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36 Abstract. This paper shows experimental results from the TCV tokamak that indicate
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39 as sinks of energy (through hydrogenic radiation as well as dissociation) angarticles
40 during divertor detachment if low target temperatures (< 3 eV) are achieved. Both
41 molecular activated recombination (MAR) and ion source reduction due to apower
42 limitation e ect are shown to be important in reducing the ion target ux during a
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45 during N, seeding induced detachment as the target temperatures are not su a@ntly
46 low.

47 The'impact of D, is shown to be underestimated in present (vibrationally
48 unresolved) SOLPS-ITER simulations, which could result from an uncerestimated
49 D+ D* ! D + D rate. The converged SOLPS-ITER simulations are post-processed
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53 are in quantitative agreement with the experimental results.
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1. Introduction

Power exhaust is a major challenge for future fusion devicfls 2]. The material limits
for the (plasma) heat ux to the target are in the order of 5-20MW/m 2, depefiding
on how often the divertor should be replaced and what the expted non-plasma (e.qg.
neutrals and radiation) heat load is, which would be exceeddy an order.ofimagnitude
in a fusion reactor without mitigation [1, 2, 3, 4, 5]. Divertor heat ux loading (q)
as well as target temperature T;) can be tempered by increasing.the ddensity and/or
inducing radiative losses through seeding extrinsic impities, which will be required on
reactors [, 2, 3]. Equation 1 uses the plasma sheath equatiofi[and.ndicates that if
target pressure fx) losses do not occur, reducing the target temperature ressilin: 1) a
decrease of the kinetic part of the target heat ux loading@™ / p, T, where  7is
the sheath heat transfer coe cient); 2) an increase in_the pential surface recombination
target heat ux loading (¢#*'/ p. T, > where =43:6 eV.is,the ionisation potential).
Minimising equation 1 with respect toT; and.comparing to a typical sheath-limitedT;
of 100 eV, we see that the total (plasma) target heat ‘uxsload maonly be reduced by a
factor 4-5 without target pressure losses.

= T +
2T
qtkin qIPOt

td pt:Ttl:2

Ll p(T T T

(1)

1.1. Detachment physics: (power, particle and momentum balance

Divertor detachment can facilitatedarger heat ux reductons as it results in simultaneous:
1) power losses, 2) target pressure losses (through volumeimomentum losses], 7, 6],
which are preferable for:maintaining a su cient core perfomance in a reactor, and
upstream pressure losses8]); 3) target particle ux losses either through a reductionof
the divertor ionisation seurce and/or an increase in the vametric ion recombination sink
[9, 10. These losses.are brought on by many plasma-atom and mollecunteractions at
relatively low target temperatures I; < 5 eV) [6]. Below we brie y highlight the key
aspectsof detachment in terms of power, particle and momemh balance.

Divertor particle balance is summarised in equation 2, whetée ion ux reaching
the target equals the ion source in the divertor ; minus the recombination ion sinks
in‘the divertor  plus a 'net' in ow of ions (positive - implies a net ow towards the
target, negative - the converse) .

t= i rt o (2)

In the 'high-recycling regime' (e.g. u), the divertor is, by de nition , an
almost 'self-contained' region where the ion ux reachinghe 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 energgst E,, per ionisation
event. This includes radiative energy losses from excitat collisions preceding ionisation
(Er29) together with the potential energy required to ionise a netal intg.an ion ( ).
The heat ux entering the divertor g, is reduced by impurity radiation T? A part
of the remainder of the heat ux (Geq) is used for ionisation Eion ;). Afterionisation,
the remainder of the heat ux is deposited at the target as paicles with their kinetic
energy (¢ T) - equation 4.

Grecl v d[;f (3)
Gecd = Eion i+ ¢ Tt (4)

Combining equations 2 and 4 provides a model for the ion tarigeix - equation 5,
where 4 IS assumed.

Grec 1
= - 5
t (Eion r) 1+ ETt ( )
As the target temperature becomes smaﬂ—; 1, ¢ —gw; r, SO that the ion

target ux can be reduced through: 1) a reduction ofy..; 2) an increase of the energy
cost of ionisationEjy,; 3) volumetriec. recombination . Volumetric recombination is,
thus, not strictly required for plasma detachment. Insteadthe particle ux can reduce
through 'power limitation' - a reduction of ion source indued by a reduction ofgeg
and/or increase ofEjq .

Equation 5 must, howeved', be.consistent with with the margia Bohm criterion
at the plasma sheath.({/ W= T). We can use the sheath target conditions to derive
equation 6, which shows.the importance of target pressureskes for reducing the ion
target ux [ 13 14, 8l«For simplicity, electron-ion recombination is ignoredn equation 6
(e.g. i is assumed)z.

_ PE & PP
Y MiGea 1+ L 2mg™

(6)

Equations 5.and 6 may appear to be two di erent models. Howeveboth can
be derived from a model which combines the Bohm criterion viitpower and particle
balance. In that model both formulations are equivalentd]: they are thus like two sides
of the same coin. One focuses on power and particle balancelakthe other upon the
momentum balance. Any solution will require all three to balace: consideration of one
implies;the other one is also true.

zZ/ Recombination could, however, be included by introducing it in an'e ective' Ejo, = E— where

= = . In that case, recombination can be included in all the ionisation-only brmulations of

equations 5 and 6 by replacingEio, with E&'f

on *
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Most experimental studies on detachment focus on the macoapic behaviour
of detachment: target heat ux, target temperature, targetparticle ux, volumetric
radiation, etc. Fewer focus upon the underlying atomic (anget fewer molecular)
reactions that generate the necessary particle, power andomentum losses. Plasma
spectroscopy in the divertor region can be used to isolatedhndividual atomic and
molecular processes resulting in power and particle losspeoviding deepeér insight into
the detachment process.

1.2. Plasma detachment investigations using spectroscopy

Such studies already commenced a few decades &yd.p, 45, 16, 17, 18 by monitoring
the Electron-lon Recombination (EIR) ion sink on various deices (C-Mod, AUG, DIII-D)
[15, 18, 19] using spectroscopy of the high-n hydrogen Bainti@es. Although the EIR
ion sink was observed to be signi cant for some detached. catains, it could not always
explain the magnitude of the ion target ux loss, particulaty for seeded conditions
[10]. This raised the suspicion that the reduction of the.ion taget ux may result from
a reduction of the divertor ion source; which had been hypo#isised to occur as the
power entering the ionisation region limits.that which can b spent on ionisation { power
limitation or "power starvation' [9, 10, 12,8]. More recent spectroscopic investigations
have directly con rmed a reduction of the divertor ion soure (ionisation rate) during
detachment B, 20, 21, 22|, which'was shown to result from power limitation in 8] where
it occurs simultaneously with volumetric momentum losses€stimates of the ion source
on JET using Ly intensities 21, 22] indicated accounting for opacity/photon absorption
[23] can be crucial in both the analysis‘of spectroscopic data @i the assessment of
the e ective ionisation and/recombination cross-sectior23 { with the accompanying
reduction in ionisation energy losseskiqn .

The above experimental studies have focused upon the impaaft plasma-atom
interactions on detachment. Plasma-molecule interacti@can also impact power, particle
and momentum losses. Such collisions can transfer power andmentum from the
plasma to the molecules4, 25 and excite the molecules rovibronically, leading to
emission in melecular bands such as the Fulcher band3 u! a3 g transition) at

590-640 nm 26, 27, 28. Reactions between the plasma and molecules can produce

molecular ionsy'such/a®; , which undergo further reactions with the plasma. These i@n
can result in Molecular Activated Recombination (MAR) or lonsation (MAI), which act
as further ion sinks/sources, 15, 26, 29, 28]. Ultimately, plasma-molecule reactions can
formeexcited;hydrogen atoms, which emit atomic line emissid30, 31] and thus serve as
an additional plasma energy loss. The impact of such e ects di cult to study directly
but may be extremely important in determining the divertor dasma characteristics.
Recent developments in our spectroscopic analysis techuieg(BaSPMI [32]) have
enabled the inference of the impact of plasma-molecule irdetions through their e ect
on the hydrogenic line series intensities. Initial applideon of this technique to the TCV
tokamak (ne  10°°m 3) divertor plasma indicated that plasma-molecule interagons

Page 4 of 39
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can: 1) have a strong impact on the observed Balmer line sesjeand 2) result in a large
ion sink through MAR, that is signi cantly larger than electron-ion recombination.B3].

1.3. This paper

In this paper we build on those previous experimental ressli33] and use.the BaSPMI
[32] technique to investigate plasma detachment in TCV furtheto,provide a more
complete view of previous ndings.

New quantitative analysis in this work shows:

(i) plasma-molecule interactiongesult in excited atomsthat.contribute up to 50 % of
the total atomic hydrogenic radiativelosses (section 2.1).

(i) indirect experimental evidence forD near the target in the deepest detached
conditions (section 2.2). This suggests a presence of higklbrationally excited
molecules.

(i) the ion target ux reduction is induced both,by aniion sink dueto MAR as well as
a reduction of the ion source due to 'power limitation' (se@n 2.1).

(iv) Molecular Activated Dissociation (MAD). is non-negligible (sction 4.2) and occurs
below the ionisation region, which may. play a signi cant ra in power balance.

(v) N, seeded discharges (section 2.3) are lacking MAR as the targemperatures
obtained during detachment (3:5-6 eV) are higher than the teperature regime in
which MAR is expected to occur (1:5-3 eV), Appendix B.

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

(i) the impact of D, is strongly/underestimated in the SOLPS-ITER simulations
(section 3.1). It is hypothesised this is related to the mobellar charge exchange
D,+ D* ! D;. 4D ratedsed in SOLPS-ITER (section 4.1).

(i) post-processing of the already converged SOLPS-ITER simatibns, using a modi ed
molecular charge.exchange rate fror84], results in a quantitative agreement between
simulation and our experimental results (section 3.1).

2. Experimentaliresults on TCV

In this work, a density ramp (sections 2.1, 2.2) as well d$, seeding (section 2.3) in
theTCV tokamak [35] (D, fuelling, carbon walls) are used to achieve detachment. All
discharges operate in reversed eld (i.e. unfavourable to lode), employ no auxiliary
heating, have an open divertor (no ba es), employ a single rudivertor con guration
and.operate at 340 kA s 2:4). The measurements and studies discussed in this
work are obtained for the outer divertor leg. In these reveesl eld conditions (before
ba es were installed [36]), the outer target detaches rst while the inner target renains
attached during the density ramps. DuringN, seeding, however, both inner and outer
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target roll-over together during detachment 37]. Feedback control is used %
la he

seeded discharges to maintain the core electron density lsa at a value simi
detachment onset, which was obtained through a density ram@he magf dlagno
used in this work is the Divertor Spectroscopy System - DSS8339, 8].

The spectroscopic analysis in this work is performed usinbd B i
(described in detail elsewhere3p, 33, 8]), which uses electron dens;j
from a Stark broadening analysis in combination witDb D megsu
previous research32 33], the contribution of D is ignored
information can be found in Appendix D.

