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CO-60 BREEDING REACTOR TANDEM
WITH THERMIONIC AVALANCHE CELL

CROSS-REFERENCE TO RELATED PATENT
APPLICATION(S)

This patent application claims the benefit of and priority
to U.S. Provisional Application No. 62/642,198, filed on

Mar. 13, 2018, the contents of which are hereby incorporated
by reference 1n their entirety.

STAIEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any rovyalties thereon or therefore.

BACKGROUND OF THE INVENTION

Typical direct energy conversion systems are based on
photovoltaic processes of a single photon to a single electron
transfer within the valence band, thermoelectrics of ther-
mally agitated electrons, fuel cells of chemically deprived
clectrons, or magnetohydrodynamic generators of electrons
in free-to-free transition. These systems have respective
intrinsic limits to generate a number of useful electrons for
power conversion since these systems use the electrons only
in the valence band. Accordingly, the overall energy density
of typical direct energy conversion systems 1s intrinsically
pOOr.

Some types of systems that use radioactive decay pro-
cesses, such as alpha or beta batteries, are widely mentioned,
but the fundamental underlying principles, the technical
contents, and the ways to build are not clearly defined.
Nuclear batteries or nuclear capacitors have a serious prob-
lem with harnessing electrons from the valence band of
materials using the unusually low energy capacity of the
alpha and beta particles. The energy and number of beta
particles emitted from a radioactive decay process are very
small, resulting 1n the conversion systems using these beta
particles having very small power densities. Even high
energy beta particles do not have a long mean free path due
to the Coulomb scattering and so are not able to penetrate
much into the morphological orders of materials. Current
nuclear batteries subsidize the beta decay electrons and the
alpha particles to generate electron disparity of a p-n junc-
tion that creates anisotropic electron plasma, subjecting to
the Brillouin limit within the frame of the valence band. In
such a p-n junction, the available number of electrons are
limited to a few Coulombs per cubic centimeter. Therelore,
these nuclear batteries only render a low energy density
system.

BRIEF SUMMARY OF THE INVENTION

Systems, methods, and devices of the various embodi-
ments enable a Nuclear Thermionic Avalanche Cell (NTAC)
to capture gamma ray photons emitted during a {ission
process, such as a fission process of urantum-235 (U-235),
and at the same time to breed and use a new gamma ray
source to 1ncrease an overall emission flux of gamma ray
photons. Various embodiments combine a fission process
with the production of cobalt-60 (Co-60), thereby boosting,
the output flux of gamma ray photons for use by a NTAC in
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2

generating power. Various embodiments combine a fission
process with the production of Co-60, a NTAC generating
avalanche cell power, and a thermoelectric generator gen-
crating thermoelectric power. The various embodiments
may solve problems associated with the short supply of
radio-1sotopes and solve problems with the low flux density
of gamma ray photons from radio-1sotopes.

Various embodiments may include a reactor system,
including a containment vessel and one or more fission
process reactor unmts supported within the containment ves-
sel, each of the one or more {ission process reactor units
comprising a radioactive element, a cobalt-59 (Co-59) laver,
a NTAC, and a thermoelectric generator, wherein a fission
process of the radiocactive element releases neutrons to the
Co-39 layer to breed Co-60, the NTAC receives gamma rays
from the fission process, a by-product of the fission process,
and the bred Co-60 to generate direct current (DC) power,
and the thermocelectric generator receives thermal energy
from the radioactive element and the NTAC to generate DC
power. In some embodiments, the reactor system may
include a fluid circulated within the containment vessel,
such as argon gas. In some embodiments, the radioactive
clement may include U-235 and the by-product of the fission
process 1s cestum-137 (Cs-137). In some embodiments, the
U-235 1s a fuel rod and the fission process 1s controlled by
a primary neutron source rod controllably inserted or
removed from the fuel rod. In some embodiments, the Co-59
layer at least partially encircles the U-235 fuel rod. In some
embodiments, the Co-59 layer 1s disposed between the
U-235 fuel rod and the NTAC. In some embodiments, the
NTAC 1s disposed between the Co-59 layer and the ther-
moelectric generator. In some embodiments, the NTAC and
the thermoelectric generator are connected in tandem to a
same DC bus or load. In some embodiments, the NTAC
includes a photoionic electron emitter separated from an
clectron getter electrode by a thermionic vacuum gap.

