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The end-loss ion flux in GAMMA 10 is measured with a view to use it for a divertor simulation experiment
or other studies that require high-performance plasma flux. First, the basic parameters of the end-loss ion flux,
such as its energy and current density, were measured in typical plasma shots in GAMMA 10. A diagnostic
device, the end loss ion energy analyzer (ELIEA), was used to the measure these parameters. An investigation
of the relationship between the parameters of the end-loss ion flux and the plasma parameters in the central- cell
revealed linear-like relationships between these parameters. We also analyzed the effects of plasma heating and
fueling by using devices installed in GAMMA 10 (ion cyclotron resonance frequency (ICRF), electron cyclotron
resonance heating (ECRH) and supersonic molecular beam injection (SMBI)) in order to generate more intense
ion flux. The results showed that the energy distribution of the ion flux is more closely resembles a double
component Maxwellian than a simple Maxwellian. Plasma heating schemes such as ECRH and ICRF are found
to be effective for the generation of a more intense ion flux.
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1. Introduction
GAMMA 10 is a tandem mirror device that consists

of multiple cells: the central cell, anchor cells, plug/barrier
cells, and end cells (Fig. 1). The central cell is the main
confinement region located at the center of GAMMA 10.
The anchor cells are attached to the east and west sides
of the central cell and stabilize the plasma confined in the
central cell. The plug/barrier cells are located so as to form
an axial confining potential in the tandem mirror system.
The end cells are at the very end of GAMMA 10.

The end-loss flux of the GAMMA 10 has been fo-
cus of attention because of its applicability and extensibil-
ity for studies that require high performance plasma flux
such as plasma-divertor interaction simulation experiment
[1–3]. Indeed, the use of the end-loss flux for divertor sim-
ulations has already begun in GAMMA 10 and some pri-
mary results have been derived.

The features of high energy and extensibility of the
GAMMA 10 end-loss flux should be noted. The core
confinement plasma usually achieves a high ion temper-
ature of several keV because of the powerful ion cyclotron
resonance frequency (ICRF) devices (ICRF1 and ICRF2).
Therefore, the ions in the end-loss flux are also expected
to be at high temperatures. In addition, GAMMA 10 is
equipped with many heat input and gas input devices (elec-
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Fig. 1 GAMMA 10 vacuum vessel and positions of ICRF de-
vices (ICRF1, 2, 3), gas puffing devices (#3, #4, #7), and
ECRH and SMBI equipment.

tron cyclotron resonance heating (ECRH), ICRF, neutral
beam injection (NBI), gas puffing, and supersonic molec-
ular beam injection (SMBI) equipment), and these devices
increase the extensibility of the end-loss flux.

The end-loss flux is produced in the central and anchor
cells of GAMMA 10 and flows into the end cells. There-
fore, experiments that require a strong plasma flux can be
operated in the end cells.

2. Diagnostics
Figure 2 shows the schematic view of the GAMMA

10 west end region, together with the diagnostic tools used
in this study. As a diagnostic for the end-loss ion flux, 10
units of end loss ion energy analyzer (ELIEA) are installed
in each end cells in order to observe the ion flux at five
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Fig. 2 ELIEA installed in the west end cell. Arrow is an exam-
ple of an ion-trajectory.

Fig. 3 Schematic diagram of ELIEA device.

different radial positions (r = 16.5, 33.5 52.5, 71.2, and
93.2 cm) and from two different directions (top and bot-
tom) as shown in Fig. 2.

Figure 3 shows a schematic drawing of one ELIEA
device. The ELIEA is a diagnostic device consisting of
three components: a slanted ion repeller grid, a secondary
electron repeller grid, and a collector plate. A positive ion
repeller voltage is applied to the ion repeller grid during
the measurement and ions reflected by this repeller voltage
are detected as an ion current by the collector plate facing
the ion repeller grid as shown in Fig. 3. By sweeping the
repeller voltage, the V-I characteristics of the ion flux are
obtained. On the basis of these characteristics, the ion en-
ergy distribution and ion current density of the end-loss ion
flux are examined [4, 5].

