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THERMIONIC POWER CELL

CROSS-REFERENCE TO RELATED PATENT
APPLICATION(S)

This patent application claims the benefit of priority and

1s a continuation of U.S. patent application Ser. No. 15/995,
467 filed Jun. 1, 2018 and titled “Thermionic Power Cell”

and claims the benefit of and priority to U.S. Provisional
Application No. 62/513,497, filed on Jun. 1, 2017, the 1

contents of which are hereby incorporated by reference 1n
their entireties for any and all non-limited purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT 13

The mvention described herein was made in the perfor-
mance of work under a NASA contract and by an employee
of the Umted States Government and 1s subject to the
provisions of Public Law 96-517 (35 U.S.C. § 202) and may 2Y
be manufactured and used by or for the Government for
governmental purposes without the payment of any royalties

thereon or therefore. In accordance with 35 U.S.C. § 202, the

contractor elected not to retain title.
25

BACKGROUND

Portable electronic devices require a power supply to
tunction. The power supply may be internal to a device, such
as a battery including electrochemical cells, or external to 30
the tool, such as a battery pack coupled to the device.
Radioisotope thermocelectric generators (RTGs) may be used
as a power supply for large devices, such as deep space
probes. RTGs are large, bulky, heavy, and costly and do not
generate significant power, rendering RTGs unsuitable 35
power supplies for smaller and/or portable electronic
devices.

BRIEF SUMMARY

40

A thermionic (T1) power cell includes a layer of radioac-
tive material that generates heat due to radioactive decay, a
layer of electron emitting material disposed on the layer of
radioactive material, and a layer of electron collecting
material. The layer of electron emitting material 1s physi- 45
cally separated from the layer of electron collecting material
to define a chamber between the layer of electron collecting,
material and the layer of electron emitting material. The
chamber 1s substantially evacuated, or evaluated as much as
reasonably practicable, to permit electrons to traverse the 50
chamber from the layer of electron emitting material to the
layer of electron collecting material. Heat generated over
time by the layer of radioactive material causes a substan-
tially constant flow of electrons to be emitted by the layer of
clectron emitting material to mduce an electric current to 55
flow through the layer of electron collecting material when
the layer of electron collecting material 1s connected to an
clectrical load.

A method for generating an electric current includes
heating a layer of electron emitting material disposed on a 60
layer of radioactive material by radioactive decay of the
layer of radioactive material. The method 1includes emitting
clectrons from the layer of electron emitting material to a
layer of electron collecting material by thermionic emission.
The layer of electron emitting material 1s physically sepa- 65
rated from the layer of electron collecting material to define
a chamber between the layer of electron collecting material

2

and the layer of electron emitting material. The chamber 1s
substantially evacuated to permit electrons to traverse the
chamber from the layer of electron emitting material to the
layer of electron collecting matenial. The method includes
inducing an electric current to flow through the layer of
clectron collecting material connected to an electrical load.
Heat generated over time by the layer of radioactive material
causes a substantially constant flow of electrons to be
emitted by the layer of electron emitting material.

The disclosure further provides implementations of a
thermionic ('T1) power cell that includes a heat source, a heat
conductive layer that provides heat from the heat source, a
layer of electron emitting material disposed on the heat
conductive layer, and a layer of electron collecting matenal.
The layer of electron emitting material 1s physically sepa-
rated from the layer of electron collecting material to define
a chamber between the layer of electron collecting material
and the layer of electron emitting material. The chamber 1s
substantially evacuated to permit electrons to traverse the
chamber from the layer of electron emitting material to the
layer of electron collecting material. Heat generated over
time by the heat source causes a substantially constant flow
of electrons to be emitted by the layer of electron emitting
material to induce an electric current to tlow through the
layer of electron collecting material when the layer of
clectron collecting material 1s connected to an electrical
load. The heat source can include any suitable heat source,
such as an exhaust manifold and the like.

