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EDGE2D-EIRENE profiles characteristic for low recycling, high recycling and detached plasmas are postpro-
cessed applying a vibrationally resolved collisional radiative (CR) model based on the Yacora solver to predict
excited state densities and thus the molecular Lyman-, Werner- and Fulcher band emission intensities. These
emission intensities are compared to predictions from the AMJUEL database standardly used in EIRENE. Lower
Fulcher band and higher Lyman- and Werner band emission is predicted by the Yacora model in comparison

to AMJUEL suggesting that inconsistent results from model based evaluation of measured spectra are expected
depending on which model and molecular emission band is considered. The implications on detachment rate

predictions are discussed.

1. Introduction

In future fusion devices as ITER reducing the heat load onto divertor
plates through detachment is essential. Detachment is achieved at high-
density operation, when energy exchange of plasma particles with
neutrals enables volumetric recombination leading to a reduction in
the plasma temperature in front of the target plate [1]. Both experi-
ments [2] and simulations [3] have demonstrated that not only atomic,
but also (ro-)vibrational excited molecular neutrals (e.g. molecular
hydrogen H,) are important in the detachment process via their molec-
ular reaction rates (e.g. molecular assisted recombination (MAR)), as
the excitation energy required for the respective reactions is reduced
for ro-vibrationally excited levels. This work focuses solely on vibra-
tional levels. The vibrational distribution of the electronic ground state
X'Zz* is usually determined indirectly through measurements of the
vibrational levels of electronically excited states.

Collisional radiative models are suited to predict both electronically
and vibrationally excited state densities (n,) balancing (de-)populating
processes for each state of interest (p = p(electronic state i, vibrational
level v)) in the form of rate equations depending on molecular reaction
probabilities as input. A general form of the rate equation for H,
is given by Eq. (1), whereby depending on the excited level under
consideration, individual terms may equal zero (e.g. the second term
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for vibrational levels of the electronic ground state):
dny, _
T Xoop Agphg = Xg<p Apa™p
e[ty XgpMg = Zgetp qun,,+(a+ﬂne)nH2+ (@D)]

=S,n, — Dpn,] = Cong+n,.

The electron density n,, proton density ny+, H density ny+, ground
state density of H, (nH2 = n(X lzg,v = 0)), the Einstein coefficients
A,, and the rate coefficients for electron impact (de-)excitation X,,,
radiative recombination a,, collisional three-particle recombination By
electron impact ionization S,, dissociative electron attachment D, and
proton charge transfer C, are inputs for the CR model. Eq. (1) must
be extended by additional terms, if additional processes are consid-
ered. The rate coefficients are typically derived from cross sections
under application of the respective energy distribution function. Several
repositories of such atomic and molecular reaction probabilities are
available, whereby models applying different databases show strong
differences in the model predictions of excited state densities [4]. If the
model predicted emission is applied to derive the plasma parameters
from measured spectra, obviously incorrect model predictions result
in incorrect plasma parameters. This deviation may then be directly
passed on to the estimation of the detachment rates (e.g. when using
ny, to calculate MAR rates). In addition, assumptions are made for
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deuterium plasmas due to the lack of reaction data for hydrogen
isotopologues. While the neutral kinetic Monte Carlo code EIRENE [5]
utilizes the AMJUEL database [6], for this work a vibrationally resolved
CR model for H, based on the Yacora solver [7] has been developed ap-
plying dedicated state-of-the-art reaction data (e.g. the fully quantum-
mechanical molecular convergent close-coupling (MCCC) cross sections
for electron impact excitation [8]).

Excited state densities (e.g. d3IIu(v)) predicted from different mod-
els are compared in the form of molecular emission (e.g. Fulcher band
emission) representing the product of the excited state densities with
the respective Einstein coefficients. In this work post-processing of
EDGE2D-EIRENE plasma parameter profiles of the characteristic phases
during the detachment process are performed to compare the pre-
dicted emission intensities from AMJUEL and the vibrationally resolved
Yacora model.

