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Abstract. This paper describes the recent development of divertor simulation research towards the 
characterization and control of the detached plasma. In the end-mirror of large tandem mirror device GAMMA 
10/PDX, additional ICRF heating experiments in the anchor-cells significantly increases the density in both the 
anchor and the central cells, which attained the highest particle flux up to 1.7×1023 particles/s•m2 at the end-
mirror exit. Massive gas injection (H2 and noble gases) to enhance the radiation cooling in divertor simulation 
experimental module (D-module) was performed and we have succeeded for the first time in achieving 
detachment of high temperature plasma equivalent to the SOL plasma of tokamaks by using linear device. A 
remarkable reduction of the electron temperature (from few tens eV to < 3 eV) on the target plate was 
successfully achieved associated with the strong reduction of particle and heat fluxes. Two-dimensional image 
of Hα emission in D-module observed with high-speed camera showed the bright emission in upstream region 
and strong reduction near the target plate. These results indicate radiation cooling and formation of detached 
plasma due to gas injection. It is also found that Xe gas is much effective on achieving detached plasma than Ar 
gas. Simultaneous injection of noble gas and hydrogen gas showed the most effective results on detached 
plasma generation, which indicates the effect of molecular activated recombination (MAR) processes. The 
above results will contribute to establishment of detached plasma control and clarification of radiation cooling 
mechanism towards the development of future divertor systems. 
 
1. Introduction 
 
In toroidal fusion devices, realization of stable detached plasma is one of the most important 
issues to reduce high heat-flux on the divertor plates. In ITER discharges, the heat-load to the 
divertor plate is estimated to be 5-20 MW/m2 in steady state [1, 2]. In order to reduce high 
heat-load, steady-state sustainment of detached plasma is an indispensable operation scenario 
in tokamaks [3]. So far a number of divertor simulation devices have been developed to 
progress the research toward the realization of divertor in future fusion devices. In most of 
these devices, however, the temperature of generated ion flux is much lower than that of the 
edge plasmas in tokamaks, since the plasma is produced by the DC-discharge (arc discharge) 
and/or helicon plasma discharge. These circumstances do not completely simulate the plasma 
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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 stable detached plasma operation. 
 
In Plasma Research Center of the University of Tsukuba a project (E-Divertor project) has 
been started to study divertor simulation by making use of a large tandem mirror device and 
to solve important research subjects toward the development of the optimal divertor for future 
fusion devices [4-7]. GAMMA 10/PDX is a large-scale linear device with 27 m in length and 
utilizes many plasma production/heating devices with the same scale of present-day fusion 
devices, such as radio-frequency (RF) wave, microwave and neutral beam injection systems 
[8, 9]. In this research project, we are aiming to realize divertor simulation under the closely 
similar to the actual SOL/divertor environment such as high plasma temperature (>100 eV), 
high heat and particle fluxes (>10 MW/m2 and >1023 /m2 sec) under the condition with high 
magnetic field (~1 Tesla), which cannot be attained by conventional divertor simulators. So 
far we have investigated characteristics of end-loss plasma flow at the end-mirror exit and 
both the heat-flux of 0.8 MW/m2 and the particle-flux of 1022 particles/m2 s were achieved by 
using the ICRF wave. Superimposing a short ECH pulse of 380 kW into the plasma 
significantly increased the heat flux, which attained the peak heat-flux of ~10 MW/m2 on axis 
during ECH [7, 10]. 
 
Recently, a divertor simulation experimental module (D-module) was newly installed at the 
exit of west end-cell and divertor simulation experiments have been extensively started under 
the condition with high ion temperature (several hundreds eV) and with high magnetic field 
(0.05 ~ 0.5 Tesla) [10, 11]. In this paper, recent progress of high particle flux generation 
experiment using additional plasma heating system and of divertor simulation experiments 
toward the detached plasma formation is described on the basis of the experimental results 
and numerical simulation studies. 
 
