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(57) Abstract: A thruster has a chamber (6) defined within a tube (2). The tube has a longitudinal axis which defines an axis (4)
) of thrust; an injector (8) injects ionizable gas within the tube, at one end of the chamber. A magnetic field generator with two coils
& (12, 14) generates a magnetic field parallel to the axis; the magnetic field has two maxima along the axis (4); an electromagnetic
& field generator has a first resonant cavity (16) between the two coils generating a microwave ionizing field at the electron cyclotron
N resonance in the chamber (6), between the two maxima of the magnetic field. The electromagnetic field generator has a second
resonant cavity (18) on the other side of the second coil (14). The second resonant cavity (18) generates a ponderomotive accelerating
field accelerating the ionized gas. The thruster ionizes the gas by electron cyclotron resonance, and subsequently accelerates both
electrons and ions by the magnetized ponderomotive force.
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SPACECRAFT THRUSTER

The invention relates to the field of thrusters. Thrusters are used for propelling
spacecrafts, with a typical exhaust velocity ranging from 2 km/s to more than 50 km/s,
and density of thrust below or around 1 N/m*. In the absence of any material on which
the thruster could push or lean, thrusters rely on the ejection of part of the mass of the
spacecraft. The ejection speed is a key factor for assessing the etficiency of a thruster,
and should typically be maximized.

Various solutions were proposed for spatial thrusters. US-A-5 241 244 discloses a
so-called ionic grid thruster. In this device, the propelling gas is first ionized, and the
resulting ions are accelerated by a static electromagnetic field created between grids. The
accelerated ions are neutralized with a flow of electrons. For ionizing the propelling gas,
this document suggests using simultaneously a magnetic conditioning and confinement
field and an electromagnetic field at the ECR (electron cyclotron resonance) frequency
of the magnetic field. A similar thruster is disclosed in FR-A-2 799 576, induction being
used for ionizing the gas. This type of thruster has an ejection speed of some 30 km/s,
and a density of thrust of less than 1 N/m* fof an electrical power of 2,5 kW

One of the problems of this type of device is the need for a very high voltage
between the accelerating grids. Another problem is the erosion of the grids due to the
impact of ions. Last, neutralizers and grids are generally very sensitive devices.

US-A-5 581 155 discloses a Hall Effect Thruster. This thruster also uses an
electromagnetic field for accelerating positively-charged particles. The ejection speed in
this type of thruster is around 15 km/s, with a density of thrust of less than 5 N/m” for a
power of 1,3kW. Like in ionic grid thruster, there is a problem of erosion and the
presence of neutralizer makes the thruster prone to fatlures.

US-A-6 205 769 or D.J. Sullivan et al., Development of a microwave resonant
cavity electrothermal thruster prototype, IEPC 1993, n°36, pp. 337-354 discuss
microwave electrothermal thrusters. These thrusters rely on the heating of the propelling
gas by a microwave field. The heated gas is ejected through a nozzle to produce thrust.
This type of thruster has an ejection speed of some 9-12 km/s, and a thrust from 200 to
2000 N.

D.A. Kaufman et al., Plume characteristic of an ECR plasma thruster, IEPC 1993

n°37, pp. 355-360 and H. Tabara et al., Performance characteristic of a space plasma
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simulator using an electron cyclotron resonance plasma accelerator and 1its application to
material and plasma interaction research, IEPC 1997 n° 163, pp. 994-1000 discuss ECR
plasma thrusters. In such a thruster, a plasma is created using electron cyclotron
resonance in a magnetic nozzle. The electrons are accelerated axially by the magnetic
dipole moment force, creating an electric field that accelerates the 1ons and produces
thrust. In other words, the plasma ﬂ(;ws naturally along the field lines of . the decreasing
magnetic field. This type of thruster has an ejection speed up to 35 km/s. US-B-6 293
090 discusses a RF plasma thruster; its works according to the same principle, with the
main difference that the plasma is created by a lower hybrid wave, instead of using an
ECR field.

US-B-6 334302, US-A-4893470 or Dr. Franklin R. Chang-Diaz, Design
characteristic of the variable Isp plasma rocket, IEPC 1991, n° 128, disclose variable
specific impulse magnetoplasma thruster (in short VaSIMR). This thruster uses a three
stage process of plasma injection, heating and controlled exhaust in a magnetic tandem
mirror configuration. The source of plasma 1s a helicon generator or
MagnetoPlasmaDynamic (MPD) Thruster and the plasma heater is a cyclotron generator
working at Ion Cyclotron Frequency. The “hybrid plume”, composed of hot plasma core
surrounded by cold gas is contained in a nozzle which is protected from the hot plasma
by the cold gas blanket. This thermal expansion in a nozzle converts a part of the internal
energy into directed thrust. As in ECR or RF plasma thruster, 1onized particles are not
accelerated, but initially flow along the lines of the decreasing magnetic field and then
along the gradient of pressure. This type of thruster has an ejection speed of some 10 to
300 km/s, and a thrust of 50 to 1000 N.

In a different field, US-A-4 641 060 and US-A-5 442 185 discuss ECR plasma
generators, which are used for vacuum pumping or for ion implantation. Another
example of a similar plasma generator is given 1n US-A-3 160 566.

US-A-3 571 734 discusses a method and a device for accelerating particles. The
purpose is to create a beam of particles for fusion reactions. Gas i1s injected 1nto a
cylindrical resonant cavity submitted to superimposed axial and radial magnetic fields.
An electromagnetic field at the ECR frequency is applied for ionizing the gas. The
intensity of magnetic field decreases along the axis of the cavity, so that 1onized particles

flow along this axis. This accelerating device is also discloses in the Compte Rendu de

'Académie des Sciences, November 4, 1963, vol. 257, p. 2804-2807. The purpose of

2



10

15

20

25

30

CA 02519701 2005-09-19

WO 2005/028310 PCT/US2004/008054

these devices is to create a beam of particles for fusion reactions : thus, the ejection
speed is around 60 km/s, but the density of thrust is very low, typically below 1,5 N/m”.
US-A-3 425 902 discloses a device for producing and confining ionized gases. The
magnetic field is maximum at both ends of the chamber where the gases are ionized.
Thus, there is a need for a thruster, having a good ejection speed, which could be
easily manufactured, be robust and resistant to failures. This defines an electrode-less
device accelerating both particles to high speed by applications of a directed body force.
The invention therefore provides, in one embodiment a thruster, having
- achamber defining an axis of thrust;
- an injector adapted to inject ionizable gas within the chamber;
- a magnetic field generator adapted to generate a magnetic field, said magnetic
field having at least a maximum along the axis;
- an electromagnetic field generétor adapted to genérate
o a microwave 1lomizing field in the chamber (6), on one side of said
maximum; and
o a magnetized ponderomotive accelerating field on the other side of said
maximum.
The thruster may also present one or more of the following features :
- the angle of the magnetic field with the axis 1s less than 45°, preferably less than
20°;
- the frequency of the electromagnetic field 1s within 10 % of the electron cyclotron
resonance frequency at the location where the electromagnetic field is generated;
- the ratio of the maximum value to the minimum value of the magnetic field 1s
between 1.1 and 20;
- the angle of the electric component of the electromagnetic field with the orthoradial
direction 1s less than 45°, preferably less than 20°;
- the local angle between the electric component of electromagnetic field and the
magnetic field in the thruster is between 60 and 90°;
- the ion cyclotron resonance period in the thruster is at least twice higher than the
characteristic collision time of the ions in the ’Ehrusters;
- the microwave ionizing field and the magnetic field are adapted to 1onize at least 50

