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(57) ABSTRACT 

A field-ionization based electrical ion thruster utilizes a 
single propellant that can be used in either a high specific
impulse mode, i.e., ion-thruster mode, or a low-specific-im
pulse mode, i.e., a cold-gas thruster mode. In one embodi
ment, the high specific impulse mode (ion thruster mode) 
utilizes a miniaturized positive-ion field-ionization chamber 
including a permeable substrate infused with properly ori
ented carbonnanotubes (CNTs), which is fed propellant from 
a porous injection plug made from permeable carbon or 
equivalent material. In one embodiment, field-electron emis
sion from a neutralizer, such as a carbon nanotube array 
neutralizer, positioned after one or more accelerator grids is 
used for ion neutralization. In one embodiment, the low spe
cific-impulse ( cold-gas mode) uses a conventional supersonic 
nozzle-expansion to generate thrust. In one embodiment, 
both the high specific-impulse mode and the low specific
impulse mode thruster embodiments share the same gas pro
pellant, storage propellant tank, and delivery equipment. 

3,852,595 A * 1211974 Aberth .......................... 2501288 12 Claims, 3 Drawing Sheets 
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FIELD-IONIZATION BASED ELECTRICAL 
SPACE ION THRUSTER USING A 

PERMEABLE SUBSTRATE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Patent Application No. 611303,059, filed Feb. 10, 2010, 
which is hereby incorporated in its entirety by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

2 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a field-ionization based electrical ion 
thruster using a permeable ionizer substrate in accordance 
with one embodiment. 

FIG. 2 illustrates a pico/nano satellite having a field-ion
ization based electrical ion thruster. 

FIG. 3 illustrates a source of gas propellant feeding a 
field-ionization based electrical thruster and a cold gas 

10 thruster in parallel. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates generally to space ion thrust- 15 

Broadly viewed, embodiments for small satellites and 
CubeSats provide a dual propulsion system using a single
propellant source that can be used in either a high specific 
impulse mode, also termed herein an ion-thruster mode, or a 
low specific impulse mode, also termed herein a cold-gas 
thruster mode. In one embodiment, the high specific impulse 

ers. 
2. Description of the Related Art 
Ion thrusters have the capability to provide constant thrust 

with a high specific impulse for years. Thus ion thrusters have 
been utilized in spacecraft for long duration and inter-plan
etary missions. Current designs for ion thrusters use electron 
collision for propellant ionization. 

Electron collision ionization sources bombard a gas atom 
with electrons that are emitted from a heated cathode. As the 
electrons collide with the gas atoms, they knock off one or 
more electrons. A relatively large chamber with magnets or 
RF fields to increase the electron path is required to maximize 
ionization. The newly created ions are drawn toward nega
tively-charged acceleration grids. Once the particles pass 
through these grids, they are sprayed with electrons from a 
conventional hollow-cathode source to neutralize the charged 
atoms. 

20 mode includes a miniaturized positive-ion field-ionization 
chamber which includes a permeable ionizer substrate, such 
as carbon nanotubes (CNTs) or other nano-materials, which 
is fed propellant from a porous injection matrix, i.e., a porous 
plug for flow control, made from permeable carbon or other 

25 permeable material. In one embodiment, field-electron emis
sion from a neutralizer, such as a carbon nanotube array 
neutralizer, positioned downstream of accelerator grids is 
used for ion neutralization. In one embodiment, the low spe
cific impulse mode uses a conventional supersonic nozzle-

30 expansion to generate thrust. In one embodiment, both the 
high specific impulse mode and the low specific impulse 
mode share the same propellant gas, the same storage propel
lant tank, and the same delivery equipment. The small amount of propellant mass required to operate 

ion thrusters for such a long time also makes ion thrusters 
attractive for use in small satellites and CubeSats; however, 35 

the size and mass of the electron bombardment chamber 

High Specific-Impulse, Ion Thruster Mode 
Embodiments in accordance with a high specific impulse 

embodiment of the invention utilize a permeable ionizer sub
strate, such as suitable arrays of carbon nanotubes (CNTs), 
W-nanorods, ~-SiC nanorods, Zn---O nanopencils, and/or 
other nanowires, singly or in combination, to accomplish the 

required for ionization to occur is too large for use in small 
satellites and CubeSats. 

