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We developed an yttrium aluminum garnet (YAG)-Thomson scattering (TS) system for radial profile mea-
surements of electron temperature and density in the GAMMA 10/PDX central cell. The optical collection system
for TS light was constructed from three spherical mirrors and nine bundled optical fibers. The radial positions
were intervals less than 5 cm in the range of ± 20 cm and were measured by moving the fixed fiber bundle posi-
tion from shot to shot. We constructed a multi-pass TS system with laser amplification, which can increase the
signal intensity and time resolution of the TS diagnostic system. In addition, we installed the end-TS system
using the central-TS YAG laser in order to measure the electron temperature and density in a divertor simulation
experimental module in the GAMMA 10/PDX end cell.
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1. Introduction
Thomson scattering (TS) is one of the most useful

diagnostic methods for measuring electron temperature
and density in plasmas and fusion devices [1–10]. How-
ever, lower electron density areas, such as in GAMMA
10/PDX and spherical region of fusion plasmas, require
large numerical aperture collection optics, longer scatter-
ing lengths, and high-sensitivity detection systems. In
GAMMA 10/PDX, we installed an yttrium aluminum gar-
net (YAG)-TS system featuring large angle collection op-
tics, a long scattering length optical system, and a high-
sensitivity light detection system [8, 9]. The YAG-TS sys-
tem can measure electron temperatures and densities in
seven radial positions in a single laser shot at 10 Hz.

GAMMA 10/PDX is an effectively axisymmetric
minimum-B anchored tandem mirror with a thermal bar-
rier at both end mirrors [11]. The x-axis and y-axis are
perpendicular to the magnetic field in the vertical and hor-
izontal directions, respectively, and the z-axis is parallel to
the magnetic field. Plasma is created by plasma guns and
is heated and sustained using ion cyclotron heating (ICH)
systems. In addition to ICH, electron cyclotron heating
(ECH) is applied to produce the electron and ion confine-
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ment potential in the plug (P) and barrier (B) cells.
In the central cell, we performed direct electron heat-

ing by applying central (C) ECH [12]. We performed su-
personic molecular beam injection (SMBI) in central and
anchor cells to increase plasma density and produce a
higher end-loss flux for divertor plasma experiments [13].
In the end region, we installed the divertor simulation ex-
perimental module (D-module) to perform divertor simu-
lation experiments. To measure the electron temperature
and density at the D-module, the new TS system must be
installed in this region.

The electron density, electron temperature, and ion
temperature in the central cell were measured using the
YAG-TS system, microwave interferometers, a soft X-ray
measurement system, and a charge exchange neutral parti-
cle analyzer system [14–17]. The typical electron density,
electron temperature, and ion temperature were approxi-
mately 2×1018 m−3, 100 eV, and 5 keV, respectively, during
the application of P/B-ECH. In the D-module, the electron
temperature and density were measured using electrostatic
probes on the target plate and a helium line emission in-
tensity ratio spectroscopic system. Using the TS system is
therefore important for the direct measurement of electron
temperature and density in the D-module.

The optical collection system for TS light was con-
structed from three spherical mirrors and nine bundled op-
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tical fibers. The radial positions were measured by chang-
ing the fixed, bundled optical fiber slot position, set on a
lab jack, in intervals less than 5 cm in the range of ± 20 cm.
Three spherical mirrors for collecting TS light consisted of
the first main spherical mirror and the top (second) and bot-
tom (third) mirrors of the main collection spherical mirror
for increasing the TS light intensity at the lower and upper
edges of the plasma region, respectively.

In GAMMA 10/PDX, we developed a polarization-
based multi-pass TS system with image-relaying optics for
increasing the TS signal to allow for high-speed temporal
measurements [18]. In a normal multi-pass TS system, in
contrast, the signal intensity decreases with each pass due
to the loss in laser power from reflection from multiple op-
tical components. To address this problem, we upgraded
the multi-pass TS system by adding a laser amplification
system [19].

In this paper, we present the development of the YAG-
TS system in GAMMA 10/PDX for measuring detailed ra-
dial profiles of electron temperature and density, a multi-
pass TS system with laser amplification, and a newly in-
stalled end-YAG-TS system.

