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Abstract
Experiments in ASDEX Upgrade (AUG) and JET with the ITER-like wall (JET-ILW) are
performed to separate the pedestal and core contributions to confinement in H-modes with
different main ion masses. A strong isotope mass dependence in the pedestal is found which is
enhanced at high gas puffing. This is because the ELM type changes when going from D to H
for matched engineering parameters, which is likely due to differences in the inter ELM
transport with isotope mass. The pedestal can be matched in H and D plasmas by varying only
the triangularity and keeping the engineering parameters relevant for core transport the same.
With matched pedestals Astra/TGLF (Sat1geo) core transport simulations predict the
experimental profiles equally well for H and D. These core transport simulations show a
negligible mass dependence and no gyro-Bohm scaling is observed. However, to match the
experimental observations at medium β it is required to take the fast-ion dilution and rotation
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into account. This is not enough for high β plasmas where for the first time a profile match
between H and D plasmas was achieved experimentally. Under these conditions quasilinear
modelling with TGLF over predicts the transport in the core of H and D plasmas alike.

Keywords: tokamak, heat transport, isotope effect, pedestal stability, quasilinear modelling

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

1. Introduction

The isotope mass dependence of confinement is a long stand-
ing open question in tokamak physics. In multi-machine
studies the global confinement time is found to scale with M0.2

where M is the main ion mass number [1]. However, this global
number incorporates edge and core physics at the same time
while we know that they can scale differently [2].

The plasma edge or the pedestal shows a strong depen-
dence on the main ion mass in AUG [3–5] as well as in
JET-ILW [6, 7], most notably the pedestal density is lower
in H for matched engineering parameters—like power, gas,
plasma shape—while the temperatures can be similar resulting
in lower pressure. Three main factors which set the pedestal
top are important to consider, to understand the origin of
this difference: ELM stability, ELM losses and inter ELM
transport.

ELM stability is the main candidate. In principle, a mass
dependence could be introduced via diamagnetic stabilisation
[8, 9], however, this effect was found to be small for the
JET-ILW pulses discussed here [7]. Profile parameters which
change between H and D can have an impact on the ELM sta-
bility. A shift of the density profile or an increasing separatrix
density lowers the pedestal pressure at which ELMs are trig-
gered [10, 11]. Also an increase of the separatrix temperature
due to changes in the divertor condition can have an influence
on the ELM stability [7]. Both mechanisms will be discussed
in this paper.

ELM losses Ploss,ELM were found to have an impact on the
pedestal top in D plasmas [12]. Since the ELM behaviour is
different in H and D plasmas, with typically higher frequencies
in H, this was tested in AUG [3] and JET-ILW [7]. However,
since the ELM frequency is strongly correlated to the ELM
size, Ploss,ELM is not varying enough between isotopes to be
sufficient to explain the observed differences in the pedestal.
This is why we assume the impact of the ELM losses to be
negligible.

The inter ELM transport, is the least understood part of
the three candidates to explain the isotope dependence in the
pedestal. The theoretical understanding of the heat and particle
transport in the H-mode pedestal is an active field of research,
however, due to the steep gradients reliable simulations are dif-
ficult, but can be expected in the upcoming years. For L-mode
plasmas drift waves were found in the edge and show prop-
erties explaining the observed mass dependence of transport
[13, 14] and it is possible that collisional drift waves also play

an important role in H-mode. While interpretative experimen-
tal studies regularly find that the transport in H is larger than in
D [7, 15], the uncertainties in these studies are substantial. In
particular, due to the mass dependence in the pedestal a trade
off between matching the sources or matching the profiles has
to be made. Due to the lack of theoretical understanding of the
pedestal physics it is difficult to distinguish a source related
impact (profile stiffness, electron-ion equipartition) or chang-
ing profiles (collisionality, T i/Te, etc) from the actual impact
the ion mass has.