% of the gas injected in the chamber;
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- the magnetic field generator comprises at least one coil located along the axis
substantially at the maximum of magnetic field;

- the magnetic field generator comprises a second coll located between said at least
one coil and said injector;

- the magnetic field generator is adapted to vary the value of said maximum,;

- the magnetic field generator 1s adapfed to vary the diréction of said magnetic field, at
least on said other side of said maximum;

- the electromagnetic field generator comprises at least one resonant cavity;

- the electromagnetic field generator comprises at least one resonant cavity on said

one side of said maximum,;

- the electromagnetic field generator comprises at least one resonant cavity on said

other side of said maximum:;

- the chamber i1s formed within a tube;

- the tube has an increased section at its end opposite the injector;

- the thrusters comprises a quieting chamber between the 1njector and the chamber.
The invention further provides a process for generating thrust, comprising :

- injecting a gas within a chamber .

- applying a first magnetic field and a first electromagnetic field for ionizing at
least part of the gas;

- subsequently applying to the gas a second magnetic field and a second
electromagnetic field for accelerating the partly ionized gas due to the
magnetized ponderomotive force.

The process may further be characterized by one of the following features :

- the gas is ionized by electron cyclotron resonance and accelerated by magnetized
ponderomotive force;

- the ions are mostly insensitive to the first magnetic field;

- the local angle between the first electric component of electromagnetic field and the
first magnetic field is between 60 and 90°;

- the local angle between the electric component of second electromagnetic field and
the second magnetic field 1s between 60 and 90°;

- at least 50 % of the gas 1s 1onized;

- the direction of the second magnetic field is varied.
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A thruster embodying the invention will now be described, by way of non-limiting

example, and in reference to the accompanying drawings, where :

figure 1 is a schematic view in cross-section of a thruster 1n a first embodiment of the
1nvention;

figure 2 is a diagram of the intensity of magnetic and electromagnetic fields along the
axis of the thruster of figure 1; | |
figure 3 is a schematic view in cross-section of a thruster in a second embodiment of
the invention;

figure 4 is a schematic view in cross-section of a thruster in a third embodiment of
the immvention;

figure 5 is a diagram of the intensity of magnetic field along the axis of the thruster
of figure 4,

figure 6 is a schematic view in cross-section of a thruster in a fourth embodiment ot
the invention;

figure 7 is a diagram of the intensity of magnetic field along the axis of the thruster
of figure 6:; l
figure 8 is a schematic view in cross-section of a thruster in a fifth embodiment of the
invention;

figure 9 is a diagram of the intensity of magnetic field along the axis of the thruster
of figure 8§; :

figures 10 to 13 are schematic views of various embodiments of the thruster, which
allow the direction of thrust to be changed;

figure 14 is a schematic view in cross-section showing various possible changes in
the tube; |

figure 15 is a schematic view in cross-section of a thruster in yet another embodiment
of the mvention,;

figure 16 is a diagram of the intensity of magnetic and electromagnetic fields along
the axis of the thruster of figure 15;

figure 17 is a schematic view in cross-section of yet another thruster.

Figure 1 is a schematic view in cross-section of a thruster according to a first

embodiment of the invention. The thruster of figure 1 relies on electron cyclotron

resonance for producing a plasma, and on magnetized ponderomotive force for

accelerating this plasma for producing thrust. The ponderomotive force is the force
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exerted on a plasma due to a gradient in the density of a high frequency electromagnetic
field. This force is discussed in H. Motz and C. J. H. Watson (1967), Advances in
electronics and electron physics 23, pp.153-302. In the absence of a magnetic field, this

force may be expressed as

2

Fe--A4 ~VE * for one particule

4dm
2 2 2
7, B . ne
F = ——~.V —2— for the plasma with a)]f =
2(02 2 7"380

In presence of a non-uniform magnetic field this force can be expressed as :

4 3\
2 2
ro_ 4 VE

, X £ VQ |- uVB
4ma)\(co——Qc (a,_QC)Z ,/

The device of figure 1 comprises a tube 2. The tube has a longitudinal axis 4 which
defines an axis of thrust; indeed, the thrust produced by the thruster is directed along this
axis — although it may be guided as explained below in reference to figures 10 to 13. The
inside of the tube defines a chamber 6, in which the propelling gas is ionized and
accelerated.

In the example of figure 1, the tube is a cylindrical tube. It 1s made of a non-
conductive material for allowing magnetic and electromagnetic fields to be produced
within the chamber; one may use low permittivity ceramics, quartz, glass or similar
materials. The tube may also be in a material having a high rate of emission of secondary
electrons, such as BN, Al;Os, B4C. This increases electronic density in the chamber and
improves ionization.

The tube extends continuously along the thruster, gas being injected at one end of
the tube. One could however contemplate various shapes for the tube. For instance, the
cross-section of the tube, which is circular in this example, could have another shape,
according to the plasma flow needed at the output of the thruster. An example of another
possible cross-section is given below in reference to figure 14. Also, there 1s no need for
the tube to extend continuously between the injector and the output of the thruster (in
which case the tube can be made of metals or alloys such as steel, W, Mo, Al, Cu, Th-W
or Cu-W, which can also be impregnated or coated with Barium Oxide or Magnesium
Oxide, or include radioactive isotope to enhance ionization) : as discussed below, the

plasma are not confined by the tube, but rather by the magnetic and electromagnetic
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fields applied in the thruster. Thus, the tube could comprise two separate sections, while
the chamber would still extend along the thruster, between the two sections of the tube.

At one end of the tube is provided an injector 8. The injector injects ionizable gas
into the tube, as represented in figure 1 by arrow 10. The gas may comprise inert gazes
Xe, Ar, Ne, Kr, He, chemical compounds as H,, No, NHi, NyH,, H,O or CHy or even
metals like Cs, Na, K or Li (alkali metals) or Hg. The most commonly used are Xe and
H,, which need the less energy for ionization.

