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Abstract

In this work we provide experimental insights into the impact of plasma-molecule interactions on the target ion flux
decrease during divertor detachment achieved through a core density ramp in the TCV tokamak. Our improved analysis
of the hydrogen Balmer series shows that plasma-molecule processes are strongly contributing to the Balmer series
intensities and substantially alter the divertor detachment particle balance.

We find that Molecular Activated Recombination (MAR) ion sinks from H+
2 (and possibly H−) are a factor ∼ 5 larger

than Electron-Ion Recombination (EIR) and are a significant contributor to the observed reduction in the outer divertor
ion target flux. Molecular Activated Ionisation (MAI) appears to be substantial during the detachment onset, but further
research is required into its magnitude given its uncertainty.

Plasma-molecule interactions enhance the Balmer line series emission strongly near the target as detachment
proceeds. This indicates enhancements of the Lyman series, potentially affecting power balance in the divertor. As
those enhancements vary spatially in the divertor and are different for different transitions, they are expected to result
in a separation of the Lyβ and Lyα emission regions. This may have implications for the treatment and diagnosis of
divertor opacity.

The demonstrated enhancement of the Balmer series through plasma-molecule processes potentially poses a challenge
to using the Balmer series for understanding and diagnosing detachment based only on atom-plasma processes.
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1. Introduction

Divertor detachment is expected to be a crucial aspect
for handling the power exhaust of future fusion devices,
such as ITER and DEMO [1]. During detachment, a
range of atomic and molecular processes result in simul-
taneous power, particle and momentum losses from the
plasma to neutral species or to photons (e.g. radiative
power loss). This results in a simultaneous reduction of
the target plasma temperature (Tt) and the ion target flux
Γt. Such changes in the plasma facilitate large reductions
in the target heat flux (qt) as shown in equation 1 where γ
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is the sheath transmission coefficient and ε is the surface
recombination energy that is deposited when an H+ 1

ion converts to an atom (13.6 eV) and afterwards to a
molecule (+2.2 eV) [3].

qt = Γt(γTt + ε) (1)

This simultaneous reduction of the ion target flux (Γt)
and the target temperature requires target pressure (pt)

1In this work we use H for hydrogen as the available reaction
rates/emission coefficients are only available for hydrogen. The dis-
charge discussed in this work is, however, a deuterium discharge. The
impact of such assumptions are further discussed in section 2 following
[2].
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loss according to the sheath-target conditions (equation
2). That target pressure loss can be facilitated through
volumetric momentum losses [4–9] and may involve an
upstream pressure loss as indicated in previous research
on TCV [10].

Γt ∝ pt/T
1/2
t (2)

A reduction of the ion flux requires either a reduction
of the ion source or an increase in the ion sink according
to particle balance (equation 3). Here, Γi (Γr) is the
divertor ion source (sink) and Γu is a net ion flow from
upstream towards (positive) / away from (negative) the
target. Γt is generally thought to be much larger than
Γu: Γt � Γu → Γt ≈ Γi − Γr: high recycling conditions
([9–13] and figure 2).

Γt = Γi − Γr + Γu (3)

Figure 1: Schematic overview of important plasma-molecule and
plasma-atom collisions (in orange) and reactions (in magenta) dis-
cussed in this work. a) Collisions between the plasma and H2 excite
the molecule rovibronically; b) Reactions between the plasma and
H2(ν) result in the formation of H+

2 and H−; c) Reactions between the
plasma and H+

2 (and possibly H−), which can result in excited neutral
atoms (H∗) and Balmer line emission; d) Collisions between electrons
and H excite H∗, resulting in Balmer line emission; e) Electron-ion
recombination reactions with H+ resulting in excited H∗ and Balmer
line emission.

The divertor ion source (Γi) is strongly connected to
power balance as each ionisation event requires a certain
amount of energy (Eion) [9–13]. The ionisation source
(Γi) becomes limited by the power flux flowing into the
recycling/ionisation region (qrecl) if the power flux loss
due to ionisation (ΓiEion) becomes comparable (within
a factor of two [10]) to qrecl. Impurity radiation is often
(one of) the main power dissipation processes reducing
the power crossing the SOL (qS OL) before the power
enters the recycling region (qrecl). Particle, power and
momentum balance are thus all connected through equa-
tions 1, 2 and 3 (where qt = qrecl − EionΓi). All three
balances play an important role in detachment [8, 10, 14].
Most studies of detachment have focussed on the target

ion current in detachment and how plasma-atom inter-
actions affect power, momentum and particle balance,
leading Γt to drop.

