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a b s t r a c t

This paper aims to contribute both to the ongoing process of scrape-off layer code-experiment and code–
code benchmarking. Results are presented from SOLPS5 simulations of two high power JET H-modes with
similar magnetic configuration, concentrating in the first case on the ELM-free phase of high Ip, �8 MJ
stored energy plasmas with ELMs approaching 1 MJ, modeled for the first time with this code package.
A second pulse, with lower stored energy and smaller ELMs, originally considered in detail by Kallenbach
with the EDGE2D-NIMBUS code package [Kallenbach et al., Plasma Phys. Control. Fus. 46 (2004) 431], has
been modeled as a benchmarking exercise featuring a high level of complexity including carbon impuri-
ties and the full ELM cycle. Good agreement is found between the code results. The SOLPS5 results are
used to analyse the energy balance during the ELM cycle. In both H-mode discharges, a strong inward
particle pinch in the pedestal region is found to be necessary to match measured upstream profiles.

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

The SOLPS5 plasma fluid (B2.5)-neutral Monte-Carlo (EIRENE)
code package [2] has long been used for simulations of the ITER
divertor and scrape-off layer plasma [3]. Yet attempts to carefully
match code output against experimental data for specific tokamak
discharges on today’s machines are still relatively scarce. This pa-
per contributes to the ongoing process of code-experiment and
code-code benchmarking by presenting results from SOLPS5 mod-
eling of two separate H-mode pulses, in one case simulating the
ELM-free phase of a high power/stored energy discharge with large
ELMs and, in the second, modeling the full ELM cycle of lower
power H-mode discharge previously examined in detail with the
EDGE2D-NIMBUS code package [1]. The good level of agreement
between results from the two codes is encouraging given the rela-
tively high level of complexity of the benchmark. It is also one of
the rare occasions on which a time-dependent ELM simulation
has been performed with SOLPS5 (others may be found in [4,5]).
The time independent simulations of the higher power discharge,
characterised by extremely large ELMs, form a good basis on which
to progress future ELM simulations.
ll rights reserved.
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2. Experiment

The two JET discharges considered here are very similar in
terms of magnetic configuration, both close to the Diagnostic Opti-
mised Configuration (DOC) plasmas developed for the study of
pedestal and SOL physics during ELMing H-mode [6]. They are both
vertical target equilibria with moderate triangularity (d � 0.25)
and separtrix-to-wall gaps of �5 cm at the outer midplane.

The first, #70224, is an unfueled pulse at high Ip = 3.0 MA
(B/ = 3.0 T) with PIN � 20 MW (supplied mostly by Neutral Beam
Injection) and a plasma stored energy of Wplasma � 8 MJ. These dis-
charges, discussed in detail in [7], have ITER-relevant pedestal coll-
isionality, m�e = 0.03–0.08 (ne,ped and Te,ped at the pedestal top reach
�6 � 1019 m�3 and �2.5 keV, respectively) and extremely large,
sporadic ELMs, with some events approaching an energy loss,
DWELM � 1 MJ. Such transients are thus close in amplitude to what
is now thought to be necessary for the avoidance of material dam-
age on ITER [8].

Upstream, the code is constrained by pedestal profile measure-
ments from the new JET High resolution Thomson Scattering Sys-
tem (HRTS), the Lithium beam, ECE and CXRS diagnostics. At the
targets, simulation results are compared with profiles of ne and
Te obtained with the JET divertor Langmuir probe (LP) array.

