
Under the new radially local approximation made

in the present work [1], the guiding center equations

are written as

dX

dt
= V(rl)

gc ≡ Ub+ (V(rl)
gc )⊥,

dU

dt
= − µ

m
b · ∇B + Ub · ∇b ·V(rl)

gc

dµ

dt
= − 1

B
(V(rl)

gc )⊥ · (mU2b · ∇b+ µ∇B), (1)

where X, U , and µ are the guiding center position,

parallel velocity, and magnetic moment, respectively.

The component (V
(rl)
gc )⊥ of the guiding center ve-

locity (V
(rl)
gc ) perpendicular to the magnetic field

B = Bb is defined by (V
(rl)
gc )⊥ = α(Λ)(c/eB)(b ×

∇s)
[
(∇s/|∇s|2) · (mU2b · ∇b+ µ∇B) + e(dΦ/ds)

]
,

where s is an arbitrary label of the flux surface,

Φ = Φ(s) represents the electrostatic potential, and

the factor α(Λ) is introduced to satisfy the condition

(V
(rl)
gc )⊥(µ = 0) = 0 in order to derive appropriate

balance equations of particles, energy, and parallel

momentum by removing improper sources and/or

sinks at the boundary µ = 0 in the velocity-space

integral domain.

The ratio of the magnetic moment µ to the kinetic

energy W = mU2/2 + µB is used to define the di-

mensionless parameter, Λ ≡ µBmax/W , where Bmax

is the maximum value of B on the flux surface. Then,

we assume that limΛ→+0 α(Λ) = 0 while α(Λ) = 1 ex-

cept for an interval, 0 ≤ Λ < Λ0, where Λ0(≪ 1) is

a small positive constant value. For example, α(Λ) is

defined by α(Λ) = sin(πΛ/2Λ0) for Λ < Λ0, and 1 for

Λ ≥ Λ0. We should note that influences of the mag-

netic and E ×B drift motions are significant mainly

for precession drift orbits of trapped particles, and

that particles in the region, Λ < Λ0, are passing ones

whose orbits almost coincide with field lines. There-

fore, even if the functional form of α(Λ) and the value

of Λ0 are changed, the artificial reduction factor α(Λ)

for Λ < Λ0 is expected to cause little change in resul-

tant passing particles’ orbits except that the limiting

condition, limΛ→+0(V
(rl)
gc )⊥ = 0, is rigorously satis-

fied.

Note that V
(rl)
gc has no radial component: V

(rl)
gc ·

∇s = 0. In Eq. (1), the magnetic moment µ is allowed

to vary in time such that conservation of the kinetic

energy of the particle W = mU2/2 + µB,

dW

dt
= mU

dU

dt
+B

dµ

dt
+ µV(rl)

gc · ∇B = 0, (2)

is satisfied. We hereafter employ (s, θ, ζ,W,U, ξ) as

phase-space coordinates. Here, (s, θ, ζ) are the flux

surface coordinates for which the Jacobian is written

as
√
g = [∇s · (∇θ × ∇ζ)]−1. Using V

(rl)
gc , dU/dt,

and dW/dt = 0 given by Eqs. (1) and (2), the drift

kinetic equation for the first-order distribution func-

tion f(s, θ, ζ,W,U) in the stationary state is written

as

1
√
g
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∂

∂θ
(
√
gfV(rl)

gc · ∇θ) +
∂

∂ζ
(
√
gfV(rl)

gc · ∇ζ)

]
+

∂

∂U

(
f
dU

dt

)

=
F0

T0

{
V s
gc

[
X1 +X2

(
W

T0
− 5

2

)]
+

eUB

⟨B2⟩1/2
XE

}
+ CL(f), (3)

where the thermodynamic forces X1, X2, and XE

are defined by X1 = −(1/n0)(∂p0/∂s) − e(∂Φ/∂s),

X2 = −∂T0/∂s, and XE = ⟨BE∥⟩/⟨B2⟩1/2, respec-
tively, CL(f) represents the linearized collision opera-

tor, F0 is the zeroth-order distribution function which

takes the local Maxwellian form, and the radial com-

ponent of the guiding center drift velocity V s
gc is given

by V s
gc = (c/eB2)[∇s · (b×∇B)]

(
1
2mU2 +W

)
. Note

that the radial coordinate s and the kinetic energy W

enter f(s, θ, ζ,W,U) as constant parameters.