The important diagnostic locations (DSS, Langmuir pgale nd photodiode

chord), as well as the magnetic geometry and fuellingD fpu cation are shown in
gure 1.

que
es derived
Following
I. Further

il

=
==
==

=z

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

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

ticle balance obtained during a core density ramp wasalysed previously in33],
hich combined contributions ofD; and D and indicated that a MAR ion sink starts
occur during detachment onset (vertical shaded regionhéreasing to around 50% of
e measured ion target ux 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 th® h
cross-section is expected to be much smaller than that Bf [42], our analysis ests

MAR involving D may occur, requiring further investigation. This may ttib

to the presence of highly vibrationally-excited moleculesvhere the isot§ge di efgnce
10 between creatingD andH is reduced 43, 44]; this question is fu re ed in
sections 2.2, 4.1.
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Figure 2. Pa balance (a), hydrogenic radiative losses (b) and power balancec] as

) e nwald fraction for a density ramp discharge. a) Thaarget ux is
meag pgmuir probes 40, 41] (green) with a linear t from before detachment

pration ion sink (MAR - magenta) from [33], D related MAR ion sink
) - all integrated over the outer divertor volume. b) new - Atomic hydrogen
losses due to electron-impact excitation (red), electrorion recombination
(b e) and molecular break-up from plasma-molecule interactions (magea). c) new -
P@ver entering the outer divertor leg (black - Py, ), power entering the recycling region

en - Pro; ) and power required for ionisation (red - Py, ). The red vertical shaded
region indicates an estimate of the detachment onset; where the measent target ux
starts to deviate from a linear increase. The experimental data is fom discharge #
56567 and consecutive repeats.

Previous investigations on DIII-D suggested that the radiave losses frommolecules
hemselveshrough radiative bands of the Werner and Lyman seriesJ1 u! X 1 ¢

dB1 u!

X 1 gtransitions, respectively) may be unimportant 29, as they were not
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;‘ observed. However, molecular break-up from plasma-molesunhteractions ca m
6 excited hydrogen atoms and thus radiative losses, which agstimated from our Ml
573 analysis. These occur simultaneously with MAR in gure 2b (mgenta). resyl

9 hydrogenic radiation can provide up to half of the total hydogenic radicigan. FURher
10 power losses may occur from dissociation (section 4.3) adlvas en tr from
i; the plasma to the molecules through collisions [45, 24, 25].

13 Power and particle balance are closely related as it takes onigy¥ neutrals,
14 providingathe ion source that provides the ion target ux. A @rta t of power,
ig Psv = quv (equation 4), is estimated to enter the ou leg, Wich is
17 approximately half the power crossing the separatrix i assuming a 1:1
18 outer/inner divertor power symmetry [8]); Pgiy IS estimatefll i tudy from the power
;g due to Ohmic heating minus core radiative losses (ass [te the"sum of the radiative
21 losses above the x-point)d]. This power is pary [ ted through impurity
22 radiation (P, ), estimated by taking the measgfed adiation from bametry
;i (at the outer divertor) minus the inferred geni five losses estimated using
o5 spectroscopy. There]:\;'s a substantial dier themainder of the power,
26 Prec = Pav  Pia = Gea (equation 4) that e recycling region, andPy;, even
% in a density ramp discharge as radia m intrilescarbon are not negligible.
29 Fig. 2 shows that, after a Greenwa ction of 0.35 is reaathén the discharge,
30 Prec decreases until it approgghe®i,n to in a factor 2 at detachment onset
2; ( 04 0:42 Greenwald fraction), ¥lach is the power required for iosation, estimated
33 using spectroscopy. At this on bed) the ion target xistarts deviating from
34 its linear increase andl; Ejon= p eV is reached in agreement with analytical
35 theory [8] - equation 5. ArqeRat®int in the discharge the divertorion source no
36 : . . : .

37 longer increases linearly 4 ptely rolls-over ( 0:47 Greenwald fraction), which
38 accounts for a large > observed ion target uxolss (Fig. 2a) B3. This

39 experimental evidenc ests that the outer divertor iosource is being limited by the

40 . o o :
a1 power entering the ion: “power limitation'. his was already demonstrated
42 in [8] on the basi ply atomic analysis but now, with the iriasion of molecular

43 e ects, this picturé rmed. Power limitation occurs simultaneously with the

45 developmen gel mssure losses both due to volumetmomentum losses and
46 upstream p e rgduction [8].

47 AS P ingrfeases beyond 0.5, the target temperature ultimately deices below
jg 3 eV, @illre 5 dghe temperature regime favourable for MAR and, Itimately, electron-ion
50 recom 1:5 eV). One di erence between the earlier results irg[ (that did
51 n cou I plasma-molecule interactions) and those ifig. 2c is that, asP,, and
gg P\, appr@ch each other, signi cant ion sinks from MAR occur in adition to the ion
54 SO uction. Applying equation 2 to the particle balarein Fig. 2a suggests that
55 Maklon outside of the outer divertor leg occurs giving aet ow of ions towards the
g? rget . That trend is consistent with SOLPS-ITER simulations §6, 47, 48], which
58 il be further discussed in Appendix A.

59
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2.2. Pro le evolution of ion/power sources/sinks during detachment evolutio\
t=1.2

t=06s t=0.96s
n/ng, = 0.3 n/ng, = 0.48 N/Ngy, =

o 12 MAR-D,”&D @ lonisation b
=0 MAR - D X ER
(D N
) § 8
D
°©
S5 O
23
Yo 4
C ~—
Q N—
0
‘.G>_,J _ 20
=
S £ 15
53
> ® 10+ Atomic excitation <
'g 7 Plasma-mol. w. D," & D’ °
z =2 S| Plasma-mol. w. D
0 - .
0 0.35(0 0.35
target X-point|target X-point
distance to target (m)
Figure 3. . tegrated pro les along the divertor leg of ion sourcésink
(top row, d power loss pro les (bottom row: d,e,f) due to plagna-atom and
plasmg actions for the attached, detachment onset and dached phases.
a,b,c)@sti total (atomic and molecular activated) ionisation source;Electron-lon
ReCSg@i EIR) sink; Molecular Activated Recombination ion sink - MAR -
=& D

- D alone. d,e,f) Atomic radiation due to atomic excitation; radiative

Ssxcited atoms arising from plasma-molecule interactionsinvolving
D P& D, (the latter one is negligible) as well asD alone. The experimental
m discharge # 56567 and consecutive repeats.

The poNg and@article sinks/sources discussed previousigive been integrated along the

0] ive

g. Here we study the evolution of these intaction pro les quantitatively

di@ing dechment ( gure 3), which are compared against SRS-ITER simulations in
se . The particle/power sink/source pro les are dained from line-integrated

salong the lines of sight indicated in gure 1.

The rst observation drawn from gure 3 is that the pro le for each relevant ion
ource/sink (rst row of gure 3) and its evolution is very similar to the corresponding
drogenic radiative loss (second row). A second obsenatiis that MAR attributed to

age 10 of 39
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D predominantly occurs in the deepest detached conditionsosk to the tar \

As D preferentially populates then = 3 excited level B1, 30, 49, the Ml

of D to the molecular contribution of D . To gain more insight into the
evidence for the presence dd» , we performed an alternative a

to D
The MAR D to total MAR ratios are expe
AMJUEL data tables [50] together with the isotopl re coe cients from44] (see
Appendix E) the MAR D to total MAR r ar 7,0.07 at 1, 2, 3 eV. This
strong increase of the contribution of MAR fr t temperatures is qualitatively
in agreement with our observations. However, rimeaaily inferred ratios of MAR
from D to total MAR (gure 3) are

shown in gure 4. The cor¥
just beforethe detach to

Or pulse #52158 and justfter the detachment onset

for pulse #62972. Plasm cule interactions which inlk@s NH, can occur inN,

seeded plasmas, @ further discussed in 3.3 but is nansidered below. Such
% 0 result in excited hydrogen as and impact the hydrogen

reactions may, hé
Balmer spect Fquires further study.
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#52158 #62972 \\
Q

o
o

|

o
(N

N
(&)}
o

-
o
o

Power (kW) Greenwald fraction
|
-

O L L L
0.8 1 1.2
Time (s)
Figure 4. Overview of two harges in terms of core Greenwald fraction,

Pgy and outer divertor radiation Py .

Discharge # 62972 correspOWgg to a set of repeat dischargashsthat spectroscopic

data was obtained with several dj SS settings to obia measurements oD , D
and D . In # 52158, the impact g in reducing the ion target ux is stronger
and the di erence between the p0 tering the outer divear Py, and the divertor
radiative power losse®dY i r pefore the start of seeding (gure 4). However, only

DSS measurements dD ,a e available and to monitorD a single line of sight
with a non-calibrated d fiode was used (line ofight indicated in gure 1). X
For both discharges g si t amount of residual nitrogn (5-10% [52]) was already
present beforeN, | from previous discharges, increasing to 10-15 %idgrN,
seeding.
Figure comparison of spectroscopically-derived agtities and

measureme en oycharges that reach detachmentahgh a core density ramp
and dischar hayhre detached througN,-seeding. To keep the analysis consistent
betwee dis ges, only the atomic part of BaSPMI was ilised. Combining this
with D eas@ements facilitated estimating EIR and MAR ion sinks3p], which are
sh i a,e.

ment (in V) has been rescaled to the extrapolated brightness from analysing the
n= er line measurements, from a single corresponding DSS line afjkt, with the atomic part
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L 4

1 density ramp (56567) N, seeding ramp (62972) N, seeding ramp
5 T T T T T T T T T
" I
3
210 s :
©
= —— lon target current
% 5 |=—lontarg current a ,
- x EIR X EIR -_— t
MAR e X i
MAR
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Marison plot between detachment through a core density ramp (a,b,d)

s. b,f,j) Measured and 'atomic "extrapolated” D by analysing the higher-n
es with the atomic part of BaSPMI. These values are either integratel along the

extrapolated D =D

O
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e
twoll, seeded discharges (e,f,g,h and i,j,k,l). a,e,i) outer target ion ux,electron-
io mbination (EIR) and Molecular Activated Recombination (MAR) (a,e) ion
S
S
t

er divertor leg (b,f) or taken from a single chord (j). ¢,g,k) Measured and atomic
line ratios near the target. d,h,l) Estimated target temperatures
from a spectroscopic chord closest to the target and from power balance. He y-axis
scales are the same for thé&l, seeding and core density ramp columns (except for j).

Estimates of the detachment onsets are shaded vertically in red.

