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Most ITER divertor modelling work to date used the B2–EIRENE (SOLPS4) code package, coupling a 2D
fluid description of the charged plasma species (B2) to a Monte-Carlo kinetic description of the neutrals
(EIRENE). In recent years, the emphasis at ITER has been on completing the neutral model, including neu-
tral-neutral collisions, opacity effects, radiation transport, etc. Elsewhere, new physics, numerics, and
algorithmic improvements, such as E � B and diamagnetic drifts, electric currents, ion and neutral heat
and particle flux limits, wall material mixing and surface temperature evolution, and bundling of heavy
ions species, as well as switching to cell-centred velocities and using an internal energy instead of a total
energy equation, gave birth to the B2.5 code, combined with EIRENE as SOLPS5. We report on work in
progress to merge these advances with the ITER-specific model of the edge and divertor.

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

In this paper we review the current status of the SOLPS (Scrape-
Off Layer Plasma Simulation) suite of codes, also referred to as B2–
EIRENE, which is being used for the design and modelling of the
ITER edge plasma and divertor. We begin by detailing the different
versions of SOLPS that are currently in use. We then compare out-
put between the two ‘best-physics’ models, SOLPS4.2 [1] and SOL-
PS5.1. After identifying the principal sources of difference between
the two code versions, we quantify their impact on the ITER edge
solution. We then list briefly some other aspects of edge modelling
physics that need to be better treated in such codes and discuss
how the SOLPS suite is being modified to handle these challenges.

2. Description of the various SOLPS versions

Historically, the SOLPS suite of codes [2] has grown from the
coupling of a plasma fluid solver, B2 and then later B2.5 [3,4], to
a Monte-Carlo transport code for neutrals, EIRENE [5], as well as
several pre- and post-processing utilities. Since the two main com-
ponents are maintained and developed by different teams, various
‘weddings’ have taken place between the two families leading to a
multiplicity of SOLPS versions. These are summarized in Table 1.
EIRENE code development, done at FZ Jülich, has yielded several
generations of the code (see [1] and references therein). Distrib-
uted as part of the standard SOLPS4.0 [6] and SOLPS5.0 packages
are two EIRENE versions, corresponding to the code as of 1996
ll rights reserved.
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and 1999, respectively. Users may then choose within their local
installation which version they prefer. ‘EIRENE-99’ includes more
detailed atomic and molecular physics treatment than ‘EIRENE-
96’, as well as an improved description of wall reflection models,
among other features [6]. Afterwards, a significant coding effort
has gone into providing much better numerics, including dynamic
memory allocation, use of Fortran-95 standards and including new
physics such as photon transport and opacity effects, neutral-neu-
tral collisions and better treatment of elastic collisions [1]. Many of
these developments were driven by the physics needs of the ITER
team and this EIRENE ‘face-lift’ version was then coupled with
B2, with some ITER-specific improvements [7] concerning particle
balance in particular, to produce SOLPS4.2, which is the version re-
cently used by the ITER team. A parallelized version of EIRENE [8]
has just been finalized, coupled to the ITER version of B2 to form
SOLPS4.3, the current ITER version of the code.

During the same period, the fluid plasma code was entirely
rewritten as B2.5. Numerically, this rewriting involved dynamic
memory allocation, indirect addressing of neighbours (to handle
multiple topologies), and moving to a non-staggered grid. On the
physics side, improvements included the addition of drifts and cur-
rents, and the replacement of the ion total energy equation by an
ion internal energy equation. Other code developments are also
listed in Section 4 below. Coupling B2.5 to the older EIRENE ver-
sions formed SOLPS5.0. The present paper reports on the current
attempts to couple the EIRENE ‘face-lift’ (and eventually the parall-
elized EIRENE version) with B2.5, which has been dubbed SOL-
PS5.1. All the latest developments to SOLPS5.0 are carried into
SOLPS5.1 as they are tested and verified. However, the numerics
of the drifts in SOLPS5.x are not yet entirely satisfactory, and
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Fig. 2. Successive comparisons of the integrated particle and energy fluxes at the
inner and outer divertor targets of ITER as the SOLPS5.1 and SOLPS4.2 code versions
are progressively modified to match each other.

Table 1
Summary of the various SOLPS versions according to their plasma fluid component
(B2, B2.5) and kinetic neutral treatment (EIRENE). Arrows indicate future planned
couplings.
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therefore some effort [9] is invested into improving the code stabil-
ity and increasing the domain of convergence. Lastly, mesh adapta-
tion algorithms are being implemented in B2.5, in view of coupling
to 1-D transport codes and to best describe time-dependent travel-
ling events such as ionisation fronts [10]. This forms the basis for
SOLPS6.0, but the mesh adaptation has not been carried through
to EIRENE. With this context in place, we now move to a more de-
tailed comparison of the output of ITER runs between SOLPS4.2
and SOLPS5.1, i.e. combining the currently best available models
for the plasma edge.

