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Interactive optical design and realization of an optimized charge coupled
device Thomson scattering system for the spherical tokamak START

M. J. Walsh
Walsh Scientific Ltd., Culham Sciene Centre, Abingdon, Oxon OX14 3EB, United Kingdom

N. J. Conway
University College Dublin, Dublin, Ireland

M. Dunstan and M. J. Forrest
UKAEA Fusion, Culham Science Centre, Abingdon, Oxon, OX14 3DB, United Kingdom

R. B. Huxford
RBH Optics, Burgess Hill, West Sussex RH15 8HL, United Kingdom

~Presented on 9 June 1998!

A high resolution, multipoint Thomson scattering system has been successfully implemented on the
START tokamak. It incorporates a low-divergence, 10–15 JQ-switched ruby laser system with a
gated~GaAs! image intensifier~II ! and a charge coupled device as the detection elements. It is
designed to measure temperatures between 25 eV and 4 keV and densities from 331018 m23 with
high accuracy (;2.5%). The spatial resolution is approximately 1.5 cm. An interactive design of
the optics train has been used to ensure matching of the optics from light collection to light
detection. Use of coherent fiber bundles allows a resolution down to about 2 mm. ©1999
American Institute of Physics.@S0034-6748~99!69301-7#
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I. INTRODUCTION

Recent work on the tight aspect ratio tokamak STAR1

has indicated several favorable features in the areas of
finement, transport, stability, and operational limits. The
have warranted further detailed studies of internal profiles
particular of the electron temperature and density profi
The design specifications for the system were to mea
electron temperatures in the range of 25 eV to 4 keV a
electron densities of greater than 331018 m23.

In this article, the design of a multipoint Thomson sc
tering system is detailed. The system is in the TV categor
characterized by Bretzet al.2 and Barthet al.3 The philoso-
phy of the design was to transfer the maximum poss
scattered light from the scattering volume to the detec
without compromising the system performance in terms
efficiency, optical cross talk, and light gathering power. O
taining the highest photon throughput has involved the us
high aperture lenses~e.g., f/0.7! and spectrometer slits o
height equal to that of the grating. This presented sev
design problems which were solved by using interactive
tical design techniques and optimizing the optical system
a whole from collection optics to charge coupled dev
~CCD! ~image intensifier! rather than the different optica
stages separately.

II. OUTLINE DESIGN

In this system, scattering angles of 83° to 116° are
quired from a 600 mm length of laser beam~15 J, 0.4 mrad
divergence, ruby! in the plasma midplane, using a large d
ameter lens assembly mounted close to the START vac
vessel ~see Fig. 1!. This is imaged onto coherent fibe
bundles each channel collecting light from a 15 mm33.5
7420034-6748/99/70(1)/742/5/$15.00
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mm scattering volume and a nominal f/6 light cone. The lig
is then transported by the fibers~12 m! and coupled to a
relay lens~see Fig. 2!. This lens directs the light through
short wavelength blocking filter in a telecentric lens syst
and onto a diffraction grating via Littrow lens. The dispers
light travels back through the Littrow lens to an intermedia
image plane. The spatial channels can be seen in the ver
dimension~five are shown for illustration!. Then the light is
guided via a spherical-field mirror to a very high perfo
mance image intensifier lens~f/0.71! whose final element is
in optical contact with the image intensifier. After the ima
intensifier, the light is coupled to a CCD camera and th
processed by a computer. The overall system is automate
produce a complete profile of electron temperature and d
sity for each laser pulse.

III. COLLECTION LENS

The prime function of the objective lens is the efficie
collection of scattered radiation from the laser beam a
matching this to the f/1.75 acceptance angle of the fib
The vignetting of less than 10% across the field of vie
~FOV! is achieved by positioning the field stop at the fir
surface of the objective. The residual vignetting is caused
limitations of the viewing window, i.e., aperture, vacuu
vessel obstructions, and the oblique angle of the window
the optical axis.

