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Liquid metal laboratory experiments 
MHD simulations regarding the 
Madison Dynamo Experiment 

   
 

Reuter, Jenko, and Forest, NJP 2011 

Key question: What sets 
(or reduces) the critical 

magnetic Reynolds number? 
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Goal: 500 MW of 
fusion power 

 
Complex and 

expensive 
experiments 
call for strong 

theory program 

ITER: A crucial step towards DEMO 
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The multi-scale, multi-physics challenge 

Source:  
Y. Kishimoto 

electron scales 

ion scales 

system scales 
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Topics addressed in this talk 

A few words about the GENE code 
 
On the role of nonlocal effects and avalanches 
 
Microtearing turbulence and field stochasticity 
 
Small-scale turbulence in transport barriers 
 
Turbulence optimization for stellarators 
 
Some perspectives 
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Extreme computing 
in support of ITER: 

The GENE code 
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GENE is a physically comprehensive Vlasov code: 
•  allows for multiple ion species and spatial scales, kinetic electrons &    
   electromagnetic fluctuations, collisions, and external ExB shear flows 
•  is coupled to various MHD equilibrium codes (for tokamaks as well  
   as stellarators) and two transport codes 
•  can be used as initial value or eigenvalue solver 
•  supports local (flux-tube or annulus) and global (full-torus), gradient- 
   driven and flux-driven simulations 

 

http://gene.rzg.mpg.de 

The gyrokinetic Vlasov code GENE 

Many tests and benchmarks, e.g.: 
Global electromagnetic ITG modes 

local 
limit 

small 
tokamak 
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Benchmarking: Neoclassical transport 

Neoclassical ion heat transport 
  

-  local simulations vs Taguchi 
-  global simulations vs ORB5 

Doerk, Vernay et al. 
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GENE: Parallel implementation 
•  code automatically adapts to chosen hardware & grid size (à la FFTW) 
•  efficient usage of petascale platforms 

However, since flux-driven 
global simulations scale as 
ρ*

-3 (or worse), large-scale 
devices cannot be tackled 
in a “brute-force” style 

Strong scaling on BG/P Close collaborations with experts in 
applied mathematics and computer 
science 

Main goal: Better physics understanding and problem reduction 

Linear scaling from 
65536 to 262144 cores 
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Reduction of 
simulation volume: 
 
full torus 
 
 
annulus 
 
 
flux tube 

Non-negligible 
contributions from 

sub-ion scales: 
  

ETG modes and 
microtearing modes 
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Nonlocal effects: 
ρ* scaling and avalanches 
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McMillan et al., PRL 2010 

Finite system size: Local limit recovered 
Simulations of gradient-driven ITG turbulence (adiabatic electrons) 
with GENE and ORB5 show that the local limit is recovered, provided 
the geometry is treated consistently, settling a long-standing debate. 

Local (flux-tube) limit, circular geometry 

See also: 
 
Candy et al., PoP 2004 
 
Görler et al., JPCS 2010 
 
Görler et al., PoP 2011 
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Finite system size: Profile shape matters 

Both codes also show that it is the parameter 
    

which really matters – this should be kept in mind 
when dealing, e.g., with Internal Transport Barriers.  

M
cM

illan et al., P
R

L 2010 

Local (flux-tube) limit 
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Can avalanches break gyro-Bohm? 
Global flux-driven simulations of ITG-ae turbulence with GENE (for ρ*=1/140) 

radius 

tim
e 

flux-surface 
averaged 

radial heat flux 

radius 

associated 
ExB shearing rate 

(radial shear layers) 

•  avalanches are “mesoscale”; radial extent ~ 20-40 ρi 

•  their propagation speed is found to be ~ vdi 
•  propagation direction is correlated with sign(ωE) 
•  importance of low-frequency zonal flows & mean flows 
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Heat flux avalanches are quasi-local 
Global ITG turbulence simulations (adiabatic e) with GENE: 
Radial extent and propagation speed do not depend much on ρ* 

ρ*=1/1000 

“ITER-like” 

(local limit) 

ρ*=1/140 ρ*=1/560 ρ*=1/280 

radius 

tim
e 

flux-surface 
averaged 
ion heat flux Görler et al., PoP 2011 
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Better (local) models: Avalanches?! 
ITG turbulence (adiabatic electrons) ITG turbulence (kinetic electrons) 

ETG turbulence (adiabatic ions) TEM turbulence 

Avalanches are 
not inherently nonlocal 

Avalanches are less 
pronounced in more 

complete model 

Avalanches are not to be 
identified with streamers Avalanches tend to be absent 

Görler et al., PoP 2011 
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Summary “Nonlocal effects” 

In sufficiently large machines, local simulations appear 
to be adequate – except for describing transport barriers. 
 
 
The latter seem to constitute very challenging multiscale 
problems, probably involving electron-scale physics. 

There are also other sub-ion-gyroradius scale effects… 

20 



Role of sub-ion- 
gyroradius scales: 

Field line stochasticity 

21 



GENE simulations of 2D reconnection 
Magnetic reconnection in a strong guide field → use gyrokinetics 
Extensive linear benchmarking (AGK code, Porcelli fluid model) 
Decaying and driven nonlinear simulations (energy is conserved) 

necessity for running the type of simulations shown in the
present work where runs were performed on up to 4096
cores.

