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Description
Field of the invention

[0001] Thepresentinventionrelatestoion sources em-
ployed as plasma thrusters for space propulsion and in-
orbit corrections of space probes and satellites.

Background

[0002] lon thrusters and plasma accelerators produce
high velocity streams of ions and electrons that impart
momentum to spacecrafts. The propulsion of satellites
using plasma streams is in increasing demand in order
to improve the performances of satellites. An important
limiting factor is the depletion of propellant, essential for
in-orbit maneuvers, which eventually might force early
satellite retirement. These orbit corrections and changes
of orientation compensate the small variations produced
in the periodic motion of satellites by the gravitational
forces of the sun, the moon, as well as by the irregular
distribution of the Earth’s mass. Replacing the usual
chemical rocket engines with plasma-based propulsive
systems, characterized by high propellant exhaust
speeds and large values of specific impulse, increases
the operational lifetime of satellites.

[0003] In plasma propulsion devices the neutral gas
employed as propellant is introduced into a lengthwise
cavity called discharge or plasma chamber. The latter is
made of different shapes and materials and has an open
side to allow ion outflow. The plasma composed of elec-
trons and ions is produced inside the discharge chamber
by neutral gas atom collisional ionization by electrons
emitted from active cathodes. As used herein, the term
"active cathode" refers to electron emitting electrodes
having substantial emission current densities, roughly
over10-2 A/lcm?2. These devices, such as hollow cathodes
or thermionic electron emitters, could be operated as
electron sources. Otherwise, "passive cathodes" alsoare
negatively polarized electrodes but having much lower
or negligible electron emission current densities, typically
below 10-3 A/cm?2.

[0004] The ionsfrom this plasma flow through the open
side of the discharge chamber and are accelerated by
different physical mechanisms. The thrust is imparted to
the spacecraft by the plasma stream created when elec-
trons are added to the high energy ion beam to neutralize
space charge effects. This plasma stream composed of
electrons and ions could also be used in material
processing applications by directing the energized ion
outflow over the surface of materials in order to modify
their physical properties.

[0005] Electrostatic plasmaaccelerators canbe rough-
ly classified as gridded ion engines, Hall effect thrusters
and multi-stage plasma accelerators. Only gridded ion
engines deliver variable or modulated thrust by electrical
control of the speed of the plasma stream exhaust, hold-
ing other operational parameters of the thruster constant.
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Such control or modulation of throttle is essential for or-
bitalmaneuvers and/or flight formation of satellites. Other
propulsive systems deliver a fixed thrust essentially de-
termined by plasma discharge parameters such as the
current of ionizing electron flow, neutral gas mass flow
rate, etc.

[0006] Gridded ion engines produce the electrostatic
acceleration of ions extracted from a plasma and are dis-
closed in US 4466242, US 3956666, US 3969646 or EP
0733800B1. The conductive walls of the discharge cham-
ber constitute the anode of an electric discharge, trig-
gered by ionizing electrons emitted by a first active cath-
ode placed inside.

[0007] A minimum set of two multi-aperture parallel
grids are disposed in front of the open side of the dis-
charge chamber for the extraction and acceleration of
the ion beam. The first grid, currently called extraction or
screen grid, is electrically connected to the active cath-
ode and allows the ions to pass through its open spaces.
The second grid is biased to high voltages and acceler-
ates the flow of outgoing ions. Finally, a second active
cathode disposed beyond the grids provides electrons
to neutralize space charge effects of the ion beam and
produces the plasma stream exhaust. The acceleration
voltage of the second grid allows modulating the speed
of outflowing ions and therefore the delivered thrust by
the ion engine.

[0008] A third decelerator grid described in US
5369953 and US 5559391 is used to avoid charge ex-
change collisions between ions and neutral atoms and
also reduces erosion of the accelerator grid by the elec-
tron backflow from the second active cathode employed
for ion beam neutralization. This protective grid extends
the lifetime of the system. Additional improvements of
this basic scheme have been disclosed, such as higher
ion production rates by means of multi-cusp magnetic
fields inside the discharge chamber as in US 4466242,
or improved accelerator grids in US 2010/0212284A1.
[0009] Gridded ion engines require a minimum of two
active cathodes and therefore a number of power sup-
plies thatincrease the complexity of the electrical system,
as well as the electric power consumption. Thermal con-
trol also becomes an issue because of the high opera-
tional temperatures of active cathodes, typically over
2000 K. Different thruster elements are heated up to high
temperatures by the released infrared radiation. Addi-
tionally, the high bias voltages required for ion beam ac-
celeration, typically of a few kilovolts, also give rise to
sparking and electric arcing between the grids, also sub-
jectedto boththermal stresses and charged particle bom-
bardment. All these factors reduce the lifetime of gridded
ion engines.

