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Analysis of neutral particle behavior in the GAMMA 10 tandem mirror with open magnetic field and the
Heliotron J device with non-axisymmetric plasma confining system is described based on the results of
Monte-Carlo neutral transport simulation. Three-dimensional (3-D) Monte-Carlo code DEGAS was
applied to both devices in order to investigate precisely the spatial distribution of neutral particle density.
In GAMMA 10, a detailed structure of inner components of the central-cell is modeled in the simulation
space. In Heliotron J, a carbon limiter inserted into the plasma for investigation of plasma-material inter-
actions is also modeled in addition to the helically twisted vacuum vessel and plasma. In both devices, 2-
D images of light-emission from the plasma captured with CCD cameras near the limiters are compared
with the simulation results and a good agreement between experiment and simulation is recognized.
Comparison of the decay length in the emissivity of Ha/Da line-emission also showed that neutral trans-
port in SOL region plays a significant influence on the emission profile.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Investigation of recycling is one of the important subjects for
controlling plasma in magnetically plasma confining devices. Anal-
ysis of neutral transport phenomena also gives us useful informa-
tion on plasma-material interactions as well as edge plasma
behavior. In particular, the neutral transport analysis in non-axi-
symmetric plasma confining systems, such as helical systems and
mirror systems with minimum-B configuration, becomes much
complicated, since the plasma and the wall are configured in
three-dimensional (3-D) structure. 3-D Monte-Carlo simulation of
the neutral transport is an indispensable method in order to solve
this difficulty. Neutral transport studies in 3-D geometry by using
DEGAS Monte-Carlo code [1,2] have been carried out in the GAM-
MA 10 tandem mirror device [3,4], the helical device LHD [5] and
Heliotron J [6,7].

Visible image diagnostic using high-speed camera is also a pow-
erful method for visualizing the behavior of edge plasma behavior
[8]. In GAMMA 10 and Heliotron J devices, high-speed cameras
have been installed and measurements of 2-D visible images of
ll rights reserved.

akashima).
plasma light-emission were performed and the distinctive behav-
ior of each plasma was observed [9,10].

In this study neutral particle behavior due to the limiter recy-
cling is investigated in the GAMMA 10 central-cell and Heliotron
J plasmas based on the 3-D Monte-Carlo simulation of neutrals.
In both devices, neutral transport simulation corresponding to
the 2-D images of light-emission near the limiters is carried out.
In this paper a discussion on the influence of localized particle
source due to the interaction between plasma and limiter follows
a comparison between the experimental results and simulations.

2. Experimental setup and simulation model

2.1. GAMMA10 tandem mirror

GAMMA 10 consists of an axisymmetric central-mirror cell, an-
chor-cells with minimum-B configuration using baseball coils, and
plug/barrier cells with axisymmetric mirrors [11]. The central-cell
6 m in length and 1 m in diameter is connected to the anchor-cells
through the mirror throat regions. Fig. 1(a) shows the schematic
view of the central and the anchor-cells of GAMMA 10 together
with the diagnostic systems related to this study. A number of
Ha line-emission detectors are installed along the machine axis
(z-axis) from the central-cell midplane (z = 0) to the east anchor-
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Fig. 1. Experimental setup and mesh model of the GAMMA 10 central-cell. (a) Schematic drawing of the GAMMA 10 central-cell and east anchor-cell together with the
location of Ha detectors and high-speed camera. (b) Fully 3-dimensional mesh model for DEGAS simulation.
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cell (�750 cm < z < �300 cm). A medium-speed CCD camera with
the frame rate of 400 fps and 216 � 640 pixels has been installed
in from of a horizontal port of the central-cell midplane and the
camera monitors the plasma behavior near the central-cell limiter
located at z = +30 cm. The camera observes total light or Ha line-
emission from the plasma using interference filter and it is con-
firmed that the total light from the limiter mainly comes from
Ha emission. Fig. 1(b) shows the fully 3-D mesh model of GAMMA
10 central-cell. In this model, interior components, such as limiter,
radio frequency (RF) antenna and gas puff are precisely integrated
together with the central-cell vacuum vessel. In the simulation,
calculation on the assumption of recycling particle source from
the limiter is carried out and a comparison to captured 2-D image
from the CCD camera.

