ForrmP8

REPUBLIC OF SOUTH AFRICA
PATENTS ACT, 1978

PUBLICATION PARTICULARS AND ABSSTRACT
(Section 32(3)(a) - Regulations 22(i)(g) ard 31)

OFFICIAL APPLICATION NO. LODGING DATE ACCEPTANCE DATE
21 ) i ) N

|§!.a 2006/03 01 P [ 73 Aprit 2006 43 [ea o5y — oo
INTERNATIONAL CLASSIFICATION . NOT FOR PUBLICATION
51 | FO3H, G21K, HOSH - - | CLASSIFIED BY :
FULL NAME(S) OF APPLICANT(S) J ‘

GRAGSAUER Andreas—

3 ' . B O ’

m HETTMER, Manfred . ‘D})-o\%n\_\_.

e T U Ao aNieo CESINg ol T

FULL NAME(S) OF INVENTOR(S)
GRASSAUER, Andreas; HETTMEER, Manfred; FRISCHAUF, Norbert; BARTUSCH, Tobias

72

EARLIEST PRIORITY CLAIMED COUNTRY NUMBER DATE

15 September

NOTE : the country must be indicated by its International
Y must be indeated By s 33 | AT 31 | A 1448/2003 32
Abbreviation — see Schedule 4 of the Regulalions 2003

TITLE OF INVENTION
METHOD AND DEVICE FOR GENERAATING ALFVEN WAVES

[ 57 | ABSTRACT (NOT MORE THAN 150 WORDS) NUMBER OF PAGES | Yo 1

FOR ABSTRACT SEE THE NEXT SHEE™T



AR WU O

p—
<
o
<
e
-~
o
&
S~
u
e
i
(@ |
g

(&2) NACH DEM VERTRAG UBER DIE INTERNATIONALE ZUSAMMENAARBEIT AUF DEM GEBIET DES
PATENTWESENS (PCT) VEROFFENTLICHTE INTERNATIOMVALE ANMELDUNG

(19) Weltorganis:

0O P AT

(10) Internat_ionale Veriffentlichungsnummer

WO 2005/027142 Al

(71) Anmelder und

(72) Erfinder: GRA-SSAUER, Andreas |AT/AT]; Plencrgasse
18/8, A-1180 W ien (AT). HETTMER, Manfred [AT/AT];
ariahilferstras se 95, A-1060 Wien (AL).

24. Mirz 2005 (24.03.20

(51) Internationale Patentklassifikation’:
HOS5H 1/54, FO3H 1/00

(21) Internationales Aktenzeichen: PCT/AT2004/000313

FRRISCHAUF, Norbert;, Raiffeisenstrasse
-2320 Zwolfaxing (AT). BARTUSCH, To-
asse 2, 86356 Neusiss (DE).

(22) Internationales Anmeldedatum: (1) E
15. September 2004 (15.09.2004)

(25) Einreichungssprache: Deutsch  (74) Anwalt: SONM & PMRINER; Riemergasse 14, A-1010
Wien (AT).
(26) Veroffentlichungssprache: Deutsch
(81) Bestimmungss®aaten (soweit nic
(30) Angaben zur Prioritat: Jede verfiighare nationale Schurzrecht.
A 1448/2003 15. September 2003 (15.09.2003) AT AM, AT, AU, AZ,BA, BB, BG,BR, BW,B

(54) Title: METHOD AND DEVICE FOR GENERATING ALFVEN WAVES
(54) Bezeichnung: VERFAHREN UND EINRICHTUNG ZUR ERZEUGUNG VON Aa LFVEN-WELLEN

(57) Abstract_: The invention relates to a method and a
device for gernerating Alfvén waves, in which ionizable
material is preovided that penetrates a magnetic field. In
order to create= such a method or a device in which mate-
rial can be coraveyed hased on the Alfvén waves, the mag-
netic field cornsists of 4 primary magnetic field that is pe-
riodically defcommed by at least one oscillating secondary
magnetic fielc that is polarized in the opposite direction
from the prim-ary field such that Alfvén waves are created
in the jonizatole material located in said magnetic ficld.
The Alfvén w—aves propagate at a speed that depends on
the density of  the material penetrating the magnetic field
and the ficld intensity of the magnetic field. The field
a intensity of tlme magnetic field is greater than the kinetic

energy of the material located in the magnetic field such

that material is conveyed by means of the Alfvén waves.

(57) Zusammenfassung: Die Erfindung betrifft cin
Verfahren urmd eine Einrichtung zur Erzeugung von
Alfvén-Welle. nn, wobei ionisierbare Materie bereitgestellt
wird, welche ein Magnetfeld durchlauft. Zur Schaffung
cines derartigzen Verfahrens bzw.  einer Einrichtung,
bei der cin Ml assetransport auf Basis der Alfvén-Wellen
mdglich wirdll, ist vorgesehen, dass das Magnetfeld aus
einem magne=tischen Primirfeld besteht, welches durch
zumindest eir gegeniiber dem Primarteld gegengepoltes,
oszillierendess magnetisches  Sckundirfeld  periodisch
deformiert w=ird, wodurch in der in diesem Magnetfeld
befindlichen ionisierbaren  Materie  Alfvén-Wellen
gebildet wercden, welche sich mit einer Geschwindigkeit
b ausbreiten, di_e von der Massendichte der das Magnetfeld
durchlaufendcen Materie und der Feldstirke des
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Method and device for generating Alfvéra waves

The invertion relates to a method for the generation of
Alfvén waves, with material which can be ionized being

produced, which passes through a magnetic fi eld.

The invesntion also relates to a device for the
generation of Alfvén waves, having a device for
production of material which can be ionize d, having a
magnetic nozzle, which 1is formed from at= least one
device for generation of a magnetic primary field and a
coil for generation of a magnetic secondary field, and
a channel. for guiding the material which car be ionized
through the magnetic fields, and electr_ical supply

devices.

Finally, the invention relates to a motor for a vehicle
using a device as mentioned above for ge neration of

Alfvén waves.

Alfvén wa&ves are magnetohydrodynamic waves which were
named af ter the Swedish Physicist Hannes 0Olof Gosta
Alfvén, ¥or which he was awarded the Nobe 1 Prize for
physics =Sn 1970. Alfvén waves are low-frecuency waves
in electr-ically conductive liquids or magnet-ized plasma
which are caused by the change in the 1 ntensity or
geometry of a magnetic field. Alfvén waves ppropagate at
a finite velocity, the so-called Alfvén wv-elocity. An
Alfvén wa.ve 1s the wave propagation of a dissturbance in
the magnetic field. In a vacuum, an ZAlfvén wave
propagate s at the speed of light in a vacuwam. When the
magnetic field interacts with a material which can be
ionized, for example a plasma, the Alfvén velocity is
governed by the mass density or charge den sity of the
dielectri ¢ medium. Alfvén waves can transpor-t mass, and
thus energy and impulse as well, by the intteraction of
material with the magnetic field. For mas s transport

such as this, so-called Alfvén 1limit plays a role,
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within wh ich the field strength must be greater than
the kinet ic energy of the material to be +transported.
The effect of material transport by Alfvén waves was
verified f£or the first time in the atmosphexre of exotic
stars by spectroscopic means, and later in laboratory

experiments.

Alfvén wawves are present universally in plasma in space
and resultc from the interaction between magnetic fields
and currerits flowing in them. Typically, Alfvén waves
occur at a low frequency 1in magnetized conductive
media, such as stellar atmospheres. The waves not only
transport electromagnetic energy but al so include
information about the changes in the plasma currents
and in the topology of the magnetic field associated
with them. Since Hannes Alfvén proposed thi s principle
of electromagnetic transmission in 1942, two concepts
have awokem the interest of researchers. The concept of
a compression wave, in which the density and field
strength wary, and the concept of a shear wave, in
which only the direction of the magnetic field is
changed. T'he dynamics of Alfvén shear wawves are of
particular interest in the polar regions of the Earth,
since the Alfvén waves probably play a role in the
creation oz aurora light. Further details can be found
in the pubXications "The Physics of Alfvén Waves", Neil
F. Cramer, Wiley Publishing 2001, ISBN: 3-527-40293-4
and "Aktiv e Sterne", Klaus G. Strassmeier, Springer
Verlag 1997 , ISBN: 3-211-83005.

So far, Al fvén waves have been used only for methods
relating to use in fusion reactors. By way of example,
US 4 661 304 discloses the generation of Al fvén waves
with the aifd of a resonant coil mechanism imn order to
generate super resonant cyclotron frequencies in a
fusion reactor. A similar design based on a plurality
of coils arranged in a circular shape in order to

achieve hi«gh temperatures in a fusion reactor 1is
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described in Russian Patent Specification SU 1 485 436.
In the applications so far, the energy has been
transported by means of Alfvén waves. Direct use of
mass transport by means of Alfvén waves has not
occurred in this cease (see also H. Alfvén, "Spacecraft
Propulsion: New Me thods ", _Science , Vol. 176, pages
167-168, April 14, 1972).