[0010] The principle of the plasma accelerator called
Hall thruster is the electrostatic acceleration of ions with-
out the grids required by ion thrusters. This configuration,
described in EP 0541309A1 or US8468794 (and in the
related international application WO 2011 /088335 A1),
is simpler and needs fewer power supplies to operate.
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Thedischarge chamber is a cylindrical ring-shaped cavity
made of a non-conductive or ceramic material extended
along its axial direction. The passive annular anode is
located at its closed bottom, in the opposite direction to
the open side of this chamber intended for ion beam exit.
An intense radial magnetic field inside the plasma cham-
ber is produced by a first pole configuration about the
central axis, whichis surrounded by the plasma chamber.
The second pole configuration surrounds the plasma
chamber on the outside, as a magnetic counter-pole.
[0011] The only active cathode of Hall thrusters is lo-
cated outside the discharge chamber, close to the ion
beam exit. The flux of emitted electrons spreads in two
directions, inwards to the discharge chamber and also
along the direction of the outgoing ion beam for space
charge neutralization.

[0012] The radial magnetic field into the annular dis-
charge chamber inhibits the axial electron motion con-
fining the electrons along ring-shaped drift paths. These
radially confined electrons ionize the neutral gas intro-
duced into the annular discharge chamber. Additionally,
the high voltage applied between the active cathode and
the anode produces an electric field inside the discharge
chamber along its axis of symmetry that drives the ions
towards its open end. This combination of radialmagnetic
field and axial electricfield produce afast circulating elec-
tron current around the axis of symmetry of the thruster
with a slow drift towards the anode. The ions are less
affected by the magnetic field and are accelerated by the
axial electric field originated by the negative charge den-
sity, provided by the concentration of electrons at the
open end of the thruster.

[0013] The axial thrust delivered by Hall thrusters is
un-modulated and essentially determined by the physical
plasmadischarge parameters. Modifications of this basic
scheme with more involved magnetic field configurations
and improved schemes have been disclosed in US
5847493, US 7543441 B2, US 5845880 or in US
2012/0206045A1

[0014] The ionization efficiency and specific impulse
of Hall thrusters are lower than those achievable by ion
engines. The strong magnetic field also introduces rota-
tional oscillations, waves and instabilities in the plasma
inside the annular discharge chamber with frequencies
roughly in the range from 1 kHz up to tens of MHz. In
addition, ion and electron bombardment deposits over
the surface of the dielectric walls of the discharge cham-
ber important amounts of energy, in particular at the exit
section. The subsequent erosion and degradation of
these dielectric walls ultimately determines the lifetime
of Hall thrusters.

[0015] The so-called multi-stage plasma accelerator
configuration described in DE 19828704A1, US
6523338B1, US 2003/0048053A1 or US 7084572B2 al-
so delivers a constant un-modulated axial thrust. As for
Hall accelerators, the cylindrical discharge chamber is
made of non-conductive materials and extends length-
wise with an open end for ion beam exit. The electron
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source is disposed in front of such open side, and also
a fraction of the emitted electrons is guided into the dis-
charge chamber. The active cathode therefore provides
electrons for outgoing ion beam neutralization and also
for neutral gas collisional ionization.

[0016] This discharge chamber is surrounded by ring-
shaped permanent magnets with alternate polarities dis-
posed along its longitudinal axis. They confine the elec-
trons along a spatially periodic magnetic field along the
longitudinal direction, whereas the motions of the more
massive ions of the working gas are less affected. The
anode is placed at the closed end of this tubular plasma
chamber and additional ring-shaped intermediate elec-
trodes are disposed inside along its longitudinal direction.
[0017] These intermediate electrodes are intended for
ion acceleration and are electrically connected to in-
creasing electric potentials. Consequently, the electrons
are essentially confined close tothe axis of the discharge,
whereas the ions are accelerated in the direction towards
the open end of the discharge chamber. Additionally, the
electric field also accelerates the electrons from the ac-
tive cathode downstream towards the anode. This com-
bination of electron confinement by the magnetic field
and acceleration by the local electric field increases the
ionization rate of the working gas inside the discharge
chamber. As with Hall plasma accelerators, ion outflow
is basically determined by physical plasma discharge pa-
rameters, which control the delivered axial thrust.
[0018] The plasma streams produced by multi-stage
thrusters are less collimated than those of Hall thrusters
and gridded ion engines. lon confinement is better than
in Hall thrusters, except at magnetic field cusp positions
along the longitudinal axis of the discharge chamber,
which reduces the wear of its dielectric walls. Addition-
ally, the radial symmetry of the magnetic field in multi-
stage thrusters produces a spoke rotation regime in the
plasma column along the perpendicular direction to the
electric and magnetic fields, with typical frequencies of
15-35 kHz, which might cause turbulent regimes.
[0019] The plasma thruster with a multi-cusp magnetic
configuration disclosed in US 2012/0167548 A1 or in EP
2414674A1 is essentially intended to provide non-axial
thrustby changing the plasma jetexhaust. The cylindrical
discharge chamber also having an open and a closed
side is surrounded by a plurality of magnets located in
the plane perpendicular to its axis of symmetry. The an-
ode is located atthe closed end of the discharge chamber
and the active electron source is placed in front of its
open side for working gas ionization and neutralization.
In this magnetic configuration, the pole of each magnet
is disposed adjacent to the like pole of the adjacent mag-
net and at least one of them is an electromagnet, ar-
ranged to produce a variable magnetic field.