2. Experimental Setup 
2.1. GAMMA 10 Device and Diagnostic system for E-Divertor experiments 
 
Figure 1(a) shows the 
schematic view of 
GAMMA 10/PDX 
tandem mirror device 
and the experimental 
setup for the divertor 
simulation experiments. 
GAMMA 10/PDX is the 
largest tandem mirror 
device with minimum-B 
anchor and consists of 
four sections, from the 
central to the end [8]. In 
the central-cell, main 
plasma is produced and 
heated by ion cyclotron 
range of frequency 
(ICRF) waves (RF1~3) 
together with gas 

 
FIG. 1 Schematic view of experimental setup: (a) GAMMA 10/PDX 

tandem mirror, (b) the vacuum vessel in the west end-mirror region 
and the location of D-module, (c) schematic view of D-module. 
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puffing. In each minimum-B anchor-cell, MHD stability of the plasma is maintained. One of 
the ICRF systems (RF1) is used for the MHD stabilization in the anchor-cell and the other 
(RF2) is used for ion heating in the central-cell. Electron cyclotron heating (P/B-ECH) for the 
formation of plasma confining potential is carried out by high-power gyrotrons at both 
plug/barrier region in end-mirror cells and is also applied as a generator of high power 
electron flow as well as controller of the plasma flow leaking to the end-cell. Another ECH 
system is installed for electron heating in the central-cell (C-ECH). A neutral beam injector 
(C-NBI) is used for ion heating and fuelling in the central-cell. The schematic view of the 
vacuum vessel and the shape of the plasma in the west end-mirror region is shown in Fig. 
1(b). D-module consists of a rectangular chamber (cross-section 50 × 50 cm and 100 cm in 
length) made of stainless steel and two target plates made of tungsten. D-module can be 
moved up and down by using an elevation system and placed on axis close to the end-mirror 
exit in the divertor simulation experiment. In this experimental module, as shown in Fig. 1(c), 
two target plates (350x300 mm) are mounted in V-shaped with their variable open-angle from 
15 to 80 degree. D-module is equipped with three gas injection systems (H2 gas for density 
build-up, noble gases (Ne, Ar, Xe) for radiation cooling and He gas for spectroscopy) in order 
to make realization of plasma detachment in D-module. 
 
Figure 2 shows the schematic view of the V-shaped 
tungsten target and layout of diagnostic tools. Arrays of 
Langmuir probes and calorimeters are installed on the 
upper and lower tungsten plates, respectively. A pair of 
calorimeter and directional probe is also installed behind 
a small gap of the V-shaped corner for investigating the 
radiation cooling mechanism and the degree of the 
plasma detachment. Two-dimensional image of visible 
light emission from the plasma irradiated on the V-
shaped target plate is captured with a filtered high-speed 
camera (MEMRECAM GX-1, NAC Inc.) and a visible 
spectrometer on the same line of sight. In both end-cells, 
arrays of multi-gridded type ion energy analyzer 
(ELIEA) are installed for measuring the flux of 
end-loss ions. ELIEA is capable of simultaneously 
measuring the ion current density of end-loss ions 
and their energy distribution [12]. 
 
3. Experimental Results and Discussion 
3.1. High Particle Flux Generation Experiment 
Using Additional Plasma Heating 
 
Recently two antennas for additional ICRF heating 
(RF3) were installed in the anchor cells in order to 
build up both particle and heat fluxes at the end-
cell. In typical hot-ion-mode plasmas (ne ~ 2×1018 
/m3, Ti ~ 5 keV), additional plasma-heating was 
applied using ICRF wave injected to both the 
anchor-cells. The time behavior of the plasma line-
density and the end-loss ion flux is shown in Fig. 3. 
A remarkable increase of the plasma line-density 
and end-loss ion flux is observed during RF3 

 

 
FIG.3. Experimental results of 

additional plasma heating experiment. 
(a) Time behavior of plasma line-
density at central and both anchor 
cells, (b) end-loss ion current 
measured with ELIEA. 

 
 

FIG.2. Schematic view of V-
shaped tungsten target and 
layout of diagnostic tools and 
gas injection equipment installed 
on the target plate. 
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injection. In this experiment, superimposing the C-
ECH together with neutral beam injection (C-NBI) 
was performed in the central-cell. It is also 
observed that clear increase in the ion flux during 
plasma heating with ECH and NBI.  
 
In these experiments using strong additional RF 
heating, it occasionally becomes difficult to 
measure a particle flux at the end-cell due to the RF 
noise. We have evaluated the particle flux at the 
mirror exit by investigating the correlation between 
the particle flux measured with the directional 
probe and the end-loss ion current measured with 
ELIEA in similar experiments. Figure 4 shows the 
density dependence on the particle flux evaluated from the relationship between the probe and 
ELIEA. It is found that the generated particle flux at the end-mirror exit has a strong 
dependence on the central-cell density. The highest value of the particle flux is estimated to 
be 1.7×1023 /m2 sec by the additional plasma heating. 
 
