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Abstract

Understanding how the stored thermal energy scales with the main ion isotope, or mixtures of iso-
topes, in a tokamak is a key question for predicting the performance of future deuterium—tritium
operations in ITER and fusion power plants. Although this remains an active area of research, a
complete understanding has yet to be achieved. In this study, three JET H-mode discharges with
matched engineering parameters are analysed to provide further experimental and analytical input
into the investigation of mass scaling of the plasma turbulent transport. The discharges com-

prise one almost pure hydrogen, one mixed hydrogen—deuterium and one almost pure deuterium
plasma. The analysis employs both linear gyrokinetic simulations and an integrated modelling
framework. Particular attention is given to three mechanisms through which the mass of the main
ion species is expected to influence the core thermal stored energy: (i) the boundary conditions set
by the H-mode pedestal, especially in relation to stiff behaviour of temperature and density pro-
files; (ii) E x B shearing arising from neutral beam injection driven rotation; and (iii) the contri-
bution of electron temperature gradient-modes to plasma transport. The results presented indicate
that the pedestal and E x B shearing was key in explaining the increased thermal stored energy in
the core in the analysed discharges.

1. Introduction

Most present-day magnetic fusion experiments operate with either hydrogen or deuterium plasmas. The
fuel mixture for a future fusion reactor, a mixture of deuterium—tritium (DT), has only been tested at
significant scale on four occasions, [1-4]. Consequently, the database of DT discharges is limited. It

is therefore essential to investigate the scaling of the thermal stored energy of fusion plasmas with the
isotope in order to improve predictions for ITER and pilot fusion power plant. In this study, we ana-
lyse a set of joint European torus (JET) tokamak discharges that were matched in engineering paramet-
ers but employed different main isotopes. The discharges operated in the high-confinement (H-mode)
regime, characterised by a temperature and density pedestal near the plasma boundary where turbulence
is reduced.

The primary mechanism governing energy and particle transport in tokamak plasmas is micro-
turbulence, which is predominantly driven by radial gradients in plasma temperature and density. In
most JET experiments, the instabilities responsible for the highest turbulent transport fluxes are asso-
ciated with drift waves, particularly the ion temperature gradient (ITG) and trapped electron modes
(TEM) [5, 6]. Turbulence is influenced by the mass of the main ion isotope, and the global stored
energy in H-mode plasmas has been shown to scale with the effective mass M%? across a multi-machine
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database [7]. Here, M.g denotes the effective mass of the plasma species (e.g. 2 for a deuterium plasma
and 1.5 for a 50:50 hydrogen—deuterium plasma). This empirical scaling contradicts the simple depend-
ence of the characteristic length scale, which is dictated by the Larmor radius, p; ~ v/Mcg. The effect

of the normalised Larmor radius, p. = p1./a on the global energy confinement time can be expressed
formally as 75 ~ (p«)*78F (v, 8,...) [8, 9], where 75 is the Bohm confinement time, F is a function of
dimensionless parameters such as the normalised collision frequency v, and the ratio of plasma pres-
sure to the magnetic pressure 5. Simple drift wave theory would suggest o« = —1, i.e. gyro-Bohm scaling,
leading to a mass dependency M_* for 7, which also means that turbulence driven fluxes should scale
as MY%?. This is not observed experimentally, indicating that additional mass dependency enters through
other mechanisms.

A key factor that could alter the scaling was first proposed by Cordey [10], who suggested that the
scaling of the turbulent transport levels could differentiate between the pedestal and the plasma core.
Experimentally, it has been well established that the edge plasma in tokamak H-modes exhibits a strong
isotope dependence, as observed in JET [11-14], AUG [15, 16], JT-60U [17] etc. A regression analysis
of a large JET-ITER Like Wall pedestal database of discharges consisting of hydrogen and deuterium dis-
charges found a significant dependence of the effective mass on the stored thermal energy, scaling as
M2 [11], with both the density and temperature at the top of the pedestal increasing with isotope mass.
In the present study, the pedestal acts as a boundary condition, and the effects of its isotope dependence
on the turbulent transport in the plasma core are explored.

Several mechanisms within the core transport are also expected to depend on isotope mass. These
have been investigated extensively through numerical studies, mainly using non-linear gyrokinetic sim-
ulations but also quasi-linear models. These mechanisms include (i) collisions [18]; (ii) E x B-shearing
[19-21], (iii) B-effects [22] and the contribution of the electron temperature gradient (ETG)-mode [23].
Another important mechanism is the way in which the pedestal, together with the stiffness of the trans-
port, influences the fluxes [24-26]. As noted earlier, the pedestal height increases with the effective mass,
which in turn affects the normalised gradients, e.g. a/Lx = —a%. Where X represent density or tem-
perature and a is the minor radius. These gradients drive the turbulence, and if the plasma profiles res-
ulting from the turbulence exhibit a stiff behaviour, i.e. the system maintains similar normalised gradi-
ents, an increase in density and/or temperature will necessarily lead to higher core gradients (dX/dr),
i.e. peaking.

Another mechanism proposed to influence the isotope scaling of turbulent transport is the strength
of zonal flows [22, 27, 28]. The observed isotope dependence may also vary with the dominant instabil-
ity. For TEM-driven turbulence, collisional stabilisation together with enhanced zonal flow activity has
been shown to reduce turbulent transport with increasing ion mass [29]. In contrast, for ITG-dominated
plasmas, the turbulent transport exhibits little dependence on isotope mass due to bursty, non-local
transport events such as avalanches [30].

To better understand the mechanisms governing isotope scaling of transport strength in H-modes,
we have analysed three JET discharges with different isotope compositions. In particular, we have
assessed the scaling of core transport coefficients using linear gyrokinetic simulations as well as integ-
rated transport modelling. Special attention is given to the influence of the pedestal height on the core
thermal stored energy.

2. Experimental data and modelling setup

This section describes the experimental data and the modelling tools used in the analysis.

