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Abstract

Transport scalings with respect to collisionality (ν∗) and device size (ρ∗) are obtained
from massively parallel gyrokineticparticle simulations of toroidal ion-temperature-gradient
(ITG) turbulence in the presence of zonal flows. Simulation results show that ion thermal
transport from electrostatic ITG turbulence depends on ion–ion collisions due to the neo-
classical damping of self-generatedE×B zonal flows that regulate the turbulence. Fluc-
tuations and heat transport levels exhibit bursting behavior with a period corresponding to
the collisional damping time of poloidal flows. Results from large-scale full torus simu-
lations with device-size scans for realistic parameters show that Bohm-like transport can
be driven by microscopic scale fluctuations in the ITG turbulence with isotropic spectra.
These simulation results resolve some apparent physics contradictions between experimen-
tal observations and turbulent transport theories.

1 Introduction

Transport scalings with respect to collisionality (ν∗) and device size (ρ∗) are obtained from mas-
sively parallel gyrokinetic particle simulations of electrostatic toroidal ion-temperature-gradient
(ITG) turbulence in the presence of zonal flows. Zonal flows develop spontaneously due to non-
linear effects and, in turn, regulate the turbulence through shear decorrelation. Our simulation
results show that zonal flow plays a central role in transport scaling and resolve some apparent
physics contradictions between experimental observations and turbulent transport theories. The
fact that the nonlinear processes (which generate zonal flows) rather than linear quantities (e.g.,
growth rateγ or mode spectrumk⊥) determine the scaling of the ion heat conductivity places
considerable limitations on the applicability of most existing transport models that are based on
an oversimplifiedγ/k2

⊥ type mixing length rule.
These full torus nonlinear simulations with realistic plasma parameters covering disparate

spatial and temporal scales only became feasible with the implementation of efficient global
field-line-following magnetic coordinates and were enabled by access to the dramatically in-
creasing power of massively parallel computers. The gyrokinetic toroidal code (GTC) [1] with
its general geometry capability has also been applied to the assessment of transport properties
of compact stellarators and spherical tori.
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Ion thermal transport in the core region of a tokamak plasma is believed to arise from elec-
trostatic pressure-gradient driven microinstabilities [2]. In most previous studies, ion-ion col-
lisions 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 frequency is much smaller than the characteristic frequency of the ITG mode (e.g.,
linear growth rate or nonlinear decorrelation rate, which is of the order of the ion diamagnetic
frequency). Consequently, most theory-based ion thermal diffusivities do not contain explicit
dependence on the ion-ion collisionality [3].

However, there is some experimental evidence of collisional effects on the core turbulent
transport, despite the difficulty in isolating collisional effects by varying the collisionality while
keeping other dimensionless parameters constant. A recent transport scaling study on DIII-D
core plasmas [4] showed that one-fluid (including both ions and electrons) thermal diffusivity
χeff strongly depends on collisionality in the H-mode, and is almost independent of collisional-
ity in the L-mode. Transport analysis [5] in C-Mod H-mode plasmas resulted in approximately a
linear dependence ofχeff onν∗ ≡ ε−3/2νiiqR0/vi with q the safety factor,R0 the major radius,
vi the ion thermal speed,ε the inverse aspect ratio andνii the ion-ion collision frequency.

Our massively parallel gyrokinetic particle simulations show [6] that the ion thermal trans-
port from electrostatic ITG turbulence depends on ion–ion collisions for representative toka-
mak core H-mode plasma parameters. The collisionality dependence of the turbulent trans-
port comes from the neoclassical damping of self-generatedE×B zonal flows. These zonal
flows [7], which are linearly stablek‖ = 0 modes, are nonlinearly driven [8, 9] by the flux-
surface-averaged, radially local current modulations and are mainly in the poloidal direction for
high aspect ratio devices. The shear decorrelation [10, 11] 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. The results from full torus simulations with a momentum- and energy-
conserving Fokker–Planck collision operator are consistent with the experimental observation
that the collisionality dependence of transport is much more pronounced in the enhanced con-
finement regime (where turbulence is expected to be weaker) than that of typical L-mode plas-
mas. Furthermore, the fluctuations and heat transport in these simulations exhibit bursting be-
havior with a period corresponding to the collisional damping time of poloidal flows. This
is consistent with the observation in TFTR core plasmas [12] of density fluctuations bursting
with a period (∼ 3 ms) which is close to the collisional flow damping time calculated from
experimental plasma parameters.

