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A low-cost multichannel Thomson scattering system for CDX-U

T. Munsat and B. LeBlanc
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A multichannel Thomson scattering system has been developed for the CDX-U spherical torus. The
system is designed for 10 VT, <400 eV, n.>10® m~3, which includes typical and predicted
central and edge conditions in CDX-U. The system uses two laser passes to double the scattered
photons fron a 5 Jruby laser. The beam path is vertical through th&6 cm (elongategl diameter

of the plasma and is movable in the major-radial direction, enabling coverage of nearly 70% of the
major-radial plasma extent. Twelve channels over the vertical minor radius preddecm spatial
resolution. The main collecting lens, located 45 cm from the laser beamline, provides high solid
angle AQ~0.01) light collection using a 15 cm diam lens. The system makes maximum usage of
an optically fast {/1.8) compact imaging spectrometer. An intensified charge coupled device with

a GaAs photocathode provides quantum efficiency-20% at 6943 A. The combination of plasma
access, multiple beam passes, high-throughput spectrometer, and high quantum efficiency detector
provide for very high total photon statistics in a relatively simple and inexpensive systerhi99@
American Institute of Physic§S0034-67489)55401-4

I. INTRODUCTION expected plasma currefib 150 kA), as well as a several-
fold increase in discharge flattop duratigto 20—25 ms

In th f i Iti-> ) .
h n the past, due to periormance and cost |s§ue§, mu tLI'yp|cal plasma parameters with the previous power system
channel Thomson scattering systefi¥ TS systems using include n (0)~101° m-3, T,(0)~100 eV. The TVTS sys-
e 1 e "

imaging detectors were not feasible for smaller plasma phys-

ics experiments such as CDX-U. As smaller experiments bet-em is designed to measure 10wV.<400eV, n,

8 3
come more sophisticated, though, profile information be?l?1 md. 0 h t of ttered liaht f
comes increasingly valuable, while at the same timeh nlort_ erl OI mcrdease_t elamounﬂ? slca erE \ght from
technological advances and component availability maké € reatively low-gensity ‘plasma, the laser beam passes
rough the plasma twice, along nearly overlapping paths.

TVTS systems much more affordable and manageable. Th . : i
he system provides 12 spatial points along an elongated

article describes the major components and innovative as- . . ) )
pects of the CDX-U TVTS system, presently under construcminor radius of the plasma, corresponding to a 2.5 cm spatial
tion ' resolution over one half of the plasma cross section. The

scattered light distribution is sampled at five spectral points.
Il. OVERVIEW

CDX-U is a spherical torugST) with R~34 cm, R/a
=1.5, k<1.6. The OH and magnetics power systems are The system usea 5 Jruby laser, housed on a sliding
presently being upgraded, enabling approximately a factor diramework which is movable in the major-radial direction
2 increase in both toroidal fielto 2.3 kG on axis and (Fig. 1). The beam passes vertically down through the

Ill. LASER PATH
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FIG. 1. CDX-U TVTS system with half cross section of
vacuum vessel. Visible are two-pass vertical beam path,
beam dump, and optical table housing laser and all col-
lection optics.
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plasma, is reflected by a spherical mirror below the vacuum . 55
vessel, and passes back through the plasma, to be steered out Lt 25.5
to an external beam dump. The steering optics and beam

dump are located outside of the field of view of the collect- Center

ing optics. Stack™~a|

The beam enters and exits the vacuum vessel through
two antireflection(AR) coated windows(tilted by 7°, to
avoid cavity modes The windows have over 30 cm clear
aperture in the major-radial direction, allowing for coverage —f_—
of nearly 70% of the major-radial plasma extéfig. 2). The
movable optical table allows for two-dimensioridD) scan- 32.02g 0
ning of the plasma cross section, allowing for reconstruction
of the plasma shape, and identification of some asymmetries. .

The laser itself was previously used in the Tokamak Fu- o~ View Dump
sion Test ReactofTFTR) TVTS systen? The CDX-U sys-
tem uses a modified version of the laser, eliminating the final
amplification head and expanding the oscillator cavity. The
CDX-U system will use three ruby heads and a longer CaVlt}f:IG. 2. Close-up of vacuum vessel cross section with TVTS coverage indi-
to expand the pulse length t650 ns. Because of the short cated. One elongated plasma radius is imaged, and the entire system is
(50 n9 gate duration, background light is not expected toscannable over nearly 70% of the major-radial plasma extent.
significantly deteriorate the scattered photon signal-to-noise
ratio.

