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Abstract

During detachment, a buffer of neutral atoms and molecules builds up between the target and
the ionising plasma. Collisions between the plasma and the molecules play an important role in
the detachment process. Studies of plasma-molecular kinetics indicate that the gas temperature
increases during deepening detachment for a wide range of conditions on the MAST-U and
TCV tokamaks. This is related to an increased D, lifetime during detachment, leading to more
plasma-molecule collisions that raise the molecular temperature. Such collisions subsequently
result in power and momentum losses from the divertor plasma during detachment. Using a
simplified inference, these losses are estimated using the rotational temperature, neutral
pressure and ionisation front position. Significant power losses (about 10% of Psor) and
dominant momentum losses (majority of the upstream pressure) from plasma-molecule
collisions are inferred experimentally in long-legged, strongly baffled, detached divertors
(MAST-U Super-X divertor). These findings are consistent with SOLPS-ITER simulations
(about 15% of PsoL, and 65% of upstream pressure). Simulations also suggest that 40%—50% of
the power crossing the ionisation front is lost downstream. The vibrational distribution obtained
is compared with a collisional-radiative model setup using the same rate data as SOLPS-ITER,
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indicating some qualitative agreements and disagreements, potentially highlighting model gaps
with regard to the default rates used. These interpretations highlight the importance of
plasma-molecular collisions, leading to power and momentum losses during detachment.

Keywords: MAST-U, TCV, D2, plasma-molecule, fulcher emission, detachment, divertor

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma detachment will be a feature of future reactors to
ensure that both divertor target electron temperature and heat
flux are reduced by the orders of magnitude necessary [1, 2].
During detachment, plasma-neutral interactions (collisions
and reactions) are key in the required removal of power,
momentum and ions from the plasma [3-7]. Plasma-molecule
interactions, specifically, have now been shown to play a
crucial role in detachment in several experimental devices
[4, 8-10].

Figure 1, which shows an unfurled scrape-off-layer from
mid-plane to divertor target, indicates the different processes
present during detachment. From upstream to downstream
along the divertor leg, we pass from the ionisation region,
through the neutral cloud where plasma-atom and plasma-
molecule interactions occur, to the electron-ion recombination
region closest to the target [11].

The upstream edge of the neutral cloud, just below (down-
stream of) the ionisation region, corresponds with a peak in
Fulcher emission from the molecules, as is well established
by measurements and emission modelling in both MAST-U
and TCV [8, 11]. Fulcher emission is a visible band of spec-
tral lines between ~600 nm and ~640 nm emitted by elec-
tronically excited hydrogen molecules transitioning from the
upper Fulcher state (d* IT,,) to the lower Fulcher state @ EZ{)
and is very useful as a diagnostic tool. It is at this edge where
there starts to be a significant number of molecules but still
enough hot electrons to electronically excite the molecules. In
this paper, we refer to this region of peak Fulcher emission as
the ‘detachment front’ in keeping with other works where the
same region is used to diagnose [10, 12, 13] and even control
[14] detachment on MAST-U.

In detached conditions (7, < 3 — 5 eV), ion-molecule colli-
sions have been found to be a dominant mechanism for power
and momentum losses in MAST-U SOLPS-ITER simulations
[15]. Meanwhile, in the same detached conditions, reactions
in the form of molecular chain chemistry processes are dom-
inated by ion sinks (Molecular Activated Recombination or
MAR) and neutral sources (Molecular Activated Dissociation
or MAD) [8, 16]. This highlights the importance of plasma-
molecule interactions in the detachment process.

The same D, Fulcher emission which indicates the detach-
ment front, can be monitored in high spectral resolution,
allowing for careful study of the molecules’ rotational and
vibrational, or ‘rovibrational’, distribution. This measurement
provides information on both collisions between the plasma

and the molecules via the rotational distribution (rotational
temperature); and information on the likelihood of the plasma
to undergo molecular chain chemistry processes, which favour
highly vibrationally excited molecules, via the vibrational
distribution.

Diagnosing the rovibrational distribution of D, molecules
is, therefore, potentially very useful in providing insight into
the plasma-molecule interactions which are so fundamental in
detachment.

Specifically, we have found that increasing rotational, or
gas, temperature is a signature of energy transfer from the
plasma to the molecules through collisions, the same process
that drives momentum losses during detachment. Meanwhile,
the vibrational distribution directly drives effective molecular
charge exchange rates and affects molecular ionsiation rates
[17-19]. These are the first stages in the MAR and MAD pro-
cesses described above and, hence, the vibrational distribution
plays a role in these processes.

