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A B S T R A C T

Spectroscopic measurements of the hydrogenic Balmer-𝛼 and Balmer-𝛾 line emission in JET-ILW low-
confinement mode (L-mode) deuterium plasmas are used to assess the onset of volume recombination in the
low-field side (LFS) divertor. The evolution of the EDGE2D-EIRENE predicted Balmer-𝛾 to Balmer-𝛼 emission
ratio from low-recycling to detached conditions is in qualitative agreement with the measured ratio. In low-
recycling conditions the EDGE2D-EIRENE predicted line-emission is within 30% of measured emission, in
high-recycling within 20%t, and in detached conditions lower by a factor of 2.5.

1. Introduction

Detached divertor conditions are the preferred plasma conditions
in fusion devices, due to the low electron temperature at the target
and the high radiated power fraction, thus, reduced particle heat fluxes
to the divertor target plates [1]. High particle and heat fluxes to the
targets erode material from the targets, thus, increase the impurity
contents of the plasma, which negatively impacts the fusion power gain.
Additionally, the shielding of an ITER-like wall (ILW) divertor tiles is
important for the survival of the target tiles, such that the tiles do not
evaporate, or melt and recrystallize. Previous studies in JET-C (Carbon)
used Balmer-𝛾 to Balmer-𝛼 line ratio to infer the presence of volume
recombination, thus, detached divertor conditions [2]. Ratios of Lyman
lines have been used in DIII-D to distinguish ionizing and recombining
plasma conditions in the divertor [3]. The Balmer- and Lyman-line
emission are the emission from the de-excitation of the hydrogenic
atom from the principal quantum number p to the state 2 and 1,
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1 ‘‘See the author list of ‘‘Overview of T and D-T results in JET with ITER-like wall’’ by CF Maggi et al., Nuclear Fusion (2024), DOI 10.1088/1741-
4326/ad3e16’’.

respectively. Additionally, in the JET-ILW, 2D tomographic reconstruc-
tions from a toroidally viewing endoscope system has been used to
measure the Balmer-𝛼 and Balmer-𝛾 line emission in high-confinement
mode (H-mode) [4], and in L-mode, in which the reconstruction was
improved by taking into account reflected light from the metallic wall
in JET-ILW [5].

The primary objective of this study is to characterize detachment
of the low-field side (LFS) divertor in JET-ILW low-confinement mode
(L-mode) plasmas using Balmer-𝛾/Balmer-𝛼 line ratios, and to validate
these findings against EDGE2D-EIRENE simulations. EDGE2D is a 2D
multi-fluid code iteratively coupled with the 3D neutral Monte Carlo
code EIRENE [6,7], developed by JET under the JET Joint Undertaking,
in parallel to SOLPS-ITER [8]. SOLPS-ITER is an alternative 2D multi-
fluid code to EDGE2D-EIRENE, and both codes solve a similar set
of 2D fluid equations. EIRENE is the common neutral Monte Carlo
code in both EDGE2D-EIRENE and SOLPS-ITER, thus, any differences
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between the codes are due to differences in the predicted background
plasmas. The focus is on the L-mode plasmas due to better availability
of systematic measurements over range of core plasma densities, and
due to the simpler plasma conditions in L-mode, since L-mode avoids
divertor plasma perturbations due to Edge Localized modes (ELMs).
Additionally, L-mode plasma have lower radial and poloidal gradiens,
thus, permitting cross-field drifts in EDGE2D-EIRENE, with no need for
executing ELM models. The general strategy is to validate edge physics
in the simpler L-mode plasmas first, and then move to H-mode with
separate ELM-specific models.

The JET-ILW is a challenging environment for spectroscopy, com-
pared to carbon based machines such as DIII-D or JET-C, due to the
highly reflective metallic wall in JET-ILW, which amplifies the observed
emission. To accurately compare simulations to experiment, the ray-
tracing code Cherab is used to account for reflections in the EDGE2D-
EIRENE predicted plasmas [9]. Cherab has previously been used in
assessing both the experimentally observed emission, and the EDGE2D-
EIRENE predicted emission [5]. It was found that in experiment, the
brightest regions were amplified by 15% to 20 % in the tomographic
reconstruction due to reflections. When the tomographic image was
used to produce synthetic spectroscopy by integrating the emission
along lines-of-sight, the emission was amplified by 15% to 25% at the
target strike-points, which agreed with the synthetic spectroscopy on
the EDGE2D-EIRENE predicted plasma background.

