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A motional Stark effect (MSE) imaging diagnostic was benchmarked against existing conventional
MSE polarimeters on the DIII-D tokamak and delivered new capabilities for measuring the magnetic
pitch angle from 2 neutral beams and on the high field side of DIII-D. Line integration across flux
surfaces was considerable for the radial view utilised; nevertheless, the imaging MSE measurements
from both beams were self-consistent and in close agreement with conventional MSE measurements.
The ferroelectric liquid crystal waveplate used in the imaging polarimeter was discovered to have
spatially non-uniform retardance; hence, it is necessary for the calibration source to replicate the
ray paths of the neutral beam emission through the optical system. Published by AIP Publishing.
https://doi.org/10.1063/1.5038969

I. INTRODUCTION

Motional Stark effect (MSE) polarimetry is a widely used
spectroscopic diagnostic for constraining the toroidal current
profile in tokamaks.1 The diagnostic observes Doppler shifted
Balmer-alpha emission from neutral deuterium atoms injected
into the plasma. The atoms experience a motional electric
field EL = v × B in their rest frame that splits the emission
line, via the Stark effect, into π and σ components which
are polarised parallel and perpendicular to the electric field,
respectively. Measurement of the polarisation angle reveals
the direction of the electric field and the “pitch” of the mag-
netic field. Conventional MSE polarimeters use narrowband
filters to isolate either a σ or π component for polarisation
analysis, requiring an individual filter for each radial view-
ing position as the Doppler shift varies across the field of
view of the beam. This typically limits the diagnostic to
having 10s of channels in the midplane of the device. Con-
ventional MSE polarimeters have been used on the DIII-D
tokamak for over 25 years2,3 and have since been expanded to
69 channels viewing two different beams from four different
directions.4

A more recently developed MSE polarimetry technique
utilises birefringent crystals to effectively establish a sinu-
soidal spectral filter instead of the usual narrowband fil-
ters. The technique does not require the Doppler shift to
be precisely tracked across the field of view and therefore
permits imaging of the entire neutral beam emission on a
camera sensor.5 The increased resolution and 2D nature of
imaging MSE (IMSE) have opened new opportunities for
directly measuring non-inductive current drive,6 instabilities,7

and edge pedestal structures.8 A temporally switched IMSE
polarimeter5 was installed on DIII-D for a two month cam-
paign in 2016 for first time benchmarking of IMSE against

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

conventional MSE and for measurements on the high field
side of the plasma. This particular IMSE encoding technique
has previously been implemented on the TEXTOR9,10 and
KSTAR6,8,11 tokamaks and differs from the fully spatial encod-
ing technique favoured on the ASDEX-U tokamak.5,7,12 The
IMSE viewing geometry on DIII-D, design considerations for
the polarimeter, and calibration procedure are considered in
this paper in Secs. II–IV, respectively. Results highlighting
the capabilities of the IMSE diagnostic are shown in Sec. V,
including benchmarking against conventional MSE measure-
ments and complications relating to line integration. Improve-
ments for future implementations of the system are discussed
in the Conclusion.

II. VIEWING GEOMETRY

The IMSE polarimeter was installed on the “15◦ MSE”
port, shown in Fig. 1, that has previously been used for dual-
view measurements of both the radial and motional electric
fields with conventional MSE polarimeters.13 The port was
chosen after considering port availability and the need for pre-
existing Faraday rotation calibrations, given the limited cali-
bration options for the relatively short campaign. Favourably
the port has a direct view of the plasma without any need for
a mirror and includes two neutral beam sources with similar
Doppler shifts, making high field side measurements possible.
A 2 nm IMSE filter passband, centred on ∼661 nm, transmits
light from both beams and is tilted to partially track the Doppler
shift variation across the field of view. Another upside is that
the sightlines are predominantly parallel to the plasma radial
electric field, and therefore its effect on the polarisation angle
is small.

