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ARTICLE INFO ABSTRACT

Keywords: Plasma detachment in tokamaks is necessary in future tokamaks to sufficiently reduce the heat flux to the
Detachment target. It involves interactions of the plasma with impurities and neutral particles, leading to significant losses
DLS model of plasma power, momentum, and particles. An accurate mapping of plasma emissivity in the divertor and

Radiation detachment X-point region is essential to localise and infer the power losses influencing the detachment process. The

E:\]/l];wer recently validated InfraRed Video Bolometer (IRVB) diagnostic, in MAST-U (Federici et al., 2023), enables this
Confinement mapping with higher spatial resolution than more established methods like resistive bolometers.

Impurity power losses In previous preliminary work (Federici et al., 2023a), the detachment of the radiation from the target
(radiative detachment) was characterised in L-mode (power entering the scrape-off layer, Pg,, ~0.4 MW). With
a conventional divertor the inner leg consistently detached ahead of the outer leg, and radiative detachment
preceded particle flux detachment. This work presents results also from the third MAST-U experimental
campaign, fuelled from the low field side instead of the high field side, including Ohmic and beam heated
L-mode shots (with a power exiting the core up to Pg,; ~1-1.5 MW).

The radiation peak moves upstream from the target at lower upstream densities than the ion target flux
roll-over (typically considered the detachment onset), while radiation on the inner leg detaches before the
outer one in high field side fuelled shots and about at the same time in low field side fuelled ones. The
movement of the radiation is in partial agreement with the expectations from the DLS model (Myatra, 2021;
Cowley et al., 2022; Lipschultz et al., 2016), predicting a sudden shift from the target to the X-point on the
inner leg. The energy confinement is found to be related to detachment, but there seems to be some margin
between the radiation peak caused by impurity radiation reaching the X-point and confinement being affected,
a beneficial characteristic if it could be extrapolated to future reactors. For increasing Py, the particle flux
roll-over happens for similar upstream densities. Comparing the total radiated power with the D, Fulcher band
emission evolution shows that in a conventional divertor a significant fraction of the radiated power is due to
carbon radiation (outside of the divertor chamber).
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Fig. 1. Poloidal (a) and top (b) view of MAST-U, showing the comparison of the
resistive bolometer system LOS (magenta) with (a) a colour plot obtained by scanning
all the voxels with a 1 W/m® emitter and integrating the power absorbed by the foil,
indicating the regions of higher sensitivity of the IRVB, and (b) the edges of the FOV
(yellow, mostly counter-NBI). In (b) is also the position of neutral beam injectors (NBI,
green). Adapted from [6,7]. For reference the separatrix of a typical plasma is shown as
an overlay of a blue dashed line. The FOV for MUO2 and MUO3 is shown and the edges
of the MUO1 FOV are shown with dashed black lines. The region delimitated by the
green solid line indicates voxels with a good tangential and poloidal view, therefore the
regularisation of the inversion is reduced and resolution increased. For interpretation
of the references to colour in this figure legend and all the following, the reader is
referred to the web version of this article.

1. Introduction

MAST-U is a spherical tokamak at the Culham Centre for Fusion
Energy (CCFE) in the United Kingdom [1,2]. It features a double null
(DN) plasma, strongly baffled divertor configurations, and can sup-
port an innovative Super-X divertor (SXD), which significantly reduces
outer target heat loads and improves access and stability of plasma
(e.g. ‘particle’) detachment [3-5].

In this work, we investigate the radiative power dissipation and its
evolution as detachment progresses on MAST-U. To accurately measure
the total radiative emissivity profile, multiple resistive bolometer arrays
are installed to monitor the core and divertor chamber. To complement
the resistive system and fill the gap from the X-point to the divertor
chamber (see Fig. 1), a prototype Infrared Video Bolometer (IRVB)
was installed, aimed at the lower X-point. This diagnostic was recently
validated [8] and its data have already been used to complement
various scientific endeavors [3,5,9-11]. Until now, the resistive system
has been affected by significant noise that, while still allowing the cal-
culation of the total radiated power from the core, prevented detailed
measurements of the movement of the radiation front in the divertor
chamber. Although the IRVB cannot reconstruct the radiative emissivity
map in the Super-X divertor chamber, due to its viewing location, its
field of view (FOV) is adequate for investigating the radiative emissivity
distribution in the Conventional Divertor (CD) configuration [7].

This paper presents the initial results from the analysis of the IRVB
data from the first MAST-U experimental campaign (MUO1) and third
(MUO03) L-mode CD shots focusing on changes in the total radiated
power spatial distribution along the divertor legs in connection with
detachment.

