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Abstract

Divertor power load is a major challenge towards a burning plasma in a next-step tokamak.
Here, the first results of a divertor power load characterisation in tritium plasmas in type-I
ELMy H-mode, obtained in the JET deuterium-tritium campaign (DTE2) performed in 2021,
are presented. It is demonstrated that both, transient loads due to type-1 ELMs as well as the
power fall-off length, do not exhibit an explicit ion mass dependence, with remarkably similar
values in the tritium plasmas and in the deuterium references. This gives an improved credence
to published scaling law predictions, solely based on deuterium plasma experiments. Moreover,
the type-1 ELM impact on the inner divertor target is studied in deuterium discharges. A slightly
increased parallel energy fluence on the inner target with a factor of 1.08 compared to the outer
target is observed. This is explained by the smaller major radius of the inner target.
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1. Introduction

Two main challenges for power exhaust in H-mode opera-
tion are the transient loads due to type-I edge localised modes
(ELMs) and the steady state power load. The latter is tightly
linked to the width of the power carrying layer in the scrape-off
layer, the power fall-off length ;. Unmitigated divertor power
loads in next step fusion devices like ITER are extrapolated to
be close to or to exceed material limits [1, 2] making signific-
ant impurity seeding necessary. The amount of required injec-
ted impurities depends strongly on the scrape-off layer width
[3,4].

A multi-machine data set for deuterium H-mode plasmas
in JET, DIII-D, ASDEX Upgrade, C-Mod, NSTX and MAST
found that the poloidal magnetic field strength is the main
parameter determining A [5]. This is confirmed by a heuristic
drift-based model (HDM), finding the poloidal gyro-radius as
main scaling parameter [6].

In addition, a variety of experimental studies in recent years
focused on correlating confinement properties with ). These
studies report that higher confinement correlates with a more
narrow A4, independent of the confinement regime, reported
for Alcator C-Mod [7] and ASDEX Upgrade [8], with the
exceptions of the quasi-continuous exhaust regime [9]. This
trend was also observed in type-I ELMy H-mode in JET with
both carbon (JET-C) and ITER-like wall (JET-ILW) [10].

The vast majority of \q studies are performed in deuterium
plasmas. Reported experimental investigations with varying
main ion species do not provide a uniform picture and are
mostly conducted in L-mode plasmas. A study comparing JET
and ASDEX Upgrade L-mode measurements in deuterium
and hydrogen reports on no significant changes in \q with
isotope species [11]. A newer study in ASDEX Upgrade in
L-mode found that A\, in hydrogen is broader compared to
deuterium, attributing the change to the lower pedestal tem-
perature in hydrogen discharges [12]. Helium and deuterium
discharges in TCV did not exhibit a considerable difference
in L-mode [13]. A study on the inter-ELM wetted area in
JET with hydrogen, deuterium and helium indicated no effect
of the mass and a weak dependence on the charge of the
main ions [14].

The divertor impact of type-I ELMs is characterised by the
so called energy fluence, the spatial peak value of the time
integrated power load for the duration of the ELMs. The type-
I ELM energy fluence increases with increasing pedestal top
pressure and machine size both experimentally and in a model
based on energy balance considerations [15]. This model does
not predict an explicit ion mass dependence. Recent works
report on a material limit of 0.15-0.5 % [16-18] for transi-
ents with a duration of 7 v = 500 s (full width at half max-
imum) for ITER [16]. Similar to inter-ELM studies, also for
type-I ELMs mainly deuterium discharges are studied. Main
ion species studies of the ELM wetted area in JET with hydro-
gen, deuterium and helium discharges revealed neither a mass
nor charge dependence [14]. Similarly, a study of the integ-
rated power to the outer divertor target at similar ELM loss
fraction in helium and deuterium in ASDEX Upgrade presents
no significant differences between the species [19].

Furthermore, most type-I ELM studies are conducted on the
outer divertor target. This is because of the higher steady state
power fraction reaching the outer divertor target compared
to the inner. However, understanding the asymmetry between
the inner and outer target is important because the maximum
tolerable ELM size depends on the material limit of both
divertor targets. In this contribution, a specifically infrared
thermography (IR) optimised shape in JET is exploited to
obtain simultaneous measurements on both the inner and outer
divertor. The reported ratio between inner and outer parallel
energy fluence is about unity for ASDEX Upgrade [15] and
DIII-D [20].

