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Abstract

Far SOL plasma flow, and hence main chamber recycling and plasma surface in-

teraction, is today still only very poorly described by current 2D fluid edge codes,

such as B2, UEDGE or EDGE2D, due to a common technical limitation. We have

extended the B2 plasma fluid solver in the current ITER version of B2-EIRENE

(SOLPS4.3) to allow plasma solutions to be obtained up to the “real vessel wall”,

at least on the basis of ad hoc far SOL transport models. We apply here the kinetic

Monte Carlo Code EIRENE on such plasma solutions to study effects of this model

refinement on main chamber fluxes and sputtering, for an ITER configuration. We

show that main chamber sputtering may be significantly modified both due to ther-

malization of CX neutrals in the far SOL and poloidally highly asymmetric plasma

wall contact, as compared to hitherto applied teleportation of particle fluxes across

this domain.
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1 Introduction

Integrated tokamak edge plasma code packages typically involve an at least

2D edge plasma transport computational fluid dynamics (CFD) component,

combined with a Monte Carlo solver for kinetic sub-components (e.g. neutrals,

radiation, trace impurity ions). In the past, comparatively little attention has

been paid in edge transport modeling to the main chamber walls – at least not

in the plasma fluid part of the codes. To our knowledge, all current 2D edge

plasma fluid solvers are limited in radial extent to a position where a magnetic

field line still connects one divertor target to the other without intersecting

any other structure of the vessel. This has always left a significant “void” area

between the computed edge plasma fields (such as densities, temperatures,

and flow velocities) and the “real vessel wall”, Fig.1 (a). Current computa-

tional assessments of main chamber plasma recycling and erosion rely on an

ad hoc “teleportation” of plasma fluxes from the outermost flux surface of the

computational domain to the wall. By only slightly extending some geomet-
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ric options and boundary conditions in the B2 code we are now able to close

this gap. This enables 2D plasma solutions to be found with B2 on the entire

domain from inside the separatrix up to the vessel wall, Fig.1 (b).

In Section 2 we briefly summarize the necessary steps to generalize the 2D

plasma fluid code. Over the past decades, extensive modeling of ITER sce-

nario’s has been performed by the ITER group and its collaborators, see

a.o. [1]. In the present paper, we use solutions for a particular, well docu-

mented ITER configuration (ITER reference scenario F12, Section 3), once

obtained with the conventional, restricted computational domain (“narrow

ITER”), and once for the full domain up to the vessel wall (“wide ITER”), to

study in Section 4 the sensitivity of PSI (recycling and sputtering) predictions

to the presence or absence of a plasma solution in the void region.

2 Extended edge modeling

2.1 Grid adaptation

Edge codes, such as the B2 code, typically explicitly rely on the orthogonality

of grids in order to calculate fluxes across cell faces. These orthogonal grids

are introduced to cope with the strongly anisotropic transport in magnetized

plasmas. However, when vessel walls are inclined relative to the magnetic field,

some deviation from an orthogonal grid cannot be avoided.

The non-orthogonality of solid structures in the plasma flow with respect to

the B-field can be treated in several ways. For example, retaining fully or-

thogonal grids a “staircase grid approach”, with “isolated” grid cells inside
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the solid structures, was originally developed for B2-EIRENE [2,3] for diver-

tor targets. This was later replaced by a simpler approximation (still in use

today), namely by distorting the coordinate curves perpendicular to the mag-

netic field in some parts of the computational domain – typically the entire

divertor – near inclined divertor targets [4]. This method can be expected to

remain sufficiently accurate in regions where the plasma flow is dominated by

parallel transport and cross field transport is carried by neutrals treated by an

independent code that can handle non-orthogonal grids (such as EIRENE).

Indeed, the (often anomalous) cross field plasma transport across the distorted

surfaces is not correctly taken into account anymore with this grid distortion.

In any case, extending this approximate method to describe the main chamber

wall in detail is not possible. Not only will the radial coordinate curves be

distorted in regions where cross field plasma transport is important, such as

close to the the main chamber wall, but also coordinate curves aligned with

the magnetic field would need to be distorted to match the vessel. Especially

the latter distortion can lead to large numerical errors, as fluxes parallel to

the magnetic field are not calculated properly for the misaligned coordinate

curves.

