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A conductor moving across a magnetic field
8, in a vacuum will have an induced charge
separation sufficient to cancel the electric field
E = vc xBO/c seen by a co-moving observer.
When the surrounding medium is a plasma,
there exist possible mechanisms for charge
to be conducted away with a resulting dc cur-
rent flowing through the conductor. The circu-
lation of charge by means of the generation of
Alfven waves provides such a mechanism when-
ever some action, such as photoemission, is
present to overcome the electronic work func-
tion of the conductor. It is particularly effec-
tive for very large conductors moving in or
above the earth's ionosphere. When applied to
a study of the Echo satellite it gives rise to a
significant damping of the orbit as mechanical
energy is converted to that of Alfven radiation.
The calculated drag is equal to that observed
for the orbit of Echo I and attributed in earli-
er studies to the mechanical drag of a consid-
erable nonionized atmospheric density. In an
appropriately designed satellite the drag force
can be altered by variations of an internal re-
sistance or the associated dc current flow can
be tapped as a battery. With a source of elec-
trical power to reverse the current flow the
drag force can be converted to a propulsion
mechanism: The satellite pushes on the earth' s
magnetic field without any emission of propel-
lant.

We exploit the analogy, valid at frequencies
much less than the ion cyclotron frequency ~;,
between a collisionless plasma in a magnetic
field and a series of transmission lines (paral-
lel to the magnetic field) imbedded in a medi-
um of high dielectric constant. The moving
conductor with its induced charge separation
is, in a sense, in successive contact with dif-
ferent transmission lines as it moves. In the
collisionless plasma with infinite conductivity
along Bo, but with zero conductivity perpendic-
ular to Bo, it induces an impulse (Alfven wave)
traveling one-dimensionally along the magnet-
ic field which carries a charge separation and
effectively completes the circuit in which the
moving conductor is a dc battery. (For the mo-
ment we ignore any effects of a finite conduc-
tor work function. ) These Alfven waves accom-
panying the conductor form current wings, as
shown in Fig. 1. The wings carry the charge
separation required to maintain field E perpen-
dicular to 8, and independent of distance along
the wing. The field E equals that at the conduc-
tor; i.e. ,

E=v xB /c Oc'

tangential to the conductor surface and between
the top and bottom wings. The wing makes an
angle a with the field lines such that tana =vc/
&'~, where v~ = speed of the conductor and ~ ~
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conductivity of the plasma, and ne=- n is the

electron (ion) number density in the neutral
plasma. Electron and ion collision frequencies,

= 1/&e and ~; = 1/r, , vary strongly in the ion-e= e
1osphere as functions of altitude and must be

included in a detailed study since they may be
comparable with ~. Relative to the gyrofrequen-
cies, however, they are negligible and are ne-
glected throughout.

In the limit of a lossless, i.e. , collision-free,
plasma,

Front
E = 1-(d /(d

II p
(4)

Ji,
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FIG. 1. Alfven wings generated by an ideal conduc-
tor in a collisionless plasma.

=—Alfven speed. In the small-amplitude low-
fr equency approximation, valid when v~ «v~,
the wings extend until damped by electron col-
lisions.

Our considerations of the Alfven disturbance
apply only to low-frequency waves with v & 0,
—500 to 2000 cps for -1000-km and -200 cps
for -200-km altitude earth orbits. For this
reason we limit our study to large conductors,
since the typical frequency radiated by a mov-
ing source of dimension I and velocity vc is

4zzv tz 1+ ia: T. )=—1+xx yy iu, L,
O r 0r.ee ii (3)

with all other components vanishing to leading
order. zr0=zzee'Te/zzz is the specific electrical

and for z~c - 7x10' cm/sec for a satellite in earth
orbit and re & 1000 cps, I- & 10 meters. The di-
electric tensor of the magnetized plasma is
given in the low-frequency limit by

