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In this paper, we describe an in situ calibration technique for Coherence Imaging Spectroscopy (CIS)
that measures 2-D images of ion flows on DIII-D. A low power CW diode laser that is tuneable in the
range 464-468 nm along with a precision wavemeter (10−5 nm resolution) is used to characterize the
interferometer phase as a function of wavelength in the region of C iii (465 nm) and He ii (468 nm).
The interferometer is stabilized both mechanically and thermally to minimize drift during the cal-
ibration. Optical stirring and an integration sphere are used to obtain spatially uniform calibration
images. The quality of the calibration data enables a measurement of phase versus wavelength over
approximately 10 fringes of the interferometer. These coefficients can also be related to the geometry
of the optics and the birefringent crystal of the interferometer. On DIII-D, the integration sphere with
the laser light is inserted into the CIS optical system between shots and the laser image and wave-
length are automatically recorded, providing a zero velocity reference. Published by AIP Publishing.
https://doi.org/10.1063/1.5038739

I. DOPPLER COHERENCE IMAGING
SPECTROSCOPY

A common measurement requirement for magnetically
confined fusion plasmas is the spatial distribution of the
Doppler width and shift of a spectral line. This stems from the
physics requirement to understand the flow and temperature
distributions of ions in the plasma. Conventional passive spec-
troscopy with a set of line-integrated measurements is often
used;1 the measured spectrum of each chord is a mixture of
both shifted and broadened line profiles. A novel technique,
pioneered by Howard,2–5 uses a measurement of the coherence
image of the emission with a fixed delay interferometer. This
Coherence Imaging Spectroscopy (CIS) technique effectively
separates the measurement of the spectral shift and width and
has been used on MAST,6,7 DIII-D,8,9 and ASDEX-U10 to
obtain images of ion flow.

A Doppler shift measurement requires calibration with the
unshifted emission and measurement of the instrument wave-
length scale or dispersion. In many applications, it is feasible
to use a standard lamp in the lab to provide the same unshifted
emission line, along with a lamp with lines that bracket the
emission line of interest to determine the wavelength disper-
sion. However, in high power toroidal magnetic fusion exper-
iments, it is often difficult to produce the same emission lines
of even low ionization states of, say, C iii (465 nm). In previous
toroidal magnetic confinement measurements, several calibra-
tion techniques have been used. On DIII-D, it was assumed
that the first frame at the plasma breakdown was roughly a
zero velocity reference5,8 and the dispersion was modeled.
In MAST,6 a radial view that had a very small Doppler shift

Note: Paper published as part of the Proceedings of the 22nd Topical Confer-
ence on High-Temperature Plasma Diagnostics, San Diego, California, April
2018.
a)allen18@llnl.gov

because of the magnetic field geometry and the nearly perpen-
dicular viewing angle was used for the zero velocity reference,
and the dispersion was measured with a laser (at a separate
wavelength) along with a model to convert the dispersion to
the measurement wavelength.

On DIII-D with all carbon walls, an important impurity
radiator in the divertor is the C iii multiplet ('465 nm), and
this emission line plays a key role in the detachment of the
plasma from the divertor plate, i.e., when carbon emission
radiates the exhaust heat before it reaches the divertor plate.
DIII-D can also be operated with Helium Neutral Beam Injec-
tion (NBI) so that He ii 468 nm emission is from the main ion
species, at least close to the divertor plate. We will focus on
this spectral region (464-468 nm) and describe the details of a
new automated in situ (between shot) calibration technique for
Doppler CIS on DIII-D that uses an automated tunable laser
and wavemeter which we call ALFF (Automated Laser Flow
Fiducial). To facilitate prototyping of the interferometer and
calibration, the laser system was installed close to DIII-D in a
thermally controlled room, and a second thermally controlled
chamber in this room was used for detailed interferometer
tests.

II. INTERFEROMETER MECHANICAL DESIGN

The fixed delay CIS interferometer schematic design was
discussed in Refs. 3 and 11. The CIS interferometer imple-
mentation for DIII-D uses several features to enable rapid
prototyping, provide a stable mechanical assembly, and ther-
mally isolate and control the temperature of the birefringent
crystal. Shown in Fig. 1 is a typical DIII-D CIS system before
the thermal control heaters and insulation have been installed.
Plasma light is focused by the plasma lens to an intermediate
image with the desired magnification. A pair of matched cam-
era lenses provides a region of collimated light; an interference
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FIG. 1. A typical DIII-D CIS system. Plasma light is focused by an (a) objec-
tive lens, which is then collimated by an (b) inverted 85 mm camera lens. A
(c) motorized filter wheel selects the wavelength, and the CIS interferometer
consists of a (d) polarizer, (e) birefringent crystal, and (f) polarizing analyzer.
A (g) 85 mm camera lens localizes the fringes on the (h) camera.

