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Gyrokinetics for high-frequency modes in tokamaks
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Gyrokinetics for high-frequency modes in tokamaks is developed. It is found that the breakdown of
the invariants by perturbed electromagnetic fields drives microinstability. The obtained
diamagnetic frequency, x , is proportional to only the toroidal mode number rather than transverse
mode numbers. Therefore, there is no nonadiabatic drive for axisymmetrical modes in
gyrokinetics. Meanwhile, the conventional eikonal Ansatz breaks down for the axisymmetrical
modes. The ion drift-cyclotron instability discovered in a mirror machine is found for the first time
in the toroidal system. The growth rates are proportional to qi =Ln , and the slope changes with
magnetic curvature. In spherical torus, where magnetic curvature is greater than that of traditional
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tokamaks, instability poses a potential danger to such devices. V
Physics. [http://dx.doi.org/10.1063/1.4737108]
I. INTRODUCTION

Gyrokinetic theory1–10 appears to hold for lowfrequency instabilities. To employ gyrokinetic theory to
the study of high-frequency microinstability and radiofrequency heating,11 the theory must be extended to arbitrary
frequencies so as to include cyclotron resonance phenomena.
Such extension has been performed by a number of
authors.12–14 The gyrokinetics in Ref. 14 differs from that in
Refs. 12 and 13 in terms of the choice of variables, required
to avoid a hierarchy of coupled gyrokinetic equations. However, the conventional eikonal Ansatz used in Refs. 5 and 14
breaks down for axisymmetric modes,15 which are important for zonal flow generation. There is no gyrokinetic
equation available for studying high-frequency microinstability and cyclotron heating without eikonal limitation.
This background provides motivation for the present study.
In this work, the field is supposed instead to be given as a
superposition of toroidal and poloidal Fourier modes. This
is also the representation used to study axisymmetric
modes and to solve Maxwell equations for tokamak plasmas with spectral full-wave code, e.g., TORIC.16 The
paper introduces the action and angle variables proposed
by Kaufman17 and employs the technique of areaconserved transformation proposed by Lichtenberg and
Lieberman.18 Three invariants, namely, the kinetic energy,
magnetic moment, and toroidal momentum, are obtained.
It is found that the breakdown of the invariants by perturbed electromagnetic fields drives the kinetic modes. The
obtained diamagnetic frequency, x , is proportional to
only the toroidal mode number rather than the transverse
mode numbers in the gyrokinetics. It is shown that there is
no adiabatic drive for axisymmetrical modes. A linear solution is formally obtained and found to be consistent with

a)

the solution obtained for the low-frequency scenario by
Porcelli et al.19
The ion drift-cyclotron instability discovered in a mirror
machine is found for the first time in the toroidal system.
The growth rates are proportional to qi =Ln , and the slope
changes with the magnetic curvature. For the spherical torus,
where the magnetic curvature is larger than that for traditional tokamaks, the instability presents a potential danger to
devices.
Section II introduces the canonical variables and Sec. III
obtains the gyrokinetic invariants. Section IV derives the
gyrokinetic equation for high frequency and Sec. V investigates the ion drift-cyclotron instability in a spherical torus.
The paper is summarized in the final section.
II. CANONICAL VARIABLES

For the tokamak configuration, the Hamiltonian21 of a
charged particle can be expressed as
H¼

(1)

where AR, AZ, and A/ are the vector potential components of
the magnetic field; U is the electrical potential, which is
assumed to be a function of the poloidal magnetic flux W;
and M is the mass of the charged particle, which we set equal
to unity for simplicity; and e is the charge. PR, P/, and PZ
are the canonical momentum conjugates to the cylindrical
coordinates R, /, and Z, respectively
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½ðPR  eAR Þ2 þ ðPZ  eAZ Þ2
2M
þ ðP/  eRA/ Þ2 =R2  þ eU;
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PR ¼ tR þ eAR ;

(2)

P/ ¼ Rt/ þeRA/ ;

(3)

PZ ¼ tZ þ eAZ :

(4)
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