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Abstract

This is an overview of the theoretical understanding of the so called isotope effect in JET Hydrogen versus
Deuterium plasmas. Experimentally, weak to moderate deviations from naive GyroBohm scaling expectations
are found for the core heat transport in L, and H-modes. The physical mechanisms behind such deviations are
analyzed in the framework of the Gyrokinetic theory. In the case of particle transport, isotope effects are mostly
found in the plasma edge for which the density is higher in Deuterium than in Hydrogen plasmas. In general,
both the thermal energy and particle confinement increase with increasing main ion mass. Comparison of such
results to expectations for Deuterium-Tritium plasmas in ITER are discussed.

1 Introduction

One of the main theoretical challenges in plasma physics is the understanding of transport driven by turbulence,
which is one of the main mechanisms leading to heat losses and loss of confinement in magnetically confined plas-
mas. Extensive theoretical and numerical studies have unveiled in the latest decades some of the characteristics of
turbulence and transport. As an example, transport driven by Ion Temperature Gradient (ITG) [1][2], Electron
temperature Gradient (ETG) [3] [4] and Trapped Electron Modes(TEM)|[2] [5] has proven to explain heat and par-
ticle transport in numerous experiments. Saturation of ITG modes by a self-regulating system between turbulence
and zonal flows has been also pointed out as an important mechanism to reduce transport [6].

Whereas the progress of turbulence understating has been impressive [7], notably in a context of increasing
computational capabilities which allow extensive non-linear GyroKinetic (GK) simulations, there are still certain
issues which remain unclear. One of the most important aspects still not understood is the dependence of heat,
particle and momentum transport on the plasma main ion mass. Such issue is critical as the expected plasmas used
to generate energy by fusion reactions are composed of Deuterium (D) and Tritium (T) ions rather than pure D as
usually happens in present-day experiments. Understanding the inherent different between D and DT plasmas is
essential in order to properly evaluate the fusion energy production in ITER and future tokamak reactors and as
well as for extrapolating plasmas obtained in D to DT.

Special attention has been given to such a topic since initial experimental results obtained in DT lead to
significant differences with respect to D and even among different tokamaks. In TFTR, the so called supershots, L-
mode with T; > T, and strong input power by Neutral Beam injection (NBI), showed a strong positive dependence



of the thermal energy confinement time, t%’ on the effective mass, M.¢y = (ng + 2np + 3nr)/(ng +np + nr),

t%b ~ Mé)ﬁcgio‘zo [8]. On the other hand, at JET, the comparison between DD and DT plasmas lead to drastically

different results with ti ~ M, e—f(}.25i0.22 for ELM free regimes while for ELMy H-modes ¢} was nearly independent
of Mcsy [9]. Such contradictory results raised concerns about the extrapolations from smaller tokamak to reactor
scale devices and in particular about what kind of fusion energy performance could be expected in ITER. This was
particularly evident from the exponent of t%’ in the power law obtained through regression in the ITER Physics
Basis (IPB) scaling IPB98(y,2) [10] t ~ M?Y?2, quite different from some of the scaling found in dedicated DT

eff
experiments, which was used to evaluate the thermal energy confinement in ITER. Such exponent could mask
strong non-linear physics and eventually lead to misleading results [11]. Therefore, the theoretical understanding

of the physics mechanisms behind such a surprising results has been a priority in the field, in particular, in view of
future DT experiments.

From pure and simplified theoretical arguments, it has been considered that turbulence generating radial trans-
port has a scale length of the order of the ion Larmor radius p; with the decorrelation time of the ion diamagnetic
drift time w;!. The resulting thermal diffusivity, i.e. the so called GyroBohm (GB) scaling, would then scale as

X ~ m;/ % [2][12]. Such a dependence can be also obtained from the typical quasi-linear saturation rule y ~< v/ k% >
with v the turbulence growth rate and k| =~ p; ! usually used in quasi-linear models for transport such as TGLF [13]
and QuaLiKiz [14]. From these approximations, one should expect a degradation of energy confinement with the

ion mass, at least in the plasma core where the thermal confinement is dominated by turbulent heat transport, and
yet, a significant amount of experiments have shown strong deviations from those expectations both in Tokamaks
[B][L5][L6][L7][L8][19][20] and Stellarators [21] [22] mostly in H vs D plasmas. On the other hand, scaling compatible
with GB transport was obtained in JET DT plasmas [9]. A specific name, "Isotope effect”, was created in order to
highlight the challenge that such results raised both from the experimental and the theoretical/modelling point of
view.

A strong experimental effort has been carried out at JET with the aim of clarifying the origin of the isotope
effect. For such a purpose, several campaigns have been performed in Hydrogen and Deuterium. Further campaigns
in T and DT will provide more evidence on this topic. Results in H vs D plasmas have shown a dependence of
the global thermal energy confinement on the isotope used. For L-mode the dependence is t%‘ r A0-15+0.02 with
A = m;/m, and m,, the proton mass [19]. For H-mode plasmas it is found that, t!# ~ A%5 [19][12] with a strong
contribution from the pedestal to the isotope effect. These results show that deviations from GB scaling are always
present in JET plasmas which means that an isotope effect is common at JET. However, the magnitude of the
deviation from GB scaling depends on plasma conditions and its origin may depend on the different transport
physical mechanisms dominant in L or H-modes.

A theoretical and numerical effort has been carried out in parallel to JET isotope experiments with the aim of
providing a clearer physics understanding behind the results obtained in the different campaigns. Such an activity
has been very useful in order to give a deeper insight on the mechanisms leading to the isotope effects but as
well has been extremely valuable to prepare the JET DTE2 campaign [23] by proving the important guidelines.
Furthermore, this activity has been accompanied by dedicated analyses of ITER DT extrapolated plasmas in order
to study the relevance of JET results towards ITER but as well to guide JET experiments to ITER relevant
conditions.

A summary of such results, with a focus on the impact of the ion mass on transport/turbulence, is the main goal
of this paper. This will be done mostly for the plasma core, where most of the results are available. The isotope
effect at the plasma edge, notably in H-mode, is more challenging to analyze as GK simulations and simplified
modelling are not at the same stage of validation as for the plasma core. Furthermore, MagnetoHydroDynamics
(MHD) can also play a role, mainly for the role of ELMs.

In section 2, a review of the isotope effect impact on the ion heat transport is given. In section 3 the isotope
effect on particle transport is analyzed. In section 4, the validity of the quasi-linear approximation to deal with the
isotope effect is discussed. Finally, the conclusions are given in section 5.

2 Ion heat transport isotope effect

The physical mechanisms behind the isotope effect on the ion heat transport have been widely analyzed since the
first DT results obtained in TFTR. The theoretical challenge is actually double: understanding the conditions in
which GB transport applies and when deviations to lower transport levels with increasing mass can be expected.
Current understanding provided by extensive experiments and associated theoretical analysis at JET will be clarified
in the following sections.
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Figure 1: Dependence of the ratio Qp/Q#, with @p and Qg the main ion heat flux in pure Deuterium and Hydrogen
plasmas, on different physical mechanisms which are removed one by one (labelled as ”W/O” when one mechanisms is
removed) in non-linear GK simulations for the JET H-mode discharges 91554 in H (left) and 84796 in D (right) when the
main ion mass is artificially changed [12]. In these simulations R/Lr; is reduced by 17% for the discharge 91554 and 20%
for the discharge 84796 in order to match the experimental ion heat flux when all the effects are included in the GK
simulations. Anti GB refers to heat flux dependence that decreases with increasing ion mass, i.e. @p/Qn < 1, whereas
Qp/Qu ~ GB means that the heat flux dependence with mass follows GB scaling, i.e. Qp/Qu ~ (mp/mmu)"/?.

2.1 GyroBohm scaling

Analyses about the validity of GB scaling have been undertaken in the framework of the GK theory since non-linear
massive GK simulations have been widely possible. Such a scaling has been found to be reproduced in the local,
electrostatic, collisionless with adiabatic electrons limit, as shown in nonlinear GYRO simulations [24] performed
for ITG scales. Very weak deviations were found in ITG-TEM scales in local, electrostatic, collisionless simulations
performed with GENE [25]. Even in electrostatic DT simulations at very low collisionality, GB scaling was found
with GENE in the case realistic ITER simulations [26].

Such theoretical results have been confirmed at JET when analyzing experimental core transport in H versus D
experiments carried out both in L and H modes [19]. A weak deviation from GB expectations was experimentally
found in such plasmas, and hence an isotope effect, which was recovered by performing realistic local non-linear
gyrokinetic simulations performed with the GENE code [4] in the plasma core [27]. However, the same simulations
performed in pure electrostatic, ITG, collisionless, rotationless with adiabatic electrons limit conditions showed GB
scaling for L-mode plasmas [27].

All these results suggest that the flux scaling Q/Qgp ~ m;l/Q, with Q the heat flux and Qg = Ti2'5nim}/2/ezBQR2
and n; is the ion density, is a solid basis for the dependence of transport with m; and therefore has been used as
a fundamental underlying scaling for both quasi-linear and nonlinear GK physics. Extra physical mechanisms are
therefore required to explain the reversal of heat flux with mass found in particular experiments.

2.2 FE x B shearing

One of the first physical mechanisms invoked to explain heat fluxes deviations from GB scaling with increasing
mass was the existence of radial electric fields leading to E x B shearing effects on turbulence [28]. Such a mecha-
nism was invoked to explain the high thermal energy confinement obtained in L-mode DT plasmas at TFTR and
assumes that the ion heat difussivity is of the form x; = xi0(1 — |wrx |/ H (1 — |wExB|/7/2**) where H is the

lin lin
unit step function, v;¢* is the maximum linear growth rate of the dominant instability and the E x B shearing rate is

RB .
WExB = Bed% (Rb;_rgg) (1)

with R the major radius, B the total magnetic field, By the poloidal magnetic field and E, the radial electric
field. In high NBI power plasmas, such as the ones used in the DT campaign at TF'TR, E, was mainly determined by
the toroidal rotation caused by the injected torque. The E x B shearing mechanism can lead to an inherent isotope
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Figure 2: Turbulent linear growth rate v (left) and frequency w (right) for the discharges 91450 in H and 89723 in D at
p = 0.33. Negative frequency means electron diamagnetic direction.

effect if the main turbulent instability is assumed to be ITG, with a growth rate which scales as v/}%* ~ vy, /L with
veni = +/1i/m; and L a suitable macroscopic length scale. Therefore, also assuming that wgxp does not depend

on the mass as wgpxp ~ E,/L then the ratio |wpxg|/vL¥" ~ m;/Q holds, indicating that the effectiveness of the

E x B flow shear for quenching ITG transport increases with the mass at constant wg«p. This isotope effect has
been confirmed in non-linear gyrokinetic simulations involving DD vs DT projected plasmas in ITER [26]. When
including E x B effects from the expected weak ITER rotation, a weak reversal of the ion heat fluxes from DD to
DT was obtained.

