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We observed the suppressions of density fluctuations by the potential formation during electron cyclotron
heating (ECH) in the GAMMA 10 tandem mirror plasma.

lower region, the density fluctuation powers are larger than those in the other positions.

In the radial positions where electric field gradient is
Moreover, we observed

the suppression of the potential fluctuation during the confining potential formation by ECH. The density and

potential fluctuations are observed by using the multichannel interferometer and gold neutral beam probe system

(GNBP), respectively. Then, we can study more detail about plasma confinement during the formation of

confinement potential produced by ECH.
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1. Introduction

The study of turbulent fluctuations in magnetic
confinement system is very important for improving the
plasma confinements. Various theories predict such
turbulent fluctuations lead to anomalous transport and
energy loss in the transverse direction. Low frequency
plasma turbulence and the resultant anomalous transport
observed in various devices exhibit rather common
features [1,2]. In the tandem mirror GAMMA 10, the
plasma confinement is achieved by not only a magnetic
mirror configuration but also high potentials at the both
end [3-11]. We
multi-channel microwave interferometer in order to

regions have constructed a
measure the electron density and density fluctuation
shot [10,11].

we have observed the potential and its

radial profiles in a single plasma
Moreover,
fluctuation by using the gold neutral beam prove system
(GNBP) [9].

fluctuation when

We can observe the density and potential
the
formation during the application of ECH in a single

axial confinement potential

plasma shot. We observed the suppressions of density
fluctuations by the potential formation during ECH.
The density and potential fluctuations are observed by
using the multi-channel interferometer and GNBP,
respectively.
plasma confinement during the formation of confinement
potential produced by ECH.

Then, we can study more detail about

In this paper, we show the phase differences between
radial positions of electron densities for the first time, in
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order to study the direction of the fluctuation propagation.
Moreover, we show the results of particle flux analysis by
using the GNBP during the formation of the confinement
potential with the application of ECH.

2. Experimental Apparatus

GAMMA 10 is an effectively axisymmetrized
minimum-B anchored tandem mirror with thermal barrier
at both end-mirrors (Fig. 1). In Fig. 1, we show the axis
on GAMMA 10. Detail of GAMMA 10 is shown in
elsewhere [3-11]. The main plasma confined in
GAMMA 10 is produced and heated by ion cyclotron

range of frequency power (ICH). The potentials are
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Fig. 1. GAMMA 10 tandem mirror.

produced by means of ECH at the plug/barrier region.
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The typical electron density, electron and ion

temperatures are about 2 x 10" m'3, 0.1 keV and 5 keV,
respectively.

2. 1. Multi-channel Microwave Interferometer

In order to measure radial profiles of both density and
density  fluctuation, we have constructed the
multi-channel microwave interferometer [10,11]. This
system can measure electron density and its fluctuation
radial profiles in a single plasma shot. It is installed in
the central cell mid-plane (z=0 m). It is designed using
Gaussian-beam propagation theory and ray tracing code.
Details of this system are shown in elsewhere [10, 11].
A probe microwave beam is injected into the plasma by
the transmission horn which is set at the x =1.15 mand y
=-0.10 m though a Teflon lens system from the upper
port of the GAMMA 10. The probing locations are y =
0.05 m (ch. 1), 0.01 m (ch. 2), =0.02 m (ch. 3), —0.07 m
(ch. 4), —0.10 m (ch. 5), and —0.12 m (ch. 6) at the central
horizontal axis of GAMMA 10. The spatial resolution
of the system is approximately 3 cm. The
line-integrated electron density of each position is
calculated numerically. The phase change between the
probe and the reference beams is given by the electron
The Abel inversion technique is used for
Then we

density.
obtaining the electron density radial profile.
can obtain the time dependent radial electron density
profiles only by using the multi-channel interferometer in
a single plasma shot. We can obtain the temporal
electron density on each radial no(r,1).
Normalized electron density Fast-Fourier-Transformed
(FFT) frequency spectra are calculated at each radial
position.

position,

2. 2. Gold Neutral Beam Probe
We measured the potential and its fluctuations by

using a gold neutral beam probe system (GNBP) in the
central cell [9]. Details of the GNBP are shown in
elsewhere [9]. The plasma density and potential as well
as their fluctuations can be measured. Analyzed beam
position and beam current in the energy analyzer
correspond to the potential and the relative density,
respectively. By sweeping the beam trajectory, the
system can measure radial profiles of the potential and
relative density, and their fluctuations, simultaneously.
However, in this experiment, we fixed the beam
trajectory in order to measure the potential and density
fluctuation at near the center.

3. Density fluctuation measurements
The plasma is produced at 50.5 ms and sustained by

ICH. Then barrier-ECH is applied between 159.5 and
204.5 ms to create thermal barrier potential and
plug-ECH is applied between 160.5 to 180.5 ms to create
confining potentials. Central-ECH is applied between
161.0 to 176.0 ms to increase the electron temperature.
Figure 2 shows a time variation of line-integrated density
(solid line) measured by the movable interferometer and
diamagnetism (dotted line) with the heating sequence.
The diamagnetism and electron line density increase with

applying ECH. The plasma electron density in the
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Fig. 2. Temporal behavior of the line density and
diamagnetism.

central cell is measured by only using the reconstructed
multi-channel microwave interferometer in a single
plasma shot. The full width at half maximum of the
plasma density before applying ECH is about 0.194 m
and that during ECH is about 0.200 m. Then the plasma
densities before and during ECH are almost the same.
The density on the plasma axis is about 2.5 x 10'® m™.
About 20 % of error is included in this measurement,
compared with the results of shot-by-shot movable
interferometer measuring method.

