UNIVERSITYW

This is a repository copy of The role of plasma-molecule interactions on power and particle
balance during detachment on the TCV tokamak.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/178594/

Version: Published Version

Article:

Verhaegh, K., Lipschultz, B. orcid.org/0000-0001-5968-3684, Harrison, J. R. et al. (14
more authors) (2021) The role of plasma-molecule interactions on power and particle
balance during detachment on the TCV tokamak. Nuclear Fusion. 106014. ISSN: 1741-
4326

https://doi.org/10.1088/1741-4326/acldch

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
university consortium eprints@whiterose.ac.uk
/,:-‘ Univarsies of Leeds. Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1088/1741-4326/ac1dc5
https://eprints.whiterose.ac.uk/id/eprint/178594/
https://eprints.whiterose.ac.uk/

&) _nuclear
%;)ifusmn

PAPER - OPEN ACCESS

The role of plasma-molecule interactions on power and particle balance
during detachment on the TCV tokamak

To cite this article: K. Verhaegh et al 2021 Nucl. Fusion 61 106014

View the article online for updates and enhancements.

This content was downloaded from IP address 217.155.106.162 on 29/09/2021 at 09:19


https://doi.org/10.1088/1741-4326/ac1dc5
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjst33fb_uIgPD7yyXHroak-M5WWXlVa_KoHlBgUvIrCYiDFQjVXwZQl2M2IYmW102rm6TjnqP5ZdBF9se44xvIdLis4KjakM298bq_g4kV6ibSTeDMkkZKgWoP5IEagNSAVmQrAc59El-tbybEZQjSlbfMmL7G41oKHzhvUmWQhApZrRjKKqS8Ff0c_UJoAciq6O0_zI_v-Di14aT4SV_0OoaLfBwO_hsw4NS00nEeoEpy5fn1YndoUY-niB9UZIhOJquP7MlSF-WjsV7HQEGchuUIBrnHpfEok&sig=Cg0ArKJSzHxdWW8V2B1A&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

OPEN ACCESS

IOP Publishing | International Atomic Energy Agency Nuclear Fusion

Nucl. Fusion 61 (2021) 106014 (21pp) https://doi.org/10.1088/1741-4326/ac1dc5

The role of plasma-molecule interactions
on power and particle balance during
detachment on the TCV tokamak

K. Verhaegh':2:3*®, B. Lipschultz>®, J.R. Harrison'®, B.P. Duval®, A. Fil'®,
M. Wensing®®, C. Bowman®®, D.S. Gahle'*®, A. Kukushkin®°®,

D. Moulton', A. Perek’®, A. Pshenov®®®, F. Federici?, O. Février3®,

0. Myatra'-2, A. Smolders®®, C. Theiler*®, the TCV Team? and

the EUROfusion MST1 Team®

! Culham Centre for Fusion Energy, Culham, United Kingdom of Great Britain and Northern Ireland
2 York Plasma Institute, University of York, United Kingdom of Great Britain and Northern Ireland

3 Swiss Plasma Centre, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

4 SUPA, University of Strathclyde, Glasgow, United Kingdom of Great Britain and Northern Ireland
5 NCR Kurchatov Institute, Moscow, Russian Federation

6 National Research Nuclear University MEphI, Moscow, Russian Federation

7 DIFFER, Eindhoven, Netherlands

E-mail: kevin.verhaegh @ukaea.uk

Received 3 June 2021, revised 27 July 2021
Accepted for publication 16 August 2021

Published 8 September 2021
CrossMark

Abstract

This paper shows experimental results from the TCV tokamak that indicate plasma-molecule
interactions involving Dj and possibly D™ play an important role as sinks of energy (through
hydrogenic radiation as well as dissociation) and particles (ions) 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 effect are 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 N, seeding induced detachment as the target temperatures are not
sufficiently low. The impact of D} is shown to be underestimated in present (vibrationally
unresolved) SOLPS-ITER simulations, which could result from an underestimated

D, +D" — D2+ + D rate. The converged SOLPS-ITER simulations are post-processed with
alternative reaction rates, resulting in considerable contributions of D;r to particle and power
losses as well as dissociation below the D, dissociation area. Those findings are in quantitative
agreement with the experimental results.

Keywords: tokamak divertor, SOLPS-ITER, plasma spectroscopy, detachment,
power/particle balances, plasma-molecule interactions, molecular reaction rates
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1. Introduction

Power exhaust is a major challenge for future fusion devices
[1, 2]. The material limits for the (plasma) heat flux to the
target are in the order of 5-20 MW m~2, depending on how
often the divertor should be replaced and what the expected
non-plasma (e.g. neutrals and radiation) heat load is, which
would be exceeded by an order of magnitude in a fusion reac-
tor without mitigation [1-5]. Divertor heat flux loading (g,) as
well as target temperature (7) can be tempered by increasing
the density and/or inducing radiative losses through seeding
extrinsic impurities, which will be required on reactors [1-3].
Equation (1) uses the plasma sheath equation [6] and indicates
that if target pressure (p,) losses do not occur, reducing the tar-
get temperature results in: (1) a decrease of the kinetic part
of the target heat flux loading (g™ o pt’}/T[l/ * where v
is the sheath heat transfer coefficient); (2) an increase in the
potential surface recombination target heat flux loading (¢} % x
p[eTfl/ * where € = 13.6 eV is the ionisation potential). Min-
imising equation (1) with respect to 7 and comparing to a typ-
ical sheath-limited 7'y of 100 eV, we see that the total (plasma)
target heat flux load may only be reduced by a factor 4-5
without target pressure losses

q =TT + T'e
—_— —~
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—q X pt(VTtI/Z + eTfl/z)

1.1. Detachment physics: power, particle and momentum
balance

Divertor detachment can facilitate larger heat flux reductions
as it results in simultaneous: (1) power losses, (2) target pres-
sure losses (through volumetric momentum losses [1, 6, 7],
which are preferable for maintaining a sufficient core perfor-
mance in a reactor, and upstream pressure losses [8]); (3) target
particle flux losses either through a reduction of the diver-
tor ionisation source and/or an increase in the volumetric ion
recombination sink [9, 10]. These losses are brought on by
many plasma-atom and molecular interactions at relatively low
target temperatures (7y < 5 eV) [6]. Below we briefly high-
light the key aspects of detachment in terms of power, particle
and momentum balance.

