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(57) ABSTRACT 

Gamma radiation (22) is shielded by producing a region of 
heavy electrons (4) and receiving incident gamma radiation in 
Such region. The heavy electrons absorb energy from the 
gamma radiation and re-radiate it as photons (38, 40) at a 
lower energy and frequency. The heavy electrons may be 
produced in Surface plasmon polaritons. Multiple regions (6) 
of collectively oscillating protons or deuterons with associ 
ated heavy electrons may be provided. Nanoparticles of a 
target material on a metallic Surface capable of Supporting 
Surface plasmons may be provided. The region of heavy elec 
trons is associated with that metallic surface. The method 
induces a breakdown in a Born-Oppenheimer approximation 
Apparatus and method are described. 

a2a2a22. 
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Figure 1. Relative positions of infrared, X-ray, and gamma ray regions within the 
electromagnetic spectrum 
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Figure 2. Relative position of gamma rays in the electromagnetic spectrum 
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Figure 3, Photoelectric Effect-primarily low energy photons with Es 0.5 MeV 
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Figure 4. Compton Scattering-primarily medium-energy photons with 0.5s E35.0 MeV 
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Figure 5. Pair Production-primarily high-energy gammaphotons with E> 5.0 MeV 
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Figure 6. Relative contributions of each process as a function of a “target” atom's nuclear charge 
(Z or atomic number of absorber) versus incident gamma photon energy (MeV) 
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Figure 7. High-energy photon absorption cross sections versus photon energy for Carbon 
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Figure 8. High-energy photon absorption cross sections versus photon energy for Lead 
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Figure 9. Biological effects of different radiation found in the electromagnetic spectrum 
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Figure 10. Ionization of an atom by interaction with high energy gamma photon 
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Figure 11. Example of a gamma spectrum collected from a bentonitic clay soil on the Island of 
Cyprus 
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Figure 12. Example of a gamma spectrum collected from a soil found in rural Belgium 
(unshielded detector is situated right out in the open one meter above the ground surface) 
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Figure 13. Gamma spectrum collected from Sample of granite rock found near the Baltic Sea 
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Figure 14. Background gamma spectrum collected inside a selected scientific laborato 
re 
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Figure 15. Delayed gamma spectrum collected from a Brazilian research reactor (TEA-R1) 
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Figure 16. Thickness of one (1) half-value layer (measured in cm) of shielding as a function of 
incident gamma photon energy from 0.1 MeV up to 10.0 MeV 
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Figure 17. Reconstructed gamma spectrum from the Sarov criticality accident in 1997 
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Figure 18. Schematic conceptual diagram showing absorption of a gamma photon by a heavy 
electron and re-radiation of the energy received from the gamma photon as a mixture of outgoing 
infrared and soft X-ray photons 

Multiple outgoing lower 
Single incoming energy, lower frequency 
high-energy, infrared and some Soft 

high frequency X-ray photons 
gamma photon as r 

e 
Heavy 

Electron 

TVE AXIS 

  



US 2008/02965.19 A1 Dec. 4, 2008 Sheet 19 of 24 

re 19. Conceptual overview of the invention 
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Figure 20. Side view of one embodiment of the invention. 
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Figure 21. Top view of one embodiment of the invention 
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Figure 22. Side view of one embodiment of the invention with surface nanoparticles 
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Figure 23. Top view of one embodiment of the invention with surface nanoparticles 
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Figure 24. Schematic side view of one preferred embodiment of an ULM neutron generator 
system with integrated gamma shielding (not to scale) 
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APPARATUS AND METHOD FOR 
ABSORPTION OF INCIDENT GAMMA 
RADATION AND ITS CONVERSION TO 
OUTGOING RADATION AT LESS 

PENETRATING, LOWER ENERGIES AND 
FREQUENCIES 

0001. Applicants claim the benefit of their provisional 
patent application 60/715,622 filed in the United States Patent 
and Trademark Office on Sep. 9, 2005. 

BACKGROUND OF THE INVENTION 

0002 The present invention concerns apparatus and meth 
ods for the shielding (absorption) of incident gamma radia 
tion and its conversion to less energetic photons. Gamma 
photons (often denoted by the Greek letter gamma, Y) are a 
form of very high energy, very high frequency, very short 
wavelength, and very penetrating electromagnetic radiation 
emitted by, for example: 

0003 Atomic nuclei making a transition from an initial 
excited nuclear state to a Subsequent lower energy state, 
O 

0004 Transmutation reactions (nuclear reactions in 
which one element changes to another) in which prompt 
gamma rays are emitted by anatomic nucleus after it has 
absorbed a type of neutral elementary particle called a 
neutron, or 

0005 Radioactive decay of nuclei in processes such as 
fission of unstable radioactive isotopes (e.g. Uranium 
235, used in nuclear weapons and some commercial 
nuclear power plants), and 

0006. Other subatomic processes involving elementary 
particles such as electron-positron annihilation. 

0007 Gamma photons, alternatively called “gamma 
rays', 'gamma radiation' or 'gamma emissions, have the 
following basic characteristics: 

0008 Energy: >100 keV 
0009 Frequency: >10 Hz 
(0010 Wavelength: <10 meters 
0011 Penetrating Power: much more penetrating than 
X-rays in normal Solid materials; gammas are the most 
powerful form of electromagnetic radiation. 

0012. The following terminology, consistent with 
accepted practice, will be used in this Invention: 

0013 Infrared (IR)—associated with the concept of 
“heat” because it emitted as radiation by hot objects: 
efficiently absorbed by many solid materials. IR is a 
broad spectral segment; photon energies range from 
0.0012 eV up to ~1.65 eV; this includes the infrared, 
intermediate infrared, and far infrared bands. 

0014 Visible Light—electromagnetic radiation seen by 
the human eye comprises a relatively narrow slice on the 
entire electromagnetic spectrum with photon energies 
that range from 1.65 to 3.1 eV. 

(0015 Ultraviolet (UV) broadly defined, photon ener 
gies range from 3.1 to 124 eV. 

0016 Extreme Ultraviolet (EUV) in optical and laser 
work, this term commonly refers to photons with ener 
gies that range from roughly 89 eV up to about 113 eV. 
This range narrowly overlaps the lower boundary of soft 
X-rays. 

0017 Soft X-Rays photon energy ranges from 0.10 
keV (100 eV) up to 10 keV 
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0.018 Hard X-Rays photon energy ranges from 10 
keV up to 1,000 keV (1 MeV) 

0.019 Gamma Rays generally refers to any electro 
magnetic photon with an energy >100 keV; please note 
that this accepted definition overlaps that of “hard 
X-rays” from 100 keV to 1,000 keV (1 MeV)—this 
overlap is alternatively called “Soft Gamma Rays”. In 
the narrowest possible definition, the energy of gamma 
ray photons ranges from 1 MeV up to whatever. Gamma 
photon energies can get extremely high: gamma rays 
emitted in a 1996 burst recorded from an astronomical 
object named Markarian 421 (known as a “blazar) 
reached 300 GeV—astronomers believe that they can 
reach TeVs. 

0020 Prompt or Activation Gamma Rays—these terms 
imply gamma rays that are emitted from an atomic nucleus 
either: (a.) within one (1) nanosecond after a neutron absorp 
tion ("capture') event, or (b.) within a few nanoseconds after 
the instant of nuclear fission. Gammas arising from neutron 
captures on nuclei can be described either as “prompt gam 
mas' or as “activation gammas'. Gammas that are emitted 
contemporaneously with fission events are typically referred 
to as “prompt gammas.” 

0021 Delayed or Decay Gamma Rays in the case of 
neutron capture on nuclei without inducing fission, the 
terms “delayed or "decay” gamma rays generally imply 
gammas that arise in the course of Subsequent decay of 
more neutron-rich, unstable product(s) that are pro 
duced by the initial neutron capture event. Analogously, 
in the case of a fission event (whatever the proximate 
cause), the terms “delayed or "decay” gammas gener 
ally mean gammas that arise from the later (depending 
on their half-lives) radioactive decay of the fission prod 
uct(s)/fragments. 

0022. The relative position and key characteristics of 
gamma rays compared to the rest of the electromagnetic 
spectrum can be seen in the following Table 1: 

TABLE 1 

Gamma Rays and the Electromagnetic Spectrum 

Wavelength Frequency Energy per Photon 
Name of Wave (m = meters) (Hz) (eV) 

AM Radio 102 106 10–9 
FM, TV 1 108 10-7 
Radar 1O-I 109 1O-6 
Microwaves 102 1010 10-5 
Infrared 10-5 1013 102 
Visible Light 10-7 10 15 1 
Ultraviolet 10-8 1016 101 
X-Rays 10-10 1018 103 
Gamma Rays 10-13 1021 106 

0023 The data shown above in Table 1 is expressed 
graphically in FIG. 1 in which the relative positions of the 
infrared bands, Soft X-rays, and soft/hard gamma rays are 
shown versus the entire electromagnetic spectrum. 
0024 FIG. 2 shows the relationship between gamma rays 
and the rest of the electromagnetic spectrum on the basis of 
wavelength; it also illustrates the relatively small percentage 
occupied by the visible segment of the entire spectrum. 
0025 Gamma photons interact with normal matter 
through three main processes (Photoelectric Effect, Compton 
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Effect, and pair production); in order of increasing energy of 
incident gamma photons required to initiate them, they are as 
follows: 

0026. Photoelectric Effect (gamma photon 
energys-0.5 MeV)—an incident gamma ray photon 
strikes and is fully absorbed by an atomic electron, 
which is then Subsequently ejected from the atom as an 
energetic photoelectron, leaving an ionized atom. The 
gamma photon is now gone, having been absorbed com 
pletely by one atomic electron. This process is graphi 
cally illustrated in FIG. 3. 

0027 Compton Scattering (-0.5 MeVsgamma photon 
energys-5.0 MeV)—in this process, an incident 
gamma ray photon Strikes an atomic electron, ionizing 
it, and giving up part of its energy to the struck electron, 
which is then ejected from the atom as an energetic 
Compton electron. This process is graphically illus 
trated in FIG. 4. After scattering, the incident gamma 
photon, now at a lower level of energy, continues 
through the material or medium in which the atom on 
which it scattered was located. Depending upon its 
remaining energy, this lower-energy gammaphoton may 
interact further with materials in its subsequent path via 
the Photoelectric Effect, Compton scattering, or pair 
production. 

0028 Pair Production (mostly at gamma photon ener 
giese-5.0 MeV)—in this process, an incident gamma 
ray photon makes it all the way through the outer cloud 
of atomic electrons and encounters the intense internal 
Coulomb field of a atomic nucleus. While in the grip of 
the nuclear Coulomb field, if an incident gamma pho 
ton's energy is greater than a minimum value of 1.022 
MeV, pair production may occur. In this process shown 
in FIG. 5, the entire energy of an incident gamma photon 
(which then disappears) is converted into an electron 
positron (positive electron) pair that fly-off in opposite 
directions. When such an emitted positron slows down 
and encounters an ordinary electron, they annihilate 
each other: two 0.511 MeV gamma photons are pro 
duced, which can Subsequently interact with matter via 
the Photoelectric or the Compton Effect. 

0029 Relative contributions of each of process as a func 
tion of a “target atom's nuclear charge (Z or atomic number 
of absorber) versus incident gamma photon energy (MeV) is 
shown in FIG. 6. In general, the Photoelectric Effect becomes 
dominant at low gamma ray energies. In the middle range of 
gamma ray energies from ~1-5 MeV, the Compton Effect 
dominates over the Photoelectric Effect and pair production. 
At very high energies, the Photoelectric Effect is absent and 
pair production increasingly dominates over the Compton 
Effect. 
0030 FIG. 7 illustrates high-energy photon absorption 
cross sections (measured in barns-b) versus photon energy 
for a relatively low-Z material (Carbon, Z=6); FIG. 8 shows 
the same data for a relatively dense, high-Z material (Lead, 
Z=82). Note the cross sections for absorption of gamma 
radiation between ~100 keV and 10 MeV for Carbon versus 
Lead. 

0031. In FIGS. 7 and 8, examination of the top line on the 
charted data denoting "Total photon absorption cross-sec 
tion per atom illustrates how a high-Z material (e.g. Lead) can 
be a substantially better gamma shield (i.e. photon absorber 
or attenuator) than a relatively low-Z material (e.g. Carbon) 
for gamma photons at energies from 100 keV to ~10 MeV. 
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Implicit in this comparison is the fact that electron density is 
much higher in high-Z materials such as Lead than in low-Z 
materials such as Carbon. 
0032. It is important to note that in planetary environ 
ments, typical local (non stellar) gamma Sources (natural, 
man-made, or man-induced) have photon energies that 
mostly range from 100 keV to ~10 MeV. Gammas produced 
in nuclear fusion processes can easily reach -20+ MeV, but 
are rarely encountered on the Surfaces of planets with atmo 
spheres, including Earth. Thus, in most environments, the 
gamma photon energy range of -0.5 MeV to ~10 MeV 
includes a very Substantial portion of the gamma ray fluxes 
that might conceivably be encountered. 

Gamma Photon Radiation Damages Biological Organisms 
and Modern Electronic Systems: 
0033. As shown in FIG. 9, exposure to electromagnetic 
(EM) radiation has various effects on biological and elec 
tronic systems. Compared to the rest of the EM spectrum, X 
and gamma-rays can cause particularly severe, long term 
damage to various types of matter found in Solid structures. 
Comparatively high potential for damage occurs from expo 
Sure to external gamma radiation because gamma photons 
have higher energy per photon, thus high frequencies, short 
wavelengths and tremendous penetrating power compared to 
charged particles Such as alphas and betas (energetic elec 
trons). X- and gamma-rays are thus able to ionize or other 
wise excite a variety of atoms and/or molecules located 
almost anywhere deep inside a living organism or unshielded 
electronic component. 
0034. A simplified example of the process of ionization is 
illustrated in FIG. 10. What happens is that a high energy 
photon (anything>30 eV) first hits an electron of an atom 
located somewhere within a biological structure or electronic 
component. That impact can knock an electron out of the 
atom, leaving behind a positively charged atom (ion) and an 
energetic electron (together forming an “ion pair”), both of 
which can interact further with other local atoms or mol 
ecules; this is essentially what happens in both the Photoelec 
tric Effect and Compton Scattering (discussed earlier). 
Types of Damage to Living Organisms from Incident Gamma 
Radiation: 
0035. The following illustrate various types of damage 
from exposure of unshielded living organisms to external 
gamma radiation; its penetrating power enables it to irradiate 
100% of the materials comprising most organisms (99% are 
low-Zelements: H-60%; O 25%; C–12%; and N-5%): 

0.036 Internal production of large quantities of highly 
reactive, damaging chemical species called “free radi 
cals' that can wreak havoc in biochemical reaction net 
works by reacting extensively and uncontrollably with 
other molecules, 

0037 Disruption of molecular chemical bonds result 
ing in “dangling bonds' and unnaturally activated mac 
romolecules that can disrupt biochemical pathways, 

0038 Production of new chemical bonds between 
nearby molecules, or creation of unnatural cross-link 
ages within various types of high molecular weight mac 
romolecules, thus altering their biological function or 
biochemical activity, 

0.039 Deleterious alteration of the structures of biologi 
cal macromolecules that are specifically involved in 
many critical cellular processes, e.g. proteins (structural 
and enzymes), RNA, and DNA. 
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Major Types of Damage to Modern Electronic Equipment 
from Gamma Radiation: 

0040 Similar to biological systems, many types of elec 
tronic equipment upon which modern civilization depends 
can be very sensitive to ionizing EM radiation (gammas and 
X-rays of terrestrial or extraterrestrial origin) and extremely 
energetic charged particles traveling at nearly the speed of 
light (cosmic rays of extraterrestrial origin of which 89% are 
protons, 10% are helium nuclei, and 1% are nuclei of many 
other elements) that are able to penetrate Surrounding metal 
lic enclosures. 
0041. Examples of essentially ubiquitous, potentially 
radiation-sensitive electronic components include micropro 
cessors, computer memory chips, and many other types of 
integrated circuits that have micron- or Sub-micron-sized fea 
tures. Gamma radiation damage to modern electronic devices 
falls into two major categories: ionization effects and lattice 
displacements. 
Damage to Electronics from Ionization Effects: 
0042. This is probably the most important class of damage 
created by irradiation of electronic components with gamma 
photons and/or hard X-rays. Key damage parameters include 
the total "dose' and energies of gamma photons, dose rate, 
and specific locations of ionization interactions within an 
electronic device. 

0.043 Ionization-related damage can occuras a result of an 
interaction between a semiconductor device or integrated 
circuit's lattice atoms and a combination of atomic ions and 
energetic electrons (effectively beta particles) produced via 
the Photoelectric Effect and/or Compton scattering of gamma 
photons within device materials. Such secondary internal 
interactions between gamma photons and device materials 
(resulting from radiation passing through cases, circuit 
boards, components, and devices) are termed systems-gener 
ated electromagnetic pulse (SGEMP) effects. 
0044 Examples of several different types of gamma-in 
duced ionization effects include 

0045 Photocurrents—Gamma irradiation can generate 
electron-hole pairs in semiconductor materials (a 1.0 
MeV gamma photon can generate 10 electron-hole 
pairs/photon); Such free carriers generate photocurrents 
as they move through depletion regions of p-n junctions 
of integrated circuits. The size of these currents can be 
orders of magnitude greater than normal system levels 
and can cause temporary or permanent damage to elec 
tronic circuits, depending on specific circumstances. 
Both CMOS devices and MOSFET transistors are 
affected by photocurrents; free charge can be perma 
nently trapped in certain oxide materials. In the extreme 
case of the nearby detonation of a nuclear weapon, large 
transient photocurrents can be created throughout the 
entire structure of irradiated semiconductors. 

0046) “Glitches” or Soft Errors being short lived, 
these fall under the term “transient radiation effects in 
electronics’ (TREE). They are transient, temporary 
effects that do not cause permanent damage to a device. 
In this effect, local charge fluctuations can cause tran 
sistors to randomly open which can in turn change the 
logical states of memory cells and flip-flops. Such "error 
states' are transitory, and disappear. In the case of 
DRAMs, the effects of such errors can be obviated with 
error-correction logic designed into the internal circuitry 
of the chip (ECC memory chips). However, depending 
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on the size of the transient, this effect can also lead to 
permanent changes if there is actualjunction burn-out or 
a “latch up'. 

0047. “Latchup' is a particularly destructive ioniza 
tion effect that can potentially lead to catastrophic fail 
ure of electronic devices. This effect involves the cre 
ation of a high-current, low-voltage nanoscale pathway 
within an integrated circuit. Such an unnatural flow of 
current within a highly ordered device can cause a circuit 
to temporarily malfunction in the worst case, a tiny 
segment of the device can be physically burned-out 
through joule heating of the material. 

Damage to Electronics from Lattice Displacements: 
0048. This is a second major class of damage produced by 
gamma photons on electronic components; it occurs less fre 
quently than ionization damage. Lattice displacement can 
only occur with relatively high-energy gamma photons 
which, for most materials and real-world environments, 
involve gamma photon energies from ~2 MeV to 10 MeV. 
This type of damage is produced when an atom in a semicon 
ductor has a Compton scattering interaction with a gamma 
photon and the “target” atom is physically moved (displaced) 
from its normal position relative to neighboring atoms in the 
semiconductor's 3-D lattice structure. Such displacements 
can cause permanent physical changes in lattice structure 
(e.g. Various types of structural defects) and drastically alter 
the properties of materials (e.g. changes in bandgap energy 
levels), depending upon the total "dose' and dose rate of 
gamma photons as well as the precise locations of resulting 
lattice defects. 

Specialized Niche Markets for Radiation-Hardened Elec 
tronic Components: 
0049. Although small compared to the size of the global 
markets for commercial off-the-shelf (COTS) electronic 
components, there are specialized commercial markets for 
radiation-hardened (rad-hard) electronic devices. These mar 
kets serve primarily military customers with defense systems 
that must be able to operate either out in space and/or in 
combat environments in which nuclear or thermonuclear 
detonations can potentially occur. “Rad hard integrated cir 
cuits and electronic systems for military and space applica 
tions are substantially more expensive than ordinary commer 
cial products. Many of the essential features of this unique 
market segment are Summarized in quotes from an employee 
of a company, Maxwell Technologies that is well known for 
its product lines of rad hard components and systems: 

0050 “The trouble is, building “hardened by design” 
electronics takes years, the costs are high, and at the end, 
the systems are often out of date with the current com 
mercial state-of-the-art. Instead, there is an increasing 
need to use commercially-based computer systems in 
space to provide reliable, low power operation with 
throughput performance that is orders of magnitude 
higher than would be achievable with current state-of 
the-art radiation-hardened flight systems.” 

0051. “Traditionally, space-qualified single board com 
puters (SBCs) have trailed the cutting-edge commercial 
and military products by factors of performance—often 
times in excess of 10-100x. Much of this discrepancy is 
due to the difficulty in radiation hardening, at either the 
component or system level, that is required for a product 
to survive and operate in the harsh environment of 
space.” 
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0.052 “A simple and direct way to extend the life of 
semiconductors is to shield them against the ionizing 
dose environment. Electrons and protons can be 
shielded against relatively effectively, while energetic 
heavy ions and gamma radiation are difficult to shield 
against. Therefore, such an approach is attractive for 
space systems in which electrons and protons make ion 
izing dose a threat. While simple and direct, there is a 
Science to shielding if one is to use it to the best advan 
tage. The ability to use shielding is dependent on having 
enough information about the device to be shielded, as 
well as the intended environment.” 

0053 “In addition to natural space radiation, some mili 
tary systems must be protected from ionizing radiation 
from man-made sources in space, such as nuclear event 
generated nuclear weapons explosions X-rays and 
gamma rays. Shielding can also prove to be very effec 
tive in reducing X-ray effects, depending on the energy 
of the photons. The problem of shielding against X-rays 
is somewhat different from that of shielding against the 
natural environment.” 

0054 “The first such difference is found in the direc 
tionality of the radiation. Natural space radiation is, to a 
good approximation, omni-directional, while man 
made radiation comes from a "point Source.” and is, 
therefore, highly directional. Simple slab shields are 
rather effective in dealing with omni-directional space 
radiation but are insufficient against X-rays and espe 
cially even higher energy gamma rays. Because the 
source of radiation can’t be predicted, the device must be 
shielded in all directions in order for shielding to be 
effective. Such distinctions must be made clear to users 
interested in using shielded packages to assure that, in 
the drive to Switch to commercial components, users do 
not lose essential elements of radiation protection.” 

0055 “Putting component- and system-level radiation 
strategies together allows using modern COTS proces 
sors such as the wildly popular PowerPC processor 
architecture from Apple, IBM and Motorola in space 
based SBCs. 

0056. The source of the above quotes is a published article 
titled, “An Integrated Approach with COTS Creates Rad 
Tolerant Single Board Computer for Space'. Chad Thi 
bodeau, Product Manager, Maxwell Technologies, COTS 
Journal, December 2003. 

Natural Background of Terrestrial Gamma and Hard X-Ray 
Radiation: 

0057 Earth's thick atmosphere protects the planetary sur 
face from most gamma radiation originating in space from 
various sources located outside the Solar system. However, 
the surface of the earth and its environs have always experi 
enced a small, natural flux of background gamma and hard 
X-ray radiation, most of it being produced by decay chains of 
various radioactive isotopes found naturally in the earth's 
crust. A few radioisotopes (e.g. 'U) have been around 
essentially since the planet's formation from the protoSolar 
nebula ~4 billion years ago. Examples of commonly occur 
ring, gamma-emitting radioisotopes with very different half 
lives include: 

0.058 Bismuth: ''Bi (half-life=-1 hour) in Th 
decay chain; and ''Bi (half-life=~20 minutes) 

0059 Lead: 'Pb (half-life=-11 hours) and 'Pb 
(half-life=~27 minutes) in Th decay chain 
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0060 Potassium: 'K (half-life=~1.3 billion years) dis 
tribution is ubiquitous; can be found in bananas 

0061 Thallium: 'T1 (half-life=-3 minutes) in tho 
rium-228 (Th) decay chain 

0062) Uranium: “U (half-life=-4.5 billion years) 
weakly radioactive; found in depleted uranium muni 
tions used by the military 

0063 FIGS. 11, 12, 13, and 14 illustrate examples offairly 
typical background gamma radiation spectra collected at dif 
ferent locations on the earth's Surface, outdoors as well as 
inside a building structure housing a scientific laboratory. 
Please note that certain gamma lines in these spectra come 
from man-made “contaminant” radioisotopes, e.g. 'Co (Co 
balt-60, which has a half-life of -5.3 years) and ''Cs (Ce 
sium-137 which has a prominent spectral “line' at an energy 
of-660 keV and half-life of about 33 years). The ''Cs line is 
particularly prominent in FIG. 12 (a soil sample taken from 
rural Belgium). Thanks to previous nuclear weapons testing 
in the atmosphere up until the test ban treaty, ongoing com 
mercial reprocessing of spent nuclear reactor fuel in some 
countries and the Chernobyl nuclear reactor disaster in Russia 
in 1986, ''Cs temporarily enjoys a nearly ubiquitous distri 
bution across the earth's surface. 