It is expected that volumetric recombination [2], a process in which
the plasma ions recombine with the electrons to form neutral par-
ticles in the plasma, become the dominant sources of emission in
regions with low electron temperature 𝑇𝑒 < 2 eV, when the divertor
conditions evolve from high-recycling to partially detached, while in
high-recycling conditions the molecularly induced emission is expected
to dominate [10,11]. High-recycling conditions are characterized by
significant temperature gradients in the SOL, and quadratic scaling
of the target flux to upstream plasma density. In partially detached
conditions the temperature of the plasma at the target is low enough for
a neutral gas front to form between the divertor target and the plasma.
Since recombination populates the high principal quantum number
excitation levels more, relative to electron impact excitation [12], it is
expected that Balmer-𝛾 emission increases more relative to Balmer-𝛼,
with increasing degree of detachment.

2. Experiment and EDGE2D-EIRENE simulation setup

Low-confinement mode (L-mode) plasmas with the toroidal mag-
netic field set to 𝐵𝑡 = 2.5 T, the plasma current to 𝐼𝑝 = 2.45 MA, and
1 MW of neutral beam injection (NBI) heating, are analysed in these
studies. Ohmic heating ranges from 1.6 MW to 2.2 MW, thus, the total
heating power is in the range of 2.6 MW to 3.2 MW. Experimentally,
interferometer measurements [13] of the electron density at the plasma
edge are used as representative measurements of the plasma conditions
at the LFS midplane. (Fig. 1) [14]. The JET pulses analysed in this work
consist of density step pulses (JPN 96767, 96770, 96771, 96772), in
which the plasma density is raised in steps and held constant for short
intervals, and of density ramp pulses (JPN 96759–96762), in which the
plasma density is continuously increased.

The low-field side (LFS) divertor in JET-ILW has comprehensive
coverage of multiple spectroscopy instruments (Fig. 1), which are used
to measure the deuterium Balmer-𝛼 line emission. These instruments
include a vertical poloidally scanning spectrometer (KT1V) [15], a
filterscope spectroscopy system (KS3O) [16], and a mirror-linked fil-
tered imaging spectrometer subsystem (kt3e8ta), which utilizes the
lost light from the mirror-link [17,18]. The deuterium Balmer-𝛾 line is
also measured using the lost-light system (kt3e8tb) [18]. Additionally,
a toroidally viewing endoscope system (KL11) is used for measur-
ing Balmer-𝛼 and Balmer-𝛾 emission [19], by reconstructing a 2D
poloidal view, and line integrating along the KT3 lines-of-sight (LOS),
to produce comparable data. For low- and high-recycling conditions

Fig. 1. Lines-of-sight of the spectroscopic systems, which are the kt3e8ta/b filtered
imaging systems utilizing the lost light from the KT3 spectrometer (red) [18], the
low-field side filterscope spectroscopy system KS30 (blue) [16], the vertical poloidally
scanning spectrometer KT1V (orange) [15], and the edge interferometer KG1 (ma-
genta) [13]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Langmuir probes (LP) on the LFS divertor are used to measure the
electron temperature and density, 𝑇𝑒 and 𝑛𝑒, respectively, and using the
ADAS inverse photon efficiency coefficients [20], estimates for Balmer-
𝛼 and Balmer-𝛾 emission are derived. The measurement error is two
standard deviations of the time-averaged measurement data.

In the measurements, the KT1V mirror-link system had a sweep
cycle time of 130 ms, the filterscope system KS3O has a sampling rate
of 10 kHz, the kt3e8ta a sampling rate of 1 kHz, and the kt3e8tb a
sampling rate of 200 Hz. In the comparison to simulations, the measure-
ments are averaged over 1.0 s at a constant plasma density, except for
low-recycling conditions, in which the measurement are averaged over
0.1 s, due to the only available low-recycling data being from a density
ramp pulse. The KT1V sweep cycle time is a significant limitation in
the low-recycling conditions, due to the short available time for time
averaging. Additionally, there is uncertainty in the position of the line-
of-sight of the KT1V system on the divertor, caused by uncertainty in
the position of the mirror. The Langmuir probe data is averaged over
0.05 s in low-recycling conditions, and over 2.0 s in high-recycling
conditions.