GK analyses performed for recent JET experiments both in H and L-mode [20] in H and D have indicated
that such effects have also played a role for explaining core confinement deviations from GB scaling [12][27]. This
is shown in Figure 1 in which two H-mode discharges #91554 in H and #84796 in D are analyzed by artificially
changing the main ion mass to D and H respectively. It is clear that by removing the £ x B shearing, the ratio
Qp/Qu, with @p the Deuterium and Qg the Hydrogen heat fluxes respectively, increases from Qp/Qpy ~ 0.5
up to Qp/Qp ~ 1, which is closer to GB expectations, i.e. Qp/Qu ~ (mp/my)*/? ~ 1.44. The high impact of
FE x B shearing on the isotope effect is similar to that from collisionality as it will be shown in the next section.

It is worth pointing out that the NBI input power available at JET in H is limited to 10MW. Therefore, the
NBI power used in D was relatively low in order to match the kinetic profiles, which means that both the input
torque and the toroidal rotation are low. Whereas strong rotating plasmas will show a stronger impact of the F x B
shearing on the isotope effect will be corroborated in future T and DT campaigns.

Furthermore, experimental confirmation of the role of ¥ x B shearing on the isotope effect is difficult as in
practice the toroidal rotation significantly changes for different isotopes due to differences in torque when NBI is
used [20]. Furthermore, an intrinsic isotope effect on momentum transport could also possibly play a role.

2.3 Collisionality

The plasma collisionality, in particular the ion-ion collision, can play a role on the isotope effect through the
dependence on the ion mass as shown in equation 2 for the ion-ion collision frequency,
4 4
2T %(2)

with {nA the Coulomb logarithm, ¢y the vacuum permitivity and v; the ion thermal speed.

In the case of JET, the impact of collisionality on core transport has been extensively analyzed for both H-
mode [12] and L-mode [27] in plasmas that are in a mixed ITG-TEM regime as shown in Figure 2 for the L-mode
discharges 91450 in H and 89723 in D. The linear analyses show that the growth rates in the ITG range for both
discharges peak at a different wave-number (k}'**ps =~ 0.52 for D and k;***p, ~ 0.75 for H). This difference is,
however, due to the different mass that enters in the definition of ps. Indeed, we see that they approximately satisfy
(ky*ps)m = (k'™ ps)p * /mp/mp, thus following the Gyro-Bohm (GB) scaling. We also find that the maximum
growth rate for ITG modes Ymax is lower for D, Ymaxp = 0.24¢5/a, than for H, Ymaxu = 0.33¢s/a. This trend



also closely follows the Gyro-Bohm scaling as Ymax,D = Ymax,u * VMg /mp. Therefore, from the pure ITG scale
analyses no deviations from GB expectations is obtained in linear simulations. In order to highlight deviations
from GB transport non-linear simulations are needed.

The non-linear impact of collisonality is shown in Figure 1 for H-mode pulses. In this case, compared to
simulations that include collisions and for which Q@p/Qp = 0.4, collisionless simulations increase Qp/Qu up to
Qp/Qu > 1. Tt is also found that collisionality is essential to recover the experimental fluxes and that it suppresses
TEM modes and the ITG fluctuation amplitude while increasing the zonal flow shearing. All these combined effects
lead to a reduced transport for both H and D but the effect is stronger in D. A similar trend, although weaker, was
found in the core of L-mode plasmas for which it was found that TEM are essential to explain deviations from GB

scaling as they are strongly stabilized by collisionality [27]. In fact, assuming pure TEM simulations, the deviation
of GB scaling with collisonality is stronger than in mixed ITG-TEM.

These JET results are in agreement with TEM dominated plasmas developed in helical plasmas [29]. Nonlinear
gyrokinetic simulations performed with the GKV code [30] have identified a strong isotope effect through the

collisional TEM stabilization, stronger with increasing mass, which is non-linearly enhanced by an increased impact
of zonal zonal flows which is particularly enhanced in the near-marginal TEM stability.

The role of collisionality has been found to be significantly stabilizing in ITER hybrid extrapolated plasmas
[27], however, no heat flux reversal from DD to DT was found in dedicated collisonality scans. Indications that
in such a case, close to threshold, Trapped Ion Modes (TIM) play a role may explain the difference with respect
to isotope effects in plasmas with TEM. TIMs are a prototype of kinetic mode since they are driven through the
resonant interaction between a wave and trapped ions through their precession motion. Although TIMs have been
theoretically studied [31][32], their relevance in present days plasmas is not well understood as they are usually
not found in turbulence studies. This indicates that extrapolation of isotope studies from present day plasmas to
ITER could encounter difficulties as different turbulent regimes might play a role in ITER transport.

2.4 Adiabatic vs kinetic electrons

Kinetic electrons were originally found to play a role on the isotope effect when TEM were destabilized even in
collisionless plasma conditions [25]. Such results have been confirmed for the core transport of L-mode JET plasmas
by means of GENE simulations for which kinetic electrons allow for a deviation of 20% from GB scaling when the
plasma mass is artificially changed from H to D [27]. A similar trend has been found in the edge region for the
same plasmas [33] by performing linear simulations with the GENE code. Indeed as pointed out in the previous
section, collisionality has been found to play an important role on this physical mechanism by damping the parallel
electron dynamics allowing the ion mass to have a stronger effect on the instability. It is important to notice that
this effect is not related to a change of the effective collisionality but it is related to the change of the isotope mass
itself, pointing to a role of m./m; when the electron parallel dynamics is strongly damped by collisions. Actually,
in non-linear simulations for the edge region, higher heat fluxes are found in H with respect to D simulations at
high collisionality while, at low collisionality, consistency with the GB expectations is found for the fluxes.

Such results are in agreement with non-linear simulations performed with the CGYRO code [34] for a L-mode
DIII-D plasma. Whereas for the plasma inner core, non-adiabatic electrons play a minor role (similar to the one
found for JET) at the plasma edge it strongly regulates the turbulence levels and plays a key role in altering and
in the case of the DIII-D L-mode edge, reversing naive GB scaling due to a m./m; dependence arising from the
nonadiabatic response associated with fast electron parallel motion [35][36]. Such results are important as they
point out a key element which could play a significant role of the isotope effect on the L-H transition [19].

2.5 Zonal flows

Zonal flows are important mechanisms that regulate turbulence and transport [6]. Basically, zonal flows are
electrostatic potential fluctuations with m=n=0 and finite radial structure. They are self-generated by turbulence
and it is an essential ingredient on the saturation of ITG turbulence through the energy transfer from drift-waves
to m=n=0 modes [37][38].

An isotopic dependence of residual zonal flows was first found for finer scale zonal flows, narrower than the ion
banana width [39]. In general, the influence of zonal flows on the isotope effects has been extensively analyzed in
dedicated GK simulations. Zonal flows play a role on weak deviations from GB scaling even in collisionless plasmas
in ITG-TEM and TEM regimes as found with GENE [25] however such an effect was weak and did not lead to a
heat flux reversal for the conditions analyzed.

The experiments performed at JET did not lead to conclusive results regarding the impact of zonal flows in the
core or edge regions [33]. However, zonal flows have been found to play a much stronger role in plasma conditions
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Figure 3: Time evolution of the ion heat flux for D (from DD) and D and T (from DT) from non-linear GK simulations
for ITER. Several values for 3. are considered whereas all the other parameters are identical. (left) Time evolution of the
total ion heat flux for DD and DT from non-linear GK simulations for ITER. (right)

where this phenomenon is boosted. Such is the case, for instance, of plasmas close to threshold [40][41]. This was
found on DT vs DD plasmas for ITER that naturally are close to threshold [26]. In particular, when electromagnetic
effects were considered, a weak reversal of the ion heat flux from DD to DT was obtained as a consequence of a boost
of zonal flow activity at high beta in ITG dominated plasmas. Interestingly, it is found that the radial correlation
length follows GB scaling while longer correlation scales do not. This points out to a mechanism that could be
validated in experiments. Closeness to threshold is also found to play a role in TEM dominated plasmas in the
3D stellarator geometry, for which zonal flows are mostly responsible for strong deviations from GB scaling [29].
Further evidence about the coupling of electromagnetic effects, zonal flows and mass was also found in * H, plasmas
at Asdex-U [42]. Finally, experimental evidence of an isotopic dependence of large-scale geodesic-acoustic-mode
(GAM) zonal flows has been found in the TEXTOR tokamak [17] during the transition from H to D dominated
plasmas, confirming the link between the formation of large-scale structures and the plasma main ion mass.

The impact of zonal flows on the isotope effects can be understood in a similar way to the main flow E x B
shearing, however in this case, the E x B shearing has a zonal origin and it is generated by the turbulence itself
[6]. This indicates that multi scale effects could play a role on the isotope effect as different scales are affected in a
different way by the E x B shearing.

Whereas the direct impact of zonal flows on the isotope effect is poorly understood experimentally, numerical
results point out that the isotope behaviour could be quite different in future devices compared to the results
obtained in present day devices due to the different behaviour of turbulence. In particular, in larger devices,
the expected dependence of thermal energy confinement on p, in H-mode, Q;7y, ~ p7370%2 [43], with Q; the
ion cyclotron frequency, suggests that turbulence levels might be quite low and changes of isotope could lead to
significant turbulence stabilization.

2.6 Electromagnetic effects

Electromagnetic effects have been shown to play a significant role on turbulence. Whereas linear GK simulations
have shown that ITG turbulence can be reduced at increasing beta [44][45], it was found at JET that such effect
is stronger non-linearly [46][47] due to the boosted correlation time of the triplet interaction of the unstable mode,
stable mode, and zonal flow [48]. Due to the low power injected in H, no high core beta comparisons were obtained
in H vs D at JET [19]. This will change when performing T and DT plasmas as the expected good confinement
and high input power will allow to reach high beta regimes. This is important as there are indications that
electromagnetic effects at high beta might play a role on the isotope effect. As pointed out in the previous section,
electromagnetic effects have been found to lead to isotope effects via zonal flow enhancing at high beta [26]. This
is shown in Figure 3 for an ITER case in DD vs DT where only 8., with 8. = 2ugp./B? and p the vacuum
permeability, p. the pressure and B the magnetic field, is changed and all the other parameters are kept constant.
At B. = 0, i.e. the simulation is electrostatic, the ratio Qpr/Qpp closely follows GB scaling Qpr/Qpp ~ 1.11
whereas at 8. = 2.52% there is a weak reversal of fluxes with Qpr/Qpp =~ 0.77.
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In order to evaluate the nonlinear coupling between ITG unstable modes and zonal flows, a bispectral analysis
of the binormal, k,, and radial, k;, Fourier modes has been carried out for the electrostatic potential in the cases of
DD vs DT including and excluding electromagnetic effects. The technique used here is based on the decomposition
in time of the wavelet transformed field fluctuation [19] [50]. The k, analyzed for each case involves one mode
close to the maximum linear growth rate in the ITG spectrum, and k; = 0 corresponding to the zonal flow with

ky + k; = k; s ko + k; = k; and frequency w; +w = ws closing the triad of modes analyzed. Note that all the zonal
radial modes are considered in this analysis. The results are shown in Figure 4 and Figure 5 using a colormap,
spanning the normalized range [0,1], for the evaluation of the nonlinear coupling, byy. The coupling between the
ITG mode and the zonal flow is very clear for the DT case including electromagnetic effects, i.e. with 8. > 0 as
by is maximum at wy; = w|(7z7maz) and at the zonal component, ws ~ 0. When assuming 8, = 0 in DT, by
is significantly reduced at the ITG mode frequency and the maximum of by, is shifted towards lower frequencies.
When performing the same type of analysis in DD, the coupling between the zonal component and the ITG mode is
in general much less evident than in DT. These analyses confirm the results obtained in [26] in which the interplay
between electromagnetic effects, mass and zonal flows was pointed out as a key element to understand the isotope
effects at high input power.