Nuclear Weapons, the Nuclear Power Industry, and Commer 
cial Use of Gamma-Emitting Isotopes: 

0064. Beginning around the end of World War II, man 
kind's development and deployment of nuclear weapons (fis 
sion and fission-fusion) and closely related nuclear power 
generation technologies ushered in a new era in which radio 
isotopes that had been absent from the earth's surface for 
billions of years were Suddenly being created and dissemi 
nated in terrestrial ecosystems. 
0065. Two atomic attacks on Japan, as well as subsequent 
nuclear weapons testing in the atmosphere from Jul. 16, 1945 
to Nov. 4, 1962 (when atmospheric testing was finally 
banned) by a number of countries, injected a wide variety of 
gamma-emitting radioactive isotopes into the earth's environ 
ment. Parallel development of civilian nuclear power indus 
tries in many countries, along with intimately related fuel 
production/reprocessing and waste disposal activities, has 
resulted in further injections of radionuclides into global eco 
systems. This includes thousands of low-level unintended 
releases, as well as the major disaster at the Chernobyl reactor 
complex in Russia in 1986. Also, a variety radioisotopes 
produced in nuclear reactors (e.g. 'Co) began to be used 
commercially as radiation Sources in many industrial and 
medical applications, creating additional human exposure 
and used equipment disposal issues. 
0.066 Existing nuclear fission and fission-fusion weapons 
characteristically produce a short, very intense flash of gam 
mas and hard X-ray radiation that is closely associated with 
the explosive event. Weapon detonation creates a radiation 
"point source that produces an initial burst of prompt-10 
MeV gammas and 2 keV-500 keV X-rays (both inside a 
pulsewidth.<<<100 nanoseconds) rapidly followed by a sec 
ond, more drawn-out burst of delayed gamma photons (this 
second flux of photon radiation lasts from 100 nanoseconds to 
10 milliseconds) at various energies ranging up to a maxi 
mum of ~10 MeV. This initial burst of electromagnetic radia 
tion comprises roughly 5% of the total yield of a conventional 
nuclear explosion. 
0067 Globally, civilian and government-operated nuclear 
reactors are primarily used for electric power generation and 



US 2008/0296.519 A1 

to a much lesser extent for commercial production of various 
isotopes. Not surprisingly, the “fuel rods used various types 
of modern commercial power reactors contain many of the 
same fissile isotopes that are found in nuclear weapons. Simi 
larly, nuclear fission reactions occurring in power reactors 
also produce a mixture of both prompt and delayed gamma 
rays. Like weapons, energies of gammas and hard X-ray 
photons produced in power reactors range from 100 keV to 
~10 MeV. However, by contrast, nuclear reaction rates in 
commercial reactors are tightly controlled, and thus produce 
a more-or-less continuous flux of gamma radiation, unlike the 
time-compressed, very intense bursts associated with nuclear 
weapons. 

0068. Since size or weight does not particularly matter in 
commercial nuclear reactors, shielding against various types 
of radiation, including gammas, can be massive and exten 
sive. However, delayed gamma radiation emanating from 
radioisotopes found in spent reactor fuel rods presents a more 
problematic safety issue than nuclear reactors themselves, 
since the rods must be physically removed from heavily 
shielded reactors after their use. Typically, such spent fuel 
rods and fuel assemblies are “temporarily’ stored outside 
reactor buildings in secure, water-filled “cooling ponds' 
while awaiting transport for disposal in high-level waste 
facilities such as the proposed site in Yucca Mountain, Nev., 
or alternatively in Europe, transport to nuclear fuel reprocess 
ing centers. 
0069 FIG. 15 illustrates a delayed gamma spectrum col 
lected from a spent nuclear reactor fuel assembly removed 
after many hours of operation inside a reactor core. The fuel 
assembly from which this particular gamma spectrum was 
collected came from an enriched uranium fueled, pool-type, 
light-water moderated Brazilian research reactor named IEA 
R1. Similar to some of the other gamma spectra, FIG. 15 
shows a prominent '7Cs line. FIG. 15 differs from the 
gamma spectra illustrated in FIGS. 11-14 in that its spectrum 
is much "hotter, much more complex, and exhibits many 
more high-count gamma emission lines. FIG. 15 also differs 
from the previous Figures of gamma spectra in that: (a) total 
count rates are Substantially higher for more penetrating gam 
mas with energies>1,000 keV (1.0 MeV), and (b.) the '7Cs 
line at 660 keV has total counts of ~20,000 as compared to 
only ~1.250 for soil found outdoors in Belgium. 
0070 Since WWII, there has been increasing industrial 
and medical use of various gamma emitting isotopes in the 
form of sealed radiation Sources; each isotope so used pro 
duces certain characteristic "lines' in the gamma energy 
spectrum. Those most commonly used in commercially avail 
able equipment are: 'Co (Cobalt-60; half-life—5.3 years), 
'7Cs (Cesium-137; half-life-33 years), and less frequently, 
"Tc (metastable Technetium-99; a nuclear isomer; half 

life-6 hours, after which it decays via gamma emission to 
'Tc which has a half-life-212,000 years). Less commonly 
used gamma emitters include: 'Ra (Radon-226; half 
life=1599 years), ''Ir(Iridium-192: half-life=74 days), and 
85K (Krypton-85; half-life=10.7 years). Gamma emitting 
isotopes are currently used in a variety of wide-ranging com 
mercial applications that include: irradiation of foodstuffs 
and postal mail to kill harmful microorganisms; medical uses 
Such as various kinds of cancer therapies; and industrial mate 
rials characterization Such as gauging of product thicknesses 
on high-speed production lines. 
0071. Over the past decade or so, there has been acrimo 
nious scientific debate and little-publicized research funding 
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by several different governments (including the United 
States, France, China, Russia, and probably even Japan) 
aimed toward the possibility of developing a new and very 
different type of tactical nuclear weapon. In a radical depar 
ture from the past. Such weapons would not be based upon 
nuclear fission or fission-fusion reactions; they would be 
based on controlled (triggered) deexcitation (decay) of cer 
tain nuclei from metastable excited isotopic States called 
nuclear isomers. 

0072 Unlike other types of isotopes, nuclear isomers do 
not involve any change in the number of protons or neutrons 
in an atomic nucleus. Rather, they are an excited metastable or 
isomeric state of an atom caused by the excitation of a proton 
or neutron inside its nucleus. For an atom to decay from Such 
a higher-energy isomeric state to a (more stable) lower-en 
ergy non-isomeric ground state, the excited proton or neutron 
in the nucleus requires a change in its spin in order to deexcite 
and release its excess energy. Such isomeric decays involve 
two types of transitions: (a.) emission of gamma photons; (b.) 
internal conversion in which the energy released is used to 
ionize the atom. 

0073. By convention, isomers of a particular atom are 
designated by a lower-case letter “m” in several types of 
equivalent representations (e.g. Co-58m, "Co-58, or "Co). 
For atoms that have multiple distinct isotopic isomers, they 
can be labeled 2 m, 3 m, etc. Nuclear isomers are scattered 
throughout the entire ensemble of 2,000+ known isotopes of 
all the elements currently included in the periodic table. Most 
isomers are very unstable and decay very rapidly, radiating 
their excess energy within 10 seconds; isomers listed in 
online nuclear databases are restricted mainly to those which 
have half-lives of 10 seconds or more. 
0074 The only known “stable” isomer is "Ta (Tanta 
lum-180m); it has a half-life of at least 10" years, and may in 
fact be stable. When "Ta decays, it radiates hard X-rays. 
The '7"Hf (Hafnium-178m) isomer has a half-life of 31 
years; importantly, it has the highest known excitation energy 
of any nuclear isomer as well as a reasonably long half-life. 
When a 7"Hf atom decays, it releases all of its excess 
energy as ~2.4 MeV of gamma radiation. If all of the atoms 
contained in one kilogram (-2.2 pounds) of pure '7"Hf 
could be triggered to decay at exactly the same time, it could 
release -900 Mega-Joules of energy in an intense flash of 
nearly pure gamma radiation; this is equivalent to the energy 
released in an explosion of a quarter of a kiloton of TNT. With 
an isomer weapon, there would be no lingering radiation or 
radioactive fallout after detonation. Besides weapons-related 
applications, there have been recent discussions within the 
U.S. Department of Energy (DOE) and DARPA concerning 
the possibility of using nuclear isomers to develop new, ultra 
high-performance energy storage technologies. 
0075. Two key technological problems that must be solved 
to harness the potential power of nuclear isomers for both 
weapons and energy storage applications are: (a) triggering 
them efficiently in a manner that permits a net energy gain 
from the point of triggering through decay; and (b) triggering 
enormous numbers of isomer atoms to decay in unison at 
exactly the same time. For energy storage applications there is 
also a third major problem: efficiently absorbing and convert 
ing gamma radiation into some other form of energy that can 
be more readily utilized to do work. DOE convened a scien 
tific panel to determine whether "Hf production was fea 
sible; the panel answered yes, but at very high cost. To date, 
none of these problems have been solved. A thorough, non 
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technical Summary of the recent history and scientific contro 
versy surrounding DARPA-DOE-sponsored nuclear isomer 
research can be found as follows: 

0076 “Scary things come in small packages' 
(0077 Sharon Weinberger 
(0078. The Washington Post, Sunday, Mar. 28, 2004, 
Page W15 

0079 http://www.washingtonpost.com/ac2/wp 
dyn?pagename=article&contentId=A22099 
2004 Mar24&notFound=true 

0080. The subject of the development of isomer weapons 
for the U.S. military has also been discussed at length in a 
recent book: 

I0081 Imaginary Weapons: A Journey through the Pen 
tagon's Scientific Underworld 

I0082 Sharon Weinberger, Editor of Defense Technol 
ogy International 

I0083 Nation Books (an imprint of Avalon Publishing 
Group, New York) 

I0084 2006-276 pp 
0085. In that regard, for several years the U.S. Air Force 
quietly conducted preliminary exploratory research on con 
cepts involving aerospace applications for nuclear isomers as 
follows, but USAF work in this area has been suspended 
pending resolution of the ongoing debate about triggering: 

I0086) “Analysis of the application of a triggered isomer 
heat exchanger as a replacement for the combustion 
chamber in an off-the-shelf turbojet' 

I0087 C. R. Hartsfield, Captain USAF 
0088 Master's Thesis: AFIT/GAE/ENY/01 M-04 
March 2001 

I0089. Dept. of the Air Force, Air University, Air Force 
Institute of Technology, Wright-Patterson AFB, Ohio 

0090 “Design study of triggered isomer heat 
exchanger-combustion hybrid jet engine for high alti 
tude flight' 

(0091 C. E. Hamilton, Captain USAF 
0092. Master's Thesis: AFIT/GAE/ENY/02-6 March 
2002 

(0093. Dept. of the Air Force, Air University, Air Force 
Institute of Technology, Wright-Patterson AFB, Ohio 

0094) “Isomer Energy Source in Hybrid Jet Engines for 
High Altitude Reconnaissance Flight' 

(0095 C. Hamilton, P. King, and M. Franke (USAF 
Institute of Technology) Journal of Aircraft (0021 
8669), 41, No. 1, January-February 2004, pp. 151-155 

0096 “Isomer energy source for space propulsion sys 
tens ' 

(0097. B. L. Johnson, Captain USAF 
0098. Master's Thesis: AFIT/GAE/ENY/04-M101 
March 2004 

(0099. Dept. of the Air Force, Air University, Air Force 
Institute of Technology, Wright-Patterson AFB, Ohio 

0100 “Isomer heat exchanger combustor replacement 
for a supersonic ramjet powered vehicle' 

0101 J. C. Cox, Ensign USNR 
01.02 Master's Thesis: AFIT/GAE/ENY/04-J02 June 
2004 

(0103) Dept. of the Air Force, Air University, Air Force 
Institute of Technology, Wright-Patterson AFB, Ohio 

0104. With the foregoing hypothetical aerospace applica 
tions, assuming that net-gain isomer triggering can be made 
to work, there is one additional major technological issue: 
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low-mass materials that can provide critical, “mass-effective' 
shielding against gamma radiation. 
0105 Today, there is still heated scientific debate as to 
whether energy-efficient net-gain triggering of nuclear iso 
mers is possible. Earlier experimental work by Prof. Carl 
Collins (Director, Center for Quantum Electronics, Univer 
sity of Texas at Dallas) et al. Suggested that net-gain isomer 
triggering might be possible using much lower-energy 
X-rays. However, their work has not been replicated by others 
and, in the opinion of some scientists, has been totally dis 
credited. Nonetheless, a number of researchers have contin 
ued experimental and theoretical work in this poorly under 
stood area. For example, the following recent theory paper 
lends support to the idea that net-gain triggering of the "Hf 
isomer may in fact be possible in certain circumstances. This 
paper also mentions that a threshold triggering energy of 1.1 
MeV for the spin-9, 75 keV isomer in ''"Ta has been estab 
lished. However, with an input energy of 1.1 MeV, i.e. 1,100 
keV, and decay output energy of only 75 keV, there is no net 
energy gain from triggering "Ta: 

0106 “Nuclear structure of Hf related to the spin-16, 
31-year isomer' 

0107 Y. Sun, A. Zhou, G. Long, E. Zhao, and P. Walker 
0108) Physics Letters B, 589, pp. 83-88, 2004 

0109 As of this writing, it has been unofficially confirmed 
in 2006 that an experiment was recently conducted at a 
national DOE nuclear laboratory that reportedly demon 
strated statistically significant acceleration of '7"Hf decay 
with an X-ray trigger. No further details are available, nor has 
anything yet been published in the open scientific literature 
about these new results. 

External Shielding Against Various Types of Incident Radia 
tion: 

0110. As stated earlier, external shielding with various 
materials is one way to protect living organisms and sensitive 
electronic equipment from exposure to various types of ener 
getic charged particles, neutrons, and penetrating electro 
magnetic radiation Such as gammas and X-rays. For charged 
particles such as protons, alphas, betas at moderate energies, 
comparatively little shielding is required to absorb the radia 
tion completely. The greatest danger from the vast majority of 
alpha and beta particles is not created by external exposure to 
them (since shielding against them is almost trivial), but 
rather when they are somehow transported or produced inside 
a living organism or a nonliving physical enclosure contain 
ing sensitive electronic components. 
0111 Examples of external shielding against selected 
types of incident radiation are as follows: 

0112 Alpha particles (positively charged helium 
nuclei)—Stopped by one thickness of ordinary writing 
paper; everything except the most energetic alphas are 
generally stopped by the human skin (its thickness varies 
from ~0.5 mm or 0.02" on the eyelids to ~4.0 mm or 
0.16" on the palms and soles of the feet). 

0113 Beta particles (negatively charged energetic elec 
trons)—completely stopped by 1" of wood, or 0.25" of 
Plexiglas plastic; it takes a beta particle with energy>70 
keV to fully penetrate human skin. 

0114 Protons (positively charged elementary par 
ticles)—are stopped completely by relatively modest 
thicknesses of mid-Z metals; for example, only 25 
microns (-0.001") of copper (Cu; Z=29) will completely 
stop all protons with energies.<2.5 MeV. About 25 mm 
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(~1") of high-purity germanium (Ge: Z-32) will stop 
protons with energies up to ~100 MeV. 

0115) Neutrons (no charge; an elementary nuclear par 
ticle that is stable only inside of an atomic nucleus—its 
half-life as a free particle outside of a nucleus is only 
around 13 minutes, after which it beta decays into a 
proton, electron, and a neutrino)—absorbed more effec 
tively by hydrogen rich (H: Z=1) materials. Examples 
include: water, paraffin wax, polyethylene, and/or con 
crete (17 atom 96 hydrogen). Unfortunately, many types 
of materials can be “activated by neutron absorption 
and Subsequently produce prompt or delayed gammas 
and radioactive isotopes as a result; thus, gamma shield 
ing may also be required. Neutrons are particularly dam 
aging to living organisms because of their being com 
posed of a high percentage of hydrogen (~60%) 
associated with carbon-hydrogen bonds in biological 
molecules. Although uncharged like gamma photons, 
neutrons interact much more strongly with air than 
gamma rays; thus, air can help shield against neutrons 
over moderate distances, particularly if saturated with 
water vapor. Neutron shielding strategies typically 
employ either: (a) relatively large thicknesses (e.g. 12" 
to 36" or more) and massive amounts of low-cost 
hydrogenous materials such as concrete or water, or (b) 
lesser thicknesses and Smaller masses of higher-cost 
hybrid materials containing "dopants' comprised of ele 
ments having high neutron absorption cross sections 
(e.g. silicone sheets containing 25% Boron B; Z=5 by 
weight; concrete containing depleted uranium oxide U; 
Z=92; trademarked “DUCRETE), etc.) and reduced 
propensity to emit prompt or delayed gammas after neu 
tron absorption. 

0116 X-rays and gamma rays (no charge; electromag 
netic photons with Zero mass)—only effectively 
absorbed or attenuated by substantial thicknesses of 
denser materials such as ordinary concrete and/or lesser 
thicknesses of comparatively higher-Z materials such as 
steel (Fe: Z–26), lead (Pb: Z=82), tungsten (W: Z=74), 
or depleted uranium (U; Z=92) metal alloys. This will be 
discussed in more detail below. 

0117. In order to have shielding with a high overall safety 
factor, land-based commercial nuclear power reactors now 
typically utilize a welded steel containment vessel with walls 
~10" thick; this is in turn surrounded by a containment build 
ing having steel-reinforced concrete walls at least 2-3 feet 
thick. By contrast, a proposed nuclear reactor design for 
long-duration manned space missions, such as to Mars or 
Jupiter's moons, utilized much less massive borated polyeth 
ylene radiation shields -three feet thick, primarily for shield 
ing against prompt neutrons. 

Attenuating (Shielding Against) Gamma Radiation: 
0118 Being electromagnetic radiation, gamma photons 
are attenuated exponentially; thus, it is not theoretically pos 
sible to design a shield that will stop 100% of all incident 
gamma radiation. As a result, gamma rays and hard X-rays are 
much more difficult to attenuate or shield against than 
charged particle radiation Such as alphas or betas. Like neu 
trons, X-ray and gamma photons do not possess any charge. 
This absence of charge causes their level of interaction with 
normal matter to be reduced, which Substantially increases 
their relative penetrating power compared to charged par 
ticles. Also, as gamma photon energies get higher, they are 
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somewhat more difficult to attenuate; a 5 MeV gamma photon 
has more penetrating power than a 1 MeV gamma photon. 
When using readily available conventional materials, com 
paratively thick, heavy layers of Steel, lead, tungsten alloys, 
depleted uranium, or conventional concrete are typically 
needed to effectively attenuate gamma radiation to acceptable 
levels. In general, as the density and/or thickness of a shield 
ing material increases, the attenuation of incident gamma 
radiation by the material also increases. Generally speaking, 
the higher the atomic number (Z) of the shielding material, 
and/or the higher its density, the greater the degree of attenu 
ation of gamma radiation. 
0119. Unlike the case with alphas, betas, and to a lesser 
extent neutrons, air is relatively transparent to gamma radia 
tion and provides little or no shielding over distances that can 
range up to many hundreds of meters from intense, high 
energy gamma Sources. 

0.120. The subject of attenuation of gamma and X-ray 
radiation utilizes two closely related concepts that are defined 
as follows: 

0121 Half-Value Layer (HVL) is the thickness of any 
specified material necessary to reduce the intensity of an 
incident beam of gamma or X-ray photons to one-half 
(50%) of its original value. The thickness of the half 
value layer for a specific material is a function of the 
energy of the incident gamma radiation and the elemen 
tal composition of the shielding material. 

0.122 Tenth-Value Layer (TVL) is the thickness of 
any specified material necessary to reduce the intensity 
of a beam of gamma or X-ray photons to one-tenth 
(10%) of its original value. 

I0123. The following Table 2 illustrates thicknesses of one 
half-value and one tenth-value layer for selected materials 
and two gamma Sources often used in medical and industrial 
applications: 

TABLE 2 

Approximate Thicknesses of One (1) Half-Value and 
One (1) Tenth-Value Layer for Co and ''Cs 

measured in inches 

Gamma One (1) Half-Value One (1) Tenth-Value 
Photon Layer Layer 

Gamma Energy Ordinary Ordinary 
Emitter (MeV) Lead Steel Concrete Lead Steel Concrete 

60Co. 1.17; 1.33 0.47' 0.83" 2.6" 16' 2.7" 8.2" 
137Cs O.662 0.28' 0.63' 1.9' 0.83' 2.1' 6.2" 

DataSource: U.S. Dept. of Labor - OSHA 

0.124 Depending upon budgetary cost constraints, allow 
able physical volume of shielding, and total allowable mass of 
shielding, desired levels of gamma attenuation can be 
achieved by selection of specific shielding materials and 
thicknesses. For example, if a thickness of a given shielding 
material reduces the gamma flux to one-half of the incident 
value (i.e., a “half-value layer'), then the thickness of three 
such layers will reduce the dose to one-eighth (/2x/2x/2) the 
initial amount; similarly, three “tenth-value layers' will 
reduce the dose to /1000 of the initial amount (/1ox/ox/10). 
Selected examples of “/1,000 gamma shield' thicknesses are 
illustrated in Table 3 as follows: 
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TABLE 3 

Approximate Thicknesses of Three (3) Tenth-Value Layers 
forCo and ''Cs Attenuation of Gamma Flux to 1/1000 

of the Incident Radiation (measured in inches 

Gamma 3x One (1) Tenth-Value 
Photon Layer 

Gamma Energy Ordinary 
Emitter (MeV) Lead Steel Concrete 

60Co 1.17; 1.33 4.8' 8.1" 24.6' 
137Cs O.662 2.5" 6.3" 18.6' 

0.125 Relatively low-cost, readily available shielding 
materials such as steel, brick, concrete, water, or even packed 
earth can function as very effective gamma attenuators. Used 
properly, they can be quite cost-effective and provide the 
same degree of gamma shielding as higher performance 
materials if used in appropriately greater thicknesses in appli 
cations in which the total mass of shielding and/or its thick 
ness are not important issues. This is why land-based nuclear 
reactors use thick layers of steel and concrete for shielding 
and containment. It is also the reason why manned military 
aircraft that are potentially exposed to gamma ray flashes 
from nuclear detonations currently have no real gamma 
shielding for pilots and crews. Although the U.S. military 
would willingly pay for the high cost of gamma shielding, 
existing high performance shielding materials cannot provide 
an effective shield with a mass that is low enough for both 
gamma attenuation and combat aircraft performance require 
ments to be met. Table 4 illustrates the approximate thickness 
(measured in inches) of one (1) tenth-value layer and three (3) 
tenth-value layers for 0.5 MeV and 0.8 MeV gamma photons 
for selected lower-cost, readily available materials: 

TABLE 4 

Approximate Thicknesses of One (1) Tenth-Value Layer 
and Three (3) Tenth-Value Layers for Various Lower-Cost 
Materials Three (3) Tenth-Value Layers Attenuate Gamma 

Flux to 1/1000 of the Incident Radiation (measured 
in inches except where otherwise noted 

One (1) Tenth-Value 3x One (1) Tenth 
Layer Value Layer 

Gamma Shielding Gamma Photon Energy 

Material O.S MeV O.8 MeV O.S MeV O.8 MeV 

Lead O.55" 1.0" 1.7" 3.0" 
Copper 16" 2.0" 4.8' 6.0" 
Iron (steel) 1.9" 2.3" 5.7" 6.9" 
Aluminum 5.5" 6.3" 16.5" 18.9" 
Concrete 5.9" 7.1" 17.7" 21.3" 
Packed Earth 7.5" 9.1" 22.5" 27.3" 
Water 13.8" 15.8" 414' 47.4' 
Air (measured 951 1,115 2,853 3,345 
in feet) 

DataSource: Radiation Protection Manual at TRIUMF by Peter Garnett and 
Lutz Moritz, which utilized material from the book, Radiation Protection, 
Point Lepreau Generating Station by J. U. Burnham; see http://www.triumf. 
ca'safety/rpt intro.html 

0126 FIG. 16 shows the thickness of one (1) half-value 
layer (measured in cm) of shielding as a function of incident 
gamma photon energy from 0.1 MeV up to 10.0 MeV for a 
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shield composed of either air, water, concrete, aluminum, iron 
(steel), or lead. 
I0127. In some applications, more costly, “high perfor 
mance' shielding materials that have higher density and 
higher atomic numbers (e.g. lead or tungsten) may be prefer 
able for use in gamma shields because less thickness and 
weight per square foot of shielding is required for them. 
I0128. The following elements are known to be somewhat 
better performing gamma attenuators than lead: tantalum (Ta; 
Z=73), tungsten (W: Z–74), thorium (Th: Z=90; no stable 
isotopes—all are mildly radioactive, Th occurs naturally 
with half-life=1.4x10' years), and depleted Uranium (called 
“DU'; used in military munitions: mostly U, Z=92; it is 
mildly radioactive). 
I0129. Since DU and thorium are both slightly radioactive, 
their use may be barred in certain commercial shielding appli 
cations because of environmental and human health safety 
issues. Costs of less controversial higher performance gamma 
shielding materials can vary greatly. For example: as of this 
writing, the spot lead price in London is currently -S0.59/1b: 
the price of tungsten is now roughly S11.80/lb or ~20x the 
price of lead; and current contract prices for tantalum are 
roughly $40-$50/lb or -68x to 85x the price of lead. At this 
time, lead is hard to surpass for cost-effectiveness in appro 
priate gamma shielding applications. 
0.130 Gamma shielding requirements can be more 
demanding for applications involving persistent non-weapon 
physical environments in which very large numbers of neu 
tron captures on various elements/isotopes are occurring. 
Such environments include: 

0131 Operating nuclear reactors (mostly thermal neu 
tron captures), 

0.132. “Target materials exposed to various types of 
neutron beams (slow and fast neutron captures), 

0.133 Containment vessels of proposed commercial 
versions of D-T fusion reactors (energetic neutrons pro 
duced as products of fusion reactions are captured by 
nearby materials), and 

0.134 Surface and near-surface regions of highly 
loaded hydrides or deuterides in which Low Energy 
Nuclear Reactions (LENRs) are catalyzed by Ultra Low 
Momentum Neutrons (ULMNs) captured on local 
nuclei. LENRs can be sustained over significant periods 
of time under specific types of non-equilibrium condi 
tions satisfying certain key characteristics and param 
eters. Such as a material's ability to Support Surface plas 
mon polaritons, high proton/deuteron flux across the 
Surface, and so forth. 

