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A line integrated Thomson scattering (LITS) measurement system with a single line of sight was designed,
assembled and installed on the TST-2 spherical tokamak device. Ohmic discharge plasmas were measured using it to
clarify the performance of the LITS system. The effective scattering intensity profiles along the laser beam, which are
key information affecting the performance and analysis, were measured using a movable target. Thomson scattering
signals were obtained, and electron temperatures were compared with those obtained by a conventional TS system.
The temperatures agree within the error bars, considering the spatial ambiguities of the LITS due to the long

scattering length.
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1. Introduction

A Thomson scattering (TS) diagnostics is an important
and established method to measure the electron density and
temperature profiles. In nuclear fusion reactors, however, the
first mirror for measurement needs to be placed far from the
plasma to avoid damage from neutral particles and impurity
deposition (Fig. 1) [1]. In this configuration, the solid angle
of the scattered light is very small, which results in a very
weak signal intensity for the scattered light because the scat-
tering intensity ST is proportional to the scattering length L
and the solid angle Q as shown by the relation S™ « L.
This indicates the poor performance for the conventional TS
measurement system in a reactor environment (Fig. 1(a)). On
the other hand, it has been shown that a line integrated TS
(LITS) measurement system with a complete backscattering
configuration can compensate for its small solid angle utiliz-
ing the long scattering length (Fig. 1(b)) [2].

An optical system design of the LITS assuming TST-2
was conducted. The design work suggested that implementa-
tion is feasible and sufficient signal strength can be expected
[3]. Following this work, the LITS system was fabricated and
installed on the TST-2 spherical tokamak device, and Ohmic
discharge plasmas were measured in order to clarify and resolve
technical difficulties of a single line of sight.

Previously, a LIDAR Thomson scattering measurement
system, configured similarly to the LITS system, was demon-
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Fig. 1. Schematic diagrams of a conventional TS system (a) and a line
integrated Thomson scattering system (b) in a nuclear fusion
reactor.

strated [4]. While the LIDAR Thomson scattering system often
requires specialized lasers and high-speed detectors, the LITS
measurements were performed using a standard 1,064 nm,
10 ns YAG laser and conventional detectors. In large scale
devices, such as nuclear fusion reactors, a multiple line of
sight LITS system is required for local measurements due to
the poor effective spatial resolution. On the other hand, in the
current TST-2 configuration, the effective spatial resolution
is not so bad because of a relatively large solid angle and the
viewing sight tangential to the toroidal direction.

In this paper, the development of the LITS system for
the TST-2 spherical tokamak device is presented in detail.
The configuration of the LITS in TST-2 is described in Sec. 2.
In addition, the design of the laser injection optics, the
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theoretical calculations for avoiding damage to optical com-
ponents, the reduction of stray light and the effective scatter-
ing intensity profiles are also described. The results of
electron temperature measurements using the LITS system
are shown in Sec. 3. A summary is given in Sec. 4.

2. Configuration of LITS in TST-2

Figure 2 shows a schematic configuration of the LITS
measurement system in TST-2. Firstly, a YAG laser is
expanded by a concave lens (¢ =25 mm, f = —75 mm) and
then focused by a convex lens (¢ = 50 mm, f =200 mm). The
laser is reflected by an elliptical mirror ($pinor = 38.1 mm,
Pmajor = 53.87 mm), aligned on the optical axis of the collec-
tion optics and then injected into TST-2 through an injection/
collection window (¢ = 246 mm). The laser passes through
an exit window (¢ = 50 mm), and is trapped at a beam dump.
The magenta area in Fig. 2 represents the plasma region and
the circle tangent to the laser beam line (purple arc). Back-
scattered TS light in plasma passes through the injection/
collection window and is converged on a fiber (¢ = 2 mm,
NA = 0.37) by three convex lenses (¢ = 150 mm, f = 450,
600, 600 mm) [3]. Then, the collected light is transmitted to
a polychromator through the fiber [5]. The movable white
ceramic target is used for the effective scattering intensity
profile measurements. The target position can be scanned
along the laser beam axis. A visible laser aligned on the same
optical axis as the YAG laser hits the target, and the scattered
light is measured by the same collection optics, however, a
large area photodiode is used instead of the polychromator.
The measured signal S™ is proportional to the product of the
scattering length L and the solid angle Q as described above.
Thus, we measured the effective scattering intensity profile
denoted by Iq(x) in this paper. Here, x is the coordinate
along the laser with the origin at the tangent point. The target
is rotatable, and placed at a certain position to avoid disturb-
ing the plasma measurements.