3. Typical Parameters of End-Loss
Ion Flux
In typical GAMMA 10 operation, only the ICRF de-

vices and gas puffing are used during a plasma shot. ICRFs
(ICRF1, 2) are applied to heat the plasma, and gas puffs
(GP #3, #4) are injected to supply gas.

We investigated the energy distribution of the end-loss
ion flux under these experimental conditions. Figure 4
shows a typical energy distribution obtained in the present
experiment. The measurements revealed that the energy
distribution of the ion flux was not a simple Maxwellian
distribution; a multiple-component Maxwellian, such as

Fig. 4 Energy distribution of the ion flux measured with ELIEA
and fitting curves assuming a multiple-components
Maxwellian ion energy distribution.

Fig. 5 Temporal evolutions of plasma parameters: (a) diamag-
netism and (b) electron line density in the central-cell. (c)
ion current density of ion flux. (d) parallel temperature of
ion flux.

a combination of high-temperature and low-temperature
components, well explains the actual energy distribution of
the end-loss ion flux. To explain the multiple-component
Maxwellian energy distribution, the effects of multiple
cells in GAMMA 10 can be considered. The plasma in
each GAMMA 10 cell is heated individually, and the pa-
rameters of the plasma in each cell are usually different.
Therefore, the end-loss flux measured in the end cell is ac-
tually a mixture of the loss ions from each cell, producing
multiple-components of the energy distribution.

Therefore, to evaluate the ion temperature of the ion
flux, the effective ion temperature is calculated by averag-
ing the value of the high-temperature and low-temperature
components by taking the ratio of those components with
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respect to the total ion flux, as follows.

T eff
i// = β · Thigh + (1 − β) · Tlow. (1)

Figure 5 shows the time behavior of the plasma pa-
rameters and effective parallel ion temperature, T eff

i// ob-
tained from a typical plasma shot in GAMMA 10. The
characteristics of the end-loss ion flux in such a typical
plasma shot are investigated, and the result (observed by
the ELIEA placed at 16.5 cm above the axis) shows that
the ion current density is about 0.4 mA/cm2 and the tem-
perature of the ion flux is about 300-400 eV parallel to the
magnetic field line.

4. Parameters of Central Plasma and
End-Loss-Flux
Because the end-loss ion flux is produced in the cen-

tral and anchor cells of GAMMA 10, its parameters are
thought to vary with the conditions of the plasma in the
central and anchor cells.

To observe the relationship between the parameters
of the end-loss flux and those of the confinement plasma,
the former were examined under various ion-heating con-
ditions, i.e., ICRF2 input power ranges from 40 kW to
150 kW; and gas puff (GP #3, 4) input ranges from 60 torr
to 130 torr in a reservoir tank. In a GAMMA 10 plasma
shot, increasing the ICRF power generally increases the
diamagnetism in the central cell, DMCC, which is the
stored energy of the central plasma. An increase in the
electron line density in the central cell NLCC is generally
expected when the gas puff input is increased.

Figure 6 shows the relationship between the measured
parameters of the end-loss ion flux and those of the central

Fig. 6 Parameters of central plasma and ion flux with additional
inputs applied. (a): Parallel temperature of the ion flux vs
DMCC. (b): Current density of the ion flux vs NLCC.

plasma under several heating and fueling conditions. (The
effects of additional heating and fueling are discussed in
the next section.) The results show clear linear correla-
tions between the ion temperature of the end-loss flux and
DMCC, and also between the ion-current density and NLCC.

The result indicates that the energy of the end-loss
ion flux rises as the energy of the central cell plasma in-
creases, and the flux density rises as the density of the
central-cell plasma is increased by gas puffing. However,
upper and lower limits exist for the control of the cen-
tral plasma parameters. For example, injecting too much
gas causes the plasma to collapse; in addition, the ICRF
power must be high enough to sustain the plasma during
the discharge. Thus, to avoid plasma collapse during the
operation with only ICRF and gas puffing, the ranges of
DMCC and NLCC must be i about 0.1-0.9× 10−4 Wb, and
4.0-5.5× 1013 cm−2, respectively.