For the linear simulation results, extensive convergence
tests were performed to ensure physicality of the growth rate.
Typical resolutions were 48–96 points resolving jvkj ! 3vTj
and 8–16 points resolving l ! 9v2Tj, where vTj¼ (2Tj/mj)

1/2,
with the radial resolution strongly depending on the set of
physical parameters, ranging from Nx¼ 96–16384. The
numerically challenging nature of the turbulence simulations,
however, makes such encompassing tests unfeasible, which is
why convergence checks were performed only in the spatial
domain—i.e., Nx,y and Lx,y—for those cases.

C. Current sheet implementation

Through the initial condition, free energy is injected
into the system. In cases with the Krook term turned off, this
happens only at the beginning of the simulation, while an
active Krook term continuously provides energy which is
eventually dissipated through vk hyperdiffusion.

The current sheet initial condition in GENE works as fol-
lows. First, a homogeneous density is set up, with a small per-
turbation of equal amplitude and random phase added to all
finite ky modes. Then, the velocity space is added, based on
one of three options in x# vk space (see Fig. 1): by default, the
Maxwellian distribution is shifted by #vshift cosðkxxNxpÞ, with
the number of sinusoidal periods in the x direction Nxp usually
set to one (exception: turbulence simulations); alternatively, the
shift profile may be composed of two Gaussians with opposite
sign, with a small offset subtracted to ensure continuity at
x¼6Lx/2, 0 (where the Gaussians have fallen off to
<2& 10#3); or, by contrast, vk sinðkxxÞ is simply multiplied
onto an unshifted Maxwellian. The last option is identical21 to
the setup of the initial condition in Ref. 11. It needs to be
stressed that, in the first two cases, where vshift is a free parame-
ter, its value determines the resulting growth rate c. By normal-
izing c to the inverse Alfvén time cA / Byðt ¼ 0Þ / vshift, this
dependency is eliminated, however.

It is to be noted that all these profiles are periodic—with
the consequence that there are always an even number of
current sheets in the system. While in many previous investi-
gations, Harris sheets22 have been studied, periodic profiles
are a popular alternative and prove to be a more convenient
setup in GENE.

D. Benchmarking

In Ref. 11, linear ky spectra for fast reconnection have
been calculated and were later corrected23 as a result of a
fruitful collaboration between the authors of Ref. 11 and the
present paper. Here, both data from that publication—
obtained with the GS2/AstroGK code24—and GENE results
are shown for four different parameter sets. Throughout this
work, the normalization

c ! ccA ¼ c
kxBy0;maxffiffiffiffiffiffiffiffiffiffiffi

ne0mi
p

ffiffiffi
2

b

s

(19)

is employed.

The growth rate spectra in Fig. 2 correspond to a case
with kx¼ 0.2, reduced mass ratio me/mi¼ 0.01, and plasma
pressure b¼ 0.2, with results shown for temperature ratios
Ti/Te¼ 2& 10#4 and Ti/Te¼ 5. A slightly different case is
shown in Fig. 3, where me/mi¼ 0.04 and plasma pressure

FIG. 1. (Color online) From top to bottom, the three initial conditions
f(t¼ 0) are illustrated in the x# vk plane (see the text): the default vk-shifted
Maxwellian, a vk-multiplied Maxwellian, and a Gaussian-shifted Maxwel-
lian. The red dashed lines indicate the ridge of maxima for the shifted cases;
only for the second setup does f include negative values.

FIG. 2. (Color online) Linear benchmark between GENE (black crosses and
diamonds) and GS2/AGK (red triangles and squares) for two different tem-
perature ratios, with the value for the latter taken from Refs. 11 and 23. For
the case shown here, b¼ 0.2 and me/mi¼ 0.01. The two dashed lines corre-
spond to fluid model limits, with the assumption Ti¼ 0 made to achieve
agreement (see also Sec. III B 4 in the text).

112102-3 Gyrokinetic simulations of magnetic reconnection Phys. Plasmas 18, 112102 (2011)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp

Pueschel et al., PoP 2011 

Porcelli 
1991 

Linear drive via 
current layer 
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Some background on microtearing 
Basic characteristics of microtearing modes: 
  

•  GK analogues of MHD tearing modes, but driven mainly by ∇Te 
•  Exhibit tearing parity, giving rise to small-scale magnetic islands 
•  Heat transport is dominated by electron magnetic component 

 
A brief history of microtearing modes: 
  

•  First discovered in the mid 1970’s (Hazeltine, Drake, Chen, Callen) 
•  Maybe no microtearing modes in regular tokamaks (Connor 1990) 
•  Prediction of microtearing modes in STs (Kotschenreuther 2000) 
•  Simple transport predictions explain NSTX data (Wong 2007) 
•  Prediction of microtearing modes in regular tokamaks 

 (Applegate 2007, Vermare 2008, Told 2008) 
•  First nonlinear microtearing simulations in (spherical) tokamaks 

 (Doerk 2011, Guttenfelder 2011) 
 
Here: GENE simulations of microtearing turbulence in regular tokamaks 23 



   ITG modes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

       ~1-3 poloidal turns 

     Microtearing modes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

       ~60 poloidal turns in φ 

Comparison of microinstabilities in ballooning space 

Microtearing modes show intrinsic multiscale features  

Re(φ) 

Im(φ) 

Re(A||) 

Im(A||) 

Re(A||) 

Im(A||) 