1.1. Historical work

Investigations on tokamaks (JET [20], DIII-D [21], ASDEX-
Upgrade [22] and JT60-U [23]), and other devices such as
LHD [24] and Magnum-PSI [25], have inferred rotational tem-
peratures for the ground-state of D, between approximately
1000 K and 10000 K. Measurements on JET [20], DIII-D [21]
and LHD [24], suggest a correlation of rotational temperature
with electron density, and Hollmann et al [21] shows that, at
the same electron density on DIII-D, TEXTOR, and PISCES
(linear device), similar rotational temperatures are measured.
Recent work on two metal-walled devices (QUEST and LTX-
B) and carbon-walled DIII-D by Yoneda et al [26] suggests a
high sensitivity of rotational temperature to electron density
and attempts to predict the rotational temperature increases
by use of a collisional-radiative model with 858 differential
equations. The same study indicated a low sensitivity to elec-
tron temperature, at least in plasma regimes above 10 eV.

Previous experiments [21, 27-30] inferred a vibrational
temperature of the molecular ground-state by using Franck-
Condon coefficients to map an assumed vibrational temper-
ature in the ground state to the electronically-excited Fulcher
level. Results on JET-ILW [20], however, feature an overpop-
ulated v =0 band in the excited Fulcher level, suggesting a
strongly non-Boltzmann ground state with highly overpopu-
lated v = 1,2,3. TEXTOR results (carbon surface) [30] found
an overpopulation of the v =3 band and thus an imperfect fit
with a ground state Boltzmann distribution.
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Figure 1. Simplified representation of the scrape-off-layer from
mid-plane to divertor target in a deeply detached plasma.

Our previous work [13], studied the MAST-U [31] divertor
in Ohmic density ramp discharges and found rotational tem-
peratures consistent with these previous findings. The rota-
tional temperature was found to increase in deep detachment
in the strongly baffled MAST-U divertor, hinting at a connec-
tion to longer lifetimes of the molecules before dissociation
or ionisation. Our MAST-U results also demonstrated a non-
Boltzmann distribution for the ground-state vibrational distri-
bution of the molecules, and revealed a curious boost to the
v = 2,3 populations during detachment [13].

1.2. This paper

In this work high spectral resolution D, & H, Fulcher band
emission is obtained in long-legged divertors of both MAST-
U and TCV [32] to extract the rotational and vibrational (rovi-
brational) distribution of the molecules.

We investigate how information from the rovibrational
distribution of D, & H; can provide more insight into plasma-
molecule interaction in a long-legged divertor. Specifically we
note the following outcomes:

1. A better understanding of the mechanism behind the
increase in rotational temperature as detachment pro-
gresses;

2. Quantification of power and momentum losses due to
plasma—molecule collisions;

3. Comparison of the vibrational distribution with
collisional-radiative models, noting its bearing on plasma
chemistry.

Going beyond our previous ohmic MAST-U work [13],
this study uses the unique features of both the MAST-U and
TCV tokamaks to obtain improved insights into what impacts
plasma-molecular kinetics. The following features are varied:

e Divertor configuration, e.g. variations in poloidal leg length
and total flux expansion (MAST-U), to investigate the
impact of divertor leg length on plasma-molecular kinetics.

e Baffled and unbaffled conditions (TCV), to investigate the
impact of neutral closure and trapping in the divertor on
plasma-molecular kinetics.

o Fuelling location and fuelling strength (TCV and MAST-U),
to investigate their impact on plasma-molecular kinetics.

o Fuelling species (isotopic variation) (H, in TCV), to invest-
igate the impact of different isotopes on plasma-molecular
kinetics.

e External heating levels (MAST-U with/without NBI heat-
ing) to investigate the impact of external heating on plasma-
molecular kinetics in the divertor.

e [- and H-mode (MAST-U), to investigate whether regular
transients (ELMs in H-mode) have an impact on plasma-
molecular kinetics in the inter-ELM/‘baseline’ state.

We find that the observed behaviour of the rotational and vibra-
tional distribution of hydrogenic molecules, in response to the
above variations, is similar on MAST-U and TCV. For all
conditions, the rotational temperature rises during and near
detachment. For both TCV and MAST-U, this increase in rota-
tional temperature is correlated with an enhancement of the
v = 2,3 population in the upper Fulcher state.

This work provides novel insights into the importance of
plasma-molecule collisions on detachment. A reduced model
explains the observed rotational temperature increase, consist-
ent with SOLPS-ITER simulations: the energy transfer from
the plasma to the molecules is enhanced in detached condi-
tions as the lifetime of the molecules is increased. Collisions
between the plasma and the molecules result in significant
power loss (up to >10% of Psor, the power entering the
Scrape-Off-Layer); and losses of up to >40% downstream of
the ionisation front); and very significant momentum sinks.

The measured vibrational distribution is yet to be accurately
reproduced by collisional-radiative modelling which employ
the same plasma-molecular rates used in exhaust simulations.
This mismatch increases uncertainty in the rates used, and
motivates more experimental and modelling studies.

2. Experimental setup

Both MAST-U and TCV have clean intersections between
the spectroscopic lines-of-sight and the divertor plasma.
Furthermore, both devices support long divertor legs, enabling
measurements of the rotational temperature along the divertor
leg.