N

1
21&

Our rst observation is that D drops as the ion target ux rolls-over in the seeded

ses (Fig. 5 f,j) { consistent with theD

intensity extrapolated from the purely atomic
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analysis of then = 5;6;7 Balmer lines. This contrasts with the density r
where the measured intensity increases during detachment and deviates fro
intensity extrapolated from the atomic analysis of the medim-n Balmer li [
indicating the presence of plasma-molecule interactiongsulting in MAR (
absence of this behaviour during thé&\, seeded case suggests that t
interactions resulting in MAR are, just as EIR, negligible duing N,
A second observation is that the trend in both the monitored Ic efapolated
D =D ratio (gure 5 c,g,k) are di erent between the N, seede sity ramped
discharges. DuringN, seeding, the atomic extrapolated a
remain close to the value expected for an electron-imp

contribute to the medium-n Balmer line emission. In ¢ durirlg the density ramp,
the atomic extrapolatedD =D ratio strongly rises s OS5 to 0:05 (gure 5 c)

during detachment as electron-ion recombinationfgtrg ibutes to the medium-n

Balmer line emission ¥ 70% for n=5,6 =D ratio is smaller

( 0:008), however, due to plasma-molecule orittitions to D (gure 5 ¢)
The absence of EIR, MAR and enhan in the N, seeded case is

consistent with the measured target
is estimated using the excitation emissi
(TE spectroscopy) and, separaj

Fig. 5 h, J)of around 3-6 eV. This
e line ofght closest to the target
wer balandd.[ Although some of the
ini cantly higher uper uncertainty bound than 6

eV, it is unlikely the plasma te
(Langmuir probes, impurity e
electron temperature (withy ies) as well as thenferred electron density
(1 3 10°m 3)isco g the divertor leg. Meanwhile, the tempetare

is observed to decre d core density ramp disapar(Fig. 5 d), reaching 3
eV at the MAR onseN at the end of the discharge. There®rthe N, seeded
conditions do not r e peratures at which there is aigiently high molecular

density for MAR x% rong role, which is supported by thanore detailed analysis

of MAR's T, regi Aggendix B. This indicates that plasma-molecule teractions,
resulting in pecessarily dominate in all detachedonditions.

3. Compamso Inst SOLPS-ITER simulations

A detailggl co rison between SOLPS-ITER simulations of TZ detachment through

(o0 en amp (from f#i6, 53] using synthetic diagnostics) and experimental
s ctros@@pic data (analysed from an atom-interaction onlperspective) previously
sh od agreement, in general [8].

e simulations were based on experimental discharge # 5X&)6ise the magnetic
uilibrium reconstruction from # 52605, are in the reversk eld direction (unfavourable
or H-mode, grad-B away from x-point) and have 400 kW of input gwer j46]. They are
rformed using SOLPS-ITER version 3.0.6-57-g7705&3][ The recycling coe cient is
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;‘ set to 0.99 for all surfaces (e.g. wall pumping) to match botthe ion target ux (h
6 as well as the fuelling levels. Carbon chemical sputteringaw set to 3.5 % t tch
573 the measured CIll (465 nm) brightnesses. All pu ed particlesre initial olequie®.
9 Additional molecules can be generated upon re ection, acabing to the T datajgase
10 [55] for deuterium re ecting on carbon. Vibrational states werenot eygicit ded
i; in the SOLPS-ITER simulation (but are instead included in tre e edfive ion rates
13 (see section 3.1)). This implies that the impact of the plaserwgll raci@n on the
14 vibrational levels is not accounted for in the SOLPS-ITER snulat

1

10

17 3.1. MAR and D

ig A disagreement between experiment and simulation

20 brightness B9 (Fig. 6 b vs d) and in the ion target_ux

;; not roll-over in the simulations as an additional

23 compensates the reduction of ionisation in thg out

24 mainly by ionisation upstream [47, 46].

;g Fig. 6 a,b,c,d illustrates this disagreem brightness, supporting the idea
27 that the disagreement is caused by, -molecule cobution to D being
28 underestimated by the simulation. Like R rate (fom D3 ) appears strongly
;g underestimated in the simulation.

31 These SOLPS-ITER simuf8ggns used the default reaction set46] which are
32 e ective (grouped) rates: the indj ibrational states () of D, in the plasma are
2?1 not individually traced. Instead bution of vibrational states ¢ (Te;T;)) is
35 modelled, assuming the vibratio es are in equilibrm [51], using electron and
36 ion impact vibrational exci ctron impact de-exitation as well as vibrationally
gg resolved charge exchange , dissociation anggbciative attachment depletion
39 channels of the indiv gnal states 34, 44, 51, 56, 57, 50]. As this contains
40 both electron and ig@.in Ppns, it i]g both dependent o, and T;. The e ective
j; rates are then co < off = f (Te;T)< v> (T T,). This is further
43 simpli ed assumi Te.

44 Apart frogg Pbe dependencies of the various rates, then temperature
jg dependent r; ependent on the relative velocity€ v >  (v)). However
47 at the same \gglemgfrature, the relative velocity,e is di erent because of a mass e ect
48 [51, 57] causeor this, EIRENE rescales, by default, the e ectivgrouped' molecular
49 ion tenf@eratu@dependent rates< v > o (Ty1) =< V> o (Ty1=2) [51].

50 L 2 . i

51 r esis is that an underestimation of the impact oD; arises from the
52 alfibve reggaling applied to the molecular charge exchangéerédD* + D, ! D + D3).
53 A wlthe mass rescaling of the e ective rates used alsopiies that the electron
gg efature dependencyf f (Te; T;) is rescaled, which we feel is oversimpli ed. [i3H]
56 Ss rescaling is only applied to the ion temperature depdencies. However, even
57 v > (Vi) can have isotope dependencies due to the di erent moleculstructures of
gg e isotopes. In #4], such isotope dependencies are considered bt + H, ! H; + H
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ande + H,! H, ! H + H, whilstf is simplied with an isotope ind
Boltzmann distribution k. Both these approaches lead to rates which are muc ser to
the hydrogen rate, which is further discussed in section 4ahd Appendix4F.

&
Jox

Figure 6. Particle balance al /atomic “extrapolated'D in the outer
divertor (integrated) from measurem nd BaSPMI analysis (a,b), conpared against
that obtained using & thetic divertor spectrometer in SOLPS-ITER simulations
(c,d) [46]. The last colu ots (e,f) are obtained by post-processing SOLP$TER
using molecular charg J* + D,! D+ Dj) obtained from [34] (Appendix
E). Estimates of the onset are shown with vertical shadeded regions.
The experimental scharge # 56567 (which is a repeat of # 52065) and
consecutive re

To investigate th¥8g0s pact these dierent rates ha on SOLPS-ITER
simulations of TCV diver achment, the converged simation results were post-
processed using tif® N, ! D + Dj rate from [34] to calculate newD; =D, ratios
(Appendix E). Q ce this is post-processing, the na@s is no longer a self-
consistent S | solution as a change in thB; =D, ratio could change the
plasma solu
Post-pr singgwhen either the molecular charge exchangtes for hydrogen (H)
from [5 the terium rates from B4] or the D to H ratios from [44] with the H
rates f 0| @e used, results in signi cant plasma-molecule interaicin contributions
to substantial MAR rates. This seems to result in a clrsquantitative
ageemer@ between the experiment and simulatiod.. Additionally, the ion target ux

k ' rent from the f (Te;T;) used by SOLPS-ITER. However, more detailed analysis ing8]
mgicates that there may not be a strong deviation off from a Boltzmann distribution

s with Itered camera systems B9, 60] have identi ed the measuredD emission region near the
rget extends further into the private ux region than predicted b y plasma-edge simulations. Although
is e ect may explain underestimations in the simulated D brightness, compared to the experiment,
is cannot explain the relative lack of plasma-molecule interaction cotributions in the simulation.
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in the post-processed simulations (Fig. 5e) now, indeed, Iobver as the additioQ

n

1
u
of ions from outside the divertor leg () during detachment is partially coun ted

by the increase in total ion sink ;) due to the increase in MAR (partj al
equation 2).

10
i; 3.2. lon source/sink pro le evolution during detachment
13
14

15 t=06s t=0.96s
16 n/ng, = 0.3 n/ng, = 0.5
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7% Comparison of ion source/sink pro les along the outer divertor leg betwea
nt (a,b,c - copied from gure 2.2 a,b,c) and simulation (d,e,) at three di erent

jg tigaes/densities of ionisation (red), EIR (blue), MAR ( D; & D ) (magenta), MAR D
50 (can) as well as llzzglcher band emission (green). The SOLPS-ITER syiitetic diagnostic
51 ults also show nenp,dl along the line of sight (black - shaded) in arbitrary units.
52 The used lines of sight are indicated in gure 1. In the experiment, he Fulcher band is
53 summed over 600 to 614 nm and presented in arbitrary units, whereas fothe simulation,
54 relative values for the Fulcher band brightness were obtained from AMUEL rate H12
55 2.2.5 [50Q]. The experimental data is from discharge # 56567 and consecutive repeats
56

57

58 n this section we compare the evolution of detachment betwrm simulation and
59 periment, which was discussed in section 2.2. The SOLPE=R simulations were
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matched to the experimental times through the estimated upseam density, usj
interpolation (before the roll-over) and extrapolating that trend after the roll-ov
was required as an ordering parameter as the upstream demgsiblls-o atura
during detachment and follows a previous approach [8].

The simulated behaviour, after post-processing, is in quaiativ re ith
the experiment in most cases. In the attached phase¢ € 0.6 @n = 0:3),
MAR is negligible and ionisation is spread over the entire oa or |g®. At the
detachment onset { = 0:96 s,n.=ngyw = 0:5), MAR commences n rget and the
experimental ionisation pro le detaches from the target sbwi ced ionisation
front, whereas the simulated pro le appears more smao etached phase

MAR increases near the target and EIR together wit R thal'is #ributed to D
starts to occur near the target. The ratio betwee to the total MAR

obtained from BaSPMI analysis is higher than t idefrom post-processed
SOLPS-ITER simulations, which is consist i irgs in section 2.2.

Both Balmer line emission from plasma- actis as well as Fulcher band
emission depends on electrons (or ions) inter&yti ith necules. Therefore, we also
show pro les of the integral of the ele ANimes th deuterium molecule density
along the line of sights for the SOLPS-I odelling case gy curves gure 7 d,e,f).

This indicates a similar trend as emission &ing from interactions with
D and has a very di erent behavi@s than the Fulcher band brigimess. Therefore, the

This complicates estimatin
band emission measurem
photons ratio is extr

molecular density neahe target using Fulcher
ngly detached condit®as theD, density/Fulcher
tole.

