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The question if and how streamers �i.e., radially elongated vortices� can lead to an enhancement of
the electron heat transport in electron temperature gradient turbulence is addressed. To this aim, the
electrons are treated as passive tracers, and their decorrelation mechanisms with respect to the
advecting electrostatic potential are studied. A substantial transport enhancement is found in a wide
region of parameter space. © 2009 American Institute of Physics. �doi:10.1063/1.3245163�

I. INTRODUCTION

It is well known by now that microturbulence in toroidal
magnetized plasmas often tends to form anisotropic struc-
tures such as zonal flows or streamers. The former are the
E�B flows resulting from purely radial variations of the
electrostatic potential �for a review, see Ref. 1�, whereas the
latter are radially elongated vortices, generally localized at
the outboard side and pointing away from the torus axis �see,
e.g., Refs. 2–4�. Due to their fundamentally different charac-
ter, a coexistence of both types of structures can be excluded;
rather, one �or none� of them will dominate. However, in
both cases, it can be expected that the presence of the struc-
tures may have a significant impact on the resulting turbulent
transport. While in the case of zonal flows, it is widely ac-
cepted that the cross-field transport is reduced or even
quenched �see, e.g., Ref. 5�, there are only few dedicated
investigations concerning the streamer case. It is thus the
main goal of the present paper to address the key issue in this
context, namely, to which degree and in which way will the
presence of streamers enhance the radial turbulent transport?
To this aim, we will systematically study the behavior of
passive tracers advected in turbulent electrostatic potentials
exhibiting streamers.

This question was raised, in particular, by gyrokinetic
simulations which showed that the transport levels in elec-
tron temperature gradient �ETG� turbulence can clearly ex-
ceed naive mixing length expectations, �e��e

2ve /LTe
.4,6,7

Here, �e is the electron heat diffusivity, �e is the electron
thermal gyroradius, ve is the electron thermal velocity, and
LTe

is a characteristic scale length of the electron temperature
profile. For cyclone base case parameters,8 neglecting mag-
netic electron trapping as well as kinetic ion effects, �e

�10�e
2ve /LTe

was obtained in these studies. More recently,
taking magnetic trapping into account, it was found that the
simulations can reach very high transport levels, generally
even failing to saturate �see, e.g., Refs. 9–11�. Therefore, in
the context of a careful comparison between five different
gyrokinetic codes, the magnetic shear value was reduced
from 0.8 to 0.1 in order to circumvent these problems.12,13

Here, it was found that �e�5�e
2ve /LTe

in well-resolved runs
for a given box size, and all codes agreed with each other
within fairly narrow margins. Finally, recent gyrokinetic
simulations including both ion and electron space-time scales
self-consistently �but working with a reduced ion-to-electron

mass ratio of 400� confirmed these findings in the framework
of a more complete and realistic physical setting.14 In par-
ticular, if ion temperature gradient modes are sufficiently
close to marginality �as they will be in any experiment� or
even stable �as they are in certain dedicated experiments with
strong electron heating�, one again finds �e��e

2ve /LTe
. The

common feature in all of these simulations is the existence of
streamers and relatively weak zonal flow activity. �We note
in passing that another such example is trapped electron
mode turbulence in the cold ion regime.15,16�

On general grounds, it is reasonable to expect an en-
hancement of the turbulent transport in the presence of
streamers. First, the very existence of streamers is an indica-
tor of the relative weakness of zonal flows, thus allowing for
potentially larger fluxes. Second, according to the common
notion that in the saturated state, the radial gradients of the
background temperature and the temperature fluctuations
should be similar �on average�, the amplitude of radially
elongated streamers should exceed those of isotropic vortices
with the same poloidal extension, increasing the resulting
transport level. Third, even if the amplitude of the vortices is
kept constant, a radial elongation can raise the cross-field
diffusivity due to the larger radial correlation length. The
latter effect shall be investigated in more detail in the present
paper, establishing a closer link between turbulent structures
and corresponding transport levels. To this aim, we will em-
ploy a passive tracer description �like in Refs. 17 and 18�
which allows for a simpler, more accessible, and more rigor-
ous treatment of the questions under consideration.

