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Abstract:
H-mode plasmas in ASDEX Upgrade (AUG) using different hydrogen isotopes are analysed with
respect to their core transport properties. The experimental results are discussed and we present
gyrokinetic simulations which are able to reproduce the experimental observations.

A novel strategy allows us to disentangle core and pedestal physics by mitigating the isotopic
dependence of pedestal properties while keeping the heat and particle sources the same. Matched
pedestal profiles are obtained between hydrogen (H) and deuterium (D) plasmas when increasing
the triangularity in H plasmas with respect to D plasmas.

In the core of these plasmas little isotopic dependence is observed when the fast-ion content is
low Whast /Wen < 1/3. Quasi-linear modelling with TGLF reproduces the experimental trends
under these conditions. For larger fast-ion fractions an isotope dependence is observed in the
core heat transport. This is related to a difference in fast-ion stabilization of turbulent transport.
The fast-ion pressure in H and D plasmas is different due to the mass dependence in the fast-
ion slowing down time as well as to operational restrictions when heating with H neutral beam
injection (H-NBI) or D-NBI. Typically, Wiast,u < 1/2Wiast,p for comparable NBI heating powers
in AUG.

The gyrokinetic analysis shows that linear growth rates of ITG modes do not show a pure gyro-
Bohm mass dependence, but follow the experimentally observed mass dependence when taking
collisions, EM-effects and fast ions into account. Non-linear gyrokinetic simulations reproduce the
experimental heat fluxes for different isotopes when fast ions are included. This highlights the role
of the fast-ion pressure as a key element to explain the observed differences in the core of H and
D plasmas.

1 Introduction

Accurate knowledge of particle and energy confinement is of paramount relevance for the extrap-
olation to a fusion reactor. The bulk of experimental data in tokamak research is obtained in
deuterium (D) plasmas for which the predictive capability has improved significantly over recent
years. In contrast, the mass dependence of confinement still challenges the current theoretical
understanding. This is true for mixed deuterium and tritium plasmas needed for fusion, but also

for hydrogen (H) plasmas. Experience developed during H operation is required for a successful



operation in D and DT, as transferring knowledge from the pre-nuclear phase to the nuclear phase

is an essential step for ITER and any future nuclear fusion plant.

In H-mode plasmas there are two major contributions to energy confinement: the heat and particle
transport in the core and the stability of the edge transport barrier. For simplicity they are often
treated independently. However, recent experimental and theoretical studies showed that they
can be strongly coupled in tokamak [IL2] as well as in stellarator [3] plasmas. This is particularly

important for isotope studies.

In electron heated L-modes in ASDEX Upgrade (AUG) the mass dependence in the equipartition
is found to yield different confinement in H and D, because the ion heat transport is more stiff than
the electron heat transport [4]. This is similarly observed in ohmic plasmas in JET and FT-2 [5l/6].
NBI-heated identity L-modes (matched py, vy, 8 and ¢) in JET are dominated by high stiffness in
the core transport and in this regime the confinement scale invariance principle is satisfied [7]. In
the edge of AUG and JET-ILW L-mode plasmas drift wave turbulence is strongly influenced by the
parallel electron dynamics and identified as a candidate to explain the reduced heat and particle
transport in D compared to H [§] although due to the overall poor particle confinement in L-mode
the impact on the core plasma is negligible. This changes for H-modes where reduced particle
confinement is observed in the pedestal region of AUG and the gas puff has to be increased by an
order of magnitude in H to match pedestal top densities of D [9]. Reduced particle confinement
with H is also found in JET-ILW where the electron density n, oc A%°79-95 with the mass number
A is reported [10]. In JT60-U a mass dependence of the critical gradient for turbulent transport
is observed in the core and it was suggested 3 stabilisation of the edge pedestal could results in a

bootstrap like enhancement of confinement in D [I1].

Higher fast-ion content in D is pointed out in the JT60-U study, which complements the edge
stabilisation effect via a higher contribution to the total pressure. The fast ions themselves can
also have a direct impact on the turbulence stabilisation and introduce a mass dependence as
observed in JET-ILW L-modes [12]. Additionally, there are other factors, such as E x B shear
flows or T, /T; [13l[14] or main ion dilution by fast ions [I5], which can play a role when the heating
mix is changed. A change of the heating mix is difficult to avoid when the first priority is to
maintain isotope purity or when the heat and particle sources are varied to compensate for the
edge isotope dependencies. Clear comparisons with the theoretical predictions are hindered by the

difficulties separating the roles of individual contributions.

In this paper we present a new approach to conduct the experiments which greatly reduces the
complexity of codependent processes interacting with each other. It allows us for the first time
to experimentally separate the effects of core transport and the edge pedestal with respect to the
mass dependence. So compared to previous studies in H-mode this allows to draw conclusions for
the core heat transport without the necessity of integrated core-edge modelling. This decoupling
is achieved by comparing differently shaped plasmas, with a higher triangularity § at the edge in
H than in D. The higher § compensates for the loss of particle confinement in H and a pedestal
match between H and D is achieved with heat and particle sources being nearly identical. It has to

be pointed out that all plasmas still have 6 < 0.4, so they are not comparable to extremely shaped



plasmas where a strong stabilisation of the edge pressure has been observed as e.g. in DIII-D [16].

Because of the multi-layered nature of the physics processes involved, we decided to separate our
report into two parts. The one presented here will focus on the core transport phenomena taking
advantage of the matched pedestal properties. A separate publication will discuss in detail the
edge physics and, in particular, propose an explanation on how the pedestal is matched with
different triangularities as well on how parameter changes such as the gas fuelling level will result

in a strong deviation dependent on mass number.

The paper begins with an overview of the experimental setup. In section 211 we will assess the
parameters necessary to mitigate the influence of the ion mass on the pedestal. This allows to
select a set, of discharges with similar pedestal properties which are suited for the core transport
analysis. For this subset we then present the plasma parameters important for a discussion of
the transport physics in section These parameters include the electron density n., electron
temperature Te, ion temperature 7}, toroidal rotation v, and fast-ion density ng.s. We will
discuss the differences between hydrogen and deuterium plasmas and perform a power balance

analysis highlighting the differences and similarities in core transport.

To quantify the impact of parameter variations other than the isotope mass, i.e. Vior, Nfast and
differences in the equilibrium and heat deposition, we utilize the quasilinear TGLF model [17,
[I8] within the transport code ASTRA [I9/120] to compare our observations against theoretical
predictions. For high power cases, where ng,st i1 << Nast, D, the impact of the non-linear turbulence
stabilisation by fast ions is quantified with gyrokinetic simulations using the GENE code [211[22].

