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The influence of the ion mass on the dynamics of magnetized plasmas is an important challenge in
fusion research. The discrepancies between the improvement of the magnetic confinement with the
ion mass in tokamak experiments and diffusive turbulent transport predictions have remained
unexplained for several decades. We refer to this phenomenon as the isotope effect. In this paper,
we study this effect with gyrokinetic theory using the GENE code. We find several sets of plasma
parameters that correspond to low wavenumber turbulence for which the isotope effect is present,
although the intensity is smaller than the experimental observations. We also relate these results to
the zonal flow intensity of the system, which is characterized by the average shear flow rate.
[http://dx.doi.org/10.1063/1.4905637]
I. INTRODUCTION

It has been observed in many tokamak experiments that
the plasma confinement properties improve with increasing
atomic mass of the hydrogen isotope used (H, D, and T). On
the other hand, standard gyro-Bohm theory predicts a square
root scaling of the turbulent diffusivities with the ion mass,
with the consequent deterioration of the confinement. This
disagreement between experiments and theoretical predictions is presently unexplained, and it is usually called the
isotope effect.
Many experiments have been done to study the scaling
of the confinement with the isotope mass for different plasma
conditions and heating regimes. In the ASDEX Upgrade
tokamak, the confinement was improved up to 100% with
deuterium H-mode discharges compared to hydrogen discharges.1–3 In addition, experiments in TFTR measured
improvement in the confinement if tritium is added to deuterium plasmas.4 The influence of ion mass on confinement
seems to be weaker in stellarators5 with ongoing experimental studies to investigate the role of plasma collisionality.6
The isotope effect could have strong influence on the
power threshold of the L-H transition in tokamaks, with
direct impact on future D-T operation.7 As an example,
assuming the experimental scaling with the mass, the power
threshold for hydrogen plasmas in ITER is expected to be
reduced around 50% when using deuterium instead of hydrogen. On the contrary, if the power threshold satisfies gyroBohm scaling, the H-mode in ITER will be very difficult to
achieve. Consequently, the understanding of this effect is important for the design and performance of future fusion
devices.
In spite of the experimental observations, there is no
complete theoretical or numerical description of this phenomenon. In recent TEXTOR experiments,8 it has been
measured that the correlation length in the poloidal direction
of the electric potential increases with the effective mass in
H/D plasmas. Thus, it is likely that the zonal flows became
stronger and the turbulence was reduced. Hahm et al.9
1070-664X/2015/22(1)/012305/8/$30.00

suggest that trapped electron mode (TEM) turbulence is
influenced by the isotope mass. Linear analytical calculations
show that the residual level of zonal flows is higher for D
than for H, pointing to a possible improvement of the
confinement.
Based on these previous works, we report ITG (ion
temperature gradient) and TEM simulations performed with
the GENE (gyrokinetic electromagnetic numerical experiment)
code for the three hydrogen isotopes. We emphasize the
study of the effects of zonal flows on the transport regulation. In order to simplify the problem, we choose a simple
circular geometry as well as Cyclone-Base-Case (CBC)
parameters10 and do not consider collisions and finite–b
effects.
The layout of this paper is organized as follows: in
Sec. II, we briefly describe the GENE code and in Secs. III
and IV we show the linear and nonlinear simulations results
for ITG and TEM. Finally, we present the conclusions in
Sec. V.
II. THE GENE CODE

The GENE code11 solves the gyrokinetic equations12
using an Eulerian df approach. It integrates the nonlinear
gyrokinetic equation using a fixed grid in the 5D phase
space. GENE includes many physical effects: an arbitrary
number of kinetic species, electromagnetic fluctuations, collision operator (Landau-Boltzmann) with momentum conservation, and a neoclassical solver. The code can use realistic
geometries via interfaces with equilibrium codes like VMEC
or EFIT. It has been extensively benchmarked with other
codes and experiments and optimized, showing a good scaling up to more than 105 cores. More details can be found in
the code web page.13
GENE uses a system of field-aligned coordinates
ðx; y; z; vjj ; lÞ. The z coordinate is parallel to the magnetic
field. In the flux tube approximation used here, the background magnetic field depends only on z. The radial coordinate x determines the flux surface and the binormal coordinate
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III. LINEAR SIMULATIONS

