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A high-throughput polarization interferometer is being developed to demonstrate for the first time the utility
of Fourier transform spectroscopy for Thomson scattering diagnostics of high temperature plasma. Target T, and
ne ranges for the prototype polarization interferometer are < 1keV and > 5 x 10 m~3, respectively. This paper
describes the design of the polarization interferometer and the results of initial tests.
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1. Introduction

Incoherent Thomson scattering [1] that can measure
electron temperature T, and density ne profiles simulta-
neoudly is a standard diagnostic in magnetic confinement
experiments. Usually grating spectrometers or interference
filter polychromators have been used to analyze the scat-
tered spectrum. Though these are established methods, the
throughput decreases when there are many wavelength
channels, while the relative calibration between wave-
length channelsis necessary.

It is well known that Fourier transform spectrome-
ters [2] offer some potential advantages over dispersive
systems. Fourier transform spectroscopy is a measurement
technique whereby spectra are collected based on mea-
surements of the temporal coherence of a radiative source,
using time-domain measurements of the electromagnetic
radiation or other type of radiation. In general, the main
advantages of the Fourier spectroscopy are as follows.
(1) The Fourier transform spectrometer (i.e. interferome-
ter to measure the temporal coherence) can use the opti-
cal system of the high throughput (Jacquinot advantage),
(2) Since the Fourier transform spectrometer observe the
whole wavelength area at the same time, the SN ratio is
improved (Fellgett advantage). More importantly, for this
application, the method can be implemented in a simple
and compact, high-throughput system. Optical coherence
techniques have been applied successfully for plasmaspec-
troscopy. In particular, high-throughput, wide field-of view
polarization interferometers have been used for Doppler
imaging of ion temperature in the H-1 heliac [3-5]. These
modulated or static coherence imaging systems monitor
the complex coherence (fringe visibility and phase) of an
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isolated spectral line at one or more optical delays. A
method based on measurement of the optical coherence of
scattered radiation at a fixed optical delay has also been
proposed for incoherent Thomson scattering [6]. However,
this method has not been demonstrated to date.

To demonstrate this method, we are developing a
Fourier filter for Thomson scattering based on afixed delay
polarization interferometer. Proof-of-principle testswill be
carried out in TPE-RX reversed-field pinch (RFP) machine
(Major radius 1.72m, Minor radius 0.45m, Plasma current
0.5MA, T, (0)~1keV, pulse duration 100ms) [7], using
the existing single channel YAG laser Thomson scattering
system.

This paper describes the design of a prototype polar-
ization interferometer and results of initia tests.

2. Polarization I nterferometer
on Fourier Transform
Spectroscopy

The polarization interferometer is composed of abire-
fringent plate of fixed optical delay sandwiched between
polarizers. When the light is observed through this inter-
ferometer, interference fringes appear at infinity due to
Fresnel-Arago law. Thomson scattered radiation that tra-
verses the first polarizer isincident on a birefringent plate
whose fast axis is oriented at 45° to the polarization di-
rection. The plate splits the incident scattered scalar wave
component, relatively delaying nominally equal amplitude
components by time 7 before they recombine at afinal po-
larizer and are focused on to a detector. The orthogonally
polarized outputs at the final polarizing splitter form com-
plementary, or antiphase interferometric images of thein-
put radiation. By suitably choosing the optical delay, these
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Fig. 1 Schematic of a polarization interferometer for Thomson
scattering diagnostics.

independent outputs provide sufficient information to de-
termine both the electron temperature and density.

A schematic of the polarization interferometer for
Thomson scattering diagnostics is shown in Fig. 1. Scat-
tered light is collected and introduced to the polarization
interferometer through a fiber-optic bundle. This polariza-
tion interferometer consists an objective lens as the fiber
coupling optics, a band pass filter, a polarizer, a bire-
fringent plate which gives optical path delay, a Wollaston
prism, an imaging optics to detector, and dual APD (sili-
con avalanche photodiode) detectors. Generally, the polar-
ization interferometer is simple and low cost compared to
the conventional polychromator.

Theintensity of the transmitted light is proportional to

5.()= 211+ RO, @

where g is the spectrally integrated irradiance, and ¥ is
the complex coherence. In general, the complex temporal
coherence is related to the spectral distribution of theirra-
diance I (v) through the Wiener-K hinchine theorem

90 =+

- f | (v) exp(i2zvr)dy o)

Here, |o isthe spectrally integrated light intensity. The
interferometric phase delay can be approximated by

¢ = 2nvr(v) = go + kdoé (3

where we have substituted v = vp(1 + &), where ¢ =
(v —vp)/vo is a normalized frequency difference coordi-
nate, ¢o = 2voto: interferometric phase delay, where 7o
is the center-frequency time delay,
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accounts for any optical frequency dispersion of the time
delay. The interferogram is expressed following equation
using Eq. (3) [6].
| PPN .
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where the optical coherenceis given by

