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The multi-pass Thomson scattering (MPTS) system is a useful technique for increasing the Thomson
scattering (TS) signal intensities and improving the TS diagnostic time resolution. The MPTS system developed in GAMMA 10/PDX has a polarization-based configuration with an image relaying
system. The MPTS system has been constructed for enhancing the Thomson scattered signals for
the improvement of measurement accuracy and the megahertz sampling time resolution. However, in
the normal MPTS system, the MPTS signal intensities decrease with the pass number because of the
damping due to the optical components. Subsequently, we have developed a new MPTS system with
the laser amplification system. The laser amplification system can improve the degraded laser power
after six passes in the multi-pass system to the initial laser power. For the first time worldwide, we
successfully obtained the continued multi-pass signals after the laser amplification system in the gas
scattering experiments. Published by AIP Publishing. https://doi.org/10.1063/1.5032224

I. INTRODUCTION

The Thomson scattering (TS) diagnostics is one of the
most reliable diagnostic methods for measuring the electron temperature and density of plasmas.1–8 However, the
time resolution of TS measurement is limited by the probing laser oscillation frequency. In the high-frequency fluctuation plasma experiments, such as the Alfvén ion cyclotron
(AIC) modes, electron cyclotron heating experiments, edge
localized mode simulation experiments, and pellet injection
experiments, the higher time-resolved TS measurements are
required. Multi-pass (MP) TS systems were proposed for
increasing both the TS signal intensity and time resolution.
The multi-pass Thomson scattering (MPTS) scheme effectively increases the scattering signal intensity from plasmas
by the probing laser pulse to be focused multiple times onto
the scattering volume. MPTS systems have been developed
in several fusion plasma devices.9–13 In GAMMA 10/PDX
(Potential-control and Divertor-simulator eXperiments), the
MPTS system of the polarization-based system with imagerelaying optics has been developed.14–19 GAMMA 10/PDX
is an effectively axisymmetric minimum-B anchored tandem mirror with a thermal barrier at both end mirrors.20
The plasma is created by plasma guns, and it is then heated
and sustained using ion cyclotron heating (ICH) systems. In
addition to ICH, the electron cyclotron heating is applied to
produce the electron and ion confinement potential in the
Note: Paper published as part of the Proceedings of the 22nd Topical Conference on High-Temperature Plasma Diagnostics, San Diego, California,
April 2018.
a) Author to whom correspondence should be addressed: yosikawa@prc.
tsukuba.ac.jp
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plug and barrier cells. In the end region, we installed a divertorsimulation experimental module to perform the divertor
simulation experiments. In our MPTS system, the MP configuration scheme can be easily implemented by modifying
the basic single-pass TS system with the addition of polarization devices, a high-reflection mirror, and lenses for the image
relaying of the laser beam. The configuration of the MPTS
system in GAMMA 10/PDX can be used to realize perfect
coaxial multi-passing on each pass. In GAMMA 10/PDX, a
double-pass TS system was constructed, doubling the TS signal intensity, and this improved the resolution of the electron
temperature measurements.14,15 In LHD, the double-pass TS
system, which has the same design as the GAMMA 10/PDX
double-pass TS system, was operated.16 By adding a polarization control device, a polarizer, and a high-reflection mirror to
the double-pass TS system, we previously successfully constructed over three passing MPTS systems.17–19 We achieved
approximately 3.6 times increased TS signals by the first to
the sixth passing probing lasers through the plasma in a single
laser shot.17 Moreover, the time-dependent electron temperature measurement every 65 ns was successfully obtained.18,19
However, in the normal MPTS system, the MPTS signal intensities decrease with the pass number because of the laser power
damping due to the optical components. Subsequently, we have
developed a new MPTS system by adding the laser amplification system. The laser amplification system can increase
the degraded laser power after it is multi-passed in the normal MP system up to the initial laser power. For the first time
worldwide, we successfully obtained the continued MP signals
after the laser amplification system in the gas scattering experiments. In laser-aided diagnostic systems, it is the first time
that the already used laser beam for plasma diagnostics is used
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after passing through the amplification system. Because the
normal laser beam degrades its beam quality, it is highly challenging to use laser-aided plasma diagnostics after injecting
the laser amplification system.
We herein present the new MPTS system with the laser
amplification system, which can obtain more MPTS signals
for the first time. The laser amplification system can improve
the degraded laser power after six passes in the MP system up
to the initial laser power. We demonstrate the continued MP
signals after the laser amplification system in the gas scattering
experiments.
II. MPTS SYSTEM WITH AMPLIFICATION SYSTEM

