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Abstract. This paper shows experimental results from the TCV tokamak that indicate
plasma-moleculetinteractions involving DQL and possibly D~ play an important role
as sinks of energy’ (through hydrogenic radiation as well as dissociation) and particles
during divertor detachment if low target temperatures (< 3 eV) are achieved. Both
molecular activated recombination (MAR) and ion source reduction due to a power
limitation effectyare shown to be important in reducing the ion target flux during a
density ramp. In contrast, the electron-ion recombination (EIR) ion sink is too small
to play an important role in reducing the ion target flux. MAR or EIR do not occur
during Nayseeding induced detachment as the target temperatures are not sufficiently
low.

The impact of Dj is shown to be underestimated in present (vibrationally
unresolved) SOLPS-ITER simulations, which could result from an underestimated
Dy + Dt — D3 + D rate. The converged SOLPS-ITER simulations are post-processed
with alternative reaction rates, resulting in considerable contributions of D to particle
and power losses as well as dissociation below the Dy dissociation area. Those findings
are in quantitative agreement with the experimental results.

Keywowds: Tokamak divertor; Molecules; plasma; SOLPS-ITER; Plasma spectroscopy;

Power /particle balances; Detachment
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1. Introduction

Power exhaust is a major challenge for future fusion devices [1, 2]. Theanaterial limits
for the (plasma) heat flux to the target are in the order of 5-20 MW /m*/‘depending
on how often the divertor should be replaced and what the expected non-plasmar(e.g.
neutrals and radiation) heat load is, which would be exceeded by an order ef magnitude
in a fusion reactor without mitigation [1, 2, 3, 4, 5]. Divertor heat flux loading (¢;)
as well as target temperature (73) can be tempered by increasing the density and/or
inducing radiative losses through seeding extrinsic impurities, which will"be required on
reactors [1, 2, 3]. Equation 1 uses the plasma sheath equation [6]fand indicates that if
target pressure (p;) losses do not occur, reducing the target temperature results in: 1) a
decrease of the kinetic part of the target heat flux loading (gF™" o metl/ ? where v T s
the sheath heat transfer coefficient); 2) an increase in the potential surface recombination
target heat flux loading (¢ o pteTt_l/ ? where € = 13,6 ¢Vhis_the ionisation potential).
Minimising equation 1 with respect to T; and comparing, to a typical sheath-limited T;
of 100 eV, we see that the total (plasma) target héat flux load may only be reduced by a
factor 4-5 without target pressure losses.

qe =1y T, + Tye
e

ki ot
q G Qf

I't IUt/Ttl/2
G X Dy (7Ttl/2 + ETt_l/Z)

1.1. Detachment physics: powery particle and momentum balance

Divertor detachment can facilitatelarger heat flux reductions as it results in simultaneous:
1) power losses, 2) target pressuré losses (through volumetric momentum losses [1, 7, 6],
which are preferable forimaintaining a sufficient core performance in a reactor, and
upstream pressure losses,[8]); 3) target particle flux losses either through a reduction of
the divertor ionisation source and/or an increase in the volumetric ion recombination sink
9, 10]. These losses aresbrought on by many plasma-atom and molecular interactions at
relatively low target: temperatures (7; < 5 eV) [6]. Below we briefly highlight the key
aspects of detachmeént in terms of power, particle and momentum balance.

Divertor particle balance is summarised in equation 2, where the ion flux reaching
the targetiequals the ion source in the divertor I'; minus the recombination ion sinks
in the divertor I, plus a 'net’ inflow of ions (positive - implies a net flow towards the
target, negative - the converse) I',,.

I,=0;,—T,+T, (2)

In the ’high-recycling regime’ (e.g. I'; > T',), the divertor is, by definition , an
almost ’self-contained’ region where the ion flux reaching the target is mainly generated
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in the divertor through ionisation [10, 11, 12]. Particle balance is strongly co-dependent
with power balance in this regime as ionisation has an energy cost E;,, per ionisation
event. This includes radiative energy losses from excitation collisions preceding ionisation
(Ered) together with the potential energy required to ionise a neutral into amyion (e):
The heat flux entering the divertor g4, is reduced by impurity radiation qmd A part
of the remainder of the heat flux (g.eq) is used for ionisation (E;,,I";). Afterionisation,
the remainder of the heat flux is deposited at the target as particles with their kinetic

energy (I''vT}) - equation 4.

Grecl = Qdiv — q:ﬂZZJ (3)
Qrecl = Eionri + Ft'yﬂ (4)

Combining equations 2 and 4 provides a model for theion target flux - equation 5,
where I';, > T', is assumed.

Grecl 1
Ft = (E — FT) X W (5)
ion Eron

As the target temperature becomes small 'YTt <1, I~ ‘,’E:mi —I',, so that the ion
target flux can be reduced through: 1)a reductlon of Greet; 2) an increase of the energy
cost of ionisation F;,,; 3) volumetric recombination I',. Volumetric recombination is,
thus, not strictly required for plasma detachmient. Instead, the particle flux can reduce
through 'power limitation’ -/a‘reduction of ion source induced by a reduction of ¢
and/or increase of Ej,.

Equation 5 must, however, be consistent with with the marginal Bohm criterion
at the plasma sheath (T'y oeByf/T). We can use the sheath target conditions to derive
equation 6, which shows thé importance of target pressure losses for reducing the ion
target flux [13, 14, 8]. For simplicity, electron-ion recombination is ignored in equation 6
(e.g. 'y = T; is assumed) 1

Ty

F — /ypt2 Eion R ’ng (6)
! zmiQTecl 1 + gz:t szqkm

Equations 5 and 6 may appear to be two different models. However, both can
be derived from a model which combines the Bohm criterion with power and particle
balance. \In that model both formulations are equivalent [8]: they are thus like two sides
of thé'same eoin. One focuses on power and particle balance while the other upon the
momentunm balance. Any solution will require all three to balance: consideration of one
implies the other one is also true.

i/Recombination could, however, be included by introducing it in an ’effective’ E;,, = Iff’g

o = T /T;. In that case, recombination can be included in all the ionisation-only formulations of
equations 5 and 6 by replacing F;,, with ESS

won *

where
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Most experimental studies on detachment focus on the macroscopic behavieur
of detachment: target heat flux, target temperature, target particle flux, volumetrie
radiation, etc. Fewer focus upon the underlying atomic (and yet fewer molecular)
reactions that generate the necessary particle, power and momentum losses.»Plasma
spectroscopy in the divertor region can be used to isolate the individual atomie and
molecular processes resulting in power and particle losses, providing deeper insight into
the detachment process.

1.2. Plasma detachment investigations using spectroscopy

Such studies already commenced a few decades ago [9, 10, 155316, 17,.48] by monitoring
the Electron-Ion Recombination (EIR) ion sink on various devices (€<Mod, AUG, DIII-D)
[15, 18, 19] using spectroscopy of the high-n hydrogen Balmerilines. Although the EIR
ion sink was observed to be significant for some detached eonditions, it could not always
explain the magnitude of the ion target flux loss, /particularly for seeded conditions
[10]. This raised the suspicion that the reductionsefithe ion target flux may result from
a reduction of the divertor ion source; which had been hypothesised to occur as the
power entering the ionisation region limits that, whichiean be spent on ionisation — power
limitation or ‘power starvation’ [9, 10, 12, 8]. Mexe recent spectroscopic investigations
have directly confirmed a reductionsef the divertor ion source (ionisation rate) during
detachment [8, 20, 21, 22|, which was shown te result from power limitation in [8] where
it occurs simultaneously with volumetric mementum losses. Estimates of the ion source
on JET using Ly« intensities [21y.22] indicated accounting for opacity /photon absorption
[23] can be crucial in both the analysis of spectroscopic data and in the assessment of
the effective ionisation and recombination cross-sections [23] — with the accompanying
reduction in ionisation energyslosses’- E;,,.

The above experimental studies have focused upon the impact of plasma-atom
interactions on detachmeént. Plasma-molecule interactions can also impact power, particle
and momentum losses. “Such) collisions can transfer power and momentum from the
plasma to the molecules, [24, 25] and excite the molecules rovibronically, leading to
emission in molecular bands such as the Fulcher band (d 3Ilu — a 3¢ transition) at
590-640 nm [26527, 28]. Reactions between the plasma and molecules can produce
molecular ions, Such as Dy, which undergo further reactions with the plasma. These ions
can resultdn Melecular Activated Recombination (MAR) or Ionisation (MAI), which act
as further ion sinks/sources [9, 15, 26, 29, 28]. Ultimately, plasma-molecule reactions can
form _excited hydrogen atoms, which emit atomic line emission [30, 31] and thus serve as
an additional plasma energy loss. The impact of such effects is difficult to study directly
but may be extremely important in determining the divertor plasma characteristics.