3.3. SOLPS-ITER 4

Post-processing@gcedef SOLPS-ITER simulations for TCV4]] in the same way
results in a negii Mact ofD; in contrast to the impact during a core density ramp

Ing is applied. Those simulation resulise qualitatively consistent
with thq@experifiental ndings presented in section 2.3. Hower, volumetric momentum
los ccur in these simulations, in contrast td, seeding experiments [37].
Nevegiheless, qualitatively the same behaviour (highef; during N, seeding
co redio a density ramp) is observed in MAST-U simulationgl5] where signi cant
umetic momentum losses do occur. In these cases, the aopof D} is also small
el post-processing [32].
The plasma can also undergo chemical reactions with nitrageresulting in the
rmation of NH,, which can also lead to molecular activated recombinatioN¢(MAR)
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[62, 63]. Such reactions are not present in the current SOLPS-ITERmulati sh
the observed reduction of the ion target ux is attributed to a reduction of jon
source due to power limitation in the simulations, consiste with experim ndin

[8]. SOLPS-ITER simulations for MAST-U indicated that the hightarget perajgres
during N, seeding may be attributed to a lack of ion-molecule collisi le cules
are present in the divertor 5 during detachment. Therefore, the r@fati igh target

temperatures duringN, seeded detachment may be caused
N-MAR. One hypothesis is that this is induced by a reduction (atom and
molecule) densities in the divertor compared to a density a a di erent
fmom (T¢) trend [14, 8, 45]. The impact of N-MAR require dy, for instance
by estimating the N-MAR ion sink experimentally and '
Detailed nitrogen spectroscopy comparisons between
mismatch in the transport of lower nitrogen charge

lack of nitrogen chemistry in the SOLPS-ITER siggul ].

etlghg else than

R and TCV indicates a
ay be attributed to a

4. Discussion

4.1. D, andD creation rates

There is discussion in literature regardin moleculatharge exchange rate which
results in D; formation (D, + | D, + D) as well as the likelihood of creating
D (e +D;! D,! D +D 4, 64]. There are three important sources of
uncertainty for these reaction r

(i) The reaction rates ar | 0 the vibrational distribtion f [43 44, 64).
However, SOLPS-IT pl@ys e ective rates without trackig the individual
vibrational levels i igghortant concern as it lead$o a large (un-estimated)
uncertainty in S predictions, even when the isofoe dependency of

(i) The reaction g molecule interactions depend onédilrelative velocity, which

[ temperature for di erent isotopes. The sequence in which
this ma lindQapplied is important as discussed ection 3.1.
(i) There c e ci@@mical di erences which altefr or < v> between the di erent
iSO 0 These chemical e ects lower the cross-sectfor generatingH
[44at lowqibrational levels and increase the vibrational lesl for which molecular
a ange becomes resona®][for increasing isotope number. Therefore,

the exact distribution over the vibrational states will a ect the resulting isotope
epe@@ency of the reaction rates.

54
55
56
57
58
59
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Figure 8. Ovenryg rent models for molecular charge exchange impacthe

D, = 5 density (a). These model curves (solid lines) are weakly
=5.810m 3 is assumed. The impact of those ratios on théd;
density is iImated by multiplying the D} =D, ratios with a scaling law

s the D, density obtained from these SOLPS-ITER simulations

c diagnostics. Values forD; =D, for the second most detached
se (gure 6) are shown (blue '+' symbols) as well as theirpost-processed
symbols). Small deviations exist for the post-processed case from the

app)l to both plots.

Gifen thedg caveats, we compare in gure 8b the modell&), =D, density ratio
using Vi s g¥olecular charge exchange rates (solid cusyésee Appendix E) against
PS ITER simulations (blue '+') and post-procesing (red '+'). Although
ariould molecular charge exchange rates are still und#iscussion, we nd that the
B4 (red - Fig. 8) as well as44] are much closer to the default hydrogen rate
Fig. 8) than the rescaled deuterium rate used in SOLASER (EIRENE) (blue
ig. 8). This di erence is larger atTe < 4 eV, where the molecular density strongly
Acreases with decreasing temperatur8Z, 14]. This is illustrated in gure 8a where
eseD; =D, ratios are multiplied with a scaling law for the pathlength tmes theD,
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;‘ density obtained from SOLPS-ITER simulations of TCV 82]. This indicates am
6 peakD; density is 10 higher when using the default hydrogen rate or the m
573 rates from [34] and [44], than that for the default EIRENE-rescaled deuteri ate.

9 explains the strong di erence observed, both in terms of MARral the RgodellegD
10 brightness, between the default SOLPS-ITER and that folloimg post-jgce gure
11

= 6).

13

1451 4.2. Molecular Activated Dissociation - MAD

16 In this work, we have mainly addressed ion sources/sinks (M angithe hydrogenic
g radiative losses associated with excited atoms due t ule interactions.
19 However, those reactions are only a small subset of whichD; and D

20 are involved. Several of these reactions lead to the dis of molecules - Molecular
;; Activated Dissociation - MAD [9]; the variety of rgffC ae listed in table 1 in32).
23 MAD can result in an important source of neytralCRgat plays a role in the power
24 balance (section 4.3).

;g Using post-processing of the SOLPS-ITE tion (sectis 3.1, 3.2), we compare
27 the total quantity of neutrals arising ' tiorls wth D; & D and D, (from
28 e +D,! e +D+ D)in gure 9 & s into account all neutral atoms
;g created in the reaction chain - for instanc® YQg&AR (D* + D, ! D + D, followed by
31 D, +e ! D+ D) would result neutrals. We nd that 98 % of the neutrals aising
32 from interactions with D, occur y™Rgand MAR from D* + D, ! D, + D followed
2?1 bye +D;! D*+Dande % D, respectively.

35 We nd that the D, elecian-"quadl dissociation region separates from thertget
36 during detachment ( gure 9, gmparison of gure 9 (b) wih gure 7, shows theD,
gg dissociation region move lloy a similar trend to thaof the Fulcher band emission
39 region. Based on po 0oC the SOLPS-ITER resultsglre 9 a,b), dissociation
40 from D3 -related MAose to the target and replenishes theds of dissociation
j'é from D,. Plasma % e Interactions withD facilitate dissociation at yet lower
43 temperatures. INTQEEs e dissociation rates gure 9 dor the outer divertor leg, we
44 nd that more COof all neutrals from D, are generated througlD; or D in
45 the outer di TaereWpe, interactions withD; , as well as possiblyD , may also
46 . : T .
47 play a key r deffrmining the 2D neutral density pro le kelow the ionisation region
48 as low pe eD, dissociation is enhanced.

gg Th@abovasequence of dissociation events along the divetteg as function ofT,
51 (e. e ghpact dissociation ob, followed by MAD of D followed by MAD of D )
52 cqh be ex@lained by the molecular structure (see Fig. C1). Ekeon-impact dissociation
53 of ogP¥ Vvia excitation to an auto-dissociating triplet statel{3 u), which at low
gg ibratiONal levels is energetically similar to the upper beel of the Fulcher band transition.
56 ing an analogous approach to gure 8 a, one would exgiedissociation to be
57 trongest near 5 eV, while Fulcher emission would be strongegar 6 eV. D, ionisation
gg + D, ! 2e + 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 - gure C1). Thereéoelectro%'x
nd o

dissociation, Fulcher band emissionD, ionisation are expected to occur ro at
similar locations in the plasma. Although all these molecutgprocesses e
molecular density which strongly increases near the targeheir reaction\gobabigies
decrease so strongly afe < 5 eV that their trend is e ectively determin y tran
temperature rather than the molecular density (gure 7). A m@rall ks atomic
ionisation, which occurs at similar temperatures: the iosation ge hes from
the target even though the neutral density is highest belowhe i0 region.D;
MAD is a dissociative attachment process and hence would lo temperatures

than electronic excitation dependent processed MA ou r at yet lower
temperatures asD is created through an electron attagfime ocess, v, .

>
b@
Y

> erview of neutral atom sources due to '2xD, dissociation' (green) -
regre all neutrals generated fronD, dissociation; 'All neutrals from D'
an(WAIll neutrals from D ' (cyan). a) The 2D plot of dissociation neutral atom

sing SOLPS post-processing across the divertor crossigat - the opacity
indicates the strength of the neutral atom sources; b) the 1D pro le ushg synthetic
‘ ci

Ei

rdal spectrometer measurements of the data in a); c) The resultsdm analysis of
erimental data using BaSPMI.

singla similar method to that used to estimate MAR/MAI [32], we estimate

nt of neutrals generated by reactions involvin®; and D (Appendix F,
¢) and compare this against SOLPS-ITER modelling usg synthetic diagnostics
gure 9 b). There is qualitative agreement between the MAD clannels contribution to
issociation estimated experimentally and those from theysthetic diagnostic analysis
the post-processed SOLPS-ITER simulations for TCV, althagh the experimental

U
the
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cm from the target). However, here the MAD estimate fronD; is likely
as emission from electron-impact excitation may be misimgreted as e
from interactions with D; (see B3] for more explanation). Again w
ratio between the neutrals generated frond and those generated igher in
the experimental case than in the SOLPS-ITER simulation.

4.3. Energy and power losses associated with MAR and M

depend both on
spent or is released

) per recombination event agf ..

In [8] it was shown that electron-ion re ination on TCV resuétd in EER 0
eV, i.e. the radiative energy es during electron-ion @mtive and three-body)
recombination and the potential released roughly lzamce. However, at higher
electron densities e > 10%° ell as lower electron temperatures<( 1
eV), relatively more recombjg rs through three-ky rather than radiative
recombination resulting in grced radiative loss (per cembination event) and thus

net heating with EE'R

When we evaluagan nEMAR | we obtain a similar resultif we do not
include dissociation Eig hows pro les of radiative power losses assocaigith
Il croN@Atimes in the discharge (magenta asterisk). hose radiative
% oximately equal to the power reded by the MAR ion sinks
obtained by multiplying the MAR iosinks with the potential
bination. The radiative lossa® anostly associated with

cur during MAD. If all radiative losses assoated with D; and

MAR, but m

D an potemial energy gain are considere@& MR 0 eV.
Hdagever Vilen we investigate the total reaction chains, these disssed MAR events
als dissociation of molecules. Figure 10 also wisahe power losses directly

agociateg with dissociation during MAR, which would incree EMAR by 4.4 eV,

rec
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Figure 10. P ong the lines of sight of the inferred power sinks/sources
attributed to D

eutral) (blue); power source associated with the potential ion
MAR (13.6 eV x MAR rate - green); power sink assaafed with

In addit th@dissociation directly associated with te MAR reaction, there is
also mo gied dissociation (MAD) (section 4.2)The MAD power losses can
be sigrlcant (qure 10) and result in power losses in the cdl plasma region below the
atiopifegion where MAD is patrticularly e cient (gur e 9). In a similar way to
osses from electron-impact excitation cadions preceding ionisation are
inf@ded i@the ionisation energy losses, one could specal#éhat these MAD reactions
occ re a MAR reaction occurs and, therefore, should beciuded in the MAR
losses. This increas&gi2R to 10 5 eV in the region with strongest MAR. In
gions with lower MAR (e.g. higher up the divertor leg and/orearlier in the discharge)
MAR can increase to 20 10 eV as the ratio between dissociation and recombination is

rec
gher. We can thus conclude that energy losses due to disation during reactions
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é with D and D can signi cantly elevate the MAR related energy losses, in h
6 EIR. These power losses are lower order estimates as calhsi could transfer adgnal
573 energy from the plasma to the molecules [45, 65].