2. EDGE2D-EIRENE simulations for JET L-mode plasmas

The different plasma regimes during the transition into the plasma
detachment of JET ITER-like wall (tungsten in divertor, beryllium in
main chamber) L-mode plasmas (I, = 25MA, B, = 25T, P, =
1.1 MW) with hydrogen as main plasma species and impurities of
beryllium have been simulated for previous studies using EDGE2D-
EIRENE [9] for varying electron densities at the outer midplane sep-
aratrix n;”°" = 0.6 — 2.2 10! m~3 [10]. Fig. 1 shows the total ion
current to the low field side (LFS) target plate I, pg 4, (solid line) in
comparison to Langmuir probe measurements from JET pulse number
91 284 (open circles). As stated in [11] while nj“”’LF SmP- at which the
predicted Ij pg . Deaks agrees with the measurements within the
densities’ uncertainty, the absolute value of I; yg ., and its relative
dependence on n”"LF5™ differ (e.g. calculations predict a reduction
of I rs piae Dy @ factor of 2-3 from its maximum with increasing
niPLESmp - \while measurements show a corresponding reduction by
a factor of 10). Within this work three cases with distinct n}”*""
representing the characteristic stages during detachment are utilized for
further analyses (see Fig. 1): the low recycling (3" = 0.7 10" m~3),
the high recycling (n{”°" = 1.3 10" m~3) and the detached (n}”*""
= 2.010" m~3) regimes. As an example Fig. 2 depicts 2D profiles of
the molecular hydrogen ground state density (ny,), atomic hydrogen
density (nj), electron density (n,) and electron temperature (T,) in the
divertor region calculated with EDGE2D-EIRENE for the high recycling
plasma (n)*”*" = 1.3 10' m™3). In this regime vibrationally excited
molecules react with the plasma through MAR before electron-ion
recombination becomes more efficient [2]. While EDGE2D predicts
n, and T,, EIRENE calculates n; and ny, on a grid encompassing
the EDGE2D grid and the halo plasma region between the outermost
EDGE2D grid edge and the implemented vessel wall. The EIRENE
calculations show that ny, is larger than ny in the area close to the
divertor plates. The position of the X-point is determinable from the
subfigure for T,.

3. Molecular emission predictions

Among the most intense structures in H, radiation in the VUV range
are the Lyman- (130-170 nm) and Werner bands (<130 nm) originating
from (ro-)vibrational transition between the molecular states 312:-
X'xF and C'11,-X' = respectively. Since the B' X} and C'11, states
belong to the same multiplet system of molecular hydrogen as the
ground state X ]Z;, the (de-)excitation between them (by electron
impact) is optically allowed and therefore highly probable. Due to the
close coupling, spectroscopic analyses of vibrational levels of these
electronically excited states enhance the evaluation of the vibrational
distribution of the electronic ground state [12]. The Fulcher-a band
(500-800 nm, with the most intense structure in 600-640 nm result-
ing from Q-lines of diagonal vibrational transitions) is often used for
molecular spectroscopy in the VIS range originating from d3I1,-a> Z;
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Fig. 1. Total ion current to the LFS target plate in dependence on n, adjacent
to the separatrix LFS midplane position stemming from measurements (JPN 91284)
and EDGE2D-EIRENE calculations. The vertical lines indicate the plasma regimes for

sep.omp

which the EDGE2D-EIRENE profiles are post-processed below: low recycling (n; =
0.7 10" m~3), high recycling (n}”*"” = 1.3 10" m~3) and the detached regime (n)"*"”
= 2.0 10" m~3). Figure adapted from [11].

transitions.

A more detailed description of the Lyman-, Werner- and Fulcher
bands is given in e.g. [13]. Usually emission spectroscopy is not per-
formed for both VIS and VUV at the same fusion experiment. To ensure
that results derived from different devices are comparable, a model
predicting consistently VIS and VUV emission is required.