0.135 Shielding for such neutron-rich nuclear environ 
ments can potentially be more difficult because (depending 
upon the isotopic composition of the neutron absorbers) neu 
tron capture events frequently result in the production of 
prompt gammas, which tend to have higher average photon 
energies than delayed gammas produced in common nuclear 
decay chains (in which excess energy, Q, can often be distrib 
uted across a greater number of reaction products over a 
longer period of time). As illustrated in Table 4, higher 
gamma photon energies confer greaterpenetrating power and 
require significantly thicker shielding, all other things being 
equal. 
0.136 An excellent database providing data on neutron 
capture gammas is available online as follows: "Database of 



US 2008/0296.519 A1 

Prompt Gamma Rays from Slow Neutron Capture for 
Elemental Analysis—Final report of a coordinated research 
project' 

0.137 R. B. Firestone et al. 
0138 International Atomic Energy Agency (IAEA), 
Vienna, Austria (2003) 
0139 Key sections/items found in the above prompt 
gamma ray database (which covers 395 normally abundant 
isotopes and nuclear isomers out of several thousand known 
isotopes) are as follows: 

(O140 Table 7.3, pp. 94-158, “Adopted Prompt and 
Decay Gamma Rays from Thermal Neutron Capture for 
All Elements' note especially that upon examination 
there are only three isotopes shown with gamma decay 
lines having energies>10.0 MeV as follows: He (20. 
520 MeV); 'N (10.829 MeV); and 77Se (10.496 MeV 
See later note: the second highest-energy gamma line 
listed for 77Se is 9.883 MeV) 

0141 Table 7.4, pp. 159-177, “Energy-Ordered Table 
of Most Intense Thermal Neutron Capture Gamma 
Rays.” note that in this Table, there are only three 
gamma liness-10.0 MeV are for: He (20.520 MeV); 'N 
(10.829 MeV); and 77Se (9.883 MeV—see note above: 
on 'Se, there is a discrepancy between Table 7.3 and 
Table 7.4) 

0142. An examination of Tables 7.3 and 7.4 from the 
above reference yields the following: 

I0143. Except for the three isotopes noted above (He, 
''N, and 'Se), virtually all of the other neutron capture 
gammas listed in the IAEA database have photon ener 
gies that fall below 10.0 MeV. 

0144. A high percentage of prompt gammas from slow 
neutron capture have energies that fall between 0.5 MeV 
and 10.0 MeV. Many of these have many multi-MeV 
spectral lines. 

0145 Neutron capture on a proton produces a deuteron 
plus a 2.24 MeV gamma 

0146 Neutron capture on deuterium produces a 6.250 
MeV gamma 

0147 Neutron capture on He produces a 20.520 MeV 
gamma 

0148. There can be significant qualitative and quantitative 
differences between delayed gamma spectra of various iso 
topes and prompt (especially fission)gamma spectra. FIG. 17 
illustrates an essentially "pure' prompt gamma spectrum 
resulting from a fissile isotope: the y-axis on the chart is 
gamma photon flux (cm-MeV for one fission); the x-axis 
is photon energy in MeV. The data underlying this Figure was 
reconstructed from extensive data automatically collected 
during a serious criticality “gamma flash” incident triggered 
by a freak handling accident with a critical assembly consist 
ing of a highly enriched uranium (HEU) core and predomi 
nantly copper reflector. The incident resulted in one fatality, 
occurred at the Nuclear Center, in Sarov, Russia, in 1997 and 
was investigated by the International Atomic Energy Agency. 
0149 For the purpose of discussing FIG. 17, highly 
enriched uranium (HEU) means ‘Uthat has been enriched 
up to >20% U. HEU is used in nuclear weapons and some 
types of military reactors, not in civilian uranium-based 
power reactors, which use only 3%-5% U. U is a fissile 
isotope, which means that it can Support a runaway chain 
reaction. 
0150. Quoting from the IAEA accident report, “ . . . a 
component from the upper reflector slipped from the techni 
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cian's rubber gloved hand and fell into the lower part of the 
assembly, which contained the enriched uranium core. The 
point of criticality was exceeded, there was a flash of light and 
a wave of heat, and the lower part ... was ejected downward 

0151. In FIG. 17 it is obvious by visual inspection of the 
respective total areas under the curve that the total flux of 
gamma photons between 0.5 and 10.0 MeV is substantially 
larger than the total flux between 0 and 0.5 MeV. This is 
consistent with the inventors’ qualitative observation with 
respect to the IAEA "Database of Prompt Gamma Rays from 
Slow Neutron Capture for Elemental Analysis” in the bulleted 
points noted above. 
0152 The prompt gamma spectrum illustrated in FIG. 17 
comes mostly from the fission of U, and to a lesser extent 
from prompt gammas produced by fast neutron captures on 
*U, copper (Cu and Cu), and whatever other elements 
happened to be present in the critical assembly’s “predomi 
nantly copper reflector. This spectrum is similar to what 
would be produced during the initial prompt gamma “flash” 
in the detonation of a typical uranium-based fission weapon. 

SUMMARY OF THE INVENTION 

0153. The present invention includes both apparatus and 
method aspects. One invented method shields gamma radia 
tion by producing a region of heavy electrons and receiving 
incident gamma radiation in the region. The heavy electrons 
absorb energy from the gamma radiation and re-radiate it as 
photons at a lower energy and frequency. Illustratively, the 
gamma radiation comprises gamma photons having energies 
in the range of about 0.5 MeV to about 10.0 MeV. 
0154 Preferably, the method includes providing surface 
plasmon polaritons and producing the heavy electrons in the 
Surface plasmons polaritons. The method may also include 
providing multiple regions of collectively oscillating protons 
or deuterons with associated heavy electrons. 
0.155. Another aspect of the method of shielding gamma 
radiation includes providing nanoparticles of a target material 
on a metallic Surface capable of supporting Surface plasmons. 
The region of heavy electrons is associated with that metallic 
Surface. 
0156 A further aspect of the invented method of shielding 
gamma radiation includes inducing a breakdown in a Born 
Oppenheimer approximation. 
0157. A further aspect of the invented method of shielding 
gamma radiation includes providing low energy nuclear reac 
tions catalyzed by ultra low momentum neutrons within the 
region of heavy electrons. 
0158. In the invented method of shielding gamma radia 
tion, preferably the step of providing a region of heavy elec 
trons includes: (a) providing a metallic working Surface 
capable of Supporting Surface plasmons and of forming a 
hydride or deuteride; (b) fully loading the metallic surface 
with H or D thereby to provide a surface layer of protons or 
deuterons capable of forming coherently oscillating patches; 
and (c) developing at least one patch of coherently or collec 
tively oscillating protons or deuterons on the Surface layer. 
Preferably this method includes breaking down the Born 
Oppenheimer approximation on the upper working Surface. 
In this method, the Surface material may comprise palladium 
or a similar metal and/or alloy capable of forming a hydride or 
deuteride; and providing a plurality of target nanoparticles on 
said metallic working Surface. The target nanoparticles may 
comprise a palladium-lithium alloy. 



US 2008/0296.519 A1 

0159. In practicing the invented method of shielding 
gamma radiation, one may also include the step of directing 
laser radiation to the working Surface to stimulate and transfer 
energy into the Surface plasmons. 
0160 Preferably, in the method of shielding gamma radia 

tion, the H or D surface layer is fully loaded by one or more of 
an enforced chemical potential difference, an electrical cur 
rent, or a pressure gradient. 
0161. A further aspect of the invented method of shielding 
gamma radiation may include forming ultra-low momentum 
neutrons (“ULMNs'). 
0162 Another aspect of the present invention provides a 
method of controlling the rate of beta decay and altering the 
half-lives of neutrons and/or nuclei found in a near-Surface 
region. This is achieved by the steps of producing a region of 
heavy electrons and ULMNs in the neighborhood of the beta 
decaying neutrons or beta-decaying nuclei, thereby altering 
the local density of states. In this method, the beta decay may 
be for either a nucleus or a neutron. 
0163 Still another aspect of the present invention is 
directed to a method of nuclear power generation including 
the steps of producing ULMNS and catalyzing low energy 
nuclear reactions with the ULMNs. These reactions produce 
a net release of energy. The method shields against gamma 
radiation produced from neutron captures on target nuclei in 
a region including heavy electrons. 
0164. The method of power generation may include pro 
viding a plurality of protons or deuterons on a working Sur 
face of hydride/deuteride-forming materials; breaking down 
the Born-Oppenheimer approximation in patches on the 
working Surface; producing heavy electrons in the immediate 
vicinity of coherently oscillating patches of protons and/or 
deuterons; and producing the ULMNs from the heavy elec 
trons and the protons or deuterons. Preferably this method 
includes producing excess heat. Preferably the method also 
includes forming Surface plasmon polaritons. 
0.165 Another aspect of the present invention provides a 
gamma radiation shield comprising: a Substrate; a metallic 
working Surface capable of Supporting Surface plasmons and 
of forming a hydride or deuteride, located above said sub 
strate; above the metallic Surface, a Surface layer of protons or 
deuterons comprising fully loaded H or D; at least one patch 
of collectively oscillating protons or deuterons associated 
with the Surface layer; a region of Surface plasmon polaritons 
located above the Surface layer and the at least one patch; and 
a flux of protons or deuterons incident on the Surface plasmon 
polaritons, Surface layer, and working Surface. 
0166 According to a further aspect of the gamma radia 
tion shield, the Surface material comprises palladium or a 
similar metal and/or alloy capable of forming a hydride or 
deuteride. 

0167 Another aspect of the gamma radiation shield 
includes laser radiation incident on the working Surface to 
stimulate and transfer energy into the Surface plasmon polari 
tOnS. 

0168 The gamma radiation shield may further comprise a 
plurality of target nanoparticles on the metallic working Sur 
face. Preferably the target nanoparticles comprise a palla 
dium-lithium alloy. 
0169. In the gamma radiation shield, preferably the H or D 
surface layer is fully loaded by one or more of an enforced 
chemical potential difference, an electrical current, or a pres 
Sure gradient. 
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0170 In the gamma radiation shield, preferably the at least 
one patch produces heavy electrons; and wherein said heavy 
electrons absorb gamma radiation. Gamma photons result 
from neutron capture or from an external source. 
0171 The present invention also provides a method of 
altering the rate of a nuclear reaction involving nuclear decay 
by Substantially more than 5 to 10% comprising producing a 
region of heavy electrons and ULMNs in the neighborhood of 
the beta-decaying nucleus. 
0172. It will be appreciated that another aspect of present 
invention provides an apparatus for a nuclear reaction. The 
apparatus comprises: a Supporting material; a thermally con 
ductive layer, an electrically conductive layer in contact with 
at least a portion of the thermally conductive layer, a cavity 
within the Supporting material and thermally conductive 
layer; a source of hydrogen or deuterium associated with the 
cavity; first and second metallic hydride-forming layers 
within the cavity; an interface between a surface of said first 
hydride-forming layer, the interface being exposed to hydro 
gen or deuterium from the source. A first region of the cavity 
is located on one side of the interface and has a first pressure 
of hydrogen or deuterium. A second region of the cavity is 
located on one side of the second hydride-forming layer and 
has a second pressure of the hydrogen or deuterium. The first 
pressure is greater than the second pressure. The apparatus 
forms a sea of Surface plasmon polaritons and patches of 
collectively oscillating protons or deuterons, and ultra low 
momentum neutrons in a range of about 500 Angstroms both 
above and below the interface. 
0173 Preferably, in this apparatus for a nuclear reaction, a 
Fermi-level difference between the first and second layers is 
greater than or equal to about 0.5 eV. 
0.174. The apparatus may further comprise a laser posi 
tioned to irradiate the sea of Surface plasmon polaritons and 
the interface. According to another aspect, the apparatus may 
also include an electrically conductive layer forming a por 
tion of an inside wall of the cavity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.175. In describing the present invention and the back 
ground thereto, reference has been made and will be made to 
the following Figures wherein: 
0176 FIG. 1 represents the relative positions of infrared, 
X-ray, and gamma bands in the electromagnetic spectrum; 
0177 FIG. 2 shows the relative position of gamma rays in 
the electromagnetic spectrum; 
0.178 FIG. 3 is a representative sketch concerning the 
photoelectric effect; 
0179 FIG. 4 is a representative sketch concerning Comp 
ton scattering; 
0180 FIG. 5 is a representative sketch concerning pair 
production; 
0181 FIG. 6 graphically illustrates the relative contribu 
tions of each of the processes of FIGS. 3 to 5 as a function of 
a “target atom's nuclear charge (Z or atomic number of 
absorber) versus incident gamma photon energy (MeV) pho 
toelectric effect; 
0182 FIG. 7 shows high-energy photon absorption cross 
sections versus photon energy for Carbon; 
0183 FIG. 8 shows High-energy photon absorption cross 
sections versus photon energy for Lead; 
(0.184 FIG. 9 shows biological effects of different radia 
tion found in the electromagnetic spectrum; 
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0185 FIG. 10 depicts the ionization of an atom by inter 
action with a high energy gamma photon; 
0186 FIG. 11 graphically illustrates a gamma spectrum 
collected from a bentonitic clay soil on the island of Cyprus: 
0187 FIG. 12 graphically illustrates a gamma spectrum 
collected from a soil found in rural Belgium (using an 
unshielded detector is situated one meter above the ground 
Surface out in the open); 
0188 FIG. 13 graphically illustrates a gamma spectrum 
collected from a sample of granite rock found near the Baltic 
Sea; 
0189 FIG. 14 graphically illustrates a background gamma 
spectrum collected inside a selected Scientific laboratory; 
0.190 FIG. 15 graphically illustrates a delayed gamma 
spectrum collected from a Brazilian research reactor; 
0191 FIG.16 shows the thickness of one half-value layer 
(measured in cm) of shielding as a function of incident 
gamma photon energy from 0.1 MeV up to 10.0 MeV; 
0.192 FIG. 17 graphically illustrates a reconstructed 
gamma spectrum from the Sarov criticality accident in 1997: 
(0193 FIG. 18 is a sketch that depicts the absorption of 
gamma photons by a heavy electron and re-radiation as infra 
red and Soft X-ray photons; 
0194 FIG. 19 is a sketch useful in understanding various 
concepts of the present invention; 
0.195 FIG. 20 represents a side view of a first apparatus 
according to aspects of the present invention; 
0.196 FIG. 21 represents a top view of the apparatus of 
FIG. 20; 
0.197 FIG.22 represents a side view of apparatus accord 
ing to aspects of the present invention with Surface nanopar 
ticles; 
0198 FIG. 23 represents a top view of the apparatus of 
FIG.22; and 
(0199 FIG. 24 is a schematic side view of a preferred 
embodiment of an ULM neutron generator system with inte 
grated gamma shielding according to aspects of the present 
invention. 

DETAILED DESCRIPTION 

A. Scientific Aspects 

0200. The present invention's solution to the problem of 
gamma shielding is based on a novel utilization of heavy, 
mass-renormalized electrons. The invention's method and 
related apparatus can be used, for example, for nuclear power 
generation in conjunction with Suppression of externally 
detectable gamma emissions through local absorption of 
prompt and delayed gamma photons by heavy electrons. 
Heavy electrons in the present invention absorb electromag 
netic energy from incident gamma photons (arising from 
local low energy nuclear reactions or from other external 
Sources) and reradiate it in the form of greater numbers of 
lower-frequency, less penetrating infrared and soft X-ray 
photons. 
0201 In conjunction with contemporaneous generation of 
large fluxes ultra low momentum neutrons and triggering of 
low energy nuclear reactions (LENRS), one related applica 
tion of the present invention involves a method for creation of 
thin layers of the above described heavy electrons in con 
densed matter systems at moderate temperatures and pres 
Sures in various preferred types of very compact, low mass, 
comparatively low cost apparatus. Such apparatus can be 
utilized to create novel, low mass, low cost, highly effective 
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shielding against gamma radiation. An aspect of the present 
invention is producing heavy electrons and using them to 
shield against gamma radiation, converting it to lower energy, 
lower frequency radiation. Such lower frequency radiation 
may comprise, for example, infrared and soft X-ray radiation 
as mentioned in the prior paragraph. 
0202 Heavy electrons utilized by this invention can be 
generated in condensed matter systems as described by 
Larsen and Widomin U.S. Patent Application No. 60/676.264 
entitled, “APPARATUS AND METHOD FOR GENERA 
TION OF ULTRALOW MOMENTUMNEUTRONS hav 
ing a U.S. filing date of Apr. 29, 2005, which is hereby 
incorporated herein by reference in its entirety and a copy of 
which is physically attached hereto as Attachment 1, and/or 
incorporated into apparatus used to generate ultra low 
momentum neutrons (ULMNs) and Subsequently use 
ULMNs to catalyze (via neutron capture on nearby materials) 
various types of low energy nuclear reactions (LENRS) as 
disclosed therein. 

0203. In connection with the above mentioned prior filing, 
a scientific paper written by Allan Widom and Lewis Larsen 
entitled, “Ultra Low Momentum Neutron Catalyzed Nuclear 
Reactions on Metallic Hydride Surfaces” was initially pub 
lished on the arXiv Internet physics preprint server on May 2, 
2005 (see http://arxiv.org/abs/cond-mat/0505026). That 
paper was Subsequently published in the European Physical 
Journal C Particles and Fields, 46, 107-111 (March 2006). 
It is hereby incorporated by reference and is intended to form 
part of this disclosure. A copy of the EPJC paper is actually 
included within Attachment 1. The paper's abstract states: 

0204 “Ultra low momentum neutron catalyzed nuclear 
reactions in metallic hydride system Surfaces are dis 
cussed. Weak interaction catalysis initially occurs when 
neutrons (along with neutrinos) are produced from the 
protons that capture “heavy electrons. Surface electron 
masses are shifted upwards by localized condensed mat 
ter electromagnetic fields. Condensed matter quantum 
electrodynamic processes may also shift the densities of 
final States, allowing an appreciable production of 
extremely low momentum neutrons, which are thereby 
efficiently absorbed by nearby nuclei. No Coulomb bar 
riers exist for the weak interaction neutron production or 
other resulting catalytic processes.” 

0205 While it is well known that strong force nuclear 
reactions can be used to generate neutrons, the present inven 
tion according to one of its aspects utilizes weak force inter 
actions between protons (p") and "heavy” electrons (e) to 
produce a neutron (n) and a neutrino (v.) as follows: ztina 

0206. The above-referenced paper by Widom and Larsen 
explains how, under the appropriate conditions, a proton is 
able to capture a “heavy electron to create an ultra low 
momentum neutron (n) and a neutrino (photon). Similarly, 
the inventors show how a deuteron (“D’) can capture one 
“heavy electron to create two ultra low momentum neutrons 
and a neutrino as follows: 

0207 Importantly, the Coulomb barrier is not a factor in 
either of these reactions. In fact, in this situation, the juxta 
position of unlike charges actually helps these reactions to 
proceed. 
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0208 Further aspects of the present invention are set forth 
in the scientific paper found in Attachment 2 (found in the 
Cornell University physics preprint archive at http://www. 
arxiv.org/pdf/cond-mat/0509269; this preprint dated Sep.10, 
2005, has also been submitted to a refereed print journal) by 
A. Widom and L. Larsen, the present inventors, entitled: 
“Absorption of Nuclear Gamma Radiation by Heavy Elec 
trons on Metallic Hydride Surfaces.” The attached paper is 
incorporated by reference and is intended to form part of this 
disclosure; its abstract states that: 

0209 “Low energy nuclear reactions in the neighbor 
hood of metallic hydride surfaces may be induced by 
heavy surface electrons. The heavy electrons are 
absorbed by protons producing ultra low momentum 
neutrons and neutrinos. The required electron mass 
renormalization is provided by the interaction between 
Surface electron plasma oscillations and Surface proton 
oscillations. The resulting neutron catalyzed low energy 
nuclear reactions emit copious prompt gamma radiation. 
The heavy electrons which induce the initially produced 
neutrons also strongly absorb the prompt nuclear 
gamma radiation. Nuclear hard photon radiation away 
from metallic hydride Surfaces is thereby strongly Sup 
pressed.” 

0210. The arXiv cond-mat/0509269 preprint provides a 
theoretical explanation for effective Suppression of gamma 
radiation and efficient absorption of ultra low momentum 
neutrons in LENR systems. It is explained why neutron 
absorption by nearby nuclei in LENR systems do not result in 
the external release of large, easily observable fluxes of hard 
energetic gammas and X-rays. Specifically, the present inven 
tors show that surface electrons bathed in already soft radia 
tion can convert the hard gamma radiation into Soft radiation. 
The number of gammas in the energetic region from 0.5 MeV 
to 10.0 MeV is strongly suppressed at the condensed matter 
Surface and the energy appears as Softer (less energetic) heat 
radiation. The short mean free paths of both ultra low momen 
tum neutrons and hard gamma radiation are computed in the 
neighborhood of condensed matter Surfaces. In low energy 
nuclear reaction systems, the gamma absorbing layer of Sur 
face electrons already bathed in soft radiation has the ability 
to stop a 5 MeV gamma ray in less than two nanometers— 
two-billionths of a meter. With existing materials technolo 
gies, it would take ~10 cm of lead, ~25 cm of steel, or ~1 
meter of very heavy concrete to accomplish the same degree 
of shielding. 
0211 Additional scientific evidence supporting the claims 
of the present Invention can be found the scientific paper 
found in Attachment 3 (found in the Cornell University phys 
ics preprint archive at http://www.arxiv.org/pdf/cond-mat/ 
0602472: this preprint dated Feb. 20, 2006, has also been 
submitted to a refereed print journal) by A. Widom and L. 
Larsen, the present inventors, entitled: "Nuclear Abundances 
in Metallic Hydride Electrodes of Electrolytic Chemical 
Cells.” The attached paper is incorporated by reference and is 
intended to form part of this disclosure; its abstract states that: 

0212 “Low energy nuclear transmutations have been 
reported in experimental chemical electrolytic cells 
employing metallic hydride electrodes. Assuming that 
the nuclear transmutations are induced by ultra low 
momentum neutron absorption, the expected chemical 
cell nuclear abundances are discussed on the basis of a 
neutron optical potential model. The theoretical results 
are in Satisfactory agreement with available experimen 
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tal cell chemical data. Some implications of these labo 
ratory transmutations for r- and S-process models of the 
neutron induced Solar system and galactic nuclear abun 
dance are briefly explored. 

0213. The arXiv cond-mat/0602472 preprint discusses a 
model for the anomalous patterns of nuclear abundances 
experimentally observed in metallic hydride cathodes of elec 
trolytic chemical cells. These experimental transmuted 
nuclear abundances have been something of a scientific 
enigma since they were first published by Prof. George H. 
Miley and other researchers such as Mizuno beginning in 
1996. The data is interpreted as primarily the result of a 
neutron absorption spectrum. Ultra low momentum neutrons 
are produced (along with virtually inert neutrinos) by the 
weak interaction annihilation of electrons and protons when 
the chemical cell is driven strongly out of equilibrium. Appre 
ciable quantities of these neutrons are produced on the Surface 
of a metal hydride cathode in an electrolytic cell. The ultra 
low momentum of these neutrons implies extremely large 
cross-sections for absorption by various “seed nuclei present 
on or near the Surface of a cathode in a chemical cell, increas 
ing their nuclear masses. The increasing masses eventually 
lead to instabilities relieved by beta decay processes, thereby 
increasing the nuclear charge. In this manner, “... most of the 
periodic table of chemical elements may be produced, at least 
to some extent.” The experimentally observed pattern of dis 
tinctive peaks and Valleys in the transmuted nuclear mass 
spectrum reflect the neutron absorption resonance peaks as 
theoretically computed employing a simple and conventional 
neutron optical model potential well. An intriguing possibil 
ity is briefly noted in the paper. The varieties of different 
elements and isotopes that we find in the world around us 
were thought to arise exclusively from nuclear reactions in 
stars and Supernova explosions. However, recent astrophysi 
cal calculations have indicated some weaknesses in the above 
picture regarding the strengths of the neutron flux created in a 
Supernova. Our paper Suggests that, “It appears entirely pos 
sible that ultra low momentum neutron absorption may have 
an important role to play in the nuclear abundances not only 
in chemical cells but also in our local Solar system and gal 
axy.” 
0214. In the context of the present Invention, the data 
utilized from references cited in the above preprint arXiv 
cond-mat/0602472 show clear evidence of abundant trans 
mutation reactions as a result of the absorption of ultra low 
momentum neutrons by local nuclei located on the cathode of 
a chemical cell. Large fluxes of expected prompt and delayed 
gamma radiation should have been observed that would have 
been commensurate with the observed rates of neutron 
absorption and nuclear transmutation reactions that occurred 
in the chemical cells. In fact, no significant gamma or hard 
X-ray fluxes were observed in any of the experiments. Such 
observational facts Support the claim that the gamma shield 
ing mechanism encompassed in the present Invention must be 
operating in these systems. 
0215. Additional scientific evidence supporting the claims 
of the present invention can be found the scientific paper 
found in Attachment 4 (found in the Cornell University phys 
ics preprint archive at http://www.arxiv.org/pdf/nucl-th/ 
0608059; this preprint dated Aug. 25, 2006, has also been 
submitted to a refereed print journal) by A. Widom and L. 
Larsen, the present inventors, entitled: “Theoretical Standard 
Model Rates of Proton to Neutron Conversions Near Metallic 
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Hydride Surfaces.” The attached paper is incorporated by 
reference and is intended to form part of this disclosure; its 
abstract states that: 

0216 “The process of radiation induced electron cap 
ture by protons or deuterons producing new ultra low 
momentum neutrons and neutrinos may be theoretically 
described within the standard field theoretical model of 
electroweak interactions. For protons or deuterons in the 
neighborhoods of Surfaces of condensed matter metallic 
hydride cathodes, such conversions are determined in 
part by the collective plasma modes of the participating 
charged particles, e.g. electrons and protons. The radia 
tion energy required for Such low energy nuclear reac 
tions may be supplied by the applied Voltage required to 
push a strong charged current across a metallic hydride 
Surface employed as a cathode within a chemical cell. 
The electroweak rates of the resulting ultra low momen 
tum neutron production are computed from these con 
siderations.” 