In this work, the first results of a divertor power load charac-
terisation in type-I ELMy H-mode tritium plasmas are presen-
ted. They are obtained in the JET deuterium-tritium campaign
(DTE2) performed in 2021 with the ITER-like wall and rep-
resent a unique opportunity to improve the credence to pub-
lished scaling law predictions, solely based on deuterium (D)
plasma experiments. In particular, the tritium (T) data allows
us to check for an isotope mass dependence compared to a
gyro-radius scaling of the power fall-off length. It especially
strengthens the extrapolation towards a burning plasma in
ITER and other future tokamaks that will use a mixture of deu-
terium and tritium as fuel.

The two key experimental objectives of the presented study
are (i) the explicit impact of the isotope mass on )y and
type-I ELM energy fluence and (ii) type-I ELM energy flu-
ence measurements on both inner and outer target. Included
in the original plan within the first objective was to extend
the poloidal magnetic field strength range towards larger val-
ues (I, > 3.5MA, Bpomp > 0.7 T). This is because modelling
using the XGC1 code demonstrate a deviation from the multi-
machine scaling law of the power fall-off length at large major
radius and high poloidal magnetic field [21]. This is caused by
a change of the nature of the underlying turbulence leading to
a bifurcation with respect to the poloidal magnetic field and
leads to an increased power fall-off length extrapolation for
ITER [21]. However, due to machine limitations and the prior-
itisation for developing the D-T target plasmas, the envisaged
high poloidal magnetic field was not achieved.

This article is organised as follows: section 2 introduces
the data base of deuterium and tritium discharges used for the
presented study. The results for the type-I ELM energy fluence
are presented in section 3. Section 4 highlights the similarity of
the power fall-off length in deuterium and tritium. A summary
and conclusions are presented in section 5.

2. Database overview

A set of IR optimised plasma pulses was executed between
2016 and 2022. The main focus of these pulses is the simul-
taneous measurement of both inner and outer strike line loc-
ation in steady state type-I ELMy H-mode phases. In order
to achieve this goal, an optimised shape was developed in
2016. Figure 1 shows the lower part of the poloidal cross-
section of JPN 100 181 highlighting the separatrix and field
lines in the scrape-off layer. Both, inner and outer strike lines
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Table 1. Main parameters of the analysed data sets. ELM frequency frim, strength of the toroidal magnetic field on axis Bior, plasma current
I,, edge safety factor gos, heating power Phey, normalised pressure Sy as well as pedestal top density 7 ped, temperature Te peq and pressure

pe,ped-
ELMs A\q
Name D outer D inner T outer D outer T outer
# points 25 14 9 30 9
# pulses 19 9 4 22 4
feim (Hz) 19-94 14-76 32-79 19-94 32-79
|Bior | (T) 1.3-3.1 1.2-2.7 1.7-2.4 1.5-3.1 1.7-2.4
I, (MA) 1.4-2.7 1.4-2.4 1.7-2.1 1.5-2.7 1.7-2.1
q95 2.6-3.9 2.6-3.9 3.2-3.7 2.6-3.9 3.2-3.7
Pheat (MW) 10-27 12-20 10-17 10-27 10-17
BN 1.7-3.3 1.7-3.3 1.6-2.6 1.7-3.3 1.6-2.6
Me ped (1017 m™?) 3.0-6.5 3.0-6.5 4.1-5.0 3.0-6.5 4.1-5.0
T pea (keV) 0.5-1.2 0.5-0.9 0.7-1.1 0.5-1.2 0.7-1.1
De,ped (kPa) 3.2-79 3.2-79 4.8-8.0 3.4-79 4.8-8.0
]PN 100181 ‘@‘ 11.0 s/ The primarily change.d parameter.s in this data set are the
-1.3 plasma current and toroidal magnetic field strength. Plasma
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Figure 1. Divertor configuration for an IR optimised shape. Shown
are the separatrix and scrape-off layer field lines for JPN 100 181 at
51.0s.

intersect the horizontal divertor tiles, called tile 4 and tile
6, respectively. Operating with the outer strike line on tile 6
exhibits improved H-mode core and pedestal performance in
JET-ILW compared to other strike line locations [22]. This
specific configuration allows a maximised amount of scrape-
off layer field lines to intersect tile 6, important for measuring
the scrape-off layer quantities at the outer horizontal divertor
target plate. The main diagnostics at the divertor targets are
the IR thermography systems. The details of the IR analysis
routine is explained in the appendix.