Modifications in those three balances are driven by
plasma-atom [10, 11, 15] and plasma-molecule inter-
actions. To investigate the impact of plasma-molecule
interactions further, we must distinguish between two
different ’types’ of plasma-molecule interactions: (’elas-
tic’) collisions between the plasma and H2 and reactions
from the plasma chemistry of H2. A schematic overview
of such reactions and collisions are shown in figure 1.
Collisions between the plasma and H2 lead to rovibronic
excitation [16–22] (figure 1 a).

Reactions between the plasma and H2 leads to H2 dis-
sociation and to the formation of H+

2 and H− [16, 17, 23]
as illustrated in 1 b. Reactions which result in the for-
mation (for Te < 4 eV) of H+

2 and H− can be greatly en-
hanced by the population of higher vibrationally excited
states (ν) which are populated through plasma-molecule
collisions [16] (figure 1a). H+

2 and H− react with the
plasma (figure 1c), breaking down H+

2 and H−, result-
ing in excited (∗) neutrals which emit atomic hydrogen
line emission [2, 18, 23, 24] - see figure 1c. The cross-
sections for the reactions which form H+

2 and H− can
have strong isotope dependencies which are still being
debated in literature [25, 26]. In particular the dissocia-
tive attachment (H2 + e− → H− + H) cross-section is
thought to be strongly diminished for deuterium (2

1 H+)
and more so for tritium (3

1 H+) compared to protium
(1

1 H+) [26].

Most experimental investigations into the impact of
molecules on plasma-edge physics in tokamaks have
utilised H2 Fulcher band (590-640 nm) emission mea-
surements [16, 19] which arise from electronic excitation
of H2 due to plasma-molecule collisions (step a in fig-
ure 1). Those measurements directly show that that the
plasma is interacting with the molecules resulting in
rovibronic (meaning electronically - resulting in Fulcher
band emission, vibrationally - H2(ν) and rotationally)
excitation [16, 17, 19]. That information, combined with
model or simulation results, has been used in studies to
infer information on reactions between the plasma and
molecules [16, 19].

Although it was suspected from DIII-D and JET stud-
ies [19, 27] that the Hα emission in the divertor may be
enhanced by plasma-molecule interactions, the impact
of excited atoms from plasma-molecule interactions on
the atomic spectra has not yet been studied quantitatively
in tokamak divertors.
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1.1. The effect of plasma-molecule interactions on parti-
cle, energy and momentum balance

There are multiple chains of plasma-molecule reac-
tions involving H2, H+

2 and H− that ’effectively’ ionise
neutrals and recombine ions; a summary can be found
in [2]. One example is molecular charge exchange
(H2 + H+ → H+

2 + H) resulting in the formation of
H+

2 which dissociatively recombines with an electron:
H+

2 + e− → H + H. When comparing the inputs and out-
puts of those reactions, we observe that an ion was effec-
tively recombined: Molecular Activated Recombination
- MAR. Alternatively at higher temperatures, molecular
reactions can activate the ionisation of a plasma neutral -
Molecular Activated Ionisation - MAI.

Both plasma-molecule collisions and reactions im-
pact the plasma power balance. Collisions between the
plasma and the molecules transfer kinetic energy from
the plasma to the molecular cloud [28–30]. Although
emission (and thus radiation) from molecular (H2) bands
occurs, the radiative losses from such processes are ex-
perimentally estimated to be insignificant - in agreement
with EDGE2D-Eirene modelling [20]. Radiative energy
loss also occurs from excited atoms formed after plasma-
molecule reactions [2, 23, 24] (step c in figure 1).

Plasma-molecule collisions transfer momentum from
the plasma to the molecules, effectively acting as a mo-
mentum sink [14, 28–31]. Apart from collisions, the
molecular charge exchange reaction (H2+H+ → H+

2 +H)
also results in momentum losses [29, 31].

1.2. The scope of this paper

In this work we employ a new technique [2] to experi-
mental Balmer spectra from the TCV tokamak to extract
information about plasma-molecule interactions. Our
results indicate plasma-molecule interactions strongly
increase hydrogenic line emission and modify particle
balance significantly during detachment. MAI starts to
contribute to the ion target flux at around the detach-
ment onset. For the TCV case studied, MAR is ∼ 5 times
larger than the EIR ion sink (atomic processes). The final
result is that the inclusion of plasma sources and sinks
due to plasma-molecule processes significantly alters the
picture of particle balance derived from plasma-atom
processes alone.