0217. The arXiv cond-mat/0600059 preprint shows com 
putations demonstrating that the proton to ultra low momen 
tum neutron conversions claimed by the present inventors can 
take place at substantial production rates inferred from the 
experimental data that are on the order of 10' to 10' ultra 
low momentum neutrons per cm per second. 
0218. Together, the four scientific papers by the present 
inventors comprising Attachments 1-4 can explain all of the 
major features exhibited in many seemingly anomalous 
experiments (lumped under the unfortunate term cold fusion) 
that have previously been regarded by many as theoretically 
inexplicable. In contrast to other earlier theories involving 
penetration of Coulomb barriers, the present Invention's 
methods and apparatus for creating low energy nuclear reac 
tions are scientifically reasonable within the context of the 
well-accepted standard model of electroweak interaction 
physics. The key process responsible for producing most of 
the experimentally observed anomalies explained by these 
publications is not any form of cold fusion, nor is it any form 
of fission. On the contrary, the key physical processes driving 
the unique behavior of these systems are primarily weak 
interactions. The four Attachments extend well-accepted 
Standard Model physics to include collective effects in con 
densed matter, no new microscopic physics is assumed or is 
necessary to explain the data. 

B. Overview of the Physical Processes Underlying 
the Invention 

0219. A preferred device according to various aspects of 
the present invention would have a Substrate. Such as a well 
bonded metallic or non-metallic substrate. Above the sub 
strate is a metallic Surface capable of Supporting Surface 
plasmon polaritons (SPPs) and of forming a hydride or deu 
teride. Palladium and Nickel are examples of a suitable or 
preferred material. Above that metallic surface is a fully cov 
ered surface layer of protons or deuterons. These are fully 
loaded H or D. Preferred methods for loading H or D include 
an enforced chemical potential difference, and/or electrical 
current, and/or a pressure gradient. The production of 
ULMNs and heavy electrons can be further stimulated with, 
for example, the application of preferred frequencies of laser 
light to the working Surface. 
0220. On the working surface are nanoparticles of pre 
ferred sizes and shapes composed of preferred target materi 
als. These are deposited on the working surface of the device. 
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One example of a preferred target material is a palladium 
lithium alloy. Also above the surface layer, shown represen 
tatively are nearby patches of collectively oscillating protons 
or deuterons. The diameters of Such patches are generally 
several microns. A layer of Surface plasmon polaritons is 
established, located in and around the Surface layer and these 
patches. Incident on the described structures is an enforced 
flux of protons or deuterons, which must pass through the 
working Surface. The Born-Oppenheimer Approximation 
breaks down on the upper working Surface. 
0221. In the present invention, preferred materials are able 
to Support and maintain a shallow, Surface-covering “electron 
sea' (having an associated “skin depth both above and below 
the surface of the preferred material) comprised of collective 
electron excitations known as Surface plasmon polaritons 
(SPPs). SPPs support two-way transfers of energy: (a) on one 
hand, they intrinsically prefer to radiate energy in the infrared 
and soft X-ray regions of the EM spectrum; (b) on the other 
hand, energy can be transferred to SPPs by coupling to other 
phenomena Such as: enhanced chemical potential differences 
across the SPP interface; nonequilibrium ion fluxes across the 
SPP layer; and/or incident laser radiation of appropriate 
wavelengths on a suitably roughened Surface. 
0222. When the surface or near subsurface regions of pre 
ferred hydride/deuteride-forming materials (e.g. palladium, 
nickel, or some other preferred material) are deliberately 
loaded with hydrogenisotopes above a certain threshold level 
(preferably to a ratio of 0.70-0.80 or more of protons and/or 
deuterons to metal atoms) the following happens: 

0223 1. Numerous localized surface “patches' com 
prised of large numbers of coherently oscillating protons 
and/or deuterons appear spontaneously at the interface 
on the surface of the material. These “patches' are situ 
ated within the skin depth of the SPPs. 

0224 2. At the surface/interface, and especially in and 
around the patches of coherently oscillating hydrog 
enous atoms, the Born-Oppenheimer Approximation 
breaks down. This breakdown of screening substantially 
reduces the effectiveness of normal charge screening 
mechanisms that commonly occur in many condensed 
matter systems. This breakdown of charge screening, in 
conjunction with the loose coupling of SPPs to local 
collective oscillations of “patches” of ionized hydrog 
enous atoms, allows the formation of extremely high 
local electric fields within the collectively oscillating 
“patches.” These intense local E fields renormalize and 
increase the mass of local SPP electrons exposed to 
those fields. When a critical threshold offield strength is 
reached, renormalized “heavy electrons have sufficient 
mass to react spontaneously with nearby protons or deu 
terons to form ultra low momentum neutrons (ULMNs). 
The critical field threshold is roughly on the order of 
10 V/m, which is about the same magnitude as the 
strength of the Coulomb field seen by the electron in a 
hydrogen atom. 

0225 3. ULMNs are captured on nearby atoms, cata 
lyzing a variety of different types of low-energy nuclear 
reactions (LENRs). Unlike neutrons at thermal energies 
and higher, the invention's ULMNs have unusual prop 
erties that include very large wavelengths (i.e. ~10 cm) 
and very high capture (absorption) cross-sections. As a 
result, mean free paths of ULMNs in the apparatus of the 
invention are very short: only ~10 cm. 
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0226. It is well known that neutron captures by various 
elements commonly result in prompt gamma emissions. It is 
also well known that neutron-rich isotopes of many elements 
(excluding certain very high-A elements such as uranium, 
plutonium) are short-lived and decay mainly via weak force 
beta processes. Individual beta decays can be very energetic 
and can have positive Q-values ranging up to ~20 MeV; many 
of them also emit gammas. Q-values of many beta decays 
compare favorably to net Q-values that are achievable with 
D-D/D-T fusion reactions (total 25 MeV). Various different 
chains of beta decays can thus be utilized for generating 
power. 

0227. In certain aspects of the present invention, prefer 
ably chains of reactions characterized mainly by absorption 
of ULMNs and subsequent beta decays are employed. These 
are collectively referred to as low energy nuclear reactions— 
“LENRs'. In some cases, preferred ULMN-catalyzed chains 
of nuclear reactions may have relatively benign beta decays 
interspersed with occasional “gentle' fissions of isotopes of 
other elements and occasional alpha-particle decays. 
0228. These may have Q-values ranging from one or two 
MeV up to 20 MeV. in contrast to the very energetic 200+ 
MeV Q-value of the fission of very high-A, Uranium-235. 
SPPs, as discussed in the above mentioned reference, serve 
multiple roles in the context of the invention. Specifically, 
SPPs comprised of “normal-mass” electrons and numerous 
contiguous patches containing heavy electrons created in an 
apparatus according to the present invention can: 

0229) Absorb energy from the external environment in 
specific types of coupling and modes (both “normal 
mass” electrons and heavy electrons; normal-mass elec 
trons can transfer energy to heavy ones), and/or 

0230 React spontaneously with nearby protons and/or 
deuterons to create ultra low momentum neutrons that 
can be captured and used to catalyze nuclear power 
producing and/or transmutation LENRS (heavy elec 
trons only), and/or 

0231. Reradiate energy of absorbed gamma photons as 
many lower-energy infrared and soft X-ray photons. In 
this role, it serves as a fully integrated "shield against 
prompt and delayed gammas produced by neutron-cata 
lyzed LENRs occurring within the invention's apparatus 
and/or gamma radiation incident on the apparatus from 
external sources (heavy electrons only). 

0232 Prompt gammas may be produced when ULMNs 
are initially captured by nuclei situated in close proximity to 
"patches' of coherently oscillating hydrogen isotopes in 
which the ULMNs are generated. Delayed gammas are pro 
duced by Subsequent decay chains (preferably mostly cas 
cades of beta decays) of new isotopes created through capture 
of ULMNs by nearby “target” atoms. By virtue of their addi 
tional mass, and unlike the vacuum state, heavy electrons in 
the invention's surface plasmon polaritons have the ability to 
fully absorb "hard gamma photons and reradiate gamma 
photon energy in the form of an ensemble of a much larger 
number of lower-energy “soft' photons, mainly in the infra 
red and soft X-ray portions of the EM spectrum. 
0233. In the Invention, connections between nuclear and 
chemical processes occurat moderate temperatures and pres 
Sures within the invention's condensed matter system. In the 
invention, SPPs (comprised of heavy electrons and electrons 
of ordinary mass) help mediate a dynamic, two-way energy 
exchange between nuclear and non-nuclear processes. In 

Dec. 4, 2008 

effect, the apparatus of the invention operates as an energy 
transducer between nuclear and chemical realms. 
0234. In an apparatus embodying the present invention, 
the mean free path of a gamma photon with energy between 
-0.5 MeV and ~10.0 MeV can be (and preferably is) extraor 
dinarily short: only ~3.4x10 cm, or less than a nanometer. 
This property has the effect of suppressing emission of exter 
nally detectable gamma radiation by the invented apparatus 
and shielding against incident gamma radiation emanating 
from external sources in almost any direction. Depending on 
the specifics of the preferred apparatus, selected materials, 
and operating conditions, what may be observed experimen 
tally can include: 

0235 No significant gamma emissions, mostly just 
internally absorbed infrared (IR) radiation and charged 
particle interactions (produced by LENRs) with lattice 
phonons. Together, they are detected as Substantial 
amounts of measured “excess heat’ in a calorimeter; 
Such excess heat would typically be accompanied by 
various types of nuclear transmutation products; in addi 
tion, this may sometimes be accompanied by Small, 
barely detectable fluxes of soft X-rays Reference 
Example: "Large excess heat production in Ni-H sys 
tems'. Focardi et al, Il Nuovo Cimento, 111, No. 11, 
November 1998 

0236 Significant numbers of nuclear transmutation 
products in conjunction with little or no measurable 
excess heat, no detectable gamma emissions, and no 
detectable soft X-rays Reference Example: “Elemental 
Analysis of Pd Complexes: Effects of D. Gas Perme 
ation', Iwamura et al., Japanese Journal of Applied 
Physics, 41, No. 7A, pp. 4642-4650, July 2002 

C. Gamma Shielding 
0237. An important application of the present invention is, 
as noted above, for shielding against gamma radiation. This is 
achieved with heavy electrons produced in the manner 
described already. FIG. 18 represents an application of the 
present invention for gamma shielding. As seen in FIG. 18, a 
heavy electron produced by the present invention can receive 
agamma photon and re-radiate the gamma photon's energy in 
the form of multiple, lower frequency, lower energy photons, 
e.g., infrared and Soft X-ray photons. 

D. Description of Figures Explaining Scientific 
Aspects of the Invention 

0238 A high-level conceptual overview of aspects of the 
present invention is illustrated in FIG. 19. The invented meth 
ods and apparatus utilize "ordinary Surface plasmon polari 
ton electrons 2 (referred to in FIG. 19 as “SPPs') and heavy 
mass Surface plasmon polariton electrons 4, hydrogen 
isotopes 6, Surfaces of metallic Substrates 8, collective many 
body effects that produce very high electric fields 3, and weak 
interactions 10 in a controlled manner to generate ultra low 
momentum neutrons (“ULMNs) 12 (that can be used to 
trigger low energy nuclear transmutation reactions 14 and 
produce heat 16), neutrinos 18, and heavy electrons 4 that can 
effectively serve as a gamma shield for gammas produced in 
local nuclear reactions 20 as well as screen incident gamma 
radiation from outside Sources 22. The physical system 
enabled by the invention collectively creates what is effec 
tively a “transducer mechanism 24 (represented by the bi 
directional arrow in the center of FIG. 19) that permits con 
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trollable two-way transfers of energy back-and-forth between 
chemical 26 and nuclear 28 energy realms in a small-scale, 
low-energy, Scalable condensed matter system at compara 
tively modest temperatures and pressures. 
0239. The present invention requires an input of energy to 
create heavy Surface plasmon polariton electrons 4 and ultra 
low momentum neutrons 12; net excess energy is released 
whenever the nuclear binding energy released by Subsequent 
weak interactions 10, such as beta decays 10 or neutron 
creation 10, exceeds the required input energy. Utilizing the 
transducer mechanism 24 of the invention, energy may be 
input to the system via interactions with “ordinary' surface 
plasmon polariton electrons 2 and heavy-mass Surface plas 
mon polariton electrons 4. 
0240 According the present invention, required energy to 
make heavy electrons 4 and ultra low momentum neutrons 12 
can be input via alternative methods that include, singly or in 
combination: (a) irradiation of the Surface plasmon polariton 
electrons with “beams' of electrons 30 such as those found in 
an electrical current; and/or (b) creation of a flux of ionized 
protons or deuterons 32 across the Surface via a pressure 
gradient or difference in chemical potential; (c) and/or irra 
diation of the surface with other types of energetic ions 34: 
and/or (d) given appropriate Surface roughness to properly 
couple momentum, irradiation of the surface with light of the 
appropriate frequency from a selected laser 36. 
0241 The present invention functions as gamma shield by 

its heavy electrons 4 absorbing gammas (20 which arise either 
from local low energy nuclear reactions or as 22 incident 
gamma radiation coming from the outside) and then re-radi 
ating the absorbed gamma energy as a mixture of infrared 
photons 38 and some soft X-rays 40. A combination of infra 
red photons 38, soft X-rays 40, and energetic electrons and 
charged particles 42, interact with lattice phonons 44 to pro 
duce excess heat 16. 

E. Description of Preferred Embodiments 

0242 FIG. 20 is a representative side view of an ultra low 
momentum neutron generator and integrated gamma shield 
according to aspects of the present invention. It consists of 
randomly positioned surface “patches’ 6 from one to ten 
microns in diameter comprising a monolayer of collectively 
oscillating protons or deuterons; a metallic Substrate 46 
which may or may not form bulk hydrides; collectively oscil 
lating Surface plasmon polariton electrons 2, 4 that are con 
fined to metallic Surface regions (at an interface with some 
sort of dielectric) within a characteristic skin depth averaging 
200-300 Angstroms for typical metals such as copper and 
silver; an upper working region 48 which may be filled with 
a liquid, gas, Solid-state proton conductor, or a mild vacuum: 
other substrate 50 which must be able to bond strongly with 
the metal Substrate Surface 8 and have good thermal conduc 
tivity but which may or may not be permeable to hydrogen or 
deuterium and/or form hydrides; and the working surface 8 of 
the metallic Substrate 46 which may or may not have nano 
particles of differing compositions affixed to it. The upper 
working region 48 either contains a source of protons/deuter 
ons or serves as a transport medium to convey ions, and/or 
electrons, and/or photons to the working Surface 8 upon 
which the SPPs 2, 4 are found. 
0243 FIG. 21 is a representative top view of an ultra low 
momentum neutron generator and integrated gamma shield 
according to aspects of the present invention. It shows ran 
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domly positioned “patches' of collectively oscillating pro 
tons or deuterons 6 located on top of the metallic substrate 46 
and its working Surface 8. 
0244 FIG. 22 is a representative side view of an ultra low 
momentum neutron generator and integrated gamma shield 
according to aspects of the present invention. It shows the 
ultra low momentum neutron generator of FIG. 20 with ran 
domly positioned nanoparticles 52 affixed to the working 
Surface 8. It is important that the maximum dimensions of the 
nanoparticles are less than the skin depth of the Surface plas 
mon polariton electrons 2, 4. 
0245 FIG. 23 is a representative top view of an ultra low 
momentum neutron generator and integrated gamma shield 
according to aspects of the present invention. It shows the 
ultra low momentum neutron generator of FIG. 21 with ran 
domly positioned nanoparticles 52 affixed to the working 
Surface 8 amidst patches of collectively oscillating protons or 
deuterons 6. 

0246 FIG. 24 is a representative schematic side view of 
one alternative preferred embodiment of a ultra low momen 
tum neutron power generation system with integrated gamma 
shielding according to aspects of the present invention. It 
shows a pressurized reservoir of hydrogen or deuterium gas 
54 connected via a valve 56 and related piping with an one 
way check valve and inline pump 58 that injects gas under 
pressure (>1 atmosphere) into a sealed container with two 
open cavities 60, 62 separated and tightly sealed from each 
other by a one or two layer ultra low momentum neutron 
generator. The side walls 64 of the cavities 60, 62 are ther 
mally conductive, relatively inert, and serve mainly to pro 
vide Support for the ultra low momentum neutron generator. 
The top and bottom walls 68, 70 of the two cavities 60, 62 
must constructed of materials that are thermally conductive. 
Optionally, in other alternative embodiments in which a laser 
36 and electrical connector 66 is not optionally installed on 
the top wall 68, then the top 68 and bottom 70 walls can be 
made electrically conductive and a desired electrical potential 
gradient can be imposed across the ultra low momentum 
neutron generator. If an additional chemical potential in the 
ultra low momentum neutron generator is desirable, the ultra 
low momentum neutron generator can optionally be con 
structed with two layers 46, 50, both of which must be able to 
form bulk metallic hydrides, but their materials are selected to 
maximize the difference in their respective work functions at 
the interface between them. Each layer 46, 50 of the ultra low 
momentum neutron generator must preferably be made 
thicker than the skin depth of Surface plasmon polaritons, 
which is about 20-50 nanometers in typical metals. If a semi 
conductor laser 36 is optionally installed, it should be selected 
have the highest possible efficiency and its emission wave 
lengths chosen to closely match the resonant absorption 
peaks of the SPPs found in the particular embodiment. The 
pressure gradient (from 1 up to 10 atmospheres) across the 
ultra low momentum neutron generator insures that a suffi 
cient flux of protons or deuterons is passing through the ultra 
low momentum neutron generator and integrated shield's 
working surface 8. Finally, the outermost walls of the con 
tainer 72, completing enclosing the ultra low momentum 
neutron generator unit (except for openings necessary for 
piping, sensors, and electrical connections), can be either 
Solid-state thermoelectric/thermionic modules, or alterna 
tively a material/subsystem that has an extremely high ther 
mal conductivity Such as copper, aluminum, Dylyn diamond 
coating, PocoFoam, or specially engineered heat pipes. In the 



US 2008/0296.519 A1 

case of the alternative embodiment having a ultra low 
momentum neutron generatorintegrated with thermoelectric/ 
thermionic devices, high quality DC power is generated 
directly from the ultra low momentum neutron generator's 
excess heat; it serves as a fully integrated power generation 
system. In the other case where the container is surrounded by 
Some type of thermal transfer components/materials/sub 
systems, the ultra low momentum neutron generator func 
tions as an LENR heat source that can be integrated as the “hot 
side with a variety of different energy conversion technolo 
gies such as Small steam engines (which can either run an 
electrical generator or rotate a driveshaft) and Stirling 
engines. 

F. Description of Methods of the Invention 

0247. In the case of a metallic substrate 46 that forms a 
bulk hydride, the first step in the operation of the Invention is 
to deliberately “load 90-99% pure hydrogen or deuterium 
into a selected hydride-forming metallic Substrate 46 Such as 
palladium, nickel, or titanium. Examples of alternative pre 
ferred methods for Such loading (some can be combined) 
include a: 1. Pressure gradient; 2. Enforced difference in 
chemical potential; and/or 3. Imposition of electrochemical 
potential across the working Surface. 
0248. When a metallic hydride substrate 46 is “fully 
loaded’ (that is, the ratio of Hor D to metal lattice atoms in the 
metallic hydride substrate reaches a preferred value of 0.80 or 
larger), protons or deuterons begin to “leak out and naturally 
form densely covered areas in the form of “patches’ 6 or 
"puddles of positive charge on the working surface 8 of the 
metallic hydride substrate 46. The appearance of these sur 
face patches of protons or deuterons can be seen clearly in 
thermal neutron scattering data. These surface patches 6 of 
protons or deuterons have dimensions that are preferably 
from one to ten microns in diameter, and are scattered ran 
domly across the working Surface 8. Importantly, when these 
Surface patches 6 form, the protons or deuterons that com 
prise them spontaneously begin to oscillate together, collec 
tively, in unison. 
0249. The Born–Oppenheimer approximation will auto 
matically break down in local regions of the working Surface 
8 that are in close proximity to surface patches 6 of collec 
tively oscillating protons or deuterons. At this point, the col 
lective motions of the electrons comprising the Surface plas 
mon polaritons 2, 4 become loosely coupled to the collective 
oscillations of local surface “patches’ 6 of protons or deuter 
ons. Energy can now be transferred back-and-forth 24 
between the surface patches 6 of protons or deuterons and the 
entire “sea of SPPs 2, 4 covering the working surface 8. 
0250 Electromagnetic coupling between SPP electrons 2, 
4 and collectively oscillating patches of protons or deuterons 
6 dramatically increases strength of electric fields 3 in the 
vicinity of the patches 6. As the local electric field strength of 
a patch3 increases, per the theory of Quantum Electrodynam 
ics, the masses of local SPP electrons 4 exposed to the very 
highfields 3 (preferably >10' V/m) are renormalized upward 
(their real mass is increased). Such field strengths 3 are essen 
tially equivalent to those normally experienced by inner-shell 
electrons in typical atoms. Thus, in the invention heavy elec 
trons, e- 4 are created in the immediate vicinity of the 
patches 6 in and around the working surface 8. SPP electrons 
2, 4 in and around the patches can be heavy 4, those located 
away from the patches are not 2. 
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0251 Beyond the initial loading phase to form a fully 
loaded hydride substrate 46, electric fields 3 in the vicinity of 
the H or D patches 6 must be further increased by injecting 
additional energy into the 'sea of surface plasmonpolaritons 
2, 4. Ultimately, this has the effect of further increasing the 
rate of ultra low momentum neutron (ULMN) production. 
This can be accomplished by using one or more the following 
preferred methods (some can be combined): 
1. Creating a nonequilibrium flux of protons or deuterons as 
ions 32 across the working surface interface 8 defined by the 
surface of the metallic hydride substrate (this is a rigid 
requirement in the case of a metallic substrate 46 that forms 
bulk hydrides); and/or, 
2. Optionally, irradiating the metallic Substrate's working 
surface 8 with laser 36 light of the appropriate wavelength 
that is matched to the photon absorption resonance peaks of 
the SPPs 2, 4; this also has related surface roughness require 
ment to insure momentum coupling with the laser photons 36: 
and/or, 
3. Optionally, irradiating the metallic substrate's 46 working 
surface 8 with an appropriately intense beam of either ener 
getic electrons 30 or other preferred types of energetic posi 
tive ions 34 besides protons or deuterons 32. 
(0252) When the renormalized masses of local SPP heavy 
electrons 4 reach critical threshold values, they will react 
spontaneously with collectively oscillating protons or deuter 
ons in adjacent patches 6 in a weak interaction 10, thus 
producing ultra low momentum neutrons 12, and neutrinos 
18. As stated earlier, the two types of weak interaction nuclear 
reactions 10 between protons or deuterons 6 and heavy elec 
trons 4 that produce ultra low momentum neutrons 12 and 
neutrinos 18 are as follows: 

0253) It must be emphasized that the strength of electric 
fields 3 just above the patches 6 is crucial to the production of 
ultra low momentum neutrons 12. If the local electric fields 3 
are not high enough (e.g., <<10' V/m) critical field strength 
thresholds will not be reached and the SPP electrons 2, 4 will 
be short of the minimum mass necessary to react spontane 
ously with protons or deuterons 6 to form ultra low momen 
tum neutrons 12. It is well known in nanotechnology and the 
semiconductor industry that micron- and nano-scale Surface 
features/topology and the size/geometry/placement of nano 
particles on surfaces 52 can have dramatic effects on local 
electromagnetic fields 3. The size regime for such effects 
starts at tens of microns and extends down to the nanoscale at 
roughly 5 nanometers. For example, it is known in nanotech 
nology that the relative size, composition, geometry, and 
relative placement (positioned to touch each other in a 
straight line versus a more close-packed arrangement) of 
nanoparticles on Surfaces 52 can cause the local electric fields 
3 to vary by 10. That factor is easily the difference between 
reaching the necessary thresholds to create ultra low momen 
tum neutrons 12 or not. The implication of these facts is that 
to Successfully produce Substantial percentages of good 
working ultra low momentum neutron and integrated gamma 
shield generator devices and operate them for significant 
periods of time, techniques must be used that are capable of 
nanoscale control of initial fabrication steps and materials/ 
designs/methods must be selected that can maintain key Sur 
face properties during extended device operation. In that 
regard, ultra low momentum neutron generators with an 
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upper working region 48 that is filled with hydrogen or deu 
terium gas are more tractable from a Surface stability stand 
point, as compared to electrolytic ultra low momentum neu 
tron generators with integrated gamma shields using an 
aqueous electrolyte in which the nanoscale Surface features of 
the cathodes typically change dramatically over time. 