Recent developments in our spectroscopic analysis technique (BaSPMI [32]) have
enabled the inference of the impact of plasma-molecule interactions through their effect
on the hydrogenic line series intensities. Initial application of this technique to the TCV
tokamak (n. ~ 102°m=3) divertor plasma indicated that plasma-molecule interactions
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can: 1) have a strong impact on the observed Balmer line series; and 2) result in aglarge
ion sink through MAR, that is significantly larger than electron-ion recombination [33]:

1.3. This paper

In this paper we build on those previous experimental results [33] and usethe BaSPMI
[32] technique to investigate plasma detachment in TCV further $6"providé”a more
complete view of previous findings.

New quantitative analysis in this work shows:

(i) plasma-molecule interactions result in ezcited atoms that contribute up to 50 % of
the total atomic hydrogenic radiative losses (section 2.1).

(i) indirect experimental evidence for D~ near the targetnin the deepest detached
conditions (section 2.2). This suggests a presenge of highly vibrationally excited
molecules.

(iii) the ion target flux reduction is induced botluby.an 10nsink due to MAR as well as
a reduction of the ion source due to 'power(limitation’ (section 2.1).

(iv) Molecular Activated Dissociation (MAD)is non=negligible (section 4.2) and occurs
below the ionisation region, which may\play a.significant role in power balance.

(v) Ny seeded discharges (section/2.3)rare.lacking MAR as the target temperatures
obtained during detachment (3.5-6%¢V) are higher than the temperature regime in
which MAR is expected to occur (1.5-31¢V), Appendix B.

Detailed comparisons betweenthe above experimental findings and SOLPS-ITER
modelling are presented, which show:

(i) the impact of Dy issttengly underestimated in the SOLPS-ITER simulations
(section 3.1). It is hypothesised this is related to the molecular charge exchange
Dy + D — Di $.D ratéused in SOLPS-ITER (section 4.1).

(ii) post-processing.ef-the already converged SOLPS-ITER simulations, using a modified
molecular charge exchange rate from [34], results in a quantitative agreement between
simulation and‘our experimental results (section 3.1).

2. Experimental results on TCV

In this work, a density ramp (sections 2.1, 2.2) as well as N; seeding (section 2.3) in
the PCV tokamak [35] (D, fuelling, carbon walls) are used to achieve detachment. All
discharges operate in reversed field (i.e. unfavourable to H-mode), employ no auxiliary
heatingghave an open divertor (no baffles), employ a single null divertor configuration
and.operate at 340 kA (qo5 ~ 2.4). The measurements and studies discussed in this
work are obtained for the outer divertor leg. In these reversed field conditions (before
baffles were installed [36]), the outer target detaches first while the inner target remains
attached during the density ramps. During N, seeding, however, both inner and outer
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target roll-over together during detachment [37]. Feedback control is used on thendV,
seeded discharges to maintain the core electron density stable at a value similar to the
detachment onset, which was obtained through a density ramp. The main diagnesti¢
used in this work is the Divertor Spectroscopy System - DSS [38, 39, §|.

The spectroscopic analysis in this work is performed using the BaSPMI technique
(described in detail elsewhere [32, 33, 8]), which uses electron density estimates derived
from a Stark broadening analysis in combination with D, — D, measurements. Following
previous research [32, 33], the contribution of D is ignored by BaSPMI. Further
information can be found in Appendix D.

The important diagnostic locations (DSS, Langmuir probes [40, 41] and photodiode
chord), as well as the magnetic geometry and fuelling / D, puffing location are shown in
figure 1.

#56567

Figure 1. Lines of sight for the DSS (black) as well as photodiode (PD - blue) and
plasma geometry for # 56567, together with Langmuir probe (LP) coverage as well as
D5 and N» fuelling/seeding location.

2.1. "Power and particle balance with plasma-molecule interactions during a density ramp

The particle balance obtained during a core density ramp was analysed previously in [33],
which’ combined contributions of DJ and D~ and indicated that a MAR ion sink starts
to occur during detachment onset (vertical shaded region) increasing to around 50% of
the measured ion target flux at the end of the density ramp (Fig. 2). Predictions of the
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D~ -only MAR ion sinks are shown separately in Fig. 2a. Although the D~ creation
cross-section is expected to be much smaller than that of H~ [42], our analysissuggests
MAR involving D~ may occur, requiring further investigation. This may be attributed

oNOYTULT D WN =

9 to the presence of highly vibrationally-excited molecules, where the isotope difference
10 between creating D~ and H~ is reduced [43, 44]; this question is further examined in
sections 2.2, 4.1.
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Figure 2. Particle balance (a), hydrogenic radiative losses (b) and power balance (c) as
functions of ‘core Greenwald fraction for a density ramp discharge. a) The target flux is
measured:by Langmuir probes [40, 41] (green) with a linear fit from before detachment
[33, 8]. Spectroscopically inferred atomic and molecular-activated ion source (red)
from [33], elegtron-ion recombination ion sink (EIR - blue) from [33], total molecular
aetivated recombination ion sink (MAR - magenta) from [33], D~ related MAR ion sink
(cyan) (new)='all integrated over the outer divertor volume. b) new - Atomic hydrogen
radiative losseés due to electron-impact excitation (red), electron-ion recombination
(blue) and molecular break-up from plasma-molecule interactions (magenta). ¢) new -
Power entering the outer divertor leg (black - Py, ), power entering the recycling region
(green - P,..;) and power required for ionisation (red - Pj,,). The red vertical shaded
region indicates an estimate of the detachment onset; where the measured target flux
starts to deviate from a linear increase. The experimental data is from discharge #
56567 and consecutive repeats.

Previous investigations on DIII-D suggested that the radiative losses from molecules
themselves through radiative bands of the Werner and Lyman series (C' 11lu — X 13g
and B1YXu — X 1X¢ transitions, respectively) may be unimportant [29], as they were not
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observed. However, molecular break-up from plasma-molecule interactions can result,in
excited hydrogen atoms and thus radiative losses, which are estimated from our BaSPMI
analysis. These occur simultaneously with MAR in figure 2b (magenta)."The resulting
hydrogenic radiation can provide up to half of the total hydrogenic radiation.sFurther
power losses may occur from dissociation (section 4.3) as well as energy transfer from
the plasma to the molecules through collisions [45, 24, 25].

Power and particle balance are closely related as it takes power to ionise neutrals,
providing the ion source that provides the ion target flux. A certainiamount of power,
P, = f Jaiv (equation 4), is estimated to enter the outer/divertor leg, which is
approximately half the power crossing the separatrix into the 'SOL (assuming a 1:1
outer/inner divertor power symmetry [8]); Py, is estimated in our study from the power
due to Ohmic heating minus core radiative losses (assumed‘to.be the sum of the radiative
losses above the x-point) [8]. This power is partiallysdissipated through impurity
radiation (P"), estimated by taking the measured totalradiation from bolometry
(at the outer divertor) minus the inferred hydrogenic radiative losses estimated using
spectroscopy. There is a substantial difference/between the remainder of the power,
Py = Py — Pjggp = f Grea (equation 4) ghat enters the recycling region, and Py, even
in a density ramp discharge as radiative logses from intrinsic carbon are not negligible.

Fig. 2 shows that, after a Greenwald fraction of 0.35 is reached in the discharge,
P,.. decreases until it approaches P, toswithin a factor 2 at detachment onset
(~ 0.4 — 0.42 Greenwald fraction), whichuis the power required for ionisation, estimated
using spectroscopy. At this enset (shaded)the ion target flux starts deviating from
its linear increase and T; &~ E,, /.~ 4 — 6 €V is reached in agreement with analytical
theory [8] - equation 5. Around thatipeint in the discharge the divertor ion source no
longer increases linearly and ultimately rolls-over (~ 0.47 Greenwald fraction), which
accounts for a large fraction of the observed ion target flux loss (Fig. 2a) [33]. This
experimental evidence suggests that the outer divertor ion source is being limited by the
power entering the regyeling region: ‘power limitation’. This was already demonstrated
in [8] on the basis of-apurely atomic analysis but now, with the inclusion of molecular
effects, this picture is re-affirmed. Power limitation occurs simultaneously with the
development of target pressure losses both due to volumetric momentum losses and
upstream pressure reduction [8].