Re(φ) 

Im(φ) 

Ballooning parity Tearing parity 
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Global linear simulations of ASDEX Upgrade #26459  

Microtearing instabilities expected to exist in AUG 

q(x)=24/11 q(x)=21/11 

Radial grid spacing: 

q(x) 

3
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FIG. 1: (Color online) Temperature and density profile fits
and measured data points from the AUG data base for dis-
charge 26459 in the time interval between 4.0 and 4.6 seconds.
We restrict ourselves to ρpol > 0.4 (ρtor > 0.29) to obtain a
more accurate fit in the outer region. The interferometer den-
sity measurement (black squares) is well matched when one
integrates the density fit along the corresponding line of sight
(red crosses).

ditions for the Cliste code that reconstructs the equi-
librium. The resulting safety factor profile is depicted
in Fig. 3. The field-aligned coordinate system used in
Gene is then obtained with the Tracer module. In
this work, ρtor = x/a is used as a radial coordinate, where
a =

√

(Ψtor,sep/(πB0)) is the effective minor radius, such
that the separatrix is located at ρtor = x/a = 1.
Using these profiles as input, we perform global linear

Gene simulations of microtearing modes in toroidal ge-
ometry. Fig. 2 shows the Ã‖ and φ̃ contour plots for n =
11 perturbations. For the most unstable microtearing
mode, one can identify the dominant poloidal mode num-
berm = 24. The electrostatic potential perturbation and
the parallel electron current shown in Fig. 3 are rather lo-
calized about the corresponding mode rational surface of
q = 24/11, while the Ã‖ perturbation is more extended.
The plasma parameters at this position (ρtor = 0.6) are:
βe = 0.00423, νei = 0.685 cs/a, q = 2.18 ≈ 24/11,
ŝ = 1.31, a/LTe = 3.02, a/Ln = 0.376, a/LTi = 2.185,
Ti/Te = 1.192, and ρ∗ = 0.00304. Here, we define the
electron beta as βe = 8πneTe/B2

0 and the electron-ion

collision rate as νei = 4πnee4 lnΛ(2Te)−3/2m−1/2
e . For

this particular run, we reduced the ion temperature gra-
dient to a/LTi = 1.6, which speeds up the computation

FIG. 2: Contours of Ã‖ and φ̃ in the poloidal plane for n =
11. The most unstable microtearing mode is localized at the
q = 24/11 flux surface in this case. The mode rotates in the
electron diamagnetic direction. Ã‖ forms larger structures,

while φ̃ is closely bound to the mode rational surface.

FIG. 3: (Color online) The q profile of AUG discharge 26459
is shown. The electron current perturbations, j̃‖e, peak at
the rational flux surfaces for n = 11. For the chosen time
slice, the fastest growing mode m = 24 is not yet completely
dominating.

due to a shorter transient phase. However, local runs
have shown that the microtearing instability is indeed the
most unstable mode also for the nominal value of a/LTi.
Convergence studies show that a radial grid spacing of
0.2 ρi is required to obtain the correct growth rate.

III. SYSTEM SIZE EFFECTS

Having established that globalGene simulations of ac-
tual AUG discharges exhibit microtearing instabilities, a
natural follow-up question is to which degree these modes
are influenced by nonlocal effects. To address this issue,
it is useful to perform systematic scans in the param-
eter ρ∗ = ρi/a which sets the ratio of the typical tur-
bulence scale length and the machine minor radius a.
Of fundamental interest is the convergence behavior in
the local limit, ρ∗ → 0. For these ρ∗ variations, we fix

Contours of A|| and Φ in the poloidal plane for n=11. The 
most unstable microtearing mode is localized at q=24/11. 
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FIG. 6: (Color online) Microtearing modes dominate the
low-ky region. They coexist with an ITG branch at higher
wavenumbers. The ETG instability at kyρs ∼ 2 is not shown.
When comparing to the results from the AUG database,
slightly modified plasma parameters are used, see Tab. I.

growth rate decreases towards the edge, most likely be-
cause a/LTe decreases in the particular temperature pro-
file used. (In addition, the position of the maximum
growth rate might have moved in ky space.) The modes
rotate in the electron diamagnetic direction (in our sign
convention, this corresponds to negative frequency), and
the magnitude of the real frequency is about 50 to 100
kHz. A ky spectrum shows that ITG modes are also
expected at higher ky values. We can distinguish these
modes by measuring the parity of Ã‖ as a function of
the parallel coordinate z (corresponding to the balloon-
ing angle θ). Ã‖(θ) is even (odd) for microtearing (ITG)
modes. Also, the ITG real frequency has opposite (posi-
tive) sign and yields a smaller ratio ω/ky. For the spec-
trum at the radial position ρtor = 0.8 shown in Fig. 6,
the plasma parameters have been slightly modified, see
Tab. I in the left column (1). The used gradients match
better the ρtor = 0.5 position that are listed in Tab. II. In
particular, βe has been increased from 0.003 to 0.004 and
a/LTi has been decreased from 2.2 to 1.6. These modi-
fications make the microtearing modes more pronounced
and weaken, to some degree, the ITG modes. However,
the overall picture remains unchanged. ETG modes are
not shown in the graph, although they also have positive
growth rates.