To avoid misunderstandings, it should be pointed out in
this context that the passive tracer diffusivity D and the self-
consistent particle diffusivity Ds=−� /�n �where �= �ñṽ� is
the fluctuation-induced particle flux� are two very distinct
quantities. Whereas the latter is zero in the adiabatic-ion ap-
proximation and, in general, still close to zero in a kinetic
description, the former reflects the mixing properties or the
“self-diffusion” of a turbulent flow, thus having a finite
value. However, it is possible to establish a connection be-
tween D and the electron heat flux Q. In Ref. 19, for in-
stance, it was shown numerically that the test particle heat
flux Q=−��mv2 /2�D�v�� f0 /�rd3v is very close to its self-

consistent counterpart Qs=��mv2 /2�ṽE�Bf̃d3v. Setting f0

�n0T0
−3/2e−mv2/2T0 and ignoring the density gradient, we ob-

tain Q=�mv2 /2T0�mv2 /2T0−3 /2�D�v�f0d3v�T0 /�r for the
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heat flux. From this, one gets ��D for the �electron� heat
conductivity. Thus, test particle transport as discussed in this
paper is not only relevant for describing the mixing proper-
ties of passive tracers, but it is directly related to the more
important question of heat transport.

The remainder of this paper is organized as follows. In
Sec. II, a brief review of pure drift orbit center motion in
anisotropic turbulence is given. In Sec. III, a validity condi-
tion for orbit averaging is introduced and its impact on the
transport of suprathermal particles is reviewed. In Sec. IV,
the diffusive motion of thermal test particles is studied in
detail, and the consequences of the invalidity of drift orbit
averaging for the decorrelation mechanisms of these particles
are examined by means of a simplified model. In Sec. V, the
scaling of the diffusion coefficient with the turbulence am-
plitude and correlation length is studied for ETG turbulence.
Finally, in Sec. VI we provide a summary along with some
conclusions.

II. TRANSPORT SCALING FOR PARTICLE ORBIT
CENTERS

In a first step, we will take a look at some basic proper-
ties of particle drift orbits in axisymmetric toroidal systems.
As is well known, while basically following the magnetic
field lines, a particle in a tokamak undergoes both a gyromo-
tion as well as a drift orbit motion �induced by curvature and
grad-B drifts� perpendicular to the magnetic field. In a field-
aligned coordinate system, the latter corresponds to an ap-
proximately circular �actually slightly elliptical� trajectory in
the perpendicular plane.17 Provided that gyroaveraging and
drift orbit averaging are both valid, the turbulent motion of
passive particles in prescribed electrostatic fluctuations can
thus be well described by the E�B drift in a gyro/orbit
averaged potential.

For now, we would like to restrict to pure E�B motion
in two dimensions, various generalizations will follow later.
In an isotropic electrostatic potential, the scaling of the dif-
fusion coefficient Di�t�	1 /2d /dt��xi�t�−xi�0��2� with the
characteristic values of the turbulent electrostatic potential is
well known. In terms of the correlation length �c, the corre-
lation time 	c, and the average E�B velocity V �which cor-
responds to the fluctuation amplitude�, the scaling of Di can
be expressed as20–22

Di � �c
2−
V
	c


−1. �1�

Here, the exponent 
 strongly depends on the strength of
�electrostatic� trapping, which is measured by the Kubo
number22 K		c /	fl		cV /�c. For K�1 �linear or ballistic
regime�, simple considerations lead to 
=2, whereas for K
�1 �nonlinear regime� one finds 
=0.7.23,24 Moreover, for
K
1, 

1. As can be inferred from Eq. �1�, for fixed V and
�c, the spatial structure of a turbulent field is only relevant
for 
�2, i.e., for K1.