The 2D multi-fluid code EDGE2D [6], iteratively coupled with the
3D neutral Monte Carlo code EIRENE [7], is used to produce 2D maps
of the plasma and neutral parameters in the plasma edge. Anomalous
radial transport of plasma species is set ad-hoc, using particle diffu-
sion (𝐷⟂) and heat conduction (𝜒𝛼 ,⟂) coefficients. The LFS midplane
electron density at the separatrix 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 is used as the control
parameter in the simulations. In this work the plasma species are
electrons, deuterium ions, and beryllium ions as the impurity species.
The neutral species are deuterium and beryllium atoms and deuterium
molecules. Molecular ions D2

+ are included in the EIRENE simulation,
but are assumed to react immediately at the point of creation, i.e., a
static approximation. The data sources for the atomic and molecular
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Fig. 2. The edge electron density measured by KG1 (a), the LFS divertor ion saturation current (b), the KT3e8Ta/b measured Balmer-𝛼 and Balmer-𝛾 line emission (c), and the
ratio of Balmer-𝛾 to Balmer-𝛼 (d), averaged over the JET divertor tile-5 area, as a function of time. The solid lines are the density ramp pulses, and markers are the density step
pulses. The dashed vertical lines mark the low-recycling (8.1 s), high-recycling (11 s), and detached conditions (16 s), which are compared against EDGE2D-EIRENE simulations.

deuterium species are the HYDHEL and AMJUEL databases [12,21],
and ADAS for the beryllium processes [20]. The atomic and molecular
reactions in HYDHEL and AMJUEL are composed of polynomial fits,
thus, have an associated fitting error. Additionally, it is assumed that
the rates for hydrogen are identical to those for deuterium, and that
it is sufficient to scale the collision energies associated with the rates
by the mass ratio of deuterium to hydrogen. The ADAS database is
composed of tabulated data as a function of temperature and density.
The reaction cross-sections are extracted by interpolating the data,
thus, introducing interpolation error. The estimation of the error of the
atomic and molecular sources is out of the scope of this paper, since the
plasma is coupled to the neutrals, and will change as the plasma-neutral
interaction rates are changed.

The input power crossing the EDGE2D-EIRENE core boundary is set
to 2.2 MW, divided evenly between electrons and fuel ions, for all val-
ues of 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝. It is assumed that the core radiated power increases
such that the increase in Ohmic heating is negated, thus, maintaining
a constant heating power. The anomalous diffusion coefficient 𝐷⟂ is
set to vary, such that in the core plasma 𝐷⟂ = 1.0 m2∕s, at −1.0 cm <
𝑅 − 𝑅𝑠𝑒𝑝 < 1.0 cm 𝐷⟂ = 0.5 m2∕s, and at 𝑅 − 𝑅𝑠𝑒𝑝 > 1.0 cm in the SOL
𝐷⟂ = 1.0 m2∕s. The 𝜒𝛼 ,⟂ is set to equal for all the plasma species, and
vary, such that, in the core to the separatrix 𝜒𝛼 ,⟂ = 1.0 m2∕s, and in
the SOL 𝜒𝛼 ,⟂ = 0.5 m2∕s. The parameter values for 𝐷⟂ and 𝜒𝛼 ,⟂ were
derived in Ref. [14], in which the values were determined by matching
the EDGE2D-EIRENE predicted 𝑇𝑒 and 𝑛𝑒 profiles at the LFS midplane
to measurements from high-resolution Thomson scattering (𝑇𝑒, 𝑛𝑒), and
to lithium beam injection (𝑛𝑒) in low-recycling conditions (see Fig. 9
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Fig. 3. The LFS divertor ion saturation current (a), the KT3e8Ta/b measured Balmer-𝛼 and Balmer-𝛾 line emission (b), and the ratio of Balmer-𝛾 to Balmer-𝛼 (c), averaged over
the JET divertor tile-5 area, as a function of edge line-averaged electron density. The solid lines are the density ramp pulses, and markers are the density step pulses. The dashed
vertical line marks roll-over of the ion saturation current.

in [14]). In this work, drifts due to �⃗�×�⃗� and �⃗�× ∇𝐵, and thermo-electric
currents are included.

