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In the GAMMA 10/PDX tandem mirror, studies on divertor physics have been performed in the west end
region by utilizing end-loss plasmas flowing from the confinement region. Since the plasma density in the end
region is quite low (∼ 1016 m−3 ), an increase of the end-loss ion flux is required. The increase of the end-loss
ion flux has been obtained by increasing the density in the confinement region on previous experiments. When
an additional ICRF heating using the antennas in the anchor cells has been performed, a significant increase of
the ion flux has been observed with the increase of the potential in the central cell although the change of line
densities in the confinement region is little. The eﬀect of the potential on the ion flux has been examined on
the GAMMA 10/PDX using about 10,000 discharges. The ion flux increases almost linearly with the potential
and the density increase. By comparing with a simple calculation, the increase of the ion flux is explained by
the expansion of loss cone boundary of ions and the decrease of the transport time of the end-loss ions from the
confinement region to the end region.
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1. Introduction
In linear plasma devices, experiments using end-loss
plasmas have been performed for the study of divertor
physics in a torus fusion reactor and plasma thrusters for
space propulsion [1–5]. In a fusion reactor, high particle
flux (1023 - 1025 m−2 s−1 ) and high ion temperature (100 eV)
are expected at divertor and scrape-oﬀ layer plasmas. To
simulate a real reactor environment and progress divertor
studies, a control of the end-loss plasmas in linear devices
is important.
On GAMMA 10/PDX, studies on divertor physics
have been carried out in the west end region by utilizing
end-loss plasmas [6, 7]. The temperature of end-loss ions
is high enough (over 100 eV) while the density in the end
region is quite low (∼ 1016 m−3 ). Therefore, it is necessary to increase the density by increasing the particle flux
of the end-loss plasma. In previous experiments, ion cyclotron range of frequency (ICRF) heating in the anchor
cells has been performed for increasing of the end-loss ion
flux [8–11]. A significant increase of the ion flux has been
observed with the increase of the plasma potential. In this
paper, the eﬀect of the potential of the confined plasmas on
the end-loss ion flux is discussed. The experimental setup
is introduced in Sec. 2. Experimental results and discusauthor’s e-mail: jang_seowon@prc.tsukuba.ac.jp
∗) This article is based on the presentation at the 12th International Conference on Open Magnetic Systems for Plasma Confinement (OS2018).

sions with a simple calculation are described in Sec. 3 and
Sec. 4, respectively. Finally, this paper is summarized in
Sec. 5.

2. Experimental Setup
GAMMA 10/PDX is composed of five mirror cells; a
central cell, minimum-B anchor cells located on both sides
of the central cell, and plug/barrier cells at both ends. Eight
sets of ICRF antenna are installed in GAMMA 10/PDX as
shown in Fig. 1; two Nagoya Type-III (Type-III) antennas
and two double half turn (DHT) antennas in the central
cell, three double arc type (DAT) antennas in the anchor
cells, and a DHT antenna in the plug/barrier cell. RF systems with five final amplifiers are installed to excite ICRF
waves on GAMMA 10/PDX.
In normal discharges, the Type-III antennas in the central cell are used to produce the plasma in the central cell
and to heat ions in both anchor cells [12, 13]. The DHT
antennas in the central cell are used to excite slow waves
and heat ions near the midplane of the central cell. After
the initial plasmas are built up with both Type-III and DHT
antennas, an additional ICRF heating is performed by using one of ICRF antennas installed in the anchor cells and
the plug/barrier cell.
The end-loss ions are measured with end-loss ion energy analyzer (ELIEA) installed at the west end [14, 15].
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Fig. 1 Schematic drawing of the magnetic field line and ICRF antennas in GAMMA 10/PDX.

ELIEA consists of a slanted ion repeller grid, a secondary
electron repeller grid and a collector plate. A positive voltage is applied to the ion repeller grid, and ions reflected by
this voltage are collected as the ion current by the collector
plate. The energy distribution of the end-loss ions, the endloss ion flux and the potential of the confined plasma (Φ)
are obtained by sweeping the voltage of the ion repeller
grid.

