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The MOSS camera on H-1NF
C. A. Michael,a) J. Howard, and B. D. Blackwell
Plasma Research Laboratory, Research School of Physical Sciences and Engineering,
Australian National University, Canberra A.C.T. 0200, Australia

~Presented on 21 June 2000!

We have configured the modulated optical solid-state spectrometer, a recently developed
high-resolution instrument for plasma Doppler spectroscopy, as an imaging spectroscopic camera.
The camera features a wide field of view~;10°!, large aperture~40 mm!, and high spectral
resolutionn/Dn greater than 10 000. The camera installation on the H-1NF Heliac is described,
together with the steps in the design process, including field widening. Calibration and
characterization of the instrument function is discussed and the instrument performance is illustrated
with some sample results of spatially resolved ion temperature measurements in H-1NF. ©2001
American Institute of Physics.@DOI: 10.1063/1.1326903#
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I. INTRODUCTION

The modulated optical solid-state ~MOSS!
spectrometer1,2 has recently been developed for hig
resolution Doppler and polarization spectroscopy of plasm
The camera is a multichannel version of this instrument
has been used for routine measurements of ion flow sp
and temperature from Doppler broadening of transition
diation in the H-1 Heliac, a three period helical axis stell
ator, at the Australian National University~ANU!.3

Using standard 50 mm camera lenses, the multichan
MOSS camera images the entire poloidal cross section o
H-1 plasma onto a linear array of 16 photomultiplier dete
tors. Because all the spectral information is encoded in
temporal frequency domain, only a single light detector
spatial channel is required. This opens the possibility to p
form truly two-dimensional~2D! spectral imaging. The im-
aging system which brackets the spectrometer~see Figs. 1
and 2!, consists of an objective lens that collects and co
mates rays emanating from the source and a final camera
that forms the image of the source on the detector array.
temperature and light intensity profiles,T(r) and I (r),
wherer is the flux surface coordinate, can be unfolded fro
the line-averaged measurements under the assumption
flux surfaces are isotherms and have constant emissivity4

One of the benefits of Fourier-transform spectromete
such as the MOSS spectrometer, over wave front divis
instruments such as a grating spectrometer, is the fact
for a given spectral resolution, the optical throughput
much larger because the entrance aperture is not limited
an entrance slit~the Jaquinot Advantage5,6!. Field-of-view
~FOV! limitations on the collected light solid angle can b
overcome using field-widening techniques. In particular,
terferometers based on polarizing optics can obtain sig
cant advantage using fairly straightforward optical strateg
~see Fig. 4!.

Because of its high light throughput and attendant te

a!Author to whom correspondence should be addressed; electronic
clive.michael@anu.edu.au
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poral resolution, the camera can be used to infer the
thermal diffusivity by modulating the plasma heating sour
and measuring the spatial profile of corresponding modu
tions in ion temperature.7

II. MEASUREMENT PRINCIPLE OF THE MOSS
SPECTROMETER

The light intensity at the detector, for a two-beam inte
ferometer~such as MOSS!, is given by

I 5
I 0

2
~11z cosf!, ~1!

where I 0 is the source intensity,z is the fringe visibility or
contrast, andf is the phase retardation of the interferomet
The MOSS spectrometer is a modulated, fixed delay inter
ometer which introduces a phase shiftf5f0

1f1 cos(2pVt), where f1;p/2 and f0@f1 . The sinu-
soidal modulation of the interferometer phase generates
monic components at the modulation frequency. The rela
intensities of the odd and even harmonic components ca
numerically extracted to obtain time-resolved estimates
the average light intensity, the offset phasef0 , and contrast
z. Assuming that the distribution function is Maxwellian
these quantities are related to the emission-weighted spe
flow speedVs and temperatureTs .8 Ignoring line-integration
effects, we have

f05f I S 11
Vs

c D ,

~2!
z5z IzS , zS5e2~Ts /Tc!.

The instrumental phasef I and contrastz I depend on the
light collection geometry. They may be understood by an
ogy with the instrument function for a grating spectromet
The phase calibrationf I corresponds to the wavelength ca
bration: phase shifts due to the Doppler effect are measu
with respect to this value. The instrument contrast repres
a false measurement of line broadening, which is due to
mitting a finite solid angle of rays to the detector. It is simil
il:
4 © 2001 American Institute of Physics
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to the slit function for a grating spectrometer. The quan
Tc is the temperature at which the instrument is most se
tive, and is related to the spectral resolving power and
turn, the crystal length. This is analogous to the grating d
persion. In order that the measured contrastz and phasef be
most sensitive to changes in temperature and flow speed
instrument contrast should be as close to unity as possib

III. FOV

When imaging an extended light source, each dete
element receives rays that have traversed the spectrom
over a range of incidence angles. This therefore results
spread in the path length delay through the interferom
that can reduce the overall fringe contrast and so com
mise the signal-to-noise ratio.