The thruster further comprises a magnetic field generator, which generates a’
magnetic field in the chamber 6. In the example of figure 1, the magnetic ficld generator
comprises two coils 12 and 14. These coils produce within chamber 6 a magnetic field B,
the longitudinal component of which is represented on figure 2. As shown on figure 2,
the longitudinal component of the magnetic field has two maxima, the position of which
corresponds to the coils. The first maximum Bpax;, which corresponds to the first coil 12,
is located proximate the injector. It only serves for confining the plasma, and 1s not
necessary for the operation of the thruster. However, it has the advantage of
longitudinally confining the plasma electrons, so that ionization is easier by a magnetic
bottle effect; in addition, the end of the tube and the injector nozzle are protected against
erosion. The second maximum Bpax, corresponding to the second coil 14, makes it
possible to confine the plasma within the chamber. It also separates the ionization
volume of the thruster — on one side of the maximum from the acceleration volume — on
the other side of the maximum. The value of the longitudinal component of the magnetic
field at this maximum may be adapted as discussed below. Between the two maxima — or
on the side of the second maximum where the gas is injected, the magnetic field has a
lower value. In the example of figure 1, the magnetic field has a minimum value Bp,
substantially in the middle of the chamber.

In the ionization volume of the thruster — between the two maxima of the magnetic
field in the example of figure 1 — the radial and orthoradial components of the magnetic
field — that is the components of the magnetic field in a plane perpendicular to the
longitudinal axis of the thruster — are of no relevance to the operation of the thruster;
they preferably have a smaller intensity than the longitudinal component of the magnetic
field. Indeed, they may only diminish the efficiency of the thruster by inducing

unnecessary motion toward the walls of the ions and electrons within the chamber.
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In the acceleration volume of the thruster — that is one right side of the second
maximum B, of the magnetic field in the example of figure 1 — the direction of the
magnetic field substantially gives the direction of thrust. Thus, the magnetic field is
preferably along the axis of the thrust. The radial and orthoradial components of the
magnetic field are preferably as small as possible.

Thus, in the ionization volume as well as 1n the accelerétion volume, the magnetic
field is preferably substantially parallel to the axis of the thruster. The angle between the
magnetic field and the axis 4 of the thruster 1s preferably less than 45°, and more
preferably less than 20°. In the example of figures 1 and 2, this angle is substantially 0°,
so that the diagram of figure 2 corresponds not only to the intensity of the magnetic field
plotted along the axis of the thruster, but also to the axial component of the magnetic
field.

The intensity of the magnetic field generated by the magnetic field generator — that
is the values Bpuxi, Bmaxz and Bmin — are preferably selected as follows. The maximum
values are selected to allow the electrons of the plasma to be confined in the chamber;
the higher the value of the mirror ratio Bia.x/Bmin, the better the electrons are confined in
the chamber. The value may be selected according to the (mass flow rate) thrust density
wanted and to the power of the electromagnetic ionizing field (or the power for a given
flow rate), so that 90% or more of the gas is ionized after passing the second peak of
magnetic field. The lower value By, depends on the position of the coils. It does not
have much relevancé, except in the embodiment of figures 4 and 5. The fraction of

electron lost from the bottle in percent can be expressed as :

B.. B
alost — 1 _ l . in ot max ]'

\ Bmax Bmin 1- (]‘ — alost )2

For a given mass flow, and for a given thrust, a smaller oo allows reducing the ionizing

power for the same flow rate and 10nization fraction.

In addition, the magnetic field is preferably selected so that ions are mostly
insensitive to the magnetic field. In other words, the value of the magnetic field 1s
sufficiently low that the ions of the propelling gas are not or substantially not deviated by

the magnetic field. This condition allows the ions of the propelling gas to fly through the
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tube substantially in a straight line, and improves the thrust. Defining the ion cyclotron

frequency as

ficr = qoBmax/ 27tM

the ion are defined as unmagnetized if the ion cyclotron frequency is much smaller

than the ion collision frequency ( or the 1on Hall parameter, which 1s their ratio, is lower
than 1)

tficrR<<fion-cottision
where q 1s the electric charge and M 1s the mass of the 1ons and B,y the maximum value
of the magnetic field. In this constraint, ficr is the 1on cyclotron resonance frequency,
and 1s the frequency at which the 1ons gyrates around magnetic field lines;.; the
constraint is representative of the fact that the gyration time in the chamber 1s so long, as
compared to the collision period, that the movement of the ions is virtually not changed

due to the magnetic field. fion-conision 1S defined, as known per se, as
fion-collision = N.C.VTH
where N i1s the volume density of electrons, ¢ 1s the electron-1on collision cross section

and Vry 1s the electron thermal speed. The thermal speed can be express as

KT

Vig “_"'.\ m.

where k 1s the microscopic Boltzmann constant, T the temperature and m the electron
mass. fion-collision 1S representative of the number of collisions that one ion has per second
in a cloud of electrons having the density N and the temperature T.

Preferably, one would select the maximum value of the magnetic field so that

ficr < £ ion-coltision/2
or even

ficr <fion-cottision/ 10
Thus, the 10on cyclotron resonance period in the thruster is at least twice longer than the
collision period of the ions in the chamber, or in the thruster.

This 1s still possible, while have a sufficient confinement of the gas within the
ionization volume of the thruster, as evidenced by the numerical example given below.
The fact that the 1ons are mostly insensitive to the magnetic field first helps in focusing

the 1ons and electrons beam the output of the thruster, thus increasing the throughput. In
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addition, this avoids that the ions remained attached to magnetic field lines after they
leave the thruster; this ensure to produce net thrust.

The thruster further comprises an electromagnetic field generator, which generates
an electromagnetic field in the chamber 6. In the example of figure 1, the
electromagnetic field generator comprises a first resonant cavity 16 and a second
resonant cavity 18, respectively located near the coils 12 and 14. The first resonant
cavity 16 1s adapted to generate an oscillating electromagnetic field in the cavity,
between the two maxima of the magnetic field, or at least on the side of the maxil:num
Bmaxz containing the injector. The oscillating field 1s ionizing field, with a frequency fg;
in the microwave range, that i1s between 900 MHz and 80 GHz. The frequency of the
electromagnetic field 1s preferably adapted to the local value of the magnetic field, so
that an important or substantial part of the ionizing is due to the electron cyclotron
resonance. Specifically, for a given value B, of the magnetic field, the electron

cyclotron resonance frequency fgcr 1s given by formula:

fecr = €Bres/2TM
with e the electric charge and m the mass of the electron. This value of the frequency of
the electromagnetic field 1s adapted to maximize ionization of the propelling gas by

electron cyclotron resonance. It 1s preferable that the value of the frequency of the

electromagnetic field {g; 1s equal to the ECR frequency computed where the applied

electromagnetic field 1s maximum. Of course, this is nothing but an approximation, since
the intensity of the magnetic field varies along the axis and since the electromagnetic
field 1s applied locally and not on a single point.