The use of Altvén waves for propulsion of vehicles, in
particular spacecra ft, has not yet been proposed. Two
principles are cu rrently being used as electrical
reaction propulsion for vehicles, in particular
spacecraft, but their usefulness is restricted owing to
the relatively high power required because of the mass
of external energy sources. The energy contained in the
fuel in chemical p ropulsion systems must be supplied
from an external energy source in the «case of
electrical propulsion systems. Furthermore, electro-
magnetic propulsion systems are used despite the high
mass of the electrical energy storage medium. In the
case of electrical propulsion systems, the ion
component of a gas which is excited in various ways is
accelerated by means of electrical fields. Because of
the physical separat ion between the electrodes by which
the acceleration pa th 1is defined, multiplied by the
cross section of thie emission beam, only low thrust
densities are possib le with acceptable energy potential
differences, and th is governs the efficiency. Since
only positively charged ions are emitted in this case
and are subsequentlwy neutralized downstream from the
motor by means of an external electron source in order
to prevent static potential, these are referred to as

ion motors.

In the «case of rmnagnetic ©propulsion svstems, in
contrast, the magnetzic field is used only as a static
nozzle with hot wallss. Particles that are bound in the

field interact with one another on the basis of their
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Laranor frequency. The fallin<g gradient of the field
stresngth, which results frormn the grading, likewise
resmlts 1in binding forces which become smaller, as a
resealt of which the particles are inelastically
sca®tered from the bonding to the field after n-th
ordear impacts, and are pressed out of the field, which
is in the form of a nozzle, by the thermodynamic

presssure.

In general, the plasma to be expanded from the field is
therrmally excited by means of an arc. The difference
from pure arc motors is mainly that the plasma
tempoerature 1is not restricted by the thermal load
Capacity of the nozzle walls. The additional
intearaction of the plasma with the generally static
fiel d forces is in this case of secondary importance.
Owin g to the dynamics of a the rmally excited plasma in
a mamgnetic field, plasma motors are thus also referred
to &=s magnetoplasmadynamic proportion systems or MPD
moto rs. Traditional MPD motors can be subdivided into
two  groups, specifically into self-induced field and
exte rnally-induced field motors. In the case of self-
indu-ced field motors, the field of the magnetic nozzle
is i nduced by the high dischazge current of the arc,
that 1s to say there is a magret but no coil. In the
case of externally-induced field motors, all of the
disckiarge current is used for heating, since the field
of t he magnetic nozzle produced by a coil 1is 1in fact

forme=d by an external field.

A ma gnetic plasma motor 1is known, for example, from
Us 6 334 302 Bl, and 1is known by the title VASIMR
(Vari_able Specific Impulse Magnetoplasma Rocket). 1In
this case, a plasma generator 1 s used to pass a plasma
throuagh at least two magnetic toroidal coils, and is
thermelly excited 1in this magnetic field. The radio-
fregqmency field oscillation heats the plasma in a type

of rnagnetic bottle by means of magnetic field
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oscilllations. The geometry of the variable-strength
magne=tic field fundamentally remains urichanged, for which
reascon the magnetic field is used for—- energy transport,
but not for material transport. It ha.s been possible to
achiexve better efficiencies with this motor than in the
case of traditional magnetoplasmad.ynamic propulsion

systems.

US 4 412 967 A describes a particle accelerator using the
princtiple of Alfvén waves. A particle beam such as this

can b+e used as a drilling tool or weapon .

The peresent invention is based on the oebject of providing
a met hod and a device for the generatiom of Alfvén waves,
by me=ans of which mass is transported. The aim is to be
able to use the method and the devicee as a motor for

vehicIes, in particular spacecraft.

With zregard to the method, the object according to the
inventzion is addressed in that thes magnetic field
compri ses a magnetic primary field which 1is deformed
periodddically by at least one osci.llating magnetic
secondlary field of the opposite polaritcy to the primary
field, as a result of which Alfvén waves are formed in the
materi al which can be ionized and is 1located in this
magnet ic field, which Alfvén waves propaggate at a velocity
which depends on the mass density of the- material passing
through the magnetic field and on the #$ield strength of
the m«aagnetic field, with the field strength of the
magnet=ic field being greater than the }kinetic energy of
the ma terial which is located in the magnetic field, so
that maass is transported by the Alfvén wvaves. The method
according to the invention for the first time makes use of
Alfvén waves for transport of mass. A ma&Eaterial beam that
is gen erated in this way makes it posssible to produce
propulssion systems for vehicles, in partieular spacecraft,
such a.s space satellites, for example by use of the

reactioen

AMENDED SHEET
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principle. However, a range of other applicatioris are
also possible, s ome of which will be mentioned bxriefly

further below.

In order to allow mass transport by means of Alfvén
waves, specific preconditions have to be satisfied,
which are descriloed further below. The Alfvén wavers are
caused by perioddc changes in the field geomctry of a
magnetic primary field. This periodic change i the
geometry of the porimary field is caused by at leas t one
second, periodica lly varying magnetic field of opposite
polarity, which i s referred to in the following te xt as
the secondary fie ld, and is caused by a secondary coil.
The oscillating secondary field 1is generated Dby
supplying an osci llating signal to the secondary <oil.
The frequency and the form of the drive signal fox the
secondary coil de pend on the nature of the application
and on the specif ic charactcristics of the field <oils
being used. Fundarmentally, at relatively high secordary
field oscillation frequencies, an area is entered where
the operating paths become shorter since the full
deformation paths of the magnetic field can no longer
be used for mass transport. The superimposition of the
magnetic fields results in the lines of force of the
primary field being forced outwards on the side
opposite the secondary coil, thus creating a funnel-
shaped primary field. This field funnel 1leads to a
reduction in the v olume enclosed by the magnetic fi eld.
The material which can be ionized and is located in the
magnetic field is <thus compressed, and is forced out of
the field. The 1¥naterial which interacts with the
magnetic field is subdivided on the one hand into the
emission mass and, to a smaller extent, into Loresntz
particles. The Loxentz particles are located in the
area of relatively high flux densities, and are bound
to the lines of force. 1In contrast, the remairiing
particles are not ound to the lines of force and can

thus be referred to as quasi-free particles. The quasi-
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free particles are scatt ered on the Lorentz particles.
For this reason, the forces which are caused by the
Lorentz particles and which act on the enclosed
material can also be referred to as wall forces. 1In
contrast to additional magnetoplasmadynamic motors, the
magnetic wall forces not only carry out the function of
a nozzle but, by virtue of their dynamics, are also
responsible for the compression of the emission mass.
In order to allow mass t ransport by weans of the Alfvén
waves at all, the so-ca lled Alfvén limit within which
the magnetic field stre ngth must be greater than the
kinetic energy of the interacting particles must thus
be taken 1into account . If this condition 1s not
satisfied, the Alfvén wa ves cannot be used to transport
mass. The variables in the plasma space must be
analyzed for this condi tion. If the kinetic energy of
the particle 1s greater than the magnetic field, then
the particles are not bound to the magnetic field, and
thus cannot follow 1it. If the particles are, however,
bound 1in the magnetic field in accordance with the
above definition, as is defined by the Alfvén limit,
the particles are transported by the magnetic field.
The mathematical principles relating to this will be

explained in more detail later.

The magnetic field is deformed with the propagation
velocity of the Alfvén waves, the so-called Alfvén
velocity. In this case, a distinction is drawn between

two options.

According to one featuxe of the invention, the Alfvén
velocity is less than or equal to the speed of sound in
the material which 1is located in the magnetic field.
This represents the case of elastic compression of the
enclosed  medium. In the case of this elastic
compression, no heatirag of the medium occurs, other
than unavoidable fricti.on losses, and, instead of this,

an internal mechanical overpressure 1is created with
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respect to the ambi ent pressure. In the case off an
Alfvén velocity which is less than or equal to the
speed of sound of the material which is located in the
magnetic field, the kinetic impulse 1is thus larcgely
transmitted elastical.ly. In the case of such elasstic
acceleration of the emission mass, it is not possdble
to achieve particula rly high outlet velocities sDince
the internal speed of sound is not exceeded at the
outlet temperature of the medium to be transported. Use
of this method is feasible primarily for operation wrsith
conductive liquids, since the high density of the
material associated with such 1liquid in conjunction
with a possibly small proportion of ions does not al low

high Alfvén velocities in any case.

