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Abstract
In recent years, measurements on the ASDEX Upgrade tokamak and modelling performed for
plasmas with hydrogen (H) and deuterium (D) as the main gas have improved our understanding
of the ion mass dependencies in fusion plasmas. The observed isotope effects can be explained
with established physics processes which highlight the importance of treating heat transport
with coupled electron and ion heat channels. In the core of electron heated L-mode plasmas, the
mass dependence of the electron–ion equipartition results in a reduction of qi/qe with increasing
ion mass. Combined with higher profile stiffness in the ions compared to the electrons, this
results in improved core confinement for higher ion masses. At the edge of L-mode plasmas
where a higher collisionality is observed, parallel electron dynamics is fundamental for
turbulence. The parallel electron dynamics term in the gyrokinetic equations directly depends
on mi/me, resulting in a different kinetic response with different ion mass. Higher turbulent
fluxes are expected with lower ion mass. This is consistent with the difference in Lne observed in
the experiment. The mass dependence of turbulent transport in the L-mode edge has direct
consequences for the L–H transition. More heating power is required to enter the H-mode at
lower mass (PH

L-H ∼ 2PD
L-H). This is expected if the critical E×B shearing rate γE×B is important

for the transition from L to H mode. In the H-mode pedestal, γE×B remains important to
regulate the turbulent transport. The electrons do not contribute to γE×B and the enhanced
equipartition for lower ion masses causes a shift from the ion channel to the electron channel in
the absolute heat fluxes. Consequently, the inter edge localised mode (ELM) transport is found
to be higher with lower isotope mass. This enhanced transport in H can prevent the pedestal
from reaching the peeling–ballooning stability boundary with engineering parameters where D
plasmas are peeling–ballooning unstable. Increasing the triangularity reduces the inter ELM
transport in H stronger than in comparable D plasmas. For matched pedestal top and matched
heat sources, the core heat transport is found to be similar for H and D when the fast-ion content
is low. When ion temperature gradient turbulence stabilisation by fast ions becomes relevant, the
mass dependent fast-ion slowing down results in higher fast-ion content in D and therefore in a
reduction of ion heat transport in the core. Then, even for matched pedestals τDE > τHE .
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1. Introduction

In high temperature plasmas, isotopes of hydrogen are mostly
used as the main ions. The reason for this is that the fusion
cross section of deuterium (D) and tritium (T) is the highest
for temperatures and densities achievable in magnetically con-
fined plasmas. However, due to the scarcity of T and the oper-
ational constraints involved with using radioactive T, present
day devices mostly operate with the stable hydrogen isotopes
H and D. Because D has better confinement properties than
H [1], tokamaks mainly operate with D. Consequently, the
majority of available data originates from plasmas with D
as the main ions. To increase the accuracy for the prediction
of DT operation, detailed knowledge of the physics mechan-
isms involving different isotope masses and their modelling is
necessary.

Assuming a state where turbulence is determined by the
ion temperature gradient (ITG) with adiabatic electrons in the
collisionless limit, gyrokinetic theory predicts a scaling of
heat transport such that χ∝ ρi ∝ A0.5, the gyroBohm scaling
[2]. Here, ρi =

√
mTi/eB is the ion Larmor radius and A the

ion mass number. However, this ideal state does not exist in
reality. A comprehensive overview of the physics ingredients
necessary for a more realistic description are given in [3]. For
example, considering the effects of collisions and kinetic elec-
trons helps to model experimental observations [4–6]. Such
deviations from the gyroBohm scaling, associated with the
main ion mass, are generally termed the ‘isotope effect’. In
most observations, the isotope effects manifest in a reversal
of the ideal gyroBohm scaling, i.e. the confinement improves
with mass [3]. Consequently, when studying different isotope
masses, the gyroBohm scaling can be a poor frame of refer-
ence and might complicate the interpretation of observations.
Therefore, whenever possible, we will discuss the influence
of the isotope mass in experimental observations without a
gyroBohm normalisation. In this case, we will refer to an ‘iso-
tope mass dependence’. Note, a physics mechanism showing
no mass dependence can still fall in the category of isotope
effect when it does not follow the gyroBohm scaling.

It should also be pointed out that for studies with dif-
ferent main ion masses, clean comparison experiments are
very difficult to achieve. In general, the main ion mass will
not be the only parameter that changes in such a study. The
engineering parameters which can be matched are often not
a relevant physics quantity—for example, the total heating
power is not directly relevant for heat transport physics, but
the radial distribution of heat in the electron and ion chan-
nel is relevant. The heat distribution, of course, depends on
the total heating power, but also on the heating method and
the plasma properties—with the main ion mass being such a
property.

This paper gives an overview of recent experiments in the
ASDEX Upgrade (AUG) tokamak [7], along with a discus-
sion considering the most recent advancements in theoretical
understanding. The observations are ordered by the confine-
ment regime of the L-mode in sections 2 and 3 and H-mode
in sections 5 and 6 as well as the transition region between
them in section 4. Additionally, each confinement regime is
separated in the core (sections 2 and 6) and edge (sections 3
and 5).

2. L-mode core

In the core of AUG L-mode plasmas, we have found that
the isotope mass dependent electron–ion equipartition pei ∝
Z2i
mi

n2

T3/2e
(Te −Ti) plays an important role [8], where Zi is the

ion charge number, mi the main ion mass, n the density
and Te, Ti the electron and ion temperature. In general, the
equipartition becomes relevant when the heat transport is
different for electrons and ions and the energy confinement
time τE is larger than the electron–ion exchange time τei. If
τE > τei is not met—for AUG this is typically the case for
ne < 3× 1019 m−3—no difference in the core confinement is
observed between H and D [8]. In electron cyclotron reson-
ance heated (ECRH) L-modes in AUG at moderate density
ne ∼ 4× 1019 m−3, Te > Ti and with the transport driven by
ITG and trapped electronmode (TEM) turbulence, the ion heat
transport is found to be stiffer than the electron heat trans-
port [8].