Most ITG turbulent transport theories and models assume small scale fluctuations and con-
sequently predict gyro-Bohm scaling. However, in previous full torus gyrokinetic simulations
with zonal flow artificially suppressed, Bohm-like transport scaling was observed due to radially
elongated turbulent eddies resulting from linear global modes. Our more realistic simulations
with zonal flow self-consistently included found [1] that the random shearing of ITG turbulence
by the zonal flow results predominantly in the reduction of the radial correlation length and sub-
sequently in the turbulence level. The fluctuations are nearly isotropic in the radial and poloidal
directions. This motivated us to carefully studyρ∗ (ρ∗ = ρi/a with ρi the ion gyroradius anda
the minor radius) scaling with self-generated zonal flow using our large-scale simulations with
device-size scans. Simulation results show that ITG transport can deviate from the gyro-Bohm
scaling even with isotropic spectra. This is consistent with tokamak dimensionless scaling stud-
ies which found that ion transport and energy confinement time exhibit Bohm-like behavior [13]
while fluctuation characteristics suggest gyro-Bohm scaling [14].
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2 ν∗ scaling

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) [15]
oscillation. Rosenbluth and Hinton [16] have pointed out the existence of a residual flow which
survives this linear collisionless damping process in the banana regime. This undamped compo-
nent of poloidal flows plays a key role in determining the turbulent transport level in nonlinear
simulations; thus its long time behavior must be treated accurately. This residual flow is even-
tually damped out by ion-ion collisions 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 simulation, we solve a toroidal gyrokinetic equation [18, 19] with a flux-
surface-averaged source which introduces an initial perturbation of the poloidal flow. Without
collisions, an asymptotic residual of this flow develops and its level measured from the simula-
tion 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 sim-
ulation agrees [1] well with the analytical calculation [17] (see below for plasma parameters).
The analytical theory only deals with time scales longer than the ion bounce period; therefore
it does not describe the transient processes associated with magnetic pumping and GAM os-
cillations. Most of the collisional damping occurs through the friction force between trapped
and passing particles [17]. The effective damping time measured from the simulation is very
close to the theoretical prediction ofτd = 1.5ετii, whereτii is the ion-ion collision time. A
like-species Lorentz operator is used in this simulation for comparison with the theory. In the
following nonlinear simulations, we use a momentum and energy conserving Fokker-Planck
operator which has been rigorously benchmarked for neoclassical transport [20].

With validity checks completed, the GTC was next applied to full torus nonlinear simula-
tions of ITG turbulence. These simulations used representative parameters of DIII-D tokamak
H-mode core plasmas which have a peak ion temperature gradient atr = 0.5a with the follow-
ing local parameters [21]:R0/LT = 6.9, R0/Ln = 2.2, q = 1.4, ŝ ≡ (r/q)(dq/dr) = 0.78,
Te/Ti = 1, ε = 0.18, andν∗ = 0.045. HereLT and Ln are the temperature and density
gradient scale lengths, respectively,Ti and Te are the ion and electron temperatures. The
size of the plasma column isa = 160ρi whereρi is the thermal ion gyroradius measured at
r = 0.5a. The simplified physics model included: a parabolicq profile, a pressure gradient pro-
file exp{−[(r− 0.5a)/0.3a]6}, a circular cross section, no impurities, and an adiabatic electron
response [22] withδne/n0 = e(φ − 〈φ〉)/Te, where〈· · ·〉 represents the flux surface average.
These global simulations used fixed boundary conditions withφ = 0 enforced atr < 0.1a and
r > 0.9a. ITG modes are unstable with these plasma parameters and have a linear threshold
of R0/LT = 4 [21]. The parameterR0/LT represents the strength of the turbulence drive. We
scanR0/LT to assess sensitivity of the collisional effects to 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 collisionless simulations. When realistic ion-ion collisions withν∗ = 0.045 are
included in the simulation, the steady state ion heat conductivityχi is increased by about one
half from the collisionless value. The saturated zonal flow level decreases due to collisions.
Meanwhile, the change in linear growth rate is negligible. Furthermore, when zonal flows are
not included in the simulations, collisions have little effect on the turbulent transport. We there-
fore conclude that the enhancement of transport by collisions in the presence of zonal flows
is through the neoclassical damping of zonal flows. When the turbulence driveR/LT is re-
duced, 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 tur-
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bulence completely suppress the turbulence and transport [8, 21]. In this paper, we characterize
this regime as the weak turbulence regime. Collisionless nonlinear flux-tube gyrokinetic simu-
lations for the same plasma parameters have found [21] that, forR/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 the 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 discussed here is relevant to many tokamak experiments.