3.2. Generation of Detached Plasma Using Massive Gas Injection in D-module  
3.2.1. Plasma parameters in upstream region 
 
Realization of detached plasma has been performed for the first time by using hydrogen and 
noble gas injection in D-module. Figure 5 shows the schematic of detached plasma generation 
experiments. Injection of H2 gas was carried out from the inlet side of D-module and noble 
gas was injected from the corner side on the V-shaped target. Both gases were injected at 0.3 
s ~ 0.8 s before the plasma discharge in order to compensate the delay in gas transfer pipes 
into D-module. Quantity of the gas injection is controlled by changing the plenum pressure of 
a reservoir tank. The pulse duration of gas puffing was kept constant in this experiment. 
Figure 6 shows the time behavior of the plasma parameters in the gas injection experiments 
into D-module in standard hot-ion mode plasmas produced with ICRF waves (RF1 and RF2) 
[9]. Here, the plasma with ne ~2×1018 m-3 and Ti// ~150 eV was produced at the upstream 
region (i.e. the central-cell). From the figure, no significant influence on the plasma 
production due to the gas injection into D-module was recognized.  

 
3.2.2. Observation of Detached Plasma 
 
In Fig. 7 the time behavior of ion saturation current Ii-sat measured with a directional probe 
installed behind the corner of the V-shaped target plate is shown in the case with H2 and Xe 

 
 

FIG.4. Dependence of the particle flux 
estimated from the probe and ELIEA 
measurements on the central-cell line-
density NLcc. 

 
 

FIG.5. Schematic picture of detached plasma 
generation experiments. 

 
 

FIG.6. Time behavior of plasma electron line-
density and diamagnetism measured at the 
central-cell in gas injection experiments in 
D-module. 
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gas injection into D-module. With increasing the 
amount of the Xe gas injection, Ii-sat clearly 
decreases and shows a strong reduction to 15 % of 
that without gas injection. Especially, in the case 
of simultaneous injection of both Xe and H2, ion 
flux is drastically reduced to less than 3 %. From 
these phenomena it is confirmed that the plasma 
detachment is caused by massive gas injection into 
D-module. 
  
3.2.3. Characteristics on the radiator gases 
 
Figure 8 shows the dependence of the plasma 
parameters measured in D-module on the amount of 
gas injection. In this experiment, two kinds of 
radiator gases are compared. In Fig. 8(a), the 
electron temperature Te

Div and density Ne
Div on the 

upper target plate are plotted as a function of the 
plenum pressure of the gas reservoir which 
corresponds to the gas throughput. In both cases, 
Te

Div decreases with the increase of the quantity of 
the gas injection and attained to a few eV at the 
plenum pressure of 650 mbar. At higher plenum 
pressure (>650 mbar), it is observed that the 
decrease of Te

Div is stopped. On the other hand, 
Ne

Div shows a strong peak at 650 mbar in the case of 
the Xe gas injection. Figure 8(b) shows the 
dependence on the ion saturation current Ii-sat and 
the heat flux PHEAT measured at the corner of the V-
shaped target. In the case with Xe, Ii-sat is reduced to 
20 %, while the reduction of the ion flux in the case 
of Ar remains small in spite of considerable 
reduction of Te

Div. The heat flux, on the other hand, 
has a similar tendency with I i-sat in the case of Xe. 
Theses results show that Xe has a stronger effect on 
the detached plasma formation than Ar. 
 
3.2.4. Observation of visible light emission in D-module using fast camera 
 
In order to capture the distinctive feature of the detached plasmas, behavior of visible light 
emission from the plasma near the V-shaped target was measured with a fast camera. The 
image of the light emission from the plasma was captured at the frame rate of 20,000 fps, with 
320 × 240 pixels. In Fig. 9(a), the time behaviour of plasma parameters is shown in the 
detached-attached transition experiment. In this experiment, simultaneous injection of H2 and 
Xe gas was performed for the detached plasma formation and a filter corresponds to Hα light 
(λ = 656.3 nm, Δλ ∼10 nm)) was used in the fast camera measurement. As shown in the 
figure, a bright Hα emission is recognized in front of the target. During the detached phase, as 
shown in Fig. 9(b), it is found that a circular boundary of the emission is clearly formed and 
the intensity strongly diminishes toward the V-shaped corner. In Fig. 9(c), on the other hand, 
the detached plasma makes the transition to attached phase at the same time of the ECH 

 

 
 

FIG.8. Plasma parameters in D-module 
as a function of plenum pressure. (a) 
electron temperature and density on 
the target plate, (b) ion saturation 
current and heat flux. 