Normalized electron density FFT frequency spectra
are displayed in FIG. 3 for each position. FFT spectra of
each channel before ECH (hair line, t = 120—-122.56 ms)
and during ECH (solid line, t = 170-172.56 ms) are
shown in FIG. 3 (a) at horizontal position of 0 m, 3 (b) at
0.03 m, 3 (c) at 0.06 m, and 3 (d) at 0.09 m, respectively.
It is noticed that the FFT power on each position of
plasma densities is suppressed during the application of
ECH. The frequency peaks of about 9 kHz are observed
before the application of ECH and during application of
ECH those frequency peaks are suppressed.

Phase difference near the frequency of 9 kHz
between radial position of r =0 cm and 3 cm, r = 3 cm
and6cm, r=6 cmand 9 cm, and r=9 cm and 12 cm are
calculated by cross spectra between them (Fig. 4). In
Fig. 4, the closed circle and closed square show the phase
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differences at t = 120-122.56 ms and that at t =
170-172.56 ms, respectively. It is confirmed that the
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Fig. 3. FFT spectra of each channel before ECH (hair
line, t = 120—122.56 ms) and during ECH (solid line, t
= 170-172.56 ms) are shown in (a) at horizontal
position of 0 m, (b) at 0.03 m, (c) at 0.06 m, and (d) at
0.09 m, respectively.

show the phase differences at t = 120-122.56 ms and
that at t = 170—172.56 ms, respectively.
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Fig. 4 Phase difference between radial position of r =
Ocmand3cm,r=3cmand 6 cm, r=6 cm and 9 cm,
and r =9 cm and 12 cm are calculated by cross spectra
between them. The closed circle and closed square
show the phase differences before applying ECH and
those during the application of ECH, respectively.

phase differences before application of ECH have the
direction from the central to the outer on the outer
position of plasma compared to that during application of
ECH.
4. Density and fluctuation
measurements

The central-cell potential is raised due to plug

potential

potential formation because of improved electron
confinement between the central cell and the plug regions
in GAMMA 10. Without plug ECH, the potential is
relatively low (around 200-300 V). In Fig. 5, we show
the FFT spectra of the potential fluctuations measured by
using the GNBP system. The peak at the frequency of 9
kHz is observed. When the plug ECH applied (170 ms),
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Fig. 5 The FFT spectra of the potential fluctuations
measured by using the GNBP system.
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Fig. 6 The particle flux measured at r ~ 2 cm, where
the hair line and bold line show the particle flux before
application of ECH and that during ECH, respectively.
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the decrease of the coherent fluctuation of the 9 kHz peak
is observed.

The particle flux was evaluated from the fluctuations
of the potential and the density and their phase difference
measured by GNBP. In GAMMA 10, the azimuthally
propagating electrostatic fluctuations are observed.
Radial particle flux for experimental investigation is

1 ¢ sin an¢da) , where kg,

, 27
derivedas I') = E.[kg Y ng
0

Yod n, ¢ , Opy show the wave number, the coherence

between the density and the potential fluctuations, the
density and the potential fluctuations, and the phase
difference between the density and the potential
fluctuations, respectively. We observed the potential
and the relative density fluctuation frequencies of about
10 to 12 kHz which correspond to the drift type
fluctuation. Figure 6 shows the particle flux measured
at r ~ 2 cm, where the hair line and bold line show the
particle flux before application of ECH and that during
ECH, respectively. The frequency peak about 9 kHz
before application of ECH are observed. However, it is

decreased during the ECH.

5. Discussion

It is noticed that the FFT power of coherent modes
by measurements of the electron density and potential are
suppressed during the axially confined potential with
application of ECH. The frequency peak of coherent
mode about 9 kHz which correspond to the diamagnetic
drift is observed before the application of ECH. During
the application of ECH the frequency peak of 9 kHz is
suppressed. The lower frequency fluctuation, from 2 to
6 kHz, increase is observed during ECH. During ECH,
the fluctuation power increase with the production of the
higher potential in the central cell.

We carried out the phase difference analysis of the
electron density fluctuations between the positions, in
order to study the fluctuation propagations for the first
The study of phase differences between the
positions show that the direction of the fluctuation
propagation near the frequency of 9 kHz on the period
before application of ECH is from the central to the outer

time.

in the outer region. The phase difference during the
period during the application of ECH is from the outer to
the central in the central region of the plasma.

The density and potential fluctuation of coherent
mode are suppressed during the formation of the
confinement potential with application of ECH. Further
studies are required about the density fluctuation

suppression mechanisms in the potential confinement
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during the application of ECH.

The particle fluxes during the application of ECH
The
particle flux analysis shows that particle flux induced by

are analyzed by using GNBP for the first time.

the coherent mode fluctuation near the frequency of 9
kHz before application of ECH is larger than that during
the application of ECH. However, in this plasma, the
the
plasma particle

increase
application of ECH makes the
confinement worse than that before the application of
ECH in the core region.

lower frequency fluctuation during

6. Summary

We studied the density and potential fluctuations
during the formation of the confinement potential with
application of ECH in GAMMA 10 by using both the
multichannel microwave interferometer and GNBP. It
that low frequency fluctuation, which
corresponds to the diamagnetic drift, is suppressed during
the formation of confining potential by the application of
ECH.

is found
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