Usually, when the plasma is attached to the target in high recycling
a region with strong thermal gradients (thermal front), high total
radiative emissivity and high ionisation rate is present on the divertor
legs close to the strikes points [12]. The radiation is due to volumetric
processes like hydrogen/impurities electron-impact excitation. These
strongly depend on the impurities species and the temperature/density
profiles in the plasma [13] . When the core density increases, the target
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temperature decreases while the target electron density and ion flux
increase, maintaining a similar plasma pressure all along the separa-
trix. After the target temperature reaches a certain threshold (usually
3-5 eV [3,14]), volumetric momentum losses begins to occur and the
ion target flux decreases (a classical marker for detachment onset). A
region of low temperature grows at the target and the plasma pressure
decreases within this region. We will refer to the region where the
pressure starts decreasing as detachment front. This is usually related
to the ionisation front, the downstream edge of the region with strong
ionisation [5]. The thermal front and the radiation associated with
it also move upstream towards the X-point ("detach’ from the target)
along the separatrix. If the radiation comes mainly from hydrogenic
processes, the thermal front movement will be approximatively aligned
with the ionisation/detachment front. If the dominant source of radia-
tion involves impurities, that radiate the most at higher temperatures,
then the peak emission could recede from the target and move upstream
before detachment occurs [15]. Thermal front detachment was the sub-
ject of significant modelling efforts using simplified analytical models,
among which is the detachment location sensitivity (DLS) model, which
aims to predict the location and sensitivity of the thermal front loca-
tion [12,16,17]. Assuming the thermal front and the region with peak
emission coincide, we will compare this prediction with experimental
observations. The movement of the thermal front (represented by the
3-5 eV temperature region) was investigated with MAST-U Super-X
interpretative SOLPS simulations, noting that it matches the movement
of the D, Fulcher emission front from experiments [3]. The Fulcher
emission is then correlated with the ionisation front [4]. In MAST-U
Super-X chamber the main source of radiation is hydrogenic, so this
also coincides with the peak radiation [5,7].

2. Diagnostic improvements

Before discussing our experimental results, we will first discuss the
IRVB diagnostic implementation and its various improvements. IRVB
measurements first started in MUO1, further documented in Refs. [7,8].
The geometry of the IRVB was optimised in MUO2 to provide a more
detailed view of the plasma around the X-point by retracting the foil
from the pinhole, from 45 mm to 60 mm. As a downside, now the
FOV extends up to ~15 cm below the midplane. This makes it harder
to observe high field side (HFS) MARFE-like structures, but these are
usually poloidally extended enough to still be visible. A significantly
thinner platinum absorber foil than expected (measured ~0.72 pm
instead of nominal 2.5) [18] resulted in higher signal levels than ex-
pected [8], enabling this modification. The IRVB geometry optimisation
also reduced the portion of the foil shaded by the P6 coil (see Fig. 1)
and increased the coverage of the divertor chamber (Figure 2.5a to 2.5b
in [7]1). The IRVB geometry was verified to improve the accuracy of the
geometrical calibration beyond the design specification. The internal
pinhole location was accurately triangulated with sub-mm precision
with CALCAM fits from multiple angles [19], returning a ~3.9 mm shift
with respect to the target parameter. Together with the exact location
of the IRVB flange on the vacuum vessel, the precise FOV for MUO02,
MUO3, and the future MUO4 was determined, shown in Fig. 1. This
improved IRVB FOV characterisation has greatly improved the accuracy
of IRVB measurements, enabling it to distinguish if radiation is at or
slightly (a few cm) away from the plasma surface facing components
in the divertor.

After a camera image is obtained by the IRVB, a Bayesian tomo-
graphic inversion is performed to obtain a 2D radiative emissivity
map [7]. This inversion is performed with an arbitrary regularisation
coefficient to reduce noise on the inversion. Unlike previous results,
spatial binning of the camera pixels has been disabled, improving the
inversion by making use of the full resolution available from the cam-
era. Additionally the regularisation is reduced for the region that can
be well imaged in both the poloidal and tangential views, delimitated
by a green line in Fig. 1(a), allowing for a higher spatial resolution.
A running average smoother (~30 ms) is applied over time to remove
temporal oscillations presented previously [8], hence the data will be
presented with such time resolution.
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Fig. 2. Typical emissivity distribution in a density ramp for a conventional divertor,
L-mode, HFS fuelled, Ohmic plasma (shot 45473, DN and I, = 600 kA, same used
in [8]). First, both inner and outer targets are radiatively attached (a), then the inner
detaches (b) up to the X-point (c). Further increasing the density a radiation MARFE-like
structure start to grow on the high field side (HFS) midplane with the outer leg still
attached (d), then the outer leg starts detaching (e) and the radiation on the separatrix
moves further inward the core (f) leading to a disruption. Note that all images have
the same bar ranges. In e the red line in the divertor indicates the approximate upper
bound of the DMS LOSs and MWI FOV. In (f) is also shown the definition of I:mk and
Lsyq,- The purple line indicates the are used to calculate the radiation baricentre in the
core.