Very similar to the plasma edge different factors influence
the core transport. The main ion mass is expected to be one
these factors. The scaling of mass and transport is also not
constant and can vary depending on the plasma regime. Non-
linear gyrokinetic simulations provide the foundation for our
theoretical understanding. For example trapped electron mode
turbulence with a strong dependence on collisions [16] does
scale differently than ion temperature gradient (ITG) driven
turbulence with adiabatic electrons in the collisionless limit
[4, 17]. However, when considering the influence of colli-
sions [4, 13], E × B shear [18] and β stabilisation physics
[18] for ITG turbulence the expected scaling with main ion
mass will change. A more complete account of the different
physics mechanisms depending on the main ion mass can be
found in [19].

In addition to the direct impact of the main ion mass on
turbulent transport, there are the indirect effects due to opera-
tional constraints which become important when testing theory
against the experiment. The mass dependence in the electron-
ion equipartition [20] and the fast-ion slowing down [4, 21]
can result in different transport properties. The same is true
for the mass dependence originating from the edge—because
the pedestal is strongly coupled with the plasma core [22, 23].
Then there are more trivial differences like electron and ion
heat fractions and different torque which need to be taken into
account.

It can be summarized that a pure gyro-Bohm scaling of the
core transport with a M−0.5 dependence is not expected by the-
ory. While a gyroradius dependence is the core of most gyroki-
netic models, the state of the art models incorporate addi-
tional physics mechanisms which results in a more complete
description of the experimentally observed phenomena.

To address the question of the heat transport dependence
with the main ion mass series of plasma discharges has been
conducted with highly resolved measurements in the tokamaks
ASDEX Upgrade (AUG) and JET with the ITER-like wall
(JET-ILW). In section 2 we give a short overview of the two
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tokamaks AUG and JET-ILW and will describe the details of
the experimental scans—which allows us for the first time to
distinguish different contributions to the heat transport—and
introduce the modelling framework applied. The results are
described separately, first the impact observed on the pedestal
in section 3, then we select pairs with matched pedestal for
a detailed core transport analysis in section 4 and discuss the
core–edge coupling for the whole data set.

2. Experimental and modelling setup

AUG and JET-ILW are both metal tokamaks with a tungsten
divertor. In AUG also the main chamber walls are tungsten
while in JET-ILW they are coated with beryllium, which is
the setup foreseen for ITER. The metal wall results in a rela-
tively low concentration of low Z impurities and consequently
an effective charge Zeff of typically below 1.5 in both devices.
To improve ion temperature measurements small amounts of
low-Z impurities are introduced into the plasma externally.
In JET-ILW this is neon in H and D plasmas and in AUG
nitrogen in H plasmas. The main plasma parameters in AUG
are a plasma current of Ip = 0.8 MA and a toroidal magnetic
field Bt = −2.5 T with an edge safety factor of q95 = 5.2. In
JET-ILW Ip = 1.4 MA and Bt = 1.7 T with q95 = 3.7 is used
with the corner–corner C/C divertor configuration which has
the strike points in the inner and outer corner close to the diver-
tor pumping location. The applied heating power is between
7–22 MW in AUG and 5–15 MW in JET-ILW. Since JET-ILW
is twice the size of AUG, JET-ILW has about 2/3 lower ρ� than
AUG. The difference in size also means the power density in
AUG is substantially higher than in JET-ILW for the presented
discharge set, which results in higher relative fast-ion content
in AUG compared to JET-ILW.

In order to overcome the limitation of the NBI in hydro-
gen and to achieve higher NBI heating powers, D-NBI heat-
ing is used for dominantly H and D plasmas. This decreases
the isotope purity of the plasma and H concentrations of
nH/(nH + nD) � 0.9 are achieved. While not discussed in
detail here, no indication was found that the residual 10% of
D alters the main conclusions of this study. D plasmas in JET-
ILW have 1%–2% residual H while it is up to 5% in AUG. The
gas puffing rate Γ [24, 25] will be quoted as ’low’ or ‘high’.
A low Γ is in both machines close to the lowest puffing rate for
which the plasmas are considered reliably stable against impu-
rity accumulation. A highΓ is a multiple of the low gas puffing
rate, but still in the range where a linear pedestal response to
the fuelling rate is expected. It has to be noted that the gas
puffing rate is an engineering parameter and does not neces-
sarily correspond to the ionisation source profile in the plasma,
which for example also depends on the wall recycling and is
the relevant quantity for the particle transport. Unfortunately,
no measurements of the ionisation source are available for our
data set, the same is true for sophisticated modelling which
might help to predict the ionisation sources for the different
plasma parameters. Existing studies suggest that the ionisa-
tion source profile within the last closed flux surface increases
with lower M under otherwise similar conditions [26]. If these
results were applicable to the plasmas discussed in section 3 it