 
 

FIG.7. Time behavior of ion saturation 
current measured at the V-shaped 
corner in Xe gas injection experiment. 
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injection (t = 150 ~ 190 ms). The area of intensive 
Hα emission is expanded deeply into the target 
corner accompanied by the rapid increase of ion 
flux at the target corner. From the above 
observation, it is recognized that the plasma is 
detached near the target corner due to simultaneous 
injection of H2 and noble gases and such detached 
state can be transferred to attached phase by ECH 
injection. 
 
3.3. Characterization of plasmas in D-module 
 
In order to study the detailed mechanism of 
radiation cooling and plasma detachment in D-
module, investigation of various characteristics on 
the plasma have been started. Figure 10 shows the 
detailed dependence of the electron density and 
temperature measured in D-module on the plenum 
pressure of the hydrogen gas. In this experiment, 
only hydrogen gas is introduced from the injection 
port at the inlet side of D-module. According to the 
increase of the H2 gas throughput, the electron 
density at the inlet side continues to increase. On 
the other hand, the electron density at the target side 
shows a clear dependence of “roll over” 
phenomena. As shown in Fig. 10(b), the electron 
temperature decreases with the increase of the H2 
throughput and reduced to a few eV on the target by 
only hydrogen injection. However, the attained Te 
(~3 eV) is too high to become the E-I 
recombination dominant state. From the above 
circumstances, molecular activated recombination 
process (MAR) may become dominant [13]. 
 
In the Ar injection experiment, effect of additional 
injection of H2 gas was also investigated. In Fig. 11, 
measured ion saturation current Ii-sat, electron 
density Ne

Div and temperature Te
Div are plotted 

against various combinations of H2 and Ar plenum 
pressures. In this experiment, as shown in the 
figure, the increase of Ne

Div and reduction of Te
Div 

firstly occur due to the Ar injection. Then decrease 
of ion flux and Ne

Div are observed according to the 
increase of injecting H2 gas. On the other hand, 
Te

Div is already decreased to ~3 eV in the stage of 
the Ar gas injection and the ion saturation current 
continues to decrease in spite of no further reduction in Te

Div during H2 injection. From the 
above results, it is suggested that the hydrogen molecules play an important roll in promoting 
recombination processes, which lead to achieving detachment in D-module. Taking account 
of the result that measured Te

Div is 2~3 eV, MAR process may bring about an effect in 

 

 
 

FIG.9. (a) Time behavior of ion flux 
and electron density and temperature 
near the target. Visible image of Hα 
emission in D-module at (b) detached 
phase and (c) attached phase.  

 
 

FIG.10. Dependence of Plasma 
parameters measured in D-module 
on the plenum pressure. (a) Electron 
density and (b) electron temperature, 
which are measured at inlet side 
(ch18) and on the target (ch3), 
respectively. 
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achieving detached plasma formation from the 
same reason with the H2 injection experiment. 
Further investigation such as detailed spectroscopic 
measurements is needed to clarify the above 
mechanism. 
 
4. Recent Results of Numerical Simulation 
Studies in the E-Divertor Region 
 
A numerical simulation study using a background 
plasma fluid code has been started in order to 
clarify physical mechanisms of radiation cooling 
and plasma detachment [14, 15]. This fluid code 
consists of five equations based on the same model 
as B2 code without the effects of drifts and currents 
[16, 17]. In this study, the effects of neutral or 
impurity gases injected in the background plasma of 
GAMMA 10/PDX west end-cell is clarified by 
using background plasma code about behavior of 
electron temperature, particle flux and heat flux 
near the target plate. 
 
Figure 12 shows the mesh model of a numerical 
domain. The plasma flow with x radius of ~ 0.05 m 
enters at z = 10.04 m and streams into tungsten 
target z = 10.7 m with expanding x radius from 0.05 
to 0.15 m. Strength of the magnetic field changes 
from about 3 T and 0.3 T. Each cell in the mesh 
structure is divided into 50 in radial and 66 in the 
axial direction so as to keep almost rectangular 
geometry in the computational area. Radiation loss 
power for Ar is evaluated from the database in ref. 
[18]. 
 
The simulation results are shown in Fig. 13. In this 
simulation, the following conditions of neutral Ar 
density are given uniformly in the simulation space 
because the gases are injected in advance of the 
plasma discharge. In this calculation, only radiation 
due to collision between the electron and the neutral 
Ar particle is considered and the existence of Ar ion 
is ignored. In the lowest Ar density, there is no 
difference observed between the density and 
recycling neutrals on the target surface. In the case 
of almost the same order of plasma density, a slight 
reduction in the electron temperature is observed in 
the z-direction. However, no difference is 
recognized in the density. In the highest Ar density more than plasma density, a strong 
reduction of the electron temperature is recognized, which indicates the significant effect of 
radiation cooling in this region. More detailed plasma parameter survey is needed for 

 
 

FIG.11. Ion saturation current, electron 
density and temperature measured in 
D-module as a function of the plenum 
pressure of injected hydrogen and Ar 
gases. 