In Ref. 25, it was shown that anisotropic structures �like
streamers� can be described in a similar way by using �x and
Vx for the diffusivity in the x direction and �y and Vy for the
diffusivity in the y direction in Eq. �1�. Defining an aniso-
tropy factor �	�x /�I �the index I denotes the isotropic

value�, one therefore finds Dx��2−
 if �y is kept unchanged.
This means that in the large Kubo number regime, aniso-
tropic structures enhance the tracer transport. Since realistic
Kubo numbers are found �in nonlinear gyrokinetic simula-
tions� to lie between about 1 and 10 �corresponding to 

values somewhere between 0.7 and 1�, this effect is relevant
if no faster decorrelation mechanism exists.

In Ref. 25 the influence of a homogeneous background
drift of the turbulence on the transport was also a subject of
study. It was shown that a potential drift with velocity vdr in
the y direction leads to a strong suppression of transport at a
characteristic “drop time” 	drop	2�y /vdr. This effect is im-
portant for 	drop�	c, whereas it has no influence for 	drop

�	c. Typically, one finds 	fl�	drop�	c, which implies only
a moderate decrease in the diffusion coefficient compared to
a nondrifting case.

In the preceding discussion, the only relevant decorrela-
tion mechanism was the time dependence of the electrostatic
potential. However, decorrelation may also be caused by the
parallel motion of the particle along the magnetic field lines
or, if drift orbit averaging is not valid, by the orbit motion
perpendicular to the magnetic field lines. If we denote the
respective effective decorrelation time by 	eff, and one has
	eff�	c, 	c is to be replaced by 	eff in the preceding discus-
sion to obtain the correct scaling behavior of the diffusion
coefficient. For clarification, we would like to mention that
in the present paper, the term “�drift� orbit motion” refers to
the curvature and grad-B drift motion and does not include
the gyromotion, which is on a much faster time scale than
the particle drifts, and therefore not an origin of decorrela-
tion.

III. TRANSPORT SCALING FOR SUPRATHERMAL
PARTICLES

Next, we would like to discuss what happens if the orbit
averaging procedure is not valid, i.e., if the particle motion
cannot be explained by the �effective� E�B drift alone. As
pointed out in Ref. 17, a criterion for the validity of orbit
averaging is that the particle displacement after one drift or-
bit turn is smaller than a correlation length. Since the dis-
placement may be caused by the E�B drift as well as by the
particle or turbulence toroidal drift, the condition for the va-
lidity of orbit averaging can be expressed as

�o.a. 	 max�V, �vdr − vy�
Torbit

�c
� 1, Torbit � 	c, �2�

Torbit being the orbit circulation time, vdr the background to-
roidal drift of the fluctuations, and vy the particle toroidal
�precession� drift. In Ref. 17, it was shown that one typically
finds �o.a.�1, i.e., orbit averaging is not valid in general.
Following this finding, energetic particles with E�Ti,e were
discussed. Their drift orbit diameter �r is much larger than
the correlation length of the potential, for both trapped and
passing particles. Therefore the particle decorrelates already
after a time,

	orbit = �c/vorbit = �cTorbit/���r� . �3�
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Since 	orbit		eff�	fl, the particles are in the ballistic
regime when they decorrelate, and the diffusion coefficient
can therefore be approximated by D
V2	orbit�V2�c. This
expression cannot be associated with an exponent 
 in the
context of Eq. �1�. Moreover, although the transport in that
regime depends on the turbulence correlation length �c, it is
not affected by structural anisotropies because the particles
do not follow equipotential lines. Instead, they decorrelate
due to the drift orbit motion, which is governed by the small-
est correlation length. For radial streamers, this means that
only �y contributes to D, but not �x. Furthermore, it was
found that for suprathermal particles, the orbit decorrelation
time is smaller than the parallel one �	orbit�	��. Hence, the
parallel motion was ignorable. In the following sections, we
will study to which degree the findings for energetic particles
on one hand and for pure E�B motion in two dimensions on
the other hand carry over to thermal particles in a tokamak,
namely, electrons in ETG turbulence.