One may also select a value of the frequency which is not precisely equal to this

preferred value; a range of +10% relative to the ECR frequency 1s preferred. A range of

+5% gives better results. It 1s also preferred that at least 50% of the propelling gas is
ionized while traversing the ionization volume or chamber. Such an amount of ionized

gas 1s only made possible by using ECR for ionization; if the frequency of the

electromagnetic field varies beyond the range of £10% given above, the degree of

ioni1zation of the propelling gas 1s likely to drop well below the preferred value of 50%.
The direction of the electric component of the electromagnetic field in the

ionization volume 1s preferably perpendicular to the direction of the magnetic field; in

any location, the angle between the local magnetic field and the local oscillating electric

10
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component of the electromagnetic field 1s preferably between 60 and 90°, preferably
between 75 and 90°. This is adapted to optimize ionization by ECR. In the example of
figure 1, the electric component of the electromagnetic field is orthoradial or radial : it is
contained in a plane perpendicular to the longitudinal axis and is orthogonal to a straight
line of this plane passing through the axis; this may simply be obtained by selecting the
resonance mode within the resonant cavity.ﬂ In the example of figure 1, the
electromagnetic field resonates in the mode TE;{;;. An orthoradial field also has the
advantage of improving confinement of the plasma in the ionizing volume and limiting
contact with the wall of the chamber. The direction of the electric component of the
electromagnetic field may vary with respect to sthis preferred orthoradial direction;
preferably, the angle between the electromagnetic field and the orthoradial direction is
less than 45°, more preferably less than 20°.

In the acceleration volume, the frequency of the electromagnetic field is also
preferably selected to be near or equal to the ECR frequency. This will allow the
intensity of the magnetized poﬁderomotive force to be accelerating on both sides of the
Electromagnetic field maximum, as shown 1n the second equation given above. Again,
the frequency of the electromagnetic force need not be exactly identical to the ECR
frequency. The same ranges as above apply, for the frequency and for the angles between
the magnetic and electromagnetic fields. One should note at this stage that the frequency
of the electromagnetic field used for ionization and acceleration may be i1dentical : this
simplifies the electromagnetic field generator, since the same microwave generator may
be used for driving both resonant cavities.

Again, it 1s preferred that the electric component of the electromagnetic field be in
the pﬁrely radial or orthoradial, so as to maximize the magnetized ponderomotive force.
In addition, an orthoradial electric component of electromagnetic field will focus the
plasma beam at the output of the thruster. The angle between the electric component of
the electromagnetic field and the radial or orthoradial direction is again preferably less
than 45° or even better, less than 20°.

Figure 2 is a diagram of the intensity of magnetic and electromagnetic fields along
the axis of the thruster of figure 1; the intensity of the magnetic field and of the
electromagnetic field is plotted on the vertical axis. The position along the axis of the
thruster i1s plotied on the horizontal axis. As discussed above, the intensity of the

magnetic field — which 1s mostly parallel to the axis of the thruster — has two maxima.
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The mtensity of the electric component of the electromagnetic field has a first maximum
Emax1 located in the middle plane of the first resonant cavity and a second maximum
Emax2 located at the middle plane of the second resonant cavity. The value of the intensity
of first maximum is selected together with the mass flow rate within the ionization
chamber. The value of the second maximum may be adapted to the I, needed at the
output of the thruster. In the example of figure 2, the frequency of the first and second
maxima of the electromagnetic field are equal : indeed, the resonant cavities are identical
and are driven by the same microwave generator. In the example of figure 2, the origin
along the axis of the thruster is at the nozzle of the injector.

The following values exemplify the invention. The flow of gas is 6 mg/s, the total
microwave power 1s approximately 1550 W which correspond to ~350 W for ionisation
and ~1200 W for acceleration for a thrust of about 120mN . The microwave frequency is
around 3GHz. The magnetic field could then have an intensity with a maximum of about
180 mT and a mimmmum of ~57 mT. Figure 2 also shows the value B, of the magnetic
field, at the location where the resonant cavities are located. As discussed above, the
frequency of the electromagnetic field is preferably equal to the relevant ECR frequency

eB../21Tm.

The following numerical values are exemplary of a thruster providing an ejection
speed above 20 km/s and a density of thrust higher than 100 N/m*. The tube is a tube of
BN, having an internal diameter of 40 mm, an external diameter of 48 mm and a length
of 260 mm. The injector is providing Xe, at a speed of 130 m/s when entering the tube,
and with a mass flow rate of ~6 mg/s.

The first maximum of magnetic field By is located at xg; = 20 mm from the
nozzle of the injector; the intensity Bmax1 of the magnetic field is ~180 mT. The first
resonant cavity for the electromagnetic field is located at xg; = 125mm from the nozzle
of the imjector; the intensity E; of the magnetic field is ~41000 V/m. The second
maximum of magnetic field By is located at xg; = 170 mm from the nozzle of the
injector; the intensity B of this magnetic field is ~180 mT. The second resonant
cavity for the electromagnetic field is located at xg, = 205 mm from the nozzle of the
injector; the intensity E; of the magnetic field is ~77000 V/m.

. About 90 % of the gas passing into the acceleration volume (x > xp») is ionized.
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. ficr 18 15,9 MHz, since q = e and M = 130 amu. Thus, ion hall parameter is 0,2,
so that the ions are mostly insensitive to the magnetic field.

These values are exemplary. They demonstrate that the thruster of the invention
makes 1t possible to provide at the same time an ejection speed higher than 15km/s and a
density of thrust higher than 100 N/m°. In terms of process, the thruster of figure 1
operates as follows. The gas i1s mjected within a chamber. It is then submitted to a first
magnetic field and a first electromagnetic field, and is therefore at least partly ionized.
The partly 1onized gas then passes beyond the peak value of magnetic field. It is then
submitted to a second magnetic field and a second electromagnetic field which accelerate
1t due to the magnetized ponderomotive force. Ionization and acceleration are separate
and occur subsequently and are independently controllable.

The thruster exemplified above 1s therefore significantly more efficient than the
devices of the prior art. It further has the following advantages. First, it does not have
electrodes. Thus, all the problems created by such electrodes — erosion, high voltage and
the like — are avoided.

Second, thanks to the magnetized ponderomotive force, both electrons and ions are
accelerated 1n the same direction. It is not necessary to provide a neutralizer at the output
of the thruster.

Third, the same frequency of electromagnetic force is used for the ionization and
the acceleration. This makes it possible to use the same microwave generator for driving
the electromagnetic generator.

Fourth, 1onization and acceleration are separated, since they occur on opposite
sides of a peak of the magnetic field. This makes it possible, as explained below, to act
separately on the ionization and on the acceleration to adapt the performances of the
thruster to the needs. It also increases the efficiency of ionization and decreases the
energy necessary for iomizing the propelling gas.