The Balmer line emission enhancement during detach-
ment attributed to plasma-molecule interactions: 1) is
strongest near the target while the H2 Fulcher emission
region tracks the ionisation region; suggesting that dif-
ferent plasma-molecule interactions occur at different
locations of the TCV divertor; 2) are indicative of in-
creases of the Lyman series, which could potentially

affect power balance in the divertor; 3) could have im-
plications for divertor opacity effects as it can result in
a spatial separation between the Lyα and Lyβ emission
regions.

2. Spectral analysis techniques of inferring infor-
mation on plasma-molecule interaction from the
Balmer spectra

We have used the analysis technique ’Balmer Spec-
troscopy of Plasma-Molecular Interactions’ - ’BaSPMI’
[2] to investigate the spectroscopic data in this work. For
simplicity we define Balmer line emission from electron-
impact excitation of H and EIR of H+ as ”atomic” con-
tributions to the Balmer line emission while we define
Balmer line emission arising from excited atoms after
plasma interactions with H2,H+

2 and H− as contribu-
tions to the Balmer line emission arising from ”plasma-
molecule interactions”. The total atomic line emission
is then the sum of the ”atomic” (H,H+) and ”plasma-
molecule interaction” (H2,H+

2 ,H
−) contributions [2].

BaSPMI uses chordal-integrated brightness measure-
ments of Hα,Hβ, as well as two other medium-n Balmer
lines (e.g. n=5-7) together with Stark inferred electron
densities; and uses data from ADAS [32, 33], YACORA
(On the Web) [23, 24] as well as AMJUEL [34].

The goal of BaSPMI is ”to quantify the contribution of
plasma-molecule interactions to the Balmer lines and use
this to provide quantitative estimates of the influence of
molecules on power losses, particle (ion) sources/sinks
and Balmer line emission” [2]. This builds upon pre-
vious atomic analysis technique developed by the au-
thors in [35] and works on the principle that certain
plasma-molecule reactions result in excited atoms emit-
ting atomic line emission, which is more dominant for
lower-n Balmer lines (Hα,Hβ) than higher-n ones.

The profile of the various emission contributions vary
continuously along the line of sight. However, the anal-
ysis technique (see [2]) simplifies the emission profiles
as a ’dual slab’ model (with a hot and cold tempera-
ture) along the line of sight. That approach has been
verified using SOLPS-ITER simulations for both TCV
(density scan) and MAST-U (density and N2 puffing
scan) using ’synthetic testing’. Although there is a
strong spatial separation of the various emission and
reaction regions in those simulations, the analysis of the
chordal-integrated brightnesses still provides similar es-
timates of the chordal-integrated atomic and molecular
ion sources/sinks as is obtained when summing those
sources/sinks from the simulation directly along the line
of sight. The ’synthetic testing’, employed in [2], uses
data tables from [25] for the H2 + H+ → H+

2 + H rate (for
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deuterium) and default AMJUEL data tables (protium)
for other rates related to H+

2 and H− to post-process the
SOLPS-ITER simulations to obtain the H+

2 and H− den-
sities. Similar agreement between the analysis result
and the result directly obtained from the simulation is
obtained when either the AMJUEL base rate (protium)
or the ’remapped (Te/2)’ AMJUEL rate (Eirene default
for deuterium) for H+

2 + H+ → H+
2 + H although similar

results are obtained with different rates (AMJUEL base
rates (protium) and ’remapped’ (Te/2) rates (deuterium)
[2]). Furthermore, the emission contributions from H+

2
and H− have been turned off individually in the synthetic
testing in to verify that the analysis correctly identifies
their presence [2].

Although the cross-sections for forming H+
2 and

H− have strong isotope dependencies (see section 1),
BaSPMI does not use these rates [2] and instead de-
tects the excited neutrals arising from reactions breaking
down H+

2 and H−. However, BaSMPI does rely on pop-
ulation coefficients from Yacora (on the Web) [23, 24]
and MAR/MAI rates from AMJUEL [36], which are
available for just protium. Nevertheless, the analysed
discharge is a deuterium discharge. We provide the analy-
sis in this work with this caveat and increased availability
of data for deuterium would benefit this analysis [2].

Although the cross-section for dissociatve attachment
are thought to be strongly reduced for deuterium dis-
charges [26], we keep the hydrogenic line emission aris-
ing from plasma interactions with H− as a free parameter
in this work. Removing that degree of freedom does not
change any of the presented results beyond their uncer-
tainty margins as the emission attributed to H− will now
be attributed to H+

2 instead and the MAR/Hα photon
ratio for H− and H+

2 are similar within experimental un-
certainties [2]. We have bundled the contributions of H+

2
and H− together in terms of their Balmer line emission
and MAR/MAI ion sinks/sources throughout this work
as distinguishing between those two is beyond the scope
of this paper.