TABLE I: Comparison of the parameters used for Fig. 6 (1)
to the values derived from the AUG database at ρtor = 0.8
(2). Fig. 5 is based on the latter set (2).

parameter set (1) (2)

ρtor 0.8 0.8

a/R 0.37 0.37

a/LTe 2.5 1.63

a/LTi 1.8 2.08

a/Ln 0.43 0.30

Ti/Te 1.0 1.2

mi/mp 2 2

ρ∗ 0.00304 0.00304

βe[%] 0.4 0.25

νei/(cs/a) 0.97 1.54

q 3.7 3.7

ŝ 2.48 2.48

There are good reasons to believe that the linear coex-
istence of microtearing instabilities and ITG modes ob-
served in Fig. 6 carries over into the nonlinear regime.
Preliminary nonlinear simulation results actually support
this claim, but details will be reported elsewhere. In
the following, we will focus on investigations concerning
the linear critical gradients instead. It is widely known
that once a certain critical ion temperature gradient is
exceeded, heat transport due to ITG modes increases
rapidly with increasing gradient. The resulting heat flux
usually matches the input power (and associated heat
flux) at a gradient close to the critical value, implying
profile stiffness. This critical gradient, however, experi-
ences a nonlinear up-shift in ITG turbulence. Interest-
ingly, in the analysis of our nonlinear simulations, we will
see that a similar effect is expected for microtearing tur-
bulence. Strong transport only sets in once a threshold in
the magnetic field fluctuation amplitude (and therefore
in the drive strength) is exceeded.
In all gyrokinetic studies to date, a threshold behav-

ior in the parameters a/LTe and βe has been observed.
Sensitivities on the density gradient seem to depend on
the specific parameter regime and magnetic geometry.
While NSTX high-k microtearing is damped by a/Ln

around the experimental value (ηe = Ln/LT drive),[35]
AUG results have shown a a/Ln drive including a thresh-
old [24] or a weak dependence with finite growth rate at
a/Ln = 0 [3]. Our study of critical parameters for mi-
crotearing thus focusses on a/LTe and βe, the results are
depicted in Fig. 7. The instability threshold for a/LTe is
increased for decreasing βe in the low-wavenumber limit,
but the experimental reference values for both a/LTe and
βe (Tab. I) are well above this threshold. The critical
parameter study performed for our reference AUG dis-
charge reveals that microtearing modes at low ky have
a smaller critical gradient than ITG modes. Thus some
relevance of such modes is expected: If the temperature
gradients of both species (electrons and ions) are ramped

4

both the radial box length in units of a and the grid
spacing of 0.2ρi. Therefore the number of radial grid
cells increases as 1/ρ∗, and the simulations become more
computationally expensive for smaller ρ∗. The profile of
the electron temperature gradient is peaked at the cen-
ter of the radial domain (x0/a = 0.5) in all the runs.
This is also where we place the q0 = 3 mode rational
surface. We thus expect the mode with the maximum
growth rate at this position. The binormal wave vector
is kyρi = 0.12, which corresponds to the toroidal mode
number n0 = (x0/a) q

−1
0 (kyρi) (ρ∗)−1. The dependence

on ρ∗ in this relation implies that larger devices involve
more unstable mode numbers. For ρ∗ = 1/50, the mode
density is very low, and only up to a few modes fall into
the typical low ky regime of linear instability.

Now, Fig. 4 shows that the local result is even valid
for relatively large values of ρ∗. This comes a bit as a
surprise, since ITG modes are known to be strongly sta-
bilized with increasing ρ∗. A possible explanation can
be found in the fundamentally different mode structure.
One of the stabilizing ρ∗ effects is the variation of the
diamagnetic drift velocity ω∗ across the width of typi-
cal eddies, which is associated with some intrinsic shear-
ing. When the shearing rate becomes comparable to the
growth rate, the ITG mode is stabilized. In a similar
fashion, shearing due to zonal flows saturates the ITG
instability. One can understand this by noting that a
sheared ITG eddy is linearly damped. In contrast to an
ITG mode, in which all relevant fluctuating fields have
comparable scale length in radial direction, microtearing
modes show inherent multiscale features. The vector po-
tential Ã‖ is fairly large-scale, but other fields like j̃‖e, φ̃,

and T̃e are peaked (within few ρi) about the rational flux
surfaces. Those narrow structures are apparently less
susceptible to radial shearing effects. However, a certain
level of ρ∗ stabilization is seen in cases for which ω∗ is still
essentially constant across the extremely narrow current
layers, indicating that other fields (like Ã‖) also play a
role in the instability mechanism. In Fig. 4, we further
observe that the limit ρ∗ → 0 is correctly captured.

We note in passing that in some cases, two microtear-
ing modes at different radial positions have very similar
growth rates, including the one shown in Fig. 4. Thus,
long (initial-value) simulations are required to clearly
identify the fastest growing mode. We also point out
that careful convergence tests have been performed for
ρ∗ = 0.01, confirming the need for significant computa-
tional resources. In particular, it was found that 40× 16
points in (v‖, µ) velocity space and 24 points in the field-
line following direction z are required, as well as a radial
grid spacing of 0.2ρi. Here, we use a phase space do-
main characterized by Lx/a = 0.6, Lv‖ = 3.28vTj, and
Lµ = 11Tj/B0 for plasma species j. In practice, up to
about 10,000 CPU-hours are required per linear simula-
tion.