5. Effects of Additional Heating
Power and Gas Fueling Inputs
Suppose the end-loss flux of GAMMA 10 is applied

in an experiment such as a plasma-wall interaction mea-
surement; the energy of the ion flux is very high compared
with that of conventional linear devices for plasma-wall in-
teractions. However, the ion current density is rather small
and must to be increased. Ideally, the ion flux should be
increased by a factor of 10 or 100 to be relevant for the
ITER SOL flux and meet the demands of various divertor
simulation or plasma-wall interaction experiments [6].

To generate a more intense ion current in the end-
loss flux, the use of additional inputs has been proposed.
GAMMA 10 is equipped with several additional input de-
vices. The additional inputs introduce heat or particles into
the plasma in each cells of GAMMA 10; therefore the pa-
rameter range is expected to increase. Several additional
inputs are tested, and some have demonstrated an abil-
ity to increase the ion current density, as shown in Fig. 6.
Figure 7 shows the parameters of the central cell plasma
and the ion flux during the additional inputs.

Recently, SMBI has been extensively used to improve
the plasma parameters [7]. In GAMMA 10, SMBI was
applied in the central cell. It inputs a large amount of
gas in only a short time. The increase in the amount
of gas in the central cell increases the plasma density
NLCC. Therefore, more ions flow into the end cells, and
the ion-current density is increased during SMBI. In the
present experiment, SMBI allowed as to obtain parameters
that could not be achieved in typical discharge conditions:
NLCC value of 5.8× 1013 cm−2 and an ion current density
of 0.45 mA/cm2. However, gas injection causes a loss in
ion energy in the central cell (DMCC), which decreases the
energy of the end-loss flux. The value of the end-loss ion
temperature in such sequence is evaluated as about 100-
200 eV, which is much lower than a typical ion temperature
(around 400 eV). In addition, if too much gas is injected,
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Fig. 7 Temporal behaviors of plasma parameters in SMBI,
ECRH, and ICRF3 experiments. (a) Diamagnetisms of
central cell. (b) Electron line density of central cell. Ion
current density and ion temperature of end-loss ion flux
in (c) SMBI, (d) ECRH and (e) ICRF3.

the plasma will collapse.
ECRH is applied to the east plug/barrier cell in order

to form a positive confining potential. With the confining
potential, ions flowing to the east end cell are reflected by
the potential, and the amount of ion flow increases in the
west end-cell. The ion current density with the potential is
about 20-30% higher than that without the potential. Note
that the large loss in the ion energy that occurred in gas in-
jection was not observed in ECRH input. If the confining
potential reflected the ion flux toward the east very effec-
tively, the ion flux in the west end would be expected to
double. However, inadequate confinement potential for-
mation may enhance the radial loss in ions; consequently,
ion flux in the west end increased by only 20-30 % in the
experiment.

An ICRF pulse (ICRF3) was superimposed on the east
and west anchor cells individually. In both cases, an in-
crease in the ion current density was observed. During su-
perimposition of ICRF3 into the east anchor cell, the ion
current density and NLCC increased, as shown in Fig. 7 (e).
With the superimposing of ICRF3, more plasma is pro-
duced in the anchor cell, and the increased density in there
makes the entire plasma more magnetohydrodynamically
stable. As a result, the maximum value of the control-
lable NLCC range increased, as shown in Fig. 6. Because
the higher NLCC is achieved by ICRF3 input, a higher ion
flux is achieved compared with that in experiments with-
out ICRF3. This result indicates that the additional ICRF
heating is effective for increasing the ion flux.

6. Summary
The end-loss-ion-flux of GAMMA 10 was analyzed

by using the ELIEA. Typical parameters are anion current
density of 0.4 mA/cm2 and an ion temperature of 400 eV.
The results will contribute to future divertor simulations or
other studies in GAMMA 10.

To generate a more intense ion flux, the effects of sev-
eral additional inputs were examined. Gas injection in-
creases the ion current density and decreases the ion en-
ergy. The formation of a confining potential by ECRH
input also increases the ion current density. Superimpo-
sition of ICRF (ICRF3) in the east anchor cell greatly in-
creased the ion flux. These results suggest that GAMMA
10 can generate a more energetic, denser ion flux with
the help of additional inputs such as ICRF heating and
ECRH. The maximum ion current density achieved to date
is 0.65 mA/cm2; the optimization and installation of addi-
tional inputs in order to obtain more high-performance ion
flux will be discussed in future.
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