It the Alfvén veloc ity at which the Alfvén wa ves
propagate 1is greater than the speed of sound of the
material which is loc ated in the magnetic field, t his
material 1s compressed 1inelastically, and 1is ¢t hus
heated. The magnitude of the elastically transportalle
impulse 1is governed by the respective modulus of
elasticity and, associated with this, by the speed of
sound. The inelastic component of the impulse which 1is
transported by means of the Alfvén waves and t=n2
Lorentz particles 1is converted to incoherent interrnal
movement, that 1is to say to heat. The material whiich
has been thermally ex<ited in this way therefore rot
only assumes a higher <Temperature but also has a higher
speed of sound, at which it expands from the field
funnel of the magnetic nozzle. Heating therefore takses
place directly via the field forces, which are in t=the
form of a magnetic noz=le, without any external heati_ng
mechanism. In the case of inelastic compression, t_ he
ratio between the compression time and the ener-ay
losses resulting from radiated emission caused by t ke
heating 1s important. In an optimized system, t he
propagation time of the Alfvén waves, which depends o©n

the operating path and on the Alfvén velocity, shou 1d
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be matched such that less energy is radiated tlaan is
supplied by the pulse during the time period. Tkermal
excitation by means of inelastic compression o f the
emission mass can be used for applications in & hard
vacuum, since a small mass density 1is requir ed to
achieve high Alfvén velocities for this puxpose.
Despite short ac<eleration distances, high impulsess can
be supplied in this case by means of a high _Alfvén

velocity.

According to one feature of the invention, the ma gnetic
primary field is essentially constant. This is ac hieved
by means of an essentially constant supply to on e coil
in order to produce the primary magnetic field, s o that
the circuitry <«omplexity level 1is 1low. The constant
magnetic primary field can likewise be generat-ed by

means of permane nt magnets.

If, in the case of the generation of the (orimary
magnetic field using a coil, the so-called rorimary
coil, the magmnxetic primary field 1s switched off
periodically, tChe thermal heating caused by the
electrical resi stance of the primary coil can be
reduced. In this case, the frequency and time for- which
it 1s switched off must be appropriately cho sen in
order to ensurxe that the thermal energy <«an be
dissipated within the phases during which it is
switched off.

It is not exped ient to maintain the magnetic secondary
field during the time in which the primary £fi eld is
switched off, s o that the magnetic secondary field 1is
preferably likewise switched off during the perZods 1in
which the primary field is switched off. The primary
field is switchesd off, and if appropriate the se condary
field as well, by means of an appropriate control
device, which a. re connected to the supply devices for

the coils for generation of the primary field and of
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the secondary field.

According to a further feature of the invention, the
magnetic field is focused in the axial and/or radial
direction in order to inmprove the effect of the
magnetic nozzle. Various methods can be used for
focusing, for example magnetic methods, or else
specific arrangements and mechanical configurations of
the field coils.

The field strength of the magnetic primary field can be
varied while the magnetic secondary field is switched
on, in order to influence the deformation of the
primary field. 1In this case, the primary field 1is
varied only to a minor extent. The geometry of the
mutually deformed fields can be influenced, and thus
optimized, by this temporary reduction or increase in

the primary field.

A further feature of the Ddnvention provides for the
Alfvén waves to be phase-delayed. This phase delay
which can be achieved, fox example, by means of a
delayed voltage rise while t-he secondary coil is being
switched on, can be used to lengthen ths time period of
the deformation phase of the primary field. Influencing
the Alfvén waves in this way 1is worthwhile when the
Alfvén velocity is too high. By way of example, it may
be advantageous to slow dowr the field deformation in
this way for a hydrodynamic application of the method
according to the invention. This makes it possible to
achieve wvariations in the sound field or efficiency
optimizations. Alternatively, when using the method in
the presence of a plasma source, a reduction in the
Alfveéen velocity may be advantageous when, for example,
the losses resulting fromnm black-body radiation
excessively restrict the efficiency, for exanmple

because the compression temperxature is too high.
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If thes Alfvén waves generate a thr-ust on the basis of
the reaction principle, the methocd for generation of
Alfvén waves can be wused to pxxopel vehicles, in
partic ular spacecraft. In this case, any desired
ioniza tion mechanism which carries out the ionization
of a a@as that is located in a contaminer is used as the
plasma source. The Alfvén waves rexduce the volume of
the meedium flowing in from the plasma source more
quickl y, and in an oscillating manrmer, than the medium
can exzpand out of the funnel-shaped magnetic field. The
high 1. mpulse which is supplied dur ing the brief pulse
durati on of the magnetic field hea ts the plasma, thus
leadin. g to a higher speed of souncd and thus a higher
expans-ion velocity of the plasma. The Alfvén waves can
also ImDe used to orovide additional acceleration for a
plasma. beam which has already been accelerated by some
other mechanism. Applications of mwotors such as these
extend from attitude control of satellites to
propul_sion systems for rockets for space missions, and
much rmore. Since the present metho-d can be applied to
any deesired ions or plasma sourcess, it 1is thus also
possilole to use any desired radDo-frequency sources
which have no discharge path anda therefore have no
electr-odes that are subject to cor rosion. This results
in co rrosion-free electromagnetic propulsion systems,

which have a longer life.

It iss likewise possible for tlme Alfvén waves to
generaEte a particle beam of high kiinetic energy which,
for e xample, can be used in the military field, for
example 1in order to render satell dites inoperative. In
this case, the particle beam of high energy is
advant-ageously generated by means «=f a single pulse of
the se=condary coil, while the magnestic primary field is

activated.

As alzready mentioned above, the Alffvén waves can supply

addit Dional impulses to an accelerat-ed mass. Any desired
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accelerated medium can be accelerated again with the
aid of the present method, in the form of the
afterburner principle. By way of example, the device
could be combined with an arc motor, with the material
that has been accelerated in this way being

additionally accelerated.

It is also possible for phonons to be generated or
amplified in the material which is located 1in the
magnetic field, and/or for phonons to be generated or
amplified in a surrounding medium by means of the
material which is located in the magnetic field.
Phonons are amplified by dinfluencing the sound field
within the material surrounded by the magnetic field by
the 1influence of the Alfvén waves. Applications 1in
which material which has already been excited by some
other mechanism 1is intended to be provided with an
additional impulse, for exarmple in the case of chemical
combustion or heating, may be cited as fields of use

for the amplification of phonons.

Finally, it is also possible to compress the material
which 1s located in the magnetic field and thus to
thermally excite 1it, and to generate or to amplify
electromagnetic radiation by means of the thermal

exclitation.

Finally, the present method can also be used for
surface processing or coating by directing material
which <can be ionized onto a surface with a high
penetration depth, for lithographic purposes. Finally,
it 1is alsoc possible to wse the present method to
accelerate particles for the purpose of doping
semiconductor materials. In principle, a printer
operating on the basis of the described method can also
be constructed, in which the substance to be applied to
a printed copy 1is accelerated by means of the present
method.



10

15

20

25

30

35

WO 20057027142 - 13 - PCT/AT2004/000313

The prezsent method would also alloww sea water to be
desalin=ated more quickly and more efficiently, since the
salt ions could accumulate externall.y on the 1lines of
force _4dn the magnetic nozzle, and could easily be
dissipatzed.

Finally . the present method could also be wused to
neutraldze the electrical potential around a spacecraft.

Furtherrnoecre, the fluctuating magnetic field offers better
protectDdion against a and [} particles, since the magnetic
field r-epresents a Dbetter braking pootential for these
particless. Spacecraft which are propel_led on the basis of
the pre:sent method could thus be betteer protected against
high-energy plasma distribution, such as those which occur
in the case of solar winds. This means=s that space flights
would no longer have to be governed to such a major extent
by the solar cycle and the occurrerace of solar winds,
since the fluctuating magnetic fi eld also provides

additiorial radiation protection.

The appolications mentioned above reporesent only a few

options -

The obje=ct according to the invention is also addressed by
a devic-e as mentioned above for the —eneration of Alfvén
waves, min which the at least one secorndary coil is of the
opposite polarity to the device for- generation of the
primary field, and is supplied waidith an oscillating
electrical signal, as a result of which the magnetic
primary field is deformed periodical ly by the magnetic
secondarcy field, and Alfvén waves are formed in the
materiaZl which can be ionized and is 1located in this
magnetic field, which Alfvén waves pro pagate at the Alfvén

velocity”, with the field

AMENDED SHEET
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strength of the magnetic field being greater than the
kinetic energy of the material which is located in the
magnetic field, so that mass 1is transported by the
Alfvén waves. The major design features are thus two
differently polarized field coils, by means of which
the magnetic field, and thus the Alfvén waves, are
deformed. Because the Alfvén limit, which has already
been mentioned above, is complied with, the Alfvén

waves are suitable for transport of mass.