The geometry used both in linear and nonlinear simulations is a circular tokamak with concentric flux surfaces and
CBC parameters: major radius R0 ¼ 1.65 m, magnetic field at
the axis B0 ¼ 1 T, safety factor q ¼ 1.4,  ¼ r/R0 ¼ 0.18, and
magnetic shear s^ ¼ qr dq
dr ¼ 0:8. The plasma density is n ¼ 3.5
 1019 m3 and, unless otherwise specified, the ion and electron temperatures are Ti ¼ Te ¼ 0.35 keV. In this section, we
study the Rosenbluth-Hinton (RH) residual level of zonal
flows and the linear growth rates of the instabilities.
A. Rosenbluth-Hinton test

RH tests16 are linear simulations that show the residual
values of the zonal flows in our system. There are several numerical techniques to calculate this value, all related to the
collisionless damping of zonal flows.
In GENE, we choose to impose an external and static
zonal flow Uext(kx) for some finite kx, being all other components equal to zero. The perturbed distribution function
df evolves starting from df(t ¼ 0) ¼ 0. Then, the system
responds in creating a potential U1(kx, t), but the total
U ¼ Uext þ U1 is not fully damped at large times. We measure the normalized residual level, defined as
Uðkx ; t ! 1Þ
Uðkx ; t ¼ 0Þ
½Uext þ U1 ðkx ; t ! 1Þ
:
¼
Uext ðkx ; t ¼ 0Þ

R:H: residual level ¼

(1)

Fig. 1 shows the RH residual value for the three isotopes
considered: hydrogen, deuterium, and tritium.
The parameter s ¼ Te/Ti plays a key role in TEM17,18 turbulence. Thus, we study the cases with s ¼ 1 and s ¼ 3. GENE
is able to reproduce the analytical predictions of Hahm9 for
s ¼ 1: at scales 0.001 ⱗ kxqe ⱗ 0.1, the residual zonal flow
level increases with the isotope mass. If the confinement properties of the system depend on the RH residual level, they will
be different for each ion species. The isotope effect could then

N.L. kxρs range
N.L. kyρs range

1.0

R.H. residual level

y selects the magnetic field line. Since we use periodic
boundary conditions for x and y, all quantities are transformed to Fourier space (kx, ky) in that dimensions. As usual,
vjj and l are the parallel component of the velocity and the
magnetic moment, respectively.
We remark that in the local approximation considered,
no global (finite q* ¼ qi/a) effects are taken into account.
Thus, our results are caused by the mass difference between
species. Also no neoclassical effects (either the neoclassical
source term in the gyrokinetic equation or the long wavelength radial electric field) are included.
In the simulations presented here, we use a well known
technique in fluid computations applied to gyrokinetics:
Gyrokinetic Large Eddy Simulations (GLES).14,15 This numerical technique dynamically adjusts the spatial perpendicular hyperdiffusions of the simulation. In this way, we are
able to reduce the number of nodes in the perpendicular
directions (Nx and Ny) and to speed up GENE simulations a
factor of 10–20 in some cases.
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FIG. 1. Rosenbluth-Hinton test for H, D, and T for the cases s ¼ 1 (black
lines) and s ¼ 3 (red lines). The black arrows indicate the kxqs and kyqs range
in the nonlinear simulations performed. The shaded area indicates the approximate kx interval in which the flux spectra peak.

