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clear energy find its way benignly into the
lattice during a reaction. These two problems
had been deemed completely impossible to
solve by most physicists with whom 1 spoke.
I was encouraged not to bother even trying to
solve them.

I speculated initially that the energy trans-
fer might occur through various recoil and
lattice modification effects, noting that high-
ly excited phonon—high-frequency vibra-
tion— modes were more likely to be able to
transfer energy than a thermal lattice. The
transfer of a virtual neutron over a macro-
scopic distance was to be accomplished by
using a postulated coherence effect that
would make the Bragg neutron waves be
special relative to the rest, which I thought
would go a long ways towards giving rise to
a long-range interaction. Analysis proved
both of these speculations to be incorrect.

From my point of view, the first real break
in the problem came when 1 found a mecha-
nism that appeared to be capable of mediat-
ing the energy transfer between nucleons and
d lattice.

The basic problem is that the various nu-
clei in the lattice are relatively weakly cou-
pled; pulling or pushing on a single nucleus
in the lattice is not particularly effective in
generating new vibrational excitation in
neighboring nuclei, at least at the levels that
would be required for the lattice to accept a
nuclear quantum of energy. Simply stated. it
seemed that adding an MeV of new energy at
a single site would largely do nothing other
than accelerate the nucleus at that site to an
MeV, which would not be productive in light
of the requirements of the theory to have no
observable massive radiation. If this problem
could not be solved, then the whole approach
was doomed.

I analyzed, in-depth, the problem of ener-
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gy and momentum transfer with a lattice dur-
ing a neutron transfer reaction. Out of this
analysis came the dominant recoil interaction
that I knew could not do what was needed.
Al second order, there was a much weaker
effect that came about from changes in the
basic structure of the lattice during a neutron
transfer. This effect was apparently well-
known to the chemists, in whose field it gen-
erally was very important. This effect,
known to chemists as the Duschinsky effect.
was found to be highly ineffective at creating
or destroying phonons. Instead, it was capa-
ble of mediating exchange energy through
frequency-shifting the phonon modes them-
selves.

What made this interesting was that if a
large number of phonons were initially pre-
sent in a phonon mode, then if the phonon
mode energy changes, energy transfer oc-
curs. For example, if 108 phonons change
ll1cu" energy each by a tiny amount, perhaps
1073 eV (electron volt), the net energy trans-
fer is 10° eV. Now this was an effect that
was capable of doing what was needed, at
least in principle.

In discussions with my friends and col-
leagues, it seemed clear that this mechanism
for energy transfer was fundamentally sound,
at least in principle. Although the effect has
never been demonstrated explicitly, the con-
sensus was that such an effect should exist.
In the following sections, this effect will be
further discussed. and it will be found that
neutron emission and some of the other
anomalies could be explained by this effect.

For neutron transfer reactions to work,
there remains the problem of how virtual
neutrons can find their way to distant neigh-
boring nuclei, given that they normally do
not go far from the parent nucleus at all. Al-
though the coupling of bound neutrons to

continuum states is significant, what
happens is that the coupling is not spe-
cific; vast numbers of continuum states
are coupled, and these interfere destruc-
tively. If it weren’t for this destructive
interference, there would be no problem
with a virtual neutron travelling over
long distances.

So it seemed that the key to transport-
ing a virtual neutron away from its point
of origin resided in breaking the destruc-
tive interference. To test this, I consid-
ered the behavior of virtual neutrons in a
crystal lattice in which the neutrons
Bragg scatter. I found that the basic
principle was sound, and that the Bragg
scattering ruins the near-perfect destruc-
tive interference for those continuum
states that are resonant with the crystal
planes; these continuum states give rise
to a long range tail that extends microns
(millionths of a meter, a relatively large
distance compared to the size of the nu-
cleus) away from where the virtual neu-
tron is born. Unfortunately, the overall
effect is quite small—too small to be ob-
served.

In principle, the approach could work.
But how to make it into a stronger ef-
fect? Bragg scattering is about the strongest
effect seen by a neutron in a crystal, and the
only interactions that are stronger are reso-
nant effects. For example, neutron states oc-
cur in some nuclei that are nearly resonant
with the free neutron energy. When a free
neutron interacts with such a nucleus, the re-
sulting scattering or absorption cross sec-
tions that are produced can be enhanced by
many orders of magnitude over the cross-
sections for other nuclei. For example,
boron and cadmium are strong absorbers of
thermal neutrons, due to the presence of near
resonant states.

But what resonant processes could possi-
bly occur in the case of virtual neutrons?
Finding resonances seemed to be hopeless,
since the nuclear energy levels are not accu-
rately known in the required energy ranges.
An examination of the density of nuclear
levels indicated that the spacing between the
levels were sufficiently great that it would
essentially be a miracle should one occur
with the precision required to do the job. I
generally do not believe in miracles. Even if
a resonance existed, the state would have to
be long-lived. and have a reasonably correct
total angular momentum appropriate for the
combination of the neutron and the acceptor
nucleus; the odds seemed to be too long. It
had to be something else. If not, then once
again the whole approach was doomed.

It occurred to me that a host of perfectly
resonant levels could be arranged for rather
easily, if one considered other nuclei in the
lattice that would produce a nucleus equiva-
lent to one where the virtual neutron started.
Consider a lattice containing two neighbor-
ing isotopes of the same element (X), per-
haps “*X and A+IX (where A is some atom-
ic mass number); a virtual neutron originat-
ing from an 21X nucleus leaves behind an
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AX nucleus, and will produce another identi-
cal (and resonant) AT1X if captured by any
of the other *X nuclei in the lattice.

There are more than 100 pairs of stable
nuclear isotopes of this type that occur in na-
ture, or so I have found, Perhaps by chance,
the materials used in the experiments seemed
to involve elements that included such pairs.

It would be fitting to be able to complete
this section by saying that resonant scattering
of virtual neutrons succeeds in delocalizing
them sufficiently (moving them far enough
away from the nucleus of origin) to account
for heat production. With the aid of an able
young collaborator, a theory for this process
has been developed. It is in many ways simi-
lar to theories used to describe electronic
band mixing in semiconductors [Mathemati-
cally and physically similar.—Ed.]. This
model is currently being analyzed, and al-
though it looks very promising, we do not
know for sure at this point whether the mod-
el can indeed do the job. 1 am optimistic. At
this point, I would be surprised if the results
of the calculations do not provide an excel-
lent description of heat-producing reactions
in “cold fusion™ experiments.

It is, of course, up to the experimentalists
to verify whether the neutron transfer model
does account for the effects reported. There
are numerous predictions that are made by
the model, and in time, these predictions will
hopefully be tested. I believe that some of
these are beginning to emerge in the experi-
mental evidence.