A schematic diagram of the new MP system with the
amplification system is shown in Fig. 1. This system is based
on the GAMMA 10/PDX-MPTS system, which has been used
to successfully observe the electron temperature and density
of the GAMMA 10/PDX plasma.6,7 A horizontally polarized laser beam from the yttrium-aluminum-garnet (YAG)
laser (Continuum, Powerlite 9010, 2 J/pulse, and 10 Hz) is
focused onto the plasma center by the first convex lens (CVI,
f = 2229 mm, φ = 50.8 mm) from the downside port window after passing a short-pass mirror, two Faraday rotators for
isolation, two half-wave plates, two polarizers, a Pockels cell
(Gooch & Housego, QX1630, aperture of 15 mm), mirrors,
and irises. After interacting with the plasma, the laser beam
is emitted from the upper-side port window and is collimated
by the second convex lens (CVI, f = 2229 mm, φ = 50.8 mm).
These lenses maintain the laser beam quality during the MP
propagation through the image-relaying optical system from
the iris to reflection mirror 1 . In Fig. 1, the bold red lines with
arrows show the first passing laser trajectory. The laser beam
is reflected by reflection mirror 1 for the second pass and is
focused again onto the plasma. The blue lines with arrows show
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the second passing laser trajectory in Fig. 1. The Pockels cell
switches the polarization of the laser beam from the horizontal to the vertical for the reflected passes during the gate pulse
(peak-to-peak of 10 kV and duration of ∼500 ns). We added
the second Pockels cell (FastPulse, CF1043SG-1064, aperture
of 16 mm) and polarizer before introducing reflection mirror
2 to allow the third laser to pass. The laser light is confined
between reflection mirrors 1 and 2 for the MP propagation
when the second Pockels cell is off. For the TS light collection
optics, we used an Al:SiO2 -coated spherical mirror with a curvature radius of 1.2 m and a diameter of 0.6 m. The scattered
light is collected and reflected by the spherical mirrors, after
which it reaches an optical fiber bundle with a cross section of
2 mm × 7 mm. The scattering angle is 90◦ . The measurable
radial positions are X = 0, ±5, ±10, ±15, and ±20 cm. Each
channel of 6.67-m-long optical fiber bundle is connected to
a five-channel polychromator. The fiber aperture is located
at approximately 0.873 m away from the spherical mirror.
The polychromator is comprised of five relay and collection
lenses, five interference filters, and five silicon avalanche photodiodes with preamplifiers. The 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). Four-channel high-speed oscilloscopes
(IWATSU, DS5524A) are used to measure four wavelength
channels with a bandwidth of 200 MHz and a sampling rate
of 1.0 GS/s. The signals are recorded by Windows personal
computers using the IWATSU multi-oscilloscope control
software (IWATSU, MultiVControl V2.23). The electron temperatures are calculated by the chi-squared method.8,19 To
increase the degraded MP laser beam power, we newly
added the laser amplification system onto the normal MP
configuration. We switched on the second Pockels cell to
change the laser beam trajectory to the laser amplification
system after passing through the polarizer, half-wave plate,

FIG. 1. Schematic diagram of the
MPTS system with the amplification
system.
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Faraday rotator, and mirrors. In the laser amplification system,
we set the beam profile adjuster, the amplifier (Continuum,
Surelite-III amplifier system), and the 90◦ rotator. During the
switching of the second Pockels cell (peak-to-peak of 10 kV
and duration of ∼100 ns), the laser amplification system functioned as intended. Subsequently, the amplified laser beam
went back to the normal MP system through the polarizer. In
Fig. 1, the orange line shows the amplified laser trajectory to
the normal MPTS system. We have constructed the new MPTS
system with an amplification system.
III. EXPERIMENTAL RESULTS

Initially, we checked the characteristics of the laser amplification system, such as the best timing to inject the laser beam
to the amplification system and its increase rate. We directly
injected the base laser from the laser beam pass from 3 to 4
shown in Fig. 1 to the amplification system. Figure 2 shows
the laser amplification against the delay time after triggering
the base YAG laser system, in which the input base YAG laser

FIG. 2. Laser amplification power against delay time after triggering the base
YAG laser.

FIG. 3. Laser amplification power against injected laser power at the delay
time of 40 µs.

FIG. 4. Laser amplification factor of the laser amplification system.

power was 2.01 W. The maximum output laser power was
observed at the delay time of 40 µs after triggering the base
YAG laser system. Figure 3 shows the laser amplified output power against the injected laser power at the best laser
injection delay timing of 40 µs. The injection laser power of
approximately 4 W to the amplification system was increased
up to 16 W, which was the initial laser power of approximately 16 W in our typical TS experiments. The power of the
laser amplification system could increase up to the initial laser
power by a single-pass amplification. Figure 4 shows the laser
amplification factor of the laser amplification system. The laser
amplification rate is approximately 4 at the input laser power
of 4–5 W. It is thought that the laser amplification system is
useful for a long-time MP system.
We applied the new MPTS system to the Rayleigh gas
scattering experiments. Nitrogen gas of 6.8 kPa is filled in
the GAMMA 10/PDX device. Figure 5 shows the measured
MP signals with the new MPTS system in the gas scattering
experiments. We indicated the MP signal pass numbers and

FIG. 5. MP signals with a new MPTS system in the Rayleigh gas scattering
experiments. We indicated the pass numbers and the MP signals after injection
of the amplification system.
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the MP signals after the amplification system. The laser beam
after six passes was injected to the amplification system. At
this time, the delay time of the amplification system is 100 µs.
The signal intensity at pass seven is lower than that at the first
pass. We successfully obtained the MP signals from the 7th
to the 10th passes after the amplification system. We successfully constructed the new MPTS system with an amplification
system to obtain the long duration of the MP signals.
IV. SUMMARY

We constructed a new MPTS system with an amplification
system, which can obtain more MPTS signals. The laser amplification system can improve the degraded laser power after
multi-passing in the MP system up to the initial laser power.
We successfully obtained the continued MP signals after the
laser amplification system in the gas scattering experiments.
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