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Abstract

Excess heat in the Fleischmann-Pons experiment presents numerous challenges for theorists, the biggest of which is to account
for the absence of energetic nuclear particles in amounts commensurate with the energy produced. Our focus has been on the
development of such a model, with recent progress reviewed. To account for excess heat production we contemplate a complicated
model based on nuclear excitation transfer, subdivision and the down-conversion of keV nuclear quanta to a large number of
phonons. The phonon-nuclear interaction that provides the foundation has been derived from a many-nucleon Dirac formalism,
and we discuss recent efforts to confirm and improve upon the derivation. The quantification of the models under consideration
require the evaluation of phonon-nuclear matrix elements, with recent progress discussed. The first step in the excess heat model
involves the excitation transfer of a 24 MeV quantum associated with the D2/4He transition, which motivates a consideration of
modeling and connections with experiments showing low-level energetic nuclear emissions. The analogous first step in the case
of the 5.5 MeV quantum associated with the HD/3He transition is considered, where there is the possibility of low-level energetic
nuclear emission, and where the issue of the availability of near-resonant energy levels can be studied. A nearby level in 137Cs is
identified, which suggests a possible mechanism for the acceleration of the decay rate. We have recently revisited the issue of the
null reaction, in which a D2/4He transition leads to the production of a compact Do state from 4He, with the conclusion that this
may be important in models for excess heat production and for low-level nuclear emission. Progress on subdivision is reviewed,
including connections with experiments showing low-level nuclear emission, and candidates for laboratory tests. The possibility of
anew °7Co/°"Fe resonant excitation transfer experiment in a near single crystal sample is presented. A numerical approach for the
evaluation of the rate for excess heat production in the models under discussion is discussed.
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1. Introduction

For more than three decades following the announcement of excess heat in the Fleischmann-Pons experiment there
has been the promise of a small scale clean nuclear energy source [1], [2]. Progress has been hindered due to a lack
of resources and manpower, largely due to the belief within the mainstream physics community that the basic effect is
inconsistent with nuclear physics and solid-state physics — in essence that there is no possibility that the excess heat
effect could be real [3].

One approach to changing things is to develop a (useful) commercial product based on Fleischmann-Pons excess
heat, which would once and for all provide an unambiguous demonstration that the effect is real. Quite a few efforts
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along these lines have over the years met with financial or technical headaches, but the prospects at present seem good
that some of these efforts (such as Technova [4]-[6] and Brillouin [7], [8]) will succeed.

We have long focused on the question of how it works [9]-[11] which if solved could help move the experiments
and technology development forward. To engage the mainstream scientific community in taking an interest in theoret-
ical and experiment problems in the field has always been a major goal, but in our view this has always been more of
a social rather than a scientific issue.

The theoretical challenges associated with how it works have been intimidating from the start. Critics and skeptics
initially drew attention to the lack of neutrons and 24 MeV gammas as evidence that dd-fusion did not occur [3], argu-
ing that the source of the energy could not be nuclear. At this point it seems clear that the critics and skeptics did not
go far enough — in many experiments considerable energy is detected but there is no evidence for the presence of any
energetic nuclear particles in amounts consistent with the energy produced (and also no evidence for the much larger
amount of chemical reaction products that would be needed to account for the energy). According to the textbooks,
energetic nuclear particles must be produced in connection with energy generation as a direct consequence of energy
and momentum conservation; hence, their absence would seem to require a violation of energy and momentum con-
servation at the outset. From our perspective this was the biggest theoretical problem, even though it was not the main
focus of the critics early on.

As has been often repeated for more than 30 years the Coulomb barrier between deuterons would be expected to
prevent deuteron-deuteron interactions and fusion at the fermi scale in the case of collisions near room temperature,
or due to tunneling in molecular Dy [12]. This argument has been used effectively to rule out excess heat in the
Fleischmann-Pons experiment. A focus in connection with this argument was on the rate for incoherent Dy fusion,
which would result in energetic nuclear products such as neutrons — hence, the theoretical argument that this process
is too slow to account for the excess heat effect should be understood as being in agreement with experiment. We
know that excess heat is not due to tunneling in D5 leading to incoherent dd-fusion, since the corresponding dd-fusion
neutrons are not seen. A better question to have been asked is whether the fusion rate for a mechanism more closely
connected with experiment, in particular one which did not result in neutrons or other energetic nuclear particles, could
be on the order of what is observed in experiment.