An alternative, and more accurate method followed in the present paper, ba-

sically refining the “staircase target” concept to handle the inclined surfaces,

was reintroduced in B2 [5,6] for TEXTOR ALT-II limiter configurations. This

method only distorts the final grid cells directly facing the plasma-wall in-

terface, see Fig.2. In this way, the presence of non-orthogonal cell faces in

the grid is limited to the boundary cells and in these cells, only cell faces

representing the solid boundaries are affected, while in the rest of the compu-

tational domain full orthogonality of the grid is preserved. Transport across
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the non-orthogonal boundaries is now handled correctly by the specification

of new (revised and generalized) boundary conditions, treated explicitly (see

below). In this way, the large skewness of the cells in combination with the

steep gradients developing towards the sheath can be handled with the 5 point

discretization scheme. Thus B2 provides, as it is, the exact solutions of the 2D

problem, up to main chamber surfaces and also for cross field plasma transport

in divertors with strongly inclined targets.

2.2 Extended boundary conditions in B2

When the simulated domain is bounded at some outermost magnetic flux sur-

face, assumptions have to be made concerning the behavior of the plasma in

the void region in order to apply boundary conditions along this flux sur-

face. Typically, decay length type boundary conditions are used here. Unfor-

tunately, the solution of the system of equations may be quite sensitive to the

values chosen for the different decay lengths.

With the grid extending up to the “true” main chamber wall, the entire void

region is included self-consistently in the scrape-off layer simulation. Further-

more, ad hoc decay length boundary conditions are no longer needed. In the

present work, we propose to apply sheath conditions at the entire vessel wall.

Using these boundary conditions, the sink action due to the main chamber

wall is modeled more realistically. According to Chodura’s theory [7], a Bohm

sheath is formed up to very large incidence angles between the magnetic field

and the surface normal. Only for very near tangential surfaces, with angles

larger than ∼ 89◦, cross field transport effects to the surface becomes impor-

tant and conventional sheath theory breaks down.
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The sheath conditions imply that the velocity component parallel to the mag-

netic field reaches sound speed on all interfaces between the plasma and a

solid, V|| = cs. Particle fluxes ~Γ towards the walls are then found from a

simple cosine law:

~Γ · ~S = Γθ Sθ + Γr Sr = n
Bθ

B
cs Sθ , (1)

where Sθ and Sr are the poloidal and radial projections of the (non-orthogonal)

boundary cell face ~S. n is the density of the particles considered, and Bθ/B

is the pitch of the magnetic field. Adhering strictly to 1D sheath theory, only

parallel flow at the sheath entrance is allowed. Thus, the part of the dot

product ~Γ · ~S involving the radial particle flux vanishes in this picture. In

the B2 code, condition (1) for tilted “north” and “south” cell faces is readily

implemented by specifying an equivalent radial velocity Ṽr:

Γθ Sθ = n
Bθ

B
cs tan β Sr ≡ n Ṽr Sr . (2)

The angle β takes into account the ratio between the poloidal and radial pro-

jections of ~S, see Fig.2. For “east” and “west” cell faces, nothing needs to be

changed compared to the mesh distortion technique already implemented. The

total ion and electron energy fluxes entering the sheath, Qi and Qe, are spec-

ified by so-called sheath transmission coefficients for ion and electron energy,

δi and δe:

Qi =
(
δi Ti +

1

2
miV

2
||

)
Γi,θ (3)

Qe = δe Te Γe,θ (4)

Here, Ti and Te are the ion and electron temperatures at the sheath edge,

respectively, and mi is the ion mass. δe = δ∗e + e∆φ
Te

has two contributions: δ∗e
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from the Maxwellian electron distribution reaching the wall, and e∆φ
Te

to take

into account the sheath potential drop ∆φ. The heat flux reaching the sheath

from the plasma side, has both convective and conductive contributions. While

the evaluation of the convective contributions is taken care of by setting the

particle fluxes towards the surface, and is thus purely parallel, the gradients

appearing in conductive terms must now be taken orthogonal to the surface.