be visible in the range of 0.001 ⱗ kxqe ⱗ 0.1, or 0.05 ⱗ kxqi
ⱗ 5, which corresponds to ITG and TEM turbulence.19 The
resilience of the zonal flows in the system is different for
s ¼ 1 and for s ¼ 3. There is isotopic dependence also for
s ¼ 3, but at smaller levels than those for s ¼ 1. This suggests
that zonal flows may be weaker for s ¼ 3 than for s ¼ 1 and
may be related to the relation of thermal velocities of the speqﬃﬃﬃﬃ
v
cies: v th;i  mme p1ﬃ . This is supported by the results of Fig. 1,
i

th;e

s

where the quotient is equal for (H, s ¼ 3) and (T, s ¼ 1) and
the R.H. residual level is almost the same at ion scales.
Not only the zonal flow residual level is important to
regulate the turbulence but also the isotopic dependence during the typical saturation time. We have checked that this
time is roughly sturb  50 [R0/cs]. Fig. 2 displays the zonal
flow time trace at a spatial scale in which isotopic dependence of the residual level is present. The zonal flow exhibits
isotopic dependence during sturb, pointing out that the nonlinear phase can be affected.
B. Linear ITG simulations

We perform linear ITG simulations for the three hydrogen isotopes to study the linear phase of the turbulence.
H
D
T

1.0

<Φ>(t) / <Φ>(0)
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FIG. 2. Zonal flow time trace. The approximate turbulence saturation time
and time interval for the residual level calculation are indicated in the plot.
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We calculate the growth rate of the most unstable mode as a
function of the wavenumber in the y direction (ky). ITG
growth rates peak in the range kyqi ¼ 0.1 – 1, being qi is the
ion gyroradius. This is a range in which the RH tests predict
isotopic dependence of the zonal flows.
The plasma parameters used are those from the CBC,
i
with normalized gradients of xTi ¼  RT0i dT
dr ¼ 6:9; xTe ¼ 0
and xn ¼  Rn0 dn
dr ¼ 2:2. We find an isotopic dependence in
the growth rates, as can be seen in Fig. 3, for kyqs  0.5. This
feature, combined with the residual flow level, may introduce an isotopic dependence in the nonlinear regime.
C. Linear TEM simulations

TEM turbulence can be driven by electron temperature
gradients (ETG) (xTe) or by density gradients (xn). They
produce particle and heat transport and require kinetic electrons. TEMs exist on similar scales as ITGs, peaking around
kyqi  1. In order to isolate the TEMs, we set the ion temperature gradient to zero: xTi ¼ 0. We fix xn equal to 6 and 3
and scan over the electron temperature gradient xTe to study
different types of turbulence. It is known that depending on
the values of xTe, xn, and s ¼ Te/Ti, the zonal flows have different influence in the physics of the system.18
The simulations introduce the mass dependence by
decreasing the electron mass and keeping the ion mass constant. Thus, we increase the ion/electron mass ratio while
keeping the ion sound gyroradius constant. Since TEMs
peak in qi  1, this technique is more convenient from a
computational point of view because all three isotopes
share the same qs. Then, to transform heat fluxes to the
international system, one has to multiply by the square root
pﬃﬃﬃ
of the atomic mass A.
In order to assure that we are dealing with TEM modes,
we plot in Figs. 4 and 5 the most unstable mode for xn ¼ 6,
xTe ¼ 12, varying s. Based on the previous gyrokinetic multiscale simulations with GENE, it is reasonable to expect
that pronounced contributions from ETG turbulence tend to
qﬃﬃﬃﬃ
cETG
ⲏ mmei .20 It is also known21 that
be correlated with cITG=TEM

FIG. 3. ITG linear growth rates and frequencies with kinetic electrons, using
xTi ¼ 6.9, xn ¼ 2.2, and xTe ¼ 0.0. R0 is the major radius of the tokamak and
cs and qs are the isotope sound speed and gyroradius, respectively, which
depend on the ion mass.