FIG. 4: (Color online) ρ∗ variation in radially global simula-
tions with fixed gradient profile and binormal wave number
kyρi = 0.12. Even at large ρ∗, profile shear stabilization is
moderate, and the local limit ρ∗ → 0 is correctly captured.

FIG. 5: (Color online) A local scan over the radial position
ρtor = x/a shows that microtearing modes are unstable over
a wide range in the outer half of the tokamak core. For the
fixed binormal mode number kyρi = 0.12, the real frequency
is around 50 to 100 kHz.

IV. LOCAL SIMULATIONS FOR ASDEX
UPGRADE DISCHARGE 26459

We have verified in the previous section that the (lin-
ear) microtearing instability is well represented by the lo-
cal limit even for moderate values of ρ∗. AUG has typical
ρ∗ values of a few times 10−3 and usually falls into that
regime. The results presented below are obtained with
the local (flux-tube) version of the Gene code. The rea-
son for that is the increased simplicity and computational
efficiency of local compared to global computations.
Using local runs, we first determine the linear growth

rate as a function of the radial position ρtor. The phys-
ical parameters for these simulations are extracted from
the AUG data base. We summarize them in Tab. I in
the right column (2). Fig. 5 shows that microtearing
modes of binormal wavenumber kyρi = 0.12 have a pos-
itive growth rate in the outer half of the torus. The
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TABLE II: Plasma parameters for ρtor = 0.5, 0.65, 0.8 of AS-
DEX Upgrade shot 26459 compared with the circular model
used for the turbulence simulations.

Circular AUG 0.5 AUG 0.65 AUG 0.8

x/a 0.40 0.50 0.65 0.80

a/R 0.37 0.37 0.37 0.37

a/LTe 0.9-2.2 2.855 2.686 1.627

a/LTi 0.000 2.088 2.343 2.077

a/Ln 0.370 0.341 0.365 0.303

Ti/Te 1.000 1.113 1.218 1.209

νei/(cs/a) 2.310 0.405 0.873 1.542

β[%] 0.600 0.586 0.363 0.251

q 3.000 1.811 2.449 3.703

ŝ 1.000 0.794 1.583 2.478

mi/mp 1 2 2 2

x0 0.400 0.500 0.650 0.800

a/R 0.37 0.37 0.37 0.37

a/LTe 0.9-2.2 2.835 2.616 1.669

a/LTi 0.000 1.614 2.347 2.852

a/Ln 0.370 0.486 0.533 0.454

Ti/Te 1.000 1.097 1.238 1.159

νei/(cs/a) 2.310 0.371 0.768 1.317

β[%] 0.006 0.540 0.330 0.224

q 3.000 1.811 2.449 3.703

ŝ 1.000 0.794 1.583 2.478

mi/mp 1 2 2 2

it can be seen in Fig. 11 that the ITG branch disap-
peared. As a second simplification, an analytic model
for the magnetic equilibrium, assuming concentric circu-
lar flux surfaces, is taken. This change also does not
affect the microtearing mode substantially. We may thus
expect that many qualitative and semi-quantitative fea-
tures found in the nonlinear simulations will carry over
to more realistic cases.
An interesting facet of microtearing turbulence which

has not been addressed so far is the impact of an equi-
librium E ×B shear flow. A series of Gene simulations
addressing this question are shown in Fig. 12. Here, the
response of the saturated turbulent state (for the nomi-
nal parameters) to a number of different external E ×B
shearing rates is provided. Somewhat surprisingly, mi-
crotearing turbulence in our parameter regime seems to
be only mildly susceptible to E×B shearing. This finding
is in line with the observed weak dependence on nonlocal
effects discussed above, and indicates that microtearing
modes in standard tokamaks tend to be rather robust
with respect to equilibrium shear flows.
Given this result, let us now return to simulations of

microtearing turbulence without flow shear. Convergence
studies indicate that a nominal resolution of 384× 64 ×
24 × 32 × 16 grid points in x × y × z × v‖ × µ space is
required. The domain width in the perpendicular plane
is set by lx = 150ρi and ly = 300ρi, resulting in a radial
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FIG. 12: (Color online) Impact of an equilibrium E×B shear
flow on microtearing turbulence. The saturated electron heat
flux is reduced, but even with E×B shearing rates exceeding
the linear growth rate by a factor of 10, about 20% of the
initial transport level remains.

grid spacing of ∆x ∼ 0.5ρi. It has been verified that the
linear growth rate is reasonably converged for all involved
mode numbers. A typical resulting transport spectrum
obtained by means of Gene is displayed in Fig. 11. While
the particle flux is very low, one observes that the heat
flux is dominated by the magnetic component Qe

em in the
electron channel, generally providing more than 80% of
the total transport.
For the nonlinear saturation amplitude of the magnetic

field fluctuations, the estimate

B̃x/B0 ∼ ρe/LTe (3)

has been derived in an early semi-analytic work by Drake
and co-workers.[25] Here, ρe is the electron Larmor ra-
dius. We find that this relation generally describes the
Gene simulation data fairly well. Varying a/LTe, both in
the scaling of the magnetic field fluctuations with a/LTe

and their magnitude is within some scatter described by
Eq. (3). It must also be pointed out, however, that
Eq. (3) has clear limits. This estimate fails to capture
both the threshold behavior in βe and a/LTe as well as
the dependencies on other parameters, like collisionality
(see, e.g., Fig. 8), or geometric quantities like q. In this
context, it is important to consider that the simulations
have been performed somewhat above the linear thresh-
old, and that a large influence of βe is indeed found.
The derivation of the Drake scaling involves a balance
of linear drive and nonlinear transfer to small ky. This
physical picture has to be refined, however. On the ba-
sis of our nonlinear gyrokinetic simulations and several
supporting linear growth rate studies, Eq. (3) can only
be retained by balancing low-ky linear drive and high-ky
dissipation. This new view is motivated by measuring
free energy sources and sinks in the simulation data, ex-
hibiting an energy transfer to smaller scales in the per-
pendicular plane.[3]

