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SELF-REGENERATING NANOTIPS FOR
LOW-POWER ELECTRIC PROPULSION (EP)
CATHODES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119(e) to
U.S. Provisional Patent Application No. 60/824,857 filed
Sep. 7, 2006, the entire content of which is hereby incorpo-
rated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
FA9550-07-0053 awarded by the Air Force Office of Scien-
tific Research. The government has certain rights in the inven-
tion.

BACKGROUND

Electron-emitting cathodes are employed on electric pro-
pulsion (EP) thrusters (1) to compensate for the emission of
positive ions so that the vehicle remains electrically neutral,
and (2) to sustain the discharge in plasma thrusters such as
Hall and gridded ion engines. Traditionally, the technology
used for electron emission has been the hollow cathode. Hol-
low cathodes are gas-fed devices, utilizing a small amount of
propellant and onboard power to produce electron emission
currents from a few Amps to a few tens of Amps. Reliable
operation has been demonstrated for ~10,000 hours.

Typical hollow cathodes, as used in 1-kW-class Hall and
ion thrusters, consume approximately 5-10% of the total
thruster propellant and electrical power. Because the cathode
itself generates no thrust, the consumption of propellant and
power causes a direct 5-10% reduction in propulsion system
efficiency and specific impulse. Although the ~10% perfor-
mance impact of hollow cathodes is not negligible, it is tol-
erated for 1-kW-class devices because of the reliability of the
technology. However, because hollow cathodes do not scale
well to lower power, the associated efficiency losses become
unacceptable as thruster size is reduced.

EP thrusters capable of operating efficiently at power levels
less than 100 W can lead to the realization of fully functional
micro- and nanosatellites. Research efforts toward this end
include low-power ion thrusters, Hall thrusters, and Field-
Emission Electric Propulsion (FEEP) systems. While some
success has been achieved in scaling thruster technology to
low power levels, the hollow cathode has shown itself not
amenable to scaling. Thus, while a hollow cathode consum-
ing ~50 W of electrical power and 0.5 mg/s of propellant is
only a ~10% efficiency reduction for a 1-kW thruster system,
the same cathode technology can easily represent an intoler-
able 50-100% efficiency reduction for EP systems using total
power less than 100 W. Therefore, low-power EP systems
would benefit from cathode technology that can produce suf-
ficient electron emission while consuming little or no gas or
electrical power.

In an effort to develop low-power EP systems compatible
with micro- and nanosatellites, much research has focused in
recent years on developing zero-flow, low-power “cold” cath-
odes based on the phenomenon of electron field emission. In
field emission, electrons are extracted directly from a bulk
solid material by an intense applied electric field at the solid-
vacuum interface. The strength of the electric field must be
sufficient to enable electron tunneling through the boundary
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potential via a process known as Fowler-Nordheim emission.
Electric field strengths required for emission exceed 4x10°
Vim.

The most promising field-emission technology appears to
be the Spindt-type cathode. Spindt emitters rely on geometric
enhancement of electric fields near sharp tips, where the field
strength is inversely proportional to the tip radius. Microfab-
rication techniques have been used to demonstrate Mo and Si
emitters with tip radii as small as 4 nm.

While Spindt-type field emitters have found widespread
success in non-EP disciplines (e.g., flat panel video displays,
microwave devices and electron microscopy systems), their
application to the environments typical of EP thrusters has
been somewhat less successful. In particular, it has proven
very difficult to maintain the integrity of the fragile, nanom-
eter-sized emitter tips in anything but ultra-high vacuum envi-
ronments. When operated below 10~° Torr, Spindt-type field
emitters have demonstrated reliable operation and long life.
However, when operated at elevated pressures (107> Torr), the
tip becomes blunt and/or contaminated and the ability to emit
acceptable electron beam current is compromised. There are
three main causes of tip degradation: (1) chemical contami-
nation from oxygen or other reactive gases; (2) sputter ero-
sion from ion impacts; and (3) destruction of the tip due to
catastrophic arcing to nearby surfaces and/or electrodes.

