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Abstract

The MAST Upgrade Super-X divertor is typically seen to detach in steady state discharges.
However, divertor re-attachment is observed to occur during fast transient heat loads. In this
paper the effect of edge localised modes (ELMs) on the divertor are diagnosed on fast time
scales with Thomson scattering and with a new ultrafast divertor spectroscopy (UFDS)
diagnostic. The Thomson scattering data show full ionisation of the detached neutral buffer
during large ELM events (>2-3kJ) in a ~1 ms time window after ELMs. Plasma temperature at
the strikepoint varies depending on the ELM size and timing reaching up to 10eV, which is
significantly higher than inter-ELM levels but much lower than the pedestal temperatures of
~200eV. The UFDS diagnostic allows determination of ELM induced reattachment
(burn-through) by monitoring the spatial distribution of D, Fulcher emission across the divertor.
In this initial investigation the ELM energy and divertor neutral gas pressure (Py,) are
hypothesised to be the most influential parameters on whether an ELM causes burn-through or
not without extrinsic impurities. The relationship of these parameters to burn-through as
measured by UFDS is examined by a database of ELMs from MAST-U pulses. For the
MAST-U Super-X divertor, the required Py, (in Pa) to buffer an ELM of energy AWgp v (in kJ)
is estimated to follow a limit of Pg,s > 0.67AWgy by a simple model, which is shown to agree
well with the experimental results.

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

For future tokamaks it is required that plasma facing compon-
ents can withstand the exhaust from the core confined plasma.
The plasma exhaust consists of a steady state power flux into
the scrape off layer from the core (Psor) as well as short tran-
sient bursts whose power can greatly exceed steady state Pso -
The requirement to protect plasma facing components is partly
fulfilled by detachment [1], the formation of a layer of neut-
ral gas between the plasma facing components of the divertor,
or target, and the ionised plasma. Increasing the particle flux
into the scrape off layer from the main plasma will typically
increase the neutral gas pressure at the target and improve the
ability of the detachment front to buffer the plasma exhaust.
This has been shown to work well on MAST Upgrade [2] in
particular due to the Super-X divertor which greatly improves
the ability to maintain a high neutral pressure in the diver-
tor and increases the volume for dissipation of exhaust power
before the strike point [2, 3].

Transient events can burn through the neutral gas layer of
the detached divertor. This presents a critical risk for future
Tokamaks that should be researched on existing machines to
ensure the risk is suitably mitigated. These transients can take
many forms; edge localised modes (ELMs), sawteeth and H-
mode to L-mode back transitions are typical examples but
transients can also happen during internal reconnection events
(IREs) or even during pellet injection. The allowable transient
peak heat flux for tungsten tiles on ITER is 300 MW m~2 [4].
This corresponds to 300 kJ m~2 of energy flux for typical 1 ms
ELM durations, which could be expected from an ELM with
energy of 3-6 MJ on ITER, <1% of the stored plasma energy.
For future devices ELMs must be avoided or suppressed for
machine survivability [5, 6]. However, not all transients can
be avoided, in particular H-L back transitions must occur. This
present work utilises ELMs as a convenient transient heat flux
to study, but the results and conclusions are relatively general
for any transient event releasing an energy AW in a timescale 7.
A study of the effect of detachment on transient heat pulses on
Magnum-PSI is presented in [7], the work shows good dissip-
ation or buffering of ELM like events with high detachment.

On MAST upgrade, a typical H-mode inter-ELM Py, is
~1 MW [8], with much of the ohmic heating power and neut-
ral beam power being radiated. As an estimate for the impact
of transients on Psor, small ELMs and large ELMs on MAST-
U release 1% and 5% of the 100kJ of stored plasma energy
respectively over a fgp v ~1 ms, which would result in a tran-
sient increase in Psor to 2 MW and 6 MW respectively. A typ-
ical 5kJ ELM with reasonable estimates of the ELM wetted
area in Super-X configuration gives rise to unmitigated energy
fluxes of 2.3kJ m~2 or power fluxes of 2.3 MW m~2. This is

somewhat lower than the corresponding ELM power loads
observed on MAST of 10-20 MW m~2 due to the smaller
wetted area (radius and width) in MAST [9], which did not
have a Super-X divertor.

In this work the effects of the transient Psgy increase due to
ELM:s on the detached Super-X divertor are investigated with
data from divertor Thomson scattering (DTS) [10] and ultra-
fast divertor spectroscopy (UFDS). By comparing the vari-
ation of the D, Fulcher emission along the strike leg the UFDS
data provides an indicator of the ELM burn-through to the
target.