would enhance the observed effects. Therefore, we keep Γ as
general proxy for the particle sources.

To provide a robust experimental bases for the compar-
ison with theory, we scan the main ion mass, the heating
power P, gas puffing Γ and plasma triangularity δ in AUG and
JET-ILW. While M, P and Γ are routinely varied in similar
studies, including also δ serves a particular purpose here. As
introduced in section 1 our core and edge plasma are coupled
leading to an underdetermined system when only varying M,
P and Γ. The triangularity does break the core–edge coupling
because its impact on core transport is inverse to its impact
on the pedestal [27, 28]. Additionally, the impact of δ on the
core plasma is considerably lower than on the pedestal. Trans-
lating the findings at TCV [27], suggest an impact of lower
than 10% for the range applied for AUG δ ∈ [0.22, 0.37] and
JET-ILW δ ∈ [0.21, 0.30] in the core compared to 50% in the
edge [28]. Considering AUG and JET-ILW are larger devices
than TCV one would expect that the impact of an edge quan-
tity like δ [4] is further reduced in the core of AUG or JET-
ILW plasmas. This is confirmed by a δ scan performed in an
AUG L-mode plasma, where no impact of the shape is found
in the edge or the core of the plasma. The new strategy to vary
δ and M allows us to keep the sources the same while also
matching the profiles of H and D plasma. This opens up an
angle for investigation of the isotope mass dependence com-
plementary to previous studies relying on source or profile
changes.

The advantage of keeping the source profiles the same
becomes apparent if we consider the different parameters
involved. We expect a mass dependence of the heat flux
Q ∝ Mμ with μ ∈ [−0.5, 0.5] while our expected temperature
dependence is Q ∝ T2.5. When varying the sources the temper-
ature can change temperature change by a factor of 2, the same
as a change of M from H to D. Then one compares different
contributions, the one due to the mass of 20.5 = 1.4 and the one
of the temperature 22.5 = 5.7, consequently, a 10% uncertainty
in the treatment of the temperature could mask or suggest an
isotope dependence.

In our study we take temperature dependence in the heat
transport into account by using the TGLF model with satura-
tion rule Sat1geo [29] within Astra [30, 31] which allows us
simulate the heat and particle transport over the whole plasma
core. This means we run predictive flux driven simulations and
for similar simulations using saturation rule Sat1 it was found
that due to high stiffness the profiles can relax to the criti-
cal gradient [6]. This means the dependencies apart of those
influencing the critical gradient become less relevant—this
includes the gyro-Bohm mass dependence. Although, TGLF
is one of the best models currently available for such simula-
tions and has been steadily improved over the last years, it does
not perform similarly well under all conditions [32, 33]. There-
fore, we chose to minimize the dependence on the model accu-
racy by minimizing the effect of the boundary condition. This
is done by experimentally matching the pedestal or bound-
ary condition when comparing simulations with different M.
As input to the modelling we use the experimental rotation pro-
file and the fast-ion density, neutral beam particle source and
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Figure 1. Total pressure at the edge for H and D plasmas with different shaping and different gas puffing. Low gas puffing
Γ ∼ 0.9 × 1022 s−1 (a) (H: JPN97095, D: JPN97036) and medium (D: JPN97035) to high (H: JPN97094) gas puffing
Γ ∼ 13–18 × 1022 s−1.