Various approaches have been used in an attempt to cir-
cumvent the tip degradation mechanisms. Because most EP
systems use inert gases as propellant, the potential for chemi-
cal contamination occurs mainly during ground testing.
While this is still a significant obstacle, careful testing proto-
cols can avoid tip contamination. Sputter erosion, however, is
a more serious problem. The emitted electron current will
readily ionize any residual gas in the vicinity of the tip. The
resulting ions will be accelerated back towards the emitter
causing unavoidable sputter erosion of the tip. This effect is
exacerbated in the environment of an EP thruster, where
significant quantities of ambient plasma ions produced within
and around the thruster will amplify tip erosion. Carefully
designed multi-layer, multi-electrode extractor/gate/accel-
erator structures have been developed to shield emitter arrays
from sputtering. Such electrode geometries have demon-
strated a significant improvement in emitter lifetime, however
sputter erosion arising from ions produced within the multi-
electrode structure remains an issue. Attempts to reduce
applied electrode voltages below the tip sputter threshold are
accompanied by reduced emission. The issue of catastrophic
arcing has been addressed by fabrication techniques that
incorporate current-limiting features in the substrate. While
such current-limiting architectures have proven effective for a
range of operating conditions, arc failures are unavoidable in
significantly high-pressure environments.

None of the currently proposed methods are capable of
eliminating cathode failure as the result of tip degradation.
The most accepted approach to reducing the risk of cathode
failure has been the proposition of massively parallel arrays
of closely packed emitter tips. Emitter lifetime is factored in
to the number of tips required, and destroyed or degraded tips
are replaced by available spares. Of course, this approach has
geometric and practical constraints. Therefore, low-power EP
systems would benefit from cathode technology that over-
comes the problems associate with tip degradation.

SUMMARY

In one embodiment, the invention provides an apparatus
comprising an electric propulsion thruster, a field-emission
cathode comprising a base metal, an electrode downstream
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from the field-emission cathode, and a heat source in contact
with the field-emission cathode.

In another embodiment, the invention provides a method
for developing field-emission cathodes for use in electronic
propulsion systems, the method comprising delivering a base
metal to an extraction site, applying a negative bias to an
electrode downstream from the extraction site to create a
Taylor cone having a cone tip in the base metal at the extrac-
tion site, solidifying the base metal to preserve the Taylor
cone, applying a positive bias to the electrode so that the
Taylor cone functions as a field-emission cathode, regenerat-
ing the cone tip after it has become damaged by re-liquefying
the base metal, applying a negative bias to the electrode to
regenerate the Taylor cone tip, and re-solidifying the base
metal to preserve the cone tip, wherein the field-emission
cathode is used in an electric propulsion system.

Other aspects of the invention will become apparent by
consideration of the detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a Tunneling Electron Microscopy (TEM) image
of'a Taylor cone formed in a gold-germanium alloy during ion
emission. The tip radius is less than 20 nm.

FIG. 2 is a Scanning Electron Microscopy (SEM) image of
an electrochemically etched tungsten wire.

FIG. 3 is a schematic diagram of a single needle emitter
electrode.

FIG. 4 is a schematic diagram of a micro-capillary emitter
electrode.

FIG. 5 is an alternative micro-capillary emitter electrode.

FIG. 6 is a flow chart summarizing one embodiment for
re-generating damaged nanotips on a field-emission cathode.

FIG. 7 is a schematic diagram of a field-emission cathode.

FIG. 8a is an image of the tip of an etched tungsten needle
before Taylor cone formation.

FIG. 85 is an image of the tip of an etched tungsten needle
after Taylor cone formation.

FIG. 9 is a field-emission cathode fixture employed in
Example 1.

FIG. 10aq is a schematic of a single needle emitter during
regeneration of a damaged Taylor cone tip.

FIG. 105 is a schematic of a singe needle emitter operating
as a field-emission cathode.

FIG. 11 is a plot of ion emission current versus extraction
voltage at two heater currents.

FIG. 12 is a typical quenching curve for Taylor cone for-
mation from a 2 pA discharge after the emitter heater has been
disabled at time t=0.

FIG. 13 illustrates electron 1-V characteristics prior to
quenching a Taylor cone, quenching at 2 pA, 3 pA and
quenching at 25 pA.

