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Gyrokinetic simulation of collisionless trapped-electron mode turbulence
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Some basic properties of collisionless, trapped-electron mode turbulence in tokamaks are
investigated by means of massively parallel gyrokinetic Vlasov simulations. In particular, the spatial
structure and wave number spectra of various fluctuating plasma quantities are presented and
discussed. An analysis of several cross phase relations supports the view that the
transport-dominating scales may be interpreted in terms of remnants of linear modes. In a few test
cases, zonal flows are artificially suppressed, demonstrating that their influence on the transport
level is small. Finally, the dependence of the latter on several plasma parameters is studied. © 2005

American Institute of Physics. [DOI: 10.1063/1.1947447]

I. INTRODUCTION

It is generally believed that turbulence driven by
trapped-electron modes (TEMs) is largely responsible for the
experimentally observed electron heat (and particle) trans-
port in magnetized fusion plasmas.1 TEMs involve electrons
which are magnetically trapped in the low-field (outboard)
region of a tokamak. They are driven by electron pressure
gradients in the presence of magnetic curvature.’ Despite
their importance, to date not much is known about their non-
linear behavior. Here, we present a systematic study of TEM
turbulence, employing massively parallel gyrokinetic Vlasov
simulations and retaining both trapped and passing electrons.

In the last 10-15 years, core turbulence studies have
focused mainly on ion temperature gradient (ITG) modes
with adiabatic (i.e., Boltzmann) electrons.>* This simplifica-
tion has two main advantages. First, the resulting dynamics
are somewhat less complex and therefore more accessible to
analysis, and second, the resulting equations are easier to
solve numerically, mainly because of the lack of fast parallel
electron motion. The drawback of this approach is that both
the particle and the electron heat flux vanish identically in
the adiabatic limit.

Having unravelled many interesting and surprising fea-
tures of adiabatic ITG turbulence, the next step was/is to add
nonadiabatic electrons. That this is more than a small correc-
tion as was shown, e.g., by Sydora et al’ They performed
global gyrokinetic simulations of ITG turbulence, consider-
ing the passing electrons to be adiabatic but including
trapped electrons. In the framework of this model, they
found an increase of the ion heat transport by a factor of 2-3
with respect to the fully adiabatic reference case. Similar
results were obtained by Beer and Hammett® who introduced
bounce-averaged trapped electrons into their gyrofluid com-
putations. More recently, the first gyrokinetic simulations re-
taining both trapped and passing electrons have been
performed.7_9

Besides modifying ITG modes, nonadiabatic electrons
have yet another important effect, namely, they introduce
TEMs. Depending on the local plasma parameters, ITG
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modes and TEMs may either coexist or else be the only
linear microinstabilty at ion Larmor radius scales. In this
context, the key parameters are the (normalized) gradients of
the background density, R/L,, and electron and ion tempera-
ture, R/Lre and R/LTi. TEMs are driven by R/LTK and/or
R/L,, whereas ITG modes are driven by R/LT,. and sup-
pressed by R/L,. As is well known, there exist nonuniversal
instability thresholds in all of these quantities. In order to
investigate pure TEM turbulence, one may set R/ Ly, to zero.
This limiting case will be the focus in the present paper. It
should be noted that such a situation is by no means artifi-
cial. Actually, in the last few years a lot of experiments have
been carried out with dominant central electron heating.l(HS
In these discharges, the ions are rather cold, and ITG modes
are linearly stable while TEMs are not. The more general
case of TEMs coexisting with ITG modes is left for future
studies.

The present paper is organized as follows. In Sec. II, the
basic gyrokinetic equations are presented along with a brief
description of the GENE code—on which this work is
based—and a list of numerical and physical parameters. In
Sec. III, we present and discuss various nonlinear simulation
results, emphasizing some fundamental characteristics of
collisionless TEM turbulence. Then, in Sec. IV, some param-
eter dependencies are studied. Section V contains a brief
summary of key results along with some conclusions.