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

Fl - 1—‘i - 1_\r + 1—‘u- (2)

In the ‘high-recycling regime’ (e.g. I'y > T',), the divertor
is, by definition, an almost ‘self-contained’ region where the
ion flux reaching the target is mainly generated in the divertor
through ionisation [10—12]. Particle balance is strongly co-
dependent with power balance in this regime as ionisation has

an energy cost Ej, per ionisation event. This includes radiative
energy losses from excitation collisions preceding ionisation
(E™9) together with the potential energy required to ionise a
neutral into an ion (¢). The heat flux entering the divertor gg;,
is reduced by impurity radiation q;ad A part of the remainder
of the heat flux (g,.) is used for ionisation (Ej,,I';). After ion-
isation, the remainder of the heat flux is deposited at the target

as particles with their kinetic energy (I'\yT,)—equation (4)

qrecl = {qdiv — q;z‘:jp (3)
{recl = EionFi + Ft'VTt~ (4)

Combining equations (2) and (4) provides a model for the
ion target flux—equation (5), where I'y > T',, is assumed

[ Yrec 1
b= (Einn —1",) 1+ ”T ' )

t
mn

As the target temperature becomes small LT‘ <1, I\~
el Ty, so that the ion target flux can be reduced through:
(1) a reduction of ¢,..; (2) an increase of the energy cost of
ionisation Ejo,; (3) volumetric recombination I',. Volumetric
recombination is, thus, not strictly required for plasma detach-
ment. 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 the marginal
Bohm criterion at the plasma sheath (I'y & p;/ VT). We can
use the sheath target conditions to derive equation (6), which
shows the importance of target pressure losses for reducing the
ion target flux [8, 13, 14]. For simplicity, electron—ion recom-
bination is ignored in equation (6) (e.g. I't = T is assumed)?

T
VB B P}

(6)
2migrect 1 + 20 T 2mig™

F[:

Equations (5) and (6) may appear to be two different mod-
els. However, both can be derived from a model which com-
bines the Bohm criterion with power and particle balance. In
that model both formulations are equivalent [8]: they are thus
like two sides of the same coin. One focuses on power and
particle balance while the other upon the momentum balance.
Any solution will require all three to balance: consideration of
one implies the other one is also true.

Most experimental studies on detachment focus on the
macroscopic behaviour of detachment: target heat flux, tar-
get temperature, target particle flux, volumetric radiation, etc.
Fewer focus upon the underlying atomic (and yet fewer molec-
ular) reactions that generate the necessary particle, power and
momentum losses. Plasma spectroscopy in the divertor region
can be used to isolate the individual atomic and molecular pro-
cesses resulting in power and particle losses, providing deeper
insight into the detachment process.

8 Recombination could, however, be included by introducing it in an "effective’
Eion = fﬂ’z where o = I, /T;. In that case, recombination can be included in
all the ionisation-only formulations of equations (5) and (6) by replacing E;,,
with ESfT

ion*
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1.2. Plasma detachment investigations using spectroscopy

Such studies already commenced a few decades ago [9, 10,
15-18] by monitoring the electron—ion recombination (EIR)
ion sink on various devices (C-Mod, AUG, DIII-D) [15, 18, 19]
using spectroscopy of the high-n hydrogen Balmer lines.
Although the EIR ion sink was observed to be significant for
some detached conditions, it could not always explain the mag-
nitude of the ion target flux loss, particularly for seeded con-
ditions [10]. This raised the suspicion that the reduction of the
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 which can be spent on
ionisation—power limitation or ‘power starvation’ [8—10, 12].
More recent spectroscopic investigations have directly con-
firmed a reduction of the divertor ion source (ionisation rate)
during detachment [8, 20—22], which was shown to result from
power limitation in [8] where it occurs simultaneously with
volumetric momentum losses. Estimates of the ion source on
JET using Ly« intensities [21, 22] indicated accounting for
opacity/photon absorption [23] can be crucial in both the anal-
ysis of spectroscopic data and in the assessment of the effec-
tive ionisation and recombination cross-sections [23]—with
the accompanying reduction in ionisation energy losses—Ejqy.

The above experimental studies have focussed upon the
impact of plasma-atom interactions on detachment. 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 (d3Ilu — a3Xg
transition) at 590-640 nm [26-28]. Reactions between the
plasma and molecules can produce molecular ions, such as
D, which undergo further reactions with the plasma. These
ions can result in molecular activated recombination (MAR)
or ionisation (MAI), which act as further ion sinks/sources
[9, 15, 26, 28, 29]. Ultimately, plasma-molecule reactions can
form excited hydrogen atoms, which emit atomic line emis-
sion [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 tech-
nique (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 (. ~ 102 m~3) diver-
tor plasma indicated that plasma-molecule interactions can:
(1) have a strong impact on the observed Balmer line series;
and (2) result in a large ion sink through MAR, that is signifi-
cantly larger than EIR [33].

1.3. This paper

In this paper we build on those previous experimental results
[33] and use the BaSPMI [32] technique to investigate plasma
detachment in TCV further to provide a more complete view
of previous findings.

New quantitative analysis in this work shows:

(a) Plasma-molecule interactions result in excited atoms that
contribute up to 50% of the total atomic hydrogenic radia-
tive losses (section 2.1).

(b) Indirect experimental evidence for D™ near the target in
the deepest detached conditions (section 2.2). This sug-
gests a presence of highly vibrationally excited molecules.

(c) The ion target flux reduction is induced both by an ion
sink due to MAR as well as a reduction of the ion source
due to ‘power limitation’ (section 2.1).

(d) 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.

(e) N, seeded discharges (section 2.3) are lacking MAR
as the target temperatures obtained during detachment
(3.5-6 eV) are higher than the temperature regime
in which MAR is expected to occur (1.5-3 eV),
appendix B.

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

(a) The impact of Dj is strongly underestimated in the
SOLPS-ITER simulations (section 3.1). It is hypothesised
this is related to the molecular charge exchange D, +
D" — D5 + D rate used in SOLPS-ITER (section 4.1).

(b) Post-processing of the already converged SOLPS-
ITER simulations, using a modified molecular charge
exchange rate from [34], results in a quantitative agree-
ment between simulation and our experimental results
(section 3.1).