[0020] This configuration produces constant un-mod-
ulated thrust along the axial direction depending on phys-
ical plasmadischarge parameters. The control of the var-
iable magnetic field at the open end of the discharge
chamber partially deflects the ion outflow from the axis
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of symmetry, adding a non-axial thrust component. Al-
ternatively, this purpose could be also achieved by
means of additional passive electrodes combined with
permanent magnets or electromagnets disposed outside
the discharge chamber.

[0021] Variations in time and transients of the variable
magnetic field introduce fluctuations of charged particle
currents in the plasma. This introduces oscillations in the
deflection of the plasma beam exhaust in the direction
perpendicular to the axis of symmetry of the thruster that
are difficult to control and therefore the delivered thrust.

Brief description of the invention

[0022] A different approach that addresses the short-
comings of the prior art would be desirable. The present
invention advantageously proposes a plasma accelera-
tor configuration that allows the control or modulation of
throttle using only one active cathode. An exemplary em-
bodiment provides a gridded plasma acceleration device
where the voltage applied to one of such grids controls
or modulates the plasma stream exhaust, and therefore
the magnitude of the thrust imparted to the spacecraft.
[0023] The invention makes use of asingle active cath-
ode for both plasma discharge and ion beam neutraliza-
tion, reducing the thermal impact and electric power con-
sumption. Additionally, the voltages imparted to the grids
are always below the kilovolt range, much lower than in
ion engines. This reduces wear on the grids caused by
electron and ion bombardment as well as the eventual
electric arcing between their metallic surfaces.

[0024] The invention provides a plasma accelerator
with an electrically conductive discharge chamber (e.g.
metallic) extended lengthwise, preferably along an axis
of symmetry, with one open end. In front of this aperture
at least two parallel conductive grids are disposed, they
will be called cathode grid and control grid herein. Their
open spaces are aligned to facilitate the flow of charged
particles there through. The invention may also comprise
a supply of propellant, arranged to introduce the working
gas into the discharge chamber.

[0025] This plasma accelerator configuration further
comprises an electron source placed close to the control
grid, which is negatively biased with respect to the elec-
trically conductive walls of the discharge chamber. This
active cathode provides electrons for both working gas
ionization and outflowing ion beam neutralization. The
system also includes a first power supply connected be-
tween this active cathode and the discharge chamber
walls providing an acceleration voltage V¢ for electrons
and ions. This electric field drives a fraction of the elec-
trons emitted from the electron source into the discharge
chamber, passing through the open spaces of the control
and cathode grids. This electricfield also accelerates out-
wards the ions exiting towards the open end of the dis-
charge chamber.

[0026] Inside the discharge chamber there also exists
an additional electric field between its walls and at least
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two passive cathodes. The first passive cathode is small-
sized, located along the axis of symmetry of the system
inside the discharge chamber and nearby its back closed
end. The second passive cathode is the cathode grid
disposed in front of the open end of the discharge cham-
ber. The system also includes a second power supply to
impart an electric voltage Vpg between discharge cham-
ber and these two passive cathodes.

[0027] Inthis configuration, the electric field lines from
the walls at the rear side of the discharge chamber are
focused overthe small central passive cathode. The elec-
tric field lines from the forward section of the discharge
chamber also end along the opposite direction over the
surface of the cathode grid.