Indeed, although the sheath itself is assumed to be purely 1D, the flow in the

plasma towards the sheath entrance can be 2D. Here, the radial temperature

gradient towards the sheath contributes to the energy flux from the plasma

towards the sheath entrance. Thus we have:

κ ~∇T · ~S = κθ
∂T

∂θ
Sθ + κr

∂T

∂r
Sr . (5)

By assuming a constant temperature along the inclined boundary cell surface,

this leads to the following implementation for tilted “north” and “south” cell

faces:

κ ~∇T · ~S =
(
κθ
∆θ

tan β +
κr
∆r

)
∆T Sr ≡ κ̃r

∆T

∆r
Sr . (6)

Our implementation can thus be interpreted as introducing an effective radial

heat conductivity κ̃r for the heat flux across the tilted boundary cell face. Sim-

ilarly, for “east” and “west” cell faces an equivalent poloidal heat conductivity

κ̃θ is imposed:

κ ~∇T · ~S =
(
κθ
∆θ

+
κr
∆r

tanα
)

∆T Sθ ≡ κ̃θ
∆T

∆θ
Sθ . (7)

See Fig.2 for the definition of α. The contribution from the second term in

parenthesis takes into account the non-orthogonality of the grid cell adjacent
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to the boundary and is missing in the hitherto employed simplified grid distor-

tion approximation of B2, already for inclined divertor targets. Analogously,

“effective” radial or poloidal viscosities are defined for the viscous terms in

the ion energy fluxes across all tilted cell boundaries.

2.3 Extended boundary conditions in EIRENE

Kinetic Monte Carlo transport codes typically do not suffer from the geomet-

rical limitation of the 2D CFD plasma fluid solvers. Hence comparatively little

effort was required to adapt the neutral particle and radiation transfer code

EIRENE to the new options in B2. Since already in the past no use was made

of orthogonality of grids of quadrilateral cells in EIRENE, the only modifi-

cation needed was removal of the (historic) distinction between north/south

cell boundaries and east/west cell boundaries for generating initial birth point

coordinates (in real and velocity space) of recycling and sputtered neutral

particles. In the present work for the “wide ITER” case (no void region, see

Section 3), the spatial distribution of plasma fluxes (D+) along the “true” ves-

sel from the extended B2 was also used by EIRENE. This replaces the hitherto

used option for the “narrow ITER” cases (with void region), in which the ra-

dially outermost flux surface (which coincides with the inner surface of the

void region), was taken as recycling surface for plasma ions. Once the position

of an incident ion is generated by random sampling in EIRENE, sampling

of the incident ion velocity onto the surface is the same in both cases: the

local plasma temperatures and flow velocities from B2 are translated into a

truncated drifting Maxwellian flux distribution, from which the velocity of

the ion is sampled. This (sheath entrance) ion is then accelerated by a sheath
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potential (chosen consistently with B2 boundary conditions) normally onto

the target to generate the final incidence spectra (in angle and energy) of ions

from the B2 plasma solution.

Outgoing charge exchange neutrals are recycled at the “true” wall surfaces in

both cases, as it was done already in the past for the “narrow grid” models.

2.4 Computational efficiency

An apparent obstacle to the inclusion of detailed vessel geometries was the

significant fraction of isolated cells (inside the solid) appearing in the compu-

tational orthogonal grid, see Fig.2. E.g. for the “wide ITER” case described

in the next Section, the total number of cells in the grid is almost twice as

large as the “active” cells actually containing the SOL plasma.

However, more than 90% of the computational time of the B2 code is spent

on the matrix solver, while comparatively little time is needed to set up the

system of equations. Furthermore, the solver is a GMRES solver, using an

incomplete LU decomposition for preconditioning. The number of operations

needed to solve a system of equations is directly proportional to the total

number of equations in the system. We have used this feature to eliminate the

computational penalty almost completely. By partitioning the matrix prior

to inversion by the matrix solver, the isolated cells are eliminated from this

computationally expensive operation. In this way, the computational time is

reduced to approximately the time required for a simulation with the same

number of real, plasma containing cells only.
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3 Case description