3. Experimental results on TCV

The TCV discharge used for this study (#56567) has
previously been analysed in detail from the point of
view of atomic interactions only [10]. As shown in Fig.
2d, #56567 has a single null divertor shape with spec-
troscopy lines of sight intersecting the outer divertor leg
along most of its length. #56567 is an L-mode Deuterium
plasma with Ip = 340kA discharge in reversed field (i.e.
ion grad-B drift away from the primary x-point) without
additional impurity seeding (although intrinsic carbon
impurities are present and are an important power loss

process [10]). This discharge has been repeated multiple
times with different spectroscopy settings to obtain suffi-
cient spectroscopic coverage for BaSPMI as well as to
obtain Fulcher band measurements. The reproducibility
of these discharges is adequate for this [10].

Figure 2: Inferred particle balance only considering plasma-atom
interactions. a) Particle balance (ion target current) shown together
with estimated atomic ion source, electron-ion recombination (EIR)
sink. b) Measured total Hα in the divertor together with the estimated
atomic part of the Hα emission. c) Target temperature estimates (based
on the spectroscopically inferred excitation temperature - T E

e and a
temperature estimate obtained from power balance, adopted from [10].

First we investigate particle balance of this discharge
(2) based on a spectroscopic analysis [35] which assigns
all medium-n Balmer line emission to atomic interac-
tions only. Under TCV attached conditions we observe a
linear increase of the ion target current (figure 2 a). Such
a linear increase is predicted by analytical models, due
partially to the reduction of upstream temperature during
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the ramp of the upstream density [10]. The total ion
target current, Γt, stops rising linearly at around a Green-
wald fraction of 0.33 (detachment onset) and rolls-over
around a Greenwald fraction of 0.4. We observe that the
atomic electron-ion recombination sink only becomes
relevant at latest phase of the discharge (where the target
temperature Tt ∼ 1 eV - figure 2c), while the ionisa-
tion rate drops before this phase at the detachment onset
(where Tt ∼ 4 eV - figure 2c). Our atomic analysis has
shown that the reduction of the ionisation source occurs
as the power entering the recycling region becomes ’lim-
ited’ to sustain sufficient ionisation - ’power limitation’
[10], which has been theorised [11, 37] and suspected
from experiments previously [11, 15].

A bifurcation starts to occur between the measured
and estimated ”atomic extrapolated” Hα emission at the
detachment onset (Tt ∼ 4 eV - figure 2c), figure 2 b, and
become increasingly more significant (Tt < 2 eV - figure
2c) as the divertor becomes colder. This is indicative of
an additional source of n = 3 excited atoms. The ’atomic’
Hα emission is based on the analysis of the medium-n
Balmer lines, assuming the higher-n Balmer lines are
only populated by ”atomic” interactions [35].

While the expected H2 densities from SOLPS-ITER
simulations under these density/temperature conditions
(e.g. detached Tt < 5 eV plasma, ne ∼ 1020m−3) con-
tribute less than 1% of the measured Hα emission [2],
plasma-molecule interactions involving H+

2 (and possi-
bly H−) could explain the additional Hα brightness after
detachment [2]. Such plasma-molecule interactions lead
to losses (sinks) for ions in the plasma through Molec-
ular Activated Recombination (MAR). Other possible
additional sources of n = 3 excited atoms, such as Lyβ
opacity and plasma-molecule interactions with hydrocar-
bons, are estimated to only increase the Hα emission by
a few percent for these TCV conditions [2]. Therefore,
we assume that the additional Hα emission is due to
plasma-molecule interaction.

3.1. The evolution of detachment with plasma-molecule
interactions

In figure 3 we apply the full self-consistent BaSPMI
atomic and molecular spectroscopic analysis chain to
identify the impact of plasma-molecule interactions on
three measured Balmer lines measured during this dis-
charge. Initially only electron impact excitation (of H)
emission plays a role for all three Balmer lines (figure
3).

As the target temperature drops, first plasma-molecule
interactions and later electron-ion recombination form an
increasingly larger part of the Balmer line emission (fig-
ure 3). Near the detachment onset (Core Greenwald frac-

tion ne/nGW ∼ 0.43), the region of strong electron impact
excitation ’detaches’ from the target (see figure 3 b-d),
leaving a region where enhanced Balmer line emission
from H+

2 (and possibly H−) as well as EIR occur. This
region expands as the divertor becomes colder, following
the movement of the electron-impact excitation region.
In the latest phases of the discharge (ne/nGW > 0.5),
”plasma-molecule interactions” are the dominant excita-
tion process for Hα and Hβ near the target. For Hγ and
Hδ (not shown), the impact of plasma-molecule interac-
tions is significant, but most of the emission is from EIR.
At this phase of the discharge, the fractions of Hβ,Hγ
emission associated with plasma-molecule interactions
(but not the actual brightnesses - see figure 4) are higher
25 cm above the target than near the target due to a lack
of electron-ion recombination (Te ∼ [2.5 − 4] eV). The
fact that plasma-molecule interactions are an important
excitation process for Hα and Hβ emission suggests that
such interactions result in significant hydrogenic radia-
tion and thus power balance, which will be investigated
in future work.