Fifth, the electrons are energized and magnetized in the ionizing volume, but the
ions are substantially insensitive to the magnetic field. This improves the efficiency of
the thruster, as compared to the prior art VaSIMR thruster or to prior art plasma pumps.
Also, the electrons are energized at the ECR frequency or near this frequency; this
improves the efficiency of ionization.

Figure 3 1s a schematic view in cross-section of a thruster in a second embodiment

of the invention. The example of figure 3 differs from the example of figure 1 in the
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position of the first resonant cavity 16, which 1s located near to the coil 14 producing the
second maximum of the magnetic field. Specifically, the resonant cavity is located along
the axis at a coordinate x = xgz = 205 mm. As represented on figure 2, this position is
selected so that the value of the magnetic field at this position is 1dentical to the value of
the magnetic field at the position xg;. This makes it possible to use the same resonant
cavity, without having to adapt the value of the frequency of the electromagnetic field.
One could also use two resonant cavities at the coordinates xg; and xg; for generating the
electromagnetic field within the ionization volume. Again, this may improve the
proportion of gas ionized within the 1omzation volume. Having the cavity on the right-
hand side may diminish erosion.

Figure 4 is a schematic view in cross a thruster in a third embodiment of the
invention; figure 5 is a diagram of the intensity of magnetic and electromagnetic fields
along the axis of the thruster of figure 4. The thruster of figure 4 1s similar to the one of
figure 1. However, the first resonant cavity 16 1s located substantially in the middle of
the coils 12 and 14. Figure 5 1s similar to figure 2, but shows the intensities of the
magnetic field in the embodiment of figure 4. It shows that the first resonant cavity 1s
located substantially at the coordinate xg4, which corresponds to the mimimum value

Bmin of the magnetic field. The frequency of the electromagnetic field 1s selected to be
e.Bnin/2tm. The second resonant cavity 1s located at a position where the magnetic field

has the same value. Again, this makes 1t possible to use the same microwave generator
for driving both cavities. The advantage of the embodiment of figures 4 and 5 is that the
value of the magnetic field is substantially identical over the volume where the ECR
field 1s applied. This increases the proportion of gas ionized, ceteris paribus.

Figure 6 1s a schematic view in cross a thruster in a fourth embodiment of the
invention; figure 7 1s a diagram of the intensity of magnetic field along the axis of the
thruster of figure 6. In this embodiment, the values of the magnetic field mirror ratio may
be adapted, so as to vary the degree of ionization within the ionization volume of the
thruster. More specifically, increasing the degree of ionization will produce ions with a
higher charge, due to increased confinements of the electrons within the 1onization
volume. These ions will gain a higher speed, thus increasing the total thrust.

The thruster of figure 6 is similar to the one of figure 3. However, the magnetic
field generator is provided with three additional coils 22, 24 and 26. The first and third
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additional coils 22 and 26 are located within coils 12 and 14, while the second additional
coil 24 1s located substantially close to the middle of coils 12 and 14. The first and third
additional coils produce a magnetic field reinforcing the field produced by coils 12 and
14. This makes it possible to increase the intensity of the maxima B .x; and By of the
magnetic field. The second additional coil produces a magnetic field opposed to the
magnetic field provided by coils 12 and 14. This reduces the value B, of the magnetic
field then increase the mirror ratio.

Figure 7 shows a graph of the intensity of the magnetic field for various values of
the current applied to the additional coils. Graph 28 corresponds to the case where the
additional coils are not producing any magnetic field. Graph 30 corresponds to a first
value of current through additional coils, while graph 32 corresponds to a substantially
higher value of current. Due to the presence of the second additional coil, the value of
the magnetic field remains substantially identical at coordinates xg; and xg;, where the
resonant cavities are located. This avoids having to change the frequency of the
electromagnetic ﬁéﬁ, or the position of the cavities, and ensures that the required ECR
1onization 1s obtained irrespective of the value of the magnetic field. In other words, the
maximum value of the magnetic field varies, but the value of the magnetic field remains
substantially constant at the location of the resonant cavities. The value of the magnetic
field varies in a range of 100 %, thanks to these coils; this induces a change of up to 90
% 1n the degree of 1onization. This causes a change of up to 90 % in the thrust. In this
example, one may use additional coils at the output of the thrusters for modifying the
profile and direction of the expelled material.Figure 8 is a schematic view in cross a
thruster in a fifth embodiment of the invention; figure 9 is a diagram of the intensity of
magnetic field along the axis of the thruster of figure 9. In this embodiment, the gradient
of the magnetic field may be adapted in the acceleratio;i volume, so as to vary the
intensity of the magnetized ponderomotive force. Indeed, as discussed above, the
component of the magnetized ponderomotive force is proportional to the gradient of the
magnetic field.

The thruster of figure 8 is similar to the one of figure 4; however, it further
comprises additional gradient control coils 34, 36, located on both sides of the second
resonant cavity 18. The first gradient coil 34, which is located between the second coil
14 and the second resonant cavity 18 generates a magnetic field parallel to the one

generated by the second coil. The second gradient coil 36, which is located on the side of
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the second resonant cavity 18 opposite the second coil 14 generates a magnetic field

opposed to the one generated by the second coil. thus, these gradient control coils are

- adapted to vary the gradient of magnetic field in the acceleration volume of the thruster;

in addition, they may be used to increase the maximum value of the magnetic field
produced by the second coil while keeping the position of the resonant field close to the
middle plane of the cavity The presence of the gradient control coils will slightly change
the position of the resonant cavity in the acceleration volume of the thruster.

Figure 9 shows a graph of the intensity of the magnetic field in the example of
figure 8. Graph 38 corresponds to the case where the gradient control coils are not
energized. Graph 40 shows the value of magnetic field when the gradient control coils
are energized. The value of the gradient at the second resonant cavity 18 varies from 2,3
T/m to 4,5 T/m, that is a relative change of up to 100 %. As in the example of figure 6,
the value of the magnetic field at the resonant cavities remains constant and there is no
need to change the frequency of the electric power driving the resonant cavities.

Figure 9 further evidences that the position where the maximum value Bp,x; of the

magnetic field is reached is slightly offset when the gradient control coils are energized.
The offset 8x is plotted on figure 9. This will change the length of the 1onization chamber

and together with the increase of the maximum value, will contribute to further 1onize the
propelling gas. Such further ionization, as explained in reference to figures 6 and 7,
increases the thrust.

Gradient control coils are those of figure 8 could also be used in the examples of
figures 1 and 4 — the only constraint being the volume used by the coils. Figure 8 1s also
a good example of a magnetic field generator extending beyond the end of the tube. This
shows that the tube need not extend continuously from the injector to the end of the
thruster. Gradient control coils may also be used in combination 1n the example of figure
7, again subject to the same constraint of volume.

