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The Thomson scattering system in the TST-2 has been upgraded to improve the reliability and accuracy of
measurements. The signal intensity increased because of a new high-energy (1.6 J) laser. A large-numerical-
aperture (N.A.) fiber was tested, and it was found that a 6-m-long fiber can be used without significant transmis-
sion loss. With the upgraded system, the typical central electron temperature and the electron density for ohmic
discharges (with a plasma current of 60 kA) are 150 eV and 1.5× 1019 m−3, respectively. The temperature profile
has a maximum near the center of the plasma.
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1. Introduction
Electron temperature is one of the most important pa-

rameters in all fusion devices, including spherical toka-
maks (STs). Thomson scattering (TS) measurement is a
highly reliable measurement of electron temperature, and
many devices are equipped with a TS system. However, TS
measurements are not easy because of the weak scattering
light. The detected photon number Nf is given by

Nf =
P

hc/λ
· ne · L · σT · ΔΩ ·CT , (1)

where P is the energy of the laser, c is the velocity of light,
λ is the wavelength of laser , h is the Planck constant, ne

is the electron density, L is the length of the scattering vol-
ume along the laser, σT is the TS cross section, ΔΩ is the
detection solid angle, and CT is the total transmission effi-
ciency of the optical system. In most cases, the detection
solid angle is smaller than the observation solid angle. A
larger lens or a mirror is preferable to increase the observa-
tion solid angle, but it is not always easy to install a large
mirror or lens. Therefore, we use a Newtonian mirror sys-
tem for the collection optics. As a result, a compact and
efficient system has been developed [1].

The TST-2 is an ST with a major radius R = 0.38 m
and a minor radius a = 0.25 m [2]. Recently, the TS sys-
tem in the TST-2 was upgraded to improve the measure-
ment accuracy. The upgraded system is more reliable, and
new results, including the temperature profile, are reported
author’s e-mail: yamaguchi@fusion.k.u-tokyo.ac.jp

in this paper. A combination of a large-numerical-aperture
(N.A.) fiber and a small-diameter mirror is necessary for a
compact and efficient system. In addition, the electromag-
netic and X-ray induced noises from the tokamak were re-
duced. We also report the testing and performance of sev-
eral key components.

2. Thomson Scattering System
The TS system consists of the incident optics, light

collection optics, and spectroscopic system. Figure 1
shows an overview. We use a Nd:YAG laser with a wave-
length of 1064 nm, a pulse width of 10 ns, a repetition rate
of 10 Hz, and an output beam diameter of less than 10 mm.
The former low-energy (0.45 J) laser has been replaced by
this new high-energy (1.6 J) laser, and the typical signal-
to-noise (SN) ratio was improved from 5 to 10.

We use a compact Newtonian mirror system consist-
ing of a primary spherical mirror, 254 mm in diameter and
a small secondary flat mirror (Fig. 2). The spherical mirror
has a spherical radius of 442 mm; it is coated with Al +
MgF2. The system has a large solid angle (88 msr). This is
larger than those achieved on other plasma devices, which
are typically less than 20 msr [3–6]. The length of the
scattering volume along the laser is 5.3 mm and the scat-
tering angle is 120◦. The scattered light is focused on
the fiber core (2-mm diameter) through the Newtonian op-
tics with an optical magnification of 2.3. The collected
light is transferred to a polychromator through the optical
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Fig. 1 Overview of the Thomson scattering system in TST-2.
Blue percentages indicate the ratio of energy at that lo-
cation to energy at the laser exit.

Fig. 2 Diagram of the optics of the Newtonian mirror system.

fiber. We use a large-N.A. (= 0.37) optical fiber (Fiber-
guide, APC2000/2150N) to collect the scattered light from
the spherical mirror with a large observation solid angle
of 88 msr. The N.A. of the fiber we used is guaranteed
only for lengths less than 2 m and decreases with increas-
ing length when it is longer than 2 m [7]. This feature is
typical of large-N.A. fibers. Since we locate the polychro-
mator far from the tokamak to reduce the electromagnetic
and X-ray induced noises, a long fiber (6 m in the present
system) is required. Figure 3 compares the transmission
for different fiber lengths. No systematic dependence on
either the length or the wavelength appears, and the varia-
tion seems to be caused by measurement error.

The polychromator has five wavelength channels, and
it consists of five avalanche photodiodes, five interference
filters, a collimating lens, and five relay and collection
lenses. The polychromator is on loan from the National In-
stitute for Fusion Science [5]. The polychromator must be
calibrated to calculate the spectral response of each chan-
nel. The light from a standard light source is resolved
in wavelength by a monochromator and injected onto the
fiber with an incident angle similar to that of the Thom-

Fig. 3 Normalized output voltages of five wavelength channels
in the polychromator. Three fibers with different lengths
are measured.

Fig. 4 Total spectral response of each channel.

son scattered light. The spectral sensitivity of each chan-
nel was measured (Fig. 4). In addition to this wavelength-
resolved sensitivity, light from the standard light source
was directly injected onto the fiber to cross-check the
wavelength-integrated signal for each channel.