As Py, /PBrey increases beyond 0.5, the target temperature ultimately reduces below
3 eV, figure 5 d, the temperature regime favourable for MAR and, ultimately, electron-ion
recombination (< 1.5 eV). One difference between the earlier results in [8] (that did
not aecount for plasma-molecule interactions) and those in Fig. 2c is that, as P,y and
P, approach each other, significant ion sinks from MAR occur in addition to the ion
source reduction. Applying equation 2 to the particle balance in Fig. 2a suggests that
ionisation outside of the outer divertor leg occurs giving a net flow of ions towards the
target I',. That trend is consistent with SOLPS-ITER simulations [46, 47, 48], which
will be further discussed in Appendix A.
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2.2. Profile evolution of ion/power sources/sinks during detachment evolution

t=0.6s t=0.96s t=12s
n/ng, = 0.3 n/ne, = 0.48 N/Ngy 5.0.6
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Figure 3. Inferred line-integrated profiles along the divertor leg of ion source/sink
(top row, asb,c)land power loss profiles (bottom row: d,e,f) due to plasma-atom and
plasma-molecule interactions for the attached, detachment onset and detached phases.
a,b,c) estimateditotal (atomic and molecular activated) ionisation source; Electron-Ion
Recombination (EIR) sink; Molecular Activated Recombination ion sink - MAR -
D3 & D~; MAR - D~ alone. d,e,f) Atomic radiation due to atomic excitation; radiative
losses threugh ezxcited atoms arising from plasma-molecule interactions involving
D;‘ & D~ & Dy (the latter one is negligible) as well as D~ alone. The experimental
data is/from discharge # 56567 and consecutive repeats.

The power and particle sinks/sources discussed previously have been integrated along the
outeridivertor leg. Here we study the evolution of these interaction profiles quantitatively
during detachment (figure 3), which are compared against SOLPS-ITER simulations in
sectiondi2. The particle/power sink/source profiles are obtained from line-integrated
estimates along the lines of sight indicated in figure 1.

The first observation drawn from figure 3 is that the profile for each relevant ion
source/sink (first row of figure 3) and its evolution is very similar to the corresponding
hydrogenic radiative loss (second row). A second observation is that MAR attributed to
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D~ predominantly occurs in the deepest detached conditions close to the target,

As D~ preferentially populates the n = 3 excited level [31, 30, 49], the BaSPMI
technique estimates the D~ contribution from the ratio of the molecular contribution
of Dg to the molecular contribution of D,. To gain more insight into the experimental
evidence for the presence of D™, we performed an alternative analysis using only
D, D,, Ds measurements whilst assuming that all plasma-molecule interaction, related
emission arises from Dj (Appendix D). This alternative analysis leads to similar MAR
ion sink estimates as the full analysis. However, extrapolating the alternative analysis
outputs to Dg and comparing this to Dz measurements not included in the analysis,
shows the alternative analysis overpredicts Dg by ~ 30 %. Whereas, the full analysis
does match the Dg (and D,, D, Ds) measurements by attributing Balmer line emission
to D™.

The MAR D~ to total MAR ratios are expectedsto inerease at low 7T,.: using
AMJUEL data tables [50] together with the isotope xescalingyeoefficients from [44] (see
Appendix E) the MAR D~ to total MAR ratios are 0.330.17, 0.07 at 1, 2, 3 eV. This
strong increase of the contribution of MAR from (D~ at low temperatures is qualitatively
in agreement with our observations. However, the experimentally inferred ratios of MAR
from D~ to total MAR (figure 3) are higher than the predicted coefficients. This may
imply that there is a larger concentration of highly ¥ibrationally-excited molecules than
obtained by the vibrational model‘used tordetermine the rates used by SOLPS-ITER
[50, 51] (see sections 3.2, 4.1).

2.3. Comparison between density wamp experiments and Ny seeded discharges

In this section we discuss two Ny seeded discharges, for which an overview description is
shown in figure 4. The coresdensityis set to a level such that the seeding ramp occurs
just before the detachment onset for pulse #52158 and just after the detachment onset
for pulse #62972. Plasma-melecule interactions which involves N H, can occur in N,
seeded plasmas, which isfurther discussed in 3.3 but is not considered below. Such
reactions may, however, also result in excited hydrogen atoms and impact the hydrogen
Balmer spectra, which requires further study.
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Figure 4. Overview of two N, seeded discharges in terms of core Greenwald fraction,
N> seeding level, power entering outer divertor Pg;, and outer divertor radiation Pﬂ;g.

Discharge # 62972 corresponds tona set of repeat discharges such that spectroscopic
data was obtained with several different DSS settings to obtain measurements of D, Ds
and D.. In # 52158, the impaetiof Ny seeding in reducing the ion target flux is stronger
and the difference between the power entering the outer divertor Py, and the divertor
radiative power losses P4 is larger before the start of seeding (figure 4). However, only
DSS measurements of Ds andeD). Were available and to monitor D, a single line of sight
with a non-calibrated filtered/photodiode was used (line of sight indicated in figure 1). §
For both discharges, ‘asignificant amount of residual nitrogen (5-10% [52]) was already
present before Ny seedingfrom previous discharges, increasing to 10-15 % during N,
seeding.

Figure 5 shows a) comparison of spectroscopically-derived quantities and
measurements<betweendischarges that reach detachment through a core density ramp
and dischargesthat are detached through Ns-seeding. To keep the analysis consistent
between allydiseharges, only the atomic part of BaSPMI was utilised. Combining this
with D,/ measurements facilitated estimating EIR and MAR ion sinks [32], which are
shown.in figure 5 a,e.

§ Its measurement (in V) has been rescaled to the extrapolated D, brightness from analysing the

n = 6, 7:Balmer line measurements, from a single corresponding DSS line of sight, with the atomic part
of BaSPMI.
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Figure 5. Comparison plot between detachment through a core density ramp (a,b,c,d)
and two Ny seeded discharges (e,f,g,h and i,j,k,1). a,e,i) outer target ion flux, electron-
iongrecombination (EIR) and Molecular Activated Recombination (MAR) (a,e) ion
sinks. b,f,j) Measured and ’atomic ”extrapolated”’ D, by analysing the higher-n
states with the atomic part of BaSPMI. These values are either integrated along the
outer divertor leg (b,f) or taken from a single chord (j). ¢,g,k) Measured and atomic
extrapolated Ds/D,, line ratios near the target. d,h,l) Estimated target temperatures
from a spectroscopic chord closest to the target and from power balance. The y-axis
scales are the same for the Ny seeding and core density ramp columns (except for j).
Estimates of the detachment onsets are shaded vertically in red.

Our first observation is that D, drops as the ion target flux rolls-over in the seeded

cases (Fig. 5 f,j) — consistent with the D, intensity extrapolated from the purely atomic
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analysis of the n = 5,6,7 Balmer lines. This contrasts with the density ramprease
where the measured D, intensity increases during detachment and deviates from. the D,
intensity extrapolated from the atomic analysis of the medium-n Balmer lines (Fig.:5.b),
indicating the presence of plasma-molecule interactions resulting in MAR (Fig."5a). The
absence of this behaviour during the N, seeded case suggests that these plasma-molecule

interactions resulting in MAR are, just as EIR, negligible during N, seeding (Fig. 5 e,i).

A second observation is that the trend in both the monitored and atomic extrapolated
Ds/D,, ratio (figure 5 c,g,k) are different between the N, seeded and density ramped
discharges. During N, seeding, the atomic extrapolated and the measured line ratios
remain close to the value expected for an electron-impact excitation (EIE) dominated
plasma (0.002 —0.003) (figure 5 g,k). This indicates EIR does noty(or barely for # 62972)
contribute to the medium-n Balmer line emission. In contrast, during the density ramp,
the atomic extrapolated Ds/D,, ratio strongly rises fromsr 0.0025 to ~ 0.05 (figure 5 c)
during detachment as electron-ion recombination strengly comtributes to the medium-n
Balmer line emission (> 70% for n=>5,6 [32]). The measured Ds/D, ratio is smaller

(~ 0.008), however, due to plasma-molecule interactions, contributions to D, (figure 5 c).

The absence of EIR, MAR and enhancement of D, in the Ny seeded case is
consistent with the measured target temperature (Fig. 5 h, 1), of around 3-6 eV. This
is estimated using the excitation emission from the line of sight closest to the target
(TE spectroscopy) and, separately/ fromithe-power balance [8]. Although some of the
temperature estimations indicate a significantly higher upper uncertainty bound than 6
eV, it is unlikely the plasma temperature i3 above 6 eV based on other measurements
(Langmuir probes, impurity emission regions). For the Ny seeded conditions, the
electron temperature (within uncertainties) as well as the inferred electron density
(~1—3x 10*m™?) is constantyalong the divertor leg. Meanwhile, the temperature
is observed to decrease during the core density ramp discharge (Fig. 5 d), reaching 3
eV at the MAR onset andil eV at the end of the discharge. Therefore, the Ny seeded
conditions do not reach:the temperatures at which there is a sufficiently high molecular
density for MAR toplay a strong role, which is supported by the more detailed analysis
of MAR’s T, regime in Appendix B. This indicates that plasma-molecule interactions,
resulting in MAR, do.not necessarily dominate in all detached conditions.

3. Comparisons against SOLPS-ITER simulations

A detailed comparison between SOLPS-ITER simulations of TCV detachment through
coredensity ramp (from [46, 53] using synthetic diagnostics) and experimental
spectroscopic data (analysed from an atom-interaction only perspective) previously
showedigood agreement, in general [8].

