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A B S T R A C T

For JET L-mode plasmas in low-recycling conditions (electron temperature at the outer strike point, 𝑇e,ot ≳
30 eV), SOLPS-ITER simulations agree within the error bars for the experimental profiles at the low-field side
(LFS) divertor target. The peak Balmer-𝛼 (D𝛼) emission in the LFS divertor agrees within the error bars of
the KS3 filterscope diagnostic, but is approximately 30% lower than the peak value of the KT1 spectrometer.
Simulations have been performed with fluid, kinetic, and hybrid models for the neutrals. The large fluid-kinetic
discrepancies of more than a factor 2 are successfully corrected by using a hybrid fluid-kinetic approach, for
which kinetic atoms are transferred to the fluid population when the local Knudsen number of the atom
becomes smaller than a user-defined transition Knudsen number 𝐾𝑛t . The hybrid-kinetic discrepancies are
limited to a few % for 𝐾𝑛t ≤ 100. When increasing the upstream density to high-recycling conditions, at the
onset of detachment (𝑇e,ot ≈ 5 eV), the simulations predict more than a factor 2 lower peak ion saturation
current to the LFS divertor than the experiments. Also the D𝛼 emission is underpredicted with approximately
a factor 2. For these high-recycling conditions, the fluid-kinetic discrepancies are limited to maximum 50%,
which are again corrected by using the hybrid approach.
1. Introduction

Experimental validation of plasma edge codes for nuclear fusion
devices is essential to employ them for the interpretation and devel-
opment of operational scenarios, and for the design of future reactors.
Experiments at multiple fusion devices are used to validate many differ-
ent analysis and modeling tools. In this paper, we validate the widely
used SOLPS-ITER code suite [1] for JET ITER-like wall (JET-ILW),
low-confinement mode (L-mode) plasmas.

The emphasis is on the validation of simulations with different
models for the neutral particles, i.e., hydrogenic atoms and molecules.
Although a kinetic description (typically solved with a Monte Carlo
(MC) procedure, e.g., with the EIRENE code [2] in SOLPS-ITER) is
the most accurate, simulations with a kinetic neutral model can take
up to several weeks for reactor-scale devices in detached conditions
due to the increased amount of ion-neutral interactions [3]. Therefore,

∗ Corresponding author at: KU Leuven, Department of Mechanical Engineering, Celestijnenlaan 300A, 3001 Leuven, Belgium.
E-mail address: niels.horsten@kuleuven.be (N. Horsten).

1 See the author list of ‘Overview of JET results for optimising ITER operation’ by J. Mailloux et al. to be published in Nuclear Fusion Special issue: Overview
and Summary Papers from the 28th Fusion Energy Conference (Nice, France, 10–15 May 2021).

fluid neutral models have been developed in the past decades [4–6].
The accuracy of these fluid models has been significantly improved
in the past years by making the transport coefficients and boundary
conditions consistent with the underlying kinetic description [7,8].
These improved fluid models are called advanced fluid neutral (AFN)
models. In addition, a hierarchy of hybrid fluid-kinetic neutral models
has been developed to increase the accuracy of a purely fluid approach,
but with a reduction in computational cost compared to a fully kinetic
treatment [9–12]. In this paper, we focus on the validation of simu-
lations with a purely kinetic neutral model, an AFN model, and the
advanced spatially hybrid approach from Ref. [13], which combines
the spatially hybrid approach from Refs. [10,14] with the possibility of
transitioning particles from the kinetic to fluid population in the plasma
edge domain by means of a so-called condensation process [9]. This
vailable online 12 September 2022
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𝐾

hybrid approach is the furthest in development and is trivial to apply
from a user’s perspective.

For the first time, we compare the results of simulations with
different neutral models with experimental data, focusing on measure-
ments at the low-field-side (LFS) midplane, LFS divertor target, and
spectroscopic measurements of Lyman and Balmer series deuterium
emission. This thorough validation will give critical information on the
validity of plasma edge simulations and the range of applicability of
a fluid or hybrid neutral approach, which is essential for their use in
designing future reactors.

2. Overview of the fluid and hybrid neutral models in this paper

The details of the AFN model can be found in Ref. [7]. It consists
of a continuity and parallel momentum equation with the assumption
that the neutrals have the same temperature as the ions. The improved
accuracy compared to older fluid neutral models is achieved by impos-
ing particle and momentum fluxes at the boundaries. These fluxes are
derived from the assumption that the particle velocity distribution of
incident neutrals is a truncated Maxwellian. The recycled distribution
is then calculated with the help of the TRIM reflection database [15].

