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Abstract

The improved performance of the long-legged alternative divertor configurations on MAST-U,
combining strong baffling and total flux expansion, results in stronger power and momentum
losses. These lead to lower electron temperatures and peak particle fluxes at the target compared
to conventional divertor configurations. The evolution of the divertor electron density profile in
the detached region, measured via coherence imaging spectroscopy, is characterized by a
density peak building up near the target, downstream of the detachment front, with increasing
upstream density. The peak then moves upstream from the target as the target temperature
decreases (T. < 0.3eV). This behaviour is in agreement with simplified modelling based on the
competition of different ion recombination processes and neutral drag acting on the plasma
flow. Comparisons against SOLPS-ITER simulations generally show good agreement in the
magnitude of the electron density profiles, both along and across the separatrix, but with some
discrepancies in the shape of the profiles in the private flux region and near the target.

2 See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
b See Harrison et al 2024 (https://doi.org/10.1088/1741-4326/ad6011) for the MAST Upgrade Team.
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1. Introduction

Future tokamak fusion reactors are designed to generate a
large amount of power. If unmitigated, a significant fraction of
this power would be funnelled to the divertor and concentrated
in a thin toroidal ring when reaching the walls of the device,
with expected poloidal widths on the order of millimetres [1],
and the associated heat fluxes on the divertor targets would
surpass material limits. Thus, reactors will need to operate
in detached divertor conditions to ensure enough volumetric
particle, power, and momentum losses occur to reduce the
peak heat flux on the target through spreading the heat flux
poloidally over larger regions of the divertor surface [1]. Easier
access to detachment is favored, as it allows operation at lower
core densities (and thus improved energy confinement [2])
or allows sustaining higher heat fluxes entering the scrape-
off layer for the same heat flux reaching the target. A wider
parameter space in which the divertor is stably detached is
also positive, as it can act as a buffer and prevent the diver-
tor from re-attaching during fuelling of heating transients [3].
Understanding the detachment properties of a divertor, and
being able to correctly model them, is then imperative to cor-
rectly extrapolate the behaviours of current experiments to
future reactors.

Alternative divertor configurations (ADCs) are being stud-
ied to determine whether these properties are improved com-
pared to conventional designs. Examples of ADCs include
the X-divertor [4], the Snowflake divertor [5], the Super-X
divertor [6] and the X-point target divertor [7]. Devices with
flexible divertor magnetic topologies, such as TCV [8, 9] and
MAST-U [10-12], are particularly useful in comparing many
different divertor configurations with similar core plasma con-
ditions. The MAST-U Super-X divertor combines the advant-
ages of large total flux expansion [6] with a long poloidal
divertor leg length through the strongly baffled divertor cham-
bers, increasing dissipative plasma-neutral interactions. The
results of divertor plasma research on MAST-U have shown
a strong improvement in exhaust performance when com-
pared to more conventional divertors [13], in accordance with
modelling [14, 15]. These improvements include improved
access to detachment, reduced sensitivity of the detachment
front location, and additional ion sinks [12]. Measurements
of increased molecular rotational temperature during detach-
ment have been attributed to ion-molecule collisions [16],
which also lead to plasma power and momentum losses.
Reduced modelling also suggests that the longer leg may
improve the ability to buffer fast transients through the addi-
tional volume of neutrals [17]. Further work was dedicated
to core-edge integration, demonstrating high core perform-
ance with a strongly detached divertor [18], compared to the
conventional divertor in which the particle flux roll-over is
associated with a degradation of the confinement time due
to the high upstream density required [19]. Experiments on

the Super-X divertor on TCYV, instead, have shown no signi-
ficantly improved detachment characteristics in a non-baffled
configuration [20] and only modest improvements in a baffled
configuration when compared to simple analytical scalings
[21]. Possible explanations for part of this discrepancy are the
effect of strong plasma flows on the benefits of flux expan-
sion (and the related momentum losses) [22] and the difference
in baffling between the two machines [23]. Improved under-
standing of the basic physics processes related to detachment
and their consequences on the plasma parameters profiles can
help in better understanding these discrepancies.

In this work, the 2D electron density profiles obtained with
the new multi-delay coherence imaging (CIS) diagnostic [24,
25] are studied in a variety of divertor magnetic topologies
under similar upstream conditions and compared against mod-
els to determine the influence of plasma shaping on the divertor
electron density behaviour and its evolution in deeply detached
conditions in a strongly baffled divertor. These measurements
allow validating high-fidelity modelling tools, such as SOLPS-
ITER simulations, and can be a base to build reduced mod-
els which capture the main physics dominating the divertor
behaviour. In section 2, an overview of the MAST-U device is
given, and the divertor configurations of interest for this paper
are shown. In section 3, the 2D profile measurements are com-
pared in a variety of L-mode conditions. The density down-
stream of the detachment front is inferred to increase with
increasing upstream density, before peaking and starting to
decrease in the deepest stages of detachment. The target dens-
ity is inferred to decrease with increasing leg length and total
flux expansion for similar upstream conditions. These meas-
urements are discussed and compared to reduced models and
SOLPS-ITER simulations in section 4, suggesting an increase
in power and momentum losses with increasing strike point
radius and that the evolution of the density profile downstream
of the detachment front may be described as a competition of
neutral collisions slowing down the plasma and recombination
ion sinks.