[0028] A fraction of electrons from the active cathode
enters into the discharge chamber, where they are ac-
celerated along the electricfield lines, increasing the col-
lisional ionization rate thereof with the neutral gas. The
ions also move along the electricfield lines towards either
the small cathode at the back or towards the cathode
grid. Inside the discharge chamber, the ions are accel-
erated towards its exit section. This ion focusing effect
inside the discharge chamber produces an outward ion
flux that exits the discharge chamber through the aligned
open spaces of the cathode and control grids. The con-
figuration of electrodes in the present invention differs
from multi-stage plasma accelerators where ion acceler-
ation is provided by ring-shaped electrodes disposed
along the inner face of the dielectric discharge chamber.
[0029] This plasma accelerator configuration also
comprises a third power supply to impart the voltage V1
to the control grid with respect to the electrical ground.
Contrary to gridded ion engines this negative voltage V1
is not intended for ion acceleration, but for control of throt-
tle. The control grid is disposed between the cathode grid
and the active cathode disposed outside the discharge
chamber. When negatively biased, an electric potential
well develops with adepth controlled by the potential V1
imparted to the control grid. This reduces the ionizing
electron inflow from the active cathode, which is repelled
by the control grid. lon outflow is also hindered, because
only a fraction of ions with energy over a threshold de-
termined by Vet could move outwards past the control
grid. Consequently, the control voltage V1 applied to
the control grid allows the modulation of the ion outflow
and therefore the axial thrust delivered by the plasma
accelerator.

[0030] Another embodiment of the present invention
further comprises a plurality of permanent magnets
spaced surrounding the discharge chamber, along the
thruster axis, and additionally disposed at its back closed
end. These magnets have alternate polarities with their
north and south poles spaced from each other in such a
way that the pole of each magnet is adjacent to the op-
posite pole of the near magnet. The embodiment further
comprises a cover that encloses the plasma accelerator,
shielding the external equipment from the intense mag-
netic field produced by these magnets.
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[0031] This preferred magnetic configuration has alter-
nate magnetic poles both along the radial direction and
along the longitudinal axis of symmetry. Therefore, the
magnetic field lines along the axial and radial directions
connect the surfaces of nearby magnets. This multiple-
mirror configuration of magnetic field lines along the axial
and radial directions restricts electron motion. The struc-
ture of multiple magnetic bottles confines the axial and
radial drift motion of electrons and prevents the upsurge
of plasmainstabilities, enhancing the electron impaction-
ization rate. Otherwise, the motion of massive ions inside
the discharge chamber remains unaffected by theselocal
magnetic fields.

[0032] Such configuration of permanent magnets dif-
fers from Hall or multi-stage plasma accelerators. In the
former, the magnetic field is produced by a two pole an-
nular configuration and electron confinement essentially
takes place along the radial direction, whereas the elec-
tron current circulates inside the ring-shaped discharge
chamber. In the multi-stage plasma accelerator, the ring
magnets are disposed along the discharge chamber and
are essentially intended to confine the electrons in a spa-
tially periodic magnetic field along the axial direction,
holding the radial symmetry of the discharge chamber.
[0033] Therefore, the electrons from the active cath-
ode that enter into the discharge chamber describe a
complex motion. They are accelerated along the electric
field lines between the passive cathode and the chamber
walls and are also confined by multiple magnetic-mirror
fields. This combined effect of electron confinement and
acceleration greatly increases the collisional ionization
rate of electrons with the neutral gas atoms and therefore
the ion production rate.

[0034] The massive ions of the working gas are less
affected by the magneticfield and essentially move along
the electric field lines inside the plasma chamber. The
positive charges move towards either the small passive
cathode at the back or towards the cathode grid at the
exit section of the discharge chamber. The ions are ac-
celerated outwards by the electric field focusing effect
and exit through the aligned open spaces of the cathode
and control grids.

[0035] This plasma accelerator configuration is advan-
tageous due to its simple structure which needs only
three power supplies and requires both lower electric
power and working gas consumption. Additionally, using
only an active cathode has less demanding requisites for
both thermal control and electrical connections. These
reductions inthe amount of propellant required to sustain
the plasma discharge and electric energy consumption
are advantageous for satellites. In particular, the availa-
ble electric power is limited by the performances of solar
panels and sunlight exposure along the orbit.

[0036] Preferredembodiments ofthe presentinvention
will be now described by way of example only with ref-
erence to the accompanying drawings.
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Brief description of drawings

[0037] A series of drawings which aid in better under-
standing the invention and which are expressly related
to an embodiment of said invention, presented as a non-
limiting example thereof, are very briefly described be-
low.

