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This paper proposes a movable compact Thomson scattering (TS) system based on optical fibers (TS-probe).
The TS-probe consists of a probe head, optical fibers, a laser diode, a polychromator, and lock-in amplifiers.
Laser beam optics and light collection optics are mounted rigidly on a probe head with a fixed scattering position.
Laser light and scattered light are transmitted by flexible optical fibers, enabling us to move the TS-probe head
freely during plasma discharge. The light signal scattered from an amplitude-modulated laser is detected against
the plasma light based on the principle of the lock-in amplifier. With a modulated laser power of 300 W, the

scattered signal from a sheet plasma 15 mm deep with n. ~10'° m

3 can be measured with 10 % accuracy by

setting the integrating time to 0.1s. The TS-probe head is similar to a 1/20 model of the currently operating

Large Helical Device-TS.
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1. Introduction

In fusion-oriented plasma experiments, Thomson
scattering (TS) is a standard method of obtaining electron
temperature (7.) and density (n.) profile data. Its advan-
tage is that it gives local values of T, and n. with high con-
fidence and accuracy. There are, however, disadvantages;
the small probability of TS (n.oL < 107'!) necessitates
bright optics and highly efficient detectors even with cur-
rently available high-energy pulse lasers, and precise laser
beam alignment is often required. As a result, TS typi-
cally is costly and requires a tedious labor in construction
and maintenance, preventing its easy use at various loca-
tions in a plasma confinement device. As a possible solu-
tion, this paper proposes the concept of a TS-probe that is
compact and can be moved, like a Langmuir probe, to a
desired position around a plasma without requiring laser
beam alignment. We proposed a similar idea 13 years
ago [1], but it has not yet been realized because a suitable
light source had not been available. Recently developed
laser diodes that can deliver a power as high as 300 W at
980 nm seem to be attractive for this scheme and motivate
us to re-examine the idea in this paper.

2. Description of a TS-Probe

We envision measuring a divertor-leg plasma of 15
mm depth with a TS-probe as shown in Fig. 1.

It consists of a probe head, optical fibers, optical fiber
feed-through, a laser diode, a polychromator, and lock-in
amplifiers. These are described in details below.
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Fig.1 Schematic view of a TS-probe: 1. divertor-leg plasma; 2.
TS-probe head; 3. optical fibers; 4. fiber feed-through;
5. vacuum chamber wall; 6. laser diode; 7. polychro-
mator; 8. pulse generator; 9. lock-in amplifier; 10. data
acquisition.
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Fig. 2 Thomson scattering optics configuration. L1 and L2 are
lenses.

(1) Probe Head: This is a compact optical bench on
which laser delivery and light collection optics are firmly
mounted. A key point is to collect as many TS photons
as possible while keeping background plasma light at the
smallest level. For this, it is important to form an image
of the laser beam just on the surface of the light collec-
tion fiber with a slit of well-adjusted size. Figure 2 shows

© 2010 The Japan Society of Plasma
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the scattering configuration. In a simple geometry, the
image of the oblique line (laser beam), which intersects
L2’s optical axis at an angle «, intersects the optical axis
at B, which is related to @ by tana/tan = m. Here,
m = 75/150 = 1/2 is the magnification.

An expanded view of the end of the optical fiber is
shown in Fig. 3. The incident angle 8, = 90° — S is chosen
so that light incident to the fiber is reflected as little as pos-
sible. If the laser beam, and hence the scattered light are
properly polarized (p-waves), the reflectance at the fiber
surface is less than 1 % for 45° < 6; < 63° as shown in
Fig.4. Unfortunately, the fiber we planned on using de-
polarizes the propagating laser light even if it is initially
polarized. The unpolarized light reflects from the surface
of the fiber by 5 % on average for 45° < 6; < 63°, as shown
in Fig. 4. We choose a central incident angle of 8, = 56°;
hence, 8 = 34° and @ = 17° for m = 0.5. The end of the
fiber is cut at an angle of 56° so that centrally incident light
propagates along the axis of the fiber after refraction. A slit
1 mm in length and 0.5 mm in width set at the obliquely
cut surface of the fiber defines the scattering cylindrical
volume L = 3mm in length and D = 1 mm in diameter
located at the waist point of the laser beam shaped by lens

01 560

Fig. 3 Magnified view of the optical fiber for collecting TS light.
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Fig. 4 Reflectivity at the end surface of the fiber as a function of
incident angle.