Figure 2. Total pressure at the edge for H and D plasmas with different shaping and different gas puffing. Low gas puffing
Γ ∼ 0.1 × 1022 s−1 (a) (H: AUG35230, D: AUG35852) and high (H: AUG34716, AUG35231, D: AUG35852) gas puffing
Γ ∼ 7–8 × 1022 s−1.

heat flux profiles from PENCIL [34] and PION [35] for JET-
ILW and from TRANSP [36] for AUG and an experimental
boundary condition at ρtor = 0.85 for Te, T i and ne. The fast
ions are treated as a non-resonant species in the simulations
[37] and no additional effects like non-linear stabilisation of
ITGs [38] are taken into account. The temperatures Te and T i

as well as the density ne are simulated for ρtor < 0.85.
The experimental profiles are obtained with the Fusion-

Fit library and all profiles are ELM synchronised and deter-
mined in an 2–3 ms time window 1 ms prior to an ELM crash.
The main diagnostics are Thomson scattering for Te and
ne [39, 40] and charge exchange T i and ω [41, 42]. The map-
ping of the real space to flux space coordinates can be a
considerable source of uncertainty. For JET-ILW we use the
pressure constrained equilibrium EFTP which results in a
different Shafranov shift and pedestal position compared to
unconstrained equilibria. In AUG the variation between dif-
ferent equilibrium reconstructions is smaller, but for both
machines the profiles are aligned manually to match a sepa-
ratrix temperature of Te ∼ 100 eV.

3. Edge pedestal

As discussed in section 1 we expect a strong mass dependence
in the pedestal. This is confirmed by the AUG and JET-ILW
data sets discussed in this section. Additionally, we provide
evidence to narrow down the potential physics explanations.
In figure 1 the thermal plasma pressure is plotted at the plasma
edge for different triangularity δ and gas puffingΓ in JET-ILW.
For low gas puffing shown in figure 1(a) as well as medium
to high gas puffing (b) one observes a clear correlation of the
pedestal top pressure and isotope mass, namely lower pres-
sure in H compared to D at low δ. The variation in δ results in
a strong impact on the pedestal with increasing pedestal pres-
sure with higher δ. The impact of δ is stronger in H compared
to D in particular for high Γ. This is observed for JET-ILW as
shown in figure 1 and for AUG as shown in figure 2 and high-
lights how δ variations can be utilized to match the pedestal
between H and D for similar heat sources. This is the first
time a matched H-mode pedestal could be obtained in plas-
mas with different main ion mass while keeping the heating
and gas fuelling the same.
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Figure 3. Electron density profiles for different gas puffing in D (AUG35852) (a) and in H (AUG34716, AUG35230) (b) as well as different
δ at low gas puffing in H (AUG35230) (c) [5].

Figure 4. Electron density profiles for different gas puffing in D (JPN87344, JPN97036) (a) and in H (JPN97094, JPN97095) (b) as well as
different δ at low gas puffing in H (JPN97095) (c).

The density pedestal is key in understanding the impact of
M and δ on the pedestal and the phenomenology of the density
pedestal is remarkably similar in AUG and JET-ILW. This is
evident when comparing the profiles shown in figures 3 and
4. In (a) the density increases with increasing gas puff Γ in
the D plasmas due to increasing density at the separatrix. This
is expected when the ELM behaviour does not change signif-
icantly. The same increase in Γ applied to an H plasma does
not increase the pedestal top density shown in (b). Simulta-
neously the total pedestal pressure is reduced by 40% (JET-
ILW) and 70% (AUG), as was shown in figures 1 and 2, which
for constant density has to be due to a lower temperature.
However, when changing δ the density can be increased in H
up to a level where it matches the D pedestal density at the
same gas fuelling without degrading the pedestal temperature
as shown in figures 1 and 2(a) and (c). In AUG changing δ

and Γ has a strong impact on the inter ELM density fluctua-
tion amplitude, measured in the pedestal region with Doppler
reflectometry, with high δ showing lower fluctuation levels [5].
While being no proof this is a strong indication that the particle
transport changes with δ and Γ.