Due to the enhanced equipartition in H, a larger fraction,
compared to D, of the auxiliary electron heating is being trans-
ferred to the ion channel. A match of the heat flux in the
electrons qHe = qDe was achieved for ρtor > 0.3; for this, the
total heating power was increased in H—PD

sep = 1.06 MW and
PH
sep = 1.39MW. Consequently, the ion heat flux is higher in H
qHi > qDi . The resulting experimental temperature profiles are
shown in figure 1 along with the modelling which reproduces
the measurements without a mass dependence in the transport
model. These results are described in more detail below. The
densities were matched for ρtor < 0.8.

The global confinement is reduced in H compared to D.
The magnitude of this reduction is consistent with empirical
scaling laws [9] which find the thermal energy confinement
time τE ∝ A0.20. However, when taking the power degrada-
tion into account, the difference between H and D is reduced
and L-mode confinement factors of LD = τDE /τE,L = 1.02,
LH = 1.16 are found, where τE,L is the energy confinement
time scaling as defined in [9]. This observation is consist-
ent with measurements in ohmic plasmas in JET [10] and
FT-2 [11].
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Figure 1. Electron (a) and ion (b) temperature profiles from measurements (points) and Astra simulations (lines) with a mass independent
transport model for H and D plasmas with PH > PD. Reproduced courtesy of IAEA. Figure adapted from [8]. © EURATOM 2017.
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Figure 2. Radial profiles for amplitude (a) and phase (b) of temperature perturbations due to 100 Hz ECRH modulation. The ECRH
deposition profile obtained from TORBEAM calculations is indicated with solid lines. Reproduced courtesy of IAEA. Figure from [8].
© EURATOM 2017.

These global observations are supported by local meas-
urements [8]. With a power modulation of an ECRH gyro-
tron depositing at mid-radius with f = 100 Hz, small heat
perturbations—about 2% of Te—are induced in the plasma.
Their radial propagation is measured with electron cyclotron
emission with a sampling rate of 32 kHz. The Fourier analysis
of the radial spread and dissipation of this heat wave serves
as a direct measurement of the electron heat diffusion in the
plasma. The amplitude A and phase ϕ of the perturbations are
illustrated for H and D in figure 2 and are used to calculate the
heat pulse diffusion χHP [12, 13]

χHP
e =

3
4 f

∇ϕ
(∇A

A + 1
2 r
) (1)

where r is the minor radius of the measurement loc-
ation. The measured diffusivities around ρtor ∼ 0.4 are
χHP
e,H = 2.4± 0.9 m2 s−1 and χHP

e,D = 2.2± 0.3 m2 s−1. Since
χHP reflects the ∂qe/∂(∇Te) and the power balance diffus-
ivity χPB is found with χPB

H ∼ χPB
D , we can conclude that the

electron heat transport is not affected by the ion mass.

Another element of local transport characteristics, show-
ing the importance of stiffness rather than mass ratio, is
revealed by measuring the radial correlation length of density
fluctuations. This is obtained using a dual channel Doppler
reflectometer [15]. This provides simultaneous measurements
of density fluctuations for two radial positions at a selected
wave number and fluctuation velocities with a good spatial
localisation [16]. Here, two W-band Doppler reflectometers
(frequency range 75–110 GHz) operated in X-mode polar-
isation, were used, covering the plasma from the core to the
edge [17–19]. The probed wave numbers were in the range
6–8 cm−1 corresponding to kρs ∼ 0.5–1.0. Note that the prob-
ing conditions (density profile, antenna angle) were similar in
H and D, ensuring the validity of the comparison. A potential
dependence of the correlation length on k or the antenna angle
would result in a range for Lc rather than the quoted unequi-
vocal values. Figure 3 shows the maximum of the correlation
function versus the radial separation in logarithmic scale. The
decay of the correlation function is not monotonic but displays
two distinct slopes: a fast decay at small distances, and a
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(a) (b)

Figure 3. Maximum of the correlation coefficient as a function of the radial separation in ρpol units for H and D at ρpol = 0.7 (a).
Perpendicular velocity of the density fluctuations for the H discharge [14].
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Figure 4. Total heat fluxes from non-linear Gene simulations for an R/LTi scan at ρtor = 0.6 (a) and ρtor = 0.8 (b). Reproduced courtesy of
IAEA. Figure from [8]. © EURATOM 2017.

slower one over larger distances. At small radial separation,
the decay slope gives an estimate of a correlation length,
Lc ≈ 1.1 cm in D and 0.8 cm in H, at r/a∼ 0.75. The ratio
LDc /L

H
c is close to

√
M∼ 1.4 and corresponds to∼5ρi, similar

to observations in DIII-D and Tore supra [20–22] and gyro-
kinetic simulations over small distances [23, 24]. For larger
distances, the correlation lengths are Lc = 2.7 cm in D and
Lc = 2.5 cm in H and their ratio is independent of M within
the uncertainties. The absence of a mass dependence in the
heat transport is an indication that the larger turbulent scales
might be more relevant for the heat transport than the smaller
scales. The measurements of the perpendicular velocity vperp
of the density fluctuations also show signatures of structures
which correspond to larger scales (>20ρi). This range corres-
ponds to typical radial scales of the avalanches depicted in
gyro-kinetic simulations (20–40ρi) [23, 25, 26]. To explore
the radial structure of the turbulence theoretically, global sim-
ulations are necessary, which are currently not available for
AUG discharges. Such global flux-driven simulations were
performed on a theoretical case [24, 27] and for Tore Supra

[25] plasmas under similar conditions to AUG. They repro-
duce the stiff nature of heat transport and show signatures of
avalanching transport on radial scales similar to the normal-
ised structure sizes observed in AUG.