The device for generation of the magnetic primary field

may be formed by a coil or else a permanent magnet.

The coils for formation of the magnetic field are
advantageously designed to be liquid-cooled. Liquid
cooling allows the high operating temperatures to be
reduced, thus allowing the mechanical strength to be

increased.

A further improvement and a reduction in the electrical
resistance of the coils are achieved by using

supconducting coils.

The device for production of material which can be
ionized can be formed by a container with gas which can
be ionized and by an dinjector device for introduction
of the gas which can be ionized into the magnetic
field. A plasma generator such as this is particularly
suitable for use of the device in space as a propulsion

system for spacecraft.

If the device for production of material which can be
ionized is formed by a source for supplying
electrically conductive liguid, the Alfvén waves can be
used to compress this 1liquid which is located in the
magnetic field. This ernbodiment wvariant, in which the
liquid is used as a flow mass which contains free ions

is particularly suitalble for wuse as a hydrodynamic
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propulsion sy stem, for example for water craft, such as
submarines. The advantage in this case 1is that watex
can be moved without the propulsion system having an%y
moving parts. Salt water is an ideal medium, because o=
its relativeldy good electrical conductivity. Although
the Alfvén wa ve directly influences only the free ions.
only a small amount of flow in the emission directiorm
is caused, owerall, as a result of the scatter of the
remaining particles. Nevertheless, there are also
applications for this wvariant. The high mass density im
this case results in only very low Alfvén velocitiesq
for which reason the operating area can be applied to
the elastic &cceleration of the emission mass. By wawy
of example, tthe device can be used as a particularlsy
quiet propulsion system which is difficult to locatea
for submarine s, or as a hydrodynamic pump. Since a pump
such as this does not have any moving parts 1tself, &
variant such as this can be used for transportation oX¥
liquids when subject to particularly stringent safetwy
requirements. For example, pumps such as these can be
used to tramsport liquids in bioreactors. Since no
rotary movement need be transmitted to the contalnewx
via a bearing, the safety risk of a leak is reduced,.
and at the same time the cost factor which is normallyy
incurred as a result of the regular replacement of the
bearing is avoided. Furthermore, there are no
mechanically moving parts which could damage the

biomass.

According to a further feature of the invention, &
device 1is provided for phase delaying of the Alfvém
waves which are generated. A phase delay such as this
can achieve a reduction in the Alfvén velocity, which

in some cases may be advantageous.

Finally, devices can be provided for focusing of the
magnetic fiel d. These may be in a magnetic form, ox

else in mechanical form, by means of an appropriate
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arrangement of t-=he magnet coils.

The focusing dewice may be formed by the primary coil and,
if appropriate, secondary coil with a magnetic core
composed of vaxious materials, for exa mple based on an
FFAG (Fixed Fielld Alternating Gradient) c ore.

Magnetic shield ing is advantageously pr ovided to protect
sensitive, in particular electronic, a.ssemblies against
the relatively strong magnetic fields from the coils.
Conventional magnetically permeable sh ielding materials

may be used for this purpose.

If the magnetic shielding includes a shielding plate which
is arranged on tthe side of the magnetic —f£ield opposite the
outlet direction o¢f the Alfvén waves, this results in
additional focussing of the magnetic field .

The deformation of the magnetic fields is controlled by
means of a comtrol device which is connected to the
electrical suppl y devices for the coils. A control circuit
such as this wnay be formed by a mi croprocessor with

appropriate inte=rfaces to the supply unitss for the coils.

In this case, the control device may be formed by a
computer, in wh ich case embodiment vari.ants are possible
starting from a microcontroller via a m icrocomputer to a

computer unit.

The object accor—ding to the invention is also addressed by
a motor for a vehicle having a device ass mentioned above.
If the device iss designed to produce material which can be
ionized by mears of a plasma generatco>r and thrust is
generated with t—he aid of the Alfvén wavess on the basis of
the reaction pri_nciple, suitable motors can be created for
vehicles, in pa&articular spacecraft, such as rockets or
satellites. The preferred operating

AMENDED SHEET
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area for operation with ionized gas is in the area of
inelastic compression of the emission mass. The Alfvén
waves reduce the enclosed volume of the medium flowing
in from any given plasma source more quickly than this
medium can expand out of the funnel-shaped magnetic
field. The high impulse which is supplied during the
short pulse duration heats the plasma, and this leads
to a high speed of sound, and thus expansion velocity,
of the plasma. In this case, any desired ionization
mechanism can be used as the plasma source, 1in which
case the power which 1s consumed for this purpose can
be restricted to the ionization of the gas. The thermal
sink for the primary acceleration mechanism is
generated by the Alfvén waves, on the Dbasis of the
Carnot principle. Nevertheless, a plasma beam which has
been accelerated by some other mechanism can also be
provided with additional acceleration by the effect of
Alfvén waves. The major advantage 1s the capability to
achieve high outlet ~welocities, for which reason a
plasma motor such as this based on Alfvén waves 1is
particularly suitable for propulsion of spacecraft. In
this case, the motors can be used for attitude control
of satellites thus dncreasing the 1life of modern
satellites, which 1is normally limited by the internal
fuel supply, by virtue of the low mass flow of motors
such as these. Orbit &nd attitude control systems are
required to compensate for gravitational anomalies,

solar wind etc.

In the same way, motoxs such as these can be used as
so-called kick boosters for the propulsion of
satellites for transportation to their intended
location. A motor such as this with a relatively small
fuel consumption &allows the total mass to be reduced,
or the payload to bpe increased. The capability to
increase the payload makes it possible, for example, to
accommodate more transponders 1n a satellite, thus

allowing enormous sawing potential or, conversely,
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greater toransponder capacities to be made use of.

The high outlet velocities and low mass flow of motors
such as t-hese allow long acceleratdon phases which are
particulaxly suitable for scient ific interplanetary

emissions , and can shorten the jourmey times.

Experimen tal applications, for exa mple in plasma wind
tunnels, for simulation of the 1 nteraction of high-
speed re—entry bodies into the tkin upper layers of
planetary atmospheres are also posssible. The spectrum
of such investigations can be extended by the

capabilit ies to vary a mechanism which 1is based on

Alfvén wa ves.

If, accorxrding to a further featur-e of the invention,
the deviece for production of matterial which can be
ionized is formed by a dev ice for supplying
electrica 1lly conductive liquid, thes motors can be used
as a propoulsion system for vehicles in the water, for

example £ or submarines.

If the deevice for production of m aterial which can be
ionized DHis formed by an arc motor , the material which
has alre-ady been accelerated by the arc motor can
additionally be accelerated on the basis of the

afterburmer principle.

Other apoplications, for example for production of
plasma bezems of high kinetic energswy as a weapon or as a

pump witlaout any moving parts, are likewise possible.

The prese=at invention will be expliained in more detail
with re=ference to the attach ed drawings, which
illustratse schematic diagram s and exemplary

enmbodimerits, and in which:

Figure 1 shows a schematic —wiew of a device for
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generation of Alfvén waves:

Figures 2a and 2b show two s chematic views 1in order to
illustrate the- mechanism by which the
magnetic field s are deformed;

Figures 3a to 3d show variouss curves of the current for
supplying the secondary coil;

Figure 4 shows a block diagram of a plasma motor
according to t.he invention;

Figure 5 shows a block diagram of a hydrodynamic
propulsion system according to the
present invent ion;

Figure 6 shows a block diagram of a practical
experimental layout for testing the
operation of t=he method according to the
invention;

Figure 7 shows a blockz diagram of a device for
generation of Alfvén waves;

Figure 8 shows a block diagram of a further
device for generation of Alfvén waves;
and

Figures 9%a to 9c show sche rmatic circuit diagrams in
order to expleain the calculation of the
deflection of the device in order to
generate Alfv&n waves in the test shown

in Figure 6.

Figure 1 shows the section t-hrough a magnetic nozzle 1
of a device for generation o-f Alfvén waves, in which a
primary coil 2 is provided for generation of a magnetic
primary field. At least one ssecondary coil 3 1is located
alongside the primary coil. 2, 1is of the opposite
polarity to the primary coil 2, and is supplied with an
oscillating electrical sigmnal. This results 1in a
magnetic field which is per iodically deformed. A tube
4, which ends witn the pximary coil 2, 1s passed
through the coils 2, 3. A shielding plate 5, which
protects the electronics and. other components from the

magnetic fields of the coil s 2, 3, is located at the
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side, alongside the secondary coil 3, and opposite the
primary coil 2. The <entral tube 4 contains an
ionization mechanism, for example based on an
electrical discharge. The material which can be ionized
is passed into the magnetic field via the tube 4. A
liquid which contains free 1ions can also be used
instead of a plasma Source. As has already been
mentioned further above, the magnetic primary field may

also be formed by permane nt magnets.