We conclude with a discussion of the experimental and theoretical observations.

2 Experiments

The plasma scenario used in ASDEX Upgrade (AUG) has a plasma current of I, = 0.8 MA and a
toroidal magnetic field By = —2.5 T - with B; < 0 corresponding to a counter current field with
favourable VB drift direction - and run with hydrogen as well as deuterium as main ion species.
The engineering parameters which are varied are plasma shape, auxiliary heating power and gas
fuelling. In Table[l all the discharges and time intervals used in this paper are listed, these plasma
phases will be referred to by their ID listed in the table. All data is ELM synchronised and only
pre-ELM profiles are shown. Not all parameters can be varied at the same time, in particular,
high heating power is incompatible with low gas fuelling for hydrogen. The reason for this is the
longer mean free path of hydrogen beam neutrals resulting in higher beam shine through which
triggers the heat shield protection of AUG. The impurity content is relatively low in all plasmas
and we find the effective charge number Z.g around 1.5 or lower, the value of Z.g as measured

via the bremsstrahlung spectrum is taken into account in the analysis.

The first set of parameter scans is done at moderate heating power with Pyp; = 4.5 MW and
Prcru = 3.4 MW, resulting in a Piot = Pheat — Prad ~ 7 MW. It has to be noted that for H and D
we utilize H-NBI and D-NBI respectively. The implications following this choice are discussed in

section 224 and 225 The scans are mainly 2-point parameter variations. For gas puffing rates I’
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FIG. 1: Fluz surfaces (ppo1 = [0.1,0.4,0.6,0.8,1.0]) of plasmas with different triangularity 32535 with § = 0.22 and 35230 with
6 =0.37.
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FIG. 2: Radial profile of the relative difference in triangularity for plasmas with an average triangularity at the edge of 6 = 0.22
and 6 = 0.37.



this means o = 1-10%! electrons/s is compared to 'ign = 8- 10%! electrons/s. In this range the
deuterium plasmas exhibit an offset linear correlation between gas flux and density as described
in detail in the next section. The gas puff range discussed here is low compared to detachment
or heat exhaust studies which would use I'hign = 20 — 40 - 10?! electrons/s in AUG. For the
average plasma triangularity 6§ = (dup + dlow)/2.0 the low value is around 0.22 and the high value
0.37, this difference is illustrated in figure[[l The triangularity of individual flux surfaces is most
different at the plasma edge ppo1 > 0.8 - the quoted values are calculated for the separatrix - and

becomes smaller towards the plasma core which is illustrated for the upper and lower triangularity

separately in figure 2l ppo1 is the normalized radius with ppe = \/ (U — Uosis)/ (Tsep — Paxis), ¥
being the poloidal magnetic flux and Wyis, Weep the flux at the magnetic axis and the separatrix.
The strike lines cannot always be matched when comparing differently shaped plasmas. However,
in the relevant range the strike line position has negligible impact on the density in AUG which was
confirmed in a dedicated scan of the divertor configuration in L-mode. The main ions are either
deuterium or hydrogen, with about 2-10% minority of the other species. These three parameter

variations result in 8 different combinations at moderate heating power.

For detailed core transport analysis and modelling we focus on a subset of these parameter scans.
This subset contains discharges with matched pedestal, i.e. low triangularity in D and high
triangularity in H. We discuss H, D pairs with matched rotation and different fast-ion content and

with matched fast-ion content and different rotation.

The second set is at higher heating power and higher fast-ion fraction than before to test the
impact of ng.st on the transport. The heating power is Pygr = 9.2 MW and Pgcrg = 2.2 MW for
hydrogen. The main ion mass is changed simultaneously with the triangularity. Meaning a high §

hydrogen plasma is compared with a low ¢ deuterium plasma.

In the remainder of this section we will describe the consequences these changes have on individual
plasma properties like density and temperature. The diagnostics used are electron cyclotron
emission ECE [23] for electron temperature, Thomson scattering [24] for electron temperature and
density, Li-Beam [25] for edge density, charge exchange recombination spectroscopy CXRS [26,27]
for ion temperatures and rotation, bolometers [28] for radiation profiles, as well as fast-ion D,

FIDA [29] for fast-ion densities.

2.1 Edge pedestal

Electron density:

The typical density behaviour in AUG with different isotopes is illustrated in figure Bl For low
gas puff levels the edge density in H is ne g ~ (0.8 — 0.9)ne p. The density of a D plasma can
be increased via a variation of the particle source. For AUG there is an offset linear density
response for divertor fuelling between 1 — 8 - 102! particles/s. For higher fuelling rates non-linear
effects like detachment and the formation of a high field side high density front [30] will result in
a more complicated relation between gas puffing and particle sources in the main plasma. With
low triangularity little correlation between density and fuelling is observed for H plasmas. At a

gas puff level of 8 - 102! /s we find ne g ~ 0.7n.p, indicating a substantial difference between H



shot  time isotope Piot r ) Whast/ Wi ID
[s] [MW]  [10%!/s]

32535 4.2-4.5 D 6.6 2.0 0.22 0.28 1
34716 1.6-2.0 H 6.8 8.0 0.22 0.14 2
34796 3.8-4.2 D 9.5 9.9 0.25 0.37 3
35230 2.4-3.0 H 6.9 1.0 0.22 0.15 4
35230 4.2-4.8 H 7.0 1.0 0.37 0.10 5
35231 2.7-3.0 H 6.7 8.2 0.35 0.07 6
35275 4.0-4.7 H 10.4 6.7 0.37 0.14 7
35852 2.2-2.6 D 7.0 0.9 0.26 0.15 8
35852 4.0-4.4 D 7.3 7.6 0.25 0.13 9
35852 5.3-5.6 D 7.2 6.9 0.36 0.11 10
35852 7.6-8.0 D 7.0 0.9 0.37 0.15 11

TABLE I: DISCHARGES AND TIME INTERVALS USED IN THIS PUBLICATION.
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FIG. 3: Density response to gas puffing for I, = 0.8 MA discharges with different triangularity and main ions. The edge density
is the taken locally at pyo1 = 0.9 and the gas is puffed from divertor valves.
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FIG. 4: Comparison of edge electron density profiles for matched engineering parameters while changing main ion mass (ID 4, 8)
(a), changing gas puff levels in hydrogen (ID 4, 2) (b) and changing main ion mass along with triangularity (ID 8, 5) (c). The
lines are fits to the data.

and D plasmas for low triangularity. However, at higher triangularity § > 0.35 the density in
hydrogen recovers its sensitivity to the particle source and the H and D densities are again within

10% difference. The Greenwald density for these plasmas is ngw = 10%° m—3.