The metallic wall in JET-ILW is highly reflective, which needs
to be accounted for in the post-processing of the EDGE2D-EIRENE
simulations. The ray-tracing code Cherab is used to calculate the to-
tal line emission, i.e. the direct emission from the excited neutral
atomic population, which is calculated from the AMJUEL data [12]
(See Appendix B), and the reflected light from the vessel walls [9,22].
In this work, measurements of the kt3e8ta/b systems are simulated
using Cherab on EDGE2D-EIRENE predictions of the plasma and neutral
conditions. The full JET-ILW CAD mesh is used, and for the metallic
surface elements the surface roughness is 0.26 for beryllium elements,
and 0.29 for tungsten elements. The Cherab model uses a fibre-optic
observer, with no spectral binning. The molecular ion density 𝑛𝐷+

2
is

calculated using the AMJUEL rate for hydrogen, which is not fully valid
in regions of plasma with low deuterium ion temperature, since the
charge-exchange process H2+ H+ → H+

2 + H depends on the isotope mass,
and is different for deuterium. Additionally, the rates are approximated
at a constant H2 temperature 𝑇H2

= 0.1 eV.

3. Measurements and predictions of the Balmer line emission

The measurements are compared to EDGE2D-EIRENE predictions
in three different plasma conditions, in low-recycling (8.1 s), in high-
recycling (11 s), and in detached conditions (16 s) (Fig. 2). For the
comparison, the pulse 94759 is chosen for the measurements in low-
recycling conditions, and the pulse 94767 for the measurements in
high-recycling and detached conditions. The EDGE2D-EIRENE control-
ling edge electron density is set to half of the KG1 measured edge
density (Fig. 2a).

The kt3e8ta measured average intensity of the Balmer-𝛼 and
Balmer-𝛾 line emission across the JET-ILW LFS divertor increases
exponentially with ⟨𝑛𝑒,𝑒𝑑 𝑔 𝑒⟩ up to ⟨𝑛𝑒⟩ ≈ 3.8 ⋅ 1019 m−3, and stagnates
with higher electron density (Fig. 4b). Here, the radial profile of the
line emission was integrated across the LFS (tile-5) target plate. In
the density step pulses the profile of the ion saturation current 𝐽𝑠𝑎𝑡 is
more peaked compared to the density ramp pulses. In the Balmer-𝛼 and
Balmer-𝛾 profiles of the step pulses, there is a sharp increase in intensity
at the peak of 𝐽𝑠𝑎𝑡, whereas in the density ramp pulses the transition
over the peak of 𝐽𝑠𝑎𝑡 is smooth. The ratio of Balmer-𝛾 to Balmer-𝛼
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Fig. 4. Balmer-𝛼 (a, b, c, d, e, f) line emission measured by kt3e8ta (blue, solid), KT1V (orange), KS3O (purple), and KL11 (green) systems, and Balmer-𝛾 (g, h, i) line emission
measured by kte3e8tb (red, solid), and KL11 (dark purple), on the LFS divertor. The EDGE2D-EIRENE predicted Balmer-𝛼 (blue, dashed) and Balmer-𝛾 (red, dashed) line emission
use the kt3e8ta/b lines-of-sight. The ratio of Balmer-𝛾 to Balmer-𝛼 (j, k, l) is calculated from the kt3e8ta and kte3e8tb (black, solid) and KL11 (black, dotted) measurements, and
from the respective EDGE2D-EIRENE predictions (black, dashed). ADAS derived inverse photon efficiency coefficients are used to calculate Balmer-𝛼 (grey, x) and Balmer-𝛾 (grey,
dot) emissivity from LP measurements of 𝑇𝑒 and 𝑛𝑒 (JPN 94759, part of a series of repeat pulses, is used for a and d). The KT1V measurements are shifted to match the peak of
the kt3e8ta measurement. The KL11 measurements are from JPN 94771, which is a repeat pulse of JPN 94767. Note that the error bars for Balmer-𝛾 measured by KL11 are not
shown, as the error is twice the range of the chart. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

calculated from the kt3e8ta measurements reaches the value of 0.020 in
detached conditions (Fig. 3c), consistent with previous measurements
in JET with the carbon wall (JET-C), in which the ratio of the emission
at the LFS divertor was measured to be approximately 0.02 in partially
detached conditions [2]. At the edge density of the 𝐽𝑠𝑎𝑡 peak, the ratio
of Balmer-𝛾 to Balmer-𝛼 reaches a minimum value of 0.006. In the JET-
ILW a ratios of 0.05 to 0.10 in partially detached H-mode conditions
was reconstructed using an endoscope system [4], consistent with the
ratio in this work, when accounting for the different operational modes.