2.1. Experimental data

Three discharges from a JET campaign were selected for an in-depth study of the role of isotope mix-
ture on turbulence. The plasmas consisted of hydrogen—deuterium mixtures with effective ion masses
M. = 1.18, 1.79 and 2.13. The discharges were matched in key engineering parameters: plasma current
I, = 2.3 MA, toroidal magnetic field By = 2.3 T and total neutral beam injection (NBI) heating power
of 22 MW (no other auxiliary heating sources were applied). This represents a natural way of comparing
plasmas with different isotope mixtures. However, a drawback is that the pedestals are not matched. An
alternative approach for investigating isotope effects is to maintain constant key dimensionless paramet-
ers such as the normalised gyro-radius p. = p/a, the normalised collisionality, v, normalised gradients
and other related dimensionless parameters [31]. The analysed discharges are:
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Table 1. Composition and NBI power of the analysed discharges. The percentages are of the
electron density and the NBI beams were using deuterium.

Discharge H (%) D (%) Be (%) Ni (%) NBI (MW)
97070 89 4 1.6 0.02 229
97518 32 60 1.6 0.03 22.5
97064 0 93 1.6 0.02 22.6

----- 97070 (H) "] 97070 (H) ™, 97070 (H)

3 97518 (H&D) Vot 97518 (H&D) S : 97518 (H&D)
Iy 97064 (D) N I 97064 (D) S 97064 (D)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0 0.0 0.2 0.4 0.6 0.8 1.0
o P o

Figure 1. Experimental profiles for the three JET discharges #97070 (H), #97518 (H&D) and #97064 (D). Electrons densities in
the left figure, electron temperatures in the middle figure and ion temperatures in the right figure.

e #97070(H), an almost pure hydrogen discharge
e #97518(H&D), a mixed hydrogen and deuterium discharge

e #97064(D), an almost pure deuterium discharge

All three discharges were in H-mode and the plasma heating due to the NBI-deuterium beams strongly
dominated over the Ohmic heating. These discharges extend earlier JET studies performed at lower cur-
rent and magnetic field [32].

The analysis is limited to time intervals when the discharges were in quasi steady state, i.e. when the
volume integrated sources and (outward) fluxes were equal at all flux surfaces, and the discharge profiles
are relatively fixed. Nevertheless, there were some variations of the profiles with time because of edge-
localised modes (ELMs) etc. To minimise their impact, electron and ion profiles were averaged over sev-
eral ELM cycles. The averaging intervals were: 49-51.8 s for #97070 (H), 50.8-51.6s for #97518 (H&D),
and 49-52 s for #97064 (D).

The resulting experimental profiles of electron density, electron temperature, and ion temperature
are displayed in figure 1, with their uncertainties in figure 2. The normalised density and temperature
gradients are shown in figure 3 with uncertainties. The data were converted to the integrated data struc-
ture (IDS)-format [33] suitable for integrated modelling work flows using the EX2GK tool [34], which
applies Gaussian process regression techniques [35]. This statistical approach provides both best-fit pro-
files and corresponding uncertainty estimates.

Figure 4 presents the averaged toroidal plasma rotation profiles for the time intervals. The uncertain-
ties represent the standard deviation of the data distribution around the mean at each radial position.
Notably, the measured toroidal rotation velocities are remarkably similar across all discharges, despite
the nearly twofold difference in mass density between the hydrogen and deuterium plasmas and identical
NBI settings, same power and species (deuterium).

Details of the plasma compositions are presented in table 1. All discharges contained small amounts
of beryllium and nickel impurities, with an effective charge Z.g ~ 1.3. The effective charge was measured
by bolometry which provides an average over the plasma core. The hydrogen—deuterium ratio, measured
in the divertor, is used as an initial condition in the predictive integrated simulations. For the almost
pure hydrogen discharge (#97070), the small deuterium fraction has been neglected.

A global assessment of the variation of the discharge performance with the ion species can be
obtained by analysing plasma stored energy. Furthermore, in order to separate the performance of the
core plasma from that of the pedestal region, we have calculated the core plasma stored energy separ-
ately. The definitions of the core and pedestal stored energy are illustrated in figure 5. As a separation

3
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Figure 2. Experimental profiles of the electron density, electron temperature, and ion temperature for the three JET discharges:
#97070 (H) (left), #97518 (H&D) (middle) and #97064 (D) (right) with one o-uncertainty.
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Figure 3. Experimental normalised gradients of the electron density, electron temperature, and ion temperature for the three JET
discharges: #97070 (H) left, #97518 (H&D) middle and #97064 (D) right with one o-uncertainty.
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Figure 4. Toroidal rotation velocity for the three discharges: #97070 (H) left, #97518 (H&D) middle and #97064 (D) right, with
one o-uncertainty.

point between core and pedestal, we used p; = 0.90 (where p; is the square root of the normalised tor-
oidal magnetic flux). The resulting experimental values for the thermal stored energies are presented in
figure 6. The experimental results indicate that both the pedestal and the core thermal stored energy
increase as Mg increases. This is consistent with the observations in [17]. The improved core thermal
stored energy at increased M. is the focus of the analysis in this article.

2.2. Modelling setup

The discharges described previously were analysed using both stand-alone turbulent transport codes and
an integrated modelling framework.
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Figure 5. Definition of the thermal stored energy in the edge Weqg. and in the core Weore.
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Figure 6. Experimental values for the thermal energy for the three discharges. The thermal stored energy is higher for the dis-
charges with higher Mg, both in the core and the edge. The numerical values are in MJ. #97070(H): Total: 3.57, Edge: 0.93, Core:
2.64. #97518(H&D): Total: 4.28, Edge: 1.10, Core: 3.18. #97064(D): Total: 4.93, Edge: 1.31, Core: 3.62.

2.2.1. GENE setup

Local linear gyrokinetic simulations were performed with GENE [36], which uses an Eulerian 6f-method
to solve the gyrokinetic Vlasov equation. We have used realistic magnetic equilibrium reconstructed by
EFIT [37-39]. Collisions were included via the linearised Landau—Boltzmann operator [40]. All simula-
tions were electromagnetic unless explicitly stated as electrostatic.

