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The two-dimensional (2-D) image of high temperature plasmas in the GAMMA 10 tandem mirror has been
measured at the central-cell by using a high-speed camera. Temporal behavior of visible image in the central-
cell was observed with high-speed camera in the experiment of antenna optimization of central-ECRH system.
Observed results showed a significant dependence on the position of the central-ECRH antenna. We discuss the
characteristics of the fluctuation in the light emission intensity and the correlation with the radial distribution of
electron density in the period of ECRH.
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1. Introduction
Two-dimensional (2-D) imaging of plasmas with a

high-speed camera can capture the instantaneous 2-D
plasma structure and provides useful information about
shape, position and motion of the plasma. Recently, devel-
opment of the performance in high-speed cameras enables
us to effective means to analyze the 2-D imaging of the
plasma behavior in detail. Therefore the 2-D imaging di-
agnostics with the high-speed camera has been employed
in many fusion plasma devises [1–3].

The 2-D imaging of turbulent structure of high tem-
perature plasmas in the GAMMA 10 Tandem Mirror has
been measured at the central-cell by using a high-speed
camera [4–6]. In GAMMA 10, plasmas are produced by
ion cyclotron heating (ICH) and gas puffing and additional
heating with electron cyclotron resonance heating (ECRH)
and neutral beam injection (NBI) are supplied. The diag-
nostics of the plasma behavior with the high-speed cam-
era give us lots of useful information for controlling the
plasma condition about plasma response on the heating
systems, gas puffing and limiters. In GAMMA 10, 2-D
image of plasmas were observed by the high-speed camera
in various experiments such as gas-puff-imaging (GPI) and
hydrogen pellet injection [7].

The purpose of this study is to obtain some approach
for understanding physical mechanism about plasma tur-
bulent structure and its time-evolution by the observation
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of plasma fluctuation and rotation. In this paper, we fo-
cus the plasma behavior in response to the injection of
central-ECRH (C-ECRH) for bulk electron heating into the
plasma under a good confinement condition obtained by
plug-ECRH (P-ECRH) and barrier-ECRH (B-ECRH).

In the following Sec.2, experimental setup which con-
sists of GAMMA 10 tandem mirror, the high-speed cam-
era and the C-ECRH system is explained. Sec.3 describes
the results of the experiment of antenna optimization in
the C-ECRH system. In Sec.4, we discuss characteristics
of fluctuation and the correlation between the light emis-
sion intensity and radial distribution of electron density. In
Sec.5, the summary is shown.

2. Experimental Setup
2.1 GAMMA 10 tandem mirror

The GAMMA 10 tandem mirror is an open mag-
netic plasma-confining device with thermal barrier [8]. It
consists of central-cell, anchor-cells, plug/barrier-cells and
end-cells as shown in Fig. 1. As the midplane of the
central-cell is defined as z = 0 cm, west and east direc-
tions correspond to plus and minus on z-axis, respectively.
The central-cell is main region to confine plasma and 6 m
in length and the diameter of 1 m. A central-limiter to
limit the plasma diameter is located near the midplane
(z = +30 cm) and 400 mm in diameter. In each anchor-
cell, a minimum-B magnetic field is built for stabilizing
the whole plasma. In the plug/barrier-cell, electrostatic po-
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Fig. 1 Schematic view of GAMMA 10. (a) Coil arrangement,
(b) magnetic flux tube and the location of plasma produc-
tion and heating systems, (c) limiters and diagnostics in
the central-cell.

tentials are built by P-/B-ECRH for confining the plasma
in the central-cell. Primary plasma is built up by plasma
guns located in both end-cells. The plasma is sustained by
ICH and gas puffing. Additionally, C-ECRH and neutral
beam injection (NBI) are supplied for the plasma heating
in the central-cell.

2.2 High-speed camera and other diagnos-
tics

The high-speed camera (MEMRECAM fx-K5, NAC
Inc.) is mounted at the midplane of the central-cell
(z = 0 cm). The framing speed of the high-speed cam-
era is 40,000 frames per second and the imaging size is
144× 192 pixels. Fig. 2 shows the schematic view of the
high-speed camera in the cross-section of the central-cell.
The high-speed camera observes the plasma behavior on z-
axis including the central-limiter through a horizontal port
and is sufficiently capable of measuring the light emis-
sion with a band of wavelength in visible ranges. The
light emission mainly arises from the interaction between
plasma and the central-limiter.

A microwave interferometer and a diamagnetic loop
are installed near the midplane of the central cell to mea-
sure the electron line-density (NLcc) and the diamagnetism
(DMcc) in the central-cell.

2.3 Experiment of antenna optimization in
the central-ECRH system

The C-ECRH pulse is injected into the plasma for
the bulk electron heating in the central-cell. As shown
in Fig. 3, the microwave of C-ECRH (28 GHz - 400 kW) is
launched to mirror throat region between the central-cell
and the east anchor-cell. The microwave power is absorbed
near a fundamental harmonic region around z = -240 cm.
In 2008, the antenna of C-ECRH has been upgraded as a
vertical steering function from a fixed type in order to opti-

Fig. 2 Schematic view of the central-cell cross-section and the
location of the high-speed camera.

