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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 prop-
agates 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 ponderomo-
tive force [1]. The wave possesses energy densityE , energy fluxS, momentum densityP 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 forcefe acting on an
electron

fe = 〈−me(v · ∇)v − ev × B̃〉. (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 vectorE0
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3) a force, which is proportional to the wave vectork and does not depend on the derivatives of the amplitude of the
wave fieldE0
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The third term exists only in a gyrotropic medium. This force is directed perpendicular to the magnetic fieldB and
to the wave vectork, f3

e ∝ 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 fluxS 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 vectorS turns without changing it’s absolute
value, then the change ofS in neighboring points, separated by∆l along the trajectory is∆S = −n(S/ρ)∆l, wheren
is the unit vector normal to the trajectory andρ is it’s radius of curvature. The flux of the energyS is proportional to the
energy densityE and, by definition, this is the group velocityvg, S = vgE . The wave momentum densityP is directed
along the fluxS, P = S/v2

g . Thus,∆P = ∆S/v2
g and the ponderomotive force,nefe = −∆P/∆t, is

f ce = n
E
neρ

. (5)

For a small enough radius of curvature of the trajectoryρ this part of the ponderomotive forcef ce 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 frequencyωp(r) coincides with the wave frequencyω, the electrons in the plasma are forced by the reflecting
electromagnetic beam near this region

fre = cosα(1 +R)
E
ned

h. (6)

Hereh 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 andd is the effective width of a plasma layer, reflecting
the electromagnetic wave. For linear dependence of the plasma density on the heighth, ω2

p − ω2 = ω2h/H, the value of
d is of d ' (λ2H)1/3/2. λ is the wave length of the incident wave. Forλ ' 60m andH ' 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 propagationkx = 0, the ”O”
wave is purely circularly polarized,αy = −1. Polarized light in vacuum possesses angular momentum. The spin of each
photon is equal tōh. If the density of the photons isnph, then the density of the spins is̄hnph. On the other hand, the
density of the photons is their density energy divided byh̄ω. Thus, the spin density isE/ω. But this is not the density
of the angular momentumM‖ along the propagation path of the light. If the energy densityE is constant in the direction
perpendicular tok, then rotation in neighboring spins conceals. For a cylindrically symmetric electromagnetic beam,
when the value ofE depends only onr, the cylindrical radius,M‖ = −∂(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 asκ = Im(k). Then this
force acts also on the electrons

fae = − ε0κ
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and directed in the plane perpendicular to the ambient magnetic field along the azimuthal unit vectoriφ. Such a force
exists in the region whereκ 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 expressionf ' ∇E/ne ' E/neL, 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
viscosityη 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

eϕ = − γiTi
γeTe + γiTi

∫ z

fe‖dz
′ + w

∫ z ∫
(∇× fe⊥)z dz

′dz′′. (8)
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The plasma motion is

vi⊥ = −w 1
eB2

∫ z ∫
∇⊥ (∇× fe⊥)z dz

′dz′′ ×B. (9)

The value ofw is the ratio of Hall electron conductivity to the longitudinal conductivity,w = σ∧/σ‖. The electric current
perpendicular to the ambient magnetic field also appears

j⊥ = − ne
B2

(∫ z

∇⊥fe‖dz′ − fe⊥

)
×B. (10)

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,
fe‖ < wfe⊥. The longitudinal component of the ponderomotive forcefe‖ generates the electric potentialeϕ ' −fe‖L‖
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 factorw(L‖/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 Bernhardet al. [4]. If
we attribute the observed electric field to the plasma crossed drift it turns out to be as high as100m/sec. The observed
motion is at least ten times less. From that we can conclude that the parameterw(L‖/L⊥) ≤ 0.1. We will see below the
ratioL‖/L⊥ ' 50, and we can estimate the value ofw, w ≤ 2 · 10−3. In a magnetized turbulent plasma the effective
frequency of scattering of electrons by waves can be estimated asνeff ' ωc(ET /neTe), whereET is the energy density
of turbulent electromagnetic waves. ConsideringneTe ' 3 · 10−9Jm−3 we obtainET ≤ 6 · 10−12Jm−3. This gives an
estimate for the turbulent electric fieldET = (2ε−1

0 ET )1/2 ≤ 1V/m. Thus, from our estimate it follows that the turbulent
field is of the order of the field of the pumping electromagnetic waveE0 ' 1V/m. That is believed to be very natural.

Far from the reflecting region, below the wave amplitude maximum on the distance of severald, the largest pon-
deromotive force isf3

e (4) because it is inversely proportional to the wave length, but not to the beam’s scale. For
ne = 2 · 1011m−3, ωc/ω ' 0.2, Ex ' E0 ' 1V/m, λ ' 60m the ponderomotive force is of5 sin θ10−25N .
This is not small - for an electron it gives a large accelerationa ' 5 sin θ105m/sec2. However, the generated transverse
electric field is smallE⊥ ' 3w sin−1 θ10−6V/m because it is purely transverse to the magnetic force.

Another transverse ponderomotive forcefae (7) is the force owing to absorption of wave’s angular momentum. But it
is smaller than usual striction forcef1

e (2) by a factorκ/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 angleφ - exp{ilφ}. Then the total angular momentum for a circular polarized wave
becomes proportional to1 + l.

Finally, the highest ponderomotive force is that which arises at the reflection of the wave when it transfers it’s momen-
tum to the plasma. It is larger than (10) by at least a factor of 2 ( when the reflection coefficientR=0 ). It is proportional
to the total energy densityE 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,fre ' 2hE/ned. This force has a longitudinal, as well as perpendicular compo-
nent. 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 ofE in the reflection region grows significantly due to the slowing of the wave. The lon-
gitudinal electric field increases in several times. According to the calculations of the wave propagation for Arecibo and
Tromsø made by Thid́e and Lundborg [6, 2],E ' 20E0. E0 is the wave’s density energy of the electromagnetic wave of
1V/m amplitude,E0 ' 5 · 10−12Jm−3. The ponderomotive force is offre ' 5 · 10−24N . The longitudinal component
of this force produces according to formula (8) the transverse electric fieldE⊥ ' freL/ed ' 1.5 · 10−3V/m. This is
directed to the south. The east-west field isd/L ' 50−1 times less. Just about the such electric field (4mV/m ) observed
in in situmeasurements in Arecibo [3].
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