2.2.2. ETS setup

Integrated modelling was carried out using the European Transport Solver (ETS) [41, 42]. ETS orches-
trates workflows that combine ‘building’ blocks (individual codes) describing the key processes in the
plasma, including equilibrium, plasma transport, and auxiliary heating. The transport equations utilised
in ETS describe the evolution of the various bulk plasma profiles, e.g. poloidal flux, densities, and tem-
peratures. Using ETS, we performed predictive simulations of core plasma profiles, starting from experi-
mental profiles and evolving them until steady state was reached.

Turbulent transport within ETS was calculated by the gyro-Landau-fluid code TGLF [43]. TGLF is
quasi-linear, solving an eigenvalue problem to obtain growth rates of instabilities, which are combined
with the SAT?2 saturation model, fitted to non-linear gyrokinetic simulations [44], to evaluate the fluxes.
TGLF includes electromagnetic effects, effects of E x B-shearing and kinetic effects, e.g. gyro-averaging,
Landau damping. For the simulations in this article, the spectrum, 0.1 < kgps p < 24, was employed
where p; p is the Larmor radius calculated by taking the perpendicular velocity to be equal to the sound
speed for deuterium.

Neoclassical transport is included in the ETS simulations via NCLASS [45]. NBI deposition profiles
were obtained with the NEMO code [46] and the collisional redistribution of the NBI power density to
the bulk ions and electrons was obtained from a simple slowing down model of the NBI induced non-
thermal deuterium distribution function. The NBI heating profiles were recalculated at fixed time inter-
vals throughout the simulations to address the evolution of the density and temperature profiles. The

5
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Table 2. Experimental data for the three discharges at the four different radial positions used for the GENE simulations, p; = 0.5, 0.6,
0.7, 0.8. The brackets denote flux surface averaged quantities. The £ denotes one o uncertainty, also presented in figures 2 and 3.
Observe that M. is calculated without impurities.

N 19

pe (M) q § a/Lr,) a/Lr) a/Ln,) val%]  (Te)(keV)  (Ti)(keV)  (ne)[}5]
97070 (1) 1.27  0.56 2.78+0.18 2.3140.31 1.004+0.19  0.062 2.364+0.18 3394044 4.9540.40
0.50 97518(1.67) 1.30 0.52 2.854+0.18 2.89+£039 1.07£0.12 0.080 2.72+0.19 2.58+£0.40 6.03£0.30
97064 (2) 1.18 0.83 239+0.18 237+£041 0.91+0.19 0.053 2.89+021 3.14£054 6.29+0.54
97070 (1) 1.47 1.04 3.04£020 3.034£0.51 1.114+0.22 0.096 1.80+£0.14 2.66+0.41 4.4940.40
0.60 97518 (1.67) 1.49 1.04 2.89+£0.19 3.204+0.58 0.9240.13 0.087 2.09+0.16 1.95£0.35 5.5140.30
97064 (2) 144 140 2.554+0.21 2.834+045 0974020 0.076 2.304+0.18 2484045 5.7840.52
97070 (1) 1.80 1.61 236+0.21 3.841+0.64 091+£023 0.14 1.40£0.12 1.94£0.37 4.08+0.40
0.70 97518 (1.67) 1.83 1.60 2.2640.20 3.22£0.72 1.05£0.15 0.13 1.65+0.14 1.45+£031 5.05+0.31
97064 (2) 1.87 190 246£0.24 3314048 1.12+024 0.11 1.83+0.16 1.87£0.35 5.2540.51
97070 (1) 231 212 243+£027 4.61£050 0234023 0.20 1.14+0.11 1.32+£0.26  3.87£0.41
0.80 97518 (1.67) 235 212 2934030 2.38+0.61 0.734+0.17 0.18 1.334+0.13 1.124+0.24 4.6140.31
97064 (2) 244 210 3.144044 3.44£050 0.72£0.26 0.16 1434016 1.374+0.27 4.7940.51

density profiles of impurities have been taken from the experimental measurements and they have been
kept fixed throughout the ETS simulations.

As both the turbulent and neoclassical models yield very low transport levels near the magnetic
axis-where in reality sawtooth activity dominates-an ad hoc background diffusivity was introduced for
pr < 0.3 . In this central region, an additional diffusivity was set to x = 1.0 (m?s™') in the temperat-
ure channels and D =0.2 (m?s™!) in the particle channels. Consequently, simulation results near the
magnetic axis should be interpreted with caution. Furthermore, the simulations have used an internal
boundary at p; = 0.90, with profiles outside this boundary fixed to experimental values, covering only
the region inside the H-mode pedestal.

In the simulations ion and electron temperature profiles were evolved self-consistently. For the
almost pure hydrogen discharge, #97070(H), and for the almost pure deuterium discharge, #97064(D),
only the electron density was evolved and the main ion density was obtained from the assumption of
quasi-neutrality. For the mixed hydrogen—deuterium discharge, #97518(H&D), both the electron and the
hydrogen densities were evolved, with the deuterium density determined by quasi-neutrality. The external
E x B-shearing profiles used in the simulations were derived from the experimental toroidal rotation
velocity profiles and were kept fixed throughout the simulations.

3. Analysis and results

We first examine simulations conducted with the gyrokinetic code GENE, focusing on turbulent trans-
port at specific radial positions in the plasma core, followed by integrated modelling results for the full
core region obtained with ETS.

Key physics parameters, including normalised gradients, for the three discharges at four radial pos-
itions, p, = 0.5, 0.6, 0.7, 0.8, are summarised in table 2. The brackets in the table denote flux surface
averaging, defined as:

_ [ &Exf6 (x— py)
T S )

The parameters across the different discharges are not perfectly matched, which is expected, as the
discharges were designed to share the same engineering specifications. Among the parameters, the safety
factor exhibits the least relative variation, reflecting the almost identical magnetic field and plasma cur-
rent. Due to the differences in physical parameters and the known sensitivity of drift-wave turbulence
to normalised gradients, disentangling the various factors affecting core transport presents a significant
challenge. Nevertheless, by examining one factor at a time, meaningful insights can be obtained.