IV. BASIC STUDIES OF THERMAL PARTICLES
IN ETG-LIKE TURBULENCE

In order to get an idea of a reasonable choice of various
quantities mentioned above, we have performed nonlinear
gyrokinetic simulations �in the local limit� of ETG turbu-
lence with kinetic ions for cyclone base caselike parameters,8

employing the GENE code.4,15 The simulations have been per-
formed in ŝ−� geometry, with �=0, ŝ=0.8, r /R=0.18, q
=1.4, Te=Ti, and ne=ni. We have used a reduced mass ratio
mi /me=400, and have taken R /Ln=2.22 and R /LTe

=R /LTi
=6.92 for the gradients. The perpendicular box size was cho-
sen to be �Lx ,Ly�= �250.0�e ,128.0�e�, and we have used
128�128�16 grid points in the radial, binormal, and paral-
lel directions, respectively, as well as 32�8 grid points in
�v� ,�� space, with box sizes of �Lv ,L��= �3,9�. This way, we
found

���2� 
 60��e/R��Te/e�, 	c 
 12R/ve,

�x 
 23�e, �y 
 7.0�e,

Vx,0 
 12�eve/R, Vy,0 
 7.5�eve/R , �4�

vdr 
 2.2�eve/R, 	drop 
 6.4R/ve,

	fl,x 
 1.8R/ve, Kx 
 7.

Here, R is the major radius, and the other quantities have
already been defined above. These numbers are in good
agreement with those obtained in the framework of recent
benchmarking simulations.12 Thus, they seem to represent
rather typical values for the above quantities. �In global
adiabatic-ion simulations of ETG turbulence,18 much larger
correlation lengths and times have been observed, but the
difficulties of using the adiabatic-ion approximation in the
presence of trapped electrons mentioned in Sec. I make their
interpretation hard.� Nevertheless, in the following discus-
sions, we do not want to restrict to those values. Instead, we

will study the transport of thermal electrons in ETG turbu-
lence under rather general conditions. This procedure seems
to be adequate since we will see that the transport behavior
may depend on the interplay of various different time scales
in a very sensitive way, rendering it impossible to claim that
the transport scaling of a particular realization of ETG tur-
bulence applies universally. In this context, we would like to
note that we have used the e-folding length or time to deter-
mine the correlation parameters, since our practical experi-
ence shows that this procedure yields the most reliable re-
sults. The circulation time and orbit diameter of a thermal
electron can be calculated to be26 Torbit=2�qR /ve
9R /ve

and �r=2q�e
2.8�e, respectively, with q being the safety
factor.

To gain a basic understanding of the electron dynamics
under such conditions, we simulate the drift orbit motion of
the particles relative to the field aligned coordinates by a
simple two-dimensional �2D� model defined by

ẋ = v − �� � ez, v̇ = �orbitv � ez. �5�

Equation �5� describes a particle which is forced on a circular
orbit with �orbit=2� /Torbit, at the same time undergoing an
E�B drift motion. The orbit radius is set by choosing an
appropriate initial velocity of the particle. This model is very
useful for general studies, since all orbit parameters can be
varied independently, and the real drift orbit in field aligned
coordinates is fitted well. Its validity has been demonstrated
via direct comparisons with simulations in tokamak
geometry.17 Of course, no parallel decorrelation effects can
be observed with this model. We will include them later.

Using Eq. �2�, one obtains �o.a.
5, which means that
drift orbit averaging is not valid. Additionally, Torbit
	c. So
on one hand, the thermal electrons will not follow the equi-
potential lines of the �orbit averaged� vortex structures
strictly. On the other hand, since �r��x,y, the particle is not
able to significantly depart from its initial equipotential line
and decorrelate during one orbit turn. What we therefore
expect to happen is that the particle at least roughly follows
the turbulent structures, deviating, in particular, at certain
positions, e.g., at a saddle point, or at a point where the
equipotential line exhibits a sharp bend.