L1. L1 has a focal length f = 34 mm and diameter ¢30,
which matches NA = 0.22 of fiber F1 with a core diameter
of 0.5 mm.

Lens L2 has a focal length f = 52 mm and is 40 mm
in diameter with a 34 mm X 40 mm square aperture, which
matches the acceptance angle of fiber F2. The aperture
gives a solid angle of AQ = 25msr. All optical com-
ponents making up the TS probe are housed in a box
100 x 100 x 50 mm? in size. The scattering configuration
is similar to a 1/20 model of the Large Helical Device-TS
(LHD-TS).

(2) Optical Fibers: Two optical fibers are used. F1 de-
livers high-power laser energy, and F2 transports the scat-
tered light to a polychromator. Contrary to our intuition,
it is reported that a step-index type optical fiber made of
pure silica can transmit a high power density [2]; a 400 pm
core diameter fiber can transmit 2000 W continuous wave
(CW) light and a 1 MW/mm? light pulse width of < 1 ms.
We found no progress in the transmittable power density
in fibers in the past 13 years, probably indicating a ma-
ture state of the art. Considering an available laser diode
of 300 W CW output, a core diameter of 500 um is large
enough for fiber F1. Lens L2 (f = 52mm; 20 x 30 mm?
aperture) focuses the scattered light onto the end surface of
F2 at a 1-mm diameter cut at the Brewster angle.

Both fibers, set inside a vacuum chamber, are flexi-
ble enough that we can move the TS-probe head freely
to a large extent. A simple metallic screen shields the
fibers against plasma radiation that would otherwise heat
them. Unavoidable exposure to hard x-rays and neutrons,
if present, will result in a gradual drop in the transmis-
sion of the fibers and fluorescent emission from the body
of the fibers. The latter problem will not be serious for
the present case, in which a modulated laser beam is used.
The former problem will be alleviated greatly by select-
ing a suitable fiber material and wavelength for the laser
light (900-1100 nm) transmitted in the fiber. An increase
in the temperature of the fibers, which may occur naturally
or intentionally, will remove the defects introduced inside
them.

(3) Fiber Feed-Through: This new product is useful for
interfacing the fibers set inside and outside of a vacuum
chamber. A commercially available fiber feed-through can
be used for an ultra-high vacuum (UHV) environment of
10~'9 mbar [3]. Durability against high power transmission
must be investigated.

(4) Light Sources: The light source for TS must be intense
enough to yield a sufficient signal and have a wavelength
width narrow enough to discern Doppler broadening of the
scattered spectrum due to thermal motion of plasma elec-
trons. The allowable width (A1) depends on the minimum-
measurable electron temperature Te_nin (€V), as follows:
Ad/A < T%. /500. For example, for Te_nin = 10eV,

e_min
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AA/A < 6/1000; and for Te min = 1€V, Al/A < 2/1000.
These values imply that it is not absolutely necessary to
use lasers operating in a cavity, e.g., an Nd: YAG laser with
AA/A < 107, as a TS light source. Laser diodes, which
are widely used for pumping the laser rod and for industrial
applications such as welding and cutting, seem suitable for
the present purpose. Great progress in the power and beam
quality of laser diodes has been made in the past decade.
For example, LIMO GmbH produces a fiber-coupled laser
diode module that delivers 980 nm, 350 W light from a
400 wm core fiber with NA = 0.22 [4]. The specified line
width (FWHM) AA < 8 nm will allow T, measurement to
come down to Te_min ~30eV, which is rather high for edge
plasma measurement. Recently it was reported [5] that
a Bragg grating stabilizes a diode laser to yield a power
of 330W from a fiber with A4 = 0.5nm line width at
A =967 nm, allowing TS measurement down to a few eV.
The above data are for CW operation. As described later,
the laser diode should be modulated at a high frequency.
Whether the ability to deliver high power degrades when
the laser diode is used in a modulation mode is an open
question.