A major shortcoming of the AFN model is that a fluid approximation
is not valid across the entire computational domain due to possibly
long mean free paths of the neutral particles. In addition, whereas the
hydrogen atoms reach the fluid limit in some regions, the molecules
(H2) and non-hydrogenic atoms typically still behave kinetically. These
two issues are solved by using a spatially hybrid approach, where the
AFN model is combined with a kinetic model for the atoms sampled at
interfaces in the scrape-off-layer (SOL) and private-flux (PF) regions.
In principle, the user is free to choose the location of these interfaces,
but it is convenient to let them coincide with SOLPS-ITER’s existing
plasma–void interfaces, which delimit the plasma grid (see Fig. 1). The
void regions (blue regions in Fig. 1) are assumed to be vacuum. The
kinetic treatment in the void regions allows us to take into account
geometrically complex wall geometries, including solid structures such
as a dome and radiation shields (louvres). In addition, the hybrid model
for the atoms is coupled to a kinetic model for the molecules in the
entire computational domain, which is essential to obtain accurate
results for detached conditions and is another important shortcoming
of the AFN and other fluid neutral models.

In the original spatially hybrid approach from Ref. [10], kinetic
atoms launched at the plasma–void interfaces were followed in the
MC part until they were absorbed. Consequently, the simulations were
slowed down when the atoms reached high-collisional regions. On
the other hand, all recycled atoms at the divertor targets were ap-
proximated as fluid, which is potentially invalid near the outermost
flux surfaces where the collisionality is typically low. These issues are
circumvented by combining the spatially hybrid approach with the
approach from Ref. [9], as successfully demonstrated for an ITER case
in Ref. [13]. One of the approaches in Ref. [13] is to launch all particles
at both targets and plasma–void interfaces kinetically. Their initial po-
sition and velocity are sampled from the incident ion and fluid neutral
distributions. Both the incident ion and fluid neutral distributions are
assumed to be truncated Maxwellians. For the ions, sheath acceleration
is added at the target plates. At each charge-exchange (CX) collision
event, the particle Knudsen number 𝐾𝑛p is calculated as

𝑛p
𝛥
=

𝜆pcx
𝐿

, (1)

with 𝜆pcx the CX mean free path of the particle in the MC simulation, and
𝐿 a macroscopic length scale, which is fixed and imposed by the user.
The value of 𝐿 is typically determined by the length scale of the steepest
plasma density or temperature gradient of the problem. Hence, it scales
with the machine size and it is typically smaller for H-mode compared
to L-mode. When 𝐾𝑛p is smaller than a user-defined transition Knudsen
number 𝐾𝑛t , the particle is transferred to the fluid population by means
2

Fig. 1. Poloidal cross-section of JET tokamak: the green and blue areas correspond to
the plasma fluid domain and the void regions, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

of sources in the fluid neutral model. Atoms resulting from volumetric
recombination (3-body and radiative) are treated as a fluid, which is
justified by the low temperatures of the recombination region (< 1 eV).
Hence, the hybrid approach converges to a fully kinetic treatment for
𝐾𝑛t → 0 (except for a small error due to the fluid treatment of atoms
from volumetric recombination), whereas it tends to the purely fluid
solution for 𝐾𝑛t → ∞. The only difference with the purely fluid model is
that first-flight effects are still taken into account for the hybrid model
with 𝐾𝑛t → ∞. In this paper, we evaluate the accuracy of this so-called
advanced spatially hybrid method for different values of 𝐾𝑛t .

The AFN and spatially hybrid neutral models were implemented in
the new extended grid version of SOLPS-ITER [16], which contains
a 9-point stencil for a correct discretization for cells not perfectly
aligned to the magnetic field and non-orthogonal cells. This improved
numerical treatment is essential for an accurate description of the
isotropic behavior of fluid neutrals [17]. In this paper, we use the
extended grid version for all our simulations. For simulations with fully
kinetic neutral model, we study the effect of electromagnetic drifts.
The simulations with fluid and hybrid neutral models are always run
without drifts, but with parallel currents that determine the electric
potential. The validity of the AFN model in the presence of drifts is
the topic of Ref. [18]. Although the extended grid version allows a
flexible choice of the location of the fluid-kinetic interfaces for the
spatially hybrid approach, we still let them coincide with the plasma–
void interfaces. These interfaces are still present in our simulations,
because the grid is directly converted from previous simulations with
the structured SOLPS-ITER version.

