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Abstract. In this paper, detailed characteristics and controllability of plasmas emitted from the end-cell of the 
GAMMA 10 tandem mirror are described from the viewpoint of divertor simulation studies. The energy 
analysis of ion flux by using end-loss ion energy analyzer (ELIEA) proved that the obtained high ion 
temperature (100 - 400 eV) was comparable to SOL plasma parameters in toroidal devices and was controlled 
by changing the ICRF power. Parallel ion temperature Ti// determined from the probe and calorimeter shows a 
linear relationship with the ICRF power in the central-cell and agrees with the results of ELIEA. Additional 
ICRF heating revealed a significant enhancement of particle flux, which indicated an effectiveness of additional 
plasma heating in adjacent cells toward the improvement of the performance. Superimposing the ECH pulse of 
380 kW, 5 ms attained the maximum heat-flux more than 10 MW/m2 on axis. This value comes up to the heat-
load of the divertor plate of ITER, which gives a clear prospect of generating the required heat density for 
divertor studies by building up heating systems to the end-mirror cell. Initial results of plasma irradiation 
experiment and construction of new divertor module are also described. 
 
1. Introduction 
 
It is one of the most important issues to build up the optimal divertor system for particle 
control and exhaust of He ash and impurity particles in fusion devices. In ITER discharges, 
heat load to the divertor plate is estimated to be 5-20 MW/m2 in steady state [1, 2]. In order to 
reduce such high heat-load, a steady-state operation scenario of tokamak discharge with 
detached-plasma condition is indispensable [3]. So far a number of divertor simulation 
devices have been developed to progress the research toward the realization of divertor future 
fusion devices [4-9]. In some of these devices, however, the plasma is produced by the DC-
discharge (arc discharge) and the temperature of generated ion flux is much lower than that of 
the edge plasmas in tokamaks. These circumstances do not completely simulate the plasma 
flow from high temperature tokamak plasmas and also may have a significant difficulty to 
create the experimental environment for evaluating the influence of the impurity back-stream 
from the divertor and the sustainment of detached plasma operation in steady state.  
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In the Plasma Research Center (PRC) of University of Tsukuba, the divertor simulation 
research has been started taking best use of the following inherent performances in existing 
large tandem mirror device.  
(1) Large plasma diameter under high magnetic field, 
(2) High heat-flux with high ion and electron temperature, 
(3) Divertor pumping capability using large-capacity cryopumping system [10] 
 
In the GAMMA 10 tandem mirror, a number of plasma production and heating systems with 
the same scale of present-day toroidal devices, such as radio-frequency (RF) wave, 
microwave and neutral beam injection systems, have been equipped. By using above systems, 
high-temperature plasmas are produced and confined in the central-cell [11, 12]. The obtained 
plasma ion temperature (0.1 keV ~10 keV) is much higher than conventional linear plasma 
devices and comparable to the SOL plasma parameter of tokamaks. In the present research, 
the investigation of the characteristics of plasmas generated from the end-mirror exit of 
GAMMA 10 is performed for the divertor simulation studies. We also started initial 
experiments of plasma irradiation on to the target materials (W and C) and other candidate 
samples of divertor components for investigation of plasma-material interactions. In this 
paper we report the recent results of characterization of end-loss plasmas and the plasma-
material interactions in the end-mirror region of GAMMA 10. 
 
2. Experimental Setup 
2.1. GAMMA 10 Device 
 
In the divertor simulation experiments at the end-cell of GAMMA 10 (E-divertor), we are 
aiming to realize divertor simulation under the closely resemble to actual SOL/divertor 
environment such as high plasma temperature (>100 eV), high heat and particle fluxes (>10 
MW/m2 and >1023 /m2sec) and high magnetic field (~1 Tesla), which cannot be attained by 
conventional divertor simulators. Preparative experiments have been performed at the west 
end-mirror region and the high-heat flux was achieved using high power ICRF and ECH 
systems together with the design studies of magnetic coil and plasma heating systems for 
future divertor research [13, 14]. 
 
Figure 1 shows the schematic view of GAMMA 10 tandem mirror device and plasma 
production and heating systems. GAMMA 10 is an effectively axi-symmetrized tandem 
mirror with minimum-B anchor and mainly separated into four sections, from the central to 
the end [11]. A central-cell of GAMMA 10 is consist of a cylindrical vacuum chamber of 1 m 
in diameter and 6 m in length and ten sets of pancake type coils are installed. The magnetic 
strength in the central-cell midplane is about 0.5 Tesla and two choke coils installed at both 
ends of the central-cell form a simple mirror configuration with a mirror ratio of nearly 4. In 
each minimum-B anchor-cell connected to the both ends of the central-cell, MHD 
stabilization of the plasma is preserved by two baseball coils. 
 