In this paper, the ITER reference scenario F12, a well documented ITER con-

figuration, is used to study the effects of the code extensions. The results of

two types of simulations are compared. First of all, simulations are performed

on a traditional ITER scrape-off layer grid, see Fig.1 (a). Here, only the lower

X-point and inner separatrix are included. The domain extends towards the

targets in the poloidal direction, but it is bounded to an arbitrary magnetic

flux surface in the radial direction, leaving a “void” region between the compu-

tational domain and the real vessel wall. At the outermost magnetic flux sur-

face, and at the private flux boundary, decay lengths λn = λTi = λTe = 0.03 m

are prescribed for the plasma density, ion and electron temperatures, respec-

tively, while the radial gradient of the parallel velocity is assumed to be 0.

This is referred to as the “narrow ITER” case.

Next, the ITER SOL is simulated on a grid extending up to the real vessel wall,

Fig.1 (b). Thus, baffling structures and the second X-point are also included

in the computational domain. This case is referred to as the “wide ITER”.

For this case, the sheath conditions described in Section 2.2 are applied on all

plasma boundaries in contact with the vessel.

For both the “narrow” and “wide” ITER cases, the plasma density and parallel

velocity are fixed at the core: n = 4 · 1019 m−3 and V|| = 0 m/s. 100 MW

input power from the core is imposed, divided equally between the ions and

electrons. For all sheath conditions, transmission coefficients δi = 2.5, δ∗e = 2

and e∆φ
Te

= 2.8 in (3,4) are taken. A gas puff of 3 · 1023 particles/s is included

at the top of the machine. Anomalous radial transport coefficients are 1 m2/s
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for particle diffusion, 0.2 m2/s for the radial viscosity and 1 m2/s for the

radial heat conductivities of ions and electrons. The simulations are performed

for two values of an anomalous convective radial velocity, v = 0 m/s and

v = 10 m/s. All simulations are converged to machine accuracy, as measured in

terms of B2 code residuals. Plasma solutions are computed using the extended

B2 code stand alone, including a strongly reduced semi-analytical model for

the neutrals only. For the “wide ITER” case, a fully self-consistent, iterative

solution with EIRENE has not been attempted at this stage, as the focus is on

the refined CFD plasma fluid part. The plasma states resulting from the B2

stand alone computations with simplified neutral model are subsequently used

as background plasma for stand alone EIRENE computations, which allow to

evaluate the neutral fluxes to the first wall and the resulting sputtering rates,

as already detailed in previous papers using the “narrow ITER” in (fully

coupled) B2-EIRENE simulations [8,9]. Because, distinct from the narrow grid

case, a converged solution with the B2 and EIRENE codes coupled in a self-

consistent way has not been obtained at this moment on the wide grid, all

results provided in the next Section must be interpreted with care. Although

observed trends are expected to be correct, it is encouraged not to rely on the

absolute values of the presented results, as the effects might be attenuated by

the reaction of the plasma to EIRENE neutral fluxes.

4 Results and discussion

Before looking at sputtering yields in more detail, it is interesting to compare

the particle and energy fluxes towards the first wall for the different test cases.

Fig.3 shows the fluxes of D+ ions, while the combined D and D2 neutral fluxes
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are depicted in Fig.4. For the “narrow ITER” simulations, the ion fluxes are

“teleported” fluxes from the outermost magnetic flux surface. For these cases,

all radial fluxes vary quite smoothly along the poloidal direction. Moving to

“wide ITER”, with extended computational domain, large deviations from

the smooth profiles are noted. Whereas fluxes towards the largest part of the

first wall are significantly lower than predicted by traditional simulations, wall

loading is now concentrated near the second X-point (blanket modules 8-9),

at the baffling structures (not shown in the figures), and also at approximately

45◦ below the outer midplane (blanket module 17), the latter due to the specific

configuration chosen. Especially the neutral energy fluxes towards the major

part of the first wall have been reduced compared to the narrow ITER case.

This is explained by thermalization of the CX neutrals from the SOL and

confined region in the relatively cool far SOL before they strike the main

chamber wall. It is also noted that the ion particle and energy fluxes are of

the same order as the neutral fluxes.

