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The MAST-U Super-X divertor provides the opportunity to study fusion plasma exhaust
in novel conditions. However, in order to study these conditions advanced diagnostics are
required. Following the development of the MAST-U Multi-Wavelength Imaging (MWI)
diagnostic, we present the installation of a multi-delay coherence imaging spectroscopy
(CIS) system within the MAST-U MWI, along with modifications made to the MWI for
effective operation. This diagnostic will measure either carbon ion flow velocities and
temperatures, or electron densities through D, emission. We have extended previously
developed techniques for wavelength calibration to account for errors due to the misalign-
ment of interferometer components. Additionally, we have developed a comprehensive
calibration procedure to account for the temperature dependence of the instrument’s de-
lays by fitting to a linearly modified version of the delay equation presented by Veiras et
all. Together these procedures reduce the cost and hardware complexity of implement-
ing CIS instruments when compared to those which use in-situ or tunable laser calibration

systems, as calibrations can be generated to good accuracy using previously measured data.


mailto:rhys.doyle45@mail.dcu.ie

Development and calibration of a multi-delay coherence imaging diagnostic on the MAST-U tokamak

1. Introduction

The Super-X divertor configuration® for tokamak fusion devices has been proposed as a solution

to the significant challenge of heat and particle exhaust>+

in magnetic confinement fusion. In order
to study the effects of this configuration a Super-X divertor was installed on the spherical tokamak
MAST-Upgrade (MAST-U).> This created a need for improved diagnostic coverage of the MAST-
U divertor. The Multi-Wavelength Imaging (MWI) diagnostic was developed and installed on
MAST-U® for this purpose. This multi-channel optical cavity polychromator system is capable of
imaging 11 distinct spectral lines, simultaneously, which allows for in depth physical studies. The
MWI was also designed to host a coherence imaging spectroscopy (CIS) system.

Coherence imaging spectroscopy is a narrow-band spectral imaging diagnostic which measures
the line emission of a plasma and provides an image of its lower-order spectral moments which
can be used to infer, for example, spectral line shift or broadening over a 2D field of view. This is
manifests as an interference fringe pattern superimposed on a line-integrated intensity image of the
plasma, through the principles of polarization interferometry and Fourier transform spectroscopy.
This spatially multiplexed design is the most common type of CIS system, first used on the H-1
Heliac”.

The interference pattern is created by birefringent crystal(s) placed between polarizers in the
collimated region of the imaging system. The spectral and spatial response of the interferometer
can be changed by modifying the number of interferometer components or their relative orienta-
tions. A single-delay system produces an interference pattern at a single spatial carrier frequency,
commonly as a linear delay shear® or using pixelated sensor”, whereas multi-delay systems sample
at multiple fixed delays. The use of multiple delays is advantageous when measuring complicated
spectra, where multiple broadening mechanisms may exist, as they can make the interpretation of
results easier and reduce systematic errors. Multi-delay measurements have been made by using
a single-delay system and repeating plasmas with different interferometer crystal thicknesses'’,
or in one interferometer using multiple crystals which encode each delay at a different spatial
frequency’L.

As with all diagnostics, accurate calibrations are imperative for effective physical studies. With

CIS systems we must mitigate against the temperature dependence of the delay imparted by the

crystals. To do this frequent measurements of the following quantities are required:

* Group delay ((5) - the effective interferometer path delay accounting for dispersion in the
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crystals to first order
* Rest frame phase (¢g) - the phase which corresponds to a flow velocity of 0 km/s

* Instrumental contrast (&) - the contrast measured by the instrument in the presence of an

ideal infinitely narrow spectral line

This has been achieved on W7-X!2 and DIII-D! with an in-situ tunable laser. However, in-situ
systems are not always practical and tunable lasers are expensive, negating the cost-effectiveness
of CIS systems. Herein, we present calibration techniques that aim to reduce the CIS operational
complexity while maintaining its cost-effective nature. We do this by extending previously de-

veloped wavelength fitting procedures'*

, in which the dispersion of a crystal is characterized by
fitting instrument parameters to phase measurements taken at multiple wavelengths. This method
negates the need for a tunable laser at the specific wavelength of interest. Additionally, we present
a temperature characterization method, which negates the need for an in-situ calibration system to
account for calibration drifts with ambient and crystal temperature changes.