To help explain the isotopic dependence of the heat fluxes
in AUG, we obtain insight from non-linear local simulations
performed for these AUG ECRH L-modes. The simulations
suggest that ITG turbulence is the dominant drive for the heat
transport. The modelled heat fluxes are shown in figure 4 for
two different radii. At ρtor = 0.6, the total heat flux predicted
by the gyrokinetic simulations is in good agreement with the
measurements. The simulations show no isotopic dependence
but a profile stiffness consistent with the experiment. Closer to
the plasma edge at ρtor = 0.8, the agreement with the experi-
ment is still reasonable but the simulations suggest lower heat
fluxes in H compared to D.

The impact of the local simulation results on the global
properties is illustrated by comparing the heat fluxes predicted
by Gene for a given LTi to the stored energy derived from
this gradient length. This is done by scaling the experimental

4
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Figure 5. Power degradation following from the Gene gradient length scan (a). Predicted decoupling of electron and ion heat flux driven by
ITG turbulence.

Ti profiles over the whole radius with the LTi values used
for the simulated scan at ρtor = 0.6 and 0.8. The result is
shown in figure 5(a) and illustrates that for H and D, the
derived thermal ion stored energyWth,i scales with Q0.36

i . Des-
pite being a crude estimate, this power degradation, or pro-
file stiffness, is similar to the one found for L-mode plasmas,
τE ∝ P−0.73 or W∝ P0.27, in a large multi-machine confine-
ment time database [9]. This indicates that these gyrokinetic
simulations may be representative of a wider range of L-mode
plasmas.

An additional prediction from the non-linear simulations is
that ions and electrons will be affected differently by the tur-
bulence strength. Figure 5(b) illustrates the increase in Qi/Qe

with decreasing ion temperature gradient length, and thereby
a growing decoupling of electron and ion heat transport.
Again, no systematic difference between H and D plasmas is
observed. This result supports the fact that the confinement
time is lower in H compared to D due the higherQi rather than
the lower mass number. This is confirmed by experiments in
D with direct ion heating which exhibit confinement proper-
ties similar to those of the electron heated H plasma [8]. With
direct ion heating in D, the radial ion heat flux distribution is
closer to that of the electron heated H plasma than the electron
heated D plasma.

The experimental isotope mass dependence of confinement
in the core of L-modes is reproduced in predictive Astra sim-
ulations [8]. The simulations use the ion temperature profile
stiffness obtained with Gene and the electron parameters from
the heat pulse modulation measurements, which both showed
no mass dependence. Despite the absence of an isotope mass
dependence in the heat transport model, the observations are
explained when the mass dependence in the electron–ion
equipartition is taken into account. In this picture, the mass
dependence in the equipartition causes a redistribution of heat
between the electron and ion heat channels which, in turn, is
responsible for the differences in the energy confinement time.
For matched electron heat fluxes, direct measurements using
heat pulse diffusion also find the absence of an isotope mass

dependence in the electron heat transport. While not necessary
in order to explain the observations, a small mass depend-
ence cannot be excluded due to the measurement uncertain-
ties; however, a mass dependence suggested by the gyroBohm
scaling

√
M∼ 1.4 is well outside the uncertainties.

3. L-mode edge

For standard operational parameters, transport in the core
of the AUG L-mode is mostly driven by ITG and TEM
turbulence. In the edge, due to the higher collisionality, par-
allel electron dynamics are found to be important and the tur-
bulence is dominated by collisional drift waves [4, 6]. The
ion to electron mass ratio enters the parallel electron dynam-
ics term in the gyrokinetic equations, resulting in an explicit
mass dependence. This results in a different kinetic electron
response with changing ion mass. A lower ion mass causes a
higher linear growth rate and higher turbulent fluxes. Note, this
mass dependence does not enter via the gyro-radius.

In figure 6, the mass dependence of the normalized lin-
ear growth rate γ(ρ/cs) and the normalized nonlinear heat
flux qi,gB = qi/qgB—where qgB is the gyroBohm heat flux—
are shown as a function of the electron collisionality ν∗e at
the edge ρtor = 0.925 of an L-mode plasma. The simulations
were performed for different masses in the electrostatic (e.s.)
limit and also take β effects into account in the electromag-
netic (e.m.) simulations. While the absolute values of γ(ρ/cs)
and qi,gB change from e.s. to e.m. the trends remain the same.
At high collisionalities, there is a pronounced mass depend-
ence visible in the growth rates and fluxes, indicating reduced
turbulent transport with increasing ion mass. Towards lower
collisionalities, this mass dependence is reduced in the growth
rates and vanishes in the fluxes. The experimental collisional-
ity is at 3.7, therefore a mass dependence is expected in the
transport at the edge.

The experimental edge profiles from the L-mode discharges
with different auxiliary heating, introduced in section 2, are
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illustrated in figures 7(a) and (b). They show fairly similar
electron temperatures but different density gradient lengths.
The uncertainties of the ion temperature measurements are too
large for an accurate power balance close to the separatrix,
so we cannot directly validate the modelling results shown in
figure 6. However, we can test if the trends observed in the
experimental data are consistent with the modelling.