To illustrate the density response in more detail, figure[d shows the pre-ELM edge density profiles.
For low gas fuelling levels and matched engineering parameters (a) the H pedestal top density is
not only lower, but the pedestal gradient is also flatter than in the D reference. In the scrape-off-
layer SOL, ppo1 > 1.0, the densities are again similar, a result of the same gas puff level. This is a

fairly common observation for isotope studies in H-mode as discussed in the introduction.

The pedestal response to gas fuelling in H plasmas with low triangularity is shown in figure @ (b).
The separatrix and SOL densities increase, however, the pedestal top density remains unaffected
by the additional gas. Effectively this results in an outward shift of the density profile. This is
similar to observations in deuterium, however, there the particle source needs to be considerably

larger before a shift in the density is observed similar to the one in hydrogen [31].

The direct consequence is that at low triangularity we cannot achieve a match of pedestal top
densities between H and D by varying the gas puff rates. The solution is shown in figure [ (c)
where in H the triangularity is increased while keeping the gas fuelling the same as in D. Now
a match in the density pedestal - top and gradient - is achieved in H and D. This behaviour is
again similar to what is known for deuterium plasmas where the triangularity influences pedestal
stability and result in higher densities [2,B2]. Although, the impact of the triangularity on the
edge density is in line with expectations, its magnitude is not understood. In particular, why its
impact is stronger in hydrogen than in deuterium for higher gas puff levels. The observations
suggest that it is an interplay between ELM stability, inter ELM transport and also the profile
recovery after an ELM. The latter is strongly influenced by particle fluxes and could explain why

differences are observed with changing gas puffing and different heating schemes.

Electron temperature:
For low gas puffing ranges the electron temperatures show similarly steep pedestals both in H
and D. The pedestal top temperatures are also fairly similar despite different mass number, in

hydrogen they are even slightly higher which is in line with the lower density. A difference is
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FIG. 5: Comparison of edge electron temperature profiles for matched engineering parameters while changing main ion mass (ID
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FIG. 6: Comparison of edge ion temperature profiles for matched engineering parameters while changing main ion mass (ID 4, 8)
(a), changing gas puff levels in hydrogen (ID 4, 2) (b) and changing main ion mass along with triangularity (ID 8, 5) (c¢). The
lines are fits to the data.

observed in the temperature gradient right inside of the pedestal top around ppo ~ 0.95, where

the hydrogen plasmas exhibit a steeper gradient as shown in figure [ (a) and (c).

The most severe impact on the pedestal is observed in hydrogen when increasing the gas puffing
in figure @ (b). At constant heating power and constant pedestal top density the temperature
drops by 50%. Here the heating power is well above the L-H power threshold, Pyeas > 2PLu.
So with higher gas fuelling a dramatic loss in pedestal pressure is observed in H, something not
seen in D for similar plasma parameters. Depending on the operational regime, a strong isotopic
dependence of the pedestal confinement is observed (high gas fuelling and low triangularity) or
not observed (low gas fuelling and/or high triangularity). An overview of the confinement time of

these discharges is given in section 2227 and figure [

Ion temperature:

Analogous to the electron density in figure [ and the electron temperature in figure [l the edge
ion temperature is shown in figure [fl High resolution edge measurements are not available for all
discharges, but even for these cases the outermost core measurements are sufficient to draw the
following conclusions. In the presence of high gas puffing at low ¢ in hydrogen, the ion temperature
at the pedestal top in figure [6 (b) collapses in a similar way as does the electron temperature in

figure [0 (b). Inside the pedestal top, while the electron temperature gradients were consistently
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FIG. 7: Electron density profiles for H and D comparison discharges with matched pedestal top density. Low gas and low heating
with matched Wiyt /Wiy (ID 5, 8) (a), matched toroidal rotation (ID 5, 1) (b) and high gas and high heating (ID 3, 7) (c).

flatter in D than H, the ion temperature gradients are more similar for D and H, in particular, for

the comparison pair 5, 8 with different triangularity but matched pedestal top density figure[@l (c).

2.2 Plasma core

In section 2] we showed that the edge pedestal can, under certain conditions, exhibit a strong
isotopic dependence. This isotopic dependence can be mitigated using higher triangularity in
hydrogen, i.e. H plasmas with high § and D plasmas with low J, but otherwise the same parameters,
have similar pedestal conditions. When interested in the physics of the plasma core it is beneficial
to remove edge effects experimentally. Therefore, for the analysis of the plasma core, high § H
plasmas are compared with low § D plasmas. For the core comparison we chose two different
heating power levels P,y = 7 MW (ID 1, 5, 8) and Pt = 10 MW (ID 3, 7). The low power
level has to be well above the LH-threshold in H, the high power level was chosen to be below
core MHD onset in D. The high heating power is also restricted to high densities due to increased
shine through of H-NBI. With H-NBI and D-NBI injection at AUG one cannot match rotation
and fast-ion content simultaneously which is the reason for choosing 3 discharges at low power.
There is the comparison of pair 5, 8 with matched Wr,s /Wi but different core rotation and the
pair 5, 1 with matched rotation but different Weasi /Wi These two discharge pairs and the high

power pair 3, 7 are described in detail in this section.

2.2.1 Electron density

Figure [7 shows that with different ¢ the density is matched within 10% for the chosen H and D

plasma comparison. This is true for the pedestal density as well as for the density peaking.

2.2.2 Electron temperature

The core temperature profiles for the discharges chosen to study core transport are shown in figure
Rl The low heating power cases (a) and (b), show the differences for ppo1 > 0.6 as discussed in
section 2] while in the core the absolute electron temperature is matched very well. For the
high power, high gas comparison (c), the edge electron temperatures match well, while in the core

Te.p > Te i, however, the difference remains below 15%.
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FIG. 9: Ion temperature profiles for H and D discharge pairs with matched pedestal top density. Low gas and low healing with
matched Wiast /Wi (ID 5, 8) (a), matched toroidal rotation (ID 5, 1) (b) and high gas and high heating (ID 3, 7) (c).