The two-pass system doubles the number of scattered

photons per joule of laser energy, thus lessening the lasefock catalog items, BK7 or fused silica, with diameters
energy requirements. Technical limitations inherent to theranging from 5—15 cm. The use of stock elements allows for
CDX-U machine make this an essential feature of the sysy yery inexpensive lens system; the combined price of all
tem. In order to avoid the CDX-U poloidal field coils with a fiye AR coated glass elements was roughly equal to the cost
vertical beam path, it is necessary to place steering opticss the custom lens mount that holds them.

very close to the plasma scattering volume. Damage thresh-  The |ens is 45 cm from the beamline, and images 32 cm
old (power-density limits on the optical coatings of these of the beam onto an array of plastic optical fibers arranged
elements, along with opticalaspect-ratip requirements of o 5 curved focal plane. Though the front lens element is
the plasma scattering volume itself, place loveed upper #=15cm, the nonvignetted collection areads=5.2 cm,
limits on the width of the beam as it comes in contact withyynich providesAQ =0.01 at the optical axis, 0.008 at the
the optics and passes through the plasma. With a two-paggige of field. Despite the fact that the collection area is
system, the design requirements on beam power density c&fnaller than on other TVTS systems, close plasma access
be met while retaining sufficient photons for measurementsy|iows for a collection solid angle comparable to other
The beam is=6 mm in diameter at all optical surfaces, re- systems,

sulting in power density on the opties350 Mw/crf for a An array of square plastic fibers is used to rearrange the
uniform (top-haj beam profile, nearly an order of magnitude jnage of the beam into the entrance slit of the spectrometer
below damage threshold specs. The beam is &éanm in  [Fig. 4()]. Plastic fibers are much less expensive than cus-
diameter over the entire plasma scattering volume, which iggm, quartz fiber bundles, and are not overly lossy for short
fully imaged by the collection optics. Though an increase inyansmission distances. Though the plastic-fiber lossiness
the number of laser passés more than twpwould further peaks exactly in the wavelength region of inter@0—750
increase the level of scattered light, we have chosen to USGm), even at worst the loss is1.8 dB/m. For the 25 cm
two passes based on the simplicity of the optical design.  fiher length used in this system, this translates to 90% trans-
mission. By comparison, quartz fiber bundles can be ex-
tremely transmissive over long distances, but are subject to
finite packing and cladding fractions which typically limit

The collection optics include the main collection lens, antransmission to<60%. Plastic fibers, though much lossier
array of plastic fiberoptic bundles, a high-dispersion specever long distances, can be produced with square cross sec-
trometer, and an intensified charge coupled devi€D) tion, increasing the packing fraction to essentially 1. Fiber
camera with GaAs photocathode. This combination of come¢ladding takes up~15% of the cross sectional area. As
ponents was chosen to be simple, cost effective, and modishown in Fig. 4b), standard fiber sizes have been arranged
lar. to provide custom bundle dimensions.

The main collecting lenfFig. 3@)] is a custom designed In order to cover the full plasma half radius while still
five-element, 10.5 cm focal-length lens covering 34f/&  fitting all of the fibers into the 20 mm entrance slit of the
magnification 0.23. Results from ray-tracing analysis usingspectrometer, the fiber bundles are arranged with gaps be-
the OSLG code[Fig. 3b)] indicate a 0.1 mm rms spot size tween them, so that the fibers sample the entire beam length
over the entire field of view. The five glass elements are albut only collect 50% of the scattered ligkEig. 4a)]. The

Collecting

lt— 34.0 —pmleg—— 45.0

IV. LIGHT COLLECTION
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GEOMETRICAL
ELIJIBI(‘] E;ELD SPOT SIZE 1. HeNe laser 12. Beam expander
0.08668 2. 45" mirror 13. 45" mirror
3. 45" mirror 14. 45" mirror
0.7 FIELD EEEE?E%%EL 4. Back cavity mirror 15. 18mm ruby rod
-2 om 0.08471 5. Pockels cell 16. 18mm ruby rod
. 6. Pockels cell controlier 17. Steering mirror
ON-AXIS R GEOMETRICAL 7. Quarter-wave plate  18. Collecting objective lens
(b) 0 mn %% T o 8. Glan prism 19. Fiber holders
— - 9. Pinhole 20. Plastic fibers

21. Spectrometer
ICCD camera

10. 6mm ruby rod

FIG. 3. (a) Five-element collection lens, with center and edge image-focus 11. Front cavity mirror 29,

shown. All elements are stock catalog iter(ts. Ray-trace spot-size analy-

sis. Spot size is<0.1 mm over the full field of view. FIG. 5. Optical table layout. All laser components, collection optics, spec-

trometer, and camera fit onto a X® ft optical table.
fiber tips are mounted in a modular holder, alternating fiber
bundles with “blanks,” so that the fiber bundles and the . S , . L
: ness. The input light is pre-filtered with a holographic rejec-
blanks can be rearranged to observe a smaller region of tqe ! . .
: : : . tion filter tuned to the ruby line. Wavelengths in the range
plasma at higher resolution. This arrangement also provide . :
. . ; - 680<\ <700 nm are rejected by $0The spectrometer dis-
a simple upgrade path to double the spatial resolution with

erses~2.5 nm/mm onto a 10.8 mm wide detector, covering
the purchase of a second spectrometer and camera, by men%

filling in the blanks with fiber bundles. Four channels record 80-727 nm. . .
. . __ The detector used is an ICCD camera previously used
background and scattered light from locations distribute ) o
. : r the edge TVTS system on TFTRThe intensifier uses a
across the plasma height, and are recorded simultaneous