FIG. 4. Suppression of the ETG instability by increasing the electron/ion
temperature ratio s for xn ¼ 6 and xTe ¼ 12. TEMs develop in the region of
kyqs ⱗ 1, and the influence of ETG for kyqs  3 is very weak. Note that c
units depend on cs, which is proportional to A1=2.

increasing s suppresses the ETG. Fig. 4 shows the low ky
part of the spectrum where TEM develops. For a given s,
the small differences in the growth rate spectra are due to
the influence of the ETG modes. The growth rate spectra
are plotted up to electron scales in Fig. 5. ETG modes develop around kyqe  1 or kyqs  50, and most of the isotopic
dependence is located at kyqs  10. With these amplitudes
of the low and high growth rate spectra, with quotients of
the order of c cETG ⱗð15; 20; 30Þ for (H, D, and T), we
ITG=TEM

assume that the ETG contribution to the transport is negligible. In order to resolve TEM or ITG turbulence, we
restrict to kyqs  3.2. In this wavelength range considered,
the isotope mass does not affect the linear growth rates.
Additionally, the use of the GLES technique reduces the
turbulence activity in the smallest scales (see the flux spectra in Sec. IV A).

FIG. 5. TEM case—Linear growth rate spectrum for a wide kyqs range.
ETGs peak in different scales because we introduce the isotope effect varying the electron mass in GENE. Since we are limited to kyqs  3.2, the ETG
influence on the simulation is negligible.
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IV. NONLINEAR SIMULATIONS

In nonlinear simulations, new physical phenomena arise.
This includes saturation mechanisms, in which zonal flows
can play an important role. The aim of this section is to study
the confinement of different turbulent systems, defined by
their drive (xTi, xTe, and xn) and the electron/ion temperature ratio (s), using H, D, or T as the ion species.
We choose the outward heat or energy flux as the transport quantity to characterize the confinement. It is defined as
** ð
++
X
ma v2
x 
3
;
(2)
Q¼
ðvEB Þ T dfa d v
2
a
t

(a)

where a denotes the particle species, h i is the flux surface average, and h it is the time average. T* is the so called pull back
operator, which transforms dfa from gyrocenter to guiding
center coordinates taking into account the gyrokinetic polarization terms.12 Finally, (vEB)x is the radial component of
^  B=B2 , where
the turbulent E  B velocity: vEB ¼ rU
^ y; zÞ is the fluctuating electric potential.
Uðx;
If Q follows the gyro-Bohm scaling, then the relation of
the heat fluxes of different isotopes of mass A is
pﬃﬃﬃ
QðAÞ ¼ QðA ¼ 1Þ
A:
(3)
We perform almost 50 nonlinear simulations for ITG and
TEM turbulence, studying different systems with diverse
zonal flow influence. Then, we identify the cases that deviate
from the gyro-Bohm predictions.
A. Nonlinear ITG/TEM simulations

We study the isotopic dependence in the nonlinear heat
flux in a mixed set of ITG/TEM modes. Although in this case
the turbulence is driven mainly by xTi and we set xTe ¼ 0,
6 0. For
some TEM activity may appear since we have xn ¼
these simulations, we use the following grid: Nx ¼ 256,
Ny ¼ 64, Nz ¼ 24, Nv ¼ 48, and Nl ¼ 20. We neglect collisions
and beta effects and limit to the range of 0  kyqs  3.2.
Convergence studies have been performed to justify the
results presented in this work. Thus, several non-physical parameters of the simulations have been checked for numerical
convergence. We find that the most important parameter is the
number of grid points in the radial direction (Nx). In Fig. 6, we
plot the nonlinear heat fluxes for the three hydrogen isotopes
in a TEM scenario using Nx ¼ 256, 512, and 768. Since we
are interested in deviations from gyro-Bohm scaling, we plot
the quotient Q(A)/QGB(A) in Fig. 6 (lower plot). We observe
that this quotient is constant within the error bars for all Nx
used. So, even in the absolute value of Q is not totally correct,
a correct measurement of the deviation from Gryo-Bohm
theory is obtained with Nx ¼ 256. Consequently, we fix
Nx ¼ 256 in order to minimize the computational cost.
We explore different physical scenarios, characterized
by the turbulence drive (x’s) and plasma properties (s).
Table I summarizes the main parameters of the simulations,
labeled as ITG/TEM. The fluxes corresponding to cases 1 to
3 are plotted in Fig. 7. We introduce a quantity to measure