 
 

FIG.12. Mesh structure of the 
simulation area. 

 
 

FIG.13. Simulation results of electron 
density and temperature in E-divertor 
region; (a) neutral Ar density of 
1×1017 m-3, (b) 1×1018 m-3, (c) 1×1019 

m-3. 
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obtaining the optimum condition of radiation cooling toward the realization of steady 
detachment plasma condition. 
 
5. Summary 
 
The divertor simulation study has been started by the use of a large tandem mirror device. In 
the additional plasma heating experiments, we have succeeded in enhancing the particle flux 
up to 1.7 × 1023 /m2 sec at the end-mirror exit by applying ICRF wave in both anchor cells 
together with ECH and NBI. We also have achieved the plasma detachment from the high 
temperature plasma (Ti = a few hundred eV), by using massive injection of hydrogen and 
noble gases. Comparison between Ar and Xe showed that Xe is more effective on radiation 
cooling and on achieving detached plasma formation than Ar. A significant effect of 
simultaneous injection with hydrogen gas for detached plasma formation was recognized, 
which strongly suggests the contribution of molecular activated recombination. Numerical 
simulation studies of the background plasma in the E-divertor region have been started based 
on fluid codes and various mechanisms in D-module such as radiation cooling have been 
steadily investigated. These results can contribute to the study on the control of detached 
plasma operation, such as detached-attached transition phenomena, and clarification of 
radiation cooling mechanism toward development of future divertor systems by using linear 
devices with an inherent feature of short connection length of magnetic field line. 
 
Acknowledgement 
 

The authors would like to acknowledge the members of the GAMMA 10 group, for their 
collaboration in the experiments. This work was performed with the support by the bi-
directional collaboration research programs (NIFS12KUGM066, NIFS13KUGM076, 
NIFS13KUGM083 and NIFS14KUGM089) and grant-in-aid for Scientific Research from 
Ministry of Education, Science, Sports and Culture of Japan (24360378). 
 
References 
 
[1] Roth, J., Tsitrone, E., Loarte, A., Loarer, Th., et al., J. Nucl. Mater. 390-391 (2009) 1. 
[2] R.A. Pitts, Carpentier, S., Escourbiac, S., et al., J. Nucl. Mater. 415 (2011) S957. 
[3] Matthews, G. F., J. Nucl. Mater. 220-222 (1995) 104. 
[4]  Nakashima, Y., Ichimura, M., et al., Fusion Eng. Design volume 85 issue 6, (2010) 956. 
[5] Nakashima, Y., Takeda, H., et al., Trans. Fusion Sci. Technol. 59 No.1T (2011) 61. 
[6] Nakashima, Y., Takeda, H., Hosoi, K., et al., J. Nucl. Mater. 415 (2011) S996. 
[7] Nakashima, Y., Takeda, H., Ichimura, K., et al., J. Nucl. Mater. 438 (2013) S738. 
[8] Inutake, M., Cho, T., Ichimura, M., Ishii, K., et al., Phys. Rev. Lett. 55 (1985) 939. 
[9] Tamano, T., Phys. Plasmas 2 (1995) 2321. 
[10]  Nakashima, Y., Sakamoto, M., et al., Trans. Fusion Sci. Technol. 63 No.1T (2013) 100. 
[11]  Sakamoto, M., Oki, K., et al., Trans. Fusion Sci. Technol. 63 No.1T (2013) 188. 
[12]  Ichimura, K., Nakashima, Y., et al., Plasma Fusion Res. 7 (2012) 2405147. 
[13]  Pigarov, A. Yu and Krasheninnikov, S. I., Phys. Lett. A 222 (1996) 251. 
[14]  Takeda, H., Nakashima, Y., et al., Trans. Fusion Sci. Technol. 63 No.1T (2013) 414. 
[15]  Takeda, H., Nakashima, Y., et al., 14th Int. Workshop on Plasma Edge Theory in 

Fusion Devices (PET-14) (23-25 September 2013, Cracow, Poland) P1-18. 
[16]  Bramms, B.J., NET rep. 68 EURFC/X-80/87/68, CEC (1987). 
[17]  Furuta, T., Takeda, H., et al., Trans. Fusion Sci. Technol. 63 No.1T (2013) 411. 
[18]  Post, D.E., J. Nucl. Mater. 220-222 (1995) 143. 