In Fig. 1, an electrostatic potential with the scales of Eq.
�4� is plotted together with trajectories of particles with ther-
mal velocity. The drift in the y direction is kept, but the
fluctuations are frozen for the purpose of a better demonstra-
tion of the interaction effects. Both the potential and the
trajectories have been transformed into the comoving frame.
As pointed out in Ref. 25, the potential in that frame is given
by

�dr� �x,y,t� = �dr�x,y + vdrt� − vdrx , �6�

which is a superposition of the stochastic part without y drift
and a static ramp in the x direction, which acts as a transport
barrier. In Fig. 1, a pure E�B drift trajectory without any 2D
orbit effects is compared with the trajectory of a thermal
particle, which undergoes both E�B drift and orbit motion.
As we have expected, this particle roughly follows the lines
of the stream function due to its small orbit diameter. How-
ever, we see that at a point where neighboring lines diverge
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�this seem to be saddle points coinciding with a sharp bend�,
the oscillating trajectory diverges from the nonoscillating
one. This, in turn, means that the drift orbit motion of a
particle weakens the barrier caused by the background drift
of the potential, and defines a time scale on which the trans-
port becomes diffusive, since the departure from the equipo-
tential lines can be interpreted as a random process.

What is the time scale of that random process? It de-
pends on the typical time between two random departures
from the equipotential line. The distance between two of
these points �saddle points or points of large curvature of the
stream function� can be approximated by the extension of the
structures of the potential in the comoving frame. As can be
seen in Fig. 1 �and was pointed out in Ref. 25�, there are
dominant structures on two scales in the x direction. The first
scale is given by the correlation length �x �closed equipoten-
tial lines in Fig. 1�, whereas the second scale is given by the
maximal extent of the open contours in the x direction, which
is xmax=2Vx�y /vdr.

25 In Fig. 1, we have �x
23 and xmax


80. The respective time scales are �x /Vx=	fl and xmax /Vx

=	drop. For a potential with a significant drift velocity vdr, the
open equipotential lines are dominating the closed vortices in
the comoving frame. Therefore we will find that the larger
scales, xmax or 	drop, on the spatial or temporal scale, respec-
tively, are dominating the decorrelation process. Here, we
would like to note that while the curve in Fig. 1 has been
chosen to illustrate our argument, the latter can be shown to
be generally applicable.

In order to do that, we put a sufficiently large number of
test particles into an artificially created electrostatic potential
and calculate the diffusion coefficient for both the 2D orbit
model of Eq. �5� as well as a pure E�B drift motion without
any orbit effects. The electrostatic potential is created as a
superposition of 103 plane waves,25,27 and its scales corre-
spond to the ones of Eq. �4�—with two exceptions: the tur-
bulence is frozen �but the y drift is kept� and the amplitude is
reduced by a factor of 3.6. The former change is done in

order to ignore temporal decorrelation effects for the mo-
ment, whereas the latter is done to enforce 	fl=	drop. More-
over, no parallel dynamics effects are included.

The result is plotted in Fig. 2. Here, V is varied, and the
actual value of 	fl is indicated. We see that for the pure E
�B motion, the diffusivity drops to zero at t�	drop for all
amplitudes, since there is no decorrelation mechanism which
would allow the particles to cross the barrier produced by the
y drift �remember that we have switched the time depen-
dence of the fluctuations off�. For the particles on the 2D
drift orbit, however, we observe that they decorrelate at t
�	drop, which leads to the saturation of the diffusion coeffi-
cient. So in that case, 	drop resumes the role of 	eff, and we
can assume that for 	fl�	drop we will find D�V2�
=2�,
whereas for 	fl�	drop, we will find D�V0.7�
=0.7�, which
will correspond to an effective low or high Kubo number
regime, respectively. From Fig. 2, we obtain 
=2 for 	fl

�	drop and 

0.85 for 	fl�	drop. This result confirms the
claims we have made at the beginning of this section.