The radial resolution from the IMSE view is limited by
line of sight integration across the δR ∼ 20 cm range of flux
surfaces covered by the ≈14 cm wide neutral beam.13 Conse-
quently each IMSE sightline averages over a significant range
of polarisation angles, as shown in Fig. 2, where effects relating
to the finite aperture, focusing, and divergence of the neutral
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FIG. 1. Diagram of the IMSE optical assembly, viewing geometry, and rel-
evant neutral beams. The conventional MSE systems view individual radial
positions on the 30L beam, while the imaging MSE system is operable with
either the 30L or 30R beam. Curved dotted lines indicate the standard posi-
tion of the inner and outer separatrices at the midplane and the magnetic
axis. The image plane of the previous conventional MSE system is an inter-
mediate image in the IMSE installation, and the 400 mm lens and further
downstream optics are on an optical rail detached from the tokamak. The
position and components only present when calibrating the polarimeter are
indicated.

beam have been simulated, as well as the variation in magnetic
field pitch angle across the flux surfaces. Near R = 1.8 m, the
IMSE sightline averages over an ≈20◦ range of polarisation
angles, significantly larger than the <1◦ range encountered
at the tangential “315◦ MSE” view. The average polarisation
angle for each IMSE sightline can be >1◦ from the simplistic
prediction assuming an infinitely narrow non-diverging beam,
an effect most evident near R = 1.5 m for the 30R beam.

It should be noted that the far side of the neutral beam-sightline
intersection contributes the lower polarisation angles. Hence
slightly greater average polarisation angles can be expected
compared to that in Fig. 2 when neutral beam attenuation is
also considered, given that the far sides of the beams enter
the plasma earlier, propagate further through the plasma, and
encounter higher density plasma than the beam on the near
side sightline intersection.

III. DIAGNOSTIC OVERVIEW

The polarimeter layout for the temporally switched single
spatial heterodyne system5 used for the IMSE measurements is
shown in Fig. 3. The fast axis orientation of the “half-wave” fer-
roelectric liquid crystal (FLC) waveplate switches in between
camera exposures to produce different weightings of the linear
Stokes components. This idealised polarimeter is only sensi-
tive to linearly polarised light, and the transmitted spectral
intensity for each state of the FLC can be determined from a
Mueller matrix analysis to be

S45◦ =
1
2
(
s0 + s1 sin φ + s2 cos φ

)
, (1)

S90◦ =
1
2
(
s0 + s1 sin φ − s2 cos φ

)
. (2)

For the IMSE measurement, the modulating element,
known as a displacer, is a uniaxial birefringent crystal with
the optic axis cut at an angle Θ to the surface of the crys-
tal. The displacer produces a large offset delay as well as
a delay shear dependent on the incident angle of the light,
with the exact form presented in Ref. 14. In the focal plane
of a lens, these dominant components of the delay are given
by

φ(ω, x, y)= φA(ω) + φB(ω, x, y), (3)

φA =
ωLno

c

*..
,
1 −

ne√
n2

e sin2 Θ + n2
o cos2 Θ

+//
-
, (4)

FIG. 2. (Left) Simulated distribution of 30L polarisation
angles θ for lines of sight intersecting the beam centerline
at different radii R on the midplane. The dashed green line
is the weighted mean angle of the distribution, while the
black line represents the polarisation angle at the beam
centerline. (Right) Polarisation angles for the 30R beam,
with a greater radial range than 30L due to the different
beam geometries.