9

12 4.4. The implications of our results

12 4.4.1. Potential di erences between TCV and other devicesThe alij of these
1?1 TCV results have to be further investigated as the impact oD} tac nt may be
15 di erent on other devices. TCV was operated at relatively lav gower kW, Ohmic)
16 and low electron density ( 10?°°m 3), resulting in lower ele recombination
g rates as well as relatively long mean free paths for atq les. As a result,
19 we observe that ionisation does not occur in a thin rgglon ati&@arget but is spread
20 throughout the divertor leg. TCV features a nearly comp™ggarbon wall. This means
;; that the ratio between ions re ected as atoms vs i into molecules on the
23 surface and emission from the surface is di ggent etal wall (higher re ection).
24 The energy re ection coe cient of the recycl Ko be lower for a carbon wall
;g than a metal wall. On the other hand, there afg tive idications from JET (metal
27 walls) measurementsg2) of an enha sion associated with MAR which is
28 not accounted for in their simulations; t an thatthe JET divertor plasma is
;g qualitatively consistent with our research n

31 Given the large mean free (s on TCV, th®,( ) life-times could be su ciently

32 long for transport to play a role j glistribution of vibrational states, changing the
33 likelihood of D} and D generd @ A\ vibrational excited level will either be
[

gg excited to + 1 or de-excite g . Hence it can take a signi cant amount of
36 reactions for highly vibratj excited molecules to dexcite to lower vibrational
gg levels, which makes the,tra vibrationally excitednolecules more complex2p].
39 Such transport e ect ore important than the transport of D, which is
40 considered static ingO R simulations. This, combied with wall re ection
j'é e ects, could chang ratlonal distribution of the mdecules leaving surfaces and in
43 the plasma be ) ggments and simulations as well asveeen di erent devices.
44 Such transpo rogmion e ects could possibly explairthe inferred presence ob

jg related inter , @hicQequires a presence of highlybvationally excited molecules.
47

48 4.4.2. need10r diagnosing and modelling the vibrational distributiort is clear
gg from thg discu¥gions in this paper that more research is raced to better understand
51 an [ e ective molecular charge exchange rate e in plasma-edge codes,
52 wilich is ¥e0 sensitive to the vibrational distribution of he molecules. Molecular wall
gi intRactiogl, for instance, will also a ect the vibrationd distribution and are unaccounted
55 Amore detailed analysis including vibrational state esolved simulations that tracks
56 ational distribution together with plasma-wall interaction e ects, could modify
gg e simpli ed picture used in our simulations (section 3.1) It may be possible to reduce
59 e computational work-load required by bundling various Mrationally excited levels,
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which would require further investigation.

Following the logic that the distribution of vibrational levels may need to be lled
more accurately, the improved match to experiment throughhe use of m
exchange rates from34] in post-processing SOLPS-ITER divertor plasm
be “co-incidental'. The improvement may instead occur begse highe
are populated in the experiment than in SOLPS-ITER.

All these aspects motivate investigating the transport of \ar,
experiments and simulations using diagnostics and synthetdia
against experiment. Since the Fulcher band emisison cadQit the target in
detached conditions 33], it should be investigated whethe ission is thizest
diagnostic of the vibrational distribution in strongly detaghe mas.

st in both
tiC® to compare

4.4.3. Implications of these TCV results for fusio tor r research indicated a

lack of MAR from D, during N, seeded conditi b reason for this was that
the divertor target temperatures were hig Sincenpurity seeding is of
particular interest for reactors, the higher ta aeures during impurity seeding
should be further investigated for a range of imXRKi @en that MAR (1-3 eV) occurs

in a higher temperature regime than ), MAR could potentially play an
important role in divertor conditions wer target tempeature is too high for EIR
but su cient for MAR.
Previous work by Kukushkin yith SOLPS modelling of ITER plasmas indicates
there can be a trade-o betwegq )
in the analysis. He found that
charge exchange rates in ot engender large di apes in target heat ux
and the ion saturation cu InQead, the electron-ionecombination rate reduced
when MAR was incluggg, c ¥ the e ect of increased MAR. Wkushkin attributes
the reduction of electMombination to changes irhé plasma cooling vs heating
between three-bo( 9 tion, resulting in plasma hiag (E... < 0), and MAR.
This additional heg aQhypothesised to sustain morengation and could, therefore,
Phsities and higher EIR rates. Hawer, EIR does not have a
lectron density conditions, sutas the ones shown in this
ose conclusions on current maictes.
post-processing, thatD; may facilitate dissociation at lower
tempeitures. 4 his may be of particular importance for stnogly detached scenarios,
ged ba ed divertor legs where the ionisatiofront can be held at a
m the target 45, 65 - which may be reactor relevant§6]. Self-consistent
sifulatior@ are required to improve our understanding in aariety of conditions of how
suc cular interactions play a role in reactors.

net heating §
study, whic

‘4.4, The need for improvements in diagnostic techniques and direct measurements of
> andD  One important caveat is that the results presented in this wi rely on
ectroscopic analysis using BaSPMBZ] and its various assumptions. Although the
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;‘ analysis has been thoroughly tested for avoiding the risk @ver tting' [ 32] andy cm
6 signi cant uncertainties on the atomic as well as moleculaemission coe cie 15
573 and 30 %), it provides inferences based on Balmer line intétess rathe n djr

9 measurements of the various molecular densities. It alsdies on appl thisjlata
10 for hydrogen to a deuterium plasma as deuterium data is not awWabl ore
i; accurate and 2D inferences could be made using Bayesian si es using
13 camera data [67, 68].

14 Development of more direct diagnostics for th®, andD ¢ sing active
ig spectroscopy, could provide more direct measurements nd molecular
17 densities as well as the distribution of vibrational statef69, uch techniques,
18 however, have generally not been applied to tokam uire complicated
;g setups. But they could be potentially applied to line ! here they could be
21 supplemented with spectroscopic techniquesd. Mog sets of the fundamental
22 data for the isotopologues are starting to beco , which can be used by
;i collisional-radiative models 30, 31] to provid rium and tritium. Verifying
o5 these new (vibrationally-resolved) results74, eqre®ed experiments foH; D and
26 T, as well as using them in vibrationally resol a-edgimulations, is crucial for
% determining what impact plasma-mol jons havon plasma-edge physics in
29 fusion reactors.

30

2; 5. Conclusions

§f{ Analysis of experiment and mod® @ V tokamak dischaesp presented herein show
35 that plasma-molecule interggs WlPCsult in additiornlasigni cant ion sources/sinks
gg and power losses compay f atomic processes and thas bave a strong role
38 during divertor deta such interactions seem tivolve D;. However,
39 evidence is also pres may be present and play a signi cant role in power
22 and particle balancg es the presence of highlybvationally excited molecules.
42 The ion targe g plasma detachment is how observedand modelled) to
43 roll-over due to bo tion in the divertor ion sourceihked to power limitation as
2‘51 well as anin in gcular activated recombination (MR). The latter only becomes
46 signi cant f lerfly loWtarget temperatures ( < 2:5 eV), which was not reached
47 during N igluced detachment where, indeed, such e ects weot abserved.

jg Deffiiled cgmparisons of experimental results against SOBATER simulations
50 are pr ted Ahat indicate plasma-molecule interactioriavolving D; are presently
51 u sti in SOLPS-ITER deuterium simulations whenhte default reaction set
gg (vemration unresolved) is used. This may be related tolte use of isotope rescalings of
54 the gt molecular charge exchange rate in EIRENE (fromyldrogen to deuterium)
55 Id lead to strong underestimations db; and associated power/particle losses.
g? ack of D3 in simulations may also have implications for the spatial dtribution of
58 eutral particles, as well as further energy losses, in thévdrtor as interactions with
59 > (Molecular Activated Dissociation - MAD) can be an extremely eient dissociation
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mechanism at low temperatures where the electron-impactssiociation ofD GA
occur.
Further experimental investigations on other devices aresquired to ing€sligat
occurrence of these processes on other devices, compare dgainst the @V ndghgs
re ’ The

and assess more accurately the relevance of such interacsidor fusj

observed mismatch oD} related interactions between experiment ionoald
have implications for fusion reactors with su ciently deepdetach atiogfwhere the
ionisation region is held signi cantly above the target, as could power and
particle sink (as well as a neutral atom source) at temperat: 15-35eV.
6. Acknowledgements

Discussions with Detlev Reiter are kindly acknowled a very helpful. This work
has received support from EPSRC Grants EP/T@@2 d EMM023846/1. It has
been supported in part by the Swiss Nationgl Sci®n ndati and has been carried

out within the framework of the EUROfusion
the Euratom research and training program
agreement No 633053. The views an )
those of the European Commission. T
supported by the Russian Scienge Foundati

nd haseceived funding from
2018 an@1®-2020 under grant
ressed hedeimot necessarily re ect
A. Kukushkin and. Pshenov was
rant No. 18-0P329.

7. References

[1] A. Loarte, B. Lipschultz, A.
G. Federici, A. Kallenbac
and particle control, Nuc

[2] R. Wenninger, M. B
D. McDonald, R. N

Matthews, P. Stangeby, N. Asakura, G. Counsell,
ger, et al., Progress in the iter physics basis chapter 4. Power
7 (6) (2007) S203{S263. do0i:10.1088/0029-5515/47/6/s04.
. Fable, G. Federici, A. Kalle nbach, A. Loarte, C. Lowry,
O divertor limitations during and in be tween ELMs, Nuclear

Fusion 54 (11) (2 doi:10.1088/0029-5515/54/11/114003.
[3] R. A. Pitts, S. Carj scourbiac, T. Hirai, V. Komarov, S. Lisgo, A. S. Kukushkin, A. Loarte,
M. Merola, A 4@ ., A full tungsten divertor for ITER: Physics issues and design status,

glals 438 (2013) S48{S56. doi:10.1016/j.jnucmat.2013.01.008.
ourbiac, H. Frerichs, J. Gunn, T. Hirai, A. K ukushkin, E. Kaveeva,

ergy 20 (2019) 100696. doi:https://doi.org/10.1016/j.nme.2019.100696.
.sciencedirect.com/science/article/pii/S2352179119300237

PA. Komarov, Assessment of critical heat ux margins on tungsten monoblocks of the
ertor vertical targets, Fusion Engineering and Design 146 (2019) 2036{2039,IsSOFT-30.
s://doi.org/10.1016/j.fusengdes.2019.03.094.
https://www.sciencedirect.com/science/article/pii/S0920379619304168
angeby, The plasma boundary of magnetic fusion devices, The Plasmoundary of Magnetic
usion Devices. Series: Series in Plasma Physics, ISBN: 978-0-7503-0559-dyldr & Francis,
Edited by Peter Stangeby, vol. 7 7 (2000).
7] C. S. Pitcher, P. C. Stangeby, Experimental divertor physics, PRsma Physics and Controlled Fusion
39 (6) (1997) 779{930. d0i:10.1088/0741-3335/39/6/001.



Page 29 of 39 AUTHOR SUBMITTED MANUSCRIPT - NF-104765.R1 &
1

2 Th . . Y3

3 e role of plasma-molecule interactions on detachment

g [8] K. Verhaegh, B. Lipschultz, B. Duval, O. Fevrier, A. Fil, C. Theil er, M. Wensing, C. \
6 D. Gahle, J. Harrison, et al., An improved understanding of the roles of abmic proc

7 power balance in divertor target ion current loss during detachment,Nuclear Fusi

8 (2019). doi:10.1088/1741-4326/ab4251.