(b)
FIG. 6. Convergence studies for TEM turbulence with drive xn ¼ 6, xTi ¼ 0,
and xTe ¼ 12. In the upper plot, we can see the absolute value of the nonlinear heat flux for H, D, and T using three different grid sizes in the radial
direction (Nx). Shaded areas indicate the region in which the heat flux is
compatible with gyro-Bohm scaling of Q(A ¼ 1) within its error bars. The
lower plot shows the quotient of the nonlinear heat flux and the gyro-Bohm
prediction, which does not depend on Nx.

the relative deviation from the classical scaling of the time
average heat flux. Let us assume that we have two isotopes
with masses ma and mb and the heat fluxes derived from GENE
are Qa and Qb. Dividing the heat flux by the square root of
the mass gives mass independent quantities that should be
equal if gyro-Bohm scaling is satisfied. Then, we define the
relative deviation as
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃ
Qa = ma  Qb = mb
:
(4)
Dab ¼
pﬃﬃﬃﬃﬃﬃ
Qa = ma
Its error is calculated using quadratic propagation of errors.
Table I shows that the deviation from gyro-Bohm scaling
from H to T (DHT) is approximately 20% in the cases studied.
TABLE I. Main parameters of the ITG/TEM simulations and deviation from
gyro-Bohm scaling.
Label

xTi

xTe

xn

DHT (%)

DHD (%)

DDT (%)

ITG/TEM-1
ITG/TEM-2
ITG/TEM-3
Marginal

6.9
6.9
6.9
4.0

0.0
6.0
12.0
0.0

2.2
2.2
6.0
2.2

22 6 9
22 6 7
23 6 5
21 6 8

15 6 10
16 6 6
13 6 6
21 6 11

869
769
11 6 7
0 6 13
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FIG. 7. Nonlinear heat fluxes for the ITG/TEM cases considered in Table I.
Shaded areas indicate the region in which the heat flux is compatible with
gyro-Bohm scaling of Q(A ¼ 1) within its error-bars.

It can also be observed that there is more deviation when
changing the isotope from H to D than from D to T:
DHD > DDT.
A more physically relevant system is the ITG/TEM marginally unstable case. Marginally unstable means that the
turbulence source (xTi, xTe, and xn) is outside but near the
stable region, characterized by c  0. This case is supposed
to be closer to an experimental plasma. In Fig. 8(a), we plot
c(xTi, xn), fixing xTe ¼ 0. Taking into account the nonlinear
Dimits shift,10 we choose xn ¼ 2.2 and xTi ¼ 4.0 as our marginally unstable ITG/TEM. The nonlinear fluxes are depicted
in Fig. 8(b), showing similar isotope effect as ITG/TEMs 1
to 3.
We have also checked the effect of GLES in a system
with kinetic electrons. In Fig. 9, we plot the heat flux spectra
as a function of the perpendicular wave vectors kx and ky. As
expected, GLES do not affect the spectrum at large scales
and do not change the total heat flux (compatible within error
bars). GLES affect the decay of the heat flux at the high
wavenumber region of the spectra, reducing the influence of
high k turbulence (ETG), and avoiding the accumulation of
energy.
B. Nonlinear TEM simulations

For TEM simulations, we also need the grid with
Nx ¼ 256, Ny ¼ 64, Nz ¼ 24, Nv ¼ 48, and Nl ¼ 20. The perpendicular box dimensions are chosen to be lx ¼ 200qs and
ly ¼ 125qs. It is important to have a sufficiently large lx in
TEM simulations, because streamers of the electric potential
can be very elongated in the x direction. We always keep
xTi ¼ 0 to remove any ITG turbulence. Table II shows the