2.2.3 Ion temperature

In figure [@ differences are observed in the ion temperature for the three H and D discharge pairs.
For the low heating power comparisons (a)+(b) we find 7} in H between T; of the two D plasmas.
While for most of the radius all 3 profiles agree within the uncertainties, they deviate towards
the center of the plasma. The D plasma (ID 8) matching Wi but having lower rotation
has the lowest T; and the D plasma (ID 1) matching rotation with H while having more fast
ions has the highest 7;. A more significant difference in 7T; is observed for the high power case
which also has higher n, figure @ (c) where the ion temperature is more peaked in D resulting
in T p(0) ~ 1.67; 11(0). This is the only significant difference observed in the core density and

temperature profiles for H and D plasmas.

2.2.4 Rotation

The important factors determining the rotation are momentum confinement, torque input and
plasma inertia. The momentum confinement is strongly linked to the energy confinement [33].
Consequently, reduced energy confinement is accompanied by lower rotation. This is also observed
in AUG and illustrated in figure [0 where rotation profiles (b) are shown for matched NBI torque
input (a) but different triangularity. The discharge with higher § (ID 5) and improved edge energy
confinement is rotating faster than its counterpart (ID 4), despite having also higher density. This
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FIG. 11: Toroidal rotation profiles for H and D discharge pairs with matched pedestal top density. Low gas and low heating with
matched Wiast /Wi (ID 5, 8) (a), matched toroidal rotation (ID 5, 1) (b) and high gas and high heating (ID 3, 7) (c).

highlights the importance of matched pedestal confinement to achieve similar rotation velocities.

Typically, H plasmas are heated with H-NBI and D plasmas with D-NBI, therefore, the torque
input will be different. For similar heating power at nominal NBI voltages the total torque induced
by D-NBI will be 1.2—1.6 of that by H-NBI, depending on the geometry of the utilized NBI sources.
At the same time the inertia of a hydrogen plasma is lower compensating for the difference in

torque.

The rotation profiles for the set of comparison discharges are shown in figure[[dIl At nominal beam
voltage for H and D the plasmas rotate similarly fast (b)+(c). In the case (a) where the D-NBI
voltage was reduced to match the fast-ion content of H-NBI, the core rotation drops significantly

as the beam deposition shifts towards the edge of the plasma.

2.2.5 Fast-ions

The fast-ion content in hydrogen and deuterium is naturally quite different. The reason for this

is the difference in the classical fast-ion slowing down time [34]

ty W 3/2
= =] 1 1
T 3 . ( * (”crit) ) ( )

where ¢4 is the Spitzer time and W is the neutral beam energy which for the two NBI systems on

AUG is larger in deuterium with Wp = 93 keV, 60 keV than in H with Wy = 72 keV, 55 keV. Wit
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is the critical energy denoting the transition between slowing down to electrons vs. ions and for
pure plasmas Wi, o< A'/3. For the AUG beam setup this means the mass dependence of W/ Wi

mostly cancels, in consequence the isotope dependence of ¢4 is relevant for the overall behaviour

ATS?

ts X ———
> Z2nelnA x

A. (2)
One should note that this simplification is only valid for pure plasmas - i.e. H-NBI into H or
D-NBI into D - and not for mixtures. From the classical slowing down time a significant difference
in fast-ion content is expected for different main ion masses even for similar background plasma
parameters. The RABBIT [35] code is used to calculate the classically expected fast-ion energy for
a large data set of AUG discharges. This calculation does not include non-classical influences from
e.g. mode activity (like Alfven modes or neoclassical tearing modes (NTM)), these can occur at
high fast-ion content and/or high fx. As a result the calculated values might be overestimated,
since the database was not screened for mode activity. However, the relative difference between H
and D will be similar. Note the individual discharges discussed throughout this paper do not have
an NTM present, neither in H nor in D. In figure {2 (a) the fast-ion energy Wragt, as calculated
by RABBIT , is plotted against the fast-ion input per density Pxpi/ (ne) for the AUG database
and illustrates the different fast-ion energies with the main ion mass. The relative fast-ion energy
Whast /Wnmnp is plotted in figure (b) and shows the increasing importance of fast ions on the
total stored energy for increasing heating power per particle. This behaviour is expected because
with higher heating power more fast ions are introduced into the plasma and the resulting higher
temperature results in longer slowing down, so W oc Pipp with a > 1 - here a = 1.67. Higher
thermal temperatures generally result in higher heat transport, i.e. Wiy o PhBeat with g < 1, with
e.g. f =0.31 as in the ITER Physics Basis IPB98(y,2) scaling [36]. Figure 12l (b) also illustrates
that for H-NBI into H discharges the fast ions amount to only 20% of the total energy, while in
D this value can go up to 50%. This general database view is reproduced by the NUBEAM [37]
module of the TRANSP [38] simulations for the discharges presented here. Radial profiles of
the fast-ion density ng.s¢ are illustrated in figure and highlight the differences between these
discharges. The match of fast-ion content between H and D in figure[I3 (a) is achieved by reducing
the D-NBI injection voltage. For the fast-ion pressure pg.st the differences between H and D will

slightly increase due to higher fast-ion temperatures in D for (b) and (c).

Diagnostic measurements of the fast ions with the FIDA (fast-ion D,,) diagnostic also support the
trend described above. Radial profiles of the FIDA radiation, integrated over certain wavelength
ranges - corresponding to different fast-ion energies - are shown in figure [4l The FIDA radiation
is shown normalised over the beam emission (BES) intensity, allowing for the neutral beam atten-
uation to be taken into account, a method described in detail in [39]. As such, it can be used as
a proxy for the fast-ion population in the plasma. While the FIDA measurements are sampling
only a part of the pitch-velocity space, the measurements support the above analysis indicating
a larger fast-ion population in the core of the D plasma compared to the H plasma. Unfortu-
nately, the FIDA edge channels do not have the time resolution to resolve ELMs and therefore,

the measurements are corrupted by ELMs [40] and no clear conclusions can be drawn for the edge.
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are from discharge pair 3, 7.

2.2.6 Power balance

In the previous sections we discussed temperature and density profiles, apart from 7; for the high
heating case, the profiles matched fairly well for the selected comparison discharges. While the ex-
periments were optimised to also match the heating profiles, small differences could not completely
be avoided. To consider these differences we perform a power balance analysis and compare the
heat diffusivity y for the different, discharges and heat channels. The auxiliary and Ohmic heating
profiles are calculated with TRANSP and the radiation profiles are a deconvolution of bolometer
measurements. The uncertainties for y are determined taking into account the uncertainty of the
density, temperature gradients and the electron-ion equipartition, the input power is assumed to
be without error. The comparison of the diffusivities will illustrate the differences in transport

properties and allows us to draw conclusions on potential isotopic dependencies.

