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MULTI-LAYERED RADIO-ISOTOPE FOR
ENHANCED PHOTOELECTRON
AVALANCHE PROCESS

CROSS-REFERENCE TO RELATED PATENT
APPLICATION(S)

This patent application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/678,006, filed
on May 30, 2018, the contents of which are hereby incor-
porated by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The 1invention 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.

OVERVIEW

Conventional nuclear batteries, nuclear capacitors, or
similar nuclear power generation systems rely upon nuclear
fission 1induced by the collision of two subatomic particles.
Generally, a subatomic particle, typically a neutron, 1is
absorbed by the nucleus of a fissile material that fissions 1nto
two lighter elements and additional neutrons along with a
release of energy. The fissile material 1n some cases can be
a material such as uranmium-235. Conventional systems,
however, fail to capture the energy of other particles released
during fission. The current disclosure describes methods and
systems for the eflective absorption or capture of isotope-
emitted beta particles and high energy photons to maximize
the power output. The methods and systems disclosed herein
result in a more eflicient means to produce power as eflec-
tive absorption or capture of these high energy subatomic
particles and high energy photons determines the power
density of energy conversion systems.

Previous energy systems include nuclear batteries
described i U.S. Pat. No. 10,269,463, hereby incorporated
by reference 1n its entirety. Methods and systems disclosed
herein improve the energy conversion, production, and
clliciency of Nuclear Thermionic Avalanche Cell (INTAC)
related systems. Previous energy systems using a NTAC are
described 1n U.S. Pat. No. 10,269,463, the contents of which
are hereby incorporated by reference 1n their entirety. The
novel configuration and design of the NTAC disclosed
herein takes advantage of an isotope’s multiple internal
interactions via a uniquely designed multiple layered struc-
ture of the NTAC. The unique design disclosed herein results
In an energy conversion and power generation system with
extremely high energy density output. The systems and
methods disclosed herein would only require refueling every
three to four decades (depending on the application) or
perhaps longer. Such functionality could be attractive in
applications where the energy-using device 1s very remote
from energy refueling sources or where there are operational
benelits associated with minimal refueling. Potential appli-
cations 1nclude use 1n drones, high altitude aircraft, public
utility-scale electric power generation facilities, electric
propulsion for automobiles and airplanes, power for remote
and rural communities, nodal power without transmission
lines, marine electric-propulsion onboard nautical vessels,
spacecrait, and satellites.

5

10

15

20

25

30

35

40

45

50

55

60

65

2
BRIEF SUMMARY

The present disclosure 1s directed to a nuclear thermionic
avalanche cell (NTAC) system comprising a radioisotope
core, a plurality of thin-layered radioisotope sources con-
figured to emit high energy beta particles and high energy
photons, and a plurality of NTAC layers integrated with the
radioisotope core and the radioisotope sources, wherein the
plurality of NTAC layers are configured to receive the beta
particles and the photons from the radioisotope core and
sources, and by the received beta particles and photons free
up electrons 1n an avalanche process from deep and intra
bands of an atom to output a high density avalanche cell
thermal energy through a photo-ionic process which 1s
similar to a thermionic process of the freed up electrons but
induced by photons. In some embodiments, the beta par-
ticles are electrons or positrons. In embodiments, the pho-
tons are X-rays, gamma rays, or visible UV light. In some
embodiments, the radioisotope core and the thin-layered
radioisotope sources may be Cobalt-60 or Sodium-22 or
Cesium-137. In still other embodiments, the radioisotope
may be nuclear waste or nuclear fuel. In some embodiments,
the radioisotope core, the radioisotope sources, and the
NTAC layers further comprise a thin emitter layer config-
ured to capture the high energy beta particles and/or the high
energy photons released from the radioisotope core and
radioisotope sources. In some embodiments, the thin emaitter
layer comprises nanostructured surface of a high 7 material
(e.g., atomic number greater than 53). In some embodi-
ments, a plurality of collectors are positioned between the
NTAC layers, and the radioisotope core and sources
wrapped with the thin emitter layer, and the plurality of
collectors are configured to capture the high energy beta
particles and/or the high energy photons emitted from the
thin emitter layer. In yet other embodiments, the collectors
comprise a low Z material (e.g., atomic number less than or
equal to 20) or mid Z matenrial (e.g., atomic number 21-33).
In some implementations, the thin-layered radioisotope
sources may have a thickness of millimeter (mm) scale, or
may have a thickness of at least 3 to 5 mm. In another
implementation, a thermoelectric generator may be config-
ured to receive and convert the thermal waste energy from
NTAC for additional output power to the high density
avalanche cell power/thermal energy.