DETAILED DESCRIPTION

Before any embodiments of the invention are explained in
detail, it is to be understood that the invention is not limited in
its application to the details of construction and the arrange-
ment of components set forth in the following description or
illustrated in the following drawings. The invention is capable
of other embodiments and of being practiced or of being
carried out in various ways. Also, it is to be understood that
the phraseology and terminology used herein is for the pur-
pose of description and should not be regarded as limiting.
The use of “including,” “comprising,” or “having” and varia-
tions thereof herein is meant to encompass the items listed
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thereafter and equivalents thereof as well as additional items.
Unless specified or limited otherwise, the term “conduit” is
used broadly to represent a pathway, and is not meant to be
restricted to any particular physical or mechanical device.

It also is understood that any numerical range recited
herein includes all values from the lower value to the upper
value. For example, if a range is stated as 1 pm to 50 um, it is
intended that values such as 2 um to 4 pum, 10 um to 30 pum, or
1 um to 3 um, etc., are expressly enumerated in this specifi-
cation. These are only examples of what is specifically
intended, and all possible combinations of numerical values
between and including the lowest value and the highest value
enumerated are to be considered to be expressly stated in this
application.

The present invention relates to Spindt-type field-emission
cathodes for use in EP having self-assembling nanostructures
that can repeatedly regenerate damaged cathode emitter nan-
otips. The nanotip of the field-emission cathode is first cre-
ated by drawing a liquefied base metal, that has been heated
above its melting point, into a Taylor cone using a negatively
biased electrode just downstream from the surface of the
liquefied base metal. The liquefied base metal is then solidi-
fied, or quenched, into the shape of the Taylor cone, as illus-
trated in FIG. 1, by reducing or eliminating the heat source to
permit the base metal temperature to drop below the melting
temperature. The Taylor cone has a tip radius on the order of
nanometers. After the Taylor cone nanotip has solidified, the
electrode is positively biased to create a cold electron emitter
(i.e. field-emission cathode). When the nanotip becomes suf-
ficiently blunted or damaged to affect its utility, the base metal
is re-liquefied by application of the heat source, the electrode
is negatively biased to regenerate the Taylor cone nanotip, and
the nanotip is preserved by re-solidifying the base metal.

The apparatus for nanotip regeneration may include (1) a
reservoir containing a base metal having a low melting point,
(2) a heating/cooling mechanism for melting/quenching the
base metal, (3) a supply mechanism to deliver the base metal
to the tip formation site, (4) an extraction site for forming a
liquid-metal Taylor cone (e.g., either a capillary or a needle),
(5) at least one extraction electrode, and (6) an electrical
power supply capable of positive and negative polarity.

In some embodiments, the field-emission cathodes are
single-needle emitters as illustrated in FIGS. 2 and 3. The tip
of a needle serves as an extraction site upon which a Taylor
cone tip can be formed and regenerated. Sharp needles may be
created by electrochemically etching a metal wire to produce
a sharp tip. The wire may be fabricated from a variety of
metals or metal alloys having melting points higher than those
of'the base metals used to wet the tip. FIG. 2 shows a tungsten
wire that has been sharpened by electrochemical etching in a
2 M NaOH solution. Suitably sharp needles may have tip
diameters ranging from about 10 nm to about 10 um.

A base metal is applied to the sharpened needle tip by, for
example, dipping a heated needle into a crucible containing
liquefied base metal or relying on capillary forces to draw the
base metal to the needle from some reservoir. Base metals
typically have low melting points that range from about 10°
C. to about 300° C. at atmospheric pressure. Exemplary base
metals may include indium, gallium, gold, germanium, bis-
muth, and alloys that may contain one of these elements.

As illustrated in FIG. 3, the etched and coated needle 12 is
then inserted into a fixture 14 that serves as both a heater and
liquefied base metal reservoir. An electrical circuit 16 pro-
vides resistive heating to the needle 12. Other sources of heat
known to those skilled in the art may be used in place of, or in
addition to, resistive heating. An electrode 18 is located about
0.1 to about 3 mm downstream from the tip 20 of the needle.
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The polarity of the electrode 18 may be positive or negative,
depending upon whether the needle 12 is operating as an
electron emitter or an ion emitter, respectively.