2. Experimental results on TCV

In this work, a density ramp (sections 2.1 and 2.2) as well
as N, seeding (section 2.3) in the TCV 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 heating, have an open divertor
(no baffles), employ a single null divertor configuration and
operate at 340 kA (qgs ~ 2.4). The measurements and stud-
ies discussed in this work are obtained for the outer diver-
tor 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 target roll-over together
during detachment [37]. Feedback control is used on the N,
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 diagnostic used in this work
is the divertor spectroscopy system—DSS [8, 38, 39].

The spectroscopic analysis in this work is performed
using the BaSPMI technique (described in detail elsewhere
[8, 32, 33]), which uses electron density estimates derived
from a Stark broadening analysis in combination with
D, — D, measurements. Following previous research
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#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 D, and N,
fuelling/seeding location.

[32, 33], the contribution of D7 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 geom-
etry and fuelling/D, puffing location are shown in figure 1.

2.1. Power and patrticle 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
D5 and D~ and indicated that an 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 (figure 2). Predictions of the D™-only MAR
ion sinks are shown separately in figure 2(a). Although the
D~ creation cross-section is expected to be much smaller than
that of H™ [42], our analysis suggests MAR involving D™ may
occur, requiring further investigation. This may be attributed to
the presence of highly vibrationally-excited molecules, where
the isotope difference between creating D~ and H™ is reduced
[43, 44]; this question is further examined in sections 2.2 and
4.1.

Previous investigations on DIII-D suggested that the radia-
tive losses from molecules themselves through radiative bands
of the Werner and Lyman series (C11Iu — X13 g and B1Xu —
X1Xg transitions, respectively) may be unimportant [29], as
they were not observed. However, molecular break-up from

@_\15 Target flux x<'ER " a)
£+ MAI+ionisation * MAR
a MAR (D) e
10 ¢ Ang =4
5 L
ERE
c
°
— 0 1
: 0
< | % Molecular break-up
_5 20 | XEIR -|-|'|'|'H'H:|.
© =+,
8
o
&)
€
2
<
z
=
o)
3
o 50f
I "'"H+H+H'"++-|++i-+++ ;
0 b

0.3 0.4 0.5

Core Greenwald fraction

0.6

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

[8, 33]. Spectroscopically inferred atomic and molecular-activated
ion source (red) from [33], EIR ion sink (EIR—blue) from [33],
total MAR 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 losses due to electron-impact
excitation (red), EIR (blue) and molecular break-up from
plasma-molecule interactions (magenta). (¢) New—power entering
the outer divertor leg (black—Pyg;y ), power entering the recycling
region (green— Pye.) and power required for ionisation (red— Pjep ).
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.

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 2(b) (magenta). The resulting hydrogenic radiation can
provide up to half of the total hydrogenic radiation. Further
power losses may occur from dissociation (section 4.3) as well
as energy transfer from the plasma to the molecules through
collisions [24, 25, 45].

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 certain amount of power, Pgiy = [ Gy
(equation (4)), is estimated to enter the outer divertor leg,
which is approximately half the power crossing the separa-
trix into the SOL (assuming a 1:1 outer/inner divertor power
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symmetry [8]); Pgiy 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 partially dissipated through impurity radiation
(Pi), estimated by taking the measured total radiation from
bolometry (at the outer divertor) minus the inferred hydro-
genic radiative losses estimated using spectroscopy. There is
a substantial difference between the remainder of the power,
Prect = Paiv — Pt = [ qreat (equation (4)) that enters the
recycling region, and Pg;, even in a density ramp discharge as
radiative losses from intrinsic carbon are not negligible.

Figure 2 shows that, after a Greenwald fraction of 0.35 is
reached in the discharge, P decreases until it approaches
Pion to within a factor 2 at detachment onset (~ 0.4-0.42
Greenwald fraction), which is the power required for ioni-
sation, estimated using spectroscopy. At this onset (shaded)
the ion target flux starts deviating from its linear increase and
T\~ Ejon/v ~ 4-6 eV is reached in agreement with analyt-
ical theory [8]—equation (5). Around that point in the dis-
charge 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
(figure 2(a)) [33]. This experimental evidence suggests that the
outer divertor ion source is being limited by the power enter-
ing the recycling region: ‘power limitation’. This was already
demonstrated in [8] on the basis of a purely 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 Pjon/Prea increases beyond 0.5, the target temperature
ultimately reduces below 3 eV, figure 5(d), the temperature
regime favourable for MAR and, ultimately, EIR (< 1.5 eV).
One difference between the earlier results in [8] (that did
not account for plasma-molecule interactions) and those in
figure 2(c) is that, as Py and Pj,, approach each other, signif-
icant ion sinks from MAR occur in addition to the ion source
reduction. Applying equation (2) to the particle balance in
figure 2(a) 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—-48],
which will be further discussed in appendix A.

2.2. Profile evolution of ion/power sources/sinks during
detachment evolution

The power and particle sinks/sources discussed previously
have been integrated along the outer divertor leg. Here we
study the evolution of these interaction profiles quantitatively
during detachment (figure 3), which are compared against
SOLPS-ITER simulations in section 3.2. The particle/power
sink/source profiles are obtained from line-integrated esti-
mates along the lines of sight indicated in figure 1.

The first observation drawn from figure 3 is that the pro-
file 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 D™ predominantly occurs in the deepest detached
conditions close to the target.

As D~ preferentially populates the n =3 excited level
[30, 31, 49], the BaSPMI technique estimates the D~ con-
tribution 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 while assuming that all plasma-molecule inter-
action related emission arises from D5 (appendix D). This
alternative analysis leads to similar MAR ion sink estimates as
the full analysis. However, extrapolating the alternative analy-
sis outputs to Dg and comparing this to Dg measurements not
included in the analysis, shows the alternative analysis over-
predicts Dz 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 expected to increase
at low T.: using AMJUEL data tables [50] together with the
isotope rescaling coefficients from [44] (see appendix E) the
MAR D~ to total MAR ratios are 0.3, 0.17,0.07 at 1, 2, 3 eV
respectively. 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 vibrationally-excited molecules than
obtained by the vibrational model used to determine the rates
used by SOLPS-ITER/EIRENE [50, 51] (see sections 3.2 and
4.1).

2.3. Comparison between density ramp experiments and
N> seeded discharges

In this section we discuss two N, seeded discharges, for which
an overview description is shown in figure 4. The core den-
sity is 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-molecule interac-
tions which involves NH, can occur in N, seeded plasmas,
which is further 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.