In the EIRENE calculations the transport of vibrationally excited
levels or electronically excited states is not modelled, but molecu-
lar effective rate coefficients from the AMJUEL database are applied,
which have been derived from a pioneering CR model for H, (Sawada
1995) [14]. In the standard version of this model the electronic ground
state is non-vibrationally resolved and for electronic states with main
quantum number n = 2 (united atom limit) the states are resolved due
to the projection of the orbital angular momentum onto the internu-
clear axis A. For some processes AMJUEL offers in addition effective
rates from a modified version of the Sawada model with a vibrationally
resolved electronic ground state (H.2 3.2.3, H.4 2.2.5 g). AMJUEL
provides population coefficients 7, (H.12 2.2.5fu, H.12 2.2.5we, H.12
2.2.5ly), from which the Lyman-, Werner- and Fulcher band emission
1,y is determined via I pg = Apgliy (g, Tp)n Hy In Sawada 1995 electron
impact excitation from the electronic ground state X 12; into the
excited states B'X¥, C1I1, and 4311, is based on semi-empiric cross
sections from [15]. The model neglects the critical de-populating pro-
cesses of dissociative electron attachment and proton charge transfer.
Based on the Yacora solver several CR models for hydrogen aimed for
different applications are available (e.g. a model for atomic hydrogen,
an electronically resolved model for molecular hydrogen and a vibra-
tionally resolved model for the electronic ground state of H, aimed
to self-consistently calculate the vibrational ground state distribution
(T,;») [7,12,16]). The electronically resolved model for H, applies
purely electronically resolved MCCC cross sections and includes sev-
eral de-populating mechanisms (e.g. dissociative electron attachment
and proton charge transfer). The MCCC cross sections are the most
consistent data set available for electron impact excitation [8]. This
electronically resolved model was compared to other input cross sec-
tions and validated for low-pressure plasmas (at electron densities up to
n, = 3.310'° m=3) [12,16]. For this work a vibrationally resolved Ya-
cora model has been developed including the same electronic states as
the electronically resolved model. While the electronic states withn < 3
are resolved by the quantum number A in this model, the electronically
excited states with n = 4-10 are neither vibrationally, nor A-resolved.
Table 1 summarizes the reactions considered in the rate equations for
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Fig. 2. Profiles for ny , ny, n, and T, simulated with EDGE2D-EIRENE for a JET ITER-like wall L-mode high recycling plasma @7 = 1.3 10" m=3). The ny, overview figure

also depicts synthetic lines of sight discussed later.

Table 1

Processes considered in the rate equations for the vibrational levels of the electronically excited states with initial vibrational level v of initial electronic state i and final vibrational

level v’ of final electronic state j.

Process Reaction Reference
Electron impact (de-)excitation H,(4,v) + e= - H,(G,v) + e~ [8,17]
Electron impact dissociation H,(i,v) +e - 2H [8,17]
Spontaneous emission H,(@,v) - H,(,v) + hv [18]
Electron impact ionization H,(G,v) + e — H; +2e orH+H +2e [19]
Dissociative electron attachment H,(G,v) + e - H+ H™ [20,21]
Proton charge transfer H,(@4,v) + HY - H;‘ + H [22]
Quenching H,(d? or a*,v) + H,(X',v=0) - 2 H,(X"',v=0) [23]

the (vibrational levels of the) electronically excited states and gives
the sources for the applied input data (for processes involving the non-
vibrationally resolved states n > 4 the sources are stated in section 4.2
of [16]). For the vibrational levels of the electronic ground state the
following processes are considered (corresponding to the basic form of
the X'(v) model from [16]): electron impact (de-)excitation, electron
impact dissociation, dissociative electron attachment, proton charge
transfer, electron impact ionization, radiative recombination and col-
lisional three-particle recombination. The Yacora model of this work
is applied to predict excited state densities, from which consequently
the respective molecular emission is derived, through post-processing
parameter profiles (n,, Npy, D+, Npgt, T,, Ty+) obtained from the
EDGE2D-EIRENE calculations.

Thereby, ny, is utilized for n(X 12;,v = 0). All excited level and
state densities are determined by the Yacora model under the quasi-
steady-state (QSS) approximation (e.g. setting the time derivative in
the respective rate equation to zero). Consequently, the sum of all
vibrational levels in the electronic ground state equals or exceeds ny, .

It should be noted that surface interaction processes (e.g. surface
recombination) are not accounted for neither in the effective rates
of AMJUEL nor the Yacora model, even though it was demonstrated
that the vibrational ground state distribution is influenced by tungsten
divertors [24].

The Yacora model generally predicts lower Fulcher band emission
than AMJUEL. This is shown for 2D profiles of the Fulcher band
emission calculated by both AMJUEL and Yacora for the high recycling
plasma (n}”*"” = 1.3 10" m~3) in Fig. 3.