2. MAST-U discharges overview

MAST-U is a medium-sized spherical tokamak with major
radius R = 0.9 m and minor radius a = 0.6 m, thus with a small
aspect ratio of A(R/a) = 1.5. All the discharges in this work
have a toroidal field on axis of ~0.65 T and a plasma current of
~750kA. Gas fuelling is performed in the main chamber from
the low field side to inhibit access to H mode [26]. Working
in L mode prevents ELMs, thus simplifying the study of the
density profile evolution using the CIS diagnostic, which in the
2nd MAST-U campaign operated with a frame-rate of 30 Hz.
The divertor leg is scanned from the elongated divertor (ED)
[13] magnetic configuration to the Super-X (SXD) divertor
configuration, both in a symmetric double-null configuration,
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Figure 1. Range of divertor configurations scanned in this work.
Separatrix taken from EFIT magnetic reconstructions at t = 0.6 s of
the core density ramps in elongated divertor #47079 and Super-X
divertor #46893.
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Figure 2. Divertor geometry parameters at the target in
ED(#47079) and SXD(#46893), plotted as a function of distance
from the separatrix at the outer midplane.

as shown in figure 1 and described further in previous work
[13]. The focus here is on long-legged configurations due to
the better diagnostic coverage of these geometries, compared
to the conventional divertor. Some details on the divertor mag-
netic geometries are given in figure 2, where the connection
length, poloidal flux expansion (Fx = B’(';’Bg /BIBY, with M
and T denoting the midplane and target while ¢ and 6 denoting
the toroidal and poloidal field components), total flux expan-
sion (Fg = B% /BT, with X, and T denoting the X-point and
target respectively ) and total field line angle at the target, thus
including both poloidal tilt of the tile and toroidal tilt of the
field line, are compared. Additional information on the dif-
ferent geometries can be found in [13]. The main difference
is the increase in total flux expansion in the SXD compared
to the ED, although the SXD also has a longer connection
length, both parallel to the total magnetic field and in the pol-
oidal plane, as well as a larger poloidal flux expansion. The
strike point field line angle with the target, which can impact
the heat flux footprint on the target and affect the direction
of the recycled neutrals with respect to the separatrix [27],
is comparable between the two geometries. NBI-heated core

density ramps (Pxgr ~ 1.5MW, Psor ~ 1 - 1.2 MW #) have
been performed in both the ED and SXD magnetic configur-
ations to study the evolution of the electron density profiles
with increasing depths of detachment at the two extremes of
the scanned target major radius range. An ohmic core density
ramp ( Psor ~ = 0.6 MW) in SXD is also analysed to study
more deeply detached conditions. The Elongated and Super-X
divertor are never attached in the experimental range examined
in this work. The minimum core density achievable in the core
density ramps is set by the onset of MHD activity, which mani-
fests itself in the divertor in the form of strike point splitting
[28]. Such conditions are avoided as they can break toroidal
symmetry( an assumption used in the camera analysis), and
they complicate comparisons with higher density conditions.
The discharges discussed in this work are:

e #48140 Ohmic core density scan in Super-X divertor con-
figuration

o #46893 Beam-heated core density scan in Super-X divertor
configuration

e #47079 Beam-heated core density scan in ED configuration

o #46895 Beam-heated strike point radius scan with constant
upstream conditions.

An overview of the core parameter evolution during these
shots is shown in figure 3. The long-legged divertor shapes
are established at 0.45s, and the scanned range of the line-
averaged core electron density is comparable in the different
density ramps, 2—4 -10'"*m~3. This corresponds to a range of
[25%, 50%] in Greenwald density fraction. The core electron
density is kept constant during the divertor leg scan, although
the divertor neutral pressure keeps increasing during the dis-
charge. The NBI power is slightly higher in the SXD core
density ramp, 1.7 MW, compared to the 1.5 MW in the ED
core density ramp and the shape scan, resulting in a slightly
higher Psor. The increasing trend of Psop during the density
ramps is attributed to an increased fraction of the NBI power
being absorbed at higher density. The Ohmic discharge has no
additional NBI power and thus a lower Psor..

3. Electron density profiles measurements

MAST-U combines state-of-the-art-diagnostic techniques,
such as multi-delay coherence imaging [24, 29] and multi-
wavelength imaging [28, 30], with a long divertor poloidal leg
in a baffled divertor chamber. The strong baffling results in
strong neutral trapping, with the majority of the divertor ion
source being generated downstream of the X-point [13]. The
divertor chamber allows a tangential view of the divertor leg
and can make it easier to diagnose compared to more compact
baffled designs, while the long divertor leg reduces require-
ments on spatial resolution and can more easily allow detailed
studies of the divertor behaviour along the separatrix.

8 Estimated experimentally as Psor = Ponmic + Pxg1 — Py /1 — Prag, with
Ponhmic, PN, Py 5 P,q the ohmic heating power, the power absorbed from the
NBI, the variation in internal energy and the core radiated power respectively.
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Figure 3. Overview of core parameters (line-averaged density,
Psor.) and divertor pressure in the discharges analysed in this work:
NBI core density ramps in SXD (#46893) and ED (#47079), NBI
heated strike point radius scan (#46895) and Ohmic core density
ramp in SXD (#48140). The vertical dashed lines show the time at
which the CIS camera saturates in discharges #47079 and #46893.
No divertor pressure measurements are available in #47079.

The electron density is one of the basic parameters describ-
ing the divertor state, with most of the processes driving
detachment, power, and momentum losses having electron
density dependencies (e.g. three-body recombination scaling
as n). This work will focus on characterizing the evolution
of this fundamental parameter, before moving on to the evol-
ution of derived quantities in future work. In particular, there
is a focus on the behaviour of the electron density in detached
conditions, which will be required for the safe operation of
future devices.

The CIS diagnostic uses interferometric imaging tech-
niques to obtain Stark broadening information of the deu-
terium (D) Balmer gamma spectral line (5 — 2, 434 nm),
which is directly related to the electron density. This inform-
ation is then used to infer 2D poloidal profiles under the
assumption of toroidal symmetry, enabling detailed studies
on the electron density profile evolution. Details on the infer-
ence technique, its validation on synthetic data, and compar-
ison against other diagnostics have been previously reported
[25].

3.1. Evolution during detachment

The behaviour of the divertor density profiles with increased
depth of detachment can be compared at the two extremes of

the scanned divertor leg strike point range using core dens-
ity ramps with fixed divertor shapes and similar core condi-
tions. The SXD and ED divertor plasmas are already detached
at the start of the discharge, but as the core density increases,
the divertor plasmas evolve as the target electron temperature
decreases further [13]. Towards the end of the discharge, as
the plasma emission increases significantly due to the onset
of electron—ion recombination (EIR) emission, the CIS cam-
era saturates. Thus, the density profiles could only be recon-
structed for a part of the density scans, as shown in figure 3
before the dashed vertical bars. A comparison of the 2D elec-
tron density profiles for the same core Greenwald fraction of
40% is shown in figure 4. The electron density is higher in the
ED configuration compared to the SXD; the poloidal spatial
profile is mostly flat in both configurations.

