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Abstract

Modeling of neutral transport in the tandem mirror plasmas has been performed based on simulation studies using a

Monte-Carlo code. A three-dimensional neutral transport simulation in both the central-cell (an axisymmetric simple

mirror) and anchor-cell (a non-axisymmetric minimum-B configuration) was successfully carried out using the DEGAS

version 63 code. In order to realize the geometrical structure in the simulation space, a �second wall� is introduced in the

code, which enabled us to perform a more detailed simulation. The simulation results agreed well with the Ha measure-

ments of the experiment. The effect of cold gas influx from the beamline of the neutral beam injection (NBI) system on

the particle fueling is also investigated and it is found that the azimuthally uniform particle source due to the recycling

on the central vacuum chamber wall prevails over the localized fueling from cold gas influx accompanying the NBI.

� 2004 Elsevier B.V. All rights reserved.

PACS: 52.25.Ya; 52.40.Hf; 52.55.Jd; 52.65.Pp
Keywords: GAMMA 10; DEGAS; Neutral modeling; Tandem mirror; Hydrogen recycling
1. Introduction

The effect of neutrals on the core plasma perfor-

mance plays a crucial role in the optimization of the en-

ergy confinement and in achieving high-b tandem mirror

plasmas as well as tokamak plasmas [1–3]. Particularly

in tandem mirror plasmas, penetration of neutrals into
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the core plasma region plays an important role in forma-

tion of the neutral density profile, since the plasma den-

sity is lower than that of tokamaks. Neutral particle

transport simulations based on the Monte-Carlo meth-

ods have been widely used as a standard way to ap-

proach neutral behavior in the complicated systems of

fusion devices. The modeling of neutral transport using

the Eirene [4] and DEGAS2 [5] Monte-Carlo codes is

important in the studies of divertor modeling in toroidal

systems, such as tokamaks.

In the GAMMA 10 tandem mirror, the neutral trans-

port code DEGAS [6] has been applied and simulation

studies have been performed, investigating the neutral
ed.
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particle behavior in tandem mirror plasmas [1,2,7,8]. In

the early period of GAMMA 10 research, the neutral

density profile in the central-cell has been evaluated by

using arrays of Ha detectors axially and radially aligned

in conjunction with the above simulation studies [9,10].

Recently neutral beam injection (NBI) experiments have

begun in both the central-cell and anchor-cells, which re-

veal a significant effect on particle fueling in both regions

[8,11]. In order to clarify the detailed behavior of neutral

particles, a three-dimensional neutral transport simula-

tion is required due to the three-dimensional geometry

of the device and the presence of non-axisymmetric

sources. In this paper, we describe neutral transport

modeling in the non-axisymmetric configuration of

GAMMA 10 tandem mirror, using the DEGAS

Monte-Carlo code and discuss detailed characteristics

of neutral particle sources deduced from the simulations.
Fig. 1. Mesh model used for the 3D-DEGAS simulation. (a)

surface structure of the vessel wall, (b) grid shape of the plasma

surface, and (c) structure of the �second wall� introduced into

the code.
2. Model description

2.1. The GAMMA 10 device and experimental systems

GAMMA 10 consists of an axisymmetric central-

mirror cell, anchor-cells with a minimum-B configura-

tion using baseball coils, and plug/barrier cells with

axisymmetric mirrors [12]. The central-cell, 6 m in length

and 1 m in diameter, is connected to the anchor-cells

through the mirror throat regions. Initial plasma is pro-

duced by two plasma guns from both ends and then the

main plasma is built up with ion cyclotron range of fre-

quency (ICRF) waves excited in the central-cell and an-

chor-cells, respectively. Two gas puffers are installed for

sustaining plasma at both mirror throat regions. Neutral

beam injectors (NBIs) for heating and fueling the plas-

ma are installed 1.23 m away from the central midplane

and at the midplane of both anchor-cells. In the central-

cell, an array of five Ha detectors is installed along the

machine axis (z-axis) and two radially aligned detector

arrays (x, y-direction) are mounted near the midplane.

Three other detectors are installed at inner-transition,

outer-transition and midplane of the east anchor-cell,

respectively. All of the detectors are absolutely cali-

brated by using a standard lamp. The schematic view

of the above diagnostic system and the experimental set-

up is shown in Fig. 1.