The peak of the EDGE2D-EIRENE predicted Balmer-𝛼 emission in
low-recycling conditions is within the measurement uncertainties of
the kt3e8ta, KT1V, and KL11 measurements, and within 30% of the
KS30 measurement (Fig. 4d). The KT1V measurement has large scatter
due to combination of the oscillating mirror setup, and the plasma
conditions changing in the density ramp pulse. The LP (KY4D) derived
Balmer-𝛼 and Balmer-𝛾 emission is within the same order of magnitude
as the other measurements, as is expected in low-recycling conditions
(Figs. 4a, g), in which the target 𝑇𝑒 and 𝑛𝑒 are peaked at the strike-
point. The LP estimate for Balmer-𝛼 is also reliable for high-recycling

conditions, but for Balmer-𝛾 the LP derived profile peaks in the far-SOL
(the edge of the SOL the furthest away from the separatrix) (Figs. 4b,
h), contrary to spectroscopic measurements, which peak at the strike-
point. The EDGE2D-EIRENE predicted Balmer-𝛾 emission is higher by
30% compared to kt3e8tb and KL11 measurements in low-recycling
conditions (Fig. 4g).

In high-recycling conditions the EDGE2D-EIRENE prediction repli-
cates the double-peaked Balmer-𝛼 emission structure, as observed by
the kt3e8ta instrument (Fig. 4e). For Balmer-𝛾 a similar structure is
observed, but the predicted emission is higher by a factor of 2 to
3.5 in the far-SOL (Fig. 4h). At low electron temperatures 𝑇𝑒 < 2 eV
the recombination rate increases exponentially with decreasing 𝑇𝑒, and
with increasing 𝑛𝑒 the rate also increases exponentially [12]. Therefore,
EDGE2D-EIRENE overpredicts 𝑛𝑒, and underpredicts 𝑇𝑒 in the far-SOL.
The region of the Balmer-𝛾 far-SOL peak corresponds to the LFS divertor
tile 5 and tile 6 junction, in which the divertor surface drops by 5 cm
(see Fig. 1). In simulations on a simplified grid, in which the tile
transition is removed by raising the tile-6, with otherwise identical
settings and control 𝑛𝑒, the predicted emission is lower by a factor of
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Fig. 5. EDGE2D-EIRENE predicted (with tile-5 to tile 6 step, dashed, no step, dotted)
and KT3e8ta/b measured (solid) Balmer-𝛼 (a) and Balmer-𝛾 (b) emission, and the ratio
Balmer-𝛾 to Balmer-𝛼 (c), on the LFS divertor. The dashed vertical line marks the
location of the strike-point.

two (Figs. 5a–c). Additionally, a D2
+ front (a high concentration of D2

+

ions) is not formed, i.e. the plasma is in low-recycling conditions in the
simplified grid with the same control density.

In all recycling conditions, the EDGE2D-EIRENE predicted profiles
have longer fall-off lengths compared to measurements, which suggests
that the 𝑛𝑒 profile is wider in the simulations than in the experiment.
Additionally, the inclusion of reflections increase the simulated emis-
sion by 30 to 50% in all recycling conditions. If the predicted 𝑛𝑒
profile was more peaked, there would be fewer particles in the far-SOL,
thus, fewer neutrals and D2

+, and less emission. The simulations are,
however, insensitive to changes in 𝐷𝑝𝑒𝑟𝑝, as reduction by a factor of 10
does not lead to a significant peaking of the 𝐽𝑠𝑎𝑡 profiles.

For the plasmas with the highest ⟨𝑛𝑒,𝑒𝑑 𝑔 𝑒⟩, the kt3e8ta, KT1V, and
KL11 measured Balmer-𝛼 emission intensity is higher by a factor of 2.5,
compared to the EDGE2D-EIRENE prediction (Fig. 4f). Compared to
KS3O measured Balmer-𝛼, the EDGE2D-EIRENE prediction is lower by
a factor of 3. The Balmer-𝛾 emission measured by kt3e8tb is, similarly
to the measurements of Balmer-𝛼, higher by a factor of 2.5 to 3, and
for KL11 measurements higher by a factor of 3.5, compared to the
EDGE2D-EIRENE prediction (Fig. 4i).

Quantitatively, EDGE2D-EIRENE fails to predict the profiles of the
Balmer-𝛾 to Balmer-𝛼 line emission ratios (Figs. 4j, k, l). The trend in
the evolution of the averaged Balmer-𝛾/Balmer-𝛼 ratio over the LFS
divertor as a function of edge electron density, i.e. evolution from
Fig. 4j through Fig. 4k to Fig. 4l, qualitatively matches with experiment,
as the ratio reaches its minimum in high-recycling (Fig. 4k) conditions,
and increases to a maximum in detached conditions (Fig. 4l).