3. Case description

We consider two types of purely deuterium plasmas: (i) a low-
recycling case from JET campaign C28 in 2011; and (ii) a high-
recycling case at the onset of detachment from C38 in 2019. The
line-averaged densities in the LFS edge of the main plasma (⟨𝑛e⟩edge)
are approximately 1.4 ⋅ 1019 m−3 and 2.6 ⋅ 1019 m−3 for case (i) and
(ii), respectively. The magnetic configuration is shown in Fig. 1. The

plasma current and the toroidal magnetic field at the magnetic axis are
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Fig. 2. Radial profiles of the particle (𝐷⟂) and thermal (𝜒i and 𝜒e for the ions and
electrons, respectively) diffusivities, where 𝑅 − 𝑅sep corresponds to the radial distance
from the separatrix at the OMP.

2.5 MA and 2.5 T, respectively, with the ion 𝐁 × ∇𝐵 vector pointing
into the divertor. The total heating power (ohmic and neutral beam) is
approximately 2.9 MW. About 0.7 MW is radiated in the core, resulting
in 2.2 MW crossing the separatrix, which we assume equally distributed
over the ions and electrons. Further details of the case can be found in
Ref. [19].

To obtain the same upstream conditions in the simulations as in
the experiments, the electron density at the outer midplane (OMP)
separatrix position 𝑛e,sep,m is controlled by means of a feedback gas puff
in the PF region, which injects D2 molecules. The gas puff location is
indicated in Fig. 1. According to Ref. [20], 𝑛e,sep,m ≈ 0.5×⟨𝑛e⟩edge. Hence,
we use 𝑛e,sep,m = 0.7 ⋅ 1019 m−3 and 𝑛e,sep,m = 1.3 ⋅ 1019 m−3 for the low-
and high-recycling case, respectively. The gas puff for the purely fluid
simulations is represented by a particle flux at the inner PF boundary.
The gas injection for the hybrid approach is identical to the kinetic one.
The radial transport coefficients are taken from Ref. [19] and plotted
in Fig. 2. For the hybrid simulations, we assume a macroscopic length
scale 𝐿 = 0.1 m in Eq. (1). Finally, impurity sputtering from the wall is
not taken into account in the simulations. This simplification is justified
by measurements of the effective charge state, which is between 1.0
and 1.2.

We validate the simulations for several important diagnostics, which
are indicated in Fig. 3.

4. Results

4.1. OMP plasma profiles

All simulations are within the error bars of the experimental data
in the OMP SOL (𝑅 − 𝑅sep > 0) (Fig. 4). The statistical error of the
measurements here and in upcoming figures is visualized by plotting
the measured data during a certain time interval. Hence, the difference
between the minimum and maximum measured value at a certain
location gives the range of the statistical error. By comparing different
diagnostics, we get a rough estimate of possible systematic errors. It
should be noted that all simulations in this figure and upcoming figures
are without drift contributions, except for the blue dashed lines that
represent the solutions of simulations with fully kinetic neutrals with
𝐄 × 𝐁, diamagnetic, and inertial drifts turned on. Comparing the blue
solid and dashed lines in Fig. 4 reveals the limited effect of drifts on
the upstream profiles.

Slight improvements of the radial transport coefficients are possible
to improve the fit for 𝑛e between the kinetic and hybrid simulations
and RCP and Li beam data in the SOL for ⟨𝑛e⟩edge ≈ 1.4 ⋅ 1019 m−3

(Fig. 4a). However, fitting the transport coefficients manually is a
time-consuming process. An automatic fitting procedure with Bayesian
inference has been recently developed for SOLPS-ITER [29], but is
presently only available for simulations with a purely fluid neutral
3

Fig. 3. Principal diagnostics: a reciprocating probe (RCP) [21], a lithium beam sys-
tem [22], a high-resolution Thomson scattering (HRTS) system [23], an array of target
Langmuir probes (LP) [24], high-resolution poloidally scanning mirror spectrometers
(KT1 [25] and KT3 [26]), and a low-resolution photo-multiplier tube filterscope using
optical fibers (KS3) [27]. In addition, we use data from a tangentially viewing camera
in the divertor region (KL11) (not shown) [28].