The first “miracle”

I remember early on an argument given as
to why it was obvious that the “cold fusion™
experimental claims were erroneous. It was
said that it would take a “‘miracle™ in order
for fusion to occur at all in an electrochemi-
cal experiment. Miracles are exceedingly
rare, according to the argument, but they do
occasionally occur. Then it was said that the
presence of heat with no neutrons would re-
quire a second miracle. The occurrence of
one miracle was perhaps a possibility, ac-
cording to this argument, but two exceeding-
ly rare miracles could not happen simultane-
ously. This proved, so it was said [And is
still being said.—Ed.], that there could be no
such effect.

Now as I have said, I generally do not be-
lieve in miracles. But when asked to prepare
a manuscript describing my explanation for
the “cold fusion” anomalies, it occurred to
me that at least three miracles were needed
for it to work, maybe more. I suppose that
according to the argument given above, 1
have exceeded my allowance of miracles.
Then it would follow that the effects that
might follow do not exist. [Unfortunately,
this line of reasoning appears to stand sci-
ence on its head—making experimental evi-
dence a slave to rigid theoretical reason-
ing.—Ed.]

The first “miracle” is the “miracle’” of the
optical phonon laser. Acoustical phonon
lasers—Ilasers that work at the usual frequen-
cies of sound and that project sound, not

light—have been demonstrated, but as far as
I know, no one has ever demonstrated optical
phonon lasing —much higher frequency
phonons. I consider this first, since to trans-
fer a large amount of energy from the lattice
of metal atoms a very large number of
phonons must be present in a single mode—
a single frequency. To make this happen, a
phonon laser or its equivalent is required.

To make this clear, we need to consider
what it is that makes a laser be a laser, and
then discuss how these ideas carry over to
the phonon analog of the laser. The word
“laser” brings to mind the idea of a small
box out of which comes a pencil-thin red
beam of light; for others, the word “laser”
brings to mind high-power weapons in sci-
ence fiction movies that, when aimed proper-
ly, make Imperial Star Fighters explode.

Although there are many kinds of lasers,
all of these that might properly be called
lasers contain an amplifier capable of ampli-
fying light. Light that is tuned to the correct
frequency at which amplification occurs will
increase in strength upon passing through the
amplifier. That light can be amplified was
not appreciated until the 1950s. To this day,

the field, and this is the same as saying that
absorption occurs.

After this classical discussion of absorp-
tion, it must seem that the only way to
arrange for energy to go back into the field,
is to arrange for atoms to be perturbed—
banged into—in such a way that the sloshing
motion is increased, on average, from what
is induced by the field. Surely this will cause
the atom to add energy to the field on aver-
age, but this is not how most lasers work (it
would be possible perhaps to argue that the
way that so-called Raman lasers work is a
little bit like this).

The quantum mechanical analysis is good
fun, and leads to equations that permit a clas-
sical interpretation that is pretty much the
same as that given above in the case where
the atom starts in the ground (low-energy)
state. The sloshing motion comes about due
to the mixing of the ground state with a
small amount of the excited (higher-energy)
state; in the end, a video clip of the resulting
quantum mechanical charge density would
likely show the electron cloud of an atom
sloshing very much like the classical analog
discussed above. Collisions or other process-

es that interrupt this mo-

— — tion lead to absorption,

Some say that this heat can be
explained easily by elementary
chemical reactions, phase
changes, or battery-like storage
effects. I have trouble with

these explanations . . .

which is accurately pre-
dicted by quantum me-
chanics.

So far, there seems to
be no mystery, and it is
not obvious that these ar-
guments would ever lead
to the amplification of
light. The magic, as it
were, comes about when
the atom starts out in the

the technological implications of this effect
have not been fully exploited.

How light is amplified in a laser is quite
interesting, because the effect is in some
sense a quantum mechanical effect that
doesn’t show up in classical physics. A sim-
ple classical model for absorption holds that
an atom (or molecule) responds to the force
of the dynamical electric field much like a
ball on a spring. The electromagnetic field in
a wave or in a laser cavity oscillates sinu-
soidally (goes up and down) in the vicinity
of an individual atom: it is usually a good
approximation to take the field to be uniform
on the atomic scale. The field pushes and
pulls, the atom responds, the charge distribu-
tion “sloshes” up and down (or back and
forth, depending on one’s point of view), and
light is scattered.

If the charge distribution of the atom is
initially at rest, then in the classical calcula-
tion, the atom extracts energy from the field
to fuel the sloshing motion. If another atom
bangs into the driven (and sloshing) atom,
then the sloshing is disturbed, and more en-
ergy from the field must be put in to get the
sloshing going again. Any process that robs
the atom of its sloshing-energy leads, on av-
erage, to a commensurate loss of energy in

excited state, and the dy-
namical electric field
again induces sloshing through mixing with
the lower state. In this case, the increase in
sloshing corresponds to a lowering of the
atom’s energy, as the probability that the
atom is in the lower state increases. Energy
from the atom is now transferred to the radi-
ation field.

Although there are an enormous number
of other technical issues, this argument does
get to the heart of the matter, at least from
the viewpoint of the atom. An amplifier sim-
ply contains more atoms (or molecules, or
ions, or electrons, or whatever) in the upper
state than in the lower state (modified by
some statistical factors that we shall ignore
here). The electric field induces transitions;
those in the lower state are mixed with the
upper state—taking energy out of the radia-
tion field, while those in the upper state are
mixed with the lower state—putting energy
into the radiation field. One of the tricks to
making a laser amplifier then is to provide a
pumping mechanism that creates many upper
state atoms, and hope that few lower state
atoms are generated, or that those present are
rapidly destroyed.

From the point of view of the radiation
field. the energy coupled from the excited

Continued on page 63
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Miracles

atoms into the radiation field will go in-
phase to add to the fields present that caused
the atomic transitions. This is an electromag-
netic analog of the proverb: “The rich get
richer.” Energy is added preferentially to res-
onant fields that have the most energy al-
ready. The field that stimulates the transition
gets the energy.

There are strong random fields present,
due to quantum mechanical vacuum fluctua-
tions. These fields can stimulate transitions
and carry off the energy from excited states
(this is fluorescence), which works against
making a laser beam brighter. The ideal situ-
ation for making a good laser is to arrange
for the field of the laser beam to be stronger
than the random fields associated with the
vacuum fluctuations. In this limit, it is possi-
ble to extract the energy in the excited atoms
efficiently, so that the energy is not dissipat-
ed in random directions.