4m(ro 1
E =E =]+

zz its (1+iud )
'

e

where &
= (4zzne'/m)"' is the plasma frequen-

cy, and vent
-=(B0'/4zzpi)'" defines the Alfven ve-

locity in terms of the magnetic field strength
Bo and the ionic mas s density p~

=—nM~. Numer-
ically, the plasma frequency varies from ~'p
—6 & 10' cps at altitudes of 300 km cor r espond-
ing to electron densities up to 10'/cm', to vp
—4&10 cps at altitudes of 1600 km and electron
densities of -5x10'/cm'. The Alfven velocities
rise from values z~-2 x10' cm/sec at the 300-
km altitude to z~~ —10' cm/sec at the 1600-km
altitude. The ratio of parallel to transverse
components of & is very large; for the param-
eters of interest to us, I e~~/uzi &10'. This large
ratio admits an Alfven wave which propagates
in the direction parallel to B, only. Essential-
ly, the electrons and ions find themselves wrapped
around the magnetic field lines, but free to
move along the H„direction.

%e have solved the Mmnvell equations with
the dielectric tensor (3) for the lossless medi-
um with a current and charge source provided
by the moving conductor shown in Fig. 1. The
current in the moving conductor flows mainly
in the y direction to maintain the charge sep-
aration. Since &'~ »~'~, the wavelength of the
disturbance along the B, direction is much larg-
er than the conductor dimensions

=z; /(u= (v /z )L»L,a a c

whose detailed geometry is not significant.
Our formal solution is valid to first order in
the Alfven field strengths and confirms the gen-
eral features discussed so far. There is a tan-
gential electric field directed between the up-
per and lower wings of the Alfven disturbance.
It is continuous across the conductor surface
and is fixed by the motional electric field in
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the conductor according to (1). A constant po-
tential V is maintained between the wings a
distance M apart with

V = -EM = (v /c)B M.
e 0

(6)

density in the wing is

D 1 c'v t!cv )B
B—= l, ~- — esu/cm. (11)

C C

ch 4zz 4zzv ' c 0 L, v 'j 4zz
a a

The magnetic field of the Alfven wave is deter-
mined by Sh/st=curlE and Eqs. (2) and (5). Be-
tween the wings it is transverse in the x direc-
tion, and of magnitude

V

h =—B,=4&10 'B, at 200-km altitude,
Va

= 10 B, at 1600-km altitude, (7)

plus correction terms near the edges from the
fringing fields. A small ratio ()/zB, ) «1 is a
necessary criterion for the linear approxima-
tion we have made. '

From the strength of the magnetic field (7),
the power radiated in the Alfven disturbance
is computed to be

1 2 ~) 2

P =—)z 2(ML)z!
0 c

(ML),
4m a 27k 'U

a
(8)

P (c ) (B
=V=&v ] I, Z&

The effective impedance of the plasma for this
current flow is then defined as

Z = V/I=2zz(v /c')(M/L)

In terms of these familiar quantities of elec-
trical circuit theory the Alfven wings may be
interpreted as one-dimensional open-ended
transmission lines of impedance Z across which
a potential V is applied. In this ideal limit of
a lossless medium there is an infinite resis-
tance between the upper and lower lines (or
Alfven wings) and zero resistance along them.
Finally, from Gauss's law, the surface charge

where 2MI.~'a is the volume filled per second
by an energy density h'/4zz; the factor of 2 takes
into account the existence of wings extending
in both directions along B,. From Eq. (8) and

Eq. (6) for the potential difference between the
top and bottom wing, the current flow in the
conductor is

The large surface charge density arises from
the enormous dielectric constant &&, with val-
ues between 10' and 10'.

We turn next to the three important practical
factors modifying our considerations when ap-
plied to a real conductor such as Echo I mov-
ing through a real plasma such as the ionosphere
at 1600-km altitude. These are effects of (1) col-
lisions in the plasma, (2) a finite work function
and space charge limiting the electron current
flow out through the surface of the conductor,
and (3) finite internal resistance in the conduc-
tor. We have studied these in detail and com-
ment here briefly only on our conclusions. The
primary effect of collisions in this case is to
lead to appreciable spreading of the Alfven wings
and to limit severely the frequency range in
which the simple one-dimensionally propagat-
ing Alfven solution applies. Only the modes
with w &100 cps can be described accurately
by our solution, but according to Eq. (2) the
frequency spectrum from the Echo-I satellite
of typical dimension I.—30 extends up to -250
cps. Since the power spectrum (i.e. , the square
of the Fourier integral of the spatial form) is
approximately flat, the calculated drag is re-
duced by -(10/25)'- —,