Figures 10 to 13 are schematic views of various embodiments of the thruster,
which allow the direction of thrust to be changed. As discussed above, the
ponderomotive force is directed along the lines of the magnetic field. Thus, changing the
lines of this field in the accelerating volume of the thruster makes 1t possible to change
the direction of thrust. Figure 10 is a view in cross section of another embodiment of the

thruster. The thruster is similar to the one of figure 4. However, in the example of figure
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10, the thruster is further provided with three additional direction control coils 42, 44 and
46 located downstream of the second resonant cavity 18. These coils are offset with
respect to the axis of the thruster, so as to change the direction of the magnetic field
downstream of the second coil 14. Figure 11 is a side view showing the three coils and
the tube 2; it further shows the various magnetic fields that may be created by energizing
one or several of these coils, which are represented symbolically by arrows within the
tube 2. Preferably, the coils generate a magnetic field with a direction contrary to the one
created by coils 12 and 14; this further increases the gradient of magnetic field, and
therefore the thrust. On the other hand, energizing the coils with a reversible current
makes it possible to vary the thrust direction over a broader range and use less coils (2 or
3 instead of 4) but use a more complex power supply to drive the coil.

Figure 12 is a side view similar to the one of figure 11, but in a thruster having
only two additional coils; as compared to figure 11, in also shows the outer diameter of
elements 14 and 18. Figure 13 is a side view similar to the one of figure 11, but in a
thruster having only four additional coils.

In the examples of figures 10 to 13, the direction control coils are located as close
as possible to the second cavity, so as to act on the magnetic field in the acceleration
volume. It is advantageous that the intensity of the magnetic field in the direction control
coils be selected so that the magnetic field still decreases continuously downstream of
the thruster; this avoid any mirror effect that could locally trap the plasma electrons .
One could also use coils the axis of which 1s inclined relative to the axis of the thruster.
This may increase the possible range of directions for the thrust vector.

The value of magnetic field created by the direction control coils 1s preferably from
20% to 80% of the main field, so that it nowhere reverses the direction of the magnetic
field.

. Figure 14 is a schematic view in cross-section showing various possible changes 1n
the tube. These changes are combined in the example of figure 14, but they could be
used separately in any of the embodiment of figures 1 to 13 or in the embodiments of
figures 15 and 17. First, as compared to the embodiments discussed above, the chamber
6 of figure 14 has a smaller cross-section. This increases the density of gas in the
chamber at the same mass flow rate and therefore the frequency of ionizing collision in

the ionization volume. This improves 1onization.
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Second, the tube may be provided with a quieting chamber 48, located upstream of
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the chamber 6. This chamber has the advantage of protecting the injector nozzle against
high energy electrons, which may pass beyond the barrier created by the first maximum
Bmax1 of magnetic field. In addition, such a quieting chamber will improve uniformity of
the flow in the chamber and limit the gradient of density in the chamber.

Third, the tube is further provided with an additional gas injector 50 inside the
acceleration chamber. This protects the wall of the tube from erosion by the high energy
electrons accelerated by the thruster.

Figure 15 is a schematic cross section view of a thruster in yet another embodiment
of the mvention; in the example of figure 15, the chamber 52 is ring-shaped. In addition,
the thruster of figure 15 uses permanent magnets instead of coils. The figure shows the
chamber 52, with the injection of gas at one end (arrows 54 and 56). The tube thus
comprises an inner cylinder 58 and an outer cylinder 59 arranged around the same axis.
Injection of gas may actually be carried out around the ring forming the end of the
chamber, with one or several 1njector (not represented on figure 15). First and second
resonant cavities 60 and 62 are provided along the tube; each of the cavities is formed of
an 1ner part located in the inside of the tube 58 and of an outer part located on the
outside of the tube. The thruster of figure 15 uses permanent magnets. Two inner ring-
shaped magnets 64 and 66 are provided inside of the cylinder 58; corresponding outer
ring-shaped magnets 68 and 70 are outside of the outer cylinder 59, facing the inner ring-
shaped magnets. A third magnet 72 1s provided left of the chamber 52. It is circular in
shape and extends substantially with the same outer diameter as the outer diameter of the
outer ring-shaped magnets. For guiding magnetic field lines, a first circular tube 1n a
material such as soft iron 1s provided outside of the outer ring-shaped magnets, and
connects with the outer periphery of the circular magnet 72. A second circular tube 76 1n
a similar material 1s provided inside of the first inner ring-shaped magnet 64 and
connects near to the center of circular magnet 72. A rod 78 guides magnetic field lines
from the inner periphery of the second inner ring-shaped magnet 66 to the center of the
circular magnet 78. Of course, other structures of the field line guides are possible.

Figure 16 1s a diagram of the intensity of magnetic and electromagnetic fields
along the axis of the thruster of figure 15. It 1s substantially identical to the diagram of

figure 2 except here the magnetic field i1s mostly radial.
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Figure 17 is a schematic view of a thruster with a chamber 52 similar to the one of

figure 15. However, the thruster of figure 17 uses coils for generating the magnetic field.

The structure is similar to the one of figure 15, with the proviso that

magnets 64, 66, 68, 70 and 72 are replaced by field line gmiding means with
substantially the same shape;

a first ring-shaped coil 80 is provided on the outer diameter of the rod 78, near to the
element 66;

a second ring shaped coil 82 1s provided on the outer diameter of the tube 76, near to

the element 64.

Again, the magnetic and electromagnetic field are similar to the ones of figure 16.

With a ring shaped chamber such as the one of figure 15 and 17, the position of the

magnetic field and electromagnetic field generators may easily be varied.

The following tables provide a number of examples of embodiments of the

invention, numbered from 1-33. In these tables,

Power is representative of the relative power of the thruster, compared to the other

~ examples of the table;

Band 1s the microwave frequency band;

Ptotal is the total power of the thruster, in W;

Pthrust 1s the thrust power, in W;

Pion is the power used for 1onization, 1n W;

Thrust is the thrust obtained, 1n mN;

Mdot is the mass flow rate, in mg/s;

Isp is the specific impulse, that is the ratio between the exhaust velocity and gravity
acceleration g at sea level, 1n s;

Efficiency is the efficiency of the thruster, that is the ratio between the power used in
the thruster and the mechanical thrust power;

B is the resonant magnetic field, in mT;

Fce is the electron cyclotron frequency, in GHz;

Bmax/Bmin is the ratio between the maximum and minimum values of the magnetic

field;
T/S 1s the density of thrust, in N/m*:
Routput is the radius of the thruster at the output, in cm;

Rin is the internal radius of the magnetic coils, 1n cm;
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- L is the total length of the cavity, in cm;

- Dbob is the distance between the magnetic coils, in cm;
- Ibob is the intensity in the magnetic coils, 1n A;

- Nbob is the number of turn in the coils.