Il. THE GYROKINETIC MODEL
A. Basic equations

The simulations presented below are based on the gyro-
kinetic Vlasov code GENE. It solves the nonlinear gyrokinetic
equationsm_16 on a fixed grid in five-dimensional phase
space (plus time). The independent variables are normalized
according to Table I, with the ion sound scale p,=c,/(};, the
ion Larmor frequency ();=eB/m;c, the ion sound speed c;
=\T,/m;, the thermal velocity vy =V2T,y/m; of species j
(j=e,i), the safety factor g, the majjor radius R, and a typical
perpendicular equilibrium scale length L. The equilibrium

magnetic field is taken to be B=I§‘Bref, where B, is the mag-
netic field on the magnetic axis and B describes the variation
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TABLE I. Normalization of the independent variables.
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TABLE II. Normalization of the dependent variables.
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of B with respect to B,;. We use as velocity space coordi-
nates the parallel velocity v, and the magnetic moment u.
The dependent variables, on the other hand, are normalized
according to Table II. Here, the distribution function F I is
broken up into an equilibrium part F;, and a perturbed part

F;;. In these units, the gyrokinetic Vlasov equation reads
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with the curvature terms
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and the definitions (where an overbar indicates a gyroaver-
aged quantity)
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As an equilibrium distribution we take a Maxwellian which
reads

, -
Fo(vy, p) = w32 Cit#0)

in normalized units. Moreover, we employ the well-known
§—a geometry'’ (with a set to zero) in this paper.

The gyrokinetic Maxwell equations used to determine
the self-consistent electromagnetic fields are the gyrokinetic
Poisson equation

> ejo[1-Tyb)]P; = > eijé J Jo(\ygdvidp  (2)
J J
and the gyrokinetic Ampere’s law

1, e;
(Vi - Efﬁez Uﬂ?j%(%))l‘\l
J

e A
=- 2 a’j‘el’ﬂ'B f U||Jo()\j)gdeHd,LL. (3)
J

Here, the Bessel function J, and the function TI'y(b;)
=e'bf'lo(bj) (where I, is the modified Bessel function) have
been introduced. The arguments \; and b; are defined, re-
spectively, as
2 g2
N =oubb, b= iTn¢ YL
m; Ty €5 B2

These equations are solved by the GENE code which has
been modified and upgraded with respect to the version de-
scribed in Ref. 18. It uses a flux tube'” as simulation domain,
with periodic boundary conditions in the perpendicular
plane. The new GENE code uses (compact) finite differences
of at least fourth order in phase space, and an explicit
Runge—Kutta time stepping scheme of third order. The code
has been benchmarked successfully against semianalytical
results and numerical results obtained with the Gs2 code® as
is shown in Refs. 21 and 22. For further details concerning
the code, see Ref. 22.

For completeness, we also give the definitions for the
transport fluxes. Although the nominal value of 3, is non-
zero, it is so small that the electromagnetic contributions to
the transport coefficients may be safely neglected. The elec-
trostatic transport of particles and heat across magnetic flux
surfaces is given, respectively, by

r= f Fg,d’v

and

. * ° FIG. 1.

Convergence tests: Linear growth rate of

trapped electron mode as a function of velocity space
resolution and the number of parallel grid points. Here,
we used the nominal physical parameters and kp,
=0.3. The lines indicate the base case, and the shaded
region marks a deviation of less than +2% with respect
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FIG. 2. (Color online). Time traces of TEM-induced particle flux I" and
electrostatic electron heat flux Q. for the nominal parameters and an ion-
to-electron mass ratio of 1836 (black) and 400 (gray).

Qj = f (Uﬁ + ﬂé)Fjlvé’deU

in normalized units. Here, vy=-(c/B*)Jo(\)®XB is the
modified E X B drift velocity, and the angular brackets de-
note spatial averaging over the entire simulation domain.