Aside from being the source of theoretical headaches, the absence of commensurate energetic nuclear emissions
prevents the reaction mechanism from being studied using conventional nuclear diagnostics. For example, in conven-
tional fusion or fission reactions the energetic nuclear products are detected [13], and from measurements we know a
lot about what goes on internally during the reactions. We are not able to make use of the same diagnostics to study the
nuclear processes which occur to produce heat in the Fleischmann-Pons experiment, which has prevented an experi-
mental elucidation of the reaction mechanism. For experimental nuclear physicists this gives rise to doubt that excess
heat generation has anything to due with nuclear processes.

The theoretical picture which has emerged from our efforts is at once both simple in concept [9]-[11], but com-
plicated in implementation. The theoretical starting place has to be the absence of commensurate energetic nuclear
particles, which implies that nature has found a way to take a very large 24 MeV nuclear quantum and split it up into
an enormous number of lower energy quanta. Such a thing is unprecedented — while down-conversion as a physical
process is certainly known, we have no examples where a large quantum is split up into on the order of 10° smaller
quanta; yet that seems to be what is needed to account for the experimental results.

This immediately leads to more theoretical headaches. We might expect that a large down-conversion effect might
be possible in a strongly coupled quantum system. However, models for nuclei embedded in a solid view the internal
nuclear degrees of freedom as largely independent of condensed matter degrees of freedom (such as vibrations or
plasmons), with only a weak second-order interaction resulting from perturbations of local electric or magnetic fields.
On the face of it the prospects for strong coupling are not encouraging.
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All of this emphasizes just how daunting the theoretical issues are, with little help from mechanisms studied in the
mainstream literature.

A positive step toward a potential solution came first in the case of new mechanisms for down-conversion. If
we consider down-conversion in the case of generalized spin-boson models (or sometimes referred to as Dicke mod-
els), an analysis of up-conversion and down-conversion indicates that the indirect coupling between an initial state
and final state (where the conversion has been completed) under normal conditions is hindered by destructive in-
terference. Hence, any mechanism capable of reducing or eliminating this destructive interference will result in a
dramatic many-orders-of-magnitude increase in the up-conversion and down-conversion rate. In 2002 we noticed that
loss asymmetric around the resonant energy point could greatly reduce the destructive interference and dramatically
enhance up-conversion and down-conversion [14]-[18]. Models developed to quantify the effect suggested that a
down-conversion of a large quantum into on the order of a million smaller quanta was within the realm of possibility.
For many years our focus was on this kind of model, until we recognized relatively recently that there needed to be
another mechanism (from an initial comparison of theory and experiment from results of excitation transfer experi-
ments) [10], [11]. In this case there is an obscure effect in which the nuclear binding energy varies off of resonance,
which can greatly reduce the destructive interference.

Another positive step was the recognition that there could be an alternative coupling mechanism between internal
nuclear states and condensed matter modes beyond the weak second-order interaction based on electric and magnetic
fields. The idea is that a nucleus embedded in the lattice must be consistent with relativity, undergoing a Lorentz
contraction as well as spin and isospin rearrangement when in motion, so that changes in the internal nuclear state
when the nucleus moves in connection with lattice vibrations implies a (low-order) relativistic phonon-nuclear inter-
action [19]. This provides a stronger phonon-nuclear interaction than results from local electric and magnetic fields. It
also addresses the conceptual issue of how the small fermi-scale internal nuclear degrees of freedom can interact with
lattice vibrations organized on the meso- or macro- scale involving a large number of atoms.

At some point theory needs to connect in a meaningful way with experiment. Ideally, we would like a clean
demonstration of the phonon-nuclear interaction in the simplest way possible, which would be in a process where
the exchange of a single phonon results in the change of an internal nuclear state. Unfortunately, this doesn’t work
since relevant phonon energies are much less than 1 eV and relevant nuclear transition energies are greater than 1 keV.
Consequently, the lowest-order physical effect that we might study is excitation transfer, in which the excitation in
one nucleus is transferred to a different nucleus, with the exchange of (at least) one phonon for each nuclear transi-
tion [20]. This second-order process then by necessity becomes the focus of basic experimental studies to clarify the
phonon-nuclear interaction. In our lab we have evidence for resonant phonon-mediated nuclear excitation in observa-
tions of dynamic angular anisotropy, and observations consistent with nonresonant excitation transfer in delocalization
experiments [21]-[23].