) (p) (1)

3.1. Linear instability analysis

For the simulations presented here, GENE was used as an initial value solver, i.e. only the dominant
instability at each wave number is determined. Initially, we consider turbulence at ion-scales (k,p, < 1.5);
however, when analysing the ETG-modes we also need to consider the electron scales with k,p; > 1.5.

6
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Figure 7. Growth rates for the most unstable mode for the three discharges with changed hydrogen and deuterium mixtures.

In (a) we have used the normalised parameters of #97070(H) while changing the isotope mixture. In the same manner we have
used the normalised parameters of #97518(H&D) in (b) and #97064(D) in (c) while changing the isotope mixture. Note that the
growth rates and wavenumbers are normalised with H, to signify the physical difference of length scales between the simulations.

3.1.1. Effective mass scaling with fixed plasma parameters

To establish the basic mass dependence, linear GENE simulations were performed at p = 0.5 using the
three sets of parameters listed in table 2. For each set, three simulations were carried out with Mg cor-
responding to the three discharges. For example, the normalised parameters of #97070(H) were held
fixed while varying M.g. Holding the normalised gradients fixed ensures a consistent comparison. Results
are shown in figure 7, with the wavenumber spectrum normalised to ps of hydrogen to emphasise scale
differences between isotopes; in all other figures, ps is normalised to the relevant species.

When mass scaling enters only via the Larmor radius-i.e. neglecting collisions and finite 3 effects-the
peak ITG-mode wavenumber and maximum growth rate scale as Kpeak, Ymax ~ M;ffl/ 2, Using these two
mass dependencies and the mixing length assumption, x ~ ~/k2, where k, corresponds the wavenumber
in the radial direction, we get the relation for the diffusivity, x ~ Mif/f Despite including collisions and
finite S-effects figure 7 shows that the growth rates follow this scaling closely. One should note that the
mixing length assumption is a very rough estimate and its compatibility with gyrokinetic simulations can
be questioned [47].

In figure 7(a) ETG-modes are strongly destabilised, as indicated by the large growth rates at higher
wavenumbers, and may contribute appreciably to the turbulent transport. Their appearance in discharge
#97070(H) is linked to a lower Z4T./T; which reduces the threshold gradient (R/Lt.)qitical> for the
ETG-mode onset by approximately 30% compared with the other discharges. ETG-mode growth rates
are largely insensitive to Mg, though a slight variation at the upper end of k,p, yr-spectra arises from
the mass dependence of the electron—ion collision frequency. As such they can cause core electron heat
transport that does not depend on the ion species, much like TEMs [48]. However, since ETG-modes
occur at higher wavenumbers, their overall contribution to core transport is expected to be smaller than
their growth rates alone might suggest.

Figure 7 includes finite 3 effects and collisions which may affect mass scaling through their impact
on the non-adiabatic electrons [48, 49]. To isolate their impact on mass scaling, additional simulations
were performed for #97070(H) without these effects, see figure 8. In contrast to previous figures we have
normalised growth rates and wavenumbers in this figure with species dependent units, i.e. with different
M. of the plasmas. We note the almost perfect alignment of the simulations where finite beta effects
and collisions are neglected (figure 8(b)), indicating gyro-Bohm-like scaling. Including collisions and
finite-3 reduces growth rates but preserves the Larmor-radius scaling, showing that these mechanisms
affect amplitude more than fundamental mass scaling.

3.1.2. Simulations using experimental parameters

A second set of linear GENE simulations was performed using the experimentally measured normalised
gradients and actual Mg for each discharge, at pr = 0.5, 0.6, 0.7, 0.8 (table 2). The results are presented
in figure 9, with the left panel of each subplot displaying the growth rate of the fastest growing instabil-
ity and the right panel their corresponding real frequency. A positive real frequency represents motion in
the ion drift direction and a negative one in the electron direction.

ITG-modes dominate at low wavenumbers for all radii, while ETG-modes appear at higher
wavenumbers, particularly at p, = 0.5 and p; = 0.6. Since the normalised gradients differ between dis-
charges, transport scaling does not strictly follow gyro-Bohm; species-unit normalisation would yield
overlapping profiles under pure gyro-Bohm scaling. The nearly pure hydrogen and deuterium discharges
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Figure 8. Comparison of the growth rates with and without finite /3 effects and collisions for the almost pure hydrogen dis-
charge #97070, while changing the M. To the left with finite 3 effects and collisions and to the right without finite 3 effects
and collisions.
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Figure 9. Growth rates and real frequencies for the three discharges, #97070 (H), 97518 (H&D) and #97064 (D) at four different
radii. The horizontal lines indicates each discharge external E X B-shearing rate. Note that the growth rates and wavenumbers are
normalised with each discharge own M..

approximate gyro-Bohm scaling, whereas the mixed hydrogen—deuterium discharge (#97518 H&D)
exhibits higher growth rates at the two innermost radii, due to its approximately 20% larger a/Lr,.

These results illustrate that discharges matched in engineering, not physical, parameters are chal-
lenging to analyse even with linear theory. Small variations in temperature and density gradients can
strongly influence growth rates, highlighting the importance of gradient uncertainties. To further invest-
igate these effects, density and temperature gradient scans were performed, as discussed in the next
subsection.

3.1.3. Sensitivity to experimental uncertainties

In order to assess the sensitivity of the growth rates of the modes to variations of the normalised gradi-
ents, we have performed linear GENE simulations scanning both a/L, and a/Ly, simultaneously. This is
important because experimental gradients carry non-negligible uncertainties, and small variations could
potentially affect the results. Simulations were conducted at mid-radius for a single k,p; corresponding
to the location of the peak growth rate at ion scales found in figure 9(a). k,p;, 0.45 for #97070(H), 0.65
for #97518(H&D) and 0.50 for #97064(D).
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Figure 10. A scan in two dimensions, a/L,, and a/Lr,, with one fixed wavenumber. The left figure displays result for #97070(H),
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in which direction the instability is propagating. The wavenumbers for the simulations are taken at the peak for each discharge
in figure 9(a), their values are displayed on top of figures. The stars in the figures represent the experimental values and the bars
represent the one o uncertainties in table 2.