' from the values computed
from Eq. (9). The subsequent spreading is such
as to increase the lateral dimension of the Alf-
ven wings by a factor -10 at a distance of 3000
km from the satellite. Photoelectric emission
in the daytime due to the incident flux of solar
photons was found to be necessary and sufficient
to overcome the work function at the Echo sur-
face and to supply the electrons for the currents
that maintain the fields in our solution; space-
charge effects are insignificant. Finally, the
internal resistance of the Echo conducting sur-
face (a few microns of aluminum evaporated
onto a Mylar base) is negligible compared with
the effective plasma impedance (10), and there
is no appreciable diminution of power or cur-
rent flow.

The significance of these results for the
Echo-I orbit is as follows: After other effects~
such as solar pressure and electrostatic charg-
ing have been taken into account, atmospheric
drag causing a power dissipation of --,' matt at
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a 1600-km altitude has been invoked to account
for the observed orbit. This latter factor plays
a significant role even at tiny densities above
1000 km because of the very abnormally large
ratio of surface area to mass of Echo I (vR'
= 6x10' cm'; weight=150 lbs). In fact, the
detailed analysis of Echo's orbit has yielded
a "measurement" of the mass density in the

upper ionosphere. To account for the observed
drag the needed mass density is given as pmass
=1.2x10-" g/cm' at this altitude. However,
back-scatter radar measurements have found'
-5 x10' electrons/cm' at 1600 km, and the cor-
responding ion mass density is =3 x10 "g/cm~
for a, molecular mass of 4M~ (for He ) and
=10 '0 g/cm' if the ions are H+. Thus there
can be, at most, a few percent ionization at
these altitudes if a mechanical drag of & watt
is necessary.

The rnagnetohydrodynarnic braking of Echo I
from radiation into the Alfven mode is I'- 4

matt, very close to the required damping, as
computed from Eq. (8) with the spatial frequen-
cy reduction factor of discussed above, to-
gether with another factor of & for the fraction
of time that Echo I is in the daytime sky, since
only then does the sun's radiation maintain
the photoelectric current. The new drag mech-
anism described here is of the right order of
magnitude to explain the observed orbit param-
eters of Echo I without the requirement of a
high va, lue of the ionospheric mass density
relative to ion density.

Direct experimental confirmation of the ideas
presented here is clearly highly desirable
—particularly in viem of the very qualitative
nature of our results as applied to Echo I which
is somewhat too small to meet fully the cri-
teria for the Alfven regime of parameters.
This confirmation could be achieved by obser-
vation of the Alfven wings by specular reflec-
tion of radar from the surface-charge layer
computed from (11), which increases the elec-
tron density by -15% above its ambient value
for a wing thickness -&M —15 meters. As re-
marked earlier, an ionospheric disturbance
is predicted extending perhaps many hundreds
or even thousands of kilometers along field
lines from Echo I. This may explain why Echo-I
transits were seen in instances when the radar
cross section of the body itself was too small
to be seen above the instrumental noise. ' In
these same measurements ionospheric distur-
bances of duration +20 minutes before and af-

ter transit of Echo I above the radar sighting
were often recorded and could be explained
if the Alfven wings extend as a detectable charge
separation along a magnetic-field line for a
distance of a few thousand kilometers.

For Echo I the power level generated in the
Alfven disturbance was of the order of a watt.
It is evident that large conductors (L-M-100
meters) at lower altitudes (-200-500 km with
U~-2x107 cm/sec and 80 0.4-gauss) can dis-
sipate power in the Alfven mode at the level
of kilowatts when crossing field lines. With
these parameters we find from Eqs. (6), (9),
(10), and (11) P=8 kilowatts, V=30 volts, I
= 130 a.mperes in each wing, and Z = 0.23 ohm.