These and other features, advantages, and objects of the
present invention will be further understood and appreciated
by those skilled i1n the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and constitute part of this specification, illustrate
exemplary embodiments, and together with the general
description given above and the detailed description given
below, serve to explain the features of the embodiments.

FIG. 1 1s component block diagram illustrating a cross
section of an embodiment fission process reactor system
including a single fission process reactor unit.

FIG. 2 15 a cross section of the fission process reactor unit
of FIG. 1 having a circular cross section shape according to
an embodiment.

FIG. 3 1s a cross section of the fission process reactor unit
of FIG. 1 having a square cross section shape according to
an embodiment.

FIG. 4 1s component block diagram illustrating a cross
section of an embodiment fission process reactor system
including multiple fission process reactor units.

FIG. 5 15 a cross section of the fission process reactor units
of FIG. 4 having circular cross section shapes according to
an embodiment.
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FIG. 6 1s a cross section of the fission process reactor units
of FIG. 4 having square cross section shapes according to an
embodiment.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

For the purposes of the description herein, 1t 1s to be
understood that the specific devices and processes illustrated
in the attached drawings, and described 1n the following
specification, are simply exemplary embodiments of the
inventive concepts defined 1n the appended claims. Hence,
specific dimensions and other physical characteristics relat-
ing to the embodiments disclosed herein are not to be
considered as limiting, unless the claims expressly state
otherwise.

The word “exemplary” 1s used herein to mean “serving as
an example, mstance, or illustration.” Any implementation
described herein as “exemplary” 1s not necessarily to be

construed as preferred or advantageous over other imple-
mentations.

The various embodiments will be described in detail with
reference to the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout
the drawings to refer to the same or like parts. References
made to particular examples and implementations are for
illustrative purposes, and are not intended to limit the scope
of the embodiments or the claims.

The energy conversion technology referred to as Nuclear
Thermionic Avalanche Cells (NTACs) was recently devel-
oped at the National Aeronautics and Space Administra-
tion’s (NASA’s) Langley Research Center. NTACs are
described 1n U.S. Patent Application Publication No. 2016/
0223476 to Cho1 et al., the contents of which are hereby
incorporated by reference 1n their entirety.

A NTAC needs gamma ray sources to make a free-to-ree
transition of intra-band electrons for power generation.
Typically known and readily available gamma ray sources

are the 1sotopes of cesium (e.g., cestum-137 (Cs-137),
cobalt-60 (Co-60), and sodium-22 (Na-22). The demand of

these materials (e.g., Cs-137, Co-60, and Na-22) might
increase with the scale of NTAC power generation.
Although the yielding rate of Cs-137 1s about 6% ifrom
nuclear waste of fission processes, the gamma photon tlux
from Cs-137 1s not large since the decay rate 1s slow. The
half-life of Cs-137 1s approximately 30 years and proceeds
by both beta decay and gamma emission from an interme-
diate state. Both the eclectron and gamma emissions are
highly 1onizing radiation. During a nuclear fission reaction,
these 1sotopes (e.g., Cs-137, Co-60, and Na-22) are also
produced and emanate a suflicient amount of gamma pho-
tons.

The successiul development of NTACs hinges on the flux
density of gamma ray photons that will make a huge number
of electrons 1n imtra-bands of atom to undergo Iree-to-iree
transition. However, not many sources of high flux gamma
ray photons are available. Thus, the short supply of radio-
1sotopes and the low flux density of gamma ray photons
from radio-1sotopes present a problem to successtul devel-
opments of NTACSs.

Systems, methods, and devices of the various embodi-
ments enable a NTAC to capture gamma ray photons emitted
during a {ission process, such as a fission process of ura-
nium-2335 (U-233), and to breed and use a new gamma ray
source to 1ncrease an overall emission flux of gamma ray
photons. Various embodiments combine a fission process
with the production of Co-60, thereby boosting the output
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flux of gamma ray photons. Various embodiments boost the
flux density of gamma ray photons by combining a breeding
process ol Co-60 with Cs-137 duning a fission process. A
good number of slow neutrons that are generated under a
fission process can be used for breeding Co-60 by neutron
injection into cobalt-39 (Co-39) 1n various embodiments.

The Co-60 combined with Cs-137, which 1s naturally pro-
duced from a fission process of uranium-235 (U-235), may
drastically increase the gamma ray emission in various
embodiments.