3. Comparisons between SOLPS4.2 and SOLPS5.1 for ITER

The methodology used for comparing output from both codes
has been to rely on a well-converged SOLPS4.2 case as the baseline,
and then attempt to continue this case with SOLPS5.1. As differ-
ences are identified, the SOLPS5.1 code is made ‘backward-compat-
ible’, in the sense that options are added to reproduce the old
numerical treatment. The new code is then re-run and the new dif-
ferences assessed. We illustrate this process by plotting the poloi-
dal particle and energy fluxes past the divertor throat (Fig. 1) and
reaching the targets (Fig. 2) for the various changes successively
made as the benchmark progresses. Radial fluxes show similar
behaviour but the differences there are smaller.

Such careful benchmark exercises usually reveal some subtle
coding errors and this time was no exception. Among the first dis-
crepancies spotted were the calculation of cell volumes (where
SOLPS4.x assumed strictly parallelogram-shaped cells, leading to
a total error on the simulation volume of order 1%), and cross-sec-
Fig. 1. Successive comparisons of the integrated particle and energy fluxes at the
inner and outer divertor throat entrances of ITER as the SOLPS5.1 and SOLPS4.2
code versions are progressively modified to match each other.
tional areas of flux tubes for fluxes computations (SOLPS5.x was
missing a cosine factor in the cell face area normal to the flux tube
and in some places assuming the cell poloidal shape to be that of a
rectangle, making the two errors partially cancel each other out).
Both code versions had to be corrected (‘Perp. area’ for the cell vol-
umes and surface areas, and ‘Consistent geometry’ for lifting the
rectangular cell assumptions). In the closed field lines region, the
flux limiters formulations were different (‘Luciani flux limits’).
For transport parallel to the magnetic field, SOLPS4.x relies on
the Braginskii formalism [11], while SOLPS5.x uses the Balescu for-
mulation [12], which is appropriate when ambipolarity is no long-
er assumed (‘Ion & el. classical transport’). SOLPS4.x uses a
modified upwind discretisation scheme, while SOLPS5.x uses the
hybrid scheme due to Patankar (‘Upwind scheme’). Several contri-
butions due to currents needed to be turned off in SOLPS5.x (‘No
currents’) and the electric potential set to 3.1 Te (‘Potential equa-
tion’). SOLPS4.x did not include ion heat flux limits (‘No ion flux
limits’), but its ion energy equation contains a kinetic energy flux
term (‘Kinetic energy flux’). Lastly, the kinetic flux limits to poloi-
dal (SOLPS4.x) or parallel (SOLPS5.x) momentum transport were
coded quite differently in the two versions (‘Viscosity limit’). It
must be kept in mind that, apart from the geometrical factors men-
tioned at the beginning of this paragraph, the other differences be-
tween code versions originate from differing physics assumptions
and/or numerical choices. It is one of the goals of our exercise here
to bring those ‘hidden’ assumptions and choices to light and get a
feeling for their significance.

In addition to these points, a few ‘irreconcilable’ differences re-
main. SOLPS4.x versions use a staggered grid, solving for the poloi-
dal velocity on cell faces, while SOLPS5.x versions use a non-
staggered grid with cell-centred parallel velocities. Thus, the com-
parison between the two code outputs always keeps an element of
velocity interpolation. More importantly, SOLPS4.x uses a total en-
ergy equation to solve for the ion temperature, while SOLPS5.x re-
lies on an internal energy formulation. This means that naïvely
comparing ‘ion heat fluxes’ can be misleading, as both codes
understand this term to signify a slightly different quantity.

After all the above, the differences in the divertor throat fluxes
were brought to the few percent level, which is excellent agree-
ment, but the situation at the divertor targets remains a concern,
as differences there linger in the 50% range for particle and ion en-
ergy fluxes. More work needs to be done to understand these dis-
crepancies better and resolve them. It is noteworthy that, apart
from the geometrical factors corrections which had a large impact
near the X-point (where the cells are furthest from being perfect
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parallelograms) and at the targets (where the cell faces are least
orthogonal to the field direction), the main contribution to the dif-
ferences came from the ambipolarity assumption. This suggests
that new ITER solutions with non-zero currents may well change
noticeably from previous current-free calculations.