In low-recycling conditions, and in high-recycling up to the roll-over
point of 𝐽𝑠𝑎𝑡 at 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 = 1.4 ⋅ 1019 m−3, the Balmer-𝛼 emission
is dominated by electron impact excitation in the EDGE2D-EIRENE
simulations (Figs. 6a, b, c), as is expected in ionizing plasma conditions.
Past the roll-over of 𝐽𝑠𝑎𝑡, the dissociative recombination of D2

+ is
the dominating source of Balmer-𝛼 emission(Figs. 6d, e, f). Volume
recombination contributes approximately 20% of the peak emission in
partially detached conditions (𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 = 1.8 ⋅ 1019 m−3), compared
to 70% contribution of D2

+. Since the density of the molecular ion
D2

+ is calculated using the rate for hydrogen, the emission is likely
overestimated. Due to the higher mass of deuterium, the equivalent col-
lision cross-sections for deuterium should be shifted to higher energies,
which would cause the density of the D2

+ ions to be lower at the same
electron temperature as for H2

+. Additional uncertainty is caused by
the approximation 𝑇𝐷2

= 0.1 eV used in calculating the D2 + D+ charge-
exchange reaction. To have an accurate estimate of the D2

+ emission, a
three parameter rate in 𝑛𝐷+ , 𝑇𝐷+ and 𝑇𝐷2

is needed to resolve 𝑛𝐷+
2
, thus,

the emission. In the simulations, the intensity of the Balmer-𝛼 emission
stagnates at 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 = 1.8 ⋅ 1019 m−3 (Figs. 6e, f), which implies
that too little power reaches the LFS divertor, as the measured Balmer
emission is three times higher than predicted.

The EDGE2D-EIRENE predicted Balmer-𝛾 emission is dominated by
electron impact excitation in low-recycling conditions (Fig. 7a), as is
expected in ionizing plasma conditions. In high-recycling conditions,
and at the onset of detachment, a second Balmer-𝛾 peak is formed
(Figs. 7b, c, d), which is caused by the dissociative recombination
of the D2

+ molecules. Transitioning from high-recycling to detached
conditions, the intensity of the Balmer-𝛾 emission increases by a factor
of 5. In the detached conditions, volume recombination of electrons and
deuterium ions is the dominant source of Balmer-𝛾 emission (Figs. 7e,
f), contributing approximately 70% of the emission. Therefore, the
increase in the ratio of Balmer-𝛾 to Balmer-𝛼 emission in detached
conditions is a signature of volume recombination.

Investigations with a higher input power at 2.8 MW in detached
conditions (𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 = 2.2 ⋅1019 m−3) results in improved agreement
in the EDGE2D-EIRNE predicted and measured Balmer-𝛼 and Balmer-
𝛾 emission (Figs. 8a, b, c). For Balmer-𝛼, the predicted emission at
the peak is within 40% of the measured emission. For Balmer-𝛾 the
simulation and the experiment agrees on the emission inboard of the
strike-point. In the far-SOL, a sharp peak in the predicted Balmer-𝛾 is
observed. At 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 = 1.8⋅1019 m−3 (not shown), the peak emission
is increased by 15%, i.e. the stagnation point of the emissions moves
to higher 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝. Additionally, at 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 = 2.2 ⋅ 1019 m−3

the electron density at the LFS target increases by 30% with increased
power entering the SOL. Therefore, increasing the power reaching the
divertor SOL allows for increasing the plasma density, thus, neutrals,
which results in increased emission by a factor of 2. However, there
are uncertainties in the D2

+ contribution to the Balmer line emission,
thus, if the D2

+ density profile is fully resolved, even more power and
higher plasma density may be required to reach agreement between
simulations and measurements.