50 =+ [ 1@ e ©
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and it is convenient to introduce the group phase delay
do = k¢o. We can evaluate the poralization interferometer
response analytically in thelow temperature casewherethe
scattered spectrum is approximately Gaussian. For electron
temperatures less than 1keV, the spectral dependence of
the scattered radiation is well approximated by

I7(& Te) = lo(néq) "2 exp(=£%/£5) @)
with
&ih = 2siN(6/2)Vin, (8)

and where 0 isthe angle between the incident and scattered
wavevectors, Te is the electron temperature and v, is the
electron thermal speed normalized to the speed of light.
Because the spectrum isafunction only asingle parameter,
measurement of the coherence at asingle fixed delay offset
¢ is sufficient to obtain Te.

Thenormal-incidencetimedelay introduced by abire-
fringent crystal plate of thickness L and birefringence B is
10 = LB/c. For radiation of centre frequency vo, the in-
terferometer signal at either of the final polarizer ports is
given by

S. = 2(1+ £ c0540) ©)

where ¢g = 2nvorg = 27N is monochromatic birefringent
phase delay and N is the order of interference. The fringe
visibility (fringe amplitude normalized to mean intensity)
{ = {7 includes an instrumental component ¢; dueto the
average of the birefringent plate delay over the angular ex-
tent of the source (analogous to familiar dit function for
grating spectrometers) as well as the degradation ¢t due
to the finite source spectral width. Theinstrument function
is determined via a suitable calibration procedure as dis-
cussed in section 4.

For a thermal distribution of T < 1keV, the fringe
visibility associated with the Thomson scattered light takes
the simple from

£r(do) = exp[—g2sin?(0/2V2] = exp(~Te/Tc)
(10)

where T isa‘characteristic temperature’ set by the wave-
plate delay and the scattering angle

KTe = 3mec?/[gosin(0/2)1 1y

Optimum senditivity to temperature variation is obtained
when the optical delay is chosen such that

Te ~ Tc, or Av/vg ~ 1/N, where Av/vq is the Thom-
son spectral bandwidth [4].

For low temperatures, the variation of fringe visibility
with temperature is best measured by setting ¢o/27r = M/2
where M represents an integer number of half waves. A
quartz waveplate will be used as the birefringent plate in
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Fig. 2 Left: Thomson scattered spectra for temperatures in the
range of 0.2-1.0keV. Right: The calculated interfero-
grams S,.

this design. The interferogram calculations take into ac-
count the wavel ength-dependence of quartz birefringence
and, for now, assume the spectrum to be ideally passed by
thewideband filter. At azero crossing, the scattered signals
at the complementary output ports are

5. = 214, (12)

where {7(4o) is the Thomson spectrum fringe visibility at
delay ¢o = M. The signals derived from both the orthog-
onally polarized light components produced by the final
Wollaston prism are then sufficient to determine the total
scattered power and the visibility degradation due to the
Doppler broadening:

S,-s.
TS, +S.°

Ir (13)

3. Design of Polarization I nter ferome-
ter for Proof-of-Principle Tests

Proof-of-principle testswill be carried out in TPE-RX
using the existing YAG laser Thomson scattering system
[7]. Therefore, parameters for design of a prototype polar-
ization interferometer are fixed as follows. Te < 1keV,
Ne > 5 x 10 m=3, scattering angle 90°, YAG laser wave-
length 1064 nm. Thomson spectra and their associated in-
terferogramsfor T¢ = 0.2, 0.4, 0.6, 0.8, 1.0keV are shown
in Fig. 2. Torgect stray light by the YAG laser and reduce
plasma background light, the wideband filter is placed at
the entrance of the polarization interferometer. Wavelength
range of the wideband filter will be 880-1060 nm, with
blocking ratio 1078, Variations of fringe visibility {7 with
electron temperaturefor the quartz plate thickness = 0.545,
0.550, 0.555mm are shown in Fig. 3. Based on these cal-
culations, a thickness of 0.555mm will deliver a sensitive
variation of fringe visibility with electron temperature as
shownin Fig. 3.

4. Calibration Methods

The interferogram depends on both the nature of the
scattered spectrum | (v) as well as the overall system com-
plex spectral response R(v) which includes the angular de-
pendence of the time delay (generally a small effect) as
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Fig. 3 Variations of fringe visibility {r with temperature for
three quartz plate thicknesses (0.545, 0.550, 0.555 mm).
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Fig. 4 Schematic of spectral transmissivity measurement.

well as the spectral response of the collection and process-
ing optics and detection system. In this case we write the
normalized fringe amplitude as ¢ = R (¥) and complex co-
herence as

L1
=1 fo RO (»)dA. (14)

One meansto determine the unknown response R(v) would
be measure the variation of the normalized fringe ampli-
tude {gs = R(ygg) for blackbody radiation as a function
of the source temperature. For a given temperature T;, Eq.
(8) can be discretized in term of the unknown spectral re-
sponse coefficients R = R(v;) as

Zea(T)) = Z(IBB)“R, (15)

where (Igg);i is the blackbody spectral irradiance at tem-
perature T; and optical frequency v;. For a sufficient num-
ber of measurements, Eq. (9) can be inverted for the re-
sponse vector {R}. Actual measurement using the black-
body radiation source will be presented in the next section.