9 [9] S. Krasheninnikov, A. Y. Pigarov, D. Knoll, B. LaBombard, B. Lipschultz, D. Slgm

10 J. Terry, F. Wising, Plasma recombination and molecular e ects in to and
11 divertor simulators, Physics of Plasmas 4 (5) (1997) 1638{1646. doi:10

12 [10] B. Lipschultz, J. L. Terry, C. Boswell, J. A. Goetz, A. E. Hubbard, nlnnikov,
13 B. LaBombard, D. A. Pappas, C. S. Pitcher, F. Wising, S. Wuki of particle
ig sinks and sources in Alcator C-Mod detached divertor discharges, Physs smas 6 (5) (1999)
16 1907{1916. do0i:10.1063/1.873448.

17 [11] S. I. Krasheninnikov, A. S. Kukushkin, Physics of ultimate de tokamak divertor
18 plasma, Journal of Plasma Physics 83 (5) (2017) 155830508 .1017/S0022377817000654.
19 [12] A. A. Pshenov, A. S. Kukushkin, S. I. Krasheninnikov, En plasma detachment,
20 Nuclear Materials and Energy 12 (2017) 948{952. doi:10.1 inme.2017.03.019.

21 [13] P. C. Stangeby, Basic physical processes and reducg ptees detachment, Plasma
22 Physics and Controlled Fusion 60 (4) (2018) 04402 /1361-6587/aaacf6.

23 [14] P. C. Stangeby, S. Chaofeng, Strong correlation cel, fE and electron temperature at the
24 target of divertors found in solps analysis, Nuc ion'Qud) (2017) 056007. doi:10.1088/1741-
25 4326/aa5e27.

26 [15] J. L. Terry, B. Lipschultz, A. Y. Pigaro ikov, B. LaBom bard, D. Lumma
% H. Ohkawa, D. Pappas, M. Umansk bination and opacity in Alcator CG-Mod
29 divertor plasmas, Physics of Plasmas 5 ( 59{1766. do0i:10.1063/1.872845.

30 [16] B. Lipschultz, J. L. Terry, C. Boswell, S. I. K ninnikov, B. LaB ombard, D. A. Pappas,
31 Recombination and ion loss in od detached divertor discharges, Jous of Nuclear Materials
32 266-269 (1999) 370{375. doi:10gs 0022-3115(98)00534-0.

33 [17] J. L. Terry, B. Lipschultz, X. BonninfC. BoswW . I. Krasheninni kov, A. Y. Pigarov, B. LaBombard,

34 D. A. Pappas, H. A. Scott, The tal determination of the volume recombination rate
35 in tokamak divertors, Jour > aterials 266-269 (1999) 30{36. d0i:10.1016/S0022-
36 3115(98)00812-5.

37 [18] U. Wenzel, K. Behringer, A on, B Gafert, B. Napiontek, A. Thoma, Volu me recombination in
38 divertor | of ASDE ra r Fusion 39 (7) (1999) 873. doi:10.1088/0029-5515/39/7/304.
jg [19] R. C. Isler, R. W. W\ C. Klepper, N. H. Brooks, M. E. Fenstermacher, A. W. Leonard,

Spectroscopic cjg

j; doi:10.1063/1.8

43 [20] K. Verhaegh, B. S

44 ionisation ol
45 balmer |j

of the DIII-D divertor, Physics of Hasmas 4 (2) (1997) 355{368.

. Duval, A. Fil, M. Wensing, C. Bowman, D . Gahle, Novel inferences of
for particle/power balance during detached dscharges using deuterium
Plasma Phys. Control. Fusion 61 (125018) (2019). doi:1M88/1361-

46 6587/a
47 [21] B. Loman i arr, A. Field, M. Groth, S. Henderson, J. Harrison, A. Huber, A. Jarvinen,
48 K Y Lowry, et al., Spectroscopic investigation of N2 and Ne seededhduced

49 in JET ITER-like wall, Nuclear Materials and Energy 20 (100676) (2019)
50 .1016/j.nme.2019.100676.

51 [2 ski, M. Groth, I. H. Coey, J. Karhunen, C. F. Maggi, A. Meigs, S. M enmuir,
52 ullane, Interpretation of lyman opacity measurements in JET wi th the ITER-like wall
53 particle balance approach, Plasma Physics and Controlled Fusiof2 (065006) (2020).
o4 0.1088/1361-6587/ab7432.

gg shenov, A. Kukushkin, E. Marenkov, S. Krasheninnikov, On the role of hydrogen
57 radiation absorption in divertor plasma detachment, Nuclear Fusion 59 (10) @019) 106025.
58 doi:10.1088/1741-4326/ab3144.

59 4] J. S. Park, M. Groth, R. Pitts, J.-G. Bak, S. Thatipamula, J.-W. Juhn , S.-H. Hong, W. Choe,



O©CoO~NOOTA~WNPE

AUTHOR SUBMITTED MANUSCRIPT - NF-104765.R1 age 30 of 39

The role of plasma-molecule interactions on detachment L 4 Q
Atomic processes leading to asymmetric divertor detachment in KJAR L-mode plasm h
Fusion 58 (12) (2018) 126033. do0i:10.1088/1741-4326/aae865.

[25] D. Moulton, J. Harrison, B. Lipschultz, D. Coster, Using SOLPS to con rm the imp e
ux expansion in Super-X divertors, Plasma Physics and Controlled Fusion 59 (6J(2017) @5011.

D

doi:10.1088/1361-6587/aatb13.

[26] U. Fantz, D. Reiter, B. Heger, D. Coster, Hydrogen molecules in the divetor rade,
Journal of Nuclear Materials 290 (2001) 367{373. do0i:10.1016/S0022-35( 8-3.

[27] U. Fantz, Emission spectroscopy of hydrogen molecules in technical rigl plasmas,
Contributions to Plasma Physics 42 (6-7) (2002) 675{684.

[28] E. M. Hollmann, S. Brezinsek, N. H. Brooks, M. Groth, A. G. McLean, A. Y. P , D. L. Rudakov,
Spectroscopic measurement of atomic and molecular deuterium -d plasma edge,
Plasma Physics and Controlled Fusion 48 (8) (2006) 1165. 10, 1-3335/48/8/009.

[29] M. Groth, E. Hollmann, A. Jaervinen, A. Leonard, A. McLea . uell, D. Reiter, S. Allen,

P. Boerner, S. Brezinsek, et al., EDGE2D-EIRENE

doi:10.1016/j.nme.2019.02.035.
[30] D. Winderlich, U. Fantz, Evaluation of state-resolved
in population models for He, H, and H2, Ato
[31] D. Wianderlich, M. Giacomin, R. Ritz, U. Fantz,
models for plasmas containing h, h2 or he, Jo
Transfer 240 (2020) 106695. doi:10.1
[32] K. Verhaegh, B. Lipschultz, C. Bowman,
O. Myatra, D. Wanderlich, F. Federici,

695.

, A. Perek, M. W ensing, and, A novel

role of plasma{mlecule interaction on power
and particle balance during deTSg@ed conditions, Plasma Physics and @htrolled Fusion 63 (3)
(2021) 035018. d0i:10.1088/136 g abd4cO.

[33] K. Verhaegh, B. Lipschultz, J. R. H
O. Myatra, A. Perek, C. Theile
interactions on particle b
100922. doi:10.1016/j.n

[34] A. S. Kukushkin, S. .
e ects in divertor
doi:10.1016/j.nme.

ikov, A. A. Pshenov, D. Reiter, Role of molecular
ation, Nuclear Materials and Energy 12 (2017) 984{988.

H. Anand, Y. A Arnichand, F. Auriemma, J. Ayllon-Guerola, F. Bagnato, J. Ball,
kii, M. Bernert, W. Bin, P. Blanchard, et al., Physics research on the
TCV toka m conventional to alternative scenarios and beyond, Nuclear Fusion
d0i:10.1088/1741-4326/ab25ch.

. laian, A. Fasoli, O. Fevrier, C. Theiler, F. Bagnato, M. Baquero-Ruiz,
P. Blanc rida, et al., Initial TCV operation with a ba ed diver tor, Nuclear Fusion

6 4002. doi:10.1088/1741-4326/abd196.
[37] O. Wvrier, C@heiler, J. R. Harrison, C. K. Tsui, K. Verhaegh, C. Wthrich, J. A. Boedo, H. D.
OIN@i2, BgP. Duval, B. Labit, B. Lipschultz, R. Maurizio, H. Reimer des, and, Nitrogen-seeded

tachment in TCV L-mode plasmas, Plasma Physics and Contradled Fusion 62 (3)
(202@ 035017. doi:10.1088/1361-6587/ab6b00.
[3 \e(hegh, B. Lipschultz, B. P. Duval, R. Harrison, H. Reimerdes, C. Theiler, B. Labit,
aurizio, C. Marini, F. Nespoli, U. Sheikh, C. K. Tsui, N. Vianello, W. A. J. Vijvers,
T. . E. M. Team, Spectroscopic investigations of divertor detachmer in tcv, Nuclear Materials
and Energy 12 (2017) 1112{1117. doi:10.1016/j.nme.2017.01.004.
39] K. Verhaegh, Spectroscopic investigations of detachment on TCV, ThesisUniversity of York (2018).
URL http://etheses.whiterose.ac.uk/22523/



Page 31 of 39 AUTHOR SUBMITTED MANUSCRIPT - NF-104765.R1

1

2 Th . . Y3

3 e role of plasma-molecule interactions on detachment 3

g [40] O. Fevrier, C. Theiler, H. D. Oliveira, B. Labit, N. Fedorczak, A. Bail lod, Analysis of wall-gNgbedde
6 Langmuir probe signals in di erent conditions on the Tokamaka Con guration V ariabl view
7 of Scienti c Instruments 89 (5) (2018) 053502. do0i:10.1063/1.5022459.

8 [41] H. De Oliveira, P. Marmillod, C. Theiler, R. Chavan, O. Fevrier, B. Labit, P. Lavancig®, B. Maitaz,

9 R. A. Pitts, Langmuir probe electronics upgrade on the tokamaka con guration v le, iew
10 of Scienti ¢ Instruments 90 (8) (2019) 083502. do0i:10.1063/1.5108876.

11 [42] E. Krishnakumar, S. Deni, I. Cade, S. Markelj, N. J. Mason, Dissociative el ment cros
12 sections for i and d,, Phys. Rev. Lett. 106 (2011) 243201. doi:10.1103/ .106.243201.
13 [43] I. I. Fabrikant, J. M. Wadhera, Y. Xu, Resonance processes ine issociative
ig attachment and dissociation from vibrationally and rotationally excited s Physica Scripta
16 T96 (1) (2002) 45. doi:10.1238/physica.topical.096a00045.

17 [44] R. K. Janev, D. Reiter, Isotope e ects in molecule assisted rec ' dissociation in di-
18 vertor plasmas, Jdlich report - juel 4411, Forschungszentrum ich, englisch (2018).
19 URL https://juser.fz-juelich.de/record/850290/files/J%C3% 4411 Reiter.pdf?version=1
20 [45] O. Myatra, D. Moulton, A. Fil, B. Dudson, B. Lipschultz, Tami ame : Detachment access
21 and control in mast-u super-x, in: Plasma Surface Inj/=<g 8.