(5) Polychromator: We will use a conventional three-filter
polychromator. The principle of operation is based on the
transmission and reflection characteristics of a combina-
tion of filters arranged to form a zigzag optical path. A
key concern is to prevent stray light with the wavelength
of the laser from entering the light detector, such as an
avalanche photo diode (APD). In the case of the LHD-TS,
each filter in the polychromator blocks the light at 1064 nm
(the Nd: YAG laser wavelength) with a blocking factor
of 10° (OD5). Even with this high blocking factor, some
polychromators suffer from stray light. Considering that
the power is as high as 300 W in the present case, the fil-
ters with a much higher OD level will be necessary. Set-
ting a notch filter with OD ~4 at the laser wavelength at
the exit of the fiber-lens may be a solution. In addition to
the strong blocking, the steepness of the edge of the filters
is important determining the lowest detectable T (Te_min)-
Recently developed volume holographic optical filters [6]
with narrow band-widths seem promising for solving this
problem.

(6) Lock-in Amplifiers: These are used to pickup weak
scattered signals modulated at frequency f;, in the pres-
ence of overwhelming background noise arising mainly
from plasma light. In considering that the spectrum of
plasma density fluctuation and the resultant plasma light
fluctuation monotonically decreases down to the sub-MHz
region, a reference frequency f;, higher than 1 MHz is fa-
vorable for reducing the noise contribution. A lock-in am-
plifier that operates at frequencies as high as 200 MHz is
available: SR844 (Standard Research System) [7].

3. Signal-to-Noise Ratio

To assess the possible performance of the TS-probe
described above, we estimate the accuracy of T. and n,
values deduced from the outputs of the lock-in amplifiers.
We consider a sheet-like divertor-leg plasma 15 mm deep
with T less than 100eV and n. ranging from 10'® m=3 to
10%° m~3 with a modulated laser diode of P asgr = 300 W
and ALASER =980 nm.

A backward TS spectrum is shown in Fig.5 for var-
ious T, which are discriminated by three color channels
with pass-bands B1 = [940, 960], B2 = [960, 970] and B3
=[970, 975] in nm unit. The light power fed to a polychro-
mator is the sum of the scattered light Py plus the plasma
radiation Py, which are given respectively as

Pyt = PLaserneL(d?>0/dQAA)AQAL
~ 5.3 % 107 P asprne LAQSp(D)dA /A aser (1)

and

Pra = jyAVAVAQ
% 1.5 X 1078 Zegn T, PGAQV ghsc AL A2 )

Here, Sp(A) is the TS spectrum shown in Fig. 5, Apasgr =
980 nm is the laser wavelength, j, is the bremsstrahlung
emissivity, Z.g is the effective ion charge, G is the Gaunt
factor enhanced ~5 times to take account of enhanced ra-
diation due to recombination and line radiation, Vops ~
nD?/4 x 15 ~10mm? is the effective plasma volume that
the collection optics see. The light power that falls in i-
th filter’s passband is incident to the i-th APD, inducing a
current

ji= f QAP + Prag) Fi(DA/ he
= Jsi+ Joi - 3)

Here, F;(A) is the filter transmittance ngy. times the quan-
tum efficiency nq of the i-th channel: F;(1) = e (D)ng(4).

We assume an idealized filter with g = 0.9 in the
i-th passband and 77gr. = O otherwise. The responsivity
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Fig.5 TS spectra for various 7.. Three color bands are indi-
cated.
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Fig. 6 Responsivity and quantum efficiency of an APD (Hama-
matsu S8890).
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Fig. 7 APD currents induced by (a) bremsstrahlung and (b)
Thomson scatted light. r, = 10! m=.