ASDEX Upgrade #26459 (cont’d) 

Microtearing modes at low ky 
can coexist with ITG (or TE) 
modes; they react weakly 
to finite ρ* and ExB shear 
 
Focus on local simulations! 
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Influence of electron temperature gradient and βe 
 

a/LTe and βe are critical plasma parameters 

Experimental values: 
 
•  ρtor=0.8 

•  a/LTe~2.2 

•  βe~0.003 

(well above threshold) 
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Collisional effects  (a/LTe and β kept constant) 

l  Including collisions is 
important 

 
l  Growth rate depends 

on collision frequency 
only moderately        
(in agreement, e.g., 
with Applegate ‘07) 

l  Experiments are in the 
semicollisional to 
collisionless regime 

 
 

Microtearing modes can also be present in hot (core) plasmas  

but: 
ITER baseline 

AUG 26459 
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Magnetic field saturation levels 

Parameter regime of interest here: 
 
Dissipation of free energy at high k: 
 
Balancing the two, one obtains: (Drake 1980) 

net energy source net energy sink 

Doerk et al., PRL 2011 29 



Magnetic electron heat transport 

Magnetic electron heat diffusivity is well described by a 

Rechester-Rosenbluth model:  

…producing experimentally relevant transport levels (~m2/s) 

Poincaré 
plot 

Doerk et al., 
PRL 2011 

Chirikov 
threshold 
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Summary “Field line stochasticity” 

There is strong evidence that microtearing modes may 
contribute to the anomalous electron heat transport even 
in “standard” tokamaks like ITER. 
 
Microtearing + ITG simulations are currently underway. 
 
Further studies along these lines, including comparisons 
between theory and experiment, are called for. 

31 



Role of sub-ion- 
gyroradius scales: 

ETG turbulence in barriers 
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High-k turbulence and transport 
High-k ETG turbulence can induce significant electron heat transport: 

is possiblea,b,c (at positive shear)    aJenko et al., PoP 2000; 
                      bNevins et al., PoP 2006; 
        cGörler et al. PRL 2008 

For comparison:                             (Cyclone base case, exceeding experimental values) 

•  About 10 (<1) such electron gyro-Bohms are sufficient to explain χe in the 
outer half (internal transport barrier) of various tokamak dischargesb 
 

•  TGLF transport simulations of 32 DIII-D hybrid discharges: ion transport 
close to neoclassical, electron transport dominated by high-k ETG modesd 
 

•  For certain NSTX and MAST discharges, gyrokinetic ETG simulations 
yield χe’s which are consistent with experimental valuese 

dKinsey et al., APS 2009; eRoach et al., PPCF 2009 

Starting point: Stallard et al., PoP 1999 
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Metric coefficients extracted 
from MHD equilibrium via 
field-line tracing with the 
GIST codea 

aXanthopoulos et al., PoP 2009 
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Figure 51: Profiles for ASDEX Upgrade discharge #20431.

chapter have been published in Ref. [97], and first nonlinear simulations of edge

ETG turbulence for these conditions were reported in Ref. [98].

6.2 discharge 20431

The plasma discharge primarily studied in the present chapter is a Type-I ELMy

H-mode discharge with a plasma current of 1.0 MA and a toroidal magnetic field

of 2.4 T. In this discharge, a scan over the input power delivered by neutral beam

injection (NBI) was performed, increasing from 5.0 to 10.0 MW in three phases,

while a constant ICRH power of 3.4 MW was applied throughout the discharge.

The studies in this chapter focus on the first phase with 5.0 MW of NBI heating.

The ion and electron temperature and density profiles (assuming a pure Deu-

terium plasma) are plotted in Fig. 51a, showing the pedestal shoulder roughly

at ρtor = 0.94 (corresponding to ρpol ∼ 0.97). The MHD equilibrium for this dis-

charge was reprocessed in Cliste [99], taking into account the additional boot-

strap current generated by the steep profile gradients at the edge. This leads to

a local flattening of the safety factor profile (Fig. 51b) and even a slight shear

reversal in the top half of the pedestal.

6.3 instabilities in the plasma edge

To get a first impression of the relevant physics under specific plasma conditions,

it is generally advisable to study the linear properties of the system, as in many

cases observations from such simulations help to understand the characteristics

of the fully developed turbulence. The studies shown in this section have partly

been published in Ref. [97], but are revisited and more thoroughly investigated

here. In particular, some findings that appear unusual when compared to core

plasma results can be explained when taking into account edge geometry effects.
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Figure 72: Parallel dependence of local magnetic shear for four radial positions close to

the separatrix. The edge divergence of the magnetic shear is localized around

the X-point.

edge divergence of the magnetic shear is mainly caused by the peak appearing

at the bottom of the plasma, in the vicinity of the X-point. The outboard side, on

the other hand, where the heat flux peak is found, is characterized by low or even

negative shear. This, together with the large Shafranov shift, provides a viable

explanation for the absence of streamers in the plasma edge.