H. Description of Additional Examples of Preferred 
Embodiments 

0254 FIGS. 22 and 23 illustrate a ultra low momentum 
neutron generator and integrated gamma shield in which 
nanoparticles 52 are fabricated and affixed to its working 
surface 8. FIG. 22 is a representative side view, not drawn to 
scale: FIG. 23 is a representative top view, also not drawn to 
scale. According to this particular embodiment, an ultra low 
momentum neutron generator and integrated gamma shield 
would be constructed with a metallic substrate 46 that forms 
hydrides or deuterides, such as palladium, titanium, or nickel, 
or alloys thereof. Above that substrate is a working surface 8 
capable of supporting Surface plasmon polaritons 2, 4 and the 
attachment of selected nanoparticles 52. The thickness of the 
substrate 46 and the diameter of the surface nanoparticles 52 
should be fabricated so that they do not exceed the skin depth 
of the SPPs 2.4. The substrate 46 is fully loaded with H or D 
and the working Surface 8 has an adequate coverage of 
patches 6 of protons or deuterons. In this embodiment the 
surface nanoparticles 52 serve as preferred target materials 
for ultra low momentum neutron 12 absorption during opera 
tion of the generator and gamma shield. One example of a 
preferred nanoparticle target material for ultra low momen 
tum neutron heat generation applications are a variety of 
palladium-lithium alloys. 
0255 Palladium-lithium alloys represent an example of a 
preferable nanoparticle target material 52 because: (a.) cer 
tainlithium isotopes have intrinsically high cross-sections for 
neutron absorption; (b.) nanoparticles composed of palla 
dium-lithium alloys adhere well to palladium substrates; (c.) 
palladium-lithium alloys readily form hydrides, store large 
amounts of hydrogen or deuterium, and load easily; and 
finally (d.) there is a reasonably Small, neutron-catalyzed 
LENR reaction network starting with Lithium-6 that pro 
duces Substantial amounts of energy and forms a natural 
nuclear reaction cycle. Specifically, this reaction network 
operates as follows (the graphic is excerpted from the refer 
enced Widom-Larsen paper in Attachment 1 that published in 
The European Physical Journal C Particles and Fields): 

Li+ n - Li, (30) 
2Li+ n - Li, 

Be - He + He. 

The chain (30) yields a quite large heat Q for the net 
nuclear reaction 

Q{Li+2n - 2He + e + v.} & 26.9 MeV. (31) 
Having produced "He products, futher neutrons may be 
employed to build heavy helium "halo nuclei" yielding 
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-continued 

;He + n - He, (32) 
He + n - He, 
He - Li+ e + V. 

The chain (32) yields a moderate heat for the net Li 
producing reaction 

Q{He +2n -> Li + e + v as 2.95 MeV. (33) 
The reactions (30) and (32) taken together form a 
nuclear reaction cycle. Other possibilities include the direct 
lithium reaction 

0256 The net amount of energy (Q) released in the above 
example of an LENR network 14 compares favorably with 
that of strong interaction fusion reactions, yet it does not 
result in the production of energetic neutrons, hard radiation, 
or long-lived radioactive isotopes. Thus, Substantial amounts 
of heatenergy 16 can be released safely by guiding the course 
of complex LENR nucleosynthetic and decay processes 14; at 
the same time, emission of hard gamma radiation 20 is Sup 
pressed by the Invention's shielding mechanism. 
0257. Other local “target nanoparticles 52 on working 
Surfaces 8 may have an isotopic composition that is deliber 
ately chosen to minimize the production of excess heat. 
Gadolinium would be one example of Such a material; it can 
absorb many neutrons 12 before creating unstable isotopes. 
An alternative strategy to accomplish the same goal would be 
to control the local electromagnetic fields 3 across the work 
ing surface 8 in such a way that they are “clamped at values 
just below the critical threshold for ultra low momentum 
neutron production. In that alternative embodiment there is a 
requirement for energy input into the system, the gamma 
shield is present, but no weak interaction nuclear reactions are 
occurring. In both Such alternative preferred embodiments, 
the device will function mainly as a gamma shield which can 
be used to strongly attenuate incident gamma radiation com 
ing from outside sources 22 in the range of -0.5 MeV to ~10.0 
MeV. 

Further Commercial Utility of the Invention 

0258. There are additional important commercial uses for 
preferred embodiments of the invention that provide low cost, 
low mass, highly effective gamma shielding. Important appli 
cations enabled by the present invention include: 

0259 Compact, long-lived portable power generation 
devices that can Sustain in situ operation of ultra low 
momentum neutron-catalyzed networks of LENRs 
without any need for significant quantities of additional 
shielding because the system's heavy electrons function 
as an integrated gamma shield. Such devices can be 
designed to exploit differences between the aggregate 
nuclear binding energies of preferred initial seed mate 
rials and the final products (isotopes) of the nuclear 
reaction networks to create an overall net release of 
energy, primarily in the form of excess heat. This heat 
would be generated primarily by preferred weak inter 
actions such as beta decays. When integrated with a 
variety of preferred types of energy conversion tech 
nologies, nuclear heat Source devices enabled by the 
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invention could be valuable in a variety of civilian and 
military applications; and 

0260 Compact commercial systems for transmutation 
of various types of preferred seed materials/isotopes to 
produce significant recoverable quantities of specific, 
commercially useful isotopes. Such systems would gen 
erally require little or no additional shielding because 
the system's heavy electrons function as an integrated 
gamma shield. 

0261 Low mass, highly effective shielding against inci 
dent gamma radiation for manned aerospace systems 
used in military or space environments; gamma shield 
ing for radiation-sensitive electronic components in 
SaC. 

0262 Compact, low mass, low cost gamma shielding 
for sealed containers used in the transportation of high 
level radioactive waste. 

0263 Compact, low mass, low cost gamma shielding 
for use in Surrounding sealed enclosures for gamma 
emitting isotopes employed in various medical and 
industrial applications. 

0264. In the event that nuclear isomer triggering prob 
lems are eventually solved, the invention can provide 
shielding against the effects of isomer weapons; in the 
case of isomer storage technologies, it enables effective 
conversion of gammas into more usable forms of energy. 

0265. In addition to their utility as an effective gamma 
shield, the heavy electrons and ultra low momentum neutrons 
of the invention can also be used to control the transition rates 
of weak nuclear interactions, in particular beta decay. The 
number of beta decay events can be increased or decreased 
depending on the number of Surface heavy electron states 
created in the neighborhood of a beta decaying nucleus. A 
nuclear beta decay event may be written symbolically as: 
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i.e. a nucleus with Z. protons and (A-Z) neutrons transmutes 
into a new nucleus with (Z+1) protons and (A-Z-1) neutrons 
emitting and electrone and an anti-neutrino. The decay rate 
depends strongly on the energy of the electron plus the energy 
of the neutrino which together determine the nuclear heat of 
reaction. The larger the heat of reaction the faster the beta 
decay rate. Any increase in the electron mass due to con 
densed matter renormalization, lowers the heat of reaction 
and thereby lowers the rate of beta decay. For example, the 
most simple beta decay is that of a neutron 

0266. Here, p" represents a proton. The neutron will decay 
if isolated in the vacuum. The neutron will not decay if it is 
located inside of a nucleus which is stable to beta decay 
because the heat of reaction would be negative. A neutron 
within a nucleus will decay if the heat of beta decay reaction 
is positive. The more positive the heat of reaction, the faster 
will be the beta decay rate. 
0267. The decay of a single neutron will be slowed down 
if the final electron state has a higher mass because the result 
ing heat of reaction will be smaller. On may thereby control 
the rate of beta decay reactions of nuclei on the surface of 
metallic hydrides by controlling the surface density of heavy 
electron states. Since the heavy mass states are central for 
neutron catalyzed nuclear transmutations, the control of the 
density of heavy electrons states also controls the rates of 
nuclear transmutation catalysis. 
0268 Thus it will be appreciated that in addition to a 
number of other uses the present invention can provide a low 
mass, low cost, high attenuation gamma photon shield that 
can be used in a variety of different commercial applications. 
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Attachment 1 

(APPARATUS AND METHOD FOR GENERATION OF ULTRALOW MOMENTUM 

NEUTRONS''' 

Co-Inventors: Lewis G. Larsen, Alan Widon 

Background of the Invention 

The present invention concerns apparatus and methods for the generation of neutrons. 

Neutrons are uncharged elementary fermion particles that, along with protons (which are 

positively charged elementary fermion particles), comprise an essential component of all atomic 

nuclei except for that of ordinary hydrogen. Neutrons are well known to be particularly useful 

for inducing various types of nuclear reactions because, being uncharged, they are not repelled 

by Coulombic repulsive forces associated with the positive electric charge contributed by 

protons located in an atomic nucleus. Free neutrons are inherently unstable outside of the 

immediate environment in and around an atomic nucleus and have an accepted mean life of 

about 887 to 914 seconds; if they are not captured by an atomic nucleus, they break up via beta 

decay into an electron, a proton, and an anti-neutrino. 

Neutrons are classified by their levels of kinetic energy; expressed in units measured in 

MeV, meV, KeV, or eV - Mega-, milli-, Kilo- electron Volts. Depending on the mean velocity 

of neutrons within their immediate physical environment, energy levels of free neutrons can 

range from: (1) ultracold to cold (nano eVs to 25 meV); (2) thermal (in equilibrium with 

environment at an E approx. = kT = 0.025 eV); (3) slow (0.025 eV to 100 eV -- at around 1 eV 

they are called epithermal); (4) intermediate (100 eV to about 10 KeV); (5) fast (10 KeV to 10 

MeV), to ultrafast or high-energy (above 10 MeV). The degree to which a given free neutron 

possessing a particular level of energy is able to react with a given atomic nucleusisotope via 

capture (referred to as the reaction capture “cross section” and empirically measured in units 

called “barns”) is dependent upon the: 
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1. Specific isotope of the nucleus undergoing a capture reaction with a free neutron, and 

the 

2. Mean velocity of a free neutron at the time it interacts with a target nucleus. 

It is well known that, for any specific atomic isotope, the capture cross section for 

reactions with externally supplied free neutrons scales approximately inversely proportional to 

velocity. This means that the lower the mean velocity of a free neutron (i.e., the lower the 

momentum) at the time of interaction with a nucleus, the higher its cross section will be, i.e., the 

greater the probability that it will react successfully and be captured by a given target 

nucleus/isotope. 

Different atomic isotopes can behave very differently after capturing free neutrons. 

Some isotopes are entirely stable after the capture of one or more free neutrons (e.g. Gd to 

'Gd to 'Gd). (As used herein, superscripts at the top left side of the elemental symbol 

represent atomic weight.) Some isotopes absorb one or more neutrons, forming a more neutron 

rich isotope of the same element, and then beta decay to another element with ZI-1. Other 

atomic isotopes enter an unstable excited state after capturing one or more free neutrons, and 

“relax” to a lower energy level by releasing the excess energy through emission of photons Such 

as gamma rays (e.g. 6"Co). Yet other isotopes also enter unstable excited states after capturing 

one or more free neutrons, but subsequently “relax” to lower energy levels through spontaneous 

fission of the “parent” nucleus. Such fission processes can result in the production of 

“daughter' isotopes and the release of energetic particles such as protons, alphas, electrons, 
a *Cf). Fission processes associated with certain very heavy neutrons, and/or photons (e.g. 

(high A) isotopes can produce many more neutrons than they “consume' via initial capture, thus 

enabling a particular type of rapidly escalating cascade of neutron production by Successive 

reactions commonly known as a nuclear “chain reaction” (e.g. 'U or 'Pu). For'U, each 
external free “trigger neutron releases another 100 neutrons in the resulting chain reaction. 

Such deliberately induced chain reactions form the underlying basis for existing nuclear 
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weapons and fission powerplant technologies. Significant fluxes of free neutrons are useful in a 

variety of existing military, commercial, and research applications, with illustrative examples as 

follows. It should be noted that some aspects of the present invention are mentioned in the 

following table 

End-Use 
Application 
for Neutron 
Source 

Existing 
Nuclear 

... Weapons 
for the 
Military 

Existing 
Nuclear 

'Power Plants 
that 

Generate 
Electricity 

: Producing 
Useful isotopes 

'', via 
Transmutation 

Waterials 
Properties 
Research 

Materials 
Properties 
Research; 
Well Bore 

Hole logging 

Neutron 
Sources for 
Applications. 
. Such as 
Biomedical 

Basic 
Research of 

Neutron 
Properties 
(OLD) and 
Power 

Production 
(NEW) 

Energy Range 
... and Flux of Free 
Neutrons (nper 
"sec) used in 
Application 

Thermal to 
Ultrafast 

Range from 
epithermal to 
ultrafast; fluxes 
average around 

10 
Range from 
epithermal to 

ultrafast; fluxes 
from 10 to 

1 012 
Ultracold or 
Ultralow 
nonentum 

(UCN or 
“ULMN) 

Are Reactants and 
; Operating 

Conditions Suitable 
for Supporting 
Runaway Chain 
... Reactions? 
Yes, highly 

accelerated runaway 
chain reactions are 
one of the design 

goals 

Yes, however 
reaction rates are 
tightly controlled 
with various types 
of moderators 

No, generally not in 
most isotopes 
produced for 

various applications 

Examples of Existing 
Apparatus Used to 

Produce Free 
Neutrons in 
Application 

Nuclear Weapons 
Components 

Fission Reactor 
optimized for heat 
production used to 
generate steam that 

spins a turbine 

Fission Reactor 
optimized for 

characteristics of 
neutron flux 

Larger (Some are 
GeV Class) 

Particle 
Accelerators 
Small Portable 
Accelerators 

Isotope sources in 
shielded apparatus, 

or EC fusion 
devices 

Large fission 
reactor connected 
to UCN “trap via 

a series of 
moderators (OLD) 

Comments 

Need relatively “fast' 
neutrons because 

desired reactions must 
occur very rapidly to 
have appropriate 
explosive effects 
Desired result is 
sustained heat 

production at highly 
controlled reaction 
rates so “slower 

neutrons must be used 
Bombard target 

materials with thermal 
neutrons in reactor to 
create new isotopes 
Includes so called 

“spallation neutron 
SOCCS 

Can utilize D-D and 
D-T reactions; good 
examples in Thermo 
Electron product line 

For IEC devices, with 
D-D reaction neutrons 
are 2.45 MeV; D-T 
neutrons are 14 MeV 

NEW - the invention 
enables production of 
large fluxes and high 
densities of ULMNS 
for power production 
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Locations and Reaction Products of Fluxes of Free Neutrons Found in Nature: 

Minor natural sources of free neutrons are produced by relatively rare accumulations of 

long-lived radioactive isotopes incorporated in a variety of minerals (e.g., Uraninite - UO2, with 

U comprised of about 99.28% of 'U and 0.72% “U and a trace of 'U) found in planetary 
crusts, asteroids, comets, and interstellar dust. In addition to such radioactive isotopes and 

various man-made sources of free neutrons noted earlier, natural sources of significant fluxes of 

free neutrons are found primarily instellar environments. In fact, since the Big Bang, nearly all 

of the elements and isotopes found in the Universe besides hydrogen and helium have been 

created by a variety of cosmic nucleosynthetic processes associated with various stages of stellar 

evolution. 

Stellar nucleosynthesis is a complex collection of various types of nuclear processes and 

associated nuclear reaction networks operating across an extremely broad range of astrophysical 

environments, stellar evolutionary phenomena, and time-spans. According to current thinking, 

these processes are composed of three broad classes of stellar nucleosynthetic reactions as 

follows: 

1. Various nuclear reactions primarily involving fusion of nuclei and/or charged 

particles that start with hydrogen/helium as the initial stellar “feedstock' and 

subsequently create heavier isotopes up to "Fe, at which the curve of nuclear 

binding energy peaks. At masses above "Fe, binding energies per nucleon 
progressively decrease; consequently, nucleosynthesis via fusion and charged 

particle reactions are no longer energetically favored. As a result, 

isotopes/elements heavier than "Fe must be created via neutron capture 

processes. 

2. S-Process - short-hand for the Slow (neutron capture) Process; it is thought to 

occur in certain evolutionary stages of cool giant stars. In this process, “excess” 

neutrons (produced in certain nuclear reactions) are captured by various types of 
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“seed” nuclei on a long time-scale compared to f-decays. Heavier nuclides are 

built-up via successive neutron captures that ascend the beta-stability valley from 

"Fe (a common initial “seed” nucleus in stellar environments) all the way up to 
'Bi. Masses above 'Bi require much higher neutron fluxes to create heavier 
elements such as Uranium (e.g. 238U). 

3. R-Process - short-hand for the Rapid (neutron capture) Process; it is thought to 

occur in Type II supernovae and various high-energy events on and around 

neutron stars. In this process, intermediate products comprising very neutron 

rich nuclei are built up by very large neutron fluxes produced under extreme 

conditions that are captured by various types of “seed nuclei. These 

intermediate products then undergo a series of B decays accompanied by fission 

of the heaviest nuclei. Ultimately, this process produces nuclei having even 

larger masses, i.e. above "Bi, that are located on the neutron-rich side of the 
“valley of nuclear stability”. 

Disclosure of the Present Invention 

One application of the present invention involves a method for the creation of large 

fluxes of ultra low momentum neutrons (ULMNs) in condensed matter systems at very moderate 

temperatures and pressures in various preferred types of very compact, comparatively low cost 

apparatus. Commercially, fluxes of such ULMNs can then be utilized to trigger ULMN 

catalyzed low energy nuclear reactions (“LENRs) in preferred target materials for the 

generation of excess heat and/or for inducing transmutation reactions that are used to create 

other desired isotopes of commercial value. Excess heat can be converted into other usable 

forms of energy using various preferred types of energy conversion technologies used in power 

generation. 
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According to one key aspect of the invention, ULMNs are created solely through weak 

nuclear forces between protons or deuterons and "heavy” (defined in attached paper) electrons. 

This contrasts sharply with the substantially “faster' (much higher momentum and kinetic 

energy) neutrons that are created via strong nuclear force fission reactions of high A isotopes 

that are utilized in the existing nuclear power industry for generation of heat and transmutation 

of selected materials/isotopes. 

In comparison to thermal and fast neutrons (defined above), ULMNs have enormously 

larger absorption cross sections for virtually any given isotope of an element. Accordingly, 

ULMNs are captured with extremely high efficiency in neighboring target materials in close 

proximity to their creation site, thus forming neutron rich isotopes. This attribute, in conjunction 

with ULMNs' intrinsically low momentum and large fluxes (up to 10' ULMNs/sec/cm) 
enabled by the invention, will enable the development of a new type of much safer, lower cost 

nuclear power generation technology. 

It is well known that neutron-rich isotopes of many elements (excluding certain very 

high-A elements such as uranium, plutonium) are short-lived and decay mainly via weak force 

beta processes. Individual beta decays can be very energetic, and can have positive Q-values 

ranging up to r20 MeV. Q-values of many beta decays compare favorably to net Q-values that 

are achievable with D-D/D-T fusion reactions (total -25 MeV). Chains of beta decays can thus 

be utilized for generating power. 

The invention's novel approach to nuclear power generation is based primarily on 

utilization of weak force nuclear reactions. Preferably, chains of reactions characterized mainly 

by absorption of ULMNs and subsequent beta decays are employed. These are collectively 

referred to as low energy nuclear reactions -“LENRs'. In some cases, preferred ULMN 

catalyzed chains of nuclear reactions may have biologically benign beta decays interspersed with 

occasional “gentle” fissions of isotopes of other elements and occasional alpha-particle decays. 
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These may have Q-values ranging up to several MeV, in sharp contrast to the very energetic 

200+ MeV Q-value of the fission of very high-A, Uranium-235. 

Importantly, since the invention utilizes primarily low energy, weak force nuclear 

processes, production of large, biologically dangerous fluxes of hard radiation (very energetic X 

and gamma rays), energetic neutrons, and long-lived highly radioactive isotopes can be avoided. 

Thus, the necessity for expensive shielding and containment of the invention's apparatus, and 

related waste disposal problems are obviated, in sharp contrast to existing nuclear fission and 

fusion technologies. Since no Coulomb barrier is involved in weak force interactions and 

absorption of ULMNs, the invention’s weak force reactions can take place under moderate 

physical conditions, unlike currently envisioned D-T (deuterium-tritium) fusion reactors. 

Further aspects of the present invention are set forth in the attached paper (not yet 

submitted for publication) by A. Widom and L. Larsen, the present inventors, entitled: “Ultra 

Low Momentum Neutron Catalyzed Nuclear Reactions on Metallic Hydride Surfaces.” The 

attached paper is incorporated by reference and is intended to form part of this disclosure. The 

abstract of the attached paper states: “Ultra low momentum neutron catalyzed nuclear reactions 

in metallic hydride system surfaces are discussed. Weak interaction catalysis initially occurs 

when neutrons (along with neutrinos) are produced from the protons which capture “heavy” 

electrons. Surface electron masses are shifted upwards by localized condensed matter electric 

fields. Condensed matter quantum electrodynamic processes may also shift the densities of final 

states allowing an appreciable production of ultra low momentum neutrons which are thereby 

efficiently absorbed by nearby nuclei. No Coulomb barriers exist for the weak interaction 

neutron production or other resulting catalytic processes.” 

While it is known to use various types of strong force nuclear reactions to achieve their 

primary utility as neutron generators, the present invention according to one of its aspects 

utilizes weak force interactions between protons (p+) and "heavy” electrons (eh) to produce a 

neutron (nulm) and a neutrino (ve)as follows: 
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e p Ilulm -- ve 

The attached paper by Widom and Larsen explains how, under the appropriate 

conditions, a proton is able to capture a "heavy" electron to create an ultra low momentum 

neutron (n) and a neutrino (photon). Similarly, they show how a deuteron (“D”) can capture 

one "heavy” electron to create two ultra low momentum neutrons and a neutrino as follows: 

e -- D" -> 2n + v. 

Importantly, the Coulomb barrier is not a factor in either of these reactions. In fact, in 

this situation, unlike charges actually help these reactions to proceed. 

It may be noted that spatially, quantum mechanical wave functions of ULMNs are very 

large. If a neutron is created with ultra low momentum (which in this case is the same as saying 

that it would have essentially zero net kinetic energy or velocity), at the instant of “birth its 

quantum mechanical wavefunction would have a comparatively large spatial extent of at least 

1,000 Angstroms, or ~100 nanometers (1 micron). After that, according to Dr. S. K. Lamoreaux 

of Los Alamos National Laboratory, it would likely take roughly 1/10 to 2/10 of a millisecond 

for such a ULMN to interact with surrounding phonons in nearby materials and thermalize. As a 

newly created ULMN is “spooling-up” to thermal energies, the spatial extent of its wave 

function (as well as implicitly, its capture cross section) will be contracting to dimensions (-2 

Angstroms) and a related cross section that are “normal for neutrons at thermal energies. 

LENRS and ULMNS: 

“LENRs” represents abroad descriptive term encompassing a complex family of low 

energy nuclear reactions catalyzed by ULMNs. As explained in the attached paper by Widom 

and Larsen, creation of ULMNs on Surfaces requires a breakdown of the Born–Oppenheimer 
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approximation, collectively oscillating “patches of protons or deuterons, as well as excited 

surface plasmons and fully loaded metal hydrides. Creation of ULMNs and resulting LENRs (as 

ULMNs are absorbed by nearby atoms) occurs in and around small, solid-state nanodomains 

(dimensions on the order of microns) located on or very near metallic surfaces or at interfaces. 

In these nano-sized, nuclear-active domains, production of high local fluxes of ULMNs enables 

LENRs to be triggered in nearby materials. In certain preferred embodiments, preferred local 

isotopic compositions can generate substantial amounts of excess heat that can then, for 

example, be transferred to another device and converted into electricity or rotational motion. 

The accompanying figure diagrammatically represents an illustrative nanogenerator for 

producing ULMNs. The figure is a representative side view, not drawn to scale. A generator 

according to this embodiment would have a substrate, such as a well-bonded metallic or non 

metallic substrate. Above the substrate is a metallic surface capable of supporting surface 

plasmons and of forming a hydride or deuteride. Palladium is one example of a suitable or 

preferred material. Above that metallic surface is a fully covered surface layer of protons or 

deuterons. These are fully loaded H or D. Preferred methods for loading HorD include an 

enforced chemical potential difference, and/or electrical current, and/or a pressure gradient. The 

production of ULMNs can be further stimulated with, for example, the application of preferred 

frequencies of laser light to the working surface. 