The mechanism for accelerated up-conversion or down-conversion mentioned above operates through a large num-
ber of sequential non-resonant excitation transfer steps which must occur before the system decoheres. If excitation
transfer can be rapid, then there is the possibility of a subdivision effect, in which a few excitation transfer steps starting
from an initial excited nuclear state leads to excitation in two or more nuclei at lower energy where the total energy is
conserved [10], [11]. An unambiguous demonstration of subdivision in the lab has not yet been accomplished, but it
may be that some of the low-level neutron emission seen in experiments with deuterated metals might be a result of
subdivision.

As another positive step in the development of a picture for excess heat generation, subdivision provides a bridging
mechanism, allowing for some of the down-conversion to take place largely in the nuclei (through subdivision), and
the rest of the down-conversion to take place as a multi-phonon process through a coupling of a few nuclear transitions
with a highly-excited vibrational mode.
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Figure 1. Schematic of the model for excess heat production under consideration. The first step is excitation transfer of 24 MeV from the D2/*He
transition to produce excitation in a Pd nucleus (or other nucleus in the lattice). This is quickly followed by a subdivision step resulting in two
excited nuclei with roughly 12 MeV each. More subdivision steps leads ultimately to a thousands of nuclei with much lower levels of excitation —
likely involving excited impurity nuclei since the Pd isotopes do not have long-lived low-lying excited states. Finally, this lower nuclear excitation
is down-converted into phonons.

The overall picture for excess heat production consistent with these mechanisms is illustrated in Figure 1. It is clear
that the overall process is pretty complicated, being made up of many individual theoretical pieces. If the associated
dynamics can proceed coherently (in the sense of a coherent quantum process analogous to Rabi oscillations), then
there is the possibility of great acceleration in the associated reaction rate. The decay associated with a quantum
mechanical incoherent process is governed by the Golden Rule, and the associated rate is quadratic in the coupling
matrix element. The dynamics associated with a quantum mechanical coherent process can be linear in the coupling
matrix element. For incoherent fusion, the coupling matrix element is hindered by the Gamow factor e~ resulting
from tunneling through the Coulomb barrier, so that the reaction rate is proportional to e =2 If the mechanism outline
above proceeds as a coherent quantum process, then the rate can be proportional to e~ . Since e~ is on the order
of 10740, there is the potential for a dramatic acceleration of the reaction rate (and hence fusion rate) due to quantum
coherence.

In what follows we review some recent advances in the theory, models, picture, and applications.

2. Lowest-Order Phonon-Nuclear Interaction From the Dirac Model

We consider first the lowest-order phonon-nuclear interaction derived from the Dirac model. As discussed briefly
above, the idea is that the internal degrees of freedom of a nucleus are modified as the nucleus moves in connection
with lattice vibrations due to relativity, which means that there must be an associated relativistic phonon-nuclear
interaction. Our preference would be to make use of a fully covariant model for the derivation of the effect, which
the many-body Dirac model with realistic interactions is not. However, the Dirac model is relativistic, it is cast in a
Hamiltonian formulation which make a derivation simple, and over many decades of use we know that the Dirac model
is capable of capturing a significant part of the relativistic contribution to the quantum problem.
We can start with a many-particle Dirac model in the form
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Zﬁjmc +Za] cpj+Zij (1)
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and then make use of a partial Foldy-Wouthuysen transformation to obtain [19]
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What this transformation does is to provide for an approximate separation of the center of mass degrees of freedom
(as a nonrelativistic problem) and relative degrees of freedom (as a relativistic problem). On the first line are terms
that can be interpreted as the center of mass kinetic energy, a relative Hamiltonian for the internal nuclear states, and
low-order terms that provide a coupling between the center of mass and relative degrees of freedom.