2.2. Mesh model for the DEGAS code

The three-dimensional neutral transport simulation

has been performed by using the DEGAS ver.63

Monte-Carlo code [13]. In this code the modifications

of atomic-molecular interactions, such as dissociative–

excitation reactions, are introduced in the dissociation

energy and reaction rates, which becomes significant at

lower densities [1]. Fig. 1 shows the mesh model of the
wall surface of the vacuum chamber in the central and

anchor cells, together with the grid structure of the plas-

ma surface and the components installed in the vacuum

chamber used in the present calculation. In this model,

as shown in the figure, an up–down symmetry is intro-

duced and the simulation space is divided into 11 seg-

ments radially and 8 segments azimuthally. In the axial

direction, 69 segments are defined, which extend from

the central midplane to the outer-transition of the an-

chor-cell. In order to apply the geometrical structure

precisely into the simulation space, additional struc-

tures, �second wall�, are defined. In the present simula-

tion, a gasbox and two ICRF antennas are treated as

isolated walls in addition to the 3-dimensional mesh

structure of the central-cell vacuum vessel wall. The

components defined as the second wall are shown in

Fig. 1(c). After introducing this boundary condition, a

modification of the algorithm has been made in the

code, which preserves the consistency in particle track-

ing with interactions between test particles and the �sec-

ond wall�.

2.3. Modeling of plasma parameters and particle sources

Fig. 2(a) shows the plasma parameter model adopted

in the simulation. In the density model, particle flux con-

servation of the flowing plasma is assumed along the

axial direction. Then the density profile is determined

on the basis of the measured data at the central-cell,

the mirror throat and the anchor midplane, considering

the shape of the magnetic flux tube. The parallel ion



Fig. 2. Spatial profiles (in the y–z plane) of plasma parameters

used in the simulation. (a) ne, (b) Ti, and (c) Te.

Fig. 3. Results of the 3D-DEGAS simulation. (a) mesh of the

wall and plasma surface, (b) atomic hydrogen density, and (c)

molecular hydrogen density. The x and y axes are reduced to a

square-root scale.
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velocity is determined from Tik measured with the end-

loss ion energy analyzer. The ion temperature profile is

shown in Fig. 2(b). The radial profile is determined using

a charge-exchange neutral particle analyzer, and its axial

variation is obtained from axial distribution of the dia-

magnetic signals in the central-cell. The electron temper-

ature profile is taken to be constant along the magnetic

flux tube based on the soft X-ray measurements. In the

plasma shot used in the present simulation, NBI was

carried out only in the central-cell. Therefore, the fol-

lowing particle sources are given in the simulation; (a)

gas influx from a gas puffer near the mirror throat, (b)

hydrogen recycling near the central midplane, (c) hydro-

gen recycling at a movable limiter inserted in the outer-

transition of the anchor-cell and (d) gas influx from the

beam line of the central-cell NBI. The calculated neutral

density is converted to Ha emissivity along the sight line

of each detector on the basis of the collisional-radiative

model [14] that includes the effects of molecular dissoci-

ation processes. Obtained results are normalized by opti-

mizing the intensity of each particle source individually
so as to fit to the experimental results at every measured

position. In this way the most plausible neutral density

profiles are determined.
3. Results and discussion

3.1. Spatial profile of neutral hydrogen density

The simulation results are shown in Fig. 3. In this

simulation, three particle sources (from the gas puffer

at the mirror throat, from hydrogen recycling at the cen-

tral midplane and from the movable limiter at the outer-

transition region) are considered. The portion of each

particle source rate is 6.2, 1.4 and 0.15, respectively in

relative units. As shown in Fig. 3(b), atomic hydrogen

density has a peak value at the mirror throat and is re-

duced by two order of magnitude toward the central

midplane (�300 cm 6 z 6 �150 cm) in the plasma edge

region, since the components, such as the ICRF anten-

nas and the gasbox, prevent neutral transport in the vac-

uum chamber. The atomic density ceases to decrease at

z = �150 cm due to the enhancement of hydrogen recy-

cling near the midplane where hot ions are produced by
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strong ICRF heating (�150 cm 6 z 6 + 150 cm) [2]. In

the anchor-cell, on the other hand, a strong reduction

of the neutral density is observed through the inner-tran-

sition region where the plasma cross-section becomes

very flat. Beyond that, the density increases slightly

owing to recombined hydrogen on the movable limiter

at the outer-transition. Molecular hydrogen density

shown in Fig. 3(c) exhibits the similar characteristics in

spatial profiles.