In GAMMA 10, seed plasma is 
initially injected from plasma gun 
and the plasma is mainly built up 
with two ICRF waves (RF1 and 
RF2) and gas puff in the central-cell. 
The former ICRF wave (RF1) is 
excited with two NAGOYA-type III 
antennas and contributes the plasma 

 
 

FIG.1. Schematic view of the GAMMA 10 tandem 
mirror devices. 
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production and MHD stabilization by heating ions in both anchor-cells. The latter ICRF wave 
(RF2) excited with two double-half-turn antennas produces a strong ion cyclotron resonance 
heating (ICRH) in the central-cell. In typical ICRF start-up plasmas, plasma ions are 
perpendicularly heated around 5 keV by the above ICRF waves and the electron temperature 
of several tens eV is achieved in the central-cell. Plasma confining potential is produced by 
ECH using high power gyrotrons in both plug/barrier regions. The end-loss plasma leaking to 
the end-cell is plugged with this confining potential. Plasma particles flowing out of the 
plug/barrier-cell hit the end plates and neutralized gas is pumped out with large-scale cryo-
pump system installed on the end-cell [10].  
 
2.2. Diagnostic System 
 
In order to progress the divertor simulation studies, several diagnostics have been prepared. 
Figure 2 shows the schematic view of the vacuum vessel and the shape of the plasma in the 
west end-mirror region, together with the location of the diagnostic equipment installed for 
the E-Divertor experiment. In order to perform a simultaneous measurement of heat and 
particle fluxes from the end-mirror exit, a set of calorimeter and directional probe is installed. 
This diagnostic instrument is located at 30 cm downstream from the end-mirror coil (zEXIT = 
30 cm) and can be inserted from the bottom of the vacuum vessel up to the center axis of 
GAMMA 10.  
 
A set of rotatable target plates was also made to obtain a visible spectroscopic data due to the 
interactions between the plasma 
and the target materials. As shown 
in Fig. 3, the target assembly 
consists of a φ100 mm tungsten 
disk and a V-shaped tungsten 
target, together with calorimeter 
array mounted on the stainless steel 
disk and a directional probe. The 
target system is installed at zEXIT = 
70 cm through the horizontal port 
and has a capability of changing the 
target material by rotating the shaft 
without breaking air to the vacuum 
vessel and has a function measuring 
heat and particle fluxes.  
 
Behaviour of the visible emission from the interaction 
between plasma and the target material is observed 
with a high-speed camera. The high-speed camera 
using CMOS (MEMRECAM GX-1p, NAC Inc.) is 
mounted on the horizontal port viewing the target. 
The camera captures the visible image with 240×320 
pixels at 20,000 frames per second. 2-D visible 
images from both cameras were transferred to data 
analysis PCs through the network. The visible 
spectrometer system consists of a small-size CCD-
based spectrometer (BLACK-Comet, Stellar-Net 
INC.) and collector optics using lens and a guiding 

 
 

FIG.2. Schematic view of west end-mirror vacuum vessel 
and the location of diagnostic instruments for the 
E-Divertor experiment. 

 
 

FIG.3. Photograph of rotatable 
target plates. 
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fiber. The viewing area is focused on the front of 
the target. 
 
In both end-cells, arrays of multi-gridded type ion 
energy analyzer (ELIEA) are installed for 
measuring the flux of end-loss ions. Figure 4 
shows the schematic view of ELIEA. This 
diagnostic tool consists of ion repeller grid, 
secondary electron repeller grid and collector 
plates. ELIEA is capable of simultaneously 
measuring the ion current density of end-loss ions 
and their energy distribution. 
 
3. Experimental Results and Discussion 
3.1. Heat and Particle Flux Measurements 
3.1.1. Ion Temperature Measurements in ICRF 
Produced Plasmas 
 
In typical hot-ion-mode plasmas (ne0 ~ 2×1018 m-3, 
Ti0 ~ 5 keV in the central-cell), measurements of 
heat and particle fluxes from the end-mirror exit 
have been carried out. In the experiment, ICRF 
wave heating of ~150 kW, 190 ms for plasma 
production/heating is applied to the initial plasma 
injected from a plasma gun at east end. Figure 5 
shows the parallel ion temperature Ti//, which is 
determined from the directional probe and 
calorimeter located at zEXIT = 30 cm, is plotted as 
a function of the ICRF power in the central-cell 
(RF2). Ti// directly measured with end-loss ion 
energy analyzer (ELIEA) is also plotted in Fig.5. 
Achieved high ion temperature (100 - 400 eV) is 
almost comparable to SOL plasma parameters in 
toroidal devices and is controlled by changing the 
ICRF power, which cannot be attained in the 
conventional linear divertor simulators. It is also 
found that both data determined from different 
diagnostics agree with each other and have linear 
relationship with the RF2 power. 
 