These basic ideas also apply to the phonon
laser. In a solid, sound waves are made up of
vibrations between atoms that propagate as
waves. It is possible for the sound waves to
participate in atomic and molecular transi-
tions. If a solid can be found in which there
are more excited state atoms (or molecules)
than lower state atoms (or molecules), and if
the coupling with the phonons is strong (and
if a host of other technical conditions that are
of little interest here are also satisfied), then
energy transfer to the sound waves becomes
possible.

That sound waves can be amplified in the
same sense that light can be amplified (as
discussed above), has been recognized for
more than 30 years. Although phonon lasers
have been demonstrated, they have so far

Continued from page 27

been of academic interest only, largely
because no one has figured out anything
particularly useful to do with them. While
many groups throughout the world spend
quite a bit of time and effort studying lasers
and their applications, I have not yet found a
group anywhere similarly devoted to the
study of phonon lasers.

We know that optical phonon lasers can
be made, at least in principle. However, how
to make them is still poorly understood. Al-
though phonons are certainly capable of
stimulating electronic transitions in atoms, or
in electron or hole bands, it is not obvious
that these mechanisms can be operative in
the “cold fusion” experiments produced to
date. There must be some other mechanism
at work in optical phonon lasing.

In searching for a “new” mechanism to
drive a phonon laser in these experiments, I
took the approach that an accountant might
take, if the accountant were a physicist. To
drive a laser, power must be supplied to the
light amplifier, and much of the engineering
work in designing and building a laser goes
toward arranging for sufficient power to get
to the amplifier. In an efficient laser, much
of the power supplied from the wall plug ul-
timately goes to create upper state atoms or
molecules. If a phonon laser existed in the
“cold fusion” experiments, surely the way to
find the pump mechanism (if any such actu-
ally exists) is to track where the input energy
goes.

For example, in an electrochemical cell of
the sort used in “cold fusion” experiments,
the power supplied to the cell primarily ends
up resistively heating the electrolyte, and
breaking apart water to make hydrogen and

oxygen. The reactions that are involved in
breaking up water heat the cathode (e.g. the
palladium where hydrogen gas evolves) and
cool the anode (e.g. the platinum, where oxy-
gen evolves). The resistive heating of the
electrolyte is unlikely to produce a phonon
laser, but exothermic (energy-releasing) gas
formation at the cathode surface seems to be
far more promising.

A bit of detective work revealed that the
theory for a related part of the problem,
specifically gas release (desorption) from a
metal surface, had been developed; the basic
equations describing energy transfer between
the lattice and gas are closely related to the
laser equations. That this is so does not ap-
pear to have been of interest to others devel-
oping the quantum mechanical models for
desorption. For our purposes, it seemed that
a very happy coincidence occurred; follow-
ing the flow of energy seems to have uncov-
ered a possible clue.

Let’s consider how this might work. We
require reactions that are stimulated by the
vibrations associated with optical phonons;
in the case of the formation of molecular hy-
drogen, the vibrational action of the phonons
can help both to bring two hydrogen atoms
together, and to push them away from the
surface. There is really no question that the
optical phonons are capable of stimulating
molecular hydrogen desorption. So far so
good.

We require more excited states to be pre-
sent than lower states. In this case, the atom-
ic (single atom) hydrogen at and near the
surface is the excited state, and the hydrogen
molecule (double atom) is the lower state. To
an excellent approximation, there are no hy-
drogen molecules at the surface; in desorp-
tion, the molecules form several Angstroms
(several atomic diameters) away from the
surface, and molecules coming in break apart
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several Angstroms away from the surface.
There exists a class of molecular lasers that
operate using a variety of rather strange di-
atomic molecules that have the property that
they are bound as long as they are excited in
the upper state; when they decay to the un-
stable lower state, the molecule breaks up as
the atoms push each other away. Having the
molecule in the ground state break apart con-
stitutes an excellent strategy for arranging
for there to be more upper state molecules
than lower state molecules. The ejection of
molecular hydrogen from a metal surface is
analogous to the breaking apart of the lower
state of these strange diatomic molecules. In
both cases the lower state is unstable.

Now, for a state to qualify as being the
“excited” state, it must occur at a higher en-
ergy than the “lower™ state. In PdH (palladi-
um hydride) and PdD (palladium deuteride),
this requirement can create a problem, since
the relative energy of the two states change
place. For example, at very high hydrogen
loading, the hydrogen atoms in the metal are
in states that are at a higher energy than the

that energy can be coupled from light into vi-
brational motion; monochromatic light, such
as that produced by lasers, is capable of
stimulating phonon production with “Ra-
man” phonon gain present. That this was true
was strongly emphasized to me recently by
some of my friends after | gave a seminar at
a physics institute in Moscow.

So this is the first “miracle,” which after
this discussion perhaps might not seem like
very much of a miracle. Phonon gain can
produce very large numbers of phonons in a
mode, because exothermic reactions stimu-
lated by resonant phonons present will trans-
fer energy preferentially to increase the num-
ber of phonons present. Or more simply put,
the rich get richer; phonons go to those reso-
nant modes that already have the most
phonons.

Many of the “cold fusion” experiments
work in a regime where exothermic desorp-
tion occurs (as was noted a year and a half
ago at the Nagoya Third International Con-
ference on Cold Fusion by Y. Fukai). That
this implies the possible presence of phonon

gain is the theoretical pro-

At some point it occurred to me
that if a neutron could be
transferred onto a nucleus, that
it should also be able to be
transferred off of a nucleus; this
could be a source of virtual

neutrons.

posal. It remains to be
demonstrated that such
gain is actually present. If
the field of phonon lasers
weren’t such a backwater,
the scientific community
would likely applaud an
experimental demonstra-
tion of optical phonon
gain. As things stand at
the moment, such a
demonstration will most
likely be ignored, since
no one has figured out

molecular hydrogen states. At modest load-
ing, the situation is reversed. This is impor-
tant, since if more lower state hydrogen than
upper state hydrogen is present, then there
will be no amplification of sound waves near
the surface. It is only when the desorption is
exothermic (that is, when the hydrogen in the
metal are in states of higher energy than the
free molecular hydrogen states), that optical
phonon gain. and the associated effects, dis-
cussed below, can be present.

This effect is limited neither to palladium,
nor even to hydrogen desorption. Hydrogen
desorption in many metals is exothermic at
high concentration; of course, metal hydrides
in which the hydrogen lowers its energy
greatly through molecular hydrogen forma-
tion will also be metals with low hydrogen
solubility. The exothermic desorption of oth-
er atoms or molecules from metal surfaces
should also be able to produce phonon
gain—amplification, at least in principle, as
long as the desorbed product is unstable on
the surface. Any exothermic surface chemi-
cal reaction, in which the reaction product
states are unstable at the surface, should be
able to produce phonon gain.