The results are displayed in figure 10, with #97070(H) to the left, #97518(H&D) in the centre and
#97064(D) to the right. The scans cover from 0 to 2 for a/L, and from 0 to 5 for a/Lr,. The top sub-
plots display growth rates (normalised to species units), while bottom panels indicate propagation direc-
tion: yellow for ion drift, green for electron drift. Red stars mark experimental values, with error bars
reflecting uncertainties from table 2. White points in the upper panels and light green points in the
lower panels indicate simulations where GENE failed to converge. The bottom panels show that exper-
imental values lie in the ion-drift regime at this radius, corresponding to ITG-modes. The electron-drift
regions (green) indicate TEMs, which appear primarily at weak ITGs.

A finer scan around experimental values is presented in figure 11 to confirm ITG dominance within
error bars for the mixed discharge #97518(H&D). These simulations again use a single k,p; and show
only growth rates, all modes are propagating in the ion-drift direction, normalised to each species. The
mixed discharge exhibits the largest growth rate within the experimental uncertainties.

3.1.4. On the influence of the ETG-mode

The observation that ETG-modes exhibit the highest growth rates in the simulations for discharge
#97070(H) at p, = 0.5 and p, = 0.6 suggests that they may contribute appreciably to the turbulent elec-
tron heat flux, even though they occur at smaller spatial scales [50, 51]. The ETG-mode can affect the
mass dependency thorough a combination of the ion—electron heat exchange and the stiffness of the
ETG mode transport. In heavier isotopes, the transfer of energy from ions to electrons is less efficient,
leading to a larger T;/T. to be sustained, which suppress the ITG instability [23].

A simple heuristic model for estimating their potential impact is the fraction v/k,ps which provides
an approximate measure of the relative transport contribution. Although recent studies [52, 53] indicate
that linear growth rates alone cannot reliably predict the non-linear significance of ETG turbulence, this
fraction serves as a practical upper bound for evaluating their influence.

To explore this further, additional linear GENE simulations were performed up to k,p; = 50, to
cover the full ETG-mode spectrum. The maximum values of g/ kyps are compared with ygrg / k,ps at
pr = 0.5 in table 3. For the hydrogen discharge #97070(H) the result indicates that the ETG-modes con-
tribution to the turbulent transport could be appreciable while it should be less important for the other
two discharges.

To further investigate the importance of ETG modes, we performed stand-alone TGLF simulations
at p; = 0.5, which include electron-scale turbulence. The simulations indicate a negligible contribution
to the fluxes for both the mixed discharge #97518 (H&D) and the deuterium discharge #97064 (D). In
contrast, the electron fluxes for the hydrogen discharge, shown in figure 12, exhibit a significant contri-
bution at higher wavenumbers, which are associated with the ETG-mode. These results are consistent
with the rough estimates presented in table 3.

3.1.5. Linear assessment of the impact of external E x B-shearing
It is well established that shear in the E x B-velocity breaks up turbulent structures and reduces turbu-
lent transport [54]. The shearing rate is approximately given by,

~ RBo O ( E )
TE<B B " 9r \ RBy
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Table 3. Test to determine if the ETG-mode has significant contribution to the fluxes by

comparing 7 /kyps-max at ion- and electron-scales. The result indicate that the ETG-mode is
important for #97070(H).

Discharge v/ kyps-ion v/kyps-e Potential of ETG
97070 (H) 0.44 0.54 High
97518 (H&D) 0.56 0.35 Low
97064 (D) 0.44 0.36 Moderate
ol 4 97070 (H) p:=0.5
25
)
S 2.0 E
o i
O sy o1
N —
o ——
051 e
0 5 1o 15 20 2
kypi
Figure 12. Electron heat flux per wavenumber from a TGLF simulation at p; = 0.5 for the hydrogen discharge #97070(H).

E, is the radial electric field and r is the minor radius in the outer mid-plane of the tokamak. In our

study E, has been obtained from the force-balance equation, with the toroidal velocity component found
to be the dominant contributor.
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o

Figure 13. Schematic illustration of the lift of the density profile of the lighter discharge, here #97070(H), such that it has the
same value as that of the heaviest discharge #97064(D) at the pedestal top, while keeping the radial derivative inside the pedestal
unchanged. This modified profile is denoted as H*. The vertical line indicated the radial position where the linear GENE analysis
has been carried out.

As a rule of thumb, the effective growth rate driving the turbulence may be expressed as e =
~ — aygx B, Where 7y is the linear growth rate and « is a constant of order unity [55]. Although external
E x B-shearing does not alter the linear growth rates themselves, this formulation provides an estimate of
its potential influence on the turbulent transport strength. Despite the similar rotation profiles observed
across the three analysed discharges (see figure 4) small variations in the shearing rate arise due to dif-
ferences in the radial gradient of the toroidal rotation.

The linearly calculated growth rates are compared to ygxp in figure 9 at four radii, p; =
0.5,0.6,0.7,0.8. The horizontal lines are the ygyp rates. A rudimentary measure of the factor by which
the turbulent transport coefficients should be reduced by the E x B-shearing is 7er/y = 1 — aygxB/7-
For a given Ygxp, cases with lower growth rates will therefore experience a stronger relative suppres-
sion. As shown in figure 9, the deuterium discharge has the largest ratio g« /7 at the innermost radii,
implying the most significant reduction in turbulent transport.

In an isotope scan where the plasma parameters-such as the normalised gradients and Larmor
radius-are held fixed, the heaviest isotope mixture is always expected to exhibit the lowest growth rate.
As demonstrated in figure 7. Therefore, external E x B-shearing under such conditions contributes to a
positive scaling with isotope mass of the stored energy in the core plasma.