Fig. 3 Schematic view of central-ECRH Injection.

mize the C-ECRH launching condition experimentally [9].
The standard position of C-ECRH antenna is defined as
d = 0 mm, which is determined from the calculation of mi-
crowave propagation. Upper and lower directions of the
antenna correspond to plus and minus, respectively. Ac-
cording to the antenna position, focal point in the plasma
moves vertically in the range of ± 10 mm in the same direc-
tion. We investigated the dependence of the plasma perfor-
mance during C-, P-, and B-ECRH on the antenna position.
In typical Hot-ion-mode plasmas, C-ECRH is injected in
the period of P-/B-ECRHs for confining plasma.

3. Experimental Results
Fig. 4 shows the time behavior of DMcc and NLcc

during all ECRHs in the discharge with each position of the
antenna of C-ECRH ((a) d = +10 and (b) d = -9 mm). It is
recognized that DMcc gradually increases along with the
pulses of P-ECRH and C-ECRH in the both cases. How-
ever, DMcc turns to decrease near t = 185 ms in the course
of applying all ECRHs in the higher antenna position (d =
+10 mm) as shown in Fig. 4 (a). On the other hand, in the
case of lower position (d = -9 mm), there are no decrease
of DMcc during all ECRHs as shown in Fig. 4 (b).

Fig. 5 (a) shows an example of 2-D image of plasma.
It shows that the light emission arises strongly from the
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Fig. 4 Time behavior of plasma parameters; Diamagnetism
(DMcc), electron line density (NLcc) in the central-cell.
Antenna position: (a) d = +10 mm, (b) d = -9 mm.

Fig. 5 (a): An example of 2-D image of plasma. Time evolution
of the light emission intensity on the vertical pixels (white
line in (a)) including the edge of the central-limiter (white
dashed circle): (b) d = +10 mm, (c) d = -9 mm.

bottom of the central-limiter (white dashed circle). The
time evolution of the light emission intensity on vertical
pixels (white line in the figure) including the edge of the
central-limiter is shown in Fig. 5 (b) and (c). In the case
of higher antenna position (d = +10 mm), as shown in
Fig. 5 (b), it is found that light emission during all ECRHs

Fig. 6 Dependence of the antenna position on the peak intensity
of the light emission and the intervals between the time
observed at the peak intensity and the start time of C-
ECRH injection.

Fig. 7 The peak value of Necc and change of FWHM of radial
distribution of Necc.

increases gradually near the bottom of the central-limiter
at the same time that DMcc begins to decrease. It suggests
that plasma energy is lost by charge-exchange reaction due
to the enhancement of hydrogen recycling near the bottom
of the central-limiter. On the other hand, in the case of
lower position (d = -9 mm), the intensity of the light emis-
sion is low during all ECRHs and there are no increase of
the light emission from the bottom of the limiter as shown
in Fig. 5 (b).

The dependence of the peak intensity of the light
emission during all ECRHs is plotted on the C-ECRH an-
tenna position in Fig. 6. The intervals between the time ob-
served at the peak intensity and the start time of C-ECRH
injection are also plotted. The peak value of the light emis-
sion tends to increase according to the height of the an-
tenna position. It is also found that the peaking time of the
light emission (filled circle) reaches after the peaking time
of the central value in the electron density (open circle)
determined from the radial profile measurement of NLcc.
The time difference from peaking of Necc to peaking of
the light emission has little dependence on the antenna po-
sition.
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Fig. 8 Frequency of the visible light fluctuation near the bottom
of the central-limiter by FFT analysis.

The dependence of the time evolution of the radial
profile in the electron density on the antenna position is ex-
amined during all ECRHs. As shown in Fig.7, the change
in FWHM value of Necc(r) and its peak value are plotted
as a function of the antenna position. It is revealed that
higher position of the antenna tends to contribute to higher
electron density plasma production in the central-cell. It
is also found that the electron density distribution tends to
expand more widely according to the height of the antenna
position.

4. Discussion
From the experimental results, DMcc increases to-

gether with the start of all ECRHs in every positions of
the C-ECRH antenna. However, in higher antenna posi-
tion, DMcc turns to decrease in the course of applying all
ECRHs at the same time that Necc radial distribution ex-
pands widely. Then the light emission arises strongly near
the bottom of the central-limiter. This phenomenon of the
light emission takes place after the peaking of Necc. It is
also found that the higher antenna position has a tendency
to produce the higher Necc. After Necc increases to a cer-
tain upper limit, its radial distribution is flattened, which
suggests the enhancement of radial particle transport in this
period. At present, outward particle flux is not measured
yet. However, it can be consistently explained from this

mechanism that edge Necc increases and the light emission
arises strongly due to the interaction between edge plasma
and the bottom of the central-limiter. It also suggests that
this phenomenon causes degradation of the stored energy.

The frequency of the light emission fluctuation near
the bottom of central-limiter observed in the case of higher
antenna position is investigated by Fourier analysis. As
shown in Fig. 8, low-frequency fluctuation (1-6 kHz) is ob-
served to be dominant in the period that DMcc is decreas-
ing. The relationship between these frequencies of fluctu-
ation and above mentioned radial transport mechanism is
not clarified yet.

5. Summary
The two-dimensional (2-D) imaging of the plasma be-

havior in the experiment of antenna optimization in the
central-ECRH system was measured at the central-cell
by using a high-speed camera in the GAMMA 10 Tan-
dem Mirror. 2-D diagnostics using high-speed cameras
are proved to be a useful tool for the optimization of the
plasma production and heating. In this study, it is re-
vealed that antenna position of C-ECRH is important for
the plasma heating.
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