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ABSTRACT OF THE DISCLOSURE

A propulsion method and apparatus for space vehicles
wherein the movement of a conductive element on the ve-
hicle across the earth’s magnetic field produces an electro-
mechanical energy interchange through the intermediary
of Alfven radiation, so that, in effect, a push or pull
against the earth’s magnetic field is achieved.

The present invention relates generally to space ve-
hicles and more particularly to a method of and appa-
ratus for effecting electro-mechanical energy interchange
in a moving space vehicle to control its flight character-
istics and/or to provide for energy storage therewithin.

It is well established that any space vehicle, whether it
be a satellite arranged to orbit the earth in or above the
ionosphere or a vehicle directed along an interplanetary
course, must be provided with sufficient fuel or propel-
lant, not only to achieve the requisite initial acceleration
from the position of launching, but also to overcome the
drag forces experienced in flight. Additionally, most
space vehicles also require a source of electrical power
for control or communications purposes. It is obvious that
these fuel and power requirements reduce the useful “pay-
load” which may be transported by any space vehicle.

Accordingly, it is a general object of the present in-
vention to provide a method of and apparatus for effect-
ing an electro-mechanical interchange in a moving space
vehicle so that, for example, propulsion of the vehicle
can be effected to overcome the mentioned drag forces
without the attendant necessity for carrying conventional
fuel for such purpose.

This general object is achieved through utilization of
certain scientific principles together with certain experi-
mentally determined facts concerning the environment of
a moving space vehicle.

Scientifically, it is now well established that a conduc-
tor moving across a magnetic field B with a velocity v,
in a vacuum will have an electrical charge separation in-
duced therein sufficient to cancel the electrical field E
seen by a co-moving observer. Mathematically, this fact
is expressed by

v X B

E= c (1)
¢ being the velocity of light. If the vacuum be replaced
by a plasma including substantially equal numbers of
electrons and ions which can function as an electrical
conductor, in effect, a circuit is established whereby the
charge induced on the conductor can flow and establish a
current, the energy propagating as an Alfven wave along
the direction of the established magnetic field, as will be
explained in detail hereinafter. Thus an electro-mechani-
cal interchange takes place.

Experimentally, it has been determined not only that
a rather large magnetic field exists in the vicinity of
the earth, but it varies from 0.5 gauss at the earth’s sur-
face to a value of 0.4 gauss in the ionosphere and a value
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of 0.2 gauss at an altitude of 1600 kilometers whereat the
Echo I satellite was orbiting. In turn, the ionospheric
plasma at 1600 kilometers has been measured to indicate
the existence at this altitude of 5x103 electrons/cm.?
and a corresponding ion mass density of 3X 10-20 grams/
cm.? for Het or, approximately 10—20 grams/cm.8 if the
ions are H+. Estimated values for magnetic field and ionic
densities in interplanetary space are 10—5 gauss and 10—23
grams/cm.3, respectively, and of course increase appreci-
ably as a planet or star is approached.

It can then be concluded generally from consideration
of Equation 1 that since B is determined for any particu-
lar location in space and c is, of course, a fixed quantity,
the velocity v, of the vehicle will establish a proportionate
electric field E. In turn, depending on the field intensity
and the precise nature of the plasma at the location of the
vehicle, the resultant current and generation of Alfven
waves will be determined by the effective over-all resist-
ance of the electrical circuit of which the conductor is
one element.

Accordingly, it is a feature of the present invention to
provide a method of and apparatus for energy interchange
wherein the effective internal resistance of a conductor
carried by a space vehicle is designed to control the char-
acter and amount of the energy interchange.

In accordance with one aspect of the invention, the in-
ternal resistance of the conductor is made positive where-
upon the kinetic energy of the space vehicle, and more
particularly, of the associated conductor, is converted to
electrical energy in the form of Alfven radiation. Conse-
quently, current flowing through the conductor can serve
as a source of electrical power as required for operation
of the vehicle or for communication purposes. Since,
at the same time, kinetic energy is lost, this mechanism
functions to lower the velocity of the space vehicle and
in the specific case of a satellite, would serve to bring the
satellite to a lower altitude without use of any propellant.