Discharge #62972 corresponds to a set of repeat discharges
such that spectroscopic data was obtained with several differ-
ent DSS settings to obtain measurements of D,, Ds and D..
In #52158, the impact of N, 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
PYY is larger before the start of seeding (figure 4). However,
only DSS measurements of Dy and D, were available and to
monitor D, a single line of sight with a non-calibrated fil-
tered photodiode was used (line of sight indicated in figure 1)°.
For both discharges, a significant amount of residual nitro-
gen (5%—-10% [52]) was already present before N, seeding

9Tts measurement (in V) has been rescaled to the extrapolated D,, bright-
ness 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 3. Inferred line-integrated profiles along the divertor leg of ion source/sink (top row, (a)—(c) and power loss profiles (bottom row:
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total (atomic and molecular activated) ionisation source; EIR sink; MAR ion sink—MAR—D;L & D7; MAR—D™ alone. (d)—(f) Atomic
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D;‘ & D™ & Dj (the latter one is negligible) as well as D™ alone. The experimental data is from discharge #56567 and consecutive repeats.

from previous discharges, increasing to 10%—15% during N,
seeding.

Figure 5 shows a comparison of spectroscopically-derived
quantities and measurements between discharges that reach
detachment through a core density ramp and discharges that
are detached through N,-seeding. To keep the analysis consis-
tent between all discharges, 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
figures 5(a) and (e).

Our first observation is that D,, drops as the ion target flux
rolls-over in the seeded cases (figures 5(f) and (j))—consis-
tent with the D,, intensity extrapolated from the purely atomic
analysis of the n = 5, 6, 7 Balmer lines. This contrasts with the
density ramp case where the measured D,, intensity increases
during detachment and deviates from the D, intensity extrap-
olated from the atomic analysis of the medium-n Balmer
lines (figure 5(b)), indicating the presence of plasma-molecule
interactions resulting in MAR (figure 5(a)). 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 (figures 5(e) and (i)).

A second observation is that the trend in both the monitored
and atomic extrapolated D;s/D,, ratio (figures 5(c), (g) and

(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) (figures 5(g) and (k)). This indicates EIR does
not (or barely for #62972) contribute to the medium-n Balmer
line emission. In contrast, during the density ramp, the atomic
extrapolated D;s/D,, ratio strongly rises from ~ 0.0025 to ~
0.05 (figure 5(c)) during detachment as EIR strongly con-
tributes 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
N, seeded case is consistent with the measured target temper-
ature (figures 5(k) and (1)), of around 3—6 eV. This is estimated
using the excitation emission from the line of sight closest to
the target (TF spectroscopy) and, separately, from the 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 is above 6 eV based
on other measurements (Langmuir probes, impurity emission
regions). For the N, seeded conditions, the electron temper-
ature (within uncertainties) as well as the inferred electron
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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 Pgy

and outer divertor radiation P%.

density (~ 1-3 x 10?° m—3) is constant along the divertor leg.
Meanwhile, the temperature is observed to decrease during the
core density ramp discharge (figure 5(d)), reaching 3 eV at the
MAR onset and 1 eV at the end of the discharge. Therefore, the
N, seeded conditions do not reach the temperatures at which
there is a sufficiently high molecular density for MAR to play 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 core density ramp (from
[46, 53] using synthetic diagnostics) and experimental
spectroscopic data (analysed from an atom-interaction
only perspective) previously showed good 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 ver-
sion 3.0.6-57-g7705c5 [54]. The recycling coefficient is 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. Car-
bon chemical sputtering was set to 3.5% to match the mea-
sured CIII (465 nm) brightnesses. All puffed particles are
initially molecules. Additional molecules can be generated
upon reflection, according to the TRIM database [55] for deu-
terium reflecting on carbon. Vibrational states were not explic-
itly 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, how-
ever, observed in the D, brightness [39] (figure 6(b) vs (d))
and in the ion target flux (figure 6(a) vs (c)), which does
not roll-over in the simulations as an additional flow of ions
(I',) towards the target compensates the reduction of ionisa-
tion in the outer divertor leg [8, 46—48], generated mainly by
ionisation upstream [46, 47].

Figures 6(a)—(d) illustrates this disagreement in D, bright-
ness, supporting the idea that the disagreement is caused by
the plasma-molecule contribution to D, being underestimated
by the simulation. Likewise, the 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 individ-
ual vibrational states (v) of D, in the plasma are not indi-
vidually traced. Instead, the distribution of vibrational states
(fu(Te, Ty)) is modelled, assuming the vibrational states are
in equilibrium [51], using electron and ion impact vibrational
excitation, electron impact de-excitation as well as vibra-
tionally resolved charge exchange, ionisation, dissociation and
dissociative attachment depletion channels of the individual
vibrational states [34, 44, 50, 51, 56, 57]. As this contains
both electron and ion interactions, it is both dependent on T
and T;. The effective rates are then computed as (oV)e =
>, fu(Te, T)(ov),(Te, Ti). This is further simplified assum-
ingT=T; =Te.

Apart from the isotope dependencies of the various rates,
the ion temperature dependent rates are actually dependent
on the relative velocity ((ov),(vse1)). However, at the same
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Figure 5. Comparison plot between detachment through a core density ramp (a)—(d) and two N, seeded discharges (e)—(/). (a), (e) and (i)
Outer target ion flux, EIR and MAR (a) and (e) ion sinks. (b), (f) and (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) and (f) or taken from a single
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from a spectroscopic chord closest to the target and from power balance. The y-axis scales are the same for the N, seeding and core density
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ion temperature, the relative velocity v, is different because
of a mass effect [51, 57]. Because of this, EIRENE rescales,
by default, the effective ‘grouped’ molecular ion temperature
dependent rates: <O"U>eff(TH%) = <O"U>eff(THi /2) [51].

Our hypothesis is that an underestimation of the impact
of D, arises from the above rescaling applied to the molec-
ular charge exchange rate (D™ + D, — D + DJ"). As shown,
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. How-
ever, even (ov),(vg) can have isotope dependencies due to
the different molecular structures of the isotopes. In [44],
such isotope dependencies are considered for H" + H, —

HY +Hand e +H, - H; — H + H, while f, is simpli-
fied with an isotope independent Boltzmann distribution'?.
Both these approaches lead to rates which are much closer to
the hydrogen rate, which is further discussed in section 4.1 and
appendix E.