The same configuration is used for measurements in tri-
tium plasmas. However, the camera observing the inner target
was not available for the here reported experiments in tritium
because it had to be removed for the D-T campaign. As it will
be discussed in the following sections, the main parameters
influencing the type-I ELM and inter-ELM properties are the
pedestal top density and pressure as well as the toroidal and
poloidal magnetic fields.

fuelling and heating are adjusted in order to achieve stationary
conditions in density, ELM behaviour and radiation at heating
power levels clearly above the transition power to H-mode,
thus, maintaining a regular ELM frequency typically above
30 Hz. Both the elongation of x =1.7 and the averaged trian-
gularity of § =0.29 are kept constant. The main plasma para-
meters for the various data sets are summarised in table 1.
We deduce that the ELMs presented in this article can be
considered type-I ELMs due to the similarity in the engin-
eering parameters and ELM frequency as the ones reported
in a comprehensive pedestal study of a JET-ILW database by
Frassinetti et al [23].

The pedestal top pressure is the main scaling parameter for
the type-I ELM energy fluence, while the poloidal magnetic
field strength is the main scaling parameter for the power fall-
off length. An increase in plasma current (poloidal magnetic
field strength) leads to an about linear increase in pedestal top
pressure in our data set. This is a consequence of the way the
data set is constructed, with increased heating power at higher
plasma current and toroidal magnetic field strength to ensure
stationary conditions.

The electron kinetic profiles are obtained with the high res-
olution Thomson scattering (HRTS, [24]) system. An ELM
filtering is applied, using only data points in the second half
(0.5-0.95) of the ELM cycle. This enlarged range compared
to typical studies using the last 30%, e.g. [23], in some cases
is needed to get HRTS profiles within the considered time win-
dow. Using only data points between 0.75 and 0.95 leads to the
same result for the time windows that also have HRTS profiles
in the more narrow range. The pedestal top data is extracted
by fitting a modified hyperbolic tangent (mtanh, [25]) func-
tion onto the profiles and taking the values corresponding to
one width inside the symmetry point.

Figure 2 displays the pedestal composition as well as the
about linear increase of pedestal pressure with plasma cur-
rent. It is observed that the increase in plasma current mainly
increases the pedestal top density, consistent with previous
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Figure 2. Pedestal top kinetic values for the deuterium (squares) and
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Figure 3. Time traces of a deuterium (blue) and tritium (magenta) pair of plasmas. They have the same toroidal magnetic field, plasma
current and shaping. The graphs show (a) the core line averaged density, (b) the heating power from ICRF (dashed lines) and NBI (solid
lines), (¢) stored energy Wwmmnp, (d) normalised plasma pressure O, (e) the Be-II line emission as ELM monitor and (f) the ELM frequency.

studies [23]. The strong link between poloidal magnetic field
and pedestal top pressure and density does not pose a signific-
ant bias in the following analysis. However, due to the strong
link between them, both poloidal magnetic field and pedes-
tal top density will be separately discussed as scaling para-
meter for the power fall-off length. The plasmas in tritium dis-
cussed here are based on deuterium reference pulses and are
stable pulses with an ELM frequency of around 50 Hz, sim-
ilar to the deuterium pulses. For this, heating power and/or
gas fuelling levels are adjusted. The tritium plasmas have a
very similar qualitative behaviour as the deuterium reference
pulses.

The pedestal pressure for the T plasmas is slightly higher
than the D plasmas for the same /,. Since the experiment was

not done at constant engineering parameters, no conclusion on
how the isotope mass affects the pedestal can be extracted. For
a detailed analysis of the isotope mass impact on the pedestal
see [26, 27]. It is therefore noted that no detailed comparison
between individual pulses is performed here, the analysis for
the ELM energy fluence and power fall-off length is done in a
data base approach.

A comparison between a deuterium reference pulse and the
tritium counter-part is presented in figure 3. The tritium plasma
pulse has a slightly lower NBI input power, leading to a similar
stored energy and normalised pressure. The ELM frequency is
slightly lower in the tritium plasma.