Finally, we would like to emphasize one important point.
If a V2 dependence of the transport is observed �ballistic
regime�, this does not necessarily mean that the particles
decorrelate due to the temporal decorrelation of the fluctua-
tions, or due to the parallel motion with a decorrelation time
	� �	fl. The perpendicular decorrelation at 	drop, caused by
deviations from the equipotential lines due to finite drift orbit
effects at hyperbolic fix points, is able to induce the same
behavior. Therefore, decorrelation will occur at 	eff

=min�	drop ,	�. In Sec. V, we will examine which decorrela-
tion time is the smaller, i.e., dominating, one.

V. THERMAL PARTICLES IN GYROKINETIC ETG
TURBULENCE

We now return to the gyrokinetic ETG turbulence simu-
lated with GENE, characterized by the parameters of Eq. �4�.
In order to obtain the values of the electrostatic potential
between grid points, the original data are interpolated via
spectral methods, which provide the highest possible spatial

FIG. 1. ETG-type electrostatic potential with drift in the y direction and
particle trajectories, transformed into the comoving frame �field aligned co-
ordinates�. Dashed line: pure E�B drift without drift orbit effects. Solid
line: E�B drift with particle orbit motion �bold line: particle trajectory; thin
line: orbit center�. The deviation from the equipotential lines at a saddle
point can be observed.

FIG. 2. �Color online� Running diffusion coefficient in an artificially cre-
ated, ETG-like electrostatic potential. For the nominal amplitude V, 	fl

		drop. V is then varied according to the values plotted left of the curves.
Dashed line: pure E�B drift. Solid line: E�B drift with 2D orbit effects.
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accuracy. The differential Eq. �5� is solved via a fourth-order
Runge–Kutta algorithm. In order to obtain the scalings of the
diffusion coefficient with Vx and �x, the original values are
modified. In Sec. IV, we have discussed the consequences of
a decorrelation at 	drop, whereas we have ignored possible
decorrelation effects due to the parallel motion of the thermal
particles. While for very energetic particles, it could be
shown that decorrelation due to the perpendicular motion is
much faster than due to the parallel one,17 this is not neces-
sarily the case for thermal particles. This is due to their
smaller orbit diameter ��r��c�, which does not bring them
out of the correlated zone on a time scale smaller than the
orbit time.

The time scales which can be inferred from Eq. �4� �and
which are close to the values presented in Ref. 12�, imply
that 	drop
6.4R /ve, whereas an orbit time for passing par-
ticles with a pitch angle of unity can be calculated to be
Torbit=2�qR /ve
8.8R /ve. Our ETG simulations exhibit ��


0.8�qR, meaning that 	� 
3.5R /ve, which is smaller than
	drop and therefore dominates the decorrelation process.

We mimic the effect of parallel decorrelation by artifi-
cially reducing the correlation time of the fluctuations. For
example, for passing particles, a reduction to 	c=3.5R /ve has
the same effect than a decorrelation due to the finite parallel
extension of the turbulent structures with �� =0.8�qR. This is
allowed since for the transition from the initial ballistic re-
gime to a later diffusive regime, it is irrelevant if the decor-
relation is temporal or spatial. We have to keep in mind,
though, that only the passing particles with large pitch angles
are subject to this parallel decorrelation, whereas for trapped
particles, the decorrelation comes from temporal or perpen-
dicular effects. Figure 3 shows the saturated diffusion coef-
ficient for a number of different mean drift velocities Vx. The
black curve ignores parallel decorrelation effects, whereas
the light gray curve corresponds to a realistic parallel corre-
lation length by reducing 	c to 3.5R /ve. All curves show a

decline of diffusivity when the drift velocity is reduced. The
black curve shows a scaling exponent 
 growing with the
reduction of the mean drift velocity, which can be explained
by the fact that 	fl gets larger than 	drop for Vx�3.6. This, in
turn, means that the effective decorrelation time moves into
the ballistic regime. For the light gray curve, the effective
decorrelation time is 	eff=	� =3.5R /ve, which is smaller than
	drop and therefore dominating. Hence, the transition to the
ballistic regime 
→2 occurs already at larger Vx.