We now reduce the turbulence drive toR/LT =
5.3 in our nonlinear simulations. The ITG mode is
unstable with linear growth rateγ = 0.072vi/Ln

and real frequencyωr = −0.29vi/Ln at kθρi =
0.35. We scan the ion-ion collision frequency up-
ward from the experimental value to facilitate stud-
ies of the long term collisional effects on the zonal
flow dynamics. Again, the collisional effect on the
linear growth rate of the ITG mode is less than 1%
for all the collision frequencies. In the collision-
less simulation, the saturated heat flux decreases
to an 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 in-
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Figure 1: Ion heat conductivity in nonlinear gy-
rokinetic simulations withR/LT = 5.3 vs. the
ion-ion collision frequency.

crease the collision frequency without changing other parameters, we observe an increase of
the time-averagedχi without a tendency toward saturation for the whole scan range of collision
frequencies, which is up to 8 times the experimental value. Fig. 1 shows that the ion heat con-
ductivity sensitively depends on the collision frequency in this weak turbulence regime. This
collisionality-dependence of the turbulent transport implies that an accurate treatment of the
linear poloidal flow damping [16, 17] in nonlinear simulation codes is essential in predicting
the transport levels.

The simulation time history for the case
ν∗ = 0.09 is shown in Fig. 2. The ITG in-
stabilities evolve from a linear phase of expo-
nential growth to a nonlinear stage in which
zonal flows are generated. When the effective
shearing rate [23], or root mean square shear-
ing rate [8] of zonal flows exceeds the ambient
turbulence decorrelation rate which can be ap-
proximated by the ITG linear growth rate [24],
the ITG turbulence and associated transport
are significantly reduced. Zonal flows are
then slowly damped by the ion-ion collisions.
When the effective shearing rate is below the
growth rate, the ITG turbulence grows again
and drives zonal flows. These turbulence-
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Figure 2: Time history in nonlinear gyrokinetic simula-
tions for zonal flow amplitude and ion heat conductivity.

zonal flows interactions modulated by collisions result in a cyclic, bursting behavior of fluc-
tuations, transport and zonal flows. From a scan of the collision frequency, we observe that the
bursting period is of the order of the collisional damping time of the zonal flows,τd.

4



In a weak turbulence system, the turbulence-zonal flow-turbulence interaction is the dom-
inant triad [8, 9] 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 modulational instability is balanced by the collisional damping rate. This
analysis of the model weak turbulence system [8, 9] yields(δφ)2 ∝ νii in steady state. Since
χi ∝ (δφ)2 is expected when the turbulence drive is weak, one would expectχi ∝ νii, which
is qualitatively consistent with the results from our first-principle gyrokinetic simulations. As
we increase the collision frequencyνii → ∞, while keeping the linear growth rate finite, one
would expect to recover the usual strong turbulence scaling. Transition from weak to strong
turbulence regimes, however, can be complicated by the collisional detrapping of the resonant
particles that are trapped by the waves [25].

3 ρ∗ scaling

ρ∗ scaling of anomalous transport enables extrapolation of confinement properties from existing
devices to future machines.In the absence of a fundamental, first-principle turbulence theory, a
heuristic, mixing length rule is often utilized in obtaining such scaling theoretically. Most tur-
bulence theories and local (or flux-tube) direct simulations assume fluctuation on a microscopic
scale length (k⊥ρi ∼ 1) and predict gyro-Bohm transport. However, trends from experimental
observations have been more complicated and can include gyro-Bohm, Bohm, or other scaling.
Global (full torus) direct simulations have been used to resolve this puzzle. Previous global
gyrokinetic simulations of toroidal ITG modes with zonal flow suppressed observed Bohm-like
transport driven by radially elongated eddies of linear global modes. However, more realistic
simulations with zonal flows self-consistently included show [1] that these global mode struc-
tures are destroyed by the shearing action of zonal flows and the turbulent eddy size becomes
independent of device size (Fig. 3).

ρ30 i

Figure 3:Poloidal contour plots of fluctuation potential in nonlinear state showing turbulence eddy size
independent of device size.
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This observation motivates us to systematically scan
device size while keeping all other plasma parameters
fixed in nonlinear simulations. To minimize the colli-
sional effects in this device size scan, we use a stronger
drive for the ITG instability withR/LT = 6.9 and keep
all other plasma parameters the same as those specified in
Sec. 2. The simulation of device sizea = 400ρi uses 200
million gyrocenters. The numerical resolution in such a
simulation with field-line following magnetic coordinates
is equivalent to that of a simulation with conventional
coordinates using more than 2 billion gyrocenters. The
radial power spectra of the fluctuating potential (exclud-
ing the zonal flow mode which does not cause transport)
are indeed observed to be similar for all device sizes (see
Fig. 4). In contrast, when zonal flows are suppressed in
the simulation, the radial spectra is narrower (dominant
by low kr components) for larger device sizes. Based on
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Figure 4: radial spectra of potential for
various device sizes

