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Abstract

The collisionless reconnection process in tokamaks due to the nonlinear development
of m = 1 (poloidal mode number) and n = 1 (toroidal mode number) kinetic internal
kink mode is simulated by the gyro-particle code (GYR3D), the gyro-reduced MHD code
(GRM3D-2F), and the particle-fluid hybrid code (Hybrid3D). These codes are based on
the nonlinear gyrokinetic Vlasov-Poisson-Ampere system and have exact energy invari-
ances. GYR3D is a three-dimensional gyrokinetic magneto-inductive particle code with
Sf method. GRM3D-2F is a two-field and two-fluid model including the effects of elec-
tron inertia and the perturbed electron pressure gradients along the magnetic field. In
Hybrid3D, electrons are treated as fluid, while ions are treated as particles. The results
of these three codes agreed very well. We believe that the better understanding of the
physics associated with the kinetic MHD phenomena in tokamaks will be achieved by
executing simultaneously these codes.

1 Introduction

In the simulation study of the present-day and the next generation large tokamaks,
it is crucial to treat the kinetic modification of MHD modes. There are many kinetic
effects which should be included in the MHD model. Electron inertia effects, electron
pressure effects along the magnetic field, finite Larmor radius effects of ions, diamagnetic
effects, and effects of energetic ions like alpha particles are some examples. Development
of exteded MHD simulation model, which is the kinetic extension of the conventional
MHD model, and simulation study of such kinetic MHD phenomena in fusion plasmas by
using massively parallel computers are one of the main subjects in the NEXT (Numerical
EXperiment of Tokamak) Project in JAERI begun from 1996 [1].

There are three approaches for the simulation study of kinetic MHD phenomena. One
is the (gyrokinetic) particle approach which includes the charged particle dynamics in the
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self-consistent electromagnetic field. This approach is more faithful to the physics but
inevitably consumes much computer resources. The second is the fluid approach which
uses the moment equation of the Vlasov (or gyrokinetic Vlasov) equation. Although there
is a closure problem, the fluid approach is less severe for the computer resources. The
third is the hybrid approach in which electrons are treated as fluid and ions are treated
as particles; we can naturally include the kinetic effects of ions while eliminating the
load to follow individual electrons. We have developed gyro-particle code (GYR3D)[2, 3],
gyro-reduced MHD code (GRM3D-2F)[4], and particle-fluid hybrid code (Hybrid3D)[5]
based on the particle, fluid, and hybrid approaches, respectively. These three codes, which
have the exact energy invariances, are based on the nonlinear gyrokinetic Vlasov-Poisson-
Ampere system[6] and/or the moment equations of it.

The oultine of the paper is as follows. The brief summary of the three models are given
in Sections 2-4. The simulation results of the three codes for the kinetic m = 1 and n = 1
internal kink mode, which is closely related to the fast sawtooth crash in tokamaks, are
compared in Section 5. Concluding remarks and discussion are given in Section 6.

2 Gyro-Particle Model

GYR3D[2, 3] is the three-dimensional magneto-inductive gyrokinetic particle code
with Sf method[7] which is a quite low noise algorithm.

We assume a rectangular system with dimensions of Lx, Ly, and Lz. There is a strong
and constant magnetic field (toroidal magnetic field), BT = Bob, where 6 is the unit
vector in the z direction. The compressional component of the longitudinal magnetic
field is neglected in the low beta approximation. The periodic boundary condition is
assumed in the z direction. The system is bounded by a perfectly conducting wall in the
x and y (poloidal) directions. The same assumptions are done for the gyro-reduced-MHD
and hybrid models.

In the gyro-particle model, the charged particles move by the E x B drift and the
parallel streaming along the magnetic field. The acceleration of particles are due to the
electrostatic electric field along the magnetic field and the induced electric field. Electrons
are treated in the drift kinetic approximation. We also neglect the finite gyroradius effect
of ions while keeping the polarization shilding effects of ions in the Poisson equation. In
the Sf code, the distribution function is decomposed into the equilibrium part (/o) and
the deviated part (Sf). Variable weights of particles are followed along the trajectory.
Particle weights only represent the Sf part; the thermal fluctuation level is considerably
less than the standard gyrokinetic particle code (total / code) as long as absolute values
of weights are much smaller than unity. The angular momentum, pz, is used instead
of the velocity along the magnetic field, vz. Hence, the induced electric field does not
appear explicitly in the system of equations. In the pz formulation, the calculation of the
z component of the vector potential, Az, from the Ampere law is somewhat complicated
because we cannot use vz to calculate the current density. The poloidal magnetic field is
calculated by A2; i.e., Bp = V x (Azb).
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3 Gyro-Reduced MHD Model