In other embodiments, the field-emission cathodes are
micro-capillary devices that deliver liquefied base metal to a
cone formation site, or extraction site, for generation of the
Taylor cone. An example of a micro-capillary device 30 is
illustrated in FIG. 4. The micro-capillary device 30 comprises
a substrate 32 through which a micro-capillary sized pore 34
extends. When the substrate 32 is placed in contact with a
base metal reservoir 36, surface tension forces wick the lig-
uefied base metal up the walls of the pore 34 and deliver the
base metal to a pore exit 38. A Taylor cone 40 is formed from
the base metal at the pore exit 38. The micro-capillary pore 34
may be fabricated by any mechanism known to those skilled
in the art, including microhole drilling, laser drilling, Si
MEMS fabrication, and electric discharge machining. The
diameter of the pore 34 may be about 0.8 um to about 50 pm.
In some examples, the diameter of the pore 34 is about 20 pm
to about 50 pm. This includes examples where the diameter of
the pore 34 is about 20 um. The depth of the pore 34 may be
at least about 600 um.

The substrate 32 may be made from any metal that creates
sufficient surface tension to wick the liquefied base metal up
into the micro-capillary sized pore 34. Base metals include
those mentioned above with respect to the single needle emit-
ter. Silicon substrates containing a metallic pore lining may
also be used. Silicon by itself'is not a good substrate because
base metals typically do not wet silicon. However, a metallic
capillary lining can be applied to the silicon substrate by, for
example, electroplating, sputter deposition, or electron-beam
evaporation to produce a substrate having good wicking prop-
erties for indium and other base metal candidates. Suitable
lining metals for a silicon substrate may include tungsten,
aluminum, gold, molybdenum, nickel, copper, titanium and
combinations thereof.

An electrode 42 is located about 0.1 to about 3 mm down-
stream from the pore exit 38. The polarity of the electrode 42
may be positive or negative, depending upon whether the
micro-capillary device 30 is operating as an electron emitter
or an ion emitter, respectively. As illustrated in FIG. 4, the
electrode 42 may displaced from the substrate 32. In other
instances, the electrode may be integrated into the substrate.
FIG. 5 illustrates, for example, a multi-layer multi-electrode
extractor/gate/accelerator structure that may be used to
enhance electron emission away from the Taylor cone. Such
structure has multiple stacked insulators 50 and electrodes 52.
The electrodes 52 should be sufficiently downstream from the
pore exit 56 to generate a Taylor cone 58.

A single field-emission cathode is illustrated in each of the
above embodiments. However, it should be understood that
two or more field-emission cathodes may be employed in a
given application. For example, in some EP applications, an
array of field-emission cathodes may be employed. This
includes examples where the array comprises two or more
single needle electrodes. This also includes examples where a
micro-capillary device comprises a substrate having two or
more micro-capillary pores.

Although Taylor cones may be formed at a variety of
extraction sites, for example the tip of'a needle or at the open
end of a micro-capillary pore as described above, the method
by which the Taylor cones are formed and the process by
which they may be regenerated are similar. As summarized in
FIG. 6 and exemplified in FIG. 7, liquefied base metal 60 is
delivered to the extraction site 62, for example, by application
to the tip of a needle or by being drawn into a micro-capillary
pore. An intense electric field is created by a negatively biased
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electrode 64 located near the surface of the liquefied base
metal 60. A balance between the surface tension of the lique-
fied base metal 60 and the electrostatic forces created by the
electrode 64 causes a Taylor cone 66 to form at the surface of
the liquefied base metal 60. Because the Taylor cone 66 has a
very sharp tip 68, geometric enhancement of the local electric
field at the cone tip is sufficient to extract metal ions 70
directly from the liquefied base metal 60. The ions 70 emerge
from a very narrow (few nanometer diameter) liquid jet at the
cone tip 68. This same principle is applied to liquid-metal-
ion-sources (LMIS) used in FEEP thrusters for space
vehicles.