Tables 1 and 2 summarise the MAST-U and TCV dis-
charges examined in this paper. These generally either con-
tain density ramp experiments (wide range of core densit-
ies, expressed as a fraction of the core Greenwald density,
fow,) or experiments with as constant a range of core dens-
ity as possible with divertor fuelling (narrow fgw range). The
configurations and fuelling locations referred to are shown in
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Table 1. MAST-U discharges examined in this paper. The configurations ‘CD’, ‘ED’ and ‘SXD’ stand for Conventional Divertor, Elongated
Divertor and Super-X Divertor respectively; and fuelling locations referenced can be seen in figure 2.

Discharge Config. Fuelling Mode PSoL fow Isotope
49408 CD 2 L 1.3 MW 0.25-0.50 D,
48008 ED 2 L 1.3 MW 0.20-0.47 D,
48358 SXD 2 L 1.3 MW 0.27-0.49 D,
49286 SXD 2 + puffs: 3b, 3t L 1.1 MW 0.25-0.32 D,
49289 SXD 2, 3b, 3t L 1.2 MW 0.25-0.37 D,
49324 SXD 1, 3b, 3t H 2.8 MW 0.49-0.596 D>

Table 2. TCYV discharges examined in this paper. When two discharges are shown, they are repeat shots to enable full spectrometer
coverage of the Fulcher band. The ‘CD’ configuration refers to a Conventional Divertor; and ‘SILO’ refers to Short Inner, Long Outer
bafflingThe fuelling locations can be referenced in figure 3 as can the baffling description.

Discharge Config. Fuelling Mode Pgdp fow Isotope
78024/78042 CD + SILO baffling b L 035MW 0.18-0.54 D,
76113/76 114  CD + no baffling b L 0.32MW  0.18-0.57 D,
78 045 CD + SILO baffling t L 04MW  0.19-054 D,
78 047 CD + SILO baffling b L 036 MW  0.2-0.44 D,
78440/78441  CD + SILO baffling b L 0.4 MW 0.2-0.49 H

figures 2 and 3. The MAST-U discharges were beam-heated
(Png1 > 1.5 MW), while the TCV discharges were Ohmic. All
the discharges were unseeded.

Figure 2 shows a schematic of the MAST-U tokamak device
and indicates the three divertor configurations: Conventional
(CD), Elongated (ED) and Super-X (SXD); the spectrosopic
lines of sight in the upper divertor; and the fuelling locations
relevant to the discharges examined in this paper. Adjacent
lines of sight are separated by ~2.5cm, and the spectra are
acquired at 30Hz.

Figure 3 shows a schematic of the TCV tokamak device
in the conventional divertor (CD) configuration indicating the
spectroscopic lines of sight and the fuelling locations relev-
ant to the discharges examined in this paper. Adjacent lines of
sight are separated by ~2cm, and the spectra are acquired at
50Hz.

In order to observe the evolution of the molecular rovibra-
tional distribution with detachment, some meaningful meas-
ure of detachment is required. For this purpose, we adopt the
peak ion target flux near the strike point (ions/m?/s) since it
is observed that the rollover of the peak ion flux corresponds
well to the separation of the Fulcher front (and therefore ion-
isation front) from the target [11]. Spectroscopic lines of sight
near the strike point are selected for extracting the rovibra-
tional information.

2.1. Spectroscopic analysis and extracting spectroscopic
information

The rovibrational distribution is obtained using high resol-
ution Fulcher band analysis using the technique described
in detail in [13]. The rotational temperatures of D, and H;
quoted in these results refer to the rotational temperature of
the v = 0 band of the ground state. Rotational temperatures are
obtained from the distribution of rotational energy levels in the

‘upper Fulcher state’, or d°I;, experimentally observed via
spectroscopic lines produced by spontaneous electronic decay
from &*I1;, to @’} . This Boltzmann distribution of rotational
states is mapped to the ground state via a simple scale factor
which relates the rotational temperature of the upper Fulcher
state to the ground state.

Under conditions where the ground state is long-lived in
comparison with characteristic collision time, then it is gen-
erally assumed that the rotational temperature of molecules in
their electronic ground state can be used as a proxy for the kin-
etic, or ‘gas’, temperature within 10%—-20% [33]. We find that
the rotational states of the first vibrational band in the upper
Fulcher state, a mapping of the distribution in the ground state,
consistently form a good Boltzmann distribution in measure-
ments. This suggests that collisionality is indeed high enough
for equilibration between rotational and kinetic states.

Examples of spatial profiles of rotational temperature
evolving during a discharge are shown in figure 4(a) for
the MAST-U conventional, elongated and Super-X divertor
configurations, and in figure 4(c) for the TCV conventional
divertor configuration. The spectroscopic lines of sight in the
MAST-U and TCV divertors are also shown in figure 4(b).
The highlighted coloured blocks in both sets of diagrams
show the groups of lines of sight near the strike-point. The
rotational temperatures obtained at these locations are used
to enable comparisons against multiple conditions/divertor
shapes/devices.