These and other features, advantages, and objects of the
present mnvention will be further understood and appreciated
by those skilled in the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 1s a block diagram illustration of an exemplary
thermocelectric generator (TEG);

FIG. 2 1s a block diagram illustration of an exemplary
thermionic generator (T1G);

FIG. 3 1s an open view of an exemplary TI power cell;

FIG. 4 1s a cross-sectional view of the exemplary TI
power cell of FIG. 3;

FIG. 5 1s a cross-sectional view of an exemplary layer of
clectron emitting material including an array of spikes;

FIG. 6 1s a cross-sectional view illustrating a layer of
spacer material between a layer of electron emitting material
and the layer of electron collecting material;

FIG. 7 1s a graph of the emission current density vs
temperature of various compositions of an exemplary layer
of electron emitting matenial including an array of spikes;
and

FIG. 8 1s a graph of the emission current density vs
temperature of various compositions of an exemplary flat
layer of electron emitting material.

DETAILED DESCRIPTION

For purposes of description herein, the terms “upper,”
“lower,” “night,” “left,” “rear,” “front,” “vertical,” “horizon-
tal,” and derivatives thereof shall relate to the structure as
oriented 1n FIG. 3. However, 1t 1s to be understood that the
embodiments may assume various alternative orientations
and step sequences, except where expressly specified to the
contrary. It 1s also to be understood that the specific devices
and processes illustrated in the attached drawings, and
described 1n the following specification, are simply exem-
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plary embodiments of the inventive concepts defined in the
appended claims. Hence, specific dimensions and other
physical characteristics relating to the embodiments dis-
closed herein are not to be considered as limiting, unless the
claims expressly state otherwise.

FIG. 1 1s a block diagram schematic of an illustrative
thermoelectric generator (TEG) 100 as known 1n the prior
art. The illustrated TEG 1s a solid state device that converts
heat flux directly into electrical energy. The TEG 100
includes a heat source 102. In a RTG, which 1s a type of
TEG, the heat source 102 1s a heat-generating radioactive
material, such as plutonium-238 (Pu-238). The heat source
102 1s coupled to an n-type semiconductor material 106 and
a p-type semiconductor material 108 via contact 104. A heat
sink 114 1s coupled to the n-type semiconductor material 106
via contact 110 and the p-type semiconductor material 108
via contact 112. The heat generated by the heat source 102
drives electrons and hole carriers 1n the n-type and p-type
semiconductor materials 106 and 108, respectively, toward
the heat sink 114, which results 1n a continuous current flow.
An electrical load 116 can be coupled to the contacts 110 and
112 to supply an electric current flow to the electrical load
116. However, the amount of current generated by TEGs 1s
limited by multiple factors.

Carrier concentrations ol semiconductor materials used in
TEGs are less than carrier concentrations of metals (about
two to three orders of magnitude less) that are used 1n other
types of power supplies. Moreover, the figure of ment
(FoM) of the TEG 100 1s limited. A high FoM requires high
clectrical conductivity and low thermal conductivity but this
1s a severe obstacle. The motion of electrons 1s measured as
an electrical current and the kinetic energy of electrons is
regarded as thermal energy at the same time. Although
clectrical and thermal conductivities are regarded as intrinsic
properties ol material, they are defined from Boltzmann
statistical means. Moreover, because the FoM 1s inversely
related to the thermal conductivity, an “ideal” TEG would
have a thermal conductivity of zero. But if the thermal
conductivity was zero, then no heat would tlow 1n the TEG
and, therefore, no thermal power could be converted to
clectrical power. To overcome these limitations,

the size of the TEG 100 may be increased. For example,
increasing the size of the n-type and p-type semiconductor
materials 106 and 108 increases the number of carriers that
can be driven by the heat source 102. However, the size of
the heat source 102 must also be increased to generate
suilicient heat to the larger n-type and p-type semiconductor
materials 106 and 108. Consequently, TEGs are large, bulky,
heavy, and costly, and not suitable power supplies for small
clectronic devices. R1Gs require kilograms of radioactive
material, which 1s diflicult and expensive to produce 1n large
quantities. Even though the output current generated by an
RTG can be improved by increasing the size of the RTG, the
current density still suffers from the limitations of TEGs
described above. Furthermore, increasing the size of the
RTG may not be a viable option because as the size of
devices decrease, such as the size of space probes, the large
sizes and weights of RTGs increase launch costs signifi-
cantly for low earth orbit and even more for higher orbits. In
contrast, the output current density of a TEG does not vary
with a change 1n the size of the TEG. Therefore, the size of
a TEG 1s scalable without aflecting the output current
density.