The evolution of the density profiles during the density
ramp along the separatrix determined by EFIT are shown in
figure 5 for the two discharges, along with the position of the
50% falling edge (‘emission front’) for the D, Fulcher band
emission along the separatrix, measured with the filtered cam-
eras of the MWI diagnostic [28], and used as a proxy for
the detachment front location [11, 12]. This allows studying
the evolution of the separatrix density profiles with increas-
ing core density, expressed as a percentage of the Greenwald
fraction fgw, as the divertor becomes more deeply detached.
The n. spatial profile along the separatrix is flat for most of
the divertor chamber in both configurations, while signific-
ant density changes are observed close to the target: at the
lowest core densities, the density profiles are non-monotonic,
slightly decreasing between the detachment front and the tar-
get. As the core density increases, the spatial profile flattens
and then starts peaking towards the target at even higher core
densities. The density peak is not observed to detach from the
target even in the most detached conditions accessed in this
discharge, although this is observed in discharges with lower
PsoL, as discussed in section 3.3. In figure 6, the evolution
of the cross-field electron density profiles during the ED and
SXD scans are mapped to the midplane and shown in normal-
ized flux coordinate space (1)’ at 3cm from the target (L =
0.03 m) along the separatrix, to avoid possible inversion arte-
facts that can develop close to the target tiles [25]. As the core
and target density increase, the spatial profile in the ED con-
figuration becomes more peaked () ~ 1.01). A high electron
density is inferred in the private flux region, which may be
attributed to the proximity of the divertor leg to the neighbour-
ing tile, but it is unclear if this is a real effect or an artefact of
the inversion, as also discussed in section 4.3. In the SXD, the
profile initially becomes more peaked, but then starts broaden-
ing again towards the end of the discharge, possibly correlated
to the approaching detachment of the electron density front
from the target, which is not reached in this discharge before
the CIS camera saturates.

°In the divertor the separatrix has a normalized flux coordinate (¢) =
%) of 1, separating the private flux region (¢» <1) and the SOL
bedge — Paxis

@ >D.
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Figure 4. 2D electron density profile in NBI heated (a) ED core density ramp #47079 and (b) SXD core density ramp #46893 at 35%
Greenwald fraction. The separatrix is shown in black. The masked off region has an emissivity <10% of its maximum. A histogram of the
plotted values is shown along the colorbar. The cross-field line starting at 3 cm of poloidal distance from the target (L = 3 cm) along the
separatrix, studied further in figure 6, is also shown.
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Figure 5. Separatrix electron density evolution in NBI heated (a) ED core density ramp #47079 and (b) SXD core density ramp #46893,
with the uncertainty in the profiles shown as a shaded region. The 50% falling edge of the Fulcher emission along the separatrix is plotted as
vertical lines. The circle markers show the position of the target.
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Figure 6. Cross-field electron density profiles (a) during the NBI heated ED density scan #47079 and (b) SXD density scan #46893 along
the cross-field section starting at 3 cm of poloidal distance from the target along the separatrix (shown in figure 4), with the uncertainty in
the profiles show as a shaded region.
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Figure 7. (a) Evolution of separatrix electron density in NBI heated core density ramps in ED (#47079) and SXD (#46893) configurations
at 3 cm of poloidal distance from the target, fit with 2nd order polynomial function. (b) Normalized cross-field density profiles in the SXD
and ED at the same core density (40% Greenwald fraction) starting at 3 cm of poloidal distance from the target along the separatrix.

A direct comparison between the two shapes can also be
made. The density on the separatrix at 3 cm from the target
is taken as a proxy for the target density'® and it is plotted
for both configurations as a function of upstream density in
figure 7. The shaded area highlights the region as a function
of Greenwald fraction for which overlapping density data is
available. A comparison of the normalized cross-field pro-
file in the ED and SXD configurations at the same upstream
density (40% Greenwald fraction) is also shown as a function
of poloidal flux, normalizing the profiles by their maximum.
The target density is consistently higher in ED configuration,
with typical target densities up to 2 - 10! m~3 larger than in
the SXD. This could be attributed to the previously reported
particle sinks present in the additional divertor volume avail-
able in the SXD [31], lowering the electron density before the
target is reached. Both ED and SXD target densities increase
by ~50% as the upstream density increases by ~50% during
the ramp. Regions further away from the target, in the middle
of the divertor chamber, do not show a strong variation in dens-
ity throughout the discharge. Comparing the cross-field pro-
files in the two configurations shows a broader electron density
profile in the SXD for the same upstream density, even when
plotting the profiles against poloidal flux and thus accounting
for the expected broadening in real space due to poloidal flux
expansion. This may suggest additional cross-field transport
in the SXD compared to the ED, which could be attributed
to the additional poloidal leg length if cross-field transport is
constant along the divertor leg.

3.2. Variation with strike point radius at constant core density

In discharge #46895 the outer strike point radius is slowly
swept from an Elongated to a Super-X configuration in L-
mode to study the effect of changing magnetic geometry on

10 The target electron density estimates from the Langmuir probes are not
reliable in such deeply detached conditions and thus cannot be compared to
the CIS estimates.