Spectral transmissivities between the plasma and the
polarization interferometer should be measured as well.
Because the Thomson scattered spectrum is distorted by
spectral transmissivities of observation window, collection
optics and optical fiber. Using these spectral transmissiv-
ities, spectra which enter the polarization interferometer
can be corrected. The spectral transmissivity is measured
asillustrated in Fig. 4. A monochromatic light is produced
by a standard light source and monochromator. The power
of transmitted light through the measured object is mea-
sured using a power meter which is calibrated spectrally.
By comparing transmitted power with and without the
measured object, the spectral transmissivity is obtained.
Spectral sensitivity of the APD detector is aso important
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for calibration. Generally, spectral sensitivity of the APD
is used data provided by the maker. For the absolute den-
sity calibration, we consider Rayleigh scattering or Raman
scattering calibration employing N, gas|[8].

5. Initial Test using a Blackbody Ra-

diation Source

When the temperature of the blackbody is changed
from 1273K to 1773K (1000-1500°C), the spectrum
changes as shown in Fig. 5. LAND R1500T as the black-
body radiation source is used for this test. The fringe visi-
bility for the blackbody temperatures in this range, and in
the bandpass 750 nm-1000 nm, is calculated and plotted in
Fig. 6 (solid line). To obtain a sensitive variation with tem-
perature we used two crossed quartz waveplates having a
measured effective thickness of 0.1293 mm. Fringe visibil-
ities for blackbody temperature in the range 1273-1773K
produced by the polarization interferometer are measured
using two APD detectors, and the value of ¢ is calculated
using equation (7). Theerror barsare cal culated taking into
account the estimated 1mV uncertainty on the voltage lev-
els. To fit ideal curve with experimental values, an arbi-
trary offset of value 0.11 in the visibility is required to be
added to experimenta values as shown in Fig.6. The ef-
fective centre wavel ength hasto shift to the blue to account
for this additional offset. Because most of the power from
the blackbody radiation source is in the near infrared, the
effective wavelength of the light in the APD passband is
sensitive to the details of the APD responsivity. Moreover,
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Fig. 5 Spectraof blackbody radiation source for temperaturesin
the range of 1273-1773K.
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Fig. 6 Variations of fringe visibility ¢ with temperature for
a quartz plate thickness (0.1293mm). The calculated
fringe visibility (solid curve) iscompared to experimental
values (triangle).

the interferometer instrumenta fringe visibility degrades
near 1000 nm due to the inefficiency of thefirst film polar-
izer. Thiswill giveriseto ablue bias, though we have not
attempted to account for this numerically. The important
point is that the magnitude of the change in fringe visibil-
ity agrees with the numerical calculation. This result con-
firms that, following suitable calibration, we will be able
to sense visibility changes due to changes in the electron
temperature.

6. Discussion and Future Plan

Based on results obtained using the prototype system,
a high-throughput polarization interferometer has been de-
signed for proof-of-principle tests. Target T, and ne ranges
of the prototype polarization interferometer are < 1keV
and > 5 x 10 m~3, respectively.

There are two remaining issues. The first issue is er-
ror analysis for Te and ne. The second issue is an effect
of background radiation (i.e. plasma light). These will be
considered in alater paper.

Regarding future plans, proof-of-principle tests will
be carry out in TPE-RX reversed-field pinch (RFP) ma
chine in 2007. Incorporating improvements based on the
results at TPE-RX, a new polarization interferometer will
be designed for the JT-60U Thomson scattering system
[9-11]. For this system we will consider (1) wider range
of Te (Te < 40keV), (2) an imaging polarization inter-
ferometer for multi-spatial channel measurement (Maxi-
mum 20 spatial points), (3) using YAG laser (50Hz, 7.46J,
1064 nm) [11] or ruby laser (0.5Hz, 10Hz, 694.3nm) [12].
In the case of ruby laser, a high sensitivity CCD camerais
available. After tests in TPE-RX and JT-60U, this diag-
nostic technique will be proposed for ITER and JT-60SA
Thomson scattering system.

In this diagnostic technique, T and ne can be directly
determined from fringe visibility {t measurement without
iterative calculations. Since T and ne can be measured at
high speed, this technique is can be applied to red time
monitor. When this technique for monitor of real time feed
back control is used, an application to real time profiles
control for T and ne is possible.
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