The lowest-order phonon-nuclear interaction describing single phonon exchange from this model is

Hine = a-cP 3)

where the center of mass momentum P for a nucleus in a condensed matter environment is an operator made of up
phonon creation and annihilation operators, and where a is an operator which acts on the internal nuclear degrees of
freedom for consistency with the Dirac model version of relativity. The a operator is given by

1 1
a = mzﬁJﬁ-J + Wz |:(5jaj +Bkak)7ij : )
J J

3. Unsuccessful Effort to Correct the Many-Particle Dirac Model

The relativistic phonon-nuclear interaction mentioned above provides one foundation for the models under discussion.
Consequently, a concern is that this interaction does not appear to be known in the mainstream literature, and we have
been concerned that it may not be a real physical effect. A headache is that our derivation of the effect is from a
model based on a many-particle Dirac model, and it is well known that the many-particle Dirac model with realistic
interaction is not covariant.

One way to proceed might be through the development of a modified many-particle Dirac model which is corrected
in order to make it more covariant. The thought was that this might clarify whether the proposed phonon-nuclear
interaction is real, or an artifact of the many-particle Dirac model. A substantial effort was put into the problem,
ultimately without success. It seems useful to give an account of the ideas and issues here.

To make a version of the many-particle Dirac model that is more nearly covariant, what is needed is a consistent set
of operators for the many-particle system H,P,J and K associated with translations in time, space, rotational angle
and momentum. Poincaré invariance requires that these operators satisfy [24]—[28]
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Strictly speaking, such coupled commutation relations are quite difficult to solve in general. For the special case of a
many-particle Pauli model, a solution by construction was found for a Pauli type of formulation (in which spins are
included, but not involving 4-vectors) by Foldy [29], and by Krajcik and Foldy [30].

Krajcik and Foldy noted that the most important of the commutation relations was the one involving boost and
Hamiltonian, which we can write as

K, H] = ihP (6)
In one attack on the problem we sought to develop a solution based on matching orders according to

H = F[+2+g0+ﬁ_2+"'

K=Kjg+K +K 4+ (7

Guided in part by the work of Krajcik and Foldy, after some experimentation we worked with Hamiltonian and boost
operators for the two-body version of the problem, trying a variety of different operators. A specific example makes
use of a Hamiltonian operator according to
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and a boost operator given by:

Ko = ri8imy +ry82mo &)
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For the commutation relation at different orders we found
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For this model we assumed that the potential satisfies
[1,V] = [82,V] = 0 (15)
as well as
1, V] = [r2, V] = 0 (16)

We were not able to develop a consistent matching of terms at all orders using this approach. Interestingly enough, it
is possible to obtain models which are more covariant than the two-body Dirac model as measured by deviations from
the commutators from zero at higher order (as this one is). The corrections to the potential are similar in this kind of
construction to those found by Krajcik and Foldy.

A two-body Dirac model with improved covariance would seem to be an important result, and worth further con-
sideration. We were very interested as a first application of the corrected model to see what happened to the phonon-
nuclear coupling terms. Consistent with our worst fears, the lowest-order phonon-nuclear interaction involving the
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potential is cancelled out by the new correction terms. This appeared to suggest that the phonon-nuclear coupling in-
teraction obtained from the many-particle Dirac model is an artifact, and that the interaction goes away when corrected
to be more covariant.

However, there is a problem in this argument that needs to be thought about. If we view the problem as a mathe-
matical problem, then we have succeeded in developing versions of the two-body Dirac model which are objectively
more covariant, and in a physical system governed by the resulting Hamiltonian the lowest order potential contribution
to the phonon-nuclear interaction vanishes. However, if we view the problem as a physics problem, then through this
construction we have added corrections to the potential, and the question might be asked whether the new terms cor-
respond to things that are measured in the lab. In this case the corrections needed to improve covariance correspond to
low-order interactions that are not observed experimentally.

The conclusion at this point is that two-body Dirac models with improved covariance that we found developed
using this approach involve interactions that are not physical.

There are additional subtleties with this approach. One is that even if operators are constructed that satisfy the
commutation relations, it is possible for the solutions to be non-covariant. An example of this is for non-interacting
particles with different masses, where in the +— and —+ sectors the energy-momentum relation is not covariant.
This might provide additional support for not including not including mixed sector solutions in general in connection
with physical systems for the many-particle Dirac model. It is possible that the Poincare commutation relations over-
constrain the model, since at the end of the day covariance is only needed in the positive energy sector.