model. In the SOL, the OMP profiles of the purely fluid simulations
are already within the uncertainty intervals of the measurements (green
lines in Fig. 4). In addition, it is not expected that these slight improve-
ments significantly influence the plasma state in the divertor. Similarly,
the profiles of 𝑛e inside the separatrix (𝑅−𝑅sep < 0) could be improved
for ⟨𝑛e⟩edge ≈ 2.6 ⋅ 1019 m−3 (Fig. 4c). However, the divertor conditions
are almost unaffected by the plasma profiles in the core region. The
feedback gas puff guarantees the same values for 𝑛e,sep,m in the different
simulations, which leads to similar divertor conditions for all models.
We illustrate the independence of the divertor conditions on the profile
of 𝑛e inside the separatrix by reducing 𝐷⟂ from Fig. 2 to 0.1 m2/s for
𝑅−𝑅sep < −1 cm. Fig. 5 shows that the varied profile of 𝑛e in the OMP
core region does not significantly influence 𝑛e and 𝑇e at the LFS target
plate.

Finally, Fig. 4 shows that 𝐾𝑛t in the hybrid simulations can become
large (> 100) without introducing significant hybrid-kinetic discrep-
ancies. Even for 𝐾𝑛t → ∞ (red pluses in Fig. 4), the maximum
hybrid-kinetic discrepancy stays within 10%, indicating the importance
of first-flight effects. Due to the high temperatures, upstream particle
sources are almost completely determined by atoms that ionize immedi-
ately without undergoing CX collisions. Hence, the first-flight trajectory
of an atom is almost equivalent to its full trajectory and the hybrid
results for 𝐾𝑛t → ∞ approach the solutions with fully kinetic neutrals
within 10% at the OMP.

4.2. LFS target profiles

Whereas the simulation results with kinetic and hybrid neutral mod-
els are within the uncertainty bars of the LPs at the LFS divertor target
for low-recycling conditions (Fig. 6a–c), the simulations underpredict
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Fig. 4. Electron density (𝑛e) and electron temperature (𝑇e) at the OMP. Experimental data in gray (see Fig. 3 for the meaning of the acronyms); simulation results with different
neutral models in color. (a)–(b): ⟨𝑛e⟩edge ≈ 1.4 ⋅ 1019 m−3; (c)–(d): ⟨𝑛e⟩edge ≈ 2.6 ⋅ 1019 m−3. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Fig. 5. Results from simulations with fully kinetic neutrals and variable 𝐷⟂ in the core region at the OMP (a) and at the LFS target (b–c); ⟨𝑛e⟩edge ≈ 2.6 ⋅ 1019 m−3.
the peak ion saturation current density (𝑗sat) by more than a factor 2
in high-recycling conditions (Fig. 6d). LP data become unreliable for
measuring temperatures for 𝑇e < 5 eV. Hence, we use the line-averaged
𝑛e and 𝑇e across the LFS divertor leg obtained by the KT3 spectrometer
for ⟨𝑛e⟩edge ≈ 2.6 ⋅ 1019 m−3 (Fig. 6e–f). The line-averaged 𝑛e and 𝑇e
are inferred using Stark broadening of the Balmer-𝛿 line and using the
4

fitted continuum emission of the Balmer series, respectively [30,31].
It is clearly seen that the simulations underpredict the temperature
with approximately a factor 2 for high-recycling conditions (Fig. 6f).
The simulation-experiment discrepancies are barely reduced when in-
cluding the drifts (blue dashed lines in Fig. 6). Finally, we conclude
that the hybrid simulations with 𝐾𝑛t = 100 (red circles) are accurate
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Fig. 6. Plasma profiles at the LFS divertor target. Experimental data in gray (see Fig. 3 for the meaning of the acronyms); simulation results with different neutral models in
color. The LP data are shown as a function of the distance from the separatrix along the target 𝑠− 𝑠sep and the KT3 data are shown as a function of the major radius at the target
plate. The vertical dashed line represents the strike-point position. (a)–(c): ⟨𝑛e⟩edge ≈ 1.4 ⋅ 1019 m−3; (d)–(f): ⟨𝑛e⟩edge ≈ 2.6 ⋅ 1019 m−3. JPN 94771 is a repetition of JPN 94767 with
KT3 set up to obtain 𝑛e and 𝑇e profiles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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for low-recycling conditions (Fig. 6a–c), and give a maximum hybrid-
kinetic discrepancy of 20% for high-recycling conditions (Fig. 6d–f).
The fluid error is already significantly reduced for the hybrid model
with 𝐾𝑛t → ∞ (red pluses in Fig. 6) due to the correct treatment of
first-flight effects.