FIG. 2 1s a block diagram illustration of an exemplary
thermionic generator (11G) 220 1n accordance with one or
more embodiments of the present disclosure. In contrast to

the prior art TEG 100 shown in FIG. 1, the TIG 220 uses
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thermionic emission to generate an electrical current. Ther-
mionic emission 1s the thermally induced flow of charge
carriers (e.g., electrons, 10ons) from a surface. Thermionic
emission occurs when the thermal energy (heat) given to a
charge carrier overcomes the work function of the material
so that the charge carrier 1s emitted from the matenal. As
used herein, “work function” refers to the mimimum ther-
modynamic work (1.e., the amount of energy) necessary to
remove a charge carrier from a solid material to a point in
a vacuum i1mmediately outside the surface of the solid
materal.

The TIG 220 includes a heat source 228, including
exhaust manifold 229, coupled to an electron emitter 226.
The heat source 228 provides heat to the electron emitter 226
to generate an electric potential 1n the electron emitter 226.
As shown 1n FIG. 2, the electron emitter 226 can include a
spike 224 to focus the electric potential generated 1n the
clectron emitter 226 at the tip of the spike 224. Focusing the
clectric potential aids 1n energizing electrons of the electron
emitter 226 so that the electrons escape the electron emitter
226 entirely, via the spike 224, and into the vacuum chamber
230. The TIG 220 includes an electron collector 222 to
collect the electrons emitted from the electron emitter 226.
An electrical load 216 can be coupled to the electron
collector 222 and the electron emitter 226 to supply an
clectric current tlow to the electrical load 216.

The current density generated by thermionic emission 1s
quantified by the Richardson-Dushman equation. Heating
the electron emitter 226 to approximately 800 to 1000
degrees Celstus (° C.) generates a measureable current
density by thermionic emission. Shortening the gap 232
between the electron emitter 226 and the electron collector
222, or the gap 232 between the tip of the spike 224 and the
electron collector 222 as shown in FIG. 2, increases the
clectric current flow generated by the TIG 220. The distance
of the gap 232 can range between approximately 100
micrometers (um) to 1 millimeter (mm).

In contrast to the TEG 100 that requires semiconductor
materials to operate, the 1llustrated TIG 220 uses conductive
materials with low work functions for the electron emitter
226 and the electron collector 222. A material that has a low
work function and a high availability of electrons for emis-
sion provides ellective electron emission. Non-limiting
examples of such electron emitting materials include metals
such as copper (Cu) The electron emitter 226 can include a
semiconductor material; however, semiconductor materials
have lower electron densities than other electron emitting
materials (e.g., metals). Thus, a large quantity of a semi-
conductor material 1s necessary to have suilicient electrons
available to generate an electric current capable of powering
an electric device. Further suitable emitter materials are
described below.

The TIG 220 includes fewer components than the TEG
100. While the current flow generated by the TEG 100
increases with an increase 1n the size of the components of
the TEG 100, the current flow generated by the TIG 220
increases with an increase in the sharpness of the emitter
spikes (e.g., 224) and the topological arrangement of the
spikes (e.g., number of spikes per area (spike density)) on
the surface of the electron emitter 226 of the TIG 220 (e.g.,
a smaller vacuum gap 232).