The second, #58569, is a 2.0 MA, 2.4 T pulse with gas fuelling,
PIN � 13 MW and Wplasma � 4 MJ. In this case, Te,ped � 1.25 keV
and ne,ped � 4 � 1019 m�3 with fELM � 30 Hz and DWELM � 200 kJ,
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Fig. 1. Simulation grids, on the left: EDGE2D, on the right: SOLPS (red line = sep-
aratrix from EFIT, green line = SOLPS separatrix). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 2. Pre-ELM ne, Te, Ti upstream profiles for #58569, exp. data, SOLPS and EDG
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DWELM/Wplasma � 0.05. As for the more recent pulse, the simula-
tions are constrained upstream by experimental ne, Te and Ti pro-
files, but without the benefit (in terms of spatial resolution in the
pedestal region) of the HRTS system, which had not yet been in-
stalled at the time of this earlier discharge. Unlike the higher
power shot, however, this lower Ip discharge was run with a slow
vertical sweep, allowing high resolution target profiles of ion flux
density jsat, ne and Te to be generated with the LP array (much high-
er than possible at higher Ip, where the risk of disruption is too high
to allow large vertical movements). This particular discharge has
been extensively modeled previously by Kallenbach et al. [1] with
the EDGE2D-NIMBUS JET code package [9]. Reproducing this
experiment-simulation comparison with SOLPS5 is an important
aim of the work described here and is discussed in the following
section.

3. Simulation of ELMing H-mode pulse #58569

3.1. Benchmark SOLPS vs. EDGE2D/NIMBUS

Although a benchmark of the SOLPS5 and EDGE2D-NIMBUS
codes has previously been successfully attempted [10], the exer-
cise reported here represents a more complex situation, in which
impurities are included (all charge states of carbon) and a
core LIDAR
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E2D, corresponding radial profiles of D\, v\e, v\i, vperp, where v\e = v\i = v.
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time-dependent solution is sought to capture the ELM. B2.5 and
EDGE2D are stand-alone fluid codes solving the Braginskii equa-
tions for parallel transport with diffusive ansatz for cross-field
transport. Each is interfaced with a neutral codes (EIRENE and
NIMBUS) which may also be run independently but which differ
considerably from each other. For example, NIMBUS uses a cylin-
drical and EIRENE a toroidal approximation and EIRENE includes
a great deal more complexity in the various atomic physics pro-
cesses that are accounted for. Each code package contains similar
descriptions of physical and chemical sputtering. Even though
the two code packages solve the overall edge fluid-neutral system
in essentially the same way (i.e. based on a similar physics model),
the codes are extremely complex and have been developed by
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Fig. 4. Pre-ELM (black) and ELM (red) target profiles, jsat, Te, ne from EDGE2D (dotted lin
SOLPS. (For interpretation of the references to colour in this figure legend, the reader is
many people over several years. Benchmarking one against the
other is an important check of the overall level of consistency of
two codes which solve the same problem with different numerical
schemes. Since only one (SOLPS) has been used to provide a phys-
ics basis for the ITER divertor and SOL plasma [11], it is also impor-
tant that the results of this code be checked against an
independent package. The complexity of the time-dependent
ELM case is such that a benchmark is even more important. One
important difference is that time dependence is introduced in both
the B2.5 and EIRENE components of SOLPS5 whilst in the EDGE2D/
NIMBUS package only the fluid component is time dependent
(neutrals are time independent). In EDGE2D the time-step in-
creases during the ELM cycle from 10�4 s to 10�7 s, in B2.5 and EIR-
ENE the same time step is applied throughout the simulation (in
the case published here it was 10�5 s).

The highest level of complexity (namely the inclusion of drifts)
is not attempted here since they were not included in the original
EDGE2D-NIMBUS simulations [1].

Fig. 1 shows the two computational grids on which the ELMing
H-mode benchmark has been performed. Both are derived from the
magnetic flux surfaces obtained with the magnetic equilibrium
reconstruction at 59 s using JET equilibrium code EFIT. The grids
are not quite the same: the EDGE2D-NIMBUS grid has 48 cells
poloidally, 30 radially and extends about 20 cm inside the separa-
trix (and 5 cm outside); the SOLPS5 grid has higher spatial resolu-
tion (96 cells poloidally and 36 cells radially) and extends much
further into the core, �40 cm. As far as possible, the benchmark
is performed by setting all equivalent inputs in SOLPS5 as they
were for the EDGE2D model in [1]. This includes wall albedos
(recycling coefficients), parallel heat flux limits, separatrix density
feedback (method to maintain the fixed value of the separatrix
density at the midplane) and power fluxes in the ion and electron
channels.

