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ABSTRACT: A Thomson scattering (TS) system in GAMMA 10/PDX has been developed for the
measurement of radial profiles of electron temperature and density in a single plasma and laser shot. The
TS system has a large solid angle optical collection system and high-sensitivity signal detection system.
The TS signals are obtained using four-channel high-speed digital oscilloscopes controlled by a Windows
PC. We designed the acquisition program for six oscilloscopes to obtain 10-Hz TS signals in a single
plasma shot, following which the time-dependent electron temperatures and densities can be determined.
Moreover, in order to obtain larger TS signal intensity in the edge region, we added a second collection
mirror. The radial electron temperatures and densities at six radial positions in GAMMA 10/PDX were
successfully obtained.
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1. Introduction
Thomson scattering (TS) diagnostic is one of the most useful methods for measuring electron
temperature and density of plasmas [1-10]. TS systems are normally applied to plasma densities
of over 1019 m-3. In lower-density plasmas, such as peripheral plasmas or divertor plasmas, an
effective TS system for signal enhancement is needed. TS signal depends linearly on the
incident laser power, electron density, and solid angle of TS collection optics. In GAMMA
10/PDX, a TS system with a large solid angle optical collection system has been developed [810]. GAMMA 10/PDX is an effectively axisymmetrized minimum-B anchored tandem mirror
having thermal barrier at both end-mirrors and an end divertor experimental module in the end
cell [11-12]. The x-axis and y-axis are perpendicular to the magnetic field in the horizontal and
vertical directions, respectively. The z-axis is parallel to the magnetic field. The plasma is
created by plasma guns, and heated and sustained using ion cyclotron heating (ICH) systems.
There are three types of oscillators, called RF1, RF2, and RF3. The waves excited by the RF1
(9.9–10.3 MHz) and RF2 (~6.36 MHz) systems handle plasma production and ion heating in the
central cell, respectively. The RF3 (~10.3 MHz) system is used to increase the electron density.
In GAMMA 10/PDX, the electron temperature, electron density, and ion temperature are
measured by the TS system, a 70-GHz interferometer system, and charge-exchange neutral
particle analyzer, respectively. The electron density, electron temperature, and ion temperature
are typically about 40 eV, 2 × 1018 m-3, and 5 keV, respectively. In former experiments, we
could measure five radial positions in a single laser shot in a single plasma shot [10]. Then we
improved the TS system for six-position measurements in a single laser shot in a single plasma
shot, adding multi-channel optical fibers, a polychromator, and a high-speed oscilloscope.
Moreover, we included an additional mirror to the optical collection system for enhancing the
TS signals in the edge plasma region. We designed a multi-time data acquisition program for
oscilloscopes operating at 10 Hz.
In this paper, we describe the improved TS system and the results of radial electron
temperature and density measurements in GAMMA 10/PDX. The additional mirror set over the
main collection mirror improves the TS signal intensity. We applied the TS system to hot-ionmode plasma to obtain time-dependent electron temperature and density.

2. Thomson scattering system in GAMMA 10/PDX
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The TS system is installed in the central cell of GAMMA 10/PDX. A schematic of the TS
system is shown in Fig. 1. This system is a modification of the former TS system [13, 14]. A
horizontally polarized laser beam from the yttrium–aluminum–garnet (YAG) laser (Continuum,
Powerlite 9010, 2 J/pulse, pulse width of 10 ns, 10 Hz, and beam diameter of about 9 mm)
passes through mirrors and irises before being focused onto the plasma center by the first
convex lens (Shigmakoki, f = 2000 mm,  = 50 mm) at the downside port window. After
interacting with the plasma, the laser beam is emitted from the upper-side port window. A
mirror flipper and beam dump for the single pass system are installed. In the normal single-pass
TS configuration, the mirror flipper is closed and the laser beam is dumped by the beam dump.
We used an Al:SiO2-coated spherical mirror with a curvature radius of 1.2 m and a diameter of
0.6 m for the TS light-collection optics. The 90º-scattered light is collected and reflected by the
spherical mirror, after which it reaches 9-channel optical fiber bundles with a cross section of 2
× 7 mm2. The 6.67-m-long optical fiber bundles are connected to six 5-channel polychromators.
The TS system can measure the radial positions of X = 0, ±5, ±10, ±15, ±20 cm by selecting the
appropriate optical fibers. The polychromator is composed of five relay and collection lenses,
five interference filters, and five silicon avalanche photodiodes (PerkinElmer, C30659-10603AH, bandwidth of 50 MHz) with additional preamplifiers (Tokyo Opto-Electronics,
PLM12A001-2) for increasing the output signal intensities. Measured wavelengths of the
polychromator are 1059 ± 2 nm (CH. 1), 1055 ± 2 nm (CH. 2), 1050 ± 3 nm (CH. 3), 1040 ± 7
nm (CH. 4), and 1020 ± 14 nm (CH. 5). A four-channel high-speed oscilloscope (IWATSU,
DS5524A) is used to measure four wavelength channels with a bandwidth of 200 MHz and a
sampling rate of 1.0 GS/s. The measured signals are recorded by a Windows PC using the
IWATSU multi-oscilloscope control software (IWATSU, MultiVControl V2.23). The electron
temperatures are obtained using the chi–square method.
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Figure 1. The TS system in GAMMA 10/PDX.
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3. Additional mirror effects
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In the edge plasma region of about |X| > 15
cm, the TS signal is much lower than that in
the center region. The TS collection optics
show that the relative intensities at |X| = 10, 15,
and 20 cm are about 0.7, 0.5, and 0.2 times
that at the plasma center, respectively. Then,
we included an additional mirror for
improving the TS light intensity. An Al:SiO2coated spherical mirror with a curvature radius
of 1.2 m and diameter of 0.2 m is used. It is set
on top of the main collection mirror. The
distance between the main mirror center and
the additional mirror center is about 0.44 m.
The mirror size is optimal for obtaining the
maximum collection efficiency, considering
the solid angle and setting position. With the
additional mirror, the TS signal intensities at X
= －10 cm, －15 cm, and －20 cm are about
1.2, 1.4, and 2.6 times those without it,
respectively, as determined from the
calculation using the optical design software
ZEMAX and solid angle calculation.
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Nitrogen gas is used, and the pressure in the
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Torr. The output Raman scattering signals of
all channels of the polychromator are added to
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obtain the integrated intensities. In Fig. 2 (a),
(b), and (c), the integrated Raman scattering
intensities with and without additional mirror
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against nitrogen gas pressures at X = －10 cm,
－ 15 cm, and － 20 cm, respectively, are
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1.2±0.3, 1.5±0.2 and 3.1±0.6 times those
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without the mirror, respectively, which match
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With the application of the TS system to the
Figure.
2
Integrated
intensities with and
GAMMA 10/PDX plasma, the TS scattered
without
additional
mirror
against nitrogen
signal intensities are increased when using the
additional mirror. In Fig. 3 (a) and (b), the TS gas pressures at X = －10 cm (a), －15 cm
signals at X = － 10 cm and － 15 cm, (b), and －20 cm (c).
respectively, are shown. Unfortunately, at X =
－20 cm, we could not obtain the TS signals. The TS signal intensities at X = －10 cm and －15
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cm with additional mirror are about 1.2 and 1.9 times those without it, respectively. The
0.12