Figures 5(a) and (b) show examples of imaging of the
Fulcher emission in MAST-U and TCV corresponding to
figures 4(a) (ED) and (c) respectively. The Fulcher emission
front (an indicator of the ionisation front) is seen to detach
from the target at around 500 ms in the MAST-U case, and
after 1200 ms in the TCV case. These can be compared to peak
particle flux (see figures 6(f) and (c) respectively to observe
the correlation with peak ion flux rollover).
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Figure 2. Schematic showing the divertor configurations, lines of sight and fuelling locations in the MAST-U upper divertor.

3. Results

3.1. Rotational temperature evolution at the strike point

Using variations in 1) divertor configuration (MAST-U); 2)
neutral baffling (TCV); 3) fuelling location (TCV); 4) fuel-
ling isotope (TCV) and 5) external heating levels (MAST-U)
the rotational temperature near the strike point is investig-
ated as function of core density. The core density is gradually
increased using feed-back control to obtain density ramps.
Generally, we observe that the rotational temperature of the
molecules rises as the core density is increased and the diver-
tor is cooled (figure 6). The increase in rotational temperat-
ure occurs as the divertor nears detachment and increases dur-
ing detachment, as can be seen from the saturation/decrease
in ion target flux from where the graphs are shaded for ease

of reference (although some increase in rotational temperat-
ure can occur before detachment). At the deepest levels of
detachment, a decay in rotational temperature is occasionally
observed (MAST-U ED, SXD (fgw > 0.45, figures 6(f) and
(2))), which can be explained by the low plasma temperatures
observed in these conditions (7, < 0.3 eV estimated in [11]),
according to our reduced model (section 4.1.1).

Remarkably, similar qualitative behaviour is observed for
all 5 variations for both MAST-U and TCV. Although neut-
ral baffling results in higher rotational temperatures at the
same fow (figures 6(a) and (c)), it also reduces the detach-
ment onset density: the rotational temperature increases as
detachment is approached and becomes deeper in both cases.
The same holds true for a change in fuelling location: diver-
tor fuelling, as opposed to main chamber fuelling (to regulate
the core density), reduces the detachment onset density and
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Figure 3. Schematic showing the divertor configuration, lines of sight and fuelling locations in the TCV divertor.

(a) (b)

(c)

Figure 4. The areas of interest for each divertor configuration and imaging scans. The graphs in (@) show examples of the evolution of
rotational temperature (Tror) across the divertor for an SXD, ED, and CD configuration in MAST-U. (c) Shows the evolution of Trot for
TCV (CD configuration). (b) Shows the lines of sight (LOS) in the divertors of MAST-U and TCV and the highlighted colour circles
indicate the grouping of LOS near the strike point in all configurations. These highlights correspond to the highlighted LOS in (a) and (c).
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Figure 6. Graphs showing the evolution of rotational temperature at the strike point in several density ramps. Plots (a)—(d) show Ohmic
density ramps for TCV (note that () is an isotopic variation). Meanwhile, plots (¢)—(g) show CD, ED and SXD beam-heated L-mode
discharges for MAST-U. Note the different temperature scales. Both Greenwald fraction and time are inidicated on the x-axis. The
lemon-coloured shading indicates the transition to detachment.

4. Discussion e The rotational temperature of the molecules in the divertor

is seen to rise during the detachment process, even when the
We have the following two principal observations from the introduction of cold molecules in the divertor further deep-
experimental results: ens detachment.
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Figure 12. The molecular temperature generated by SOLPS-ITER (1 MW detached SXD) for all standard reactions (left plot) , and all

reactions except ion-molecule elastic collisions (right plot).

where reasonably possible. We, therefore, note the following
limitations of our model:

o The use of a representative constant density.

o The use of a constant cross-section in the energy exchange
rate from [35]. This is addressed by selecting an appropri-
ate representative value (see appendix) and allowing for a
generous uncertainty.

Neglecting other energy transfer pathways, in particular
vibrational excitation. This is addressed by incorporating an
efficiency factor f in the energy exchange term.

Neglecting surface effects. Our model replaces molecules
at the wall temperature. It should be noted, however, that
research points to the significance of recycling with regard
to rovibrational excitation via mechanisms such Eley-Rideal
(ER) [19-21, 36]. Some preliminary work by [37] suggests
significant changes to the vibrational distribution and pos-
sible increases in molecular temperature of up to 20% —
30% after the onset of detachment when the ER mechan-
ism is switched on in MAST-U SOLPS-ITER simulations.
Not evolving the ion temperature. This may marginally
inflate the molecular temperature reached.

Not accounting for electron temperature effects. Elastic col-
lisions with electrons were investigated and our modelling
suggests that in relevant divertor conditions, the electrons
supply less than 10% of the energy required to explain the
increase in temperature.

It does not treat the various rovibronic transitions that could
result in rotational excitation. Such processes have been con-
sidered in collisional-radiative models, where it was suggested
that electron collisions can have a significant impact on the
rotational distribution, particularly in high temperature condi-
tions (7, ~10 eV) [26].