The simulations were based on experimental discharge # 52065, use the magnetic
equilibrium reconstruction from # 52605, are in the reversed field direction (unfavourable
for H-mode, grad-B away from x-point) and have 400 kW of input power [46]. They are
performed using SOLPS-ITER version 3.0.6-57-g7705¢5 [54]. The recycling coefficient is
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set to 0.99 for all surfaces (e.g. wall pumping) to match both the ion target flux profiles
as well as the fuelling levels. Carbon chemical sputtering was set to 3.5 % to match
the measured CIII (465 nm) brightnesses. All puffed particles are initially molecules.
Additional molecules can be generated upon reflection, according to the TRIM database
[55] for deuterium reflecting on carbon. Vibrational states were not explicitly included
in the SOLPS-ITER simulation (but are instead included in the effective reaction rates
(see section 3.1)). This implies that the impact of the plasma-wall/interaction on the
vibrational levels is not accounted for in the SOLPS-ITER simulations.

3.1. MAR and D,

A disagreement between experiment and simulation was, howevery/observed in the D,
brightness [39] (Fig. 6 b vs d) and in the ion target flux (Fig. 6 a vs c), which does
not roll-over in the simulations as an additional flow of‘iens (I",) towards the target
compensates the reduction of ionisation in the outer divertor leg [8, 46, 47, 48], generated
mainly by ionisation upstream [47, 46].

Fig. 6 a,b,c,d illustrates this disagregmentiin D, brightness, supporting the idea
that the disagreement is caused by the plasma-melecule contribution to D, being
underestimated by the simulation. Likewiseythe MAR rate (from D) appears strongly
underestimated in the simulation.

These SOLPS-ITER simulations,used the default reaction sets [46] which are
effective (grouped) rates: the individual vibrational states (v) of D in the plasma are
not individually traced. Instead, the distribution of vibrational states (f,(T.,T;)) is
modelled, assuming the vibrationahstates are in equilibrium [51], using electron and
ion impact vibrational excitation, electron impact de-excitation as well as vibrationally
resolved charge exchange, iemisation; dissociation and dissociative attachment depletion
channels of the individual vibrational states [34, 44, 51, 56, 57, 50]. As this contains
both electron and iondnteraetions, it is both dependent on 7T, and 7;. The effective
rates are then computed as, <iov >.rp=>" f. (1., T;) < ov >, (T¢,T;) . This is further
simplified assuming T"=1; = T,.

Apart from /the isotope dependencies of the various rates, the ion temperature
dependent ratesmare actually dependent on the relative velocity (< ov >, (vye)). However,
at the same ion/demperature, the relative velocity v, is different because of a mass effect
[51, 57]. Becausepof this, EIRENE rescales, by default, the effective 'grouped’ molecular
ion temperaturg dependent rates: < ov >y (Tpy1) =< 0v >55 (T /2) [51].

Our ‘hypothesis is that an underestimation of the impact of D arises from the
above rescaling applied to the molecular charge exchange rate (DT + Dy — D + D).
As shown4 the mass rescaling of the effective rates used also implies that the electron
temperature dependency of f,(T,,T;) is rescaled, which we feel is oversimplified. In [34]
the mass rescaling is only applied to the ion temperature dependencies. However, even
< 0v >, (v,¢) can have isotope dependencies due to the different molecular structures of
thé isotopes. In [44], such isotope dependencies are considered for H™ + Hy — H) + H
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and e~ + Hy - H, — H~ + H, whilst f, is simplified with an isotope independent
Boltzmann distribution ||. Both these approaches lead to rates which are much gloser to
the hydrogen rate, which is further discussed in section 4.1 and Appendix E.

Experiment SOLPS Post-processed SOLPS
@_ 15 Targetflux X EIR ‘ YrTargetflux'’” '~ OER' SrTargetflux’ L oBERT 7T
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Figure 6. Particle balance and ‘measured/atomic ‘extrapolated’ D, in the outer
divertor (integrated) fromymeasurements and BaSPMI analysis (a,b), compared against
that obtained using a synthetic divertor spectrometer in SOLPS-ITER simulations
(c,d) [46]. The last column plots,(e,f) are obtained by post-processing SOLPS-ITER
using molecular charge exchange (D¥ + Dy — D + D) obtained from [34] (Appendix
E). Estimates of/the'detachment onset are shown with vertical shaded red regions.
The experimental data is from discharge # 56567 (which is a repeat of # 52065) and
consecutive repeats.

To investigate the possible impact these different rates have on SOLPS-ITER
simulations of TCV divertorrdetachment, the converged simulation results were post-
processed using the D™ 4D, = D + D3 rate from [34] to calculate new Dj /Dy ratios
(Appendix E). Caveats since this is post-processing, the result is no longer a self-
consistent SOLPS-ITER solution as a change in the D3 /D, ratio could change the
plasma solution:

Post-processing; when either the molecular charge exchange rates for hydrogen (H)
from [50] er thendeuterium rates from [34] or the D to H ratios from [44] with the H
rates from [50] are used, results in significant plasma-molecule interaction contributions
to D,.as well-as substantial MAR rates. This seems to result in a closer quantitative
agréement \between the experiment and simulation. §. Additionally, the ion target flux

|| Thisisidifferent from the f,(T¢,T;) used by SOLPS-ITER. However, more detailed analysis in [58]
indicates that there may not be a strong deviation of f,, from a Boltzmann distribution

€/Studies with filtered camera systems [59, 60] have identified the measured D, emission region near the
target extends further into the private flux region than predicted by plasma-edge simulations. Although
this effect may explain underestimations in the simulated D, brightness, compared to the experiment,
this cannot explain the relative lack of plasma-molecule interaction contributions in the simulation.
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in the post-processed simulations (Fig. 5e) now, indeed, rolls over as the additionaldnflux

of ions from outside the divertor leg (I,) during detachment is partially counteracted

by the increase in total ion sink () due to the increase in MAR (particle balance~

equation 2).

3.2. Ion source/sink profile evolution during detachment
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Figure 7. Comiparison of ion source/sink profiles along the outer divertor leg between
experiment (a,b,c - copied from figure 2.2 a,b,c) and simulation (d,e,f) at three different
times,/densities of ionisation (red), EIR (blue), MAR (DJ & D~) (magenta), MAR D~
(cyan) as well as Fulcher band emission (green). The SOLPS-ITER synthetic diagnostic
fesults also show [ n.np,dl along the line of sight (black - shaded) in arbitrary units.
The used lines of sight are indicated in figure 1. In the experiment, the Fulcher band is
summed over 600 to 614 nm and presented in arbitrary units, whereas for the simulation,
relative values for the Fulcher band brightness were obtained from AMJUEL rate H12
2.2.511 [50]. The experimental data is from discharge # 56567 and consecutive repeats.

In this section we compare the evolution of detachment between simulation and

experiment, which was discussed in section 2.2. The SOLPS-ITER simulations were




oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104765.R1

The role of plasma-molecule interactions on detachment 18

matched to the experimental times through the estimated upstream density, usingdinear
interpolation (before the roll-over) and extrapolating that trend after the roll-oyer. This
was required as an ordering parameter as the upstream density rolls‘over/saturates
during detachment and follows a previous approach [8].

The simulated behaviour, after post-processing, is in quantitative agreement with
the experiment in most cases. In the attached phase (t = 0.6 s, n./ngw — 0.3),
MAR is negligible and ionisation is spread over the entire outer divertor\leg. At the
detachment onset (¢ = 0.96 s, n./ngw = 0.5), MAR commences near the target and the
experimental ionisation profile detaches from the target showing @ pronounced ionisation
front, whereas the simulated profile appears more smooth. Inte the detached phase
(t = 1.15 s, ne/new = 0.55), the ionisation front moves farther towards the x-point,
MAR increases near the target and EIR together with MAR. that'is attributed to D™,
starts to occur near the target. The ratio between MAR from D~ to the total MAR
obtained from BaSPMI analysis is higher than the ene obtained from post-processed
SOLPS-ITER simulations, which is consistent with the findings in section 2.2.

Both Balmer line emission from plasma-molecule interactions as well as Fulcher band
emission depends on electrons (or ions) interacting with molecules. Therefore, we also
show profiles of the integral of the electron density times the deuterium molecule density

along the line of sights for the SOLPS-ITER\umodelling case (grey curves figure 7 d,e,f).

This indicates a similar trend as thé Balmersline emission arising from interactions with
Dy and has a very different behaviour than the Fulcher band brightness. Therefore, the
Fulcher band brightness trend seems to be mostly determined by the electron temperature,

rather than the molecule and electzon densities, which is further discussed in section 4.2.

This complicates estimating MAR or the molecular density near the target using Fulcher
band emission measurements in'strongly detached conditions as the Dy density/Fulcher
photons ratio is extremely/sensitive to 7.

3.3. SOLPS-ITER simalations and Ny seeding

Post-processing Nj seeded SOLPS-ITER simulations for TCV [61] in the same way
results in a negligible impact of D5 in contrast to the impact during a core density ramp

because the target temperature reach a minimum near 3.5 eV during these simulations.