2. YAG-TS System in GAMMA
10/PDX
Figure 1 presents GAMMA 10/PDX and the YAG-

TS system. The central cell (CC)-YAG-TS system and
the end-YAG-TS system were installed at z = 0.6 m and
z = 10.875 m, respectively. The YAG-TS system consisted
of a laser, incident optics, light collection optics, signal de-
tection electronics, and a data recording system.

2.1 CC-YAG-TS system
Figure 2 presents the side view of the CC-YAG-TS

system. A 10 Hz Nd:YAG laser (Continuum, Powerlite
9010) with an energy per pulse of 2 J and a pulse width
of approximately 10 ns, operating at a fundamental wave-
length of 1064 nm, was used. The laser traveled through a
short-pass half mirror, two Faraday rotators, two polariz-
ers, two λ/2 plates, four mirrors, and an iris on the optical
bench. The laser beam was injected into the plasma from
the lower port though a focusing lens with f = 2.25 m in

Fig. 1 Overall schematic of GAMMA 10/PDX and the TS sys-
tem.

the central cell. The laser beam diameter at the plasma cen-
ter was approximately 1 mm by the focusing lens. The po-
larization of the laser in the plasma was in the z-direction.

For light collection optics, three spherical mirrors
coated with Al:SiO2 were used. The main spherical mir-
ror had a radius of 1.2 m and a diameter of 0.6 m. For light
collection of the lower edge of the plasma, a second spher-
ical mirror with a curvature radius of 1.2 m and a diameter
of 0.2 m was set on top of the main spherical mirror [10].

The third collection mirror had a curvature radius of
1.1 m and a rectangular cross section of 0.12×0.30 m2 and
was set on the lower side of the main spherical mirror to
increase the TS light from the upper edge of the plasma
region. This additional mirror system was useful for in-
creasing the TS signal from the plasma edge. The distance
between the center of the main mirror and the center of
the additional mirror was approximately 0.34 m. The mir-
ror size was optimized to obtain maximum collection effi-
ciency, taking into consideration the solid angle and setting
positions. Scattered light was collected by the spherical
mirrors and reflected and reached a bundled optical fiber
with a cross section of 2 × 7 mm2. The magnification of
the collection optics was 1/2.2. The length of scattering
volume along the laser was 15.4 mm, and the scattering
angle was 90◦.

The main collection mirror had a solid angle of
0.078 sr. After passing through the plasma, the laser beam
exited the upper port and was absorbed by a beam dump
through the mirror flipper system. A 6.67 m-long bundled
optical fiber (Mitsubishi Densen, FS10-43001A) was con-
nected to a 5-channel polychromator. The bundled opti-
cal fiber had a large numerical aperture of approximately
0.47. The fiber slot was located approximately 0.873 m
away from the spherical mirror. The fiber positions were
fixed by a fiber slot on the lab jack (Thorlabs, L490). The
radial positions were measured by changing the fiber slot
position from shot to shot in intervals less than 5 cm, in the
range of ± 20 cm.

The polychromator was composed of five relay and

Fig. 2 Side view of TS system in GAMMA 10 central cell.
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collection lenses, five interference filters, and five silicon
avalanche photodiodes (Si-APD, PerkinElmer, C30950E,
and C30659-1060-3AH) with a preamplifier (Tokyo Opto-
Electronics, PLM12A001-3). The measured wavelengths
of the polychromator were 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 os-
cilloscopes (IWATSU, DS5524 and DS5524A) were used
to measure four wavelength channels simultaneously with
a bandwidth of 200 MHz and a sampling rate of 1 GS/s.
The measured signals were recorded with IWATSU multi-
oscilloscope control software (IWATSU, MultiVControl
V2.23) on a Windows PC.

In a typical operation of GAMMA 10/PDX with a
0.2 s duration, two laser shots can be collected. We
performed the spectral calibration of the sensitivities of
5-channel polychromators using standard light (Oriel,
#66890) and a spectrometer (Oriel, CS130). In the CC-
YAG-TS system, the electron temperature was deduced by
a nonlinear least-squares fit procedure at the integrated out-
put signals of each channel. The fit was obtained using a
look-up table, which contains the calculated intensities ex-
pected in each channel for intervals from 1 to 500 eV. Elec-
tron temperatures were obtained by interpolating between
the tabulated values that minimize the chi-square value.

