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Results from 3D global gyrokinetic particle simulations of ion temperature gradient driven microturbulence
in a toroidal plasma show that the ion thermal transport level in the interior region exhibits significant de-
pendence on the ion-ion collision frequency even in regimes where the instabilities are collisionless. This is
identified as arising from the Coulomb collisional damping of turbulence-generated zonal flows.
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Understanding the physical mechanism responsible for the
turbulent transport observed in magnetized plasmas is crucial
for developing techniques to improve confinement. In par-
ticular, ion thermal transport in the core region of a tokamak
plasma is believed to arise from electrostatic pressure-gradient
driven microinstabilities [1]. In most previous studies, ion-
ion collisions have been assumed to have little or no effect
on the microinstabilities most likely to be responsible for the
ion thermal transport, such as ion-temperature-gradient (ITG)
modes. This is because the temperature in present day major
tokamak core plasmas is so high that the ion-ion collision fre-
quency is much smaller than the characteristic frequency of
the ITG mode (e.g., linear growth rate or nonlinear decorre-
lation rate, which is of the order of the ion diamagnetic fre-
quency). Consequently, most theory based ion thermal dif-
fusivities do not contain explicit dependence on the ion-ion
collisionality [2,3].

Current investigations indicate that ion-ion collisions can
enhance turbulent transport via Coulomb collisional damp-
ing of turbulence-generatedE �B shear flows. These zonal
flows [4], which are linearly stablekk = 0 modes, are nonlin-
early driven by the flux-surface-averaged, radially local cur-
rent modulations and are mainly in the poloidal direction for
high aspect ratio devices. The shear decorrelation [5,6] by
these small scale flows results in the reduction of turbulence
and transport. Since the turbulence is regulated by zonal
flows, the turbulent transport can depend on ion-ion collisions
which damp poloidal flows through the “neoclassical” effects.

In this letter, we report gyrokinetic particle simulation [7]
results which show that the ion thermal transport from elec-
trostatic ITG turbulence depends on ion-ion collisions for rep-
resentative tokamak core plasma parameters using the global
gyrokinetic toroidal code (GTC) [8]. The collisionality-
dependence of the turbulent transport comes from the neo-
classical damping of zonal flows. The fluctuations and trans-
port exhibit bursting behavior with a period corresponding to
the collisional damping time of poloidal flows. These results
are contrary to the usual assumption that core ion transport is
“collisionless”. The fact that the change of the ion heat con-
ductivity �i with collision frequency cannot be attributed to
the change in the linear growth rate or mode spectrumk?
places considerable limitations on the applicability of most of

the existing transport models that are based on an oversimpli-
fied =k2? type mixing length rule.

In the experiments, despite the difficulty in isolating colli-
sional effect by varying the collisionality while keeping other
dimensionless parameters constant, there is some evidence of
collisional effects on the core turbulent transport. A recent
transport scaling study on DIII-D core plasmas [9] showed
that one-fluid (including both ions and electrons) thermal dif-
fusivity strongly depends on collisionality�eff / �0:49 in the
H-mode, and is almost independent of collisionality in the L-
mode. Moreover, transport analysis in C-Mod H-mode plas-
mas reported [10] approximately a linear dependence of�eff

on��. Our simulation results are consistent with this observa-
tion that the collisional dependence of transport is much more
pronounced in the enhanced confinement regime where tur-
bulence is expected to be weaker than that of typical L-mode
plasmas. Finally, the bursting behavior of density fluctuations
has been observed [11] in TFTR core plasmas before the tran-
sition to the enhanced reverse shear regime. The bursting pe-
riod (� 3ms) was close to the collisional flow damping time
calculated from measured plasma parameters.

This study employed a general geometry global gyrokinetic
toroidal code (GTC) [8] using magnetic coordinates. Par-
ticles are advanced with Hamiltonian guiding center equa-
tions of motion, and the perturbed potential is calculated by a
non-spectral gyrokinetic Poisson solver. The code is scalable
and portable on massively parallel computers which enable
us to routinely perform nonlinear simulations with realistic
plasma parameters. Extensive convergence studies and non-
linear benchmarks against earlier analytic and computational
models have been carried out for electrostatic toroidal ITG
turbulence in the absence of self-generated zonal flows [8].