Figure 1is a cross-sectional plan scheme of the grid-
ded plasma accelerator and its basic electrical con-
nections in accordance with the preferred embodi-
ment of present invention. The figure alsc shows the
disposition of the crowns of permanent magnets with
alternate polarities along the longitudinal direction of
the discharge chamber.

Figure 2is a cross-sectional planscheme of the elec-
tric field line distribution (dotted lines) between the
two passive cathodes within the discharge chamber
shown in Fig. 1.

Figure 3 is a scheme of the crowns of permanent
magnets 13, also indicated in Fig. 1, which shows
the permanent magnets with alternate polarities dis-
posed concentrically around the discharge chamber
11 and enclosed by the casing 20 for the magnetic
field insulation of the external equipment.

Figure 4 represents the ion current I against the ion
beam control voltage V. for different acceleration
voltages V,c indicated in Fig. 1 as measured in an
embodiment of the present invention.

Description of at least one embodiment of the inven-
tion

[0038] Fig. 1 shows the cross sectional plan scheme
along the axial direction of symmetry of the present in-
vention with its electrical connections. The neutral gas
employed as propellant is introduced through the pipe
10, into the discharge chamber 11. The pipe 10 is elec-
trically insulated from the controlled gas leak system by
the ceramic connector 12.

[0039] The plasmais essentially produced by the neu-
tral gas atom collisional ionization by electrons from the
active cathode 19 placed outside the discharge chamber
11. The electron source 19 can have different forms, such
as a hollow cathode plasmadischarge or thermionic elec-
tron emitter. This active cathode 19 provides electrons
both along the direction of the control grid 18 and also in
the opposite direction of the exiting ion beam indicated
by the arrow in Fig. 1 for space charge neutralization.
The block HC in Figs. 1 and 2 represents control and
heating and control system of the electron source 19.
[0040] Afractionofthe electrons emitted from the cath-
ode 19 enters into the discharge chamber 11 through the
aligned open spaces of the control grid 18 and cathode
grid 14. They are trapped inside the discharge chamber
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by the multiple magnetic-mirror fields produced by the
crowns of permanent magnets 16 showninFigs. 1 and 3.
[0041] Fig. 1 shows two electrodes acting as passive
cathodes; the central electrode 13 and the cathode grid
14, placed infront of the open end of the discharge cham-
ber 11. The central cathode 13 is electrically insulated
from the discharge chamber 11 by the ceramic housing
15, which places this electrode 13 over the longitudinal
axis of symmetry of the system. The DC voltage Vpg is
applied between the conductive walls of the discharge
chamber andthe two electrically connected passive cath-
odes 13 and 14. The scheme of Fig. 2 shows the resulting
electric field lines from this configuration of three elec-
trodes with cylindrical symmetry around the longitudinal
direction of the plasma thruster.

[0042] The conductive material of the discharge cham-
ber 11 isalso essentially transparent to the magnetic field
produced by the permanent magnets 16 of Figs. 1 and
3. The three crowns 16 are made of eight permanent
magnets with alternate polarities shown in Fig. 3 and are
placed concentrically to the discharge chamber 11.
These crowns 16 of permanent magnets are also dis-
posed as in Fig. 1 with alternate magnetic polarities along
the longitudinal direction of the discharge chamber 11.
Finally, a ring-shaped magnet 17 is located around the
central cathode 13 placed at the closed end of the dis-
charge chamber.

[0043] Such a configuration of permanent magnets
produces a spatially periodic pattern of magnetic fields
lines inside the discharge chamber 11, where the mag-
netic field lines connect the surfaces of the nearby mag-
nets. The electrons perform a complex motion inside the
discharge chamber where they are accelerated along the
electric field lines indicated by the dotted lines in Fig. 2
and also confined by the multiple magnetic-bottle field
lines (not shown in Fig. 2). This combination of electron
trapping and acceleration reduces the collisional mean
free path increasing ionizing collisions with neutral gas
atoms. The ionization rate of the neutral gas therefore is
greatly increased. The systemis enclosed inside the cas-
ing 20 as illustrated in Figs. 1 and 3. The casing 20 con-
fines the magneticfield lines in order to protect the equip-
ment nearby the plasma accelerator from the intense
magnetic field produced by the permanent magnets 16
and 17.

[0044] The ions resulting from ionizing collisions of
electrons are essentially driven along the electric field
lines in Fig. 2 because they are more massive and there-
fore less affected by the local magnetic field. The positive
charges are either attracted to the central cathode 13 or,
alternatively, accelerated along the electric field lines to-
wards the cathode grid 14.