Figure 3: a) Magnetic equilibrium of the investigated discharge with
spectroscopic line of sight coverage (two chords are highlighted which
are used in figure 3. b-f) The Hα,Hβ,Hγ self-consistent emission
fractions as function of core Greenwald fraction for two different
chords (figure 2) in terms of ”atomic” contributions (electron impact
excitation (of H) and EIR (of H+) and ”plasma-molecule interaction”
related contributions.

To provide some insight into the evolution of different
kinds of plasma-molecule interactions during detach-
ment, we compare the brightness profile (line-integrated
along the divertor leg and therefore also intersecting the
private flux and common flux regions) of a part of the
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H2 Fulcher band (600-614 nm) with that of the various
Hα excitation sources in figure 4. Fulcher band emis-
sion occurs when electrons have sufficient energy for
plasma-molecule collisions to result in excited electron-
ically excited molecules. A first observation is that the
Fulcher emission penetrates throughout the divertor leg
in the attached phase.

A second observation is that the Fulcher emission
profile spatially follows the electron impact excitation
(of H) emission profile and thus the ionisation profile. In
contrast, the Balmer line emission from excited atoms
after reactions with H+

2 (and possibly H−) occurs below
the Fulcher emission region and remains peaked near
the target throughout the discharge; this suggests that
there is a spatial and temperature ordering of the various
molecular processes. Those two observations will be
further discussed in section 4.1.

Figure 4: Spatial profiles at three different times/core Greenwald frac-
tions (ne/nGW ) (of the same discharge as shown throughout the paper)
of normalised (to the maximum) Hα atomic excitation emission, Hα
combined emission due to plasma molecule interactions (H+

2 ,H
−,H2)

and summed Fulcher emission between 600 and 614 nm (which has the
brightest Fulcher emission lines) with impurity emission lines removed
from the spectra.

3.2. Particle balance with plasma-molecule interactions
The evidence presented in the previous section sug-

gests plasma-molecule interactions impact hydrogenic
atomic line emission significantly. This has implica-
tions for particle balance in two ways: 1) When the
hydrogenic Balmer spectra is attributed to be solely
from ”atomic” interactions (as in [10]), any Balmer line
emission from plasma-molecule interactions will be at-
tributed to ”atomic processes”; that ’inflates’ the atomic
ion source/sink estimates. 2) When plasma-molecule in-
teractions contribute to, and are properly accounted for,

in the Balmer line emission, that indicates the presence
of an additional ion sink through Molecular Activated
Recombination (MAR) and/or ion source through Molec-
ular Activated Ionisation (MAI).

Particle balance is shown from the perspective of both
atomic and plasma-molecule interactions in figure 5 for
the discharge discussed throughout this paper. The dif-
ference in the ionisation estimate between figure 5 and
figure 2 is due to the self-consistent consideration of both
plasma-atom (H and H+) and plasma-molecule interac-
tions (involving H2, H+

2 and H−) leading to excited atoms
in figure 5. Both the ionisation estimates provide similar
results until the detachment onset point (ne/nGW ∼ 0.43).
After the detachment onset, the estimate of ionisation
including plasma-molecule interactions is reduced com-
pared to that obtained when only plasma-atom interac-
tions are included; the EIR ion sink estimate is unaltered.

Figure 5: Inferred particle balance considering plasma-atom and
plasma-molecule interactions. This modifies the estimated plasma-
atom interaction processes (as it accounts for emission from plasma-
molecule interactions in the spectroscopic analysis). a) Particle balance
(ion target current) shown together with estimated atomic ion source,
the sum of the atomic and MAI (H+

2 and H2) ion source, EIR sink
and total (H+

2 and H−) MAR sink. We have added a linear fit in the
attached phase (dotted lines) to the total ion source and ion target flux .
b) Ion losses of the ion target flux, ion sources and through EIR and
MAR.

