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1 Introduction

Analysis of neutral particle transport is of importance for the successful steady-state

divertor operation proposed for the stellarator W7-X. In addition to the range of magnetic

configurations and the incident energy flux, the divertor design for W7-X is also being

optimized for an additional control over the plasma using the particle sources in the

divertor region [1]. The present work aims at characterizing the plasma and neutral

particle transport processes in the plasma edge region using the 3D Monte Carlo code

EMC3-EIRENE [2, 3]. The self-consistent analysis of plasma and neutral transport is

done in order to optimize the divertor operation by effectively controlling the exposure of

neutral particles in subdivertor volume to the edge plasma. The study involves simulation

of the plasma transport to determine the density, temperature and flow velocity profiles
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Figure 1: The magnetic configuration and
the computational mesh for W7-X.

in the plasma edge region of W7-X. The neu-

tral transport is then simulated self-consistently

by allowing the neutral particle concentration to

build up in the divertor chamber and effectively

controlling its interaction with the edge plasma

through a pumping gap which is varied.

The code EMC3-EIRENE, recently up-

graded to incorporate arbitrary magnetic struc-

tures, uses a 3D grid for sampling the plasma

and neutral parameters. The significantly large

volume of W7-X plasma requires a proportion-

ally large number of grid points for sampling

plasma parameters since the required resolution

is fixed by the scale lengths which are largely independent of the total plasma volume.

The 3D divertor geometry also adds to the complexity of the analysis and requires a

carefully chosen grid structure.
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2 Simulation procedure

The 3D mesh used for simulation represents a set of flux tubes which are subdivided into

toroidal cells to score particles. A finer cell size is required to resolve the region close to

the divertor surfaces, where the neutral source is located and plasma parameters have the

largest variation. This resolution is maintained on all toroidal locations on the 3D helical

surface of the divertor plates. Apart from the finer geometric grid a coarser physical grid

is used for defining physical variables. A 3 % subset of the geometric grid is plotted in

the up-down symmetric bean shaped cross-section (Fig. 1).

3 Plasma transport in W7-X

The first application of EMC3-EIRENE for the W7-X geometry is implemented. The

plasma profiles are simulated self-consistently using an iterative procedure for the mag-

netic field configuration with ι = 5/5 and < β >= 4%. As shown in Fig. 1, the magnetic

500 520 540 560 580 600 620
0

20

40

60

80

100

120

R (cm)

Z 
(c

m
)

(a)

T e

21.8

43.6

65.4

87.2

109

130.8

500 520 540 560 580 600 620
0

20

40

60

80

100

120

R (cm)

Z 
(c

m
)

× 1013

(b)

n 
(c

m
−3

)

0.82

1.08

1.41

1.85

2.42

3.16

Figure 2: The electron temperature Te (eV) (a) and plasma density n (b).

configuration is characterized by a combination of regular flux surfaces, islands and er-

godic structures in the region of separatrix. For the present study a constant influx of

energy entering the SOL region, 5 MW, is used from the core region. The edge plasma

density is fixed by the choice of total plasma flow to the targets while the volume sources

are used as generated by EIRENE code. At the targets the Bohm boundary condition is

used. The resulting distributions of plasma density and temperature are shown in Fig.

2. The deposition channels to the target plates could be clearly identified as they follow
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the island structure. The volume sources are seen to peak on the the target surfaces with

maximum value on the horizontal target plate close to the φ = 0 plane (where φ is the

toroidal angle). The deposition of particle and energy flux on the target element could

also be obtained and used for the neutral particle calculations presented in Section 4.

4 Divertor processes and neutral particle analysis

500 520 540 560 580 600 620
0

20

40

60

80

100

120

R (cm)

Z 
(c

m
)

× 1012

0.04

0.12

0.36

1.02

2.87

8.1

Figure 3: H2 density distribution
(cm−3), for A = A0.

The planned divertor unit consists of ten discontin-

uous sets of vertical and horizontal target plates in-

stalled up down symmetrically. Each set cuts two

islands at different poloidal locations. In the present

study we characterize the divertor performance and

subdivertor neutral density for the steady-state oper-

ating conditions. Also the performance of pumping

system is characterized with respect to divertor ge-

ometry where the estimation of achievable pumping

speeds could be obtained over a range of pumping

system efficiency. The self-consistently generated re-

cycling neutrals are used and the neutral density in

the divertor chamber is analyzed by varying the di-

vertor pumping gap, thereby controlling the exposure of neutrals to the plasma.
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Figure 4: Dependence of averaged
molecule density < n0 > (cm−3) on
pumping gap A and efficiency α at
φ = 0.

The average neutral density in the divertor cham-

bers was calculated for a range of divertor openings

in order to validate the current divertor designs. The

neutral particle analysis was carried out with a plasma

background calculated with the current divertor ge-

ometry and pumping switched off. This approxima-

tion is reasonable since the neutral backflow from

the divertor chamber to plasma is small compared to

the recycling flux. The subdivertor molecular density

plotted in Fig. 3 corresponds to the currently chosen

pumping gap configurations at φ = 0 plane. The de-

tailed dependence of the average molecular density on

the divertor opening is plotted in Fig. 4 with varying

pumping efficiency α (ratio of absorbed and incident flux on pumping area). Here the

pumping gap area A is normalized to that in the current divertor design A0.
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Figure 5: Dependence of H2 pump-
ing speed on pumping efficiency α.

It could be seen that beginning from zero the neu-

tral density grows rapidly at smaller values of the

gap, although the growth stops owing to a dominant

backflow of the neutrals into the plasma at a critical

gap area. A larger opening results in a larger sink

of neutrals in the plasma and causes reduction in the

subdivertor neutral density. It could be noted that

the maximum subdivertor neutral density occurs at

A = A0 representing an optimum pumping efficiency

at the current design specifications, for this case an

averaged neutral compression ratio of 1.7 × 102 is es-

timated for H2 at a representative cross-section (φ = 0) with pumping switched off. The

achievable pumping speeds could be estimated for a range of pumping efficiency and plot-

ted in Fig 5. For the proposed locations and geometrical specifications of the pumping

mechanism. The total pumping area of cryo-pump unit was represented by additional

absorbing surfaces located in the divertor chamber. The absorption coefficient α is var-

ied from 2 to 10 percent of the incident flux which yields an optimum total pumping

speed of 3.5 × 1021 s−1 at an average neutral density of 1.0 × 1012 cm−3 and an average

pumping efficiency of 10 %, enabling a higher NBI input power and improved particle

exhaust. Better results are expected with enhanced pumping efficiency, up to 20 %, of

the cryo-pumps.

5 Conclusions

The 3D code EMC3-EIRENE was implemented for W7-X and first self-consistent results

were obtained for plasma and neutrals. One of the major tasks has been to optimize

the grid structure according to required resolution. The dependence of neutral particle

behavior on the pumping efficiency and the pumping gap is investigated. The character-

ization and validation of current design specifications is done for the optimum operating

conditions.
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