In section [II} an outline of the CIS system installed in the MWI for the second MAST-U cam-
paign will be given. Also described, are the challenges and solutions to image ghosting and the
existence of two CIS focal planes which are associated with using a polarization interferometer
within a polychromator. In section we present an extension to the wavelength calibration
method presented by Allcock et al'* to ensure accurate calibration of CIS systems when a coher-
ent light source at the exact wavelength of interest is not available. Section [[V|presents a method

to characterize the temperature dependence of a given CIS system thus reducing the frequency at

which calibrations need to be executed. Finally, section [V|summarizes these calibration methods.

II. Multi-Delay Coherence Imaging on MAST-U

The interference pattern created by a coherence imaging spectroscopy system is defined by two
quantities, its phase and its contrast, measured at each pixel. In multi-delay systems, each delay has
its own interference pattern and therefore its own phase and contrast images. To perform physical
studies a relation between these quantities and the normalized plasma emission spectrum, g(Vv), is
required. Equation H shows how the degree of temporal coherencel”, y(¢o), of the light incident
on the sensor relates to g(v), where vy is the center-of-mass frequency of the spectrum and Ky is

the dispersion coefficient of the instrument. This can then be related to measured contrast, ¢, and
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measured phase, @, through eq. , where ¢(¢,,) and £(d,) are the contributions from physical
processes to the measured phase and contrast, respectively, and n denotes the delay index (relevant
only for multi-delay systems). The rest frame phase, ¢, o and instrumental contrast, {,,; are 2D

quantities that must be measured experimentally when calibrating the instrument.

Yoo~ [ gexn (i¢>o {1 + K0 (V _VVO)} ) av ()

D, = arg(}/((])n,o)) = ¢0,n + (P(én)

2)

Cn = CnJ '}/((PnO)’ = CHIC((ﬁn)

As this technique encodes the spectrum of the plasma in the interference pattern, changes to
that spectrum by physical processes result in a deviation from a known reference pattern. Through
this, CIS has been used on fusion experiments to measure impurity ion flows via Doppler shift!o-18,
impurity ion temperatures via Doppler broadening!? and electron densities via Stark broadening”.
Broadening mechanisms result in a decrease in the measured contrast, whereas a Doppler shift of

the spectrum changes the measured phase.

In this study we present the installation of a triple-delay coherence imaging system on MAST-
U, which is based on the quad-delay system developed by Allcock et al’. We employ two different
types of birefringent crystal, a displacer plate and a high-order waveplate. In decreasing the num-
ber of delays measured to 3 we benefit from a factor of v/2 increase in light throughput compared
to a quad-delay system. The displacer plate, which is functionally identical to the Savart plate-
waveplate combination used in other CIS instruments' 2%, has a cut-angle, 6 (the angle between
its optic axis and the crystal face) which is between 0° and 90° producing a delay shear across
the sensor. The waveplate has a cut-angle of 0° which produces a hyperbolic phase pattern. Both
patterns can be seen in fig. [l A linear polariser is needed at the front of the system to allow the
system to act as an interferometer. The interference pattern is then resolved using the zero-order

quarter waveplate (QWP) and a polarized camera sensor, as shown in fig. 2]

In order to create three distinct delays, the interferometer components are oriented with respect
to the horizontal as shown in fig. [3a] Linearly polarized light enters the first crystal, an 8mm
alpha Barium Borate (¢-BBO) crystal with a cut-angle 6 of 45°. This crystal splits the light into

two components, an ordinary and an extraordinary ray with a delay, ¢, imposed on the latter.
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FIG. 1: Phase shift, ¢ imparted by (a) an 8mm displacer plate with a cut-angle of 45° and (b) a
9.8mm waveplate. Figure 1a has been zoomed into the centre of the sensor by a factor of 10 to
resolve the phase shear pattern.