To compare the spatially resolved emission predictions of the two
models with measurements, synthetic lines of sight (LOS) in the form of

cones with finite etendue are introduced on the EIRENE grid pointing
from the low-field side divertor towards the tokamak top half (respec-
tive orientations depicted in Fig. 2). The spatially resolved predicted
emission is integrated along their respective LOS paths.

The Yacora model predicts LOS integrated about 2 times lower
Fulcher band emission than AMJUEL for the low recycling plasma
@37 = 0.7 10" m=3) and about 5 times lower emission for the
detached plasma (n}”*" = 2.0 10! m~3) (see Fig. 4). For the Lyman
band the Yacora model predicts LOS integrated about 4 to 5 times
higher emission than AMJUEL for all considered plasma cases. Further-
more, the Yacora model predicts LOS integrated about 1.7 times higher
Werner band emission than AMJUEL for the low recycling plasma
@™ = 0.7 10" m~3) and up to 3.3 times higher emission for the
high recycling plasma (n}”*"” = 1.3 10'° m~3).

The distinctly different emission intensities predicted by the two
models are explained by different reaction probabilities for the same
molecular processes in the two models and differing sets of processes
considered in the respective models: The Yacora model applies MCCC
cross sections for electron impact excitation from the ground state
X' X7 into the excited states B' X}, C'II, and d*I1,, which are larger
than the cross sections used in the Sawada 1995 model (e.g. see figure
6a in [16]). This increase in the rates would in itself result in larger
Lyman-, Werner- and Fulcher band emission intensities. Dissociative
electron attachment for electronically excited states is considered in
the Yacora model via non-vibrationally, purely n-resolved constant
rate coefficients from [20,21] (X(n = 2) = 10" m3/s, X(n > 3) =
6 10! m3/s). For the d31I, state it is among the most influential de-
populating channels for high electron densities (e.g. n, ~ 10" m~3)
causing despite the large electron impact excitation rate from the
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Fig. 4. Ratios of the predicted Fulcher-, Lyman- and Werner band emission between Yacora and AMJUEL (H.12 2.2.5fu, H.12 2.2.5ly, H.12 2.2.5we) integrated over the synthetic

LOS directed to the LFS divertor.

ground state a lower d>1II, density and thus lower Fulcher emission.
Note that, since the electronically excited H, densities are low, not
much H~ is produced. The extent to which dissociative electron at-
tachment for electronically excited states reduces the d°I1, density
is demonstrated in Fig. 5 for the plasma parameters (T, = 4.3 eV,
Ty =5eV,n, = ng+ = 5910 m3, nyr =12 10" m=3, ny, =
9.910'8 m™3) at the position marked in the ratio profile of Fig. 3:
A model run without dissociative electron attachment for (vibrational
levels of) electronically excited states results in d>I1, densities in-
creased by more than one order of magnitude. This large discrepancy
underlines the importance for a benchmark with measurements, apart
from the comparison of the model predictions. In addition, the X! Z; W)
densities are compared for a standard model run and a simulation, in
which dissociative electron attachment for the ground state is deac-
tivated, resulting in similar densities. As discussed in previous works
(e.g. [22]), the dissociative electron attachment rate coefficients for ex-
cited states available in literature are controversially large. Since, to the
authors knowledge, there are no other rate coefficients or cross sections
available in literature, this data is included in both the electronically
resolved Yacora model discussed above and the vibrationally resolved
Yacora model from this work. For high electron densities the electron
collision induced processes become more relevant, so that dissociative
electron attachment for electronically excited states has a higher impact
on the excited state population densities for divertor plasmas than
for the low-density test cases discussed above. Deactivating test-wise
dissociative electron attachment in the electronically resolved model
leads to qualitatively similar consequences to those demonstrated here
for the vibrationally resolved model. Dissociative electron attachment
is not considered in the Sawada 1995 model at all (neither for the
ground state, nor for electronically excited states) and consequently
higher Fulcher band emission is predicted by AMJUEL compared to the
Yacora model.
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Fig. 5. X! z7 and d*I1,(v) densities predicted from the vibrationally resolved Yacora
model for the plasma parameters of a single grid cell of the high recycling plasma
@™ = 1.310" m=3) in a standard model run, a calculation without dissociative
electron attachment for electronically excited states and a calculation without dissocia-
tive electron attachment for the vibrational levels of the electronic ground state.
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4. Discussion