FIG. 3. (Left) Layout of the temporally switched IMSE
polarimeter. The displacer crystal provides the interfer-
ometric delay φ and spatially modulated carrier fringes.
The FLC fast axis switches between 45◦ and 90◦ to estab-
lish a differential measurement from the carrier fringe
phase. The notches indicate the orientation of the wave-
plate fast axes. (Right) Measured spatial dependence of
the FLC retardance.
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φB ≈
2ωL∆n sin 2Θ

(ne + no)cf
y= kyy, (5)

where ne(ω) and no(ω) are the extraordinary and ordinary
refractive indices, ∆n = ne − no, L is the crystal thickness,
c is the speed of light, and f is the focal length of the lens. The
light angular frequency ω is used for convenience, and sec-
ond order ∆n, x, and y terms have been dropped in Eq. (5).
The spatial carrier ky in the image plane delivers a signal
across a range of Doppler shifts. Additionally the dispersion
of φ(ω) is exploited to establish a sinusoidal spectral filter
[sin φ and cos φ in Eqs. (1) and (2)] over the MSE spectrum
to constructively interfere the orthogonally polarised σ and
π components. For the relatively narrow emission, a linear
approximation of the dispersion is applicable and is given
by

∂φ

∂ω

����ω=ω0

≈

(
1 +

ω

∆n
∂∆n
∂ω

)
φ

ω

����ω=ω0

= κ
φ(ω0)
ω0

, (6)

whereω0 is the unshifted angular frequency of the MSE emis-
sion. When the spectral periodicity of the sinusoidal filter
roughly matches the spacing of the π wings, a large net signal
is obtained. Consequently the signal contrast is maximised by
choosing a displacer that approximately satisfies15

φA(ω0)=
2πω0~

9κea0 |v × B|
, (7)

where ~ is the reduced Planck constant, e is the elementary
charge, and a0 is the Bohr radius.

Integrated over the MSE spectrum, the signal measured
by the sensor for the two FLC states is

I45◦ =
I0

2
(
1 + ζ sin[φ0(y) + α + 2θσ]

)
, (8)

I90◦ =
I0

2
(
1 + ζ sin[φ0(y) + α − 2θσ]

)
, (9)

where I0 is the total intensity and φ0(y) = φ(ω0, 0, y) is the
carrier wave given in Eqs. (3)–(5). Evidently the desired polar-
isation angle of the σ component θσ is encoded in the phase
difference between the carrier waves in the 45◦ and 90◦ FLC
states. The fringe contrast ζ and phase offset α are described
in detail elsewhere.5 Spatial variations in I0, ζ , α, and θσ
are all expected to vary gradually relative to the carrier φ0(y)
and therefore only contribute to a broadening of the spatial
carrier ky.

The displacer thickness L and optic axis cut angle Θ that
provide the maximum signal contrast and desired fringe fre-
quency can be determined from Eqs. (4), (5), and (7). For
the DIII-D system, a 5 mm αBBO displacer (ne = 1.549,
no = 1.666, and κ = 1.07 at 660 nm16) with cut angle Θ = 30◦

generates a delay of φA = 684 waves and a fringe frequency of
ky = 3.5 × 104 = rad m−1 or 27 pixels per fringe (85 mm lens
focused onto 6.5 µm × 6.5 µm camera pixels). To increase the
vertical spatial resolution in the image, the fringe frequency
could be increased to ∼10 pixels per fringe, without signifi-
cantly degrading the fringe contrast. The interference fringes
of the IMSE polarimeter were oriented to give the maximal
spatial resolution in the radial direction; however, in reality,
the radial resolution from the port was limited by line of sight
integration highlighted in Fig. 2.

A. Non-ideal FLC retardance

Non-ideal components in the polarimeter will introduce s3

and further s1 and s2 polarised components into the weighting
of the sin φ and cos φ carriers in Eqs. (1) and (2). Notably,
the Stark-Zeeman circular polarisation is weak for the IMSE
view as the sightlines are largely perpendicular to the magnetic
field; hence, s3 can be neglected. The greatest concern is the
non-ideal FLC retardance (Fig. 3) which is larger than half-
wave and spatially non-uniform. In this case, the polarimeter
response generalises to11

I45◦ =
I0

2

(
1 + ζ1 sin

[
φ0(y) + α + 2θσ + 4g

] )
, (10)