The moment equations of the gyrokinetic Vlasov equations are used to derive the gyro-
reduced MHD model. Because the terminology of "gyro-fluid" usually represents the gyro-
Landau model[8, 9], we call our model "gyro-reduced MHD" because it is corresponding
to the extention of the Strauss's reduced MHD model[10]. This model is basically the
two fluid model; hence, electron inertia as well as the electron pressure gradient along
the magnetic field is included in the system of equations. Although the extention to the
case of the nonuniform density profile is straightforward, the equilibrium density profile
is assumed to be uniform in the GRM3D-2F code[4].

The gyro-reduced MHD model comprises of the equations for the electrostatic potential
(f> and the z component of the vector potential Az:

^ ( V ^ ) = -^6*-V(ViA 2 ) , (1)

jtAz = - 6 * • V^ + d\ jt{V\Az) + plb*. V ( V i ^ ) , (2)

where v^ = cu>ci/u>pi (c is the speed of light in vacuum, u;C! and u>pt are the ion cyclotron
and plasma angular frequencies, respectively) is the Alfven velocity, de — c/u>pe {upe

is the electron plasma angular frequency) is the collisionless electron skin depth, ps =
\/Te/mi/u;cl (m,- is the ion mass, Te is the electron temperature) is the ion Larmor radius
calculated by the electron temperature, 6* is the unit vector of the magnetic field,

b =b + , (3)

and d/dt is the convective derivative defined by

dt dt+ Bo
 { '

Eq.(l) represents the vortex equation while generalized Ohm's law in the direction parallel
to the magnetic field is described by Eq.(2) which can also be expressed in the following
equation,

where A'z is defined by
A'z = Az-dlV\Az. (6)

In order to derive Eq.(2), we replaced the pressure term, pe, in the electron moment
equation by assuming pe = neTe and Tc = constant (isothermal model);

2

Vpe = TeVne = ^ ^£ V(V3» , (7)

where gyrokinetic Poisson equation is used in the second equality by assuming (*m, = 0
which is consistent to assume [/,• = 0 (Ul is the ion fluid velocity parallel to the magnetic
field) in the 0-th order moment equation (continuity equation) of ions.
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4 Particle-Fluid Hybrid Model

In the Hybrid3D[5] code, electrons are treated as a fluid and ions are treated as gyro-

particles. The equations of motion for ions are the same as those for the gyro-particle

codes. Electron and ion motions are combined through the gyrokinetic Poisson equation

and the Ampere equation. Here, we show only the equations for electrons. These equations

are obtained by taking the moments of the gyrokinetic Vlasov equation. The continuity

equation of the density, the equation of motion, and the equation for the temperature are

given by the following equations.

^ + b'-V(ne t /e) = 0, (8)

( ^f] (9)
ne \ at J

irp

—- + Ueb* • VTe + 2Teb* • W e = 0. (10)

at

Equation (9) is an inconvenient form for practical simulations because, as pointed in

[6], the partial time derivative of the vector potential appears in the equation. Hence, we

introduce the generalized momentum Fe(x, /) for the electron fluid defined by
re(x,t) = meUe(x,t)-eAg(x,t). (11)

The equation of motion for the electron fluid can be re-written as

^ i x V</>) • V(re + — Az)
m

e[^-Ue + Ueb* • VUe] = - — b * • Vpe + e ( V • V«/» +
t \

^ = (b x V</>) V(r e +
at Bo m

- — (re + — AZ) b* • v(re + —AZ)

- — b*-Vpe + eb*-V<^, (12)

where pe = neTe.

Above set of equations have an energy invariance. The present version of Hybrid3D,

however, assumed the isothemal condition, Te = constant. The isothermal model, in

which we do not have to solve Eq.(10), has another invariance related to the entropy

conservation law[5].