Whereas the trend found with . is weak, it is worth to point out that high beta is usually obtained at JET



in plasmas with high torque (and hence rotation and E x B shearing) and fast ion content, which can lead to a
favourable situation where concomitant weak isotope effects can lead to strong deviations from GB scaling. This
will be tested at JET during the T and DT campaigns.

Surprisingly, electromagnetic effects have also been found to play a critical role at the edge of JET L-mode
plasmas although beta is relatively low in that region, 8. = 2.2 x 1072% [33]. Comparisons between H and D
show that including electromagnetic effects both in linear and non-linear simulations have strong effects in both
isotopes, however it is found a strong enhancement of the fluxes, specially for H, at values of 5. much lower
than those predicted from linear simulation. These strong electromagnetic effects in non-linear simulations can be
related to the fact that larger structures in the electrostatic potential, with more MHD-like properties, become
dominant when increasing (. at values well below the linear MHD limit. The parameter B = B.(qR/L1)? with
L a suitable normalized perpendicular scale length is identified for the importance of electromagnetic effects in
non-linear simulations, i.e. when B ~ 1 such effects should be considered. The fact that electromagnetic effects
play a role at the edge and that it is different for different isotopes points out to inherent limitations in L-mode
confinement which could disappear at increasing isotope mass, in particular in T and DT.

2.7 Impurities and mixed plasmas

The expectations of an increase of heat transport with increasing ion mass following GB scaling were based on the
assumption of the existence of a single ion specie in the plasma. However it is well known that plasmas are usually
polluted at some degree by impurities generated by the plasma wall interaction [23] as it became evident at JET
after the installation of the Iter Like Wall (ILW). Furthermore, the plasmas expected to generate fusion energy
are a mixture of D and T and in such conditions, a clear isotope effect was also found in the first DT campaign

performed at TFTR [8]. Therefore it is essential to clarify the impact of multi ion plasmas on the isotope effect.
The presence of impurities has been identified as a source of deviations from the intrinsic mass scaling for the
linear growth rate [51] in both ITG [52] and TEM [53] dominated plasmas, suggesting that mixed plasmas can

lead to a different behaviour than single ion plasmas. This is of particular importance for tokamak devices with a
metallic wall for which pollution by impurities is a usual feature. This is the case of JET, for which the presence
of Berylium, Nickel or Tungsten in the plasma core is common even for plasmas with no strong impurity core
accumulation [54].

Such a possibility has been analyzed in dedicated JET plasmas by performing non-linear simulations with GENE
including beryllium as an impurity. As shown in Figure 1 beryllium definitely does not contribute to deviations
from GB scaling in JET in H-modes. However, further studies are being performed in other plasma conditions with
stronger impurity content.

If multi ion plasmas can behave in a different way than single ion plasmas, this can have a significant impact
on fusion energy generation which will use DT mixtures. Therefore, understanding mixed plasmas is essential.
Experiments with mixtures in H and D at different concentration levels have been performed recently at JET
showing that mixed plasmas can deviate from naive expectations from pure H and D plasmas. Experiments
with 8-10 MW of NBI were performed by scanning the effective mass, M.;r [55]. The thermal stored energy in
these discharges did not rise linearly with M., instead exhibited a plateau with near constant stored energy for
1.2 < M.yy < 1.8. However, since such experiment was performed at constant power, type-I1II ELMs, rather than
type-1, were obtained at low M.ss. Recently, further experiments were performed by increasing the power injected
to 13MW and by keeping constant as well the ELM frequency, which in type-I ELMs regimes increases with power,
by using the so-called kicks [56]. The kicks is a technique inducing fast vertical plasma motion which allows ELM
frequency control. The thermal stored energy, Wy, dependence on M.s; is shown in Figure 6. Unlike previous
results, a linear dependence of Wy, on M.s; is obtained with little influence of the ELM frequency. From such
results, it would be tempting to assume that transport in mixed plasmas has a linear dependence on M.;¢. In
particular, in 50% DT mixtures, deviations from that dependence could indicate alpha particle effects. However
extended analyses, beyond the scope of this paper, are required to confirm such a hypothesis.

Further evidence supporting a linear dependence of transport on isotope mixtures, at least in the ITG regime,
was obtained in the analyses of DT plasmas for ITER with GK non-linear simulations with the GENE code [20].
As shown in Figure 6, the ion heat fluxes obtained considering 50%/50% D and T as separate species and lumping
into a single one with M.;y = 2.5 lead to very similar results, QDT/Q(Meff:2_5) ~ 1.14.

A possible link between residual zonal flows in DT plasmas and impurity content has been shown to exist [57].
Depending on the gyroradius of impurities, larger or smaller than that of main ions, the intermediate scale (radial
wavelength between trapped ion radial width and trapped electron radial width) residual ZF level can significantly
change. Evidence of such a behaviour is expected to be obtained in the upcoming JET DT plasmas.
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2.8 Fast ions

Pure isotope effects can be masked in experiments by changes in operational conditions when changing the main ion
mass. Changes in input torque and input power characteristics or deposition can lead to differences in confinement
which are not directly related to an inherent change of the transport characteristics. Such effects are not covered
in this paper, however, due to its special relevance for DT plasmas, the role of energetic ions on the isotope effect
is going to be covered in this section.

Fast ions generated by heating systems were discovered to significantly reduce core turbulent transport in both
L-mode [58][59][60] and H-mode [46][47][61] plasmas at JET as well as in other devices such as Asdex-U [62][60].
Such a strong impact is mostly seen with a combination of high fast ion pressure gradient, obtained at high input



power, in electromagnetic simulations. The characteristics and amount of fast ions depend on the main ion plasma
through collisions as in particular the slowing down time depends on the main ion mass, 7 ~ miTg’ /2 /Z?n.InA with
T. the electron temperature and n. the electron density. Therefore, it is expected that inherent differences appear
when changing the main ion mass if the input power remains the same. Such changes could lead to an overall
different confinement for different isotopes. This is specially important for DT plasmas through the generation
of energetic alpha particles at 3.5MeV. Although such an effect could have at least partially explained the strong
isotope effect found in TFTR L-mode high power plasmas in DT [8], it was not identified at that time.

In order to validate the hypotheses that differences in fast ion generation can mask an isotope effect, dedicated
experiments and GK analyses were performed in H vs D plasmas at JET in L-mode [63]. As shown in Figure 7, in-
deed the different fast ion characteristics in such plasmas, notably in terms of fast ion pressure gradient, can explain
the better core thermal energy confinement found in D with respect to H. This is shown by including/excluding the
fast ion content for H and D. Whereas the fast ion content significantly stabilizes ion heat transport in both species,
the effect is stronger in D due to the higher fast ion content. An extra simulation was performed by exchanging the
fast ion content for the D plasma with the fast ion content from the H plasma. Clearly, the heat fluxes obtained
are similar to the H plasma with fast ions.

The fact that the presence of fast ions can significantly change the transport characteristics between different
isotopes is a key point to understand how to extrapolate DT plasmas from DD. This has been analyzed for the case
of DT vs DD plasmas in ITER by means of non-linear GK simulations with the GENE code when considering both
the fast ions from NBI and also the alpha particles [64]. As shown in Figure 7, such particles can have a strong
stabilization effect on the ITG dominated plasmas in ITER, an effect stronger than the inherent isotope effect also
found from DD to DT. It is worth to point out that considering the inherent isotope effect from DD to DT plus
the impact of fast ions, the heat fluxes obtained for the core of ITER is quite low, Q; = 0.1[gB], which means that
turbulence is nearly fully stabilized.

2.9 Summary

In previous sections, different physical mechanisms have been shown to play a role on deviations from GB expecta-
tions for the ion heat transport. Whereas such mechanisms are universal and can play a role both in the core and
edge plasma regions, most of the analyses and results have been obtained in the core, where local GK simulations
are inherently suitable. The extension of such results to edge plasma regions is a priority for understanding, from
a global point of view, the isotope effect.

It is clear that pure GB scaling cannot be expected in realistic experimental conditions in present day plasmas as
it would require rotationless, collisonless, electrostatic, single ion, adiabatic electrons, pure ITG plasmas. However,
this does not mean that strong deviations from GB scaling could be expected either at least from the plasma core.
In contrast to TEM dominated plasmas, GK simulations have shown that the different physical mechanisms leading
to isotope effects are weak in the core of ITG regimes and they can be likely masked by operational differences
when working at different isotope gases. Since ITG dominated plasmas are prevalent in JET and likely to be the
case for ITER, it remains open the question whether strong isotope effects can be observed in the plasma core of
such tokamak devices. This is an important aspect in view of potential strong differences between DD and DT
plasmas in ITER which could lead to operational issues when starting the ITER DT phase.

The answer to that question might come from the TFTR results in L-mode in the presence of strong NBI
input power [3] and the non-linear GK results obtained for ITER [26][64]. In both cases, there are indications
that concomitant physical mechanisms, which individually could lead to weak isotope effects, might lead to strong
deviations from GB scaling even in the plasma core of ITG dominated plasmas. This would be the case for plasmas
with a strong torque and rotation, high beta (favouring the impact of zonal flows) and high fast ion fraction as
expected for some ITER DT scenarios, in particular the hybrid [65][66][67].

It is therefore important to investigate such a possibility before ITER reaches its DT phase. For such purpose,
JET is going to explore those plasma regimes in a new DT campaign [27].

3 Isotope dependence of particle transport

Compared to the extended studies about the role of isotope effect on the ion turbulent heat transport, particle
transport has been much less studied. However, JET results have shown that particle transport, both in the electron
and ion channels, is strongly impacted by the isotope effect. At JET, the electron particle confinement is found
to closely follow that of the thermal energy confinement, both in L-mode, N, ~ M Of1f2, and H-mode, N, ~ M 0];5;
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[12]. The strong dependence in H-mode type-I ELMs plasmas has its origin mainly from the significant increase of
the pedestal density with increasing mass [19].

Analytical and numerical studies with the GK code GKW [68] have shown that differences in the electron
particle flux with different isotopes can be originated from the trapped particle convection induced by collisions
[69]. This convective contribution is directed outward in ion temperature gradient turbulence, increases with
increasing collisionality, and is proportional to the square root of the ion mass, keeping all other parameters the
same. Nonlinear gyrokinetic simulations have shown that this effect can produce measurable differences, particularly
when comparing H and T, leading to the expectation that the peaking of the density profiles of H plasmas be slightly
higher than those of D. In the particular case of JET L-mode H and D plasmas, with a maximum of one positive NBI
ion neutral injector, an overall clear trend of decreasing density peaking with increasing collisionality is obtained in
both H and D plasmas. However, there is weak evidence of different density peaking between H and D plasmas in
the conditions in which such plasmas were obtained, i.e. low NBI power and torque and high collisionality. Data
from T plasmas will be used to compare to D plasmas in order to further validate such expectations.