(A/W) and its associated quantum efficiency n9 (%) of an
APD are shown in Fig. 6 as functions of wavelength, from
which we reasonably set 1q = 0.75 for the three passbands
(940nm < A < 975nm). Figures 7 (a) and (b) show j,
and jy; (i = 1-3) for a plasma with n, = 10”m™3 as a
function of T.. We note that the scattering signals jg; i =
1-3 are deeply buried in the plasma bremsstrahlung signals
{jvi; i = 1-3}. The APD outputs, which are proportional to
Ji = Jsi + jui are fed to three lock-in amplifiers. A lock-in
amplifier is a kind of Fourier analyzer if the reference in-
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Fig. 8 Two ratios among the TS signals from three-color chan-
nels.

put is fed by a precise sinusoidal signal, which is also used
to modulate the laser diode. The frequency spectrum of an
APD’s output is composed of two terms: a very narrow TS
signal centered at the modulation frequency f;, and broad-
band noise generated mainly by shot noise. The current in
the APD j; = ji; + jui + ja generates the shot noise, whose
power spectrum is given by

<i?> = 2ej;M*Fy(M)Afapp » “4)

where e is the elementary charge, M ~100 is the multipli-
cation factor of the APDs, F,(M) is an excess noise factor,
and Afapp is the bandwidth. Here, an inevitable dark cur-
rent jg ~1nA is added to the APD current. The appear-
ance of F,(M) implies enhanced noise in the avalanche
process in the APD [8-10]. F,(M) is dependent on the
ratio of hole ionization to electron ionization. By suitable
design and selection of the processing material, F,,(M) can
be less than 4 for M = 100 [10]. In this paper, we as-
sume F,(M) = 10. The RC-type integration time 7 of a
lock-in amplifier yields a spectrum width A fgw given by
the relation Afgw = 1/47. Then, the output of the lock-in
amplifier is expressed as

vi = joi £ (€ji/20)"* = jy £ 6y; . 5)

Hence, however deeply the TS-light is buried in the plasma
radiation, it is possible to pick up the TS signal by taking a
long enough integration time.

With these data {y;; i = 1-3} we can estimate the errors
in the deduced T, and n. by following the standard method.
The two ratios js1/js3 = g1(Te) and joo/ji = g2(Te) are
functions of 7, alone, as shown in Fig. 8. Conversely, the
observed ratios y; /y3 and y, /y3 give two T, values: y; /y3 =
g1(Te1) and y,/y3 = g2(Te2). The errors in Ty and T, are
calculated as

(8Te1)* = (g2 (0y1/y3 + ¥10¥3/¥3) (6)
(8Te2)* = (857263173 + 3093 /¥3) » (7
Oy)* =eji/2t (i=1-3). ®)
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With the variance (67.)* defined by
1/(8Te)* = 1/(8Te1)* + 1/(8Te2)* ©)

the most probable T, is evaluated from the two ratios
weighted by the reciprocal of the error in each ratio as

Te = (Te1/(8Te1)* + Tea/ (8T 2))(8Te)* . (10)
The error in 7, is obtained, for example, from ys:
(One/ne)’ =(8y3/y3)* +(8ja/0Te)*(OTe)*/ j2y . (11)

Figure 9 shows the relative errors in T, and ne, /8(7e)?/Te
and /(8n.)?/n., as a function of T, for four combinations
of parameters:

(@) ne=10"m3, PLasgr =300W and 7 = 0.1 s;
(b) ne=10"m™3, Piasgr = 100Wand 7 = 0.55;
© 1ne=10m3, P aser = 300W and 7 = 0.05s;
@) ne=10"%m™3, Ppaser =300W and 7 = 1s.