The resulting pedestal profiles of electron density and tem-
perature in the tritium plasmas are very similar to the profiles
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Figure 4. Electron pedestal kinetic profiles from the HRTS system for a deuterium (blue) and tritium (magenta) pair of plasmas. The lines

represent the mtanh fit onto the data points.

in the deuterium plasmas. The pedestal profiles for the same
pair of tritium and deuterium plasmas are presented in figure 4.
The pedestal top pressure is slightly higher in tritium due to a
higher density. The general trend of higher pedestal top density
in tritium plasmas is consistent with the behaviour observed
throughout the tritium campaign [26, 27].

Only steady state type-I ELMy H-mode phases, with con-
stant heating and fuelling, have been included in the ana-
lysis presented here. Most pulses have two levels of fuelling,
leading to multiple steady state time windows for the ana-
lysis. The length of the time windows varies between 0.3 s
and 3.2 s.

3. Type-l ELM divertor impact

The main parameter for the divertor impact of transients is the
peak energy fluence

€div = maxs/ q(s,r)dt (1)

IELM

with the divertor heat flux g along the divertor coordinate s and
time ¢. The integration in time is performed for the duration of
the transient fgp . In order to compare different experiments,
the energy fluence is mapped parallel to the magnetic field

€ — €div (2)

- sin(agiy)

with the angle between the divertor target and the magnetic
field lines agjy in the order of 4° for the presented data set,
calculated for each time window separately.

Energy balance considerations lead to a model by Eich et al
[15]:

MJ
€model, fix (II12> =6-107%. 7. a(m) R

Btor,MP (T)

— 3
Bpol,MP(T) ( )

* Pe,ped (Pa) :

2 . .
\/HT’“ effective elongation, pe ped

with a minor radius, & =
pedestal top electron pressure and Bior,mp, Bpoimp toroidal
and poloidal magnetic field at the outer mid-plane (MP),
respectively.

In the following, we relax one simplification (the model
as presented in equation (3) assumes that the major radius
of the divertor target and of the geometrical axis are equal,
Rgiv = Rgeo) due to the varying major radii of the inner and
outer divertor leading to

Rgeo(m)
Rgiy(m)

This model does not have an explicit isotope dependence.
However, it assumes similar ion and electron pressure at the
pedestal top.

It is important to note that the experimental data used to
develop the model falls within a range of unity and three times
the scaling prediction [28]. This natural scatter of three is
not explained so far. Experiments at DIII-D found that lar-
ger energy fluence is observed close to the H-mode threshold
power [20].

“

€model = €model,fix

3.1. Impact on inner vs outer divertor in deuterium plasmas

As afirst step, we present the outer target energy fluence meas-
urements in figure 5. The measurements fall well within the
model prediction (between the 1:1 and 3:1 lines) and reported
data from previous JET experiments [15]. The markers rep-
resent the median (50th percentile) within a steady state time
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Figure 5. Type-1 ELM energy fluence measured on the outer
divertor target €out,meas. in deuterium plasma pulses compared to the
model prediction €model in a log-log plot. The 1:1 and 3:1 lines are
shown in black.
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Figure 6. Type-I ELM energy fluence measured on the inner
divertor target € meas. in deuterium plasma pulses compared to the
model prediction €podel in a log-log plot. The 1:1 and 3:1 lines are
shown in black.

window while the error-bars represent the 33rd and 66th per-
centiles.

As a second step, we present the inner target energy fluence
measurements in figure 6. These are the first reported energy
fluence data for the inner target in JET. It is demonstrated
that also the inner target data fall within the model prediction
(between the 1:1 and 3:1 lines), although they are clearly on
the upper end of the prediction.

As a next step, the measurements on both targets are com-
pared to each other. The asymmetry between inner and outer
target measurements is highlighted in figure 7. The ratio
between inner and outer data is % = 1.08. This is very close

gl model, in Riiv,o :
to the model prediction of Mol — Zdvow — 16 A ratio
€model, out Rdiv,in

close to unity is also reported for ASDEX Upgrade [15] and
DIII-D [20].

