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The instabilities observed in many magnetic confinement devices induce radial particle transport. Density
and potential fluctuations were measured using a gold neutral beam probe in GAMMA 10. The plasma stored en-
ergy repeatedly increases and decreases during ion- cyclotron range of frequency heating. A drift-type fluctuation
was observed in both the density and the potential as the plasma stored energy decreased. These results indicated
a correlation between the radial particle transport induced by drift-type fluctuations and decreasing plasma stored
energy.
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In magnetically confined plasmas, particle and energy
confinement are important because particle transport de-
creases the density and temperature. The plasma particles
escape across the confinement magnetic field as a result of
fluctuations due to instabilities in the plasma, which cause
fluctuations that lead to the transport [1]. Drift waves,
called universal instability, have been observed in many de-
vices because of the plasma density gradient [2–4]. There-
fore, it is important to study the mechanisms of particle
transport due to fluctuations. In this paper, we present
a correlation between low-frequency fluctuations and the
plasma stored energy in the GAMMA 10 tandem mirror.

Experiments were conducted in the GAMMA 10 tan-
dem mirror. The lengths of the central, anchor, and
plug/barrier cells are 6.0, 4.8, and 2.5 m, respectively. The
magnetic field strength at the mid-plane of the central cell
is 0.41 T in standard operation. The plasma is produced
by plasma guns and is heated and sustained using ion cy-
clotron range of frequency (ICRF) heating systems. The
plug/barrier cells are located at both ends of GAMMA 10,
where the ion and electron axial confinement potentials are
produced by electron cyclotron resonance heating.

Density and potential fluctuations are measured by
a gold neutral beam probe (GNBP) system [5–7]. The
probe beam is neutral gold particles. The energy and in-
cident angle of the primary beam passing the plasma cen-
ter are about 12 keV and 40◦ to the horizontal direction,
respectively. A typical primary beam current of 2 µA is
confirmed from a Faraday cup measurement. A parallel-
plate- type electrostatic energy analyzer with an incident
angle of 45◦ to the ground plate is installed. In the ana-
lyzer, a micro-channel plate detector with 32 anodes de-
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tects the secondary beam. The detected positive secondary
beam is derived from the neutral primary beam ionized by
electron- impact at an arbitrary ionization position. Infor-
mation about the density fluctuations is obtained from the
perturbation of the detected beam intensity. It is possible
to measure the density and potential fluctuations and their
phase difference at the arbitrary point simultaneously by
the GNBP. Small fluctuations cause local transport. If the
potential and density fluctuations are measured, the radial
particle flux can be derived experimentally. The radial par-
ticle flux related value due to the electrostatic fluctuation is
defined as γnφ Ĩ/Iφ̃ sinαnφ [8]. Here, γnφ, Ĩ, φ̃, and αnφ are
coherence, density fluctuation, potential fluctuation, and
the phase difference between them, respectively.

After the plasma is initiated with both sides of the
plasma gun, ICRF heating systems are used in the cen-
tral cell. Figure 1 shows the line- integrated electron den-
sity and diamagnetism in the central cell. The diamag-
netism indicates the plasma stored energy. The line- inte-
grated electron density fluctuated substantially at 122, 130,
138, and 145 ms, and the diamagnetism decreased at the
same time. The diamagnetism repeatedly increases and de-
creases during the ICRF heating period. The density and
potential fluctuations were measured at R ∼ 0.01 m using
a GNBP. Figures 2 (a) and 2(b) show contour plots of the
frequency spectra of the density and potential fluctuation
levels, respectively, obtained by time-frequency analysis.
Low-frequency fluctuations occurred periodically. The ob-
served fluctuations are estimated to be drift-type fluctua-
tions with the azimuthal mode number of 2 by an electro-
static probe array. This drift-type fluctuation grew as the
frequency increased from 11 to 12 kHz because the dia-
magnetic drift velocity changed. Figures 3 (a), 3 (b), 3 (c),
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Fig. 1 Time evolution of the line- integrated electron density and
diamagnetism in the central cell.

Fig. 2 Contour plots of frequency spectra of (a) density fluctua-
tion level and (b) potential fluctuation level.

and 3(d) show the time evolution of the density and po-
tential fluctuations levels, cross phase, coherence, and ra-
dial particle flux due to drift-type fluctuations, respectively.
Each spectrum was analyzed within a time window con-
taining 512 data points with a sampling rate of 3 µs.

In Fig. 3 (a), the solid and dotted curves correspond
to the density and potential fluctuation levels, respectively.
The time evolutions of the density and potential fluctua-

Fig. 3 Time evolution of (a) density and potential fluctuation
levels, (b) cross phase, (c) coherence, and (d) radial par-
ticle flux due to drift-type fluctuations.

tion levels show the same tendency. The cross phase and
coherence between them are almost 0.6 and 0.9, respec-
tively. Because the direction of radial particle flux depends
on the cross phase, the radial particle flux occurred in the
same direction in Fig. 3 (d). The radial particle flux was
inversely proportional to the diamagnetism. The fluctua-
tions were nonlinearly damped, and the diamagnetism was
increased again by ICRF heating.

In summary, density and potential fluctuations were
measured using a GNBP in GAMMA 10. The dia-
magnetism repeatedly increased and decreased during the
ICRF heating period. These results indicate a correlation
between the radial particle transport induced by drift-type
fluctuations and decreasing plasma stored energy. This
phenomenon is estimated to be the theoretically- predicted
loss process induced by radial particle transport due to the
phase difference between the potential and density fluctua-
tions.

The authors thank the members of the GAMMA 10
group of the University of Tsukuba for their collabora-
tion. This study was partly supported by a Grant-in-Aid for
Young Scientists (B), No. 22740359. This study was con-
ducted with the support and under the auspices of the NIFS
Collaborative Research Program, NIFS04KUGM009.

033-2



Plasma and Fusion Research: Rapid Communications Volume 5, 033 (2010)

[1] B. Fischer et al., Plasma Phys. Control. Fusion 31, 453
(1989).

[2] H.W. Hendel et al., Phys. Rev. Lett. 18, 439 (1967).
[3] H.W. Hendel et al., Phys. Fluids 11, 2426 (1968).
[4] W. Horton, Rev. Mod. Phys. 71, 735 (1999).

[5] Y. Miyata et al., Trans. Fusion. Tech. 55, 168 (2009).
[6] Y. Miyata et al., J. Plasma Fusion Res. 2, S1101 (2007).
[7] Y. Miyata et al., Rev. Sci. Instrum. 79, 10F308 (2008).
[8] A. Kojima et al., Fusion Sci. Tech. 51, 2T, 274 (2007).

033-3