The figure representatively shows that located above that working surface are 

nanoparticles of preferred sizes and shapes composed of preferred target materials. These are 

deposited on the working surface of the ULMN nanogenerator. One example of a preferred 

target material is a palladium-lithium alloy. Also above the surface layer, shown representatively 

are nearby patches of collectively oscillating protons or deuterons. The diameters of such 

patches are generally several microns. A halo of surface plasmons is established, located above 

the surface layer and these patches. Incident on the described structures is an enforced flux of 
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protons or deuterons, which pass through the working surface. The Born-Oppenheimer 

approximation breaks down on the upper working surface. 

Commercial Utility of the Invention 

There are important commercial uses for low cost, compact sources of high fluxes of 

ULMNs produced according to the present invention. ULMN production within such devices 

according to the teachings of the invention, in conjunction with methods for selection/fabrication 

of appropriate seed materials (nuclei/isotopes) and utilization of related LENR pathways, 

enables: 

(a) High volume manufacturing of compact devices that can sustain in situ 

operation of ULMN-catalyzed networks of LENRs. Devices taught by the 

invention can be designed to exploit differences between the aggregate 

nuclear binding energies of preferred initial seed materials and the final 

products (isotopes) of the reaction networks to create an overall net release of 

energy, primarily in the form of excess heat. This heat would be generated 

primarily by preferred weak nuclear force interactions such as beta decays. 

When integrated with a variety of preferred energy conversion technologies, 

nuclear heat source devices enabled by the invention could be valuable in a 

variety of commercial applications such as cost-effective, long-lived, compact 

power sources; and 

(b) Transmutation of various types of preferred seed materials/isotopes to 

produce significant recoverable quantities of specific, commercially useful 

isotopes. 

Two known prior publications have mentioned or involve “ultracold” neutrons (which in 

Some contexts is synonymous with the technical term “ultra low momentum” neutrons), but 

these are easily distinguished from the present invention. Specifically, RU2160938 (entitled 
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Ultracold Neutron Generator, by Vasil et al., dated December 20, 2000) and RU2144709 

(entitled Ultracold Neutron Production Process, by Jadernojet al., dated January 20, 2000) both 

utilize either large macroscopic nuclear fission reactors or accelerators as neutron sources to 

create thermal neutrons, which are then subsequently extracted and brought down to “ultracold” 

energies with certain neutron moderators that are cooled-down to liquid helium temperatures. 

By contrast, embodiments of the present invention can directly produce much larger fluxes (up 

to ~10 neutrons/sec/cm) of ultra low momentum neutrons at or above room temperature in 

very tiny, comparatively low cost apparatus/devices. The present invention does not require any 

moderation; that is, it does not require deliberate “cooling of its produced neutrons using any 

type of neutron moderator. In practicing the present invention, neutrons are produced at 

intrinsically very low energies, hence the descriptive term “ultra low momentum' neutrons. 
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Abstract. Ultra low momentum neutron catalyzed nuclear reactions in metallic hydride system surfaces are 
discussed. Weak interaction catalysis initially occurs when neutrons (along with neutrinos) are produced 
from the protons that capture "heavy" electrons. Surface electron masses are shifted upwards by localized 
condensed matter electromagnetic fields. Condensed matter quantum electrodynamic processes may also 
shift the densities of final states, allowing an appreciable production of extremely low monentum neutrons, 
which are thereby efficiently absorbed by nearby nuclei. No Coulomb barriers exist for the weak interaction 
neutron production or other resulting catalytic processes. 

PACS. 24.60-k; 23.20...Nx 

1 introduction 

It is very well-known that a proton p can capture 
a charged lepton l and produce a neutron and a neutrino 
from the resulting process (1) 

l+p-x n + v. (1) 

A common form of nuclear transmutation in condensed 
matter is understood in terms of (1). An electron e that 
wanders into a nucleus with Z. protons and N = A-Z neu 
trons can be captured, producing an electron neutrino we 
and leaving behind a nucleus with 2, -1 protons and N-- 
1 = A- (Z-1) neutrons. The electron capture process in 
a condensed matter nucleus may be described by the nu 
clear transmutation reaction (2,3 

e+(A, Z)- (A, Z-1)+ ve. (2) 
Note the absence of a Coulomb barrier to such a weak in 
teraction nuclear process. It is this feature that makes the 
neutron induced nuclear transmutations more likely than 
other nuclear reactions that are impeded by Coulomb bar 
riers. In fact, a strong Coulomb attraction that can exist 
between an electron and a nucleus helps the nuclear trans 
mutation (2) proceed. While the process (1) is experimen 
tally known to occur when muons are mixed into hydrogen 
systems (4-6), i.e. u +pt - n + v., it is regarded as dif 
ficult for nature to play the same trick with electrons and 

e-mail: allan.widom@gmail.com 

protons at virtual rest. For (1) to spontaneously occur it is 
required that the lepton mass obey a threshold condition, 

(3) 

which holds true by a large margin for the muon, but is 
certainly not true for the vacuum mass of the electron. 
On the other hand, the electron mass in condensed matter 
can be modified by local electromagnetic field fluctuations. 
To see what is involved, one may employ a quasi-classical 
argument wherein the electron four momentum p = 6.5 
in an electromagnetic field F = 8A, -6, A obeys the 
Hamilton-Jacobi equation 7 

-- (p. --- A.) (r" -- A") = Mc'. 

Mic's M, c-Mc’s 1.293 MeV ry 2,531 Mac, 

(4) 

If the field fluctuations average to zero A. = 0, then the re 
maining mean square fluctuations can on average add mass 
to the electron Me - Me according to a previously estab 
lished rule (7,8) 

(5) 

For example, laser light fields can "dress' an electron in 
a non-perturbation theoretical fashion with an additional 
mass as in (5). Such mass modifications must be applied 
to electrons and positions when pairs can in principle be 
blasted out of the vacuum (9,10 employing colliding laser 
beams. The mass growth in the theory appears in a clas 
sic treatise on quantum electrodynamics (8). The theory in 
terms of condensed matter photon propagators is discussed 

-- 2 

–5.5" = Mic - Mic'--()"A"A. C 



US 2008/0296519 A1 Dec. 4, 2008 
31 

WO 2007/030740 
63 

PCT/US2006/035110 

A. Widom, L. Larsen: Neutron catalyzed nuclear reactions 

below. For surface electromagnetic field fluctuations in 
metallic hydrides, the laser drives the coupled proton oscil 
lations and the electron surface plasma oscillations. 

The mass modified hydrogen atom can decay into 
a neutron and a neutrino if the mass growth obeys a thresh 
old condition given by 

Me e Y 1/2 

M. + (i) AA y 
g> 2,531 (neutron production). (6) 

The sources of the electron mass renormalization via elec 
tromagnetic field fluctuations on metallic hydride surfaces 
and the resulting neutron production are the main Sub 
ject matters of this work. The surface states of metallic 
hydrides are of central importance: (i) Collective surface 
plasma, 11 modes are involved in the condensed matter 
weak interaction density of final states. The radiation fre 
quencies of such modes range from the infrared to the soft 
X-ray spectra, (ii) The breakdown 12 of the conventional 
Born–Oppenheimer approximation for the surface hydro 
gen atoms contributes to the large magnitude of electro 
magnetic fluctuations, (iii) The neutrons are born with an 
ultra low momentum due to the size of the coherence do 
main of the oscillating protons. The coherence domains 
may be estimated to vary from about one to ten microns 
in length. The domains form a comfortable cavity in which 
to fit the neutron wavelength. The long final state neu 
tron wave length allows for a large neutron wave function 
overlap with many protons, which increases the coherent 
neutron rate. Some comments regarding nuclear transmu 
tation reactions that result from ultralow momentum neu 
tron production will conclude our discussion of neutron 
catalyzed reactions. 

2 Electromagnetic field fluctuations 

The rigorous condensed matter definition of electron mass 
growth due to the metallic hydride electromagnetic fields 
depends on the non-local self energy insertion W in the 
electron Green's function 13 G, i.e. 

wherein the non-local mass shift operator 

/ e? (O) El W X (, y) = i () (Du (, y)-DS2(, ))"G(, ), 
-- . . . (8) 

depends on the difference between the photon propagator 

D. (, ) = (A.()4(). (9) 

in the presence of condensed matter and the photon prop 
agator DS) (a,y) in the vacuum. In (9), "+" denotestine 
ordering. The source of the differences in the photon prop 
agators 

defines the polarization response function P(a,y) arising 
from condensed matter currents 

i 
is (J"(a).J"(). (11) 

The gauge invariant currentsin (11) give rise to the electro 
magnetic fluctuations, which only at first sight appear not 
to be gauge invariant. The average of the field fluctuations 
appearing in (6) is in reality what is obtained after sub 
tracting the vacuum field fluctuations that partially induce 
the physical vacuum electron mass; i.e. 

war: 

(12) 

The notion of replacing classical radiation fluctuations 
with quantum fluctuations in the above manner is im 
plicit within Feynman's formulation 14 of quantum elec 
trodynamics. The manner in which the method is used to 
compute electronic mass shifts has been previously dis 
cussed 15). The effective mass renormalization in solid 
state physics is very well-known to shift thresholds, since 
it is the electron band energy and not the vacuum electron 
energy which enters into kinematic energy conservation 
within condensed matter. 

In terms of the spectral function S(r,w) defined by the 
electric field anti-commutator 

the local electronic mass enhancement factor (6) is given by 

1-- (i) 2 f SEE(r, o: 1/2 . (14) 

The frequency scale? of the electric field oscillations may 
be defined via 

du I-IEG)|2 = f's 15 |EG)P = I See(r), (15) 
so that 

2 
f3(r) = 1. E.g. wherein 8 = Men (16) 

which is an obviously gauge invariant result. When an elec 
tron wanders into a proton to produce a neutron and a neu 
trino, the electric fields forcing oscillations of the electrons 
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are largely due to the protons themselves. Considerable 
experimental information about the proton oscillations in 
metallic hydride systems is available from neutron beams 
scattering off protons. 

3 Proton oscillations 

A neutron scattering from N protons in metallic hydride 
systems probes the quantum oscillations of protons as de 
scribed by the correlation function (16) 

k1 
cx (e-QR (e.gr.o.) widt 
cxo 27t 

(17) 
Here, R(t) is the position of the k-th proton at time 
t. The differential extinction coefficient for a neutron to 
scatter from the metallic hydride with momentum trans 
fer fi(-) = pi-pf and energy transfer fic - 6: -ef is given 
by 

- 

dideh, 
d°h p (18) 

wherein p is the mean number of protons per unit volume 
and do is the elastic differential cross-section for a neu 
tron to scatter off a single proton into a final solid angle 
d2. 

While the weak interaction neutron production may 
occur for a number of metallic hydrides, palladium hy 
drides are particularly well-studied. For a highly loaded 
hydride, there will be a full proton layer on the hydride 
surface. The frequency scale 2 of oscillating surface pro 
tons may be computed on the basis of neutron scattering 
data. 17, 18). The electric field scale in (16) may be esti 
mated by 

& s 1.4 x 10' V/m (hydrogen monolayer). (19) 
To obtain the magnitude of the electric field, first consider 
the oscillations of a proton within a sphere of electronic 
charge density -efi. The Gauss law electric field provid 
ing a force on the proton when it is displaced from the 
center by u is given by 

E = - (ii) 
The resulting classical oscillation equation of motion is ii-- 
(*u = 0, where 

47tei 
3M, 

The classical equation (21) holds true in the fully quantum 
mechanical theory if the electron density in represents the 
electron density at the proton position 

i = (pf (R) h(R)). 

(20) 

2 (21) 

(22) 

For a bare hydrogen atom, i = 1/(ra). Thus, the magni 
tude of the electric field impressed on the electronic system 
due to the collective proton layer oscillations on the surface 
of the palladium may be estimated by 

St. -- 
33 

where u is the displacement of the collective proton oscilla 
tions and the Bohr radius is given by 

TE2 (hydrogen monolayer), (23) 

h? 8 
rt U. - 24 cM O.5292 x 10 cm (24) 

Thus, 

VE2 is 6.86 x 10' (V/m) (25) 

One may again appeal to neutron scattering from protons 
in palladium for the room temperature estimate 

u ry 4.2 (hydrogen monolayer). (26) 

From (16), (19), (25) and (26) follows the electron mass 
enhancement 

(3 is 20.6 (palladium hydride surface). (27) 

The threshold criteria derived from (6) is satisfied. On pal 
ladium, surface protons can capture a heavy electron pro 
ducing an ultra low momentum neutron plus a neutrino; 
i.e. 

(ep) E H -- n + ve. (28) 
Several comments are worthy of note: (i) The collec 

tive proton motions for a completed hydrogen monolayer 
on the palladium surface require a loose coupling between 
electronic surface plasma modes and the proton oscilla 
tion modes. The often assumed Born–Oppenheimer ap 
proximation is thereby violated. This is in fact the usual 
situation for surface electronic states, as has been recently 
discussed. It is not possible for electrons to follow the nu 
clear vibrations on surfaces very well, since the surface 
geometry precludes the usual very short Coulomb screen 
ing lengths. (ii) The above arguments can be extended to 
heavy hydrogen (ept n) = (ed) ED, wherein the neu 
tron producing heavy electron capture has the threshold 
electron mass enhancement 

MI. 
Me 

(29) also holds true. The value of {3 in (27) is similar in 
Imagnitude for both the proton and the deuterium oscil 
lation cases at hand. Since each deuterium electron cap 
ture yields two ultra low momentum neutrons, the nu 
clear catalytic reactions are somewhat more efficient for 

= 6' (D- n + n --ve) > 6.88. (29) 
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the case of deuterium. (iii) However, one seeks to have 
either nearly pure proton or nearly pure deuterium sys 
tems, since only the isotopically pure systems will eas 
ily support the required coherent collective oscillations. 
(iv) An enforced chemical potential difference or pressure 
difference across a palladium surface will pack the sur 
face layer to a single compact layer allowing for the re 
quired coherent electric field producing motions. (v) The 
proton electric field producing oscillations can be ampli 
fied by inducing an enhancement in the weakly coupled 
electronic surface plasma modes. Thus, appropriate fre 
quencies of laser light incident on a palladium surface 
launching surface plasma waves can enhance the produc 
tion of catalytic neutrons. (vi) The captured electron is 
removed from the collective surface plasma oscillation cre 
ating a large density of final states for the weak inter 
actions, Most of the heat of reaction is to be found in 
these surface electronic modes. (vii) The neutrons them 
selves are produced at very low momenta, or equivalently, 
with very long wavelengths. Such neutrons exhibit very 
large absorption cross-sections that are inversely propor 
tional to neutron velocity. Very few such neutrons will 
escape the immediate vicinity. These will rarely be exper 
imentally detected. In this regard, ultra low momentum 
neutrons may produce "neutron rich' nuclei in Substantial 
quantities. These neutrons can yield interesting reaction 
sequences (19,20). Other examples are discussed below in 
the concluding section. 

The wavelength of the ultra low Inomeratun neutrons is 
estimated to be of the order of perhaps one to ten microns, 
which is the approximate size of a coherent surface domain 
of oscillating protons. Such micro-surface domains may act 
as a comfortable coherent electromagnetic cavity in which 
the neutrons may comfortably reside. The cavity is also 
a surface domain of coherent electromagnetic soft radia 
tion. In the context of a theoretically postulated strong 
interaction cold fusion, the notion of bulk coherent elec 
tromagnetic domains has been previously discussed 21. 
Within the context, of the weak interaction neutron in 
duced low energy nuclear reactions here being considered, 
the electrodynamic surface cavity coherent domains may 
serve to diffuse the nuclear reaction induced heating to the 
point wherein the condensed matter lattice is not utterly 
destroyed. Every so often one might expect the nuclear 
heating to actually be concentrated in sufficiently small 
regions of space, so that pieces of the metal are indeed de 
stroyed. Hard radiation and other hard nuclear products 
may then be present. 

4 Low energy nuclear reactions 

The production of ultra low momentum neutrons can in 
duce chains of nuclear reactions in neighboring condensed 
Inatter 22, 23. Our brief discussion below describes only 
a part of the possible reaction networks. For our example, 
let us suppose that an initial concentration of lithium very 
near a suitable metallic hydride surface is employed to im 
pose a substantial chemical potential difference across the 

PCT/US2006/035110 
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hydride surface. In such a case, the existence of weak inter 
action produced surface neutrons allows for the following 
chain of reactions 

Li+n-Li, 
Li+ n - Li, 

Li-Be+e" + i.e., 
Be - He--He. (30) 

The chain (30) yields a quite large heat Q for the net nu 
clear reaction 

Q{SLi+2n - 23He + e--i} is 26.9 MeV. (31) 
Having produced. He products, further neutrons may be 
employed to build heavy helium "halo nuclei” yielding 

5He--n - He, 
He + n - 3He 

He - Li+ e -- i.e. (32) 
The chain (32) yields a moderate heat for the net Li pro 
ducing reaction 

Q{3He -- 2n - Li+ e--i} is 2.95 MeV. (33) 
The reactions (30) and (32) taken together form a nu 
clear reaction cycle. Other possibilities include the direct 
lithium reaction 

Li+ n - He +H, 
H-3He + e" + i.e., (34) 

with the heat of net reaction 

Q{3Li+ n - He +He + e + is 4.29MeV. (35) 
This reaction yields both. He and He products. All 
of the above reactions depend on the original produc 
tion of neutrons. Of the above possible reactions, the 
lithium beta decay Q-Li-Be+ e--i} as 16.003 MeV 
in (30) yields the greatest of the above heat of nuclear fuel 
burning. 

In summary, weak interactions can produce neutrons 
and neutrinos via the capture by protons of heavy elec 
trons. The collective motions of the surface metallic hy 
dride protons produce the oscillating electric fields that 
renormalize the electron self energy, adding significantly to 
the effective mass. There is no Coulomb barrier obstruction 
to the resulting neutron catalyzed nuclear reactions. The 
final products 2X in some reaction chains may have fairly 
high A. The above examples show that final products such 
as He do not necessarily constitute evidence for the dir 
ect fusion D+D - He. Direct fusion requires tunneling 
through a high Coulomb barrier. By contrast, there are no 
such barriers to weak interactions and ultra low momen 
tum neutron catalysis. Final products such as He and/or 
He and/or H may be detected. 
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Absorption of Nuclear Gamma Radiation by Heavy Electrons 
on Metallic Hydride Surfaces 
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Physics Department, Northeastern University, 110 Forsyth Street, Boston MA 02115 

L., Larsen 
Lattice Energy LLC, 175 North Harbor Drive, Chicago IL 60601 

Low energy nuclear reactions in the neighborhood of metallic hydride surfaces may be induced by 
ultra-low momentum neutrons. Heavy electrons are absorbed by protons or deuterons producing ul 
tra low momentum neutrons and neutrinos. The required electron mass renormalization is provided 
by the interaction between surface electron plasma oscillations and surface proton oscillations. The 
resulting neutron catalyzed low energy nuclear reactions emit copious prompt gamma radiation. 
The heavy electrons which induce the initially produced neutrons also strongly absorb the prompt 
nuclear gamma radiation, re-emitting soft photons. Nuclear hard photon radiation away from the 
metallic hydride surfaces is thereby strongly suppressed. 

PACS numbers: 24.60-k, 23.20.Nx 

I. NTRODUCTION 

Low energy nuclear reactions (LENR) may take place 
in the neighborhood of metallic hydride surfaces 1, 2. 
The combined action of surface electron density plasma 
oscillations and surface proton oscillations allow for the 
production of heavy mass renormalized electrons. A 
heavy electron, here denoted by é, may produce ultra 
low momentum neutrons via the reaction 3 

e + p - n + ve. (1) 
Once the ultra low momentum neutrons are created, 
other more complex low energy nuclear reactions may 
be catalyzed4. Typically, neutron catalyzed nuclear re 
actions release energy in large part by the emission of 
prompt hard gamma radiation. However, the copious 
gamma radiation and neutrons have not been observed 
away from the metallic hydride surface. Our purpose is 
to theoretically explain this experimental state of affairs. 
In particular, we wish to explore the theoretical reasons 
why copious prompt hard gamma radiation has not been 
observed for LENR on metallic hydride surfaces. The 
experimental fact that a known product particle is not 
observed far from the metallic hydride surface is related 
to the fact that the mean free path of the product par 
ticle to be converted to other particles is short. As an 
example of such arguments, we review in Sec. II, why the 
mean free path of an ultra low momentum neutron is so 
short. A short mean free path implies that the product 
particle never appears very far from the surface in which 
it was first created. 

For hard gamma radiation, the mean free path compu 
tation in metals is well known 5, 6). For normal metals, 
there exists three processes determining prompt gamma 
photon mean free path. The processes are as follows: 
(1) The photoelectric effect: The hard photon blasts a 
bound core electron out of the atom. 
(2) Compton scattering from normal conduction elec 

Attachment 2 

trons: The hard photon scatters off a very slowly moving 
conduction electron giving up a finite fraction of its en 
ergy to this electron. 

y + e, - '+ et (2) 
The final photon y' is nonetheless fairly hard. 
(3) Creation of electron-positron pairs: The hard gamma, 
photon creates an electron-positron pair. Kinematics dis 
allows this one photon process in the vacuum. Pair pro 
duction can take place in a metal wherein other charged 
particles can recoil during the pair production process. 
Roughly, the resulting mean free paths of hard prompt 
gamma photons is of the order of centimeters when all of 
the above above mechanisms are taken into account. 

Let us now consider the situation in the presence of 
heavy electrons. The processes are as follows: 
(1) The absence of a heavy electron photoelectric effect: 
The Surface heavy electrons are all conduction electroms. 
They do not occupy bound core states since the energy is 
much too high. Thus, there should be no heavy electron 
photoelectric effect. There will be an anomalously high 
surface electrical conductivity due to these heavy con 
duction electrons. This anomaly occurs as the threshold 
proton (or deuteron) density for neutron catalyzed LENR 
is approached. 
(2) Compton scattering from heavy conduction electrons: 
When the hard gamma photon is scattered from a heavy 
electron, the final state of the radiation field consists of 
very many very soft photons; i.e. the Compton Eq.(2) is 
replaced by 

1 + 8, -X soft + et. (3) 
It is the final state soft radiation, shed from the mass 
renormalized electrons, that is a signature for the heavy 
electron Compton scattering. 
(3) Creation of heavy electron-hole pairs: In order to 
achieve heavy electron pair emergies of several MeV, it 
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is not required to reach way down into the vacuum Dirac 
electron SeaT. The energy differences between electron 
states in the heavy electron conduction states is suffi 
cient to pick up the "particle-hole" energies of the order 
of MeV. Such particle-hole pair production in conduc 
tion states of metals is in conventional condensed matter 
physics described by electrical conductivity. 

In Sec. III, the theory of electromagnetic propagation 
in metals is explored. We show that an optical photon 
within a metal has a very short mean free path for ab 
sorption. The short mean free path makes metals opaque 
to optical photons. The effect can be understood on the 
basis of the Bohr energy rule 

AE = hay. (4) 

For optical frequencies, hu is of the order of a few elec 
tron volts and typical particle-hole pair creation energies 
near the Fermi surface are also of the order of a few elec 
tron volts. The resulting strong electronic absorption of 
optical photons is most easily described by the metallic 
electrical conductivity. For hard photons with an energy 
of the order of a few MeV, there are ordinarily no elec 
tronic particle-hole solid state excitations with an energy 
spread which is so very large. A normal metal is thus 
ordinarily transparent to hard gamma rays. 
On the other hand, the non-equilibrium neutron catal 

ysis of LENR, near metallic hydride surfaces is due to 
heavy electrons with a renormalized mass having energy 
spreads of several MeV. These large energy spreads for 
the heavy surface electrons yield the mechanism for hard 
gamma ray absorption. This mechanism is explained in 
detail in Secs. IV and V. In Sec. TVA, we review the 
reasons for which a single electron in the vacuum cannot 
absorb a hard single massless photom. In Sec. IVB, we 
review the reasons why a single electron within a plain 
wave radiation beam can absorb a hard single massless 
photon. The proof requires the well established exact 
solutions of the Dirac wave functions in a plane wave ra 
diation field8 and contains also the proof of the induced 
electron mass renormalization in this radiation field. The 
electrical conductivity of induced non-equilibrium heavy 
electrons on the metallic hydride surface as seen by hard 
photons will explored in Sec. V. The energy spread of 
heavy electron-hole pair excitations implies that a high 
conductivity near the surface can persist well into the 
MeV photon energy range strongly absorbing prompt 
gamma radiation. An absorbed hard gamma photon can 
be re-emitted as a very large number of soft photons, e.g. 
infrared and/or X-ray, The mean free path of a hard 
gamma photon estimated from physical kinetics(9 has 
the form 

3Y/ / 1 \ 1 
L as () () 2/3i 

where i is the number of heavy electrons per unit vol 
ume, l is the mean free path of a heavy electron and the 

33.7 
2/3i (5) 
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quantum electrodynamic coupling strength is 
eRae e” 1. 