B. Physical and numerical parameters

As mentioned above, there have been many tokamak
experiments in recent years which are characterized by domi-
nant electron heating and rather cold jons.'*"? Inspired by
these studies, we choose the following baseline set of physi-
cal parameters: R/L,=3, R/LT6:6, R/LTi=O, €,=r/R=0.16,
q=14, §=08, T,/T;=3, BeE4wneTe0/Brzef=O.001. More-
over, we choose R/L | =3 and always hold this number fixed
while the normalized gradients (such as R/L,) are varied in
parameter scans. (Note that L, is used for normalization, not
L,, etc.)

Nearly all of our simulations are done with boxes of
L X L,=152.8p,X256p; in the perpendicular directions, and
one connection length, 27gR, in the parallel direction. This
three-dimensional spatial simulation domain is represented
by 128 X 128 X 16 grid points. The velocity space variables
vy and u run from —v gy to vy (Vey=3v7;) and from zero to
9T o/ By, respectively. Here, 40X 8 grid points are typically
used. In Ref. 21, we showed that a reduced version of the
code is able to reproduce the frequencies and damping rates
of kinetic shear Alfvén waves with high precision. In this
context, it has been found that about 30 parallel velocity grid
points are necessary to obtain convergence. These tests have
been repeated for trapped-electron modes, leading to similar
results. In Fig. 1, the respective linear growth rates are
shown as a function of the numerical parameters NU”, Ny, and
N, for the nominal physical parameters mentioned above and
kypy=0.3. Here, the numerical parameters have been varied
about the standard values of NU”=41, N#=8, and N,=16. The
perpendicular grid consisted of 16X 16 points, and the box
size was 4.17p, X 20.94p,. As can be inferred from Fig. 1, the
velocity space resolution used in our simulations is (more
than) sufficient to represent collisionless trapped-electron
modes.

From a computational point of view, a key challenge of
the present simulations is the time scale separation between
the perpendicular turbulent motion and the fast parallel elec-
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FIG. 3. Transport spectra of TEM turbulence for hydrogen mass ratio (left)
and reduced mass ratio (right). Shown are the electrostatic heat flux Q.,, the
trapped electron flux I'y,, and the passing electron flux I’ Thick lines
indicate negative values.
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tron dynamics. Roughly speaking, the numerical cost in-
creases in proportion to the square root of the ion-to-electron
mass ratio. To allow for a larger number of runs, we there-
fore attempted to lower the mass ratio from m;/m,=1836
(hydrogen) to m;/m,=400. The time traces of particle and
electron heat fluxes for two runs using the above nominal
parameters and these different mass ratios are shown in Fig.
2. While the saturation levels of the particle flux are basically
identical, the electron heat transport increases from ~11 for
the hydrogen mass ratio to ~15 for the reduced one. The
respective transport spectra are shown in Fig. 3. Obviously,
there is no significant qualitative difference between both
simulations, and the quantitative differences are reasonably
small. These findings motivated us to use the reduced mass
ratio for all further computations—a procedure which saves
half of the computer time. Physically, this is in line with the
notion that TEMs tend to be dominated by trapped electrons,
not passing ones—and that the former are less susceptible to
changes in the mass ratio than the latter.

lll. BASIC TURBULENCE CHARACTERISTICS
A. Spatial mode structure

First, we would like to investigate the spatial structure of
TEM turbulence. A typical snapshot of contours of different
plasma quantities is shown in Fig. 4. One observes elongated
vortices (streamers) with a radial extent of up to 60p,. Such
structures have also been observed in nonlinear simulations
of electron temperature gradient (ETG) modes'® and resistive
ballooning (RB) modes.”> However, the TEM streamers
seem to be somewhat less pronounced than their ETG and
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FIG. 4. Typical snapshot of contour plots of the electrostatic potential, the
passing/trapped electron density, and the perpendicular electron temperature.
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FIG. 5. Phase relations between the electrostatic potential and the passing/
trapped electron density as well as the parallel/perpendicular electron
temperature.
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RB counterparts. A careful inspection of the four quantities
displayed in Fig. 4 reveals strong correlations between fluc-
tuations of the electrostatic potential and the passing electron
density as well as between fluctuations of the trapped-
electron density and the perpendicular electron temperature.
These similarities are not incidental. The first of these corre-
lations has its origin in the nearly adiabatic response of pass-
ing electrons. Since the latter can move freely along the mag-
netic field lines, they adjust to changes in the electrostatic
potential almost immediately. The origin of the second simi-
larity becomes clear if we recall that the trapped electrons
have a small parallel velocity and a large perpendicular one.
As the perpendicular velocity accounts for the perpendicular
temperature, the trapped electrons carry the main part of 7', .
This leads to the strong correlation between the density of
the trapped electrons and the perpendicular electron tempera-
ture.