For low fast-ion content and matched rotation profiles (ID 5, 1) the ion heat diffusivity is the same
for H and D within uncertainties as shown in figure [[5] (). This results in matched temperature
profiles shown in figure [@ (b). When trying to match the fast-ion pressure and thereby relaxing
the match of rotation profiles (ID 5, 8) the plasma with the flatter rotation profile - here the D
plasma - shows larger diffusivities in the core of the plasma, seen in figure [[3l (d). The third pair
of discharges - the one at high heating power (ID 3, 7) - has similar rotation profiles, but different
fast-ion pressure and more importantly a high W, /Wi, = 0.37 in D. This case, shown in figure
(f), has an ion heat diffusivity lower by a factor of ~ 2 for pyor < 0.4 (= ppor < 0.55) in D
(where por = \/m, ® being the toroidal magnetic flux). This coincides with a higher T} and
stronger 7; peaking in the core of the D plasma. The electron heat diffusivities figure (a, b,
c) follow largely the trends found for the ion heat transport channel with one striking exception.
Inside of the pedestal top xe is found higher for D plasmas consistently over all pairs. This is
also reflected in the temperature profiles shown in figure Rl This could be a result of the different
triangularity, then § would have an isotope dependent impact on the electron heat transport,
similar to the observation made for the density. As shown in figure [0 varying the shape results in
different x. at the edge of H plasmas (a) while it has little impact for the edge of a D plasma (b).

The ion temperatures lack of good measurements in the pedestal region for cases 5 and 8, so no
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FIG. 15: Electron and ion heat diffusivities for the H and D comparison for the discharges with matched pedestal top density. Low
gas and low heating with different rotation (ID 5, 8) (a, d), matched rotation (ID 5, 1) (b, e) and high gas and high heating with
different Wease (ID 3, 7) (c, f). The thin lines represent the uncertainties of the diffusivities (thick lines).

robust conclusions can be deduced for the ion channel at the plasma edge. In the core pior < 0.5

(= ppol < 0.7) the impact of the different triangularity is less significant for either isotope.

2.2.7 Overview

To give an overview of the different parameter changes discussed in the previous sections and their
impact, we compare ratios of confinement times for the discharges with 7 MW. This is illustrated
in figure [[] where on the x-axis stepwise either gas puff or triangularity or isotope mass is varied
from left to right and on the y-axis the confinement time is plotted normalized to the hydrogen
plasma with low gas puff and high triangularity at moderate heating power (ID 5). The largest
impact on the confinement time 7g is observed in hydrogen. Increasing the gas puffing for low §
(ID 2, 4) can reduce the confinement time by 30%, while a similar increase in gas puff for high §
plasmas (ID 5, 6) will result in a negligible 4% decrease of 7. Increasing ¢ at low gas puffing (ID
4, 5) will increase 15 by 25%, consequently increasing ¢ at high gas puffing (ID 2, 6) results in 70%
higher confinement time. This is all for the same heating power and in hydrogen plasmas. The
main driver for these differences appears to be located in the edge pedestal. The D cases show
only little variation in confinement time when varying gas and triangularity. When comparing
the low ¢, low gas puff case between H and D (ID 1, 4) we find the IPB98(y,2) mass dependence
/T = 1.15 ~ 2019,

For discharges with higher power levels we utilize the data set introduced in section which
consists of all 800 kA and -2.5 T discharges (consistent with other parts of the paper) from
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the 2016-2018 AUG campaigns with the selection criteria of Pygr > 2 MW, Praa/Pheat < 0.4,
ferm < 150 Hz and 0 < 0.3 for D and fgrm < 120 Hz for H. This essentially restricts the data set
to type-I ELMy H-modes with NBI heating which do not suffer from impurity accumulation. It
also excludes H discharges with high gas puffing and low confinement as discussed in the previous

paragraph, because those exhibit higher ELM frequencies.

In figure the normalized global pressure By is plotted against the fast-ion energy fraction.
While the spread in the data is considerable due to different densities and heating mixes, the data
illustrates that at low fast-ion content no high pressures are achieved, neither for H nor for D.

Larger Oy values are only accessible when Weagt /Winna > 0.25 or Weae /Wiy > 1/3.

If only the D data was present one could argue that the correlation of heating power and fast-ion
content, is a trivial explanation for this trend. However, as shown in figure the correlation of
heating power and fast-ion content is broken with different isotope mass. So further investigation
of the influence of fast ions is warranted. Known effects of the fast ions are the main ion dilution in
the core [I5] and non-linear turbulence stabilisation [I2J4TH43]| - the latter being discussed in detail
in section 3.2 Both core mechanisms would result in reduced profile stiffness allowing the higher
pressures which are inaccessible with the low fast-ion content in H. With higher fast-ion content in
AUG typically the ratio Pypr/Prcru increases and consequently the ion heating increases which

can be beneficial for confinement [14].

3 Modelling

To understand the observations made in the plasma core with known physics concepts a series of
simulations has been performed. To estimate the impact due to mass, fast ions, rotation and the
boundary conditions predictive ASTRA simulations are performed using the quasilinear TGLF
model. To better quantify the impact of different fast-ion content additional linear and non-linear

local gyrokinetic simulations are done with GENE for the high power comparison.

3.1 ASTRA /TGLF

In figure 9 an overview of the ASTRA [19,20] simulations with the TGLF [I7] transport model is

given. The simulations are made with a recent release of TGLF and saturation rule Satlgeo [I8]
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FIG. 19: TGLF predictions plotted with lines for the low heating power cases 8 (D) (a, d, g), 1 (D) (b, e, h) and 5 (H) (¢, f, i).
Additional conditions are reported in the legends. The measurements for Te, T; and n. are plotted with points.
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and use the experimental rotation and the TRANSP fast-ion density and heat flux profiles. These
profiles are fixed inputs and will only be varied when explicitly stated. Boundary conditions are
taken from experimental measurements inside the pedestal top, at py, = 0.85. The fast ions are
treated as a non-thermal impurity species [12], i.e. they are removed from TGLF effectively reduc-
ing the thermal ion density n;, but no model for non-linear turbulence stabilisation is considered.

Electron and ion temperatures, electron density and current density are modelled.

Low heating power: The main observation is similar to that of the experimental power balance
analysis. The quality of the transport prediction can vary already without changing the isotope
mass. The two D cases with different fast-ion content and rotation (ID 1, 8) are somewhat over
predicted by the model while the prediction for the H case (ID 5) matches the measurements very
well. Different parameter variations are performed to identify the dominating physics in these

discharges.