Changing the distance of the gap 232 between the spike
224 and the electron collector 222 has a significant impact
of the current tlow generated by the TIG 220. It the gap 232
1s too small, then the electrical field distribution breaks down
so that electrons flow from the electron collector 222 to the
clectron emitter 226 via the spike 224, which can cause wear
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and damage to the electron collector 222, the spike 224,
and/or the electron emitter 226 over time. If the gap 232 1s
too large, then stationary electrons, also referred to as a dark
current, form on the surface of the electron emitter 226.
Optimizing the distance of the gap 232 and/or the size of the
spikes (e.g., 224) without reducing the number of electrons
available for thermionic emission 1s preferable. The spikes
can be uniform 1n size and shape to maintain a uniform gap
232. Thermionmic emission increases dramatically as the
distance of the gap 232 decreases. But, as explained above,
there may be a risk of dielectric breakdown so that arcs of
clectrons travel from the electron collector 222 to the spike
224. If the gap 232 was small enough to cause quantum
tunneling, then power generation capability of the TIG 220
Increases even more because quantum tunneling permaits far
more electrons to reach the electron collector 222. However,
the electron emitter 226, spike 224, and electron collector
222 would have to comprise the same material so that the
clectrons maintain the same energy aiter quantum tunneling.

The disclosed thermionic (11) power cells in accordance
with one or more embodiments provide approaches for a
scalable, portable power supply. Such TI power cells can be
used 1n multiple applications including, but not limited to,
space exploration and terrestrial uses (e.g., robots, rovers,
beacons, remote sensors, and/or drones). The disclosed TI
power cells can serve as a power supply for micro-satellites,
thereby making micro-satellites more feasible for deep space
exploration that would otherwise be too costly with a
tull-size probe.

As explained above, TIGs are simpler and more eflicient
than TEGs. The efliciency of a TIG can be expected to be
approximately 10-20% whereas the efliciency of a TEG can
be expected to be approximately 7%. The disclosed TI
power cells can be manufactured using semiconductor
manufacturing techniques. Thus, the manufacturing costs
associated with the TI power cells are less than the manu-
facturing costs associated with TEGs and RTGs. The dis-
closed TI power cell can supply power to multiple devices
over a significant amount of time by removing a TI power
cell from one device and coupling the TI power cell to
another device. For example, implementations including
plutonium-238 (Pu-238) as a heat source have long use lives
because the half-life of Pu-238 1s 87.7 years. However, the
heat source 1s not limited to Pu-238 and other radioactive
1sotopes can be used. Implementations of the present dis-
closure can use any source of heat, such as engine exhaust
manifolds, that generates sutlicient heat for thermionic emis-
sion to occur. Unlike batteries and other electrochemical
cells, the disclosed TI power cells are not susceptible to
chemical decay within a TI power cell itsell over time.
Whereas the active regions of solar cells are directly
exposed to the harsh environment of space, but the disclosed
TI power cells can be enclosed, for example, by an outer
shell, to provide protection against high energy particles,
such as galactic cosmic rays (GCRs). The disclosed TI
power cells can continue to operate even 1f the enclosure 1s
damaged. The disclosed TI power cells operate continu-
ously, ssmplifying use of the TI power cells as compared to
batteries. The TI power cells can be a drop-in replacement
power supply for devices previously using batteries and/or
solar cells as a power supply.

FIG. 3 1s an open view of an exemplary TI power cell 340.
The TI power cell 340 includes a layer of radioactive
material 342. The layer of radioactive material 342 generates
heat due to radioactive decay of the radioactive material. A
non-limiting example of radioactive material 1s plutonium-
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posed on an upper surface of the layer of radioactive
material 342 and a layer of insulating material 344-2 1s
disposed on a lower surface of the layer of radioactive
material 342. At least one of the layers of insulating material
344-1 and 344-2 can be a thin-film insulator. The layers of
insulating material 344-1 and 344-2 protect the electron
emitting material and the electron collecting material of the
T1 power cell 340 from overheating and/or the radioactive
material.

The TI power cell 340 includes a layer of electron
emitting material 346-1 disposed on the layer of msulating
material 344-1 and a layer of electron emitting material
346-2 disposed on the layer of insulating material 344-2.
Non-limiting examples of electron emitting material include
copper (Cu), silicon (S1), silicon germanium (Si1Ge), dia-
mond, tungsten (W), lanthanum hexaboride (LaB), carbon
nanotubes (CNTs) and diamond. The layers of electron
emitting material 346-1 and 346-2 have a low work function.
Such layers of electron emitting material may be formed or
supplemented with a high-density array of protrusions such
as spikes, bumps, ridges, and the like.