To investigate the possible impact these different rates have
on SOLPS-ITER simulations of TCV divertor detachment, the
converged simulation results were post-processed using the
D" 4+ D, — D + D rate from [34] to calculate new D5 /D,
ratios (appendix E). Caveat: since this is post-processing, the

10 This is different from the fu(Te, T;) used by SOLPS-ITER. However, more
detailed analysis in [58] indicates that there may not be a strong deviation of
£, from a Boltzmann distribution.
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result is no longer a self-consistent SOLPS-ITER solution as a
change in the D2+ /D, ratio could change the plasma solution.

Post-processing, when either the molecular charge
exchange rates for hydrogen (H) from [50] or the deuterium
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 agreement
between the experiment and simulation'!. Additionally, the
ion target flux in the post-processed simulations (figure 5(e))
now, indeed, rolls over as the additional influx of ions from
outside the divertor leg (/,) during detachment is partially
counteracted by the increase in total ion sink (/,) due to the
increase in MAR (particle balance—equation (2)).

3.2. lon source/sink profile evolution during detachment

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

1 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 experi-
ment, this cannot explain the relative lack of plasma-molecule interaction
contributions in the simulation.

The simulated behaviour, after post-processing, is in quan-
titative agreement with the experiment in most cases. In the
attached phase (1 = 0.6 s, n./ngw = 0.3), MAR is negligible
and ionisation is spread over the entire outer divertor leg. At
the detachment onset (r = 0.96 s, n./ngw = 0.5), MAR com-
mences near the target and the experimental ionisation pro-
file detaches from the target showing a pronounced ionisation
front, whereas the simulated profile appears more smooth. Into
the detached phase (r = 1.15 s, ne/ngw = 0.55), the ionisa-
tion front moves further 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 one obtained from post-processed SOLPS-
ITER simulations, which is consistent with the findings in
section 2.2.

Both Balmer line emission from plasma-molecule interac-
tions as well as Fulcher band emission depends on electrons (or
ions) interacting with molecules. Therefore, we also show pro-
files of the integral of the electron density times the deuterium
molecule density along the line of sights for the SOLPS-ITER
modelling case (grey curves figures 7(d)—(f)). This indicates
a similar trend as the Balmer line emission arising from inter-
actions with D} and has a very different behaviour than the
Fulcher band brightness. Therefore, the Fulcher band bright-
ness trend seems to be mostly determined by the electron
temperature, rather than the molecule and electron densities,
which is further discussed in section 4.2. This complicates esti-
mating MAR or the molecular density near the target using
Fulcher band emission measurements in strongly detached
conditions as the D, density/Fulcher photons ratio is extremely
sensitive to T.
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3.3. SOLPS-ITER simulations and N, seeding

Post-processing N, 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 post-processing
is applied. Those simulation results are qualitatively consis-
tent with the experimental findings presented in section 2.3.
However, volumetric momentum losses did not occur in these
simulations, in contrast to N, seeding experiments [37].

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

The plasma can also undergo chemical reactions with nitro-
gen, resulting in the formation of NH,, which can also lead to
molecular activated recombination (N-MAR) [62, 63]. Such
reactions are not present in the current SOLPS-ITER simu-
lations and the observed reduction of the ion target flux is
attributed to a reduction of the ion source due to power limita-
tion 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 detach-
ment 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, resulting in a different fy,om(7) trend [8, 14,45].
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 compar-
isons 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. D and D~ creation rates

There is discussion in literature regarding the molecular charge
exchange rate which results in DS formation (D, + D" —
D; + D) as well as the likelihood of creating D~ (e~ + D, —
D, — D™ + D) [34, 44, 64]. There are three important sources
of uncertainty for these reaction rates.
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(a) The reaction rates are sensitive to the vibrational distri-
bution f, [43, 44, 64]. However, SOLPS-ITER employs
effective rates without tracking the individual vibrational
levels. This is an important concern as it leads to a large
(un-estimated) uncertainty in SOLPS-ITER predictions,
even when the isotope dependency of (ov), is precisely
known.

(b) The reaction rates of ion molecule interactions depend on

the relative velocity, which is different at the same tem-

perature for different isotopes. The sequence in which
this mass rescaling is applied is important as discussed

in section 3.1.

(c) There can be chemical differences which alter f, or
(ov), between the different isotopologues. These chem-
ical effects lower the cross-section for generating H™
[42] at low vibrational levels and increase the vibrational
level for which molecular charge exchange becomes res-
onant [64] for increasing isotope number. Therefore, the
exact distribution over the vibrational states will affect the
resulting isotope dependency of the reaction rates.

Given these caveats, we compare in figure 8(b) the mod-
elled Dy /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 ‘4’). Although the various molecular charge exchange
rates are still under discussion, we find that the rates from [34]
(red—figure 8) as well as [44] are much closer to the default
hydrogen rate (green—figure 8) than the rescaled deuterium
rate used in SOLPS-ITER (EIRENE) (blue—figure 8). This
difference is larger at T. < 4 eV, where the molecular den-
sity strongly increases with decreasing temperature [14, 32].
This is illustrated in figure 8(a) where these Dz+ /D; ratios are
multiplied with a scaling law for the pathlength times the D,
density obtained from SOLPS-ITER simulations of TCV [32].
This indicates that the peak Dj density is ~ x 10 higher when
using the default hydrogen rate or the deuterium rates from
[34, 44], than that for the default EIRENE-rescaled deuterium
rate. This explains the strong difference observed, both in
terms of MAR and the modelled D, brightness, between
the default SOLPS-ITER and that following post-processing
(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-molecule interactions. How-
ever, those reactions are only a small subset of the reactions in
which D3 and D~ are involved. Several of these reactions lead
to the dissociation of molecules—molecular activated dissoci-
ation—MAD [9]; the variety of reactions are 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 and 3.2), we compare the total quantity of neu-
trals arising from interactions with D} & D~ and D, (from
e"+ Dy—e 4+ D+ D) in figure 9(a). This takes into
account all neutral atoms created in the reaction chain—for

1

instance DY MAR (D" + D, — D + D, followed by Dy +
e~ — D + D) would result in 3 neutrals. We find that 98% of
the neutrals arising from interactions with D occur by MAD
and MAR fromD" + D, — D5 + D followed by e~ + Dy —
D" + Dande” +D; — D + D, respectively.

