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1. Introduction

The MOSS (Modulated Optical Solid-State) spectroscopic camera has been developed for temporal
and spatial measurements of the temperature Ts and flow speed Vs of plasma ions and neutrals from
the Doppler broadening of transition radiation. It is a modulated, fixed delay Fourier transform
spectrometer [1,2], which measures the three lowest spectral moments of a given spectral line
(quantities related to the light intensity, centre frequency, and line width). It is able to resolve the
relative direction of flows and can provide information about the poloidal plasma rotation. In
addition, it can spatially resolve the average temperature along its viewing chords, which, subject to
the assumption that flux surfaces are isotherms, can be tomographically unfolded to yield the
temperature profile T(p), where p is the flux surface label.

As opposed to a single channel MOSS spectrometer, the camera images light from spatially distinct
regions within a plasma, through a single instrument, onto an array of light detectors. It can be used
for 2-D imaging of the plasma temperature and flow profile. As compared to grating spectrometers,
the MOSS Camera has a light-collecting ability (etendue), orders of magnitude higher because it
uses large aperture optics instead of a thin slit. Gathering more light means that it has improved
signal-to-noise ratio and much better time resolution. In fact, in most cases, the limiting factor of
the etendue is not the spectrometer but the light collection optics. However, there are limits on the
spectrometer's etendue, and understanding these limits defines certain design considerations.

A MOSS camera has been installed on the H-1NF Heliac in Canberra, Australia. It is to be used, in
conjunction with other diagnostics, for measuring the ion thermal diffusivity by modulating the
plasma heating source and measuring the spatial profile of corresponding modulations in ion
temperature.

A camera can be used to obtain spatial resolution in other spectroscopic applications, such as
Zeeman effect and motional Stark effect measurements of the orientation and magnitude of a
magnetic field, and the SOFT system [1,2] for measuring non-thermal distribution functions.

2. MOSS spectroscopy

The MOSS spectrometer is a modulated fixed delay polarisation interferometer, shown in figure 1.
A polariser first selects a plane polarisation state from the incident light. A birefringent, electro-
optic Lithium Niobate (LiNBO3) crystal, whose fast axis is oriented at 45° to first polariser resolves
this polarisation state into two components, and introduces a fixed mutual delay of N wave periods.

where L is the length of the crystal, B is its birefringence and X is the wavelength of the
atomic transition.

This delay defines the spectral resolution, which defines the measurable range of temperature and
flow speed. A final polarising beam splitter, whose polarisation axis is the same as the first
polariser is used to mix these two wave components together. It then sends conjugate signals out -
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Figure 1:
Schematic layout
of optics of
MOSS Camera.

the transmit and reject ports respectively. In addition, a narrow band (~lnm) interference filter is
used to select the spectral line corresponding to the atomic transition of interest.

The electro-optic crystal has the property that the birefringence can be modified by applying a
electric field across it, so that B = Bo + C E. E is the applied electric field strength, Bo is the
birefringence with no electric field, and C is a constant specific to the crystal and the orientation of
its axes. In this way, the delay N is modulated in time by applying a sinusoidal AC voltage to
electrodes across the fast axis of the crystal.

N=N0+N,sin(Qt)

where typically, No ~ 1000-5000, and N, is %.

For many spectral lines in a high temperature plasma, Doppler broadening dominates the fine
structure, and so the centre frequency shift vD and broadening a are related to the species flow
velocity Vs and temperature Ts, if the distribution function is Maxwellian (line shape is Gaussian):

(2)

where v0 is the frequency of the atomic transition.

The intensity at the output port is an interferogram characterised by the quantites Io (the light
intensity), fringe contrast, £, and fringe phase <j>.

5<H). = — i + LCOS

The variation in phase is related to the species flow velocity Vs, through the Doppler frequency shift.
Similarly, the measured contrast L, is related to the plasma temperature Ts through Doppler
broadening.
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and

The fringe contrast C, and phase ((>, which are sufficient to determine Ts and Vs, are measured from
I(t). They are determined from the relative amplitude of the zeroth, first and second harmonics of
H[l,2].

The instrument function, which is built in through the quantities TciyslBl, C,insl and N is analogous to
that of a grating spectrometer. Tcryslal, which defines the measurable temperature range, depends on

me
No (which depends on crystal thickness): Tcrystal = j and is analogous to the number of lines per

kN0

mm of the grating. The range of path lengths for rays entering the MOSS (AN0) is responsible for a
false measurement of line broadening, which reduces the fringe contrast, by multiplying it by £inst.
No is the phase calibration, analogous the frequency calibration of grating spectrometers. Although
this is determined from known parameters, the length of the crystal, its birefringence, and the
wavelength of the line being examined, these quantities are not known accurately enough to
determine N. In particular, the birefringence is a sensitive function of temperature, and can vary
over the timescale of minutes, so No it must be measured

3. The MOSS camera

The MOSS Spectrometer can be easily extended to imaging applications, because only a single light
detector per spatial channel is required; time-resolved spectral information is carried at harmonics
of the modulation frequency D.