The fraction of the transient energy released into the scrape
off layer which is lost before reaching the target, or buffered
fraction, is a key value to measure. In ASDEX Upgrade [6]
the buffered fraction is shown to vary with impurity species
which can radiate the transient energy causing it to dissip-
ate more readily than with pure hydrogenic species. For the
investigation in this paper, the buffered energy fraction cannot
be directly estimated as the infra-red (IR) cameras operated
in MAST-U during the third experimental campaign sampled
the data every 2.5 ms, which is insufficient to resolve ELMs.
Hence this particular element is left for a future work. While
the IR data provide a valuable direct measurement of buffered
fraction, the UFDS data provides time resolved data within the
ELM which are beyond the capabilities of IR. Ultrafast spec-
troscopy data from the divertor volume also uniquely provides
the potential to study the mechanisms of transient power dis-
sipation in more detail.

Section 2 describes the key diagnostics utilised in this work.
Section 3 presents divertor Thomson scattering observations
of steady state detachment for comparison with observations
during transient events in subsequent sections. Section 4 shows
individual experimental observations of burn-through from
UFDS and DTS. Moving from individual observations to draw
more general conclusions, section 5 introduces a database of
ELMs compiled to study key parameters and how they relate
to burn-through. From this dataset, we are able to predict if
an ELM will be buffered or burn through the MAST-U Super-
X divertor based on the ELM energy and neutral pressure in
the divertor. Section 6 introduces a simple model to demon-
strate the expected link between divertor neutral pressure and
buffering.

2. Diagnostics

A new diagnostic, UFDS, operates based on avalanche photo-
diode detectors (APDs) and has been installed in the MAST-
U Super-X divertor. It detects D,,, Dg and D, Fulcher emis-
sion, the latter being captured by a 600 nm central wavelength
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Figure 1. MAST-U geometry showing the last closed flux surface
for a typical Super-X divertor pulse examined in this paper with the
UFDS lines of sight and DTS scattering centres overlaid.

10 nm bandwidth filter. A region of increased D, Fulcher emis-
sion in the divertor can be used as a proxy for the detachment
front which occurs where the plasma and neutral gas domin-
ated regions meet [3]. The APDs were chosen to give very
fast response so that ELM and filament dynamics could be
observed. The diagnostic was operated with a sampling rate
of 800kS s~! and bandwidth of ~100 kHz for the data used in
this paper. This is sufficient to resolve ELM filament times-
cales which are typically of order 10 us [11, 12]. The dia-
gnostic was operated with five lines of sight covering the last
~0.5 m (in the poloidal plane) of the Super-X strike leg in the
lower outer divertor as shown in figure 1.

It uses the same collection optics as the divertor Thomson
scattering diagnostic [13] and so images fibre bundles on
~1cm scattering lengths along the strike leg. For the pulses
examined, the strike leg is along the focus of the collection
optics, as shown in figure 1. Although the UFDS is a line integ-
rated measurement, the observed emission will predominantly
come from localised regions along the strike leg which are the
overlap of the diagnostic view and strike leg. The measurement
positions of the DTS diagnostic [10, 14] which is designed to
measure along a chord corresponding to the Super-X strike leg
on the outer most tile are also shown in figure 1. The DTS
diagnostic measures electron temperature and density in the
divertor at each of these measurement positions.

There are existing spectroscopy diagnostics on MAST-U
[15] which measure spectral emission along similar lines of
sight as the new UFDS diagnostic. These diagnostics are
based on grating spectrometers and typically operate at a time
resolution of ~10ms. This time resolution is sufficient to
resolve steady state situations, but is not capable of resolving
transients.
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Figure 2. D, Fulcher emission measured by the MWI diagnostic
for (a) a steady state detached discharge and (b) a frame which
integrates over an ELM. Lines of sight of UFDS diagnostic and
DTS scattering centres are overlaid.

To understand the measurements from the UFDS data
it is useful to consider the 2D images obtained from the
multi-wavelength imaging diagnostic (MWI) [16]. Figure 2
shows two images of the spatial distribution of D, Fulcher
emission in the divertor. Figure 2(a) shows the D, Fulcher
emission in a steady state inter-ELM period. During the inter-
ELM period the more intense D, Fulcher emission does not
reach the target, this indicates the divertor leg is detached. The
image in figure 2(b) is integrated over an ELM and shows the
extension of the intense D, Fulcher emission up to the target
which is indicative of reattachment. It can be seen that during
an ELM the emission originates from a broader region than
between ELMs. This is not seen to vary significantly between
ELMs, and can be assumed to be toroidally symmetric integ-
rated over an ELM discharge. The lines of sight of the UFDS
diagnostic are overlaid. Two particular sight lines that we will
use frequently in our analysis in this paper are the ‘Upstream’
view (605—purple) and the ‘Target’ view (601—blue).