filter preselects the desired spectral region. A single α-BBO
crystal with nominal thickness 5.8 mm cut at 30◦ to the optic
axis is located between two crossed polarizers and provides
an optical path difference of '1394 waves (center) between
the two polarizers, resulting in interference fringes. The cam-
era lens is critically focused to maximize fringe contrast. The
two polarizers and crystal are mounted in Thorlabs rotation
stages to facilitate alignment, and then they are locked in place.
The optical rail design and the camera mount use components
designed for commercial cinematography (Arri, Chrosziel,
Wooden); these are adjustable, can be rigidly locked, and
are compact which is important because the interferometer
is located on DIII-D in a shield box with limited volume,
discussed below. A single α-BBO crystal is mounted to min-
imize stress birefringence while at the same time providing
a rigid mounting to minimize drift. The interferometer is
rigidly attached to the camera lens on one end, the filter wheel
on the other end, and the optical rail with custom threaded
couplers made of Delrin in an attempt to minimize thermal
contact but provide a rigid connection. As the focus of the
camera lens is critical to obtain the highest fringe contrast,
we have also used cinematography lenses because of their
robust mechanical design (Zeiss Compact Prime, Canon Cin-
ema) and geared focus. The geared focus lens has also been
used with wireless remote focus assemblies (Preston) so that
the CIS system located in a shield box in the DIII-D torus
hall can be focused remotely from the DIII-D control room.
Two different camera systems are used on DIII-D, a pco.edge
5.5 (2560 × 2160 pixels, 10 ms) for the system that views
the whole plasma cross section, and a Phantom 7.3 camera
(800 × 600 pixels, 1 ms) for the divertor system. Both systems
use optical relays (internal mirror in DIII-D with an external
telescope), which has resulted in significantly improved sen-
sitivity and spatial resolution, along with a lack of neutron

damage compared to previous systems with fiber bundle
relays.

III. TEMPERATURE STABILITY

As the optical delays result from small physical distances,
the interferometer is susceptible to phase drift due to tem-
perature changes. The crystal geometry changes because of
the coefficient of thermal expansion and in turn the bire-
fringence also depends on temperature. In addition, differen-
tial thermal expansion of the interferometer components can
result in a phase drift. Previous interferometer designs often
used small commercial ovens designed for interference filters
to control the temperature; these provided modest tempera-
ture control as the filter wavelength varies as '0.015 nm/◦C.
Reference 12 used two different birefringent crystals (LiNBO3

and α-BBO in 1:7 thickness ratio) to minimize the thermal
drift.

In an attempt to improve on this performance, the rigid
design shown in Fig. 1 was used, along with improved temper-
ature regulation. On the outside of the interferometer, flexible
Kapton (Polyimide) foil heaters were installed with thermally
conductive adhesive (Thorlabs HT10K). Four (19.7Ω) heaters
in parallel are installed around the interferometer, with three
of these assemblies spanning the length. The resulting 1-2 Ω
resistance matched well with commercially available laser
temperature controllers with 5 A/12 V maximum output
(Wavelength Electronics TC5); the temperature stability is
'0.001 ◦C for these units. Several inches of insulation were
installed around the heaters (not shown in Fig. 1). A 100 KΩ
thermistor in contact with the edge of the birefringent crys-
tal and secured with thermal epoxy provides the input to the
temperature controller. As there can be significant delay in
the thermal load between application of heat and the temper-
ature response, empirical tuning such as the Ziegler-Nichols
method13 was used to stabilize the Proportional Integral Dif-
ferential (PID) feedback system. In the calibration lab, the
whole interferometer assembly including the pco.edge 5.5
camera was placed in a large insulated box (YETI Tundra
126), with a 63 W Peltier cooling assembly (TE Technology
AC-073) installed in the side of the box, along with a second
PID controller. In turn, the whole calibration lab is temper-
ature controlled as it also houses the LLNL Motional Stark
Effect (MSE) diagnostic and the calibration laser. In Fig. 2(a)
is the output of the crystal thermistor which is controlled to
32 ± 0.001 ◦C, along with (c) the room temperature varia-
tion of 18.65 ± 0.25 ◦C. The insulated box was maintained
at an intermediate temperature, usually 27 ± 0.1 ◦C. A Cd
(467.814 nm) or Zn (468.014 nm) discharge lamp installed in
an integration sphere external to the thermal box provided a
bright uniform test image of fixed wavelength. The FlowCAM
software14 was a key ingredient in the empirical develop-
ment of the interferometer thermal control and mechanical
stabilization. FlowCam automatically records an image with
Labview, demodulates the interferogram in Python, and cal-
culates the average central phase in real time; it can run unat-
tended continuously. The variation in the phase of Fig. 2(b)
over the 5 h period is on the order of ±0.0005 fringe which
is correlated with the change in room temperature, along with
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FIG. 2. (a) Measured crystal temperature is maintained at ±0.001 ◦C, (b)
image center phase '0.001 fringe, (c) room temperature varies by ±0.25 ◦C
due to cycling of the air conditioning.