In Fig. 6, the ion flux density measured with ELIEA (Jion) is plotted against the central-cell 
line density. As seen in the figure, the ion flux density has a linear dependence with the line 
density. Above these results clearly show that the important parameters of plasma flow from 
the end-mirror of GAMMA 10 can be easily controlled by changing ICRF power and gas 
puffing in the central-cell.  
 
3.1.2. Result of Additional ICRF in Anchor-cell 
 
Recently additional plasma heating experiment using ICRF in the anchor-cell (RF3) was 
carried out in order to increase the end-loss flux. The time behavior of the plasma line-density 

 
 

FIG.5. Dependence of parallel ion 
temperature on ICRF power for ion 
heating in the central-cell. 
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FIG.6. Dependence of ion flux on the 
central-cell line density. 
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FIG.4. Schematic view of the end-loss 
ion energy analyzer (ELIEA). 
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and end-loss ion flux in the additional RF3 experiment is shown in Fig. 7. A significant 
enhancement of the line-density is observed at 
both central and anchor cells and the resultant 
ion flux becomes two times higher than that 
without RF3. 
 
In Fig. 8 the particle flux density measured 
with the directional probe is plotted as a 
function of the central-cell line density. In this 
experiment, the ICRF power and the quantity 
of gas puff are changed in order to increase the 
density. In the case of additional ICRF in the 
anchor-cell, as shown in the figure, the particle 
flux is increased to be 6.5×1022 particles/s•m2. 
This result indicates an effectiveness of 
additional heating with ICRF wave in the 
adjacent cells toward the improved E-divertor 
experiments for achieving the targeted 
parameters of this project (PHEAT ~20 MW/m2, 
Γi = 1023-24/m2sec). 
 
3.1.3. Effect of Superimposing the ECH Pulse 
 
It is well understood that the ECH for potential formation (p-ECH) produces electron flow 
with high energy along the magnetic field line. In this experiment, the heat flux in additional 
heating by ECH into the RF produced plasma is evaluated in order to investigate the effect of 
superimposing the ECH pulse. The ECH pulse of 100 ~ 380 kW, 5 ~ 25 ms using gyrotrons 
located at plug region are applied to the ICRF produced plasma of 190 ms.  
 
In Fig. 9, the net heat flux density during the ECH pulse is plotted as a function of the ECH 
power. According to the increasing ECH power, the heat flux continues to increase and, in 
this year, superimposing the ECH pulse of 380 kW, 5 ms attained the maximum heat-flux 
more than 10 MW/m2 at 30 cm downstream from the end-mirror coil on axis. This value 
comes up to the heat-load of the divertor plate of ITER, which gives a clear prospect of 
generating the required heat density for divertor studies by building up the heating systems. 

 
 

FIG.7. Time behavior of plasma parameters 
in additional heating experiment by east 
anchor ICRF (RF3). Line density in (a) 
central cell, (b) east anchor-cell, (c) Ion 
flux measured at the west end-cell. 
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FIG.9. ECH power dependence on the 
heat flux measured at zEXIT = 30 cm 
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FIG.8. Dependence of particle flux density 
on the central-cell line density. 
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3.2. Visible Image Measurements of Plasma Material Interactions Using High-Speed 
Camera 
 
By using the rotatable target system installed at 
zEXIT = 70 cm, visible image measurement of 
plasma-target interactions in plasma irradiation 
experiments have been performed. Figure 10 (a) 
shows the two-dimensional image of visible 
emission due to plasma-material interactions 
obtained from the high-speed camera in the case 
of V-shaped tungsten target plates with injecting 
Ar gas in front of the target. As shown in the 
figure, Ar gas is injected toward the entrance of 
the V-shaped target from the upper side of the 
target.  
 
In Fig. 10 (b), the difference in the visible spectra 
between the observed intensity with Ar gas 
injection and that without the gas injection is 
plotted. The visible spectrometer observes the 
deep area in the V-shaped target apart from the 
injection line of Ar gas as shown in Fig. 10 (a). 
Due to the Ar gas injection, it is recognized that 
the enhancement of the line-emission of Ar II, Fe I 
and Hα as well as Ar I. This implies that the Ar 
particles are transported toward the target and may 
enhance desorption of deposited hydrogen and 
sputtering of Iron atoms. Especially the existence of hydrogen and Fe on the target has been 
confirmed by the surface analysis of SiC samples at the vicinity of the target position, which 
is to be described later. Although the origin of ion has not been identified yet, it is considered 
that the main source of Fe is limiters inserted in the plasma and vacuum vessel wall made of 
stainless steel. 
 