3. Detachment in steady state

To set a baseline for the observations during transients in sub-
sequent sections of this paper, the divertor electron temper-
ature (7¢giy) and density (ngiy) profiles in quiescent steady
state conditions are examined in figure 3 for three compar-
able 600kA ohmic pulses with on axis toroidal magnetic
field By = 0.6 T and line integral densities varying from N,
= 0.4 to 1.2 x 102 m~2. These discharges are in Super-X
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Figure 3. (a) Main chamber line integral electron density for three pulses with varying fuelling rates. The laser timing is indicated by the
vertical black line. (b)—(d) Divertor TS electron temperature, density and pressure profiles along the Super-X strike leg.

divertor configuration. While for each shot the main cham-
ber high field side gas fuelling location was used, different
voltage waveforms were applied to the piezo gas valve, res-
ulting in the different plasma densities achieved. The plas-
mas remain in L-mode but would readily transition to H-
mode if a beam were applied. The different gas fuelling
levels cause a corresponding change in the main chamber
line integral electron density (N.) as shown in figure 3(a).
The plots figures 3(b)—(d) show Thomson scattering profiles
for the three pulses, the timing of all profiles for all three
pulses is at t = 0.545s. All three pulses had similar shap-
ing and the strike legs are very well aligned to the divertor
Thomson diagnostic. The electron pressure p. is calculated by
Pe = nekgTe.

The low core density pulse, 45443, has the hottest electron
temperature in the divertor with T, 4y ~ 2 eV right across the
divertor Thomson measurement chord. Despite being the low-
est core density, it is in the middle in terms of n. gi,. Relative
to the low core density pulse the moderate core density pulse,
45461, has a higher n. 4y and lower T 4iy. The electron pres-
sure in the divertor is approximately conserved comparing the
low core density and moderate core density pulses.

Going from the moderate core density pulse to the high
core density pulse, 45463, further reduces T 4iy,. However, the
high core density pulse has the lowest divertor density. This
is caused by the fact that the plasma has gone from detach-
ment, in 45461, to deeper detachment in 45463. DTS data
is then unavailable close to the target, as the DTS system
cannot measure accurately below a threshold of 7, < 0.5eV.
As it goes into deeper detachment there is an increasingly
large neutral fraction in the divertor due to volumetric plasma
recombination. Further increasing the main chamber gas rate
and density serves to further increase the neutral density in the
divertor which in turn increases neutralization of the plasma
in the divertor and lowers 7. giy. Viewed in terms of electron
pressure in the divertor, the highest core density pulse has sig-
nificantly lower pressure than the other two pulses due to this
detachment process. These observations from DTS are sup-
ported by observations from other diagnostics in these and
similar discharges, in particular those of the MWI system
observing D, Fulcher band emission [3, 16] and visible light
spectroscopy.

4. Observations of ELM burn-through

4.1 ELM burn-through overview

ELM buffering is the process by which energy released by an
ELM into the scrape off layer and the divertor is dissipated
before it can reach the target. The dissipation of energy is
thought to occur primarily due to hydrogenic and impurity
radiation and neutral particle ionisation. Charge exchange may
also contribute significantly to the dissipation of ELM energy,
and poloidal flux expansion may play an important role in
reducing the ELM energy density arriving at the divertor tar-
get tiles. Neutral particle recycling could also generate more
neutrals to dissipate energy via radiation, molecular dissoci-
ation and ionisation, if sufficient recycling can occur within
the ELM time scale. Other energy dissipation channels may
exist, and the purpose of this research and ongoing simulation
work is to understand these processes such that transient buf-
fering may be optimised in future.

We define ELM burn-through as cases in detached divertor
scenarios in which the ELM energy is insufficiently buffered
and the plasma reattaches to the divertor target tiles. There is
no single definition of the boundary between detachment and
attachment, however, in this work we consider that the plasma
is attached if the ionisation region is attached to the divertor
target, which in our data corresponds to a plasma temperature
>1eV at the target.

4.2. DTS measurements of burn-through

Elevated temperatures in the divertor are observed in DTS
measurements where profiles are obtained by lasers firing after
the transient events. Typical results are shown for three time
points obtained in MAST-U pulse 47143 in figure 4. This pulse
was an H-mode scenario with 3.1 MW of NBI heating and a
double-null Super-X divertor configuration with a line integ-
ral density N, = ~2 x 1072 m~2 and a stored plasma energy
of 100kJ. Two time points are obtained within 1 ms of the
peak of mid-plane D, associated with a type I ELM, which are
representative of the elevated temperature due to the transient
event during the re-attachment. The final time point is 1.5 ms
after the ELM and is representative of quiescent profiles of
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Figure 4. Divertor Thomson scattering profiles for three ELMs in pulse 47143 with (a) electron temperature () electron density and (c)
timing of the profiles relative the D-alpha peak for each ELM event. (d) Shows the alignment of the reconstructed separatrix with the DTS

measurement points.

the inter ELM period. For comparison the D, traces from the
three ELMs are super-imposed and shifted to the peak of the
mid-plane D,, which we use to calculate the ELM time.