Simulating the plasma up to the real vessel wall allows for the first time

to quantify first wall erosion due to ion impact. The relative importance of

sputtering due to neutrals and ions can also be assessed. Sputtered fluxes for

the narrow and wide ITER test cases are shown in Fig.3 (c) and Fig.4 (c)

for ions and neutrals, respectively. Sputtered fluxes are shown for a Beryllium

wall. Again, mainly due to the cooling of CX neutrals in the far SOL, but

also due to their lower initial energy from surface recombining ions, sputtered

fluxes obtained with the wide ITER model are almost two orders of magnitude

lower than in the narrow ITER case. However, a few localized spots of very

intense plasma surface interaction appear due to the presence of the upper X-

point and the second separatrix. At about 45◦ below the outer midplane there
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is a large peak in the sputtered fluxes because the hot plasma is close to the

first wall there. This picture is consistent with the energy spectra of neutrals

(and, in the case of the wide ITER, also of recycling plasma ions): the presence

of the far SOL plasma in the simulations now reduces in particular the high

energy part of the neutral CX spectra, as compared to earlier estimates [8,9].

Energy spectra of neutrals and ions at the outer midplane and the upper port

plug are shown in Fig.5. The reduced high energy tail of the spectra would be

most relevant e.g. for sputtering from a full tungsten chamber.

5 Conclusions

Full 2D plasma solutions ranging from the confined region outward up to the

“real blanket modules” for ITER relevant configurations have been obtained

with an upgraded version of the B2-EIRENE code. In the extended B2 code,

the near and far SOL are treated on the same footing. Results have been

presented for stand alone EIRENE computations on a fixed plasma back-

ground, obtained with the B2 code and a strongly simplified neutral model

only. Comparing modeling results of main chamber recycling and sputtering

using these full solutions, as opposed to earlier used plasma states with a

wide “void region” in the far SOL, already indicate that this far SOL plasma

can strongly modify both the poloidal distribution of main chamber fluxes,

favoring a poloidally more localized PSI pattern, and the energy spectra of

incident CX fluxes, hence main chamber sputtering rates. This can go both

ways: typically neutral CX spectra are shifted towards lower energies, but now

also plasma ion fluxes at certain poloidal locations provide significant sput-

tering contributions. The observed trends are expected to be preserved when
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fully coupled B2-EIRENE simulations are performed, but they will probably

be attenuated when the background plasma is allowed to react.

The calculations presented in the present paper are based on the first full

plasma solutions we have obtained, and there are still some (unnecessary)

simplifications in the model we made merely for convenience and to focus on

the new features of the B2 code. In next steps the EIRENE code will have

to be used iteratively (as usually done in B2-EIRENE), rather than only for

post processing. Multi fluid applications to address migration of wall material

into the divertor etc. have now become possible, and also our ad hoc far

SOL transport model (which is based on the same anomalous radial diffusion-

advection model as for the near SOL), may need to be improved in the future.
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Figure captions

• Fig.1 Schematic view of the computational domains of the two test cases.

(a) Domain bounded on an arbitrary magnetic flux surface. (b) Domain

extending up to real vessel wall, including second X-point and separatrix.

• Fig.2 Adaptation of orthogonal grid cells in the neighborhood of wall struc-

tures. The shaded area represents the solid wall domain, which intersects

the orthogonal grid in an arbitrary way. (a) Original grid with boundary

vessel superposed. (b) Distorted mesh in cells adjacent to the boundary and

in solid wall region.

• Fig.3 Ion (D+) fluxes to first wall. (a) Ion particle flux. (b) Ion energy flux.

(c) Flux of sputtered Be due to ions.

• Fig.4 Neutral (D and D2) fluxes to first wall. (a) Neutral particle flux. (b)

Neutral energy flux. (c) Flux of sputtered Be due to neutrals.

• Fig.5 Energy spectra at (a) upper port plug, (b) upper port plug (logarith-

mic scale) and (c) outer midplane. Ion spectra are given a negative sign,

but this is merely for better distinction in the figure.
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Fig.1
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Fig.2
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Fig.3
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Fig.4
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Fig.5
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