The TI power cell 340 includes a layer of electron
collecting material 348-1 above the layer of electron emiut-
ting material 346-1 and a layer of electron collecting mate-
rial 348-2 below the layer of electron emitting material
346-2. A non-limiting example of electron collecting mate-
rial 1s Cu. The layer of electron collecting material 348-1 1s
separated from the layer of electron emitting material 346-1
by an evacuated chamber, referred to herein as a vacuum gap
350-1 and the layer of electron collecting material 348-2 1s
separated from the layer of electron emitting material 346-2
by a similar vacuum gap 350-2.

The TI power cell 340 can include a first terminal coupled
to the layer of electron emitting material 346-1 or 346-2 and
a second terminal coupled to the layer of electron collecting
material 348-1 or 348-2. An electrical load 316 can be
coupled to the first and second terminals so that an electric
current 1s mduced to tflow through the layer of electron
collecting material 348-1 or 348-2 when connected to the
clectrical load 316.

FIG. 4 1s a cross-sectional view of the exemplary TI
power cell 340 of FIG. 3. The layer of radioactive material
342 can be a thin plate of radioactive material. In one
implementation, the layer of radioactive material 342
includes up to five grams of Pu-238. Such small quantities
of Pu-238 are readily producible, and can be reused for
recycling 1f the TI power cell 340 1s dismantled. The small
quantity of radioactive material enables the size of the TI
power cell 340 to be scalable. At least one implementation
of the TI power cell 340 has dimension of 5 centimeters (cm)
long, 3 cm, and 0.5 cm thick (approximately the size of a
battery for a cellular phone) for use as a power supply of
portable electric devices.

The layer of radioactive material 342 can be encapsulated
by the insulating material so that the layers of insulating
material 344-1 and 344-2 shown separately in FI1G. 3 are part
of the layer of insulating material 344 shown in FIG. 4.
Similarly, the layers of electron emitting material 346-1 and
346-2 shown separately i FIG. 3 can be part of the layer of
clectron emitting material 346 shown 1n FIG. 4. The layer of
clectron emitting material 346 can encapsulate the layer of
insulating material 344.

The layers of electron collecting material 348-1 and 348-2
shown separately in FIG. 3 can be part of the layer of
clectron collecting material 348 shown in FIG. 4. The layer
of electron collecting material 348 1s separated from the
layer of electron emitting material 346 by the vacuum gap
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350. The vacuum gaps 350-1 and 350-2 shown separately 1n
FIG. 3 form a chamber that surrounds the layer of electron
emitting material 346, the layer of insulating material 344,
and the layer of radioactive material 342. Although not
shown 1n FIG. 4, the T1 power cell 340 can include vacuum
insulation cladding that encompasses the layer of electron
collecting material 348. Preferably, the vacuum insulation
cladding can withstand a continuous temperature gradient of
at least 500° C. per millimeter.

FIG. 5 15 a cross-sectional view of an exemplary layer of
clectron emitting material 346 including an array of spikes
524. As explained above, the spikes 524 focus the electrical
potential generated 1n the layer of electron emitting material
346 at the tip of the spikes 524 so that the electrons escape
the spikes 524 entirely. In one implementation, each spike
524 can be on the order of 100s of micrometers (um) tall.
The spikes are tall enough so that the voltage concentration
at the tips of the spikes 524 does not get absorbed 1nto the
layer of electron emitting material 346 on which the spikes
524 rest. The array of the spikes 524 emits thermalized
clectrons eflectively because the strength of an electric field
generated by a collected charge density at the tip of one or
more of the spikes 524 1s suflicient to repel electrons into the
vacuum gap 350. The surface of the layer of electron
emitting material 346 (e.g., upper and/or lower surfaces
and/or sides) can be modified topologically to include an
array ol the spikes 524. For example, the array of the spikes
524 can be formed using semiconductor microfabrication
technology. Fin field-eflect transistor (FinFET) semiconduc-
tor processing can achieve device sizes of twenty nanome-
ters or less, for example, with electron emitting materials
including Cu, S1, and SiGe. Such semiconductor microfab-
rication technology can be used to manufacture the layer of
clectron emitting material 346. Because well-established
semiconductor manufacturing techniques can be used, costs

associated with manufacturing the TI power cell 340 are
reduced.