Once the Taylor cone 66 has formed, the liquid base metal
60 is solidified, or quenched, while subjected to the electric
field to preserve the sharp Taylor cone tip 68 for use as a
field-emission cathode for EP. FIG. 8 illustrates the formation
of'a Taylor cone 80 on a single needle 82, where (a) shows the
needle 82 prior to the addition of base metal, and (b) shows
the formation of a Taylor cone on the tip of the needle 82. The
resulting Taylor cone 66 will have a tip radius of about 5 to
about 200 nanometers, which is ideal for Fowler-Nordheim
emission. By reversing the polarity of the extraction electrode
64, the solid-metal tip 68 will function as a field-emission
cathode (i.e., cold electron emitter). As electron discharge is
continued for long durations, the emitter tip 68 begins to wear
and blunt and the local electric field decreases. This circum-
stance is unfavorable and eventually renders the emitter tip 68
useless as an electron source. In the event the tip integrity is
compromised, the tip 68 can be regenerated by re-liquefying
the base metal 60, applying a negative bias to the extraction
electrode 64 to produce a new Taylor cone 66, and solidifying
the Taylor cone 66 to preserve the sharp cone tip 68 for use as
a field-emission cathode. The number of times that a device
can be regenerated will be limited only by the reserve supply
of'base metal. Lifetimes could, conceivably, be many 10’s of
thousands of hours. The procedure is the equivalent of having
a MEMS fabrication and repair lab on-board a spacecraft.

The voltage applied to the electrode during quenching of
the base metal typically ranges from 10 V to about 10 kV,
depending on the spacing between the extraction site and the
electrode. lon emission currents during quenching typically
range from about 0.5 pA to about 50 pA. As demonstrated in
Example 1, quenching at higher emission currents can pro-
duce larger electron emission at lower extraction voltages
than when quenched at lower emission currents, implying
that the emitter tip radius is reduced when quenching occurs
at higher ion emission currents.

The regenerative field emission cathodes of the present
invention can be used in all space-base applications where
field-emission cathodes are currently candidates. This
includes discharge cathodes and neutralizers in low- to
medium-power EP thrusters, as current return electrodes for
electrodynamic space tethers, or for spacecraft neutralization
on space science missions.

The quenched liquid-metal ion source/electron emitter
technology proposed here may also enable a new genre of
dual-mode macro/micro propulsion EP systems. For
instance, a large array of the proposed emitters could con-
ceivably provide enough current to serve as a cathode for a
medium-powered Hall or ion thruster. Since the process of tip
regeneration essentially consists of operating the arrays as
FEEP thrusters, the same hardware and propellant that serves
as a cathode to the macro-EP thruster can provide high-Isp
and high-efficiency micropropulsion capability for fine
maneuvering of the vehicle. Thus, a single propulsion system
could be used to, say, rendezvous with a target spacecraft then
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maintain a close proximity to that target for space situational
awareness or other formation-flying applications.

EXAMPLES
Example 1
Single Needle Field-Emission Cathode

Experimental approach. Sharp tungsten needles were
formed by electrochemically etching tungsten wires in a 2M
NaOH solution. A 0.010" diameter tungsten wire is immersed
into a 2M NaOH solution and electrically biased with respect
to a separate electrode also immersed in the solution. A three-
step process was performed. First, the wire was immersed
about one inch into the solution and biased 20 V with respect
to the electrode using a DC power supply such that about 1.5
Amps of current flowed in the circuit. After approximately
one minute the wire dissolved at the liquid-air interface. Sec-
ond, the wire was immersed 2 mm into the solution and biased
again at 20 volts, 1.5 Amps. Third, the wire was immersed
0.5" into the same NaOH solution and an AC bias of 5V
peak-to-peak was applied at a frequency of 60 Hz for 5
minutes.

Using this etching technique it was possible to obtain
reproducible tip diameters ranging from the 100’s of nanom-
eters range up to a few microns, depending on the etch con-
ditions.

The sharpened tungsten tips were then coated with indium
by dipping the heated wire in a liquid crucible of indium. The
etched and coated tips were then inserted into the fixture
illustrated in FIG. 9 that served as both a heater as well as an
indium reservoir. A planar stainless-steel extraction electrode
was positioned downstream of the tip. Typical gap spacing
between emitter tip and extraction electrode was 1.0 to 1.5
mm.