These higher target temperatures lead to a lower D, density and thus a lack of D3, even
when postsprocessing is applied. Those simulation results are qualitatively consistent
with the/experimental findings presented in section 2.3. However, volumetric momentum
losses.did ‘met-Occur in these simulations, in contrast to N, seeding experiments [37].

Nevertheless, qualitatively the same behaviour (higher 7; during N, seeding
comparedo a density ramp) is observed in MAST-U simulations [45] where significant
volumetric momentum losses do occur. In these cases, the impact of D is also small
after post-processing [32].

The plasma can also undergo chemical reactions with nitrogen, resulting in the
fermation of NH,, which can also lead to molecular activated recombination (N-MAR)
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[62, 63]. Such reactions are not present in the current SOLPS-ITER simulationsrand
the observed reduction of the ion target flux is attributed to a reduction of.the ion
source due to power limitation in the simulations, consistent with experimental findings
[8]. SOLPS-ITER simulations for MAST-U indicated that the high target temperatures
during N, seeding may be attributed to a lack of ion-molecule collisions as.less molecules
are present in the divertor [45] during detachment. Therefore, the relatively high target
temperatures during N, seeded detachment may be caused by something else than
N-MAR. One hypothesis is that this is induced by a reduction of neutral (atom and
molecule) densities in the divertor compared to a density ramp, fesulting in a a different
fmom(T3) trend [14, 8, 45]. The impact of N-MAR requires further study, for instance
by estimating the N-MAR ion sink experimentally and comparing it to the ion source.
Detailed nitrogen spectroscopy comparisons between SOLPS=ITER and TCV indicates a
mismatch in the transport of lower nitrogen charge states; which may be attributed to a
lack of nitrogen chemistry in the SOLPS-ITER simulations [52].

4. Discussion

4.1. DS and D~ creation rates

There is discussion in literature regarding the molecular charge exchange rate which
results in Dy formation (Dy + DT = Dy D) as well as the likelihood of creating
D~ (e 4+ Dy — Dy — D~ + D) [34, 44, 64]. There are three important sources of
uncertainty for these reaction rates.

(i) The reaction rates are sensitivesto the vibrational distribution f, [43, 44, 64].
However, SOLPS-ITER employs effective rates without tracking the individual
vibrational levels. Thig'is an important concern as it leads to a large (un-estimated)
uncertainty in SOLPSITER predictions, even when the isotope dependency of
< ov >, is precisely known.

(ii) The reaction ratessef ionmolecule interactions depend on the relative velocity, which
is different at.the same temperature for different isotopes. The sequence in which
this mass rescaling is applied is important as discussed in section 3.1.

(iii) There can be chemical“differences which alter f, or < ov >, between the different
isotopologues.< These chemical effects lower the cross-section for generating H~
[42](at lowyvibrational levels and increase the vibrational level for which molecular
charge exchange becomes resonant [64] for increasing isotope number. Therefore,
the exact distribution over the vibrational states will affect the resulting isotope
dependency of the reaction rates.
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Figure 8. Overview of how different models for molecular charge exchange impact the
DF /Dy ratio (b) andithe Dj density (a). These model curves (solid lines) are weakly

~3 is assumed. The impact of those ratios on the Dy

sensitive to n. andm. =5x 10%m
density is qualitativelylestimated by multiplying the D /Dy ratios with a scaling law
for the pathlength times the Ds density obtained from these SOLPS-ITER simulations
in [32] using,synthetic diagnostics. Values for DJ /Dy for the second most detached
SOLPS-ITER case (figure 6) are shown (blue '+’ symbols) as well as their post-processed
estimates (red '+’ symbols). Small deviations exist for the post-processed case from the
red /curve as there is a n. range in the simulation as well as a range of Ep, is assumed
which isused in the vibrational distribution calculation [34]. The shown labels in figure

a+b apply to beth plots.

Givén these caveats, we compare in figure 8b the modelled D3 /D, density ratio
using various molecular charge exchange rates (solid curves) (see Appendix E) against
that/from SOLPS ITER simulations (blue '+’) and post-processing (red '+’). Although
the warious molecular charge exchange rates are still under discussion, we find that the
rates from [34] (red - Fig. 8) as well as [44] are much closer to the default hydrogen rate
(ereem="Fig. 8) than the rescaled deuterium rate used in SOLPS-ITER (EIRENE) (blue
£ Fig.”8). This difference is larger at T, < 4 eV, where the molecular density strongly
increases with decreasing temperature [32, 14]. This is illustrated in figure 8a where
these Dy /D, ratios are multiplied with a scaling law for the pathlength times the D,
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density obtained from SOLPS-ITER simulations of TCV [32]. This indicates thatathe
peak DF density is ~ x10 higher when using the default hydrogen rate or the deuterium
rates from [34] and [44], than that for the default EIRENE-rescaled deuterium rate. This
explains the strong difference observed, both in terms of MAR and the modelled Dy
brightness, between the default SOLPS-ITER and that following post-precessing (figure
6).

4.2. Molecular Activated Dissociation - MAD

In this work, we have mainly addressed ion sources/sinks (MAI/MAR)and the hydrogenic
radiative losses associated with excited atoms due to plasma-melecule interactions.
However, those reactions are only a small subset of the reactions’in’ which D and D~
are involved. Several of these reactions lead to the dissociatiomof/molecules - Molecular
Activated Dissociation - MAD [9]; the variety of reactionsiare listed in table 1 in [32].
MAD can result in an important source of neutral D /atoms and plays a role in the power
balance (section 4.3).

Using post-processing of the SOLPS-ITER simulation (sections 3.1, 3.2), we compare
the total quantity of neutrals arising from interactions with Dy & D~ and D, (from
e+ Dy — e + D+ D) in figure 9 a. This takes into account all neutral atoms
created in the reaction chain - for instance D MAR (Dt + Dy — D3 + D, followed by
D3 +e~ — D+ D) would result it 3 neutrals. We find that 98 % of the neutrals arising
from interactions with D3 occur by MAD ‘and:MAR from DT + Dy — D5 + D followed
by e~ + Dy — Dt + D and ¢=st Dy — D 4 D, respectively.

We find that the D, electron-impact dissociation region separates from the target
during detachment (figure 9 a).. A comparison of figure 9 (b) with figure 7, shows the Dy
dissociation region movementifollows'a similar trend to that of the Fulcher band emission
region. Based on post-processing the SOLPS-ITER results (figure 9 a,b), dissociation
from Dy -related MAD.femainsselose to the target and replenishes the loss of dissociation
from D,. Plasma-molecule interactions with D~ facilitate dissociation at yet lower
temperatures. Integrating the dissociation rates figure 9 a for the outer divertor leg, we
find that more than 85 % of all neutrals from D, are generated through Dy or D~ in
the outer divertor. Theiefore, interactions with D, as well as possibly D™, may also
play a key role in determining the 2D neutral density profile below the ionisation region
as lower temperature D, dissociation is enhanced.

The abovesequence of dissociation events along the divertor leg as function of T,
(e.g. electron-ihpact dissociation of D, followed by MAD of Dy followed by MAD of D™)
can/be explained by the molecular structure (see Fig. C1). Electron-impact dissociation
of Dy goes via excitation to an auto-dissociating triplet state (b 3Xu), which at low
vibrational levels is energetically similar to the upper level of the Fulcher band transition.
Performing an analogous approach to figure 8 a, one would expect dissociation to be
strongest near 5 eV, while Fulcher emission would be strongest near 6 eV. D, ionisation
(€7 + Dy — 2¢~ + DJ) would also start to occur at such temperatures (at 6 eV it
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has reached 70 % of its peak level at 13 eV - figure C1). Therefore electron-impact
dissociation, Fulcher band emission, D, ionisation are expected to occur roughly at
similar locations in the plasma. Although all these molecular processes‘depend onthe
molecular density which strongly increases near the target, their reaction_probabilities
decrease so strongly at T, < 5 eV that their trend is effectively determinedsby the electron
temperature rather than the molecular density (figure 7). A parallel to this,.is,atomic
ionisation, which occurs at similar temperatures: the ionisation region detaches from
the target even though the neutral density is highest below the ionisation region. D3
MAD is a dissociative attachment process and hence would occur at lower temperatures
than electronic excitation dependent processes. D~ MAD would oceur at yet lower
temperatures as D~ is created through an electron attachment process, via D, .
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— All neutrals from D, =
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Figure 9. Overview of neutral atom sources due to 2x D, dissociation’ (green) -
which represents all neutrals generated from D dissociation; ’All neutrals from D; ’
(red) and ’Allmeutrals from D™’ (cyan). a) The 2D plot of dissociation neutral atom
sources using ‘SOLPS post-processing across the divertor cross-section - the opacity
indicates the strength of the neutral atom sources; b) the 1D profile using synthetic
chordal spectrometer measurements of the data in a); ¢) The results from analysis of
experimental data using BaSPMI.