3.1.6. Influence of the pedestal on the core turbulence

The normalised density and temperature gradients (a/Ly,, = —a(dT;./dr)/Ti. and a/L,,, =
—a(dn;./dr)/ni.) play a central role in driving drift wave driven turbulence. Consequently, variations

in pedestal height are expected to influence the strength of core turbulence transport. It is well estab-
lished that the pedestal exhibits a clear isotope dependence, with the thermal stored energy increasing
with ion mass [11]. Here, we examine how this isotope-dependent pedestal variation impacts core turbu-
lence through linear GENE simulations.

In this analysis, the density and temperature profiles of the two discharges with the lowest Mg
(#97070(H) and #97518(H&D)) were artificially raised such that their pedestal heights matched that
of the higher-M.g discharge #97064(D), while keeping unchanged radial derivatives (dn; /dr, dT;¢/dr)
inside the pedestal. An example of this procedure is displayed in figure 13. The modified profiles are
denoted H* and H&D*, respectively. It should be noted that the present analysis only examines the
immediate effect of pedestal lifting on linear growth rates (the actual effect of the stiffness on the pro-
files cannot be assessed by linear simulations). From figure 13 we can see that H* has lower normalised
gradients than its original counterpart, as all profiles are raised with this procedure. The same is true for
H&D*. Linear GENE-simulations at p; = 0.5 were performed for these modified-profiles. The change in
the density is 0.72 (10"°m—3) for H* and 0.22 (10"m—3) for H&D*. For the temperatures, the change is
around 0.13 (keV) for both cases.

The results, presented in figure 14, show that both H* and H&D* display lower maximum growth
rates than their original counterparts (red/orange solid lines), consistent with the reduced normalised
density and temperature gradients. This finding suggests that the higher pedestal associated with larger
M. promotes steeper core profiles by reducing the core turbulence drive. Exactly how this linear effect
influences the plasma profiles cannot be determined from the linear analysis alone; integrated modelling
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Figure 14. Growth rates for #97070(H) (left, red line) and #97518(H&D) (right, orange line), and for the case where pedestal
values have been changed to the ones of #97064(D) discharge, dotted blue lines.

is required. In particular, effects relating to stiff behaviour of the plasma profiles, which are frequently
observed in experiments [56], are examined in more detail in section 3.2.

3.1.7. Linear to integrated modelling
In this section we have presented an extensive analysis of the three discharges to assess how the isotope
mass affects plasma turbulence.

e Mass scaling at fixed plasma parameters: When all plasma parameters are held constant, the growth
rates and peak wavenumbers of ITG modes follow gyro-Bohm scaling (M;ffl/ %). This implies diffus-

ivity scaling as x o Mif/fz Finite-3 and collisional effects slightly reduce growth rates but do not alter
this basic scaling.

e Simulations using experimental parameters: Using actual experimental gradients, ITG modes domin-
ate at ion scales (k,p; < 1.5), while ETG modes appear at higher wavenumbers. The mixed H-D case
shows somewhat higher growth rates due to steeper ion normalised temperature gradients, highlight-
ing the sensitivity of results to small gradient variations.

e Sensitivity to uncertainties: Scans of normalised density and ITGs show that modest experimental
uncertainties can shift instability regimes between ITG and TEMs, though ITG remains dominant in
the studied cases.

o ETG-mode influence: In the hydrogen discharge, ETG modes are particularly strong and contribute to
electron heat transport. This effect diminishes with increasing isotope mass.

o Effect of external E X B shear: The E x B shearing rate, derived from measured toroidal rotation, can
suppress turbulence. Since heavier isotopes yield lower growth rates, the relative stabilising effect of
E x B shear is stronger for deuterium, enhancing confinement at higher mass.

o Pedestal influence: Artificially raising the pedestal heights, as shown in figure 13, reduces linear
growth rates in the core by lowering normalised gradients, indicating that the isotope dependence
of the pedestal strongly impacts core turbulence.

The linear analysis indicates two main contributors to the increased thermal stored energy in the core:
the external E x B shear and the pedestal effect. However, these are purely linear results and can only
provide an indication of the relative strength of these mechanisms. Non-linear turbulence dynamics
and the complex interdependence of the plasma profiles make it difficult to assess their actual impact.
Consequently, integrated modelling is required to determine whether these linear effects have a signific-
ant influence on the plasma profiles.

3.2. Integrated modelling
In this section we present the self-consistent, integrated simulations of the entire plasma core.

Before presenting the results of the predictive simulations we display the initial profiles of deposited
particles and NBI power distributed to ions and electrons after collisional redistribution in figure 15. The
NBI heating profiles are broadly similar across the three discharges, although minor differences exist. For
instance, the lower pedestal density in #97070 (H) allows deeper beam penetration than in the other two
discharges. Furthermore, the critical energy for collisional power exchange decreases with increasing iso-
tope mass, leading to slightly higher electron heating in the deuterium discharge (#97064 D). Overall,
the fraction of NBI power transferred to ions was 66 % for #97070 (H), 63 % for #97518 (H&D), and

12
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Figure 15. Distribution of particles and heat from the NBI.

Table 4. Experimental and ETS values for the thermal energy for the three
discharges in the core. The uncertainties are an estimate from the
uncertainties of the densities and temperatures.

Discharge Exp. Weore (MJ) ETS Weore (M])
97070 (H) 2.64 £0.27 2.40
97518 (H&D) 3.18 £0.27 2.64
97064 (D) 3.62 £ 0.40 2.85

59.5 % for #97064 (D). Although these differences are modest, they introduce some uncertainty in direct
comparisons between discharges.

3.2.1. Stored thermal energy

Let us now turn to the outcome of the simulations in terms of plasma performance. The stored

plasma energies calculated from the ETS simulations and experimental values are presented in table 4.
Encouragingly, the simulations reproduce the experimental trend, with an increasing core thermal stored
energy with M., although somewhat weaker. The thermal stored energy in the core scales for the exper-
imental profiles as ~ M%# and for the ETS simulations as ~ M%2*.