To operate the tip as an ion emitter, the emitter heater was
used to maintain the indium metal reservoir above the melting
temperature of indium, which is 156.6° C. To create the
field-emission cathode, the emitter heater was un-powered,
soliditying the indium metal in the reservoir as well as on the
emitter tip. The experimental setup for ion and electron emis-
sion is illustrated in FIGS. 10a and 105, respectively. A cur-
rent amplifier with gain of 10° V/A was used to amplify the
discharge signal so that the discharge current could be easily
recorded on an oscilloscope.

All of the testing reported here was performed in a UHV
chamber at Michigan Technological University’s Yoke Khin
Yap Research Lab. Research was performed in a 24"-diam-
eter by 8"-deep vacuum chamber. The tank was evacuated
using a single turbo-molecular pump and backed by a
mechanical pump. Vacuum pressure of 10~ Torr could be
achieved in approximately 24 hours.

Results. To achieve ion emission, the emitter heating sup-
ply was enabled and increased to attain a suitable temperature
for the indium to melt. The heater current was held constant
for 45 minutes to allow the fixture to reach thermal equilib-
rium prior to attempting ion emission. The extraction elec-
trode was then biased with a negative voltage and the emitter
was grounded to obtain ion emission. Once ion emission was
achieved and stabilized (which sometimes took up to several
minutes), discharge I-V characteristics were taken at various
emitter heating currents, as shown in FIG. 11. To solidify the
Taylor cone, the emission was quenched by turning off the
heater. Quenching occurred over 90 seconds when the emis-
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sionwas 2 LA and approximately 200 seconds when emission
was 25 pA. A characteristic quenching curve is presented in
FIG. 12.

The Taylor cones were quenched at three different dis-
charge currents and then used to obtain electron I-V charac-
teristics. As shown in FIG. 13, the most electron emission that
was achieved was from the emitter tip that had been quenched
at 25 pA. The next greatest emission was from the emitter tip
quenched at 3 pA, and the least amount of electron discharge
current was from an emitter tip quenched at 2 pA. It should be
noted that while quenching the emitter tip at 3 pA, the emis-
sion current was unstable and may account for the irregular
trace in FIG. 13. It is unknown whether the ion emission
ceased because the cone solidified or if some other mecha-
nism was responsible, such that the indium solidified under a
much lower emission current.

The electron emission characteristics from the quenched
ion sources are compared in FIG. 13 with an electron [-V
curve that was obtained from the needle before any ion emis-
sion/Taylor cone formation was performed. This was done so
that a baseline could be established for electron I-V charac-
teristics with the as-etched needle for comparison with the
quenched Taylor cone configurations. It is clear from FIG. 13
that the quenching process greatly enhanced the electron field
emission when compared to the blunt as-etched needle
behavior.

Discussion. It was found that by operating an indium field
emitter as a liquid-ion-metal source (LMIS) and quenching
the tip to form a Taylor cone by removing the emitter heat
while leaving the extraction electrode at a constant voltage it
was possible to obtain an increase in electron discharge. The
data show that quenching at as low as 2 pA produced an
increase in electron discharge current as compared with the
unquenched emitter. When the current at quench was
increased to 3 and 25 pA, the discharge that was measured
increased greatly. A trend can be noticed that quenching at
higher ion emission currents yields increased electron emis-
sion at lower extraction voltages.

Using the electron I-V curves along with the Fowler-Nor-
dheim equation, a theoretical estimate of the emitter tip radius
can be made. For tip radius evaluation, Gomer’s technique of
applying the following Fowler-Nordheim equation was used,

I - @? Equation [1]
feml %)
where a and b' are introduced as the following,
a=4-6.2x10"(w) 2 (p+¢) ™ (ckr) 2 Equation [2]
b'=6.8x10"akr Equation [3]

In this series of equations I is the discharge current mea-
sured in amperes, V is the extraction voltage measured in
volts, ¢ is the work function in eV, A is the total emitting area,
u is the Fowler-Nordheim term, o is the Nordheim image-
correction factor, k is the empirical relation relating tip radius
and gap spacing, r is the emitter tip radius in meters, and a and
b' are curve fits corresponding to characteristics of the I-V
data plotted as In(I/V?) versus 1/V.