2.2. Heliotron J

In Fig. 2(a), bird’s eye view of the Heliotron J plasma and the
location of plasma heating system and diagnostics used in the
experiment are presented. Heliotron J is the helical axis heliotron
device with a helical winding coil of L/M = 1/4, where L and M
are the pole number of the helical coil and the helical pitch, respec-
tively [12,13]. In a standard magnetic field configuration, the aver-
age major and minor radii of the plasma are 1.2 m and 0.17 m,
respectively. The carbon limiter is inserted from the bottom of
the vacuum vessel in order to study plasma-material interactions
in non-axisymmetric plasmas. The carbon limiter consists of a
hemispheric head with 9 cm diameter and a ceramic shaft of
6 cm in diameter. In this experiment, a 70 GHz electron cyclotron
heating (ECH) system (70 GHz, 0.4 MW) is mainly used for the
plasma production and heating. In Heliotron J, a CCD camera with
the frame rate of 250 fps and 512 � 480 pixels is installed and the
visible light near the carbon limiter is observed horizontally or ver-
tically. In this experiment, an interference filter with the wave-
length of Ha/Da line-emission (k = 656.3 nm and 10 nm FWHM)
is inserted in front of the camera and the time behavior the Da
emission from the plasma is monitored.

The 3-D mesh model covering the whole area of Heliotron J for
the DEGAS simulation is shown in Fig. 2(b). In this simulation, 3-D
modeling of the carbon limiter is carried out in addition to the
plasma and vacuum vessel wall of the Heliotron J in order to study
the neutral particle behavior near the limiter in this experiment.
The mesh is divided into radially 15 segments and 28 segments
in the poloidal cross-section, respectively. The toroidal segmenta-
tion is taken into 512 to investigate the toroidal variation of neu-
tral density in detail especially near the limiter. The mesh model
of the limiter is divided into 40 segments in azimuthal direction
and vertically divided into 34 segments.

3. Experiment and simulation results

3.1. Simulation results near the GAMMA 10 central-cell limiter and
comparison with the visible light measurement

Fig. 3 shows the simulation results under the condition with the
recycling particle source is located on the limiter in the GAMMA 10



Fig. 2. Experimental setup and mesh model of Heliotron J. (a) Schematic view of the
Heliotron J vacuum vessel and the location of the plasma heating and diagnostic
systems for the experiment. (b) Mesh model of the Heliotron J vacuum vessel,
plasma and carbon limiter for the DEGAS simulation.

Fig. 3. Results of the DEGAS simulation; cross-sectional view of (a) molecular
hydrogen density, (b) atomic hydrogen density and (c) emissivity of Ha line-emission.
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central-cell. In this simulation, under the background plasma
parameters based on the experimental data, hydrogen particle is
emitted from the inner edge of the limiter (2 cm in width). The
simulation result of Ha emissivity is averaged in the azimuthal
direction, since the particle source is given to be axisymmetric.
As shown in Fig. 3(a), hydrogen molecular density becomes maxi-
mum just under the limiter and decreases radially toward the plas-
ma center by one order of magnitude. In the plasma edge region,
the molecular density decreases along the magnetic field line by
one order of magnitude in the distance of more than 1 m from
the limiter. Hydrogen atoms, on the other hand, penetrate
into the plasma core without any reduction and diffuse wider
along the magnetic field line (Fig. 3(b)). The peak position of Ha
emissivity is located at a few cm inner of the plasma edge as shown
in Fig. 3(b). In Fig. 4, calculated 2-D image of Ha emission is com-
pared with the measured result of the CCD camera. As shown in
Fig. 4(a), the diameter in the visible image of the plasma column
is expanded near the limiter which indicates the enhancement of
hydrogen recycling due to the limiter–plasma interactions. The
simulation result shown in Fig. 4(b) well reproduces this observa-
tion result.

3.2. Da emission and neutral behavior near the carbon limiter in
Heliotron J

Fig. 5 shows the comparison between the 2-D Da image with
high-speed camera and the simulation result in Heliotron J. This
simulation is carried out by optimizing the particle source profile
on the carbon limiter so as to reproduce the top view of the 2-D
image of Da emission obtained by the vertically viewing camera.
As shown in the figure, a fairly good agreement is recognized be-
tween the simulation and measurement.

