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Abstract

Cross-field electron transport and cross-field electric field induced by linearly or nonlinearly unstable localized
electrostatic waves in an electron beam-plasma system were investigated theoretically and numerically. It was verified
that the parallel and perpendicular electron transport generates a large and abrupt dip of the electron density and a
strong peak of the electron temperature in the radial direction. At the same time the cross-field electric field is produced
partially by the cross-field transport and partially by the perpendicular pressure gradient.
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1. Introduction

Cross-field electron transport and cross-field electric field
were investigated theoretically and numerically on the basis
of the transport equations and magnetohydrodynamic
equations [1,2]. They are induced by linearly or nonlinearly
unstable localized electrostatic waves in an electron beam-
plasma system. The transport equations are derived from the
θ-dependent quasilinear velocity-space diffusion equation [1-
4]. It was verified that the parallel and perpendicular electron
transport generates a large and abrupt dip of the electron
density and a strong peak of the electron temperature in the
radial direction. At the same time the cross-field electric field
is produced partially by the cross-field electron transport and
partially by the perpendicular pressure gradient, that is, it is
given by E⊥ = B0 × ve⊥ /c – (∇⊥ pe)/ene ( pe = nekBTe). The
small cross-field electron transport is predicted to create the
strong cross-field electric field. On the other hand, the parallel
electric field E|| = –(∇|| pe)/ene + meνenve||/e is created by the
parallel transport and pressure gradient. Here, B0 = (0, 0, B0)
is the external uniform magnetic field in the z direction, ve⊥ =
(vex, vey, 0) is the cross-field drift velocity of plasma electrons,
ve|| = (0, 0, vez) is the parallel drift velocity of plasma
electrons, c is the light velocity, e is the electron charge, ne is
the electron density, Te is the electron temperature, kB is the
Boltzmann constant and ven is the electron-neutral collision
frequency. The radial and axial profiles of the electron density
and temperature and the electrical potential were obtained
numerically and they can explain well the experimental
observation in an electron beam-plasma system qualitatively
and quantitatively [5,6].

2. Transport equations

We consider the electron transport arising from the θ-
dependent quasilinear velocity-space diffusion due to spatially
localized unstable electrostatic waves propagating almost
perpendicularly to the magnetic field. The transport equations
and magnetohydrodynamic equations for plasma electrons are
given by
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where Uk = 1
8π (∂(ε′kωk)/∂ωk)⏐Ek⏐2 is the wave energy density,

kUk /ω k is the wave momentum density, Ue = 1
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2 mekBTe and Pe = meneve are the energy and momentum
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densities of plasma electrons, γ
k
(e) is the linear Landau and

cyclotron damping rate ascribed to plasma electrons, µe = e/
meven is the electron mobility, De = kBTe/meven is the electron
diffusion coefficient, εk = ε ′k + iε″k is the dielectric constant,
Ek is the magnitude of the wave electric field, ω k is the wave
frequency and k = (k⊥, 0, k||) is the wave number. In (6), the
mobility and diffusion of plasma electrons across the
magnetic field is neglected because of ven/ωce << 1 (ωce is the
electron cyclotron frequency). On the other hand, (3) means
that the diffusion along the magnetic field is the ambipolar
diffusion. According to (3), the electron flux Γe given by (6)
is reduced to Γe = neve⊥ = (nevex, nevey, 0) under the condition
of nev2

ez/ven << Dene, and the transport equation (2) becomes

∂
∂

= − −P ke
e

e e en et
U m n

2
2

γ
ω

νk

k
k v

( )

||. (8)

Equations (1) and (2) predict that the electrostatic waves
create strong electron transport or acceleration along and
across the magnetic field. The generated Ohm’s law of (4)
shows that the cross-field electric field E⊥ is produced by the
dynamo effect of the cross-field electron drift and the radial
pressure gradient induced by the electron transport.