4.1.2. Comparison against molecular gas temperature in
SOLPS-ITER simulations. Using interpretive exhaust
simulations by Moulton et al we compare the molecular gas
temperatures obtained against experiments and investigate the
mechanisms resulting in an increase in molecular gas temper-
ature. The simulations were fuelled from the low field side
in keeping with the MAST-U experiments, and had no drifts

(there is little vertical asymmetry expected at 1 MW). The sim-
ulations are otherwise similar to those described in detail in
[38] but with 1 MW input power.

The molecular gas temperature obtained from exhaust sim-
ulations is compared for a default rate setup and a modified
setup where the only change is the disablement of elastic col-
lisions between ions and molecules (figure 12). This shows:
1) the molecular temperature obtained is significantly higher
than the ‘cold’ gas injected and is in a similar range as
the (rotational) temperatures observed on MAST-U; and 2)
the molecular temperature is primarily driven by elastic ion-
molecule collisions. Additionally, a decrease in molecular
temperature near the target is observed, consistent with our
reduced model (figure 11) and experiments at deepest detach-
ment (figure 8(b)). This provides additional evidence that
ion-molecule collisions are dominant in the energy transfer
from the plasma to the molecules. (It is worth noting that
the remaining high temperatures in the right-hand-side plot
of figure 12 are due to atom-molecule collisions, and that the
molecular temperature flattens completely if these are also
disabled).

To enable a quantitative comparison between experiments
and simulations, a synthetic diagnostic setup is used. Here, the
Fulcher-emission weighted averaged D, temperature, along a
spectroscopic line-of-sight is obtained. Since D, Fulcher emis-
sion is used to infer the rotational temperature, the rotational
temperature estimate corresponds to the region along the line-
of-sight where emission occurs.

We compare an SXD density ramp (discharge 48358)
against a sequence of simulations for an SXD configuration
with very similar geometry. Figure 13 shows the result. The
correspondence is made via the fuelling rate (blue line) - but
some caution is needed noting that, although the fuelling loca-
tion is the same in both cases, there is considerable uncertainty
in the fuelling rate experimentally speaking. We also note that
the input power is 1 MW in the simulations, but has consider-
able uncertainy in the experimental discharge (1.3 = 0.2MW).
Despite these caveats, the synthetically obtained molecular
temperatures in the SXD simulations have a range similar
to the rotational temperatures experimentally observed. The
increase in temperature with detachment is also in reasonable
agreement.
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Figure 13. The red plot shows the experimentally determined rotational temperatures averaged across a group of LOS (11-13 shown on
figure 12) at various degrees of detachment. The green plot shows the SOLPS inferred molecular temperatures from several different
simulations for the same LOS grouping. The simulations are matched to the experiment via the fuelling rate (blue line).

4.2. Vibrational distribution

To obtain further insight into the expected vibrational distribu-
tion in the D, Fulcher state, the vibrational distribution in the
electronic ground state (X ! l,) is modelled using a collisional-
radiative model setup [16] that mimics the Eirene vibration-
ally resolved setup (H2vibr) [39] with corrected molecular
charge exchange rates [40] using the CRUMPET [41] frame-
work (see [16, 42] for more details). With this, we can model
the X' ¢ vibrational distribution that was implicitly assumed
in the derivation of the rates employed by Eirene. Franck-
Condon coefficients [27, 28] are used to map the X' ), vibra-
tional distribution to the D, Fulcher state (d°IL,), using the
approach highlighted in [13]. It should be noted that both a
setup identical to Eirene and a modified setup with corrected
molecular charge exchange rates (both presented in [16]) were
used for this study and resulted in the same interpretation.

With this approach, we can compute the @°II,v =1,2,3
distribution, relative to &°II,v = 0, as a function of 7, (which
is assumed to be equal to the ion temperature; a reason-
able approximation according to SOLPS-ITER simulations).
According to the modelled distribution, an increase in the
d*11,v = 2,3 states is expected for T < 1.3 eV (figure 14(b)),
which seems to be qualitatively consistent with the exper-
imentally observed change during detachment (figure 10).
Comparing the modelled distributions in the X'¥, and
d*I1,v = 1,2,3 states suggests that this increase in the upper
Fulcher state corresponds to a reduction in population of the
high vibrational levels in the electronic ground state. This
reduction in the ground state distribution occurs due to the
electron temperature becoming insufficient to drive vibra-
tional excitation, and the depletion of highly vibrationally
excited molecules through MAR and MAD. The surprising
correspondence to increased populations in the upper Fulcher
state comes about because of the non-trivial way in which
the ground state distribution maps to it using Franck-Condon
factors.

However, we note two disagreements with the exper-
iment: 1) @II,v=1,2,3, with respect to @’Il,v =0, is
expected to decrease from >35 eV to lower temperatures

(before detachment) in the modelled distribution. However, no
changes in the vibrational distribution are observed. This may
be explained by the omission of vibrational excitation through
electronic excitation followed by radiative decay (e.g. e~ +
Dy(v1) — e~ + D}, D5 — v+ Dy(r2)). This under-predicts
vibrational excitation above 1.5 eV [18, 42], resulting in a
decrease in vibrational excitation above 1.5 eV, which does
not occur if such reactions are included in the CRM [42].