Another embodiment disclosed 1s a method of capturing
high energy photons to generate power comprising, receiv-
ing high energy beta particles and high energy photons
emitted from a radioisotope core and a plurality of thin-
layered radioisotope sources integrated with a nuclear ther-
mionic avalanche cell (INTAC), wherein the NTAC com-
prises a plurality of NTAC layers configured to receive the
beta particles and the photons, outputting avalanche elec-
trons using the recerved beta particles and high energy
photons, guiding the avalanche electrons to cross over a
vacuum gap to a collector, harnessing and running the
clectrons at the collector via a power circuit, and generating
an electrical current. In some 1mplementations, the radio-
1sotope core, the thin-layered radioisotope sources, and the
NTAC layers further comprise a thin emitter layer compris-
ing a nanostructured surface of a high Z material.

Yet another embodiment disclosed i1s an energy conver-
sion system comprising a radioisotope core, a plurality of
thin-layered radioisotope sources configured to emit high
energy beta particles and/or high energy photons, wherein
the thin-layered radioisotope sources have a thickness from
about 3 mm to about 5 mm, wherein the radioisotope core
and the layered isotope sources comprise Cobolt-60 and/or
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Sodium-22, and/or Cesium-137, and a nuclear thermionic
avalanche cell (INTAC) comprising a plurality of NTAC

layers integrated with the radioisotope core and the radio-
1sotope sources and configured to receive the beta particles
and the photons from the radioisotope sources and, by the
received beta particles and photons, free up electrons 1n an
avalanche process from deep and intra bands of an atom to
output a high density avalanche cell thermal energy through
a photo-tonic emission process of the freed up electrons,
wherein the NTAC layers comprise emitters with nanostruc-
tured surface of a high Z material and collectors of a mid Z
material that sandwich the layer of electrical 1nsulator, and
a thermoelectric generator configured to receive and convert
the waste thermal energy from NTAC system 1nto additional
output power, and wherein the waste thermal energy of
NTAC 1s conductively transferred through the NTAC layers
of emitter and collector, the radioisotope core, and the
thin-layered radioisotope sources to the thermoelectric gen-
erators located at the top and bottom and surrounding of
NTAC.

These and other features, advantages, and objects of the
present mnvention will be further understood and appreciated
by those skilled 1in the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 depicts an NTAC device with distributed thin
radioisotope layers, 1n accordance with one or more embodi-
ments ol the present disclosure.

FIG. 2 depicts the emission spectra from Cobalt 60 as
disclosed herein.

FIG. 3 depicts a simulation model of back-scattered
clectrons and multiplication of scattered electrons while 15
keV X-ray 1s incident on Fayalite as disclosed herein.

FI1G. 4 illustrates a cross-section view of an NTAC device
with distributed thin radioisotope layers, in accordance with
one or more embodiments.

FI1G. 5 illustrates how electrons are liberated from ematter
materials cross over the vacuum gap and arrive at the
collector surface, in accordance with one or more embodi-
ments ol the present disclosure.

FIG. 6 illustrates the cross-section view of an NTAC
device with two distributed thin radioisotope layers and
seven NTAC layers, in accordance with one of more
embodiments.

FI1G. 7 depicts a graphical representation of the simulation
results of NTAC with the fixed volume (0.00217 m”) of
radiation source and seven NTAC layers as disclosed herein.

FIG. 8 graphically depicts the power output based on the
radioisotope weight as disclosed herein.

FIG. 9 graphically depicts the simulation results of NTAC
with the fixed fuel masses (approx. 20 kg and 40 kg) of
radiation source and with seven NTAC layers as disclosed
herein.

DETAILED DESCRIPTION

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

The systems and methods disclosed herein relate to exces-
sive heat generated while radioactive material decays that
may be used for a thermoelectric generator. The waste
thermal energy from a nuclear thermionic avalanche cell
(NTAC) 1s transferred to a thermoelectric generator to
produce electricity. Such an energy source 1s known to be
useful for terrestrial and space applications. Conventional
nuclear thermionic avalanche cells typically include a single
type of emitter material with a reasonable thickness to
capture high energy photons. Liberated electrons used in the
NTAC’s avalanche process to output a high density ava-
lanche cell thermal energy/power through a thermionic
process using the liberated electrons lacks efliciency. The
liberated electrons within the emitter material may undergo
multiple scattering that causes a loss of the electron’s kinetic
energy by the Coulomb collisions with neighboring elec-
trons or recombination process through a free-to-bound
transition. Accordingly, a new design concept of multi-thin-
layers of 1sotope integrated with multi-NTAC layers 1s
disclosed herein to eliminate these problematic electron
interactions.