As discussed in section 1, the most obvious candidate to
understand the pedestal is the ELM stability. The review of

the density profiles indicates that the shifted position of the
density profile might contribute to the lower pedestal pressure
in H. To test this hypothesis the pedestal stability against peel-
ing–ballooning modes is studied using ELITE [43] (JET-ILW)
and MISHKA [44] (AUG) with a HELENA equilibrium [45],
the results are shown in figure 5 for the JET-ILW plasmas and
figure 6 for the AUG plasmas.

The stability boundary where the growth rate γ = 0.03 is
indicated as a line. For values of 〈 j〉max/ j, αmax lower than
the boundary the pedestal is considered stable against peel-
ing–ballooning modes. For D we find the stability bound-
aries for all cases fairly close to each other with the high δ

cases tending towards higher αmax as expected. The stability
boundaries for the JET-ILW plasmas shown in figure 5 are
found around αmax ∼ 3 for H and D alike. This suggests that
from ideal peeling–ballooning modes no contribution to the
observed difference with isotope mass is expected.

When comparing the operational points with their respec-
tive stability boundary we find that most JET-ILW plasmas are
near the stability boundary. Only the high gas puff Γ and low
δ H case is found with 30% lower αmax which also deviates
from the peeling–ballooning stability boundary. Figure 6 illus-
trates the ELM stability for AUG where D plasmas are close to
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Figure 5. Diagrams of the normalized edge current density 〈 j〉max/ j and normalized pressure gradient αmax with the peeling–ballooning
stability boundary and the operational point from experiment for a triangularity δ and gas puff Γ scan with main ion mass D (a) and H (b) in
JET-ILW.

Figure 6. Diagrams of the toroidal current density jtor and normalized pressure gradient αmax with the peeling–ballooning stability boundary
and the operational point from experiment for a triangularity δ and gas puff Γ scan with main ion mass D (a) and H (b) in AUG. [5].

the peeling–ballooning boundary while low δ H plasmas are
stable against peeling–ballooning modes, in particular, with
increasing gas fuelling.

It appears ELM stability cannot explain the observations in
low δ H plasmas and a mechanism is required to prevent the
pedestal from reaching the peeling–ballooning stability limit.
High inter-ELM transport could potentially serve this func-
tion. The AUG plasma found to be most stable against peel-
ing–ballooning modes is the one with high density fluctuations
in the pedestal as discussed above. This is an independent mea-
surement that is consistent with the hypothesis that in AUG
the inter ELM transport is important and that its properties
change with isotope mass and plasma shape. Comparable mea-
surements of the density fluctuations are not yet available for
JET-ILW, still the similar phenomenology of profiles and ELM
stability suggests that the same physics mechanisms dominate
the plasmas in both machines.

Despite the observed differences in ELM stability, in all
the plasmas ELMs are present. It is not trivial to identify the
ELM type when the pedestal is deep in the peeling–ballooning
stable region. The theoretical framework regarding these type

of ELMs is far less developed than that for the ideal peel-
ing–ballooning limited type-I ELMs. Although, new resis-
tive models are being tested against experimental observations
which could provide a potential explanation for this type of
instability [11], the nature of these ELMs remains an open
question.

4. Core transport

As discussed in section 1 we expect different physics mech-
anisms to contribute to the core transport. In order to quan-
tify the different contributions we compare the experimental
results with the quasilinear TGLF transport model using the
saturation rule Sat1geo. To minimize the uncertainties due to
the treatment of the edge boundary condition in the transport
model, we compare plasmas with different main ion mass and
different δ, but similar pedestal conditions and matched heat-
ing and gas puffing. This is the first study of this kind in JET-
ILW and allows to analyse the different contributions to the
core transport with unprecedented precision.
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Figure 7. Comparison of a H plasma (JPN97095) and a D plasma (JPN97036) in electron density (a), electron temperature (b) and ion
temperature (c). The heating power and gas puff is matched in both cases, while the triangularity is different. The lines correspond to Astra
TGLF Sat1geo simulations with the boundary at ρtor = 0.85 as indicated by the vertical black dashed line.