B. Cross phases

Further insight into the structure of the turbulence may
be gained by investigating the cross phase relations between
the electrostatic potential and the three remaining quantities
shown in Fig. 4. To obtain the plots shown in Fig. 5, the
following steps have to be taken. First, one Fourier trans-
forms the respective pair of fluctuating quantities in the pe-
riodic y direction for each value of x (radial coordinate), z
(parallel coordinate), and time 7. Then, the cross phases « are
determined as a function of ky for each point in (x,z,7) space.
Finally, a weighted probability distribution function (PDF) in
(a,k,) space is determined and the contours of such PDFs
are plotted. The weighting factor is given by the product of
the absolute values of the k, components of the two quanti-
ties under consideration. (This weighting procedure helps to
make the respective contour plots a little cleaner, especially
in the high k, region.) In Fig. 5, light colors denote regions
of high correlation. Interestingly, fluctuations centered
around k,p,~0.1-0.2, i.e., in the transport region (according
to Fig. 3), exhibit clearly defined cross phases, whereas at
higher k,, the latter are randomly distributed between —r and
.

The phase angle between ® and n, is close to zero. This
is again a signature of the passing electrons’ near adiabatic-
ity. A similar phase relation is observed for the parallel tem-
perature. The remaining two plots both show a distinct phase
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FIG. 6. Squared amplitude spectra in k, space for several fluctuating plasma
quantities.

angle of about 37r/4. To understand the similarity of the first
and third graphs as well as the second and fourth graphs in
Fig. 5, one must again recall that passing electrons have a
relatively large parallel velocity, whereas trapped electrons
have a relatively large perpendicular velocity. So the parallel
temperature is carried mainly by passing electrons, and the
perpendicular temperature by the trapped ones.

C. Transport and amplitude spectra

Since a cross phase close to zero (or ) is indicative of a
small flux, we expect that the particle transport is mainly
carried by the trapped electrons and that the electron heat
flux is dominated by the perpendicular temperature. Further-
more we anticipate that the transport is driven primarily in
the range k,p,~0.1-0.2, since only in this part of the wave
number spectrum a distinct phase relation exists. In Fig. 3
the k, spectra of the transport fluxes are shown. Here, thick
lines indicate negative values, so that the passing electrons
are actually transported inwards (up-gradient), in contrast to
the trapped electrons which are transported outwards (down-
gradient) and which dominate the particle transport. It should
be emphasized that the maximum of the transport takes place
at about kyp,~0.12, which is way below the position of the
fastest growing linear TEM (k,p,~0.4). Typical amplitude
spectra are shown in Fig. 6. One can clearly identify an en-
ergy input region around kyp,~0.12, an inertial range char-
acterized by the power law |®[>ck;>!, and a dissipation
range at high k. '

D. Parallel mode structure

Next, we would like to characterize the mode structure
along the field lines. To this end, the squared amplitudes are
averaged over perpendicular planes (and time). Some ex-
amples are shown in Fig. 7. The electrostatic potential, the
trapped-electron density, and the perpendicular electron tem-
perature are all peaked in the outboard midplane (i.e., at z
=0) whereas the passing electron density is nearly constant
along field lines. This is due to the following reasons.
Trapped particles have their largest density at z=0, since this
is the only point that all of them pass in the course of their
bounce motion, irrespective of their turning points. As men-
tioned before, the trapped particles are mainly responsible
for the perpendicular temperature, so 7', also peaks at z=0.
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FIG. 7. Parallel mode structure: Squared amplitude profiles in z space for
several fluctuating plasma parameters.