mixing length estimates, such small scale fluctuations should drive gyro-Bohm transport.
Surprisingly, the ion heat conductivity in this

scan exhibits Bohm-like scaling for device sizea >
160ρi. This observation is consistent with recent di-
mensionless scaling studies on the DIII-D tokamak
which found that ion transport and energy confine-
ment time exhibit Bohm-like behavior while fluctua-
tion characteristics suggest gyro-Bohm scaling [14].
How can small scale fluctuations drive Bohm-like
transport? Possible mechanisms responsible for
such scaling include: (a) the existence of large trans-
port events where a heat pulse propagates ballisti-
cally; (b) wave transport where the wave extracts en-
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Figure 5: Ion heat conductivity vs. device size

ergy from ions in the hot region and deposits it back to ions in the cold region; and (c) profile
(ω∗) variation effects due to finite device size in simulations. In the following, we examine each
of them.

First we measure the radial diffusion of test parti-
cles (passive particles that do not affect the turbulence).
After nonlinear saturation, 6 million test particles are
initiated aroundr = 0.5a with a uniform poloidal dis-
tribution. The probability distribution function of ra-
dial displacement after about 10 eddy turnover times is
measured and is found to be very close to a Gaussian
(Fig. 6). Further examination of the deviation from
Gaussian reveals no singular structure in either pitch
angle or energy space. This indicates that there is no
sharp resonance in wave-particle interactions. Since
the radial motion of test particles is diffusive rather than
ballistic, the wave does not trap and convect the parti-

δr/σ
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σ=23.8ρ
S=0.037
K=-0.06
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0.0

1.0
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Figure 6: Probability density function of test
particle radial displacement (black) vs. Gaus-
sian function (red).

cles, but only scatters the particle orbits. With the apparent absence of a large transport event
over this simulation time, longer (macroscopic) time scale simulations need to be performed.
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Since the test particle radial motion is diffusive,
we can calculate ion heat conductivity based on the
random walk model of test particle heat flux,Q,
due to the energy-dependent diffusivityD = σ2/2t,
Q = − ∫ 1

2
v2D∂f/∂rd3v. We also measure the self-

consistent heat flux,Q =
∫ 1

2
v2δvE×Bδfd3v. We found

that the test particle heat flux is very close to the self-
consistent heat flux (Fig. 7), and that wave transport
does not play a significant role. We conclude that the
heat flux is carried by the radial diffusion of particles.
Finally, we found that the fluctuation amplitude (ex-
cluding zonal flows) scales asδvE×B ∝ Vdia/

√
ρ∗.

This is inconsistent with mixing length estimate which
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Figure 7: Ion heat conductivity mea-
sured self-consistently (black) and calculated
through test particle diffusion,

predictsδvE×B ∝ Vdia. It also indicates thatE × B trapping does not play a dominant role in
the nonlinear decorrelation (otherwise the heat conductivity would scale as

√
ρ∗). In fact the

effective correlation time (defined byτ = D/δv2
E×B) scales asτ ∼ 1/ω∗, consistent with the

scaling of the zonal flow shearing rate. Note that the observedρ∗ scaling ofδvE×B is not physi-
cal in a larger device (ρ∗ → 0) because the fluctuating velocity cannot become arbitrarily larger
than the diamagnetic drift velocity, which is the characteristic velocity of the system. Therefore
the currentδvE×B scaling may be a result of sharp profile variation ofω∗ in the relatively small
size device (even though the simulation size is larger than most existing machines). Work is
underway for simulation of a much larger size device (reactor scalea = 1000ρi), where the
profile variation effect is expected to be weaker, to determine whether the profile variation is
responsible for the Bohm-like transport.

4 Conclusions

Transport scalings with respect to collisionality (ν∗) and device size (ρ∗) are obtained from mas-
sively parallel gyrokinetic particle simulations of electrostatic toroidal ion-temperature-gradient
(ITG) turbulence in the presence of zonal flows. Simulation results show that ion thermal trans-
port from electrostatic ITG turbulence depends on ion–ion collisions and that fluctuations and
heat transport level exhibit bursting behavior. Results from large-scale full torus simulations
with device-size scans for realistic parameters show that Bohm-like transport can be driven
by microscopic scale fluctuations with isotropic spectra. Our simulation results resolve some
apparent physics contradictions between experimental observations and turbulent transport the-
ories. Furthermore, the fact that the change of the ion heat conductivityχi with collision fre-
quency cannot be attributed to the change in the linear growth rateγ or the mode spectrumk⊥
places considerable limitations on the applicability of existing transport models that are based
on an oversimplifiedγ/k2

⊥ type mixing length rule.
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