Figure 8. Comparison of a H plasma (JPN97096) and a D plasma (JPN96831) in electron density (a), electron temperature (b) and ion
temperature (c). The heating power and gas puff is matched in both cases, while the triangularity is different. The lines correspond to Astra
TGLF Sat1geo simulations with the boundary at ρtor = 0.85 as indicated by the vertical black dashed line.

In figure 7 the profiles for a pair of 10 MW JET-ILW dis-
charges with moderate βN = 1.7 are shown and in figure 8
the same is done for profiles of discharges with 15 MW at
higher βN � 2.5. Note this is the first high β H plasma which
was achieved in JET. In all four plasmas the only auxiliary
heating source is D-NBI. The solid lines in these figures are
predictions from the Astra/TGLF simulations with the
boundary at ρtor = 0.85. For the moderate βN = 1.7 case
shown in figure 7, TGLF predicts the profiles exceptionally
well and even reproduces details like the different density
peaking between H and D as well the higher core temper-
ature peaking in the ions compared to the electrons. We
expect the differences in the density peaking to be trans-
port related, because, the particle source profiles from PION
are well matched over most of the radius and only devi-
ate in the very center of the plasma ρtor < 0.2 where the
volume becomes small. At higher βN � 2.5, TGLF pre-
dicts too high transport for H and D, but the general fea-
tures of the experiment are reproduced, like the differences
in core temperature peaking between electrons and ions and
more relevant the predicted profiles are practically the same
for H and D.

With such a good match between theory and experiment
our confidence increases that the model captures the core
physics well and we can extract the different contributions
to the heat transport from the simulations. This is important
because despite the match in the pedestal density and tem-
peratures there are differences between these plasmas besides
the main ion mass number. Most notably are the toroidal rota-
tion shown in figure 9 and the fast-ion content. Due to sim-
ilar torque input by D-NBI, the H plasma with lower inertia
rotates faster than the D plasma. While D-NBI also increases
the fast-ion content compared to H-NBI, the mass dependence
in the slowing down results in lower total fast-ion content in
H compared to D. However, with D-NBI the difference in fast-
ion content between H and D is lower than if the H plasma is
heated with H-NBI.

To test the contribution of main ion mass, rotation and fast-
ion content to the core transport we chose the four cases with
matched pedestal and an additional H plasma with 10 MW
of auxiliary heating with H-NBI. For these five plasmas two
additional Astra/TGLF simulations were performed
each—one without fast ions nfast = 0 and one without
rotation ω = 0.
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Figure 9. Impurity ion rotation profiles for the H–D comparison with matched pedestal pressure using D-NBI and different triangularity for
the 10 MW cases (a) and 15 MW cases (b).

Figure 10. Change of Astra TGLF Sat1geo prediction for core contribution to thermal energy when removing fast ions (a) or setting the
rotation to zero (b).

Figure 11. Quality of the TGLF prediction in relation to the
experiment as a function of heat flux in gyroBohm units at
mid-radius for the JET-ILW data set.

In order to systematically compare the simulations we
track the changes of the thermal core energy W tglf

th, core resulting
from the predicted profiles. We define W th,core = W th − W th,ped

where the pedestal thermal energy W th,ped = 1.5
∫

pped(ρtor)dV

with pped(ρtor) = min
(

pped(ρtor), pped(ρbdry
tor )

)
and ρbdry

tor = 0.85

being the position of the simulation boundary.
The results of this scan are shown in figure 10 where a cor-

relation is observed between the Astra/TGLF prediction and
the fast-ion content W fast (a) as well as the toroidal rotation in
the plasma center ωcore (b). In the model both higher fast-ion
content and higher rotation yield improved confinement, this
improvement is found to be between 5%–10%. Doubling the
rotation or fast-ion content has a similar impact on the trans-
port. However the range of fast-ion content accessible in these
plasmas is broader than for the rotation. The two contribution
go in opposite direction when varying the mass, because typi-
callyωH > ωD while WH

fast < WD
fast, therefore, they compensate

each other to some extent. The impact of the fast-ion content
and the rotation have on the transport in these flux driven simu-
lations also suggests that we are not too close to the critical gra-
dient. In such a situation it would be difficult to extract the mass
dependence of the model as discussed in section 2. When sim-
ulating the hydrogen discharges with deuterium mass, while
keeping all other inputs—heat distribution, fast-ion content,
rotation, shape and boundary condition—fixed, the cases with
M = 2 are found to have the same core confinement within

8
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Figure 12. Core contribution to the thermal plasma energy W th,core (a) and thermal confinement time τ th,core (b) as a function of the edge
contribution W th,ped for different isotope masses in an JET-ILW power/gas scan.