Beam dump

Movable ceramic target

2.1 Theoretical calculations for avoiding damage
to optical components

The laser injection optics is designed so that the power
density at each optical component is well below the damage
threshold of each component. Particularly, the damage thresh-
old of the injection/collection window was expected to be low
due to the special specification of the AR (Anti-Reflection)
coating: less than 0.1% for AOI (Angle of Incidence) of 14—
31 degrees @ 1,064 nm, less than 2% for AOI of 0-37
degrees @ 950—1,064 nm. These are the AR performance for
both the injection of the YAG laser and TS light. The mea-
sured damage threshold of a sample window, which has the
same AR coatings and thickness as the injection/collection
window, was 6.3-18.4 J/cm? for AOI of 0—16 degrees accord-
ing to the damage test using a gradually focusing laser beam.
Here, we used the same YAG laser as utilized in plasma mea-
surements and the peak intensity, which is defined later, to
evaluate the damage threshold.

Figures 3(a) and (b) show the results of theoretical calcu-
lations of YAG laser parameters. The blue curves in Fig. 3(a)
represent the theoretical calculation result of the beam diam-
eter. The beam radius at the waist w, (= 1.3 mm) and the
M-squared factor M? (= 1.31) of the non-Gaussian beam were
calculated and determined from the characteristics of the
YAG laser used in TST-2. The beam width w(z) (1/e? peak
intensity) is calculated as follows, with z being the distance
from the beam waist [6]:

co(z):com’l+<z—ZR)2. (D

Here, zg = mw}/M?*A is the Rayleigh range, which represents
the distance between the beam waist and the position where
the beam radius becomes square-root-of-two times that at the
beam waist. In addition, 4 (= 1,064 nm) is the wavelength of
the YAG laser. The radius at the waist of the beam after pass-
ing through a lens with focal length f is expressed as follows

[6]:
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Fig. 2. Schematic configuration of the line integrated Thomson scattering measurement system in TST-2.
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Here, s represents the distance from the incident beam’s waist
to the lens, and the distance s’ between the lens and the waist

Wy =

2

of the transmitted beam is obtained as follows [6]:

2
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In Fig. 3(a), the red markers indicate the measurement
results obtained using a beam profiler, and the purple curve
shows the fitting result of that measurement data. The mea-
sured beam propagation of the laser showed good agreement
with the theoretical calculation results. Figure 3(b) represents
the theoretical calculation result of the YAG laser’s peak
intensity. The peak intensity I(z) is determined as follows:
I(z) = 2E,/mw*(z). Here, Ey = 1.0 J is the YAG laser power,
and the peak intensity depends on the calculated beam width.
A few conditions should be satisfied: First, the peak
intensity should be below the damage threshold of the optical
components. In this configuration, the design ensured that the
peak intensity at each optical component’s position should be
much less than the damage threshold. Second, the proportion
of power passing through the optical components should be
99% or more of the total power. The power passing through
the optical component E(A, z) is given as

s'=f

E(A,z) = Ey[1 — e 2471%%@)], )

where A is the radius of an optical component. If the power
is low, the truncated beam may cause diffraction and diver-
gence. As a result, stray light can be enhanced [7]. It is nec-
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Fig. 3. Theoretical YAG laser beam diameter (a) and peak intensity (b)
along the propagation. Vertical dashed red lines indicate the posi-
tions of optical components, and green markers and line (specifi-
cations provided by each manufacturer) indicate their damage
threshold.

essary to expand the beam width in order to reduce the peak
intensity at the optical component. However, the beam width
should not be so large at the laser injection elliptical mirror
not to reduce the beam power. In addition, the elliptical mirror
needs to be small so as not to significantly reduce the obser-
vation solid angle of TS light since a large elliptical mirror
blocks the viewing region. The present elliptical mirror
diameter is 38.1 mm when seen from the plasma side. Fur-
thermore, the laser beam should be focused near the center of
the line of sight in the plasma region. Considering these con-
ditions, the laser injection optics was designed.