Figures 16, 17 and 18 compare the experimental and simulated temperature and density profiles. The
experimental data are shown as black dotted lines, while the green solid lines represent ETS simulations
including external E x B-shear (labelled rot = 1), and the red lines correspond to simulations without
shear (rot = 0). The values in table 4 represent the ETS simulations with E x B-shear. For the two dis-
charges with highest Mg, #97518(H&D) and #97064(D), TGLF slightly underpredicts the densities and
cannot replicate the experimental density peaking, even with E x B-shear.

One possible explanation for the somewhat under-predicted core profiles in the analysed discharges is
the presence of fast ions and that ETS does not properly account for their effects on the transport. The
three discharges contained a non-negligible fast-ion population because the 22 MW of NBI heating. Fast
ions may strengthen zonal flows, e.g. through their interaction with fast ion driven toroidal Alfvén eigen-
modes, thereby reducing turbulent transport significantly [21, 57]. This is a non-linear effect, which is
not included in TGLF version used for the current analysis. Because all three discharges had the same
amount of NBI heating power, they should have had a similar fast ion pressure profiles and the effect
of the fast ions should then have been similar in all of them. Hence, one would not expect the pres-
ence of fast ions to affect scaling with isotope per se. Instead, the core thermal energy for all three dis-
charges should have increased by a similar amount (i.e. if the fast ion effects could have been included

in the simulations the core stored energies would have been higher and closer to the experimental values
presented in table 4.

In order to assess the contribution of ETG-modes to the transport, we performed in section 3.1.4
stand-alone TGLF simulations at p; = 0.5 using the experimental profiles shown in figures 16, 17 and
18. Among the cases considered, only the hydrogen discharge #97070(H) exhibited a significant contri-

bution to the electron heat flux. To evaluate whether ETG-modes influence the quasi steady-state pro-
files predicted by ETS, we carried out additional stand-alone TGLF simulations using the ETS predicted
profiles in figures 16, 17 and 18 (green profiles, labelled rot = 1, are with E x B shear; and red profiles
labelled rot = 0 are without). In these simulations, neither of the three discharges showed a signific-
ant ETG-mode contribution. Thus, this result goes somewhat counter to the stand-alone simulation in
section 3.1.4 for the hydrogen discharge #97070 (H). However, there are small differences in the profiles
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Figure 16. Predictive simulations with ETS for the almost pure hydrogen discharge #97070(H). Exp. is the experimental profile
from the quasi steady state and two ETS simulations with and without external E X B-shearing (rotation).
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Figure 17. Predictive simulations with ETS for the mixed hydrogen and deuterium discharge 97518. Exp. is the experimental
profile from the quasi steady state and two ETS simulations with and without external E X B-shearing (rotation).
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Figure 18. Predictive simulations with ETS for the almost pure deuterium discharge 97064. Exp. is the experimental profile from
the quasi steady state and two ETS simulations with and without external E X B-shearing (rotation).

used as input to the calculation in section 3.1.4 and the self-consistently evolved profiles obtained with
ETS in figures 16, 17 and 18, which suggests that the profiles were close to the threshold for exciting an
ETG mode. Hence, it may be that the ETG mode was not present in the stand-alone TGLF simulations
with the ETS predicted simulations because the profiles fell just below the threshold. The presence of a

significant ETG-mode in only one of the discharges indicates that it does not play a major role in the
positive mass scaling reported in table 4. Furthermore, ETG-modes contribute only in the subdominant
electron heat transport channel.

3.2.2. Role of E x B-shearing
The influence of external E x B-shearing can be evaluated by comparing the two ETS cases. Significant
differences are observed between the simulations with and without E x B-shearing for all of the three

discharges, with the effect being most pronounced for the deuterium case (#97064(D), in figure 18). This
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Figure 19. Core thermal stored energy from the ETS simulations where the isotope mixture for the three discharges has been
switched while using the same pedestal.

indicates that E x B-shearing enhances the stored thermal energy in the core and that the magnitude of
this enhancement increases with M.

To quantify the agreement between simulations and experiment, we computed the averaged normal-
ised mean absolute error (MAE):

1 1 |Xij,exp 7Xij,ETS|
MAE Z . 2}: T Xre 3)
where 7’ represents the three profiles; electron density, ion and electron temperatures; j’ represents the
radial grid points (#=90). The MAE-values for the two E x B-cases: Rot = 1: MAE = 0.0815. Rot = 0:
MAE = 0.144, confirming quantitatively that the inclusion of E x B-shear substantially improves agree-
ment with the experimental data.

As shown in table 4, the energy content in the core has a scaling proportional to M%* for the
ETS simulations with TGLE. The linear GENE analysis suggested that both the pedestal height and
external E x B-shearing contribute to the positive isotope scaling. To disentangle their relative influence,
additional ETS simulations were performed using fixed pedestal conditions while varying the isotope
composition.

3.2.3. The influence of the pedestal height on core profiles

It is well established that turbulent transport in the plasma core often displays a threshold feature, [56,
57], meaning that the fluxes remain small below a critical value of a gradient, typically of the temperat-
ure, but increases sharply once this threshold is exceeded. Consequently, the normalised gradients across
the core tend to stay close to this critical value, which is often referred to as the profiles exhibit a stiff
behaviour. If the critical threshold itself is unaffected by the variation of the pedestal height, one would
expect predictive integrated modelling simulations to result in profiles with similar normalised gradients
whether or not the pedestal are increased. Below the importance of this effect for the analysed discharges
is investigated.