The above results qualitatively agree with those of an

axisymmetric simulation previously carried out in the

central-cell [2,7] as well as a preliminary 3-d simulation

performed only in the anchor-cell [8,15]. Consequently

the present simulation is thought to be consistently per-

formed by using the DEGAS ver.63 code in the region

from the central midplane to the outer-transition of

the anchor-cell.

3.2. Comparison between simulation and measurement

From the above calculated neutral density profiles,

Ha emissivity in each mesh element is determined and

is integrated along the actual sight line of each detector.

Fig. 4 shows the comparison between the simulation re-

sults and the measurements in the central-cell. The open

circles in the figure represent the Ha intensities deter-

mined from the simulation in which only the central-cell

is modeled and a simple exit is located at the outside of

the mirror throat. In this case, it should be noted that a

discrepancy is observed at the location of the gasbox

(z = �240 cm). This result indicates that a significant

fraction of particles reflected at the sidewall of the gas-

box is lost toward the exit that is defined in place of

the connecting region to the anchor-cell. This leads to
Fig. 4. Axial intensity profile of Ha line-emission. The solid

circles are the experimental results. Triangles are the results of

the present simulation. Open circles are determined from the

simulation without the anchor-cell. Another simulation having

a gasbox model of reduced size is shown by crosses.
the reduction of neutral density at the gasbox. However,

the triangles obtained from the present simulation, in

which both central-cell and anchor-cell are combined

into one structure, reproduces well the experimental re-

sults (shown as filled circles). On the other hand, the

data represented by crosses are obtained from another

simulation in which the thickness of the gasbox is artifi-

cially reduced by half in axial direction. In this case, a

noticeably higher intensity of calculated Ha emission is

seen. From these results, it is clear that the neutral trans-

port is much affected by a geometrical configuration in

the mirror throat region, which also points out the

importance of the second wall in the simulation.

3.3. Effect of gas influx from the NBI in the central-cell

Fig. 5 is an example showing the effect of non-uni-

form particle source on the neutral density profile in

the central-cell. Here a particle source rate of 1.58 (in

the same relative units used in Section 3.1) is applied

at the location of the NBI injection port in order to sim-

ulate only the cold gas influx from the beam line of the

NBI. As shown in the figure, a strong localization of

neutral density is observed in front of the injection port

(z = �120 cm). This localization in neutral density is

dispersed with the distance from the beam line and

becomes almost axisymmetric 50 cm away from the

injection port (z = �70 cm), which is consistent with

the measured results from the nearest radial Ha detector

array (z = �52 cm). In order to clarify the physical

mechanism of this dispersal of neutrals, further experi-

ments and simulations are necessary. However, the
Fig. 5. Spatial profiles (in the x–y plane) of the atomic

hydrogen density at different z locations of the central-cell in

the case of the simulation of the cold gas influx from the NBI

beamline.
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above result indicates that an axisymmetric particle fuel-

ing due to hydrogen recycling prevails over the localized

effects of NBI near the midplane region.
4. Summary

Modeling of neutral transport over the region from

the central-cell to the anchor-cell of GAMMA 10 was

performed for the first time. Use of a �second wall� was

successfully applied in addition to the usual vacuum

chamber wall. It enabled us to realize a detailed three-

dimensional particle simulation including complicated

structures in the simulation space. A combination of

three different particle sources defined at the mirror

throat, the central midplane and the movable limiter

of the outer-transition lead to better agreement with

the experimental results than those of the previous sim-

ulation. Neutral particle behavior near the mirror throat

is strongly affected by the geometrical configuration

of the components installed in the vacuum chamber. A

3-d simulation using non-uniform particle source, such

as the cold gas influx from the beamline of the NBI

was performed, and it was found that the effect of that

cold gas influx is limited to the vicinity of the injection

port. The above results may provide useful information

for understanding the detailed neutral transport in the

complicated structure in the near future plasma devices.
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