the divertor behaviour for constant core parameters. The dis-
charge has 1.5 MW of NBI power (PsoL ~ 1 MW) and a con-
stant upstream density of ~30% Greenwald fraction. The elec-
tron density profiles inferred by CIS as the leg moves from ED
to SXD along the EFIT separatrix are shown in figure 8(a) as
a function of distance from the X-point. The target position is
shown with a dot marker. The target electron density decreases
with increasing strike point radius, albeit it appears to start
rising again in the latest stages of the discharge. This could be
possibly due to the continuously increasing divertor pressure
or a change in poloidal angle between divertor leg and diver-
tor tile as the leg moves between tiles, as shown in figure 8(b).
The particle flux to the target measured by Langmuir probes is
monotonically decreasing, as will be discussed in section 4.2.
As in the core density ramps, the divertor plasma is always
detached in the scanned strike point range. A non-monotonic
electron density profile is inferred throughout the discharge,
as observed in the initial stages of the core density ramps and
in agreement with the low core density of this discharge. An
interesting feature is that the density profiles appear to lie on
top of each other when expressed in terms of poloidal distance
from the X-point. This is in agreement with previous results
showing that the Fulcher emission front remains in the same
position when scanning the divertor leg [13], suggesting that
(once it is off the target) the detachment front position is only
a function of the magnetic geometry upstream of it, in agree-
ment with simplified models [32, 33]. The behaviour of the
poloidal density profiles inferred by CIS seems to suggest that
something similar might apply for the electron density, likely
due to similar particle loss (recombination) and source (ioniz-
ation) terms as a function of distance from the X-point [13].
In figure 9 the evolution of the separatrix density at 3 cm from
the target is shown. As the leg sweeps out, the electron dens-
ity near the target decreases linearly with strike point major
radius. The higher target density at a major radius of 1.4 m is
associated with the separatrix crossing between two tiles, pos-
sibly due to a change in the poloidal angle between the separat-
rix and the target tile affecting the direction of the recycling
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Figure 9. Target density in NBI heated strike point scan #46895.

neutrals and resulting in stronger plasma-neutral interactions
[27].

3.3. Density front detachment in lower power conditions

In the most deeply detached conditions, the electron density
near the target is expected to become smaller, as further drops
in temperature promote increasingly strong ion sinks when
EIR is the dominant ion sink near the target. The behaviour of
the electron density profile under more deeply detached condi-
tions can be studied by comparing the NBI-heated core dens-
ity ramp (Psor, ~ 1.2 MW) to an Ohmic density ramp (Psor, ~
0.6 MW), where no additional external heating source is used
during the discharge. The electron density profile along the
separatrix during the Ohmic core density ramp #48140 is
shown in figure 10. The first difference that can be noticed
compared to the higher power conditions in figure 5(b) is the
generally lower electron density, correlated to the lower power
crossing the separatrix. The density profile is initially peaked
at the target, as observed in the most detached stages of the
NBI heated ramps. It then slightly increases before the dens-
ity front detaches from the target and moves further upstream,
leaving a region of low density behind ( < 1-10' m—3), con-
sistent with spectroscopic analysis [11].

SXD Separatrix evolution

5
_fGW=33% _fGW=43%
4 'fGW=35% _fc;w=49%
— fGW=37%

s

0.9 1.0 1.1 1.2
Poloidal Distance from X point [m]

1.3

Figure 10. Separatrix density evolution during Ohmic core density
ramp #48140, with the uncertainty in the profiles shown as a shaded
region. The circle markers represent the target position. The Fulcher
front is further upstream than the divertor leg section shown.

4. Discussion

The inferred electron density profiles can now be compared to
different markers of detachment, as well as to reduced mod-
els and SOLPS-ITER simulations, to explore the main phys-
ics processes driving the evolution of the density profile in the
detached region of the divertor.

4.1. Density front detachment

In the early stages of detachment (fgw < 40%) in the SXD
configuration, the density profile is non-monotonic when
expressed as a function of poloidal distance from the X-point.
The maximum along the separatrix appears to be loosely cor-
related to the Fulcher emission front (~detachment front) pos-
ition in the beam-heated discharges. This is similar to what
was observed in predictive SOLPS-ITER simulations of the
SXD divertor with ion-molecule collisions turned off [34],
where the electron density profile peaks at the detachment
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Figure 11. Comparison of the electron density and D 6—2 Balmer
emission (proxy for the electron-ion recombination) at 3 cm from the
target along the separatrix in Ohmic core density ramp #48140. The
electron temperature inferred by combining the CIS and emission
measurements and the peak ion saturation current measured by the
Langmuir probes are also shown. The increase in emission while the
ne has already started decreasing suggests a delayed detachment of
the emission front compared to the density front.

front and then starts decreasing toward the target. As the diver-
tor becomes more detached, the experimentally inferred dens-
ity profiles flatten, becoming more peaked toward the target.
This is more in agreement with the set of simulations that
includes the ion-molecule collisions, which result in a flat-
tening of the density profile near the detachment front and a
build-up of density near the target. An increased influence of
ion-molecule collisions in later stages of the discharge could
be expected by the constantly increasing neutral pressure in
the divertor during the density ramp. In simulations, the dens-
ity build-up is also associated with a drop in the plasma parallel
velocity, which will be the topic of future studies using coher-
ence imaging flow measurements. Eventually, the density peak
starts moving towards the X-point.

This is reminiscent of behaviours observed in JET and TCV,
where the density roll-over at the target is observed with a
delay with respect to the ion flux roll-over [35, 36], suggesting
that the peak in electron density profile should be downstream
of the detachment front. A significant difference is that in JET
the region of peak density along the profile moves from the tar-
get to the X point shortly after the detachment onset and at a
higher target electron temperature (7. =~ 1 eV) [37] compared
to MAST-U, resulting in a decreasing density from the X point
to the target [35, 38]. Instead, in MAST-U, the density profile
remains peaked at the target for most of the scanned range in
upstream density, as shown in previous sections of this paper,
and only detaches from the target in the most strongly detached
conditions with no additional input power.

The detachment of the density front in Ohmic conditions
can be compared to the four stages of detachment defined by
Verhaegh ef al in similar Ohmic density ramps [12]. In par-
ticular, as shown in figure 11, the detachment of the dens-
ity front ( ~37%fgw) precedes the detachment of the 6—2
Balmer line emission front at ~43% fgw (as measured by the
MWI diagnostic [28, 30]), here used as a proxy for the EIR
region. The peak particle flux to the target is monotonically
decreasing as the core density is increased, with a steeper drop
correlated to the detachment of the electron density peak. The

electron temperature, inferred using the electron density from
CIS and assuming that the Balmer emission is purely due to
EIR, is also shown. It is obtained as a solution of

€D6—2 (nea Te) - nZPECrec (nea Te) (1)
with the PEC effective emission coefficients taken from the
ADAS database'!. The significant delay between the detach-
ment of the electron density and EIR fronts is attributed to the
conditions of the MAST-U divertor, with low electron densit-
ies and low electron temperatures (< 0.5eV). In these condi-
tions, the amount of EIR is mostly driven by the low temper-
atures, as also observed in predictive simulations [34], instead
of by the dependency on electron density. As the divertor
becomes more detached, the electron density front starts mov-
ing away from the target, which drives down the amount of
the EIR, but the simultaneous decrease in electron temperature
drives more EIR and associated emission. The balance of the
two effects results in a delayed detachment of the EIR front
compared to the electron density front. This delay might be
smaller in higher density conditions, where the amount of EIR
is more sensitive to its density dependence (o< n?) as observed
in C-MOD [39]. A delayed roll-over of the recombination rate
peak (7. ~ 0.8eV) compared to the target electron density
peak (7. = 1eV) was also observed on JET [37, 40].