The elevated temperatures of T4y ~ 6eV during re-
attachment are significantly above the inter-ELM values of
<1eV, but are much smaller than the upstream pedestal tem-
perature which is in the range of 150 &+ 17 eV where the ELMs
are formed. The time-slice closest to the ELM has the highest
divertor temperature, but the three spatial points closest to the
target show reduced temperature. This may indicate buffering
of the transient by the detachment front before the full ELM
energy can reach the target. The reduced temperature closer
to the target may also be due to the worsening of the DTS
alignment with the separatrix closer to the strike point in this
case, as can be seen in figure 4(d). The divertor neutral pres-
sure during these three ELMs was between 0.24 and 0.33 Pa
which is quite low pressure relative to typical MAST-U Super-
X conditions in the pulses studied in this paper. These ELMs
caused a drop in the line integral core electron density (AN;)
of ~1.9%-2.7% measured by an interferometer, and a drop
in the stored plasma energy (AWgr ) of 1.1-2.6 k] as calcu-
lated by EFIT [17]. The temperature pedestal and AN, indic-
ate these are small type I ELMs, so we can predict that larger
ELMs will readily lead to burn-through. For the particular case
shown there is an increase in plasma density close to the target
for the time-slices that are taken during the ELM event. From
other DTS profiles during ELMs, it is observed that the 7 giy
and T, giy vary with the neutral gas pressure.

Figure 5 shows divertor Thomson scattering measurements
taken from 5 MAST-U pulses with a total of 55 measurement
time slices within a 5 ms window of ELM events. These main
five pulses are scenarios with a double-null Super-X diver-
tor configuration, stored plasma energies ranging from 80 to
100 kJ, line integrated densities N, = 2-2.3 x 10’ m~2, NBI
heating powers of 3—3.2 MW, plasma current I, = 750 kA, and
exhibiting both type I and type III ELMs. The full divertor
TS data from all spatial points in each time slice are plotted,
showing the variation in typical divertor 7. g4iy and T gy values
close to the target at the ELM. As can be seen typical T, 4iy in
the quiescent inter-ELM period are ~1 eV and values of up to
~10eV are seen within 0.5 ms of the ELM event. Typical n giy
in the quiescent inter-ELM period are ~1 x 10" m—3 which
can rise up to ~20 x 10" m~3 in the short interval after the

49324 49323 49315 49269 47143

(a) ]
8_
°
<]
6 51
@
S ]
[
= ®
= 44 ® :
-
21 @
©
§ @ g‘ & l
.’ i & [} - [ ]
04
B B
1e20
25| ® °
2.0
°
—~ o
T L5 o
E )
v o0
< 10 ‘
o '. ®
0.5 ® oo .
oda ¥’ %o
wit'iih e *8
B
ELM time (ms)

Figure 5. Divertor Thomson scattering measurements across a
series of ELMs.

ELM event. The rise in T¢ giv and ne giy are observed to occur
within the 1 ms following the ELM time, this period is shaded
in grey in figure 5 and is therefore considered to be a repres-
entative timescale for ELM effects in the divertor.

Previous simulation work using the non-linear extended
MHD code JOREK [18] predict very high temperatures
(>50eV) in the Super-X going right to the target immediately
after the ELM [19]. The qualitative behaviour of the ELM
event from measurements presented in this paper is similar,
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Figure 6. D, Fulcher intensities measured by UFDS during (a) a small ELM event and (b) a large ELM event. The corresponding
Target/Upstream ratios are shown for (c¢) the small ELM and (d) the large ELM.

but temperatures of this magnitude are not observed. Further
JOREK simulations are detailed in [20], again these match
well in terms of timescale of the ELM event and electron dens-
ity observed but predict electron temperatures close to the ped-
estal temperature in the divertor chamber which have not been
replicated in experiment.

4.3. UFDS measurements of burn-through

In contrast to DTS, the UFDS diagnostic operates continu-
ously, capturing every ELM event. Using the edge of the peak
of D, Fulcher emission as a proxy for the detachment front
together with the high temporal resolution of the diagnostic,
the location of the detachment front can be resolved during an
ELM.

D; Fulcher emission can be used in this way due to the con-
ditions in which it is emitted. It is emitted due to the electronic
de-excitation of D, molecules following electron impact excit-
ation. The threshold energy for such an excitation is around
12 eV, however, at T = 12eV D, densities are very low as
most molecules will have dissociated. Therefore the strongest
Fulcher emission occurs in regions of 7. = 3—4eV where a

significant density of D, can exist simultaneously with a suffi-
cient number of > 12 eV electrons in the hot tail of the electron
Boltzmann distribution [15]. This temperature region coin-
cides with the atomic ionisation region [3], the edge of which
can be defined as the detachment front, and therefore the edge
of the Fulcher emission region can be taken as a proxy for the
detachment front. This proxy is utilised in the rest of this work.

Figure 6(a) shows an example of Fulcher band UFDS meas-
urements during a small ELM of AN, = 0.44% and AWgpum
= 0.2kJ. Over the course of the ELM event, the signal from
the channels further upstream increase more than those closer
to the target (see figure 2 for the arrangement of the chan-
nels). This indicates that the ELM has pushed the ionisation
region and detachment front into the view of UFDS. However,
the ELM has ultimately been buffered as the intensity of the
Fulcher emission reduces significantly before the target. The
total duration of this small ELM event observable in the diver-
tor is ~0.41 ms. This is comparable to parallel transport times-
cales of 0.1-0.3 ms for particles ejected by an ELM travelling
from the outboard midplane to the divertor.