Using/ a similar method to that used to estimate MAR/MAI [32], we estimate
the amount of neutrals generated by reactions involving D and D~ (Appendix F,
figure 9°c) and compare this against SOLPS-ITER modelling using synthetic diagnostics
(figuré 9 b). There is qualitative agreement between the MAD channels contribution to
dissociation estimated experimentally and those from the synthetic diagnostic analysis
of the post-processed SOLPS-ITER simulations for TCV, although the experimental
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estimates have a large uncertainty especially near the target. The experimentally inferred
neutral source from MAD exceeds the simulated one closer towards the x-point (> 15
cm from the target). However, here the MAD estimate from Dy is likely  overestimated
as emission from electron-impact excitation may be misinterpreted as emission, arising
from interactions with Dy (see [33] for more explanation). Again we observe that the
ratio between the neutrals generated from D~ and those generated from D3 is higher in
the experimental case than in the SOLPS-ITER simulation.

4.8. Energy and power losses associated with MAR and MAD

Power losses (or gains) associated with ionisation and recomibination’depend both on
radiative power losses, as well as whether potential energyshas to'be spent or is released
by a reaction. Potential energy is gained by ionised particles after ionisation, which
is then released upon surface recombination leading to additional wall power loading.
However, during volumetric recombination, this potential energy is released back to the
plasma. Whether recombination results in net power, gains or losses then depends upon
the balance between potential energy reledased hack to the plasma and radiative losses
during volumetric recombination through both MARsand EIR. To investigate this, we
define the net effective energy loss (> 0) or'gain (< 0) per recombination event as E,...

In [8] it was shown that electrom-ion recombination on TCV resulted in EEIf ~ 0
eV, i.e. the radiative energy lossestduring electron-ion (radiative and three-body)
recombination and the potential energy released roughly balance. However, at higher
electron densities (n, > 10%m=3), as well as lower electron temperatures (< 1
eV), relatively more recombinatiomyoccurs through three-body rather than radiative
recombination resulting in a reduced radiative loss (per recombination event) and thus
net heating with EEIR > —4eeV [39]:

Tec

EM AR

o, we obtain a similar result of we do not

When we evaluate an equivalent
include dissociation. Eigure 10shows profiles of radiative power losses associated with
Dy and D~ at two differént times in the discharge (magenta asterisk). Those radiative
losses are shown to'be approximately equal to the power released by the MAR ion sinks
(green crosses), which is obtained by multiplying the MAR ion sinks with the potential
energy releasedmupon récombination. The radiative losses are mostly associated with
MAR, but may/also occur, during MAD. If all radiative losses associated with D and
D~ and the,potential energy gain are considered, EMAE ~ ( eV.

However, when we investigate the total reaction chains, these discussed MAR events
also lead toythe dissociation of molecules. Figure 10 also shows the power losses directly

assqciated with dissociation during MAR, which would increase EMAR by 4.4 V.
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Figure 10. Profiles along the lines of sight of the inferred power sinks/sources
attributed to DQL and P at two different density levels, corresponding to detachment
onset (a) anddetached (b): radiative power sink (magenta); power sink associated
with MAD (2.2 €V per/neutral) (blue); power source associated with the potential ion
energy release during MAR (13.6 eV x MAR rate - green); power sink associated with
dissociation during MAR (4.4 eV x MAR rate - red). The shaded regions indicate the
uncertainties in the inferences. c, d) estimated electron density (blue) and excitation
temperature (red) profile using BaSPMI.

In addition to the disseciation directly associated with the MAR reaction, there is
also molecular‘activated dissociation (MAD) (section 4.2). The MAD power losses can
be significant (figure 10) and result in power losses in the cold plasma region below the
D, dissociation/region where MAD is particularly efficient (figure 9). In a similar way to
howyradiative losses from electron-impact excitation collisions preceding ionisation are
included in the ionisation energy losses, one could speculate that these MAD reactions
occur before a MAR reaction occurs and, therefore, should be included in the MAR
energyslosses. This increases EMAR to 10 £ 5 eV in the region with strongest MAR. In

Trec

regions with lower MAR (e.g. higher up the divertor leg and/or earlier in the discharge)

EM AR

oot can increase to 20 £ 10 eV as the ratio between dissociation and recombination is

higher. We can thus conclude that energy losses due to dissociation during reactions
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with D and D~ can significantly elevate the MAR related energy losses, in contrast.to
EIR. These power losses are lower order estimates as collisions could transfer additional
energy from the plasma to the molecules [45, 65].

4.4. The implications of our results

4.4.1. Potential differences between TCYV and other devices The génerality of these
TCV results have to be further investigated as the impact of D on detachment may be
different on other devices. TCV was operated at relatively low power (~450 kW, Ohmic)
and low electron density (~ 10?**m™2), resulting in lower electrenfion recombination
rates as well as relatively long mean free paths for atoms afid molecules. As a result,
we observe that ionisation does not occur in a thin region at thetarget but is spread
throughout the divertor leg. TCV features a nearly completercarbon wall. This means
that the ratio between ions reflected as atoms vs recombination into molecules on the
surface and emission from the surface is different than for a metal wall (higher reflection).
The energy reflection coefficient of the recycled atems will also be lower for a carbon wall
than a metal wall. On the other hand, theré are gualitative indications from JET (metal
walls) measurements [22] of an enhanced Dg emission associated with MAR which is
not accounted for in their simulations; that ‘¢ould mean that the JET divertor plasma is
qualitatively consistent with our regearch findings,

Given the large mean free paths en TCV the D, (v) life-times could be sufficiently
long for transport to play a role in the distribution of vibrational states, changing the
likelihood of Dy and D~ generation [26]. A vibrational excited level v will either be
excited to v 4+ 1 or de-excite to'v'=.1 [51]. Hence it can take a significant amount of
reactions for highly vibrationally excited molecules to de-excite to lower vibrational
levels, which makes the tramsport 6f wibrationally excited molecules more complex [26].
Such transport effects are likely imore important than the transport of DJ, which is
considered static in SOLPS:I'FER simulations. This, combined with wall reflection
effects, could change the wibrational distribution of the molecules leaving surfaces and in
the plasma between experiments and simulations as well as between different devices.
Such transport andireflection effects could possibly explain the inferred presence of D~
related interactions, which requires a presence of highly vibrationally excited molecules.

4.4.2. Themeedifor diagnosing and modelling the vibrational distribution It is clear
from the discussions in this paper that more research is required to better understand
and validate-the effective molecular charge exchange rate used in plasma-edge codes,
which is also sensitive to the vibrational distribution of the molecules. Molecular wall
interactions, for instance, will also affect the vibrational distribution and are unaccounted
for. A more detailed analysis including vibrational state resolved simulations that tracks
the vibrational distribution together with plasma-wall interaction effects, could modify
the simplified picture used in our simulations (section 3.1). It may be possible to reduce
thé computational work-load required by bundling various vibrationally excited levels,
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which would require further investigation.

Following the logic that the distribution of vibrational levels may need to be modelled
more accurately, the improved match to experiment through the use of melecular charge
exchange rates from [34] in post-processing SOLPS-ITER divertor plasma solutiens may:
be ‘co-incidental’. The improvement may instead occur because higher vibrational levels
are populated in the experiment than in SOLPS-ITER.

All these aspects motivate investigating the transport of vibrational states in both
experiments and simulations using diagnostics and synthetic diagnestics'to compare
against experiment. Since the Fulcher band emisison can be/dim near the target in
detached conditions [33], it should be investigated whether Fulcher emission is the best
diagnostic of the vibrational distribution in strongly detached plasmas.

4.4.3. Implications of these TCV results for fusion reaetors Our research indicated a
lack of MAR from D3 during N, seeded conditiongrand thesteason for this was that
the divertor target temperatures were higher than 3 eV Since impurity seeding is of
particular interest for reactors, the higher target temperatures during impurity seeding
should be further investigated for a range ofimpurities. Given that MAR (1-3 eV) occurs
in a higher temperature regime than EIRY(< 15 eV), MAR could potentially play an
important role in divertor conditions were the target temperature is too high for EIR
but sufficient for MAR.

Previous work by Kukushkin [34] with SOLPS modelling of ITER plasmas indicates
there can be a trade-off between MAR and EIR as the molecular rates are changed
in the analysis. He found that with either the use of default, or modified, molecular
charge exchange rates in SOLPS did net engender large differences in target heat flux
and the ion saturation current. lnstead, the electron-ion recombination rate reduced
when MAR was included, ¢ancelling the effect of increased MAR. Kukushkin attributes
the reduction of electron-ion recombination to changes in the plasma cooling vs heating
between three-body recembination, resulting in plasma heating (E,.. < 0), and MAR.
This additional heating,was hypothesised to sustain more ionisation and could, therefore,
result in higher electron densities and higher EIR rates. However, EIR does not have a
net heating effect in'lower electron density conditions, such as the ones shown in this
study, which could impaet,those conclusions on current machines.