I90◦ =
I0

2

(
1 + ζ2 sin

[
φ0(y) + α − 2θσ + 4h

] )
(11)

for some functions g(θσ), h(θσ), ζ1(θσ), and ζ2(θσ). The vari-
ation of the contrast terms ζ1 and ζ2 is typically small and only
important to the measurement through signal to noise effects.
With a non-ideal FLC retardance of π + β, the phase correction
functions are

g(θ)=
1

16
sin(4θ)β2 + O(β4), (12)

h(θ)= β/4. (13)

Evidently a non-ideal FLC introduces a β/4 offset to the ideal
phase difference encoding of the polarisation angle along with
a weak variation with the input linear polarisation angle. The
exact form of g(θ) and h(θ) can be calibrated experimentally
or modelled when the characteristics of the entire system are
known.11

IV. CALIBRATION

Faraday rotation measurements through the port window
and front end optics were available at 10 radial locations
from the previously installed conventional MSE system. The
0.4◦ T−1 variation across the field of view was extrapolated to
the IMSE view under the assumption that the toroidal field is
the dominant influence. The vertical dependence of the Fara-
day rotation and possible rotation from the additional lenses
in the IMSE installation are unknown but expected to be
small.

The response of the polarimeter [i.e., the functions g and
h in Eqs. (10) and (11)] was calibrated using a bright white
light source that fills an integration sphere before passing
through a linear polariser on a digitally controlled rotation
stage, as indicated in Fig. 1. A 0.3 nm wide, 660 nm pass-
band filter is used as a proxy for the neutral beam light
source. A calibration offset of g(0) − h(0) ≈ −3.3◦ was mea-
sured for the response which is consistent with the non-ideal
∼195◦ FLC retardance (Fig. 3) effects expected from Eq. (13).
Higher order θσ corrections are also evident and can be
calibrated.

To verify the integrity of this calibration procedure, a
linear polariser was inserted in front of the polarimeter dur-
ing a plasma shot. Before the FLC retardance non-uniformity
had been realised, it was expected that the test would give
the same results as the calibration light source. However
the neutral beam illumination measurement was different, as
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FIG. 4. Difference in the polarimeter response for a horizontal polariser illu-
minated with the neutral beam relative to the integration sphere. The outline
of the viewing port is evident in the image.

seen in Fig. 4 where the measured value of (g − h)plasma −

(g − h)sphere is displayed. The difference arises because the
effective delay imparted by the FLC is dependent on the range
of ray paths through it. While the FLC retardance varies by
15◦ spatially, the ray path weighted effective retardance in the
imaging system will have a smaller range. As per Eqs. (12)
and (13), a ±4◦ variation in the effective FLC retardance can
give rise to the observed ≈±1◦ differences between the plasma
and calibration illumination. Comparisons between the neu-
tral beam and calibration light were obtained at three different
polariser orientations (θ ≈ 0◦, ±10◦), and the relative changes
were found to be <0.2◦, in agreement with Eq. (12). Therefore
this neutral beam measurement is applied as a fixed offset
to the integration sphere calibration but has some residual
uncertainties.

V. RESULTS

A comparison of the midplane pitch angles measured with
IMSE from both beams and conventional MSE is shown in
Fig. 5 for a shot with interleaved 30L and 30R beam timing.

FIG. 5. Pitch angles measured on the midplane from 30L and 30R IMSE,
315◦ MSE, and conventional MSE constrained EFIT equilibrium reconstruc-
tion for shot 166599 at t ≈ 2.2 s. A conversion from the polarisation angle to
the pitch angle has been applied to account for the different beam and viewing
geometries under the assumption BR = 0 and Er = 0. Line integration cor-
rections are not applied to the IMSE data, but the dashed lines indicate the
expected offsets simulated in Fig. 2.