The resultant ratio of the damage threshold to the injected
power density takes the minimum of 3.5 at the injection/
collection window (3.5 = 6.3/1.8). Furthermore, the fraction
of power transmitted through the optical component also takes
the minimum of 0.99 at the convex lens. Here, we used the
catalog specification if it was available. Although the dam-
age threshold ratio is sufficient, we have performed the
experiments with a reduced laser power of 0.3 J so far.

2.2 Reduction of stray light

Stray light is expected to become much stronger than in
a conventional TS system because the optical axis of the
injection system is aligned with that of the collection system.
In this system, we adopted several methods to reduce the
stray light. Firstly, the distance between the beam dump and
the exit window was increased from about 20 to about 80 cm,
and the stray light intensity was significantly reduced. Sec-
ondly, a 1,065 nm cutoff short-pass filter was introduced into
the polychromator. The short-pass filter is an optical filter that
transmits short wavelength light and reflects long wavelength
light. This filter has the same specifications as a 1,050 nm
short-pass filter (Edmund optics Inc., #64-338), but its cutoff
wavelength has been shifted to 1,065 nm. The wavelength
characteristics depend on the angle of incidence (AOI); as the
AOI increases, the cutoff wavelength shifts towards shorter
wavelengths. Figure 4 shows the wavelength dependence of
the transmission of a 1,065 nm short-pass filter at several
AOIs (0, 5, 7.5, 10, 12.5 and 15 degrees). The vertical red line
indicates the wavelength of 1,064 nm. According to Fig. 4,
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Fig. 4. The wavelength dependence of the transmission of a 1,065 nm
short-pass filter at several AOIs.
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the AOI of the short-pass filter should be approximately 12.5
degrees or greater to keep the transmittance of 1,064 nm light
below 10%, and therefore the AOI of this filter was set to 15
degrees in the polychromator. The average reduction of the
six wavelength channels was about 90%. The effect of the
blocking of long wavelength light is not serious if the elec-
tron temperature is high, even though the tilted filter also
blocks the longer wavelength side of the TS signal. Finally,
masks made of cardboard were installed on the optical com-
ponents. Figure 5 shows schematic diagrams of each mask.
We have placed a T-shaped mask in front of the injection win-
dow (a), a cylindrical mask around the beam (b), and a circu-
lar mask behind the collection lenses (c). The masks prevent
light reflected from mirrors, lenses, and windows from
becoming stray light. These masks reduced the stray light by
about 87%.

2.3 Effective scattering intensity profile

The advantage of the line integrated TS system is to uti-
lize its long scattering length, however, this is true when the
laser is aligned on the optical axis of the collection optics.
The effective scattering intensity profiles I.g(X)s were mea-
sured to confirm its scattering length.

A green laser (532 nm), which is aligned on the YAG
laser, is chopped by a rotating chopper and injected into the
vacuum vessel through the same injection optics as for the
plasma measurements. Then, the laser hits the movable
ceramic target in the vacuum vessel, and it is diffused by the
target. The scattered light is collected by the same collection
optics and fiber, and detected by a photodiode at the other
end of the fiber. Figure 6 shows the effective scattering inten-
sity profiles I.i(x)s. Both the aligned case (blue) and the
misaligned case (red) are plotted. These points represent the
signal intensity at each target location, and the origin of the
coordinate x is set to the tangent point (see Fig. 2). The sig-
nal intensity is normalized by its maximum value, and it is
proportional to the effective solid angle at the scattering point.
The effect of finite YAG laser width is calculated to be negli-
gible in a ray tracing calculation. The effect of misalignment
is also calculated and confirmed by similar measurements
using the same optics located in atmosphere side, where we
can accurately reproduce the misalignment case. Note that we
cannot directly compare the calculation and Fig. 6, because
the system installed in TST-2 has masks and additional com-
ponents, and the complete reproduction of optical configura-
tion in the calculation is difficult. One of the features of the
misaligned case is its shorter width of the effective scattering
intensity profile. The full width at half maximum (FWHM) is
about 36 mm in the misaligned case and about 82 mm in the
aligned case, which affects the density reconstruction. The
FWHM of the effective scattering intensity profile from ray
tracing calculation is about 90 mm (with more simplified
optical configuration) [3], and the FWHM in the aligned case
is about 90% of this ideal value.