2D edge plasma transport codes coupled to neutral gas models
(e.g. such as EDGE2D-EIRENE) are widely used for studying edge
plasma phenomena, for the interpretation of experimental data and
for the prediction of edge plasma parameters [25]. This is particularly
relevant for H,, if model predicted emission is used to derive from
measured spectra the ground state density ny, . Inconsistent results are
to be expected depending on which model and molecular emission band
is used. Furthermore, the AMJUEL predicted Fulcher band emission is
overestimated in comparison to the results from the vibrationally re-
solved Yacora model applying MCCC cross sections for electron impact
excitation and considering additional reaction channels. This observa-
tion is in agreement with the results of [26], where it has been shown
that AMJUEL overestimates the Fulcher band emission for deuterium
plasmas in DIII-D. Consequently, an overestimation of the molecular
emission can lead to an underprediction of the H, density and thus to
the overprediction of MAR rates. Furthermore recent works (e.g. [2])
found that the Fulcher band emission profiles in divertor plasmas can
be utilized as a proxy for the ionization region and may be employed
as plasma temperature diagnostic. Based on the demonstrated strong
influence of dissociative electron attachment for electronically excited
states on the Fulcher band emission intensity predictions and the corre-
sponding reaction probability under dispute, it is evident that absolute
temperature predictions should be made cautiously. The large and
(depending on the transition under consideration) asymmetric discrep-
ancy between the molecular emission predicted by AMJUEL and the
vibrationally resolved Yacora model demonstrate that the prediction
of the total emission bands strongly depends on the implementation
of all relevant reaction channels and reliable input data. Studies on
vibrationally resolved dissociative electron attachment cross sections
for electronically excited states are highly desirable, since their influ-
ence becomes particularly strong at high electron densities present in
the divertor. In future work, an experimental benchmark is needed to
clarify the difference in the model predicted emission. Furthermore, it
should be kept in mind that the QSS approximation does not necessarily
hold for vibrationally excited X 'Z; [27]. Hence, it would be more
accurate to model the transport for the excited X 1Zé‘z*(v) levels, even
though this is typically not done in neutral transport codes for H,.
Instead, effective rates for fixed vibrational distributions are used (for
some processes), as e.g. in the EDGE2D-EIRENE calculations, which
are the basis for this work or the B2-EIRENE JET (carbon divertor)
calculations from [28].

5. Conclusion

EDGE2D-EIRENE predictions representing low recycling, high re-
cycling and detached JET ITER-like wall L-mode plasmas are post-
processed with a vibrationally resolved CR model for H, based on
the Yacora solver. The molecular emission intensities of the Lyman-,
Werner- and Fulcher bands predicted by the Yacora model are com-
pared with the emission predicted by AMJUEL in the form of synthetic
LOS integrated emission (mimicking spectroscopy pointed at the LFS
divertor). About 4-5 times higher Lyman band emission, about 1.7—
3.3 times higher Werner band emission and 2-5 times lower Fulcher
band emission is predicted by the Yacora model for the three plasma
regimes compared to AMJUEL. Consequently, depending on which
model and molecular emission band is used to derive the H, density
from measurements, inconsistent particle density predictions are to be
expected. The discrepancy between the model predictions is a result
of different molecular reaction data (e.g. input cross sections) for the
same molecular reactions and different sets of molecular reactions
considered in both models. The MCCC method provides accurate and
consistent sets of cross sections for electron impact excitation applied in
the Yacora model. The authors would recommend their usage also for
calculations directly in a CR model in EIRENE. For the Yacora model, it

Nuclear Materials and Energy 42 (2025) 101895

was shown that the application of the dissociative electron attachment
data for electronically excited states from [21] has a large impact on the
Fulcher band emission prediction, while neglecting dissociative elec-
tron attachment for the vibrational levels of the electronic ground state
can for certain plasma parameters hardly influence T,;,. As the only
available data for dissociative electron attachment for electronically
excited states are already under debate, vibrationally resolved cross
sections for this process are highly desirable.

