG. 9. (a) CIS emissivity and (b) velocity measurements for plasma conditions with an attached outer divertor leg and overlaid with the MDS T3 viewchord
(orange line).

FIG. 10. (a) CIS emissivity and (b) velocity measurements for plasma conditions with a partially detached outer divertor leg and overlaid with the MDS T3
viewchord (orange line).

average. Taking the dot product between the viewchord geom-
etry at each spatial location and the local magnetic field direc-
tion gives the line-of-sight projection of the parallel velocity.
An underlying source of error in this approach is the spatial
alignment of the viewchord; however, the magnetic field and
flow velocity are not expected to vary significantly under these
conditions.

The comparison between CIS and traditional spec-
troscopy velocities is shown in Fig. 11. Quantitative agree-
ment during attached conditions (2000-3000 ms) is very
good. Once the plasma begins to detach, both CIS and MDS
display a slowing velocity. This slowing is not the same trend as
has been observed on DIII-D previously;8 however, discharge
conditions vary substantially from previous work and so the
difference remains a topic for further investigation. The veloc-
ity slowing observed by CIS occurs about 550 ms before the

FIG. 11. Line-of-sight helium ion velocities along the T3 MDS viewchord as
measured by MDS (purple) and calculated using CIS measurements (orange)
for the discharge described in Fig. 8. Error bars for the MDS measurements
are shown in as a light-blue band.

equivalent MDS observation that may indicate an error with the
vertical alignment of the T3 chord. During this time, the ioniza-
tion front and associated emissivity are rising up through the
MDS viewchord. Agreement is not as good during an interme-
diate phase between 3200 ms and 3500 ms before improving
again. However, this improvement occurs during the same time
period that reflections become more problematic indicating
that while line-of-sight velocities are in good agreement, the
localization of these velocities may be erroneous. This issue
highlights the reason that tomographic inversions of veloc-
ity are substantially more difficult than emissivity inversions.
Whereas emissivity can only take positive values, velocity can
be positive or negative meaning that it is difficult to distin-
guish between a chord viewing a zero velocity population and
a chord viewing two very fast populations travelling in opposite
directions but whose mean velocity is zero.

While this diagnostic comparison does not prove that the
issues of thin films, geometric differences, and spectral impu-
rities are not present in the CIS diagnostic, if these effects
were large, they would manifest as a significant discrepancy
between velocities determined by CIS and traditional spec-
troscopy. The discovery that reflections can be problematic for
detached helium plasmas even in a carbon machine suggests
that work to include the surface reflectivity in tomographic
reconstructions could further improve the accuracy of CIS on
DIII-D.

V. SUMMARY

A series of experiments and diagnostic tests have been
undertaken to demonstrate the accuracy and reliability of
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CIS velocity measurements on DIII-D with the target of
attaining 1 km/s uncertainty. By combining active temper-
ature control and automated calibration between shots, the
effect of thermal drift was shown to be less than 0.06 km/s.
Intra-shot drift due to the nearby strong magnetic fields was
reduced to 0.5 km/s in the main-SOL system and less than
0.1 km/s in the lower divertor setup. A novel mounting sys-
tem to rigidly constrain optical components reduced vibration
noise to less than 0.05 km/s. Comparison with traditional
spectroscopy in the lower divertor showed good agreement,
particularly where reflective surfaces did not impact tomo-
graphic reconstructions. Future work will focus on reducing
demodulation noise and tomographic artifacts related to these
reflections.
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