Increasing the simulation core input power is a proxy for increasing
the power entering the divertor SOL. The input power value of 2.8
MW is likely nonphysical, since the total heating power in detached
conditions is 2.7 to 3.0 MW, i.e. at an input power of 2.8 MW the core
impurity line-radiation is omitted. In the EDGE2D-EIRENE simulations
power is also lost to the main chamber walls, thus, if less power is lost
to the main chamber walls, more has to be transported into the divertor
SOL, which raises the emission limit. Therefore, if the fall-off length of
𝑛𝑒 was shorter in the simulations, more power would be transported
over to the divertor SOL. To match experiment requires adjusting the
input power, the radial transport of heat and particles, in conjunction
with the control density. Increasing the power entering the divertor SOL
increases the emission limit, which can be reached by increasing the
plasma density, i.e. by increasing the control density 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝.
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Fig. 6. EDGE2D-EIRENE predicted Balmer-𝛼 line emission (blue, solid, sum of the sources) as a function of distance from the separatrix at the target surface, separated into
sources due to electron impact excitation (red, dashed), recombination (red, dotted), molecular dissociation (black, dashed), dissociative recombination of molecular ions (black,
dotted), and neutralization (green, dot), at the low-field side in low-recycling conditions (a), in high-recycling conditions (b, c, d), in partially detached conditions (e), and in the
simulation electron density limit (f). The dashed grey line marks the separatrix position at the target surface. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. EDGE2D-EIRENE predicted Balmer-𝛾 line emission (blue, solid, sum of the sources) as a function of distance from the separatrix at the target surface, separated into sources
due to electron impact excitation (red, dashed), recombination (red, dotted), molecular dissociation (black, dashed), dissociative recombination of molecular ions (black, dotted),
and neutralization (green, dot), at the low-field side in low-recycling conditions (a), in high-recycling conditions (b, c, d), in partially detached conditions (e), and in the simulation
electron density limit (f). The dashed grey line marks the separatrix position at the target surface. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

4. Conclusions

The evolution of the EDGE2D-EIRENE predicted Balmer-𝛾 to
Balmer-𝛼 emission ratio from low-recycling to detached conditions is
in qualitative agreement with the measured ratio. In the simulations,
volume recombination of electrons and the fuel ions is the primary

source of the Balmer-𝛾 line emission in detached conditions, thus, the
increase in the ratio signifies the presence of volume recombination.
Additionally, the EDGE2D-EIRENE predicted emission stagnates in
detached conditions with increasing 𝑛𝑒, similarly to experiment, but a
factor of 2.5 lower than measured. The discrepancy is partially solved
by increasing the core input power in conjunction with the control
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Fig. 8. EDGE2D-EIRENE predicted (2.2 MW, dashed, 2.8 MW, dotted) and KT3e8ta/b
measured (solid) Balmer-𝛼 (a) and Balmer-𝛾 (b) emission, and the ratio Balmer-𝛾 to
Balmer-𝛼 (c), on the LFS divertor. The dashed vertical line marks the location of the
strike-point.

plasma density. The increase in core input power increases the power
entering the divertor SOL, which increases the limit of the emission.
When the control density 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝 is increased to 2.2 ⋅ 1019 m−3

with 2.8 MW of core input power, the predicted emission increases by
a factor of 2. However, a discrepancy of a factor of 1.5 between the
simulation and experiments remains in the observed emission.

In all plasma conditions, the EDGE2D-EIRENE predicted emission
profiles have longer fall-off lengths compared to experiment. Due to
the longer fall-off length of the SOL in the simulations, there are more
plasma particles in the far-SOL, which is observed as a sharp peak
in the Balmer-𝛾 emission. Systematically, EDGE2D-EIRENE underesti-
mates the electron density and overestimates the electron temperature
in the near-SOL. In the far-SOL the effect is reversed, i.e. EDGE2D-
EIRENE overestimates 𝑛𝑒 and underestimates 𝑇𝑒. To match the simula-
tions with experiment, the input power and the radial transport of heat
and particles in EDGE2D-EIRENE need to be adjusted, in conjunction
with the control plasma density 𝑛𝑒,𝑠𝑒𝑝,𝐿𝐹 𝑆−𝑚𝑝. With a shorter SOL fall-
off length, less heat is transferred to the main chamber walls, thus,
more power is transported into the divertor SOL. Increasing the power
density in the EDGE2D-EIRENE simulations would allow for higher
electron density and neutral density, thus, higher emission.

The inclusion of other missing physics phenomena, such as the
inclusion of photon opacity, to the coupled simulation need to be inves-
tigated. In Ref. [23], it is shown that in standalone EIRENE simulations
the inclusion of Lyman-opacity increased Balmer-𝛼 radiation by 50%,
which excludes the impact of reflections. Similarly, in Ref. [24] the
derived opacity corrected rates for Balmer-𝛼 emission show higher

emission by a factor of 5 to 8, when 𝑇𝑒 > 1.0 eV, compared to rates
which assume that the plasma is optically thin. A fundamental limita-
tion of the ad-hoc diffusive model in EDGE2D-EIRENE remains, which
is that the radial transport of heat and particles in the SOL is turbulent
in reality, not diffusive. In Ref. [25], a convection-dominated model
was applied to SOLPS, and it was found that in detached conditions
the predicted high-field side target density reproduces the measured
density, while the diffusive model does not. However, the electron
temperature was still underpredicted by a factor of 4 to 6, which shows
the limitation of the ad-hoc convective model.