4.3. Lyman and Balmer series emission

Spectroscopic measurements provide crucial information on the
plasma state inside the volume. To compare the simulations with the
experiments, we calculate the emission along the different diagnostic
chords as a post-processing step in the simulations. For each simulation
(with kinetic, fluid, or hybrid neutral model), we run a single fully
kinetic EIRENE iteration on the (statistically) converged plasma state.
The first step of this EIRENE iteration is recalculating the neutral
properties for the provided plasma state. For simulations with fluid and
hybrid neutral model, this kinetic recalculation leads to an improved
accuracy of the neutral state at an almost negligible cost, because a fully
kinetic MC treatment is only used for a single iteration. In addition,
molecular contributions are explicitly added to the simulations with
purely fluid neutral model by this kinetic post-processing phase. In
a second step, EIRENE calculates the line integrals of the deuterium
line radiation along the diagnostic chords, using the AMJUEL-HYDHEL
databases [32,33]. These databases include contributions from the
molecules and molecular ions to the Lyman and Balmer emission.

For high-recycling conditions, the Lyman and Balmer series emis-
sions from simulations with purely fluid neutral model already agree
within 25% of accuracy with simulations with fully kinetic neutral
5

r

model, as shown in Figs. 7b–c and 8c–d. The simulation with fluid
neutral model is relatively accurate due to the fact that the neutral
state is recalculated with a fully kinetic EIRENE iteration. Whereas the
simulation with drifts correctly predicts the Ly-𝛽 emission for ⟨𝑛e⟩edge ≈
2.6 ⋅1019 m−3 (blue dashed line in Fig. 7c), all simulations overestimate
the Ly-𝛼 emission (Fig. 7b). This observation suggests the importance of
Ly-𝛼 opacity in JET plasmas [34], which is neglected in the simulations.
The drifts play an important role in the Ly-𝛽 emission profile in the LFS
divertor (Fig. 7c).

The simulation-experiment agreement of the target profiles for low-
recycling conditions in Fig. 6a–c is also visible in the Balmer-𝛼 (D𝛼)
and Balmer-𝛽 (D𝛽) emission profiles (Fig. 8a–b). Although simulations
with kinetic and hybrid neutral models agree with the KS3 data for
D𝛼 , KT1 predicts a 30% higher peak value (Fig. 8a). Similarly, for
igh-recycling conditions, the simulation-experiment discrepancies for
he target profiles (Fig. 6d–f) are also observed for the D𝛼 and D𝛽
mission (Fig. 8c–d). The increased asymmetry between the high-field-
ide (HFS) and LFS divertor for 𝐷𝛽 compared to 𝐷𝛼 indicates the
ncreased importance of volumetric recombination in the HFS divertor,
hich is not correctly captured in the simulations. The KL11 data
re obtained by taking the line integrals along the KT1 chords in the
omographic reconstructions of the camera data. The reduced peak
mission for KL11 in the HFS divertor compared to KT1 and KS3 is due
o the correction for the reflections in the KL11 post-processing phase.
hese reflections are especially important for the vertical HFS target.
he hybrid approach successfully corrects the fluid-kinetic errors in
oth low- and high-recycling regimes. Even for 𝐾𝑛t → ∞, the maximum
ybrid-kinetic discrepancy for Lyman and Balmer emission profiles
emains below 25%.
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Fig. 7. Lyman series emission along KT1 chords. Experimental data in gray (see
ig. 3 for the meaning of the acronyms); simulation results with different neutral
odels in color. The vertical dashed lines represent the strike-point positions (inner

trike point (ISP) and outer strike point (OSP)). (a) ⟨𝑛e⟩edge ≈ 1.4 ⋅ 1019 m−3; (b)–(c)
⟨𝑛e⟩edge ≈ 2.6 ⋅ 1019 m−3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
6