6.5.3 influence of impurities and temperature ratio

Due to the proximity to the material walls, the concentration of impurities is usu-

ally significantly larger in the plasma edge than in the plasma core. As had been

shown in Sec. 2.5, in the adiabatic ion approximation the influence of the ions

only enters in the Poisson equation. For equal ion temperatures, this reduces to

the adiabatic ion parameter τ = ZeffTe/Ti, which is unity for a pure hydrogen

plasma with equilibrated electron and ion temperatures. In the local framework,

the normalized adiabatic ion Poisson equation (solved for φ, and neglecting B�
fluctuations) can be written [26] as

φ1 =
πqen0e

´
J0

�
vTe
Ωe

k⊥
�

µB
�

g1edv�dµ

k2

⊥λ2
D + n0e

T0e

�
1 + τ − Γ0

�
Temek2

⊥
B2

�� .

As can be seen from this form of the equation, the τ parameter directly taps into

the feedback loop of the instability, as it decreases the fields resulting from a given

density perturbation. One can therefore expect a weakening of ETG instabilities

and the corresponding turbulence by impurities and also by a large temperature

ratio Te/Ti.

ASDEX Upgrade #20431 at t=1.82s 
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separatrix 
ρpol = 0.98 

Edge transport barrier region: 
•  kyρs < 0.1   →   ITG mode 

•  kyρs ~ 0.15 →   microtearing mode 
•  kyρs > 0.2   →   ETG mode 

GENE runs for AUG H-mode edge plasmas 
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Figure 53: Peak of the electrostatic potential amplitude at the bottom of the plasma for

negative kx.

geometric coefficients were generated using the Tracer-Efit interface described

in Chapter 4, based on a Cliste MHD equilibrium.

As explained before, the Shafranov shift and the elongation of the plasma lead

to a stretch-squeeze deformation of the flux tube, which is especially pronounced

in the plasma edge. This behavior is shown in Fig. 55: The blue line shows the

radial compression of the flux surfaces, while the green line shows the compres-

sion of the flux tube in the direction perpendicular to the field and to the radial

direction (labeled by ê2 in Sec. 3.3). These two factors are given by (see App. A)

cx =
kx(ky = 0)

k1

=
1√
gxx ,

cy =
ky

k2

=

�
gxx

γ1

=

�
gxx

gxxgyy − (gxy)2
.

Note that the product of these two compression factors is proportional to the

magnetic field strength (red line in the figure) and therefore varies slowly along

the field line, but each direction by itself can experience a rather strong com-

pression. The curves in Fig. 55 can serve as a direct translation from physical

wavenumbers in the radial or binormal direction (k1 or k2, respectively) to the

wavenumbers
1

in the field-aligned coordinate (kx and ky). Considering this effect,

1 The expression for the physical radial wavenumber contains, due to magnetic shear, an additional

term proportional to ky (see App. A), so that cx should best be regarded as the factor modifying

the distance between the flux surfaces.
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(a) 2D linear scan for low ky wavenumbers. The ETG instabil-
ity peaks at finite kx values (off the outboard midplane).
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(b) 2D linear scan. For higher ky modes, the ETG instability
peaks again around kx = 0 (close to the outboard mid-
plane).

Figure 54: 2D linear scans over kx and ky, considering only a single kx in each simulation.

At low wavenumbers, ETG modes 
tend to peak near the X-point(s)  
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Properties of edge ETG turbulence 154 electron temperature gradient driven turbulence in the plasma edge

Figure 70: Contour plot of the electrostatic potential fluctuations generated by ETG turbu-
lence in the perpendicular plane z = 0. The axes are plotted to physical scale,
so that the eddy shapes are realistic—the radial size of the box is, however, only
1.1ρs or 1.8 mm.
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Figure 71: Radial dependence of the radial and binormal turbulence correlation lengths
in physical units, showing statistical isotropy in the perpendicular plane.

Electron heat flux spectrum in 
perpendicular wavenumber space 

154 electron temperature gradient driven turbulence in the plasma edge

Figure 70: Contour plot of the electrostatic potential fluctuations generated by ETG turbu-
lence in the perpendicular plane z = 0. The axes are plotted to physical scale,
so that the eddy shapes are realistic—the radial size of the box is, however, only
1.1ρs or 1.8 mm.
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Figure 71: Radial dependence of the radial and binormal turbulence correlation lengths
in physical units, showing statistical isotropy in the perpendicular plane.

Significant ETG activity at k┴ρi » 1 

D
. Told, P

hD
 Thesis, 2012 
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Relevant ETG activity in edge barriers 

High-wavenumber ETG turbulence is able to explain the 
residual electron heat transport in H-mode edge plasmas 

ASDEX Upgrade #20431 

D
. Told, P

hD
 Thesis, 2012 

38 



Global GENE simulations (with quite comprehensive physics) 
for e-ITBs in TCV tokamak “reproduce” experimental fluxes 

TCV #29866 [Zucca et al., PPCF 51,015002] 

Global gyrokinetics: Established e-ITBs 
Told, Görler et al., 

invited talk @ APS 2010 

39 



Multiscale simulations of e-ITBs 

GENE simulations suggest that the slope of the electron 
temperature profile is limited by the onset of ETG turbulence 

I   “relaxed” profile 
II  “nominal” profile 

D. Told, PhD Thesis, 2012 

114 global simulations of internal transport barriers
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(a) Electron heat flux spectrum (radial average).
The steeper profiles with reversed shear
show a strong build-up of amplitudes at
small scales due to ETG instabilities, which
are not sufficiently resolved in the present
simulations.
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(b) Radial electron heat flux profiles. Note that
the profiles for Case I (without damping)
and Case III have been scaled down by a fac-
tor 10 and up by a factor of 5, respectively.