The high level of power genera, ted by the
Alfven disturbance invites speculation on ways
of making practical use of it ~ If used passively
as a controllable drag mechanism it can serve
(1) as a means of converting satellite kinetic
energy to electrical power, (2) as a way of
bringing satellites to lower altitudes without
propellant, (3) to adjust satellite attitudes by
exploiting torques. If used in conjunction with
an on-board source of electrical power (viz. ,
small nuclear reactors or solar panels) it can
serve (4) to counteract atmospheric-drag ef-
fects on satellites and even propel them to
higher altitudes, (5) as a means of storing en-
ergy by converting it temporarily to satellite
kinetic energy, (6) to maneuver the position
and attitude of a space craft (without propel-
lant) by pushing on the earth's magnetic field.
For these uses one envisages flying a rigid
"kite" consisting of two 100-meter-long con-
ducting slabs each -5-10 meter across, con-
nected by a conducting rod of 100-meter length,
oriented perpendicular to B„ through which
the current flows. For passive use, a low-
impedance motor (-0.23 ohm) will deliver a
power -4x8 kilowatts when inserted in series
into the 100-meter connecting rod. By adjust-
ing or short circuiting the lever arms of the
kite, the drag can be reduced or eliminated,
or torques about B, generated.

If a source of electrical power is available
on the satellite, the direction of the drag cur-
rents can be reversed and the drag converted
to a push without the emission of propellant ~

The advantage of an Alfvdn propulsion engine
over propulsion by a small rocket engine lies
in those circumstances in which the power
originates from solar panels or a nuclear gen-
erator as opposed to the consumption of a heavy
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fuel which could just as well be used as a pro-
pellant.

Among the problems facing a large manned
orbiting laboratory (MOL) is atmospheric drag,
a major source of orbit degradation. For a
20000-lb MOL with a 7-m' cross section at
a 100-mile altitude, it is estimated that the
drag would dissipate power at a 7-kilowatt rate,
lowering the orbit -15 km/day. To compensate
this drag we propose flying the "kite, " but with
a power source aboard MOL to drive the cur-
rent backward, thereby gaining the 5-10 kilo-
watt of power required to neutralize the drag
loss and to maintain the altitude of MOL with
a small increase of total weight in orbit; high-
er power levels could also be utilized to make
MOL sail to higher altitudes (possibly for the
purpose of storing electrical energy).

We may speculate on this kind of mechanism
as a propulsion engine for flight to further
reaches of space. For interplanetary travel
typical parameters are B,-10 ' gauss and
densities -10 "g/cm', leading to Alfven speeds
of v~ = 10 km/sec. We are in the Alfven re-
gime if ~ & Qz - 10 ' cps, cor responding to a
"kite" dimension of L - 100 km. With v~ -vz,
the maximum generated power is I'-

~ kilowatt.
The conversion of energy from gravitation-

al attraction near another planet to electrical
energy is also a possibility if both a reason-
able magnetic field and ionospheric plasma
are present.

Finally, note that the phenomenon discussed
in this paper can be used to determine ionic
mass densities in regions of known magnetic
field strength, as both the Alfven field strength

and the power dissipation are proportional to
p. 1/2
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The change in direction of the charge flow away
from the conductor due to h leads to a displacement
no larger than the transverse dimension of the Alfven
wave at a distance of about one wavelength away
from the conductor in the direction of Bo. This is
a rough sufficiency criterion for the neglect of high-
er order terms in computing current flows, power
radiated, and drag on the satellite.
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A recent contribution of KKnzig, Hart, and
Roberts' submitted to this journal reported
on an experiment which measured the dielec-
tric constant, e, of OH in Kcl. The striking
observation was made that c had a maximum
at temperatures Tmax which increased with
concentration according to a law

I' = 0.05M 'K,
max

'
d

where Nd = concentration of dipoles in units

of 10"cm '. The height of the maximum is
rather insensitive to concentration varying be-
tween c =4 and e =6. Here c refers to the OH
system alone. The width of the peak varies
more rapidly with Nd and is not inconsistent
with a law proportional to Nd'.

These data were interpreted by K5nzig, Hart,
and Roberts in terms of an ordered ferroelec-
tric phase. It is the purpose of this Letter to
point out the existence of a more likely inter-
pretation in terms of a random antiferroelec-
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