Figure 6(b) shows the same measurements but for a lar-
ger ELM of AN, = 3.78%, AWgLm = 4.7kJ and duration
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~0.65 ms. In this case, besides the Fulcher emission being
higher at all points during the ELM, the time evolution is of
a different form. The emission rises by a similar magnitude at
each spatial point, except for by the target, which increases sig-
nificantly above the others. This is indicative of burn-through
and reattachment, as the front of the Fulcher emission region
has fully reconnected to the target. The peak in Fulcher emis-
sion at the target may be due to increased ion flux at the target
increasing neutral particle recycling which in turn increases
molecular deuterium density (if recycling timescales are < the
ELM time scale). The increase in Fulcher emission at the target
may also be explained by the increased particle flux causing
compression of the neutrals by the target, increasing neutral
density and electron density simultaneously, therefore increas-
ing the emission rate. The exact reasons for the high Fulcher
emission at the target in these cases requires further research,
however, it is taken to be a clear indication of reattachment.

Figures 6(c) and (d) show the evolution of the ratio of
Fulcher emission measured by lines of sight at the target
and upstream for the small and large ELM respectively.
This Target/Upstream Fulcher ratio is used as a burn-through
indicator, where target < upstream, the detachment front is
upstream, where target ~ upstream the front has just attached,
and where target > upstream, reattachment (burn-through) has
occurred. This is clearly illustrated in figure 6: after the small
ELM Target/Upstream is <1 indicating buffering and after the
large ELM > 1 indicating burn-through. To provide a simple
numerical indicator for the burn-through status of ELMs the
ratio Target/Upstream is averaged for the duration of the ELM
event in the following sections of this paper and in figure 6.

UFDS data also provides insight into the timescale of burn-
through in the divertor. As seen in figure 6(a), the rise in emis-
sion occurs later closer to the target. It takes approximately 100
us for the rise to propagate from the upstream line of sight to
that of channel 602, a poloidal distance of ~0.3 m, suggesting
a propagation speed of ~3 km s~ . This effect is not seen in the
case of the larger ELM of figure 6(b), in which the channels
all rise within ~20 ps of each other, close to the bandwidth of
the diagnostic.

5. ELM burn-through database

5.1 Database overview

To investigate ELM burn-through in different conditions
experimentally, a database of ~350 ELMs has been compiled
from nine pulses: 49197, 49198, 49200, 49204, 49206, 49312,
49323, 49324 and 49449. All of which are Super-X pulses
from the third experimental campaign at MAST-U. These dis-
charges have plasma currents of 750kA and injected neut-
ral beam heating powers of 1.3-3.3 MW. The resulting plas-
mas have ggs = 5.97-6.37, plasma energies of 70-123 kJ and
ELM frequencies of 50-600 Hz, pedestal top parameters are
as shown in figure 7(a). The divertor was in a detached state
in all pulses between ELMs, the gas pressure of the neutral
cloud varied throughout the pulses from ~0.2-1.4 Pa. This
variation is partly due to different upstream densities across

the pulses. Additionally, the neutral pressure in the divertor
typically increases throughout a pulse.

For each individual ELM event key parameters are recorded
in a database. These parameters include the ELM time 7y,
taken to be at the peak of the mid-plane D, emission associ-
ated with the ELM, 7g1 M, the duration of the ELM as meas-
ured by the duration of increased D, emission following the
ELM observed by the upstream UFDS channel, and Pg,s, the
neutral gas pressure measured by a fast ion gauge in the diver-
tor at tg . Also recorded are AN, the change in the core line
integrated electron density, and AWgpy, the change in stored
plasma energy as measured by EFIT, both measured across the
ELM duration 7gpym, and the Target/Upstream Fulcher ratio
referred to in section 4.2 which is averaged across Tgpm to
indicate burn-through. AN, is not converted into an average
density across the width of the plasma to prioritise the direct
measurement. An appendix is included for further explanation
and discussion of the measurement procedures involved in the
database.

Figure 7 shows the database data for all nine pulses while
the strike point radius was > 1.4 m and Pg,s < 1.35 Pa. These
filters ensure that the divertor was in Super-X configura-
tion for good UFDS coverage and that the fast ion gauge
was not saturated [8]. The colouring of the points for all six
plots corresponds to the pedestal electron temperature (¢ pea).
Figure 7(a) illustrates the range of pedestal top parameters in
the database. Higher T peq leads to lower collisionality which
results in larger ELMs. Figure 7(b) shows the range of ELM
frequency and energy in the dataset. A low energy, high fre-
quency tail is seen, characteristic of type III ELMs. There is
also a group of high energy and low frequency ELMs, which
are likely to be type I ELMs. Approximately 100 ELMs out of
the 350 in the database are estimated to be type L.