MWI Bandpass Displacer Quarter PlXElElitEd
e Filt Plat Waveplate Polarizer
Plane Collimating 1ter Linear ate (¢1) Waveplate P Imaging Sensor
Lens, Ly Polarizer (¢2) Lens, L
S e gy

|

Temperature Controlled Cell

FIG. 2: Schematic of triple delay pixelated MWI CIS interferometer set up.

Similarly, the second crystal is a 9.8mm a-BBO crystal with a cut-angle of 0° producing a delay,
¢>. The magnitude of these delays can be calculated using eq. . The measured image, fig.

will then be the sum of three interferograms corresponding to the delays ¢,, ¢2+1 = @2 + ¢ and

021 = 02— ¢1.



Development and calibration of a multi-delay coherence imaging diagnostic on the MAST-U tokamak

2nL : n (n,—n%) sin 6 cos 6 cos § sina
_ 2 22 0"k
¢ =——|1\/np—n-sin"a+ T TR
A ng sin” 6 +ny, cos* 6
no\/n%(nésin29+n%cos2 0) — n2sin® o (n% — (n% — n) cos? O sin® 6))

2 2 2 2
ng sin 9—|—nocos 0

3)

Camera

Incident 22.5°
light \

m=1 m=0

Polarizer
Orientations

FIG. 3: (a) Orientation of the CIS components within the temperature controlled cell in order to
create three distinct delays. Also shown is the orientation of each sensor polarizer within the 2x2
grid. (b) Simulated triple-delay CIS image of a MAST-U plasma showing the combination of
both the pixelated and phase shear patterns.

The distinctive checkerboard pattern seen in the interferogram, fig. [3b is due to the polarized
sensor of the camera, a FLIR Blackfly S. The sensor polarizers are arranged in a 2x2 grid, as
shown in fig. [3a] which is repeated across the sensor. The orientation of the transmission axis
of each pixel’s polariser is given by p,, = m%, where m € {0,1,2,3} is the pixel index within
the 2x2 array. In order to limit the effect of ambient temperature changes on the system, the
main interferometer components (fig. [3a) are installed within a temperature-controlled cell set at
35°+0.2°C. The effects of crystal temperature on interferometer delays are discussed further in
section [Vl

The equation for the interferogram produced by this instrument can be found using Mueller
calculus, where the Mueller matrix of the instrument is given by eq. (). The definition of each
matrix can be found in appendix [Al It can subsequently be shown using the Stokes vector for

unpolarized light at the input the irradiance measured at the camera sensor is given by eq. (3).

T

Mior = Mot (7 ) Mowr (5 ) Mt (5:02) Mrar (0,010 Myt (5 )
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The MAST-U CIS system has been installed within the MAST-U MWI diagnostic®l. The
MWI, shown in fig. [ is an 11-channel optical cavity polychromator capable of imaging 11 distinct

spectral lines using different spectral bandpass filters.

CIS Interferometer Cell Collimating Lens
and Spectral Filter

Mirror

Camera and MWI Intermediate Plasma
Imaging Lens Image Plane

FIG. 4: Schematic of the MAST-U MWI, where the spectral filters marked in blue indicate that
the CIS measure the same spectral line as that MWI channel.

A. (IS Focus Planes

Light incident on each MWI camera first passes through nine lenses, all of which have
manufacturer-quoted focal length tolerances of ~ 1%. This results in a range of possible lo-
cations at which the intermediate image of each channel is formed causing imperfect collimation
of incoming light. This is not an issue for the MWI as each channel’s imaging lens is focused
individually using a target reticule, however, this is not acceptable for coherence imaging systems.

In collimating the light source we map each pixel on the camera to a different angle of incidence

with respect to the optical axis, z and the horizontal, x, therefore light from a given spatial location
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FIG. 5: Modeled delays imparted by each component of the CIS interferometer at 464.7nm
assuming thin lenses. (a) Waveplate only, ¢, (b) Sum of crystal delays, ¢, (c) Difference
between crystal delays, ¢>_1

in the image experiences the same delay but a different delay to all other spatial locations, fig. [5]
If effective collimation is not achieved, light experiencing different delays would be mapped to
the same pixel and appear as an additional broadening of the spectral shape. The instrument
would then have to be optimized for either fringe focus (instrumental contrast) or plasma focus
(spatial resolution) by changing the focus of the imaging lens. However, both cause a reduction in
instrument performance.