After due consideration of alternatives such as
Double Gauss, Petzval, and Catadioptric configurati
which were rejected for reasons of stop location, FOV co
erage, and size restriction around the vacuum vessel, the
sen design is based on a triplet derivative construction.4 The
front lens is split into two elements, to enhance the apert
© 1999 American Institute of Physics
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FIG. 1. START vessel showing layout of laser and collection system.
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performance, while the off axis performance is maintain
by a combination of a field flattener and an image surf
which is concave to the objective. The field flattener a
corrects the lateral chromatic aberration and directs
principal rays such that they are normal to the image surfa
The tilted object~laser beam! is catered for by a correspond
ing tilt of the image surface. The combination of all the
techniques gives a uniform performance across the en
FOV.

IV. SPECTROMETER

The object plane, containing 40 fiber bundles, each 1
mm high by 4.3 mm wide, is oriented to provide a straig
image on the detector in both wavelength and space. A 1 m
spectrometer with f/6 input necessitates a slit height of;160
mm high ~this is shown graphically in Fig. 3!. The fiber
bundles are rotated such that the long side of the fiber bu
is across the input slit. This allows the number of channel
be maximized on one detector~i.e., image intensifier/CCD
system!. Because of the geometry of the intensifier/CCD
rangement, the output slit has maximum dimensions of
mm ;163 mm in the midplane~see Fig. 3!. This accommo-
dates the wavelength range of 680–820 nm which covers
temperature range of 25 eV to 4 keV and allows calibrat
using Rayleigh scattering.

The spectrometer is based on the Littrow design~see
Fig. 2!. This facilitates correction for aberrations introduc
by the use of very high input slits. The light path in th
spectrometer has two intermediate images before bein
nally imaged at f/0.71 onto the intensifier photocathode.
Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP l
d
e
o
e
e.

re

2
t

le
to

-
3

he
n

fi-
n FIG. 2. Spectrometer drawing.
icense or copyright; see http://rsi.aip.org/about/rights_and_permissions



744 Rev. Sci. Instrum., Vol. 70, No. 1, January 1999 Walsh et al.
FIG. 3. Sketch of overall system.
m
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both stages the intrinsic FOV is relatively narrow, i.e.,67.5°
and 65.7°, for input and output relay stages and this, co
bined with the high numerical aperture requirements equ
lent to f/1.35 and f/0.63 for an object at infinity, suggests
Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP l
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Petzval Lens configuration~two positive power groups sepa
rated by a distance of 50%–75% of the focal length! as the
natural choice for both input~I/P! and output~O/P! applica-
tions.
icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 4. Error calculations for varying densities as a function of temperature. This calculation was carried out without the effect of background light.
of background will tend to increase the errors generally and more rapidly at the low and high temperature ends.
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The extremef number of the final lens is dictated by th
requirement to maximize the light onto the image intensi
~see below!. The final element of the lens is optically con
nected to the image intensifier faceplate with an ind
matching fluid.

The image of the laser wavelength on the image inte
fier is offset to one side~see Fig. 3!. This gives a slightly
restricted wavelength~temperature! range at the top and bot
tom of the image. However, these channels are at the pla
periphery where temperature and spectrum are narrower
the offset allows several more spatial channels at mini
extra expense.

V. MASKING/STRAY LIGHT REDUCTION

Consideration was also given to reduce the stray s
tered light in the spectrometer to obtain the best poss
contrast. The diffraction grating, Littrow lens, and field m
ror are masked and oriented so that only the rays conta
in the computed envelope are transmitted. We also utilize
fact that the ghost images of the input slit imaged from
front and back of the Littrow lens~secondary images! are
well focused and this allows us to mask out the scatter fr
these surfaces with less than 5% of the light being lost. T
instrument is mounted in a large light-tight room with blac
ened walls.