Two effects are present when comparing the divertor impact
of ELMs on the inner and outer target. On the one hand, as
presented in this experimental study as well as in the model
by Eich et al, the smaller major radius of the inner target

N
o

Ein, meas. (Mjm_z)
o -
E.f1 o
&

0.2 05 1.0 2.0
Eout, meas. (Mjm_z)

Figure 7. Type-I ELM energy fluence comparison between inner
€in,meas. ANd outer target €out,meas. in a log-log plot. The black line
represents unity. The dashed red line has a slope of 1.16 and
represents the prediction from the model due to the major radius
difference between the two targets. The dashed magenta line is a
linear regression with a slope of 1.08.

leads to a slightly larger parallel energy fluence. On the other
hand, the toroidal magnetic field at the inner target is larger,
leading to a smaller field line incidence angle and, hence, to
a reduced projection of the parallel energy fluence onto the
divertor e4;y. In fact, the two effects, smaller major radius and
higher toroidal magnetic field, cancel each other nearly per-
fectly. This is, because the toroidal field decreases with 1/Rgiy
and the parallel energy fluence decreases with Rg;y, thus, the
target impact following the model prediction is independent
on major radius.

However, this is only true for a perfectly aligned toroidal
divertor structure. Any misalignments on the inner target are
more severe due to the smaller field line incidence angle.
Furthermore, tile gap loading is more challenging on the inner
target [29-31].

As a conclusion, the data presented here for the inner target
is very valuable for modelling and extrapolation towards next
step devices like ITER, where the inner target is likely more
challenging for transient power loads due to the above men-
tioned reasons. The similarity of the measured energy fluence
on the inner target to the outer target data, together with the
match to the prediction of the model by Eich et al, strengthens
the applicability of the extrapolation.

3.2. Comparison between pulses in deuterium and tritium

A novelty of the presented data sets are measurements in tri-
tium plasmas. A comparison between energy fluence measure-
ments on the outer target in deuterium and tritium plasmas is
presented in figure 8. The measured values for both deuterium
and tritium plasmas follow the model prediction within the two
boundaries. The data points from the tritium plasmas have a
slightly increased pedestal top pressure compared to the deu-
terium data points (as seen in figure 2). Both, the measured
values as well as the model prediction increase together with
increasing pressure. No significant isotope mass dependence is
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Figure 8. ELM energy fluence measured on the outer divertor target
€out,meas. 1N deuterium (blue) and tritium (magenta) plasmas
compared to the model prediction emogel in a log-log plot. The 1:1
and 3:1 lines are shown in black.

visible. This is a confirmation that the model indeed captures
the main transport mechanism during ELMs.

The ELM duration in this data set for both deuterium and
tritium plasmas is of the order of 2.2-2.5 ms. An explicit
ion mass dependence through the ion transit time (o< v/A ) in
the scrape-off layer is embedded in the free-streaming-particle
approach [32]. The free-streaming-particle approach is able to
explain the temporal evolution of single ELM filaments [33]
and short ELMs at high pedestal top temperature [34, 35].
However, the ELM duration in this data set is significantly
longer than the ion transit time. The longer ELM duration
is observed at higher pedestal top density and lower pedes-
tal top temperature. This is obtained in the JET-ILW baseline
scenario at low heating power or when high gas fuelling is
applied in order to maintain stationary conditions and avoid W
accumulation [35]. The longer ELM duration is attributed to an
increased lifetime of the MHD activity upstream [35, 36]. No
explicit ion mass dependence has been observed under these
experimental conditions.

4. Power fall-off length comparison between
deuterium and tritium

A heuristic derivation of the power fall-off length by Goldston
leads to the HDM [6]

ZeBpolRyeo (1+2)
4a AmpTsep
€BpoiRgeo \ (1+2)

with e the elementary charge, T, separatrix temperature, 11,
proton mass and Z and A average ion charge and mass, respect-
ively. The conversion of poloidally averaged value to the outer
MP value is done by introducing

1
4a (A’"PT“P)Z ion drift
<)\>HDM:

&)

o=

electron drift

Booimp R
(A=A PLMEOMP g
Bpol Rgeo

I, .
P Since
142

2mwa

with average poloidal magnetic field By, =

both deuterium and tritium have the same charge of Z =1, both
cases in equation (5) are equivalent and it can be simplified to

<)\>HDM_ 4 a \/Amstep'

B \ﬁ Rgeo  €Bpal

The main uncertainty for a comparison to experimental data

is the separatrix temperature T, in the model. For a neg-

ligible change in separatrix temperature between deuterium

and tritium plasmas, the variation is expected to be )\5/ /\qD =
3/2=1.22.