A combination of distributed thin radioisotope layers and
multi-NTAC layers gives rise to several advantageous fea-
tures to mclude more distributed emissions of high energy
photons and high energy beta particles from a number of thin
1sotope layers that reduces the coupling probability within
inter-atomic structure of 1sotope source material, capture
and conversion of the most of high energy photons and/or
beta particles by multi-NTAC layers without leakage of
residual radiation, thus requiring minimal radiation protec-
tion, effective emission of avalanche electrons from the
combined structure of thin layered radiation source and
emitters mto vacuum gap by reducing internal scattering
within atomic structure of 1sotope source and emitter mate-
rials, essentializing the high order interactions within inter-
atomic structure of thinly layered 1sotope itselt and emitters
of NTAC for liberating more energetic electrons, and mak-
ing a distributed thermal load on each layer.

Conventional direct energy conversion systems have
intrinsic limits to generate a number of useful electrons, such
as a limit of up to 3 Coulomb/cm” (“C/cm”) only for power
conversion, because these systems are only able to tap a
maximum of one to four electrons in the valence band.
Accordingly, the overall energy densities of the conventional
conversion systems are intrinsically poor and low. NTAC
systems and devices, however, use a relatively large number
of deep and intra band (of inner-shell) electrons to generate
up to 10° C/cm” through the bound-to-free quantum level
transitions of deep and intra band (of 1nner shell) electrons
and the reordering process ol a shaken nucleus under the
impacts of ultrahigh energy multi-photons, such as X-rays,
gamma rays (1.e., y-rays), and—as discussed in the present
disclosure—emitted beta particles. These phenomena are
iversely well-explained by the emission spectra of X-rays,
gamma rays, and beta particles when the intra-band elec-
trons are shaken and undergo a population inversion process
of quantum level transitions. The NTAC concept uses a
heavy collection of freed-up energetic electrons, such as
10°-10° C/cm’, for power generation through thermionic
processes. The freed-up electrons are highly energetic such
that only thermionic processes can maximize their transmis-
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s10n across a vacuum-gap 1 an NTAC device. Since this
huge number of free electrons obtained through X-ray,
gamma ray, or beta particle driven quantum transition 1s
directly pushed off and across the vacuum-gap and utilized
for power generation using photo-ionic (or similarly ther-
mionic) process, the disclosed NTAC systems may result in
an ultrahigh power density, such as power density greater
than 1 kW/cm®.

FIG. 1 illustrates a new way to capitalize thin multi-
layered 1sotope for the enhancement of electron liberation
through higher order interactions in NTAC devices. The
multi-layered NTAC device 100 may typically include a
radioisotope core 102 surrounded by thin radioisotope layers
104. In some implementations, the radioisotope or fuel may
be Cobalt-60, Sodium-22, Cesium-137, nuclear waste,
recycled nuclear waste, or other suitable nuclear fuel. The
radioisotope core 102 and thin layers 104 may include
insulators 106, collector electrodes 112, and emitter elec-
trodes 114. The walls and the top and bottom caps of the new
NTAC device 100 may have radiation shielding layers 110
and metallic junction thermoelectric layer 108 encapsulating
the device 100. The 1sotope core 102 and 1sotope thin layers
104 and emitters 114 of the NTAC 100 have a tendency to
scatter and absorb 1ts own emitted radiation and/or beta
particles. Such scattering and absorption of high energy
photons and beta particles through 1ts own body reduce the
intensity of emission spectra. The reduced portion of emis-
sion spectra by scattering and absorption turns out as a
liberated electrons, including Auger electrons, X-ray fluo-
rescence, and thermal energy. It the radiation 1sotope mate-
rials and emitter materials are too thick, the scattering and
absorption of emitted y-rays and high energy beta particles
within the 1sotope and emitter materials become dominant
and spread the original intensity of emission spectra into the
emissions ol lower energetic electrons (Compton edge elec-
trons and Auger electrons), X-ray {fluorescence, and
increased thermal loading. The new configuration of NTAC
as shown 1 FIG. 1 offers a great improvement in perfor-
mance by adopting a distributed thin multi-layer radioiso-
tope sources 102 and 104 and emitters 114 that reduce
thermal loading due to multiple scattering of high energy
photons and/or energetic beta particles 1in higher order
interactions.