For each n. and Ppasgr combination, 7 is chosen to give
relative errors less than 10% for a wide range of Te..
From these figures we can say that: (a) a plasma with
ne > 10" m™3 can be measured with time resolution of
0.1s; (b) a smaller laser power of Ppasgr = 100W re-
sults in a less favorable signal-to-noise ratio in y;, which in
turn requires an integration time longer than 0.5 s to yield
reasonable data quality; (c) for a plasma ten times denser,
ne = 10°°m™3, an integration time of 0.05s is necessary
for the same Ppasgr = 300 W; (d) a lower-density plasma
of n. = 10" m™3 can be measured with Py asgr = 300 W
by a much longer integration time, up to 1s. We can see
that +/(8n¢)2/n. < +/(8T.)?/T. for all the cases. This may
be explained by the fact that T, is deduced from the ratios
among {y;}, while n. is deduced from {y;} directly. In prac-
tice, however, taking into account the error arising from
a calibration process, the error in 7, is usually larger than
the error in T,. The filter passband combination shown in
Fig. 5 is not optimized to give the best performance. How-
ever, it is considered that the result shown in Fig. 9 will not
change much with adjustment to the filter passband com-
bination, but rather shows general features.

4. Discussion

We re-examined the feasibility of a fiber-based TS-
probe 13 years after an initial proposal [1]. During this
period, we observed great progress in high-power laser
diodes, which may be used as a light source. A newly
developed fiber feed-through is adopted in the design as
a convenient optical component. It was shown that a cur-
rently available laser diode of 300 W can yield 10 % accu-
racy in T, and 7. data for a plasma of n, ~10'° m=3 with an
integration time of 0.1 s. This may be useful for measuring
slowly changing or steady-state plasma discharges.

Now we discuss possible ways of improving this per-
formance, i.e., lowering errors and shortening the integra-
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Piasgr = 300W and 7 = 0.1s; (b) ne = 10 m™,
Piaser = 100W, and 7 = 0.5s; (¢) ne = 10°m™,
Piasir = 300W and 7 = 0.05s; (d) n. = 108 m™3,

PLASER =300 W, and 7 = 1s.

tion time. In the above analyses, noise arises predom-
inantly from the shot noise induced by plasma light en-
hanced by the avalanche process. An enhancement factor
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Fig. 10 (a) v/(8T.)?*/T. and +/(dn.)?/n. for Praser = 300W,

ne = 10”m™3, and 7 = 0.01 s without enhanced noise

in the APD. (b) \/(5Te)2/Te and v(éne)z/ne for Piasgr =
I MW, n. = 10 m™3 and 7 = 0.01 ms.

Fo(M) = 10 is supposed in this paper. If APD noise were
unenhanced, that is, Fi,(M) = 1, the noise power spec-
trum in Eq. (5) would be reduced appreciably. In this case,
the errors in T, and n. are much reduced, and an integra-
tion time of 0.01 s is long enough to yield accurate data, as
shown in Fig. 10 (a).

For this reason, developing less noisy photo detectors
is desirable [10]. The second way of improving perfor-
mance is to raise the probe light power. The key element
of the TS-probe is intense light transmission in a fiber. A

¢1.2 fiber, which is still flexible, can transmit CW light of
2kW and 1 MW pulses with duration less than 1ms. If
a 1 MW laser of 0.01 ms pulse width is available, it will
provide enough accuracy with 7 = 0.01 ms, as shown in
Fig. 10 (b). The feasibility of such high-power light from a
laser diode is beyond the scope of present paper. A solid-
state laser such as a Nd: YAG laser pumped by a laser
diode may yield such light, but it will be much less effi-
cient, and hence, expensive. The third way of improving
performance is to reduce the Vs as much as possible. The
assumed Vyps ~10 mm? is determined by the waist size (¢1
mm) of the laser beam at the scattering position, which
is largely dependent on the diameter and NA of the laser-
transmitting fiber. A smaller diameter and smaller NA are
favorable for reducing the beam size. If a laser diode pow-
ered by a flexible cable can be mounted on the TS-probe
head, the beam size at the focal point may be reduced to
¢0.1, thus lowering Vs and Pp,q by two orders of magni-
tude, if the beam quality is good enough.

We showed the feasibility of the TS-probe, but to re-
alize it in practice, we must solve some technical issues,
such as: (1) how to modulate 300 W laser output power at
a high frequency of MHz, (2) how to dump the high-power
laser energy of 300 W without damaging the neighboring
structures, and (3) how to lower stray light to a level at
which the weak scattered light can be discriminated.
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