The operating mechanism can be seen better in Figures
2a and 2b, which schematically show the magnetic nozzle
1 in different switching states of the secondary coil
3. In Figure 2a, the secondary coil 3 is switched off,
and the primary coil 2 1is producing a magnetic field
which has a funnel-shaped profile towards the opening
of the tube 4, because of the shielding plate 5. The
material which is passed through the tube 4 follows

this funnel-shaped profile at the opening of the tube 4.

If now, as shown in Figure 2b, the secondary coil 3 1is
switched on, the magnetic field of the primary coil 2
is deformed, and the lines of force are constricted at
the output of the tube 4, thus correspondingly
constricting the material transported by the Alfvén

waves.

This thus results in an oscillating flow of the ionized
material. Mass transport by means of the Alfvén waves
is possible when the Alfvén limit 1is taken into
account. For this purpose, the magnetic field strength
must be greater than the kinetic energy of the inter-
acting particles. The Alfvén limit thus determines

whether the Alfvén waves can transport mass at all.

Furthermore, the effective <cross section is the
significant factor governing whether the Alfvén waves

can compress the emissiorn mass at all. This limit value
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is in general regarded as not being critical. The
compressibility of the enclosed medium depends on the
Alfvén velocity as a functiorm of the speed of sound of

the enclosed medium.

Figures 3a to 3d show various forms of the current for
driving the secondary coil 3, and these forms can be
matched to the respective applications. In practice, it
has been found that a signal form as shown in Figure 3a
should advantageously reduce the gradient of the rising
flank and, if appropriate, of the falling flank as
well. This thus effectively results in a trapezoidal
profile of the current for driving the secondary coil
3. This makes it possible to reduce voltage peaks.
Furthermore, a sinusoidal al ternating current can also
be used to drive the secondarxy coil 3. Improvements can
also be achieved by the use of asymmetric drive

signals.

Simulations have shown thatt the present method for
generation of Alfvén waves &and a device such as this
for generation of Alfvén wawes can be used to achieve
emission velocities and ef ficiencies which make it
possible to efficiently use a propulsion system or a
source for plasma beams of high kinetic energy. A
propulsion system based om the use of the mass
transport of Alfvén waves car thus represent a benefit,

in particular in the field of space flight.

Figure 4 shows a block diagr am of a plasma motor which
is based on the present invention and comprises the
already described magnetic nozzle 1, the primary coil 2
and at least one secondary c¢oil 3, wnich is of the
opposite polarity to the primary coil 2, and 1is
supplied with an oscillating electrical signal. A tube
4 is passed through the coils 2, 3 and ends in the area
of the primary coil 2. A shielding plate 5 1s located

at the side, alongside the secondary coil 3, and
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sh jelds the electronics from tZhe magnetic field caused
by the coils 2 and 3. The shi.elding plate 5 prevents
expansion of the magnetic 1 ines of force of the
se condary field that is produced by the secondary coil
3 in the opposite direction wit h respect to the primary
co il 2. The device 8 for production of material which
cam be 1onized 1s formed, in the given example, by a
fuel tank 9 and a control valve 10 for supplying an
iomization chamber 11 with fue 1 from the fuel tank 9.
Th-e emission mass 1is passed from the fuel tank 9 via
th-e control valve 10 into the ionization chamber 11.
Th-e ionized fuel flows as a pl._asma through the tube 4
into the magnetic nozzle 1, ~which 1is formed by the
pr imary field that is generated by the primary coil 2.
Th e 1interaction with the se:condary field that 1is
gemerated by the secondary coil 3, which is supplied in
an oscillating form, results in the primary field being
pe riodically deformed by the opposite polarity of the
se condary field, as a result of which the magnetic
no zzle 1 1is constricted in a pulsating form by the
ef fect of the Alfvén waves -~that occur during this
pr-ocess, thus creating an acce leration mechanism. This
ac celeration mechanism is assi sted by the presence of
th e shielding plate 5, since th e secondary field cannot
pr opagate in the opposite direc tion to the primary coil
2. The illustrated plasma sour-ce as the device 8 for
pr-oduction of material which ca&n be ionized represents
on ly one possible alternative. 1In principle, the system
cam also contain other devicees 8 for production of
ma terial which can be ionized. The coils 2, 3, or else
ot Ther components, are supp lied with appropriate
el-ectrical power by means off an electrical supply
de—vice 6. A control device 7, which 1s connected not
on 1y to the electrical supply device 6 but also to the
co ils 2, 3 and components of the device 8 for
pr oduction of material which ca n be ionized, 1is used to
comtrol the individual componerats. This control device

7 may be formed by a computer , a mlCroprocessor oOr a
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microcontroller.

Figure 5 shows a block diagram of a further embodimerat
of a device according to the 1 nvention for generaticn
of Alfvén waves, in which the device 8 for producticon
of material which can be ioni zed comprises an inlet
channel 12 through which liquied which can be ionized
can flow. The throughput mass o f the ligquid flowing i.n
through the inlet channel 12 is adjusted via a control
valve 13 and is passed into the tube 4. An electrode 1.4
which 1is polarized as a cathecode is located in the
centre of the tube 4, and an electrode 15 which is i.n
the form of an ancde is locat-ed concentrically with
respect to this in order to for m a discharge path. Tlhe
electrodes 14, 15 are connected to the electrica:
supply device 6. The throughput mass flows through tle
inlet channel 12 via the control valve 13 into the tuloe
4 in the magnetic nozzle 1. Tke magnetic nozzle 1 3s
constricted in a pulsating manner by the effect of the
Alfvén waves that are created, thus resulting in &an
acceleration mechanism. The ion density at the 1input t=o
the magnetic nozzle 1 can be increased via tle
discharge path which is formed bpetween the electrodess
14, 15. The individueal compo nents can in turn koe
controlled in a correspoending manner by a control
device 7. A magnetohydrodynamic variant such as thd4ds
may, for example, be used to feorm a propulsion systemm
for submarines, or a drive for hydrodynamic pumps. IIn
this case as well, a shielding plate 1is advantageously
located alongside the secondar-y coil 3, shields tkie
electronics from the magneti ¢ field and prevents
expansion of the magnetic liines of force in thkie
opposite direction to the priimary coil 2. Even IDf
magnetic shielding is not compoletely ensured by the
shislding plate 5, electrical. shielding 1s alwa-ys

provided in this way.

One practical example will Ioe explained, and the
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determined measured values will Dbe compared with

simulated values, with reference to Figures 6 to 9.

The most important mat.hematical principles of numerical
simulation relating to the acceleration mechanism of
MOA are summarized in a simplified form in the
following text.

The phase velocity of an Alfvén wave can be calculatced
in accordance with the Hannes Alfvén equations either
from the charge density or from the mass density of the
medium through which the wave passes. In the present

case, because of the relationship with the throughput

mass of a motor, the variant with mass density 1s
preferred:

Vareesn = c/sgrt (1+( (po-c’.phi) /B?)) (1.1)
where:

c = speed of 1ignht in a vacuum

Ho = magnetic fi eld constant

phi = mass densit vy

es)}
Il

magnetic f£1 ux density

In this case, it shiould be remembered for the mass
density phi that the mechanism operates 1in a pulsed

manner. Thus:

phi = (M/£f).(1/vol) (1.2)
M = mass flow per second

f = oscillatiom frequency of the magnetic field
vol = volume of tthe magnetic nozzle

The mass per oscill ation clock cycle 1is thus also a
critical factor for the relationship between the mass

and the volume.
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However, technical factor= must also be taken into
account if the form of the magnetic field changes. The
signal response time and tthe cut-off frequency of the
secondary coil 3 govern the time period which 1is
required for formation of tthe secondary field. The rate
at which the geometry of t he primary field changes may
be less than the actual Alfvén velocity Vaifven. Slince
the speed of propagation of the disturbance caused by
the secondary coil 3 in the field geometry of the
primary field is critical, the time constant tau mus t
also be taken into account, and 1is given by the
relationship:

tau = L/R (2.1)
where:

L = inductance of the coil

R = resistance
The switching time t, of th e secondary coil 3 is:
ts = tau.2.Pi (2.2)

and the cut-off frequency £f4 of the secondary coil 3

is:

fgzl/ts (2-3)
The '"technical" Alfvén velocity vafwen depends on how
quickly the disturbance -propagates, governed by thie
charging time of the secondary coil 2, and is:

Variven = distance/t (2.4 )

where the distance descri_bes the propagation path of

the Alfvén wave as the mean deformation path of the
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field. TIf this technical Alfvén velo city is less than
the physic-ally possible Alfvén veloc ity, then vaisen(t)

1s the rele=vant value.