The internal thermal loading by scattering and absorption
becomes more significant when the decay process of the
radioisotope material creates very high energy photons
and/or high energy beta particles and the body mass
increases. Such a photon and/or a beta particle mitially
interacts with the intra-band electrons and nucleus of atom
to generate a number of energetic electrons, y-rays remain-
der, and X-ray fluorescence by energy and momentum
splitting. These energetic electrons, y-rays remainder, and
X-ray fluorescence from the primary interaction undergo the
secondary mode of interaction with neighboring atoms to
populate further liberated electrons, but at the same time
increase thermal loading if material scattering thickness 1s
too thick.

Such phenomena 1s described by photoelectric (pe), pho-
tonuclear (pn), Compton scattering (Cs), and electron/posi-
tron pair production (pp). A huge number of electrons 1n the
intra-band of atom can be liberated through a bound-to-free
transition when coupled with either high energy photons or
high energy beta particles or both together. In the pe process,
an electron coupled and liberated by incident high energy
photon or by energetic beta particle gains a portion of photon
energy or beta particle energy. In such a case, the portion of
energy gained by a liberated electron 1s substantially high up
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to several hundreds of keV level. This electron 1s energetic
and may have an increased collision probability as a sequen-
tial Coulomb collision to the shell electrons of neighboring
atom as the secondary interaction. The liberated emission of
energetic electron from an 1nner-shell structure of an atom
almost instantaneously induces the bound-to-iree transition
of another neighboring electron while the filling of an
inner-shell vacancy of an atom. This phenomenon 1s known
as Auger eflect. In this process, the filling of an mner-shell
vacancy ol an atom also emanates a few keV level X-rays
which 1s generally known as X-ray fluorescence or
Bremsstrahlung. An energized beta particle has almost the
same eflect on an atom as a high energy photon. A beta
particle with MeV level energy (1.e., Strontium-90) has the
ability to shake up the nucleus of an atom by collision. In
such a case, an emission of y-rays 1s anticipated and has a
subsequent 1nteractive phenomenon with neighboring
atoms. The pn process 1s as complex as the pe process. High
energy photons can directly couple with a nucleus. In such
a coupling case, nucleus can undergo a level reordering
process under an unstable resonant mode if the photon
energy 1s lower than the binding energy of the nucleus.
Unstable resonant modes of a nucleus can generate a varia-
tion 1 centroid energy levels of nucler that affects the
stability of valence shell electrons. In some cases, the level
reordering process may cause a majority ol photon energy to
create a pair production near a nucleus, such as an electron
and a positron, a muon and an anti-muon, or a proton and an
antiproton. The photon energy level of the interaction must
be above a certain threshold to create the pair which 1s at
least the total rest mass energy of the two particles. To
conserve both energy and momentum, the photon energy 1s
converted to particle’s mass or vice versa. The rest mass
energies of an electron and a positron are 1.022 MeV.
Therefore, the mimmmum photon energy level to create an
clectron-positron pair 1s 1.022 MeV. Any photon energy
level higher than 1.022 MeV can increase the rate of pair
production. As discussed above, when pair production
occurs, the nucleus undergoes a mode change with a recoil-
ing process. Accordingly, the annihilation process of elec-
tron/positron generates y-rays at 1.022 MeV. The resulting
y-rays at 1.022 MeV have a significant detrimental effect on
subsequent interactions with shell-electrons of 1ts own or
neighboring atoms.

Compton scattering (Cs) 1s a physical phenomenon that
describes the scattering of a photon with a charged particle,
similar to an electron. When a charged particle 1s coupled
with high energy photon, a charged particle gains energy
from the incident photon while the photon energy, after
scattering, 1s reduced by the same amount of energy gained
by a charged particle. When an electron 1s aflected by
Compton scattering with y-rays, the energy level gained by
the electron 1s substantial and accelerates the electron with
the kinetic energy 1n keV level. The remaining energy 1s still
carried by the photon. The energies carried by an electron
and a photon after scattering remain so high that they have
consequential effects on higher order 1nteractions.

