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ABSTRACT
The ponderomotive force acting on the electrons in a cold magnetized ionospheric plasma is discussed. This force is
the result not only of the change in the wave energy density but also its energy flux, momentum density and angular
momentum density. The response of the plasma to this ponderomotive force is also discussed. The calculated transverse
electric field and plasma motion are compared with measurements during HF pumping. Also it is suggested to use for
ionospheric experiments an electromagnetic beam with a spiral wave front, which increases the electric currents in the
region of the wave reflection.
INTRODUCTION
There are many nonlinear effects which arise when a powerful high frequency ordinary mode electromagnetic wave propagates in the F region of the ionosphere. These include anomalous absorption of electromagnetic waves, anomalous
heating of the plasma and stimulation of electromagnetic emission. They are connected with excitation of plasma waves
near the reflection level and origin of the different plasma density irregularities stretching along the geomagnetic field.
Among these nonlinear effects there is also the polarization of the ionospheric plasma and its motion under the action of a
powerful wave. When the electromagnetic wave propagates in the media it acts on it via a force known as the ponderomotive force [1]. The wave possesses energy density E, energy flux S, momentum density P and angular momentum density
M. All are proportional to the square of the wave amplitude. But in the propagation media which is not a vacuum it is
reasonable only to consider conservation of electromagnetic energy only, because the wave and the medium can exchange
momentum and angular momentum through the pondromotive force.
PONDEROMOTIVE FORCE
Further we will use Euler equations for electrons and ions motion. Thus, we calculate the mean force fe acting on an
electron
fe = h−me (v · ∇)v − ev × B̃i.
(1)
In the general case the ponderomotive force (1) consists of the three different terms:
1) a gradient of some scalar
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2) an anisotropy force, which is proportional to the space derivatives of the vector E0
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3) a force, which is proportional to the wave vector k and does not depend on the derivatives of the amplitude of the
wave field E0
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The third term exists only in a gyrotropic medium. This force is directed perpendicular to the magnetic field B and
to the wave vector k, fe3 ∝ k × B. This term originates from two factors: gyrorotation of the electrons and rotation of
the wave polarization, Ey ∝ iEx . The spin–spin interaction of the medium particles and the wave field results in a force
acting on the medium.
Any change of the energy flux S in space results in a force acting on the medium. It occurs in an inhomogeneous
medium, when the wave trajectory is not straight line. If the flux energy vector S turns without changing it’s absolute
value, then the change of S in neighboring points, separated by ∆l along the trajectory is ∆S = −n(S/ρ)∆l, where n
is the unit vector normal to the trajectory and ρ is it’s radius of curvature. The flux of the energy S is proportional to the
energy density E and, by definition, this is the group velocity vg , S = vg E. The wave momentum density P is directed
along the flux S, P = S/vg2 . Thus, ∆P = ∆S/vg2 and the ponderomotive force, ne fe = −∆P/∆t, is
fec = n

E
.
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For a small enough radius of curvature of the trajectory ρ this part of the ponderomotive force fec becomes large. It has a
orthogonal to the magnetic field component, as well as longitudinal one. We will see below that this fact is very important.
Apart from the ponderomotive force discussed above existing in an transparent medium there are also forces due to
absorption and reflection in matter. Because the O-mode wave reflects in the ionosphere from the level where the local
plasma frequency ωp (r) coincides with the wave frequency ω, the electrons in the plasma are forced by the reflecting
electromagnetic beam near this region
E
fer = cos α(1 + R)
h.
(6)
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Here h is the unit vector normal to the surface of constant electron density, α is the angle between the flux energy vector
and this direction, R is the coefficient of reflection of the wave flux and d is the effective width of a plasma layer, reflecting
the electromagnetic wave. For linear dependence of the plasma density on the height h, ωp2 − ω 2 = ω 2 h/H, the value of
d is of d ' (λ2 H)1/3 /2. λ is the wave length of the incident wave. For λ ' 60m and H ' 50km, d ' 200m ( see [2] )
The plasma ordinary mode is elliptically polarized. It’s electric field in the plane perpendicular to the geomagnetic
field, rotates in the direction opposite to the gyrorotation of the electrons. For longitudinal propagation kx = 0, the ”O”
wave is purely circularly polarized, αy = −1. Polarized light in vacuum possesses angular momentum. The spin of each
photon is equal to h̄. If the density of the photons is nph , then the density of the spins is h̄nph . On the other hand, the
density of the photons is their density energy divided by h̄ω. Thus, the spin density is E/ω. But this is not the density
of the angular momentum Mk along the propagation path of the light. If the energy density E is constant in the direction
perpendicular to k, then rotation in neighboring spins conceals. For a cylindrically symmetric electromagnetic beam,
when the value of E depends only on r, the cylindrical radius, Mk = −∂(rE/ω)/∂r. If the light is absorbed, then the
angular momentum transfers to the medium. We denote the imaginary part of the wave vector as κ = Im(k). Then this
force acts also on the electrons
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and directed in the plane perpendicular to the ambient magnetic field along the azimuthal unit vector iφ . Such a force
exists in the region where κ is not equal to zero, presumably near the reflection level, where abnormal absorption is
observed. Thus, we see that in an anisotropic medium, such a plasma in a magnetic field, several forces exist that are
greater than usually used for estimates the simple expression f ' ∇E/ne ' E/ne L, which is valid only for a isotropic,
uniform and nonabsorbing medium.
PLASMA MOTION
The force acting on the electrons in the plasma causes them to move. The plasma polarizes, an electric field −∇ϕ appears,
and the plasma ions also begin to move. The neutral atmosphere can also be involved in the motion. But the neutral gas
viscosity η is high, η/L2  νin ( νin is the frequency of collisions of ions with atoms ), that we can consider the gas
velocity to be zero, vn = 0. The electrons and ions collide with each other and also with atoms. Under the stationary
conditions we can find the ponderomotive action of the electromagnetic wave in a magnetized plasma resulting in it’s
polarization and appearance of a electric field
Z z
Z zZ
γi Ti
0
eϕ = −
fek dz + w
(∇ × fe⊥ )z dz 0 dz 00 .
(8)
γe Te + γi Ti
2

The plasma motion is
vi⊥

1
= −w 2
eB

Z

z

Z

∇⊥ (∇ × fe⊥ )z dz 0 dz 00 × B.