4.2. Comparison with analytical models

The behaviour of the density near the target can be used in con-
junction with reduced analytical models to infer the increase
in total power and momentum losses with increasing total flux
expansion and the volume available for plasma-neutral inter-
actions. The modified two-point model [41] can be used to
relate upstream conditions, characterized by the parallel heat
flux q|| , and total pressure pyq 4, to the target electron density,
temperature, and particle flux through power and momentum
balance along a flux tube. Power and momentum losses along
the flux tube (e.g. from volumetric and cross-field transport
effects ) are expressed through fractional loss terms, f.oo and
Jfmoms respectively. It can be expressed as:

2 2 2
thpM _ 8m; dj|u (1 —feoot) <Ru> )
/72 ptzol,u (1 _fmom)2 Rt
oot 7 Piota (1= finom)” (R ) - 3
' 32m; q|2|,u (1 _fc001)2 R,
FzPM _ iptzol,u (1 _fmom)2 (Ru> ! (4)
8m; q||,u (1 _fcool) R,

with m; and v ~ 7.5 the ion mass and the sheath transmission
coefficient respectively. The effects of total flux expansion are
explicitly accounted for by the ratio in the upstream and tar-
get major radii, R, and R,, assuming that the magnetic field

11 The PEC rates in the standard ADAS database only extend down to 7. =
0.2 eV. The rates have been extrapolated to 7. < 0.2eV as required to explain
previous spectroscopic measurements in similar MAST-U discharges [11, 12].
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Figure 12. Ratio of inferred target quantities (@) and integrated momentum and power losses (b) in the NBI heated SXD (#46893) and ED

(#47079 ) core density ramps.

strength decays radially B oc R~', which is well met in the
equilibria considered for this work. The lack of simple mod-
els for f.oo1 and fiom during detachment makes a comparison
of the absolute density measurements against the model diffi-
cult. However, these losses incurred before reaching the target
can be estimated experimentally by putting together the elec-
tron density measured near the target by the CIS with the peak
particle flux measured by the target Langmuir probes. Taking
the ratio of equation (3) in SXD and ED, assuming the same
q)|,u and py,,, in both discharges when compared for the same
upstream density, and substituting it in the ratio of equation (4)
for the two configurations gives

)
(1 —feool)sxp _ Texp "e,5xD Rsxp

= - (5)
(1 —feool)Ep I'ep ”e,ép Rep
(1 _mem)SXD _ FgXD n;SIXD ©6)
(1 = fimom)gp Tip ”;ED

These equations express the ratio of power and momentum
reaching the target in the SXD compared to the ED. Similar
equations can be found using an extension of the two-point
model that explicitly accounts for possible momentum losses
due to total flux expansion in the presence of significant
plasma flows [22]. An increase in these losses has been pro-
posed as a possible explanation for the weaker-than-expected
particle flux decrease with increasing strike point radius on
TCV [22]. In this case, the momentum loss term can be
divided between a term accounting for volumetric and cross-
field momentum losses (1 — fsmom) and a term accounting for
geometric losses, which is a function of the effective Mach
number Mg [22], thus

(1 _fmom) = (1 _meom) (Ru> e . (7)

Assuming the value of M. does not vary significantly between
the ED and SXD configurations, the ratio of the volumetric and

cross-field momentum losses can be expressed explicitly as

2
Mett

—1 el
(1 _fsmom)sxn _ T3xp Me.5XD <RSXD> 1M ®)
(1 —f Smom)ED I%D ”e_,ll:]) Rep

While experimental values of M. are not available, 3 limiting
cases can be considered:

e A case where the effect of flows is not significant (Mg = 0),
leading to no additional momentum losses and the original
2PM equation (6)

e A case using a characteristic M.y value computed from
interpretative  SOLPS simulations of the discharges
(explored more in section 4.3) (M3QLPS ~ 0.5)

e A case which maximizes the effect of geometric losses and
minimizes the volumetric effects (Mg; — 00)

The inferred target electron density and particle flux ratios
between the SXD and ED during the NBI heated core dens-
ity ramps are shown in figure 12(a) as a function of core
Greenwald fraction, along with the 7, ratio that can be inferred
from the two measurements, assuming sonic flows at the target
as in the traditional 2 point model:

XD 2 -2
T8 _ T'sxp "e,sxp

7

®

2 )
Iep e ED

The target electron density and particle flux are lower in the
SXD by about 50% and 60% compared to their values in
ED, respectively. Therefore, based on equations (8) and 9, the
inferred power (1 — feoo1) and momentum (1 — fiom) reaching
the target are ~60%—70% smaller in SXD than the ones in ED,
as shown in figure 12(b), evidence of the significant improve-
ment in performance with increasing poloidal leg-length and
total flux expansion.

The particle flux, electron density, power loss, and
momentum loss ratios all show a slightly decreasing trend
towards higher upstream densities. This suggests that the
increased benefits from long-legged configurations are
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Figure 13. Ratio of inferred target quantities (@) and integrated momentum and power losses (b) as the leg is swept from ED to a larger

target radius in NBI heated strike point scan #46895.

stronger in higher divertor neutral pressure conditions, prob-
ably due to the increased role of volumetric losses.