3. Typical total emissivity results

L-mode DN shots are analysed in this paper, as upstream conditions
are difficult to control in H-mode. The data is from the MUO1 and MUO3
campaigns. The only impurity present in significant quantities is the
intrinsic carbon from the walls.

MUO1 was the first experimental campaign in MAST-U and it was of-
ten characterised by the presence of MHD activity (possibly influenced
by error fields) and imprecise plasma positioning control, which neg-
atively affected the overall plasma performance (shots 45468, 45 469,
45470, 45 473). The shots are Ohmically heated with fuelling from the
HFS, have a plasma current I, = 600 kA and have a power crossing the
separatrix (Pgp;) ~0.4 MW (determined as the Ohmic power minus the
power radiated in the core measured by resistive bolometry).

In MUO3 similar shots were performed with a more optimised
scenario, yielding better overall performance. They are characterised by
a higher starting density, so the transition of the radiation detaching on
both legs cannot be observed (shots 47 950, 47 973, 48 144). The shots
are Ohmically heated with main fuelling from the low field side (LFS),
1, =750 kA and Pgpp ~ 0.5 0.6 MW.
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LFS fuelling was employed to enable higher power L-mode opera-
tion, making the scenario compatible with off-axis (SW) 1.5-1.8 MW
NBI heating [15] by disrupting the pedestal flow shear hence raising
the L-H threshold. These beam-heated L-mode discharges allow us to
verify if the detachment evolution changes with a higher Pg,; and
were meant to better probe the initial stages of detachment (at higher
Py a higher n, is expected to be required to achieve detachment),
featuring I, = 750 kA and Pgop ~ 1 — 1.5 MW.

First we will describe the typical evolution of the radiative emis-
sivity during a core density ramp where the divertor is progressively
cooled. A typical MUO1 discharge with HFS fuelling is shown in Fig. 2.

The peak of the radiated power is initially at the strike points.
Increasing the upstream density a second region with high emissivity
forms on the inner leg close to the x-point, while still some is present at
the target (Fig. 2(b)). The second region could be due to processes like
electron-impact excitation (EIE) of deuterium or impurities, that can oc-
cur in the volume at intermediate temperatures, happening upstream as
the target temperature decreases. Processes like recombination instead
occur at lower temperature. Progressively the target emission dimin-
ishes and ultimately disappears, while the emission upstream increases
and moves closer to the x-point. During this period the emission in the
outer leg still remains peaked at the target, albeit slightly increasing
upstream. This shows that the radiation region detaches from the inner
target consistently at lower densities than the outer target. The outer
leg dissipates significantly more power than the inner one, even if it
has often lower emissivity, due to its larger volume integral (at least 5
times). After the inner leg radiation reaches the X-point, it progresses
upstream towards the midplane along the inner separatrix. A MARFE-
like structure appears at the HFS midplane even before the outer leg
radiatively detaches. This is likely caused by HFS fuelling, as the inner
gap (~4 cm) is sufficiently large to avoid interactions with the HFS
column and this phenomenon does not occur in shots fuelled from the
LFS (MUO2 and MUO03). During this transition, the radiation on the
outer leg gradually recedes from the target, ultimately reaching the X-
point. This is not characterised by bright regions sharply separated as
for the inner leg, even is this could be an artefact due to the inversion
smoothing. For this HFS fuelled discharge with a conventional divertor,
the transition on the outer leg happens at the same time or after the
MARFE appears, potentially indicating that the cause of its detachment
could be a Pg,; reduction due to the additional power losses due to
the MARFE.

The presence of the MARFE-like structure is also observed in inter-
pretative SOLPS simulations [3] and is confirmed by high speed visible
imaging, Thomson scattering (TS) measurements (that shows a region
of high density and low temperature penetrating the core from the
HFS midplane) and resistive bolometry (increased brightness of the LOS
close to the central column). The latter is routinely used to verify if a
peaked emission close to the inner midplane in the IRVB inversions
constitutes an artefact or a true MARFE-structure occurrence (artefacts
are more common with the MUO2 and onwards optimised IRVB FOV).

When the radiation reaches the proximity of the last closed flux
surface the spatial resolution is insufficient to distinguish if this is in
the core or in the scrape-off layer (SOL, Fig. 2(d)). Further increasing
the electron densities instead causes a clear inward movement of the
radiation on the separatrix between midplane and X-point towards the
core (compare Fig. 2(e) with Fig. 2(f)).