The Alfvén velocity vaifven now define s how quickly the
magnetic foeld can change its geometr-y. However, it is
now criticcally important that matemial can also be
Lransportecd, at least in the high fi eld density area,
by means of the Alfvén wave. As has already been
mentioned above, the Alfvén limit muast be taken into
account fo r this purpose, which 1is exceeded when the
kinetic en.ergy of an interacting pa rticle 1is greater
than the local magnetic field st rength. For this
purpose, t he kinetic particle energy must first of all
be determimed from the initial temper ature. The thermal

particle ve=locity is given by:

T.k.(3/2) = (m.vs%)/2 (3.1)
= —temperature

k = Boltzmann constant

m = Pparticle mass

Vo = ‘“particle velocity

The kineti ¢ particle energy can now be related to the

field stre ngth:
Kinetic pa rticle energy = (m.vy%)/2 (4.1)

Limit valu.e = energy density of the f ield
= (po.B%) /2 4.2)

Yo = magnetic field constant

B = magnetic flux density

If the kimetic particle energy is 1 ess than the limit
value, mas=ss transport by means of t-he Alfvén wave is

possible.
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In the case of the magnetic no=zle the mechanical wa ll
forces are formed by particles which circulate around
the lines of force in the areaa of high field density.
These Lorentz particles transsmit the so-called JxB
forces to the enclosed volume a nd scatter the particl.es
which are attempting to leave the enclosed area, suach
that the material which is locrated therein can escape
only from the nozzle opening. In this case, it shouwald
be noted that there must be a minimum density of
Lorentz particles along the magnetic nozzle walls f£or
the mechanism to operate effect ively. If this conditi on
is not satisfied, then a mass loss occurs during tche
compression, particularly in the event of incomplete
ionization of the emission ma&ass, because the noz=:e
walls are "leaky". This ef fect can Dbe descriloed

approximately as follows:
J = Jo¥ (5. 1)

J = unionized mass of remaining gas which rema dns
in the enclosed volume,

Jo = original total mass of unionized gas 1in -the
enclosed volume,

b¢ = loss factor, which ircludes the ratio betw esn
the minimum and the actual ion density, and can also be

described as the effective cross section.

J and Jo can in this case be r-epresented as a value of
x of 1. These parameters are important only when the
ion source or plasma source dcoces not ensure a compl ete
or adequate ion density. Since the actual accelerat ion
mechanism is decoupled from thDds source, the latter can
be optimized, in energy terms. to the production o f &
minimum ion density. This is & secondary parameter for
the mechanism itself, but it must be taken into account

if appropriate.
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If the magnetic field changes its form, so that the
macggnetic nozzle Dbecomes narrower, spatial compression
cf the mass located in it takes place, with the
compression rate corresponding to the Alfvén velocity
Vaieven. LL this 1s greater than the speed of sound
wit-hin the emission mass, thean the latter is
inelastically compressed, which leaads to corresponding
thermal excitation in the case of an ideally plastic
gass body.

The Newton's force equation, as shown below, can be
used as the basis for determina—tion of the energy

supplied by inelastic compression, &s follows:

F = M. (v?/(2.d1)) (6.1)
where
F = force
= mass
= velocity
dl = inelastic deformation dis-tance

derived as follows:
F = M. (vg’/(2.Def)) = M. (vg?/(2.(dl/Alerasc))) (6.2)

wheere Def represents the deformatmion factor for the
ratctio of the force supplied by mes=ns of an impulse to
the force which can be transpor ted elastically and
ressults from this. vy describes the Ay, that 1s to say

the velocity change along a referen ce distance of 1 m.
Al of the variables which are rel ated to the originzl
equiation can be derived in a corre-sponding manner from

thds factor, as follows:

De=f = Find/E‘res = dez/vr-csz = Iind/Ires = dl/dlelasll (6'3)
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where lciasc represents the elastic component within the
overall deformation distance. In the case of fully
elastic deformation, Def thus always has the value 1.
It 1is thus clear that a dimensionless factor can be

defined from the ratio of the path lengths.

If Tina represents the impulse which i s supplied by the
Alfvén wave, then I,.s is that componesnt ot this which

can be transported elastically by the compressed

medium -
Taer = Tipa—Ires (6.4)

is thus that component of the supplied impulse which 1is
converted to irreversible deformatiom. In the case of
gases and plasmas as ideal plastic b odies without any
shear modulus all of this inelastic deformation 1is

conver ted to heat.

Thus, if the speed of sound in the medium to be
compre ssed and the Alfvén velocity axre known, then the
impuls e distribution factor can be determined from
them. Since both the mass per oscill ation clock cycle
and th.e mass of a particle are known, the mean impulse
change , and thus also the mean part icle velocity and
the temperature, can be determined f rom the number of

partic les and their mass.

The new speed of sound in the plasma 1s thus obtained

from t he new temperature:

Ve = Ve.sqrt(l + (Te/Ty)) (7.1)
where
Ve == ion speed of sound

Ve == mean particle velocity of the ions
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T = lon tempoerature
Te

electrom temperature

In the simplified model, the ion temperature and the
electron temperat-ure are assumed to be the same. In
practice, the el ectrons are at a higher temperat-ure
than the ions, s that unification of the temperatuares
can be regarded as "worst-case" assumption. Althcugh
the distribution of the impulses in the plasma depesnds
on the mass of the particles and the electron gas
therefore does no t make up a significant proportiom of
the overall impullse, it can be assumed as a furt-her
worst-case condittion that the electrons make up a
greater proportion than they actually should on the
basis of their mass. The impulse component of the
photons in the >lasma can thus also be included. By
calculation, the ions are in this case given a smalller
impulse per part®cle, which reduces the resultant 1ion
speed of sound. On the basis of the assumption that a
gaseous body in «a vacuum expands at 1ts own speed® of
sound, we thus o btain from this the mean outlet Ifliow
velocity from th e magnetic nozzle. Since the plaEsma
expands during th.e compression phase itself at its own
rising speed of sound, we 1in this case obtaim a
considerable prop ortion of the total thrust power —just

from this.

This results 1in initial and final wvalues for the
compression phase: by the Alfvén wave during one clock

cycle. Since the _impulse can be described as:
M.v = F.t (8 .1)

it is possible to integrate over t as the propaga—tion

time of the wave.

The compression p hase is resolved into time steps, ~thus

resulting in profiles of the temperature and speed of
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sound. Im this case, the same principl.es are used as in
the dezscribed overall calculation. The mean
temperatuwre, the outlet flow velocit y and the thrust
during t he compression phase are them determined from
the profdle date. The expansion phase which follows the
compressdon is likewise assumed to be adiabatic. In
this case<, however, and in contrast t o the compression
phase, 1o impulse externally supplied by the Alfvén
wave need be resolved, for which re ason this can be

calculated from the volume change dur ing the expansion

time.

T = Ta. ((V,/V)* (9.1)
where:

T = temperature after expansion

T, == initial temperature

Va = initial volume

\Y = final volume

ad = adiabatic exponent

In this «case as well, the volume charge is integrated
in time steps, from which the correspc nding mean values

are then determined from the profiles.

For the time distribution, it should be noted in this
case that an oscillation clock cycl e 1is divided 1in
accordance with the phase geometry of a control signal
into a oft phase and a switching phase, and an
asymmetri c duty cycle with a shorter o ff phase has been
found to be advantageous in this case. During the off
phase, tkhat 1is to say the initial sittuation, in which
the secordary coil 3 is not polarized in the opposite
directicra to the primary coil 2, does not result in the
primary field being deformed by the secondary field,
and plasma flows from the source 1imto the magnetic

nozzle. The switching phase 1ls divided into a
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compression phase and an expansion phasse. During the
compression phase, the magnetic nozzle =is deformed by
the secondary field and the plasma is heated by
inelastic compression, as a result of wh_ich it expands
in an accelerated manner during this p rocess. During
tthe expansion phase, the magnetic rmozzle remains
deformed by the secondary field, and the: heated plasma
expands during the expansion, and is cool.ed down in the

process.

The peak values which occur during thi_.s process are
greater than the mean values calculated over the time
Pperiods. In this case, the off phase must- also be taken
into account in the mean values duri ng one entire

oscillation clock cycle.