Zonal flows are generated by the Reynolds stress [12] and
can be considered as a nonlinear modulational instability [13]
associated with the inverse cascade of the turbulence en-
ergy [14]. This scenario of modulational instability is ob-
served in the present gyrokinetic simulations of toroidal ITG
modes. A stationary turbulence spectrum is first obtained
while suppressing zonal flows. Then zonal flows are self-
consistently included. Exponential growth of zonal flows is
observed until the flow shear is so high that the turbulence is
suppressed. The incoherent emission of turbulence [15] pro-
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vides an initial seed for the growth of the nonlinear instability.
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FIG. 1. Gyrokinetic simulation of linear damping of a test

poloidal flow (normalized by initial value) showing magnetic pump-
ing, GAM oscillation and collisional damping (solid curve). Dotted
line is theoretical prediction of collisional damping with an initial
value of the residual level measured in a collisionless simulation.

In toroidal geometry, an initial source of zonal flows is
damped by the collisionless transit time magnetic pumping
effects followed by a slowly damped geodesic acoustic mode
(GAM) [16] oscillation. Rosenbluth and Hinton [15] have
pointed out the existence of a residual flow which survives
this linear collisionless damping process in the banana regime.
This undamped component of poloidal flows plays a key role
in determining the turbulent transport level in nonlinear simu-
lations, thus its long time behavior must be treated accurately.
This residual flow is eventually damped out by ion-ion colli-
sions and possibly, by nonlinear effects. In the present work,
the GTC linear simulation of the collisional flow damping is
benchmarked with an analytical calculation [17]. In this simu-
lation, we solve a toroidal gyrokinetic equation [18,19] with a
flux-surface-averaged source which introduces an initial per-
turbation of the poloidal flow. Without collisions, an asymp-
totic residual of this flow develops and its level measured from
the simulation agrees with the theoretical prediction. When
ion-ion collisions are included, this residual flow is slowly
damped. The collisional decay of the flow perturbation in the
gyrokinetic simulation, as shown in Fig. 1, agrees [8] well
with the analytical calculation [17] (see below for plasma pa-
rameters). The analytical theory only deals with time scales
longer than the ion bounce period, therefore it does not de-
scribe the transient processes associated with magnetic pump-
ing and GAM oscillations. Most of the collisional damping
occurs through the friction force between trapped and pass-
ing particles [17]. The effective damping time measured from
the simulation is very close to the theoretical prediction of
�d = 1:5��ii, where� � r=R0 is the local inverse aspect ra-
tio and�ii is the ion-ion collision time. A like-species Lorentz
operator is used in this simulation for comparison with the the-
ory. In the following nonlinear simulations, we use a momen-

tum and energy conserving Fokker-Planck operator which has
been rigorously benchmarked for neoclassical transport [20].

With validity checks completed, the GTC was next ap-
plied to full torus nonlinear simulations of ITG turbulence.
These simulations used representative parameters of DIII-D
tokamakH-mode core plasmas which have a peak ion tem-
perature gradient atr = 0:5a with the following local pa-
rameters:R0=LT = 6:9, R0=Ln = 2:2, q = 1:4, ŝ �
(r=q)(dq=dr) = 0:78, Te=Ti = 1, � � r=R0 = 0:18, and
�� = 0:045. HereR0 is the major radius,LT andLn are
the temperature and density gradient scale lengths, respec-
tively, Ti andTe are the ion and electron temperature, and
�� � ��3=2�iiqR0=vi with vi =

p
Ti=m the ion thermal

speed. The size of the plasma column isa = 160�i where
�i is the thermal ion gyroradius measured atr = 0:5a. The
simplified physics model included: a parabolicq profile, a
pressure profile ofexpf�[(r�0:5a)=0:3a]6g, a circular cross
section, no impurities, and an adiabatic electron response [21]
with Æne=n0 = e(��h�i)=Te, whereh� � �i represents the flux
surface average. These global simulations used fixed bound-
ary conditions with� = 0 enforced atr < 0:1a andr > 0:9a.
In eachnonlinear simulation, we calculated 10000 time steps
of the trajectories of 84 million gyrocenter centers interacting
with the self-consistent turbulent field, which was discretized
by 21 million grid points in a 3-dimensional configuration
(128x640x256 grid points in radial, poloidal and toroidal di-
rection, respectively). ITG modes are unstable with these
plasma parameters and have a linear threshold ofR0=LT = 4
[22]. The parameter ofR0=LT represents the strength of the
turbulence drive. We scanR0=LT in the present studies to
assess sensitivity of the collisional effects on the proximity to
ITG marginality.