Passing electrons, on the other hand, are influenced only
moderately by variations of the magnetic field strength. This
is reflected in a passing electron density which is more or
less constant in the z direction. In Fig. 8, the parallel struc-
ture of the transport fluxes is shown. Both the particle and
the electron heat transport exhibit the same ballooning struc-
ture as various quantities in Fig. 7, i.e., the transport is not
evenly distributed over the entire domain but centered
around the outboard midplane. The only exception is the
particle flux carried by passing electrons, but this contribu-
tion is subdominant for the present set of physical param-
eters.

E. The role of zonal flows

It is well known that in the case of ITG turbulence, zonal
flows of considerable strength can be generated by the tur-
bulence itself and may in turn shear apart the existing turbu-
lent vortices. Zonal flow spin-up may thus lead to a substan-
tial reduction of the induced turbulent transport.24’25 In order
to assess the degree to which TEM turbulence is affected by
zonal flow dynamics, we zeroed them out in the course of a
run and monitored the effect of this change on the transport
levels. In Fig. 9, the time traces of the particle and electron/
ion heat fluxes are presented for such a nonlinear simulation.
Beginning at =600, the zonal component of the electrostatic
potential is artificially suppressed. In analogy to the ITG
case, one might expect that the transport levels increase
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FIG. 8. Parallel profiles of the heat and particle fluxes carried by the elec-
trons. The particle fluxes are shown again on the right-hand side in a
zoomed-in fashion.
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FIG. 9. Time traces of the particle and electron/ion heat fluxes for nominal
parameters. For =600, zonal flows are artificially suppressed.

strongly. However, although this pure TEM system clearly is
affected by the sudden absence of zonal flows, one does not
observe a drastic change in the fluxes.

The time-averaged k, spectrum of the zonal component
of the electrostatic potential is shown in Fig. 10. For k,p;
=0.4, this spectrum exhibits a power law behavior. In this
region of k, space, the squared zonal potential is character-
ized by an exponent of about —5.7. This number is rather
close to the exponent in the inertial range of the k, spectrum,
where we measured a value of about —5.1. The shearing rate
corresponding to these zonal potential fluctuations is readily
calculated as wg=dvg,/ dx=d*®/dx*. The sum over all
scales yields a total shearing rate of about wy;=0.2 which is
of the order of the maximum linear growth rate of the TEMs.
Therefore, the zonal flow content is by no means negligible.
However, for the zonal flows to be the dominant nonlinear
saturation mechanism, the shearing rate would have to be
much larger than the maximum linear growth rate,”® and this
is clearly not the case here. So the influence of zonal flow
dynamics on the transport level of TEM turbulence is small.
Further studies will have to investigate how general this find-
ing is and if there are other regions in parameter space in
which zonal flows are indeed dominant. Also, it will be in-
teresting to find out what the precise nonlinear saturation
mechanism is, given the relative weakness of E X B shear-
ing. While such mechanisms may be found in the literature
(see, e.g., Ref. 18), it is presently unclear which one (if any)
of them applies to the present situation. We leave this ques-
tion for future work.
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FIG. 10. Spectra of the zonal component of @ (solid) and of the EXB
shearing rate (dashed) in k, space.
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FIG. 11. Comparison of linear (thick white lines) and
nonlinear (contour lines) cross phases.
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F. Persistence of the linear mode structure

Finally, we would like to address the question to which
degree the nonlinear mode structure in the saturated turbu-
lent state resembles that of the underlying linear microinsta-
bilities. One way to approach this issue is by comparing the
cross phases of exponentially growing linear modes and qua-
sistationary nonlinear modes. Such a comparison is pre-
sented in Fig. 11. This figure contains the same information
as Fig. 5, but now the linear cross phases are also shown.
One can see that the linear cross phases are quite close to the
nonlinear ones in the transport-dominating range of scales.
This may be taken as a clear signature of the persistence of
the linear mode structure in the nonlinear regime. At short
wavelengths, the fluctuations are randomized, whereas at
long wavelengths, the TEM system partially respects the un-
derlying linear drive mechanism.