The coupling processes, such as pe, pn, Cs, and pp, occur
when an emitter material receives high energy photons and
high energy beta particles. But these coupling processes also
take place within 1ts own emitting body structure of the
radioisotope that emits gamma rays and/or beta particles.
Certain radioisotopes, such as Co-60 (see FIG. 2), have not
only the emission spectra of beta decay and high energy
photons, but the beta particles and high energy photons are
actively coupled with their own isotopic atoms within the
body material to further yield the Compton-edge electrons,
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Bremsstrahlung, Auger electrons, and pair production
through the primary, secondary, tertiary, etc., interactions.

As shown 1n FIG. 2, the spectral distribution of emission,
except for the two major peaks at 1173.24 keV and 1332.5
keV, 1s attributed to the complex internal interaction pro-
cesses 1dentified as the Compton-edge electrons,
Bremsstrahlung, Auger electrons, and pair production. Such
emission patterns ifrom the 1sotope itself can be also ben-
eficial and used for power generation 11 a different NTAC
device 1s designed to subsidize the additional photon energy.
As such a newly designed NTAC will have increased
performance 1f constructed with the radioisotope distributed
in thin layers.

The attenuation of high energy photons through a material
usually follows the Beer-Lambert law. The transmittance of
photons through a medium 1s described by:

I=e-0pz

where o 1s the attenuation cross-section of a medium, p the
density of a medium, and z the path length of the beam of
light through a medium. The transmittance of high energy
photons can be lowered as the cross section 1s large, or
density 1s high, or the path length 1s long, or by all together.
The cross section and density, however, are mainly deter-
mined by morphological formation of material. The only
control parameter for the absorption of high energy photons
1s the thickness of material. Specifically, for NTAC appli-
cations, the thickness of a selected material cannot be
increased only to improve the absorption of high energy
photons. If a material 1s made too thick in an effort to absorb
more high energy photons, the electrons liberated from the
intra-band of atoms located deep 1nside the material by high
energy photons cannot be readily emitted out of the domain
of material due to the loss of energy through multiple
scatterings through the Coulomb collisions. The distance of
clectron passage without scattering 1s determined by the
mean-iree path. If the passage length 1s too thick, the
photo-ionic process 1s quenched and the liberated energetic
clectrons are thermalized and eventually undergo a recom-
bination process. As shown 1n FIG. 3, when Fayalite 1s
illuminated by a 15 keV electron beam, the back-scattered
clectrons are emitted from the domain of material. The
multiply scattered electrons remain within the domain and
lose their kinetic energy by sequential Coulomb collisions,
and are eventually recombined 1nto the atomic structure. To
maximize the photo-1onic emission process through which a
number of photo-excited electrons are released and emitted
from emitter material, an optimal thickness of material can
be estimated using a simulation model. For Fayalite shown
in FIG. 3, as an example, the optimum thickness for the
maximum emission of liberated electrons 1s approximately a
thickness of 463.1 nm under the impingement of 15 keV
clectron beam. A huge number of electrons can be emitted
out from the back surface of Fayalite if 15 keV electron
beam 1s 1ncident on a 463.1 nm thick Fayalite. The estima-
tion of optimum thickness can be made with Monte Carlo
simulation code whose open source code 1s available 1n
public domain. In some materials, the optimum thickness
may be much thicker than 463 nm of Fayalite. In some other
examples, the optimum thickness may be less than 463 nm.
In some examples, the optimum thickness of ordered struc-
tural materials may vary from about micrometer scale to
millimeter scale. In some other examples of largely disor-
dered high Z materials, the optimum thickness may be much
smaller than 463 nm of Fayalite, such as 200 nm, 300 nm,
or 400 nm. Even 1f a flux of high energy photons (keV to
MeV level) 1s incident on a material, there will be emissions
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of Auger and Compton electrons after the primary interac-
tion of high energy photons with the inter-atomic structure.
Such Auger and Compton electrons carry several tens to
hundreds of keV energy and eventually interact with and
liberate much more additional number of multiple electrons
as shown 1 FIG. 3. Accordingly, it 1s beneficial to keep the
thickness of emitter material thin 1n order to have additional
avalanche emission of electrons tossed ofl after Coulomb
collisions with high energy Auger and Compton electrons.