Previously, a four-channel oscilloscope was used to
measure three wavelength channels simultaneously. The
accuracy was inadequate when the discharge reproducibil-
ity was poor. We introduced a new eight-channel high-
speed oscilloscope with which all five wavelength chan-
nels can be recorded simultaneously. Consequently, fitting
to a Maxwell distribution is improved.

Rayleigh scattering is measured to calibrate the total
absolute sensitivity, which is needed to derive the elec-
tron density. Nitrogen gas was used, and the pressure in
the TST-2 device was raised to 300 Torr (Fig. 5). The lin-
ear component indicates scattered light, and the offset in-
dicates stray light. In Fig. 5, the primary mirror was ad-
justed to measure R = 380 mm, which is the location of the
plasma center. Since the present system has one polychro-
mator unit, we must adjust the primary mirror to measure
the other positions. The results are summarized in Table 1.
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Fig. 5 Rayleigh scattering signal measured at R = 380 mm.

Table 1 Results of multi point Rayleigh scattering.

Fig. 6 Typical discharge. Plasma current (a) and radiation mea-
sured by an absolute extreme ultraviolet (IRD, AXUV)
photodiode (b) are shown. Vertical red line indicates the
measurement time (t = 30 ms).

3. Measurement Results
The electron temperature and density were measured

by this upgraded system. Typical discharge waveforms of
the TST-2 are shown in Fig. 6. In this case, we injected

Fig. 7 Scattering signals and laser monitor signal. Scattering
signals are integrated from 0 to 60 ns.

Fig. 8 Fitting to a Maxwell distribution. Different colors (except
crosses) represent measurements for different but similar
discharges. Crosses represent shot-averaged values.

the laser at t = 30 ms and measured at R = 380 mm. All the
scattering signals and the laser monitor signal are shown in
Fig. 7. In this case, the maximum SN ratio was 10 on chan-
nel 5. The scattering signals are integrated from 0 to 60 ns,
and the results of our analysis are shown below. Figure 8
shows the data and a fitted curve representing a Maxwell
distribution with relativistic effects. Each channel’s signal
is divided by the product of the sensitivity and bandwidth
of the filter to show the fitting to a Maxwell distribution.
In practice, we use the wavelength-integrated sensitivity in
the fitting. The shot-by-shot scatter of the signal intensities
is calculated, and the standard deviation is used to calcu-
late the temperature and density errors. In this case, the
central electron temperature and the electron density were
150 eV and 1.5× 1019 m−3, respectively. Because the laser
and recording scheme were upgraded, the relative error of
the temperature improved from 19 % to 12 % when we an-
alyzed a similar discharge.
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Fig. 9 Electron temperature profile. Different colors represent
data from different discharges.

We estimate the number of photons incident on the
fiber by summing up the photons on each channel. We
multiplied by two to include longer-wavelength compo-
nents; the resulting total photon number Np is estimated
as 1.2× 105. The incident photon number calculated by
Eq. (1) is Nf = 4.8× 105. Comparing these photon numbers
yields a total transmission efficiency of the optical system
of about 1/4. This efficiency is not large, partly because
of the reduction in the detection solid angle due to the sec-
ondary plane mirror and toroidal field coils.

We measured the spatial profile using many similar
discharges. The result measured at 25 ms is shown in
Fig. 9. A spline curve was drawn using the measured tem-
peratures assuming that the temperature is zero at the in-
board and outboard boundaries. The electron temperature

profile is flat around the center. The profile is similar to
that measured in START [8], which is a spherical tokamak
similar in size to the TST-2.

4. Summary
The Thomson scattering system in the TST-2 was up-

graded to improve its accuracy. Installation of a new
high-energy laser with energy 1.6 J increased the SN ra-
tio. Large-N.A. fibers with different lengths were tested,
and no significant transmission loss was found up to 6 m.
The scattering power and stray light in Rayleigh scattering
were measured.

A typical ohmic plasma was measured. The elec-
tron temperature and electron density were 150 eV and
1.5× 1019 m−3, respectively. The temperature profile was
obtained; its shape was rather flat and had a maximum near
the center of the plasma.

[1] S. Kainaga et al., Plasma Fusion Res. 3, 027 (2008).
[2] Y. Takase et al., Nucl. Fusion 41, 1543 (2001).
[3] R. Scannell et al., Rev. Sci. Instrum. 79, 10E730 (2008).
[4] H. J. van der Meiden et al., Rev. Sci. Instrum. 77, 10E512

(2006).
[5] K. Narihara et al., Rev. Sci. Instrum. 70, 1122 (1999).
[6] T. Sumikawa et al., Plasma Fusion Res. 2, S1108 (2007).
[7] Fiberguide Industries, Inc., ‘Plastic Clad Silica APC Data

Sheet’, New Jersey, USA.
[8] A. Sykes et al., Plasma Phys. Control. Fusion 35, 1051

(1993).

S2092-4