102
101
0
10
-1
10
-2
10

FIG. 8. Marginally unstable ITG/TEM results. (a) Growth rate c for H. The
red star denotes the gradients chosen for the nonlinear run. (b) Nonlinear
heat fluxes for the marginally unstable ITG/TEM.

main parameters of the simulation and the deviation from
gyro-Bohm prediction in the nonlinear regime.
The nonlinear total heat flux is plotted in Fig.p10.
ﬃﬃﬃ For
xn ¼ 6 and s ¼ 1, we observe clear deviations from A scaling, quantified in Table II. It is favorable for the confinement, although it is not as large as the experiments suggest.
Its relative value is similar for those obtained in ITG/TEM
turbulence. There is also a tendency to saturate with the
mass, like in the simulations performed with GYRO.22 The
isotope effect disappears when we increase the temperature
pﬃﬃﬃ
ratio to s ¼ 3 and Q(A) follows almost perfectly the / A
scaling. For xn ¼ 3 (TEM-4 and TEM-5), the deviation is
present in all cases studied. The quantity Dab presents more
interesting features than in the pure ITG cases. For TEM-4

w/o. GLES
w. GLES
10-2

10-1

100

10-1

100

FIG. 9. Ion heat flux spectra, in gyroBohm units, as a function of the perpendicular wave vectors with and without
Gyrokinetic Large Eddy Simulations
(GLES). The total time averaged fluxes
are Qw.GLES ¼ 10.2 6 0.5 MW and
Qw/o.GLES ¼ 9.6 6 0.5 MW.
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TABLE II. Main parameters of the TEM simulations and relative deviation
of the heat flux from gyro-Bohm scaling.
Label

xTe

xn

s

DHT (%)

DHD (%)

DDT (%)

TEM-1

6
6
12
12
18
18
6
6
9
9

6
6
6
6
6
6
3
3
3
3

1
3
1
3
1
3
1
3
1
3

23 6 4
565
18 6 5
265
18 6 6
764
21 6 5
21 6 7
29 6 6
24 6 4

10 6 4
165
14 6 5
6 6 7
766
4 6 5
24 6 4
16 6 5
28 6 5
19 6 4

15 6 4
465
665
766
13 6 6
11 6 5
365
968
965
965

TEM-2
TEM-3
TEM-4
TEM-5

TABLE III. Quotient between the zonal flow shear rate and the maximum
linear growth rate for each isotope in the mixed ITG-TEM simulations.
Except for the marginally unstable case, the quotient increases with the isotope mass.
xEB/cmax
H

D

T

ITG-1
ITG-2
ITG-3
ITG-marginal

3.8
3.5
2.4
6.1

4.3
4.1
2.7
6.0

4.4
4.3
2.9
6.1

regulation and thus more deviation in the H-D stage. On the
other hand, the marginally unstable system does not exhibit
this behavior because the quotient remains constant.
When dealing with TEM turbulence (Fig. 10), we
observe that the growth rate does not have a maximum in the
ky range studied, due to the influence of the ETGs. For simplicity, we choose the growth rate corresponding to the scale
where the heat flux peaks (kyqs  0.3) to normalize xEB.
These results are shown in Table IV. The behavior of xEB/
cmax for TEMs reveals two main features. First, increasing s
reduces xEB/cmax, i.e., reduces the zonal flow activity.24
Second, xEB/cmax increases with the atomic mass. Thus,
the turbulence regulation
by zonal flows is increased and
pﬃﬃﬃ
deviations from A scaling are found in the heat fluxes. For
s ¼ 3, the zonal flows are not so effective and we recover the
gyro-Bohm scaling. Unfortunately, for these TEM simulations, there is no evident relation between DHD, DDT, and
xEB/cmax.
Finally, we have used other GENE diagnostics to calculate
the Geodesic Acoustic mode (GAM) intensity and the radial
correlation length of the electric potential (size of the turbulent eddies). In the local geometry used, none of them presented clear variations with the isotope mass.