The strong increase in momentum losses in MAST-U is
much larger than what would be expected from geometric
effects alone. Using MS2MFS leads to ~95% of the increase
in momentum losses being attributed to volumetric and cross-
field effects, while even in the limit case MZ; this value is
still of ~79%. This suggests that in MAST-U the momentum
losses are dominated by volumetric and cross-field effects,
compared to TCV in which the geometric term may play a
more dominant role. A possible explanation of this difference
is the stronger baffling on MAST-U, increasing the strength of
the volumetric effects and reducing the neutral leakage to the
midplane, and thus the flow toward the divertor of the neutrals
ionized in the main chamber.

A similar type of analysis can be applied to the poloidal leg
length scan with constant upstream conditions. In this case,
the inferred values are normalized to the initial value of the
scan, with the strike point major radius at 1.15 m. As the leg is
swept out, both the target electron density and the particle flux
are observed to decrease by ~50%, as shown in figure 13(a).
The momentum and power reaching the target are shown in
figure 13(b), and they are inferred to strongly decrease from
their initial values as the leg is swept out, leading to a ~60%
reduction in both power and momentum. In this case, volumet-
ric and cross-field momentum losses are inferred to dominate
over momentum losses related to flows over the entire scan,
with average values of 97% and 90% of the momentum losses
in the M3QMPS and MS5 cases, respectively.

4.3. Comparison with SOLPS-ITER simulations

The inferred poloidal electron density profiles can be com-
pared against the profiles from interpretative SOLPS simula-
tions of these discharges presented in previous work [13, 14]'?
to validate the capabilities of the code in the strongly baffled

12 The SXD simulation is based on experimental discharge #46860, of
which #46893 is a repeat discharge with comparable evolution of the main
parameters.

long-legged conditions available on MAST-U. To account for
possible artefacts and systematic errors that can appear during
the tomographic inversion to obtain the 2D profiles, the meas-
urements are also compared to ‘synthetic’ 2D profiles (with
their respective uncertainties) obtained by using the SOLPS
profiles to generate synthetic CIS data, which is then tomo-
graphically inverted as previously done to characterize the per-
formance of the diagnostic [25]. The experimental times cor-
responding to the simulations are chosen by matching the mid-
plane electron density, measured by Thomson scattering at the
separatrix inferred by the EFIT magnetic reconstruction, to the
midplane electron density in SOLPS, and roughly correspond
to the start of the density ramps. The SOLPS simulations are
in a comparable depth of detachment as experiment, as can
be noticed by the similar position of the modelled and experi-
mental Fulcher emission front location, shown in figure 14(c)
and 17.

The 2D n, profile obtained from the interpretative simula-
tion, including drifts, of ED discharge #47079 with a simulated
power crossing the separatrix of Psort> = 1 MW, is shown in
figure 14. Also shown is the comparison between the experi-
mental and simulated electron density profiles along the sep-
aratrix. Analogously, the cross-field profiles are compared at
5 and 20 cm from the target in figure 15. Overall, there is
good agreement with the interpretative simulation in both the
magnitude and shape of the profiles. While the experimental
profile is inferred to be slightly decreasing downstream of the
density maximum near the detachment front, the profile is still
in agreement within uncertainty with the simulated profile,
which is peaked at the target. While the agreement between
experimental and simulated profiles is reasonable, the cross-
field synthetic SOLPS profile shows an underestimation of the
density in the PFR near the target. That suggests a possible
limitation of the camera view when trying to reconstruct the
behaviour in the narrow gap between the separatrix and the
tile close to the target in this magnetic geometry, and thus the
inference results may be unreliable and the good agreement
not reproducible in that region.

The electron density profile is less in agreement in the SXD
case, compared to both a simulation with and without drifts
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Figure 15. Comparison of experimental, simulated, and synthetic electron density profiles across the separatrix at 5 cm (a) and 20 cm (b)

from the target in ED NBI-heated discharge #47079.

enabled, as shown in figure 16. Given the density peak near the
bottom of the divertor, not observed in experiment, the simu-
lation without drifts has been used to generate the synthetic
CIS profiles, as overall the spatial profile has been deemed in
better agreement.

The peak density in the experimental profile is comparable
to the peak density in the simulation without drifts, while being
larger than in the simulation with drifts. The spatial profile
along the separatrix is also different, with the experimental
inference showing a peak in the middle of the chamber and
then decreasing toward the target, while the simulations show
either a flat profile (with drifts) or a profile peaked at the tar-
get (without drifts), as shown in figure 17. Better agreement is
obtained if the simulated profiles are compared to later times
during the core density ramps, as the experimental density

1

profiles flatten in the divertor chamber, although the inferred
non-monotonic profile is still not observed in simulations of
more attached conditions.

Another difference is in the extent of the cross-field pro-
files, where the simulation with drifts predicts a broader pro-
file with significant spreading in the PFR, leading to a build-
up of density near the bottom of the divertor. While a shift
of the density profile toward the PFR is observed in experi-
ment, no peak in density near the bottom tile is inferred by the
CIS. Furthermore, the existence of such a significant density
peak in the PFR would also lead to a peaked Balmer emis-
sion profile near the bottom of the divertor, also not observed.
The cross-field profiles are compared in figure 18 at a parallel
distance from the target (Lpo1) of 10cm and 40 cm. At 40 cm
from the target, the profile is in reasonable agreement with
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Figure 17. Comparison of experimental (#46893), simulated, and
synthetic electron density profiles along the separatrix for SXD
NBI-heated discharge #46860. The experimental and modelled
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both simulations, in particular regarding the sharp drop in the
PFR and the peak density. Closer to the target (Lpo = 10 cm),
the peak density is in better agreement with the simulation with
drifts, although the peaking of the density near the bottom tile
is not observed. The profile width in the far SOL is compar-
able between simulations and experiment. Overall the compar-
ison suggests that, although the 7. values are generally in reas-
onable agreement, and regardless of if the drifts are included
or not, the SOLPS simulations do not reproduce the inferred
non-monotonic n, profile along the separatrix. Furthermore,
the effect of drifts in these simulations of deeply-detached
SXD geometries may introduce additional discrepancies with
experimental data in the form of a density peak near the wall in
the PFR which is not observed in experiment. Future compar-
ison in attached conditions could indicate if this is related spe-
cifically to the longer-legged geometry or to the temperature