The effect is not even limited to chemical
reactions, or to surfaces. It is well-known
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anything practical to do

with an optical phonon
laser. [So it goes for small “miracles;” they
are the poor children of science.—Ed.]

The second “miracle”

Ah ves, the second “miracle.” This is the
“miracle” of anomalous energy transfer be-
tween phonons and everything else, includ-
ing electrons, atoms, and nuclei. This is the
“miracle” that can give rise to “cold fusion™
neutrons—also fast electrons, alphas (helium
nuclei), betas (electrons), and gammas. It can
also, at least theoretically, induce rransmnta-
tions (the latter are actually implied by the
previous list, but we are getting ahead of the
story).

There are two ways in which vibrational
energy can be transferred from a metal lat-
tice to wherever it is going to go; either lat-
tice phonons can be destroyed (fewer
phonons means less energy in the lattice), or
the frequency of the phonons present can on
average be lowered (frequency being related
to energy by Planck’s constant means that if
the frequency is lowered, the energy is low-
ered). These routes for vibrational energy
transfer have been recognized for at least 60
years.

Most physicists will be quick to point out
that it is hard to create or destroy a very large

number of phonons. For example, phonon
energies are measured typically in units of
tens of meV (milli-electron volts, thou-
sandths of an electron volt). Nuclear energies
are a billion times larger—measured typical-
ly in units of MeV—million electron volis—
(there are of course exceptions, but these are
not important here). A very large number of
phonons must either be created or destroyed
to put together enough vibrational energy to
make even one nuclear energy quanta. This
is very unlikely, and most physicists would
bet against it. Even I would bet against it (I
am sometimes optimistic. In this case I per-
sonally spent some months trying every
route I could think of to find a way to make
it work).

On the other hand, if there are a large
number of phonons present in a vibrational
mode, and if the frequency of that vibrational
mode is lowered, then the energy is reduced
by the product of the number of phonons and
the corresponding energy shift. Whatever
mechanism that causes the vibrational mode
to change frequency must make up the ener-
gy difference, either by giving or taking en-
ergy from the lattice. If the energy transfer is
large, the results of this energy exchange can
be rather interesting. This one works, as far
as I'm concerned.

But if all of this is so, then why is the en-
ergy transfer “anomalous?” Why does this
rather obvious effect deserve to be described
as a “miracle?” In my view, this is because
even though it has been staring at all of us in
the basic equations for years, no one has ever
seen any significant amount of energy be
transferred from vibrational modes of a solid
before, in studies done to date. In molecular
physics, energy transfer through vibrational
mode frequency shifts is studied routinely,
both theoretically and experimentally, but
the energy transfer is always quite modest
(this is because individual molecules are rel-
atively small, and cannot hold anywhere near
as much energy as a lattice).

The enormous number of phonons that can
be put into a single mode by a phonon ampli-
fier, as we have described above, is the key
to this. I have found no studies done so far in
which anyone has seriously considered the
consequences of energy transfer in the pres-
ence of the huge phonon populations in-
evitabhly generated hy a phonon amplifier.
Anomalous? Hardly. “Miraculous?” I think
not. Unfamiliar? Well, maybe.

It might reasonably be asked how it can be
arranged for a vibrational mode to change its
frequency. The simplest example arises in
the case of impurity phonon modes. For ex-
ample, a hydrogen atom embedded in a
metallic lattice will generally oscillate at a
higher frequency than the metal atoms.
There will be three localized vibrational
modes associated with the hydrogen; if the
local potential were spherical, the three
modes of oscillation would correspond to
motion along the three axes. If a second hy-
drogen atom is added at an equivalent site,
then three more vibrational modes will oc-
cur; in general, there will be 3Ny vibrational
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If a neutron is added to a hy-
drogen nucleus, making it into a
deuterium nucleus, then the vi-
brational mode structure must
change to correspond to the new
distribution of hydrogen and deuterium im-
purities. Three of the hydrogen vibrational
modes at high frequency must jump down to
join the deuterium vibrational modes. If the
hydrogen impurity level is very low, then
each of the vibrational modes will be local-
ized around the hydrogen atom, and the three
vibrational modes that jump from one vibra-
tional band to another will also be localized:
this case is not so important since little ener-
gy may be transferred, but it is easy to visu-
alize. At higher impurity levels, the local
modes “talk™ to each other, and mix to form
complicated vibrational modes that may ex-
tend over a very large number of atoms.
Adding a neutron to a hydrogen in this case
is much more interesting, because when the
three vibrational modes jump to the lower vi-
brational band, the complicated mode struc-
ture must rearrange itself to accommodate
the new vibrational mode structure. The vi-
brational modes in this case are no longer lo-
calized, and they may contain a very large
excitation with a correspondingly large ener-
gy transfer.

The net result of this process in the case of
a neutron capture, as described above, is a
shift in the capture gamma line—the fre-
quency of the emitted gamma ray—to signif-
icantly higher energy. Such an effect has
never been observed, but it would be quite
an interesting thing to see, because there are
not very many ways to produce tunable gam-
ma line radiation.

It is conjectured that in metal hydrides, the
production of vacancies can result in an im-
purity mode structure. Typically, in metal
hydrides, the spectrum of vibrational modes
includes low energy modes that are produced
predominantly by the vibration of the heavy
atoms of the metal, and high energy modes
that result from the vibration of the hydro-
gen. The low energy modes are termed
“acoustical” modes, and the high energy
modes are termed “optical” modes. Often, as
in PdH or PdD, the two types of modes are
separated by a large band gap. Near a host
metal atom vacancy, the potential seen by
the hydrogen atoms is softer, and the vibra-
tional frequency of these hydrogen atoms
will be reduced. It is conjectured that they
may fall within the band gap between the
acoustical and optical modes.

The existence of impurity bands for va-
cancies would do the trick. For example,
any physical process that produced a new Pd
vacancy in PdD would cause 24 phonon
modes (three for each of the eight neighbor-
ing deuterium atoms) to drop down from the

Table 1. Binding energies of neutrons of stable nuclei (and tritium)
for isotopes that will interact more strongly in neutron transfer reactions
[that will have configuration mixing with stable parents

and s-wave continuum neutron orbitals].

optical band to the vacancy impurity band. If
these phonon modes were very highly excit-
ed, then a significant amount of energy trans-
fer would occur, and the energy would be
available for the reaction that caused the va-
cancy to be produced in the first place.

