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Electron-fluid perturbation fields of a field-reversed configuration plasma is investigated by assuming the
source of a electromagnetic wave is the electron current fluctuation. Electron trajectories in the prescribed pertur-
bation field are calculated, and the toroidal flow velocity and velocity distribution and estimated by the particle-
in-cell method. It is found that electrons are heated and enhancement of the end-loss of electrons is observed
when the perturbation field is present.
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1. Inroduction
The origin of resistivity in field-reversed configura-

tion (FRC) plasmas has been unidentified as yet because
of difficulties in diagnostic technique to measure pulsing
events. In the history of transport study of FRC, the lower
hybrid drift instability has believed to be the dominant pro-
cess [1], however, it is disproved by Carlson’s experiment
[2]. Since obtainable data are restricted by an experimental
approach, a numerical study is very convenient to inves-
tigate the transport phenomena in FRC plasmas. We are
also interested in spontaneous toroidal spin-up mechanism,
which may relate with resistive flux decay [3]. According
to Ref. [3], the poloidal flux decrement directly changes to
the kinetic angular momentum of both ions and electrons.
If the current of both species increases, the poloidal flux
maintains and no flux decay is observed. We suppose that
the angular momentum of electrons is rapidly lost by some
kind of transport mechanism. In the present paper, we as-
sume the presence of electron fluid fluctuation with rela-
tively high frequency, and study its interaction with elec-
trons. Electron trajectories in the prescribed fluctuating
fields are calculated, and response to the fluctuation and
associated transport is discussed by collection of their mo-
tion.

2. Perturbation of Electron Fluid in
an FRC
The wave equations of electromagnetic fields are

∇2φ − 1
c2

∂2φ

∂t2
= − ρ

ε0
, (1)

∇2 A − 1
c2

∂2 A
∂t2
= − j

ε0c2
. (2)
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Here, all the quantities above are fluctuating compo-
nents and have the relations with the oscillating fields in
the form

E1 = −∇φ − ∂A
∂t
, (3)

B1 = ∇ × A. (4)

Now, let us assume that the field perturbation is caused
by plasma current fluctuations. Since an FRC plasma has a
high beta value, the confinement field is sustained mainly
by the plasma current containing fluctuation coming from
typical electron motions. Since electrons are affected and
ions are unable to follow, we choose the fluctuation fre-
quency is 0.1ωec, where ωec is the electron cyclotron fre-
quency. Then the source terms in Eqs. (1) and (2) are given
as

ρ = ρ̃(r, z) exp {i(nθ − ωt)} , (5)

j = j̃(r, z) exp {i(nθ − ωt)} . (6)

Amplitudes of ρ̃(r, z) and j̃(r, z) are assumed to be pro-
portional to the equilibrium quantities, then

ρ̃(r, z) = −δnene0(r, z), (7)

j̃(r, z) = δ j j0(r, z). (8)

The fluctuation ratios δn and δ j are chosen small val-
ues, such as 10−3. There is no experimental evidence
that fluctuating fields in an FRC plasma originate from the
above assumptions (7) and (8). However, it is reasonable to
consider that the current fluctuation amplitude would peak
where the current itself is the maximum value. The poten-
tials are also in the form as

φ = φ̃(r, z) exp {i(nθ − ωt)} , (9)

A = Ã(r, z) exp {i(nθ − ωt)} . (10)
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Fig. 1 The spatial profiles of the amplitude of the scalar and vec-
tor potentials on the midplane. (Top) the scalar potential,
(middle) the radial component of vector potential, (bot-
tom) the azimuthal component of vector potential. The
separatrix position is indicated by the vertical dashed-
dotted line.

The wave equations of potential are expressed by the
cylindrical coordinates system. Assumption (8) gives jr =
jz = 0 because an FRC plasma is sustained by only the
toroidal current. We solve the equations for the amplitudes
of fluctuating quantities by the finite difference method.
Here, an equilibrium current profile is needed, and we
obtained it by solving the Grad-Shafranov equation. The
form of pressure function and the boundary conditions are
the same as Ref. [4], and plasma parameters, such as, the
plasma size, the confinement field, the temperature, etc.
are determined by reference to the FRC experiment on the
NUCTE-III [5].

The obtained spatial profiles of the scalar (φ1) and vec-
tor potentials (A1r and A1θ) on the midplane are shown in
Fig. 1, where the profiles are drawn for the toroidal mode
number n of 0, 1, 2, 3, and 4. In Fig. 1, φ1 is normalized by
c|ψw|/rw, where c is the velocity of light, rw is the cham-
ber wall radius, and ψw is the flux function on the wall.
The vector potentials are also normalized by |ψw|/rw. For
readers’ convenience, the separatrix position is indicated
by the vertical dashed-dotted line. No electrostatic poten-
tial arises for n = 0, because no deviation of the charge

Fig. 2 The spatial profiles of the amplitude of electromagnetic
wave caused by electron fluid perturbation. (Top) axial
magnetic field, (middle) radial electric field, (bottom) az-
imuthal electric field.

density is present. The potentials satisfy the Lorenz gauge.
Using Eqs. (3) and (4), we obtain the fluctuating elec-

tric and magnetic fields whose midplane profiles are shown
in Fig. 2. Although the radial and azimuthal components
of the fluctuating magnetic field and the axial electric field
are present, these are zero only on the midplane because of
the symmetry. Those appear in a region near the x-point,
where magnetic lines curve. We calculate an electron orbit
in the obtained fluctuating field.