an overall trend of about 0.0015 fringe. This carefully con-
trolled environment also allowed direct measurement of a
phase change of +0.065 fringe/◦C when changing the crystal
temperature controller target from 32 ◦C to 33 ◦C.

In Ref. 12, the change in phase with temperature for an
alpha-BBO delay plate was measured to be ∆φ2π = φoα∆T , with
α = −53 × 10−6/K and φo in fringes. The delay at the center
of the image for the single crystal DIII-D interferometer is
typically '1400 waves, resulting in ∆φ2π =−0.074 fringes/◦C,
which is in rough agreement with the magnitude of +0.065/◦C
fringe change measured above (interferometer geometries are
different). However, using this value to convert the ±0.0005
fringe changes shown in Fig. 2(b) to temperature results in
'±0.008 ◦C temperature variation, while the crystal thermis-
tor indicates regulation to ±0.001 ◦C. This difference, coupled
with the correlation of the phase changes with room tempera-
ture, suggests either the actual crystal temperature is difficult
to monitor or changes in the overall interferometer are also
important.

IV. LASER AND WAVEMETER INSTALLATION ALFF

Located in a separate enclosure in the calibration lab is
a tuneable diode laser and a wavemeter (ALFF) that provide
both the phase change with the wavelength of the interferom-
eter and a known wavelength close to the rest wavelength of
the emission line of the ion of interest. The external cavity
laser uses a custom diode that covers the wavelength range of
'464-8 nm (20 mW) to match the C iii and He ii emission lines
on DIII-D (Fig. 3). The electronic laser controller provides
very fine wavelength control of the laser; this was augmented
with a course tuning capability consisting of a stepping motor

FIG. 3. The (a) tunable diode laser (New Focus Vantage TLB7100) and (b)
wavemeter (High Finesse WS7) used for the Automated Laser Flow Fiducial
(ALFF). (d) Sensor for calibrated laser power meter.

and an encoder connected to the manual tuning hex bolt on
the laser. The free space output of the laser is protected with a
Faraday isolator, and beam splitters direct the output to three
FiberPort Coupler/Collimators (Thorlabs PAF2) and a power
meter. Two fiber ports are available for interferometer calibra-
tion, and the third is connected to the wavemeter (High Finesse
WS7). A laser speckle reducer (Optotune) is mounted on the
input to the integration spheres to smooth the image. The WS7
absolute accuracy is 60 MHz at 420-1100 nm, corresponding
to '(4.3 × 10−5 nm). This wavelength uncertainty at 465 nm
corresponds to ∆λλ ' 10−7 = v

c , or a velocity of about 30 m/s,
compared to plasma velocities of tens of km/s. A typical phase
as a function of wavelength graph for the laser calibration is
shown in Fig. 4. These data were obtained in the tempera-
ture controlled environment, but as the wavelength and phase
are measured simultaneously in real time, each new measure-
ment can also be considered the “reference” to compute a
change in phase and wavelength relative to the previous dat-
apoint; this significantly reduces drift in the results. A full
image is obtained at each wavelength; here the average of a
box that is 25 pixels square at the center of the image is plotted.
Custom Labview software (FlowCam14) calculates the aver-
age of the phase image, reads the wavemeter wavelength at
the same time, and stores the data in a file for subsequent
analysis. This scan started at a wavelength of 463.881 76 nm,
each wavelength step was approximately 0.03 nm, and the out-
put of the laser decreases above 467.5 nm, setting the upper
wavelength limit which is about 12 fringes from the start of the
scan.