In Fig. 6, Da emissivity profile on the vertical cross-section of
plasma is shown as a parameter of the plasma density which is
artificially varied. This cross-section is made by cutting the plasma
along the magnetic axis intersecting the top of the carbon limiter.
As shown in the figure, in the density range of actual Heliotron J
plasmas (1–2 � 1013 cm�3), Da emission profile is found to be en-
hanced along the magnetic field line (Fig. 6(a and b)). In the lower
Fig. 4. (a) 2-D visible image of the light-emission from the GAMMA 10 plasma by
CCD camera. (b) 2-D Ha image obtained from the DEGAS simulation.



Fig. 5. Comparison between 3D-DEGAS simulation and experiment in Heliotron J. (a) 2-D Da image of the side view of the carbon limiter. (b) Predicted 2-D image of the Da
intensity near the carbon limiter.
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density region such as GAMMA 10 plasmas (�2 � 1012 cm�3), on
the other hand, penetration of Da emission area toward the plasma
core region is recognized and diffusion across the magnetic field
line becomes large.
Fig. 6. Cross-section view of Da emissivity near the carbon limiter predicted from
4. Discussion

In order to investigate the common mechanism of neutral par-
ticle behavior in both devices, the decay profile of Ha/Da line-
the simulation; (a) ne = 2 � 1013 cm�3, (b) 2 � 1013 cm�3, (c) 2 � 1012 cm�3.



Fig. 7. Comparison of the decay length of Ha/Da emissivity along the magnetic
field line obtained from the simulation.
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emission was evaluated from the simulation results. In Fig. 7, the
emissivity of Ha and Da lines obtained from the simulation results
shown in Figs. 3 and 6, respectively is plotted as a function of the
distance from each limiter. In the case of GAMMA 10, data are ex-
tracted from the 10 6 r 6 12 cm and azimuthally averaged at the
same z-position and those in Heliotron J are sampled at the posi-
tion just above the limiter tip (Z � �17 cm) and are plotted along
the line of magnetic force.

In the case of Heliotron J, a point source of neutrals from the tip
of the carbon limiter is given to simplify the simulation condition
and three different density cases are presented. It is found that
there is a steep decrease observed within 15 cm around the limiter
tip and has no density dependence. In the region more than 20 cm
away from the limiter tip, the decreasing rate of emissivity be-
comes weak and has the dependence that the decay length de-
creases with increasing density.

In the case of GAMMA 10, on the other hand, a noticeable reduc-
tion near the limiter is also observed but the decreasing rate is
small compared with the Heliotron J at the same density. The de-
cay length at the place more than 30 cm away from the limiter be-
comes longer and runs into 1 m. This tendency indicates that a
large space between the plasma edge and the vacuum vessel en-
hances the particle transport along the axial direction in GAMMA
10. In the case of Heliotron J, however, particle transport in the
SOL region is considered to be strongly prevented due to the
twisted vacuum vessel wall.
5. Summary

Using three-dimensional Monte-Carlo code DEGAS ver.63, neu-
tral transport simulation was successfully performed in the GAM-
MA 10 tandem mirror with open magnetic configuration and the
Heliotron J with helical axis heliotron magnetic configuration,
and the behavior of neutrals was investigated in detail based on
the simulation results. The simulation results using 3-D mesh
model including some inner components in the central-cell, such
as the central midplane limiter and RF antenna, well explained 2-
D image of visible light near the limiter captured with the med-
ium-speed CCD camera. A mesh model of the carbon limiter was
installed into the 3-D mesh structure modeling the Heliotron J vac-
uum vessel and plasma with non-axisymmetric configuration. 3-D
simulation with assuming a particle source due to recycling on the
limiter was performed and the neutral diffusion in radial and toroi-
dal directions is investigated. The simulation with the particle
source determined from the vertically viewing 2-D Da image of
the limiter also well reproduced 2-D image by the horizontally
viewing CCD camera. Both simulation results showed that the neu-
tral transport is significantly influenced by the geometry of the
wall and plasma. From above these results, this analysis method
using 3-D simulation is demonstrated in its validity and provides
the important information for understanding of the plasma trans-
port and confinement in helical fusion devices as well as open
magnetic configuration devices.
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