22 URL https://fusion-cdt.ac.uk/wp-content/uploads/20 . Dmkar-psi _poster.pdf
23 [46] A. M. D. Fil, B. D. Dudson, B. Lipschultz, D. Mo \ R aegh, O . Fevrier, M. Wensing,
24 Identi cation of the primary processes that | \ n divertor target ion current at
25 detachment in tcv, Contributions to plasma phys -8) (2017). doi:101002/ctpp.201700171.
26 [47] A. Fil, B. Lipschultz, D. Moulton, B. D. D i . Myat ra, C. Theiler, K. Verhaegh,
% M. Wensing, and, Separating the role ology and neutral trappig in modifying
29 the detachment threshold for TCV, Plasm sics and Controlled Fuson 62 (3) (2020) 035008.
30 doi:10.1088/1361-6587/ab69bb

31 [48] M. Wensing, B. Duval, O. Fevri Fil, D. Galassi, E. Havlickova, A. Perek, H. Reimerdes,
32 C. Theiler, K. Verhaegh, M. Wisclg SOLPS-ITER simulations of the TCV divertor upgrade,
33 Plasma Phys. Control. Fusion 019). doi:10.1088/1361-6587/ab2b1f.

34 [49] U. Fantz, D. Wnderlich, A novel d chnique for h-(d-) d ensities in negative hydrogen ion
35 sources, New Journal of Pl 006) 301{301. doi:10.1088/1367-2630/8/12/301.

36 [50] D. Reiter, The data le AM digional atomic and molecular data for EIRE NE, Tech. rep.,
37 Forschungszentrum Julic 2000)

38 URL http://www.ei el.html

39 [51] V. Kotov, D. Reiter, & ukushkin, Numerical study of the iter div ertor plasma with the
40 b2-eirene code g report - juel 4257, Forschungszentrunulich GmbH (2007).

j’é URL http:// _solps42 _report.pdf

43 [52] D. S. Gahle, J. Henderson, M. O'Mullane, C. Bowman, K. VVehaegh, A. Smolders,
44 M. Wensing erence of the impurity concentrations and @én con nement times in the
45 tcv divey onal Conference on Plasma Surface Interactons in Controlled Fusion
46 Deviced .

47 URL htt]S Psi2020.kr/download/poster2/66 _TP2-066(F).pdf

48 [53] F parating the roles of magnetic topology and neutral trappingin modifying the
49 d@achmerfhreshold for TCV (Sep. 2019). doi:10.5281/zenodo0.2611209.

50 [54] S Reiter, V. Kotov, M. Baelmans, W. Dekeyser, A. Kukuskkin, S. Lisgo, R. Pitts,
51 . sky, G. Saibene, I. Veselova, S. Voskoboynikov, The new sdgter code package,
52 Jourf@l of Nuclear Materials 463 (2015) 480{484. doi:10.1016/j.jnucmat.2014.10.012.

53 [5 Reidf, M. Baelmans, P. Berner, The eirene and b2-eirene coded-usion Science and Technology
>4 ) (2005) 172{186. doi:10.13182/FST47-172.

55 ) .- o .

56 r Greenland, The crmol manual: collisional-radiative models for mokcular hydrogen in plasmas,
57 Jalich report juel-3858, Forschungszentrum Jalich GmbH (Apr 2001).

58 URL https://juser.fz-juelich.de/record/24992/files/J%C3%BCI _3858 Greenland.pdf?version=1
59 7] D. Reiter, et al., The eirene code user manual, Report, Forschugszentrum Jalich GmbH (2008).



O©CoO~NOOTA~WNPE

AUTHOR SUBMITTED MANUSCRIPT - NF-104765.R1

The role of plasma-molecule interactions on detachment L 4 Q
URL http://www.eirene.de/manuals/eirene.pdf \
[58] V. Laporta, R. Agnello, G. Fubiani, I. Furno, C. Hill, D. Reiter, F. Taccogna, Vi brational € ion
and dissociation of deuterium molecule by electron impact, Plasma Pysics and C ed
s

(2021). doi:10.1088/1361-6587/ac0163.
[59] A. Perek, B. Linehan, M. Wensing, K. Verhaegh, I. Classen, B. Duval, O.Fevrier, eim

€s,
C. Theiler, T. Wijkamp, M. de Baar, Measurement of the 2d emission les rogen
and impurity ions in the tcv divertor, Nuclear Materials and Energf 26 ) 100858.
doi:10.1016/j.nme.2020.100858.
abit i

[60] J. R. Harrison, W. A. J. Vijvers, C. Theiler, B. P. Duval, S. Elmore, pschultz,
S. H. M. van Limpt, S. W. Lisgo, C. K. Tsui, H. Reimerdes, U. Sheik H. A. Verhaegh,
M. Wischmeier, Detachment evolution on the tcv tokamak, Nu Mater@™$ and Energy 12
(2017) 1071{1076. doi:10.1016/j.nme.2016.10.020.

[61] A. Smolders, M. Wensing, S. Carli, H. D. Oliveira, W. Dekeyse
L. Martinelli, H. Reimerdes, C. Theiler, K. Verhaegh, the T
and nitrogen seeded detachment using SOLPS-ITER simula
variable, Plasma Physics and Controlled Fusion 6 20
6587/abbcch.

[62] R. Perillo, R. Chandra, G. R. A. Akkermans, W.
J. van Dijk, M. R. de Baar, Studying the in uen
plasma by means of numerical simulations, Pla:
105004. doi:10.1088/1361-6587/aad7

[63] N. Ezumi, T. lijima, M. Sakamoto, Y.

val, O. Fevrier, D. Gahle,
parison of high density

of theakamaka con guration
125006. do0i:10.1088/1361-

J. Ve . A. D. Grae f, I. G. J. Classen,
itro dingin a detached-like hydrogen
ics and ControlieFusion 60 (10) (2018)

irata, M. Ichimura, R. lkez oe, T. Imai,
itrogen and hydrogen seeding gases on
mirror, Nuclear Fusion 59 (6) ( 2019) 066030.

doi:10.1088/1741-4326/ablada:
[64] A. Ichihara, O. lwamoto, R. K. Jane
at low collision energies, Jour
(2000) 4747{4758. doi:10.1088
[65] D. Moulton, G. Corrigan, J.
in vertical- and horizonta

sections for the reactionh* + hy( =0 14)! h+h;
S B: Atomic, Molecular and Ofical Physics 33 (21)
33/21/318.

. ? Lipschultz, Neutral pathways an d heat ux widths
DGE2D-EIRENE simulations of JET, Nuc lear Fusion 58 (9)

[66] F. Militello, L. Aho- osino, T. Body, H. Bu erand, G. Calabr o, G. Ciraolo,
D. Coster, G. Di G , P. Fanelli, et al., Preliminary analysis of alternative divertors for
DEMO, Nuclearg j

, B. Lipschultz, S. Orchard, K. J. Gibson, M. Carr, K. Verhaegh,

O. Myatra, DS nd simulation of multi-diagnostic bayesian analysis for 2D inference
of divertor teristics, Plasma Physics and Controlled Fgion 62 (4) (2020) 045014
doi:10.1 Sk 759b.

[68] A. Perek, Y. Andrebe, I. G. J. Classen, B. P. Duval, C. Galperti, J. R. Harrison,
B. L. Lin avensbergen, K. Verhaegh, M. R. de Baar, Mantis: A realtime quantitative
m ging system for fusion plasmas, Review of Scientic Instruments 90 (12) (2019)

188514, 110.1063/1.5115569.

todetachment diagnostic techniques for measuring negat® ion densities and
emp res in plasmas, Review of Scientic Instruments 71 (11) (2000)3981{4006.
doi: }@1063/1.1310362.

[7 Tonglawa, M. Ono, Y. Morihira, H. Ogawa, T. Shibuya, K. Kawamura, K. Takayama, Observation

olecular assisted recombination via negative ions formation in a divdor plasma simulator,
DSHEET-IV, Journal of Nuclear Materials 313-316 (2003) 1046{1051. doi:10.1016/S0022-

3115(02)01535-0.

71] R. Engeln, B. Klarenaar, O. Guaitella, Foundations of optical diagnostics in low-temperature
plasmas, Plasma Sources Science and Technology 29 (6) (2020) 063001. doi:10.1088/1361-

age 32 of 39



Page 33 of 39 AUTHOR SUBMITTED MANUSCRIPT - NF-104765.R1 &
1

2 - - L 4

3 The role of plasma-molecule interactions on detachment

4

5 6595/ab6880.

6 [72] P. Vankan, S. B. S. Heil, S. Mazou re, R. Engeln, D. C. Schram, H. F. Debde, A va

7 laser-induced uorescence experiment for measurement of rotationbl and vibrati

8 H2, Review of Scienti c Instruments 75 (4) (2004) 996{999. do0i:10.1063/1.16 435

9 [73] G. R. A. Akkermans, I. G. J. Classen, R. Perillo, H. J. van der Meiden, F Federi sek,
10 The role of hydrogen molecular e ects on detachment in Magnum-PSI, Phyi 7 (10)
11 (2020) 102509. doi:10.1063/5.0017714.

12 [74] L. H. Scarlett, D. V. Fursa, M. C. Zammit, I. Bray, Y. Ralchenko, K. D. Dav mpje collision
ii data set for electrons scattering on molecular hydrogen and its isotopo . fu rationally-
15 resolved electronic excitation ofH,(X; g+), Atomic Data and Nuclear D bles 137 (2021)
16 101361. doi:10.1016/j.adt.2020.101361.

17 [75] D. Wnderlich, L. H. Scarlett, S. Brie , U. Fantz, M. C. Zammit, D, Bray, Application
18 of molecular convergent close-coupling cross sections in a ¢ tive model for the triplet
19 system of molecular hydrogen, Journal of Physics D: A 5414) (2021) 115201
20 doi:10.1088/1361-6463/abccf2.

21 URL https://doi.org/10.1088/1361-6463/abccf2

22 [76] A. A. Pshenov, A. S. Kukushkin, S. I. Krashenlnmkov on ert asymmetry and stability
23 Physics of Plasmas 24 (7) (2017) 072508. -

24 [77] S. A. Silburn, J. R. Harrison, J. Howard, KNG , C. A. Michael, R. M.
25 Sharples, Coherence imaging of scrape-o - divertor impurig ows in the Mega
;s Amp Spherical Tokamak (invited), Rey struments 85 (11) (2014) 11D703
28 doi:10.1063/1.4891165.

29 [78] M. O'Mullane, Adas: Generalised collisonal tive dala for hydrogen, ech. rep., ADAS (2013).
30 URL http://www.adas.ac.uk

31 [79] H. P. Summers, W. J. Dickson, MY OMuIIane N. R. Badnell, A. D. Whi teford, D. H. Brooks,
32 J. Lang, S. D. Loch, D. C. Grin, lgg state, excited populations and emission of impurities
33 in dynamic nite density plasmag yalized collisional{radiative model for light elements,
34 Plasma Physics and Controlled ) (2006) 263{293. d0i:10.1088/0741-3335/48/2/007.
35

36 _ . .