Figure 7(c) shows the ELM duration distribution with ELM
energy, generally with more energetic ELMs causing a longer
disturbance. Figure 7(d) shows the relationship between ELM
energy and ELM particle loss. ELMs causing greater particle
loss generally carry more energy, but the relationship is not
linear. The non-linearity is partly expected to be due to the
different nature of the particle loss mechanism between type [
and type III ELMs (convective/conductive) [21, 22]. In addi-
tion the energy loss due to an ELM will have a dependence on
the pedestal temperature prior to the event [21], introducing
further variation to the AWgpy — AN relationship.

Figure 7(e) shows the variation of burn-through with the
ELM energy as measured by EFIT. Larger AW ELMs, which
may be seen to be correlated to T peq, are more likely to
cause burn-through and burn through more intensely, that is at
higher Target/Upstream ratio. Figure 7(f) shows variation of
the Target/Upstream ratio of the D, Fulcher emission or burn-
through state with Py, showing that the transients are more
effectively buffered at higher pressure.

The uncertainty in AWgpum, 0 Aw, is predominantly due to
high point to point variation in the stored plasma energy calcu-
lated by EFIT. This variation has been measured in the ELM
free periods of the shots in the data base, leading to an estim-
ation of o oy = £ 0.9kJ on average. Additional uncertainty
exists in the measurement of shorter duration ELMs due to the
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Figure 7. ELMs from nine plasma discharges, where each dot represents an ELM event, showing (a) the pedestal temperature and density
(b) the relationship between ELM energy loss and ELM frequency (c) the relationship between ELM energy and duration (d) the
relationship between the energy loss and line integral density loss over the ELM (e) Target/Upstream Fulcher emission versus energy loss
over the ELM (f) Target/Upstream Fulcher emission versus divertor neutral pressure.

relatively slow 0.6 ms time resolution of the EFIT calculations.
The temporal resolution of EFIT is limited by the resolution
of magnetic diagnostics. The interferometer used to measure
AN, has a time resolution of 20 ps which is much faster than
the ELM events. Larger ELMs have longer durations, up to
2.5 ms, as shown by figure 7(c), and are well resolved by both
measurements.

It can be seen that in general ELMs related to higher
AWgpym are more likely to cause burn-through, and a lower
neutral pressure in the divertor will also make burn-through
more likely. This agrees with predictions from [8]. It can
also be seen that generally the high 7. peq ELMs are larger in
particle count and energy, and are more likely to cause burn-
through. It can be seen in figure 7(e) that ELMs greater than
2.5kJ in energy are likely to cause burn-through the MAST-
U Super-X divertor. In MAST type I ELMs were found to
occur only at T¢ peq 2, 150€V [23], it can be seen in figure 7(e)
that ELMs with T¢ ,eq 2 150 ¢V make up the majority of those
which cause burn-through. This suggests that avoiding type I
ELMs by operating in a type Il ELMy QCE regime, a candid-
ate considered for both SPARC and STEP [24, 25], may reduce
the risk of burn-through. The role of plasma shaping in con-
trolling ELM behaviour is an active area of research [26-28].

5.2. Effects of neutral pressure and ELM energy on
burn-through likelihood

As introduced in section 4 the energy dissipation chan-
nels enabling ELM buffering are thought to be hydrogenic
and impurity radiation, neutral particle ionisation, charge
exchange, and possibly neutral particle recycling and poloidal

flux expansion. The exploration of the role of impurity seed-
ing on transient buffering in MAST-U is left for future work,
hence all the pulses in the database are unseeded. Hydrogenic
radiation and neutral particle ionisation losses will both be pro-
portional to the number of neutral particles in the ELM path.
Assuming that most neutral particles will be encountered in
the divertor the likelihood of ELM burn-through is therefore
expected to be dependant on the divertor neutral gas pressure,
Py, related to the number of particles in the path by the gas
temperature and ELM path volume by the ideal gas law.

At this stage measuring the divertor gas temperature and
ELM path volume require significant analysis. It is also expec-
ted the ELM path volume may not vary significantly, as
detached Super-X pulses have reasonably stable detachment
front positions between 0.4 and 0.5m from the target and
all pulses in the database had similar levels of poloidal flux
expansion. Therefore, in this initial work ELM burn-through
as indicated by the UFDS Fulcher ratio is investigated for vary-
ing AWgpLm and Pg,, considered likely to be the most influen-
tial parameters for ELM buffering.