The phase variation with angle is

f~u,h!52p
L

cosu

B~u,h!

l
, ~3!

whereu is the angle of incidence andh is the azimuth with
respect to the optic axis of the birefringent crystal. Fo
Michelson interferometer,B51 and the resulting fringe pat
tern is circular. However, for a uniaxial birefringent crysta
the birefringence is a function of angle,9,10 and for smallu
the phase is

FIG. 1. Close-up view of the camera, showing the calibration system
ray paths demonstrating the imaging principle.

FIG. 2. The optical arrangement of the MOSS camera located on the H-
Heliac.
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f~u,h!52p
LB0

l S 11
u2

2n0
S cos2 h

ne
2

sin2 h

n0
D D . ~4!

The functionf~u,h! has a saddle point at the origin. Th
magnitude of the increase in phase along the axish50 al-
most exactly balances the decrease alongh590°, becausen0

is close tone . The associated fringes are therefore hyp
bolic in shape~see Fig. 3!.

Because the phase change is quadratically dependen
u, detector elements centered further off axis will gather ra
which have a larger range of phase shifts, thereby resul
in a lower instrument contrast. The FOV of the camera is
angleu at which the instrument contrast falls below a certa
critical value~typically 50% of the contrast on axis!.

For an on-axis point detector, analytic estimates can
obtained for the dependence of instrument contrast on
collection solid angle.9 Numerical simulations are required t
estimate the comparatively poorer instrument contrast for
axis detectors. Because the phase variation is proportion
L ~the length of the crystal!, the contrast degradation als
increases withL. SinceL determinesTC ~the temperature a
which the instrument is most sensitive!, FOV}ATC since
FOV ;1/L. Furthermore, larger detector elements ha
smaller instrument contrast.

IV. INCREASING THE FOV

The FOV can be improved by compensating the angu
variations of the phase shift. This is achieved by replacin
single birefringent crystal with the optical arrangeme
shown in Fig. 4. Two crystals each having half the origin
delay are placed in line with their optic axes mutually pe
pendicular. A half wave plate placed between the birefr
gent crystals having its polarization axis at 45, rotates
wave polarized parallel to the fast axis of the first crys

d

F

FIG. 3. Comparison of the between interference pattern, phase, and co
variation with angle between a nonfield widened and a field widened
tem. The photograph of interference pattern in the image plane was t
using laser calibration light. The field widened system was 2315 mm crys-
tals; the nonfield widened system was a 25 mm crystal.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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onto the fast axis of the second crystal, so that the t
birefringent phase shift adds. However, because the p
‘‘saddle’’ is almost invariant under a 90 degree rotation, t
angular phase variation of the second crystal almost c
pletely compensates that introduced by the first. The ph
variation with angle of each crystal, together with the n
phase variation is shown in Fig. 5. The residual phase va
tion is now approximated by

fwide~u,h!5f~u,h!1f~u,h190°!

52p
LB

l S 21
sin2 u

2n0
F 1

n0
2

1

ne
G D . ~5!

Along the axish50, the ‘‘field widened’’ phase variation
fwide~u,h!2fwide(0,0) is only 4% of that for a nonfield wid
ened system,f~u,0!2f~0,0! ~for the same net delay!. Be-
cause the phase is a weaker function ofu, the contrast im-
proves dramatically.

To demonstrate the effect of field widening, the pha
and contrast variation with angle are compared to a nonfi
widened system~with better spectral resolution!. In Fig. 3,
photographs of the angular fringe pattern are shown tha
lustrate the improvement in phase delay uniformity and
provement in instrument contrast. Observe that in both ca

FIG. 4. The optical arrangement for field widening: a 1/2 wave plate
between two birefringent crystals with their optic axes at 90° to each ot
The arrows denote polarization states.

FIG. 5. Schematic illustrating how the field widening works. The pha
‘‘saddle’’ of one crystal cancels out the phase saddle of the other crys
Downloaded 20 Jun 2001 to 150.203.2.85. Redistribution subject to AI
al
se

e
-

se
t
a-

e
ld

il-
-
es

the contrast at the center is high~;80%!. With field widen-
ing, the instrument contrast varies only about 5% across
channels of the camera, but decreases by;70% in the non-
field widened case. For a field-widened system, the m
field of view constraints are set by the vignetting of off-ax
rays and angular response of the interference filter.

V. CAMERA DESIGN AND INSTALLATION ON H-1NF

In order to maximize the collected light, the camera
placed as close as possible to the plasma. If the angleuP

subtended by the plasma at the camera is greater than
natural FOV of the interferometer~defined above! then field
widening is necessary. Furthermore, we have also chose
use large aperture~50 mm! optics for all optical components
apart from the birefringent crystal, which has a square cro
section aperture 40 mm340 mm

The focal length of the collimating lensf 1 is chosen
equal to the distance between the camera and the cent
the plasma. The detector array is placed at the focus of
imaging lens, the focal length of whichf 2 is determined by
the required system magnificationM5 f 1 / f 2 . This is set
equal to the ratio of width of the plasma cross sectionXp to
the size of the detector arrayXd . Spatial resolution is then
Xp /n, wheren is the number of detector elements.