SUMMARY OF THE INVENTION 

In accordance with one embodiment, a field-ionization 
based electrical ion thruster includes: a gas propellant inlet for 
dispersing an injected gas propellant into a positive-ion field
ionization chamber; and a positive-ion field-ionization cham
ber coupled with the gas propellant inlet. In one embodiment, 
the positive-ion field ionization chamber includes: a perme
able ionizer substrate for receiving the gas propellant, and for 
producing positive ions of the gas propellant and freed elec
trons by field ionization, and one or more accelerator grids 
positioned after the permeable ionizer substrate, the accelera

40 production of positive ions from a desired propellant by field 
ionization. This production of positive ions requires an inti
mate, i.e., high cross-section, interaction between suitably 
positioned nano-tips, each locally at about 1010 Vim, and the 
propellant gas molecules or atoms to be ionized. In various 

45 embodiments, argon (Ar), krypton (Kr), or xenon (Xe) gas is 
used, however, in other embodiments, other gases may be 
used. In one embodiment, the configuration of components 
for the propellant supply is designed to match the ionizer! 
accelerator/neutralizer configuration, as further described 

50 herein with reference to FIG. 1. 

tor grids for accelerating the positive ions of the gas propel
lant away from the permeable ionizer substrate to produce an 
ion beam. In one embodiment, the thruster further includes a 
neutralizer positioned after the accelerator grids for neutral- 55 

izing the positive ions. In one embodiment, an external circuit 
coupling the permeable ionizer substrate with the neutralizer 
transfers the freed electrons from the permeable ionizer sub
strate to the neutralizer. In various embodiments, the perme
able ionizer substrate is infused with nano-materials, such as 60 

suitable arrays of carbon nanotubes (CNTs), W-nanorods, 
~-SiC nanorods, Zn---O nanopencils, and/or othernanowires, 
singly or in combination, to accomplish the production of 
positive ions from a desired propellant by field ionization. 

Embodiments in accordance with the invention are best 65 

understood by reference to the following detailed description 
when read in conjunction with the accompanying drawings. 

FIG. 1 illustrates a field-ionization based electrical ion 
thruster 100 which utilizes a permeable ionizer substrate 102 
in accordance with one embodiment. Referring to FIG. 1, in 
one embodiment, a gas propellant 120 is injected into a pro
pellant inlet 124 having a porous plug(s) 122 or equivalent 
flow control component. Porous plug(s) 122 is commonly 
made of permeable carbon, sintered tungsten, or silicon car
bide or other refractory metal, but silicon itself is not 
excluded. For example, porous plug(s) 122 configurations in 
conjunction with cesium-surface ionization devices are 
formed where tungsten grains are compressed and sintered 
together to form a porous matrix. In order to provide a uni
form pore distribution, the tungsten grains are spherodized 
and separated into narrow size fractions on the order of 2 to 4 
microns in diameter. For further details on porous plug con
figurations seeA. T. Forrester and R. C. Speiser, "Cesium Ion 
Propulsion"; Astronautics, 4, 34, October 1959 herein incor-



US 9,194,379 Bl 
3 

porated by reference in its entirety. FIG. 2 shows a pico/nano 
satellite (131) having a field-ionization based electrical ion 
thruster (100). FIG. 3 shows a source of gas propellant (132) 
feeding a field-ionization based electrical thruster (100) and a 
cold gas thruster (133) in parallel. 

4 
Miniaturized embodiments in accordance with the inven

tion can decrease the physical depth dimension of an ionizer 
by a minimum of 80%-not the cross section. This allows 
scaling down of associated thrusters for nano- and pico-sat
ellite applications. 
Low Specific Impulse, Cold-Gas Mode Porous plug(s) 122 is utilized to throttle propellant 120 

down from higher-pressure supply tanks (not shown) into a 
field-ionization chamber 104, and to more evenly distribute 
propellant 120 atoms along a penneable ionizer substrate 
102. 