In figure[I9 (a, d, g) we show simulations with different rotation profiles while all other parameters
are fixed. The respective rotation profiles were shown figure [l (a). Although, the rotation and
its gradients are significantly different, they do not influence the transport under these conditions.
The impact of the mass number A is tested with the parameters of the H plasma and using A = 2.
The result is shown in figure[ (c, f, i), and it does not exhibit a gyro-Bohm like mass dependence
with Y = v2x" and the main differences are due to a different heat distribution caused by the
mass dependence in the equipartition. With A = 2 the equipartition between the electron and ion
heat channels is reduced and because T, > 7; more heat remains in the electron channel causing
higher T, while T; is reduced. However, since electron and ion heat transport are not equal this
results in a change of global confinement. This is similar to electron heated L-mode plasmas [4]
where the H plasma had lower confinement because enhanced equipartition with A = 1 resulted

in more energy being transferred into the ion channel which exhibited higher heat transport.

Figure M9 (c, f, i) shows the results of changing the fast-ion content from Wias, n/Win = 0.10 to
Whiast,p/Win = 0.27. On this level of fast ions the quasilinear model predicts a negligible impact
on the profiles.

The match of modelled and experimental profiles is worse for the two D cases. In the low rotation,
low Wiast case - achieved by reduced NBI voltage - transport is under predicted which results
in stronger profile peaking for all channels as illustrated in figure 09 (a, d, g). In the case with
the nominal NBI voltage shown in figure M9 (b, e, h) the profile peaking of T; is modelled more
accurately. However, the electron temperature Ty is significantly too low in the core. Uncertainties
in the heat distribution, mainly due to radiation measurements profiles could be ruled out as reason
for this discrepancy. The modelled n, peaking is too high in case (ID 8) and too low in case (ID
1) as shown in figure[I9 (g) and (h). This is likely a direct consequence of the modelled electron

temperature which has a strong impact on the particle transport [44].

Extending this study would yield more robust insight on this deviations, however, it would not
impact the main conclusion regarding the isotopic dependencies found with the quasilinear TGLF
model. Namely, when the boundary conditions inside of the pedestal are matched for plasmas

with different isotopes and relatively low fast-ion content, no systematic deviation due to the main



20

50 . EXP: (3), A=2 ] 50 e EXP: (3), A=2 L
y ii TGLF: A=2 —_ TGLF: A=2 — 8.0
= : TGLF: A=1 -- TGLF: A=1 --
3 40 ; TGLF: A=2, =0 — — 40 TGLF: A=2, 1 q=0 = E
= TGLF: A=2,vy =0 = 3 TGLF: A=2, v;,,=0 %
g ’ = g 60
g 30 g 30 —
5 >
g g B
g 20 g 20t _§ 4.0
5 2 5
§ s § 20 EXP: (3), A=2 n
= .0 | TGLF:A=2 —
T 10 10 T TGLF: A=1 - -
] N TGLF: A=2,Npg=0 = ©
S TGLF:A=2,vip=0 =
0.0 - 0.0 0.0
0.00 025 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 025 0.50 0.75 1.00
normalised radius py,, normalised radius py, normalised radius py,,
5.0 5.0
- (7), EXP: (7), A=1 A
TGLF: A=1 —_ 80
= TGLF: A=2 -- -
E 4.0 % 4.0 TGLF: A=L, Ny =Mags = Q"E
2 =3 5 60
g 30 g 30 —
o} =} >
<8 S_ 80
g 20 g 2.0 _§ 4.0
jo o
S = %
8 2 2.0 | EXP: (), A=1 .
T 10 10 T TGLF: A=1 —
TGLF: A=2 -- )
TGLF: A=1, = —_
00 00 > 00 Pt Dt
000 025 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 000 025 0.50 0.75 1.00
normalised radius py,, normalised radius py, normalised radius py,,

FIG. 20: TGLF predictions plotted with lines for the high heating power cases 8 (D) (a, b, ¢), and 7 (H) (d, e, f). Additional
conditions are reported in the legends. The measurements for Te, T; and n. are plotted with points.

ion mass is observed between the experiment and TGLF predictions for ne, 7o and T;.

High heating power: For the high power cases 3 (D) and 7 (H), we test the impact of isotope
mass, toroidal rotation and fast-ion density on the TGLF predictions. As illustrated in figure 20
the code predictions are in general consistent with the experimental data, in particular, the lower

T; in H is reproduced.

As found in the low power cases, a change of the main ion mass manifests in the temperature
profiles mostly through the electron ion equipartition. In the D case 3, T; ~ T, so the energy
transfer between electron and ion channel is low and the temperature profiles show only minor
variations in figure 20 (a) and (b) (blue and red lines). For the H case 7, T} < Te, and, when
reducing the electron to ion heat transfer by changing from A =1 to A = 2, the ion temperature
drops while the electrons get hotter as illustrated in figure 20 (d) and (e) (blue and red lines).
The density peaking for A = 1 is higher than in all A = 2 cases as shown in figure (c),
this was observed before in AUG, where it was attributed to the reduced collisional term of the
trapped particle component in the turbulent convection [45]. When changing the mass number in
the hydrogen case (figure 20 (c)) this effect likely cancels with the contribution due to different

electron temperature peaking as discussed in section Bl

The toroidal rotation again plays a negligible role as shown in figure 20 (a)-(c) (green dashed).
Completely removing its contribution to E, by setting v, = 0 reduces the central temperatures

by only about 5%. This means ypxp does play a minor role under these conditions, which
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was confirmed experimentally for comparable plasma parameters in AUG [46]. However, this is
different in plasmas with internal transport barriers ITB where vgx p is found to have a strong

impact also in the core [47,/48)].

In contrast to the low power cases, the fast-ion density plays a crucial role at the higher heating
powers. In section a significant impact of heating power and main ion mass on the fast-ion
density is described. The fast-ion density is highest in the high power D plasma (ID 3) and setting
Neast = 0 will result in a 20% drop of the central ion temperature as shown in figure 20 (b) (black
broken line). Consequently, increasing ny.s; in the simulation of the H plasma (ID 7) to the level

of the D plasma ngast, 3 the T3(0) increases by 10% as shown in figure 201 (e) (black broken line).

It is worthwhile to mention that nonlinear effects in the beta stabilization of ITG turbulence [49]
become significant in the central region of these plasmas, where 3, exceeds 1% around mid-radius
and 2% in the centre. These nonlinear effects are not included in a linear model like TGLF
and their inclusion in the prediction of the central temperatures should be expected to lead to a

non-negligible increase.