We find that the D, electron-impact dissociation region sep-
arates from the target during detachment (figure 9(a)). A com-
parison of figure 9(b) with figure 7, shows the D, dissocia-
tion region movement follows a similar trend to that of the
Fulcher band emission region. Based on post-processing the
SOLPS-ITER results (figures 9(a) and (b)), dissociation from
Dz+ -related MAD remains close to the target and replenishes
the loss of dissociation from D,. Plasma-molecule interactions
with D™ facilitate dissociation at yet lower temperatures. Inte-
grating 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 Dj or D™ in the outer divertor. Therefore,
interactions with Dj , 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 above sequence of dissociation events along the diver-
tor leg as function of 7. (e.g. electron-impact dissociation
of D, followed by MAD of D;r followed by MAD of D7)
can be explained by the molecular structure (see figure C1).
Electron-impact dissociation of D, goes via excitation to an
auto-dissociating triplet state (b,3X>u), which at low vibra-
tional 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 (e~ + D, — 2e™ + Dz+ ) would also start to occur
at such temperatures (at 6 eV it has reached 70% of its peak
level at 13 eV—figure C1). Therefore electron-impact disso-
ciation, Fulcher band emission, D, ionisation are expected to
occur roughly at similar locations in the plasma. Although all
these molecular processes depend on the molecular density
which strongly increases near the target, their reaction prob-
abilities decrease so strongly at 7. < 5 eV that their trend is
effectively determined by the electron temperature rather than
the molecular density (figure 7). A parallel to this is atomic
ionisation, which occurs at similar temperatures: the ionisa-
tion region detaches from the target even though the neutral
density is highest below the ionisation region. D7 MAD is
a dissociative attachment process and hence would occur at
lower temperatures than electronic excitation dependent pro-
cesses. D™ MAD would occur at yet lower temperatures as D™
is created through an electron attachment process, via D, .

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

4.3. Energy and power losses associated with MAR and
MAD

Power losses (or gains) associated with ionisation and recom-
bination depend both on radiative power losses, as well as
whether potential energy has 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 vol-
umetric 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 poten-
tial energy released back to the plasma and radiative losses
during volumetric recombination through both MAR and EIR.
To investigate this, we define the net effective energy loss (> 0)
or gain (< 0) per recombination event as El.

In [8] it was shown that EIR on TCV resulted in
EER ~ 0 eV, ie. the radiative energy losses during elec-
tron—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 recombination occurs
through three-body rather than radiative recombination result-
ing in a reduced radiative loss (per recombination event) and
thus net heating with EER > —4 eV [39].

When we evaluate an equivalent EMAR, we obtain a simi-
lar result if we do not include dissociation. Figure 10 shows
profiles of radiative power losses associated with Dy and
D~ at two different times in the discharge (magenta aster-
isk). 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 released upon recombination. 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,
EMAR  (eV.

However, when we investigate the total reaction chains,
these discussed MAR events also lead to the dissociation of

molecules. Figure 10 also shows the power losses directly
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Figure 9. Overview of neutral atom sources due to ‘2 x D, dissociation’ (green)—which represents all neutrals generated from D,
dissociation; ‘all neutrals from D;‘ ‘ (red) and ‘all neutrals from D™’ (cyan). (@) 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); (c) the results from analysis of experimental data using BaSPMI.
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Figure 10. Profiles along the lines of sight of the inferred power sinks/sources attributed to D2+ and D™ at two different density levels,
corresponding to detachment onset (a) and detached (b): radiative power sink (magenta); power sink associated with MAD (2.2 eV 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. (¢) and
(d) Estimated electron density (blue) and excitation temperature (red) profile using BaSPMI.

associated with dissociation during MAR, which would
increase EMAR by 4.4 V.

In addition to the dissociation directly associated with the
MAR reaction, there is also molecular activated dissociation
(MAD) (section 4.2). The MAD power losses can be sig-
nificant (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 how

radiative losses from EIE collisions preceding ionisation are
included in the ionisation energy losses, one could specu-
late that these MAD reactions occur before an MAR reac-
tion occurs and, therefore, should be included in the MAR
energy losses. This increases EMAR t0 10 + 5 eV in the region
with strongest MAR. In regions with lower MAR (e.g. higher
up the divertor leg and/or earlier in the discharge) EMAR can
increase to 20 = 10 eV as the ratio between dissociation and
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recombination is higher. We can thus conclude that energy
losses due to dissociation during reactions with Dy and D~ can
significantly elevate the MAR related energy losses, in contrast
to EIR. These power losses are lower order estimates as colli-
sions 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 TCV and other devices.
The generality of these TCV results have to be further inves-
tigated as the impact of Dy on detachment may be different
on other devices. TCV was operated at relatively low power
(~ 450 kW, ohmic) and low electron density (~ 10?° m~3),
resulting in lower EIR rates as well as relatively long mean
free paths for atoms and molecules. As a result, we observe
that ionisation does not occur in a thin region at the target but
is spread throughout the divertor leg. TCV features a nearly
complete carbon wall. This means that the ratio between ions
reflected as atoms vs recombination into molecules on the sur-
face and emission from the surface is different than for a metal
wall (higher reflection). The energy reflection coefficient of the
recycled atoms will also be lower for a carbon wall than a metal
wall. On the other hand, there are qualitative indications from
JET (metal walls) measurements [22] of an enhanced D, emis-
sion associated with MAR which is not accounted for in their
simulations; that could mean that the JET divertor plasma is
qualitatively consistent with our research findings.

Given the large mean free paths on TCV, the D,(v) life-
times could be sufficiently long for transport to play a role
in the distribution of vibrational states, changing the likeli-
hood of D; and D~ generation [26]. A vibrational excited
level v will either be excited to v + 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 transport of vibrationally
excited molecules more complex [26]. Such transport effects
are likely more important than the transport of D}, which
is considered static in SOLPS-ITER simulations. This, com-
bined with wall reflection effects, could change the vibra-
tional distribution of the molecules leaving surfaces and in
the plasma between experiments and simulations as well as
between different devices. Such transport and reflection effects
could possibly explain the inferred presence of D™ related
interactions, which requires a presence of highly vibrationally
excited molecules.