If, among the lattice cell containing host
atom vacancies, there were variations in the
number of light atoms present, then a split-
ting of the impurity vibrational mode struc-
ture would occur. Some cells might have
eight light interstitials and some might have
seven; the frequencies of the impurity bands
corresponding to these cells would likely be
different (cells with seven interstitials would
have an even softer potential than cells with
eight). The resulting vibrational band struc-
ture would allow energy transfer from the
lattice to be induced by interstitial vacancy
production. This is very important in ex-
plaining neutron production, as we shall see.

So what would one expect to sce if all of
this were actually true? It would surely be in-
teresting.

We first consider processes that would
change the number of host lattice vacancies.
For example, the lattice might induce alpha-
decay in the nucleus of a metal atom. Alpha
decay is akin to a nucleus exploding—a part
goes off in one direction, a part goes off in
another direction. At the end of all of this,
the nucleus that has split is no longer intact
where it initially was, and a vacancy is pro-
duced. This is one possible lattice-induced
reaction, and it is calculated to be a dominant
process in PdD when the lattice energy trans-
fer is on the order of 5 MeV.

In the calculations done so far on these
processes, it has been convenient to consider
the various decay modes of the lattice as a
function of the energy transfer from the lat-
tice. Presumably it is easier to transfer a little
energy from the lattice than it is to transfer a
large amount of energy. The processes that
occur with the least amount of energy are re-
coil reactions, in which two nuclei push off
of each other. In PdD, two Pd nuclei should
recoil with as little as 20 eV of energy sup-
plied by the lattice. Such a gentle recoil
would be very difficult to see, unless a very
sensitive experiment were set up to monitor
for slow atoms coming off of the surface in
vacuum. A deuteron might recoil off of a Pd
nucleus; if driven by Pd vacancy production,
this might occur with as little as 500 eV en-
ergy transfer. Generally, little else can occur
without significantly more energy transfer
from the lattice.

If the energy transfer is more than one

ve beta-decay reactions back-
wards, with extra to spare in or-
der to cause the nucleus to recoil
sufficiently to produce a vacancy,
then element transmutations
should occur. [Yes, modern-day “alche-
my.”"—Ed.] The lowest energy decay of this
type is electron-capture of 105py to produce
105y, requiring almost 2 MeV to make the
reaction go as a lattice-induced process. (An
electron from the electron cloud is captured
by a proton in the nucleus, creating a neu-
tron—this is electron-capture.) One nice fea-
ture of these reactions is that the new iso-
topes produced are radioactive with relative-
ly short half-lives (hours to years), and are
hence relatively easy to detect in low quanti-
ties. These reactions can be accompanied by
“prompt” gamma emission, due to the for-
mation of unstable excited states, and de-
layed gamma emission resulting from the be-
ta decays of the unstable species. [There ex-
ists solid evidence now that these transmuta-
tions have been observed in several cold fu-
sion experiments—4&£d.)

At still higher energies, the nucleus itself
will begin to blow apart. As mentioned
above, alpha decay requires on the order of 5
MeV, and proton decay and neutron decay
cuts in near 10 MeV. Binary fission channels
involving more highly charged daughter nu-
clei continue to open up at up to 50 MeV,
where the Pd nucleus can split in half.
Ternary fission and more violent higher or-
der decays persist at even higher lattice ener-
gy transfer.

Lattice-induced reactions involving inter-
stitial nuclei are also possible if the lattice is
highly, but incompletely, loaded. For exam-
ple, in PAD where a modest concentration of
both Pd and D vacancies occur, the creation
of D vacancies can cause vibrational modes
to jump across band gaps as discussed above.
The lowest energy transfers are simple re-
coils, as in the case of host metal nuclei con-
sidered above. However, if the interstitials
are deuterons, then the recoil can lead to
neutron production at low levels through d-d
fusion. Within this theory, this is the route
towards the so-called “cold fusion™ neu-
trons—2.45 MeV neutrons— (assuming that
they are, in fact, real).

Recoils with electrons occurs at a few
KeV (thousand electron volts). The onset of
the electron recoil channel is predicted to
quench deuteron recoil as the lattice energy
transfer increases. According to this model,
elements with more deeply bound deuterons
will be able to sustain a higher level of neu-
tron production, since the neutron production
rate is strongly increasing below the point
where electron recoil quenches the reactions.
For example, the barrier energy for deuteron-
hopping in Pd is about 0.25 eV, and in Ti (ti-
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tanium) is about 0.50 eV; assuming that a
larger barrier energy inhibits deuteron recoil,
then Ti should be capable of achieving a
higher neutron production rate than Pd in the
presence of roughly comparable phonenic
excitation.

Little else is predicted to occur until quite
high lattice energy transfers. Continuum
gamma production is predicted when local
microscopic electric or magnetic fields
Compton scatter (with assistance from the
lattice) off of deuterons, at transfer energies
above 60 KeV. Lattice-induced neutron ion-
ization from deuterium nuclei (mediated by
local electric or magnetic fields) is predicted
at transfer energies above 2.225 MeV; this
could result in quite high rates of neutron
production.

The predicted lattice-assisted reactions
that are discussed above seem in some cases
to agree with the results claimed in “cold fu-
sion” experiments, There has been much dis-
cussion of low-level neutron emission in
“cold fusion” experiments, including experi-
mental claims of both random emission and
bursts. Claims for gamma emission, includ-
ing both line radiation (single frequency ra-
diation) and continuum radiation, have been
reported. Activation of the host lattice—the
production of short-lived radionuclides—has
also been claimed. These phenomenon, if
true, may simply be the result of energy
transfer from vibrational modes highly excit-
ed by a phonon laser amplifier. More impor-
tantly, whether the claims are true or not,
such phenomena would be expected from a
properly prepared metal hydride sample that
is suitably excited.

The third “miracle”

There is really nothing that is retrospec-
tively surprising or “miraculous™ about the
first two “miracles™ discussed above. If the
essential physics described here were pre-
sented to physicists of the late 1930s (hypo-
thetically transported here for a discussion), 1
think that they would be impressed by the
optical laser (which could have arrived in the
1930s). Yet the basic physics had been de-
veloped by the end of the 1930s. With their
background, they would be able to under-
stand the physics that has been discussed.