In accordance with an alternative aspect of the inven-
tion, the effective internal resistance is made negative by
use of an independent source of electrical power, such as
nuclear reactors or solar panels located on the vehicle
and electrically associated with the conductor wherefore
ultimately electrical energy is converted to mechanical
or kinetic energy of the vehicle. Thus, a novel form of
propulsion mechanism is provided which can be used to
counteract drag forces on the vehicle, provide additional
acceleration thereof, or, in a correlative function, to store
electrical energy as kinetic energy.

These as well as other objects and features of the in-
vention will become more apparent from a perusal of the
following description taken in conjunction with the ac-
companying drawing wherein:

FIG. 1 is a diagrammatic perspective view of a con-
ductor moving through a plasma in a direction perpen-
dicular to a constant magnetic field and illustrating the
generation of Alfven waves,

FIG. 1A is a diagrammatic top plan view of the FIG.
1 illustration,

FIG. 2 is a diagrammatic perspective view of a vehicle
arranged to convert mechanical to electrical energy in
accordance with the present invention, and

FIG. 3 is a diagrammatic perspective view of another
vehicle which constitutes a modified embodiment of
the invention wherein electrical energy is converted to
mechanical or kinetic energy.

With, initial reference to FIG. 1, a rectangular con-
ductor 10 is assumed as moving through an idealized col-
lisionless plasma with a velocity v, in a direction per-
pendicular to a predetermined magnetic field B. The mo-
tionally-induced electric field E in the conductor 10 is
cancelled by a charge separation, as illustrated, wherein
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the lower surface of the conductor is positively charged
and the upper surface thereof is, in turn, negatively
charged. The described motion effects the generation of
Alfven waves which propagate at a velocity v, along the
direction of the magnetic field B to form wings 12, 14
projecting outwardly from the conductor in both direc-
tions at its upper and -lower surfaces. Typically- v, is
much larger than v.. Essentially, both the electrons and
ions are wrapped around the magnetic field lines and are
free to move only along the direction of the magnetic
field B so that in effect conductivity parallel to B is in-
finite but is substantially negligible in a transverse di-
rection. .

- The Alfven waves propagate along the magnetic field
B substantially to infinity if-a collisionless plasma is as-
sumed, and since negligible conductivity exists between
the two wings 12, 14, theoretically the electric field E
between the upper and lower wings remains constant. In
actuality of course, collisions do exist between electrons
and jons in any plasma and a damping effect therefore
exists which limits the length of the wings. Viewed from
above, as shown in FIG. 1A, the wings 12, 14, extend
outward from the central conductor at an angle « rela-
tive to the magnetic field B, « being determined by

Ve
tan « o (2)
Because of the described charge separation in the con-
ductor 10, electrons move away from the conductor in
the upper wings 12 and towards the conductor in the
lower wings 14 as indicated by the arrows, thus enabling
establishment of a current flow through the conductor
and, in effect, providing a complete electrical circuit.
The velocity v, of the Alfven waves is determined
both by the strength of the applied magnetic field B and
the mass density of the ions pi, the actual relationship
being represented by

B2

47rci

T (3)
Because of variations both in ionic mass densities and
magnetic field strength adjacent the earth at different alti-
tudes, the calculated Alfven velocity is approximately
2% 107 cm./sec. at an altitude of 300 kilometers and is
approximately 10° cm./sec. at 1600 kilometers.

Additionally the Alfven waves propagate as magneto-
hydrodynamic disturbances of a frequency « which is
much less than the ion cyclotron frequency. Calculations
indicate that the Alfven frequency ranges from below
200 cycles/sec. at an altitude of 300 kilometers above
the earth to a frequency of approximately 2000 cycles/
sec. at an altitude of 1600 kilometers. It is well known
that typical frequencies radiated by a moving conductor
having a dimension L along its direction of motion are
given by

e
=L (4)
If ve==7x10% cm./sec. (a typical satellite velocity) and
if w is to be less than 1000 cycles/sec., it then follows
that the longitudinal dimension of the conductor must
be greater than 10 meters. Thus, we must conclude that
only relatively large conductors are to be considered in
the following discussion. This restriction is not difficult
to overcome since, for example, the Echo I satellite has
a longitudinal dimension of 30 meters.