Figure 8(a) shows the AWgpy versus P,y measurements
for all ELMs from the database with the points coloured
by the Target/Upstream ratio, ELMs recorded with a strike
point radius < 1.4m or Pg,s > 1.35Pa are excluded as in
figure 7. Physically AWgLm can only be positive, however
it can be measured to be negative for low AW ELMs due
to the estimated uncertainty o oy shown by the error bars.
Taking Target/Upstream >1 and <1 to indicate burn-through
and buffering of transients respectively, we can calculate the
percentage of ELMs which caused burn-through, displayed in
figure 8(b). The bins are sized in the AWgyy; axis by the estim-
ated uncertainty.
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Figure 8. (a) Target/Upstream Fulcher emission for all suitable ELMs from 9 Super-X pulses plotted at each ELM AWgpp and divertor
Pgas. (b) The data is collected into bins which are coloured corresponding to the percentage of ELMs inferred to have caused burn-through
within that bin. Note the number of ELMs in each bin varies, visible by comparison to (a). Equation (4) is superimposed on (b) for reference.

From figure 8 we can see a clear expected trend of increased
probability of burn-through with higher AWgpy. Lower Py
also appears to increase the probability of burn-through for a
given AWgpy as predicted.

6. ELM buffering by ionisation of neutral particles

6.1. Description of model

Here a simple model is introduced based on the mechanics
of ELM buffering as introduced in section 4. Energy loss due
to ionisation of neutral molecular deuterium is considered.
Radiative losses, charge exchange, and neutral particle recyc-
ling are as of yet not included. Impurities are also left for future
consideration.

Firstly, the total energy released by an ELM, AWgpy, will
be shared between the inner and outer SOL, and the lower
and upper divertor in double-null configuration (standard in
MAST-U). As the key diagnostics used for this analysis are
in the lower outer divertor we calculate the ELM energy
delivered to this divertor as

AVVELM,Out,Iow = AWELMfOu(ﬁOW7 (D

where fo, and fiow are the fractions of ELM energy flow-
ing into the outer SOL and lower divertor respectively. The
total ionisation energy of the neutral cloud in the path of the
ELM per divertor, Epyster, Will be proportional to the num-
ber of neutral particles in this volume, Npufrer, multiplied
by the energy required to ionise each particle. Npyser Will
depend on the volume of the path and the density within
that volume. Using the ideal gas law to determine the dens-
ity of the neutral gas cloud, and assuming the neutral cloud is

made up of solely molecules,

v

gas
2
Taws” 2

Eputter = ALpol (Edissoc + 2Ei(m)

where A is the cross sectional area of the path, Ly, is the
poloidal distance of the detachment front from the target,
Pgas and Ty, are the pressure and temperature of the neutral
gas, and Egisoc and Ej,, are the dissociation energy of a deu-
terium molecule and ionisation energy of a deuterium atom
respectively.

If A"VELM, lower, outer = Ebuffers OF

ALpol
foutflow

P gas

AWgim > T
gas

(Edissoc + 2Eion)

3

the ELM will cause burn-through. From past IR thermography
measurements fo,; = 0.8 and fiow = 0.5 can be estimated for
typical connected double-null MAST-U discharges [29, 30].
From MWI measurements of SXD discharges typical Ly, val-
ues are 0.4 m. A is estimated by the width of ELM induced heat
flux in the divertor in the poloidal plane, multiplied by the tor-
oidal circumference of the neutral cloud in the divertor cham-
ber. Assuming the major radius of the centre of the neutral
cloud to be ~1.3 m, the toroidal extent is 8.2 m. MWI measure-
ments integrated over ELMs from the database, such as shown
in figure 2(b), were used to find the average poloidal extent.
The cross-field width of ELM induced D, Fulcher emission
across the neutral cloud in the divertor was measured, finding
the average poloidal extent of the ELM path to be 0.15 m, giv-
ing A ~ 1.2m?. Multiplying by Ly yields an approximation
of the volume of the ELM path through the neutral detachment
cloud to be 0.49 m*. Ignoring the Franck—Condon model, we
estimate Egissoc = 4.4¢eV and Ei,, = 13.6eV [31, 32]. Using
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the above, we estimate an ELM of ~1.2KkJ will cause burn-
through at Pg,; = 0.8 Pa. Alternatively, assuming all variables
are constant while varying Py, the neutral pressure required
to buffer an ELM is estimated to follow:

Pgas masT—U = 0.67 x AWgpm. 4

The prediction of equation (4) is compared to the data col-
lected in this work in figure 8(b), which shows reasonable
agreement.

6.2. Model discussion

Equation (3) is similar to a model to estimate the time taken
for a transient power flux to burn-through a detachment front
developed by Henderson et al, see equations (6)—(8) in [33].
This model was developed for slow transients and has been
validated for transients with durations of ~10 ms on MAST-
U, ~0.1 son ASDEX Upgrade and ~1 s on JET [8]. The model
also takes into account deuterium recycling, which is more rel-
evant for slower transients.