4. Thinking About the Foldy and Krajcik-Foldy Transformations

Even though the approach outlined above did not pan out, the development of two-body and many-body Dirac models
corrected to be more nearly covariant remains of interest. This led to a consideration of making use of a transformation
similar to what was pioneered by Foldy [29] and by Krajcik and Foldy [30] (but applying it to the two-body Dirac
model).

The basic idea is to start with a Hamiltonian H expressed in terms of individual particle positions and momenta,
and then rotate to produce a rotated Hamiltonian H' expressed in terms of center of mass and relative positions and
momenta:

eisﬂ’(rl’r27f)1’f)2)e—is - ﬁ/(r7Raf)7]-5) (17)
where r; and p; are individual particle position and momentum operators, where r and p are relative operators and

where R and P are center of mass operators. Ideally the Hamiltonian H would be the two-body Dirac model with a
correction

H = Bimc® 4 Bamc® + a1 - ¢y + ag - cpa + Vig + 0H (18)

where 6 H would make the resulting model more nearly covariant. The rotated Hamiltonian H’ would ideally involve
a covariant combination of the at rest Hamiltonian (perhaps with a rotation) and center of mass energy.

In the event that the potential is set to zero, it is possible to develop this kind of transformation exactly, since
the two-body Dirac equation is covariant (if the masses are equal). We have developed a construction of this kind at
different orders based on

e’ (51m02 + Bame® + a1 - cp1 +az - cﬁz) e = [ (19)
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where the part of the rotated Hamiltonian in the positive energy sector is consistent with [31]
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An interpretation is possible that q is the Dirac model’s version of the relative momentum in the moving frame. After
experimenting with a large number of approaches that uniformly failed, it was encouraging to see that this construction
could be carried out reasonably for this simple model.

The generalization of the approach to include a potential on the face of it appears to be straightforward — we have
carried out such a construction for several orders. The initial conclusion based on this exploratory calculation is that
a rotation is possible resulting in a transformed Hamiltonian consistent with covariance up to higher order than we
were expecting (and higher order than is obtained from numerical calculations). The headache is that at each point
in the construction terms appear which could be treated as covariant corrections to the Hamiltonian, or which can be
rotated out (so that their impact is deferred to higher order) — and we are not yet able to identify what the lowest-order
correction should be.

The conclusion for now is that it should be possible to develop a version of the two-body Dirac model where
the lowest-order covariant correction can be identified. An issue is that it is possible that corrections which improve
covariance may also be nonphysical. Another issue is that requiring overall covariance in this case may over-constrain
the system as once again covariance is only required for the positive energy sector.

5. Exploratory Numerical Solutions

In connection with the models investigated above, we developed a finite basis code to solve the two-body Dirac model
with a scalar SHO potential in order to gain some insight as to how much the lack of covariance of the model impacted
the eigenvalues for a composite in motion. The results were interesting.

We found that the energy-momentum relation for the ground state in the positive energy sector was very nearly
consistent with covariance (the numerical and analytic covariant solutions cannot be distinguished for the parameters
studied as shown in Figure 2), which is encouraging [31]. We also found that (minor) nonphysical changes in the level
splitting occurred in the moving frame. Of concern is that the deviations from covariance occur at the same order
(|P|?) as would occur with the term giving rise to the phonon-nuclear interaction.

What remains to be done is to examine potential candidates for correction terms, and then to verify numerically
whether they are effective or not. At this point we are beginning to suspect that the lack of covariance is a consequence
of using a Hamiltonian formulation, and that corrections that improve covariance are nonphysical.

6. Phonon-Nuclear Interaction From a Covariant Model

From the discussion above it might be concluded that the many-particle Dirac model is good enough to allow a deriva-
tion of the phonon-nuclear interaction at low order, but the lack of covariance probably precludes a treatment at high
order and doubt remains as to whether the low-order interaction derived is physical. This motivates interest in whether
the interaction can be derived from a covariant model.



Peter L. Hagelstein / Journal of Condensed Matter Nuclear Science 36 (2022) 210-246 219

E,./Mc?

1.0 L . . .
0.0 0.2 04 0.6 0.8 1.0

P/Mc

Figure 2. Numerical (blue) and analytic covariant (red) ground state energy as a function of the center of mass momentum for a two-body Dirac
model with an SHO potential with hwg /M c? = 0.02.