3. Electron Orbit Calculation
Electron orbits in the prescribed fluctuating fields are

calculated, and the position and particle flux of electrons
are summed in the counting cell with a use of the PIC
method. The weight of super-particle is set by the Maxwell
distribution

w = fM(r, z, vr, vθ, vz)ΔvrΔvθΔvz 2π rΔrΔz,

where Δvr = Δvθ = Δvz =
(
3
√

kTe/me

)
/N, and N is the

number of velocity segment. In the present study, we set
N = 6. The lengths Δr and Δz are spacing for super-
particle loading in the r and z directions, respectively. Re-
sultantly, the number of super-particles is about 1.4 bil-
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Fig. 3 The midplane profiles of electron toroidal flow velocity.
The solid line indicates the equilibrium flow calculated
from the Grad-Shafranov equation, the solid line with
square makers indicates the n = 1 perturbation case, and
the dotted line with triangle makers is the n = 2 perturba-
tion case.

lion. Coulomb collisions are reproduced by a Monte Carlo
method [6].

We suppose that the equilibrium electric field (unper-
turbed field) is

E = −ue × B − ∇pe

ene
. (11)

The electron toroidal flow velocity is calculated dur-
ing one cycle of periodic perturbation and shown in Fig. 3.
One cycle corresponds to 45τec, where τec is the typi-
cal time of electron cyclotron motion and is defined by
τec ≡ mer2

w/(e|ψw|). By comparing with the equilibrium
flow profile, the decrease near the separatrix is signifi-
cant and the direction of the calculated flow velocity re-
verses near the geometric axis. The perturbations with the
toroidal mode number n of 1 and 2 have almost the same
profile, although a faster decay is found for the n = 1 per-
turbation near and outside the separatrix. The flow velocity
decay shown in Fig. 3 may correspond to large resistivity.
However, when the perturbation is absent, the calculated
flow profile is similar to the result seen in Fig. 3. Since
the equilibrium electron flow velocity is estimated by ne-
glecting the ion toroidal flow, our result implies that the ion
toroidal flow is present in an equilibrium state and the ion
current is not negligibly small.

Due to the fluctuating fields, electrons are subject to a
periodic force. Since the time-averaged electrical force of
oscillating parallel component is zero, it never contributes
to heating. The perpendicular velocity component for elec-
trons, however, like magnetic pumping and/or cyclotron
heating, gains energy from the perturbation fields. The
electron velocity distribution is shown in Fig. 4. The ra-
dial and axial velocity distributions are shown in Figs. 4 (a)
and (b), respectively. Although the axial velocity distribu-
tions at t = τec and 45τec are almost the same, however, the
distribution broadens with time for the radial velocity dis-
tribution that is the perpendicular component. Therefore,
it appears that the perturbation energy with the frequency
range ω ≈ 0.1ωec is easily converted to the electron ther-

Fig. 4 The electron velocity distributions at the field-null point
at 1 (the solid line with triangle markers) and 45 (the
dashed line with square markers) electron cyclotron
times. (a) The radial velocity distribution, (b) the axial
velocity distribution.

Fig. 5 The midplane profiles of the electron density in the pres-
ence of electron fluid perturbation with n = 2 (the solid
line) and in the absence of perturbation (the dotted line).

mal energy.
The electron density profile on the midplane is pre-

sented in Fig. 5, where the density is normalized by the
field-null density at t = 0. Near the geometric axis r = 0,
the density increases when the n = 2 perturbation fields are
added to the equilibrium field. Due to the heating effect by
the perturbation field shown in Fig. 4, accessibility of elec-
trons is enhanced and electrons in the neighborhood of and
inside separatrix can move toward the separatrix and the
geometric axis.

This may also enhances the end-loss rate of electrons.
The time evolution of the end-loss electron ratios is shown
in Fig. 6. Here, the end-loss ratio is defined as the ratio
of the number of end-loss electrons to the whole electrons
in the calculation region. The end-loss ratio increases by
53% for the n = 2 perturbation case.
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Fig. 6 The time evolution of the end-loss electron ratios for no
perturbation (the dotted line) and the n = 2 perturbation
(the solid line).

4. Summary
The electron fluid perturbation fields have been calcu-

lated by assuming that the perturbation originate the elec-
tron current fluctuation. Trajectories of electrons in the
prescribed perturbation fields have been investigated, and
the electron flow and density are calculated by the particle-
in-cell method. Although the calculated electron toroidal
flow decays rapidly, this may not be attributable to an
anomalous resistivity and be attributable to non-negligible
ion toroidal flow in an equilibrium state. It is found that

due to the perturbation, the perpendicular velocity distri-
bution broadens and electrons are heated. Therefore, it
appears that the perturbation energy in the present model
is easily converted to the electron thermal energy. Resul-
tantly, electrons near and inside the separatrix can move
toward the geometric axis and are lost along an open field
line.

Because of the fast conversion of the perturbation en-
ergy to the electron thermal energy, a wave with the fre-
quency of 0.1ωec may not survive in FRC plasmas. In or-
der to study the existence of deleterious fluctuating field to
transport, we need a self-consistent calculation. We leave
this for a future study.
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