During detachment, plasma-molecule interactions
start to contribute to Hγ,Hδ (larger impact for lower
n→ 2 compared to higher n→ 2 transitions) - see figure
3. Not including molecular effects leads to an underesti-
mate of the ’atomic’ Hδ/Hγ ratio (e.g. higher-n/lower-n
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ratio), which makes Balmer line emission ’appear’ to
be more excitation rather than recombination dominated
[35], leading to a potentially significant ionisation overes-
timate. We conclude that a self-consistent consideration
of plasma-atom and plasma-molecule interactions can be
important for inferring information on electron impact
excitation (of H) emission (and thus ionisation, charac-
teristic excitation temperature and radiated power from
atomic excitation).

The analysis shown in figure 5 indicates that MAR
is significant at the detached roll-over phase. The onset
of MAR occurs between the onset of power limitation
(detachment onset) and the onset of EIR ion sinks. The
inferred magnitude of MAR for this discharge is ∼ 5
times higher than the magnitude of EIR despite the emis-
sion of Hγ,Hδ (figure 3) being EIR dominated.

In this particular case, the MAR ion sink (magenta
symbols in figure 5a) represents a significant fraction of
the ion target flux (green symbols in figure 5a) (51 ± 15
%) and thus plays an important role in divertor particle
balance.

Plasma-molecule interactions can also increase the
ion target flux through MAI. The MAI rate calculated
for this case is significant and starts to occur around the
detachment onset. The MAI ion source in the detached
phase is smaller than the MAR ion sink. These MAI
estimates have larger uncertainties and are more sensitive
to chordal integration effects as the MAI/Hα photon
ratio depends on the relative strength between molecular
charge exchange and H2 ionisation, which is strongly
temperature dependent [2]. However, the MAI outcomes
are anti-correlated with the atomic ionisation and thus
the sum (which has lower uncertainties) of MAI and
atomic ion sources is shown in figure 5.

Most MAI in this case arises from H+
2 ions (formed

from H2 ionisation - e− + H2 → 2e− + H+
2 ) in a fairly

high temperature regime (Te = [4 − 9] eV as opposed
to Te = [1.5 − 4] eV for MAR) near the electron-impact
excitation and Fulcher emission regions, which will be
discussed in section 4.1.

To obtain a more quantitative comparison of the mag-
nitude of ion losses through ion sinks, the reduction of
the ion source and the reduction of the target ion flux,
the ’ion losses’ for these different processes are esti-
mated, analogously to [10], and are shown in figure 5b.
We observe that ion source losses start to occur around
the detachment onset and increase from that point on-
wards. The detachment process starts with the total ion
source losses (e.g. including MAI), which seems to be
the strongest (together with MAR) contributor to the ion
target flux drop. This is followed by MAR and ultimately
EIR ion sinks. The magnitude of ion loss due to MAR

and the observed ion loss at the target are similar.
The sum of the ion source and sink losses, however, ex-

ceeds the estimated ion target flux loss (figure 5) during
detachment. This suggests the presence of an upstream
ion flow towards the target (Γu - equation 3) during de-
tachment and thus a loss of ’high recycling conditions’.
This contrasts previous findings [10] where only atomic
reactions were considered and could arise from ionisa-
tion occurring above the spectrometer’s divertor chordal
view range (figure 2d), which would be consistent with
SOLPS-ITER simulations for TCV [38–40].

4. Discussion

4.1. The evolution of plasma-molecule collisions and
reactions during detachment

In figure 1 we made the distinction between colli-
sions of the plasma and H2, exciting H2 rovibronically
and reactions between the plasma and H+

2 (and possibly
H−) leading to excited atoms and Balmer line emission.
The results from section 3.1 indicated that the Balmer
line emission due to plasma-molecule interactions and
Fulcher band emission emit at different locations and
evolve differently during detachment. This suggests that
there is a large volume in TCV of significant H2 density
extending over a range in Te. Different kinds of plasma-
molecule interactions dominate at different positions in
this volume.

Fulcher band emission occurs when electrons have
sufficient energy to electronically excite H2 (Te > 4 eV),
which likely coincides with the region where H2 is both
dissociated as well as ionised [19]. Therefore, Fulcher
band emission should be fairly well localised around
the hot part of the separatrix. It is thus surprising that
Fulcher band emission occurs throughout the ionisation
region given that the H2 primary source is at/near the
target and mean free paths at the target in attached con-
ditions are a few centimetres according to simulations
[38]. This suggests that molecules enter the divertor leg
radially throughout the ionisation region, which could
be attributed to the open, unbaffled divertor structure at
the time. According to our analysis, those molecules
penetrating into the ionisation region are responsible for
the significant levels of MAI inferred (figure 5). The
measurement that Fulcher emission occurs along the en-
tire divertor leg and follows the ionisation region during
detachment (figure 4) is qualitatively consistent with
estimating the Fulcher emission profile by employing
synthetic diagnostics on TCV SOLPS simulations from
[38].