The values for thrust and outlet flow veRBocity are then

calculated for the time unit of one secon d.
Examples relating to simulation

Two calculation examples are compared be=low. The first
column shows a number of values for a configuration in
t—he 1low power area, which has alread y been tested
experimentally with a prototype (see below). The second
<olumn shows the corresponding values for a
configuration in the planned high-power- area. In the
first case, nitrogen is assumed to be tlae working gas.
Argon 1is assumed to be the working gass in the high-

power variant.
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A symmetrical duty cycle is used in the first example,
corresponding to the experimental ceonditions, while an
assymmetric phase geometry is used for calculation in
tie second example.

Bescause of the stated worst-case con ditions, the values
13 sted in the first column are less than those actually
measured. The permanent thrust was 1in this case
mezasured to be 1.4 mN. In this case, 1t should be noted
tihat boot-strap effects, such as th.e component of the
cold-gas thrust and the effect of the ion source, have
not been included in the calculati on. However, these
ef-fects were insignificant in the me asurement since the
ion source was operated, for exampole, with an input
power of 1 W, so that this made no significant

cOntribution to the increase in the i_on temperature.

Veaarious reference 1ion densities ame assumed 1in the
si_mulation, and with various mass f lows, related to a
low ionization rate of 1%. The mass losses which occur
duaring this process as a result of imcoherent expansion
ar"e mainly responsible for the resonance area which was
olo>served during the measurement and indicates a thrust

mi_nimum in the operating area around 400 Hz.

Ttme reference 1ion densities are v-alues extrapolated
fr-om the data from other MPD systems and define the ion
de=nsity which 1is the minimum requaired in order to
coemply with the condition defined frcoom the second limit
va. lue. If the ion source or —plasma source 1is
s fficiently powerful as a secondary system in order to
en.sure the corresponding minimum ion density, there is
th_ erefore no need with the present system to achieve
co-nplete ionization just by means of a secondary system
su.ch as this. Since, in contrasst to competitive
sy-stems, the actual acceleration rmechanism operates
in_dependently of the ion source or plasma source, the

re guired amount of energy for the Datter can also be
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optimized with respect to a minimum in other power
areas. The improvement in the efficiency that resultss
from this has a positive effect from then on on the

overall system.

Fundamentally, it is evident that there is a good match
between the theoretical predictions and the practical
results. Since the simulation 1is carried out witth
worst-case conditions and the experimental measurementss
are actually quantitatively higher, while the
qualitative profile meatches, it can be expected that
the predicted results can also at least be achieved in

the higher power area.

Figure 6 shows a block diagram of the test layout i.n
which a prototype of the device according to thme
invention was used dn practice to generate Alfvésr
waves. The device 20 for generation of Alfvén wavess
according to the present invention was placed by means
of a suspension system in a vacuum chamber 21, and was
connected to a device 8 for production of material
which could be ionized, in the present case a nitrogen
cylinder, wvia lines with wvalves, which will not ke
2xplained in any more detail. This was done using th.e
vacuum chamber at the Faculty for Spacefligh t

Technology at the DMunich Technical University i n

Garching. The distamce d to the device 20 for
generation of the Alf<vén waves was determined using a
laser reflection me ter 22. Appropriate compute r
facilities 23, 24 monitored and controlled th e

components of the test layout.

Figures 9a to 9c show schematic circuit diagrams of th
suspension system for the device 20 for generation o
the Alfvén waves in the vacuum chamber 21, and th

determination of the force over the distance

o Q @ H O

determined by the laser reflection meter 22. Th

equation
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sina = 8/1

can be derived fr-om Figure 9b. Using the sketch s hown
in Figure 9c, relating to the force relationships,. it
follows that:

F = -Fg

G =m.g = Fg + Fg
sina = -F/G

F= -m.g.sina

Finally, the resul.tant force F 1s obtained from:

F=-m.g.d/1.

The measurement procedure was characterized by the

following steps:

1. Start up the vacuum chamber

2. Determine the distance d (zero indication)

3. Switch on the gas supply

4. Set the oper&ating pressure

5. Open the switcching valve 25

6. Check the pressure within the vacuum chamber
7. Determine the distance d

8. Start up the 1ion source

9. Determine the distance d

10. Start up the primary coil (with a time limit)
10.1 Set the primary coil time limit (because of

excessive temperature)
10.2 Set the primary coil voltage
11. Determine thes distance d

12. Start up the secondary coil

13. Determine thes distance d
14. Monitor the psrimary coil temperature
15. Switch off the primary coil and secondary coil and

allow them to cool down

16. Determine thes distance d
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17. Switch off the ion source
18. Determine the distance d

19. Switch off the gas supply

20. Determine the distance d

Of the 4 tests carried out so far, the experiment
carried out on 28 May 2004 provided the final evidence
that the mechanism works. Furt her secondary parameters
were introduced into the numerical simulation on the
basis of the evaluation. Tthese parameters relate
primarily to the existing testt situation. The cut-off
frequency of the secondary «<oil 2 and the thrust
profile at a 1low ionization rate may be quoted as

examples.

Three different plasma sources were constructed for the
prototypes of the device 20 for generation of Alfvén
waves, and two of these have been tested so far. It has
thus also been possible to dem onstrate that the actual
acceleration mechanism can be &assessed independently of

the ion source or plasma source .

Figure 7 shows a device 20 f or generation of Alfvén
waves using a high-voltage discharge path as the 1ion
source, with nitrogen N, being supplied via a supply
line and the switching valve 25 to the anode 27, and
high voltage being applied betwreen the anode 27 and the
cathode 29, as a result of which the nitrogen N,
flowing through 1is ionized by surges of electrons in
the discharge area. Control el ectronics 26, which are
connected to a computer unit 23, are used to drive the

primary colil 2 and the secondar y coil 3.

Figure 8 shows a wvariant of the device 20 for
generation of Alfvén waves witth a radio-frequency ion
source, in which case the correxsponding radio-freqguency
energy that is required to gen erate the material which

can be ionized 1is supplied via a radio-frequency



10

15

20

25

30

35

WO 2005/027142 PCT/AT2004/0060313
- 40 -

generator 28 between the anode 27 and the cathode 29.
In accordance with the induction law, a radio-freque=ncy
electrical vortex field is induced, which accelerasates
the discharge el ectrons towards the acceleration

cathode 30 until th ey can ionize the nitrogen N°.

The prototype is ddesigned for a low power range. The
ailm was to achieve a proof-of-principle and to ob tain

fundamental data fo r further technical optimizations

The appliance does not have an active cooling sys=sstem
and was always opoerated for up to a maximum o f 1
minute. The coolin g was carried out cumulatively, SO
that 1t was nece ssary to take account of the=xrmal
regeneration interv-als between the individual opera—ting

times.

In the practical 1 nvestigations, the secondary coi.l 3
was driven with a wssquare-wave current signal, with the
oscillation frequercy being 100 Hz. The flanks of the
square-wave signal were flattened. The length of the
suspension devices for the device 20 1in the wvaecuum
chamber 21 was 0.4 4 m, and the mass of the device 20
was 6 kg. The press.ure in the vacuum chamber 21 was 3.1
x 1077 mbar. The operating pressure of the nitrogem N,
was 5 mbar. Discrepoancies which corresponded to a feorce
of 1.07 mN could be determined with the aid of the

reflection meter 22

The most important characteristic values, determinecd by
simulation, of a propulsion system according to the
invention are showrm in the following table in orde=x to
illustrate the pote ntial of the device according to the
invention for a p ropulsion system and for direc—tion
corrections for s pacecraft. In this case, var ious
media, such as argon, carbon dioxide, hydrogen, meon
and xenon were usecd, with various mass flows M thr-ough

the fuel system &and various oscillation freguen cies
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fescir » and the simulation covered the Al.fvén velocity

Valfven: the mean outlet flow velocity Ve of the fuel

mass, the thrust, the overall achieved efficiency 1,

the power P which is introduced into the exhaust jet

for acceleration of the material, and the total power P

introduced.
M foscil  Valtven Vo Thrust M Pjet P
g/s MHz km/s km/s mN % kW kW

Argonn (Ar)

0.0001 10 324.97 131.13 13.11 7.70 0.86 11.16
0.0100 10 32.50 26.11 261.12 52.73 3.41 6.46
0.0040 1 16.25 15.18 60.70 ©2.07 0.406 0.74

Carbon dioxide (CO;)

0.0001 10 324.97 129.54 12.95 7.52 0.84 11.16
0.010¢C 10 32.50 24.56 245.61 48.34 3.02 6.24
0.0040 1 16.25 14.07 56.26 61.34 0.40 0.65

Hydrogen (Hj)

0.0001 10 324.97 147.66 14.77 9.70 1.09 11.23
0.0100 10 32.50 33.21 332.10 39.56 5.51 13.94
0.0007 6 95.14 82.99 58.10 63.11 2.41 3.82

Neon (Njy)