137,036 (6) 
The number density of heavy electrons on a metallic hy 
dride surface is of the order of the number density of Sur 
face hydrogen atoms when there is a proton or deuteron 
flux moving through the surface and LENR are being 
neutron catalyzed. These added heavy electrons pro 
duce an anomalously high surface electrical conductiv 
ity at the LENR threshold. Roughly, i°/8 - 10/cm, 
in 10 cm so that the mean free path of a hard prompt 
gamma ray is L. r. 3.4 x 10 cm. Thus, prompt hard 
gamma, photons get absorbed within less than a nanome 
ter from the place wherein they were first created. The 
energy spread of the excited particle hole pair will have 
a cutoff of about 10 MeV based on the mass renormal 
ization of the original electron. The excited heavy elec 
tron hole pair will annihilate, producing very many soft 
photons based on the photon spectrum which produced 
such a mass renormalization. The dual role of the heavy 
electrons is discussed in the concluding Sec. VI. In de 
tail, the heavy electrons are absorbed by protons Creating 
ultra-low momentum neutrons and neutrimos which cat 
alyze further LENR, e.g. subsequent neutron captures 
on nearby nuclei. The heavy electrons also allow for the 
strong absorption of prompt hard gamma radiation pro 
duced from LENR. 

T. NEURON MEAN FREE PATH 

Suppose there are n neutron absorbers per unit volume 
with an absorption cross section S. The mean free path 
A. of the neutron is then given by 

47th, Sm F(0) = 47thrb y 
p p 

where p is the neutron momentum and F(0) is the for 
ward scattering amplitude. The imaginary part of the 
scattering length is denoted by b. In terms of the ultra, 
low momentum neutron wavelength X = (27th/p), Eq. (7) 
implies 

(7) 

A = 2nxb (8) 

The ultra low momentum meutron is created when a 
heavy electron is absorbed by one of many protons par 
ticipating in a collective surface oscillation. The neutron 
wave length is thus comparable to the spatial size of the 
collective oscillation, say A M 10 cm. With (for ex 
ample) b a 10 cm and in M 10' cm, one finds a 
neutron mean free path of A M 10 cm. An ultra low 
momentum neutron is thus absorbed within about ten 
nanometers from where it was first created. The like 
lihood that ultra low momentum neutrons will escape 
capture and thermalize via phonon interactions is very 
small. 
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II. OPTICAL PHOTON MEAN FREE PATH 

Consider an optical photon propagating within a metal 
with conductivity O. From Maxwell's equations 

18B 
curE = T8: 
divB = 0, 

16E 
curl = c {E +4r) (9) 

it follows that 

1 / 6\' 47t 
{ () a} B - curl) c. 0. (10) 

Employing Ohms law in the form 

J - gE 
at 8B 

curl J - (...) (11) 

yields the wave equation with dissipative damping 

The transition rate per unit time for the optical photon 
absorption is then 47ta. This argument yields an optical 
photon mean free path L. given by 

47tg 
L --- -- --a Roaco (13) 

wherein R is the vacuum impedance. In SI units, the 
optical photon mean free path is given by 

1 Ruac I, e. h E 29.9792.458 Ohm (14 R, where 4. 9.9792.458 Ohm. (14) 

For a metal with low resistivity 

or S 10 Ohm cm, (15) 
the mean free path length of an optical photon obeys 

LS 3 x 10cm. (16) 

An optical photon in a metal is absorbed in less than 
a nanometer away from the spot in which it was born. 
Thus, normal metals are opaque to visible light. 
To see what is involved from a microscopic viewpoint, 

let us suppose an independent electron model in which 
occupation numbers are in thermal equilibrium with a 
Fermi distribution 

f(E) = (17) 
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If the conductivity is described in terms of elastic electron 
scattering from impurities or phonons, then the conduc 
tivity in a volume 2 containing conduction electrons is 
described by the Kubo formula (10 

e 

f(E)-f(E) 
2. Ef - E: 
fic f; Ef - Ei, 

|v f: 'to(w - wri) + 5(c) + wifi), 

(18) 
wherein v f is a matrix element of the electron velocity 
operator v. If one starts from the interaction between an 
electron and a photon in the form 

e 
Hint = -A v, (19) 

applies Fermi's Golden rule for photon absorption, aver 
ages over initial states and sums over final states, then the 
result for the frequency dependent optical photon mean 
free path L(w) is 

Rego (w -- iO)} = RRe{o (w -- iO)}, 
(20) 

where Eq.(8) has been taken into account. Eqs. (18) and 
(20) are merely the microscopic version of Eq.(13) which 
followed directly from Maxwell's equations and Ohm's 
law. In thermal equilibrium, the energy differences be 
tween electron states are of the Order of electrom volts. As 
the photon frequency is increased to the nuclear physics 
scale of MeV, the electrical conductivity Rea (c. -- iO) 
rapidly approaches zero. Thus, a metal in thermal equi 
librium is almost transparent to hard nuclear gamma ra 
diation. As will be discussed in what follows, for the 
surfaces of metallic hydrides in non-equilibrium situa 
tions with heavy electrons, strong absorption of nuclear 
ganna, radiation can occur. 

W. HARD PETOONS. HEAWYELECTRONS 

Heavy electrons appear on the surface of a metallichy 
dride in non-equilibrium situations. Sufficient conditions 
include (i) intense LASER radiation incident on a suit 
ably rough metallic hydride surface, (ii) high chemical 
potential differences across the surface due electrolytic 
voltage gradients and (iii) high chemical potential differ 
ences across the surface due to pressure gradients. Under 
such non-equilibrium conditions, weakly coupled surface 
plasmon polariton oscillations and proton oscillations in 
duce an oscillating electromagnetic field 

Fu (a) = 8.A. (a) - 8 A. (a) 
felt by surface electrons. From a classical viewpoint, the 
electrons obey the Lorentz force equation 

d?ach 
dT2 dt 

(21) 

F.() (22) 
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From the quantum mechanical viewpoint, the electron 
wave function obeys the Dirac equation 

{" (-iho, - A.(a)) + me})(a) = 0. 
The quantum motions are intimately related to the clas 
sical motions as can be seen by formulating the problem 
in terms of the Hamilton-Jacobi action S(a). To describe 
the classical orbits according to Eq.(22), one seeks a clas 
sical velocity field vP(a) obeying the Hamilton-Jacobi 
equations(11) 

(23) 

mv (a) 6S(a)- A. (a), 
vP(a)(c) = -c. (24) 

The orbits implicit in the second order Eqs. (22) may now 
be obtained by solving the first order equations of motion 

di 
dT 

From the quantum mechanical biewpoint, one seeks a 
Solution to the Dirac Eq.(24) having the form 

The classical velocity field v'(a) makes its appearance in 
the equation of motion for the spinor (a); It is exactly 

{y" (- in8 + my!" (ac)) + mc u(a) = 0. (27) 
Eqs. (24), (26) and (27) constitute the “unperturbed” 
electron states in the classical electromagnetic field F. 
describing soft radiation from a non-perturbation theory 
viewpoint. The hard gamma photons may thereafter be 
treated employing low order perturbation theory. Two 
specific examples should suffice to illustrate the point. 

= v'(a). (25) 

(26) 

A. Free Electrons in the Vacuum 

A classical free electron has a Hamilton-Jacobi action 
which obeys 

(28) 
For a classical free electron, the velocity field is uniform 
in space and time; i.e. 

ge = * = 2 
dt in 

as' s (...) T. (29) 

The free particle quantum theory solutions follow from 
Eqs.(26), (27), (28) and (29) according to 

(y"p + incu (p) = 0. (30) 
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Eq. (30) serves as the starting point for the computation 
of a single hard photon absorption (with wave vector k 
and polarization c) by an electron in the vacuum. The 
Janishing amplitude is computed as 

f(e; + y - e.) = c2 Ji, (a)A (a)da, 

f(e) + - e7) = f; (c)."b (a)4 (e)a'a, 
ie A ife, +- 7) = (), p.)"u(p)x 
?tral-psia, 

- wn ie A il. f(e; +1 - ef) = () s.a?p;)n"u(p) x 
(27th)6(p + hit - pf), 

F(e, -- Y - ef) sc 0, (31) 
Of central importance is the impossibility of satisfying 
the four momentum conservation law p; -- hik = pf for 
fixed electron mass p = p = -m'c' and zero photon 
maSS, 

k"k = 0. (32) 
Thus, hard photon absorption by a single electron in the 
vacuum is not possible. 

B. Electrons and Electromagnetic Oscillations 

Suppose that the electron is in the field of soft radia 
tion. For example, the electron may be within a plane 
wave laser radiation beam. Further suppose an addi 
tional hard gamma photon is incident upon the electron. 
In this case (unlike the vacuum case) the hard photon 
can indeed be absorbed. For a plane wave electromag 
netic oscillation of the form 

A. (a) = a "(d), 
d = glac" where gq = 0, 

d 
8. At (a) a gut () = 0, (33) 

the action function is 12 
S(r) = plac" + W., (d). (34) 

To find the function W(d), one may compute the veloc 
ity field 

mu"(a) = p"-a"(a) + "W2(a), (35) 
and impose the Hamilton-Jacobi condition w = -c. 
Solving this condition for W., (d) taking Eq.(33) into ac 
count yields 
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M W. (a) = | W:3di. (36) 
If W(q) remaines finite during a oscillation period, then 
on phase averaging W, = f; - p. This leads to maSS 
renormalization in - i. of the electron in the laser field 

p' -- (sic) = 0, 
(?ic)? (mc)? -- () a2(d). 

Importantly, the same electromagnetic oscillations which 
increase the electron mass, also allow for the absorption 
of hard gamma photons by the surface heavy electron. 
The gamma ray absorption amplitude for a heavy elec 
tron has the form13. 

(37) 

i 
#(a + - ef) = g1 Jr. (a)A (a)d'a, 

f recipit-ik-pi)-a/h x 
ei(W.(8)-W (8)/4, 

F(e: + y - ef) = Xe, F(n) x 
8(p; +fik - fir - hing). (38) 

The conservation of four momentum for heavy electrons 
f; +hk = p + inhg as in Eq. (38) differs the conservation 
of four momentum p; -- hk = p for the vacuum case 
in Eq.(31). Only the heavy electrons can absorb a hard 
photon with four momentum hk emitting in photons each 
with four momentum fiq. The transition rate per unit 
time per unit volume for the reaction 

a + y - e h 72 soft (39) 
is given by 

27) 2 v-(n) = | f (ox 
(Pl.: +ng-) 

p: = p = -(inc), 
vi-f (40) X wi-f(r). 

with a renormalized electron mass given in Eq. (37). 
Thus, for the exactly soluble plane wave low frequency 
Oscillation, we have shown how a high frequency hard 
photon cam scatter off a heavy electron producing many 
low frequency soft photons. 

W. HARD PEOON ABSORPTION 

Let us now return to the heavy electron oscillations on 
the surface of metallic hydrides. The same heavy elec 
trons required to produce neutrons for catalyzed LENR. 
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are also capable of absorbing prompt gamma radiation 
via the electrical conductivity which now extends to fre 
quencies as high as about five ral 10 MeV. Just as for 
the optical photon case of Sec. III, we may proceed via 
Maxwell's equations for the hard photon field 

ÖF = 8.6A, -65A, 
8,6A" = 0, 
8.6F = -R-5.JP. (41) 

The heavy electron current response to the prompt hard 
photon may be written as 

Rae J"(a) = | II"cry; A)3A, ()d'y. (42) 
Especially note that the heavy electron current response 
function II depends on the soft radiation field which 
renormalized the electron mass in the first place. To 
lowest order in the quantum electrodynamic coupling in 
Eq.(6), we have the independent electron model relativis 
tic Kubo formula in the one loop insertion form.14 

{-ty" (0. v- tle) -- 7) g(a, y, ; A) = 0(a -y), 

The equation of motion for the hard prompt gamma, pho 
ton is thereby 

- (0.9)3A'(r)-fi"(e.g., A).A. (pa'u = 0, (4) 
wherein the damping is contained in II which in turn 
depends on background electromagnetic field oscillations. 
The physical kinetics estimate 15 of the hard prompt 

gamma photon absorption is as follows: (i) In the energy 
regime of the heavy electron mass renormalization, the 
conductivity obeys 

e'Y2/37 
(312)1/3 i (i. l), 
0.5 MeV Size is 10 MeV, 

G is 

for energies (45) 
where the heavy electrons have a density per unit vol 
ume of ii and an electronic mean free path of l. (ii) We 
estimate for typical metallic hydride LENR, the values 

fi°78 a 10/cm and - 10 cm. (46) 
(iii) The hard prompt photon mean free path is then 

1. TY/8 ...ora; 
i = Race, s4a () (i,2/3i) (47) 

in agreement with Eqs. (5) and (6). (iv) The final esti 
mate for the mean free path of a hard prompt gamma, 
photon follows from Eqs. (46) and (47) to be 

L. a 3.4 x 10" cm. (48) 
Thus, the hard photon is absorbed at a distance of less 
than a nanometer away from where it was first created. 
This constitutes the central result of this work. 
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VI, CONCLUSION 

Our picture of LENR, in non-equilibrium situations 
near the surface of metallic hydrides may be described 
in the following manner: from the weakly coupled pro 
ton and electronic surface plasmon polariton oscillations, 
the electrons have their mass substantially renormalized 
upward. This allows for the production of ultra low mo 
mentum neutrons and neutrinos from heavy electrons in 
teracting with protons or deuterons 

a --p - in -- we 
é + d - n + n + ve. (49) 

The resulting ultra, low momentum neutrons catalyze a 
variety of different nuclear reactions, creating complex 
nuclear reaction networks and related transmutations 
over time. The prompt hard gamma radiation which 
accompanies the neutron absorption is absorbed by the 

PCT/US2006/035110 

heavy electrons which drastically lowers the radiation fre 
quencies of the finally produced photons via 

é + hard - et +X soft. (50) 
In the range of energies how less than the renormal 
ized energy of the heavy electrons, the prompt photon 
in Eq.(50) impies a prompt hard gamma mean free path 
of less than a nanometer. The metallic hydride surface 
is thus opaque to hard photons but not to softer X-ray 
radiation in the KeV regime. In certain non-equilibrium. 
metallic hydride systems, surface heavy electrons play a 
dual role in allowing both Eqs, (49) for catalyzing LENR 
and Eq.(50) for absorbing the resulting hard prompt pho 
tons. Thus, the heavy surface electrons can act as a 
gamma ray shield. Once the non-equilibrium conditions 
creating heavy electrons cease, ultra, low momentum neu 
tron production and gamma absorption both stop very 
rapidly. 
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Abstract. Low energy muclear transmutations have been reported in experimental 
chemical electrolytic cells employing metallic hydride electrodes. Assuming that the 
nuclear transmutations are induced by ultra-low momentum neutron absorption, the 
expected chemical cell nuclear abundances are discussed on the basis of a neutron 
optical potential model. The theoretical results are in Satisfactory agreement with 
available experimental chemical cell data. Some implications of these laboratory 
nuclear transmutations for T- and s-process models of the neutron induced Solar system 
and galactic nuclear abundance are briefly explored. 

PACS numbers: 24.60.-k, 23.20.Nx 

1. Introduction 

It has been theoretically asserted1), for surfaces of fully loaded metallic hydrides 
saturated with protons, that the collective electron and proton surface plasma modes 
give rise to the production of ultra-low momentum neutrons. The reaction proceeds in 
accordance with the weak interaction model, 

(radiation energy) -- e - é , 
é + p - n + i.e., (1) 

wherein e" is an electron, é is a "dressed” or heavy electron localized near the metal 
hydride surface, p" is a proton, n is a neutron and we is an electron neutrino. The 
resulting hydride surface product ultra-low momentum neutrons have an extraordinarily 
high absorption cross Section. These neutrons in turn yield successive nuclear 
transmutations into higher and higher values of the atomic mass number A. At 
appropriate values of A, a resulting unstable nucleus may beta decay so that the values 
of the nuclear charge number Z, then also rises. From such energy nuclear reaction 
kinetics, most of the periodic table of chemical elements may be produced, at least to 
some extent. Such nuclear transmutations do not require the high Coulomb energy 
barrier penetration implicit in low energy fusion models. 

It has been previously reported2, for experimental electrolytic chemical cells 
employing metallic hydride electrodes, that a variety of nuclear transmutations have 
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indeed been observed and that the resulting abundances of various nuclei have been 
reliably measured. Our purpose is to describe the experimental abundances of nuclear 
transmutations in strongly driven electro-chemical cells in terms of theoretical ultra-low 
momentum neutron absorption cross sections. 

In Sec.2, a simple neutron optical potential model for a spherical well is reviewed 
and the complex scattering lengths for describing the ultra-low momentum neutron 
absorption Cross Sections are derived3. In Sec.3, we discuss the experimental 
distribution in atomic mass number A of the low energy nuclear reaction products 
measured in laboratory chemical cells (4). Very remarkably, the product yield in a 
chemical cell is in some ways qualitatively similar to nuclear abundances found in our 
local Solar system and galaxy 5. The local maxima and minima, in these abundances 
are strongly correlated to the local maxima and minima in the ultra-low momentum 
neutron absorption cross sections. This strong similarity serves as an indicator of the 
potential importance of ultra-low energy neutrons in nuclear reaction kinetics as briefly 
discussed in the concluding Sec.4. 

2. Optical Potential Theory 

Let us consider the following optical potential model for the effective (added to a nucleus) 
neutron amplitude h(r). The complex potential probed by the neutron has the form of 
a spherical well. The well radius for a given atomic mass number A is modeled by 

R = a A'? wherein a = 1.2 x 10 cm. (2) 
In detail, we assume a complex spherical step potential well 

U(r < R) = - (vii), 2 

U(ric R) = 0. (3) 
From the Scrödinger equation for the neutron amplitude 

h? i2 2 ( A + Ur) () = P() = e(r), (4) 
one finds the scattering amplitude F(k, 6), 

ir 

b(r)- e" + f(k,0) +... as r- co, (5) 
and thereby the total neutron cross section 

4. 
a(k) = sm f(k, 0). (6) 

In the ultra-low momentum limit, one may compute the neutron scattering strength 

f(A) = lim (...) = Bin) (iii.) (7) 
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Figure 1. In the ultra-low momentum limit k - 0, the total cross section is given by 
O (k, A) = (47ta?k)f(A). The scattering strength f(A) is plotted as function of atomic 
mass number A. 

The exact analytic form of the limiting Eq. (7) is given by 
t A1/3 f(a)-sm{n(A), 2. 

t = 2M (viii.) (8) 
Employing this optical potential model with 2 = 3.5 -- 0.05i, the total neutron Cross 
Section in the long wavelength limit may be analytically computed, 

ack, A) = (A) f(A) as k - 0, (9) 
as plotted in Fig.1. The peaks in the neutron cross section correspond to comfortably 
fitting the neutron wave within the spherical model optical potential wells of the nuclei. 
The well radius R varies with A in accordance with Eq.(2). 

While the model solved above refers the absorption of One neutron by One spherical 
nucleus, when the model is applied an ultra-low momentum neutron in a condensed 
matter electrode of a chemical cell, the very long neutron wavelength spans many nuclei. 
This gives rise to collective quantum coherent effects in the neutron-nuclei interaction. 

3. Nuclear Reactions in a Chemical Cell 

The following experimental nuclear transmutations have been previously reported using 
light water Solutions of one Molar Li2SO4 in electrolytic cells. Small plastic micro 
spheres were coated with thin films of Nickel which were then employed to construct 
electrodes. The granular thin film structure of the electrodes allowed for large effective 
Surface areas for the nickel hydride. If there exists sufficiently large flux of protons 
moving through the nickel and if the surface of the nickel hydride film is saturated with 
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Figure 2. Shown is the experimental yield Y in parts per million Nickel electrode 
atoms of nuclear transmutation products during a moderately productive run. The 
experimental points were produced employing chemical electrolytic cells with a Nickel 
hydride cathode. Points exactly on the A-axis are those below detectable experimental 
resolution. Also plotted is a smooth theoretical curve of 8X f(A) which is proportional 
to the neutron absorption cross section. 
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Figure 3. Shown is the experimental yield v measured in transmutation events per 
second per cubic centimeter of Nickel electrode during a very productive run. The 
experimental points were produced employing chemical electrolytic cells with a Nickel 
hydride cathode. Points exactly on the A-axis are those below experimental resolution. 
Also plotted is a smooth theoretical curve of 4 X f(A) which is proportional to the 
neutron absorption CIOSS Section. 
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hydrogen atoms and thereby protons, then nuclear transmutations could be measured 
to take place with a yield that is plotted as functions of A. The magnitude of the 
transmuted nuclear yields varies from one experimental run to to another. The variations 
will depend on the isotopic composition of the metallic hydride cathode and anode, 
various ions found in solution and the nano-scale uniformity of the electrode fabrication 
processes. However, the distribution of the yields versus atomic number appear to be 
understandable in terms of the total cross sections for neutron absorption in the ultra 
low momentum limit, i.e. in terms of the above calculated neutron scattering strength. 

In Fig.2, we plot the reported transmutation yield versus atomic mass number for 
a moderately productive run? employing a Nickel cathode and compare the observed 
shape of the yield function and the shape of the ultra-low momentum neutron Scattering 
strength. In Fig. 3 we plot the reported transmutation yield versus atomic mass number 
for a very productive run (7 employing a Nickel Cathode and again compare the observed 
shape of the yield function and the shape of the ultra-low momentum neutron scattering 
strength. Similar experimental results 246.7 have been found employing titanium 
hydride, palladium hydride, and layered Pod-Nimetallic hydride electrodes. In all such 
experimental runs, the agreement between the multi-peak transmutation yields and the 
neutron Scattering strength is quite Satisfactory. 

4. Conclusions 

Let us conclude with some comments on the nature of the peaks in the theoretical 
neutron scattering strengths shown in Fig.1. In varying the atomic mass number A, 
we are in reality varying the radius R = a A? of the optical potential well. When the 
neutron wavelength within the well reaches resonance with the radius of the well 8 a. 
peak appears in the scattering strength. If we associate resonant couplings with the 
ability of the neutron to be virtually trapped in a region neighboring the nucleus, then 
for intervals of atomic mass numbers about and under the resonant peaks we would 
expect to obtain neutron halo nuclei.910). The spherical optical potential well 11) 
predicts the halo nuclei stability valleys12 and thus the peaks in observed nuclear 
transmutation abundances. Finally, the neutrons yielding the abundances in our local 
Solar system and galaxy have often been previously assumed to arise entirely from 
Stellar nucleosynthetic processes and Supernova explosions. However, Such assumptions 
may presently be regarded as suspect 1314). It appears entirely possible that ultra 
low momentum neutron absorption may have an important role to play in the nuclear 
abundances not only in chemical cells but also in our local Solar system and galaxy. 
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The process of radiation induced electron capture by protons or deuterons producing new ultra 
low momentum neutrons and neutrinos may be theoretically described within the standard field 
theoretical model of electroweak interactions. For protons or deuterons in the neighborhoods of 
surfaces of condensed matter metallic hydride cathodes, such conversions are determined in part 
by the collective plasma, Inodes of the participating charged particles, e.g. electrons and protons. 
The radiation energy required for such low energy nuclear reactions Inay be supplied by the applied 
voltage required to push a strong charged current across a metallic hydride surface employed as a 
cathode within a chemical cell. The electroweak rates of the resulting ultra low momentum neutron 
production are computed from these considerations. 

PACS numbers: 12.15.Ji, 23.20.Nx, 23.40.Bw, 24.10.Jv, 25.30-c. 

... INTRODUCTION 

Excess heats of reaction have often been observed to 
be generated in the metallic hydride cathodes of certain 
electrolytic chemical cells. The conditions required for 
such observations include high electronic current densi 
ties passing through the cathode surface as well as high 
packing fractions of hydrogen or deuterium atoms within 
the metal. Also directly observed in such chemical cells 
are nuclear transmutations into elements not originally 
present prior to running a current through and/or prior 
to applying a LASER light beam incident to the cathode 
surface1, 2, 3, 4, 5, 6). It seems unlikely that the direct 
cold fusion of two deuterons can be a requirement to ex 
plain at least many of such observations7. In many of 
these experiments heavy hydrogen atoms were initially 
absent. For simplicity of presentation, we comsider "light 
water” chemical cells in which deuterons are not to any 
appreciable degree present before the occurrence of heat 
producing nuclear transmutations. 

Nuclear transmutations in the work which follows are 
attributed to the creation of ultra, low momentum neu 
trons as well as a neutrinos. Electrons are captured by 
protons all located in collectively oscillating "patches” on 
the metallic surface. Since the energy threshold for such 
a reaction is 

Q & M - (M + m)}c as 0.78233 MeV, (1) 
one requires a significant amount of initial collective radi 
ation energy to induce the proton into neutron conversion 

(2) 

The radiation energy may be present at least in part due 
the power absorbed at the surface of the cathode. If de 
notes the voltage difference between the metallic hydride 

(radiation energy) + e + p - n + ve. 

and the electrolyte and if f denotes the electrical current 
per unit area into the cathode from the electrolyte, then 
the power per unit cathode surface area, dissipated into 
infra-red heat radiation is evidently 

P = T = ends, (3) 
wherein d is the flux per umit area of electrons exiting 
the cathode into the electrolyte. Typical metallic hy 
dride cathodes will exhibit soft surface photon radiation 
in much the same physical manner as a "hot wire" in a 
light bulb radiates light. For the case of chemical cell 
cathodes, there will be a frequency upward conversion. 
from virtually DC cathode currents and voltages up to 
infrared frequency radiation. Such an upward frequency 
conversion requires high order electromagnetic interac 
tions between electrons, protons and photons. 
The purpose of this work is to estimate the total rates 

of the reaction Eq.(2) in certain metalic hydride cath 
odes. The lowest order vacuum. Feynman diagram for 
the proton to neutron conversion is shown in FIG. 1. For 
the case of the reactions in metallic hydrides, one must 
include radiative corrections to FIG. 1 to very high order 

FIG. 1: A low order diagram for e -- pt - -- we in the 
vacuum is exhibited. In condensed matter metallic hydrides, 
the amplitude must include radiative corrections to very high 
order in cy. 