A schematic diagram of the imaging optics of the MOSS camera is shown in figure 2. It images
light from the object plane (the plasma) to the image plane (a detector array) through a MOSS
spectrometer with two lenses, a collimating lens and an imaging lens. The collimating lens
collimates rays from the object plane, so that they are quasi-parallel as they pass through the MOSS
optics. The imaging lens then focuses these rays down onto the detector array. Each detector on
the detector array is of finite spatial extent; which determines the spatial resolution in the plasma,
the amount of light gathered per detector, and the angles of the off-axis rays. The larger each
detector element, the larger the range of angles between the axis and each ray, as the rays pass
through the electro-optic crystal, as shown in figure 3.

Rays traversing
through optical system Imaging Lens

Polarising beamsplitter (used for introducing
a calibration light source)

Film Polariser

Object plane
[magnified image of detector array)

Electro-optic
birefringent

crystal .MOSS Spectrometer Detector arra;

Figure 2: Ray diagrams and imaging optics of MOSS camera
[plasma is not to scale]

- 2 3 -



JAERI-Conf 2000-007

4. Design considerations for imaging
optics

In order to maximise the signal-to-noise
ratio, the amount of light gathered per
detector must be maximised, and £jnst,
which determines the fraction of light
contributing to spectral information, must
be close to unity.

£jns, depends on the spatial and angular
variation of No for each ray, and can be
calculated by equation 3.

lithium
niobate polariser

A6 =

range of ar gle

. L
d '

detector
array

size of
detector
=d

Figure 3: Close-up exaggerated
view of the detector array
showing that rays arriving at a
detector element are not parallel
through the crystal; they have a
finite range of angles.

— PA.

JJdxdyedGdTi
(3)

PA

where ray's position is (x,y), and angles are (0,T|). 8 is the angle
of each ray through the electro-optic crystal subtended between
the ray and the central axis, and r\ is the azimuth with respect to
the fast axis (shown by arrows in the above picture). The
integration region P is the entire surface of the lithium niobate
crystal, and A is the region in angular space of rays arriving at a
detector. A simple calculation of the instrument contrast as a

function of the range of path lengths (AN0) is shown in figure 4.

The instrument contrast can be separated out as £jns( = ^ciysta, ̂ del,
where £ciysla| is the contrast due to spatial variations of No, and £de, is
due to the range of angles collected at each detector element.

AN < 0.3 for £> 90%

£ C . 6 |

\

1 1.5

Range of phases, AN

Figure 4: Instrument
contrast variation with
range of phases

r =
^inst

g

d

In order for £co,stai
 t o be close to unity, AN0 « 1. Therefore the Lithium Niobate must be made to

very stringent specifications of spatial homogeneity of Bo, the surface roughness and degree of
parallelism between faces. In practice, the best crystals obtainable have ^ciystil, = 0.9 (for N0=5000,
25mm thickness at 488nm), and 0.98 (for N0=1000, 5mm thickness at 488nm).

For Cdet—̂1» t n e range of angles of each ray collected by each detector element must be small,
A8—>0, AT|—>0; this is why the rays are collimated through the MOSS optics. However, due to the
finite spatial extent of each detector element, the rays collected have a non-zero range of angles,
which degrades ^del.

The variation of No with angles 0,T) is

_ LB r sin2 0 T cos2 T| sin2 r\
~ A + 2n l ~ n " n ~ (4)

where ne and n0 are the two refractive indices.

This function has a saddle point at the origin. Along the axis r\=0, the delay increases, along T|=90o

it decreases and along r\ = +tan~'(J-~-) -45° (since ne/n0~ 1), there is no variation. The

interference pattern corresponding to this phase variation is a contour plot of No. A photograph of
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Figure 5: Photograph
interference pattern

of

this pattern as it appears at the focus of the imaging lens is
shown in figure 5. The circles indicated in the diagram
represent the placement of a line of circular detector
elements.

The following approximate calculation illustrates the factors
contributing the degradation of £det. The range of angles

gathered by a single detector element is : Acodetect = — ^ ^ —
imaging lens

and the characteristic angular distance Aco (not necessarily
directed towards the centre) for ANO=1 is approximately:

Acofr.nn. = — —r • Therefore,"fringe Ncn0nesin9

f
(5)

imaging lens

This shows that the contrast degrades (AN0 increases) by increasing Acodeteci (ddelecl/fjmagmg lens), the
spectral resolution No and 0, the angle off axis at which the detector is located. This trend can be
understood from figure 6. The decrease with angle is due to the fringes becoming closer together
towards the edge, and defines a circular boundary in which detectors can be placed. This is defined
as a maximum angle 9view : CdetC9™*) = 5 0 % •

The angle spanned by each detector determines what fraction of a fringe (AN) is gathered. It also
scales with No; higher resolution results in less detectors possible.