A typical MU02/3 discharge with LFS fuelling and a conventional
divertor is shown in Fig. 3. The movement of the radiation on the inner
leg happens in a similar fashion as for HFS fuelled shots. Radiation is
present initially both at the target as close to the X-point, with a larger
spacing appearing between the two. This could be due to a different
behaviour of the plasma or diagnostic. The small change in divertor
geometry between MUO1 and MUO2 causes the second inner leg peak
in Fig. 2(b) to correspond to a portion of the IRVB foil with slightly
different properties, potentially exacerbating this difference. A more
significant difference is that the radiation reduction on the outer leg
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Fig. 3. Typical emissivity distribution in a density ramp for a conventional divertor,
L-mode, LFS fuelled, Ohmic/beam heated plasma (shot 48144, DN and I, = 750 kA).
The initial density is not low enough for either leg to be initially completely attached.
Emission is present on the inner leg close to the x-point, as the peak on the outer
leg not being localised at the target (a). The inner then leg completely radiatively
detaches (b). At further higher density the outer leg radiative detachment continues
while a strong radiation appears between X-point and midplane on the HFS separatrix
(c). Then the radiation moves progressively inside the core, with no formation of the
MARFE (d). Note that the mission close to the HFS midplane in (c, d) resembling a
MAREFE is instead a tomographic inversion artefact. (a, b, ¢) have the same bar ranges.

target happens while the radiation on the HFS is still close to the X-
point (see Fig. 3(a)). This could indicate that detachment could instead
be due to increased recycling as in the classical picture of the process.
For increasing density the radiating region further detaches from the
targets while emission grows on the HFS separatrix. Here no MARFE
happens, and the core emission is a broad poloidally aligned emitting
region centred around the X-point. The emission on the HFS midplane
in contact with the central column in Fig. 3(c), d resembling a MARFE
is instead a tomographic inversion artefact. This regime does not appear
to correspond to an X-point radiator, given the large poloidal extent of
the radiation feature [20].

4. Model predictions

Our aim is to compare the movement of the total radiation distri-
bution against model predictions. The Two Point Model (2PM) [21]
was modified to include the presence of a thermal front in the Thermal
Front Model [22]. This model was further refined to consider the leg
geometry and magnetic field, resulting in the Detachment Location
Sensitivity (DLS) model [12]. In the DLS and other models, the thermal
front is defined as a narrow region where “the electron temperature tran-
sitions between the hotter upstream region and the colder region below which
is dominated by ionisation, recombination, and other neutral processes”
[12]. This region is associated with high total radiated power, usually
attributed to the presence of impurities in the plasma that radiate
efficiently at the temperature typical of the SOL and divertor, that
constitute the dominant power loss mechanism. The front is idealised
in the DLS model as narrow, so the (impurity) radiation front and the
ionisation (detachment) front location is practically the same. In reality
this is not the case and a clear separation between the impurity radi-
ation region and the ionisation/detachment front is observed [15,23].
Furthermore, the emissivity seldom has a single well defined peak that
identifies the radiation front.

The DLS predicts that for given magnetic geometry (e.g. different
inner and outer leg topologies (CD, Super-X)) the location of the

i o
<7, containing

Il

thermal front depends on the control parameter C =

upstream conditions (upstream heat flux g ,, upstream electron density
n,) and the divertor impurity concentration f;. The impact of the
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Fig. 4. C, parameter variation in shot 45473 for a front position from target (L +=0)
to X-point (L +=1). Solid lines for inner leg, dashed for outer [7].

magnetic geometry on the thermal front location can be quantified via
-2/7

- B, [ ooy Besp (wy—sp sx Bl
= B phe Bl Qs I
the coefficient C;(sy) = Joy By (L) ds +fx”§ 5 451

where s is the position along the separatrix and f denotes quantities
at the front location [17] (S”’ =0 corresponds to the thermal front
at the target: the detachment onset). Assuming a constant electron
heat conductivity coefficient and radiative cooling function (it depends

n, N1
577
Il

on the impurity species and their transport),

x C,. Therefore,

the front location can be modelled as function of magnetic geometry
Cy(sy,p) in terms of changes in n,, fr, qy,. If f; and Pgo, are constant
and the MAST scaling law between power decay length at the outer
midplane (/Lq) and n, from [24] is used, this further reduces to nul-5 x
Ci(sy.p) [23]. The sensitivity and stability of the detachment front at a

certain location (sy,/) can be modelled as ;Si. If C, decreases from
’ I
the target to the X-point (:S& < 0), the detachment front location
Il.f

is unstable, as a slight perturbation towards the X-point increases the
power dissipated in it, pushing the front further upstream. Conversely,

‘ZC‘ > 0 implies an intrinsic detachment front stabilisation.
I

For a typical MAST-U CD configuration, the C, profile along the
inner and outer divertor leg is shown in Fig. 4. The front on the inner
leg is unstable up to a location very close to the X-point, while the front
on the outer leg is stable. This model behaviour can be verified with
IRVB measurements.