Injection window

(c)

Collection lenses

Fig. 5. Schematic diagrams of each mask: a T-shaped mask on the
injection window (a), a cylindrical mask around the beam (b),
and a circular mask behind the collection lenses (c).
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Fig. 6. Effective scattering intensity profiles I.g(x)s for aligned case
(blue) and misaligned case (red). The origin of the horizontal
axis is the tangent point (with tangency radius of 400 mm).

3. Results of Electron Temperature
Measurement Using LITS

TST-2 is a spherical tokamak device located at the
University of Tokyo [8]. The parameters of Ohmic discharge
plasmas are as follows: major radius R ~ 0.36 m, minor
radius a ~ 0.23 m, plasma current I, < 100 kA, toroidal mag-
netic field at the plasma center B; < 0.3 T, central electron
density n, <2 x 10" m>, and central electron temperature
T, <400 eV, while the measurements were performed at I;, ~
75kA, B, ~02T.

Ohmic discharge plasmas were measured by both the
present LITS system and the conventional TS system [9].
Figures 7(a) and (b) show the six wavelength signals and a
result of analysis using the LITS system. The TS signal (blue)
is obtained from the measured signal subtracting the stray
light and an offset (Fig. 7(a)). The average stray light signal
(dashed black) is the average of 100 signals acquired during

1401046-4



Plasma and Fusion Research: Regular Articles

Volume 20, 1401046 (2025)

—— TS signal
—— Fitting waveform

LITS SN208216, t=26 ms, T,=282+25 eV

1.4

(b) _L_ r1.2

—— Maxwellian distribution function
HH Measured data

o o o e
Sy o 0] o

Normalized scattring intensity [a.u.]

o
[N)

40
s
E 2] I
< \
*
N \
A
S i S 100/
E 10 / \ E
£ i £
~N AL 0
# 4 . #
0_
s s
£ £
m (o)
#* *
100 200 300 100 200

Time [ns] Time [ns]

: . . v v y —-0.0
300 940 960 980 1000 1020 1040 1060

Wavelength [nm]

Fig. 7. (a) TS signal (blue), curve fitting waveform (red), and stray light signal (dashed black) of LITS signals (six wavelength channels), and (b) fitting
to Maxwellian distribution functions for the backscattering. Note that the normalized intensity of #2 is about 2.5 and it is not shown in this plot.

the time without plasma discharge. The fitting waveform (red)
is determined using a non-linear least squares fit to an ana-
lytic template fitting function, which has two free parameters:
peak timing and amplitude, and several fixed coefficients to
define the pulse shape [10]. These fixed coefficients are
determined by referring to Raman scattering signals and TS
signals. The intensities of the wavelength channels #1-2 are
very small due to the short-pass filter, which reduces not only
the stray light but also the TS light entering the channels #1-2.

Figure 7(b) shows the result of fitting to Maxwellian dis-
tribution function for the backscattering. The red points are
measured data for the wavelength channels #1-6 and the blue
curve is the result of fitting the measured data to Maxwellian
distribution function. The vertical error bars in Fig. 7(b) rep-
resent the errors in the normalized scattering intensity, and
the horizontal error bars indicate the wavelength width of
sensitivity for each channel. The error in the normalized scat-
tering intensity for the two channels on the longer wave-
length side is larger because the intensities of the wavelength
channels #1-2 are very small due to the short-pass filter.
However, the electron temperature in Ohmic discharge plas-
mas is high and the effect of the short-pass filter is not seri-
ous. All the data including #1 and #2 are used for the fitting.
From the fitting result, the electron temperature was 282 +
25 eV. This electron temperature does not represent that at a
single spatial point, but it contains the information along the
laser beam with the weight shown in Fig. 6. Since each
wavelength channel reflects the temperature and density (i.e.
phase-space distribution function) along the laser in a differ-
ent manner, a more complicated analysis is necessary for
accurate measurements. We would like to leave it as a future
work, and here we assume the above obtained temperature is
an averaged temperature along the region of the FWHM of
the effective signal intensity profile (Fig. 6). The correspond-

