
TH1/1 XA9950990

Simulation of Ion-Temperature-Gradient Turbulence in Tokamaks.1
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Nonlinear gyrokinetic simulation of toroidal ion-temperature-gradient (ITG) tur-
bulence in tokamaks provides both a first-principles simulation capability and a means
to test the basis of the gyrofluid simulations which underly the IFS-PPPL transport
model, from which it has been predicted that the proposed ITER tokamak reactor
will not reach ignition [1].

We have completed many toroidal 3D nonlinear gyrokinetic simulation runs scan-
ning the plasma parameters about those from a particular ITER-relevant DIII-D dis-
charge. The ion thermal diffusivities (xi) obtained are sufficiently lower than gyrofluid
simulation values [2] to have a significant impact on predictions of ITER performance.
It is therefore important to establish the validity of nonlinear gyrokinetic simulations
through extensive benchmarking and nonlinear convergence studies. The latter have
been greatly facilitated by the increased power of modern computers and the use of
flux-tube simulation domains [3], and the quasiballooning representation [4].

The linear growth rates and frequencies, and marginally stable values of the ion
temperature gradient show excellent agreement with results obtained from indepen-
dent linear gyrokinetic calculations [2]. The levels of linearly undamped poloidal
E X B flows in our gyrokinetic code show excellent agreement with a recent analyt-
ical theory [5], unlike gyrofluid simulations. The poloidal flows are important in ITG
turbulence because they regulate the turbulent fluctuations and transport.

Two studies of the effects of particle discreteness noise have been completed. Di-
rect convergence checks were made by varying the number of simulation particles
used from 5 x 105 to 67 x 106 (corresponding to 1-134 particles per computational
cell). Above a nonlinear threshold temperature gradient, good convergence of x\ is
achieved with 2 or more particles per cell. This result is further supported by "scram-
bling tests," which give an indirect measure of the ratio of the noise to the physical
fluctuations. The methodology of these tests will be presented. They show that the
noise driven thermal flux, electrostatic potential, and flux-surface-averaged E X B
shear are small. Convergence has also been established with respect to simulation
system size and the spatial resolution.

A new phenomenon has been found in the dependence of the gyrokinetic simulation
Xi on the temperature gradient. The gyrokinetic Xi goes to zero below a value of the
temperature gradient significantly larger than the linear instability threshold. As
many as 64 particles per cell are sometimes needed to achieve convergence to these
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zero-Xi states. The dependence of nonlinear threshold on the local aspect ratio as well
as direct code diagnostics suggest that the undamped sheared flux-surface-averaged
E X B flows predicted in ref. [5] play a key stabilizing role in this phenomenon. The
effect of collisions and implications of these raised nonlinear thresholds for tokamak
ion temperature profiles are under investigation.

Comparisons of flux-tube and full-cross-section global simulations are also impor-
tant. In the past, global simulations have resulted in ion thermal transport rates sig-
nificantly lower than those given by simulations that use flux-tube geometry. Initial
comparisons of flux-tube simulations with radially varying uvr and global simula-
tions with the same local parameters and W.T profiles indicate that the ovr variation
is the primary global profile scale effect and can account for the previously observed
differences between the global and flux-tube simulations. Systematic scans in the
scale length of the w,T variation are underway to determine the scale at which ITG
turbulence makes the transition from local (gyroBohm) to global (more Bohm like)
behavior.

Intermittency and large-scale transport events are seen in the heat flux computed
in the simulations. These observations are consistent with the self-organized critical-
ity paradigm in that the heat flux shows spatial and temporal correlations on scales
large compared to those of the underlying turbulent fluctuations; the probability dis-
tribution function for the local heat flux departs significantly from Gaussian; and, for
a dynamic range of about one decade, the frequency spectrum shows a 1/f behavior.
Work is ongoing to identify the underlying sub-critical state, and to use the paradigm
of self-organized criticality to make quantative predictions.

Considerable progress has been made in increasing the physics content of our
gyrokinetic simulations. We have completed nonlinear gyrokinetic simulations of
ITG turbulence in a DIII-D negative-central-shear (NCS) shot and an ITER-relevant
H-mode shot using actual experimental equilibria and a multi-species ion dilution
model. Results of recent progress in the modeling of nonadiabatic electron effects
both in electrostatic and electromagnetic simulations will also be discussed.

An improved set of fluid equations that retain important nonlinear wave-particle
effects have been derived [6]. In a model kinetic nonlinear ITG problem, these
new fluid equations give much better agreement with a gyrokinetic treatment than
the gyro-Landau-fluid model discussed above. Applications to many-mode high-
resolution plasma turbulence problems are being explored.
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