Each discharge was used as a ‘base case) in which the pedestal, rotation, and equilibrium were held
fixed while the isotope mixture was systematically varied. For example, the hydrogen discharge (#97070
(H)) was re-simulated using the isotope ratios of the mixed and deuterium cases. These tests were car-
ried out both with and without E x B shearing, and the resulting core stored energies are shown in
figure 19. The results show very little change in stored energy with isotope mass when the pedestal is
fixed, irrespective of whether E x B-shearing is included. If core transport were governed solely by gyro-
Bohm scaling, an inverse dependence on mass would be expected. To clarify these findings, we focus on
the simulations using the pedestal from the nearly pure hydrogen discharge (#97070(H)), with differ-
ent isotope mixtures. These are indicated by the blue line and triangles in figure 19(a). The correspond-
ing temperature and electron density profiles, along with their normalised gradients, are presented in
figure 20, with the labels indicating the isotope mixture. From the temperature and density profiles, it
is evident that changing the isotope composition has only a minor effect on the fluxes. This is further
indicated by the normalised gradients, they are very similar for all isotope mixtures. This resilience of
the profiles stems from the stiffness of the turbulent transport. Regardless of the isotope mixtures we
end up with the same normalised gradients.

In a similar manner, we investigate the effect of the pedestal on the core stored energy, independ-
ent of the internal isotope scaling in TGLE. Simulations were performed using identical isotope mix-
tures while varying only the pedestal conditions. The resulting core stored thermal energies, with and
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Figure 20. Normalised gradients for the electron temperature (left), ion temperature (middle) and electron density (right) from
the predictive ETS simulations presented in figure 19(a) with E x B. All three simulations were performed with pedestal of the

hydrogen discharge #97070 and only differ for the isotope mixture.
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Figure 21. Core thermal stored energy from the ETS simulations where the pedestal for the three discharges has been switched.

without E x B-shearing, are presented in figure 21. In both cases, the stored thermal energy increases
with a higher pedestal, scaling as ~M%?* with E x B-shearing and ~ M%? without. The scaling found
with external E x B-shearing is identical to that obtained in the ETS simulations used to obtain table 4,
where each discharge has its own pedestal. This demonstrates that the isotope-dependent pedestal exerts
a dominant influence on the core stored energy through the stiff behaviour of the plasma profiles. The
consequence is that modifying the pedestal does not significantly change the normalised gradients of the
profiles; meaning that a higher pedestal leads to more pronounced peaking. This is illustrated by the
simulations using hydrogen, E x B-hearing, and different pedestal heights-the blue line with triangles in
figure 21(a). The corresponding profiles and normalised gradients for these three simulations are shown
in figure 22. The temperature and density profiles in the lower panels display the effect of lifting the
pedestal in the edge region. Despite the different pedestal heights, the normalised gradients remain very
similar, indicating increased profile peaking at a higher pedestal.

It is important to point out that while these results are not inconsistent with the linear GENE results
discussed in section 3.1.6, they cannot be inferred from a linear analysis since they require the profiles
to evolve self-consistently. Overall, the ETS results indicate that the pedestal height, through its effect
on the normalised density and temperature gradients, together with the stiff behaviour of the profiles,
plays the primary role in the observed positive isotope scaling of core confinement. The core thermal
stored energy follows the trend of the pedestal stored energy: an increase in the latter leads directly to an

increase in the former.
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Figure 22. Normalised gradients for the electron temperature (left), ion temperature (middle) and electron density (right) from
the predictive ETS simulations presented in figure 21(a) with E x B. All three simulations were performed with hydrogen and
only differ for the pedestal. H indicates pedestal from #97070 (lowest pedestal), H&D #97518 and D #97064 (highest).

4. Conclusions

This study examined three JET discharges aimed at studying the influence of the main ion mass on the
stored thermal energy. The discharges were matched in engineering parameters rather than in dimen-
sionless physics parameters, adding complexity to their interpretation. All three discharges were in the
H-mode regime. Analysis of the experimental profiles showed that both the pedestal and core thermal
stored energies increased with the effective ion mass, M. The observed improvement in core thermal
stored energy with increasing Mg motivated a detailed investigation of the underlying physical mechan-
isms responsible for the positive isotope scaling.

Linear gyrokinetic simulations using the GENE code demonstrated that, when all plasma paramet-
ers (including normalised gradients) were held constant and only M.g was varied, the growth rates fol-
lowed the expected gyro-Bohm scaling reasonably well. To explain the experimental observations, three
potential mechanisms were investigated: (i) the influence of the variation of pedestal height with Mg
on core profiles, as they show a stiff behaviour in integrated simulations; (ii) E x B-shearing due to the
externally driven plasma rotation (i.e. due to the input torque from the NBI heating); and (iii) the pres-
ence of ETG-modes. Based on linear analysis, the combined influence of E x B shearing and the pedestal
effect appears to account for the experimentally observed positive scaling of core energy confinement
with plasma mass, consistent with previous studies [19, 24, 25, 31, 58]. However, linear results can only
indicate the relative strength of the underlying mechanisms. Non-linear turbulence dynamics and the
complex interdependence of the plasma profiles make it difficult to determine the direct relevance of lin-
ear analysis on the resulting profiles. For this reason, integrated modelling with ETS and TGLF was car-
ried out to better assess the effects on the profiles. These simulations showed that the influence of E x B
shearing was weaker than suggested by the linear analysis, and that the pedestal-through the stiff beha-
viour of the profiles in the integrated simulations-plays the dominant role in governing the scaling of the
core stored energy with ion mass. The analysis of the impact of ETG-modes shows that only one of the
three discharges exhibits a significant contribution to the electron heat flux from ETG turbulence. This
suggests that ETG-modes do not play a major role in the observed positive mass scaling. The integrated
simulations with ETS reproduced the experimental trend of increasing core energy with Mg, albeit with
somewhat weaker scaling.

The main conjecture emerging from the presented analysis is that in the investigated discharges,
the main cause of the isotope mass scaling of the core thermal stored energy was the variation of the
pedestal properties combined with profiles stiffness. Integrated modelling essentially showed that the
same normalised gradients were obtained regardless of the isotope composition or pedestal height.
Consequently, the core thermal stored energy reflects the behaviour of the pedestal stored energy: an
increase in the pedestal leads directly to an increase in the core stored energy.
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