Various embodiments enhance high gamma ray emission.
The flux density of gamma ray photons 1s an important
factor to determine the NTAC power output. To increase the
flux density, 1n various embodiments, two or more radio-
1sotopes may be mixed by mass fraction. In various embodi-
ments, directly combiming the NTAC with the fission pro-
cess simplifies the power generation in a single device as a
combined cycle. In various embodiments, an added layer of
cobalt-59 may be transmitted into cobalt-60 by absorbing a
neutron from a fission reactor core. Various embodiments
combine a fission process with the production of Co-60, a
NTAC generating avalanche cell power, and a thermoelec-
tric generator generating thermoelectric power.

Normally the higher the decay rate 1s, the higher the flux
density 1s. Also with the flux density the energy of gamma
photon determines the total deliverable photon power. A
combination of two or three radio-isotopes based on the
mass fraction and decay (or operation) time of source
materials controls the emission flux of gamma ray photons.
For a long operation requirement, the ratio by mass fraction
1s heavily weighted to Cs-137 with relatively small fraction
of Co-60 or Na-22. The necessity of adding Co-60 and
Na-22 can be justified for the boosted power achievable a
few years from the beginnming of operation. Or vice versa 1s
also true for boosting power for a short operation. The total
photon power deliverable by Cs-137 may be 0.34 Watts per
gram (W/g), the total photon power deliverable by Co-60
may be 9.39 W/g, and the total photon power deliverable by
Na-22 may be 47.188 W/g. Accordingly, any ratio of the
mixture of these radio-isotopes (1.e., Cs-137, Co-60, and
Na-22) can proportionally determine the harnessable power.

In one of the nuclear fission reactions, U-235 absorbs a
slow neutron (<2 megaelectronvolt (MeV)) to become
U-236. Then U-236 splits mto Cs-137 and Rubidium-95
(Rb-93) and simultancously releases 3 slow neutrons,
gamma ray photons (~7 MeV), and 191 MeV of energy as
a net conversion of mass reduction through fission process.
This fission process creates radio-1sotopes, such as Cs-137
and Rb-95, that undergo a decay process by releasing
gamma photons and slow neutrons. The fission reaction
alone releases ~7 MeV 1n prompt emission of gamma ray
photons. The three additional slow neutrons collide with
neighboring U-235 atoms for chain fission reaction. Since
cach reaction generates 3 slow neutrons, the number of slow
neutrons 1s multiplied over the chain reactions. Throughout
the fission reaction, the number of these slow neutrons 1s
continuously increased to a point far more than 1s necessary
for maintaining the chain reactions.

Accordingly, these energetic neutrons (<2 MeV) can be
used for breeding other radioisotopes, such as Co-60. For
example, 11 naturally existing cobalt (Co-59) 1s placed in a
fission reactor and bombarded by neutrons, it captures a
neutron and becomes Co-60 through a transmutation pro-
cess. That is, ,,> Co+,'n—,-°°Co. The newly created Co-60
undergoes firstly the beta decay into ,,°°Ni*+_, e and then
" Ni*, which is in excited state, takes a transition down to
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the stable ground state by releasing its own energy as a form
of gamma ray photons through a decay process.

In various embodiments, a controllable reactor, such as a
U-235 control rod based reactor, may be wrapped with a
blanket of Co-59, a NTAC, and a thermoelectric generator.
The fission reaction of the controllable reactor generates
substantial amount of thermal energy (191 MeV) through 1ts
exothermic transmutation process, radioisotopes, neutrons,
and gamma ray photons. The absorption of gamma ray
photons generates not only a huge number of intraband
clectrons through the bound-to-free and the Ifree-to-free
transitions, but also thermal energy by the multiple scatter-
ings of gamma photons and quenching process of recoiling
clectrons. Such a large amount of thermal energy 1s con-
verted by thermocelectric conversion process as a bottoming,
cycle of the system conversion hierarchy while the thermi-
onic conversion of a huge number of free-to-free transition
clectrons occurs 1 the NTAC as a topping cycle.