Figure 40: Heat flux properties for the simulations with high ion temperature.

• In Case III, even though the heat flux contribution at large mode numbers
is clearly subdominant, there is a small amount of ’spectral blocking’ (a pile-
up at the smallest scales), indicating a weak contribution due to the unstable
ETGs observed in Sec. 5.4.1. Indeed, when doubling the binormal resolution
to ny = 64 modes, the heat flux peak around ρtor = 0.25 increases by ∼ 50 %
due to the increased high-k contribution. The heat flux at this position, taken
from the profile depicted in Fig. 40b, is Qe = 0.75 MW/m2, giving a total
heat transport rate (with AFS = 2.0 m2) through the flux surface of 1.5 MW,
which is close to the experimental input power of 2.25 MW. Interestingly,
the gap visible around ρtor = 0.5 in the electron heat flux profile is, for these
parameters, almost exactly filled by the ion heat flux, which dominates in
this region. For these parameters, turbulent transport in this discharge is
therefore dominated by TEM around ρtor = 0.25, by ITG around ρtor = 0.5,
and by TEM again towards the edge.

Obviously, all of the cases studied so far exhibit substantial transport contribu-
tions from ETG modes for the present parameters. A sensitivity study is how-
ever required to assess the robustness of this result. Summarizing the observa-
tions from the nonlinear simulations obtained so far, there are several possibilities
which could lead to an overestimation of the heat flux contribution due to ETGs
and will therefore be investigated in the following:

• In a fully saturated state (which is difficult to reach once high-amplitude
ETG turbulence has developed, due to the accompanying timestep reduc-
tion), ETG turbulence might be suppressed to some extent by interaction
with the larger scales through E × B shearing of ETG streamers—if they
are present. A first attempt at investigating this issue is shown in Sec. 5.5.4,
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Summary “ETG turbulence” 

There is clear evidence that ETG turbulence contributes 
to the residual turbulence in transport barriers. 
 
Future multi-scale simulations will help determine the role 
of low-k, mid-k, and high-k regimes relative to each other. 
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Towards turbulence 
optimization in stellarators 
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GENE simulations for stellarators 

n  GENE flux-tube simulations using 
field-aligned coordinates 

  

n  Geometric coefficients computed by 
GIST code from VMEC equilibria      
[Xanthopoulos et al., PoP 2009] 

  

n  Complicated parallel structure leads 
to costly simulations (>100 grid points) 

Wendelstein 7-X stellarator 
is optimized with respect to 
neoclassical transport 
  

Does this imply turbulence 
optimization? 
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Microinstabilities in stellarators 
Example: ITG modes (adiabatic electrons) in NCSX 

Mynick et al., PoP 2009 

Radial curvature Local magnetic shear 

Turbulent potential “bad 
curvature” 

Bad curvature and 
local magnetic shear 
control the transport 

Geometry may also 
affect nonlinear 

saturation (e.g. ZFs) 
in subtle ways… 
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Including turbulence in optimization 

STELLOPT code seeks to minimize a cost function in “shape space” 
including a “proxy function” based on theory and GENE simulations 
 
Starting from the standard NCSX configuration, a new configuration 
is determined which is characterized by reduced ITG-ae turbulence 

Mynick et al., PRL 2010 

Successful a posteriori 
check with GENE 

Successive 
“generations” 
of equilibria in 
“shape space” 
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Modification found by STELLOPT 

The NEW configuration displays outward shifted surfaces, 
corresponding to a deepening of the magnetic well (like finite β) 

M
ynick et al., P

oP 2011 
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Summary “Turbulence in stellarators” 

It is possible now to perform local gyrokinetic simulations 
of ITG / TEM / ETG turbulence in stellarators; extensions 
to nonlocal models are underway. 
 
 
Stellarators offer many possibilities for 3D shaping as to 
minimize both neoclassical and turbulent transport 
(which, in general, is not the same, as it turns out). 
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Perspectives 
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Full flux surface stellarator runs 
Magnetic geometry 
depends on z and y 
 
Example: NCSX 
(3-fold symmetry) 
 
ITG turbulence 
(electrostatic potential) 
 
 
Next step: 
Development of a 
3D version of GENE 
 
 
Told, Görler et al. 
Bird, Xanthopoulos et al. 

x 

y 
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New frontier: Multiscale, multiphysics studies 
  

•  From the system size to the electron gyroradius 
•  Integration of turbulence, neoclassics, and MHD 
•  Incorporation of intrinsic / external 3D field effects  

Goal: 
  

Fundamental understanding 
and predictive capability for 
turbulence and nonlinear 
dynamics in fusion plasmas… 
  

…via large-scale simulations 
in concert with novel theories 
and dedicated experiments 
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