Ton particle transport in JET isotope experiments has shown surprising results. In mixed H/D plasmas, it has
been shown that there is a clear asymmetry between electron and ion transport [70]. This could be surprising
taking into account that electron and ion particle transport must fulfill radial ambipolarity. However such is the
case in single ion plasmas, in multi ion plasmas, transport can be different if the particle diffusivity and pinch for
electrons and ions are clearly different.

The evidence for asymmetrical electron and ion transport in mixed H/D plasmas was obtained at JET in
dedicated experiments with scans on the H/D composition with different gas fuelling and using D NBI to heat the
plasma. The central isotope composition was indirectly inferred from the neutron rate. TRANSP analyses showed
that ion diffusivities are much higher than electron diffusivities, D; >> D,, however that also means that the ions
convective pinch is strongly inward V; << 0. In such conditions, the plasma is characterized by the uniform isotope
ratio profile regardless of the location of the particle source of each species.

Theoretical and numerical studies for these JET plasmas have been performed with QuaLiKiz and GKW [71][72].
Results show that in ITG turbulence regimes,as the ones usually obtained in JET H-mode plasmas, ratios of the
ion to electron diffusive and convective terms up to 5 are obtained. Such values lead to the concept of fast ion
mixing, i.e. ion transport much faster than electron transport. On the other hand, in cases with TEM dominated
turbulence, both the ion diffusivity and pinch would be lower than those for the electrons, allowing for similar time
scales. Since ITER and fusion reactors are expected to work with plasmas dominated by ITG turbulence, fast ion
mixing can definitely provide good core D and T mix for optimal fusion power generation. Similar results have been
obtained in stellarators such as the Large Helical Device (LHD) [73][74]. Fast ion mixing will be further analyzed
in the JET DTE2 campaign which will show whether optimum core DT ratio for fusion power generation can be
sustained.

The GK analysis of D and T particle flux is essential to understand differences between present day plasmas and
DT. Some effort has been carried out towards such a goal. Initial results obtained with the GYRO code pointed out
to an asymmetry, in terms of fluxes, between D and T particles fluxes in 50%-50% mixtures [75]. Further analyses
showed that such results strongly depends on the assumption about perfect 50% mixture and the fact that the
normalized density gradient for both species was assumed to be equal.

These results were confirmed in GK simulations performed with the GENE code for the ITER hybrid scenario.
As shown in Figure 7, T fluxes are systematically lower than D fluxes regardless F x B shearing and electromagnetic
effects are taken into account or they are removed. However the level of asymmetry strongly depends on the
simulation conditions. When taken into account F x B shearing and electromagnetic effects, I'r/T'p & 0.73 with
I'r the T particle flux and I'p the D particle flux in the DT simulations, whereas when the effects are removed,
I'r/Tp ~ 0.45. Actually, such a difference in the asymmetry plays a role in the global isotope effect in the ion
particle transport which is slightly different to the heat transport isotope effect. In terms of total particle ion fluxes,
Tpr/Tpp =~ 0.64 with T'pp the total ion particle flux in DT and I'pp the total ion particle flux in DD, for the full
case whereas I'pr /T'pp & 1.32 for the case without E x B shearing and electromagnetic effects, which is super GB
transport and higher than the ion heat flux ratio.

Particle transport in H and D JET plasmas has been also analyzed in the pedestal region [76]. In general, it was
found experimentally that the pedestal pressure is typically reduced in H compared to D at the same input power
and gas rate, primarily due to lower pedestal density in H. Extended studies with the code EDGE2D-EIRENE [77]
have shown that inter/intra ELMs changes on transport characteristics rather than neutral penetration differences
are responsible for the lower confinement in H. Furthermore, linear stability MHD analyses have pointed out that
Peeling-Ballooning modes are more stable in D than in H, but the effect is small and alone does not explain
the higher pedestal pressure observed in D. The previous results demonstrate that the isotope effect on particle
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Figure 8: Comparison between the n. (left), T. (center) and T; (right) profiles obtained with QuaLiKiz for the discharge
#94925 when assuming pure H or D. All the simulations parameters are identical between both simulations except the
main ion mass.The E X B shearing has been excluded from these simulations. The experimental data was obtained from
High Resolution Thompson Scattering (HRTS) and LIDAR for n. and T. and Charge Exchange (CX) for T; averaged in
the time window 9-10s for which the D concentration was 97%.

transport deserves further experimental and theoretical attention in view of addressing some of the issues arise when
dealing with DT plasmas, such as the fuelling necessary to sustain an optimum mixture of D and T to generate
high fusion power.

4 Isotope effect in quasi linear modelling

Whereas deep transport and turbulence analyses of the isotope effect are necessary, the prediction of its full impact
on plasmas cannot be obtained from such studies. For instance, one key point point, the impact of the isotope on
the transport stiffness [7], cannot be fully addressed with the local GK approximation used in the studies showed
in previous sections. This is an important subject as local transport scaling might extrapolate to different global
scaling when the whole plasma volume is taken into account. In particular, local GB scaling for transport do
not necessarily lead to GB scaling for the thermal energy confinement if transport stiffness has also a isotope
dependence. Furthermore, the impact of different heating characteristics in plasmas with different isotopes, e.g.
different NBI deposition, requires the interplay with transport, which is not possible to obtain in an integrated way
with GK codes due to the significant computational times required.

Therefore, simplified transport models have become an essential tool in integrated modelling activities. Several
of such models have been used in the past to predict DT operation in JET, ITER and DEMO [78][27][79][65][80]
[66][81][67][82][83][84]. Of particular importance are the models using the so called quasi-linear approach as they
are the closest ones to first-principle physics. Therefore, verification and validation of quasi-linear models with GK
codes and experiments is an essential step to be performed before extrapolating present day plasmas toward DT
predictions.

Such an activity has been performed recently in the framework of isotope studies for JET. The quasi-linear
models QuaLiiKiz and TGLF have been used in plasmas in H and D. This validation phase is a key point as models
based on the quasi-linear approximation for transport may correctly predict linear isotope effects, however, the
mixing length rule used for calculating the fluxes intrinsically follows GB scaling.

In the case of QuaLiKiz it has been extensively used for interpreting and predicting mixed isotope plasmas with
successful results [72]. As an example of pure H and D simulations with QuaLiKiz, it is shown in Figures 8 and
9, predictive simulations of Te, T; and n,. for the discharge #94925 [72] by assuming either pure H or D with and
without including F x B shearing effects. In order to test the mass dependence of the model, everything is kept
fixed except the ion mass. These simulations are performed within the JINTRAC suite of codes [35]. When the
E x B shearing is not taken into account, the confinement is higher in H by 2%, however when the E x B shearing
is included the energy confinement is slightly higher in D mainly due to the stronger effect on the D heat transport
which is more reduced than for H. Such results show that quasi-linear models are able to show deviations from GB
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Figure 10: Comparison between the ion heat flux in D (dark blue) for the discharge #94875 and the one obtained by
artificially changing the main ion mass to T (light blue). The GENE fluxes are compared to the ones obtained from
Qualikiz and TGLF in electrostatic (left) and electromagnetic (right) conditions.

scaling and that they can reproduce some of the trends from GK simulations. However, they do not necessarily
agree on the magnitude of the deviation from GB expectations as seen in this case from the tiny effect of £ x B
shearing.

In the case of TGLF, initial integrated modelling simulations for the discharges #89723 in D and the #91450
in H both in L-mode showed mixed results. Simulations with JETTO-TGLF are in reasonable agreement for the
discharge in D however the confinement for the H discharge is overestimated (in both cases p = 0.8 is taken as a
boundary condition). This is particularly the case of the electron density, which is very similar for both shots but
it is significantly overestimated in H with TGLF [27]. However, the agreement of TGLF in dimensionless H and D
plasmas is very good [20].

These initial results made evident that deeper analyses about the validity of the quasi-linear approach, and in
particular, of the models TGLF and QuaLiKiz was necessary. This has been carried out by performing systematic
comparisons between linear simulations but as well with the heat fluxes obtained with TGLF and QuaLiKiz and
those obtained from non-linear simulations performed with GENE. One important point is the role of electromag-
netic effects, which can play a role in the isotope effect. Whereas TGLF is a full electromagnetic model, QualiKiz
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is electrostatic. A mock-up has been introduced to obtain approximate QualLiKiz fluxes in the electromagnetic
regime based on electrostatic results. This consists in running a R/Ly; scan of QualLiKiz simulations in the elec-
trostatic regime and then re-scaling R/Ly; multiplying it by the radially local ratio Bipermai/Btotar Of the thermal
and total(including the fast ion contribution) 8 = 2ugp/B? values, with p the pressure.

As an example, this has been done for a comparison between D and T for an original hybrid D plasma, #94875
for which the mass has been artificially changed to T. As shown in Figure 10, at p = 0.6, a weak isotope effect
is found with GENE assuming electrostatic simulations as the T heat flux is lower than the D one by 20%. Such
isotope effect is also found in QualiKiz with a quite good match in terms of fluxes. However, when adding the
electromagnetic effects, the situation is quite different. As previously pointed out in section 3, electromagnetic
effects enhance the isotope effect and now the difference between D and T is about 50%. The fluxes obtained from
both TGLF and QuaLiKiz match non-linear simulations for some particular R/Lp; cases but the stiffness obtained
from GENE, almost negligible, is not reproduced by both models, which show a strong stiffness.

5 Summary and conclusions

Heat and particle transport deviations with respect to naive expectations from GB scaling, and hence on the origin
of the isotope effect, have been analyzed in H vs D plasmas obtained in JET campaigns. For such purpose, extensive
linear and non-linear GK simulations have been performed with the GENE code. Further studies about the validity
of the quasi-linear approach to reproduce some of the effects found have been also carried out.

In general, GK simulations have shown that GB scaling can be expected in collisonless, electrostatic, adiabatic
electrons and single ion ITG regimes with no rotation effects. As a matter of fact, these ideal conditions are not
matched in JET plasmas both in L and H-modes and deviations from GB scaling are systematically found in GK
simulations for the ion heat transport when such physical mechanisms are added one by one. When the analyses are
done considering realistic plasma conditions, weak to moderate decreasing fluxes with increasing mass are obtained
for the type of plasmas obtained in the JET experimental campaigns. These results show that rather than expecting
a systematic ”isotope effect” when changing the mass of the main ion, a full set of broad conditions, from close
to GB scaling to significant deviations, can be expected depending on the plasma conditions or the radial point
analyzed.

Although a set of clear physics mechanisms have been identified to lead to an isotope effect, their true impact in
realistic experimental conditions is far from clear. As an example, operational changes on the plasma configuration
can be expected when changing the isotope and hence masking or altering possible inherent isotope effects on
transport. Such is the case of the fast ions generated by the heating systems, which has been shown to have an
impact on the transport levels, and can significantly change dependent on the heating characteristics.