We find,\through post-processing, that D may facilitate dissociation at lower
temperatures. This may be of particular importance for strongly detached scenarios,
such as long-legged baffled divertor legs where the ionisation front can be held at a
position far from the target [45, 65] - which may be reactor relevant [66]. Self-consistent
simulations are required to improve our understanding in a variety of conditions of how
such molecular interactions play a role in reactors.

4.4.47 The need for improvements in diagnostic techniques and direct measurements of
D3 and D~ One important caveat is that the results presented in this work rely on
spectroscopic analysis using BaSPMI [32] and its various assumptions. Although the
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analysis has been thoroughly tested for avoiding the risk of ’overfitting’ [32] and ineludes
significant uncertainties on the atomic as well as molecular emission coefficients (15
and 30 %), it provides inferences based on Balmer line intensities rather than direct
measurements of the various molecular densities. It also relies on applying this data
for hydrogen to a deuterium plasma as deuterium data is not available gurrently. ' More
accurate and 2D inferences could be made using Bayesian analysis technigues using
camera data [67, 68].

Development of more direct diagnostics for the Dy and D~ content,msing active
spectroscopy, could provide more direct measurements of the atomic and molecular
densities as well as the distribution of vibrational states [69, 70, 71, 72]. Such techniques,
however, have generally not been applied to tokamaks as they require complicated
setups. But they could be potentially applied to linear/devices, where they could be
supplemented with spectroscopic techniques [73]. More @omplete’sets of the fundamental
data for the isotopologues are starting to become ayailable [74], which can be used by
collisional-radiative models [30, 31] to provide data for deuterium and tritium. Verifying
these new (vibrationally-resolved) results [74, 75)(in dedicated experiments for H, D and
T, as well as using them in vibrationally resolved plasma-edge simulations, is crucial for
determining what impact plasma-moleculejinteractions have on plasma-edge physics in
fusion reactors.

5. Conclusions

Analysis of experiment and modelling of TCV tokamak discharges presented herein show
that plasma-molecule interactiéns cam.result in additional significant ion sources/sinks
and power losses compared to'just atomic processes and thus can have a strong role
during divertor detachment. Most such interactions seem to involve Dj. However,
evidence is also presented that DT may be present and play a significant role in power
and particle balance, which implies the presence of highly vibrationally excited molecules.
The ion target flux during plasma detachment is now observed (and modelled) to
roll-over due to both a reduction in the divertor ion source linked to power limitation as
well as an increase immolecular activated recombination (MAR). The latter only becomes
significant for'sufficiently, low target temperatures (< 2.5 eV), which was not reached
during N, seeded induced’/detachment where, indeed, such effects were not observed.
Detailed comparisons of experimental results against SOLPS-ITER simulations
are presented that indicate plasma-molecule interactions involving Dj are presently
underestimated in SOLPS-ITER deuterium simulations when the default reaction set
(vibrationally unresolved) is used. This may be related to the use of isotope rescalings of
the effeetive molecular charge exchange rate in EIRENE (from hydrogen to deuterium)
and,could lead to strong underestimations of Dy and associated power/particle losses.
A lack of Dy in simulations may also have implications for the spatial distribution of
neutral particles, as well as further energy losses, in the divertor as interactions with
D5 (Molecular Activated Dissociation - MAD) can be an extremely efficient dissociation
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mechanism at low temperatures where the electron-impact dissociation of Dy doesmot
occur.

Further experimental investigations on other devices are required to‘investigate.the
occurrence of these processes on other devices, compare this against the TCVifindings
and assess more accurately the relevance of such interactions for fusion.reactors, The
observed mismatch of D related interactions between experiment and simulations could
have implications for fusion reactors with sufficiently deep detached gperation where the
ionisation region is held significantly above the target, as it could previdea power and
particle sink (as well as a neutral atom source) at temperatures between 1.5 - 3.5 eV.
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Appendix A. Ion flow into outer/divertor leg

The SOLPS-ITER simulations indicate an increase of the ion flow from upstream
ionisation into the outer divertor leg upon detachment, as indicated by the mismatch
between the red and greem trend in figure 2 [46, 47, 48]. This, in part, arises from
neutrals escaping the divertor and ionising in the scrape-off layer upstream or in the core.
With the agreementibetween the ion target flux and the ionisation source, previously it
was argued that either the ion flow into the divertor was not significant or was cancelled
by an additional ion sink.”Our MAR estimates in the present study indicate a net ion
flow intothe divertor that increases at detachment onset and has, at the least, a similar
magnitude to the MAR ion sink (equation 2). This is quantitatively consistent with I,
fromuthe SOEPS-ITER simulations. This implies that one loses high recycling conditions
on TCV (without baffles) during detachment, which may also affect the balance between
the inmer/outer divertor in terms of neutral and ion transport [76].
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Figure A1l. Investigation of ionisation abovethe x-point in the experiment and SOLPS-
ITER. a) 2D ionisation profile from SOLPS-ITER at the detached phase (simulation
#106278 at an upstream density of 5:2 x 10'%m =3 together with the lines of sight
from the spectrometer, which“have been tilted upwards to look above the x-point
(the used lines of sight in the calculation are shaded)). b) Outer ion target flux and
experimentally inferred.ionisation source from the lines of sight (ions/s) upwards of the
x-point as function of the Greenwald fraction (discharge # 60403). c¢) Outer ion target
flux (without post-processing) and ionisation source according to the lines of sight
upwards of the x-pointhusing a synthetic spectrometer for four different SOLPS-ITER
simulations at/ four different levels of Dy fuelling (and thus four different upstream
densities) corresponding to attached (low and high density), detachment onset and
detached €onditions. For this calculation, only the ionisation at the open flux tubes
have been comsidered (which is a factor 4-5 higher than the ionisation for the closed
flux tubes intersected by the lines of sight). The vertical red shaded regions indicate
the detachment onset.

Figure A1 a shows ansincrease of the ionisation upstream of the x-point during

the detachment process in the simulations. In an attempt to monitor this upstream

ionisation increase, the DSS spectroscopy views were rotated such that some viewing
chords sampled above the x-point (see fig. Ala) and measurements of the n = 6,7

Balmer lines were performed. Therefore, only the atomic aspects of the emission can

be analysed under the assumption that plasma-molecule contributions can be neglected.

Unfortunately, even though the repeat discharge, # 60403, has qualitatively the same

behaviour as # 56567, the machine conditions were different (as the discharges were

gome ‘months apart), resulting in a delayed detachment onset at a higher Greenwald

fraction in the repeat discharge. As indicated by the displayed lines of sight, only a small

portion of the additional upstream ionisation is probed, so a quantitative calculation of
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the total ion source outside of the lower divertor leg cannot be performed.

The predicted measured upstream ionisation (figure Alb) is consistent with the
simulated one (figure Al c). A caveat is that this measurement also records ionisation
from near the inner target as well as from the core, as it is a line-integrated measurement;:
Ongoing studies using camera imaging data indicate an increase in upstream neutral
density during detachment, qualitatively consistent with these findings.

More complex flow processes are also possible, where the ions are notyjust flowing
from upstream towards the target, but also between the targets [76].3Spectroscopically,
this cannot be probed as we can only detect a net effect of I', based on particle balance.
Potentially coherence imaging measurements of ion flows [77] could provide more insight
on this. In the performed simulations, the ion flow between the two strike points is
negligible. Although the line-of-sight integral contributions to the ionisation for the
closed flux tubes (figure Al a) are small, the ion flow frem the€ore boundary increases
by a factor two during detachment and can become non-negligible, although it remains
smaller than the ion source in the upstream SOL.

Appendix B. Balmer line emission associated with D, plasma chemistry
and MAR/MAI with their respective,temperature ranges

Our MAR and temperature estimates(figures 2,’5) are abstractions from the sample
distributions obtained through Monte ‘€arlo uncertainty propagation. However, there
is a strong correlation within,the samples between 7, and parameters such as the ion
source, EIR and MAR. To account for this while seeking MAR’s T, regime, the sample
outputs of T (characteristic femperature of the electron-impact-excitation emission
region along the line of sight obtained from BaSPMI analysis) are plotted against the
various ion sources/sinks samples in figure B1 for the density ramp case (figure 2). It
is important to note that,\BaSPMI infers this from the different analysed brightness
contributions: it does net use an assumed model for the DJ /D, ratio in this analysis.