The various embodiment nuclear fission reactors com-
bined with a NTAC and thermoelectric generator are fun-
damentally different from the conventional reactors. First
the embodiments nuclear fission reactors with a NTAC
breed Co-60 as a gamma ray source, 1n addition to Cs-137
as a fission product. These two gamma ray sources are
additive on top of the fission process that alone generates
gamma ray photons. Accordingly, the gamma ray photons
from fission process (~7 MeV prompt), Cs-137 (0.6617
MeV, 30.17 year), and Co-60 (1.3325 MeV, 5.2714 year) are
all combined together to enhance the emission of gamma ray
photons. Second, the thermal energy (191 MeV) 1s a major
portion of fission process. This thermal energy 1s converted
by mult1 junction or metal junction thermoelectric process
rather the conventional Rankine cycle using steam 1n con-
ventional reactors. In this manner, the various embodiment
nuclear fission reactors combined with a NTAC and ther-
moelectric generator generate power directly, rather than
through the generation of steam to turn a turbine. Accord-
ingly, no steam or condensate lines may be required 1n the
vartous embodiments and no turbine 1s required in the
various embodiments to generate electricity. In the various
embodiments, the multiple layers encapsulating around the
fission core may act to lower the energy of those fast

neutrons which are generated through chain reactions of

fission. In various embodiments, any rejected heat can be
removed by circulating inert gas, such as helium (He) or
argon (Ar). At the same time, this intervening gas not only
removes the remainder of thermal energy, but also lowers (or
slows down) the energy of neutrons.

FIG. 1 1s component block diagram illustrating a cross
section of an embodiment fission process reactor system 100
including a single fission process reactor unit 101. The
fission process reactor unit 101 includes a radioactive ele-
ment, such as a fission reactor element, combined with a
NTAC and thermoelectric generator 107. The fission process
reactor unit 101 according to various embodiments boosts
the flux density of gamma ray photons by combining the
emissions from Co-60, Cs-137, and fission process together
as the emission source for the NTAC included 1n the fission
process reactor unit 101. The NTAC may include a pho-
tolonic electron emitter 106 separated from an electron
getter electrode 108 by a thermionic vacuum gap 104. The
radioactive element 1n the fission process reactor unit 101
may include a radioactive fuel rod 103, such as U-235 fuel
rod, with a fission controller, such as a primary neutron
source rod 102 lowered and raised into the radioactive fuel
rod 103 by a fission control system 110. The fission control
system 110 may include various types of mechanical and/or
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electro-mechanical control elements, such as motors, etc., to
raise and/or lower the primary neutron source rod 102 into
and out of (1.e., controllably msert/controllably remove) the
radioactive fuel rod 103 to control the rate of fission.

In various embodiments, the radioactive element, such as
the radioactive fuel rod 103 (e.g., a U-235 fuel rod), may be
wrapped (or cladded, plated, or otherwise at least partially
encircled) by a layer of Co-59 105. In various embodiments,
the fission process of the radioactive element, such as the

radioactive fuel rod 103 (e.g., a U-2335 fuel rod) 1s used to
breed the Co-60 from the cobalt-59 layer 105 by the bom-
bardment of neutrons generated from fission reaction. The
layer of Co-59 105 may not only capture neutrons to be
converted to Co-60, but also lower the energy of any passing
fast neutrons for controlling the fission process.

In various embodiments, the outside surface of the Co-59
layer 105 1s covered by the electron emitter matenals of the
photoionic electron emitter 502, such as a high Z and 1-block
matenal (e.g., lanthamides). This high Z and f-block material
receives the combined gamma ray photons from {ission
process, Cs-137, and the Co-60 which 1s bred by capturing
the neutrons from fission process. The Co-59 layer 1035
captures most of neutrons from {fission process because it
completely (or nearly completely) encapsulates the fission
tuel core (e.g., radioactive fuel rod 103). In the same way,
the high 7 and f-block material receives the most of gamma
ray photons that are generated from the encapsulated fission
maternial and the bred Co-60. Under the barrage of gamma
ray photons, the t-block material releases a huge number of
clectrons from their intra-band. These avalanche electrons
are emitted outward (i.e., out from the direction of the
radioactive fuel rod 103) and cross the vacuum gap 507 and
are delivered to the electron getter electrode 108 across the
vacuum gap 3507 which surrounds the f-block emitter (1.¢.,
the photoionic electron emitter 502). The movement of
clectrons from the photoionic electron emitter 502 across the
vacuum gap 307 and to the electron getter electrode 108
generates direct current (DC) power from the NTAC. In the
embodiment fission process reactor unit 101, the gamma ray
photons are all combined together; 1.e., (1) the gamma ray
photons (7 MeV) from the prompt fission reaction; (2) the
gamma ray photons (0.6617 MeV) from Cs-137 which 1s a
by-product of fission process, and (3) the gamma ray pho-
tons (1.3325 MeV) from Co-60 which i1s bred from the
Co-39 layer 105 by absorbing neutrons within fission reac-
tor. In this manner, the photoionic electron emitter 502 of the
NTAC 1n various embodiments receives greater amounts of
gamma rays in the embodiment fission process reactor unit
101 than a NTAC would receive from just the same size of
gamma ray source itself 1in place of U-235 fuel rod.

