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During the first year of the SciDAC gyrokinetic particle simulation (GPS) project, the GPS team (Zhihong Lin,
Liu Chen, Yasutaro Nishimura, and Igor Holod) at the University of California, Irvine (UCI) studied the tokamak
electron transport driven by electron temperature gradient (ETG) turbulence, and by trapped electron mode
(TEM) turbulence and ion temperature gradient (ITG) turbulence with kinetic electron effects, extended our
studies of ITG turbulence spreading to core-edge coupling. We have developed and optimized an elliptic solver
using finite element method (FEM), which enables the implementation of advanced kinetic electron models (split-
weight scheme and hybrid model) in the SciDAC GPS production code GTC. The GTC code has been ported and
optimized on both scalar and vector parallel computer architectures, and is being transformed into objected-
oriented style to facilitate collaborative code development. During this period, the UCI team members presented
11 invited talks at major national and international conferences, published 22 papers in peer-reviewed journals and
10 papers in conference proceedings. The UCI hosted the annual SciDAC Workshop on Plasma Turbulence
sponsored by the GPS Center, 2005-2007. The workshop was attended by about fifties US and foreign researchers
and financially sponsored several gradual students from MIT, Princeton University, Germany, Switzerland, and
Finland. A new SciDAC postdoc, Igor Holod, has arrived at UCI to initiate global particle simulation of
magnetohydrodynamics turbulence driven by energetic particle modes. The PI, Z. Lin, has been promoted to the
Associate Professor with tenure at UCIL. Some highlights on the physics progress are listed below.

1. Nonlinear physics of ETG turbulence

Global gyrokinetic particle simulation and nonlinear gyrokinetic theory find that ETG instability saturates via
nonlinear toroidal coupling, which is a nonlocal interaction, intrinsic to the toroidal geometries, in the wavevector
space that transfers energy successively from unstable modes to damped modes preferentially with lower toroidal
mode numbers. The electrostatic ETG turbulence is dominated by nonlinearly generated radial streamers. The
length of the streamers scales with the device size, which is longer than the distance between mode rational
surfaces and electron radial excursions. Both fluctuation intensity and transport level at saturation are independent
of the streamer length, and are much smaller than mixing length estimates. These finds from global simulations
are not consistent with previous flux-tube simulation results.

IL. ITG turbulence spreading

Gyrokinetic particle simulations of toroidal ITG turbulence spreading™ and its related dynamical model have
been extended to the case with radially increasing ion temperature gradient, to study the inward spreading of edge
turbulence toward the core®. Due to turbulence spreading from the edge, the turbulence intensity in the core region
is significantly enhanced over the value obtained from simulations of the core region only. Even when the core
gradient is so weak such that self-generated zonal flows reduce the transport to a negligible value, a significant
level of turbulence and transport is observed in the core due to spreading from the edge. The scaling of the
turbulent front propagation speed is closer to the prediction from a nonlinear diffusion model’.

II1. Global ITG/TEM turbulence simulation with kinetic electrons



Kinetic electrons have been implemented in GTC code using the fluid-kinetic hybrid electron model. The
computational issues of electron-ion time scale separation and associated numerical noise have been resolved by
using an expansion of the electron response based on the toroidal aspect-ratio and by using an electron sub-
cycling method. The linear frequencies and grow rates of electrostatic ITG/TEM modes from GTC simulations
are found to be in good agreement with a comprehensive linear eigenvalue code (FULL) of PPPL and a global
gyrokinetic particle-in-cell code (GT3D) developed in Japan. Global nonlinear simulations of ITG/TEM
turbulence have been carried out with contribution of kinetic electrons to zonal flows properly retained. The
trapped electrons are found to make no responds to ITG modes, and thus to increase ITG linear growth rate and
transport by decreasing the dielectric constant for ITG modes. The nonlinear electron dynamics of TEM dynamics
is found to be constrained by the conservation of the second invariant, resulting in simultaneous diffusions of
electron banana orbits in both energy and real space, which have not been studied in analytical theories or local
simulations. Zonal flows with radial wavelength on the order of ion banana width are found to be generated in the
TEM turbulence, and the electron contribution to the zonal flow generation is found to be larger than the ion
contribution. The key difference between TEM and ITG is that the perpendicular wavelength of TEM is on the
order of ion gyroradius, which is much shorter than that of the ITG. ExB nonlinearity and ion polarization
nonlinearity are therefore on the same order of magnitude, which invalidates the nonlinear analysis of ITG
turbulence assuming time scale separation between these two nonlinearities.

IV. Global elliptic solver using finite element method and GTC code development

The existing gyrokinetic Poisson's solver in GTC code by a linear iterative method is inefficient in the presence of
non-adiabatic electrons. This calls for the development of elliptic solver using finite element method for the
gyrokinetic Poisson's equation and ampere’s law. Qur gyrokinetic simulation code GTC employs a global field
aligned mesh and thus a logically non-rectangular grid. For application to this complicate geometry, a new finite
element elliptic solver is developed’ and successfully implemented into GTC. Optimistic CPU time scaling versus
the matrix size is obtained, employing Portable Extensible Toolkit for Scientific Computation (PETSc) and High
Performance Preconditioners (hypre) for the sparse matrix solve. The FEM elliptic solver has enable the
implementation of advanced electron models including both the split-weight scheme and fluid-kinetic hybrid
model, e.g., for solving Poisson type equation for the time derivative of electrostatic potential and the Ampere's
law in the electromagnetic simulation. To transform GTC into an object-oriented code to facilitate collaborative
development, objects are defined and implemented into the GTC code in collaboration with Viktor Decyk of
UCLA. Higher level objects are used to encapsulate the original GTC variables. The original subroutines are also
encapsulated by higher level methods. In collaboration with Stephane Ethier of Princeton Plasma Physics
Laboratory (PPPL), the GTC code has also been ported and optimized on vector parallel computer®.

V. Electromagnetic global simulation using fluid-kinetic hybrid electron model

Using the new FEM elliptic solver, we can now study the electromagnetic turbulence using the fluid-kinetic
hybrid electron model. Two steps arc taken in the code development phase in verifying the Alfven wave
dynamics; (1) in the limit of massless electron fluid with the response of perturbed magnetic field lines, (2) in the
case with kinetic electrons. After benchmarking the linear growth rate of the electromagnetic modes, we will
study the nonlinear physics of the Alfvenic ion temperature gradient mode (AITG) and the kinetic ballooning
mode (KBM).
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