4.4. Performance of the hybrid method

When using the same amount of MC particles in the hybrid approach
as for the fully kinetic approach and distributing them according to
the source strengths of the different source contributions, the hybrid
approach is maximum 1.7 and 7.1 times faster than a fully kinetic treat-
ment for the low- and high-recycling case, respectively, as illustrated
by the horizontal blue and red lines in the top part of Fig. 9. These
upper limits are reached when 𝐾𝑛t → ∞. When correcting the speed-up
factors to take into account the variation in statistical error on 𝑛e at the
LFS strike point (𝑛e,ot) (same approach as in Ref. [14]), the maximum
speed-up factors become 3.0 and 6.8, respectively (horizontal dashed
lines in top part of Fig. 9). The increased contribution of the fluid
neutral part reduces the statistical error for ⟨𝑛e⟩edge ≈ 1.4⋅1019 m−3, and
ence, the speed-up increases (blue dashed line shows a larger speed-up
han the blue solid line in Fig. 9). The opposite happens for ⟨𝑛e⟩edge ≈
.6⋅1019 m−3 (red dashed line is below red solid line). It is expected that
his statistical deterioration is due to the much quicker absorption of
C particles in the hybrid approach due to the increased collisionality

f the high-recycling case. The analog simulation strategy in EIRENE
s not efficient for very short particle trajectories. In Ref. [35], it is
hown that a statistical error reduction (for a given computational time)
s achieved by reducing the particle weights instead of immediately
bsorbing them. Implementing this non-analog type of simulation in
IRENE is kept as future research. Also the fact that molecules are still
reated fully kinetically limits the maximum achievable speed-up.

For 𝐾𝑛t → ∞, the hybrid-kinetic discrepancies for 𝑛e,ot become
pproximately 28% and 24% for ⟨𝑛e⟩edge ≈ 1.4 ⋅ 1019 m−3 and ⟨𝑛e⟩edge ≈
.6 ⋅ 1019 m−3, respectively (horizontal lines in bottom part of Fig. 9),
hich is significantly more accurate than the simulations with purely

luid neutrals, where the errors are 59% and 41%, respectively. For
ccurate results (errors < 15%) with still a significant speed-up, it is
ecommended to use 𝐾𝑛t = 100. Then, the speed-up factors (with
tatistical error correction) become 1.6 and 5.7 for the low- and high-
ecycling case, respectively. It is expected that these speed-up factors
urther increase when moving to high-collisional detached plasmas. A
imilar analysis can be done for other properties than 𝑛e,ot , but the
ybrid-kinetic discrepancies are the largest for 𝑛e at the LFS target (see
ig. 6).

. Conclusions and outlook

For low-recycling conditions, SOLPS-ITER simulations qualitatively
nd quantitatively agree with the experiments for several important
iagnostics: upstream, target measurements, and spectroscopic mea-
urements for deuterium line radiation. When increasing the upstream
ensity to the onset of detachment, simulations underpredict the peak
sat and peak D𝛼 and D𝛽 emission with more than a factor 2 compared
o the experiments. The deterioration of the agreement between sim-
lations and experiments when moving to detached conditions is also
bserved in other publications, e.g., Ref. [36]. The discrepancies are
xpected to be caused by missing physics of the neutral interactions,
uch as the importance of vibrationally excited molecules [37], and
y Ly-𝛼 opacity effects [38]. Also the missing amount of volumetric
ecombination in the simulations in the HFS divertor leg requires
urther investigation. A thorough validation of the plasma profiles in
he HFS divertor is kept as future research due to the lack of diagnostic
overage at the vertical inner target.

The fast advanced fluid neutral (AFN) model becomes a valid al-
ernative for high-density conditions, when one is especially interested
n a qualitative assessment. This AFN model is being integrated in an
ncertainty quantification (UQ) framework [29] to study the influence
f several model parameters in a systematic way. We plan to use the
Q framework to detect the necessary adaptations in the model to

mprove the simulation-experiment match in the divertor. Finally, the
dvanced spatially hybrid model is an excellent approach due to its
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Fig. 8. D𝛼 and D𝛽 emission. Experimental data in gray (see Fig. 3 for the meaning of the acronyms); simulation results with different neutral models in color. The vertical dashed
lines represent the strike-point positions. (a)–(b) ⟨𝑛e⟩edge ≈ 1.4 ⋅ 1019 m−3; (b)–(c) ⟨𝑛e⟩edge ≈ 2.6 ⋅ 1019 m−3. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
symptotic convergence to the kinetic solution for 𝐾𝑛t → 0 for all
egimes. The hybrid approach is approximately 6 times faster than

fully kinetic approach (with maximum errors within 20%) for a
igh-recycling case. It is expected that the performance can be further
ncreased by optimizing the MC estimators. Additionally, we expect

performance increase for computationally costly simulations of the
TER and DEMO reactors in a detached regime due to the increased
mount of CX collisions.
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