In various embodiments, the combined thermal energy
released from fission process, gamma ray scattering, and
clectron recoiling process 1s converted into DC power by the
thermocelectric devices forming the thermoelectric generator
107 that cover all around the outside of the electron getter
clectrode 108. The thermoelectric generator 107 may be an
array ol interconnected thermoelectric devices. The NTAC
may 1nclude electrical lead connections 115 and 116 con-
nected to the photoionic electron emitter 502 and the elec-
tron getter electrode 108, respectively, which may be con-
nected to a load 114 (or DC bus) to provide DC power from
the NTAC to the load 114 (or DC bus). The thermoelectric
generator 107 may include electrical lead connections 118
and 119 which may be connected to the load 114 (or DC bus)
to provide DC power from the thermoelectric generator 107
to the load 114 (or DC bus). FIG. 1 shows the NTAC and the

thermoelectric generator 107 connected to the same load 114
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(or DC bus), thereby enabling the system 100 to provide
tandem power (1.e., avalanche cell power and thermoelectric
power) to the same load 114 (or DC bus). However, the
NTAC and the thermoelectric generator 107 need not be
connected 1n tandem to the same load (or bus). Rather, the 5
NTAC and the thermocelectric generator 107 may operate as
separate power sources for separate loads (or buses).
Regardless of whether the NTAC and the thermoelectric
generator 107 are used separately or 1n tandem, the power
generation by the system 100 1s by direct energy conversion 10
systems (1.¢., via the NTAC and/or the thermoelectric gen-
erator 107) which 1s different from the conventional reactors
that generate steam to run a turbine to generate electricity.

In various embodiments, the system 100 may include a
containment vessel 109 surrounding and supporting the 15
fiss1on process reactor unit 101. The containment vessel 109
may be filed with a fluid, such as high pressure gas (e.g.,
helium (He) gas, argon (Ar) gas, etc.) or any other type
coolant medium, that may be circulated, such as by a
circulation pump 111, to remove waste thermal energy from 20
the fission process reactor unit 101. The fluid, such as Ar gas,

He gas, other coolant fluid, etc., may also control the neutron
energy desirably.

In various embodiments, the flux and energy of neutrons
from the fission process 1n the fission process reactor unit 25
101 may be tailored and controlled for a rightly designed
fission reaction through the multiple layers of designed
materials that surround the radioactive element, such as the
radioactive fuel rod 103 (e.g., a U-235 fuel rod). In various
embodiments, the configuration of the layers of the fission 30
process reactor unit 101 may be as circular layers extending
out concentrically from the primary neutron source rod 102
such that the fuel rod 103 encircles the primary neutron
source rod 102, the Co-39 layer 105 encircles the fuel rod
103, the photoionic electron emitter 106 encircles the Co-39 35
layer 105, the thermionic vacuum gap 104 encircles the
photoionic electron emitter 106, the electron getter electrode
108 encircles the thermionic vacuum gap 104, and the
thermoelectric generator 107 encircles the electron getter
clectrode 108. F1G. 2 1llustrates such a circular cross section 40
configuration of the fission process reactor unit 101 of FIG.

1 along the axis A. Similarly, the cross section of the fission
process reactor unit 101 may be square shaped with each of
the layers of the fission process reactor umt 101 (1.e., the fuel
rod 103, the primary neutron source rod 102, the Co-39 layer 45
105, the photoionic electron emitter 106, the thermionic
vacuum gap 104, the electron getter electrode 108, and the
thermoelectric generator 107) disposed successively out-
ward from one another as shown in FIG. 3 which illustrates
such a square cross section configuration of the fission 50
process reactor unit 101 of FIG. 1 along axis A.