5. Front characterisation

To compare the DLS predictions with the IRVB data, it is essential
to define how to identify the thermal front from the total radiated
power profile. A simple way, using the definition from the DLS model
itself, is to identify the front as the region with the peak emissivity
along a divertor leg and thus the highest radiative dissipation, the ’peak
radiation front’. The current MAST-U IRVB implementation, though,
is characterised by significant non-uniformities of the absorber foil
properties [8], which causes local variations affecting in particular
the peak emissivity obtained from the tomographic inversion. Rather
than moving smoothly the peak radiation is observed to jump between
neighbouring points, see how the radiation moves on the outer leg
in Fig. 3. Foil non-uniformities are planned to be reduced in the
future by replacing the foil with one produced with vapour depo-
sition processes [18]. Additionally, the radiation can have multiple
peaks, as described in Section 3 on MAST-U as both impurity radiation
and, downstream, hydrogen EIE results in significant radiative power
losses [15]. EIE is the largest contributor to the total radiated power
within the Super-X divertor chamber (in a detached plasma without
extrinsic impurity seeding [5,15]). For these reasons it can be difficult
to identify which is the dominant radiation peak and pinpoint exactly
its origin. Another metric that can be used is the location where the
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Fig. 5. (a) upper and (e) lower target current, providing the detachment condition from particle flux roll-over compared to the upstream density determined using Thomson
scattering (TS) and EFIT. (b) movement of the radiated emission peak and (c) of the region with emissivity of 50% of the peak on the separatrix, both indicating radiative
detachment, in the inner leg and (f, g) lower leg. When available, the analogous data from the XPI/MWI D, Fulcher emission inversions is shown in crosses. In (g) vertical and
dashed lines indicate the start and end of the decrease of the D, Fulcher emission from the DMS line of sight at the outer strike point respectively, while the dotted line the
decrease of the D, Fulcher emission from MWI. (d) energy confinement time and (h) ¥, baricentre of the radiation within the purple region in Fig. 2(f) variation with upstream
density. Data referring to Ohmic heated L-mode shots. The first 4 cases are from MUO1 with HFS fuelling, Ip = 600 kA and Pg,,; ~0.4 MW while last 3 are from MUO3 with LFS
fuelling, I, = 750 kA and Pg,, ~0.5-0.6 MW. The vertical black dashed lines indicate the approximate particle flux roll-over.

radiation has a sharp decrease downstream of the peak towards the
target. This can be tracked more reliably than the peak emission. If
along a leg two peaks of similar height are present the highest can
be either, and the location of the peak jump accordingly, while the
region with sharp decrease will still be the same on the side of the
most downstream peak. If hydrogenic radiation is at least comparable
with the impurity driven one, the region with sharp radiation decrease
is likely reminiscent of the cold side of the thermal front, where
T, becomes too low (<3-5 eV) for EIE (that dominates hydrogenic
radiation) and ionisation [5]. This region is tracked experimentally
by tracking the location where the radiative emissivity reaches a set
fraction (50% is used here, hence ‘50% radiation front’) of the peak
emission in the divertor leg, analogous to techniques that have tracked
the ionisation front using imaging [25-28].

The peak radiation front corresponds to the peak in total radiation
(hydrogenic + impurity), whose movement we define as the beginning
of ‘radiative detachment’. The plasma is radiatively fully detached
when 50% radiation front recedes from the target moving upstream. In
the remainder of the paper, both radiation fronts are tracked in terms
of poloidal distance from the target along the separatrix divided by
the poloidal distance from the X-point to target, see Fig. 2(f) for the
definition: O corresponds to the target, 1 corresponds to the X-point,
>1 implies locations upstream of the X-point towards the midplane.
It should be noted that given the IRVB FOV, the radiation cannot be
reliably tracked on the outer separatrix above the X-point.

To put the evolution of these two radiative power markers into
perspective, their evolution is compared with the total target particle
flux. Before particle detachment, the target particle flux first increases
as the upstream/core density is increased, as predicted by the 2PM. Due
to a combination of power limitation, volumetric recombination and
momentum losses, the particle flux first plateaus (detachment onset)
and then decreases or ’rolls-over’ (detachment). In MAST-U, Langmuir
probes (LPs) are used to monitor the particle flux, and they are present
only at the outer strike points (both upper and lower in DN) [29].