3.3. Initial Plasma Irradiation Experiments onto the Sample Materials 
 
In order to obtain fundamental knowledge of the interaction between diverter materials and 
the plasma, we made an attempt to insert a material probe to examine the irradiation effects 
on the probe exposed in GAMMA 10, using ion-beam analysis techniques [15]. The 
irradiation was performed in typical hot-ion-mode plasmas with 28 shots of each pulse with 
0.39 sec. After the plasma exposure, the sample was analyzed by Rutherford backscattering 
(RBS) and the elastic recoil detection (ERD) methods for deposited metal impurities and 
retained hydrogen atoms in the surface layer of it, respectively. The ion beam measurements 
were carried out using a tandem accelerator at Institute for Materials research, Tohoku 
University. Figure 11 shows backscattering spectra of the SiC single crystal sample, obtained 
under <0001> axial channeling condition of the incident 2 MeV He++ analyzing beam. 
Characteristic peaks of Fe, Cr, Ni, Mo and W clearly appeared in the sample after the 
irradiation, and the integrated number of metal atoms was estimated to be 1.2×1020 m-2. The 
composition analysis of these elements in the deposited layer indicates that those metal 
elements were originated from the vacuum vessel of the GAMMA 10. This observation is 

 
 

FIG.10. (a) 2-dimensional image of 
visible emission due to plasma-target 
interactions, (b) difference in the 
spectra of visible light between with 
Ar gas and without Ar gas observed 
at the deep area of the V-shaped 
target. 
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consistent with the spectroscopic data shown in the previous section. Figure 12 shows 
concentration depth profiles of hydrogen atoms retained in the near surface layer of the same 
sample obtained by the ERD analysis. When the depth resolution is took into account, 
hydrogen atoms of 1×1021 m-2 were accumulated within 20 ~ 30 nm of the top layer, 
corresponding to an average concentration of 0.4~0.5 H/host-atom which is comparable to the 
saturation concentration of ion-implanted hydrogen in a SiC crystal at room temperature. 

 
4. Construction of New Divertor Simulation Experimental Module and Near Term 
Research Plan 
 
This spring, a large-scale divertor 
simulation experimental module (D-module) 
was installed at the exit of west end-mirror 
and plasma irradiation experiments onto a 
new V-shaped target in D-module were 
started. The photograph of D-module is 
shown in Fig. 13. This experimental module 
consists of rectangular chamber (cross-
section of 500×500 mm, 700 mm in length) 
with an inlet aperture of φ200 mm and two 
tungsten plates (350×300 mm) are mounted 
in V-shaped with their opening angle from 
15 degree to 80 degree. Two gas injection 
lines are prepared for investigation of 
radiation cooling mechanism and realization 
of plasma detachment in D-module. At the 
back of the module, an exhaust for pumping 
is attached. The conductance of the exhaust 
can be controlled by changing the clearance 
of the exit door. These functions enable us 
to investigate various phenomena related to 
divertor physics. Figure 13(b) shows the 
two-dimensional image of light emission 
captured with the high-speed camera for the first time in the V-shaped target during Ar gas 
injection. From spectroscopic measurements, a strong concentration of Hα emission together 

 
 

FIG.11. Backscattering spectra of the 
SiC single crystal irradiated at the 
end-mirror exit of GAMMA 10. 

 
 

FIG.12. Concentration depth profiles of 
hydrogen retained at the surface 
of the SiC single crystals. 

 
 

FIG.13. Photographs of (a) newly installed 
divertor simulation experimental module 
(D-module) and (b) 2-D visible image of 
light emission due to plasma-target 
interactions in the V-shaped target. The 
emission intensity is colorized from blue to 
red. 
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with Ar line emission is observed in the module, which indicates significant neutral 
compression and enhancement of recycling. 
 
By using D-module in the end-cell, the following research subjects have been planned in near 
future:  
(1) Strong plasma-surface interactions, enhancement of recycling, radiation cooling toward 

the realization of plasma detachment with radiator gas (Ar, Ne, N2) injection. 
(2) High-temperature operation of target plates in D-module. 
(3) Divertor pumping experiment using the large capacity helium cryopumping system. 
 
5. Summary 
 
In standard ICRF-produced plasmas, detailed characteristics of ion flux emitted from the 
GAMMA 10 end-mirror exit have been investigated. It was found that the obtained high ion 
temperature (100 - 400 eV) is controlled by changing the ICRF power and that the particle-
flux density increases in proportion to the central-cell plasma density. Superimposing the 
ECH pulse induces a remarkable increase of the heat flux and a peak value in the net heat-flux 
density more than 10 MW/m2 were attained on axis, which comes up to the heat-load level of 
the ITER divertor plates. Additional ICRF heating in the anchor-cell revealed a significant 
enhancement of particle flux, which indicated an effectiveness of additional plasma heating in 
adjacent cells toward the improvement of the performance. An initial plasma irradiation 
experiment has been started and informative results were clarified for the first time in the 
behaviour of visible emission from the target plates and from surface analyses. The above 
results give a clear prospect of generating the required performance and providing useful 
information for divertor studies. 
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