For a strong ITG drive ofR0=LT = 6:9, both turbulence
and zonal flows saturate and reach steady state in collision-
less simulations. These nonlinear simulations produce fluc-
tuatingE �B zonal flows with radial scales varying from a
fraction of the system size to small radial scales comparable
to those of the turbulence. The frequency spectrum of zonal
flows consists of both high frequency GAM component and
a relatively broad low frequency component. The turbulence
eddies are broken mostly through random shearing by the low
frequency component of zonal flows [23]. This results pre-
dominantly in the reduction of the radial correlation length
and subsequently the turbulence [8]. By comparing to the sim-
ulation with zonal flows suppressed, we observed that a sig-
nificant reduction of ion heat conductivity�i in steady state
occurs when zonal flows are retained, consistent with earlier
local gyrofluid [21,24] and gyrokinetic [25] simulations in a
flux-tube geometry. Clearly, zonal flow shear induced decor-
relation is the dominant turbulence saturation mechanism. On
the other hand, the fact that zonal flows saturate even without
collisional damping indicates that strong turbulence can also
damp zonal flows possibly through nonlinear effects. When
the realistic ion-ion collisions with�� = 0:045 are included
in the simulation, the steady state ion heat conductivity�i is
increased by about one half from the collisionless value. The
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saturated zonal flow level decreases due to collisions. Mean-
while, the change in linear growth rate is negligible. Further-
more, when zonal flows are not included in the simulations,
collisions have little effects on the turbulence transport. We
therefore conclude that the enhancement of transport by colli-
sions in the presence of zonal flows is through the neoclassical
damping of zonal flows.

When turbulence driveR=LT is reduced, nonlinear flow
damping becomes insignificant. The collisionless system can
undergo a transition to a flow-dominated state where zonal
flows generated from the initial growth of turbulence com-
pletely suppress the turbulence and transport [13,22]. In
this paper, we characterize this regime as the weak turbulent
regime. Collisionless nonlinear flux-tube gyrokinetic simu-
lations of the same plasma parameters have found [22] that,
for R=LT = 4 to 6, no transport is produced even though the
system is linearly unstable to ITG modes. However, collisions
can remove this nonlinear upshift of critical gradient by slowly
damping zonal flows. The ion thermal transport level will
then strongly depend on the collision frequency. Since most
of the plasma volume of the representative DIII-D discharge
hasR=LT < 6, it should be emphasized that the physics dis-
cussed here is relevant to many tokamak experiments.
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FIG. 2. Ion heat conductivity in nonlinear gyrokinetic simula-
tions withR=LT = 5:3 vs. the ion-ion collision frequency.

We now reduce the turbulence drive toR=LT = 5:3 in
our nonlinear simulations. ITG modes remain unstable with
linear growth rate = 0:072vi=Ln and frequency!r =
�0:29vi=Ln at k��i = 0:35. We scan the ion-ion collision
frequency upward from experimental value to facilitate stud-
ies of the long term collisional effects on the zonal flow dy-
namics. Again, the collisional effect on linear growth rate of
ITG is less than 1% for all the collision frequencies. In the
collisionless simulation, the saturated heat flux decreases to
insignificant level due to shearing effects of zonal flows which
reach a steady state level. When collisions are introduced,
zonal flows are damped and a finite transport level is obtained.
As we increase collision frequency without changing other pa-
rameters, we observe the increase of time-averaged�i with-

out a tendency toward a saturation for the whole scan range of
collision frequency, which is up to 8 times the experimental
value. Fig. 2 shows that the ion heat conductivity sensitively
depends on the collision frequency in this weak turbulence
regime. This collisionality-dependence of the turbulent trans-
port implies that an accurate treatment of the linear poloidal
flow damping [15,17] in nonlinear simulation codes is essen-
tial in predicting transport level.
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FIG. 3. Time history in nonlinear gyrokinetic simulations for
zonal flow amplitudeh�i, ion heat conductivity�i, turbulence in-
tensity(Æ�)2, root mean square values of radialkr and poloidalk�
potential spectrum, and width of poloidal spectrumÆk�.