While the core ion temperature peaking cannot be reproduced entirely by the TGLF modelling
- the experimental profile is more peaked in the D plasma - the general trend of higher ion
heat diffusivity in H compared to D is reproduced. The individual magnitude of fast-ion content

contributes significantly to the difference in heat transport.

3.2 GENE

Using the experimental parameters of the high power discharges (ID 3, 7) presented in section[2 as
input, linear and non-linear gyro-kinetic simulations with the GENE (Gyrokinetic Electromagnetic
Numerical Experiment) code [21122] have been performed. The main goal is to study the effect of
the different fast ion pressure in H and D plasmas on the plasma turbulence. GENE solves the gyro-
kinetic Vlasov equations [50L5T] coupled with the Maxwell equations within a §f approximation
and using a set of field aligned coordinates {x,y, z,v|, u}. z is the coordinate along the magnetic
field line, z is the radial coordinate, y is the binormal coordinate, v is the parallel velocity and s is
the magnetic momentum. The simulations are carried out in the local limit using realistic geometry

(reconstructed from numerical equilibrium files provided by equilibrium solvers), collisions (using a



Landau-Boltzmann operator), finite-3 effects (considering both B, and B fluctuations), external
flow shear yp« p effects, kinetic ions, kinetic electrons (with the realistic mass ratio) and kinetic
fast ions introduced by the NBI heating. For the fast ions, an equivalent Maxwellian distribution
function has been used. No impurities have been considered in the simulations, the experimental
values of Z.g of these discharges being low (Z.g < 1.5). Typical grid parameters in the non-
linear simulations were as follows: perpendicular box sizes [Lg, L,] ~ [190,200]p,, phase-space
grid discretization [ng,ny, n., ny|, n,] ~ [384,64,40,48,16] and 0.03 < kyps < 1.92. The choice of
(kyps)min = 0.03 corresponds in these cases to a minimum toroidal mode number ny = 2. In all
the simulations, the nonlinear fluxes are mainly related to the electrostatic potential ¢ fluctuations

while the contribution from the parallel magnetic potential A fluctuations are smaller (~ 5% of

the total fluxes).

The gyrokinetic analysis has been carried out at pior = 0.3 corresponding to ppo1 = 0.43, where

there is a difference between the fast-ion concentration and the T; profiles of H and D plasmas.

Linear GENE : The linear growth rates v(p/cs) of ITG (ion temperature gradient) modes are
calculated for the deuterium plasma (ID 3) parameters with mass number A = 2 (solid lines)
and A = 1 (dashed lines). The sound speed ¢s is calculated with the corresponding mass for H
and D. The results are shown in figure 211 The electrostatic simulation without collisions (green)
shows no systematic mass dependence in the normalized growth rates, thereby, reproducing a pure
gyro-Bohm scaling. It should be noted that only for this simplified case the gyro-Bohm scaling is
reproduced in the gyrokinetic simulation. With the inclusion of previously neglected physics mech-
anisms the simulations deviate more and more from the ideal gyro-Bohm scaling. Taking collisions
into account in the simulation (purple) results in 5 — 10% higher growth rates for hydrogen. This
effect can be expected from the increased impact of collisions in D on the trapped electron contri-
bution to the ITG [4552]. This increases to 10 —20% when also including electromagnetic effects
(black). Although, this goes in the direction of the experimental observations it is not enough to
explain its magnitude x; u = 2.3xi,p as seen in figure (f) at ptor = 0.3 or in normalized units
¢i,1/q,H,e8 = 2.5¢i,p/¢i,p g8. However, when taking fast ions into account the normalized growth
rates drop significantly and show a strong mass dependence opposite to gyro-Bohm for the large
scales as seen in figure [21] (blue and red triangles). This mass dependence stems from the different
fast-ion content in H and D where ngas¢, 11 < Nfast,p as discussed in section How the growth
rates translate into heat fluxes is discussed with the help of non-linear gyrokinetic simulations in

the next section.

Non-linear GENE : For both D and H plasmas (ID 3 and 7), simulations with and without
fast ions are carried out and compared to the experiment. For the D case, a simulation using
the fast-ion parameters (except for the mass) of the H plasmas has also been carried out in order
to establish the role of the fast-ion population in explaining the experimental differences in T;
observed between H and D plasmas. The results are reported in Table [Tl and figure 22] where the
heat flux in gyro-Bohm units is plotted against the normalized ion temperature gradient length

R/LTi.

The simulations with hydrogen as main-ion species match the experimental heat flux extremely
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exp ID A Wiy R/LTi Qi/ qi,gB

1 0 4.69 18.0x1.0
Wt 469 14.0+1.0
Wt 3.90  0.5%0.05

0 7.10 51.5+4.0

7.10 17.24+2.0

Wi s 5.00  1.0£0.04

Wt 7.10 31.0£20

3 2 Win 5.00  3.6+0.6

TABLE IT: HEAT FLUXES FOR THE DIFFERENT NON-LINEAR GENE SIMULATIONS. W, IS THE EXPERIMENTAL FAST-ION CONTENT
OF THE PLASMA WITH ID n as IN TaBre [[l
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FIG. 22: Normalized heat fluxes predicted by non-linear GENE simulations for different isotopes, fast-ion content and gradient
lengths at ptor = 0.30 or ppo1 = 0.43. The experimental points are from pair (ID 3, 7). All combinations of inpul parameters for
the simulations are also listed in Table [Tl
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FIG. 23: Non-linear ion heal fluz spectra for different fast-ion content (a) and the reduction of heat fluzes relative to the no fast
ion simulation ((gnofast — Gtast)/dnofast) (b). The heat fluzes are negligible for kyps > 0.8 and therefore, not plotted.

well (blue points). This is true for the run with fast ions as well as the one without fast ions. The
impact of an additional fast-ion species is small for the low fast-ion content found in the hydrogen
plasma. There is a difference in R/Lt; between the GENE input and the experimental value.
As input we use the gradient obtained from the spline fits shown in figure [@ (c) which is limited
by the regularisation of the fit function. The experimental gradient length and its uncertainty is
obtained locally on 4 cm intervals by a linear fit to In7} and tends to be larger due to the missing
regularisation.

The simulation without fast ions and deuterium as main-ion species (red open square) shows heat
fluxes nearly an order of magnitude above the experimental ones. It is opposite to the experimen-
tal trend, which shows lower heat fluxes for steeper gradients in D compared to H.