Based on this finding, we were able to construct the
following (quasi)linear transport model which will be used in
the remainder of this paper for comparison with the nonlin-
ear simulations. Assuming k,=0 and a=0, we have

Ky =k(1+35%67) )

for the average value of k° where @ is an extended, anglelike
coordinate in the field-line direction and

| #lo.oras

()= (5)

[ 19, (@ra0

Here, the weighting is done in terms of the (complex-valued)
eigenfunction ¢ky(0) for a given set of plasma parameters
and a given value of k,. Consequently, holding all plasma
parameters fixed, y/ (ki} is a function of k, (see Fig. 12).
Based on these results, one can estimate the electron heat
flux Q, via

0

R
—e=Cmax[—Z]—, (6)
n,0T,0/R ky LKD) Ly,

and the ion heat flux Q; as well as the particle flux I via the
ratios of the corresponding quasilinear estimates. The addi-
tional factor of R/ Ly, mediates between y, and Q,, and the
free parameter C is determined such that Q, agrees with the
nonlinear simulation result for the base case parameters. De-
tails may be found in a separate publication.

IV. SOME PARAMETER DEPENDENCES
A. Safety factor q

As has been known for quite some time, empirical mod-
els for the electron heat flux generally reproduce experimen-
tal data reasonably well only if the electron heat diffusivity
X. scales with the safety factor ¢ like y,~¢q", where 1=r71
<27 In many cases, the experimentally observed value of
X. is attributed largely to TEM turbulence. However, the
scaling of TEM-induced transport with ¢ is unknown, and
thus the ¢ dependence employed in empirical models has no
firm theoretical support. We therefore performed a g scan
around the base case parameters to close this gap. The results
of a three-point scan are shown in Fig. 13. Indeed, one ob-
serves a rather strong increase of y, with increasing safety
factor. To quantify this result, one may try to express the
simulation data in terms of a power law. One thus obtains
72 1.7 which lies somewhere in the middle of the interval
mentioned above. Although this particular number is un-
likely to be universal, it is very encouraging and seems to
justify a posteriori the use of transport expressions with 1
=< 7=<2 for TEM-driven turbulence.

For comparison, the results of our simple transport
model are shown in Fig. 13 as dashed lines. Interestingly, the
strong ¢ dependence is fairly well reproduced. (Note that the
model contains a universal prefactor which has been set to
match the electron heat flux in the standard case.) This find-
ing is in stark contrast to the very weak ¢ scalings found in

FIG. 12. (Color online). The black lines show the transport spectra as esti-
mated by our simple transport model for different ¢ values; the vertical lines
indicate the position of the peak of the respective turbulent transport
spectrum.
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FIG. 13. Particle and electron heat fluxes as a function of the safety factor g.
The predictions of a simple (quasi)linear transport model are shown for
comparison (dashed lines).

the framework of conventional (quasi)linear models (see,
e.g., Ref. 27). Therefore, two questions arise: (1) What is the
origin of the observed g scaling? (2) Why is our (quasi)linear
transport model able to capture the changes observed in the
nonlinear simulations while others cannot? The answers to
both questions have to do with the fact that the peak of k,
spectrum of turbulent transport is approximately inversely
proportional to ¢ (see Fig. 12), like in ETG turbulence.”®
This means that the turbulent eddies increase in size with
increasing safety factor. In a random walk picture of turbu-
lent transport, this translates directly into the transport boost
mentioned above. Our simple transport model retains this
shift in spatial scales. It contains a rule by which the appro-
priate value of k, is determined for each given set of plasma
parameters. On the other hand, most conventional transport
models work at constant (and larger) values of ky, and there-
fore miss the strong ¢ dependence. The physical reason for
the g dependence both for ETG and for TEM-driven trans-
port is that the transport-dominating scales in the turbulent
system tend to follow the low-k, cutoff of the linear mode
spectrum which is determined by a balance of drive (which
is proportional to v, or k, and vanishes for k,=0) and Lan-
dau damping (which scales like the inverse connection
length or 1/q).