[0045] The electric field lines of this configuration with
two passive cathodes of Fig. 2 focus an important fraction
of the positive ions created inside the discharge chamber
towards the cathode grid 14. Consequently, a group of
ions exits the discharge chamber moving along its axial
direction and passing through the cathode grid 14 and
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the control grid 18, which have their open sections
aligned.

[0046] This exiting ion outflow is accelerated down-
stream by the DC electric potential V 5 imparted between
the discharge chamber 11 and the electrical ground of
the system as shows Fig. 1. The current ig through the
power supply that delivers the acceleration voltage V¢
is proportional to the flow of ions passing through the
cathode grid 14. This electric field also accelerates up-
stream the electrons from the active cathode 19 passing
through the grids 14 and 18 towards the discharge cham-
ber. The energy of these ionizing electrons is also in-
creased by the voltage V. well over the ionization
threshold of the neutral gas. This fact additionally in-
creases the ionization rate inside the discharge chamber
reducing the amount of neutral gas required to operate
this plasma accelerator.

[0047] As in Fig. 1, the control grid 18 is biased to the
DC electric potential V., which acts as a control poten-
tial. When the voltage V7 is null, the grid 18 permits the
counter flow of electrons from the active cathode 19 and
ions exiting the discharge chamber 11. When the voltage
Vcr is imparted, the control grid 18 repels the electrons
from the active cathode 19 moving towards the cathode
grid 14. Additionally, only ions with energies over a
threshold can move outwards past the control grid
[0048] For low potentials V7, the ion current passes
through the control grid 18 and is later neutralized by
electrons from the active cathode 19, and this plasma jet
moves in the direction indicated by the arrow of Fig. 1.
This plasma stream is accelerated by the potential V¢
and modulated by the control voltage V.t as indicated
in Figs. 1 and 4 imparting momentum to the spacecraft
in the direction of the arrow in Fig. 1.

[0049] Additionally, several plasma accelerators could
be clustered together using the same acceleration volt-
age V¢ but individual control voltages Vet as in Fig. 1.
This cluster could deliver non-axial thrust using Vr to
control the throttle of each different plasma accelerator
allowing complex maneuvers in space.

[0050] The features of this plasma accelerator config-
uration are shown in Fig. 4, where the current Iz indicated
in Fig. 1 was measured in an embodiment of the present
invention. The current is proportional to the counter flow
of ions and electrons crossing the grids 14 and 18 in Fig.
1. The working gas pressure p = 8:10-5 mB of Argon was
low enough to neglect collisions between neutral atoms
and charged particles. The current |z was measured for
different acceleration voltages V¢ as a function of the
voltage V1 imparted to the control grid 18.

[0051] Control or modulation of the plasma stream by
this plasma accelerator is shown in Fig. 4 through the
decrement observed inthe beam current Iz as the control
voltage Vp increases, holding acceleration potential
V¢ fixed. For low control voltages Ig remains independ-
ent of the acceleration potential and essentially depends
on the flow rates of neutral gas and ionizing electrons
inside the discharge chamber. The abrupt decrement in
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beam current Iy when V1~ V¢ is caused by the devel-
opment of a potential well between the cathode grid 14
and the active cathode 19. The voltage V1 imparted to
the control grid 18 determines the depth of the potential
well that precludes the ionizing electron inflow from the
active cathode 19 as well as the ion outflow from the
discharge chamber.

[0052] Additionally, itis advantageousfor voltages Vac
(300, 400 and 500 volts) and V1 (0-300 volts) in Fig. 4
for plasma acceleration and control to be well below those
needed in the aforementioned gridded ion thrusters, in
the order of a few kilovolts. These low voltages reduce
the complexity of the electrical system, wear in the grids
by ion bombardment, and avoid high voltage sparking.
The overall electric power consumption also decreases
typically below the range of 100 watts.

[0053] Although the invention has been explained in
relation to its preferred embodiment(s) as mentioned
above, it can be understood that many other modifica-
tions and variations can be made without departing from
the scope of the present invention.

[0054] The scope of the invention is defined by the ap-
pended claims.