To achieve acceptable image focus and instrumental contrast, the standard 750mm focal length
collimating lens of the MWI was replaced with a 600mm lens on the CIS channel to correct for
the discrepancy in the intermediate image location. In this configuration, instrumental contrasts
of 0.95, 0.7, and 0.6 were measured for &, €511 and &,_1, respectively, while maintaining good

image focus.

B. CIS Ghosting

The spectral emission lines of interest for electron density and impurity studies on MAST-
U using CIS are Dy (434nm) and C III (465nm), respectively, both of which are also measured
in the MWI. As the MAST-U MWI cameras are capable of operating at 400-800 Hz compared
to the ~ 150 Hz of the CIS it is advantageous to run both systems simultaneously. Therefore,

a 50/50 beamsplitter was required on the MWI channel measuring the same spectral line. This
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was placed after the MWI spectral bandpass filter but before the imaging lens, so other spectral
channels are not affected by multiple planes of reflection. However, this led to ghosting on the
CIS channel, fig. [pal By intentionally misaligning the beamsplitter to different degrees, it was
determined that a small misalignment was the cause of this ghosting. As the spectral filter does not
have a transmission ratio of 100% or an anti-reflective coating on its rear face, double reflections
likely occur between the 2 components. Because these components are in the collimated region,
the effect of double reflections should be negligible. However, if the component surfaces are not
parallel to one another, the propagation angle of the light with respect to the collimating lens will

change thus mapping the light to a different spatial location when it passes back through the lens,

fig.

(a) (b)
FIG. 6: (a) Ghosting observed on the CIS channel due to misalignment. (b) Ghosting is no longer
visible after decreasing the distance between the beamsplitter and spectral filter.

MWI Collimating Beamsplitter
Mirror Lens Spectral
| Filter

Plane

D

U T

’|"l||

FIG. 7: Using a point source (black) we show that when the beamsplitter and spectral filter are
not aligned the light reflecting off the beamsplitter (red) is imaged to a different location to that

reflected off the spectral filter (green).
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This effect was mitigated by installing the beamsplitter so that it was in contact with the spectral
filter, thus reducing the air gap to near zero and ensuring both components were aligned, fig. [6b]
However, it is suggested that future imaging diagnostics of this type make use of spectral filters

designed with a transmission ratio of 50%.

III.  Spectral Calibration

To obtain accurate calibrations of rest frame phase, ¢, ¢, a coherent light source at the exact
wavelength of interest is required. For lines which do not emit brightly in the conditions of small
gas-discharge lamps a tunable laser is required. To solve this problem, a method of fitting instru-
ment parameters, including Sellmeier coefficients, of the CIS instrument to a set of phase images
taken at various wavelengths was developed by Allcock et all#. This allows us to characterize the
wavelength dependence of each crystal’s delay, thus allowing accurate calculations of group delay,
o, and phase difference, A¢ expected between the wavelength of interest and a close-by ( 5 nm)

measured wavelength.

o f » oL
1F \ 1F / /
: 2
E o}l E o
> )
. .
"
1} . 1k
—2 [ I ) I ) —2 [, I I I !
-2 —1 0 1 2 —2 —1 1 2
X (mm) x (mm)
[ ; . | : ..
—0.10 —0.05 0.00 0.05 0.10 —0.02 —0.01 0.00 0.0 0.02

Fit residual (rad)

FIG. 8: Residual produced on ¢, when
fitting instrument parameters to data taken
at 467.82nm, showing a clear hyperbolic
pattern that is not being accounted for.
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Fit residual (rad)