A second disagreement is the observation that Py =1
increases together with I, = 2,3 for T < 1 eV in the mod-
elled distribution, which does not occur experimentally. The
cause of this is unclear. It is known that recycling mechan-
isms such as ER and Langmuir-Hinshelwood can affect the
vibrational distribution [19-21, 36]. Potentially, such interac-
tions in combination with transport of vibrationally excited
molecules could result in a reduced temperature sensitivity for
the &*TL,v = 1 state, or other changes, requiring further study.

We note that there are large uncertainties in the vibra-
tional distribution measurements at the lower signals at lower
temperatures (see figure 10) making these discrepancies of a
qualitative nature.

4.3. Power and momentum losses from elastic
plasma-molecule collisions

Elastic collisions between the ions and the molecules, resulting
in a molecular ‘gas’ temperature increase that is observed, are
also accompanied with significant plasma power and volumet-
ric momentum losses according to SOLPS-ITER simulations,
playing a significant role in detachment [15, 43].

Reduced models focussing on the neutral buffer during
detachment have been proposed in the past to study volumet-
ric momentum losses from plasma-atom interactions [44, 45],
as well as for the energy required to ionise (burn through) the
neutral buffer with regard to transients [46].

In this section, we use ‘back-of-the-envelope arguments’,
in combination with rotational temperature observations and
other experimental measurements (ionisation front position,
neutral pressure) to experimentally estimate power and
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Figure 14. Vibrational distribution in the electronic ground state (a, X1X,) and upper Fulcher state (b, d311,), relative to the v = 0 population
(for the respective electronic state) for different temperatures ranging from 5 eV to 0.05 eV according to an ‘Eirene-like’ CRM setup. The
distribution in the upper Fulcher state is obtained through mapping the ground state distribution using a Franck-Condon approach.

momentum losses from elastic ion-molecule collisions, which
are compared against SOLPS-ITER simulations.

4.3.1. Experimental power loss estimates from elastic plasma-
molecule collisions with modelling comparison. ~ Assuming
the rotational temperature is a proxy for the gas temperat-
ure, our rotational temperature measurements can be used as a
proxy for these plasma power losses. To achieve this, we make
a simplified estimate of the power losses obtained experiment-
ally. First, the power transfer per molecule should be estim-
ated. Assuming the molecules heat up from room temperature
to the observed rotational temperature within their transit time,
the power transfer per molecule can be estimated as

. SkAT

mol —

“

)
27—lransp0rl

where ATrot = Trot — Twan = Trot-

To obtain the total energy loss, this should be multiplied
with the total amount of molecules in the system, which
depends on the molecular density (7,,01) and the volume of the
neutral gas buffer (V)

Piot = Prlnol X Imol X V. (%)
The molecular density can be estimated from the measured
divertor neutral pressure p, = 1§ ¢ kT gauge, Where nfy = is the
neutral density at the gauge. This is measured by the fast-ion
gauge in the sub-divertor beyond the wall. We use a molecu-
lar flow model, with conservation of flux, to simulate a syn-
thetic baratron (as previously done in [47, 48]) to account for
the various pipework in between the fast-ion gauge and the
tokamak to link the molecular density in the divertor to the
molecular density at the gauge:

Tgauge
Tmol

div . , gauge
mol ~ Mol

(6)

n

Assuming that, in the sub-divertor, the molecules dominate the

neutrals, such that ny" = = nt 5 and further assuming that

the gauge operates at the wall temperature (T gauge = Twait), and
that Tyno1 = Trot, We arrive at:

_ DPa

mol k\/ TwallTrot .

It is assumed that the molecular density is constant throughout
the neutral gas buffer.

The neutral gas buffer is assumed to exist only downstream
the ionisation front. The poloidal distance between the tar-
get and the ionisation front is denoted as Ly, and is obtained
using the D, Fulcher emission front as a proxy for the ionisa-
tion front [11-13]. The volume of the neutral buffer is then
27 RLyo1w, where w is the width of the divertor leg and R is the
radius of the divertor leg.

Taking the various components together, combined with
Teransport = ﬁ, the power loss can be approximated as sugges-

ted in equation (8)

div

@)

n

T,
ﬂLpolan-

8
Twan ®)

Pmol ~ ST Veff

This provides an intuitive model for power losses from
plasma-molecular collisions, which start after the detachment
onset (Lyo1 > 0 m) and are driven by: 1) rotational temperature;
2) detachment front position; 3) divertor neutral pressure.