5 Simulation Results

As the benchmarking problem for the three codes, the nonlinear simulation of m •= 1

and n = 1 kinetic internal kink mode is selected. The collisionless magnetic reconnection

is the key process which is closely related to the fast sawtooth crash in the present day

large tokamaks. The system is filled with a plasma with uniform equilibrium density and

temperature. The equilibrium profile of Az is chosen to be

Az{x,y)= y ° sin — s i n / (13)
xq0Lz Lx Ly
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where q0 is the safety factor at the magnetic axis [10]. The q profile corresponding to the

above Az is given by

q(x, y) = — qQK(s'm ip), cos %[> — sin —- sin —- (14)
T LX Ly

where A is the elliptic integral of the first kind. The q-value increases monotonically from

the axis to the wall where q is infinite. The central q value (safety factor) of q0 — 0.85 is

selected for the equilibrium. We also fixed de = 4A and ps = A (A is the grid size in the

x and y directions).

The 64 x 64 x 32 meshes are used for the x, y, and z directions. In GYR3D and

Hybrid3U, the grid size in the z direction is stretched by the factor of 1000 from the

grid size in the x and y directions. In GRM3D-2F, the aspect ratio is included in the

normalization; the stretching is not necessary. For the toroidal mode numbers, the modes

up to n = 0, ±1 , ±2, ±3, ±4 were included; higher n modes are eliminated in the Fourier

space to reduce the high-frequency shear Alfven waves. We used 8388608 electrons and

8388608 ions for GYR3D, while 2097152 ions are used for Hybrid3D. The simulation by

GYR3D and Hybrid3D was done on the Intel Paragon XP/S15-256 which has 256 scalar

processors connected with a two-dimensional mesh topology. Parallelization of GYR3D is

summarized in Ref.[3]. The simulation by GRM3D-2F was executed on Fujitsu VPP500

which has 42 vector processors with a crossbar connection. The speed of the codes scales

well with the number of processors.

The linear phase of the instability agrees very well for three codes. The growth rates

of the order of the Alfven time are observed; 0.44 VA/LZ, 0.55 VA/LZ, and 0.49 VA/LZ

for GYR3D, GRM3D-2F, and Hybrid3D, respectively. The difference of the growth rates

is quite small. (The dependence of the growth rates on de and ps is consistent with the

prediction of Zakharov et. al.[ll]) The width of the current layer around the q = 1

magnetic surface is determined by de, which also supports the theory of collisionless

magnetic reconnection. Also the early nonlinear phase agree very well; the fast Kadomtsev

type full reconnection is observed by three codes. The E x B flow due to the potential

structure generated in the full reconnection phase plays the crutial role in the phenomena

of post full reconnection phase (second phase); the peripheral plasma at the opposite

side of the original x point comes into the central region. The configuration of q0 < 1 is

reformed as a results of the magnetic reconnection. This phenomenon was firstly predicted

by the simulation by Biskamp et. al. [12]. In GYR3D the q0 in the second phase is bigger

than the original value of (/0, while in GRM3D-2F it is less than the original value. (The

measurement of q0 in the Hybrid code is in progress.) The difference of the electron model

in the codes may explain the difference in the second phase. Further study will be needed

to clarify the mechanisms which causes the difference of the three codes in the second

phase.

6 Conclusions and Discussion

We have developed the gyro-particle (GYR3D), gyro-reduced-MHD (GRM3D-2F),

and particle-fluid hybrid (Hybrid3D) codes. These codes are based on the formalism
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of nonlinear gyrokinetic Vlasov-Poisson-Ampere system and/or the moment equations
of it. Also, these codes have the energy conserving property. As the benchmarking
problem, the nonlinear phenomena of the kinetic m. — 1 and n = 1 internal kink mode
are studied by these codes. These phenomena are closely related to the sawtooth collapse
observed in present day large tokamaks. The fast full reconnection (collisionless magnetic
reconnection) followed by the second phase reforming the configuration of go < 1 has been
observed by the three codes. Although there are some differences in the second phase, we
believe that all of the three codes capture the basic physics of the phenomena related to
the nonlinear dynamics of the kinetic internal kink modes. To develop a realistic extended
MHD code, it is important to make several codes with different order of physical accuracy.
Those codes should be well benchmarked for the same physical phenomena. What we have
presented in this article is the first step to build the comprehensive extended MHD codes
in tokamaks. The toroidal version of the IIybrid3D code is our next target in the near
future.
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