The camera installation on H-1NF images a poloid
cross section of the plasma, as shown in Fig. 2. A pair
mirrors internal to the vacuum chamber relay the plas
light to the camera. Although 2D imaging is in princip
possible with the camera, the physical obstruction presen
by the toroidal magnetic field coils allows only a 1D secti
view of the plasma to be observed. The total distance al
the viewing axis from camera to plasmaf 1 is 1550 mm,
which is as small as is practically possible. The plasma s
tends an angle of approx 6° to the camera. The detector a
used is a multianode photomultiplier tube, model A59
from Hamamatsu, which is a 16 element linear array, e
element separated by 1 mm. A 2 mm wide slit aperture is
placed over the array, in order to limit the toroidal extent
the viewing region. WithXD516 mm, the required magnifi
cation is M511.5, and thereforef 2 must be 135 mm. We
have therefore selected a Nikon camera lens,f 5135 mm and
f /#52.8. An internal blackened viewing dump minimize
the contributions from stray reflections inside the vacu
vessel. The photocurrents are amplified by an array of
transimpedance amplifiers of bandwidth 300 kHz prior
digitization. The archived signals are numerically proces
using a fast Fourier transform based demodulation algorit

Although the imaging optics are fixed by the viewin
requirements, the observation wavelength and spectral r
lution can be configured by changing the filter and crys
delay.1,2 The most common configuration on H-1NF
l5488 nm (Ar1), L525 mm ~the useful temperature dy
namic range is 10–200 eV!. At this spectral resolution, the
instrument contrast degrades significantly for the outs
channels, so that field widening is necessary.
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VI. CALIBRATION

For a reliable measurement of the instrument contr
relative intensity, and phase response of each detector,
important that the calibration light approximates an exten
isotropically radiating source whose subtended solid ang
equal to or greater than that of the plasma. This is achie
by introducing expanded and diffused laser light into t
second input port of the first polarizing beam splitter
shown in Fig. 1. Because of the fixed-wavelength, narro
band spectral nature of laser light, the measured phase
contrast are due only to instrumental effects. When the c
era’s configuration is changed, a new calibration must
carried out as subtle changes in alignment and position
cause changes in calibration constants~of up to 5%!.

VII. RESULTS

Two types of discharges are shown as sample meas
ments demonstrating the camera’s performance.

A. Power ramp experiment

A power ramp experiment is useful to study the dep
dence of the ion temperature on rf heating power. In t
experiment, the application of the approximately line
power ramp follows a 25 ms pulse at full power~;80 kW, 7

FIG. 6. Light intensity, temperature, and rf power vs time for a power ra
experiment.~A1 ms traveling mean filter has been applied to the light em
sion and temperature.!
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MHz, B50.15 T! to preionize the plasma. The rf powe
temperature, and light intensity are shown in Fig. 6. A 1
traveling mean filter has been applied to all but channels
and 12, where a 2 and 4 ms mean has been applied, resp
tively, to improve the signal-to-noise ratio~due to the much
weaker light levels in this region!. The temperature increase
with heating power, and appears to be higher at the edg

B. Heat modulation experiment

One of the goals in developing this instrument is to stu
ion transport by examining the spatial profile of modulatio
in temperature caused by modulations in heating pow7

Shown in Fig. 7 is the light emission, and temperature fo
discharge under the same plasma conditions as above~except
that the rf power is modulated at 500 Hz!. The time range
has been expanded in an interval where the dc compone
the plasma parameters are not changing.~A 0.5 ms traveling
mean is applied to all channels.! Information about transpor
can be obtained from the amplitude ofTi variations, and
from the rate at which they propagate throughout the plas

1J. Howard, Rev. Sci. Instrum.70, 368 ~1999!.
2J. Howardet al. Rev. Sci. Instrum.~these proceedings!.
3S. Hamberger, B. Blackwell, L. Sharp, and D. Shenton, Fusion Tech
17, 123 ~1990!.

4R. Stanley Deans,The Radon Transform and Some of its Applicatio
~Krieger, Malabar, FL, 1993!.

5P. Jacquinot, J. Opt. Soc. Am.44, 761 ~1954!.
6P. Jacquinot, Rep. Prog. Phys.23, 267 ~1960!.
7N. J. Lopes Cardozo, Plasma Phys. Controlled Fusion37, 799 ~1995!.
8J. Howard, J. Opt. Soc. Am. A~submitted!.
9W. Steel,Interferometry~Cambridge University Press, Cambridge, 1967!.

10A. Yariv, Optical Electronics~Saunders College Press, Philadelphia, P
1991!.
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FIG. 7. Light intensity and temperature vs time for a power modulat
experiment~the time axis has been expanded to see these fast modulati!.
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