CRediT authorship contribution statement

Richard C. Bergmayr: Writing — original draft, Visualization, Val-
idation, Software, Methodology, Formal analysis, Conceptualization.
Dirk Wiinderlich: Writing — review & editing, Supervision, Method-
ology, Conceptualization. Mathias Groth: Writing — review & editing,
Software, Resources, Conceptualization. Liam H. Scarlett: Writing —
review & editing, Resources. Dmitry V. Fursa: Writing — review &
editing, Resources. Mark C. Zammit: Writing — review & editing,
Resources. Igor Bray: Writing — review & editing, Resources. Ursel
Fantz: Writing — review & editing, Supervision, Project administration,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This work has been carried out within the framework of the EU-
ROfusion Consortium, funded by the European Union via the Euratom
Research and Training Programme (Grant Agreement No 101052200
— EUROfusion). Views and opinions expressed are however those of
the author(s) only and do not necessarily reflect those of the European
Union or the European Commission. Neither the European Union nor
the European Commission can be held responsible for them. The au-
thors thank Andreas Holm for providing python routines operating on
the EIRENE grid.

Data availability

Data will be made available on request.

References

[1] A. Fasoli, Essay: Overcoming the obstacles to a magnetic fusion power plant,
Phys. Rev. Lett. 130 (22) (2023) 220001.

[2] K. Verhaegh, et al., Spectroscopic investigations of detachment on the MAST
Upgrade Super-X divertor, Nucl. Fusion 63 (1) (2023) 016014.

[3] A. Terakado, et al., Reaction processes of molecular activated recombination
leading to detachment of divertor simulation plasma in GAMMA 10/PDX, Nucl.
Mater. Energy 20 (2019) 100679.

[4] A. Holm, et al., Impact of vibrationally resolved H, on particle balance in EIRENE
simulations, Contrib. Plasma Phys. 62 (5-6) (2022) 179.

[5] D. Reiter, M. Baelmans, P. Borner, The EIRENE and B2-EIRENE codes, Fusion
Sci. Technol. 47 (2) (2017) 172-186.

[6] D. Reiter, The Data File AMJUEL: Additional Atomic and Molecular Data for
EIRENE. URL https://www.eirene.de/Documentation/amjuel.pdf.

[7] D. Wiinderlich, et al., Yacora on the Web: Online collisional radiative models
for plasmas containing H, H, or He, J. Quant. Spectrosc. Radiat. Transfer 240
(4) (2020) 106695.

[8] L.H. Scarlett, et al., Complete collision data set for electrons scattering on molec-
ular hydrogen and its isotopologues: I. Fully vibrationally-resolved electronic
excitation of H, (X' X¥), At. Data Nucl. Data Tables 137 (2021) 101361.

[9] S. Wiesen, EDGE2D-]§IRENE code interface report, JET ITC Rep. (2006) URL
https://www.eirene.de/e2deir_report_30jun06.pdf.

[10] M. Groth, et al., Impact of carbon and tungsten as divertor materials on the
scrape-off layer conditions in JET, Nucl. Fusion 53 (9) (2013) 093016.


http://refhub.elsevier.com/S2352-1791(25)00035-3/sb1
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb1
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb1
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb2
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb2
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb2
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb3
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb3
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb3
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb3
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb3
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb4
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb4
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb4
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb5
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb5
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb5
https://www.eirene.de/Documentation/amjuel.pdf
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb7
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb7
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb7
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb7
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb7
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb8
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb8
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb8
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb8
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb8
https://www.eirene.de/e2deir_report_30jun06.pdf
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb10
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb10
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb10

R.C. Bergmayr et al.

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

M. Groth, et al., Impact of H, D, T and D-T hydrogenic isotopes on detachment
in JET ITER-like wall low-confinement mode plasmas, in: Proc. of the 29th IAEA
Fusion Energy Conference 2023, London, UK, IAEA-CN-316-2021.

D. Wiinderlich, et al., Emission spectroscopy of negative hydrogen ion sources:
From VUV to IR, Rev. Sci. Instrum. 92 (12) (2021) 123510.