(a)

0.007
w/o additional mirror
with additional mirror

Intensity [ Rel. units ]

Intensity [ Rel. units ]

w/o additional mirror
with additional mirror

0.006

0.1
0.08
0.06
0.04
0.02
0
4600

(b)

0.005
0.004
0.003
0.002
0.001

4800

5000

5200

5400

0
4600

5600

4800

5000

5200

5400

5600

Time [ ms ]

Time [ ns ]

Figure 3. Integrated TS signals with (blue line) and without the additional mirror (red
dotted line) at X = －10 cm (a) and －15 cm (b).
intensity increase at X = －10 cm is almost the same as the Raman scattering result. The
increase at X = －15 cm is different from the Raman scattering result because of the small
signal level against the background noise level. The additional mirror is effective to increase the
scattering light at the edge plasma region.

4. Radial electron temperature and density measurements
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We used the TS system to measure
t = 160 ms
t = 60 ms
1
5
radial profiles of electron temperature and
density in the GAMMA 10/PDX plasma.
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The hydrogen plasma is produced from t =
50 to 240 ms with heating by RF1 from t =
51 to t = 240 ms and RF2 from t = 53 to t =
0.6
3
240 ms and east anchor heating by RF3
from t = 200 to 240 ms. Figure 4 shows the
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temporal evolutions of diamagnetism
(dotted red line) and electron line density
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(solid blue line). The YAG laser was
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injected at t = 60.0 ms and 160.0 ms, which
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are indicated in Fig. 4 in blue lines. In Fig.
50
100
150
200
5 (a), the red and blue squares show the
Time [ ms ]
radial electron temperatures at t = 60.0 ms
Figure
4.
Time
evolution
of electron line
and 160.0 ms, respectively. In Fig. 5 (b),
density
and
diamagnetism.
the red and blue squares show the radial
electron densities at t = 60.0 ms and 160.0
ms, respectively. At the plasma center, the electron temperature and density are about 35 eV and
1.0 × 1018 m-3, respectively, at t = 60.0 ms and 57 eV and 1.4 × 1018 m-3, respectively, at t =
160.0 ms. By changing the YAG laser injection time shot-by-shot, we can obtain the time
evolutions of electron temperature and density. In Fig. 6 (a) and (b), the time evolutions of
electron temperature and density, respectively, are shown. In Fig. 6 (b), the electron density

measured using a multi-channel 70-GHz interferometer system [13] is also presented. The timedependent electron density measured using the TS system is almost the same as that measured
by the interferometer system. By using the TS system, we could successfully obtain the timedependent electron density and temperature in smaller amounts of plasma shots.
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Figure 5. Radial profiles of electron temperature (a) and density (b) at t = 60.0 ms and 160.0
ms.
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Figure 6. Time evolutions of electron temperature (a) and density (b). In Fig. 6 (b),
electron density measured using a multi-channel interferometer system is also shown.

5. Summary
We improved the TS system by including the additional mirror to increase the TS signal
intensity at the edge plasma region and adding the measuring channels of radial TS signals. The
radial electron density and temperature at six positions are successfully obtained. The multitime TS signals are acquired and consequently, the time-dependent radial electron temperatures
and densities are measured in smaller amounts of plasma shots.
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