Claims
1. A plasma accelerator comprising:

- an electrically conductive discharge chamber
(11) with an open end,

- means for introducing ionizable propellant in-
side the discharge chamber (11),

- an active cathode (19) configured to emit elec-
trons for ionizing the propellant and neutralizing
outflowing ions, the active cathode (19) placed
outside the discharge chamber (11),

- a cathode grid (14) being a passive cathode
placed after the open end of the discharge
chamber (11),

- an electrically conductive control grid (18)
placed after the cathode grid (14),

- power supply means configured to apply:

a potential (V1) between the control grid (18)
and the active cathode (19) for controlling thrust
of outflowing plasma stream through the open
end of the discharge chamber (11);

characterised in that
said power supply means is further configured to ap-
ply:

a potential (V) between the active cathode
(19) and the discharge chamber (11) for accel-
erating electrons into the open end of the cham-
ber and ions towards the open end of the dis-
charge chamber (11) and,

a potential (Vpg) between the discharge cham-
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ber (11) and the cathode grid (14) for imparting
an electric field between the discharge chamber
(11) and the cathode grid (14); and in that

the active cathode (19), the cathode grid (14)
and the control grid (18) are arranged so as to
introduce electrons emitted from the active cath-
ode (19) into the discharge chamber (11)
through the control grid (18) and the cathode
grid (14).

2. The plasma accelerator according to claim 1, further
comprising an inner cathode (13) being a passive
cathode electrically connected to the cathode grid
(14), the inner cathode (13) placed inside the dis-
charge chamber (11).

3. The plasma accelerator according to claim 1 or 2,
wherein the discharge chamber (11) extends length-
wise along an axis of symmetry.

4. The plasma accelerator according to any of claims
1 to 3, wherein the cathode grid (14) and the control
grid (18) have their open spaces aligned.

5. The plasma accelerator according to any of claims
1 to 4, further comprising a plurality of magnets (16)
configured to confine electrons in the discharge
chamber (11).

6. The plasma accelerator accordingto claim 5, where-
in the plurality of magnets (16) is arranged concen-
trically around the discharge chamber (11) with al-
ternate magnetic poles.

7. The plasma accelerator according to claim 5 or 6,
further comprising a casing (20) for magnetically
shielding the plurality of magnets (16).

8. The plasma accelerator according to any of claims
1to 7, whereinthe active cathode (19) is a single one.

9. The plasma accelerator according to any of claims
1 to 8, wherein the ionizable propellant is a mon-
atomic or molecular gas.

10. Space borne vehicle comprising at leastone plasma
accelerator according to any of claims 1 to 9.

Patentanspriiche
1. Plasmabeschleuniger, umfassend:

eine elektrisch leitfahige Entladungskammer
(11) miteinem offenen Ende, Mittel zum Einbrin-
gen von ionisierbarem Treibmittel in die Entla-
dungskammer (11),

eine aktive Kathode (19), die ausgestaltet ist,
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um Elektronen zur lonisierung des Treibmittels
und zur Neutralisierung ausstromender lonen
abzugeben, wobei die aktive Kathode (19) au-
Rerhalb der Entladungskammer (11) angeord-
net ist,

ein Kathodengitter (14) in Form einer passiven
Kathode, die nach dem offenen Ende der Ent-
ladungskammer (11) angeordnet ist,

ein elektrisch leitfahiges Steuergitter (18), das
nach dem Kathodengitter (14) angeordnet ist,
Stromversorgungsmittel, ausgelegt zum Anle-
gen:

-eines Potentials (V1) zwischendem Steu-
ergitter (18) und der aktiven Kathode (19)
zum Steuern des Schubs von ausstrémen-
dem Plasmadampf durch das offene Ende
der Entladungskammer (11);

dadurch gekennzeichnet, dass die genannten
Stromversorgungsmittel ferner ausgelegt sind zum
Anlegen:

- eines Potentials (V) zwischen der aktiven
Kathode (19) und der Entladungskammer (11)
zum Beschleunigen von Elektronen in das offe-
ne Ende der Kammer und von lonen in Richtung
des offenen Endes der Entladungskammer (11)
und,

- eines Potentials (Vpg) zwischen der Entla-
dungskammer (11) und dem Kathodengitter
(14) zum Erzeugen eines elektrischen Feldes
zwischen der Entladungskammer (11) und dem
Kathodengitter (14); und dass die aktive Katho-
de (19), das Kathodengitter (14) und das Steu-
ergitter (18) so angeordnet sind, dass von der
aktiven Kathode (19) abgegebene Elektronen
Uiber das Steuergitter (18) und das Kathodengit-
ter (14) in die Entladungskammer (11) einge-
bracht werden.

Plasmabeschleuniger nach Anspruch 1, ferner um-
fassend eine innere Kathode (13) in Form einer pas-
siven Kathode, die elektrisch mit dem Kathodengitter
(14) verbunden ist, wobei die innere Kathode (13)
innerhalb der Entladungskammer (11) angeordnet
ist.

Plasmabeschleuniger nach Anspruch 1 oder 2, wo-
bei sich die Entladungskammer (11) I&ngs entlang
einer Symmetrieachse erstreckt.