As the Alfven waves propagate along the constant ap-
plied magnetic field B, they in turn generate a magnetic
field /1 whose approximate value is given by

Vo
h-—v—BB ( 5)
Since the conductor velocity v, is considerably less than
the Alfven velocity, v, in turn, the generated magnetic
field h is considerably less than the applied magnetic

field B,
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The mentioned characteristics of Alfven waves are not
those necessary for an understanding of the present in-
vention. Greater details of the briefly discussed charac-
teristics and explanatory material relative to other aspects
of Alfven waves can be found in any recent textbook
on plasma physics (e.g. W. B. Thompson—An Intro-
duction to Plasma Physics”).

It has already been mentioned that the plasma is ide-
alized as a collisionless plasma and for purposes of the
initial discussion, it will be assumed that the conductor is
idealized, having no internal resistance and also having
no work function restricting flow of current into or out
of the surface of the conductor 19.
 The discussed characteristics determine the power, cur-
rent and impedance relationships of the Alfven radiation.
More particularly, radiated power is given by

P=-1—h22(ML)vﬂ
4

=(2)(55) ©)

where 2(ML)v, is the volume filled per second by an
energy density h2/4w, the factor 2 taking into account
the existence of wings 12, 14 extending in both directions
along the applied magnetic field B. L has been previously
defined as the dimension of the conductor along the di-
rection of its motion and the quantity M represents the
conductor dimension between the top and bottom thereof
as indicated in FIG. 1.

The potential difference V between the upper and lower
wings 12, 14 is of course given by

Ve
V——Eﬂf——C«BIVI 1)

and, as a consequence, the current I is given by

r=r=(5) (&) ®

and, in turn, the effective impedance of the plasma for
such current flow is then defined as

14 Va
Z_I_27r(c2 )@ )

In terms of these familiar quantities of electrical circuit
theory, the Alfven wings 12, 14 may be interpreted as
one dimensional open-ended transmission lines of im-
pedance Z across which a potential V is applied. In this
ideal limit of a loss-less medium there is an infinite resist-
ance between the upper and lower line (or Alfven wing)
and zero resistance along them. In actuality, corrections
due to ion-electron collisions leading to a finite trans-
verse ionic conductivity must be taken into account.
Calculations relative to plasma characteristics at 1600
kilometers altitude above the earth and for an object
such as Echo I with effective dimensions of L=M=30
meters indicate that the radiated power is reduced to %
of its theoretical value in a collisionless plasma.

An additional effect to be considered in practice is that
of the finite work function of the conductor 10 which
limits the current flow at its surface. More particularly,
with reference to FIG. 1, a negative current flows out
from the conductor into the upper Alfven wing 12 while,
in turn, negative current flows from the lower wing 14
into the conductor. Since it is well known that cold
emission of electrons from a conductor is negligible,
means must be provided for heating the conductor. One
source for such heat constitutes photoelectric emission
resultant from the sun’s radiation. It is known that the
flux of photons from the sun deposits 0.140 watt/cm.2 as
the total irradiance above the atmosphere at the earth’s
mean distance from the sun. The resultant photoelecric
currents of the Echo I satellite in a 1600 kilometer orbit
meet the minimal requirements for the necessary Alfven
radiation,

By way of example, considering specifically Echo I
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in a 1600 kilometer orbit where v,=10° cm./sec.,
ve=7x 105 cm./sec. and B=0.2 gauss, and whose effective
dimensions, L and M, are approximately equal to 30
meters, voltage, power, current and impedance calcula-
tions based upon Equations 6, 7, 8, and 9 produce the
following values.
P=3 watts
V=3 volts
I=1 amp in each wing
Z=2 ohms in each wing

These values are theoretical, applying to a collisionless
plasma. Considering actual ion-electron collisions, the
practical power realized would be approximately % the
theoretical value or, in other words, 2 watt and the
practical current realized would, in turn, be reduced to
0.2 amp.

The Echo I satellite has a good conducting surface con-
sisting of a few microns of aluminum evaporated on a
Mylar base whose work function has a value not more
than 4 volts which can be shown to place no restriction
on the required current flow of 0.2 amp. Furthermore,
the specific conductivity of the aluminum layer is such
that the internal resistance of the conductor does not
reduce current flow below the requisite value (0.2 amp is
this instance).