0.0001 10 324.97 131.45 13.14 7.74 0.86 11.16
0.0100 10 32.50 26.41 264.09 53.48 3.49 6.52
0.0040 1 16.25 15.36 61.46 62.35 0.47 0.76

Xenon (Xe)

0.0001 10 324.97 128.67 12.87 7.42 0.83 11.1¢
0.0100 10 32.50 23.65 236.48 45.46 2.80 6.15
0.0040 1 16.25 13.33 53.31 58.32 0.36 0.61

The xesults show different efficiencies, depending on
the mass flow M used and the oscillat ion frequency
foscit - An optimum setting can thus be achieved depending

on the application. For example when tlie power P 1is

- - : ;J
e -\

12
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particularly low, as is the case by way of example with
satellites, attit-ude correction is carried out wi—th as
high an efficiency as possible. The present inve ntion
makes 1t possibles to save an enormous amount of fuel
and thus to make better use of the maximum load of a
spacecraft. Elect.ric motors as are used in spacef light
are characterized by high outlet flow velocities_. but
have the disadvaritage of low thrust densities. P lasma
motors admittedlyy make it possible to achieve h igher
thrust densities, but the outlet flow velocities are
lower. For examp le, the outlet flow velocities v, of
known plasma motcrs are in the range from 30-50 km/s,
and those of electric motors are up to 80 km/s. N ormal
values for the thrust of plasma motors are 250-30 0 mN,
while those of e lectric motors are less than 50 auN. A
propulsion systermm which operates on the basis oI the
present method makes 1t possible to combine the
advantages of a high outlet flow velocity of ele-ctric
motors with highe-r thrust densities of plasma moto rs by
suitable choice of the mass flow of the fuel aned the

operating frequen cy, in one appliance.
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Patent C laims:

1. A method for the generation of Al fvén waves, in
which m&terial which can be ionized is produced and
passes T hrough a magnetic field, charact-erized in that
the magraetic field comprises a magnetic primary field
which is deformed periodically by at least 9one
oscillat ing magnetic secondary field ozf the opposite
polarity to the primary field, as a reesult of which
Alfven waves are formed in the materia’l which can be
ionized and is located in this magneti ¢ field, which
Alfven w aves propagate at a velocity (vaD which depends
on the mass density of the material passzing through the
magnetic field and on the field stmrength of the
magnetic field, with the field strength <f the magnetic
field being greater than the kinetic energy of the
material which is located in the magnestic field, so

that mas s is transported by the Alfvén wamves.

2. The method as claimed in claim 1, cBPiaracterized in
that the Alfvén velocity (va) 1s less tlan or equal to
the speed of sound of the material whicha is located in

the magn etic field.

3. The method as claimed in claim 1, characterized in
that the Alfvén velocity (va) 1s greater than the speed
of sound of the material which 1is 1l.ocated in the
magnetic field.

4. The method as claimed in one of <«laims 1 to 3,
characte rized 1in that the magnetic prDmary field 1is

essentia 1lly constant.
5. The method as claimed in one of <laims 1 to 3,
characte rized in that the magnetic prDdmary field 1is

switched off periodically.

c. The method as claimed in claim 5, ¢ haracterized 1in
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that the oscillating magnet ic secondary field 1is
likewise switched off during t=he periods in which the

primary field is switched off.

7. The method as claimed in. one of claims 1 to 6,
characterized in that the magn etic field is focused in

the axial and/or radial directi on.

8. The method as claimed im one ot claims 1 to 7,
characterized in that the field strength of the
magnetic primary field is va ried while the magnetic

secondary field is switched on..

9. The method as c¢laimed irma one of claims 1 to 8,
characterized in that the 2 1fvén waves are phase-

delayed.

10. The method as claimed 1ira one of claims 1 to 9,
characterized in that the 2Mlfvén waves generate a

thrust on the basis of the reaction principle.

11. The method as claimed ir one of claims 1 to 9,
characterized in that the mMmI1fvén waves dgenerate a

particle beam of high kinetic energy.

12. The method as claimed i one of claims 1 to 9,
characterized in that the Alfvén waves supply

additional impulses to an accellerated mass.

13. The method as claimed ir one of claims 1 to 9,
characterized in that phorons are generated or
amplified in the material which 1is 1located in the

magnetic field.

14. The method as claimed im one of claims 1 to 13,
characterized in that phorons are generated or
amplified 1in a surrounding medium by means of the

material which is located in the magnetic field.
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15. The method as claimed in one of claims 1 to 14,
chara cterized in that the material which is located in
the magnetic field is compressed arad thermally excited,
and SOn that the thermal excitatiion of the material

gener-ates or amplifies electromagne tic radiation.

l16. & device for the generatiorm of Alfvén waves,
havin g a device for production of material which can be
ioniz ed, having a magnetic nozzle, which is formed from
at l-east one device for generatzion of a magnetic
prima ry field and at 1least one secondary coil for
gener-ation of a magnetic secondary field, and a channel
for gguiding the material which cara be ionized through
the rmnagnetic fields, and electriecal supply devices,
chara«<terized in that the at least- one secondary coil
is of the opposite polarity to the device for
generation of the primary field, aand is supplied with
an os cillating electrical signal, &s a result of which
the m agnetic primary field is defo—xrmed periodically by
the magnetic secondary field, aned Alfvén waves are
formeed in the material which can be ionized and is
locateed in this magnetic field, which Alfvén waves
propagate at the Alfvén velocity &va), with the field
strength of the magnetic field bei_.ng greater than the
kinetDc energy of the material which is located in the
magnet-ic field, so that mass is transported by the

Alfvér waves.

17. The device as claimed in claim 16, characterized
in tlamat the device for generaticn of the magnetic

primarcy field is formed by a primarys coil.

18. Mhe device as claimed in claim 16 or 17,
characterized in that the device fcor generation of the

magnet-ic primary field is formed by permanent magnets.

19. T he device as claimed in one «of claims 16 to 18,

characcterized in that the coils &=re designed to be

AMENDED SHEET™
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liquid-cooled.

20. The device as claimed in one of claims 16 to 18,
characterized in that the «coils are designed to be

superconductive.

21. The device as claimed in one of claims 16 to 20,
characterized in that the device for production of
material which can be ionizee«d is formed by a containex
with gas which can be ionized and by an injector device
for introduction of the gas which can be ionized into

the magnetic field.

22. The device as claimed in one of claims 16 to 21,
characterized in that the device for production of
material which can be ionized& is formed by a source fox

supplying electrically conduc tive liquid.

23. The device as claimed in one of claims 16 to 22,
characterized in that a devDdce is provided for phase

delaying of the Alfvén waves —which are generated.

24. The device as clajmed in one of claims 16 to 23,
characterized in that a device is provided for focusing

of the magnetic field.

25. The device as claimed i.n claim 24, characterized
in that the focusing device 1is formed by the primary
coil and, 1if appropriate, secondary coil with a
magnetic core composed of various materials, fox
example based on an FFAG (Fixed Field Alternating

Gradient) core,

26. The device as claimed im one of claims 16 to 25,

characterized in that a magnettic shield is provided.

27. The device as claimed i_n c¢laim 26, characterized

in that the magnetic shield c ontains a shielding plate,

AMENDED SHEET
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which is arranged on the opposite side of the magnetic
field to the outlet direction of the Alfvén wraves.

28. The devi.ce as claimed in one of claims 16 to 27,
characterized. in that a control device is pmovided and
is connected to the electrical supply devicces for the
coils.

29. The devi.ce as c¢laimed in claim 28, characterized

in that the c ontrol device is formed by a commputer.

30. A motor for a vehicle, characterized in that a
device as ¢ laimed 1in one of claims 16 to 29 1is

provided.

31. The moto r as claimed in claim 30, characterized in
that the devi ce for production of material whiich can be
ionized is formed by means of a plasma generator, and
thrust is gen erated with the aid of the Alfv&n waves on

the basis of the reaction principle.

32. The moto—r as claimed in claim 30, characterized in
that the devi ce for production of material wlaich can be
ionized is formed Dby a device for supplying

electrically eonductive liquid.

33. The moto-r as claimed in one of claims 30 to 32,
characterized in that the device for procuction of
material which can be ionized is formed by an arc

motor.

34. A method for the generation of Alfxisén waves,
substantially as herein described with refereence to and

illustrated im Figures 2a and 2b and/or Figuree 6.

35. A device for the generation of Alfwén waves,
substantially as herein described with referes=nce to and

illustrated im Figure 1 or Figures 2a and 2b. or Figure

AMENDED SHEET
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5 or Figure 7 or Figure 8.

36. A motor for a vehicle, substantially as hereimnm

described with reference to andA illustrated in Figure
4.

AMENDED SHEET
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