3. Numerical analysis

The temporal and spatial development of the transport
of plasma electrons has been investigated numerically
assuming that the electrostatic waves excited in an electron
beam-plasma system are localized radially such that Uk ∝
exp[–(x2 + y2)/a2], and the background plasma is spatially
uniform initially. The electrostatic waves are assumed to be
governed by the following kinetic wave equations:
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where γ N and γ sN are the temporal and spatial growth rates
resulting from the electron beam, respectively. The numerical
analysis of Eqs. (1)-(10) was performed under the parameters
of ω k/ωce = 0.3, k⊥vte0/ωce = 1, k⊥/k|| = 0.2, ⏐γ k

(e)⏐/ωce = 0.2,
γN/⏐γ

k
(e)⏐ = 1, γ sNvte0/⏐γ

k
(e)⏐ = 0.2, ven/⏐γ

k
(e)⏐ = 1, aωce/vte0 = 2,

and Uk(0)/ne0kBTe0 = 0.6×10-3. Thus the temporal evolution
of the three-dimensional profiles of the system was obtained.
We show only the transverse profiles in the x-direction for
the fixed value of y/a = –0.4. Figure 1 exhibits the axial
evolution of transverse profiles of the normalized electron
density, that is, ne /ne0 versus x/a and z/ze is shown as a
parameter of ⏐γ

k
(e)⏐t = 0.4, 0.6, 0.8 and 0.9 for the x-z profiles

of (a), (b), (c) and (d), respectively, where ze = vte0/⏐γ k
(e)⏐ and

ne0 = ne(0). Figure 2 is the axial evolution of the transverse
profiles of the normalized electron temperature, that is, Te/Te0

versus x/a and z/ze is shown under the same parameters of
⏐γ

k
(e)⏐t, where Te0 = Te(0). It is found that the hollow profile

of the electron density and the peaked profiles of the electron
temperature develop temporally and axially. Simultaneously

the cross-field electric field (not shown) is generated. This
means that the cross-field drift of plasma electrons (not
shown) induced by the spatially localized electrostatic waves
produce the abrupt inhomogeneity of plasma profile in the
radial direction and the strong cross-field electric field. The
transport equations (1) and (2) govern the electron
temperature and the drift of plasma electrons (vex and vez).
The generalized Ohm’s law (4) demonstrate that Ey is
determined by vex and ∇ype. The axial electric field Ez is given
by (3) and the electric fields in y and z directions produce the
electric field in x direction so as to satisfy the Poisson’s
equation (7). Thus Ex and ∇x pe create the cross-field drift vey

via E × B drift and diamagnetic drift.
The typical parameters of the experiment reported by the

author et al. [5,6] are Te0 = 5 eV, B0 = 7 × 10-3 Tesla and a =
1.5 × 10-3 m (beam radius), and hence ωcea/vte0 ≈ 2 is given.
From the numerical analysis shown partially in Figs. 1-2, we
find ve/vte0 ≈ (0.5, 0.5, 0.05) and eEa/kBTe0 ≈ (1, 1.5, 0.01) at
⏐γ

k
(e)⏐t = 0.9 and z/ze = 9.0. Thus we find Ea ≈ (5, 7.5, 0.05)

volt, Ea ≈ 9.0 volt, Ex ≈ 3.3 × 103 volt/m, Ey ≈ 5 × 103 volt/m
and Ez ≈ 33 volt/m. This value is very close to the
experimental value of Vexp ≈ 10 volt. Also the drift velocities
vex , vey ≈ 6.6 × 105 m/s (1.3 eV), vez ≈ 6.6 × 104 m/s (0.013
eV) are reasonably obtained.

4. Conclusion

It was verified theoretically and numerically that the
parallel and perpendicular electron transport induced by
localized unstable electrostatic waves generates large and
abrupt inhomogeneities of the electron density and
temperature in the radial direction. Simultaneously the strong
cross-field electric field is produced by the cross-field electron
transport and the pressure gradient. The obtained results can
well explain the experimental observation in an electron
beam-plasma system.

This research was carried out partially under the
collaborating Research Program at the Institute of Laser
Engineering, Osaka University. Numerical calculation was
made at the Computation Center of Nagoya University.
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Fig. 1 Axial evolution of the transverse profiles of the electron density. ne/ne0 is shown versus x/a and z/ze as a parameter of ⏐γk
(e)⏐t =

0.4 for (a), 0.6 for (b), 0.8 for (c) and 0.9 for (d).

Fig. 2 Axial evolution of the transverse profiles of the electron temperature. Te/Te0 is shown versus x/a and z/ze as a parameter of
⏐γk

(e)⏐t = 0.4 for (a), 0.6 for (b), 0.8 for (c) and 0.9 for (d).
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