From the modelling, we expect higher turbulent transport
in H [4]. This would be consistent with R/Lne being smal-
ler in H for similar sources. Although the gas puffing is the
same in both discharges, the particle source profiles are likely
different due to the different mean free paths of the H and D
neutrals. Modelling of the differences in recycling due to the
ionmass, performedwith the EDGE2D-EIRENE code for JET
plasmas, shows that for the same gas puffing rate, the particle
source in H is expected to be higher [28]. To transport more
particles while having smaller gradients, the turbulent particle
diffusion should be higher in H than in D—as is suggested by
the modelling.

For R/LTe to remain similar despite higher transport, the
heat fluxes need to be larger in H, qHe,edge > qDe,edge. Since we
found qHe,core = qDe,core, this is only possible when the equiparti-
tion changes sign close to the edge (ρtor > 0.8). In figure 7(c)
this is the case; however, the uncertainties are considerable.
Still, such a reversal is not uncommon and is also observed
in H-mode plasmas, as will be discussed in section 5. So,
while the energy is transferred from electrons to ions in the
core, keeping qe the same between H and D, as discussed in
section 2, at the edge energy can flow back to the electrons.
The absolute equipartition is larger in H compared to D due to
the lower ion/electron mass ratio. Consequently, one can have
qHe,core = qDe,core and q

H
e,edge > qDe,edge simultaneously, where the

ion channel accounts for the differences.

Measurements from Doppler reflectometry provide addi-
tional information about the edge turbulence. In the edge,
no mass dependence is observed in the correlation length of
the density fluctuations, as shown in figure 8(a), while the
correlation lengths in the core show a mass dependence for
small scales (see figure 3). This is consistent with the discus-
sion above since the mass dependence in the turbulence enters
via the electron parallel kinetic response and not via the gyro-
radius, and can be expected for different turbulence mechan-
isms dominating in the core and the edge of the plasma.

Doppler reflectometry also measures oscillations in the
plasma mean flow, which are identified as geodesic acoustic
modes (GAMs). Figure 8(b) shows E×B flow spectra for H
and D plasmas close to the plasma edge (ρpol > 0.95). Here,
the GAM appears as a coherent peak around 20 kHz. The fre-
quency shift between the H and D peaks is expected when
taking into account the mass dependence in the GAM fre-
quency fGAM = Gcs/2πR0, where cs =

√
(Te + γiTi)/mi is the

ion sound speed and G∼ O(
√
2), a plasma shape dependent

factor. They are responsible for energy spreading spatially and
in wave-number, as well as directly moderating the density tur-
bulence and turbulent density-potential cross-phases via velo-
city shearing [29]. The amplitude of the GAM in H is roughly
half that of the GAM in D. This is a common observation
in isotope studies [29]. GAMs are driven by turbulence via
non-linear interactions and damped linearly via collisions and
Landau damping. The resulting GAM amplitude is thus a bal-
ance of these mechanisms. GAMs impact both the energy and
particle transport.

At first order, the GAM amplitude may provide an indica-
tion of the edge turbulence strength. Since gyrokinetic mod-
elling suggests a higher turbulent transport in H, as shown in
figure 6, the GAM turbulent drive may be expected to be larger
in H. However, in D, we find higher density gradients than in
H and higher∇ne increases the drive for the GAMs. The colli-
sionality ν∗ is lower in D than in H close to the separatrix and
the collisional damping increases with ν∗. The safety factor q
is too large in the edge for Landau damping to become relev-
ant. Although we cannot give absolute numbers, we expect a
higher drive and lower damping of GAMs in D compared to
H, which is consistent with the trends observed for the mass
dependence of the GAM amplitude.

4. L-H transition

The heating power necessary to enter H-mode PL-H is sig-
nificantly different in H and D with PH

L-H ∼ 2PD
L-H typically

observed [30]. In this section, we describe possible explana-
tions for this difference.

In the previous section, we saw that the electron collision-
ality is important for the isotope dependence introduced by the
drift wave turbulence dominating the heat and particle trans-
port in the edge. For the transition from L-mode to H-mode,
the ions become important. The widely accepted mechan-
ism causing the transition to high confinement mode in toka-
mak plasmas involves turbulence suppression via the E×B
flow shearing rate γE×B, which is caused by the local radial
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Figure 7. Edge electron temperature (a) and density (b) profile for H (blue) and D (red) L-modes. Electron ion equipartition pei for the
whole radius. (c) Reproduced courtesy of IAEA. Figure from [8]. © EURATOM 2017.
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electrical field gradient. Typically, the minimum of the radial
electric field min(Er) is used as a proxy for γE×B [31–33].
However, this approximation holds only when the width of the
Er well is constant.

It is important to highlight first that no isotope dependence
is observed in the Er characteristics in developed H-modes
[34], and, independent of the ion mass, Er is found to be dom-
inated by the ion diamagnetic term in the radial force bal-
ance equation, i.e. Er ≃∇Pi/(eni). This is shown in figure 9.
Figure 10 shows that the transition from L- to H-mode occurs
at the same value of min(Er). It is not yet clear why we find no
variation in min(Er) at the transition between H and D. Since
the transport is higher in H, one might expect that a higher
γE×B is required to suppress the turbulence. Direct measure-
ments of the Er gradients could help in answering this question
in the near future. In particular,∇Er ∝min(Er)might not hold
if the width of the Er well changes with isotope mass, some-
thing which could be caused by different density gradients.

If we consider a given value of min(Er) as a prerequisite
for the L–H transition, then the mass dependence of PL-H fol-
lows directly from the edge transport discussed in section 3.
For that purpose, it is helpful to rewrite the main term of Er

with gradient lengths ∇Pi/(eni) =−Ti/e(1/Lni + 1/LTi). In

this notation, it becomes evident that a reduction of 1/Lni, as
observed for H (see figure 7) as well as higher transport which
influences Ti and LTi, has an impact on Er.