To model the pre-ELM steady state, a step-like ansatz is used for
the radial profile of transport parameters exactly as performed in
[1], within the small differences introduced as a consequence of
the imperfect grid match. In this way, the inner core region, the
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H-mode pedestal (edge transport barrier) and the outer SOL are
represented as 3 distinct regions. However, in the divertor legs
the profiles of the transport coefficients are flat (1 m2 s�1 for D\,
v\e and v\i and 0 m s-1 for vperp).

For this ELM-free phase, the upstream profiles of ne, Te, Ti and
transport coefficients (D\, v\ and vperp) compiled in Fig. 2 (analo-
gous to Fig. 2 in [1]) include the previous results obtained from [1],
those from the new SOLPS5 simulation, and the experimental data
(the experimental points have been processed slightly differently
from those in [1] and may not correspond precisely). The high level
of agreement between profiles from the two codes is extremely
encouraging. Note that the heat conductivities v\i and v\e are as-
sumed to be equal since there in no clear separation seen in Ti and
Te profiles. As described in [1], if diffusive outward transport is as-
sumed, as it is here, an inward particle pinch is required (see Fig. 2)
to match the experimental density profile. Not surprisingly, the
same applies to the SOLPS5 simulations.

An approximation to the ELM cycle is included using an adhoc
increase in transport coefficients for an ELM duration specified
from experiment �1 ms. Multiple ELMs are simulated as a repeti-
tive increase of transport coefficients with frequency �30 Hz. To
match the observed DWELM � 200 kJ, D\, v\e and v\i are increased
by factors of 20 and 40, respectively. This multiplication of the
coefficients is applied everywhere poloidally, but radially only in
the region extending from 5 cm inside the separatrix to 0.5 cm out-
side (and thus only in the very near SOL). Fig. 3 (analogous to Figs.
4(b) and 5 in [1]) compares the simulated upstream profiles of ne

and Te from both codes, along with ECE data for Te during the
pre-ELM phase and 3 ms after the start of the ELM. The agreement
between the two codes is again very reasonable, particularly in the
pedestal region. The small difference in the core is most probably
due to the deeper SOLPS simulation mesh.

At the divertor targets the code results are compared in Fig. 4
with the LP profiles obtained during the vertical strike point
sweeps (analogous to Fig. 6 in [1] but now also including the inner
target which was not given in [1]). Both inter-ELM and ELM profiles
are plotted, where the latter corresponds to a point 40 ls after the
transport coefficients are increased in the code. In the case of the
LP data, all time points (ELM and inter-ELM) are included such that
the lower and upper envelopes represent roughly the inter-ELM
and ELM peak profiles. Agreement between the two codes, espe-
cially at the outer target, is again reasonable given, for example,
the different neutral models. Both are a fair match to the experi-
mental data but both largely over-estimate the target Te, especially
during the ELM and at the outer target. The Te during the ELM at
inner target predicted by SOLPS5 is much lower than the one from
EDGE2D-NIMBUS and thus closer to the experimental data. Neither
of he codes predicts much of a rise in peak density at the ELM, ex-
cept the SOLPS at inner target. This is symptomatic of a problem in
the ELM model itself and suggests that the conductive ansatz up-
stream should be replaced by a more convective transient. The dif-
ferences described above might come from the mentioned
different time-dependent treatment of the neutrals in the both
codes. Fig. 4 also includes the SOLPS5 simulated inter-ELM and
ELM target heat fluxes, computed assuming a total sheath trans-
mission coefficient of c = 7.5. Peak values during the ELM reach
100 and 300 MW m�2 at the inner and outer targets, respectively.
The heat flux limits used are 5 for both electrons and for ions, so
effectively no flux limits.