Figure 4 shows the saturated diffusion coefficient for a
number of different radial correlation lengths, while Vx,0

stays constant. Here, we observe a transition to the ballistic
regime for large anisotropy �large �x�, which is stronger for
the curves with parallel decorrelation. 	fl increases with
growing �x, which means that for large �x, it exceeds the
effective decorrelation time. Since the latter is smaller with
parallel decorrelation effects, the transition occurs earlier in
that case. A consequence of that behavior is that, for the light
gray curve �passing particles with parallel decorrelation�
there is no increase in the diffusivity for very large radial
correlation lengths.

For the nominal parameters of our ETG simulations with
GENE, we find 
�1.2 for trapped particles �decorrelation at
	drop�, and 
�1.6 for passing particles �decorrelation at 	��,
which is between the ballistic and the vortex trapping re-
gime. This means that the presence of streamers indeed in-
creases the transport of passive tracers. This increase is less
than linear in the streamer length, however. Generally, 
 is
larger for passing particles with parallel decorrelation than
for trapped particles, since decorrelation occurs earlier. For
both trapped and passing particles, a transition to ballistic
transport �
=2� occurs for small turbulence amplitudes or
large radial vortex extension. As a rough criterion for ballis-
tic transport, we find 	eff=min�	drop ,	��	fl=�x /Vx. This
rule of thumb can serve as a first test to find out if a particu-
lar turbulence simulation is likely to exhibit streamer-
induced transport enhancement or not.

FIG. 3. �Color online� Saturated diffusion coefficient in a gyrokinetic ETG
potential, with V reduced artificially starting from the original value of Vx

=12.5�eve /R. Dark �black� line: no parallel decorrelation. Dark gray �red�
line: mimicked parallel correlation length �� =1.6�qR using 	c=7.0R /ve.
Light gray �green� line: mimicked parallel correlation length �� =0.8�qR
using 	c=3.5R /ve. Inset: scaling exponent 
 vs V.

FIG. 4. �Color online� Same as previous figure, but �x is varied instead of
Vx, starting from the original value of �x=23�e.
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VI. SUMMARY AND CONCLUSIONS

In the present paper, we have addressed the question if
and how streamers �i.e., radially elongated vortices� can lead
to an enhancement of the cross-field transport of passive
tracers. Here, our focus was on the dynamics of thermal elec-
trons in the context of ETG turbulence, although our results
may also be applied to other types of streamer-dominated
turbulence, driven, e.g., by trapped electron modes.

We have shown that for thermal electrons in ETG turbu-
lence, drift orbit averaging is not valid. Nevertheless, due to
its small drift orbit diameter, a particle is not able to decor-
relate after one orbit turn and therefore still roughly follows
the contour lines of the electrostatic potential. We have seen
that decorrelation typically occurs at hyperbolic fixed points,
whose typical distance is xmax=2Vx�y /vdr. This decorrelation
scale is dominated by the potential structure in the frame
moving with the diamagnetic background drift of the vorti-
ces and leads to an effective decorrelation time of 	eff

=	drop. However, the decorrelation due to the finite parallel
extension of the turbulent structures is typically on a smaller
time scale, leading to a decorrelation at the minimum value
of 	drop and 	�.

If this effective decorrelation time is significantly
smaller than the vortex turnover time 	fl=�x /Vx, the trans-
port is in the ballistic regime, which means that 
=2 and that
the spatial vortex structure has no influence on the transport.
This implies that there is an upper limit to the streamer-
induced geometric transport enhancement, while there still
might be an indirect, amplitude-dependent contribution.
However, for the nominal turbulence parameters of our simu-
lations �and as well as from other codes�, we get 	fl�	eff,
and we find 1�
�2. Due to the direct relation between test
particle diffusion and heat conductivity, this amounts to a
significant influence of the spatial vortex structure on the
electron heat transport.
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