FIG. 9: Residual produced when fitting to
a synthetic ¢, image at 467.82nm
calculated using an instrument whose
waveplate has been misaligned by 1°,
showing a similar hyperbolic pattern to

fig.[§]
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While undertaking this calibration an unexpected structure in the fit residuals for each delay
component was found, fig. 8] which is not accounted for by our model at the time. We suspected
that this hyperbolic pattern may be due to a small rotational misalignment of the interferometer
components about the optical axis with respect to each other. Henceforth, any description of
a component’s misalignment refers to a rotational misalignment of that component about the CIS
instrument’s optical axis. This was confirmed as a feasible explanation for the effect by comparing
fig. [§] to an image of ¢, modeled with a 1° misalignment of the waveplate, fig. Ol using Mueller
calculus. We can see that the overall pattern is similar between both images but the magnitude of

the residual is smaller in fig. [0 suggesting the true misalignment is greater than 1°.

The source of any such misalignment is believed to be a combination of human-error and lim-
itations in component mounting. Each component is mounted in a metal cog which fits inside
the temperature controlled cell. The fast-axis (retarders) or polarization axis (polariser) is aligned
with the center of one the cog notches. This process is done manually and therefore is subject
to human-error, which we estimate could be up to 5°. Additionally, it is not possible to fix any
possible misalignment while the components are in the cell as each component can only be ro-
tated by 22.5+ 1°. By misaligning any of the components, rays of light which would normally
destructively interfere, now only doing so partially thus creating this pattern. To see if this kind
of misalignment can produce a good quantitative match to our measurements and thus produce
accurate interferometer calibrations, we endeavored to include it in the model we are using to fit

to the data.

Under the ideal conditions described in section [II, the measured phase images are given by
@, = ¢ and Pr4y = ¢ £ ¢y, wrapped in the interval (—x 7] rad. However, analysis of eq. (4)
has found that the misalignment of any component in the instrument introduces additional spatial
frequency components at each measured delay whose amplitudes change with the degree of mis-
alignment. Due to the computational complexity and expense of computing the Mueller product

at every fitting iteration, analytical equations for the measured phase images was sought.

¢ =arg ( [el% + 6disp5qu:| 712) (6)

Ny = (—1 +ei%) % 8 pol — (1 +e’%> i+ Ogisp * [1 — el — <i+ie’g> *61701] (7
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Dy =arg <[€i¢2“ (bgisp+1) — 5qu€i¢‘] 772i1> (8)
=arg ([ 021 (8 gisp — 1) — 5qu€_i¢l} 172i1> )
Not) =¢' T 1+ ( +ze‘%> % O pot + Odisp * [(—1 +ei%> * O pol — (i—l—ie’gﬂ (10)

As ¢ is directly measured, the orientation of the waveplate can be determined. We can there-
fore measure the misalignment of each other component relative to waveplate orientation (i.e.
Owp = 0). Additionally, any misalignment is believed to be small therefore the small angle ap-
proximation has been used. With this and using Mueller calculus we have derived equations for
the measured phase delays ®,, ®,, and ®,_1, egs. (6), (8) and (9), where 1 is a complex con-
stant related to the misalignment of the polarizer and displacer plate, and 0 is the misalignment of

a given component.

Parameter Nominal Optimized

Focal Length, f3 (mm) 50 4941

Component Orientations

Polarizer, p po(°) 287.18 287.21
Disp. Plate, pgisp(°) 264.68 260.43
Waveplate, p,,(°) 309.68 309.68
QWP, pgp(°) 354.68 350.30

TABLE I: Nominal and optimized instrument parameters for the MAST-U CIS system.

To test our ability to predict phase at given wavelength, phase images measured at five wave-
lengths, 434, 467.82, 472.2, 480 and 508nm, using Cadmium and Hydrogen lamps using different
spectral bandpass filters. The images taken at 472.2nm were reserved for comparison while the
others were used for fitting. Tables[[|and [l show the nominal and optimized instrument parameters
fit to using eqs. (6)), (8) and (9). To ensure a solution could be found accurately and within a rea-
sonable time period, the fit was performed against the difference between the phase images at the
above wavelengths and that measured at 467.82nm, for example image 1 would be the difference

in the phase images taken at 434nm and 467.82nm.
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