For a large power generation demand, a clustered forma-
tion of multiple embodiment fission process reactor units
101 may enable the power generation required by the
demand. The addition of more than one fission process 55
reactor unit 101 may allow the power scale up or down 1n
various embodiments. Any number of fission process reactor
units 101 may be combined 1n various configurations inside
a same containment vessel. For example, 2, 3, 4, more than
4, 25, more than 23, etc., fission process reactor units 101 60
may be arranged in various manners mnside a containment
vessel to support larger power generation demands than a
single fission process reactor unit 101 may provide {for.

FIG. 4 1s component block diagram illustrating a cross
section of an embodiment fission process reactor system 400 65
including multiple fission process reactor units 100. FIG. 4
shows five (5) or more 1n an array of fission process reactor
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units 101 1n a side view within the containment vessel 402
and additional fission process reactor units 101 may be
arranged 1n rows behind the visible fission process reactor
units 101. For example, FIGS. 5 and 6 show overhead views
ol a cross sections of the fission process reactor units 101 of

the system 400 shown 1n FIG. 4 along the axis B. FIGS. 5

and 6 show that five or more rows of five or more {ission
process reactor units 101 (1.e., circular cross section fission
process reactor units 101 1n FIG. 5 and square cross section

fiss1on process reactor units 101 in FIG. 6) may provide an
array of 25 fission process reactor units 101 in a cluster

configuration within the containment vessel 402. As 1llus-
trated 1n FIGS. 4, 5, and 6 by the additional dots to the sides
of the fission process reactor units 101, additional fission
process reactor units 101 may be added to the system 400 as
desired. The containment vessel 402 may be similar to the
containment vessel 109 and may be filed with a flmd, such
as high pressure gas (e.g., Ar gas, He gas, etc.) or any other
type coolant medium, that may be circulated, such as by a
circulation pump 111, to remove waste thermal energy from
the fission process reactor units 101. The flmd may flow
through coolant channels 406 created between the {fission
process reactor units 101 by the arrangement of the fission
process reactor units 101 in the contamnment unit 402.

Each NTAC in the cluster configurations shown 1n FIGS.
4, 5, and 6 may include electrical lead connections con-
nected to 1ts photoionic electron emitter 502 and electron
getter electrode 108, respectively, which may be connected
to a DC bus of the system 400 to enable each NTAC in the
cluster to provide DC power to the DC bus. Similarly, each
thermoelectric generator 107 1n the cluster of fission process
reactor unmts 101 may include electrical lead connections
which may be connected to the DC bus to provide DC power
from each thermoelectric generator 107 to the DC bus.
Connecting all the NTACs and all the thermoelectric gen-
erators 107 of the fission process reactor unmits 101 within the
system 400 to the DC bus (i.e., connecting all the fission
process reactor units 101 to the DC bus) may enable the
system 100 to provide tandem power (1.e., avalanche cell
power and thermoelectric power) via the DC bus.

While FIGS. 2, 3, 5, and 6 1llustrate examples of circular
cross section and square cross section fission process reactor
umts 101, other cross sectional configurations may be used
in various embodiments, and the cross sections need not be
concentric configurations of the layers 1n the fission process
reactor unmits 101 (i.e., the fuel rod 103, the primary neutron
source rod 102, the Co-59 layer 105, the photoionic electron
emitter 106, the thermionic vacuum gap 104, the electron
getter electrode 108, and the thermoelectric generator 107).

The preceding description of the disclosed embodiments
1s provided to enable any person skilled in the art to make
or use the present embodiments. Various modifications to
these embodiments will be readily apparent to those skilled
in the art, and the generic principles defined herein may be
applied to other embodiments without departing from the
spirit or scope of the disclosure. Thus, the embodiments
shown herein are not intended to be limiting but are to be
accorded the widest scope consistent with the following
claiams and the principles and novel features disclosed
herein.

All cited patents, patent applications, and other references
are incorporated herein by reference in their entirety. How-
ever, 1f a term 1n the present application contradicts or
conilicts with a term 1n the incorporated reference, the term
from the present application takes precedence over the
conflicting term from the icorporated reference.
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All ranges disclosed herein are inclusive of the endpoints,
and the endpoints are independently combinable with each
other. Fach range disclosed herein constitutes a disclosure of
any point or sub-range lying within the disclosed range.

The use of the terms “a” and “an” and *“‘the” and similar
referents 1n the context of describing the mvention (espe-
cially i the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. “Or” means “and/or.” As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items. As also used herein, the term “com-
binations thereof” includes combinations having at least one
of the associated listed 1tems, wherein the combination can
further include additional, like non-listed items. Further, the
terms “first,” “second,” and the like herein do not denote any
order, quantity, or importance, but rather are used to distin-
guish one element from another. The modifier “about” used
in connection with a quantity 1s inclusive of the stated value
and has the meaning dictated by the context (e.g., 1t includes
the degree of error associated with measurement of the
particular quantity).