The main actuator to influence the ion temperature profile,
and thereby Er, is the ion heat flux qi. In studies with a single
isotope, qi proved to be the parameter ordering the non-linear
PL-H dependence at low densities [35–37].

With lower 1/Lne and higher heat transport, a qL-Hi,H > qL-Hi,D
is required to match the Er, which is indeed observed in the
experiments, as shown in figure 11 [30]. In terms of engin-
eering parameters, this manifests itself as an isotope depend-
ence in the power threshold PH

L-H > PD
L-H. To experimentally

distinguish between the contributions from LTi and Lni, sim-
ultaneous high spatially resolved Ti and ni measurements are
needed. This is currently difficult to achieve with the required
accuracy, and thus remains an open question.

The experiments performed in AUG close to the density
minimum with mixed H and D plasmas as well as with He
added to pure H plasmas are consistent with the physics pic-
ture described above [38]. The H plasmas with increasing He
concentration up to 20% are found to have the same ion heat
flux at the L–H transition, as shown in figure 12(a). The mixed
isotope experiments also show a continuous but non-linear
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Figure 10. Net heating power (a) and minimum electrical field (b)
at the LH-transition for different magnetic fields and different
isotopes. Reproduced courtesy of IAEA. Figure from [33].
© EURATOM 2020.

transition between the pure H and pure D cases. Qi,edge at
the L–H transition becomes less dependent on the effective
mass meff for nH/(nH + nD < 0.4). Despite the consistent pic-
ture in the ion heat flux, the actual power threshold in terms
of input heating power Pnet can still vary throughout the data
set depending on the auxiliary heating method. Most notably,
it was observed that in H plasmas with direct ion heating by
neutral beam injection (NBI), a higher Pnet was required to
reach the same Qi. The reason for this was the reduced Te/Ti

Figure 11. PL-H and qi,edge (at ρpol ∼ 0.98) at the LH transition
versus line-averaged density in H and D. Reproduced from [30].
© 2016 EURATOM.

which lowered the energy transfer from electrons to ions and
thus required a higher Qe at the edge to reach similar Qi [38].
This effect is found to be more pronounced in H compared to
D, since the electron ion equipartition is stronger in H.

5. H-mode edge pedestal

The isotope dependencies found in the H-mode cannot be
understood as easily as in the L-mode. In particular, the regime
boundaries change with isotopemass, i.e. although we observe
the same physics processes in H and D, a comparison with
matching engineering parameters can result in pronounced
differences between the isotopes. A very obvious case for
the shifting of regime boundaries is the L–H transition, as
discussed in section 4. But they also occur in H-mode, for
example, a shift of the power required to move from type-
III to type-I ELMy H-modes was reported at JET [39]. So,
for matched heating power, the different confinement between
isotopes can be dominated by the different confinement regime
(L-mode, H-mode) or ELM regime and not by an isotopic
dependence of heat or particle transport. Understanding these
differences is particularly important when trying to transfer the
results to larger machines.

In AUG, H H-modes, a regime of enhanced heat and
particle transport in the pedestal exists which is not present
in D plasmas for similar engineering parameters. The regime
of poor confinement is observed in low triangularity H plas-
mas with high gas fuelling and medium heating power Paux =
(3–4)PL-H [40]; here, PL-H is the threshold power in H. There
are indications that this regime boundary also depends on the
heating mix and that the threshold in gas is power dependent;
however, not enough data is currently available to draw robust
conclusions.
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Figure 12. Edge ion heat flux at the L–H transition for H plasmas with increasing He concentration (a) and different relative H
concentrations nH/(nH + nD) (b). Reproduced courtesy of IAEA. Figure from [38]. © EURATOM 2020.
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In figure 13, an overview of the density response to gas puff-
ing at 7 MW heating power is shown for different isotopes
and shapes. For low triangularity in H, the external gas puff-
ing does not increase the pedestal top density in contrast to D
plasmas or high δ H plasmas where the density increases lin-
early with gas until it saturates at a fuelling rate of Γ∼ 8 ×
1021 particles s−1.

The detailed profile response to changes in gas puffing and
plasma shape is shown in figure 14 for H and D. The parameter
changes in D are consistent with previous observations [41].
With higher triangularity δ the density increases and exhibits
a steeper pedestal gradient, as shown in figures 14(e) and (f).
With higher Γ, the density in the SOL and at the separatrix
is increased and the whole density profile is shifted to higher
values (figure 14(a)). At high δ, the impact on the separatrix

density due to the higher gas puff is less pronounced than at
low δ, but the pedestal top density still increases (figure 14(b)).

The density profile response to the parameter changes in
H plasmas is significantly different to that observed in D.
Figures 14(c) and (g) show that at low δ, the density gradient
is less steep than it was in D which is similar to the differences
observed in L-mode in section 3.When increasing the gas puff,
there is little impact on the pedestal top density while the SOL
density and the separatrix density increase (figure 14(d)), res-
ulting in an effective outward shift of the density profile. The
density response to an increased δ is stronger in H (g) and (h)
than in D (e) and (f).