ing major radius region is 400 < R < 415 mm, and we can
expect the obtained temperature is an average of the tempera-
tures in this major radius region.

Figure 8 shows the comparison of the electron tempera-
tures and densities measured by the conventional TS system
and those obtained by the LITS system. Figure 8(a) shows
the electron temperatures of the conventional TS (blue) and
the LITS (red) at the same laser timing (¢t = 26 ms). Several
reproducible discharges were used, because we cannot oper-
ate both systems simultaneously. The vertical error bars rep-
resent the electron temperature errors, and the horizontal error
bar for the LITS indicates the measurement region of the
LITS system (400 < R <415 mm). Figures 8(b) and (c) show
the comparison of the electron temperatures and densities mea-
sured by the conventional TS and those obtained by the LITS
system at several timings (17, 20, 23, and 26 ms). Although
we could not measure the absolute density using the LITS
system, we can evaluate the time evolution of relative den-
sity. The two temperatures and densities (R = 383, 429 mm)
obtained by the conventional TS system are connected with
black lines, because we expect the LITS temperatures and
relative densities fall in the area formed by these lines and
error bars when these profiles vary monotonically between
the two points. Since the LITS measurement region is
located near the peak of the temperature and density profiles,
the above expectation is not true when these profiles are not
monotonic between the two points. Considering these ambi-
guities, the measured temperature and relative density of the
LITS are reasonable, and we can conclude that the principle
and performance of the LITS with a single line of sight are
well demonstrated.
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Fig. 8. T, of conventional TS (blue) and LITS (red) at t = 26 ms (a),
and comparison of T,s (b) and n,s (c) measured by the con-
ventional TS (horizontal axis) and those obtained by LITS at
several timings (17, 20, 23, and 26 ms). Blue symbols show the
cases of TS (R = 383 mm) vs LITS, while green symbols show
the cases of TS (R = 429 mm) vs LITS, the red dashed line
represents the relationship: T, (TS) = T, (LITS).

4. Summary

We have demonstrated that a line integrated Thomson
scattering measurement system effectively works in an opti-
cal configuration of a small solid angle, which is expected in

a nuclear fusion reactor, for the first time.

We are developing the LITS system and the LITS sys-
tem with a single line of sight was designed, assembled and
installed on the TST-2 spherical tokamak device. While the
collection lenses were designed in the past [3], the other parts
were newly designed, fabricated and tested.

The laser injection optics was designed considering the
damage thresholds and the transmitted power of the optical
components. The ratio of the damage threshold to the injected
power density takes the minimum of 3.5. The fraction of
power transmitted through the optical component also takes
the minimum of 0.99.

Stray light was strong due to the aligned configuration
of the laser injection and TS light collection optics, however,
it was reduced significantly by applying several methods.
Installation of an additional short-pass filter (with the cutoff
wavelength of 1,065 nm) in the polychromator is one such
method.

The effective scattering intensity profiles I.4(x)s were
measured for aligned and misaligned cases showing the
importance of the alignment in LITS systems. The FWHM
length (~ 82 mm) of I.4(x) agrees with the calculated value
when we consider the ambiguities in the calculation.

The electron temperatures in TST-2 Ohmic plasmas were
successfully measured by the LITS system. The time evolu-
tions of the temperature and relative density of the LITS seem
to be reasonable.

The obtained electron velocity distribution spectrum is a
solid-angle-weighted integrated spectrum since the present
LITS system has only a single line of sight. For temperature
and density profiles reconstruction, a multiple chord mea-
surement is necessary, and this is now under preparation.
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