These findings seem to be in contrast with filtered
camera imaging findings in DIII-D which indicate that
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1) Fulcher emission is present [19] in a thin layer close
to the target; 2) the Fulcher emission region remains
close towards the target during detachment. TCV has
longer mean free paths for neutrals (5-10 cm near the ion-
isation region) and molecules than DIII-D which could
contribute to this discrepancy (due to lower electron
densities, lower heating powers as well as an open diver-
tor). We measure the ionisation front (Te = [4 − 6] eV)
is lifted ∼ 20 cm off the target during our experiment
(ne/nGW ∼ 0.55). Longer mean free paths and a larger
distance between the target and ionisation front would
facilitate a larger region in which plasma-molecule inter-
actions occur. Additionally, the presence of other carbon
emission lines [19] in the bandpass filter during the mea-
surement on DIII-D could also contribute to the Fulcher
emission region not detaching from the target.

In comparison to the primary location of Fulcher band
emission, most Balmer line emission from H+

2 (and pos-
sibly H−) and thus the MAR ion sink as well as the H+

2 ,
H− densities, remains peaked near the target and extends
up until the ionisation region. Near the target during
detachment (Te = [1 − 3] eV) the electrons have insuffi-
cient energy to promote H2 ionisation. However, vibra-
tionally excited molecules still promote the formation of
H+

2 through molecular charge exchange. In other words,
at the location where MAR occurs and most Balmer line
emission due to H2 chemistry is observed, vibrationally
excited molecules are likely responsible for the formation
of H+

2 (and possibly H−), whereas at the Fulcher band
emission region H2 is electronically excited, dissociated
and ionised into H+

2 resulting in MAI.
If there is no longer sufficient energy (Te < [4 − 5]

eV) for the impact electrons to electronically excite H2,
this would result in strongly reduced Fulcher band emis-
sion. Our results indeed indicate that the Fulcher band
emission is particularly dim below the ionisation region
where most molecules (as well as MAR) are expected
to be present. This may have implications for the appli-
cability of using only Fulcher band analysis to diagnose
MAR.

Although the mean-free-paths between the target and
the ionisation region for H2 are fairly large in detached
conditions due to the lower electron temperatures, the ex-
pected mean free paths of H+

2 and H−, are much smaller.
Potentially, transport of vibrationally excited molecules
between the target and the ionisation front (and their
interaction with the wall [16]) may play a role in achiev-
ing the higher vibrationally excited states near the tar-
get. Additionally, if electron impact collisions with H2
have no longer enough energy to electronically excite
H2 (Te < [4 − 5] eV) a larger proportion of the energy
transfer during those collisions could go into raising the

vibrational levels in the electronic ground state, which
is consistent with measurements and (vibrational-state
resolved) simulations [17].

4.2. Evolution of hydrogenic line emission with plasma-
molecule interactions and opacity

Figure 6: Normalised profiles (along the different spectroscopic chords)
of the measured Hα (and thus Lyβ) emission and the inferred Lyα
emission at three different core Greenwald fractions.

Our TCV results also indicate a spatial separation
due to plasma-molecule interactions during detachment
between the measured Hα (/Lyβ - n = 3) and inferred
(by extrapolating the individual emission processes) Lyα
emission regions as shown in figure 6.

Figure 7 shows a TCV SOLPS simulation from [38],
which is first post-processed to obtain Balmer line emis-
sivities which include plasma-molecule interactions (sec-
tion 2) and further post-processed using ray-tracing to
estimate where the emission gets absorbed due to opac-
ity. This shows negligible levels of Lyα and Lyβ opacity
is negligible on TCV (< 5%), hence we amplified the
absorption in figure 7 for visibility. Plasma-molecule
interactions enhance Hα predominantly near the target
resulting in a spatial separation of the Lyα and Lyβ emis-
sion regions, qualitatively consistent with figure 6. As a
result, Lyβ emits in a region where opacity is (relatively)
more dominant than for Lyα, due to the higher neutral
densities near the target; significantly enhancing Lyβ
opacity.