At the onset of detachment, in the EDGE2D-EIRENE simulations,
a D2

+ front forms in the far-SOL, which moves towards the strike-
point with increasing degree of detachment. The double peak structure
predicted by EDGE2D-EIRENE, which is caused by the D2

+ front, is
observed in the experiment in high-recycling conditions. Simulations
with a simplified grid show that the secondary peak is due to the
step in the tile-5 to tile-6 transition, since a secondary peak is not
observed in the simplified grid. The plasma temperature decreases
proportionally to the tile-5 to tile-6 gap, which is causes a propor-
tionally higher neutral densities in the region, causing higher observed
emission. Therefore, including accurate geometric description of the di-
vertor in the simulations is important to properly capture the emission
profiles.

In the simulations, the dissociative recombination of the D2
+ ions

becomes the dominant source of the Balmer-𝛾 line emission in detached
conditions, but there are uncertainties in the calculation of the D2

+

density. The molecular ion density 𝑛𝐷+
2
, which is used in calculating the

line emission, is calculated using the AMJUEL rate for hydrogen, which
is not fully valid in regions of plasma with low deuterium ion tempera-
ture, since the charge-exchange process H2 + H+ → H+

2 + H depends on
the isotope mass, and is different for deuterium. To accurately assess
the impact of the molecular ions D2

+ on the Balmer emission, three
parameter cross-sections of the charge-exchange process 𝐷2 + 𝐷+ →

𝐷+
2 +𝐷, the primary source of D2

+, in 𝑛𝐷+ , 𝑇𝐷+ , and 𝑇𝐷2
is required.

The ratios of Balmer-lines characterize the recycling conditions with
great accuracy. Qualitatively, EDGE2D-EIRENE reproduces the evo-
lution of the average Balmer-𝛾/Balmer-𝛼 ratio. The EDGE2D-EIRENE
simulations are compared to experiment with varied conditions, includ-
ing different recycling conditions, different simulation input power, and
with simple and complex divertor geometries, which allows for infer-
ring the sources of emission in experiment accurately. Therefore, from a
divertor-design point-of-view, the visible light hydrogenic Balmer-line
diagnostics offers easy access to monitoring the divertor conditions,
which is crucial in operating the divertor. Based on the EDGE2D-
EIRENE predictions, the Balmer-𝛾 line can be utilized in detecting
regions, in which volume recombination of plasma occurs, since the
Balmer-𝛾 emission is dominated by recombination.
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Appendix A. Data

EDGE2D-EIRENE version v210921 was used, and the catalogue
names for the cases are, in increasing control ⟨𝑛𝑒⟩ order:

mgroth/81472/aug0122/seq#1
mgroth/81472/aug0222/seq#1
mgroth/81472/jul3122/seq#1
mgroth/81472/aug0522/seq#2
mgroth/81472/aug0522/seq#3
mgroth/81472/aug0322/seq#3.

For 𝑃𝑐 𝑜𝑟𝑒 = 2.8 MW, the catalogue names are:

mgroth/81472/apr1724/seq#1
mgroth/81472/apr0724/seq#1.

The catalogue name for the raised tile-6 case is:
mgroth/80295/apr0518/seq#2.

Appendix B. AMJUEL rates used in calculating the atomic and
molecular contribution to deuterium line emission

H.12 2.1.5a Balmer-𝛼 H excitation
H.12 2.1.5d Balmer-𝛾 H excitation
H.12 2.1.8a Balmer-𝛼 H recombination
H.12 2.1.8d Balmer-𝛾 H recombination
H.12 2.2.5a Balmer-𝛼 H2 dissociation
H.12 2.2.5d Balmer-𝛾 H2 dissociation
H.12 2.2.14a Balmer-𝛼 H2

+ dissociation
H.12 2.2.14d Balmer-𝛾 H2

+ dissociation
H.12 2.0c 𝑛H+

2
/𝑛H2

Ratio of densities

Data availability

Data will be made available on request.
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