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Abstract

Alfvén ion cyclotron (AIC) modes are driven by a strong temperature anisotropy in the case of the
high power ion cyclotron range of frequency (ICRF) heating on the GAMMA10 tandem mirror.
Parameters on which the AIC modes are observed in the GAMMAI10 are much smaller than the
theoretically predicted parameters. The axial structure of the AIC modes is measured by magnetic probes

and depends strongly on the axial pressure profile. It is suggested that the axial boundary condition is

essential for the excitation of the AIC modes.
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1. Introduction

An ion cyclotron range of frequency (ICRF) wave
has been effectively used for plasma heating in the
GAMMAI10 tandem mirror. In the central cell which is a
main plasma confinement region, an ion temperature
reaches several keV and the temperature anisotropy T,/
T, (defined as the temperature ratio of the perpendicular
to the parallel to the magnetic field line) becomes above
10. As a result, Alfvén ion cyclotron (AIC) modes are
spontaneously excited due to the strong anisotropy [1].
The AIC modes are one of the micro-instability and are
in the branch of shear Alfvén wave. Although there are
many theoretical works for the AIC modes, there are
few experimental studies in the laboratory plasma. The
AIC modes in the GAMMAILO tandem mirror are
observed in the parameter region above f8,(T,/T)* ~ 0.3
[2], which is much smaller than the condition for the
absolute instability of B,(7,/T})> ~ 3.52, predicted by the
present theory [3]. The AIC modes have several discrete

peaks in the frequency spectrum which indicate the
excitation of eigen modes in the axial direction. The
scattering of ions to the parallel direction due to the AIC
modes is predicted theoretically. In the mirror
configuration, an increase of the scattering implies the
degradation of the confinement. In this paper, we study
the excitation mechanism of the AIC modes from the
axial structures of the AIC modes and the plasma
parameters.

2. Experimental Setup

GAMMAIO is the axisymmetrized tandem mirror
which consists of five mirror cells. The central cell is
the main plasma confinement region where the vacuum
chamber has an inner diameter of 1.0 m and a length of
6.0 m and the magnetic field strength in the midplane is
0.41 T. The ICRF antennas for plasma heating are
arranged near both ends of central cell and excite the
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slow wave. The ion cyclotron resonance layers exist
near the midplane of the central cell. The slow wave
propagates to the resonance layer and transfers the
energy to ions via the cyclotron dumping. Two anchor
cells for the macroscopic stability are located on both
sides of the central cell and two plug/barrier cells for the
formation of the confinement potential are located at the
outermost region.

Three diamagnetic loops are arranged on the
positions of z=-03m,z=+1.5m and z=+1.95 m to
evaluate the axial pressure distribution. The pressure
anisotropy is estimated from the diamagnetic loop array
by using the axial pressure profile models [4], and MHD
equilibrium equation [5]. We measure the magnetic
fluctuations generated in the plasmas by using the
magnetic probes. The magnetic probes are installed
along the magnetic field line and their positions are z =
—~1.12 m and z = -1.28 m to measure axial structure of
the AIC modes. The probe signals are analyzed by using
a conventional fast Fourier transform (FFT) method and
the axial wave numbers k are calculated from the phase
difference of two probes.

3. Experimental Results and Discussion
3.1 Characteristic of the AIC modes

Figure 1 shows the power spectrum of the magnetic
probe signal. The peak of 6.36 MHz in this figure is a
wave excited by the ICRF antennas for the plasma
heating. The AIC modes are shown below the ion
cyclotron frequency, where @/, = 0.8 ~ 0.9. The AIC
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Fig. 1 Power spectrum of the magnetic fluctuations
measured by the magnetic probe. The peak of
6.36 MHz is applied ICRF for the plasma heating.
AIC modes are excited in the range of w/€,; = 0.8 ~
0.9.
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modes in the GAMMAI0 is observed as the eigen
modes with discrete peaks in the frequency spectrum.
Each peak has different k; in the initial phase. An
existence of the axial boundary condition is suggested. It
becomes clear experimentally that the amplitude of the
AIC modes depends on f;, and the temperature
anisotropy of ions and is insensitive to the energy
distribution of the electrons [6]. This result is consistent
with the numerical calculation including the effect of the
electron temperature. Figure 2 shows the time evolution
of (a) plasma parameters, (b) k; of each peak of the
modes and (c¢) the amplitude of the AIC modes on the
typical discharge. In Fig. 2(a), the value of the
diamagnetic signal near the midplane is twice as large as
that off-midplane. It means that the central plasma has
strong temperature anisotropy. In Fig. 2(b), k; of each
peak approaches to nearly zero from a finite value as
increase of the diamagnetic signals. In Fig. 2(c), the
amplitude of AIC modes becomes remarkably large
when k) reaches zero. Since the probes are located off-
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Fig. 2 Time evolution of the plasma parameter on the
typical discharge: (a) an anisotropy and the
plasma pressure at the midplane and off-
midplane in the central cell, (b) k, of the AIC
modes, (c) the amplitude of the AIC modes.
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midplane at z =-1.12 m and z = —1.28 m, the variation
of k) indicates that there are two different regions of a
propagating wave and a standing wave. The AIC modes
are propagating from the midplane in the case of the
finite ky, and become standing waves when k;~ 0 [7]. In
the previous experiment, the AIC modes are observed as
the standing wave by inner probes located near z = -0.4
m. It is considered that the boundary of two regions
passes through the probe location as increase of the
plasma parameters. To clarify the excitation mechanism
of the AIC modes, it is necessary to understand
parameters of the boundary condition and the reflection
mechanism.