Furthermore, non-linear local GK simulations cannot be used for analyzing the full impact of the change of
isotope as they cannot address some effects that can be also impacted. For instance, the full impact of transport
stiffness, turbulence spreading or core-edge interplay (including the Scrape-off layer) would require global flux
driven simulations which were not performed, in particular, because of the high computational requirements. Self-
consistent simulations using simplified models for core transport could provide some clarification however it has
been shown that quasi-linear models have some difficulties on capturing the essential difference on turbulence
characteristics when changing the mass.

The issues previously pointed out may be on the origin of the apparent contradiction between the moderate
deviations from GB scaling found in some JET plasmas when performing GK simulations and the very weak core
thermal energy confinement dependence found in experiments, where most of the difference between H and D
plasmas has the origin at the edge, and in particular in H-mode, from the particle transport at the pedestal.

Precisely, further detailed transport and turbulence analyses at the plasma edge are necessary to understand
the isotope effect in L-mode but as well in H-mode, which is notably difficult due to the different nature of the
physical mechanisms playing a role at the pedestal. However, this is an essential step as the pedestal is the stronger
source of an isotope effect at JET in H-mode at least at low to medium beta.

At this point, it is essential to stress that due to the technical constraints of the operation in pure H at JET,
limited to 10MW of NBI, which prevents to work in conditions of high input torque, beta, T;/T, and fast ion
fraction, it was not possible to explore a broad operational space. Therefore, some of the results obtained in GK
simulations could not be properly validated in optimum experimental conditions. For such a purpose, further
experiments, which are expected to cover a broader operational space in pure T plasmas, are planned.

Precisely, simulations performed for extrapolated ITER DT plasmas are in fair agreement with the mechanisms
leading to isotope effects found for JET. In particular, weak ion heat transport reversals are expected when including
the E x B shearing or electromagnetic effects. Also in this case, the presence of a significant amount of fast ions, in
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particular alpha particles, can enhance the difference between DD and DT plasmas in conditions close to turbulence
threshold where stronger impact of zonal flows with mass is found.

Whereas the isotope effect starts to be better understood, there is not a complete understanding of the full
impact of the change of isotope hydrogen mass on heat and particle transport. Such understanding is essential to
properly evaluate potential changes from DD to DT in ITER and the future tokamak reactor. A DT campaign at
JET will further help to this end.

Acknowledgments

The gyrokinetic simulations were partially performed on CINECA Marconi HPC within the project WPJET1.

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 express herein do not necessarily reflect those of the European Commission.

References

[1] F Romanelli. Ion temperature-gradient-driven modes and anomalous ion transport in tokamaks. Physics of
Fluids B: Plasma Physics, 1(5):1018-1025, 1989.

[2] W. Horton. Drift waves and transport. Rev. Mod. Phys., 71:735-778, Apr 1999. doi: 10.1103/RevModPhys.
71.735. URL https://link.aps.org/doi/10.1103/RevModPhys.71.735.

[3] W Horton, B Hu, J Q Dong, and P Zhu. Turbulent electron thermal transport in tokamaks. New Journal of
Physics, 5:14-14, feb 2003. doi: 10.1088/1367-2630/5/1/314. URL https://doi.org/10.1088/1367-2630/
5/1/314.

[4] F. Jenko, W. Dorland, M. Kotschenreuther, and B. N. Rogers. Electron temperature gradient driven turbu-
lence. Physics of Plasmas, 7(5):1904-1910, 2000.

[5] X Garbet, P Mantica, C Angioni, E Asp, Y Baranov, C Bourdelle, R Budny, F Crisanti, G Cordey, L. Garzotti,
N Kirneva, D Hogeweij, T Hoang, F Imbeaux, E Joffrin, X Litaudon, A Manini, D C McDonald, H Nordman,
V Parail, A Peeters, F Ryter, C Sozzi, M Valovic, T Tala, A Thyagaraja, I Voitsekhovitch, J Weiland,
H Weisen, A Zabolotsky, and the JET EFDA Contributors. Physics of transport in tokamaks. Plasma
Physics and Controlled Fusion, 46(12B):B557-B574, nov 2004. doi: 10.1088/0741-3335/46/12b/045. URL
https://doi.org/10.1088/0741-3335/46/12b/045

[6] P. H. Diamond, S. I. Ttoh, K. Ttoh, and T. S. Hahm. Zonal flows in plasmas - a review. Plasma Physics and
Controlled Fusion, 47:R35, 2005.

[7] P Mantica, C Angioni, N Bonanomi, J Citrin, B A Grierson, F Koechl, A Mariani, G M Staebler, , , and
and. Progress and challenges in understanding core transport in tokamaks in support to ITER operations.
Plasma Physics and Controlled Fusion, 62(1):014021, dec 2019. doi: 10.1088/1361-6587/abbael. URL https:
//doi.org/10.1088/1361-6587/abbael.

[8] S. D. Scott, M. C. Zarnstorff, Cris W. Barnes, R. Bell, N. L. Bretz, C. Bush, Z. Chang, D. Ernst, R. J. Fonck,
L. Johnson, E. Mazzucato, R. Nazikian, S. Paul, J. Schivell, E. J. Synakowski, H. Adler, M. Bell, R. Budny,
E. Fredrickson, B. Grek, A. Janos, D. Johnson, D. McCune, H. Park, A. Ramsey, M. H. Redi, G. Taylor,
M. Thompson, and R. Wieland. Isotopic scaling of confinement in deuterium—tritium plasmas. Physics of
Plasmas, 2(6):2299-2307, 1995. doi: 10.1063/1.871253. URL https://doi.org/10.1063/1.871253.

[9] J.G Cordey, B Balet, D.V Bartlett, R.V Budny, J.P Christiansen, G.D Conway, L.-G Eriksson, G.M Fishpool,
C.W Gowers, J.C.M. de Haas, P.J Harbour, L..D Horton, A.C Howman, J Jacquinot, W Kerner, C.G Lowry,
R.D Monk, P Nielsen, E Righi, F.G Rimini, G Saibene, R Sartori, B Schunke, A.C.C Sips, R.J Smith,
M.F Stamp, D.F.H Start, K Thomsen, B.J.D Tubbing, and M.G. von Hellermann. Plasma confinement
in JET h mode plasmas with h, d, DT and t isotopes. Nuclear Fusion, 39(3):301-308, mar 1999. doi:
10.1088/0029-5515/39/3/301. URL https://doi.org/10.1088/0029-5515/39/3/301.

15


https://link.aps.org/doi/10.1103/RevModPhys.71.735
https://doi.org/10.1088/1367-2630/5/1/314
https://doi.org/10.1088/1367-2630/5/1/314
https://doi.org/10.1088/0741-3335/46/12b/045
https://doi.org/10.1088/1361-6587/ab5ae1
https://doi.org/10.1088/1361-6587/ab5ae1
https://doi.org/10.1063/1.871253
https://doi.org/10.1088/0029-5515/39/3/301

[10]

[16]

[17]

[18]

[20]

[22]

ITER Physics Expert Group on Confin Transport, ITER Physics Expert Group on Confin Database, and ITER
Physics Basis Editors. Chapter 2: Plasma confinement and transport. Nuclear Fusion, 39(12):2175-2249, dec
1999. doi: 10.1088/0029-5515/39/12/302. URL https://doi.org/10.1088%2F0029-5515%2F39%2F12%2F302.

J Garcia and D Cambon and. On the universality of power laws for tokamak plasma predictions. Plasma
Physics and Controlled Fusion, 60(2):025028, jan 2018. doi: 10.1088/1361-6587/aa9878. URL https://doi.
org/10.1088/1361-6587/2a9878.

H. Weisen, C. F. Maggi, M. Oberparleiter, F. J. Casson, Y. Camenen, S. Menmuir, L.. Horvath, F. Auriemma,
T. W. Bache, N. Bonanomi, and et al. Isotope dependence of energy, momentum and particle confinement in
tokamaks. Journal of Plasma Physics, 86(5):905860501, 2020. doi: 10.1017/50022377820000781.

G. M. Staebler, J. E. Kinsey, and R. E. Waltz. Gyro-landau fluid equations for trapped and passing parti-
cles. Physics of Plasmas, 12(10):102508, 2005. doi: 10.1063/1.2044587. URL https://doi.org/10.1063/1.
2044587.

C. Bourdelle, X. Garbet, F. Imbeaux, A. Casati, N. Dubuit, R. Guirlet, and T. Parisot. A new gyrokinetic
quasilinear transport model applied to particle transport in tokamak plasmas. Physics of Plasmas, 14(11):
112501, 2007. doi: 10.1063/1.2800869. URL https://doi.org/10.1063/1.2800869.

H. Urano, T. Takizuka, M. Kikuchi, T. Nakano, N. Hayashi, N. Oyama, and Y. Kamada. Small ion-
temperature-gradient scale length and reduced heat diffusivity at large hydrogen isotope mass in conven-
tional h-mode plasmas. Phys. Rev. Lett., 109:125001, Sep 2012. doi: 10.1103/PhysRevLett.109.125001. URL
https://link.aps.org/doi/10.1103/PhysRevLlett.109.125001.

H. Urano, T. Takizuka, T. Fujita, Y. Kamada, T. Nakano, and N. Oyama and. Energy confinement of hydrogen
and deuterium h-mode plasmas in JT-60u. Nuclear Fusion, 52(11):114021, oct 2012. doi: 10.1088/0029-5515/
52/11/114021. URL https://doi.org/10.1088/0029-5515/52/11/114021.

Y. Xu, C. Hidalgo, I. Shesterikov, A. Kramer-Flecken, S. Zoletnik, M. Van Schoor, M. Vergote, and the
TEXTOR Team. Isotope effect and multiscale physics in fusion plasmas. Phys. Rev. Lett., 110:265005, Jun
2013. doi: 10.1103/PhysRevLett.110.265005. URL https://link.aps.org/doi/10.1103/PhysRevLlett.110.
265005.

P.A. Schneider, A. Bustos, P. Hennequin, F. Ryter, M. Bernert, M. Cavedon, M.G. Dunne, R. Fischer,
T. Gorler, T. Happel, V. Igochine, B. Kurzan, A. Lebschy, R.M. McDermott, P. Morel, M. Willensdor-
fer, and and. Explaining the isotope effect on heat transport in l-mode with the collisional electron-
ion energy exchange. Nuclear Fusion, 57(6):066003, apr 2017. doi: 10.1088/1741-4326/aa65b3. URL
https://doi.org/10.1088/1741-4326/aa65b3.

C F Maggi, H Weisen, J C Hillesheim, A Chankin, E Delabie, L. Horvath, F Auriemma, I S Carvalho, G Cor-
rigan, J Flanagan, L. Garzotti, D Keeling, D King, E Lerche, R Lorenzini, M Maslov, S Menmuir, S Saarelma,
A C C Sips, E R Solano, E Belonohy, F' J Casson, C Challis, C Giroud, V Parail, C Silva, and M Valisa and. Iso-
tope effects on 1-h threshold and confinement in tokamak plasmas. Plasma Physics and Controlled Fusion, 60
(1):014045, nov 2017. doi: 10.1088/1361-6587/aa9901. URL https://doi.org/10.1088/1361-6587/2aa9901.