The model can be made more accurate by accounting for
spatial variations of Ty in the divertor. Since Ty, is experi-
mentally obtained along a spectroscopic line of sight, chord-
integrated power loss estimates can be obtained along each line
of sight PL°5[Wm™?], which can be integrated toroidally (e.g.
27 R along the curve where the lines of sight intersect the sep-
aratrix, up to the ionisation front a distance L, from the target)
to obtain the total power loss, analogously to how ion sources
and sinks are obtained experimentally [4]

Prol = 27 € T R (s) PL%S
- Spnveff (S) Trot <S>

(S) ~ 2 Vv Twall

(s)ds
©))

LoS
P mol
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The estimated total power losses from plasma-molecular
collisions in both divertors, according to this estimate, are sig-
nificant for the Super-X divertor and increase as the core dens-
ity is increased due to: 1) a movement of the ionisation front
further upstream; 2) increase in divertor neutral pressure; 3)
increase in rotational temperature observed.

To apply this for MAST-U SXD discharge 48358 (see
figure 15), we utilise our rotational temperature and neutral
pressure divertor measurements. The approximate variation of
Lo with fow in a MAST-U beam-heated density ramp is taken
from [49] (a repeat discharge of 48 358) and we find a range
Lo = 36 — 52 cm corresponding to fgw ~ 0.30 — 0.46.

To calculate vegs:

4k, T,
where (vi) = ﬁ (see appendix),
D,

(10)
we require several other parameters as well as the 7}, measure-
ments. The cross-section is taken as o ~ 6.5 x 10~ m? from
the AMJUEL data file 1.2.7 [34] (along with an appropriate
scaling). We take an approximate ion divertor density appro-
priate for calculating the mean free path of the molecules:
n; ~ 2 x 10 m=3 (see [50]), Twan is taken as 300 K, and the
width of the plasma leg (based on poloidal flux expansion and
the upstream SOL width) is taken as w ~ 10cm.

Using these measurements and parameters, in the most
detached case, the estimated power losses are 100-170 kW,
which is significant (8 %—13%) compared to an estimated input
power (Psor) of 1.3 MW. This is in reasonable agreement
with SOLPS-ITER simulations, which indicate similar power
losses from elastic ion/molecule collisions (also shown on
figure 15) and which suggest losses of up to 40%—-50% of
power remaining downstream of ionisation (not shown on
plot). The power losses from plasma chemistry (e.g. MAD) are
of similar order of magnitude (~15%PsoL [8, 16]). Although
this power ultimately reaches the vessel walls, it is spread
over a much wider area than the target as the neutrals re-
associate at the wall. Power losses from plasma-molecular
interactions can thus be an important power loss channel in
detached conditions.

4.3.2. Momentum losses from elastic plasma-molecule
collisions. Volumetric momentum losses play a key role
during detachment. Depending on interpretation [8], they
are either required for detachment [6], or are essential for
maintaining a high upstream pressure (or density) during
detachment [7, 51, 52], required for reactor implementations.

Historically, such momentum losses were attributed to a
dominance of atomic charge exchange over ionisation, which
decays at low temperatures driving momentum losses [6, 7,
44]. However, more recent code investigations [15, 43] argue
that the dominant momentum loss is driven by the same ion-
molecule collisions that result in an increase in rotational
temperature and plasma power losses. This is supported by
reduced modelling that argues the target temperature is a main
driver of the divertor processes, since the molecular density is

increased as target temperature is reduced [53]. These theor-
etical findings provide a paradigm shift in understanding one
of the most fundamental processes during detachment. There
is no experimental validation of these processes yet.

However, if the same plasma-molecule collisions result
in 1) increased gas temperature; 2) plasma power losses
(Wm™); and 3) plasma-momentum losses (N m~?), then
knowledge about one of these processes could be used to
obtain information about the other(s).

To achieve this, we investigate the correlation between
plasma power losses to the molecules and volumetric plasma
momentum losses fo the molecules from plasma-molecular
collisions by summing the accumulated losses cell by cell from
arange of SOLPS-ITER simulations.

A strong correlation between both quantities, shown in
figure 16, is obtained:

LOS
mol
LOS
mol

~ 0.07N/kW. (11)

This implies that the chord-integrated power losses (mod-
elled in section 4.3.1), combined with a ‘calibration’ inferred
from the correlation between power and momentum losses in
simulations, can be used to infer volumetric momentum losses
experimentally, using the equation below. Applying these cal-
ibration coefficients, the divertor integrated momentum losses
(N) from elastic ion-molecule collisions is estimated and
shown in figure 17.

LoS
mol

LoS
P mol

LoS
P mol

Smol = x 21 € T R (5) P25 (s) dis. (12)

Since the total momentum losses (N) are inferred (also
summed for multiple flux tubes), they need to be brought
into context by comparing them against the total integrated
upstream pressure (N). The upstream profiles of n, and T,
are integrated areally (N m~2 — N) to provide this compar-
ison. The pressure upstream is approximated using an expo-
nential profile, whose fall-off-length ()\,) is related to the
heat flux fall-off-length (A\,) [2, 54]: A\, =~ %)\q (see appendix).
Integrating this areally, to obtain an integrated pressure leads

)

Ag s estimated from MAST scalings [55] and the separatrix
density and temperature variation with fgw are obtained from
previous analysis in [49]. With Rp ~ 1.3m in MAST-U, we
obtain (figure 17(a) purple line):

pine =21 € T rp(r)dr
7 — Rsep
Ap

p(r) =T enp - 13

14
= Pint & ?WRsekaZeanep)\q.