The detachment of the ionisation region from the target can be
observed more directly using the D, Fulcher band emission front as
a proxy for the ionisation region [4,27,28,30,31]. For a CD, this can
be observed by monitoring the brightness of the D, Fulcher emission
near the strike point, using in MAST-U the Divertor Monitoring System
diagnostic (DMS) [4], the Multi Wave Imaging system (MWI) [32], and
X-Point Imaging system (XPI) [15,23,33]. The DMS can only observe
the D, Fulcher emission in the lower outer divertor chamber, thus near

the outer strike point (see the red line in Fig. 2(e)). It typically increases
or remains constant in attached conditions. Then as density increases
the emission reduces sharply at some point in the conventional diver-
tor [23]. This is related to the detachment of the ionisation front, as
previously mentioned. For the shots where this data is available, the
upstream density at which the D, Fulcher emission starts decreasing
and reaches the minimum are recorded and shown in Fig. 5g and 6g as
solid and dashed lines respectively. The MWI too can only observe the
emission in the lower outer divertor chamber, thus near the outer strike
point for the conventional divertor. Here I record the moment where
the D, Fulcher emission starts to decrease and goes below an arbitrary
threshold, and will be shown as a vertical dotted line. The XPI has a
field of view similar to the IRVB and can therefore monitor both the
inner and outer legs. Combining the data from the MWI a tomographic
inversion of the entire lower divertor can be performed. With this data
it is possible to track the movement of the peak and 50% thresholds
in a way completely analogous to what is done with the total radiated
power. This data will be shown as crosses in Figs. 5 and 6 b,c,f,g.

Finally, a movement of the radiation front upstream implies that
a region of ‘cold’ plasma moves towards the core. Work on other
tokamaks has shown that core confinement may deteriorate when
this radiation front is near the X-point and, subsequently, enters the
core [34-36]. Such core deterioration is detrimental for future fusion
reactors. To monitor this, we compare the evolution of detachment
with the energy confinement time, 7,,, defined by % = Puoy — TK
with W the stored energy and P,,, the power injected in the core.
Additionally the ¥, of baricentre of the total emission is calculated in
the region —0.6 < Z < Zy_,,, and 0.9 < ¥y < 1.1 (see Fig. 2(). The
first limitation is to avoid the MARFE artefact sometime appearing in
MUO02/03 shots and only above the X-point, the second is to monitor
the radiation only close to the separatrix. Even if the uncertainties in
the spatial location of the radiation are present, the general trend can
be observed.

6. Front tracking results

After having discussed the general evolution of the radiative emis-
sivity and defined our two different radiative front identifiers, we show
their evolution as function of upstream density at the outer separatrix
midplane (»,,,EFIT). n,,,EFIT is obtained from smoothed Thomson
scattering (TS) data and the location of outer midplane separatrix from
EFIT [37]. An important caveat to this technique is that n,,  EFIT

eup
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Fig. 6. The quantities are the same as in Fig. 5. Data referring to beam heated L-mode shots (Ps,; ~ 1 1.5 MW) fuelled from the LFS and I, = 750 kA.

has large uncertainties due to the uncertainty of the separatrix posi-
tion determination. Although this can cause systematic uncertainties
between different discharges, the trend here identified by n,,,EFIT
should be relatively reliable, as similar dependencies are found in terms
of Greenwald fraction. The uncertainty here shown associated with
n,,, EFIT is derived from the uncertainty in the match between IRVB
time and machine time (+10/-15 ms), but mainly from an arbitrary
1 cm uncertainty in the separatrix location at the LFS midplane.

Fig. 5 shows the results for the MUO1 and MUO3 Ohmic shots, which
are compared separately in the following.

In MUO1 HFS fuelled shots, the roll-over is quite clear on both
outer strike points, happening at n,,, EFIT~0.5 x 10! #/m?, and the
particle flux is quite up/down symmetric. This is the case even if in
these shots dr,, (the distance between the two separatrix, associated
with the upper and lower X-points, at the outer midplane; if positive
the last closed flux surface delimiting the core is the one connected
with the upper X-point and vice versa) gradually decreases from 0
to —6 mm, with A, in the range 5-15 mm (consistent with MAST
scaling laws [24]). Such a large dr,,,/4, ratio is expected to cause
significant heat flux asymmetries [38], which seems to be inconsistent
with the particle flux symmetry and the lack of asymmetries observed
in high speed camera data or resistive bolometry measurements. This
may indicate inaccuracies in the dr,, retrieved from EFIT for MAST-U,
larger 4, than currently determined or expected from scaling laws, or
be due to power redistribution via drifts [39].