VI. IMAGE INTENSIFIER

It was found that a third generation~GaAs! image inten-
sifier was the most suitable for our requirements. It ha
Downloaded 31 Oct 2012 to 194.81.223.66. Redistribution subject to AIP l
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turn-on/turn-off~10%–90%! time of less than 10 ns and it
photocathode has a quantum efficiency of up to 30% in
red end of the spectrum~600–850 nm! and an overall effec-
tive quantum efficiency5 (EQE5QE/NF2) of approximately
6% ~this includes the conducting under layer needed
achieve the fast gating!. The phosphor is a high-efficienc
P43, and has an approximate decay time~90%–10%! of 1
ms. The light emitted from the phosphor is primarily at 5
nm, and is well matched to the CCD response. This inte
fier allowed the use of the spectrally cleaner red end of
spectrum.

VII. CCD CAMERA

The CCD camera is a Peltier cooled, back-illuminate
frame-transfer type, scientific grade CCD chip with 5
3384 pixel. Half of these pixels are used for storage givi
2883384 usable pixels. Each pixel is 22mm square giving
an active area of 6.3 mm38.4 mm ~half the chip!. Each
spatial channel occupies 73280 pixels. The vertical transfe
rate per row is 0.65ms and hence to clock down all 288 row
takes 188ms. Thus with on chip binning, many temperatu
and density profiles could be acquired with time resolutio
as fast as 188ms ~assuming the image intensifier has a s
ficiently fast phosphor!. The total readout time of the chip i
approximately 1.15 s in the fast mode and 7.5 s in the s
~lower adc noise! mode. The CCD chip has a quantum ef
ciency of approximately 71% in the green~which gives a
good matching to the wavelength at which the intensifi
icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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746 Rev. Sci. Instrum., Vol. 70, No. 1, January 1999 Walsh et al.
mainly emits!. The readout noise from the CCD camera
4.8 electrons root mean square~rms! where the reciproca
gain is 2.5 electrons/count.

VIII. IMAGE INTENSIFIER TO CCD LIGHT COUPLING

The purpose of the image intensifier is purely to act a
fast gate. Unfortunately it handicaps the quantum efficie
performance, i.e., 6% EQE as opposed to the 70%–8
EQE from the back-illuminated CCD chip. However, wit
out a gate, the shot noise on the background light from
plasma would completely obliterate the scattered signal
hence the image intensifier is a necessity with present
CCD technology. Since the image intensifier has a phosp
backplane, a method of efficiently extracting the Thoms
scattering data has to be used. In this case, we chose to

FIG. 5. Electron temperature, density, and pressure profiles in a typ
START shot.
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CCD. To couple the CCD and image intensifier togeth
there is a choice of a fiber stub or a lens solution. The fi
system is more compact, while the lens coupling is m
bulky. On the other hand, however, the fiber coupling
intricately linked with the CCD build while the lens solutio
is flexible and can utilize back-illuminated CCD chips. W
use the lens solution.

In the START system, a Canon 80–200 nm f/1.8 w
coupled with a Rodenstock f/0.75 to form a conjugate p
This allowed flexibility in achieving the required demagni
cation between the image intensifier and the CCD~about
3.13!. This in conjunction with the back-illuminated chi
gave us a performance which is estimated to be 1.5 tim
more efficient than fiber coupling. Overall, the cross ta
between adjacent channels is typically 4%, which is ne
gible.

IX. RESULTS AND DISCUSSION

The 40 available fiber bundles are divided into 30 spa
and ten background channels. The ten background chan
are organized to look just above the scattering volume
are equally spaced along it. In general, we find that the ba
ground light is extremely low over the time of observatio
The low stray light levels in the system means that the e
tron density can easily be calibrated using Rayleigh Scat
ing from nitrogen. Figure 4 shows the results of detail
calculation of the errors for the system for a range of den
ties and temperatures. The accuracy, depending on pla
parameters, is typically from 2% on electron temperatu
Figure 5 shows typical profiles of electron temperature a
density and pressure for a START shot~No. 30234!.
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