The results indicate MAR mostly occurs below 3 eV, whereas EIR starts to occur
below 1.5 eV. Onelwould expect, however, that MAR is reduced below 1 eV as there is
insufficient energy t@yproyide the vibrational excitation needed to promote DJ creation
(see Appendix C).
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Figure B1. Overview of the relationship between the inferred 7¥ and various ion
sources and sinks for 3 time points in pulse # 56567 eorresponding to a density ramp
to detachment for all lines of sight. Shown is/the.Monte-Carlo sampling output for the
line integrated ionisation source (+ MAI) (red), total MAR (magenta), MAR (D7) -
cyan, EIR - green with transparency. The bluewegion is the overlap between the total
MAR and MAR (D~) regions (the colour magenta mixed with cyan leads to blue),
and thus indicates a region where a significant portion of MAR arises from D~. The
transparency of the individual points (representing 20000 ’dice rolls’ per time frame/line
of sight) is set according to their probability (determined by their weight according to
temperature constraints/- see [32]):

While a strong T'F correlation with the ion source exists below 3 eV, this correlation
mostly disappears above 4 eV. This explains the large uncertainty observed in the ion
source in figures 2 and 3.

Appendix C. ’Effective’ molecular rates

Analogously to the approach of figure 8, a relation between the Dy density from SOLPS-
ITER [33] has beensmultiplied with various D, interaction cross-sections in figure C1.
This facilitates comparing the temperature regimes at which we suspect certain reaction
mechanisms occur whiletaking into account the expected strong rise in the molecular
density at low temperatutes! This illustrates that Dy ionisation (¢~ + Dy — 2¢™ + D)
is expected atithe highest temperatures, followed by Fulcher band emission as well as
electronAmpact dissociation (~ 5 eV or higher). Processes with DJ are expected to
be most'dominant at 1 — 1.5 eV, while processes with D~ are suspected to be most
dominant at 0.7 — 0.8 eV.
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Figure C1. Normalised ’effective reaction rates®using AMJUEL [50] (e.g. np,ALX <
ov >) as function of T,, assuming n, = 510" m>% and np, x 1017-1.7xlogTe  For
D;r and D™, their densities are,determined using the D> density together with a
modelled D2+ /Dy and D~ /D5 ratie as function of T, using post-processing method nr.
3 (Appendix E). Fulcher emission is obtained from AMJUEL rate H12 2.2.511 [50]

Appendix D. BaSPMI

This work employs the BaSPMI analysis [205°33] in order to infer information on both
plasma-atom and plasma-molécule interactions from hydrogen Balmer line measurements.

D., and Ds measurements ate analysed initially assuming only "atomic’ (e.g. electron-
impact excitation (EIE of D) and electron-ion recombination (EIR of D)) emission
pathways of the hydrogenic/dine series allowing a prediction of the D, and Dg magnitudes.
The difference between predicted and measured D,,, Dg is then ascribed to plasma-molecule
interactions. The stréength of plasma-molecule interactions is then translated into
molecule-derived contributions to D, and Ds;. This cyclic process is repeated until
a self-consistent solution is found for all the Balmer line emission fractions due to
electron-impact exeitation’ (EIE), electron-ion recombination (EIR) and plasma-molecule
related components (DanD3,, D) of Dy, Dg, D., and D;. In this, the ratio between the
plasma-moleculé interaction contributions of Dg and D,, is used to separate Dy and D~
related contributions.

BaSPMI makes use of collisional-radiative model data from ADAS (atomic data)
[78, 79) and*Yacora [30, 31] (plasma-molecule interactions), as well as reaction rates
from AMJUEL [50]. It is assumed that all this hydrogenic data can be directly applied
to a deutérium plasma, which is further discussed in [32]. The technique uses Monte
Cazlo uncertainty processing, which is effective at catching non-unique solutions and
accounting for these in the estimated uncertainty margins. Photon opacity effects have
been assessed for this TCV discharge using SOLPS-ITER simulations and found to be
negligible [33].
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Previous research when developing BaSPMI [32, 33] indicated that D3 contributions
to both the Balmer line emission as well as to particle losses is expected to be negligible.
Post-processing (Appendix E) using hydrogen rates indicated a contribution of D te
the Balmer line emission and particle losses of significantly below 1 %.

Unless mentioned otherwise, the full BaSPMI approach is applied.in this paper:
However, there are various reductions (compared to the full analysis explained, above) of
the BaSPMI analysis possible.

(i) BaSPMI can be employed without Dz measurements, by omittingithe step where
the plasma-molecule interaction contribution to D, (and ‘Dg)fis‘separated in Dy
and D~ contributions. Instead, it could be assumed that all.of this emission is
attributed to D5 . This is employed as an alternative analysigiin the text of section
2.2. However, the shown results in figure 3 are from the fulll BaSPMI analysis.

(ii) BaSPMI can be employed without taking any plasmasmolecule interactions into
account (without D, and Dj measurements).” Alternatively, the self-consistent
treatment of the plasma-molecule interaction €ontributions to the medium-n (e.g.
D.,, Ds) Balmer lines can be omitted #whichtare then to be assumed due to plasma-
atom interactions only. This can accurately reproduces the MAR rates (when D,
measurements are compared against the purely atomic extrapolation of D., Ds),
but may lead to overestimates/@fthe ion'source if MAR is significant [33]. This is
employed in section 2.3.

Appendix E. SOLPS-ITER post-processing

In this work, existing SOLPS-ITER are post-processed to calculate alternative Dy and
also D~ densities. This igneres thefransport of D and D~ (which is also ignored in
the default implementation ¢f SOLPS-ITER). If transport is ignored, the Dy /Dy ratio
depends on the localybalanéesbetween the rates of Dj creation and the rates of Dj
destruction - assuming 7,= nj+ [20]. The following creation/destruction rates are used:
Creation rates: molecular charge exchange and H, ionisation e~ + Hy — 2e~ + H -
AMJUEL H4 2.29 [50]. Destruction rates: e~ + H, — H + H - AMJUEL H4 2.2.11 [50];
e” + H — ezsH +H'"™ - AMJUEL H4 2.2.12 [50] and e~ + Hy — 2~ + Ht + H'
- AMJUEL H4/2.2.14 [50]. For all electron-impact reactions the isotope dependence
are neglegted, inpaccordance with previous studies in [44]. Using this model, D3 /D,
ratios are thenlobtained using four different rates for molecular charge exchange (e.g.
Dy + D7Dy + D) - which are discussed in section 4.1, Fig. &:

(i)ithe default approach of SOLPS-ITER for deuterium 'Deuterium - default (EIRENE
rescaled) rate’ (figure 8, blue), where < ov >.5f (T') =< 0v >4 (1/2) [51] (e.g.
both the cross-sections as well as the distribution of the vibrational states undergo
an isotope mass rescaling).

(ii) the 'Deuterium - Kukushkin’ rate from [34] (figure 8, red), which does not take any
chemical isotope differences into account for the molecular charge exchange, but
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only applies an isotope mass rescaling on the cross-sections. This is the defaultrrate
used for post-processing in this work. This leads to an order of magnitude difference
compared to rate number 1 at 1-3 eV.

(iii) the default hydrogen rate from AMJUEL (figure 8,green). This leadsto a'10-15 %
difference compared to rate number 2.

(iv) the default hydrogen rate from AMJUEL multiplied with the deuterium torhydrogen
ratio from [44] , which assumes the same vibrational distribution (e.g. \Boltzmann)
for deuterium and hydrogen but accounts for both isotope mass differences as well
as chemical differences in the application of the cross-sections. This leads to a up to
3 % difference compared to rate number 3.

Those new D /Dy ratios are calculated relative to theiatio obtained directly from
SOLPS-ITER and this is used to rescale the D, emissivity, MAR (D5) and MAI (D5)
rate for each simulation grid cell, which are also used;to modify the particle balance and
through that the simulated ion target flux (sections 3.1,3:2). Note that the used models
neglect interactions that occur in a mixed H D plasma, which is considered in [44].

As SOLPS-ITER does not include anyinteractions with H~ or D~ by default, D~
is not included in the results in figure 6. It is; however, included in sections 3.2, 4.2.
To investigate the role of D~ the default hydrogen H~/H, ratio from AMJUEL was
rescaled to D using coefficients fromi [44]5which reduces the D~ density by ~ 30%. This,
however, is strongly sensitive to the assumed model/distribution for the vibrational states
f. as the creation cross-section for D~ is strongly isotope dependent at low vibrational
levels.

Appendix F. Estimating theineutral source from interactions with D, and
D-

The MAD rates are estimated analogously to how the MAR rates are estimated by
computing a "MAD._(or ‘dissociation) per emitted D, photon’ ratio for Dy, Dy as
well as D~. As SOLPS-ITER post-processing indicates that most (98 %) neutrals
generated through By arise from MAR as well as molecular charge exchange followed
by e” + D #'e¢” + D%t D (section 4.2), only that particular chain is accounted for
when determining the "MAD per D,, photon’ ratio for D3 . These 'MAD (or dissociation)
per D, photon” ratios are multiplied by the respective contribution (e.g. Dy, Dy, D7)
to the D, brightnesses to obtain an estimate of the quantity of neutrals created from
MAD«(D; )iiThe uncertainty margin for MAD is larger than for MAR due to the strong
temperature sensitivity of the '"MAD per emitted D, photon’ ratio.