^ varies very little with r\, even though the phase varies dramatically. This is because the width of
the fringes remains the same; only the direction of phase variation changes (according to the
fringes' hyperbolic shape). This change in direction does not matter for a circular detector as it has
no preferred directionality.

" Optical Fibre

MICHELSON INTERFEROMETER

Contrast falls off fast!

Figure 6: Interference
fringe patterns for
Michelson interferometer
and MOSS spectrometer.

Contras

The interference pattern differs from that of a Michelson interferometer, which has circular fringes.
The variation with r| is because of the birefringence variation. This is an advantage, because
detectors can be aligned along the axis with no phase variation. Acofrill|,e is larger, because rays bend
towards the normal in the crystal, which means that the field of view 9view is approximately 2 times
bigger because the refractive index is very high (ne=2.2 and no=2.3).
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Field Widening

In some instances, 8v,ew is not sufficient to image the entire plasma region. Instead of decreasing
a)frin e (by decreasing the focal length of the imaging lens, for example), which would decrease the
amount of light gathered, it is possible widen 0vjew by using two lithium niobate crystals and a Vi
wave plate [3].

"Field-widened" phase
retardation

Fast Axis

Fast Axis

Phase retardation of anoth<
EO crystal after axis rotatio

1/2 wave plate to rotate
polarisation axis by 90°

Phase retardation from
one EO Crystal

lithium
niobate

The set up is shown in the above figure. Two crystals of identical size are placed in line with their
fast axes perpendicular to each other. A Vi wave plate is placed in between with its polarisation axis
at 45° to each crystal's fast axis. This rotates the polarisation state of the light from the first crystal
by 90° as it enters the second crystal. The resultant phase delay N ^ is given in equation 6

Nwlde(6,Tl) = N(8,-n) + N(9,T1 + 90°) = Ne 2 +
sin20

2nn

1 1
(6)

This has a much weaker variation than for one crystal only; this is because the two phase delay
profiles (with angle), which are saddle shapes, almost cancel each other out. The axis along which
the phase was increasing for the first crystal now becomes the axis along which it decreases for the
second crystal. The resultant phase variation is only due to the difference between n0 and ne. This
is pictorially explained in the above figure.
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5. MOSS Camera on H-INF
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The MOSS camera installed on H-INF has been designed to optimise the etendue and still maintain
a low instrument temperature. It images a transverse cross-section of the plasma, along its long axis,
for symmetry reasons (see figure on next page). Although 2-D imaging is possible with the camera,
access through the toroidal field coils permits only a 1-D view of the plasma. The vacuum vessel of
H-INF encompasses the field coils and many other diagnostic systems. In order to place the
camera as close as possible to the plasma, and hence maximise the collection solid angle, it is
placed just outside the vacuum vessel. Mirrors in the vacuum vessel direct the line of sight along
the long axis of the plasma, and a viewing dump is located behind so that no stray light is gathered.
All optical elements in the camera have 40-50mm apertures.

The instrument temperature, or contrast, relative phase and intensity calibration for each channel is
achieved by introducing a narrow-band light source into the 2nd input port of the first polarising
beam splitter. This is simply an expanded, diffused laser beam, and is brought in by an optical fibre.

The instrument calibration is carried out before or after each plasma shot by using a shutter which
is synchronised to the machine control system. This is necessary as the phase and contrast can vary
over time scales of minutes due to temperature variations.

The detector array consists of a line of optical fibres, which transmit the light to a bank of photo-
multiplier tubes. However, another solution is to use a multi-channel photo-multiplier tube [5],
saving cost and instrumentation overhead, as only one high voltage bias is required for many output
channels, and the cost is comparable to a single photo-multiplier tube.
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"Image" of optical fibres. These spots
define the object focal plane.

Magnetic Field flux surfaces. These
define position of the plasma

MOSS Camera

Window through
Vacuum vessel

Extremity rays, defining the region
in which light is collected

The signals are acquired with a set of digitisers and are stored and processed on a computer, using a
Fourier-transform based demodulation algorithm.

The high voltage drive signal for modulating the crystal is achieved with a transformer and audio
amplifier [4]. The modulation frequency is 40-50kHz, which is sufficient for a minimum of 20|Us
time resolution; however, the attainable time resolution (for a reasonable signal-to-noise ratio)
depends on the brightness and is imposed by convoluting the time-resolved signals with a
windowing function.
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