The simulation time history for the case of�� = 0:09
is shown in Fig. 3. The ITG instabilities evolve from a
linear phase of exponential growth to a nonlinear stage in
which zonal flows are generated. When the effective shear-
ing rate [23], or root mean square shearing rate [13] of zonal
flows exceeds the ambient turbulence decorrelation rate which
can be approximated by the ITG linear growth rate [24], the
ITG turbulence and associated transport are significantly re-
duced. Zonal flows are then slowly damped by the ion-ion col-
lisions and become weaker. When the effective shearing rate
is below the growth rate, the ITG turbulence grows again and
drives zonal flows. These turbulence-zonal flows interactions
modulated by collisions result in a cyclic, bursting behavior of
fluctuations, transport and zonal flows. From a scan of the col-
lision frequency, we observe that the bursting period is of the
order of the collisional damping time of the zonal flows,�d.
The oscillation of zonal flows lags behind that of fluctuation
by a phase of90o, an indication of the causal relation between
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the turbulence and zonal flows. The root mean square of radial
and poloidal spectra and the width of the poloidal spectrum of
the potential fluctuation are also plotted in Fig. 3. During the
turbulence growth (shaded band), streamer-like eddies with
radial elongation and narrow poloidal spectrum emerges, re-
sembling linear eigenmode structure. This is a favorable con-
dition for zonal flows generation [26]. The subsequent zonal
flow generation and turbulence shear decorrelation lead to a
much more isotropic and broader turbulence spectra [8]. The
observed flow-induced broadening of the fluctuation spectra
is in qualitative agreement with the nonlinear theoretical pre-
dictions [13,23]. The streamer-zonal flow interaction may
have implication on the relevance of self-organized-criticality
(SOC) paradigm to tokamak transport [27].

The richness of the temporal dynamics as shown in Fig. 3
presents an opportunity to further explore the fundamental
physics underlying the turbulent transport. The turbulence in-
tensity(Æ�)2 and ion heat conductivity�i are in phase during
burstings. The ratio�i=(Æ�)

2 stays remarkably close to a con-
stant in time despite an order of magnitude variations in both
�i and(Æ�)2. This observation of the weak turbulence scal-
ing of �i / (Æ�)2 in nonlinear simulations with zonal flows
will provide useful insight for the development of nonlinear
theory. We note that the standard weak turbulence theory and
early gyrokinetic simulations of similar scaling in a stronger
drive regime [28] did not consider effects of zonal flows.

In a weak turbulence system, turbulence-zonal flow-
turbulence interaction is the dominant triad [13] and the zonal
flows are damped by collisions. The ITG modes are saturated
by the zonal flow shear decorrelation. On the other hand, the
zonal flows saturate when the generation rate of the modula-
tional instability is balanced by the collisional damping rate.
This analysis of the model weak turbulence system [13] yields
(Æ�)2 / �ii in steady state. Since�i / (Æ�)2 is expected
when turbulence drive is weak, one would expect�i / �ii,
which is qualitatively consistent with the results from our first-
principle gyrokinetic simulations. As we increase collision
frequency�ii ! 1, while keeping the linear growth rate fi-
nite, one would expect to recover the usual strong turbulence
scaling. Transition from weak to strong turbulence regime,
however, can be complicated by the collisional detrapping of
the resonant particles that are trapped by the waves [29].

In summary, linear collisional damping of spontaneously
generatedE�B zonal flows in gyrokinetic particle simula-
tions agrees well with recent analytic calculations. Nonlinear
simulations show that the turbulent transport is proportional to
turbulence intensity and increases with ion-ion collision fre-
quency. The collisionality-dependence of turbulent transport
comes from the neoclassical damping of zonal flows which
regulate the turbulence. Bursting behavior of density fluctua-

tions with a period close to collisional damping time of flows
has also been observed in the weak turbulence regime.
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