and TEM-5, it behaves in a similar way because DHD > DDT.
However, TEM-1–2-3 behave differently since DHD < DDT
in most of the simulations.
C. Zonal flow discussion

We can characterize the influence of the zonal flows in
the system with the quotient of the average E  B shear rate
(xEB) and the maximum linear growth rate. This represents
the ratio between the strength of the instability (growth rate)
and the intensity of one of the lead saturation mechanisms.
@
The shear rate is defined as xEB ¼ @x
hvyEB i. Sheared flows
tend to squeeze and break the turbulent eddies, regulating
the turbulence level and transferring energy to smaller spatial
scales.23
The quotient xEB/cmax is shown in Table III for the
mixed ITG-TEM cases. For ITG-1, ITG-2, and ITG-3, this
quotient grows with the isotope mass. This is an indication
that the higher the mass, the more efficient the turbulence
regulation by sheared flows. This is coherent with the fact
that DHD > DDT from Table I. Because xEB/cmax increases
more from H to D than from D to T, there is more transport
ωTe=6, ωn=6, τ=1
ωTe=6, ωn=6, τ=3

ωTe=12, ωn=6, τ=1
ωTe=12, ωn=6, τ=3

Q [MW]
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Q [MW]
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8
4
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FIG. 10. Nonlinear radial heat flux as a function of the isotope mass for the different TEM turbulence cases considered. Shaded areas indicate the region in
which the heat flux is compatible with gyro-Bohm scaling of Q(A ¼ 1) within its error bars.

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
76.167.34.22 On: Tue, 13 Jan 2015 13:46:59

012305-7

Bustos et al.

Phys. Plasmas 22, 012305 (2015)

TABLE IV. Quotient between the zonal flow shear rate and the linear
growth rate at kyqs ¼ 0.3 for each isotope in the TEM simulations. The quotient always increases with the isotope mass.
xEB =cðky qs ¼0:3Þ
Label

T

H

D

T

TEM-1

1
3
1
3
1
3
1
3
1
3

2.9
2.2
2.7
2.1
3.1
2.1
3.0
2.4
3.0
2.4

3.3
2.7
3.0
2.6
3.5
2.5
3.5
2.8
3.4
2.7

3.4
2.8
3.3
2.7
3.6
2.7
3.8
2.9
3.6
2.9

necessarily reflect those of the European Commission. The
research leading to these results has also received funding
from the European Research Council under the European
Union’s Seventh Framework Programme (FP7/2007-2013)/
ERC Grant Agreement No. 277870.
1

TEM-2
TEM-3
TEM-4
TEM-5

V. CONCLUSIONS

We have investigated the dependence of the heat flux on
the ion mass using gyrokinetic simulations of turbulent transport. Based on the previous linear works, in which the RH residual level exhibits mass dependence, we discovered that
for some types of ITG/TEM and TEM turbulence an isotope
effect is clearly visible. These cases mostly correspond to
s ¼ 1, whereas for s ¼ 3 the isotope effect is weaker or inexistent. We observe a typical reduction of DHT 20% in the
total heat flux compared with classical gyro-Bohm scaling.
This fact is connected to the intensity of the zonal flow regulation on the turbulence, characterized by the zonal E  B
shear rate. According to the results presented in this paper,
the isotope mass would be expected to have impact on the
confinement in tokamaks with TEM activity. Depending on
the plasma gradients, different Ti and Te can suppress the isotope effect. Hence, our simulations appear to be consistent
with the isotopic zonal flow dependence suggested by Hahm
and, moreover, the relation can be extended to the nonlinear
regime.
The intensity of the isotope effect calculated here is
smaller that the scaling observed in various experiments,
where even absolute values of QD < QH have been measured.
Other physical effects, like the inclusion of collisions, impurities, electromagnetic effects, and more complex geometries
like shaped tokamaks or stellarators are left for further work.
Specially, edge physics and q* effects are expected to be important, since the heat flux tends to reduce with it.25
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