In view of the foregoing discussion, it is apparent that
an effective electro-mechanical energy interchange can
be achieved not only theoretically but also in practice.
Orne exemplary space vehicle arranged to make practical
utilization of the discussed principles is depicted diagram-
matically in FIG. 2. As there shown, the main body
portion 20 of a satellite is connected by conducting rods
22, 24, whose combined overall length M is 100 meters
and which are oriented perpendicular to the earth’s mag-
netic field B, and are terminated by two conducting cylin-
ders 26, 28, each having a length L along the direction
of vehicle travel indicated at .V, of 100 meters and a
diameter of 5 meters. In turn, each of the conducting
cylinders 26, 28 has mounted thereon a plurality of solar
panels or cells (not shown) capable of heating the sur-
face of the conducting cylinders to enable electron
emission. It may be mentioned incidentally since the
satellite is only exposed to the sun’s radiation during a
portion of its orbit, alternate means for heating the
surfaces of the conducting cylinders can be used if de-
sired, electric heating coils being one obvious example.
Connected in series with the conducting rods 22, 24 is
a variable resistor diagrammatically indicated at 30
which functions as a control element as will be explained
hereafter,

If it is initially assumed that the variable resistor 30
is set at a zero value, and the described unit is orbiting
at a relatively low altitude of 400 kilometers at an initial
velocity v, of 7x10% c¢m./sec., the following values are
determined.

L=100 meters
M=100 meters
V=7 X105 cm./sec.
V,=2X 107 cm./sec.
B=0.4 gauss

From these values, power, voltage, current and im-
pedance can be calculated in accordance with Equations
6,7, 8, and 9 to give

P=38 kilowatts
V=30 volts
1=130 amps in each wing
Z=.23 ohms in each wing
Thus, it can be immediately seen that power can be dis-
sipated at the kilowatt level with the described unit as
compared to the relatively small power dissipation of
the Echo I satellite.
In effect, by setting the variable resistance 30 to a zero
value, a power of 8 kilowatts is dissipated in the gen-
erated Alfven radiation, such radiation or electrical power
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being derived from the kinetic energy of the entire space
vehicle. A maximal drag force is thus established when
the variable resistance is set to zero. By way of example,
if the entire vehicle weighs 10% lbs., an altitude loss of
40 kilometers per day will be experienced.

If, in turn, the variable resistance is increased to an
infinite value (an open circuit), the drag force is. re-
duced by approximately one order of magnitude since
the M factor is effectively reduced from 100 meters to
10 meters, representing the summation of the diameters
of the conducting cylinders 26, 28. Intermediate settings
of the variable resistor 30 will in turn effect intermediate
generation of Alfven radiation and resultant intermedi-
ate values of drag force.

It may be mentioned in addition that if the two con-
ducting cylinders 26, 28 are of different sizes, a variation
in the relative drag force at opposite extremities of the
vehicle will be experienced and, in effect, the entire unit
will be rotated about the direction of the earth’s mag-
netic field B.

The drag current I which results from the conversion
of kinetic energy of the vehicle into electrical energy
can obviously be employed as a source of power for
driving a low impedance motor (not shown) which can
be inserted electrically in the series with the described
connecting rods (with or without the described variable
resistance 30). If such a motor has an internal resistance
of 0.23 ohm and the variable resistance 30 is set at a
zero resistance value, the motor could tap two kilowatts
of power (V4 X8 kilowatts) for use in the vehicle at the
expense of its kinetic energy.

Thus, in summary, the arrangement diagrammatically
depicted in FIG. 2, can function alternatively as a means
of converting Xinetic energy to electrical power, a means
for creating drag forces to bring the vehicle to a lower
altitude without use of additional propellant, or to ad-
just the attitude of the vehicle without use of supple-
mental propellant.

Generally, then, the method of electro-mechanical
energy interchange in accordance with the present inven-
tion involves the steps of moving a conductor across a
magnetic field in a plasma whereby current flow can be
established through the conductor and then applying a
resistance in relation to such conductor whereby the
direction and amount of current flow is determined and
an electro-mechanical energy interchange is effected.

Obviously, if the effective resistance is positive so that
a drag current I is produced as described in connection
with the FIG. 2 vehicle, the electro-mechanical energy
interchange specifically constitutes a conversion of ki-
netic energy to electrical energy. In turn, by varying the
resistance in the manner described, the amount of such
energy interchange can be determined.