the uncertainty of the Stark-broadening-based measurements,
and thus making a detailed comparison of the profiles from
SOLPS and CIS along and across the separatrix less reli-
able. Furthermore, numerical instabilities are observed in the
SOLPS simulations after the electron density front detaches
from the target. Therefore, the comparison of experimental
measurements of density with SOLPS predictions has been
limited to the values on the separatrix and close to the target,
where the densities are highest and the inference more reliable,
to compare the early stages of the density front detachment
from the target observed in Ohmic conditions with the sim-
ulations. The inferred electron densities along the separatrix
at 5 and 20 cm from the target are compared with increasing
upstream electron density to a series of SOLPS simulations
without drifts, with Psor, = 0.6 MW, and increasing fuelling
rate in figure 19. The inferred divertor electron densities are
in reasonable agreement throughout the density scan up to the
density front detachment, albeit the density very close to the
target is slightly overestimated by the simulation, as observed
in the NBI-heated case. This may suggest improved agreement
in lower electron temperature conditions, dominated by EIR.

4.4. Neutral drag and electron density build-up near the
target

Trying to understand possible reasons that could explain the
discrepancies between experiment and SOLPS simulations in
the NBI heated SXD case (figure 17) is instructive to determine
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the dominant physical processes at play in setting the electron
density profile downstream of the detachment front. In turn,
the density profile can then affect the amount of power and
particle losses in the detached region of the plasma and affect
the resulting particle and heat fluxes at the target.

The evolution of the electron density profile down-
stream of the detachment front during the core density
ramp is in qualitative agreement with simple modelling
based on the competition of neutral drag, which increases
the electron density, and recombination ion sinks, which
decrease it.

Considering a 1D model along a flux tube and neglecting
cross-field transport, the density at each point will be given by
the solution of the continuity equation. Focusing on the region
downstream of the detachment front, where negligible ioniz-
ation is assumed, the density at each point (T) will be a func-
tion of the density at the detachment front (DF), the integrated
volumetric recombination between the front and the point, and
the flow velocities at the detachment front and the point T. The
effect of non-constant cross-field area (4) can also be accoun-
ted for, such as in the presence of total flux expansion along

the flux surface:

S [fe (x) v (x) A (x)] = —Srec (x) A (x) (10)

DF
nDFVPEAPE _ Iy TAT — / Srec () A (x) x. an
T

Given the lack of ionization downstream of the detachment
front and the presence of strong volumetric particle sinks in
the MAST-U divertor [31], which would tend to lower the elec-
tron density, another mechanism must be present to increase it
and explain the peaked density at the target in experiment and
SOLPS simulations. A possible explanation is that a strong
drop in parallel velocity must be present, which has also been
observed in predictive SOLPS simulations of the Super-X
divertor and has been attributed to ion-molecule collisions
[34], consistent with spectroscopic analysis of D2 molecules’
rotational temperature [43].

The non-monotonic behaviour of the density spatial pro-
file along the separatrix at the start of the SXD discharge
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Figure 20. Comparison of SOLPS n. profile with the results of the 1D model taking the information from SOLPS and the 1D model using
the simplified scaling laws. Plotted against 7. (left) and poloidal distance downstream of the detachment front (right).

(section 3.1) can then be understood as MAR recombina-
tion processes dominating over the neutral drag near the tar-
get. As the core density ramp progresses, the neutral pres-
sure in the divertor rises, increasing the drag. Furthermore, the
increase in neutral pressure is also consistent with a reduc-
tion in the electron temperature, which can also reduce the
efficiency of the MAR particle sinks [44]. This is consist-
ent with a flattening of the electron density profile or even a
peaking at the target. Lowering 7, also promotes EIR in later
stages of the discharge [31]. Eventually, the EIR losses become
strong enough to dominate over the effect of the neutral drag
and cause a reduction of the electron density near the target
and the movement of the electron density peak away from
the target, as observed experimentally in Ohmic conditions
(figure 10).

To try and show this behaviour qualitatively, the continuity
equation can be solved numerically between the detachment
front and the target using effective ion recombination rates for
MAR and EIR and taking information on the neutral drag from
the SOLPS simulations. Details on this simplified model are
given in appendix.

The solution of the equation leads to the non-monotonic
behaviour shown in figure 20(a), with the density increas-
ing downstream of the detachment front down to 1.5eV and
then decreasing at lower temperatures. The second peak at
0.2-0.5eV is in an intermediate temperature range, where the
MAR particle losses become less significant but the temper-
ature is still too high for significant EIR losses at these low
ne values. The profile can also be compared to the solution
obtained assuming no drag (i.e. v’F' =v7), where the dens-
ity monotonically decreases downstream of the front, and to
the solution neglecting MAR losses, which reaches signific-
antly higher peak densities, highlighting how both of these
processes are necessary to obtain peak densities along the pro-
files comparable to the SOLPS results.

Using the same information on the temperature gradi-
ent used to solve the equation, %(Te), the density curve can
be expressed as a function of poloidal distance downstream
of the detachment front, and thus directly compared to
the experimentally inferred values, shown in figure 20(b).

1.50
— P =310"m? — pF=110"m>3
1.25{— n¥=110%m> =-- Recombination emission
— nP=510"m>?
1.00

0.75
0.50

Normalized Profiles

0.25

0.00

Figure 21. Comparison of n. and D, EIR emissivity profiles
normalized to their respective maxima, obtained by solving the 1D
model extrapolation at higher density. The second peak at the target
vanishes at higher densities due to the stronger sinks.

Although the agreement with experiment is not perfect, the
comparison suggests that a model based on the competition of
neutral drag and volumetric particle sinks can produce non-
monotonic electron density behaviour comparable in mag-
nitude to what is observed in experiment. If the divertor densit-
ies are higher, the volumetric particle sinks will also increase,
and it is reasonable to expect that this non-monotonic density
behaviour would become stronger, and the density would not
be able to rise again near the target at intermediate temper-
atures (T, < 0.7¢eV) as EIR sinks would already be strong at
those temperatures.