U. Fantz, et al., Quantification of the VUV radiation in low pressure hydrogen
and nitrogen plasmas, Plasma Sources Sci. Technol. 25 (4) (2016) 045006.

K. Sawada, T. Fujimoto, Effective ionization and dissociation rate coefficients of
molecular hydrogen in plasma, J. Appl. Phys. 78 (5) (1995) 2913-2924.

W.T. Miles, R. Thompson, A.E.S. Green, Electron-impact cross sections and energy
deposition in molecular hydrogen, J. Appl. Phys. 43 (2) (1972) 678-686.

R.C. Bergmayr, D. Wiinderlich, U. Fantz, Molecular data needs for advanced
collisional-radiative modelling for hydrogen plasmas, Eur. Phys. J. D 77 (7)
(2023) 302.

L.H. Scarlett, Pers. Commun. (2024).

U. Fantz, D. Wiinderlich, Franck-Condon factors, transition probabilities, and
radiative lifetimes for hydrogen molecules and their isotopomeres, At. Data Nucl.
Data Tables 92 (6) (2006) 853-973.

D. Wiinderlich, Vibrationally resolved ionization cross sections for the ground
state and electronically excited states of the hydrogen molecule and its
isotopomeres, At. Data Nucl. Data Tables 140 (2021) 101424.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Nuclear Materials and Energy 42 (2025) 101895

J.R. Hiskes, Molecular Rydberg states in hydrogen negative ion discharges, Appl.
Phys. Lett. 69 (6) (1996) 755-757.

P.G. Datskos, L.A. Pinnaduwage, J.F. Kielkopf, Photophysical and electron
attachment properties of ArF-excimer-laser irradiated H,, Phys. Rev. A, At. Mol.
Opt. Phys. 55 (6) (1997) 4131-4142.

R.K. Janev, D. Reiter, U. Samm, Report Jiil-4105. Collision processes
in low-temperature hydrogen plasmas, 2003, URL https://www.eirene.de/
Documentation/report_4105.pdf.

A.B. Wedding, A.V. Phelps, Quenching and excitation transfer for the ¢’ 1, and
a3 Z; states of H, in collisions with H,, J. Chem. Phys. 89 (5) (1988) 2965-2974.
G. Sergienko, et al., Molecular deuterium behaviour in tungsten divertor on JET,
J. Nucl. Mater. 438 (2013) S1100-S1103.

S.I. Krasheninnikov, A.S. Kukushkin, A.A. Pshenov, Divertor plasma detachment,
Phys. Plasmas 23 (5) (2016) 1.

M. Groth, et al., EDGE2D-EIRENE predictions of molecular emission in DIII-D
high-recycling divertor plasmas, Nucl. Mater. Energy 19 (2019) 211-217.

D. Reiter, et al., Detailed atomic, molecular and radiation kinetics in current 2D
and 3D edge plasma fluid codes, J. Nucl. Mater. 363-365 (2007) 649-657.

V. Kotov, et al., Numerical modelling of high density JET divertor plasma
with the SOLPS4.2 (B2-EIRENE) code, Plasma Phys. Control. Fusion 50 (2008)
105012.


http://refhub.elsevier.com/S2352-1791(25)00035-3/sb11
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb11
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb11
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb11
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb11
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb12
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb12
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb12
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb13
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb13
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb13
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb14
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb14
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb14
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb15
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb15
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb15
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb16
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb16
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb16
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb16
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb16
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb17
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb18
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb18
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb18
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb18
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb18
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb19
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb19
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb19
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb19
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb19
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb20
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb20
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb20
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb21
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb21
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb21
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb21
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb21
https://www.eirene.de/Documentation/report_4105.pdf
https://www.eirene.de/Documentation/report_4105.pdf
https://www.eirene.de/Documentation/report_4105.pdf
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb23
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb23
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb23
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb24
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb24
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb24
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb25
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb25
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb25
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb26
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb26
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb26
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb27
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb27
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb27
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb28
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb28
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb28
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb28
http://refhub.elsevier.com/S2352-1791(25)00035-3/sb28

	Demonstrating the impact of ro-vibrationally excited H2 on divertor detachment via population modelling
	Introduction
	EDGE2D-EIRENE simulations for JET L-mode plasmas
	Molecular emission predictions
	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