. . 0 .
with the signal channelsee Fig. 4. A 71 cmX7.5 cm view aAs photocathode which provides20% quantum eff

dump made of nonmagnetic stainless-steel razor blades fslency in the 700 nm range. Noise implicit to signal ampli-

ication and digitization is expected to reduce the “detective
located on the vacuum vessel center stack. . N
: L . quantum efficiency” to~10%.
Collected light is dispersed with afi1.8 spectrometer
. . . . Because of the compactness of the system components,
which uses a volume-holographic transmission grating sanci[he

wiched between two prisnfsThis spectrometer was chosen entwg sygtern fits .onto an 848 ft op.t|cal tablg(Flg. 5,
for its combination of high light throughput and compact- greatly simplifying alignment and radial scanning. As the
table is moved in the major-radial direction, the laser, all of

the beam optics, and all of the collection optics are moved

Lens Side together, preserving the alignment.
4 05, 0.75
g[l Spectrometer V. SYSTEM PERFORMANCE
I Side The quality of scattered spectra at any particular location
od * = in the plasma will be critically dependent on bathand T,
= at that location. In order to accurately model system perfor-
69 mm 20 mm; som mance, sampla, and T, profiles were used that correspond
oo ‘ = to conservative estimates of expected CDX-U performance,
0 3mm ] e and TVTS performance was modeled as a function of posi-
0 tion in the plasma. In the modei,(0)=10" m 3, n.(a)
00 o 25 }<_ =10"¥m3 T,(0)=120 eV, andT(a)=12eV (a here re-
Y 0 fers to the plasma edge in the vertical direction, as seen by
@ (b) the TVTS system

The number of photoelectrons produced per pixel by
FIG. 4. (3) Fiber-bundle tips, with rearrangement between the lens-imagescattered light is given t§y
(xs—m)z}m],

the spectrometer entrance siit) Close-up of a single fiber bundle. Custom Npez N; ( nT)ner%L(AQ)
dimensions are attainable with stok5 and 0.75 mmsquare-fiber sizes.

side and at the spectrometer entrance slit shown. Gaps between bundles at
1 ;{
ex - 2 2
)\i 5@ )\i )

the lens side allow for full beamline coverage while still fitting channels into {
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1500 I I ing to the edge values af, andT,) only has signal exceed-
— 2::3:2'.2 ing the noise floor in the first spectral channel. Note that this
\ S8% Channel does not explicitly r_ule out mee_lsurin'ge down to the edge
1000 I P &+ Channet 10 || value, but highen, is required in order to produce a read-
I === Noise Floor able signal in the outer spectral channels. As described

above, the fiber bundles can be moved to cover different

o0 \ ‘\ \\ regions of the plasma as needed. Figure 6 shows the ex-
\\\\\ I~ pected two-pass spectfphotoelectrons versus wavelength

for several selected spatial channels.
\\\'-:E In order to model the expected error in thig and n,
measurements due to photon noise, artificial Poisson-type

noise was added to the predicted photon signals. The error

was then propagated through the extractionTgfand ng

FIG. 6. Modeled spectra for four selected spatial channels. Shown are chafirom nonlinear least-squares fits to the photon specfa.

nels 1(centey, 8, 9, and 10(near edge Channels 11 and 1fdge, not  ponlinear least-squares fit is required because the two-pass

shown) have fewer than three spectral points above the noise floor. system produces bi-maxwellian spedir&or the central
channelo(T,)=4.5eV (3.8% and o(n,)=1.6x10"" m3
(1.6%. For channel 1Qnear edge o(Te)=2.4 eV (5.1%

whereN;(r) is the number of incident photoelectrons (10 Jand o(ng)=1.2x 10" m—3 (3.1%.

~3.5x10'9), 7 is the effective photocathode quantum effi-

ciency (~0.1), T is the transmission of the optical train VI. DISCUSSIONS

(~0.3), ne(r) is the electron density, is the classical elec- Through the use of several novel design features and by
tron radiusL is the laser beamlength sampled per pideP5  taking advantage of advances in spectrometer and fiberoptic
cm), AQ is the collection solid angl€0.010 on the optical  technology, increased availability and selection of off-the-
axis, 0.008 at edge of field\; are the scattered and inci- shelf optical components, and the lower cost of imaging de-
dent wavelengthsi\ is the wavelength interval sampled per tectors, we hope to demonstrate that TVTS is a realistic op-
pixel (54 A). The variables differs from Ref. 6 in this sys-  tion for small experiments such as CDX-U. The two-pass
tem because of the double-pass beam path through thgser system, custom-designed collection lens, plastic fi-
plasma. Light will be scattered from both the down-goingperoptic bundles, high-throughput spectrometer, and high
and up-going beams, and the two resulting scattering anglegantum-efficiency ICCD all combine to produce very high
must be accounted for total photon statistics in a relatively simple and inexpensive

) \/ﬁ 1 system.
~ Vm?
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