One such model is the covariant two-body Bethe-Salpeter model, which for us is an obvious candidate with which
to examine the issue. We worked with a version of this model in a form close to the two-body Dirac model described
above, and make use of a partial Foldy-Wouthuysen transformation which leads to an approximate separation of the
(nonrelativistic) center of mass degrees of freedom and (relativistic) relative degrees of freedom. The model that results
includes terms which are close to those derived from the two-body Dirac model. In this case the kernel describing the
interaction is transformed according to [31]

V/(k7 6) = V(ka 6) + %]\40 |:ﬁla1 + ﬁ2a27 V(ka 6):| : 15 +-- (22)

This compares well with the lowest-order interaction due to the potential obtained from the two-body Dirac model

. 1 N
Hiny = e {ﬁlal + Baaxa, V(|ra — r1|):| P (23)
It is very encouraging that the phonon-nuclear interaction can be derived from a covariant model, and that the lowest-

order interaction is essentially the same as obtained from the two-body Dirac model.

7. Progress on Matrix Element Calculations

A quantification of the models under discussion in this paper requires the evaluation of phonon-nuclear matrix ele-
ments, as well as the estimation of off-resonant energy shifts. Years ago we made use of Pauli reduction to develop
an estimate for the phonon-nuclear matrix element for the Dy/*He transition [32]. A better approach to this problem
would be to develop a reduction for the phonon-nuclear interaction, and to develop a more standard calculation. An
early attempt as this kind of model was carried out for the spin-orbit contribution to the phonon-nuclear matrix element
in the case of the 6.2 keV transition of 181Ta [33].
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7.1. Nonrelativistic Reduction

The phonon-nuclear interaction discussed above is given in terms of relativistic operators; however, most nuclear
structure calculations these days are done in the context of a nonrelativistic description with nonrelativistic interactions
that are derived from a covariant field theory (chiral effective field theory) model [34]-[37]. It would be possible to
make use of the relativistic phonon-nuclear interaction in connection with the relativistic interactions from this model,
and then reduce the expressions that result to a form appropriate for a nonrelativistic calculation.

This has recently been done for the relativistic one-pion exchange potential based on the spatial part of the pseu-
dovector interaction, which is consistent with the lowest-order interaction from chiral effective field theory [38]. For
the one-phonon exchange contribution this can be written as

“ . 1 ~ 1 N
(Hz{nt(j’k)>NR = - W |:o-j Py |:o'j ) P?‘/J(kaR):H - W |:0-k * Pk, |:o'k . Pv‘/;(kNR):H (24)

o (NR) . o . . .
where Vj(k ) is the nonrelativistic one-pion exchange interaction.

7.2. Progress on the HD/>He Phonon-Nuclear Matrix Element

One of the more straightforward calculations to be done is the evaluation of the phonon-nuclear matrix element in the
case of the HD/?He transition, which is important for models under discussion for excess heat in the NiH system. A
construction for the molecular HD states and doublet S component for the 3He state is given in [39], along with a
reduction of the spin, isospin, and angular degrees of freedom. The resulting matrix elements are in terms of relative
radial coordinates, which are convenient for numerical evaluation. The plan is to develop estimates based on simple
approximate radial wave functions, and afterward to attempt a more sophisticated calculation based on an optimized
three-body solution for the 3He nucleus.

There are many issues associated with such models. In an ideal situation one would like to work with a phonon-
nuclear operator that is consistent with the potential used. This would suggest that we should start with molecular HD
and 3He states evaluated with the chiral effective field theory model, and then develop reductions for the LO, NLO and
NNLO potentials [37] needed for the structure calculations. This would constitute a major theoretical project. It would
take much less work to make use of the same structure calculation, but then use only the lowest-order (LO) interaction
for the phonon-nuclear matrix element, with an associated loss of accuracy. Less work would be required to develop
wave functions based on older empirical potentials for the matrix elements, but then there is the issue of developing a
consistent phonon-nuclear interaction (since the older empirical potentials were not relativistic). In this case one could
make do with the LO contribution to the phonon-nuclear interaction in the large r regime, which would pick up some
of the contributions to the matrix element.