This behaviour can be qualitatively tested by obtaining
scalings for the required data to solve the continuity equation
to higher densities, as detailed in appendix. The curves
obtained by solving the equation using these interpolated scal-
ings instead of the values taken directly from SOLPS are com-
pared to the previous curves in figure 20. It can be noticed how
the second density peak near the target is over-estimated, as
the scaling does not fully capture the flattening of the parallel
velocity very close to the target predicted by SOLPS.

Using these scalings and scanning the starting electron
density at the detachment front leads to the results in figure 21.
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At low electron densities at the detachment front, the n. pro-
file has a second peak at the target, caused by the low amount
of recombination until very low temperatures are reached (<
0.3eV). As the detachment front densities increase, so do the
ion sinks, and this behaviour is not observed. The peak dens-
ity along the profile is now at the first local maxima, before
MAR ion sinks lead to a decrease in density. The peak density
along the profile keeps moving to higher electron temperatures
as the electron density increases and suggests that the dens-
ity front would be easier to detach from the target in higher-
density machines compared to MAST-U.

The ne and T, information can also be used to model the EIR
emission for the D, Balmer line using equation ( D'3. The ne
and € profiles normalized to their respective maxima are com-
pared in figure 21. At low electron densities, the EIR emis-
sion is peaked at the target and starts decreasing (i.e. detaching
from the target) at lower temperatures than the density front,
as observed experimentally in MAST-U. At higher detachment
front densities, the EIR emission presents two peaks, one cor-
responding to the density peak and one at low temperatures,
which would be at the target if electron temperatures < 0.5 eV
can be achieved. The extrapolated behaviours at higher densit-
ies are in qualitative agreement with the behaviour reported on
JET: a density peaking at the target at higher upstream dens-
ities (and lower temperatures) than the ion flux roll-over, and
a continuously decreasing target density after the maximum is
reached. Furthermore, two peaks in recombination emission
are observed in deep detachment, the first close to the max-
imum density (near the X-point) and the second one at the tar-
get driven by low electron temperatures [38].

5. Conclusions

The behaviour of the 2D electron density profile in the MAST-
U divertor has been characterized in L-mode discharges with
varying strike point radius, upstream density, and input power,
highlighting the potential of CIS diagnostics to characterize
the behaviour of the divertor plasma parameters.

As the divertor poloidal leg length and total flux expan-
sion are increased in strongly baffled conditions, the power and
momentum losses along the separatrix are inferred to strongly
increase, resulting in decreasing target electron density and
particle flux and highlighting the increased exhaust perform-
ance of the Super-X divertor. This contributes to previous stud-
ies on the benefits of long-legged and totally flux expanded
divertor configurations [13, 14], which might be required to
operate higher power machines, such as reactors, safely.

The electron density profile downstream of the detachment
front was studied as the divertor detachment state evolves and
the ionization region moves away from the target. The electron
density profile is inferred to peak downstream of the detach-
ment front and exhibits a complex behaviour. It is character-
ized by an initially non-monotonic profile, the building up

13 This does not include possible effects of plasma-molecular interactions on
the Balmer emission.

of a density peak near the target, which then moves away
from the target and towards the X-point. This behaviour is in
qualitative agreement with its simplified modelling as a bal-
ance between different ion recombination processes and neut-
ral drag acting on the plasma flow, suggesting these are the
main processes determining the electron density profile down-
stream of the detachment front in the MAST-U conditions.
Extrapolating this model to higher electron density conditions
than those available on MAST-U shows that the target density
peak at low temperatures vanishes, as the effect of EIR sinks
becomes stronger at higher electron temperatures, and that the
density peak is expected to detach from the target at higher
temperatures.

Comparison of the electron density profiles inferred from
the coherence imaging measurements with interpretative
SOLPS-ITER simulations shows generally reasonable agree-
ment in the electron density profiles along and across the
separatrix. Some discrepancies are observed in moderately
detached conditions, where the experimentally inferred non-
monotonic profile along the separatrix in the early stages of
the Super-X density ramp is not well reproduced by SOLPS.
This is attributed to an overestimation of the effect of drag
or an underestimation of the particle sinks near the target,
thus predicting a density profile peaked at the target. Better
agreement is found in more deeply detached conditions, in
which the detachment of the electron density peak from the
target appears to be tracked well by SOLPS. The predicted
shift of the electron density profile towards the PFR also
appears stronger in SOLPS simulations compared to exper-
iment. Further comparisons of experimental data and mod-
elling are required to determine the cause of these possible
discrepancies and how they vary with divertor geometry and
depth of detachment.
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Appendix. A simplified model balancing neutral
drag and ion sinks

The continuity equation (equation (11)) can be expressed as a
function of electron temperature through a change of variables,
and assuming A « R:
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R(T)
RDF

R(T.) X
RDF Te

neDFVDFADF o HZVT (Te)ADF

7DF
J;

e

Srec (Te) APF (Te)T.. (A1)

The volumetric particle sinks can be expressed in terms of the
effective rates for EIR (ACD), taken from the ADAS database,
and effective molecular activated recombination (MAR) rates,
obtained from AMJUEL [44]:

DF
ne

DF _ T,

(S

TDF
J;

e

14

(ACD (ne,Te)ni + MAR (ne, T.)

xnenp, (Te)) % (Te) ¢ (A2)
where the values of n?F v(T.),np,(T.) and the temperature
gradient g (T.) are taken from the respective interpretative
SOLPS simulation.

The equation can then be solved numerically iteratively
by starting from the detachment front (assumed as a temper-
ature front at TP¥ = 3eV) and taking steps towards lower

temperatures.

n(T, + AT)

DF
_ DF v

e VFI(T. + AT R(T.)
1 RDF i+1

L T AT R 2 (aco (L) ()’

RDF

+MAR (né, T;) nénD2 (Té))

dT.
(A3)

The solution of the equation for the SXD NBI heated sim-
ulation discussed in section 4.3 is shown in figure 20.

To extrapolate the behavior of the electron dens-
ity profile to higher density conditions, the values of
v(Te,Lt),np, /ne(Te,Ly) and %(TB,LT) are interpolated over a
series of SXD SOLPS simulations at different heating powers
and fuelling levels as a function of electron temperature and
parallel distance from the target (L7). The solution of the con-
tinuity equation extrapolated to higher densities is shown in
figure 21.
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