In addition to the differences in the density profiles between
H and D, the temperature profiles are also affected. This is
illustrated by the pressure profiles shown in figure 15. In D (a)
the pressure remains similar which is expected for constant
heating power when the ELM stability does not change. With
higher gas puffing at low δ, the pressure is reduced slightly
but remains within 15% of the other profiles. For the H plas-
mas, the impact of varying δ and Γ is different, as shown in
figure 15(b). At low δ, the shallow density pedestal leads to
flatter pressure profiles. For low δ and low Γ, the pedestal top
pressure is slightly reduced compared to the high δ or D cases.
For low δ and high Γ, the pedestal completely collapses and
the pedestal pressure is less than half the value of the compar-
ison discharges. This is due to a strong reduction of the pedes-
tal temperature, despite having a similar pedestal top density.
This regime of poor confinement can be avoided in Hwith high
δ, where at low and high gas puffing, the pedestal pressure is
close to that observed in the D plasmas.

The impurity confinement is closely correlated with the
particle confinement in these cases, i.e. the H plasmas at low
δ tend to have lower impurity content in the edge compared to
their D counterparts. This is seen in the radiation Prad close to
the separatrix which is lower in H compared to D. The edge
radiation increases with triangularity, suggesting an improved
impurity confinement with higher δ.

Peeling–ballooning stability is always a suspect when the
pedestal pressure changes with δ as this is often observed [42].
However, if the plasmas are close to the ballooning stability
boundary, the plasma shape has a smaller impact, which is
the case for our plasmas, as shown in figure 16 in the form
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Figure 14. Pre-ELM edge density profiles for different triangularity δ, gas puff Γ and main ion masses D (a), (b), (e), (f) and H (c), (d), (g),
(h) for discharges described in [40].
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Figure 15. Overview of the thermal pressure pedestal for a triangularity δ and gas puff Γ scan with main ion mass D (a) and H (b).

of stability diagrams with the toroidal current density jtor as a
function of the maximum normalized pressure gradient αmax.
The pedestal stability is calculated with the MISHKA code for
toroidal mode numbers n= 3,…, 50 using HELENA equilib-
ria. Within the experimental uncertainties of∼20%, the stabil-
ity boundary is similar for all D plasmas, regardless of shape
or gas puff. It also has only a minor dependence on jtor which
is indicative of a ballooning unstable pedestal. The experi-
mental operational points are found at the stability boundary
within the uncertainties in all cases, indicating type-I ELMs
under these conditions. For H shown in figure 16(b), the situ-
ation is different, as expected from the pressure profiles shown
in figure 15. For high δ, the pedestal is still consistent with
peeling–ballooning theory. At low δ, the stability boundary

moves to lower critical αmax which is likely a response of the
shifting density pedestal, as observed also in D at even higher
gas puffing [43]. But not only does the boundary shift, the
operational point also moves further away from the stability
boundary and adding high Γ brings the plasma deep into the
stable region. Even at a low pedestal pressure, ELM-like ped-
estal relaxation events are observed; however, the stability ana-
lysis suggests these are not type-I ELMs.

The global energy confinement times are within 10% of
each other for all the D plasmas as well as the high δ H plas-
mas. Only the low δ H plasmas show a reduction of the global
energy confinement by over 30% [40]. A potential explana-
tion for this loss of confinement is enhanced particle and heat
transport in the pedestal region which prevents the pedestal
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from reaching the peeling–ballooning boundary. Signatures
for enhanced transport are observed in the density fluctuation
level measured by Doppler reflectometry [15], as shown in
figure 17. The density fluctuation amplitude is high throughout
a low δ, high Γ phase, while the amplitude reduces substan-
tially in between ELMs for high δ and low Γ. The correlation
of the increasing density fluctuations and the strong cooling
of the edge plasma are indicators for an increased inter ELM
transport in H under these conditions.

In view of the H-mode pedestal being a result of E×B flow
shearing, higher turbulence levels can also be a consequence
of reduced Er shear. The outward shift of the density profile—
as visible in figure 14(c)—effectively reduces the density con-
tribution to the width of the high Er shear region inside the
separatrix by 50%. This would consequently lead to a weak-
ening of the edge transport barrier and should result in higher
turbulence, as indicated in the measured density fluctuation
amplitudes.

While there is certainly a more complex and nonlinear
interplay between the turbulent transport, kinetic profiles and
the Er flow shearing, a general overview can be deduced from
the observations. We are deep in the stable region with respect
to peeling–ballooning modes, so it is likely that transport pro-
cesses dominate the pedestal profiles. A larger density gradi-
ent length in the pedestal region can result in enhanced trans-
port. Reducing the gradient length by increasing triangularity
will again lead to reduced transport. As already discussed in
section 3, collisional electron drift waves offer an explanation
for the reduced density gradient with higher isotope mass. In
these H-mode cases, simulations are more challenging due to
the smaller gradient length. Although progress has been made,
no robust explanation can be provided yet as to why the density
gradient length reduces with increasing isotope mass.

A similarity to the L-mode observations is found via a dif-
ferent approach. Up to now, discharges with matched heat
sources have been discussed; however, one can also achieve
a match of the pedestal top temperature and density when one
allows for different heat and particle sources. To achieve this
match between H and D, typically increasing the gas puffing
by an order of magnitude is necessary, which requires a doub-
ling of the heating power in H [44, 45].

In figure 18, the resulting heat diffusion profiles are shown
for a density and temperature pedestal match at different heat
and particle sources in H and D. Similar to the L-mode dis-
cussed in section 3, a reversal of the electron to ion heat
equipartition is again observed at the plasma edge. This
reversal is enhanced in H due to the more favourable electron–
ion mass ratio resulting in a strong increase of Qe in H.
While the ion heat diffusivities are found close to the neoclas-
sical level and even follow the neoclassical mass dependence
χneo
i ∝ niρ2i,pol/τi ∝

√
mi within the uncertainties, the electron

heat diffusivity is found to be χH
e ∼ 5χD

e [45]. It should be
noted that the additional heat in the electrons will not con-
tribute to the radial electric field. Consequently, the elec-
tron heat transport should be stiffer than the ion heat trans-
port, which contributes to turbulence suppression with steeper
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gradients. The destiffening of the ion temperature profile in
the edge is found in simulations for a different discharge, as
shown in figure 19.When increasingR/LTi fromL- to H-mode
levels, the low ky turbulence is strongly enhanced in non-
linear e.m. simulations; however, when taking into account
the simultaneous increase of the external flow shear γE×B—
which depends on R/LTi—the enhancement of transport is
canceled [46].