7.3. Progress on Models for Transitions in Heavier Nuclei

We would like to use or develop codes that can provide wave functions for heavier nuclei that could be used for the
systematic evaluation of phonon-nuclear matrix elements. Developing single configuration wave functions is straight-
forward based on effective interactions (such as the Skyrme interaction [40]). However, correlation is important in
structure calculations, and single configuration models in general do not give good results for E1, M1 or E2 matrix
elements for low-energy transitions. Much progress has been made including correlation through the development of
multiconfigurational structure models based on effective interactions (see [41] as an example of a substantial literature
on this problem). Codes (such as ANTOINE [41]) are available for this type of calculation, and there is the possibility
of developing a post-processor for phonon-nuclear matrix element calculations.
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We have considered the development of this kind of code for some exploratory calculations. In the case of the LO
chiral effective field theory interaction we can write the potential in coordinate space as

<C? 1
vpo(r) = % (Cls +Ch(o1-02) + §f72rNN(7'1 - T2) (01 '02)>Ucomact(7")

2
C 10
_ngN%(Tl : T?)%”ccntrul(r)

71-62 O1-T)(02T o110
- zNN/jIKJ:S(Tl'TQ)(( ! ig 2 )_ 13 Q)Utensor(r) (25)

For multiconfigurational calculations we require a reduction of the interaction in the case of simple (m-scheme [41])
basis states. For example, in the case of the central potential we can write for the central contribution to the general

matrix element
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At this point reductions have been developed for the Skyrme interaction, for the one-pion exchange potentials, and for
the LO and NLO potentials from chiral effective field theory.

With luck we will have some numerical results for phonon-nuclear matrix elements for problems of interest in the
coming year.
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8. Excitation Transfer of a 24 MeV Quantum

As discussed in the introduction, the overall process for excess heat production in the picture under consideration is
quite complicated. Since energetic particles are not seen in amounts commensurate with the energy produced, we are
not able to study the excess heat process when it is producing excess heat using standard nuclear particle detection.
Consider the first step of the proposed reaction process outlined in the introduction, which involves the transfer of
24 MeV to a (reasonably stable) highly excited state of a nucleus in the host lattice (either a Pd nucleus, or an impurity
nucleus). When excess heat is produced, the thought is that excitation in this highly excited state is rapidly transferred
elsewhere through excitation transfer processes associated with subdivision. If these excitation transfer processes are
fast compared to the lifetime of the highly excited nuclear state, then very little in the way of disintegration products
would be seen. It may be that the excitation is rapidly transferred to a longer-lived highly excited state prior to
subdivision, perhaps one with more angular momentum, which would also hinder the detection of decay products.

8.1. Excitation Transfer to Pd

Suppose now that there is a problem so that the reaction proceeds much more slowly. For example, suppose that the
highly-excited phonon mode is insufficiently excited, or that the number of Dy dideuterium species is low, or perhaps
that there are insufficient impurity nuclei present in the lattice with reasonably stable low-lying excited states. In this
case it may be that the highly excited nucleus decays a larger fraction of the time [20], as illustrated for 196Pd in
Figure 3.

We conjectured previously [20] that the energetic alphas produced this way may be the source of the signals seen
in Ref. [42], and that the 14 MeV neutrons from this process may be the source of energetic neutrons commented on
in Ref. [43].

8.2. Systematics

Whether this mechanism is responsible for some of the energetic nuclear particles observed in experiments is at present
not confirmed; however, a confirmation (or disproof) is possible since the alpha energies have a strong dependence on
nuclear mass [20] (as shown in Figure 4).

5 1198 MeV)

D, Pd" D, Pd’
— — —e— L—— p(l44MeV)

A (141 MeV)

_.— + ——
4He Pd 4He Pd

Figure 3. Schematic of excitation transfer of 24 MeV from the D2/4He transition resulting in a highly-excited state in 106Pd that subsequently
decays.
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Figure 4. Reaction energy Q (red) and alpha energy E,, (green) for Do/*He excitation transfer to isotopes with different nuclear mass A.
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Figure 5. Schematic of excitation transfer of 24 MeV from the D2/4He transition resulting in a highly-excited state in 238U that subsequently
decays.

This suggests that looking for energetic alpha emission from elements with high Z might be an important goal,

as the confirmation of an energetic 27.6 MeV alpha from 238U (see Figure 5) would strongly support the proposed
mechanism.