Being conservative (as physicists have al-
ways been). they would of course not believe
it to be true until they saw it demonstrated
cleanly experimentally (or unless they
demonstrated it themselves), so that they
could be absolutely sure that it was true. In
this, they would be disappointed, as physi-
cists today are. Although the ideas are
straightforward, there exists presently no ex-
periment, in which a metal deuteride with a
demonstrably suitable vibrational mode
structure, with known loading, and with
measured levels of high vibrational excita-
tion, that has yielded an unambiguous signa-
ture of any of the mechanisms discussed
above. | do not believe that such an experi-
ment will be in hand any time soon, given
the general level of interest and support
presently available. The experimental evi-
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dence for “cold fusion” nuclear effects and
excess heat is clear enough, but linking them
unambiguously to the mechanism [ have pro-
posed is another matter.

To some degree, the situation is worse in
the case of the third “miracle.” This is the
“miracle” of the neutrons that hop from one
nucleus to another. In doing so, they appear
to be oblivious to the demands of Heisenberg
(the Heisenberg Uncertainty Principle) that
they should remain localized in the very
deep potential wells of their parent nuclei. In
fact, in such hopping, the neutrons are al-
ways subject to the laws of quantum me-
chanics—it is only our intuition that might
require modification. That such an effect ex-
ists in principle is certain; that such an effect
is sufficiently strong to lead to heat produc-
tion at the levels claimed is unknown, al-

esting effect would result. This type of reac-
tion would generate heat from stable nuclei,
producing stable nuclei as an ash, and do so
cleanly. Consequently, neutron hopping,
combined with lattice energy transfer
through highly-excited frequency-shifting vi-
brational modes, might well be an explana-
tion for the heat effect in Pons-Fleischmann-
type experiments.

Now why should this be considered to be
“miraculous.” Neutrons that are bound in
isolated nuclei are known to be strongly lo-
calized. They may wander a few fermis (a
few nuclear diameters) from the nucleus
through tunneling; they may also wander a
few fermis distant by coupling off-resonantly
to free-neutron states. These mechanisms are
altogether different, and sometimes con-
fused, since the end result of their effects are

similar for isolated nuclei.

Neutron transfer reactions
may be an interesting route
to the clean production of
nuclear energy, with stable

fuels and ashes, and with

very low radioactive

emissions. This is perhaps
the most exciting prospect.

In order to get a neutron from
one nucleus to another in the lat-
tice, it has to be arranged for the
neutron to wander much further
than a fermi: typical atomic dis-
tances are measured in
Angstroms, instead of fermis. The
probability that a bound neutron
can be found so far away from a
nucleus is vanishingly small in the
case of an isolated nucleus. That
the lattice should make any differ-
ence at all in an effect that seems
to be entirely local, is what makes
this effect seem to be “miracu-

though the arguments in support of this be-
ing so are strong.

Unfortunately in science, the fact that one
person believes something to be true—based
on the experimental evidence and on theoret-
ical grounds—and has reasonable quantita-
tive arguments, ultimately never settles any-
thing. In some cases, one’s colleagues will
suggest a good night's sleep or perhaps some
aspirin: in other cases, these colleagues will
go much further and bring forth accusations
of incompetence, or worse. 1 propose to try
to settle the matter by calculating (or by con-
vincing some colleagues to calculate) in
some detail the relevant so-called nuclear
matrix elements (which have thus far only
been estimated); this is where I think the es-
sential uncertainty lies. Better, of course,
would be to measure hopping rates and de-
termine the matrix elements experimentally.
As a result, this “miracle” presently requires
some faith that unknown interaction matrix
elements indeed have a sufficiently large val-
ue, and not some value a factor of 10 small-
er.

All right, so what is this “miracle™ all
about? If neutrons can hop from one nucleus
to another equivalent nucleus, it would be at
best of academic interest. If, instead, neu-
trons hop to a non-equivalent nucleus, and if
the difference in binding energy can be
transferred to the lattice through the mecha-
nisms described above, then quite an inter-

lous.”

In the case of tunneling—of a
positive charge penetrating the
Coulomb barrier, I think that the argument is
sound; there can be no significant enhance-
ment in tunneling due to the presence of a
lattice. But the second-order coupling to con-
tinuum states does not work the same way.
The coupling of bound neutrons to free states
is rather strong; the small excursion distance
that occurs in the isolated system is due to
interference between the different free neu-
tron states. This interference effect is at the
heart of quantum mechanics: in the famous
“two-slit” experiment, the presence of a sec-
ond path can interfere with the first path.
Electrons and neutrons diffract from crystals
because of this interference. The interference
that occurs between the different “paths™ of
all of the free states is a straightforward gen-
eralization of this effect.

The mathematical description of this ef-
fect leads to an expression for the spatial ex-
tent of the neutron away from the nucleus
that is written as a sum over all of the contin-
uum states including interference effects.
The result in the case of an isolated nucleus
is a probability distribution that decays
rapidly exponentially away from the nucleus.
The end result is similar to the result in the
case of tunneling, but the physics is very dif-
ferent.