The most prominent scaling law for \q in H-mode is based
on a multi-machine data set. It indicates that the poloidal mag-
netic field at the outer MP B, mp is the main quantity determ-
ining A\q [5]:

Mgt (mm) = 0.63 - By | o (T). ®)

This scaling law is verified on most tokamaks. The exception
is TCV which reports smaller values following a flux-limited
approach [37]. In order to put the new JET results into con-
text, we add the deuterium data set of Sieglin et al [35] from
the initial JET-ILW operation. The main purpose is to provide
the natural scatter of data points for a larger data set. Figure 9
shows the power fall-off length dependence on By, mp for both
deuterium and tritium plasmas. Each data point represents the
median value of all inter-ELM time points with reliable fit for
the given time interval in which the plasma parameters are
constant. The error-bars represent the 33rd and 66th percent-
iles as upper and lower limit. It is observed that the meas-
urements in the tritium plasmas are close to the scaling law
prediction and within the scatter of the deuterium data points.
Furthermore, the measured data points display a considerable
scatter around the scaling law prediction. A small variation
with isotope mass, as expected by the HDM, is well within
the experimental variations, especially due to the uncertainty
in estimating 7., experimentally.

A recent comparison of deuterium JET-CFC and JET-
ILW data addressed this scatter and revealed that )\q is anti-
correlated with the pedestal top density [10]. Smaller )\q is
observed at higher pedestal density. It is noted that 7 peq
and By, mp are strongly correlated as mentioned in section 2.
Even so, the anti-correlation between n.p.q and )q is also
observed for fixed Bpor,mp in the presented data set.

It is noted that various recent studies found an anti-
correlation of the volume averaged or pedestal top electron
density, temperature or pressure and the power fall-off length.
Notably, the H-mode multi-machine analysis found a negative
exponent on the Greenwald fraction, e.g. in regressions # 10
and # 11 of [5]. Furthermore, it was shown that the power fall-
off length decreases with increasing volume averaged pres-
sure in Alcator C-Mod [7] and a similar dependence on the
pedestal top pressure is reported in ASDEX Upgrade [8].
The ASDEX Upgrade study shows an anti-correlation with
the pedestal density similar to the pressure. Another study
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Figure 9. Power fall-off length )\q as a function of the poloidal
magnetic field at the outer MP B, mp. The solid line represents

A (mm) = 0.63 - Bpot,vp(7) ~"'? and the dashed lines an
uncertainty interval of +25 % representing the scatter of the original
multi-machine data set. The black dots are taken from the deuterium
JET-ILW data set of Sieglin ef al [35].
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Figure 10. Power fall-off length \q as a function of the pedestal top
density 7 peq. The black dots are taken from the deuterium JET-ILW
data set of Sieglin ef al [35].

in ASDEX Upgrade, focusing on the the temperature fall-
off length, reports on an about constant value at increasing
line averaged density as long as the divertor is attached [38].
The correlation with the separatrix density, on the other hand,
is different. A recent study in ASDEX Upgrade reports on
a broadening of the temperature and pressure fall-off length
with increasing separatrix density [39]. An increase of the
power fall-off length with increasing separatrix density is also
observed in the QCE regime in ASDEX Upgrade [9, 40] and
in inter-ELM phases in MAST [41]. A detailed analysis of the
separatrix density is outside of the scope of the here presented
analysis. Extrapolating from the presented pedestal top value
to the separatrix value is not possible as there is likely no strict
relation between the two.

Figure 10 presents the power fall-off length as a function
of ne peq. Similar to [10] the data set presented here exhibits
less variation as function of 7 peg instead of Bpomp. Within
the scatter of the data, also in the comparison with ne peq N0

significant difference between deuterium and tritium plasmas
is observed.

From the analysis presented in this section it is concluded
that available scaling law predictions based on deuterium plas-
mas are in agreement with the measurements in tritium plas-
mas and no strong isotope mass effect is visible. This is an
important validation towards a D-T mixed plasma operation
in next step devices like ITER.