Decreasing the size of the tips of the spikes 524, increases
the voltage concentration at the tips. In at least one 1mple-
mentation, the spikes 524 are formed such that the tips of the
spikes are spaced away from one another by approximately
100 um. Decreasing the spacing between tips of the spikes
524 increases the electrical power generated by the TI power
cell 340. However, if lateral spacing of the spikes 524 1s less
than the height of the spikes 524, then the electric fields from
cach spike will overlap, mimicking a flat surface and thereby
decreasing the thermionic emission from the layer of elec-
tron emitting material 346 to the layer of electron collecting,
material 348, possibly causing electrons to jump from one of
the spikes 524 to another. The lateral spacing can range
between approximately 100 um to 1 mm. The efliciency of
the TI power cell 340 can be limited by the number of spikes
524 i an array formed on the layer of electron emitting
material 346. Thus, increasing the number of the spikes 524
improves the utilization of heat generated by the layer of
radioactive material 342, but increasing the number of the
spikes 524 1s limited by the height and lateral spacing of the
spikes 524 as explained above.

Implementations of the disclosed TI power cells can
include an array of emitters on the layer of electron emitting
material 346 other than the array of spikes 524. The surface
of the layer of electron emitting material 346 can include
various geometric formations (e.g., protrusions) to focus the
clectric potential 1n the layer of electron emitting material
346. For example, the layer of electron emitting material 346
includes an array ol one-dimensional (1-D) ridges.
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FIG. 6 1s a cross-sectional view of an exemplary layer of
spacer material 652 between a layer of electron emitting
material 346 and the layer of electron collecting material
348. Non-limiting examples of spacer material include
oxides and mitrides. The layer of spacer material 652 can be
deposited on the layer of electron emitting material 346
including an array of the spikes 3524. The layer of spacer
material 652 advantageously reduces the size of the vacuum
gap 6356 surrounding the tips 654 of the spikes 524 so that
the layer of electron collecting material 348 1s positioned a
few micrometers or less from the tips 654 of the spikes 524.

An exemplary method of depositing the layer of spacer
material 652 as shown 1n FIG. 6 includes depositing spacer
material on a layer of electron material 346 including an
array of the spikes 524. The deposited spacer material 1s
polished flat (e.g., by chemical mechanical polishing) so that
thickness of the deposited spacer material above the tips 654
of the spikes 524 1s a few micrometers. The spacer material
above the tips 654 of the spikes 524 1s selectively patterned
and removed (e.g., chemically removed). The voids above
the tips 654 of the spikes 524 are filled with a temporary
spacer material that 1s removable with an etchant that does
not atlect the previously deposited spacer material. The layer
of electron collecting material 348 1s deposited on the
deposited spacer material and the temporary spacer material.
Vias (e.g., holes) are etched 1n the layer of electron collect-
ing material 348 on or near the tips 654 of the spikes 524.
The temporary spacer material 1s removed using an etchant
inserted mnto the vias in the layer of electron collecting
material 348. This exemplary method results mm a few
micrometer gap 656 between the tips 6354 of the spikes 524
and the layer of electron collecting material 348. A vacuum
can be applied to the vias in the layer of electron collecting
material to evacuate the gaps 656.