How can the lattice change this? Each of
the individual free neutron states extends
out, far away from the nucleus. These waves
“sample” the surrounding environment, and
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sac- they will surely notice the pres- [guope  meutonBinding  tsotope  NeutonBinding  lsolope  NewtonBinging | CH1ect. In the case of free neutrons
lei, ence of a nearby lattice. If the | . Er;rg {MeV) N _Egirw (MeV) - Energy (MeV) with one unit of angular momen-
) S0 surrounding environment inter- | 1955 g5y Pb 7?3&;2’9 1?283 ;’;333; tum, the translation symmetry of
ng, acts with the waves strongly, | 2% 61918 W 74120 2vg 80287 the lattice is capable of changing
fer the waves will no longer inter- lsrgﬁ ggﬁ mE: 3‘;123 543?“ S;??Sfi the angular momentum, so no ad-
vi- fere so precisely as before; in :ggg g-ﬁ; E? o ;?5:232 ‘;gg: :g-% ditional stimulation is required.
na- this case, the destructive inter- | 1Tlyy,  gg147 1 7.9225 62y 10,5978 So what are the implications of
nn- ference that caused localization ;33;3 s ;,3535" o] :‘:': Ly o a neutron hopping effect? The
in the case of an isolated nucle- : : : . simplest example of this effect is
1 be us, can be broken. The neutron Table Il. Binding energies of neutrons of stable nuclei (and tritium) in the case of neutron hopping be-
Iin can be delocalized, at least in for isotopes that will interact less strongly in neutron transfer tween equivalent nuclei, which
lo- principle. Neutrons generally reactions [that will have conﬁgurmion mixing \4:1"”1 stable would look like an enhancement
i (a interact only weakly with other parents and p-wave continuum neutron orbitals]. of the self-diffusion process. For
eus nuclei in a lattice. Calculations example, if a silicon crystal were
xra of the effects of Bragg scattering on the free | from the nucleus, and the resulting interac- | specially constructed with alternating layers
atly waves in fact demonstrated an effect, and | tion is predicted to be quite weak. of 28g; and 29g;, then the effects of self-dif-
are there occurred a quite miniscule probability Estimates so far suggest that when the free | fusion (under a narrow band phonon drive)
on- that the bound neutrons could be found quite | neutron has one unit of angular momentum, | could be monitored by neutron Bragg scat-
are far (microns) away. Unfortunately, the effect | that the centrifugal effects are strong enough | tering. Neutron diffraction peaks correspond-
is much too weak to be observed. to preclude sufficiently large coupling to | ing to the imposed order would be present
om A much larger effect is predicted if the | give reaction rates fast enough for heat pro- | initially and would disappear in time due to
lat- Bragg scattering is resonantly enhanced. | duction. However, experimentally it is | the self-diffusion. This effect should be ob-
the Thermal neutrons are observed to be strongly | claimed that many Ni (nickel) light water ex- | servable on a day to week time scale. A simi-
her absorbed or scattered by nuclei that have a | periments appear to give heat at quite modest | lar crystal with alternating layers of 28g; and
lis- bound state that is nearby in energy. This ef- | current densities (and hence possibly quite | 30g; would show no such effect.
in fect is about the only process that competes | low lattice energy transfer). It is tempting to If neutron hopping between equivalent nu-
The successfully with Bragg scattering in a crys- | conjecture that neutron transfer reactions in- | clei that couple to a neutron with one unit of
ron tal. A bound neutron that mixes with free | volving nickel occur, specifically that a near | angular momentum occurs, the resulting ex-
na neutron states does so in a way that is pecu- | resonance (12 KeV) occurs for 62); as | periment would be even simpler. In this case,
the liar; the momentum of these states is precise- | donor and 29g; as acceptor. For this to be | a crystal with alternating isotopic layers
hat ly what would be expected for normal free | true, since the nickel isotope couples to a | would spontaneously show self-diffusion
er- neutrons, but since the neutrons are actually | free neutron with one unit of angular mo- | with no external stimulation. Even if the ma-
ms still bound, the corresponding energy is | mentum, the interaction matrix element must | trix elements are small, as in the crude esti-
kes many MeV less than that of a free neutron. | be more than 20 times larger than the crude | mates, this effect should still occur, but it
zu- Consequently, the free waves from the | estimates made so far. For this reason among | would occur at a much slower rate and there-
bound neutron will not be absorbed or scatter | others, it will be quite interesting to see what | fore be harder to see.
fa with the same cross sections of true free neu- Neutron transfer reac-
the trons, because their energy is very different. tions may be an interest-
Lis If new resonances can be found with an ener- . ing route to the clean pro-
ce- gy that roughly matches the energy of the The answer lo the questwn du%:!ion of nuclear energy,
fa bound neutron, then resonant scattering can | Qohere is this all going? ? may with stable fuels and ash-
n- occeur. 4 es, and with very low ra-
ay. Perhaps the most interesting example of | wwell be, for the United States at diouctive emissions. This
tes this is when other equivalent nuclei are pre- l ¢ h ) is perhaps the most excit-
e sent in the lattice. For example, if 29g; mix- BGSI, nownere. ..... ing prospect. This would
1o es with 28g; and a free neutron orbital, the be the case if neutron
2u- free neutron will consider all other 28g; nu- hopping between non-
the clei to be potential sites for resonant scatter- equivalent nuclei oc-
s ing, since if the free neutron were to be cap- | the results of detailed calculations show. curred with energy transfer to the lattice
£c- tured by these nuclei there would be a pre- If the only nuclei participating in these re- | through mechanisms described above. If
th. cise energy balance over all. This resonant | actions are those coupling to zero-angular | some of the “cold fusion™ heat experiments
als scattering process can be coherent, which is | nuclei, then the list is possible. Silicon would | are right and there in fact is excess heat, then
ice another way of saying that Bragg scattering | be the most promising, which is convenient, | this reaction mechanism would be a strong
of with a dramatically enhanced scattering | since there is quite a bit of silicon. If nuclei | candidate to explain what is going on.
- cross section is possible. that couple to neutrons with one unit of an- Tritium production is also claimed in
To make this work, a lattice must contain | gular momentum can participate, then the list | “cold fusion” experiments. Neutron hopping
ef- a mixture of neighboring isotopes; for exam- | is bigger (see Table II). In this case, at least | to deuterium would be much like the heat
2X- ple, 28g; and 29g;i. There are symmetry re- | one of the reactants (neutron donor or accep- | producing reactions, except that most reac-
s quirements that predict which isotopes will | tor) must be from Table I, in order for the | tions leading to tritium production are en-
in- show the largest effect; the angular momen- | transition rate not to be quite small. dothermic (energy-consuming), instead of
ts. tum of the free neutron ultimately determines The theory for these processes at this point | exothermic, as required for heat production.
s the strength of the coupling. For example, | has other requirements. For example, in or- | Since there is considerable evidence for
ys for the silicon isotopes 28g;i and 29g;, the | der for the resonant Bragg scattering to be | “cold” tritium production in many “cold fu-
us. free neutron has no net angular momentum, | effective, the free neutrons must undergo a | sion” experiments, this is very positive for
he which is optimum. A free neutron coupling | change in either linear or angular momentum | this mechanism.
if- to deuterium to make tritium is also a zero- | during a hop. In the case of zero-momentum S -
momentum interaction. The stable palladium | free neutrons, phonon exchange can change | YWhere is this all going?
of isotopes all couple to neutron states with two | the linear momentum of the neutron. Ther- This has outlined my approach to the theo-
ds units of angular momentum; the centripetal | mal phonons are predicted to be much less | retical problem that I think is behind the
es potential associated with this much angular | effective than a very strong narrow-band | “cold fusion” effects that have been reported
nd

momentum keeps the free neutron away

phonon field in producing a strong scattering

by many experimenters during the past sev-
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eral years. To date, there has been little inter-
est on the part of the wider scientific com-
munity, and on the part of funding agencies
in many countries, with the exception of
Japan. 1| suspect that this situation will con-
tinue unabated for some time. The answer to
the question “where is this all going?” may
well be, for the -United States at least,
“nowhere.”

Why should this be so? The scientific es-
tablishment is by necessity very conserva-
tive. This is also true of funding agencies; no
one wants precious research dollars to be
wasted on something that will not produce
results. Those working in the area of “cold
fusion™ are in some sense scientific “pio-
neers,” who are willing to work in an area
where there are possible questions about
whether their efforts will lead to solid re-
sults. This is not conservative science, at
least as viewed by the much more conserva-
tive scientific community.