5. Summary and conclusions

The effect of changing the plasma species from deuterium to
tritium is investigated for the two main exhaust challenges of
the type-1 ELMy H-mode, the type-1 ELM energy fluence and
the narrow inter-ELM power fall-off length. For the energy
fluence, the predictions from a model using energy balance
considerations [15] are in line with the absence of an expli-
cit mass dependence of the outer target energy fluence. The
pedestal top pressure in tritium plasmas is slightly higher than
in deuterium plasmas with similar engineering parameters, in
agreement with the analysis in [26, 27]. The measured val-
ues in both, deuterium and tritium plasmas are within the 1:1
and 3:1 boundaries from the model, similar to the original
experimental study in deuterium [15]. The variation in ped-
estal top pressure between deuterium and tritium is captured
by the pressure dependence in the model. In fact, the model
predictions for the in-out asymmetry is verified as well with
measurements on both divertor targets in deuterium plasma
pulses. The parallel energy fluence measured on the inner tar-
get is a factor of 1.08 larger than the one measured on the outer
target.

For the inter-ELM power fall-off length Ay no strong expli-
cit ion mass dependence is observed. The measurements in
deuterium as well as in tritium plasmas are within the H-
mode multi-machine scaling law prediction. Similar to pre-
vious work in JET, the pedestal top density has a stronger
correlation than the poloidal magnetic field, with smaller Aq
with increasing density. Theoretical and heuristic considera-
tions that scale with the gyro-radius, e.g. the heuristic drift-
based model by Goldston [6], predict a weak explicit ion mass
dependence. The gyro-radius broadens with the square-root of
the ion mass. However, due to the uncertain separatrix tem-
perature, the predicted effect is well within the measurement
uncertainties.
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Appendix. Heat flux analysis with infrared
thermography

The divertor heat flux is calculated using the THEODOR
code [42, 43] with the surface temperature from the infrared
thermography [44, 45] measurements as input.

To be compatible with the high neutron rate in the D-T
phase, one IR camera system—used here for the outer divertor
target view—was moved outside the torus hall. The details of
the viewing geometry is presented in [46]. In order to observe
the outer strike line location with the IR camera system, a tor-
oidal extension of tile 6 was installed, allowing the observation
through a tile gap of the vertical outer target. The tile exten-
sion is manufactured from carbon with a tungsten coating.
However, the coating has developed significant deterioration
during the here analysed measurement campaigns. Poloidally
localised regions with increased thermal response—so called
hot spots—are visible. Two measures are taken to mit-
igate the surface change in the heat flux evaluation for
JPN > 92 505.

First, a constant heat transmission coefficient « is intro-
duced in THEODOR. This value mimics surface layers with
reduced heat capacity and thermal contact, commonly used
for carbon PFCs. The numerical value o = 1.0 % is selec-
ted. This is the largest value with which negative integrated
power load estimates after the ELMs are mitigated. The heat
transmission coefficient acts like a low pass filter. The corres-
ponding time constant 7, is in the order of 7, = O(10~7s) for
the chosen numerical value following the estimation of [28].
This is smaller than the frame rate and, thus, not limiting the
analysis.

Second, a zone on the outer divertor target from
R=2.915mto R =2.935 m (with the s-coordinate 1478 mm <
s < 1500mm) exhibits a high amount of hot spots. This part
of the tile is excluded for further analysis after the heat flux
calculation. The strike line location in the experiment was
chosen such that the peak heat flux location for both ELMs
and inter-ELM is outside of this region.

In addition to this measures, the line profiles for both inner
and outer target are extracted from a rectangular window
within the camera frame. Within this, the toroidal minimum
is used for the extraction of the photon flux along the tar-
get coordinate. This ensures that very localised hot spots are
filtered out.

The inter-ELM analysis is performed using the FEET code
[47]. This code takes as input the time evolution of the heat flux
as well as information about the pulse behaviour. It separates
inter- and intra-ELM time points. Each inter-ELM time point
is fitted with the 1D diffusive model introduced by Eich et al
(48]

0 SN\ s S s\ /MW
a(5) = Lerp ((%) . f> e (5 o) (M)

(A1)

with s target coordinate, S divertor broadening, \q power fall-
off length and fx flux expansion. Profile fits are only regarded
reliable if they fulfil:

® )\q-fx >2.05mm, which is the initial value of the fitting
routine

e )¢ < 3mm, to exclude outliers that are not within the stand-
ard deviation of the time window for the presented data set

e \g>1.2-5, below which the profile is dominated by the
Gaussian divertor broadening S

e go > 5MWm™2, filtering out very low heat flux data.

All reliable time points within a steady state window are
then averaged (taking the median) to extract the represent-
ative power fall-off length and error-bars (33rd and 66th
percentiles).
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