In one embodiment, penneable substrate 102 is fonned of 
arrays of carbonnanotubes (CNTs), W-nanorods, ~-siC nano
rods, Zn-O nanopencils, other nanowires, and/or other 
nano-materials, singly or in combination, to accomplish the 
production of positive ions from propellant 120 by field ion
ization. In one embodiment, as illustrated in FIG. 1, penne
able substrate 102 is fonned with carbon nanotubes. As illus
trated in the magnification illustration 102A, penneable 
substrate 102 is fonned of an array of carbon nanotubes 
having carbon nanotubes 116 and open spaces 126 between 20 

carbon nanotubes 116. In one embodiment, to accomplish 
high field enhancement factors (~' s) at the tips, carbon nano
tubes 116 are grown with selected optimum height and spac
ings. In one embodiment, ~s of over 2000 are utilized in order 

In one embodiment, when not thrusting in the high spe
cific-impulse mode described above, all electrical inputs rel
evant to the low specific-impulse mode (cold-gas mode) are 

10 deactivated and the appropriate valving is activated to operate 
the cold gas nozzle or nozzles system. Moreover, the low 
molecular mass gas, for example, argon, can efficiently act 
dually as a cold-gas propellant where very low Isp applica-

15 tions, about 100 sec, are most appropriate. 

to establish the high electric local fields needed for field 25 

ionization while the field in the overall gap (V/d) remains 
below vacuum breakdown. 

In one embodiment, the nanotubes on penneable substrate 
102 are located facing an accelerator grid( s) 106 downstream 
in a low pressure region. In one embodiment, accelerator 30 

grid(s) 106 includes 2 or 3 electrodes in an arrangement 
which has high perveance >50%. In one embodiment, accel
erator grid(s) 106 includes a gate electrode 110, a lens elec
trode 112, and an accelerator electrode 114. 

In one embodiment, in order to utilize propellant gas 120, 35 

for example, argon (Ar), most efficiently, higher specific
impulse ranges of applications are used, such as above 5,000 
sec, such that any disadvantages due to argon's high ioniza
tion potential relative to xenon are minimized. Herein the use 
of seconds to refer to specific impulse units is well known to 40 

those of skill in the art and not further detailed herein. 
In one embodiment, gate electrode 11 0 feeds newly formed 

positive ions from penneable substrate 102 toward accelera
tor grid(s) 106. Electrons freed during the ionization are 
transported through carbon nanotubes 116, for example in 45 

permeable substrate 102, externally through a metallic circuit 
118 and then to a downstream neutralizer 108. In one embodi
ment' neutralizer 108 can also operate with field electron
emitters instead of a hollow-cathode electron-source neutral-
izer which requires internal high temperatures and propellant 50 

flow to operate. In one embodiment, neutralizer 108 geometry 
is integral with the openings of the last grid in accelerator 
grid(s) 106, confonns to accelerator electrode 114 geometry, 
and allows for the self-generation of high field regions at the 
emitter tips. The accelerated ions 128 and resultant neutral 55 

beam 130 exiting thruster 100 provide the generation of 
thrust. 

This disclosure provides exemplary embodiments of the 
invention. The scope of the invention is not limited by these 
exemplary embodiments. Those of skill in the art can under
stand that embodiments in accordance with the invention can 
also be scaled up or down in size to accommodate various 
applications. Numerous variations, whether explicitly pro
vided for by the specification or implied by the specification 
or not, may be implemented by one of skill in the art in view 
of this disclosure. 

We claim: 
1. A field-ionization based electrical thruster comprising: 
a gas propellant inlet configured to receive gas propellant 

from a source of gas propellant; 
a positive-ion field-ionization chamber; 
a porous plug, wherein said gas propellant inlet is in fluid 

communication with said positive-ion field-ionization 
chamber through said porous plug, and said porous plug 
is configured to disperse said gas propellant into said 
positive-ion field-ionization chamber; 

said positive-ion field-ionization chamber comprising a 
permeable ionizer substrate downstream in a flow wise 
direction from said porous plug, wherein said penneable 
ionizer substrate is configured to receive said gas pro
pellant from said porous plug and to produce positive 
ions of said gas propellant and freed electrons by field 
ionization, 