The various examples provide ranges for each or the exemplified values. For
instance, the value of the ratio Bmax/Bmin is between 1.69 (examples 18 and 24) and
17.61 (example 5). The value should preferably be comprised between 1,2 and 20.
Although the various ranges derivable from the table are related to specific examples, the
invention is workable within the full range provided in the table. Thus, the various

ranges derived from the table are actually independent one from another.
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Table 1

Ex Power Band | Ptotal | Pthrust | Pion | Thrust
1 |  Low C | 199 | 190 | 9 8,3
2 Low | X 200 | 139 48 | 164
3 Low K 200 152 48 | 17,2
4 Low | X 200 124 7 5,9

=N Low K | 200 | 151 | 7 | 6,6
6 Low C 224 163 | 61 20,0
7 | MediumLow | K | 1500 | 9638 | 382 | 122,1
8 | MediumlLow | C | 1500 | 1117 | 382 | 131,1
9 | MediumLow | X | 1500 | 1117 | 382 | 131,1
10 | MediumLow | C | 1500 | 993 61 49,3
11 | Medium Low | X | 1500 | 1392 | -6l 58,4
12 | Medium Low | K | 1500 | 1392 | 61 | 58,4
13 Medium | K | 3500 | 2591 | 897 | 306,2
14 Medium C | 3500 | 2599 | 897 | 306,7
15 Medium X | 3500 | 2929 | 574 | 260,5
16 Medium K | 3500 | 2947 | 143 | 130,2
17 Medium X | 3500 | 3368 | 143 | 139,2
18 Medium | C | 3500 | 3369 | 143 | 139
19 | Medium High | K | 8000 | 7061 | 913 | 510,0
20 | Medium High | X | 8000 | 7355 | 670 | 445,8
21 | Medium High | X | 8000 | 7604 | 329 | 317,44
22 | Medium High | K | 8000 | 7691 | 329 | 319,2
23 | MedumHigh | C | 8000 | 7699 | 329 | 3194
24 | Medium High | C | 8027 | 7708 | 319 | 315,1
25 High | C [10000| 7417 |2573 | 877,3
26 |  High K | 10000 | 9089 | 839 | 554,6
27 High X 10000 | 9612 | 410 | 398,9
28 High C [10000| 9623 | 410 | 399,1
29 High K {10000 | 9686 | 339 | 364,0
30| VeryHigh | C |50000 | 45952 | 4204 | 2791,4
31| VeryHigh | C |350000 | 48106 | 2059 | 1998,9

32 | Very High X | 50000 | 49319 | 804 | 1264,9
33| VeryHigh | K |50000 | 49349 | 712 | 1190,8
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Table 2
Ex | Mdot | Isp | Efficacité B Fce | Bmim/Bmax | T/S
1 | 0,18 | 4638 | 75,97% | 85,41 | 2,391 2,16 | 26,6
2 | 0,97 | 1729 | 69,63% | 344,97 | 9,656 2,16 52,3
3 | 097 | 1806 | 75,96% | 634,46 17,759 9,79 54,6
4 | 0,14 | 4244 | 61,83% |352,09| 9,855 | 2,16 | 75,6
5 10,14 [ 4684 | 7534% | 649,72 {18,186 | 17,61 83,5
6 | 1,22 [ 1666 | 65,35% | 85,41 | 2,391 2,16 63,6
7 1 7,70 | 1617 | 64,56% | 634,46 | 17,759 9,79 388,6
8 | 7,70 {1737 | 74,47% | 88,55 | 2,479 2,26 104,3
9 | 7,70 | 1737 | 74,47% | 338,73 | 9,481 3,75 104,3
10 | 1,22 | 4108 | 66,23% | 88,55 | 2,479 2,26 | 392
11| 1,22 | 4864 | 92,82% | 634,46 | 17,759 9,79 185,8
12 | 1,22 | 4864 | 92,82% | 634,46 | 17,759 9,79 743,1
13 | 18,09 | 1725 | 74,02% | 634,46 | 17,759 9,79 974,6
14 | 18,09 | 1728 | 74,27% | 88,55 | 2,479 2,26 | 79,7
15 | 11,58 | 2293 | 83,69% | 338,73 | 9,481 3,75 12073
16 | 2,87 | 4616 | 84,19% | 634,46 | 17,759 | 9,79 414,3
17 | 2,87 14935 | 96,23% | 338,73 | 9,481 3,75 | 442,9
18 | 2,87 | 4935 | 96,26% | 105,78 | 2,961 1,69 110,8
19 | 18,42 | 2823 | 88,26% | 634,46 | 17,759 9,79 1623,3
20 | 13,51 {3363 | 91,93% | 338,73 | 9,481 3,75 354,8
21 | 6,63 | 4884 | 95,06% | 338,73 | 9,481 3,75 449,1
22 | 6,63 | 4911 | 96,13% | 634,46 | 17,759 9,79 1016,2
23 | 6,63 | 4914 | 96,23% | 88,55 | 2,479 2,26 | 162,7
24 | 6,44 | 4986 | 96,34% | 90,30 | 2,528 1,69 111,5
25 | 51,89 | 1724 | 74,17% | 88,55 | 2,479 | 2,26 137.,9
26 | 16,92 | 3341 | 90,89% | 634,46 | 17,759 9,79 1765,4
27 | 8,28 | 4913 | 96,12% | 338,73 | 9,481 3,75 564,3
28 | 8,28 | 4915 | 96,23% | 88,55 | 2,479 2,26 203,3
29 | 6,84 | 5425 | 96,86% | 634,46 | 17,759 9,79 | 1158,6
30 | 84,78 | 3356 | 91,90% | 86,62 | 2,425 | 4,45 246,8
31 | 41,53 | 4906 | 96,21% | 86,62 | 2,425 | 4,45 360,7
32 116,22 | 7949 | 98,64% |338,73| 9481 | 3,75 [ 1006,6
33 | 14,37 | 8449 | 98,70% | 634,46 | 17,759 9,79 37904
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Table 3
Ex | Routput | Rin | L | Dbob [ Ibob | Nbob
1| 1 8 [32] 20 1 | 15000
2 1 4 17| 10 |1,35]20000
3 1 2 |16| 10 | 1,4 | 20000
4 0,5 4 | 18] 10 | 1,5 | 20000
5 0,5 |1,6]16] 10 | 1,35 20000
6 1 8 |32] 20 1 | 15000
7 1 | 2 ]|16] 10 | 1,4 |20000
8 2 7 130] 18 1 | 15000
9 2 3 |17 10 | 1,2 | 20000
10 2 7 |30 18 1 [15000 |
11 1 | 2 ]16] 10 | 1,4 |20000
12| 05 2 |16 10 | 1,4 [ 20000
13 1 2 |16 10 | 1,4 | 20000
14| 3,5 7 130 18 1 | 15000
15 2 3 (171 10 | 1,2 | 20000
16 1 2 [16| 10 | 1,4 | 20000
17 1 3 1171 10 | 1,2 {20000
18 2 7 |26 15 1 | 15000
19 1 2 [16| 10 | 1,4 | 20000
20 2 3 [17] 10 | 1,2 | 20000
21 1,5 3 117] 10 | 1,2 | 20000
22 1 2 16| 10 | 1,4 | 20000
231 25 7 130 18 1 | 15000
24 3 7 127] 15 | 1 |15000
25| 4,5 7 130 18 1 | 15000
26 | 1 2 |16] 10 | 1,4 |20000
27 1 1,5 3 117 10 | 1,2 {20000
28 | 2,5 7 |30 18 1 | 15000
29 1 2 |16] 10 | 1,4 | 20000
| 30 6 5 130] 18 1 115000
31| 4.2 5 |30] 18 1 | 15000
32 2 3 [17] 10 | 1,2 (20000
| 33 1 2 |16] 10 | 1,4 |20000
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The examples given above may be adapted and varied. For instance, one could use
means other than coils for generating the magnetic field, such as permanent magnets, as
exemplified in figure 15; this applies also the other thrusters. The number of resonant
cavities or coils may be varied according to the needs. For instance, one could use a
single resonant cavity for generating the electromagnetic field on both sides of the
maximum of the magnetic field, subject to volume consﬁaints. In the example of figures
6 and 7, one uses three additional coils : the number of additional coils as well as their
positions could be different; one could for instance add an additional coil in the
acceleration volume of the thruster. One could also use such additional coils in the
embodiments of figures 1, 3, 4, 8 10, 14, 15 or 16. Similarly, the number of gradient
conirol coils as well as their positions could be different from the example of figure 8;
one may use gradient coils in the other examples. One could also permanently create a
higher gradient of magnetic field — as in graph 40 of figure 9. Direction control coils
such as those of figures 10-13 could also be used in the embodiments of figures 1 to 9 or
15 and 17. In all examples, the same frequency can be used for the ionizing and
accelerating electromagnetic fields; this simplifies the generation of the electromagnetic