2.2 End-YAG-TS system
The end-YAG-TS system was located at the end re-

gion, z = 10.875 m. The YAG laser beam was divided and
sent to the end-TS system following the second polarizer,
which changed the polarization from horizontal to verti-
cal by a half-wave plate on the optical bench of the CC-
YAG-TS system. The divided laser beam entered the end
region through an aluminum pipe and was injected into the
D-module through the horizontal end observation port. In
the D-module, there was a hole with a diameter of 20 mm
in the observation window. The laser passed through the
opposite side of the D-module and was bent by the mir-
ror to be absorbed by the beam dump. The TS light in the
D-module was collected by an aluminum mirror with a di-
ameter of 15 cm and a curvature radius of 30 cm, set at a
distance of 56 cm away from the center axis, x = 0 cm. The
160◦ backscattered light was collected by a bundled optical
fiber (Mitsubishi Densen, FS14-43601B) with a cross sec-
tion of 7×2 mm2 and a length of 10.2 m. The length of scat-
tering volume along the laser was approximately 30 mm.

Figure 3 shows a schematic representation of the end-
TS system. The collection optics of the main collection
mirror had a solid angle of 0.050 sr. The optical fiber
was connected to a polychromator system. The measured
wavelengths of the polychromator were 1060.5 ± 0.5 nm
(CH. 1), 1059±1 nm (CH. 2), 1055±2 nm (CH. 3), 1050±
3 nm (CH. 4), and 1040 ± 7 nm (CH. 5). A four-channel
high-speed oscilloscope (IWATSU, DS5624A) was used to
measure four wavelength channels simultaneously with a

Fig. 3 Schematic view of the end-TS system.

Fig. 4 Schematic diagram of the multi-pass TS system with the
amplification system.

bandwidth of 200 MHz and a sampling rate of 1 GS/s. The
measured signals were recorded by the IWATSU multi-
oscilloscope control software on a Windows PC. The cali-
bration of the wavelength sensitivity of the system was per-
formed using the same method as in the CC-YAG-TS sys-
tem. In the end-YAG-TS system, we encountered a large
amount of stray light. This prevented gas scattering cali-
brations from being performed for density measurements.

2.3 Multi-pass TS system
A schematic diagram of the new multi-pass (MP) sys-

tem with amplification is shown in Fig. 4. This system is
based on the GAMMA 10/PDX-TS system. A horizontally
polarized laser beam from the YAG laser was focused on
the plasma center by the first convex lens from the lower
port window after passing a short-pass mirror, two Fara-
day rotators for isolation, two half-wave plates, two polar-
izers, a Pockels cell (FastPulse, CF1043SG-1064, aperture
of 16 mm), mirrors, and irises. After interacting with the
plasma, the laser beam was emitted from the upper port
window and collimated by the second convex lens. These
lenses maintained laser beam quality during the MP propa-
gation through the image-relaying optical system from the
iris to reflection mirror 1©.
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In Fig. 4, bold red lines with arrows represent the first
passing laser trajectory. The laser beam was reflected by
reflection mirror 1© for a second pass and was once again
focused on the plasma. Blue lines with arrows represent
the second passing laser trajectory in Fig. 4. The Pockels
cell changed the polarization of the laser beam from hor-
izontal to vertical for the reflected passes during the gate
pulse (peak to peak of 10 kV and duration of ∼500 ns). We
added a second Pockels cell and a polarizer before intro-
ducing toward the reflection mirror 2© to perform the third
laser pass. The laser light was confined between reflection
mirrors 1© and 2© for the MP propagation when the second
Pockels cell was off.

To increase the degraded MP laser beam power, we
added a new laser amplification system to the normal MP
configuration. The second Pockels cell was turned on to
change the laser beam trajectory toward the laser amplifi-
cation system after passing the polarizer, half-wave plate,
Faraday rotator, and mirrors. In the laser amplification sys-
tem, we set an amplifier (Continuum, Surelite-III ampli-
fier system) and a half-wave plate. When turning on the
second Pockels cell (peak to peak of 10 kV and duration
of ∼100 ns), the laser amplification system became opera-
tional. The amplified laser beam then returned to the nor-
mal MP system through the polarizer. In Fig. 4, the orange
line represents the amplified laser trajectory to the normal
MPTS system. Thus, we have successfully constructed a
new MPTS system with amplification.