3. Experimental Results and Discussions
3.1

Additional ICRF heating with anchor
antenna

The additional ICRF wave with a frequency of
7.7 MHz was excited with the DAT antenna installed in the
east anchor cell. Since the ion cyclotron frequency in the
midplane of the anchor cell is about 9.2 MHz, no ion cyclotron heating occurs with the additional ICRF wave in
the anchor cell. Figure 2 (a) shows the diamagnetism in
the central cell and the additional ICRF power. Line densities in the central cell and both anchor cells are shown in
Fig. 2 (b). The ion flux observed at the west end is plotted in Fig. 2 (c) and the potential of the confined plasma
is shown as Fig. 2 (d). The ion flux and the potential are
remarkably increased with the additional ICRF heating although the change of the line density is little. The potential
measured in the central cell with Gold Neutral Beam Probe
also increased with the additional ICRF heating power as
same as indicated in Fig. 2 (d).
In the plasma production with the ICRF waves, the
plasma density keeps constant due to the eigenmodes formation [16]. Therefore, the plasma production is increased
until the density becomes constant and the ion flux increases.
The energy distributions of the end-loss ions are plotted in Fig. 3. Blue and red lines are the measured energy

Fig. 2 Time evolution of plasma parameters in the experiment
with the anchor antenna.

distributions without the additional heating (135 - 160 ms)
and with the additional heating (170 - 195 ms), respectively. The energy distribution shifts from the low energy
region to the high energy region with the potential increase.
Since the loss cone boundary of ions in the central cell
expands with the potential increase, the end-loss ion flux
should be enhanced by the potential increase in the confinement region.
The potential increase due to an ICRF wave has been
discussed in the previous works [17, 18]. In GAMMA
10/PDX, the mechanism of the increase of the potential

2402032-2

Plasma and Fusion Research: Regular Articles

Volume 14, 2402032 (2019)

Fig. 3 Energy distribution of the end-loss ions measured in the
west end region.

Fig. 5 The ion flux as a function of (a) the potential and (b) the
line density.

with the additional heating has not been clarified.

(for example, probes, divertor simulation module and so
on) inserted between confinement region and end region
are excluded.
Figure 4 shows the number of data points as a function of the ion flux under (a) the fixed line density of
5±0.5×1013 cm−2 and (b) the fixed potential of 180±10 V.
The values of the line density (nl) are averaged values
among the line densities in the central and both anchor
cells. It is clearly observed that the number of the data
points concentrates and form a sharp peak on a certain
value of the ion flux when the potential and the line density are fixed. These peaks shift to high ion flux side with
increase of the potential and the line density.
Figure 5 shows the ion flux as a function of (a) the potential and (b) the line density under the conditions of the
fixed line density and potential, respectively. It is clearly
shown that the ion flux increases almost linearly with the
increase of the potential and line density.

3.2

4. Discussions

Fig. 4 Number of data points as a function of ion flux.

Qualitative evaluation of eﬀect of the potential

The eﬀect of the potential in the central cell on the
end-loss ion flux has been evaluated with discharges from
December 2015 to June 2018 (10000 shots) in GAMMA
10/PDX. The discharges in which the end-loss ion flux
from the confined region are disturbed by applying the additional heating in the plug/barrier cell and/or obstacles

In order to investigate the eﬀect of the potential on
the end-loss ion flux, orbit of the end-loss ions in one dimensional magnetic field is traced from center of the magnetic mirror configuration to the end region. Collisionless
plasma is assumed because the ion-ion collision time is 100
times longer than the average transport time of ions from
the central cell to the end region in normal discharges on
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Fig. 6 Magnetic strength (blue line) and potential (red lines) distribution used for calculation. Three types of potential
distribution are simulated; narrow type (dotted line), intermediate type (solid line) and broad type (dashed line).

in Fig. 7 as red lines as indicated in Fig. 6. The ion current
is increased almost linearly with the increase of the potential, which is consistent with the experimental results.
The experimental data points in the case of the average
line density of 4 ± 0.5 × 1013 cm−2 are plotted in the figure.
Also, the increase of the ion current is confirmed regardless
of the types of the potential distributions as shown in Fig. 7.
The number of the end-loss ions is increased by the expansion of the loss cone boundary of ions, and the transport
time of the end-loss ions from the confinement region to
the end region is decreased by the acceleration of ions due
to the potential increase. Furthermore, the density keeps
constant since the plasma production increases. Therefore,
the ion flux increases with the potential increase.

5. Summary
The eﬀect of the potential on the particle flux of the
end-loss ions has been examined on the GAMMA 10/PDX
tandem mirror using about 10,000 discharges. The ion flux
is almost determined by the potential and the density in the
confinement region. It is experimentally confirmed that the
ion flux increases almost linearly with the potential and the
density increase. It is shown from the comparison with a
simple calculation that the observed increase of the endloss ion flux is explained by the expansion of loss cone
boundary and the decrease of the transport time of ions due
to the increase of the potential until the plasma production
increases.
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