Equation (3) could be improved by acknowledging that the
neutral cloud is made up of a mixture of atomic and molecular
deuterium. The cross sectional area of the ELM path, A, can
be used to incorporate poloidal flux expansion into the model.
The inequality of equation (3) can be considered to generally
include the energy loss mechanisms ignored so far. Gas tem-
peratures in the divertor chamber have been measured up to
~0.5eV [15]. However, the fast ion gauge used to measure
neutral pressure is located in the sub-divertor, where the room
temperature assumption is likely to be valid. If we assume the
number density of neutral particles is equal in the divertor and
sub-divertor, using room temperature is valid as this is the tem-
perature at which the pressure is measured. The neutral gas
pressure in the ELM path through the divertor is assumed to
return to equilibrium between ELMs.

Due to the list of assumptions made the comparison of
equation (4) to the data shown in figure 8(b) is not expected to
be predictive, but to validate the basic approach of the model.

7. Conclusions and future work

A new spectroscopy diagnostic has been used in the MAST
Upgrade Super-X divertor to determine for individual ELM
events whether or not they cause burn-through to the target.
For a purely deuterium plasma it has been shown that the prob-
ability of ELM burn-through is well predicted by two para-
meters: divertor neutral pressure and ELM energy loss. The
maximum neutral pressure diagnosed thus far in the Super-X
divertor is 1.4 Pa, this has been shown to be able to buffer up
to 2.5kJ of ELM energy, much lower than maximum ELM
energies of around 10kJ. The majority of ELMs measured to
have caused burn-through were likely type I ELMs, supporting
the avoidance of type I ELMs as intended in next generation
tokamaks.

To complement the spectroscopy measurements Thomson
scattering has been used to measure 7, and n. profiles in the
Super-X during ELM burn-through. This has shown electron
temperatures generally elevated for 1 ms after the ELM and of

up to ~10eV within 0.5 ms of the ELM, much higher than the
inter-ELM values but lower than pedestal temperatures.

The data from these diagnostics show that although the
Super-X divertor allows for excellent steady state detach-
ment, transient events will readily cause burn-through. This
re-enforces the requirement that transient events must be pre-
vented or mitigated in a reactor device. Despite this, initial res-
ults indicate the neutral buffer facilitated by detachment and
the Super-X divertor configuration plays a key role in ELM
buffering, which could be leveraged in future tokamaks.

A number of different avenues are envisaged to expand this
present analysis, with a view to enhancing understanding and
improving buffering:

Pulse configuration: obtain pulses with a Super-X strike leg
with a variety of detachment front locations and connection
lengths to see if these parameters have a measurable effect on
burn-through.

Diagnostic capabilities: high time resolution infrared data will
be captured in future campaigns at MAST-U. The IR data will
enable direct measurements of ELM energy transferred to the
divertor tiles, and therefore quantitative estimates of the buf-
fered ELM energy fraction. The UFDS diagnostic will also
be increased from 5 to 10 channels to allow for better spatial
resolving of the location of the detachment front.

Transient types: different transients such as H-L back trans-
itions and sawteeth will be added into the analysis of transient
burn-through.

Actuators: utilise divertor D, puffing to further investigate the
effect of D, pressure on buffering. Extend analysis to include
investigating the effects of impurity seeding on ELM buf-
fering, a key potential solution to protecting divertor tiles in
future.
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Appendix. Database measurement methods

To create the ELM database introduced in section 5, a reliable
and accurate system for measuring each parameter relating to
the ELMs was required. The measurement procedure is shown
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estimated by EFIT, (d) AN, by the line integrated electron density and (e) the Target/Upstream Fulcher ratio using UFDS D, Fulcher

emission measurements.

by figure 9. First, ELMs are identified by peaks in the core D,
signal measured by a filtered fibrescope. The time correlating
to each peak is taken to be the ELM time, #g; . An alternative
definition of the ELM time is by the beginning of the rise in D,
emission. However, as can be seen in figure 9(a), the rise time
is fast (<500 ps) and for use as a basis of further measurements
the D, peak time is sufficient.

The divertor D, signal as measured by UFDS is then used
to identify a start and end time for each ELM, indicated in
figures 9(b)—(e) by the shaded areas. The ELM start and end
times are measured by finding the extrema of the edges of
the peak in this signal either side of #g;\. These are found
by where the signal crosses a fixed low threshold above its
inter-ELM background. The ELM start and end times are used
to calculate 7gpp. They are also used in the measurement of
AWgLm, AN, and the Target/Upstream Fulcher ratio which are
made across the duration of the ELM.

Due to the similar sampling rate of W as measured by EFIT
(0.6 ms) compared to a typical ELM duration (<1 ms) precise

AWgy measurements are challenging, as seen in figure 9(c).
To measure AWgp v the difference is taken between the stored
plasma energy measurements preceding the ELM start time
and following the ELM end time. The estimation of uncer-
tainty in the AWgp v measurement is discussed in section 5.1.

AN, is measured by the difference in the line integral
electron density between the ELM start and end times, and
Target/Upstream is measured by the average of its value in the
period between these times. Other values such as P, for each
ELM are taken by their interpolated value exactly at #g \;. No
uncertainty is introduced by this interpolation as these meas-
urements are insensitive to an ELM, and do not vary signific-
antly across one.
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