The new drift kinetic equation (3), which includes

both E×B and tangential magnetic drift terms, has

such a favorable property for numerical simulation

that any additional terms for particle and energy

sources are unnecessary for obtaining stationary so-

lutions under the radially local approximation. It is

also shown that the solutions of Eq. (3) satisfy the

intrinsic ambipolarity condition for neoclassical par-

ticle fluxes in the presence of quasisymmetry of the

magnetic field strength. In [1], another radially local

drift kinetic equation different from Eq. (3) is pre-

sented, from which the positive definiteness of entropy

production due to neoclassical transport and Onsager

symmetry of neoclassical transport coefficients are de-

rived while it sacrifices the ambipolarity condition for

neoclassical particle fluxes in axisymmetric and quasi-

symmetric systems.
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We numerically investigate the radial electron
transport in a circular tokamak plasma affected by
RMPs, where the perturbed region is assumed to be
bounded radially on both sides by closed magnetic sur-
faces. The radial electron transport is estimated by using
a δf simulation code, KEATS, which is programmed to
solve the drift-kinetic equation in 5-dimensional phase
space under the conditions that the magnetic and elec-
tric fields, density and temperature are fixed. Under
an assumption of zero electric field, which is the same
assumption as in [1, 2], we find that the radial ther-
mal diffusivity of electron χe

r evaluated in quasi-steady
state is extremely small compared to the Rechester and
Rosenbluth prediction χRR

r in [1]. See Fig. 1. Here,
the radial thermal diffusivity χe

r is effectively evaluated
as χe

r = Qe
r/|ne∂Te/∂r| from the radial energy flux

Qe
r under the conditions of constant number density

ne = ni = constant and zero mean velocity Ve = Vi = 0.
We should note that χe

r in the quasi-steady state is
given by the radial component of parallel velocity in
Qe

r, which is the same as in the theoretical model of
[1]. See Fig. 2. Effects of radial electric field on

Fig. 1: Profiles of the radial thermal diffusivity of elec-
tron given by the KEATS simulation in quasi-steady state
(solid line) and the field-line diffusion model χRR

r (dashed
line), where the collisionality is ν∗ ≈ 0.04 at the centre
of the perturbed region, r/a ≈ 0.6.

the electron transport in RMP field are also investi-
gated. Here, the electrostatic potential is modelled as
Φ = −(Φ0/12)[tanh{12(r− 0.6a)/a}− 1], and the radial
electric field at r/a = 0.6 is given as Er = Φ0/a. Both

Fig. 2: Estimations of χe
r given by the radial components

of particle velocity ∇r ·v (solid line) and parallel velocity
∇r · v∥b (dashed line) in Qe

r.

the gradients of Te and ne are considered in this inves-
tigation, where |∂ lnTe/∂r| = |∂ lnne/∂r| = 0.227/a at
r/a = 0.6. In general, in the sufficiently perturbed re-
gion, the radial electron flux is much larger than the
radial ion flux, Γe

r ≫ Γi
r, under the assumptions of zero

electric field and Te = Ti. Therefore, we preliminary es-
timate the electron heat flux qer = Qe

r − (5/2)TeΓ
e
r when

Γe
r ≈ 0. It is found that the electron flux Γe

r is reduced
by positive radial electric field, and that the condition
of Γe

r ≈ 0 is satisfied in case of the model potential with
Φ0 ≈ 700 V (i.e., Er ≈ +0.7 kV/m at r/a ≈ 0.6). While
the electron flux Γe

r is reduced by the positive Er in this
case, the radial heat flux qer enhanced by the RMPs is
almost independent of the electric field in quasi-steady
state. See Fig. 3.

Fig. 3: Profiles of radial heat flux of electron in quasi-
steady state with Er in case of Φ0 ≈ 700 V (solid line)
and without Er (dashed line), where ν∗ ≈ 0.04.
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