This is consistent with the observations in H-mode as well
as the ones for the L–H transition discussed in section 4. Note
that increasing direct ion heating does not necessarily result in
higherQi at the edge, as shown in [38]. As shown in figure 18,
the width of the region of reduced transport is narrower in H
than in D. This can be a result of the detrimental impact of
higher gas puffing on the density contribution to the Er shear,
as pointed out for the comparison with matched sources.
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6. H-mode core

To draw conclusions for the core of the plasma, it is import-
ant to minimize the impact of the domain boundary which
is the pedestal top in H-mode plasmas. In section 5, we dis-
cussed examples where the pedestal top could be matched by
adjusting the heat and particle sources between H and D. To
use these profiles to draw conclusions on the mass depend-
ence of the core heat transport would require an accuracy in
the profile measurements, which is difficult to achieve. The
reason for this is the inherent stiffness of heat transport, i.e.
increasing the heat sources will result in higher heat trans-
port because the heat diffusivity is not independent of T and
∇T for the most common transport mechanisms. This is par-
ticularly true for the ITG-driven transport which is typically
observed in the core of AUG H-modes. A remedy is to match
the plasma parameters at the domain boundary without modi-
fying the heat sources but by changing the plasma shape. As
discussed in section 5, increasing the triangularity in H allows
us to match the pedestal top of a D plasma with lower trian-
gularity while keeping the heat and particle sources the same.
In order to test how the triangularity affects the core transport,
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Figure 21. Temperature profiles (top row) and heat diffusivities (bottom row) for medium power and low fast-ion content (a), (b), (e), (f)
and high power and high fast-ion content (c), (d), (g), (h). Reproduced courtesy of IAEA. Figure from [40]. © EURATOM 2021.
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the δ range used in H-modewas reproduced in a single L-mode
plasma. No changes to the core transport could be measured
during this δ scan. It should be noted that the range of triangu-
larity used here (δ ∈ [0.25, 0.37]) is considerably smaller than
in the experiments where a significant impact of δ was repor-
ted. In TCV for (δ ∈ [−0.40, 0.40]), L-mode plasmas showed
differences in the core transport with lower δ having reduced

χe [47]; a strong impact on the pedestal stability is found in
DIII-D for δ > 0.4 [48].

This method of studying the isotopic dependence of the
core transport with matched boundary conditions was applied
to AUG H-modes at different heating powers [40]. In these
H-mode plasmas, the neutral beam heating introduces fast
ions. When the fast ions start to influence turbulent trans-
port, the isotope dependence of the fast-ion slowing time will
become important. Additionally, the operational constraints of
the AUG NBI system [7] for H operation enhance the dif-
ferences in fast-ion pressure between H and D. In figure 20,
Rabbit [49] calculations of the neoclassical fast-ion energy
Wfast are shown for a large data base of AUG discharges.
These calculations take the NBI settings (Pnbi, Unbi) and the
background plasma (Te, ne, mi) into account. The difference
between the isotopes is clearly visible and increases with heat-
ing power per particle.

The comparison of H and D profiles at two different levels
of fast-ion content—while Pi/Pe was matched for each pair—
here with medium power 7 MW and high power 10 MW as
indicated by the shaded area in figure 20, reveals clear differ-
ences, as shown in figure 21. For relatively low Wfast both Te
and Ti are reasonably well matched for the different masses
with the ion heat diffusivity slightly higher in the core of the
D plasma. For both H and D, we find Te > Ti which is a con-
sequence of localized electron heating by ECRH in the plasma
centre. For higher heating powers and Wfast,D >Wfast,H, the D
plasma has the larger fast ion content andWfast/Wth > 1/3. In
this case, higher ion temperatures and lower heat diffusivities
χi are observed in the ion channel than the H plasma. Notably,
χi is also lower than in the medium power D case. We also find
Te = Ti for D while in H still Te > Ti.
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In gyrokinetic modelling, the stabilisation of ITG turbu-
lence with fast-ions is a well established concept and was
found to be important in JET-ILW ICRF heated L-modes
[50, 51] as well as in AUG for NBI [52] and for ICRF [53]
heated H-modes. Also, the non-linear modelling for this set
of discharges using Gene [54, 55] confirms the importance
of the fast-ion content in understanding the observed differ-
ences in the temperature profiles with varying isotope mass.
The expected ion heat fluxes for different ion temperature
gradient lengths, isotope mass and fast-ion content are shown
in figure 22. In the H plasma, where the fast-ion content is
low, little impact of fast ions is observed on the resulting heat
fluxes. The experimentally observed heat fluxes are matched
very well. At the higher inverse gradient length observed in
the D plasma, the impact of the fast-ion content reduces the
predicted ion heat flux by a factor of 3. It is only with this
additional impact of ITG turbulence stabilization by fast ions
that the predicted heat flux comes closer to the experimental
value. Since R/LTi is not constant in the core of the D plasma
and, in order to understand the potential discrepancies due to
the large uncertainties in R/LTi, repeating these simulations
for different radii would be necessary.