It is common in interferometry analysis to express the
phase15 as 2πντ, where ν = c/λ and τ is the delay time provided
by the interferometer [B(ν) L/c, where B is the Birefringence
and L is the effective crystal thickness]. As τ is a function of
ν, normally a Taylor series expansion about νo is used, 2πντ
' 2πνoτo + 2π(ν − νo)τg,

where τg =
d

dν
(ντ)= [τ + ν

∂τ

∂ν
]ν=νo . (1)

Then ∆φ = 2πντ − 2πνoτo, and using ν = c/λ,

∆φ

2π
= (ν − νo)τg ' (

−c τg

λo
)(
∆λ

λ
) (2)
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FIG. 4. (Top) The change in phase (fringes) at the center of the image as a
function of the change in wavelength obtained by stepping the laser wave-
length. (Bottom) The unwrapped phase as a function of the wavemeter wave-
length. The curve is fit with linear (τg = 1394 waves) and quadratic (1562)
terms.

and expressing
cτg

λo
in terms of waves Ng,

∆φ

2π
'−Ng(

∆λ

λ
)=−Ng(

v

c
), (3)

which is the equation for the plot in Fig. 4(bottom) and is
the same expression as in Ref. 6. The slope of the graph
is Ng = 1394 waves, which provides a measurement of the
interferometer calibration at the center of the image,

∆φ

2π
'−1394

(
v(km/s)

3. × 105

)
'−4.66 × 10−3 v(km/s). (4)

The calibration data are of sufficient quality that both a lin-
ear term and a quadratic term can be fit to the data in Fig. 4;
the quadratic coefficient (the next term in the Taylor series)
is 1562 (center). This quadratic term demonstrates the diffi-
culty encountered previously with calibrations that extrapo-
lated phase measurements from the bright Cd (467.814 nm)
and Zn (468.014 nm) lines to wavelengths in the region of
C iii (465 nm). As this is an extrapolation on the order of
(∆λλ )' 6.5 × 10−3, it is a correction on the order of ∆φ '
0.065 fringe or v ' 14 km/s, roughly comparable to the
desired measurement velocities. On the other hand, at the
He ii wavelength (468.5706 nm), the extrapolation is small
(∆λλ )' 4 × 10−4 and all three of these lines fit within the
same interference filter and provide a calibrated system at this
wavelength.

Previous publications5,16 have used a model for the inter-
ferometer phase response based on the range of ray angles
provided by the focal length of the collimating lens and the
location of the camera pixels, the optical delay provided by
a crystal cut at an angle to the optic axis,17 and the Sell-
meier equations for the α-BBO birefringence18,19 as a function
of wavelength. Reference 16 also presented the sensitivity of
input parameters to the model. For this test interferometer, a
crystal thickness of 5.805 mm (measured) in the model (Fig. 5

FIG. 5. The change in group delay as a function of pixel using an aver-
age of 100 pixels in the center of the image. The dashed line is the model
and the solid line is data; the delay varies by about 140 waves over the
image.

dashed) compares well with the measured delay (solid) as a
function of position across the center of the image (perpen-
dicular to the fringes); the delay varies by about 140 waves
corresponding to about 15 pixels/fringe. The variation in delay
from the center to the edge in the perpendicular direction is '3
fringes. Preliminary studies of the quadratic delay term dis-
cussed above with the model suggest that corrections to the
Sellmeier coefficients may be necessary.

V. DETAILS OF THE DIII-D CIS INSTALLATION

Shown in Fig. 6 is a layout of the three DIII-D sys-
tems. The wide view periscope and divertor systems are each
enclosed in a large (2 m × 1 m × 1 m) shield box consisting of
neutron, x-ray, and magnetic field shielding. The limited vol-
ume of the shield box precludes the use of the YETI enclosure,
so several inches of insulation around the interferometer are
used. The resulting greater temperature drift is compensated
by the speed of the ALFF which completes the calibration
quickly after the DIII-D discharge. The shield box is con-
structed so that bolts pass through the lead into threads in the
iron magnetic shield. The light in each case is relayed from
the tokamak via an internal periscope to an external optical

FIG. 6. Substantial shielding boxes house the lower divertor (Phantom 7.3)
and midplane wide view CIS systems (pco.edge 5.5). The ALFF is used for
both of these systems.
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periscope; i.e., no optical fibers are used as they degrade with
neutron exposure and are lower in efficiency than the optical
relays. While the data in Fig. 4 are useful, for the DIII-D case,
the laser wavelength is tuned very close to the C iii multiplet
wavelength, and interpolation over only a few Angstroms is
necessary. After each DIII-D tokamak discharge, the (Flow-
Cal14) Labview software inserts the integration sphere, obtains
a calibration image along with a simultaneous measurement
of the laser wavelength, stores the data, and prepares for the
next discharge. In the case of He ii, a calibration lamp in the
labsphere is used. The ALFF is used for both the wide view
and the lower divertor systems as a fiber transmits the light to
each location.

The DIII-D CIS system was commissioned during the
2017-2018 DIII-D run campaign; three thousand calibrated
discharges were acquired, providing a database for comparison
with fluid models such as UEDGE. During the 2019 DIII-D
upgrade period, a prototype ion temperature system will be
installed.
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