field; however, one could also use different frequencies from different generators.
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CLAIMS

1. A thruster, comprising

- a chamber defining an axis of thrust;

- an injector adapted to inject ionizable gas within the chamber;

- amagnetic field generator adapted to generate a magnetic field, said magnetic field

having at least a maximum along the axis;

- an electromagnetic field generator adapted to generate
- amicrowave ionizing field in the chamber, on one side of said maximum; and
- a magnetized ponderomotive accelerating field on the other side of said

maximuim.

2.  The thruster of claim 1, wherein the angle of the magnetic field with the axis is less
than 45°, preferably less than 20°.

3.  The thruster of claim 1, wherein the 1on cyclotron resonance period in the thruster

is at least one order of magnitude higher than the transit time of the ions 1n the thruster.

4.  The thruster of claim 1, wherein the ratio of the maximum value to the minimum

value of the magnetic field 1s between 2 and 20.

5.  The thruster of claim 1, wherein the angle of the electromagnetic field with the
orthoradial direction 1s less than 45°, preferably less than 20°.

6. The thruster of claim 1, wherein the local angle between the electromagnetic field |
and the magnetic field in the thruster 1s between 60 and 90°.

7.  The thruster of claim 1, wherein the frequency of the electromagnetic field is

within 10 % of the electron cyclotron resonance frequency at the location where the

electromagnetic field 1s generated.

8.  The thruster of claim 1, wherein the microwave ionizing field and the magnetic

field are adapted to iomze at least 50 % of the gas injected in the chamber.

25



10

15

20

CA 02519701 2005-09-19

WO 2005/028310 PCT/US2004/008054

9. The thruster of claim 1, wherein the magnetic field generator comprises at least one

coil located along the axis substantially at the maximum of magnetic field.

10. The thruster of claim 9, wherein the magnetic field generator comprises a second

coil located between said at least one coil and said injector.

11. The thruster of claim 1, wherein the magnetic field generator 1s adapted to vary the

value of said maximum.

12. The thruster of claim 1, wherein the magnetic field generator is adapted to vary the

direction of said magnetic field, at least on said other side of said maximum.

13. The thruster of claim 1, wherein the electromagnetic field generator comprises at

least one resonant cavity.

14. The thruster of claim 1, wherein the electromagnetic field generator comprises at

least one resonant cavity on said one side of said maximum.

15. The thruster of claim 1, wherein the electromagnetic field generator comprises at

least one resonant cavity on said other side of said maximum.
16. The thruster of claim 1, wherein the chamber 1s formed within a tube.

17. The thruster of claim 16, wherein the tube has an increased section at its end

opposite the injector.
18. The thruster of claim 16, wherein the tube 1s provided with a radioactive 1sotope.

19. The thruster of claim 1, further comprising a quieting chamber between the injector

~and the chamber.

20. A thruster, comprising
- a chamber defining an axis of thrust;

- an injector adapted to 1nject ionizable gas within the chamber;
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- a magnetic field generator adapted to generate a magnetic field, said magnetic field
having at least a maximum along the axis;
- an electromagnetic field generator adapted to generate
- a microwave 1onizing field in the chamber, on one side of said maximum; and
- a magnetized ponderomotive accelerating field on the other side of said
maximum,
wherein the 1on cyclotron resonance period in the thruster is at least one order of

magnitude higher than the transit time of the ions in the thruster.

21. The thruster of claim 20, wherein the frequency of the electromagnetic field is
within 10 % of the electron cyclotron resonance frequency at the location where the

electromagnetic field 1s generated.

22. A process for generating thrust, comprising :

- Injecting a gas within a chamber .

- applying a first magnetic field and a first electromagnetic field for ionizing at least part
of the gas;

- subsequently applying to the gas a second magnetic field and a second electromagnetic

field for accelerating the partly ionized gas due to the magnetized ponderomotive force.

23. The process of claim 22, wherein the frequency of the electromagnetic field is

within 10 % of the electron cyclotron resonance frequency at the location where the

clectromagnetic field 1s generated.

24, The process of claim 22, wherein the gas is 1onized by electron cyclotron

Ircsonance.

25. The process of claim 22, wherein the 1ons are mostly insensitive to the first

magnetic field.

26. The process of claim 22, wherein the local angle between the first electromagnetic

field and the first magnetic field 1s between 60 and 90°.
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27. The process of claim 22, wherein the local angle between the second

electromagnetic field and the second magnetic field is between 60 and 90°.

28. The process of claim 22, wherein at least 50 % of the gas is 1onized.

29. The process of claim 22, further comprising the step of varying the direction of

said second magnetic field.
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