The start of the peak radiation movement from the outer target
across all MUO1 discharges happens at a similar »,,, outer targets
particle flux roll-over, while the inner peak radiation detaches slightly
earlier. The movement of the peak radiation is not regular for both
divertor legs (clustering around 0/0.6/~1 on the inner leg and 0/0.75
on the outer), likely due to the foil non uniformity previously men-
tioned. The 50% falloff marker on the inner separatrix reaches the
HFS midplane about when the peak radiation detaches from the outer
target. The evolution of the 50% falloff marker is very gradual on the
outer divertor leg, in contrast to the inner leg where the radiation
quickly disappears from the target and re-appears near the X-point
(e.g. there are almost no points between L = 0 and 1). This abrupt
movement of the radiation on the inner leg, but not on the outer leg,
is in agreement with the DLS model prediction in Section 4, of a stable
detachment on the outer leg and unstable detachment on the inner
leg. Further research is required using post MUO2 discharges where the
IRVB viewing geometry was fully verified to obtain higher confidence
in this conclusion. The detachment of the ionisation front from the
DMS D, Fulcher emission starts on the outer leg together with the

particle flux roll-over and movement of the peak radiation, while it
ends at the same time as the movement of the 50% radiation marker.
The fact that on the outer leg the total radiation movement aligns well
with the D, Fulcher emission can indicate that hydrogenic radiation is
there a significant power loss mechanism. Lastly, the confinement time
initially increases due to the increase in stored energy at the beginning
of the shot, but as soon as the peak radiation moves from the inner
target there is a strong degradation. This is true also for the ratio
of 7,, with the confinement time from scaling laws identified in [7].
In the related plot of the core ¥, baricentre it can be seen that the
radiation penetrates the core gradually, surpassing the separatrix when
the radiation fully detaches from the inner target. This can indicate that
the initial core performance degradation is due to the localised cooling
at the fuelling location, and afterwards the cold region becomes more
poloidally more diffused, further worsening confinement.

LFS fuelled MUO3 Ohmic shots have higher I, and Pgo, and re-
duced interactions with the main vessel and baffle plates. This increases
the particle flux roll-over point from a Greenwald fraction of 0.22 to
0.35. Although | dry,, | /4, is reduced (e.g. | dry, |< 1 mm with
4, between 5-15 mm), the LPs measure a noticeably higher particle
flux on the upper outer leg. This is consistent with recent experiments
and simulation studies that indicate significant up/down asymmetries
in the MAST-U plasma due to drifts in a connected DN, although
further studies are required — particularly given the uncertainty of
drg,, [39,40]. The initial upstream density is not low enough to witness
the detachment of the peak radiation on either leg, but the 50%
falloff still detaches from both targets at similar n,,,, if not earlier on
the outer, much earlier than the outer target particle roll-over. The
distinct separation between the movement of the peak radiation and
the 50% radiation marker/particle flux roll-over is very significant, as
indicates that while the hydrogenic radiative losses are important, the
peak radiative emissivity is determined impurity radiation, most likely
carbon. This is further confirmed by the DMS and MWI observations,
which show the detachment of the D, Fulcher emission on the outer leg
to happen slightly after the detachment of the 50% radiation marker.
Finally, the XPI/MWI D, Fulcher emission inversions clearly show too
the movement of their peak and 50% markers to be closely related
with the 50% radiation marker. This is significant as it shows the
importance of carbon radiative losses in MAST-U, contrary to what is
generally observed in the Super-X chamber [5,7]. The match is closer
on the inner leg, while D, Fulcher emission detaches quite later on
the outer leg. A sharp transition of the radiative Lsg, from O to 1 is
observed on the inner leg while the iy, evolution is more gradual
on the outer leg, in agreement with older MUO1 results. This also true
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for the XPI/MWI D, Fulcher emission. It should be noted, however,
that the ionisation front movement is much faster for the conventional
divertor than for the Super-X divertor, as its detachment sensitivity is
higher [23,28].° When the outer leg radiation reaches the X-point, the
radiation on the inner separatrix rises further upstream. Apart from
the very end of shot 47950, there is no evidence of the presence
of a MARFE-like structure localised at the HFS midplane from both
IRVB and resistive bolometry. The lack of such a MARFE structure,
likely driven by the difference in fuelling, results in less degradation
of Pgy; with a more “normal” evolution of detachment, occurring
over a much larger range of upstream density. The energy confinement
time is increased compared to MUO1, peaking at a higher n,,,, at
the start of the outer leg radiative detachment (I:peak > 0) and the
inner separatrix radiation reaching the X-point (Ls,, ~ 1). The relative
decrease of confinement time is similar to MUO1, with a reduction by
~half when the baricentre of the emission goes from ¥, = 1 to 0.98.
However, particle detachment (e.g. the outer target particle flux roll-
over) happens at a higher »,,, than the confinement peak. This implies
that, in this scenario, even if good core performance can be maintained
with significant impurity radiation present at the X-point, achieving
particle flux roll-over on the outer target through core fuelling requires
a degradation of confinement in this conventional divertor scenario
— consistent with previously observed TCV results [41]. It should be
noted, however, that this has not been observed in the Super-X divertor
(studied elsewhere) - which sustained particle flux detachment without
deteriorating core performance [23].