3.2. SOLPS analysis of ELM cycle energy balance

The SOLPS5 benchmark output has been used to study the en-
ergy balance during the ELM cycle (see Fig. 5). The measured time
variation of the diamagnetic stored energy during the ELM cycles is
well reproduced by the code, giving the observed DWELM � 200 kJ.
This energy is balanced by the calculated energy deposited on the
targets (EDEP � 160 kJ) and radiated energy (ERAD � 40 kJ). A recent
upgrade to the JET bolometer system has enabled radiated power
measurements on �1 ms timescale, allowing ELM induced radia-
tion to be studied [7,12]. The ELM provokes an asymmetric radia-
tion distribution favouring the inner divertor. An approximately
linear dependence of this in-out asymmetry on DWELM is reported
in [13] for discharges similar to this benchmark case, giving ERAD,IN/
ERAD,OUT � 2 for DWELM � 200 kJ. The SOLPS5 simulations match
this ratio with ERAD,IN/ERAD,OUT � 21 kJ/10 kJ. The total radiation
thus represents only �20% of DWELM, the rest appearing as heat
flux at the targets (in the code). In experiment, DERAD/DWELM � 0.5
[7,12,13]. The discrepancy is almost certainly due to the incom-
plete physics model of the ELM; experimentally it is known that
the target energy deposition favours the inner target over the outer
in the ratio 2:1 [13], whilst the code predicts EIN/EOUT � 0.23. It is
also the case that co-deposited layers on the inner target enhance
the impurity release due to the ELM (and hence the radiation)
[7,12]. Such effects are not yet included in the codes.

4. SOLPS simulation of ELMing H-mode #70224

Following the same procedure as for the benchmark, prelimin-
ary attempts have been made to establish an ELM-free baseline
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simulation for a 3.0 MA, high stored energy discharge (#70224) in
which a few extremely large ELMs occur (DWELM approaching
1 MJ). As before, poloidal drifts are switched off and a very deep
grid, extending 40 cm into the core, is used. These higher Ip shots
have low pedestal collisionality and operate at low density (n/
nGW � 0.4). In this case, as seen in Fig. 5, where the upstream
experimental and simulated profiles are presented, Ti – Te in the
pedestal region, nor do they have the same profile shape. This is
contrast to the benchmark case at higher fuelling and lower den-
sity, where Ti � Te throughout the profile.

To achieve a reasonable match between code and experiment,
values of D\ = 0.01, (1) m2 s�1, v\e = 0.3, (1) m2s�1 are required
in the pedestal, (SOL) regions, respectively. To match the very steep
Ti pedestal, v\i = 0.03, (1) m2 s�1 in the pedestal, (SOL) region are
required. Variation of the ratio v\e/v\i (assuming ion-electron en-
ergy equipartition) was sufficient to find a reasonable fit to the
experimental profiles. In common with the lower power bench-
mark pulse, an inward particle pinch appears to be required in
the pedestal region if the experimental density profile is to be
matched. It also appears to be a feature of high power H-mode
shots on JET since similar modeling with SOLPS5 of ELMing
H-mode discharges on ASDEX Upgrade [14] and TCV [15] did not
require a finite v\.

At the targets, agreement between code and experiment is fair
(not shown), although the lack of vertical strike point sweeps
means that there are only a few points on the radial (LP) profiles
of Te and ne. At these high power levels, there is unfortunately no
data in the main SOL with which to better constrain the transport
coefficients there. This inter-ELM solution is a good basis for
planned time-dependent ELM simulations.

5. Conclusions

Two high power JET H-modes with DWELM � 200 kJ and �1 MJ
have been simulated with SOLPS5, using upstream experimental
pedestal profiles to constrain the code. One of the cases has been
exhaustively modeled in earlier work with the EDGE2D-NIMBUS
code [1], so that these new SOLPS5 simulations may be used to
benchmark the two codes. Good agreement has been found in
the results examined thus far – an encouraging outcome given
the relative complexity of the benchmark, which includes carbon
impurities and a time dependent, multiple ELM cycle simulation.
Analysis of the energy balance during the ELM with SOLPS5 shows
�20% of DWELM is radiated, with a 2:1 asymmetry favouring the in-
ner divertor. Although this radiation asymmetry is also seen exper-
imentally, the predicted fractional radiated energy is rather lower
than observed and the ratio of energy deposited on the targets
found in the code favours the outer target, in contradiction to that
found experimentally, demonstrating that the simple model of the
ELM used here is incomplete. For a second pulse, with twice the
stored energy as the benchmark case, only the inter-ELM phase
has been simulated. In both cases, a strong inward particle pinch
in the pedestal region is found to be necessary to match the steep
upstream density pedestal.
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