Those working in the field have grown
used to years of incessant criticism from

theories that have been developed in the
field, and I think it is safe to say that there is
no consensus at all in the field as to what is
the correct theory for the effect.

What I think will make a difference to the
scientific community and to funding agen-
cies is a conservative demonstration of un-
derstanding, both experimentally and theo-
retically. Let me illustrate this idea under an
assumption that the theoretical ideas de-
scribed here are largely correct.

A program could be established that
would focus on the different pieces of the
puzzle, one at a time. For example, a pro-
gram could be established on optical phonon
lasers, with the goal of demonsirating a clear
theoretical and experimental understanding
of the effect and associated physics. A three
to five year program of about 10 research
groups would settle this in a conservative
manner, so that at the end there would be no
question in anyone’s mind as to whether op-
tical phonon lasers can be made and what
their parameters are.

Similarly, a pro-
gram could be es-

What I think will make a difference
to the scientific community and to
funding agencies is a conservative
demonstration of understanding,
both experimentally and

theoretically.

tablished to study
vacancy phonon
mode  structure,
again both theoreti-
cally and experi-
mentally. Such a
program could ex-
amine the genera-
tion and characteri-
zation of defect im-
purity bands in met-

their colleagues and from the press. The re-
sults of many years of effort on the part of
those in the field have led to numerous ex-
periments that have appeared to work again
and again. Conservative programs, such as
the IMRA programs in France and Japan, as
well as at SRI International, have focused on
what seems to be the most solid and most re-
producible effects in the field (the heavy wa-
ter excess heat production). Many others
have pursued the newer light water heat ex-
periments. Still others, such as the Claytor
group at Los Alamos National Laboratory,
have achieved reproducible production of
cold tritium.

But the scientific community in general
has not kept up with developments in the
field. They do not believe that there can be
an effect, and they have no interest or pa-
tience to find out what has been done and
what the current ideas are. Many in the field
have a dream in which at some point enough
experiments to sufficient precision will have
been done that will make the scientific com-
munity sit up and take notice. I think that this
is wildly naive, based on past experience. No
amount of experimental results alone is like-
ly to have any significant impact, either on
physics communities or on funding agencies.
Sad, but true.

Neither will an apparently workable theo-
ry have a significant impact. There are many
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al hydrides of all
sorts, and very con-
servatively answer questions about the oc-
currence and spectroscopy of these bands.

The two efforts could be combined, which
according to the ideas presented here, would
lead to reproducible experiments demonstrat-
ing large energy coupling between lattices
and nuclei. Neutron production, fast electron
production, alpha production and host lattice
activation could be studied: this would be a
very exciting program.

A conservative and sustained effort to un-
derstand neutron hopping, both theoretically
and computationally, could also be carried
out. This would also be a rather exciting pro-
gram. Much of the condensed matter com-
munity has relevant expertise, and the results
of such studies have the potential to open up
a new feld.

The combining of all of these efforts could
then lead to assaults on the heat production
problem. The difference is that this time, the
assault would start from a position of deep
understanding. The goal of such an effort
would be to explore novel heat-production
technologies: to optimize heat producing
systems for various applications: and to work
with industry to bring these technologies to
the market place.

These are wonderful dreams and fantasies.
They could even come true. But we must be
a bit more serious, and face up to the fact
that we will continue to be the recipients of

severe criticism from colleagues and from
the press, and that there will be little support
for this work. Let us hope that the Japanese
will be able to sustain their efforts, and be
successful; and let us be content with con-
tributing to science in the hopes that these
ventures will be one day successful and
appreciated.

Biography:

When Peter Hagelstein returned to MIT in
1986 as an Associate Professor of Electrical
Engineering and Computer Science at age
32, he was already regarded as one of the
nation's brightest young scientists. He had
just left the Lawrence Livermore National
Laboratory in California to return to his alma
mater and the very department where he had
received the SB and SM in electrical
engineering (1976) and his PhD in 1981. In
addition to his MIT teaching, Professor
Hagelstein's work focuses on extreme
ultraviolet and “soft” X-ray lasers, as well as
on the physics of “cold fusion.” He has been
prominently involved with cold fusion research
since 1989. Among the subjects he has
taught at MIT are: numerical simulation;
quantum mechanics; and electrodynamics.
Under his supervision a table-top X-ray laser
facility has been developed at MIT. Prior to
his return to MIT, he held these positions at
Lawrence Livermore National Laboratory:
Physicist, Special Studies Group, Physics
Department (1981-86); Principal Project
Scientist, X-ray Laser Program (1981-1986);
and Group Leader for the NLTE
Computational Physics Group (1982-1985). In
1984, he was awarded the E.O. Lawrence
award for National Security. He has been a
consultant to AT&T Bell Laboratory and to
other corporations. Presently he is on the
scientific advisory board of ENECO. He was
also a JASON for several years.

Some of Professor Hagelstein’s Publications
on Cold Fusion:

“Coherent and Semi-Coherent Neutron
Transfer Reactions I: The Interaction Hamilton-
ian,” Fusion Technology Vol.22, 172-180,
(1992).

“Coherent and Semi-Coherent Neutron
Transfer Reactions II: Transition Operators.”
submitted to Fusion Technology (1992).

“Coherent and Semi-Coherent Neutron
Transfer Reactions I1I: Phonon Generation,”
Fusion Technology (May 1993),

“Coherent and Semi-Coherent Neutron
Transfer Reactions [V: Two-Step Reactions and
Virtual Neutrons,” submitted to Fusion Tech-
nology (1992),

“Coherent and Semi-Coherent Neutron
Transfer Reactions,” in Frontiers of Cold Fu-
sion, Proceedings of the Third International
Conference on Cold Fusion (Nagoya, Japan).
H. Ikegami, Editor, Universal Academy Press,
Inc., Tokyo, 1993, pp.297-306.

“Lattice Induced Atomic and Nuclear Reac-
tions.” Proceedings of the Fourth International
Conference on Cold Fusion, EPRI (1994)

“Neutron Transfer Reactions, P.L. Hagel-
stein and S. Kaushik, Proceedings of the Fourth
International Conference on Cold Fusion,

EPRI (1994).

SO
Stor
have
high
sior
crac
erf
hea
cold
bly
tion

colo
exp

hawi
colc
sea
yea
big

any
ste:
eng
mot
we'
hyd
roul
ably
ing

siot
ere
bre
line
bini

we
spi
dril
arg
nes
of |
ing

\

airi
ne\
mit
cor
po
pre

ing

etl
ap
co
sci
niz
to

it's
the
gy
se

be

O e T ITTEE————