Pint = 12 — 20N. (14)

Comparing this areally integrated pressure to the volumet-
rically integrated momentum losses in each divertor (see
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Figure 16. figure indicating the correlation between power and momentum losses to the molecules summed cell-by-cell in SOLPS-ITER

simulations for MAST-Upgrade.

figure 17), we see that the majority of the momentum losses
(63%) in deeply detached conditions (high fuelling rate)
could be explained by elastic ion-molecule collisions. This
is consistent with SOLPS-ITER predictions (also shown in
figure 17). Interestingly, as also seen in figure 17, SOLPS-
ITER predicts that losses due to plasma-atom collisions sat-
urate at relatively low upstream density (before detachment)
while plasma-molecule collisions become more and more
dominant.

However, it should be noted that this experimental approach
is approximate and is a first step. A more complete analysis of
the upstream and target pressure—using both upstream and
target measurements as well as 2D integrated Data Analysis
[56]—is left for future work, such that the inferred volumetric
momentum losses can be compared against the total pressure
loss obtained.

4.3.3. Limitations of reduced model for power and momentum
losses.  Although the experimental model provides estim-
ates in quantitative agreement with SOLPS-ITER, there are a
number of limitations.

First, the transport time of the molecules or effective trans-
port velocity must be estimated, which cannot be accurately
measured. However, it is not expected that this effective trans-
port time changes significantly within the region downstream
of the ionisation front and, therefore, it would not impact the
trend of the power loss estimates obtained. Secondly, a con-
stant molecular density is assumed in the neutral cloud based
on neutral pressure measurements that are significantly away
from the divertor plasma, which is not true. The plasma dens-
ity is also assumed constant whereas, ideally, a measurement
is needed. Thirdly, the neutral cloud is approximated as a box
downstream the ionisation front. Although the neutral cloud is
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mostly concentrated downstream of the ionisation front, it also
forms around the divertor plasma in these relatively low dens-
ity/power (and thus large D, mean-free-path) plasmas, as can
be evidenced from D, Fulcher emission occurring throughout
the divertor leg, and not just at the target, in attached condi-
tions. The above model may thus underestimate the impact
of plasma-molecule collisions in attached conditions and is
expected to become more accurate in more strongly detached
conditions. Although the neutral buffer description could be
made more accurate, this partially defeats the purpose of the
reduced model: to provide an intuitive picture of the impact
of plasma-molecular interactions, together with quantitative
estimates.

An additional further limitation of the volumetric
momentum loss estimates is that it relies on a calibration
from a set of SOLPS-ITER simulations (with the same power
input and geometry) to convert power losses into momentum
losses. Further work and model expansion could remove the
need for using such a calibration in the future by deriving this
relationship between energy and momentum transfer using
first principles.

The model would also benefit by being made more pre-
dictive. The effect of poloidal flux expansion on power and
momentum losses is clearly important, but the current inter-
pretive model does not allow a direct comparison between w
and these losses (since there is an interdependency between w
and the rotational temperature achieved). The model also cur-
rently has no upper bound for the total power or momentum
loss.

4.3.4. Implications of power and momentum loss models.

The reduced model used for power and momentum losses
has wider implications. In this model, power and momentum
losses from plasma-molecule collisions are driven by the
ionisation front position, the divertor neutral pressure and

gas temperature. Therefore, the detachment of the ionisation
front from the target (Lp, >0 m) results in power and
momentum losses from plasma-molecule collisions in this
model. Since these momentum losses are the dominant volu-
metric momentum losses, this implies that dominant volumet-
ric momentum losses start to occur when the ionisation front
detaches from the target.

In other work, it was argued that the detachment of the
ionisation front from the target coincides with the onset of
detachment [10, 11] and other work used the ionisation front
as a method to control detachment [14]. This model provides a
further physics basis for these arguments: real-time control of
the ionisation front position, and density of the neutral buffer if
possible, is predicted to enable real-time control of the plasma-
molecule collisions that drive power and dominant momentum
losses.

Recent work shows the additional volume available drives
the observed differences between longer-legged and shorter-
legged divertors [16], consistent with our model. MAST-U
experiments indicated similar neutral pressures [57] between
the Super-X, Elongated and Conventional divertors. The rota-
tional temperature at the same poloidal distance to the X-
point is similar between all three geometries. The difference
between the three geometries therefore is primarily driven,
according to this reduced model, by their difference in Lo X
R;: the longer-legged divertors feature a larger neutral buffer
and therefore more plasma-molecular collisions resulting in
power losses and volumetric momentum losses. Additionally,
in that additional volume available, a colder divertor plasma is
present leading to longer molecular lifetimes (i.e. higher rota-
tional temperatures), leading to further enhancements in power
and momentum losses.

Assuming that plasma-molecular interactions are the dom-
inant volumetric momentum loss channel, our reduced model
can be used to predict differences in the momentum loss
between different divertor shapes, which can be compared
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