FIG. 4 depicts a cross-section ol the newly designed
nuclear thermionic avalanche cells of FIG. 1 that maximize
the liberation of electrons from emitters by adopting dis-
tributed thin 1sotope layers along with NTAC layers 101 and
separated by vacuum gaps 105. The number of layers can be
determined by the requirement of power output. The core
clement 102 and thin layers of radioisotope 104 that emat
y-rays and/or beta particles are co-axially arranged with
radial increments shown on the left side of FIG. 4. Both
sides of each radioisotope source 102 and 104 are wrapped
by thin emitter layers (electrode) (shown as 114 1n FIG. §5)
that capture high energy photon tluxes from a radioisotope
layer 102 and 104 for the liberation of intra-band electrons.
There are collectors (shown as 112 1 FIG. 5) positioned
between the thin radioisotope layers 104 and core 102
wrapped with the emitters 114 on both sides. The collectors
112 receive electrons released and crossed over the vacuum
gap from emitters. The collector 112 itself also receives and
couples with incident y-ray radiation and energetic electrons
that might cause the electrons to be liberated from collector
material too. A nanostructured emitting surface ol high
Z-material which has a large number of electrons within the
shell structure of atom 1s selected for emitter 114, while the
collector material 112 can be selected from a low or a mid
/. material. Therefore, the number of liberated electrons
from the emitter 114 arriving at the collector 112 over-
whelms the liberated electrons from the collector. This
phenomenon 1is illustrated shown in FIG. 3.

FIG. 5 illustrates liberation of electrons from an emitter
material to a collector surface. A large number of electrons
liberated from emaitter materials 114 are emitted from the
nanostructured surface of emitter 114 and cross over the
vacuum gap 105 and arrive at the collector surface 112. By
the direct impingement of high energy photons, such as
y-ray transmitted through the emitter, X-ray fluorescence
and the residue y-ray as a remainder of Compton scattering,
the collector 112 1tself also undergoes liberating inner-shell
electrons from the collector material. However, the number
of energetic electrons arriving from emitters 114 at collec-
tors 112 overwhelms the number of liberated electrons from
collector. By forming a closed circuit between the emitter
and the collector, the NTAC layer power circuit 200 har-
nesses these supplant electrons from the collector to a load
202. The lightning symbol 201 depicted in FIG. § indicates
the emission of y-ray and/or high energy beta particles from
the core 102 and layers 104 of radioisotope. The emission
symbol 203 indicates the emission streams of y-ray, X-ray,
and energetic electrons from the emitter materials 114 after
the high order interactions and also partially from the core
102 and layers 104 of radioisotope. This emission stream
203 will interact with the material 1n the next layer. The
details of interaction 1s shown in the FIG. 5 inset of which
a pattern of electron transition from bound to free 1s depicted
with the incident photon energy. FIG. 5 also depicts the
generation of current 204 1n the power circuit 200 formed
between the emitters 114 and collectors 112.

FIG. 6 1illustrates the cross-section view of an NTAC
device with two distributed thin radioisotope layers and
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seven NTAC layers. In some embodiments, the number of
NTAC layers maybe more or lower than 7 which will be
determined by the kind of radioisotope and the thickness of
emitter, insulator, and collectors. The device shown 1n FIG.
6 was used as a model to simulate the system performance
for 20 kW or higher power output. This model includes an
extra radiation shielding layer and a layer for thermal energy
conversion using the metallic junction thermoelectric efli-
ciency (MIJITE) device 108 1n a radial direction. The top and
bottom caps of NTAC have radiation shielding layers and
metallic junction thermoelectric devices. The radiation
source comprises the core 102 and two separate layers 104.
The system simulation model uses gadolinium (Gd) as an
emitter material, copper as a collector, and quartz as an
insulator as indicated in below Table 1. Based on the results
of theoretical study shown in Table I, the system only
requires five layers of NTAC to absorb and convert the
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vacuum gaps 105 and NTAC layers 101 and eventually
arrive at the metallic junction layer 108. Thermal energy
transierred through both the axial and radial directions 1s
converted by MJTE device 108. In the simulation, only 10%
of MITE efliciency was used to capture and convert thermal
energy. Based on the simulation study conducted for the
MITE device with the 10 layers (10° junctions/layer, 50 um
layer thickness) for the temperature diflerence between 273°
K and 1273° K, the efliciency turns i1s about 20%. Including
the spacer and crossbeam for 10 layers, the actual thickness
of MJTE simulation model was 0.7 mm. It the thickness of
MITE device 1s increased by adding a number of layers
more than the 10 layers used for the same temperature
difference, the efliciency will be much higher than 20%. The
elliciency of 10% selected for the NTAC simulation 1s a

conservative value.

TABLE 1

NTAC configuration with selections of emitter, collector, and insulator.