Reference throughout the specification to “‘another
embodiment”, “an embodiment”, “exemplary embodi-
ments”, and so forth, means that a particular element (e.g.,
feature, structure, and/or characteristic) described 1 con-
nection with the embodiment i1s included in at least one
embodiment described herein, and can or cannot be present
in other embodiments. In addition, 1t 1s to be understood that
the described elements can be combined 1n any suitable
manner 1n the various embodiments and are not limited to
the specific combination 1 which they are discussed.

It 1s to be understood that variations and modifications can
be made on the atorementioned structure without departing,
from the concepts of the present invention, and further 1t 1s
to be understood that such concepts are mntended to be
covered by the following claims unless these claims by their
language expressly state otherwise.

What 1s claimed 1s:

1. A fission process reactor unit, comprising:

a radioactive element;
a cobalt 59 (Co-59) layer;

a Nuclear Thermionic Avalanche Cell (NTAC); and

a thermoelectric generator,

wherein:

a fission process of the radioactive element releases
neutrons to the Co-39 layer to breed cobalt 60
(Co-60);

the NTAC receives gamma rays from the fission pro-
cess, a by-product of the fission process, and the bred
Co-60 to generate direct current (DC) power; and

the thermoelectric generator receives thermal energy
from the radioactive element and the NTAC to
generate DC power.

2. The fiss1on process reactor unit of claim 1, wherein the
radioactive element comprises uranium 235 (U-235) and the
by-product of the fission process 1s cestum 137 (Cs-137).

3. The fiss1on process reactor unit of claim 2, wherein the
U-235 1s a fuel rod and the fission process 1s controlled by
a primary neutron source rod controllably inserted or
removed from the fuel rod.
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4. The fission process reactor unit of claim 3, wherein the
Co-39 layer at least partially encircles the U-235 fuel rod.

5. The fission process reactor unit of claim 4, wherein the
Co-359 layer 1s disposed between the U-235 fuel rod and the
NTAC.

6. The fission process reactor unit of claim 5, wherein the
NTAC 1s disposed between the Co-39 layer and the ther-
moelectric generator.

7. The fission process reactor unit of claim 6, wherein the
NTAC and the thermoelectric generator are connected in
tandem to a same DC bus or load.

8. The fission process reactor unit of claim 6, wherein the
NTAC comprises a photoionic electron emitter separated
from an electron getter electrode by a thermionic vacuum
gap.

9. A reactor system, comprising;:

a containment vessel; and

one or more fission process reactor units supported within

the containment vessel, each of the one or more fission
process reactor units comprising;

a radioactive element:;

a cobalt 59 (Co-39) layer;

a Nuclear Thermionic Avalanche Cell (NTAC); and

a thermoelectric generator,

wherein:

a fission process of the radioactive element releases
neutrons to the Co-59 layer to breed cobalt 60
(Co-60);

the NTAC receives gamma rays from the fission
process, a by-product of the fission process, and
the bred Co-60 to generate direct current (DC)
power; and

the thermocelectric generator receives thermal energy
from the radioactive element and the NTAC to
generate DC power.

10. The reactor system of claim 9, wherein the one or
more fission process reactor units are twenty five or more
fission process reactor units.

11. The reactor system of claim 9, wherein the radioactive
clement comprises urantum 235 (U-235) and the by-product
of the fission process 1s cesium 137 (Cs-137).

12. The reactor system of claim 11, wherein the Co-59
layer at least partially encircles the U-235 fuel rod.

13. The reactor system of claim 12, wherein the Co-59
layer 1s disposed between the U-235 fuel rod and the NTAC
and the NTAC 1s disposed between the Co-59 layer and the
thermoelectric generator.

14. The reactor system of claim 13, wherein each of the
one or more fission process reactor units are connected to a
same DC bus.

15. The reactor system of claim 14, wherein the NTAC
comprises a photoionic electron emitter separated from an

clectron getter electrode by a thermionic vacuum gap.

16. The reactor system of claim 9, further comprising a
fluid circulated within the containment vessel.

17. The reactor system of claim 16, wherein the fluid 1s
argon gas.
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