C.F. Maggi, H. Weisen, F.J. Casson, F. Auriemma, R. Lorenzini, H. Nordman, E. Delabie, F. Eriksson,
J. Flanagan, D. Keeling, D. King, L. Horvath, S. Menmuir, A. Salmi, G. Sips, T. Tala, and I. Voitsekhovich
and. Isotope identity experiments in JET-ILW with h and d l-mode plasmas. Nuclear Fusion, 59(7):076028,
jun 2019. doi: 10.1088/1741-4326/ablccd. URL https://doi.org/10.1088/1741-4326/ablccd.

B. Liu, M.A. Pedrosa, B.Ph. van Milligen, C. Hidalgo, C. Silva, F.L. Tabarés, B. Zurro, K.J. McCarthy,
A. Cappa, and M. Liniers and. Isotope effect physics, turbulence and long-range correlation studies in the
TJ-II stellarator. Nuclear Fusion, 55(11):112002, sep 2015. doi: 10.1088/0029-5515/55/11/112002. URL
https://doi.org/10.1088/0029-5515/565/11/112002.

H. Yamada, K. Tanaka, R. Seki, C. Suzuki, K. Ida, K. Fujii, M. Goto, S. Murakami, M. Osakabe, T. Tokuzawa,
M. Yokoyama, M. Yoshinuma, and LHD Experiment Group. Isotope effect on energy confinement time and
thermal transport in neutral-beam-heated stellarator-heliotron plasmas. Phys. Rev. Lett., 123:185001, Oct
2019. doi: 10.1103/PhysRevLett.123.185001. URL https://link.aps.org/doi/10.1103/PhysRevLlett.123.
185001.

16


https://doi.org/10.1088%2F0029-5515%2F39%2F12%2F302
https://doi.org/10.1088/1361-6587/aa9878
https://doi.org/10.1088/1361-6587/aa9878
https://doi.org/10.1063/1.2044587
https://doi.org/10.1063/1.2044587
https://doi.org/10.1063/1.2800869
https://link.aps.org/doi/10.1103/PhysRevLett.109.125001
https://doi.org/10.1088/0029-5515/52/11/114021
https://link.aps.org/doi/10.1103/PhysRevLett.110.265005
https://link.aps.org/doi/10.1103/PhysRevLett.110.265005
https://doi.org/10.1088/1741-4326/aa65b3
https://doi.org/10.1088/1361-6587/aa9901
https://doi.org/10.1088/1741-4326/ab1ccd
https://doi.org/10.1088/0029-5515/55/11/112002
https://link.aps.org/doi/10.1103/PhysRevLett.123.185001
https://link.aps.org/doi/10.1103/PhysRevLett.123.185001

[23]

[24]

[25]

[26]

[27]

[28]

[29]

E. Joffrin and et al. Overview of the JET preparation for deuterium—tritium operation with the ITER like-wall.
Nuclear Fusion, 59(11):112021, aug 2019. doi: 10.1088/1741-4326/ab2276. URL https://doi.org/10.1088/
1741-4326/ab2276

I. Pusztai, J. Candy, and P. Gohil. Isotope mass and charge effects in tokamak plasmas. Physics of Plasmas,
18(12):122501, 2011. doi: 10.1063/1.3663844. URL https://doi.org/10.1063/1.3663844.

A. Bustos, A. Banén Navarro, T. Gorler, F. Jenko, and C. Hidalgo. Microturbulence study of the isotope
effect. Physics of Plasmas, 22(1):012305, 2015. doi: 10.1063/1.4905637. URL https://doi.org/10.1063/1.
4905637.

J. Garcia, T. Gorler, F. Jenko, and G. Giruzzi. Gyrokinetic nonlinear isotope effects in tokamak plasmas.
Nuclear Fusion, 57(1):014007, dec 2016. doi: 10.1088/1741-4326/57/1/014007. URL https://doi.org/10.
1088/1741-4326/57/1/014007.

J. Garcia, R.J. Dumont, J. Joly, J. Morales, L. Garzotti, T.W. Bache, Y. Baranov, F.J. Casson, C. Challis,
K. Kirov, J. Mailloux, S. Saarelma, M. Nocente, A. Banon-Navarro, T. Goerler, J. Citrin, A. Ho, D. Gallart,
and M. Mantsinen and. First principles and integrated modelling achievements towards trustful fusion power
predictions for JET and ITER. Nuclear Fusion, 59(8):086047, jul 2019. doi: 10.1088/1741-4326/ab25b1. URL
https://doi.org/10.1088/1741-4326/ab25b1.

D. R. Ernst, B. Coppi, S. D. Scott, M. Porkolab, and TFTR Group. Unifying role of radial electric field
shear in the confinement trends of tftr supershot plasmas. Phys. Rev. Lett., 81:2454-2457, Sep 1998. doi:
10.1103/PhysRevLett.81.2454. URL https://link.aps.org/doi/10.1103/PhysRevLett.81.2454.

Motoki Nakata, Masanori Nunami, Hideo Sugama, and Tomo-Hiko Watanabe. Isotope effects on trapped-
electron-mode driven turbulence and zonal flows in helical and tokamak plasmas. Phys. Rev. Lett., 118:165002,
Apr 2017. doi: 10.1103/PhysRevLett.118.165002. URL https://link.aps.org/doi/10.1103/PhysRevlett.
118.165002.

T.-H. Watanabe, H. Sugama, and S. Ferrando-Margalet. Reduction of turbulent transport with zonal flows
enhanced in helical systems. Phys. Rev. Lett., 100:195002, May 2008. doi: 10.1103/PhysRevLett.100.195002.
URL https://link.aps.org/doi/10.1103/PhysRevLett.100.195002.

G Depret, X Garbet, P Bertrand, and A Ghizzo. Trapped-ion driven turbulence in tokamak plasmas. Plasma
Physics and Controlled Fusion, 42(9):949-971, aug 2000. doi: 10.1088/0741-3335/42/9/302. URL https:
//doi.org/10.1088/0741-3335/42/9/302

A. Ghizzo and F. Palermo. Shear-flow trapped-ion-mode interaction revisited. i. influence of low-frequency
zonal flow on ion-temperature-gradient driven turbulence. Physics of Plasmas, 22(8):082303, 2015. doi:
10.1063/1.4928102. URL https://doi.org/10.1063/1.4928102.

N. Bonanomi, C. Angioni, P.C. Crandall, A. Di Siena, C.F. Maggi, P.A. Schneider, , and and. Effect of the
isotope mass on the turbulent transport at the edge of l-mode plasmas in ASDEX upgrade and JET-ILW.
Nuclear Fusion, 59(12):126025, oct 2019. doi: 10.1088/1741-4326/ab3ecc. URL https://doi.org/10.1088/
1741-4326/ab3ecc.

J. Candy, E.A. Belli, and R.V. Bravenec. A high-accuracy eulerian gyrokinetic solver for collisional plasmas.
Journal of Computational Physics, 324:73-93, 2016. ISSN 0021-9991. doi: https://doi.org/10.1016/j.jcp.2016.
07.039. URL https://www.sciencedirect.com/science/article/pii/S$0021999116303400.

E. A. Belli, J. Candy, and R. E. Waltz. Reversal of turbulent gyrobohm isotope scaling due to nonadiabatic
electron drive. Physics of Plasmas, 26(8):082305, 2019. doi: 10.1063/1.5110401. URL https://doi.org/10.
1063/1.5110401.

E. A. Belli, J. Candy, and R. E. Waltz. Reversal of simple hydrogenic isotope scaling laws in tokamak edge
turbulence. Phys. Rev. Lett., 125:015001, Jun 2020. doi: 10.1103/PhysRevLett.125.015001. URL https:
//link.aps.org/doi/10.1103/PhysRevLett.125.015001.

G G Plunk, A Banén Navarro, and F Jenko. Understanding nonlinear saturation in zonal-flow-dominated
ion temperature gradient turbulence. Plasma Physics and Controlled Fusion, 57(4):045005, mar 2015. doi:
10.1088/0741-3335/57/4/045005. URL https://doi.org/10.1088/0741-3335/57/4/045005.

17


https://doi.org/10.1088/1741-4326/ab2276
https://doi.org/10.1088/1741-4326/ab2276
https://doi.org/10.1063/1.3663844
https://doi.org/10.1063/1.4905637
https://doi.org/10.1063/1.4905637
https://doi.org/10.1088/1741-4326/57/1/014007
https://doi.org/10.1088/1741-4326/57/1/014007
https://doi.org/10.1088/1741-4326/ab25b1
https://link.aps.org/doi/10.1103/PhysRevLett.81.2454
https://link.aps.org/doi/10.1103/PhysRevLett.118.165002
https://link.aps.org/doi/10.1103/PhysRevLett.118.165002
https://link.aps.org/doi/10.1103/PhysRevLett.100.195002
https://doi.org/10.1088/0741-3335/42/9/302
https://doi.org/10.1088/0741-3335/42/9/302
https://doi.org/10.1063/1.4928102
https://doi.org/10.1088/1741-4326/ab3ecc
https://doi.org/10.1088/1741-4326/ab3ecc
https://www.sciencedirect.com/science/article/pii/S0021999116303400
https://doi.org/10.1063/1.5110401
https://doi.org/10.1063/1.5110401
https://link.aps.org/doi/10.1103/PhysRevLett.125.015001
https://link.aps.org/doi/10.1103/PhysRevLett.125.015001
https://doi.org/10.1088/0741-3335/57/4/045005

[38]

[47]

[48]

[51]

[52]

[53]

G. M. Staebler, J. Candy, N. T. Howard, and C. Holland. The role of zonal flows in the saturation of
multi-scale gyrokinetic turbulence. Physics of Plasmas, 23(6):062518, 2016. doi: 10.1063/1.4954905. URL
https://doi.org/10.1063/1.4954905.

T.S. Hahm, Lu Wang, W.X. Wang, E.S. Yoon, and F.X. Duthoit. Isotopic dependence of residual zonal flows.
Nuclear Fusion, 53(7):072002, jun 2013. doi: 10.1088/0029-5515/53/7/072002. URL https://doi.org/10.
1088/0029-5515/53/7/072002

A. M. Dimits, G. Bateman, M. A. Beer, B. I. Cohen, W. Dorland, G. W. Hammett, C. Kim, J. E. Kinsey,
M. Kotschenreuther, A. H. Kritz, L. L. Lao, J. Mandrekas, W. M. Nevins, S. E. Parker, A. J. Redd, D. E.
Shumaker, R. Sydora, and J. Weiland. Comparisons and physics basis of tokamak transport models and
turbulence simulations. Physics of Plasmas, 7(3):969-983, 2000. doi: 10.1063/1.873896. URL https://doi.
org/10.1063/1.873896

D. R. Mikkelsen and W. Dorland. Dimits shift in realistic gyrokinetic plasma-turbulence simulations. Phys.
Rev. Lett., 101:135003, Sep 2008. doi: 10.1103/PhysRevLett.101.135003. URL https://link.aps.org/doi/
10.1103/PhysRevLett.101.135003.