Plasmabeschleuniger nach einem der Anspriiche 1
bis 3, wobei die Freifelder des Kathodengitters (14)
und des Steuergitters (18) aufeinander abgestimmt
sind.

Plasmabeschleuniger nach einem der Anspriiche 1
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bis 4, ferner umfassend eine Vielzahl von Magneten
(16), die zum EinschlieRen von Elektronen in der
Entladungskammer (11) ausgelegt sind.

Plasmabeschleuniger nach Anspruch 5, wobei die
Vielzahl von Magneten (16) mit alternierenden Ma-
gnetpolen konzentrisch um die Entladungskammer
(11) angeordnet ist.

Plasmabeschleuniger nach Anspruch 5 oder 6, fer-
ner umfassend ein Gehduse (20) zum magnetischen
Abschirmen der Vielzahl von Magneten (16).

Plasmabeschleuniger nach den Anspriichen 1 bis 7,
wobeidie aktive Kathode (19) eine Einzelkathode ist.

Plasmabeschleuniger nach einem der Anspriiche 1
bis 8, wobei das ionisierbare Treibmittel ein einato-
mares oder molekulares Gas ist.

Weltraumfahrzeug mit mindestens einem Plasma-
beschleuniger nach einem der Anspriiche 1 bis 9.

Revendications

1.

Accélérateur a plasma comprenant :

- une chambre de décharge électriquement con-
ductrice (11) avec une extrémité ouverte,

- des moyens pour introduire un propergol ioni-
sable a l'intérieur de la chambre de décharge
(1),

- une cathode active (19) configurée pour émet-
tre des électrons pour ioniser le propergol et
neutraliser les ions sortants, la cathode active
(19) étant placée en dehors de la chambre de
décharge (11),

- une grille de cathode (14) étant une cathode
passive placée aprés I'extrémité ouverte de la
chambre de décharge (11),

- une grille de commande électriquement con-
ductrice (18) placée aprés la grille de cathode
(14),

- des moyens d’alimentation en énergie confi-
gurés pour appliquer :

un potentiel (V1) entre la grille de commande
(18) et la cathode active (19) pour commander
la poussée de la vapeur de plasma sortant a
travers I'extrémité ouverte de la chambre de dé-
charge (11) ;

caractérisé en ce que
lesdits moyens d’alimentation en énergie sont en
outre configurés pour appliquer :

un potentiel (V) entre la cathode active (19)
et la chambre de décharge (11) pour accélérer
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des électrons dans I'extrémité ouverte de la
chambre et des ions vers I'extrémité ouverte de
la chambre de décharge (11) et,

un potentiel (Vpg) entre la chambre de décharge
(11) et la grille de cathode (14) pour créer un
champ électrique entre lachambre de décharge
(11) et la grille de cathode (14) ;

et en ce que

la cathode active (19), la grille de cathode (14) et la
grille de commande (18) sont disposées de maniére
aintroduire des électrons émis par la cathode active
(19) dans la chambre de décharge (11) via la grille
de commande (18) et la grille de cathode (14).

Accélérateura plasmaselonlarevendication 1,com-
prenant en outre une cathode interne (13) qui est
une cathode passive connectée électriquement ala
grille de cathode (14), la cathode interne (13) étant
placée dans la chambre de décharge (11).

Accélérateur a plasma selon la revendication 1 ou
2, dans lequel la chambre de décharge (11) s’étend
dans le sens de la longueur suivant un axe de sy-
metrie.

Accélérateur a plasma selon I'une quelconque des
revendications 1 a 3, dans lequel la grille de cathode
(14) et la grille de commande (18) ont leurs espaces
ouverts alignés.

Accélérateur a plasma selon I'une quelconque des
revendications 1 a 4, comprenant en outre une plu-
ralité d’aimants (16) configurés pour confiner des
électrons dans la chambre de décharge (11).

Accélérateur a plasmaselonlarevendication 5, dans
lequel la pluralité d’aimants (16) est disposée con-
centriguement autour de la chambre de décharge
(11) avec des pbles magnétiques alternés.

Accélérateur a plasma selon la revendication 5 ou
8, comprenant en outre un boitier (20) pour protéger
magnétiquement |a pluralité d’aimants (16).

Accélérateur a plasma selon les revendications 1 a
7, dans lequel la cathode active (19) est unique.

Accélérateur a plasma selon I'une quelconque des
revendications 1 a 8, dans lequel le propergol ioni-
sable est un gaz monoatomigue ou moléculaire.

Véhicule spatial comprenant au moins un accéléra-
teur a plasma selon 'une quelconque des revendi-
cations 1 a 9.
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