3% both for 10 MW and for 15 MW. This corresponds to a
mass scaling of W th,core ∝ M0.00...−0.04. The non-existent mass
dependence in the core is consistent with the experimental
observations, however, this is only seen directly because of
the usage of D-NBI in H plasmas. D-NBI compared to H-NBI
increases the fast-ion content as well as the rotation. In our data
set this reduced the contribution introduced by both param-
eters when comparing H and D plasmas and allows a more
reliable quantification of the mass dependence. When hav-
ing three parameters—mass, rotation and fast-ions—change
in the experiment, it is important to quantify each one or
potentially the impact of one might be confused with the other.

To assess the quality of the TGLF predictions of the
core transport, the whole set of simulations is compared
with the experimental profiles. This includes the matched
plasmas described above and additionally those with high
δ in D and low δ in H and consequently different pedestal
top pressures. In figure 11 the deviation ratio between the
experiment and the prediction is plotted as a function of the
heat fluxes at mid-radius in gyroBohm units Qtot/QgB. One
finds that TGLF predicts the core confinement accurately
within ±5% for Qtot/QgB > 17. In particular, for H this is true
despite a variation of the pedestal pressure by over a factor of
2 (cp to figure 1).

From the points which exhibit a larger deviation between
model and experiment important information can be deducted.
First there is a single plasma in the data set with a neoclas-
sical tearing mode with mode numbers (m, n) = (3, 2). For
a plasma with core MHD activity the model should overes-
timate the confinement, because, the magnetic island is not
treated in the model. In figure 11 this plasma at Qtot/QgB = 17

is clearly visible as outlier with W (TGLF )
th, core /W (EXP)

th, core = 1.15 as is
expected. This highlights that we can identify changes in the
core transport with the chosen representation which increases
our confidence in the validity of our interpretation.

For Qtot/QgB < 17 TGLF starts to overestimate the core
transport in H and D plasmas leading to lower W th,core. Since
for the first time in JET-ILW a heating power of 15 MW was
introduced in a H plasma with good pedestal performance we

were able to populate the Qtot/QgB < 17 region with H data
points. This gives crucial new insight for the interpretation of
the data. As a thought experiment, we discuss the data set as
if these two new H points were not present. Then a clear sepa-
ration between H and D plasmas would remain. This might be
interpreted such that theory overestimates the core heat trans-
port in deuterium plasmas and a yet unknown isotope effect is
necessary to bridge the gap between H and D plasmas. How-
ever, the separation in gyro-Bohm units is not only due to
the mass dependence in the normalisation, but also due to the
mass dependence in the pedestal temperature and density as
described in section 3. A lower pedestal top will result in larger
heat fluxes in gyro-Bohm units, despite the same experimen-
tal heat fluxes. I.e. the isotope dependence of the pedestal can
have a significant impact on the interpretation of core transport
modelling.

However, the new H plasmas, with high heating and high δ,
show the same overestimated core heat transport in the mod-
elling as do the D plasmas. This suggests that the shortcoming
of the model for Qtot/QgB < 17 does not originate in the iso-
tope mass and is instead connected to an accurate prediction of
threshold and stiffness properties of heat transport under these
conditions.