Photon
Energy Laver 1 NTAC
(MeV) Emuitter Collector Insulator Emitter Layer 2 Layer 3 Layer 4 Layer 3 Layer 6 Layer 7 Layer #
La Cu 510, La
0.6 0.1399 0.0648% 0.0619 01399 X X X X X X X X X 4
1.25 0.0885 0.0958 0.0442 00885 X X X X X X X X X X X X X X X 6
7 0.0680 0.0272 0.0209 00680 X X X X X X X X X X X X X X X X X X & (3%)
Ga Cu S10, Ga
0.6 0.1893 0.0648 0.0619 01893 X X X X X X 3
1.25 0.1147 0.0458% 0.0442 0.1147 X X X X X X X X X X X X 5
7 0.0911 0.0272 0.0209 00911 X X X X X X X X X X X X X X X X X X 7
Re Cu 510, Re
0.6 0.4826 0.0648 0.0619 0.4826 1
1.25 0.2914  0.0458 0.0442 02914 X X X 2
7 0.2408 0.0272 0.0209 02408 X X X X X X 3
Au Cu 510, Au
0.6 0.4769 0.0648% 0.0619 0.4769 1
1.25 0.2777 0.0458 0.0442 02777 X X X 2
7 0.2289 0.0272 0.0209 02289 X X X X X X 3

photon power delivered from the radioisotope core 102 and
two radioisotope layers 104. A system with at least five
layers of NTAC absorbs all radiation and converts 1t nto
usetiul power and thermal loading. Thus, there 1s no residual
radiation that can escape the system. As an additional
radiation protection, however, the system includes a blanket
of lead with a 1 cm thickness. An additional layer that 1s a
metallic junction with 1.5 c¢cm thickness can also provide
radiation shielding. There are vacuum gaps 105 between
layers where the liberated electrons cross over. Some of
initial photon energy can be converted to thermal energy
alter photon-scattering through the layer matenials and also
thermal energy comes from when those freed electrons
undergo inelastic scattering with neighboring electrons of
atom. A portion of this thermal loading on each layer is
conducted out through the emitter and conductor materials
in an axial direction. The remaining thermal loading crosses
over the vacuum gap by radiative transfer. Because of
cylindrical formation of the NTAC layers 101 with narrow
vacuum gaps 105, a significant portion of thermal energy
can be transmitted 1n a radial direction through the layers of
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FIG. 7 shows the simulation results of the NTAC which
was made with a fixed volume (0.00217 m’) of radioactive
materials. The total number of NTAC layers used for this
model was seven layers. The required number of NTAC
layers needed to absorb and convert the incident y-ray
radiation 1s only five as indicated in Table I. Based on the
theoretical calculation made for the 1.25 MeV y-ray radia-
tion, the five layers of Cu-quartz-Gd completely absorb the
radiation with no radiation leaks. The graph on the left of
FIG. 7 displays the specific weights of Na-22 and Co-60
cases for a radiation core diameter of 10 cm and a height of
50 cm along with system power. The graph on the right of
FIG. 7 1s for a radiation core diameter of 10 cm and the
height of 100 cm along with system power. Due to the low
density of Na-22, the actual mass of Na-22 used for calcu-
lations 1s only 5.18 kg vs. 47.4 kg of Co-60.

FIG. 8 shows the power output of an improved NTAC
based on the weight of radioisotope used. The plots were
made for the photon power conversion efliciencies, 10% and
20%, for Co-60 and Na-22 while keeping 10% for MITE
elliciency. It 1s quite noticeable that 40 kg of a Na-22 NTAC
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system has a 400 kW power potential which 1s at least four
times greater than that of Co-60 with the same fuel mass.
FIG. 9 shows the specific weight for the fixed fuel mass.
The lett graph of FIG. 9 shows the specific weights of the
NTAC with the fuel weights of 30.5 kg of Co-60 and 22.56
kg of Na-22, respectively. The right graph of FIG. 9 shows
the specific weights for the fuel weights of 53.21 kg of
Co-60 and 43.42 kg of Na-22, respectively.
Specific elements of any of the foregoing embodiments,
implementations, or examples can be combined or substi-
tuted for elements in other embodiments or examples. Fur-
thermore, while advantages associated with certain embodi-
ments and examples of the disclosure have been described in
the context of these embodiments, other embodiments and
examples may also exhibit such advantages, and not all
embodiments need necessarily exhibit such advantages to
tall within the scope of the disclosure.
What 1s claimed 1s:
1. A nuclear thermionic avalanche cell (NTAC) system
comprising;
a radioisotope core comprised of a nuclear radioisotope
material, wherein the radioisotope core 1s surrounded
by a core thin emitter layer comprising an emitter
material;
a plurality of radioisotope source layers, the radioisotope
core and the plurality of radioisotope source layers
configured to emit energetic beta particles and high
energy photons, wherein each of the plurality of radio-
1sotope source layers comprise:
an mnner thin emitter layer, the mner thin emitter layer
comprising the emitter matenal;