The results for the LFS fuelled MUO3 beam heated L-mode shots are
shown in Fig. 6. The up/down outer particle flux ratio is unchanged
compared with Ohmic shots, but both particle fluxes are increased due
to the higher Pg,;. The outer target ion flux increases initially more
sharply than observed in the Ohmic cases, likely because the initial
density achieved is lower and Py, is significantly higher. Because of
this, the ion target flux evolution shows a clearer roll-over, although
occurring at similar core and upstream densities. Because of the higher
core density, the gradient in the SOL is larger, resulting in a larger
uncertainty of n,,,EFIT. This can also be observed in a larger spread
of the data. Due to the lower n,,,/higher Pgq, starting point, it is
possible to observe the inner leg ﬁpeak unstable transition from the
target to the X-point, consistent with the DLS model prediction. The
ﬁpeak detachment does not seem to be reliably observed on the outer
leg, indicating that it happens there at lower n,,, as here achieved.
Differently from the Ohmic case, the outer and inner legs 50% falloff
marker movement happens at about the same density as the particle
flux roll-over. This suggests that the difference of ﬁpwk detachment
between inner and outer leg could be due to differences in carbon
sputtering or impurity transport. The interpretation of DMS and MWI
data is similar to ohmic shots, with Lsy, detachment at the same time
as D, Fulcher emission reduction. The XPI/MWI D, Fulcher emission
inversions show a similar behaviour on the outer leg as in Ohmic
shots, with the D, Fulcher emission detaching together with the Iy,
radiation marker. On the inner leg, instead D, Fulcher emission, albeit
showing the usual jump from target to X-point, seems to start detaching
earlier than previously observed, especially in shot 49408. This could
be due to a steeper temperature gradient, given the higher upstream
temperature and power. The energy confinement time profile evolution
is quite similar to the MUO3 Ohmic case, peaking while L, detaches
on both legs. The penetration of the radiation in the core seems to have
here a stronger effect than in the Ohmic case, as it reduces by ~ half
with a reduction of ¥, from 1 to ~0.99. This could imply that the
cooling of the separatrix reduces the power from the beams reaching
the core, hence reducing the total core heating.

3 In the inversions the outer separatrix is affected by significant artefacts, so
the location of the markers becomes less reliable as radiation increases, hence
only a few points are visible.
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7. Conclusion and future work

In this paper the first scientific results exploiting the new MAST-U
infrared imaging bolometer (IRVB) are presented using L-mode con-
ventional divertor density ramp discharges. The radiation in the inner
divertor leg sharply transitions from near the target to near the X-point
as density is increased both in terms of the peak radiation and the
50% falloff marker. In contrast, the radiation front detachment evolves
gradually from the target to the X-point on the inner leg. The DLS
model [12,17] suggests an unstable thermal front evolution in the inner
leg and a stable thermal front evolution at the outer target, consistent
with experiments. After or about at the same time as the 50% falloff
radiation marker has detached from both targets, ultimately particle
detachment is observed from the ion target flux roll-over.

The fuelling location can have a strong impact on the radiation
evolution: fuelling from the HFS causes the emergence of a MARFE-
like structure at the HFS midplane that can then penetrate the core
and affect core performance, and an earlier detachment on both legs.
LFS fuelling and reducing plasma surface interactions with the main
vessel wall resulted in a much wider detachment window and higher
core performance. The energy confinement time starts to degrade at
lower upstream densities than required for particle flux detachment,
but higher densities than required for the peak radiation to move
upstream. This suggests that for these conventional divertor scenarios
without extrinsic seeding, significant radiation close to the X-point does
not impact the energy confinement time — but particle flux detachment
needs such high densities that energy confinement starts to degrade.

Comparing observations between the IRVB and the D, Fulcher
emission from DMS, XPI, MWI diagnostics allowed to infer the relative
importance of impurity and hydrogenic radiative losses, and its impact
for detachment. Impurity losses mainly drive the movement of the peak
radiation, while the 50% falloff marker is more closely aligned with the
ionisation front.

Hardware upgrades for improved measurements are underway, in-
cluding a replacement of the existing IRVB IR camera, enabling a
higher time resolutions. In the next MAST-U vacuum breach, the foil
will be replaced with a more uniform one [18], and a second IRVB
installed aimed at the upper X-point, to assess up/down asymmetries
and provide a full bolometric coverage of the entire plasma volume.
Future experimental campaigns are planned to fill the gaps highlighted
in this research. Starting from a lower initial upstream density (or
higher power conditions) to radiatively attach both legs can reveal
the importance of (intrinsic) impurity radiation on the outer leg. The
upper IRVB can be used to investigate up/down asymmetries [39,40]1,
to understand the impact of drifts and the significance of deviating from
the ideal double null. It is also planned to investigate the impact of
inner target geometry on the stability of the thermal front detachment,
as the DLS model predicts the transition on the inner leg to change from
sharp to more gradual going from a more horizontal to vertical leg.
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