By the addition of a souce of electrical power on the
vehicle itself, it will be apparent that the direction of
current flow through the conductor can be reversed to, in
effect, provide a negative resistance and a reversal of
the energy interchange; that is, electrical energy will be
converted to mechanical or kinetic energy to thus provide
a propulsion mechanism.

An exemplary arrangement for this purpose is diagram-
matically illustrated in FIG. 3, wherein the arrangement
is generally similar to that shown in FIG. 2 wherefore
generally the same reference numerals are applied to the
various elements with the addition of a distingnishing
prime notation.

However, in substitution for the variable resistance 30
shown in FIG. 2, a source of power indicated as a simple
battery 32 is connected in a series with the conducting
rods 22’, 24’. In order to overcome the Alfven drag
forces calculated for the FIG. 2 vehicle (i.e. 8 kilowatts),
a power of 8 kilowatts is necessary. Such balancing of
forces will of course keep a vehicle in a desired orbit
and the application of additional power will in turn effect
an acceleration of the vehicle to increase its orbital alti-
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tude as desired. In effect, the FIG. 3 arrangement pushes
on the earth’s magnetic field to effect a novel propulsion
mechanism.

The source of electrical power indicated diagrammati-
cally as battery 32 may well take the form of a nuclear
reactor or solar cells (not shown) of the same type as
mentioned in connection with the FIG. 2 embodiment
of the invention.

The propulsion method as described in connection
with FIG. 3 can not only be used to counteract drag
forces and provide acceleration; it can also be utilized as
a means for storing energy in the form of vehicle kinetic
energy by conversion from electrical energy as described.

What is claimed is:

1. The method of effecting energy interchange in an
orbiting space vehicle which comprises the steps of

moving the vehicle across a magnetic field in a plasma,

and

supporting an open ended conductor on the vehicle in

effective electric circuit relation with the plasma to
thereby induce current flow therethrough resultant
from the motion whereby electro-mechanical energy
interchange is achieved.

2. The method of effecting energy interchange in a
space vehicle according to claim 1 which comprises the
additional step of heating the surface of the conductor
to stimulate electron emission therefrom.

3. The method of effecting energy interchange in an
orbiting space vehicle which comprises the steps of

moving the vehicle across a magnetic field in a plasma,

supporting an open ended conductor on the vehicle
in effective electric circuit relation with the plasma
to thereby induce current flow therethrough re-
sultant from its motion, and

applying a resistance in electrical relation to the con-

ductor for determining the amount and direction of
current flow.

4. The method of effecting energy interchange ac-
cording to claim 3 wherein the resistance is positive
whereby a conversion of mechanical to electrical energy
is achieved.

5. The method of effecting energy interchange accord-
ing to claim 4 which comprises varying the resistance
value to vary the amount of energy interchange.

6. The method of effecting energy interchange ac-
cording to claim 3 wherein the resistance is negative
to effect a conversion of electrical energy to kinetic en-
ergy of the vehicle.
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7. The method of propelling a space vehicle which
comprises the steps of

moving the vehicle across a magnetic field in a plasma,

supporting an open ended conductor on the vehicle in

effective electric circuit relation with the plasma to
thereby induce current flow therethrough in a pre-
determined direction resultant from the motion of
the vehicle, and

applying a source of electrical power to the conductor

to establish current flow therethrough in a direction
opposite to that of induced current flow whereby
the applied electrical energy is converted to kinetic
energy of the vehicle.

8. The method of propelling a space vehicle according
to claim 7 which comprises the additional step of

supporting solar cells on the vehicle for exposure to

radiation from the sun to provide the source of elec-
trical power.

9. Energy-interchange apparatus for an orbiting space
vehicle travelling through a plasma which comprises

an open ended conductor mounted on said vehicle so

as to cross the magnetic field in a plasma so as to
establish effective electric circuit relation with the
conductor and effect current flow therethrough and
the generation of Alfven waves, and

means electrically associated with said conductor to

provide a predetermined resistance to current flow
therethrough.

10. Energy-interchange apparatus according to claim
9 wherein said means constitutes a variable positive re-
sistance.

11. Energy-interchange apparatus according to claim
9 wherein said means constitutes a source of electrical
power to provide effectively a negative resistance.

12. Energy-interchange apparatus according to claim
9 which comprises a heater for the surface of said con-
ductor.
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