7. Summary

The observations made in the different isotope studies per-
formed in AUG highlight important aspects for the broader
picture. Considering this broader picture leads to a more con-
sistent understanding of the isotope mass dependent physics
present in AUG.

A key aspect for all plasma regions is the difference
between electron and ion heat transport, in particular, the
non-linear enhancement of turbulent transport due to the pro-
file gradient lengths—i.e. the profile stiffness. In the core of
L-modes in both H and D, we find the ion temperature pro-
files stiffer than those of the electrons because the domin-
ant ITG turbulence drives more ions than electron heat flux.
This is observed in absolute fluxes, qi > qe, and becomes more
pronounced with higher R/LTi where qi/qe increases. At the
plasma edge and when turbulence suppression via external
E×B shear becomes important, the ion temperature and dens-
ity gradients contribute to turbulence drive and suppression
simultaneously. The electron temperature profile does not con-
tribute to γE×B. Consequently, the electron temperature profile
suffers the full stiffness imposed by the transport mechan-
ism, while the ion temperature profile provides its own turbu-
lence suppression mechanism. Compared to the plasma core,
this results in a higher relative contribution of the electron
channel to the total heat transport. The observations indic-
ate that the heat is preferentially transported by the channel
with the higher profile stiffness, i.e. taking the route of least
resistance.

While this is not inherently an isotope effect, the colli-
sional coupling of the electron and ion channel is isotope mass
dependent. The equipartition is stronger in H due to the more
favourablemass ratio between electrons and protons compared
to electrons and deuterons. Therefore, with a higher isotope

mass, the heat has less flexibility in choosing the channel
of higher heat transport, which can result in enhanced con-
finement. This effect becomes particularly pronounced when
the auxiliary heating is modified to achieve a profile match
between isotopes. In AUG, when doubling the direct electron
and ion heating, the difference due to equipartition manifests
in the pedestal: In H,most of the additional ion heating is trans-
ported via the electron channel and therefore does not contrib-
ute to γE×B. In D, more heat remains in the ion channel, con-
tributing to γE×B, reducing the profile stiffness and lowering
the total heat diffusivity in comparison to H. While this ana-
lysis is motivated by observations in the edge pedestal, there
is no apparent reason why this should not apply to core trans-
port barriers in the same way. However, in the core of AUG
L-modes where γE×B does not play a crucial role, the global
confinement is reduced when more heat is transferred to the
ion channel, which is the case when comparing H to D. Here,
a transport model without any mass dependence—except in
the equipartition—will reproduce the mass dependence of the
global confinement.

In addition to the indirect impact via the mass depend-
ent equipartition, an explicit isotope effect was identified in
gyrokinetic modelling and was found to be consistent with
experimental observations. At the plasma edge, we find col-
lisional drift waves which are governed by parallel electron
dynamics. Because the kinetic electron response changes with
mi/me, this results in stronger turbulence with lower ion mass.
This enhanced heat and particle transport is consistent with
observations of higher ion heat flux in H compared to D at
the L- to H-mode transition. If the transport is enhanced, more
heat flux is required to reach similar E×B shear which allows
the formation of the edge transport barrier.

In H-mode for matched engineering parameters, the Er well
is generally weaker in H than in D, rendering these plasmas
more susceptible to detrimental effects. Namely, we observe
a destabilisation of turbulence in the edge transport barrier by
gas puffing in H. Increasing the gas puff modifies the density
profile in a way that its contribution to γE×B is considerably
weakened, in particular, due to radially narrowing the region
of high Er shear. This effect is not observed when the edge Er

well is deeper to begin with, which is the case in H with high
δ and in D for any shape.

In the core of NBI heated H-modes, we observe an increas-
ingly important impact of the fast ions on transport, which is
due to the nonlinear stabilisation of ITG turbulence. Above
an empirical threshold of Wfast/Wth > 1/3 [40], we observe a
measurable impact of fast ions on the profiles. The main ion
mass has an impact on the fast-ion content and therefore indir-
ectly influences the heat transport. In H, the fast-ion content is
significantly lower than in D—the reason for this being two-
fold: the first is technical because the fast-ion temperature byH
NBI is lower and second because the fast-ion slowing is mass
dependent, i.e. lower ion masses lose their energy faster. The
consequence is that D discharges, where the fast-ion content
contributes to turbulence stabilisation, will have lower ion heat
transport in the core compared to H discharges at the same
heating power in electrons Pe and ions Pi, but lower fast-ion
content.
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There are still missing aspects which are currently
under investigation in AUG. We require a more detailed
understanding of the different contributions to Er at the L–H
transition and the evolution in weak H-modes close to PL-H,
where direct measurements of the radial electric field gradi-
ents are desired. The study of mixed isotopes at the L–H trans-
ition misses points at intermediate H concentration and the
impact of mixed isotopes in H-mode needs to be documented.
However, the physics mechanisms discussed here are expec-
ted to apply to mixed isotopes as well. The transport properties
of mixed isotope plasmas are then expected to be dominated
by the way the experiments are conducted, i.e. heating with
D-NBI or H-NBI which changes the fast-ion content. This is
directly connected to H plasmas with higher fast-ion content,
which should allow one to study the impact of the isotopemass
at higher plasma β, including the interplay with fast-ions. A
reconstruction of the density sources from neutral flux meas-
urements has recently become available at AUG [56] which
should help to reduce the uncertainty of particle transport due
to the relatively unknown recycling sources, and help to estab-
lish a theory-based understanding of how the plasma shape
impacts the particle confinement at the edge. With these new
measurements, we will continue the benchmark of modelling
tools with predictive capabilities regarding different main ion
masses and also mixed isotope plasmas.
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