4.4.2. The need for 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 sim-
plified picture used in our simulations (section 3.1). It may
be possible to reduce the computational work-load required

by bundling various vibrationally excited levels, 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 molecular charge exchange
rates from [34] in post-processing SOLPS-ITER divertor
plasma solutions may be ‘co-incidental’. The improvement
may instead occur because higher vibrational levels are popu-
lated 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 diagnostics to compare against
experiment. Since the Fulcher band emission can be dim near
the target in detached conditions [33], it should be investi-
gated 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 reactors.
Our research indicated a lack of MAR from D during N,
seeded conditions and the reason for this was that the diver-
tor 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 inves-
tigated for a range of impurities. Given that MAR (1-3 eV)
occurs in a higher temperature regime than EIR (< 1.5 eV),
MAR could potentially play an important role in divertor con-
ditions 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 anal-
ysis. He found that with either the use of default, or modified,
molecular charge exchange rates in SOLPS did not engen-
der large differences in target heat flux and the ion satura-
tion current. Instead, the EIR rate reduced when MAR was
included, cancelling the effect of increased MAR. Kukushkin
attributes the reduction of EIR to changes in the plasma cool-
ing vs heating between three-body recombination, resulting in
plasma heating (Er.. < 0), and MAR. This additional heating
was hypothesised to sustain more ionisation and could, there-
fore, result in higher electron densities and higher EIR rates.
However, EIR does not have a net heating effect in lower elec-
tron density conditions, such as the ones shown in this study,
which could impact those conclusions on current machines.

We find, through post-processing, that Dj may facilitate
dissociation at lower temperatures. This may be of particu-
lar 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.

4.4.4. The need for improvements in diagnostic techniques
and direct measurements of Df and D~. One important
caveat is that the results presented in this work rely on spec-
troscopic analysis using BaSPMI [32] and its various assump-
tions. Although the analysis has been thoroughly tested for
avoiding the risk of ‘overfitting’ [32] and includes significant
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uncertainties on the atomic as well as molecular emission coef-
ficients (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 these emission
coefficients for hydrogen to a deuterium plasma as deuterium
data is not available currently. More accurate and 2D infer-
ences could be made using Bayesian analysis techniques using
camera data [67, 68].

Development of more direct diagnostics for the D and D~
content, using active spectroscopy, could provide more direct
measurements of the atomic and molecular densities as well
as the distribution of vibrational states [69-72]. Such tech-
niques, however, have generally not been applied to tokamaks
as they require complicated setups. But they could be poten-
tially applied to linear devices, where they could be supple-
mented with spectroscopic techniques [73]. More complete
sets of the fundamental data for the isotopologues are starting
to become available [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 simula-
tions, is crucial for determining what impact plasma-molecule
interactions have on plasma-edge physics in fusion reactors.

5. Conclusions

Analysis of experiment and modelling of TCV tokamak dis-
charges presented herein show that plasma-molecule interac-
tions can 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 inter-
actions seem to involve D;” . However, evidence is also pre-
sented that D~ 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 in Molecular 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 D;r are presently underes-
timated 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 effec-
tive molecular charge exchange rate in EIRENE (from hydro-
gen to deuterium) and could lead to strong underestima-
tions of DJ and associated power/particle losses. A lack of
D5 in simulations may also have implications for the spa-
tial distribution of neutral particles, as well as further energy
losses, in the divertor as interactions with Dz+ (molecular
activated dissociation—MAD) can be an extremely efficient

dissociation mechanism at low temperatures where the
electron-impact dissociation of D, does not occur.

Further experimental investigations on other devices are
required to investigate the occurrence of these processes on
other devices, compare this against the TCV findings and
assess more accurately the relevance of such interactions for
fusion reactors. The observed mismatch of D} related interac-
tions between experiment and simulations could have impli-
cations for fusion reactors with sufficiently deep detached
operation where the ionisation region is held significantly
above the target, as it could provide a 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. lon 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
green trend in figure 2 [46—48]. This, in part, arises from neu-
trals escaping the divertor and ionising in the scrape-off layer
upstream or in the core. With the agreement between 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 into the divertor that
increases at detachment onset and has, at the least, a similar
magnitude to the MAR ion sink (equation (2)). This is quanti-
tatively consistent with /,, from the SOLPS-ITER simulations.
This implies that one loses high recycling conditions on TCV
(without baffles) during detachment, which may also affect the
balance between the inner/outer divertor in terms of neutral
and ion transport [76].

Figure A1 a shows an increase 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 figure Al(a)) and mea-
surements of the n = 6, 7 Balmer lines were performed. There-
fore, 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
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Figure A1. Investigation of ionisation above the 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-point using a synthetic spectrometer for four different SOLPS-ITER simulations at four different levels of D, fuelling (and thus four
different upstream densities) corresponding to attached (low and high density), detachment onset and detached conditions. For this
calculation, only the ionisation at the open flux tubes have been considered (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.

some months apart), resulting in a delayed detachment onset at
a higher Greenwald fraction in the repeat discharge. As indi-
cated by the displayed lines of sight, only a small portion of
the additional upstream ionisation is probed, so a quantitative
calculation of the total ion source outside of the lower divertor
leg cannot be performed.

The predicted measured upstream ionisation (figure A1(b))
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 den-
sity during detachment, qualitatively consistent with these
findings.

More complex flow processes are also possible, where the
ions are not just flowing from upstream towards the target, but
also between the targets [76]. Spectroscopically, 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 neg-
ligible. Although the line-of-sight integral contributions to the
ionisation for the closed flux tubes (figure Al(a)) are small,
the ion flow from the core 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 and 5) are
abstractions from the sample distributions obtained through
Monte Carlo uncertainty propagation. However, there is a
strong correlation within the samples between 7. and param-
eters such as the ion source, EIR and MAR. To account for
this while seeking MAR’s T regime, the sample outputs of 75
(characteristic temperature of the electron-impact-excitation
emission region along the line of sight obtained from BaSPMI
analysis) are plotted against the various ion sources/sinks sam-
ples 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 not use an assumed
model for the D5 /D, ratio in this analysis.

The results indicate MAR mostly occurs below 3 eV,
whereas EIR starts to occur below 1.5 eV. One would expect,
however, that MAR is reduced below 1 eV as there is insuf-
ficient energy to provide the vibrational excitation needed to
promote D, creation (see appendix C).