This overestimation of the core transport in H and D
plasmas at low Qtot/QgB by TGLF was also observed in
comparisons with non-linear gyrokinetic Gene simulations
[33]. For such plasmas with higher βe the nonlinear elec-
tromagnetic turbulence stabilisation—which is not present in
TGLF—becomes more important [32, 46, 47]. Non-linear sta-
bilisation of ITGs via fast ions [21, 38, 48] is likely not respon-
sible for this difference. In the AUG core transport an empirical
threshold of W fast/W th > 1/3 was found for NBI heated plas-
mas [4]. The JET-ILW 1.4 MA, 1.7 T, H and D plasmas all have
W fast/W th < 1/4. In order to contribute to this questions non-
linear gyrokinetic simulations will be performed for our data
set in the near future.

To approach this open question from the experimental
side in figure 12(a) the core–edge coupling of the plasma
energy between H and D is shown. While a correlation
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between W th,core and W th,ped is not entirely surprising as it
was observed before, for example, in JET-ILW [19]. In our
data set the heating power is varied by over a factor of 2 and
the pedestal top is varied via the shaping at constant heat-
ing power and still the correlation between edge and core
holds. Further, in figure 12(b) it is shown that the core con-
finement time τ th,core = W th,core/Psep, with Psep = Pheat − Prad,
even increases with increasing pedestal top. This is not trivial
as one would expect a strong power degradation with increas-
ing Psep which is still visible in the two outliers towards higher
τ th,core at W th,ped = 0.7 MJ which are the D plasmas with the
lowest heating power. However, since the data set is not only a
power scan and W th,ped is varied via M,Γ and δ as well, it makes
sense to consider additional mechanisms. When one excludes
fast ion effects a remaining candidate is β stabilisation where
the experimental reasoning is that β is one of the few core
parameters which is directly affected by the pedestal. How-
ever, a higher pedestal also reduces R/LT ∝ 1/T and thereby
the turbulence drive. In simple transport simulations with a
coupled edge-core model a doubling of the pedestal pressure at
constant input power results in 50% higher W th,core for the same
core transport model. This is the same magnitude as observed
in the experiment.

Independently of the potential explanations the data shows
no significant deviation between H and D plasmas. But since
H plasmas are on average found with a lower pedestal energy
W th,ped than their D counterparts, also the core confinement
time will be lower in H on average. Given our observations we
conclude that the improvement of core confinement is not a
consequence of an isotope mass dependence in the core trans-
port, but a consequence of the core–edge coupling which is
found in H and D plasmas alike.

5. Summary

While performing experiments with different main ion masses,
the mass number is never the only parameter that is changing.
We rather observe different overlapping effects. Most notably
is the core–edge coupling. Changes in the edge will impact
the core and vice versa. In the pedestal a very strong depen-
dence on the mass number and the gas fuelling is observed.
This will have direct consequences for the core confinement
time—independent of the main ion mass.

Where the parameter space in AUG and JET-ILW overlaps,
plasmas exhibit the same physics responses to changes in the
engineering parameters. This is found for the core transport
at moderately low fast-ion content and for the strong isotope
mass dependence of the pedestal, which is comparable in both
machines. At the edge the inter-ELM transport is the most
promising candidate to explain the experimental observations.
However, the detailed underlying physics mechanisms could
not be identified due to the lack of accurate transport modelling
of the steep gradient region in the H-mode edge.

When the edge isotope dependence is offset by varying the
triangularity at the separatrix Astra/TGLF (Sat1geo) simula-
tions predict the core transport surprisingly well for moderate
β. In the simulations of the core transport, fast-ion and rotation
effects are small but larger than the isotope mass dependence

which is close to nonexistent. This is different in AUG when
the fast-ion content between H and D diverges at higher NBI
power density and non-linear turbulence stabilisation due to
fast ions starts playing a role [4]. This is consistent with JET-
ILW where the relative fast-ion content is lower than in AUG
and the effect of thermal ion dilution by fast ions is sufficient
to model the observations.

For the first time an isotope study between H and D could
be extended to high β H plasmas. This is only possible due
to the pedestal match with different δ and an increase of the
heating power in H by applying D-NBI. This allows to investi-
gate the isotope dependence of the EM stabilisation. While the
experimental data suggests only a small impact of the main ion
mass on the core transport also for high β plasmas, a detailed
comparison to advanced theoretical models is still missing and
will be subject to future investigations.
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