Including fast ions has a strong stabilising effect on the ITG turbulence in the deuterium cases.
With the experimental Wi, p the gyrokinetic heat fluxes are within a factor of 2 of the experi-
mental ¢ /¢ g5. While, when using the lower W, 1, even if the turbulence is strongly suppressed,
the heat flux is 4 times the experimental one. The profile stiffness is reduced considerably in the
simulation when including fast-ions in D which is similar to observations in JET L-modes [12]. A
comparable experimental scan to determine the profile stiffness in the H-mode core is challenging
as one would need to vary the heat fluxes while keeping the pedestal as well as the fast-ion content
constant. Additionally, at power levels required to observe a significant impact of fast ions, there
are no heat sources available for comparison which do not generate fast ions as well. The pedestal
can be kept constant in D while changing the core ion heat flux by comparing plasmas with on-
and off-axis NBI heating. However, even then a strong correlation of ion heat flux and fast-ion

content cannot be avoided and the profile stiffness is reduced by the fast ions [43].

The impact of fast ions in the simulations is also visible in the heat flux spectra per k,p, which
are illustrated in figure 23] (a) and (b). Adding fast ions in the simulation reduces the heat flux
by the larger structures k,ps < 0.4 up to 80% (b). For the relatively large fast-ion content, in the

D case, the heat flux is reduced for all scales.

A difference of measured and simulated heat fluxes in D is present and might be due to uncertainties
in the data not considered for the error bars, in particular, the q profile in the core. Another source

for discrepancies are simplified physics mechanisms in the model, e.g. by using a Maxwellian
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distribution for fast ions instead of a more realistic slowing down distribution [53]. This is a
potential explanation why for H - where fast ions have little impact - model and experiment agree
better than for the simulations in D. However, the simulations done in H and those in D are also

different in terms of T /T; and the total 8, which could be a source for deviations.

The main conclusion remains robustly above the uncertainties in the modelling: The fast-ion
stabilization of ITG turbulence [T2|4TH43] is important in these plasmas and the difference in fast-

ion population between H and D results in reduced heat transport in D compared to H plasmas.

4 Discussion and conclusion

The energy confinement in fusion plasmas shows a strong dependence on the isotope mass. This
was confirmed in our study and multiple factors were found to be relevant for this conclusion. In H-
mode the edge transport barrier is a crucial element for the energy confinement, this remains true
for different isotopes. Disentangling the co-dependency of core transport and the edge confinement
was found to help identify and quantify different contributions to the mass dependence of energy

confinement.

For low plasma triangularity the pedestal in H is more prone to deteriorating effects than in
D. In particular, increased gas puffing can lead to a 50% loss of confinement in H which is not
observed in D. Reasons for this are likely related to edge particle transport in connection with
the pedestal stability. The proximity to the LH-transition is probably not an issue. Although,
discharges with similar power levels are naturally closer to the LH-transition in hydrogen, because
PE. > PD, [54H56], in this study the heating power is well above the threshold with Pyeat > 2PLu

also for the hydrogen plasmas.

While a discussion on the underlying edge dynamics is crucial to complete the physics picture, this
paper focuses on the core transport. Increasing the plasma triangularity in H allows us to match
the pedestal properties of corresponding D plasmas with comparable heat and particle sources.
This was particularly important to extend the study to higher heating powers. At low triangularity
the hydrogen plasmas are severely limited in the achievable density resulting in intolerable shine
through losses of the NBI. This limitation is overcome at higher triangularity. Another aspect
is the matching of rotation profiles for H and D with the same NBI power levels, which became
possible because the momentum confinement did recover with the higher triangularity. However,
the results of quasilinear modelling with TGLF show no significant impact of the rotation profiles

on heat transport in the presented plasma regime.

Based on comparisons with matched pedestal parameters, the plasma core is investigated. The
fast-ion slowing down is found to be the dominating mass dependent mechanism in explaining the
experimental observations. When aiming for isotope purity by using D-NBI into D and H-NBI into
H, the fast-ion content in the H plasmas will naturally be lower. The contribution from slowing
down is often enhanced by present day NBI systems which are restricted to lower acceleration

voltages for H.

Plasmas with relatively low heating power - thereby a fast-ion content which has a small impact



on turbulent transport - show similar core transport when the plasma rotation is matched. This
is observed regardless of the isotope mass. This result is consistent with observations previously
made in L-mode [4]. When the fast-ion content in the plasma becomes more dominant, for the
presented ASDEX Upgrade discharges this means We,et/Win > 1/3, the local transport in D
plasmas is reduced and the confinement increases. In H plasmas at similar power levels, the fast-
ion content will not reach these levels, effectively resulting in higher transport and lower energy

confinement.

This experimental observation is consistent with ASTRA modelling with TGLF and with gyroki-
netic simulations with GENE . The ITG growth rates from linear GENE calculations show a strong
reduction with increasing fast-ion content. Since the fast-ion content is correlated with the isotope
mass, the D plasma shows lower growth rates than the H plasma, which is opposite to the mass
dependence expected for gyro-Bohm like transport. In non-linear GENE simulations with kinetic
fast ions the experimental heat fluxes are reproduced within a factor of 2. Also the empirical
level of necessary fast-ion content to observe an impact on confinement is confirmed. Simulations
including collisions, finite-( effects, external flow shear vg« g effects, kinetic ions and kinetic elec-
trons, but without fast ions match the experimental hydrogen heat fluxes well. Simulations with
only these physics ingredients yield heat fluxes one order of magnitude above the experimental
ones of the deuterium plasma, while providing a decent match when the turbulence stabilisation
by fast-ions is taken into account.

Effectively, this results in a higher stiffness of 7} in H, because in contrast to D the stabilising
contribution of the fast ions is missing. A similar observation was made in JT60-U where the
profile stiffness was found to be higher in H than in D [I1]. Considering, the fast-ion content in H
was substantially lower than in D - like in AUG - one could expect that the turbulence stabilisation
by fast-ions does also explain the observations made in JT60-U.

Since fast ions will become more important in fusion plasmas [57], the mass dependence of the
fast-ion slowing down time will play an important role in translating observations from pre-nuclear
plasma operation to the nuclear phase. Therefore, the inclusion of fast-ion effects in theoretical
models is essential to improve their predictive capabilities for fusion plasmas.

This work has been carried out within the framework of the EUROfusion Consortium and has
received funding from the Euratom research and training programme 2014-2018 and 2019-2020

under grant agreement No 633053. The views and opinions expressed herein do not mecessarily
reflect those of the Furopean Commission.
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