3. Calibration Experiments
Raman and Rayleigh calibration experiments were

performed to evaluate the optical system and stray light
in the GAMMA 10/PDX-YAG-TS system. Nitrogen gas
was used and the pressure in the GAMMA 10 device was
raised to 300 Torr. The measured scattering signal was pro-

Fig. 5 Rayleigh scattering signals of the multi-pass system.

portional to the gas pressure. The linear component indi-
cated the scattering light, and the offset indicated the stray
light. We conducted a Raman scattering calibration for ra-
dial position measurements of x = 0, ±5, ±10, ±15, and
±20 cm, simultaneously. We changed the fiber slot po-
sition by ±1.25 cm and ±2.5 cm to obtain detailed radial
density calibration parameters. The electron density can
be obtained by comparing the linear components of the
Rayleigh and Raman scattering experiments in each posi-
tion to the total TS signal intensity. The estimated increase
rates of signal intensity with the second and third mirrors
are approximately 50% and 10%, respectively, at a radial
position of |x| = 15 cm.

The additional mirrors were useful for increasing the
TS signal intensities of the plasma edge region. MP sig-
nal calibration experiments were also performed to obtain
the calibration parameters along the pass signals. Figure 5

Fig. 6 Radial (a) electron temperature and (b) density.
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Fig. 7 Time-dependent (a) electron line density and (b) diamag-
netism.

Fig. 8 Multi-pass TS scattering signals.

illustrates the MP Rayleigh scattering signals without the
amplification system (blue line) and with the amplification
system (red line), respectively. It can be seen that using the
amplification system leads to improvements.

Fig. 9 Time-dependent (a) electron temperature and (b) density
measured by the multi-pass TS system at t = 151.5 ms.

4. Electron Temperature and Density
Measurements

4.1 Radial profile measurements
Plasma was produced from t = 50 to 240 ms with ICH

applied from t = 51 to t = 240 ms. Figure 6 shows the ra-
dial electron temperature (a) and density (b) resulting from
changing the fiber position from 0 to ±2.5 cm from shot
to shot, with laser injection time t = 122.5 ms. The red
circles, blue squares, and green diamonds represent the re-
sults measured at fiber slot positions Δx = 0 cm, −2.5 cm,
and +2.5 cm, respectively. We successfully obtained de-
tailed radial profiles of electron temperature and density
with three plasma shots.

4.2 MP measurements
Figure 7 demonstrates the electron line density (a) and

diamagnetism (b) in SMBI experiments. The plasma was
produced from t = 50 to 240 ms with ICH from t = 51 to
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240 ms. To produce the confinement potential, we applied
plug and barrier ECH from t = 145 to 165 ms. The SMBI
was injected at t = 150.0 ms with a pressure of 0.3 MPa
and a pulse duration of 0.5 ms. Figure 8 shows MP TS
signals for each channel at measuring position x = 0 cm
in the SMBI experiment. In Fig. 8, red, blue, green, and
black lines represent the outputs of CH. 1, CH. 2, CH. 3,
and CH. 4, respectively. The calculated time-dependent
electron temperature and density measured by each pass
are shown in Figs. 9 (a) and (b), respectively. Using the
MP TS system made it possible to successfully measure
time-dependent electron temperature and density.

5. Summary
We developed a YAG-TS system to measure the ra-

dial electron temperature and density in GAMMA 10/PDX
plasma. Using additional collection mirrors for improving
the TS signals from the plasma edge region and a movable
fiber slot position on a lab jack allowed us to measure a de-
tailed radial profile. The MP TS system successfully mea-
sured time-dependent electron temperature and density in
SMBI experiments. To increase the pass number of the MP
system, a laser amplification system was installed. Com-
paring Rayleigh scattering experiments with and without
the amplification system reveals a clear improvement when
the amplification system was used. In addition, the end-TS
system was installed in the divertor simulation experiment
(D-module) of GAMMA 10/PDX.
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