Y 
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in the quantum electrodynamic coupling strength 
2 

- - - c. -3 4. 7.2973526 x 10. (4) 

The W-coupling in terms of the weak rotation angle 6w 
will be taken to lowest order in 

- 5 sin' (w (5) 
Charge conversion reactions are weak due to the large 
mass Mw of the Wit. The Fermi interaction con 
stant, scaled by either the proton or electron masses, is 
determined 8, 9 by 

V2 VM 
GFM 

c 
Gam f (6) 

In the work which follows, it will be shown how the 
weak proton to ultra low momentum neutron conversions 
on metallic hydride surfaces may proceed at appreciable 
rates in spite of the small size of the Fermiweak coupling 
strength. 
An order of magnitude estimate can already be derived 

from a four fermion weak interaction model presuming 
a previously discussed 10 electron mass renormalization 
m - if = grin, due to strong local radiation fields. Sur 
face electromagnetic modes excited by large cathode cur 
rents can add energy to a bare electron state e yielding 
a mass renormalized heavy electron state é, with 

as 1.02682 x 10T, 

& 3.04563 x 10°. 

(7) 
The threshold value for the renormalized electron mass 
which allows for the reaction Eqs.(1) and (2) is 

3 > 3o s 2.531. 

i = 3m. 

(8) 
For a given heavy electron-proton pair (ép), the tran 
sition rate into a neutron-neutrino pair may be estimated 
in the Fermi theory by 

Grim2\* / me? 
re-r-ni, ( F ) (".") (3 - 3o), 

inc Tcs-p+)-ni. N9 x 10' (") (3 - 3), 
T(8-pi)-n+. - X 104 Hz, x (6 go), (9) 

If there are n2 a 10/cm such (ép) pairs per unit 
surface area, within several atomic layers below the cath 
ode surface, then the neutron production rate per unit 
Surface area per unit time may be estimated by 

(E)x (0-3). air ra (10) cm2 
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FIG. 2: The four fermion vertex fore p - r + ive in the 
vacuum is exhibited. In the large Mw limit, the Feynman 
diagram of FIG. 1 collapses into the above Feynman diagram. 
In condensed matter metallic hydrides, the resulting effective 
W' fields are defined in Eqs.(11) and (37). 

Significantly above threshold, say (3M 26o a 5, the esti 
mated rate to 2 - 10 Hz/cm' is sufficiently large so as 
to explain observed nuclear transmutations in chemical 
cells in terms of weak interaction transitions of (ép) 
pairs into neutrons and neutrinos and the Subsequent ab 
sorption of these neutrons by local nuclei. 

In Sec.II, an exact expression is derived for the emis 
sion rate & per unit time per unit volume for creating 
neutrinos. It is then argued, purely on the basis of con 
servation laws, that a also represents the rate per unit 
time per unit volume of neutron production. The rate 
U, in Sec.III, is expressed in terms of composite fields 
consisting of charged electrons and opposite charged W 
bosons. The effective W-bosons for condensed matter 
systems may be written to a sufficient degree of accuracy 
in terms of Fermi weak interaction currents 

T = c (late (gv -gA's)h), (11) 
wherein the Dirac matrices are defined in Sec.II, b and 
ch, represent, respectively, the proton and neutron Dirac 
fields and the vector and axial vector coupling strengths 
are determined by 

X = 94 as 1.2695, 
Tw 

cos(3G = gy as 0.9742, (12) 

wherein (c. is a strong interaction quark rotation angle. 
In Sec.IV, the electron fields as renormalized by metallic 
hydride surface radiation are explored and the effective 
mass renormalization in Eq. (7) is established. 

In Sec.V the nature of the neutron production is dis 
cussed in terms of isotopic spin waves. In the limit 
in which the protons and neutrons are non-relativistic, 
one may view the proton and neutron as different iso 
topic spin states of a nucleon11 with the charged pro 
ton having an isotopic spin +1/2 and with the neutron 
having an isotopic spin -1/2. If n (r) and p(r) repre 
sent, respectively, the two (real) spin component fields 
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for non-relativistic neutrons and protons, then the oper 
ator isotopic spin density T(r) = (Ti(r), 15(r), T3 (r)) of 
the many body neutron-proton states may be written 

1. 

In the non-relativistic limit, these isotopic spin operators 
determine the time-component of Fermi weak interaction 
currents in Eq.(11) via 

If(r) & cgi-Tit (r). (14) 
The remainder of the non-relativistic weak currents are 
of the Gamow–Teller variety12 and require the true spin 
as well as isotopic spin version of Eq.(14); i.e. with S = 
o/2 as the Fermion spin matrices, the combined spin and 
isotopic spin operator densities are 

In the non-relativistic limit for the protons and neutrons, 
the spatial components of the weak interaction currents 
in Eq.(11) are 

Tf(r) is -cgAS (r). (16) 
Altogether, in the nucleon non-relativistic limit 

Tf" is c(-gAS,-gAS,-gASS, gvT). (17) 
The isotopic formalism describes the neutron creation as 
a surface isotopic spin wave. Out of many oscillating 
protons in a surface patch, only one of these protons will 
convert into a neutron. However, one must superimpose 
charge conversion amplitudes over all of the possibly con 
verted protons in the patch. This describes an isotopic 
spin wave localized in the patch with wavelength k. 
The wavelength in turn describes the ultra low momen 
tum p r hik of the produced neutron. Finally in the 
concluding Sec.VI, further numerical estimates will be 
made concerning the weak interaction production rate of 
such neutrons. 

II. NEUTRINO SOURCES 

The conventions here employed are as follows: The 
Lorentz metric n' has the signature (+, +, +,-) so that 
the Dirac matrix algebra may be written 

ty'-y' = -n" - io" wherein or - -a'". (18) 
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The chiral matrix is is defined with the antisymmetric 
symbol signature e1230 = -1 employing 

W lieux." y^ = is (19) 
and chiral projection matrices are thereby 

1. 
P = (1 F is). (20) 

Further algebraic matrix identities of use in the work 
below, Such as 

i-i-tav- p -- \chiv - una, h!" - ie. (21) 

all follow from Eqs. (18), (19) and (20). 
The average flux of left handed electron neutrinos (pre 

sumed massless) is determined by 

f'(a) = c (i(r)''Pw(r)). (22) 
Initial state averaging in Eq.(22) is with respect to a 
chemical cell density matrix 

(...) s Trp (...), 
p =Xp1 |I) (II. (23) 

The mean number of neutrinos created per unit time per 
unit volume may be computed from the four divergence 
of the neutrino flux; i.e. 

(c) = 8.JF'(r). (24) 
Let us now argue, purely from standard model conserva 
tion laws, that to is also the mean number of neutrons 
created per unit time per unit volume within the metallic 
hydride cathode in a chemical cell. 

If a neutrino is created, then lepton number conserva 
tion dictates that an electron had to be destroyed. If an 
electron is destroyed, then charge conservation dictates 
that a proton had to be destroyed. If a proton is de 
stroyed, then baryon number conservation dictates that 
a neutron had to be created. Thus, the rate of neutrimo 
creation must be equal to the rate of neutron creation. It 
is theoretically simpler to keep track of neutrino creation 
within the cathode. 
The neutrino sinks and sources, respectively in and r, 

are defined by that part of the standard model action 
which destroy and create neutrinos; i.e. 

S. = f((a)(i)+P(t)n(a)) d'c. (25) 
The neutrino field equations are thereby 

- in "8,w(a) = n(a), 
i8,7(a)-y' = f(a). (26) 
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Eqs.(22), (24) and (26) imply the neutrino creation rate 
per unit time per unit volume at space-time point a has 
the form. 

w(a) = 2cSm (ii (c)Pl(ac)). (27) 

Introducing the retarded massless Dirac Green's func 
tion, 

-in"8S (ac - y) = 8 (c -y), (28) 

allows us to solve the neutrino field Eqs.(26) in the form 

wherein Vin (a) represents the asymptotic incoming neu 
trimo field. The assumption of zero initial background 
neutrinos is equivalent to the mathematical statement 
that the neutrino destruction operator v, (a) I) = 0 for 
the initial states in Eq.(23). In such a case, Eqs. (27) and 
(29) imply 

The retarded massless Dirac Green's function may be 
found by looking for a solution of Eq.(28) of the form 

S(a, -y) = iry".8,A(ac -y). (31) 

From Eqs.(28) and (31) it follows that 

-86"A(ac - y) = 8(a, -y). (32) 

The retarded solution to Eq. (32) requires the step func 
tion 

{(a - y) = 0 if c < y; (33) 
In detail 

Act-1)=92 (-)). (84) 
Eqs. (30) and (31) imply 

a (c) = 2c:Re f (ii (c) Pty"n(y) 8 A(a, -y)dy, 

w(t) = 2iRefA(e-) (()Pront) d'y. (35) 
The neutron production rate a per unit time per unit 
volume can thus be computed in terms of the neutrino 
sinks i and sources i. 

PCT/US2006/035110 

III, COMPOSITE CHARGED FIELDS 

The neutrino sinks and sources of interest in this work 
can be written in terms of the composite fields of charged 
electrons and charged effective condensed matter W. 
bosons; i.e. 

i(t) = ice)P-W (), (36) 
in which h and 5 are the Dirac electron fields and 

W(y) = (e.g. ) T(y), 

W. (a)-(?) , () (37) 
The weak interaction proton-neutron charged conver 

sion currents Tit are defined in Eq.(11). In Feynman 
diagram language, the amplitude pictured in FIG.1 has 
been replaced via a field current identity of the Fermi 
four field point interaction in FIG.2. Eqs. (35) and (36) 
imply 

The neutron production rate to per unit, time per unit 
volume implicit in Eqs. (34), (38) and (39) may be con 
sidered to be exact. 

IV. ELECTRON MASS RENORMALIZATION 

When the reacting charged particles e + p - n + ve 
are in the presence of surface plasmon radiation, then the 
external charged lines (incoming wave functions) must 
include the radiation fields to a high order in the quantum 
electrodynamic coupling strength 13 oz. The situation is 
shown in FIG.3. To see what is involved, recall how one 
calculates the density of states for two particles incoming 
and two particles outgoing: 
Case I: The Vacuum. The density of states may be written 
as the four momentum conservation law, 

(27th)6(p. --p- -pin - pv), (40) 
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Surface Radiation 

FIG. 3: In the presence of electromagnetic surface radiation, 
the charged particles in weak interaction must be described 
by wave functions which include to high order in or the effects 
of the electromagnetic fields. For the reaction at hand, both 
the proton and the electron react to surface radiation. The 
resulting mass renormalization is stronger for the electronic 
degrees of freedom than for the proton degrees of freedom. 
The density of states including radiation is computed em 
ploying Eqs.(43) and (44). 

wherein p-, p-, p, and p, represent, respectively, the 
four momenta of the proton, electron, neutron and neu 
trimo. For a particle of mass m, in the vacuum, the action 
So(a) obeys the Hamilton-Jacobi equation 

8. So(a)8"So(c) + m°c = 0, 
So(r) = p.a. Epac". (41) 

Case II: Radiation. If the reaction takes place in the pres 
ence of electromagnetic radiation, 

F = 8. A - 8 Au, (42) 
the density of states conservation of four momenta must 
also include the electromagnetic radiation contribution; 
i.e. 

wherein, for a charged particle, the Hamilton-Jacobi 
equation reads 14 

mv, (a) = 8 S(a) - A(r), 
(c) v'(r) + c = 0. (44) 

Therefore, in the density of states Eq.(43) including ra 
diation the full solution of the Hamilton-Jacobi equation 
must be solved for all of the charged particles in the inter 
action. This constitutes the physical difference between 
the diagrams in the vacuum shown in FIG.2 and includ 
ing radiation shown in FIG.3. The mass renormaliza 
tion may be understood by averaging the local momen 
tum p = 8.5 over local space time regions. Presuming 
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p"A = 0 we have on average that 
2 

-pop - mic'-- () AAF = ic. (45) 
The mass renormalization parameter in Eq. (7) is then 
given by 

2 

g = W1+() A.A. (46) 
Since the electron mass is much less than the proton 
mass, m < M, the main effects on low energy nuclear 
reactions are due to the mass renormalization of the sur 
face electrons(10). 
From the viewpoint of classical physics, the Lorentz 

force on a charge equation of motion, 
t 

me = eF'v, (47) 
is reduced to first order via the Hamilton-Jacobi Eq.(44), 
according to 

doc 
dt 

From the viewpoint of quantum mechanics, there is a one 
to one correspondence between quantum solutions of the 
Dirac equation and the classical solutions of Hamilton 
Jacobi equation. In detail, the Dirac equation in an ex 
termal radiation field, 

may be subject to a non-linear gauge transformation 
employing the solution to the classical Hamilton-Jacobi 
equation, 

= v'(a). (48) 

b(r) = es()/h (a). (50) 
The resulting radiation renormalized wave function obeys 

It is worthy of note in the quasi-classical limit fi -- 0 
that the solution to the charged particle wave Eq.(51) is 
reduced to algebra. 

V. NEUTRONS AND SOTOPICSPN WAVES 

The sources of the neutrinos are inhomogeneous in spa 
tial regions near the surfaces of cathodes. Also, the neu 
trinos are so weakly interacting that after emission they 
are virtually unaware of the condensed matter. The neu 
trino on energy shell phase space Q = (Q, Q) has the 
Lorentz invariant phase space 

dLiq = |alia (52) 
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Writing the neutrino emission part of Eqs.(38) and (39) 
as the phase space integral 

w(a) = -c Sm. f f eiQ (-), Hovq x 
(W(a)5(a), Pip(y)W(y)) d"ydLc 

2 

= -4c (g) sm? feat-nero, X 
(T(a) 5(c) Pub(y)T(y)) d'ydLq. (53) 

Under the assumption that the initial proton spins are 
uncorrelated and that the free neutron density is dilute, 
considerable simplification can be made in estimating the 
rather daunting but rigorous Eq.(53). The estimate for 
the inhomogeneous ultra low monentum neutron pro 
duction rate per unit volume is 

Ref fee (t"()5(a)()t () d'uals (54) 
wherein Eq.(17) has been invoked. 

If the neutrons are dilute, then it is sufficient to con 
sider the creation of a single neutron from a proton, i.e. 
the propagation of the W within condensed matter. 
What is left of the heavy W boson is merely an iso 
topic spin wave. There is a Superposition of amplitudes 
summed over all the possible protons within a patch 
which may be converted into a neutron. The isotopic 
spin wave creation and annihilation operators in the sur 
face patch obey 

Tit () is Ti(x)eft(cAM)"/: (55) 
with the neutron-proton mass difference determining the 
threshold value of the electron mass m renormalization 
parameter 6 i.e. 

AM = M - M = Gon. (56) 

For the creation of a single ultra low momentum neutron 
from non-relativistic protons 

For steady state production rates, Eq.(54) reads 
(57) 

hav(r) 
mc2 c3 

i? featrial x 
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Explicitly exhibiting the neutrino energy being radiated 
away in Eq.(2), yields 

hi(r) 1. (ge 

The remaining correlation function in Eq.(58) de 
scribes how an electron which finds itself directly on top 
of a proton propagates in time. The integral over time 
may be written 

(59) 

(60) 
wherein W(r) is the mean density per unit volume of 
protons and ne(r, E) is the mean collective density per 
unit volume per unit energy of electrons which sit directly 
on the protons. 
The steady state inhomogeneous production of neu 

trons per unit time per unit volume a (r) as estimated in 
Eq.(59); i.e. exhibiting the radiated neutrino energy hu', 

mic (g: Iti, V c. a(r) as 

wherein ne(r, E) must be calculated including the sur 
face radiation energy and the driving current through 
the cathode. 
The calculation of K depends on the detailed physical 

properties of the cathode surface as well as the flux is 
per unit, area, per unit time of elections deterraining the 
chemical cell current as in the power Eq.(3). In the most 
simple model, let us consider a smooth surface with ma 
terial properties and electron currents determining the 
neutron creation rate via the mass renormalization pa 
rameter 3 as defined in Eq.(46). We note in passing 
that a smooth. Surface is not likely to be the best Sur 
face for producing neutrons since rough surfaces have 
patches wherein the surface plasma electromagnetic field 
oscillations will be more intense. However, the following 
smooth surface model will be employed for estimating 
the proper low energy nuclear reaction rates produced 
by electroweak interactions. 
To compute the density of surface electron states per 

unit area per unit energy, one may begin with a simple 
renormalized electron mass m model and take 

g2(E) = 2 fo (E - Wop- (na)) (5. (62) 

ga(E)= - (63) 
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If such surface electron states are confined to a wavefunc 
tion width normal to the surface, then we have within 
the surface region, and after integrating over the emitted 
neutrino energy spectrum 

Kry f fg:(E = 60mc'-- haw)awdaw, 
1 / nicy 3 

KC as st () - 6). 64 

For a Smooth surface, integrating the neutrino produc 
tion rate over a thin slab at the electrode surface yields 
the estimate for the production rate per unit time per 
unit area, 

2 2 2 \? - 2 g; +3g GFrn. '94 - 4. Y2 u2 at ( 2T2 ) 72 ( fic i-(6-8). (65) 
The above Eq.(65) for smooth surfaces is in agreement 
with the initial order of magnitude estimate in Eqs. (9) 
and (10). 

VI. CONCELUSIONS 

Electromagnetic surface plasma oscillation energies in 
hydrogen-loaded metal cathodes may be combined with 
the normal electron-proton rest mass energies to allow for 
neutron producing low energy nuclear reactions Eq.(2). 
The entire process of neutron production near metallic 
hydride surfaces may be understood in terms of the stan 
dard model for electroweak interactions. The produced 
neutrons have ultra low momentum since the wavelength 
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is that of a low mode isotopic spin Wave spanning a sur 
face patch. The radiation energy required for such ultra, 
low momentum neutron production may be supplied by 
the applied voltage required to push a strong charged 
current across the metallic hydride cathode surface. Al 
ternatively, low energy nuclear reactions may be induced 
directly by laser radiation energy applied to a cathode 
Surface. 

The electroweak rates of the resulting ultra low mo 
mentum neutron production are computed from the 
above considerations. In terms of the radiation induced 
mass renormalization parameter (3 in Eqs. (7) and (8), the 
predicted neutron production rates per unit area, per unit 
time have the form 

w2 = w(3-go)” above threshold (32 go. (66) 

The expected range of the parameter w for hydrogen 
loaded cathodes is approximately 

(67) 
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1. A method of shielding gamma radiation comprising: 
producing a region of heavy electrons; and 
receiving incident gamma radiation in said region, 
said heavy electrons absorbing energy from said gamma 

radiation and re-radiating it as photons at a lower energy 
and frequency. 

2. The method of claim 1 including providing Surface plas 
mon polaritons and producing said heavy electrons in said 
Surface plasmons polaritons. 

3. The method of claim 1 including providing multiple 
regions of collectively oscillating protons or deuterons with 
associated heavy electrons. 

4. The method of claim 1 including providing a plurality of 
nanoparticles of a target material on a metallic Surface 
capable of supporting Surface plasmons, said region of heavy 
electrons being associated with said metallic Surface. 

5. The method of claim 1 including inducing a breakdown 
in a Born-Oppenheimer approximation. 

6. The method of claim 1 including providing low energy 
nuclear reactions catalyzed by ultra low momentum neutrons 
within said region of heavy electrons. 

7. The method of claim 1 wherein said step of providing a 
region of heavy electrons includes: providing a metallic 
working Surface capable of Supporting Surface plasmons and 
of forming a hydride or deuteride; fully loading said metallic 
surface with H or D thereby to provide a surface layer of 
protons or deuterons capable of forming coherently oscillat 
ing patches; and developing at least one patch of coherently or 
collectively oscillating protons or deuterons on said surface 
layer. 

8. The method of claim 7 including breaking down the 
Born–Oppenheimer approximation on said upper working 
Surface. 

9. The method of claim 7 wherein said surface material 
comprises palladium or a similar metal and/or alloy capable 
of forming a hydride ordeuteride; and providing a plurality of 
target nanoparticles on said metallic working Surface. 

10. The method of claim 9 wherein said target nanopar 
ticles comprise a palladium-lithium alloy. 

11. The method of claim 7 further comprising directing 
laser radiation to said working Surface to stimulate and trans 
fer energy into said Surface plasmons. 

12. The method of claim 7 wherein said H or D surface 
layer is fully loaded by one or more of an enforced chemical 
potential difference, an electrical current, or a pressure gra 
dient. 

13. The method of claim 1 including forming ultra-low 
momentum neutrons. 

14. A method of controlling the rate of beta decay and 
altering the half-lives of neutrons and/or nuclei found in a 
near-surface region comprising: producing a region of heavy 
electrons and ultra low momentum neutrons (“ULMNs) in 
the neighborhood of the beta-decaying neutrons or beta-de 
caying nuclei, thereby altering the local density of states. 

15. The method of claim 14 wherein said beta decay is for 
a nucleus or a neutron. 

16. A method of nuclear power generation comprising: 
producing ultra low momentum neutrons (“ULMNs); cata 
lyzing low energy nuclear reactions with said ULMNs, said 
reactions producing a net release of energy; and shielding 
against gamma radiation produced from neutron captures on 
target nuclei in a region including heavy electrons. 

17. The method of claim 16 including: providing a plurality 
of protons or deuterons on a working Surface of hydride/ 
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deuteride-forming materials; breaking down the Born-Op 
penheimer approximation in patches on said working Surface; 
producing heavy electrons in the immediate vicinity of coher 
ently oscillating patches of protons and/or deuterons; and 
producing said ULMNs from said heavy electrons and said 
protons or deuterons. 

18. The method of claim 17 including producing excess 
heat. 

19. The method of claim 17 including forming surface 
plasmon polaritons. 

20. A gamma radiation shield comprising: a Substrate; a 
metallic working Surface capable of Supporting Surface plas 
mons and of forming a hydride or deuteride, located above 
said Substrate; above said metallic Surface, a Surface layer of 
protons or deuterons comprising fully loaded H or D; at least 
one patch of collectively oscillating protons or deuterons 
associated with said Surface layer, a region of Surface plas 
mon polaritons located above the Surface layer and said at 
least one patch; and a flux of protons or deuterons incident on 
said Surface plasmon polaritons, Surface layer, and working 
Surface. 

21. The shield of claim 20 wherein said surface material 
comprises palladium or a similar metal and/or alloy capable 
of forming a hydride or deuteride. 

22. The shield of claim 20 further comprising laser radia 
tion incident on said working Surface to stimulate and transfer 
energy into said Surface plasmon polaritons. 

23. The shield of claim 20 further comprising a plurality of 
target nanoparticles on said metallic working surface. 

24. The shield of claim 23 wherein said target nanoparticles 
comprise a palladium-lithium alloy. 

25. The shield of claim 20 wherein said H or D surface 
layer is fully loaded by one or more of an enforced chemical 
potential difference, an electrical current, or a pressure gra 
dient. 

26. The shield of claim 20 wherein said at least one patch 
produces heavy electrons; and wherein said heavy electrons 
absorb gamma radiation. 

27. The method of claim 1 wherein said gamma radiation 
comprises gamma photons having energies in the range of 
about 0.5 MeV to about 10.0 MeV. 

28. The method of claim 27 wherein said gamma photons 
result from neutron capture. 

29. The method of claim 27 wherein said gamma photons 
result from an external Source. 

30. A method of altering the rate of a nuclear reaction 
involving nuclear decay by substantially more than 5 to 10% 
comprising producing a region of heavy electrons and ultra 
low momentum neutrons (“ULMNs) in the neighborhood of 
the beta-decaying nucleus. 

31. Apparatus for a nuclear reaction comprising: a Support 
ing material; a thermally conductive layer, an electrically 
conductive layer in contact with at least a portion of said 
thermally conductive layer; a cavity within said Supporting 
material and thermally conductive layer, a source of hydro 
gen or deuterium associated with said cavity; first and second 
metallic hydride-forming layers within said cavity; an inter 
face between a surface of said first hydride-forming layer, 
said interface being exposed to hydrogen or deuterium from 
said source; a first region of said cavity being located on one 
side of said interface and having a first pressure of said hydro 
gen or deuterium; a second region of said cavity being located 
on one side of said second hydride-forming layer and having 
a second pressure of said hydrogen or deuterium; said first 
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pressure being greater than said second pressure; said appa- 33. The apparatus of claim 31 further comprising a laser 
ratus forming a sea of surface plasmon polaritons and patches positioned to irradiate said sea and said interface. 
of collectively oscillating protons or deuterons, and ultra low 34. The apparatus of claim 31 further comprising an elec 
momentum neutrons in a range of about 500 Angstroms both 
above and below said interface. trically conductive layerformingaportion of an inside wall of 

32. The apparatus of claim 31 wherein a Fermi-level dif- said cavity. 
ference between said first and second layers is greater than or 
equal to about 0.5 eV. ck 