3.2 Axial boundary conditions of the AIC

modes

To find the parameters of the boundary condition,
we have analyzed data on the following two
experiments. One is an experiment with the different
magnetic field strength. In the case, the axial
distribution of the plasma pressure changes due to the
different location of the cyclotron resonance layer. We
employ two magnetic field conditions of 0.41 T and
0.39 T. The location of ICRF resonance layer in the case
of 0.39 T exists at the location outer than in the case of
0.41 T. As a result, the axial pressure distribution of
0.39 T is relatively flat in the axial direction. For
analysis of the AIC modes, we adopt the experimental
conditions with the same diamagnetic signal at the
midplane. Figure 3 shows the typical discharges of the
two condition. Figure 3(a) shows the temporal evolution
of the diamagnetic signals in the central cell on the
typical discharges. A solid line indicates the case of 0.41
T and the dotted line 0.39 T. In both cases, the
diamagnetic signal at the midplane reaches 6.0 X
105 Wb, it means the same pressure at the central cell
midplane. Figure 3(b) shows the parameter region of the
AIC modes in f,-anisotropy space. In this figure, open
circles and closed circles mean the cases of 0.41 T and
0.39 T, respectively. The B, at the midplane is almost
equal and the anisotropy is different in consequence of
the location of ICRF resonance layer. Figure 3(c) shows
the phase difference between two probes set at z = —1.12
m and z = -1.28 m as a function of the local
diamagnetism estimated from the axial pressure
distribution. Although the parameter region is different,
ky in both cases closes to 0 at the same value about 4.5 x
10> Wb. This suggests that the boundary is determined
by the pressure.

Another is an experiment with the different density.

When the electron cyclotron resonance heating (ECRH)
in both plug/barrier cells is used for the potential
formation, the density in the central cell increases due to
the improvement of the confinement. A typical
discharge is shown in Fig. 4. Figure 4(a) shows the
temporal evolution of the line density, the diamagnetic
signal and the anisotropy. An initial plasma is produced
and heated by ICRF waves and the potential
confinement by ECRH is performed from 130 ms to 190
ms. The density increases during ECRH pulse. Figure
4(b) and 4(c) shows the temporal evolution of the phase
difference and the amplitude of the AIC modes,
respectively. As mentioned previously, the pressure at
the probe location increases when the anisotropy
becomes weak in the case of the same diamagnetic
signal at the central cell midplane. The boundary
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Fig. 3 Plasma parameters in the experiments with the
different locations of the ICRF resonance layer: (a)
typical diamagnetic signals in both cases: solid
line for 0.41 T and dotted line for 0.39 T, (b)
parameter region of the AIC modes excitation, (c)
the phase difference between two probes as a
function of the diamagnetic signals at z=-1.2 m.
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Fig. 4 Plasma parameters in the experiment with the
potential confinement. ECRH is applied between
130 ms and 190 ms: (a) the line density, the
diamagnetic signal and the anisotropy in the
central cell, (b) the phase difference between two
probes and (¢} the amplitude of the AIC modes.

between the standing wave and the propagating wave
regions is expected to still exist outside the probe
location. However, Fig. 4(b) shows the phase difference
of each mode becomes finite when ECRH is applied.
The finite ky indicates the waves are propagating at the
probe location and the boundary moves toward the
midplane. When the density increases due to the
potential confinement under the condition of the fixed
heating power, it is considered the temperature
decreases relatively. The increase of the pressure at the
probe location is mainly due to the increase of the

density rather than the temperature. The experimental
results shown in Fig. 4 indicate the temperature at the
probe location decreases and is essential for the
mechanism of the wave reflection.

4, Conclusion

The AIC modes are strongly excited in the
parameter region above ﬁl(Tl/T”)2 ~ 0.3 in the
GAMMA10 tandem mirror, which is much smaller than
the parameters predicted by the theory. We discussed
the excitation of the AIC modes including the axial
boundary conditions. The AIC modes have two different
regions of the propagating wave and the standing wave.
These two regions are definitive element of AIC modes
excitation. It is suggested experimentally that the
boundary is determined by the axial temperature
distribution and is essential for the excitation of the AIC
modes in the GAMMAI10.
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