P. Manas, C. Angioni, A. Kappatou, F. Ryter, and P.A. Schneider and. The confinement of helium tokamak
plasmas, impact of electron heating, turbulent transport and zonal flows. Nuclear Fusion, 59(1):014002, nov
2018. doi: 10.1088/1741-4326 /aaeeb5. URL https://doi.org/10.1088/1741-4326/aaeebb.

T C Luce, C C Petty, and J G Cordey. Application of dimensionless parameter scaling techniques to the design
and interpretation of magnetic fusion experiments. Plasma Physics and Controlled Fusion, 50(4):043001, mar
2008. doi: 10.1088/0741-3335/50,/4/043001. URL https://doi.org/10.1088/0741-3335/50/4/043001.

G.L. Falchetto, J. Vaclavik, and L. Villard. Global-gyrokinetic study of finite 3 effects on linear microinsta-
bilities. Physics of Plasmas, 10(5):1424-1436, 2003.

M. J. Piischel. Electromagnetic effects in gyrokinetic simulations of plasma turbulence. PhD thesis, Universitéit
Miinster, 2009.

J. Citrin, J. Garcia, T. Gorler, F. Jenko, P. Mantica, D. Told, C. Bourdelle, D.R. Hatch, G.M.D. Hogeweij,
T. Johnson, et al. Electromagnetic stabilization of tokamak microturbulence in a high-g regime. Plasma
Physics and Controlled Fusion, 57(1):014032, 2014.

J. Garcia, C. Challis, J. Citrin, H. Doerk, G. Giruzzi, T. Gorler, F. Jenko, P. Maget, and JET Contributors.
Key impact of finite-beta and fast ions in core and edge tokamak regions for the transition to advanced
scenarios. Nuclear Fusion, 55(5):053007, 2015.

G. G. Whelan, M. J. Pueschel, and P. W. Terry. Nonlinear electromagnetic stabilization of plasma mi-
croturbulence.  Phys. Rev. Lett., 120:175002, Apr 2018. doi: 10.1103/PhysRevLett.120.175002. URL
https://link.aps.org/doi/10.1103/PhysRevLett.120.175002.

Charles Meneveau. Analysis of turbulence in the orthonormal wavelet representation. Journal of Fluid Me-
chanics, 232:469-520, 1991. doi: 10.1017/S0022112091003786.

Lonnie Hudgins, Carl A. Friehe, and Meinhard E. Mayer. Wavelet transforms and atmopsheric turbulence.
Phys. Rev. Lett., 71:3279-3282, Nov 1993. doi: 10.1103/PhysRevLett.71.3279. URL https://link.aps.org/
doi/10.1103/PhysRevLett.71.3279.

J. Q. Dong, W. Horton, and W. Dorland. Isotope scaling and mode with impurities in tokamak plasmas. Physics
of Plasmas, 1(11):3635-3640, 1994. doi: 10.1063/1.870942. URL https://doi.org/10.1063/1.870942.

Yong Shen, J.Q. Dong, M.K. Han, A.P. Sun, and Z.B. Shi. Isotope effects on instabilities driven by ion
temperature gradient and tungsten ions in tokamak plasmas. Nuclear Fusion, 58(7):076007, may 2018. doi:
10.1088/1741-4326 /aabcf9. URL https://doi.org/10.1088/1741-4326/aabcf9.

Yong Shen, J Q Dong, A P Sun, HP Qu, G M Lu, Z X He, H D He, and L. F Wang. Isotope effects of trapped
electron modes in the presence of impurities in tokamak plasmas. Plasma Physics and Controlled Fusion, 58
(4):045028, mar 2016. doi: 10.1088/0741-3335/58/4/045028. URL https://doi.org/10.1088/0741-3335/
58/4/045028.

18


https://doi.org/10.1063/1.4954905
https://doi.org/10.1088/0029-5515/53/7/072002
https://doi.org/10.1088/0029-5515/53/7/072002
https://doi.org/10.1063/1.873896
https://doi.org/10.1063/1.873896
https://link.aps.org/doi/10.1103/PhysRevLett.101.135003
https://link.aps.org/doi/10.1103/PhysRevLett.101.135003
https://doi.org/10.1088/1741-4326/aaeeb5
https://doi.org/10.1088/0741-3335/50/4/043001
https://link.aps.org/doi/10.1103/PhysRevLett.120.175002
https://link.aps.org/doi/10.1103/PhysRevLett.71.3279
https://link.aps.org/doi/10.1103/PhysRevLett.71.3279
https://doi.org/10.1063/1.870942
https://doi.org/10.1088/1741-4326/aabcf9
https://doi.org/10.1088/0741-3335/58/4/045028
https://doi.org/10.1088/0741-3335/58/4/045028

[54]

[58]

[59]

[60]

[61]

[62]

[64]

[65]

[66]

M. Sertoli, Pedro Jorge Carvalho, C. Giroud, and S. Menmuir. Measuring the plasma composition in tokamaks
with metallic plasma-facing components. Journal of Plasma Physics, 85(5):905850504, 2019. doi: 10.1017/
S0022377819000618.

D.B. King, E. Viezzer, 1. Balboa, M. Baruzzo, E. Belonohy, J. Buchanan, 1.S. Carvalho, K. Cave-Ayland,
C.D. Challis, I. Coffey, E.G. Delabie, L. Garzotti, S. Hall, J.C. Hillesheim, L. Horvath, E. Joffrin, D. Keeling,
K. Kirov, C.F. Maggi, M. Maslov, S. Saarelma, S. Silburn, E.R. Solano, D. Valcarcel, and JET contributors
and. Mixed hydrogen-deuterium plasmas on JET ILW. Nuclear Fusion, 60(9):096030, aug 2020. doi: 10.1088/
1741-4326/aba452. URL https://doi.org/10.1088/1741-4326/aba452.

E. de la Luna, I.T. Chapman, F. Rimini, P.J. Lomas, G. Saibene, F. Koechl, R. Sartori, S. Saarelma, R. Al-
banese, J. Flanagan, F. Maviglia, V. Parail, A.C.C. Sips, and E.R. Solano and. Understanding the physics
of ELM pacing via vertical kicks in JET in view of ITER. Nuclear Fusion, 56(2):026001, dec 2015. doi:
10.1088/0029-5515/56/2/026001. URL https://doi.org/10.1088/0029-5515/56/2/026001.

Weixin Guo, Lu Wang, and Ge Zhuang. Impurity effects on residual zonal flow in deuterium (d)-tritium (t)
plasmas. Nuclear Fusion, 57(5):056012, mar 2017. doi: 10.1088/1741-4326/aa6415. URL https://doi.org/
10.1088/1741-4326/2a6415.

J. Citrin, F. Jenko, P. Mantica, D. Told, C. Bourdelle, J. Garcia, J. W. Haverkort, G. M. D. Hogeweij,
T. Johnson, and M. J. Pueschel. Nonlinear stabilization of tokamak microturbulence by fast ions. Physical
review letters, 111(15):155001, 2013.

N. Bonanomi, P. Mantica, A. Di Siena, E. Delabie, C. Giroud, T. Johnson, E. Lerche, S. Menmuir, M. Tsalas,
D. Van Eester, et al. Turbulent transport stabilization by ICRH minority fast ions in low rotating JET ILW
L-mode plasmas. Nuclear Fusion, 58(5):056025, 2018.

A. Di Siena, T. Gorler, E. Poli, A. Bafion-Navarro, A. Biancalani, and F. Jenko. Electromagnetic turbulence
suppression by energetic particle driven modes. Nuclear Fusion, 59(12):124001, 2019.

H Doerk, C Challis, J Citrin, J Garcia, T Gorler, and F Jenko and. Gyrokinetic study of turbulence suppression
in a JET-ILW power scan. Plasma Physics and Controlled Fusion, 58(11):115005, sep 2016. doi: 10.1088/
0741-3335/58/11/115005. URL https://doi.org/10.1088/0741-3335/58/11/115005.

H. Doerk, A. Bock, A. Di Siena, E. Fable, T. Gorler, F. Jenko, and J. Stober and. Turbulence in high-beta
ASDEX upgrade advanced scenarios. Nuclear Fusion, 58(1):016044, dec 2017. doi: 10.1088/1741-4326/aa9589.
URL https://doi.org/10.1088/1741-4326/2a9589.

N. Bonanomi, I. Casiraghi, P. Mantica, C. Challis, E. Delabie, E. Fable, D. Gallart, C. Giroud, E. Lerche,
P. Lomas, S. Menmuir, G.M. Staebler, D. Taylor, and D. Van Eester and. Role of fast ion pressure in the
isotope effect in JET l-mode plasmas. Nuclear Fusion, 59(9):096030, jul 2019. doi: 10.1088/1741-4326/ab2d4f.
URL https://doi.org/10.1088/1741-4326/ab2d4f.

J. Garcia, T. Gorler, and F. Jenko. Isotope and fast ions turbulence suppression effects: Consequences for
high-3 ITER plasmas. Physics of Plasmas, 25(5):055902, 2018.

V. Parail, P. Belo, P. Boerner, X. Bonnin, G. Corrigan, D. Coster, J. Ferreira, A. Foster, L. Garzotti, G.M.D.
Hogeweij, W. Houlberg, F. Imbeaux, J. Johner, F. Kochl, V. Kotov, L. Lauro-Taroni, X. Litaudon, J. Lonnroth,
G. Pereverzev, Y. Peysson, G. Saibene, R. Sartori, M. Schneider, G. Sips, P. Strand, G. Tardini, M. Valovic,
S. Wiesen, M. Wischmeier, R. Zagorski, and and. Integrated modelling of ITER reference scenarios. Nuclear
Fusion, 49(7):075030, jul 2009. doi: 10.1088/0029-5515/49/7/075030. URL https://doi.org/10.1088/
0029-5515/49/7/075030.

K Besseghir, J Garcia, J-F Artaud, F Imbeaux, R R Khayrutdinov, J B Lister, V E Lukash, and P Maget.
Achieving and sustaining advanced scenarios in ITER modelled by CRONOS and DINA-CH. Plasma Physics
and Controlled Fusion, 55(12):125012, nov 2013. doi: 10.1088/0741-3335/55/12/125012. URL https://doi.
org/10.1088/0741-3335/55/12/125012.

S.H. Kim, R.H. Bulmer, D.J. Campbell, T.A. Casper, L.L. LoDestro, W.H. Meyer, L.D. Pearlstein, and J.A.
Snipes. CORSICA modelling of ITER hybrid operation scenarios. Nuclear Fusion, 56(12):126002, aug 2016.
doi: 10.1088/0029-5515/56/12/126002. URL https://doi.org/10.1088/0029-5515/56/12/126002.