FIG. 7 1s a graph 770 of the emission current density vs
temperature of various compositions of an exemplary layer
of electron emitting material including an array of spikes.
Samples of copper (Cu), stainless steel 316 (SS316), tung-
sten (W) wire, n-doped silicon (Si1), silicon germanium
(S1Ge)/aluminum oxide (Al,O;) film, and tantalum wire
were heated to approximately 700° C. The tips of the spikes
were 1 mm away from the layer of electron collecting
maternial. The emission current shown in the graph 770 1s
normalized by the emission area for comparison between
samples of different sizes. The emission current was mea-
sured with a picoammeter. The sample of Cu showed the
best performance at approximately 1E-5 amperes per milli-
meter (A/mm).

FIG. 8 1s a graph 880 of the emission current density vs
temperature of various compositions of an exemplary flat
layer of electron emitting material. Samples of copper (Cu),
stainless steel 316 (SS316), tungsten (W) wire, n-doped
silicon (S1), silicon germanium (Si1Ge)aluminum oxide
(Al,O;) film, and tantalum wire were heated to approxi-
mately 700° C. The layer of electron emitting material was
3 mm away from the layer of electron collecting material.
The emission current shown 1n the graph 880 1s normalized
by the emission area for comparison between samples of
different sizes. The sample of n-doped S1 and S1Ge/Al, O,
films showed the highest current density at 3E-5 A/mm.

Though aspects and features may 1 some cases be
described 1n individual figures, it will be appreciated that
features from one figure can be combined with features of
another figure even though the combination 1s not explicitly
shown or explicitly described as a combination. It 1s
intended that the specification and drawings be considered
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as examples only, with a true scope of the invention being
indicated by the following claims.

What 1s claimed 1s:

1. A thermionic (TT) power cell, comprising;:

a heat source, wherein the heat source includes an exhaust
manifold:

a heat conductive layer that provides heat from the heat
SOUrce;

a layer of electron emitting material disposed on the heat
conductive layer;

a layer of electron collecting maternial, wherein the layer
of electron emitting material 1s physically separated
from the layer of electron collecting material to define
a chamber between the layer of electron collecting
material and the layer of electron emitting material,
wherein the chamber 1s substantially evacuated to per-
mit electrons to traverse the chamber from the layer of
clectron emitting matenial to the layer of electron
collecting material, and further wherein heat generated
over time by the heat source causes a substantially
constant flow of electrons to be emitted by the layer of
clectron emitting material to induce an electric current
to flow through the layer of electron collecting material
when the layer of electron collecting material 1s con-
nected to an electrical load;

a first terminal coupled to the layer of electron emitting
material; and

a second terminal coupled to the layer of electron col-
lecting material to induce the electric current from the
first terminal to the electrical load and from the elec-
trical load to the second terminal.

2. The TI power cell of claim 1, wherein the layer of

clectron emitting material includes an array of spikes to
concentrate the electrons emitted by the layer of electron
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emitting material at tips of the spikes, wherein the tips of the
spikes point toward the layer of electron collecting material.

3. The TI power cell of claim 2, wherein the tips of the
spikes are separated from one another by a lateral spacing of

approximately 100 micrometers to approximately 1 milli-
meter.

4. The TI power cell of claim 2, wherein the chamber 1s
defined by a gap of approximately 100 micrometers to
approximately 1 millimeter between the tips of the spikes
and the layer of electron collecting material.

5. The T1 power cell of claim 2, further comprising a layer
ol spacer material disposed between the layer of electron
emitting material and the layer of electron collecting mate-
rial, wherein the layer of spacer material exposes the tips of
the spikes so that the exposed tips are disposed in the
chamber.

6. The TI power cell of claim 1, further comprising a layer
of insulating material disposed between the heat conductive
layer and the layer of electron emitting materal.

7. The TI power cell of claim 1, wherein:

the

layer of electron emitting material encapsulates the
heat conductive layer; and the layer of electron collect-
ing material surrounds the layer of electron emitting
material.

8. The TI power cell of claam 1, wheremn the heat
conductive layer includes a thin plate of plutonium-238.

9. The TI power cell of claam 1, whereimn the heat
conductive layer, the layer of electron emitting material, and
the layer of electron collecting material are enclosed by an
outer shell.
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