The line integration effects, simulated for the same shot and
time in Fig. 2, are essential for assessing differences between
the measurements. Line integration was predicted to cause
1◦ (10%) larger than “expected” polarisation angle near
R = 1.5 m from the 30R beam, an effect partially replicated in
Fig. 5. In the region R < 1.4 m, the offset is in the opposite
direction to Fig. 2 and cannot be explained by beam attenua-
tion effects which were anticipated to shift the weighting of the
line integral to larger polarisation angles. However it should
be noted that the beam attenuation significantly reduces the
signal in this region; hence, the measurement is more suscep-
tible to systematic errors. Furthermore radial electric fields
and changes in the current profile during the 40 ms spaced
beam blips may contribute to this difference. The 30L IMSE
measurements are also in close agreement with the line inte-
grated simulation. The most notable difference occurs above
R> 2 m where the IMSE filter only transmits a fraction (<30%)
of the multiplet as the Doppler shift decreases, leading to a
weak signal.

The IMSE data can be reduced to a number of individual
channels to compare directly with conventional MSE mea-
surements. Figure 6 presents a comparison of the pitch angle
temporal evolution measured by the conventional MSE and
IMSE with a 33 Hz camera frame rate. Line integration effects
are particularly evident for the R = 2.03 m channel for the
L to H-mode transition occurring at 3s. For this channel, the
pitch angle measured by the conventional MSE, which has a
radial resolution better than 5 cm,13 remains approximately
constant, while the pitch angle at R = 1.98 m drops ≈1◦ and
at R = 1.93 m drops ≈2◦. Effectively there is an increase in
the toroidal current near R = 1.98 m at 3s. Meanwhile the
R = 2.03 m IMSE “channel” has radial resolution of only
≈16 cm and is therefore sensitive to this drop in the pitch
angle occurring for R < 2 m unlike the conventional MSE
view.

The information contained in the vertical Z direction in an
IMSE image has the potential to further constrain the shape of
the magnetic flux surfaces. A comparison of the IMSE mea-
sured polarisation angle with a MSE midplane constrained

FIG. 6. Comparison of IMSE (crosses connected with black lines) and 315◦

conventional MSE (coloured lines) measured pitch angles for shot 165748.
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FIG. 7. (Left) 30L IMSE polarisation angle measured
at 3.5 s in shot 165748. Forward modelled conventional
MSE constrained EFIT contours are shown in yellow.
(Right) Difference between the IMSE measurement and
the EFIT forward modelled polarisation angle assuming
a narrow beam with horizontal velocity.

EFIT is given in Fig. 7. Close agreement is evident near the
midplane, as anticipated from Figs. 5 and 6; however, ∼1◦ dif-
ferences exist above and below the midplane. Although EFIT
is not constrained off the midplane, discrepancies are not antic-
ipated to be this significant. The IMSE contours of constant
polarisation angle appear to fan slightly outwards from the
bottom of the image, and this artefact was observed for most
shots in the IMSE campaign. The possibility for this artefact
to result from line integration or the vertical divergence of the
neutral beam velocity has been considered and discounted. It
is suggested that some systematic errors exist in the IMSE data
resulting from the extrapolation Faraday rotation that does not
include the additional optics in the IMSE system or possibly
the aperture of the calibration polariser used for the correction
in Fig. 4 was not sufficiently large to completely replicate the
neutral beam illumination.

VI. CONCLUSION

The utility of IMSE was highlighted by its ability to also
measure the MSE signal from the 30R beam, providing first
time measurements on the high field side of the plasma. The
IMSE measurements were complicated by the limited radial
resolution inherent to the view; however, close agreement is
demonstrated between measurements from both beams and
with the conventional MSE. Some residual uncertainties still
exist in the IMSE calibration related to the extrapolation of the
Faraday rotation and the FLC illumination dependence. More
accurate calibrations with the temporally switched IMSE sys-
tem in the future could utilise a large aperture linear polariser
that is gradually rotated in front of the IMSE polarimeter
across the relevant range of angles during a plasma shot,
as implemented on ASDEX-U.12 In-vessel or beam into gas
calibration is the preferred but less readily available option.
Furthermore obtaining a more ideal spatially uniform FLC or
an alternative time switching waveplate is considered to be
imperative.
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