an outer thin emitter layer, the outer thin emitter layer
comprising the emitter material; and

a radiation source layer comprised of the nuclear radio-
1sotope material, the radiation source layer disposed
between the mnner thin emitter layer and the outer
thin emitter layer such that the radiation source layer
surrounds the mnner thin emaitter layer and the outer
thin emitter layer surrounds the radiation source
layer,

wherein the plurality of radioisotope source layers are
arranged concentrically around the radioisotope core
such that a plurality of vacuum gaps are created where
one of the plurality of vacuum gaps 1s created between
an 1nner most one of the plurality of radioisotope layers
and the radioisotope core and each remaining of the
plurality of vacuum gaps 1s created between pairs of the
plurality of radioisotope layers;

a plurality of collectors comprised of a collector material,
one of the plurality of collectors disposed in each of the
plurality of vacuum gaps, the plurality of collectors
spaced within each of their respective ones of the
plurality of vacuum gaps so as to not contact the
radioisotope core or radioisotope source layers; and

a plurality of NTAC layers integrated with the radioiso-
tope core and the radioisotope source layers, the plu-
rality of NTAC layers each having at least one NTAC
emitter layer comprising the emitter material, wherein:
the plurality of NTAC layers are configured to receive

the energetic beta particles and the high energy
photons, and by the received energetic beta particles
and the high energy photons free up electrons to an
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avalanche process from deep and intra bands of
atoms of the emitter material to output thermal
energy through a photo-ionic or thermionic process

of the freed up electrons; and

the plurality of NTAC layers are arranged concentri-
cally around the radioisotope core and the plurality
of radioisotope layers such that the plurality of
radioisotope layers are disposed between the radio-
1sotope core and the plurality of NTAC layers.

2. The system of claim 1, wherein the energetic beta
particles are electrons or positrons.

3. The system of claim 1, wherein the high energy photons
are X-rays, gamma rays, or UV light.

4. The system of claim 1, wherein the nuclear radioisotope
material 1s Cobalt-60, Sodium-22, or Cesium-137.

5. The system of claim 1, wherein the core thin emitter
layer, the inner thin emitter layers, and the outer thin emaitter
layers are configured to capture and interact with the ener-
getic beta particles and the high energy photons released
from the radioisotope core and the plurality of radioisotope
source layers.

6. The system of claim 5, wherein the emitter material
comprises a nanostructured surface of a high Z matenial.

7. The system of claim 6, wherein the plurality of col-
lectors are configured to capture the energetic beta particles
and/or the high energy photons emitted from the core thin
emitter layer, the inner thin ematter layers, and the outer thin
emitter layers, and wherein the plurality of NTAC layers 1s
a number of NTAC layers selected such that all photon
energy 1s depleted to a zero level without escaping the
plurality of NTAC layers.

8. The system of claim 7, wherein the collector material
comprises a low or mid Z material.

9. The system of claim 1, wherein each of the plurality of
radioisotope source layers have a thickness from about 3
mm to about 5 mm.

10. The system of claim 9, wherein the plurality of
radioisotope source layers 1s two radioisotope source layers,
the plurality of NTAC layers 1s five NTAC layers, the emitter
material 1s gadolintum or a high Z material, and the collector
material 1s copper.

11. The system of claim 1, further comprising:

a metallic junction layer arranged around a NTAC layer of
the plurality of NTAC layers farthest from the radio-
1sotope core such that the plurality of NTAC layers are
disposed between the plurality of radioisotope layers
and the metallic junction layer;

a top cap; and

a bottom cap, the top cap and the bottom cap including
radiation shielding layers and the tope cap and the

bottom cap arranged to interface with the metallic

junction layer such that the top cap, the bottom cap, and
the metallic junction layer together encase the radio-
1sotope core, the plurality of radioisotope layers, the
plurality of collectors, and the plurality of NTAC
layers,

wherein a metallic junction thermoelectric generator 1s
configured to receive the output thermal energy from
the plurality of NTAC layers via the metallic junction
layer and output thermoelectric power.
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