When plotted, the graph of In(I/V?) versus 1/V is linear and
according to Gomer’s derivation has an intercept of In a and
a slope of b'¢*2. Using Equation 3 and taking o to be 1 and k
equal to 5 as instructed by Gomer, the tip radius, r, can be
approximated to within 20%. Table 1 shows the estimated
magnitude of the tip radius corresponding to each electron
discharge I-V curve.



US 8,080,930 B2

9
TABLE 1

Estimations of emitter tip radii at various quenching
currents using Gomer’s Fowler-Nordheim analysis.

Current at Voltage at Tip
Quench (LA) Quench (kV) Radius (nm)
N/A N/A 230
2 3.0 220
3 3.2 102
25 3.2 80

In conclusion, it was determined that an indium emitter tip
can be regenerated as long as there is a sufficient supply of
indium metal to form a Taylor cone. Also, the I-V character-
istics of the field emitter can be altered depending on which
heating and quenching currents are chosen. It was shown that
quenching at higher ion emission current produced larger
electron emission at lower extraction voltages than when
quenched at lower current, implying that the emitter tip radius
is reduced when quenching occurs at higher ion emission
current.

Thus, the invention provides, among other things, an appa-
ratus and method for regenerating nanotips on a field-emis-
sion cathode. Various features and advantages of the inven-
tion are set forth in the following claims.

What is claimed is:

1. A method for regenerating a field-emission cathode for
an electronic propulsion system, the method comprising:

providing an electric propulsion system including a field-

emission cathode, the field-emission cathode compris-
ing an electrode adjacent to an extraction site, wherein
the extraction site has a base metal comprising indium
associated therewith;

applying a negative bias to the electrode, the negative bias

producing a discharge current of greater than 5 pA,
wherein the electrode is downstream from the extraction
site, to create a Taylor cone having a cone tip in the base
metal at the extraction site;

solidifying the base metal to preserve the Taylor cone;

applying a positive bias to the electrode so that the Taylor

cone functions as a field-emission cathode; and
regenerating the cone tip after it has become damaged by
re-liquetying the base metal, applying a negative bias to
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the electrode to regenerate the Taylor cone tip, and re-
solidifying the base metal to preserve the cone tip.

2. The method of claim 1, further comprising providing a
heat source associated with the base metal, such that the base
metal is re-liquefied by application of heat from the heat
source.

3. The method of claim 1, wherein the base metal is
selected from the group consisting of indium, a gold-indium
alloy, and an indium-bismuth alloy.

4. The method of claim 1, wherein the extraction site is the
tip of a single needle emitter.

5. The method of claim 4, wherein the single needle emitter
comprises tungsten.

6. The method of claim 1, wherein the extraction site is the
opening in a capillary emitter.

7. The method of claim 1, wherein the Taylor cone tip has
a radius of about 5 nm to about 200 nanometers.

8. The method of claim 1, wherein during regeneration the
Taylor cone becomes an ion emitter that can be used to pro-
vide high-Isp and high-efficiency micropropulsion capability
to a spacecraft.

9. The method of claim 1, wherein the base metal is indium.

10. A method for regenerating a field-emission cathode for
an electronic propulsion system, the method comprising:

providing an electric propulsion system including a field-

emission cathode, the field-emission cathode compris-
ing an electrode adjacent to an extraction site, wherein
the extraction site has a base metal comprising indium
associated therewith;

applying a negative bias to the electrode, wherein the nega-

tive bias produces a discharge current of at least 25 pA
and wherein the electrode is downstream from the
extraction site, to create a Taylor cone having a cone tip
in the base metal at the extraction site;

solidifying the base metal to preserve the Taylor cone;

applying a positive bias to the electrode so that the Taylor

cone functions as a field-emission cathode; and
regenerating the cone tip after it has become damaged by
re-liquetying the base metal, applying a negative bias to
the electrode to regenerate the Taylor cone tip, and re-
solidifying the base metal to preserve the cone tip.
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