(9)

The value of w is the ratio of Hall electron conductivity to the longitudinal conductivity, w = σ∧ /σk . The electric current
perpendicular to the ambient magnetic field also appears
Z z
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This excites the additional magnetic field as longitudinal, as azimuthal.
DISCUSSION
First one can emphasize that the plasma motion across the magnetic field is not equal to the electric drift as is seen
from the expressions (8,9). This is true only when the ponderomotive force has no component along the magnetic field,
fek < wfe⊥ . The longitudinal component of the ponderomotive force fek generates the electric potential eϕ ' −fek Lk
but does not induce plasma motion. The transverse component of the ponderomotive force induces an electric potential
and a plasma motion, but they are small by the factor w(Lk /L⊥ ). This explains the observations of the electric field
made by the rocket over the Arecibo heating facility [3], and the plasma drift motion measured by Bernhard et al. [4]. If
we attribute the observed electric field to the plasma crossed drift it turns out to be as high as 100m/sec. The observed
motion is at least ten times less. From that we can conclude that the parameter w(Lk /L⊥ ) ≤ 0.1. We will see below the
ratio Lk /L⊥ ' 50, and we can estimate the value of w, w ≤ 2 · 10−3 . In a magnetized turbulent plasma the effective
frequency of scattering of electrons by waves can be estimated as νef f ' ωc (ET /ne Te ), where ET is the energy density
of turbulent electromagnetic waves. Considering ne Te ' 3 · 10−9 Jm−3 we obtain ET ≤ 6 · 10−12 Jm−3 . This gives an
1/2
estimate for the turbulent electric field ET = (2−1
≤ 1V /m. Thus, from our estimate it follows that the turbulent
0 ET )
field is of the order of the field of the pumping electromagnetic wave E0 ' 1V /m. That is believed to be very natural.
Far from the reflecting region, below the wave amplitude maximum on the distance of several d, the largest ponderomotive force is fe3 (4) because it is inversely proportional to the wave length, but not to the beam’s scale. For
ne = 2 · 1011 m−3 , ωc /ω ' 0.2, Ex ' E0 ' 1V /m, λ ' 60m the ponderomotive force is of 5 sin θ10−25 N .
This is not small - for an electron it gives a large acceleration a ' 5 sin θ105 m/sec2 . However, the generated transverse
electric field is small E⊥ ' 3w sin−1 θ10−6 V /m because it is purely transverse to the magnetic force.
Another transverse ponderomotive force fea (7) is the force owing to absorption of wave’s angular momentum. But it
is smaller than usual striction force fe1 (2) by a factor κ/k < 1. It is possible to enhance the wave’s angular momentum
by generating the beam with a spiral wave front [5], not flat as usually used. For that the fields in the beam have to have
the dependence on the azimuthal angle φ - exp{ilφ}. Then the total angular momentum for a circular polarized wave
becomes proportional to 1 + l.
Finally, the highest ponderomotive force is that which arises at the reflection of the wave when it transfers it’s momentum to the plasma. It is larger than (10) by at least a factor of 2 ( when the reflection coefficient R=0 ). It is proportional
to the total energy density E but not the part of it. The forces (5) and (4) are a similar type taking into account the
beam turning near the reflection level, fer ' 2hE/ne d. This force has a longitudinal, as well as perpendicular component. For Arecibo they are of the same order (180◦ − θ = 42◦ ), but for Tromsø the longitudinal one is much greater
(180◦ − θ = 13◦ ). The value of E in the reflection region grows significantly due to the slowing of the wave. The longitudinal electric field increases in several times. According to the calculations of the wave propagation for Arecibo and
Tromsø made by Thidé and Lundborg [6, 2], E ' 20E0 . E0 is the wave’s density energy of the electromagnetic wave of
1V /m amplitude, E0 ' 5 · 10−12 Jm−3 . The ponderomotive force is of fer ' 5 · 10−24 N . The longitudinal component
of this force produces according to formula (8) the transverse electric field E⊥ ' fer L/ed ' 1.5 · 10−3 V /m. This is
directed to the south. The east-west field is d/L ' 50−1 times less. Just about the such electric field ( 4mV /m ) observed
in in situ measurements in Arecibo [3].
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B. Lundborg, B. Thidé, ”Standing wave pattern of HF radio waves in the ionospheric reflection region 2. Applications,” Radio Science, vol. 21, p. 486-500, 1986.
3

[3]

W.J. Peria, M.C. Kelley,”Convection electric field observations near the Arecibo HF heater beam,” JGR, vol. 106,
pp. 18,517-524, 2001.

[4]

P.A. Bernhard, L.M. Duncan, C.A. Tepley, ”Artificial airglow excited by hight-power radio waves,” Science, vol.
242, pp. 1022-1027, 1988.

[5]

M. Padgett, L. Allen, ”Light with a twist in its tail,” Contemporary Physics, vol. 41, pp. 275-285, 2000.

[6]
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