B. Other plasma parameters

Next, we will study the dependence of TEM-induced
transport on the inverse aspect ratio €,=r/R, and on mag-
netic shear §=(r/q)dq/dr. The corresponding simulation re-
sults are shown in Figs. 14 and 15. A change of the inverse
aspect ratio is reflected in a change of the fraction of trapped
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FIG. 14. Electrostatic electron transport fluxes of TEM turbulence as a
function of the inverse aspect ratio.
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FIG. 15. Electrostatic electron transport fluxes of TEM turbulence as a
function of magnetic shear.

particles. The latter scales as e}/z, and therefore the linear

growth rates of TEMs increase with €,. This linear drive en-
hancement carries over into the nonlinear regime. Similarly,
the drive reduction caused by large magnetic shear leads to a
decrease of the transport level, see Fig. 15.

The dependence of the turbulent transport on the normal-
ized density gradient is somewhat more complicated as can
be seen in Fig. 16. The particle flux exhibits a continuous
(and more or less linear) increase with R/L,, as one might
have expected. The same is true for the ion heat flux which is
solely density gradient driven in the absence of a finite ion
temperature gradient. In contrast to that, the electron heat
flux saturates for R/L, =3, i.e., it becomes almost indepen-
dent of the density gradient. In this “steep-gradient” regime,
the particle and electron heat fluxes decouple, and our simple
transport model fails. Although we expect the cause to be a
nonlinear effect, zonal flows can be excluded for two rea-
sons. First, they would affect all transport channels in the
same way, and second, we confirmed that they stay subdomi-
nant even in the high-R/L, regime by zeroing them out. Fur-
ther investigations along these lines are left for the future.

V. SUMMARY AND CONCLUSIONS

In summary, we investigated some basic properties of
collisionless TEM turbulence in tokamaks by means of mas-
sively parallel gyrokinetic Vlasov simulations. For our nomi-
nal parameters, the spatial mode structure exhibits streamer-
like structures and relatively weak zonal flows. Cross phase
diagnostics suggest an interpretation of the dynamics on the
transport-dominating scales in terms of remnants of linear
modes embedded in a sea of smaller-scale eddies. We also
investigated the dependence of the transport level on several
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FIG. 16. Electrostatic transport fluxes of TEM turbulence as a function of
the normalized density gradient.
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plasma parameters and compared our nonlinear simulation
results with those of a simple (quasi)linear transport model.
Both approaches yield a superlinear scaling of the electron
heat diffusivity with the safety factor g, as is suggested by
analyses of experimental data. This finding can be explained
by a downshift of the peak of the nonlinear transport spec-
trum in k, space with increasing g. This peak is observed to
follow the low-k, cutoff of TEMs which reflects a balance of
Landau damping («<1/q) and linear drive (=k,). The depen-
dence of the transport levels on the inverse aspect ratio and
on magnetic shear is captured well by our simple (quasi)lin-
ear transport model. Only in the high-density-gradient re-
gime, we found a (currently unexplained) discrepancy be-
tween the model and the nonlinear runs.

These studies of collisionless TEM turbulence seem to
allow for at least two general conclusions. First, one learns
that there are experimentally relevant parameter regimes in
which turbulent transport in magnetized fusion plasmas can
be described in terms of linear remnants embedded in a sea
of turbulence. Interestingly, this basic character is shared by
many other complex systems in both physics and engineer-
ing (see, e.g., Ref. 29). Second, one learns that one has to be
very careful in assessing simple (quasi)linear models of tur-
bulent transport in magnetoplasmas. It is very tempting to
either overestimate or underestimate their capabilities.
Surely, turbulent fusion plasmas are full of (nonlinear) sur-
prises which call for ab initio simulations, but on the other
hand, one should not dismiss these models too readily. In
particular, it seems possible to further improve (quasi)linear
transport models beyond their status quo.
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