Although photon opacity is expected to be insignifi-
cant for the TCV case studied here, opacity could play
a stronger role in other devices such as JET, C-Mod
and MAST-U where the photons traverse an integrated
neutral density higher than 1018m−2 [27, 41, 42]. Post-
processing MAST-U SOLPS-ITER simulations from
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[29] indicates significant opacity levels for Lyα and Lyβ,
whose emission regions are also separated resulting in a
relatively higher opacity for Lyβ. The separation of the
Lyα and Lyβ emission regions could have implications
for the diagnosis and understanding of (photon) opacity
as using Lyβ opacity measurements to model the Lyα
opacity (or the influence of opacity on the ionisation
and recombination rates) [27, 41, 42] requires assum-
ing that Lyα and Lyβ emit and are opaque at the same
regions along the line of sight. The development of spa-
tially resolved Lyα, Lyβ (as well as the Balmer series)
diagnostics on tokamak divertors may be required.

Figure 7: Schematic overview of Lyα and Lyβ absorption/emission
based on ray-tracing obtained from post-processing a SOLPS-ITER
simulation (# 106278 [38]) of a detached TCV discharge. As Lyα, Lyβ
opacity is negligible (< 5%), the magnitude of opacity is amplified in
the figure for visibility. Emission/absorption from the inner target is
omitted as the absorption there is not calculated to reduce computa-
tional time.

4.3. Implications for other devices

This work highlights the importance of including
plasma-molecule interactions in divertor plasma physics
studies. There are several differences which could occur
between these TCV results and other devices/conditions:

1. Our research shows plasma-molecule interactions
affect particle balance in a specific temperature
regime 1 < Tt < 2.5 eV - figure 2. If the divertor re-
mains detached while Tt > 2.5 eV, plasma-molecule
interactions with H+

2 (and possibly H−) may not
play a strong role. Furthermore, the importance of
MAR is reduced in Tt < 1 eV detached conditions
where 3-body recombination rises strongly and the
EIR/MAR ratio is increased.

2. The transport of molecules and vibrational states
in the molecular cloud may be different on TCV

than other tokamaks due to differences in: 1) diver-
tor geometry (e.g. baffled vs non-baffled, divertor
chamber walls tight around the divertor leg); 2) wall
material [16] (e.g. carbon vs tungsten); 3) molecu-
lar mean free paths (reduced with higher electron
densities and heat fluxes). The transport of H2 to
higher temperature regions (sections 3.1 and 4.1)
where MAI occurs may be related to the open TCV
geometry and relatively large molecular mean free
paths.

3. Higher electron densities than on TCV (ne ∼

1020m−3) could increase the EIR/MAR ratio as
electron-ion recombination scales with the power 2-
3 of the electron density [41, 43] while the plasma-
molecule processes influencing MAR and MAI in-
crease less quickly with electron density.

4. The formation mechanisms of H+
2 and H− are be-

lieved to be highly isotope dependent and could be
different in deuterium-tritium plasmas.

Although differences may exist between TCV and con-
ditions on other devices, experimental findings from both
DIII-D [19] and JET [27] using deuterium plasmas are
also suggestive of plasma-molecule interactions influ-
encing Hα. At DIII-D [19], the measured Hα/Hβ line
ratios were more than a factor 5 higher than that expected
based on atomic interactions, which is in agreement with
our TCV measurements.

Therefore, the importance of plasma-molecule inter-
actions raised in this work may be generally applica-
ble to other tokamaks with both deuterium and protium
plasmas and further investigations on other devices are
required.

5. Summary

In this work we have applied new spectroscopic anal-
ysis techniques developed in [2] to investigate the im-
pact of plasma-molecule interactions on the detachment
process in TCV during core density ramp discharges.
Multi-step plasma-molecule interaction processes pro-
duce H+

2 (and possibly H−) followed by the breakup
of those species which leads to both Molecular Acti-
vated Recombination (MAR) as well as Molecular Acti-
vated Ionisation (MAI). Those reactions result in excited
atoms, leading to enhancements of the Balmer series
emission. We find that the impact of these reactions on
both particle balance and the Balmer series emission is
significant during detachment.

For our studied discharge, MAR results in ∼ 5 times
more ion loss than electron-ion recombination. While
MAR is concentrated in the detached region it occurs
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at higher temperatures (up to 2.5 eV) than for 3-body
recombination (< 1 eV).

Balmer line emission attributed to H2 chemistry re-
mains peaked at the target while H2 Fulcher emission
’detaches’ from the target, following the ionisation re-
gion, as detachment proceeds. This suggests that there is
a spatial separation between the various plasma-molecule
interactions.

The strong enhancement of Balmer line emission near
the target attributed to plasma-molecule interactions indi-
cates enhancements in the Lyman series, potentially im-
pacting power losses. These enhancements are expected
to result in a separation of the Lyα and Lyβ emission
regions which would likely lead to changes of the effects
and location of opacity.

It appears that attributing the enhancements to Balmer
series emission during detachment just to plasma-atom
interactions can lead to an inaccurate description of di-
vertor particle balance.
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