37 Appendix A. lon ow into tor leg
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39 The SOLPS-ITER si ion dicate an increase of the ionow from upstream
32 ionisation into the Qi di leg upon detachment, asndicated by the mismatch
42 between the red_ 4 trend in gure 24, 47, 48]. This, in part, arises from
43 neutrals escaping Or and ionising in the scrape-layer upstream or in the core
2‘5" With the agrg gen the ion target ux and the ionisatn source, previously it
46 was argued bn ow into the divertor was not sgni cant or was cancelled
47 by an additioNg&io#Fink. Our MAR estimates in the present stdy indicate a net ion
jg ow intgthe divgrtor that increases at detachment onset andas, at the least, a similar
50 magnit MAR ion sink (equation 2). This is quantitatively consistent with I
51 frg e -ITER simulations. This implies that one lose high recycling conditions
gg ORI CV (¥Whout ba es) during detachment, which may also a ect the balance between
54 the ter divertor in terms of neutral and ion transpat [76].
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Figure Al. Investigation of ioni
ITER. a) 2D ionisation pro le from
#106278 at an upstré
from the spectrometer g3 have been tilted upwards to look abog the x-point
(the used lines of sig
experimentally inferred
x-point as functi

he x-point in the experiment and SOLPS-
S-ITER at the detached phase (simulation

ource from the lines of sight (ons/s) upwards of the
ald fraction (discharge # 60403). c) Outer ion target

ng to attached (low and high density), detasment onset and
For this calculation, only the ionisation at the open ux tubes

Figure sh@@vs an increase of the ionisation upstream of thepwint during
the det ess in the simulations. In an attempt to pnitor this upstream
ionisat@n incrggse, the DSS spectroscopy views were raetsuch that some viewing
chords gl above the x-point (see g. Ala) and measurenterf then = 6;7
B r lineS were performed. Therefore, only the atomic asgts of the emission can

bé&ganalysgd under the assumption that plasma-molecule cdbutions can be neglected.
Un ely, even though the repeat discharge, # 60403, kaqualitatively the same
pur as # 56567, the machine conditions were di erenta§ the discharges were
me months apart), resulting in a delayed detachment onsat a higher Greenwald
raction in the repeat discharge. As indicated by the displad lines of sight, only a small
rtion of the additional upstream ionisation is probed, sa quantitative calculation of



Page 35 of 39

O©CoO~NOOTA~WNPE

AUTHOR SUBMITTED MANUSCRIPT - NF-104765.R1 &

The predicted measured upstream ionisation ( gure Alb) is cwistent

The role of plasma-molecule interactions on detachment L 4 Q
the total ion source outside of the lower divertor leg canndie performed. \
e
onisa

Ongoing studies using camera imaging data indicate an inase in utral
density during detachment, qualitatively consistent withthese ndings.

More complex ow processes are also possible, where thepl ot j4Ft owing
from upstream towards the target, but also between the targe [7 oscopically,
this cannot be probed as we can only detect a net e ect of;, rticle balance.

Potentially coherence imaging measurements of ion ow3 de more insight
on this. In the performed simulations, the ion ow befvee two strike points is
negligible. Although the line-of-sight integral contrib to tffe ionisation for the
closed ux tubes (gure Al a) are small, the ion o oe boundary increases
by a factor two during detachment and can becoiffe ldg, although it remains

distributions obtained through
is a strong correlation within thg s betweeti, and parameters such as the ion
source, EIR and MAR. To acco 5 while seeking MAR'S, regime, the sample

outputs of TE (characteristj e of the electron-impact-extation emission

region along the line of si aged from BaSPMI analysisare plotted against the

various ion sources/g§ legfin gure B1 for the dengitamp case (gure 2). It

is important to note%‘ | infers this from the di erent analysed brightness

contributions: it dogsggt U assumed model for tH2; =D, ratio in this analysis.

% AR mostly occurs below 3 eV, whereas EIRasts to occur
Q

pect, however, that MAR is reduced bel 1 eV as there is
e the vibrational excitation needed to promoteD creation

The results ig
below 1.5 eV. On€
insu cient en p
(see Appen 4

@
e Q
v
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O

inferredTE and various ion
cqifesponding to a deity ramp
Carlo samplig output for the
AR (magenta), MAR( D ) -
n is the overlap biveen the total
nta mixed with cyan leads to blue),

Figure B1. Overview of the relationship b
sources and sinks for 3 time points in puls
to detachment for all lines of sight. Shown
line integrated ionisation source (+
cyan, EIR - green with transparency.
MAR and MAR ( D ) regions (the co
and thus indicates a region i
transparency of the individual p
of sight) is set according to their p
temperature constrainga- see [32]).

ting 20000 'dice rollsper time frame/line
ility (determined by their weight according to

yon source exists below 3 eV, this corration
ains the large uncairity observed in the ion

While a strong TE correlatio
mostly disappears above 4 eV.
source in gures 2 and 3.

tes

Appendix C. 'E ectiv

gure 8, a relation between th®, density from SOLPS-
ITER [33] has bgg jed with variousD, interaction cross-sections in gure C1.
e temperature regimes at whitwe suspect certain reaction
mechanism king into account the expected strg rise in the molecular
density at |0 peptures. This illustrates thatD, ionisation (e + D,! 2e + D)

i ghest temperatures, followed by Fulchband emission as well as

0:8 eV.
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Figure C1. Normalised 'e ective re JUEL [50] (e.g.np, L <
v > ) as function of Te, assuming and np, / 107 L7 legTe  For
D, and D , their densities are de using theD, density together with a
modelledD; =D, and D =D, ratio as
3 (Appendix E). Fulcher emi ' d from AMJUEL rate H12 2.2.5 [50]

Appendix D. BaSPMI

This work employs the BaSPMI y
plasma-atom and plasma-molec %
D andD measureme o Bed initially assuming only 'atomi@.g. electron-
impact excitation (EIE of ectron-ion recombination (EIR ofD*)) emission
pathways of the hydrogegic seg¥s allowing a predictimf theD andD magnitudes.
The di erence between ' d measur& ;D is then ascribed to plasma-molecule
interactions. The g lasma-molecule interactions is then treshated into

electron-imp
related com

cora B0, 31] (plasma-molecule interactions), as well as reaction rae
fr@n AMJRIEL [50]. It is assumed that all this hydrogenic data can be directlapplied
to ium plasma, which is further discussed ir8f. The technique uses Monte
ncertainty processing, which is e ective at catchig non-unique solutions and
counting for these in the estimated uncertainty marginsPhoton opacity e ects have
een assessed for this TCV discharge using SOLPS-ITER siatibns and found to be
gligible [33].
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Post-processing (Appendix E) using hydrogen rates indicatea contributj
the Balmer line emission and particle losses of signi cagtlbelow 1 %.
Unless mentioned otherwise, the full BaSPMI approach is aggirin per.
However, there are various reductions (compared to the fulhalysis @pla above) of
the BaSPMI analysis possible.

(i) BaSPMI can be employed withoutD measurements, by omit he step where
the plasma-molecule interaction contribution toD (an i
and D contributions. Instead, it could be assu

attributed to D5 . This is employed as an alternatigg

f thissmission is
in the text of sgon

(i) BaSPMI can be employed without taking a
account (without D and D measuregent¥. atively, the self-consistent

atom interactions only. This can produces thBIAR rates (when D
measurements are compared aga ely atomic ext@ption of D ;D ),

but may lead to overestimates of the io urce if MAR is signcant [33]. This is
employed in section 2.3.
Appendix E. SOLPS-ITER post @ g

In this work, existing SOL re post-processed to aallate alternative D, and

alsoD densities. Thisj thgftransport oD, and D (which is also ignored in
the default implemen 0 S-ITER). If transport isignored, the D; =D, ratio
depends on the locglhb etween the rates@f creation and the rates ofD;
ny+ [20. The following creation/destruction rates are used:
% harge exchange arth, ionisatione + H,! 2e + H, -
ONEstruction rates:e +H, ! H+H - AMJUEL H4 2.2.11 [0Q];
AMJUEL H4 2.2.12 b0l ande + H; ! 2 + H* + H*
- AMJUEL B0. For all electron-impact reactions the isotope dependeac
are ne ed, ccordance with previous studies i#]. Using this model,D; =D,
ratios thengpbtained using four di erent rates for moladlar charge exchange (e.g.
D, T + D) - which are discussed in section 4.1, Fig. 8:

destruction - assu
Creation rates:
AMJUEL H4
e +H,!

the d@@ault approach of SOLPS-ITER for deuterium 'Deuterim - default (EIRENE
ed) rate' (gure 8, blue), where< v> o (T)! < v> o (T=2) [5]] (e.q.
h the cross-sections as well as the distribution of the lwiational states undergo
an isotope mass rescaling).

ii) the 'Deuterium - Kukushkin' rate from [34] ( gure 8, red), which does not take any
chemical isotope di erences into account for the moleculatharge exchange, but
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;‘ only applies an isotope mass rescaling on the cross-sediomhis is the de &
6 used for post-processing in this work. This leads to an ordef magnitude di ce
573 compared to rate number 1 at 1-3 eV.

9 (i) the default hydrogen rate from AMJUEL ( gure 8,green). This leas\@ga 1085 %
12 di erence compared to rate number 2.

12 (iv) the default hydrogen rate from AMJUEL multiplied with the deulgd ogydrogen
13 ratio from [44] , which assumes the same vibrational distrildgon ( mann)
ig for deuterium and hydrogen but accounts for both isotope m& ences as well
16 as chemical di erences in the application of the cross-sé¢ Thisfleads to a up to
g 3 % di erence compared to rate number 3.

;g Those newD; =D, ratios are calculated relative to ratio Obtained diredy from
o1 SOLPS-ITER and this is used to rescale th® emigmity, (D3) and MAI (D3)
22 rate for each simulation grid cell, which are also sigthe particle balance and
23 through that the simulated ion target ux (segh Note that the used models
;g neglect interactions that occur in a mixedH ich is considered in [44].

26 As SOLPS-ITER does not include any int wittH or D by default, D

27 is not included in the results in gur ' ever, inalded in sections 3.2, 4.2.
;g To investigate the role ofD , the defaul rogenH =H, ratio from AMJUEL was
30 rescaled toD using coe cients frgg [44], whichWduces theD density by  30%. This,
31 however, is strongly sensitive to th umed model/distution for the vibrational states
gg f as the creation cross-section ongly isotope dependent at low vibrational
34 levels.

35

2? Appendix F. Estimating t trefsource from interactions with D, and

38 D

39

32 The MAD rates arg im analogously to how the MAR rates arestimated by
42 computing a 'MAI sociation) per emitted D photon' ratio for D,, D, as
43 well asD . As ER post-processing indicates that most (98 %) o&als
2‘5‘ generated th e from MAR as well as molecular charge exchange followed
46 bye + DJ " + ¥ (section 4.2), only that particular chain is accounted for
47 when det 'MAD perD photon’ ratio for D5 . These 'MAD (or dissociation)
jg per D otongratios are multiplied by the respective contributon (e.g. D,, D;, D )
50 to the esses to obtain an estimate of the quantity of neutta created from
51 M D, y<e uncertainty margin for MAD is larger than for MAR due to the strong
gg tefiperatde sensitivity of the 'MAD per emitted D photon’ ratio.

54
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