While a strong TE 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.
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Figure B1. Overview of the relationship between the inferred 7F and various ion sources and sinks for 3 time points in pulse #56567
corresponding 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 (D~ )—cyan, EIR—green with transparency. The blue region 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 20 000 ‘dice rolls’ per time frame/line of
sight) is set according to their probability (determined by their weight according to temperature constraints—see [32]).
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and np, o< 10"7-17<I¢7e For DY and D™, their densities are determined using the D, density together with a modelled D3 /D and D~ /D,
ratio as function of T, using post-processing method nr. 3 (appendix E). Fulcher emission is obtained from AMJUEL rate H12 2.2.5f1 [50].

Appendix C ‘Effective’ molecular rates

Analogously to the approach of figure 8, a relation between
the D, density from SOLPS-ITER [33] has been multiplied
with various D, interaction cross-sections in figure C1. This
facilitates comparing the temperature regimes at which we
suspect certain reaction mechanisms occur while taking into
account the expected strong rise in the molecular density at low
temperatures. This illustrates that D, ionisation (e~ + D, —
2e” + DJ) is expected at the highest temperatures, followed
by Fulcher band emission as well as electron-impact dissoci-
ation (~ 5 eV or higher). D7 MAR is expected to be most
dominant at 1-1.5 eV, while D~ MAR is suspected to be most
dominant at 0.7-0.8 eV.

Appendix D. BaSPMI

This work employs the BaSPMI analysis [20, 33] in order to
infer information on both plasma-atom and plasma-molecule
interactions from hydrogen Balmer line measurements.

D, and D; measurements are analysed initially assum-
ing only ‘atomic’ (e.g. electron-impact excitation (EIE of D)
and EIR of DT) emission pathways of the hydrogenic line
series allowing a prediction of the D, and Dsg magnitudes.
The difference between predicted and measured D,, Dg is
then ascribed to plasma-molecule interactions. The strength 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 excita-
tion (EIE), EIR and plasma-molecule related components (D,
Dy, D7) of D,, Ds, D, and D;. In this, the ratio between
the plasma-molecule interaction contributions of Dg and D,, is
used to separate D} 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 deuterium plasma, which is further discussed in
[32]. The technique uses Monte Carlo uncertainty process-
ing, which is effective at catching non-unique solutions and
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accounting for these in the estimated uncertainty margins. Pho-
ton opacity effects have been assessed for this TCV discharge
using SOLPS-ITER simulations and found to be negligible
[33].

Previous research when developing BaSPMI [32, 33] indi-
cated that D5 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 con-
tribution of D7 to 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.

(a) BaSPMI can be employed without Dg measurements, by
omitting the step where the plasma-molecule interaction
contribution to D, (and Dg) is separated in D;r and D™
contributions. Instead, it could be assumed that all of
this emission is attributed to Dj . This is employed as an
alternative analysis in the text of section 2.2. However,
the shown results in figure 3 are from the full BaSPMI
analysis.

(b) BaSPMI can be employed without taking any plasma-
molecule interactions into account (without D, and Dg
measurements). Alternatively, the self-consistent treat-
ment of the plasma-molecule interaction contributions to
the medium-n (e.g. D,, Ds) Balmer lines can be omit-
ted—which are then assumed to b due to plasma-atom
interactions only. This can accurately reproduce the MAR
rates (when D, measurements are compared against the
purely atomic extrapolation of D,, D), but may lead to
overestimates of the 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 cal-
culate alternative D and also D~ densities. This ignores the
transport of D5 and D~ (which is also ignored in the default
implementation of SOLPS-ITER). If transport is ignored, the
D /D, ratio depends on the local balance between the rates
of D5 creation and the rates of D} destruction—assuming
ne = ny+ [20]. The following creation/destruction rates are
used: creation rates: molecular charge exchange and H;
ionisation e~ + H, — 2e~ + Hf —AMJUEL H4 2.2.9 [50].
Destruction rates: e~ + Hf — H + H—AMJUEL H4 2.2.11
[50]; e~ + Hf — e~ +H+ H"—AMJUEL H4 2.2.12 [50]
ande” + Hy — 2¢~ +H" + H' —AMJUEL H4 2.2.14[50].
For all electron-impact reactions the isotope dependence are
neglected, in accordance with previous studies in [44]. Using
this model, Dz+ /D, ratios are then obtained using four dif-
ferent rates for molecular charge exchange (e.g. D, + DT —
Dj + D)—which are discussed in section 4.1, figure 8:

1. The default approach of SOLPS-ITER for deuterium
‘Deuterium—default (EIRENE rescaled) rate’ (figure 8,

blue), where (V)i (T) — (ov)err(T/2) [51] (e.g. both the
cross-sections as well as the distribution of the vibrational
states undergo an isotope mass rescaling).

. 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 only
applies an isotope mass rescaling on the cross-sections.
This is the default rate used for post-processing in this
work. This leads to an order of magnitude difference
compared to rate number 1 at 1-3 eV.

. The default hydrogen rate from AMIJUEL (figure 8,
green). This leads to a 10%—15% difference compared to
rate number 2.

. The default hydrogen rate from AMJUEL multiplied with
the deuterium to hydrogen 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 an up to
3% difference compared to rate number 3.

Those new D5 /D; ratios are calculated relative to the ratio
obtained directly from SOLPS-ITER and this is used to rescale
the D, emissivity, MAR (D}) and MAI (D) rate for each
simulation grid cell, which are also used to modify the par-
ticle balance and through that the simulated ion target flux
(sections 3.1 and 3.2). Note that the used models neglect inter-
actions that occur in a mixed HD plasma, which is considered
in [44].

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

Appendix F. Estimating the neutral 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 D, D2+ as well as D™. As
SOLPS-ITER post-processing indicates that most (98%) neu-
trals generated through D5 arise from MAR as well as molec-
ular charge exchange followed by e~ + D — e~ +D' +D
(section 4.2), only that particular chain is accounted for when
determining the ‘MAD per D, photon’ ratio for D;‘ . These
‘MAD (or dissociation) per D,, photon’ ratios are multiplied by
the respective contribution (e.g. D,, D, D7) to the D, bright-
nesses to obtain an estimate of the quantity of neutrals created
from MAD (DiIr ). The uncertainty margin for MAD is larger
than for MAR due to the strong temperature sensitivity of the
‘MAD per emitted D,, photon’ ratio.
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