a plurality of electrodes positioned downstream of said 
permeable ionizer substrate, said plurality of electrodes 
configured to receive said positive ions and to accelerate 
said positive ions away from said penneable ionizer 
substrate to produce an ion beam, wherein said plurality 
of electrodes comprises: 
at least one gate electrode; 
at least one lens electrode positioned downstream of said 

at least one gate electrode; and 
at least one accelerator electrode positioned downstream 

of said at least one lens electrode; 
a neutralizer positioned downstream of said plurality of 

electrodes, wherein said neutralizer is configured to 
electrically neutralize said ion beam; and 

an external circuit coupling said permeable ionizer sub
strate with said neutralizer, wherein said external circuit 
is configured to transfer said freed electrons from said 
permeable ionizer substrate to said neutralizer. 

2. The field-ionization based electrical thruster of claim 1, 
wherein said plurality of electrodes are configured to provide 
a perveance greater than 50% and less than 100%. 

When compared to conventional electron-bombardment
ionization in the prior art, embodiments in accordance with 
the invention fonn only singly-charged positive ions by field 60 

ionization. The positive ion is electrostatically repelled from 
the ionizer surface because it is an anode, obviating the ion
impingement electrode damage that has plagued the prior-art 
cathodes. This translates into longer lifetimes. Further, no 
magnets are required and no extra propellant need be wasted 

3. The field-ionization based electrical thruster of claim 1, 
65 wherein said penneable ionizer substrate is fonned of at least 

one of an array of: carbon nanotubes (CNTs), W-nanorods, 
~-SiC nanorods, Zn---O nanopencils, and other nanowires. 

in neutralization when field emission neutralizers are imple
mented. 
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4. The field-ionization based electrical thruster of claim 1 
:-"herein said neutralizer is a carbon nanotube array neutral~ 
lzer. 

5. The field-ionization based electrical thruster of claim 1 
wherein said permeable ionizer substrate is infused with car~ 
bon nanotubes CCNTs). 

6. The field-ionization based electrical thruster of claim 1 
wherein said porous plug is formed from permeable carbon: 

7. A nano-satellite having the field-ionization based elec-
trical thruster of claim 1. 10 

8. A pico-satellite having the field-ionization based elec
trical thruster of claim 1. 

9. A spacecraft propulsion system comprising the field
ionization based electrical thruster of claim 1 and a cold gas 
thruster, wherein said cold gas thruster is configured to 15 

receive gas propellant from the source of gas propellant and to 
exhaust said gas propellant to generate thrust. 

10. A method for generating field-ionization based electri
cal thrust comprising: 

dispersing a gas propellant through a porous plug into a 20 

positive-ion field-ionization chamber, said positive-ion 
field-ionization chamber comprising: 
a permeable ionizer substrate for receiving said gas pro

pellant, and a plurality of electrodes positioned down
stream in a flow wise direction from said permeable 25 

ionizer substrate, wherein said plurality of electrodes 
comprises: 

6 
at least one gate electrode, 
at least one lens electrode positioned downstream of said 

at least one gate electrode, and 
at least one accelerator electrode positioned downstream 

of said at least one lens electrode; 
ionizing said gas propellant on said permeable ionizer sub

strate to produce positive ions of said gas propellant and 
freed electrons by field-ionization; 

accelerating said positive ions away from said permeable 
ionizer substrate with said plurality of electrodes to gen
erate an ion beam with resultant thrust· 

transferring said freed electrons to a neutr~lizer through an 
external circuit coupling said permeable ionizer sub
strate with said neutralizer; and 

neutralizing said ion beam with said freed electrons to 
produce a neutral beam. 

11. The method of claim 10 wherein said permeable ionizer 
substrate is formed of at least one of an array of carbon 
nanotubes CCNTs), W-nanorods, ~-SiC nanorods, Zn-O 
nanopencils, and other nanowires. 

12. A method of generating thrust for a spacecraft having a 
spacecraft propulsion system according to claim 9, the 
method comprising: 

providing gas propellant to said cold gas thruster; and 
exhausting said gas propellant from said cold gas thruster 

to generate thrust. 

* * * * * 