19


https://doi.org/10.1088/1741-4326/aba452
https://doi.org/10.1088/0029-5515/56/2/026001
https://doi.org/10.1088/1741-4326/aa6415
https://doi.org/10.1088/1741-4326/aa6415
https://doi.org/10.1088/0741-3335/58/11/115005
https://doi.org/10.1088/1741-4326/aa9589
https://doi.org/10.1088/1741-4326/ab2d4f
https://doi.org/10.1088/0029-5515/49/7/075030
https://doi.org/10.1088/0029-5515/49/7/075030
https://doi.org/10.1088/0741-3335/55/12/125012
https://doi.org/10.1088/0741-3335/55/12/125012
https://doi.org/10.1088/0029-5515/56/12/126002

[68]

[77]

[79]

A.G. Peeters, Y. Camenen, F.J. Casson, W.A. Hornsby, A.P. Snodin, D. Strintzi, and G. Szepesi. The
nonlinear gyro-kinetic flux tube code gkw. Computer Physics Communications, 180(12):2650-2672, 2009.
ISSN 0010-4655. doi: https://doi.org/10.1016/j.cpc.2009.07.001. URL https://www.sciencedirect.com/
science/article/pii/S0010465509002112. 40 YEARS OF CPC: A celebratory issue focused on quality
software for high performance, grid and novel computing architectures.

C. Angioni, E. Fable, P. Manas, P. Mantica, and P. A. Schneider. Dependence of the turbulent particle flux on
hydrogen isotopes induced by collisionality. Physics of Plasmas, 25(8):082517, 2018. doi: 10.1063/1.5045545.
URL https://doi.org/10.1063/1.5045545.

M. Maslov, D.B. King, E. Viezzer, D.L. Keeling, C. Giroud, T. Tala, A. Salmi, M. Marin, J. Citrin,
C. Bourdelle, and E.R. Solano and. Observation of enhanced ion particle transport in mixed h/d iso-
tope plasmas on JET. Nuclear Fusion, 58(7):076022, jun 2018. doi: 10.1088/1741-4326/aac342. URL
https://doi.org/10.1088/1741-4326/aac342.

C. Bourdelle, Y. Camenen, J. Citrin, M. Marin, F.J. Casson, F. Koechl, and M. Maslov and. Fast h isotope
and impurity mixing in ion-temperature-gradient turbulence. Nuclear Fusion, 58(7):076028, jul 2018. doi:
10.1088/1741-4326 /aacd57. URL https://doi.org/10.1088/1741-4326/aacd57.

M. Marin, J. Citrin, L. Garzotti, M. Valovic, C. Bourdelle, Y. Camenen, F.J. Casson, A. Ho, F. Koechl,
M. Maslov, and JET Contributors. Multiple-isotope pellet cycles captured by turbulent transport modelling
in the JET tokamak. Nuclear Fusion, 61(3):036042, feb 2021. doi: 10.1088/1741-4326/abda00. URL https:
//doi.org/10.1088/1741-4326/abda00.

K. Ida, M. Nakata, K. Tanaka, M. Yoshinuma, Y. Fujiwara, R. Sakamoto, G. Motojima, S. Masuzaki,
T. Kobayashi, and K. Yamasaki. Transition between isotope-mixing and nonmixing states in hydrogen-
deuterium mixture plasmas. Phys. Rev. Lett., 124:025002, Jan 2020. doi: 10.1103/PhysRevLett.124.025002.
URL https://link.aps.org/doi/10.1103/PhysRevLett.124.025002.

K. Ida, M. Yoshinuma, K. Tanaka, M. Nakata, T. Kobayashi, Y. Fujiwara, R. Sakamoto, G. Motojima, and
S. Masuzaki and. Characteristics of plasma parameters and turbulence in the isotope-mixing and the non-
mixing states in hydrogen—deuterium mixture plasmas in the large helical device. Nuclear Fusion, 61(1):
016012, nov 2020. doi: 10.1088/1741-4326/abbf62. URL https://doi.org/10.1088/1741-4326/abbf62.

C. Estrada-Mila, J. Candy, and R. E. Waltz. Turbulent transport of alpha particles in reactor plasmas. Physics
of Plasmas, 13(11):112303, 2006. doi: 10.1063/1.2364149. URL https://doi.org/10.1063/1.2364149.

L. Horvath, C.F. Maggi, A. Chankin, S. Saarelma, A.R. Field, S. Aleiferis, E. Belonohy, A. Boboc, G. Corrigan,
E.G. Delabie, J. Flanagan, L. Frassinetti, C. Giroud, D. Harting, D. Keeling, D. King, M. Maslov, G.F.
Matthews, S. Menmuir, S.A. Silburn, J. Simpson, A.C.C. Sips, H. Weisen, K.J. Gibson, and JET Contributors.
Isotope dependence of the type i ELMy h-mode pedestal in JET-ILW hydrogen and deuterium plasmas.
Nuclear Fusion, 61(4):046015, mar 2021. doi: 10.1088/1741-4326/abdd77. URL https://doi.org/10.1088/
1741-4326/abdd77.

D. Reiter. Progress in two-dimensional plasma edge modelling. Journal of Nuclear Materials, 196-198:
80-89, 1992. ISSN 0022-3115. doi: https://doi.org/10.1016/S0022-3115(06)80014-0. URL https://www.
sciencedirect.com/science/article/pii/S0022311506800140. Plasma-Surface Interactions in Controlled
Fusion Devices.

J Garcia, C Challis, D Gallart, L. Garzotti, T Gorler, D King, and M Mantsinen and. Challenges in the
extrapolation from DD to DT plasmas: experimental analysis and theory based predictions for JET-DT.
Plasma Physics and Controlled Fusion, 59(1):014023, oct 2016. doi: 10.1088/0741-3335/59/1/014023. URL
https://doi.org/10.1088/0741-3335/59/1/014023.

F.J. Casson, H. Patten, C. Bourdelle, S. Breton, J. Citrin, F. Koechl, M. Sertoli, C. Angioni, Y. Bara-
nov, R. Bilato, E.A. Belli, C.D. Challis, G. Corrigan, A. Czarnecka, O. Ficker, L. Frassinetti, L. Gar-
zotti, M. Goniche, J.P. Graves, T. Johnson, K. Kirov, P. Knight, E. Lerche, M. Mantsinen, J. Mylnar, and
M. Valisa and. Predictive multi-channel flux-driven modelling to optimise ICRH tungsten control and fu-
sion performance in JET. Nuclear Fusion, 60(6):066029, may 2020. doi: 10.1088/1741-4326/ab833f. URL
https://doi.org/10.1088%2F1741-432672Fab833f.

20


https://www.sciencedirect.com/science/article/pii/S0010465509002112
https://www.sciencedirect.com/science/article/pii/S0010465509002112
https://doi.org/10.1063/1.5045545
https://doi.org/10.1088/1741-4326/aac342
https://doi.org/10.1088/1741-4326/aacd57
https://doi.org/10.1088/1741-4326/abda00
https://doi.org/10.1088/1741-4326/abda00
https://link.aps.org/doi/10.1103/PhysRevLett.124.025002
https://doi.org/10.1088/1741-4326/abbf62
https://doi.org/10.1063/1.2364149
https://doi.org/10.1088/1741-4326/abdd77
https://doi.org/10.1088/1741-4326/abdd77
https://www.sciencedirect.com/science/article/pii/S0022311506800140
https://www.sciencedirect.com/science/article/pii/S0022311506800140
https://doi.org/10.1088/0741-3335/59/1/014023
https://doi.org/10.1088%2F1741-4326%2Fab833f

[80]

[81]

[82]

[85]

J. Citrin, J.F. Artaud, J. Garcia, G.M.D. Hogeweij, and F. Imbeaux. Impact of heating and current drive mix
on the ITER hybrid scenario. Nuclear Fusion, 50(11):115007, oct 2010. doi: 10.1088,/0029-5515/50/11/115007.
URL https://doi.org/10.1088/0029-5515/50/11/115007

F.M. Poli, C.E. Kessel, P.T. Bonoli, D.B. Batchelor, R.W. Harvey, and P.B. Snyder. External heating and
current drive source requirements towards steady-state operation in ITER. Nuclear Fusion, 54(7):073007, apr
2014. doi: 10.1088/0029-5515/54/7/073007. URL https://doi.org/10.1088/0029-5515/54/7/073007.

F. Koechl, R. Ambrosino, P. Belo, M. Cavinato, G. Corrigan, L. Garzotti, D. Harting, A. Kukushkin, A. Loarte,
M. Mattei, E. Militello-Asp, V. Parail, M. Romanelli, G. Saibene, and R. Sartori. Evaluation of fuelling
requirements for core density and divertor heat load control in non-stationary phases of the ITER DT 15 MA
baseline scenario. Nuclear Fusion, 60(6):066015, may 2020. doi: 10.1088/1741-4326/ab7c2c. URL https:
//doi.org/10.1088/1741-4326/ab7c2c.

J. Garcia, G. Giruzzi, J.F. Artaud, V. Basiuk, J. Decker, F. Imbeaux, Y. Peysson, and M. Schneider. Analysis
of DEMO scenarios with the CRONOS suite of codes. Nuclear Fusion, 48(7):075007, may 2008. doi: 10.1088/
0029-5515/48/7/075007. URL https://doi.org/10.1088/0029-5515/48/7/075007.

G. Giruzzi, J.F. Artaud, M. Baruzzo, T. Bolzonella, E. Fable, L. Garzotti, I. Ivanova-Stanik, R. Kemp, D.B.
King, M. Schneider, R. Stankiewicz, W. Stepniewski, P. Vincenzi, D. Ward, and R. Zagorski. Modelling of
pulsed and steady-state DEMO scenarios. Nuclear Fusion, 55(7):073002, jun 2015. doi: 10.1088/0029-5515/
55/7/073002. URL https://doi.org/10.1088/0029-5515/55/7/073002.

Michele ROMANELLI, Gerard CORRIGAN, Vassili PARAIL, Sven WIESEN, Roberto AMBROSINO, Paula
DA SILVA ARESTA BELO, Luca GARZOTTI, Derek HARTING, Florian KOCHL, Tuomas KOSKELA,
Laura LAURO-TARONI, Chiara MARCHETTO, Massimiliano MATTEI, Elina MILITELLO-ASP, Maria
Filomena Ferreira NAVE, Stanislas PAMELA, Antti SALMI, Par STRAND, Gabor SZEPESI, and EFDA-
JET Contributors. Jintrac: A system of codes for integrated simulation of tokamak scenarios. Plasma and
Fusion Research, 9:3403023-3403023, 2014. doi: 10.1585/pfr.9.3403023.

21


https://doi.org/10.1088/0029-5515/50/11/115007
https://doi.org/10.1088/0029-5515/54/7/073007
https://doi.org/10.1088/1741-4326/ab7c2c
https://doi.org/10.1088/1741-4326/ab7c2c
https://doi.org/10.1088/0029-5515/48/7/075007
https://doi.org/10.1088/0029-5515/55/7/073002

	Introduction
	Ion heat transport isotope effect
	GyroBohm scaling
	E B shearing
	Collisionality
	Adiabatic vs kinetic electrons
	Zonal flows
	Electromagnetic effects
	Impurities and mixed plasmas
	Fast ions
	Summary

	Isotope dependence of particle transport
	Isotope effect in quasi linear modelling
	Summary and conclusions