4. Progress on some further developments for SOLPS

In addition to the comparison work between the already exist-
ing versions of the code, several other issues of critical need for
ITER and current devices are being addressed. In particular, the is-
sue of high-Z ion sequences such as tungsten, the occurrence of
wall material mixing, the time evolution of wall surface tempera-
tures and its impact on wall erosion processes, as well as hydrogen
inventory and tritium retention, need to be addressed in a self-con-
sistent edge model of the plasma in the device. We briefly describe
some avenues of code development to that effect below. Other
developments, such as improved numerical drifts treatment [9],
coupling to the ASPOEL code for description of the far SOL [13]
and parallelisation of EIRENE [8], are the topic of accompanying
papers.
4.1. Full tungsten treatment

Under normal circumstances, the fluid plasma treatment of the
plasma equations requires that the entire isonuclear sequence of a
given species be treated simultaneously. For the case of tungsten,
this means treating an additional set of 75 pairs of equations (each
charge state, including neutrals, contributing a particle and a
momentum conservation equation). Although B2.5 is not in princi-
ple limited in terms of the number of species treated, memory
requirements and execution time can become an issue for high-Z
cases. Some effort has thus been spent in making sure that the code
could indeed run with the full implement of ITER species
(2D + 2T + 3He + 5Be + 7C + 75W = 94 species) and in speeding up
the numerics related to the computation of the matrix elements.
Apart for the impediment of long run times, such runs also require
the availability of reliable atomic data for tungsten. A database to
that effect has recently been calculated [14] and made available
by a joint effort between the ASDEX-Upgrade and ADAS teams.
Also missing is sputtering data for combinations involving incident
ions from a wall material impinging on a different material. Com-
putation of theoretical yields using SDTrimSP is under way at IPP-
Greifswald. Additionally, particularly for material mixes with large
mass mismatches such as W in C, the sputtering yield of an ion
incident on a W/C mixture is not a linear combination of its sput-
tering yields on atomic C and W surfaces [15]. This is further com-
plicated by issues of preferential sputtering, where experiments
are scarce and yield contradicting information.
4.2. Bundled charge states

Another option for dealing with high-Z isonuclear sequences is
to allow for several of the ions to be bundled into a single plasma
‘species’. SOLPS5.0 and 5.1 have been made compatible with such a
bundled charge state scheme, basically by allowing the average
charge, square charge, and ionisation potential of each species to
vary according to local electron density and temperature. The next
step is to compare different bundling scenarios of the heavy ion
species. A first test case using D + Ar in a JET geometry has shown
that the plasma solution was little affected by relatively strong
bundling (halving the total number of species treated) unless the
solution neared the detachment transition. A series of comparison
runs, for the full-W AUG case, with trace Be amounts and 1–2% He
and C impurities, treating 20 different bundlings of the W ions,
with varying aggressiveness and emphasis, is currently under
way and will be reported on elsewhere. However, the collisional-
radiative model for each bundled species currently does not in-
clude the effect of charge-exchange reactions which do not move
an ion outside of its bundle. Doing so would require making the
model dependent on local neutral density as well. Until then, this
introduces a systematic error to the method which must be quan-
tified if this technique is to become part of routine code operation.

4.3. Wall temperature model and mixed materials

The ITER wall also presents a modelling challenge because of its
multi-material nature. It is important to follow the erosion and
redeposition of wall materials, on wall elements of both similar
and dissimilar composition. Moreover, it is necessary to follow
the composition of surface layers that may form, as well as the
time evolution of the surface temperature, to be able to determine
how erosion rates will evolve in time. It is also important to take
into account, in addition to the temperature and flux dependencies
of erosion processes, chemical effects coming from the partial cov-
erage of the bulk wall element surface with re-deposited material
of a different nature, which may strongly impede chemical erosion,
but are much less well understood. In SOLPS4.2, on the EIRENE
side, it is already possible to distinguish between erosion-domi-
nated and deposition-dominated wall elements, whilst in B2.5
the temperature evolution and surface layer composition can be
followed in detail [15]. Transferring this capability to EIRENE re-
mains to be done.

4.4. Hydrogen inventory and tritium retention

Another essential issue for ITER is hydrogen inventory and tri-
tium retention in walls. Correct treatment of this physics requires
a multi-scales approach, from hopping of hydrogen among lattice
sites, to transport along grain boundaries, and bulk diffusion, in
addition to the plasma recycling–erosion–transport–redeposition
cycles. Implementation of a hierarchy of models [16] to encompass
these phenomena is currently in its build-up stages.

5. Conclusions and outlook

We have presented in this paper the current status of the merg-
ing of the best ITER-specific physics model for the plasma edge,
embodied in SOLPS4.2, with the latest plasma fluid treatment from
B2.5, into SOLPS5.1. The two codes still harbour important differ-
ences in their results, notably for ion particle and energy fluxes
at the targets. Some of these differences are attributable to differ-
ing numerical choices while other remaining ones have less clear of
an origin. The ambipolarity assumption in SOLPS4.2 is seen to lead
to the most significant of the physics-based differences. Besides
this comparison effort, we have reviewed several avenues of ongo-
ing code development aimed at improving the predictive capabili-
ties of SOLPS for ITER, such as treatment of high-Z ions, transport
and redeposition of erosion products and their consequences,
including hydrogen inventory and tritium retention.
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