8.3. Excitation Transfer to Ti

Chambers and co-workers reported the observation of charged particles near 5 MeV in the case of deuteron ion bom-
bardment of Ti at low energy (350 eV) [44], [45]. In Table 1 is listed the various candidate reaction particles possible

associated with decay of highly excited states in the Ti isotopes following the excitation transfer of a 24 MeV quantum
from the Do/*He transition.
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Table 1. Energies (MeV) for neutrons, protons, deuterons, tri-
tons, 3He, and *He (including recoil) expected from the decay of
the different stable Ti isotopes following excitation transfer of a
24 MeV quantum from the Do/*He transition.

isotope  Ep Ep Eq E:  Esge Eane

46y 1042 1321 421 089 299 14.46
47Ty 1464 1309 655 166 5.0 13.62
487y 1196 12.14 381 138 1.16 13.20
497y 1538 1224 622 197 328 12.55
50 1265 1145 363 1.69 - 12.08

Note that 4"Ti has the possibility of emitting a >He at 5.10 MeV resulting from this kind of excitation transfer.
Not much is known about the specific highly-excited nuclear states in the titanium isotopes in the vicinity of 24 MeV;
however, we would expect that reasonably long-lived states that are nearly resonant with the transition energy would
be favored. This suggests a scenario in which *"Ti might be special in this sense, which might the emission in this
channel to dominate.

This possibility could be pursued by making use of an isotopically pure sample made of *"Ti, and perhaps a sample
with 47Ti excluded, which may be able to help sort whether the reaction mechanism proposed here is consistent with
experiment. Also, it would be helpful to attempt charged particle detection at higher energy to look for alpha and
proton emission. In the data there seems to be no sign of a deuteron signal at 6.55 MeV (the upper energy for which
data is given is about 6.2 MeV), which should be clarified by extending range over which ions are detected.

9. Excitation Transfer of a 5.5 MeV Quantum

The picture outlined above for excess heat in PdD can be extended to excess heat in NiH systems under the assumption
that the process starts with an HD/3He transition instead of a Ds/*He transition. If so, then 3He should be observed
in amounts commensurate with the energy produced. At this point we are not certain that 3He is the product of light
water excess heat, as there are at present no reports where appropriate high-resolution quadrupole mass spectrometry
has been used to assay for >He. From a theoretical perspective we consider this proposed modification of the picture
to be a strong candidate for excess heat in light water systems.

9.1. Systematics

The possibility of the excitation transfer of a 5.5 MeV quantum, which is implied as a first step in an excess heat
model, can be tested experimentally by looking for decay products from highly-excited nuclear states that are produced
following excitation transfer from the HD/3He transitions in a system where excess heat production is frustrated [20].
Once again the expected alpha energies depend strongly on the nuclear mass A as illustrated in Figure 6 — although in
this case the more energetic alphas potentially produced at high Z are hindered by the Coulomb barrier. Consequently,
alpha emission is expected only in the case of excitation transfer to low A target nuclei; for high A nuclei gamma
emission should be sought, unless neutron decay is energetically allowed.
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Figure 6. Reaction energy Q (red) and alpha energy F,, (green) for HD/3He excitation transfer to isotopes with different nuclear mass A.

9.2. Proton Emission From Li

Of special interest in connection with this discussion is excitation transfer to 5Li according to [20]
H+D — *He +5.49 Mev} + [6Li — p+°He —443MeV | + 1.06 MeV

which is the only example of a proton decay channel starting with a stable ground state nucleus available for the
transfer of a 5.5 MeV quantum. We have proposed that this reaction is responsible for the proton signal reported
in [46], [47].

10. Resonance Issues for the HD/3He Transition

For excitation transfer from the HD/3He transition near 5.5 MeV the issue of resonance becomes more important, as
there are far fewer nuclear states available than for the Dy/“He transition near 24 MeV. At this lower energy there
are available detailed lists of nuclear states which have been observed, and which might be candidates for excitation
transfer.

10.1. Excited Nuclear States in the Stable Ni Isotopes

Consider excess heat production in and Ni experiment where the first step in the associated reaction picture might be
the transfer of a 5.5 MeV quantum to a highly-excited state in a nickel isotope. In this case we can make use of the
excited states of the nickel isotopes tabulated in the NUDAT?2 database [48], [49] (that extends above 5.5 MeV) to
create Figure 7. There are many states in the general vicinity of the HD/>He transition energy, as can be seen in this
figure, with the highest density of states associated with $Ni.

A detailed comparison leads to the conclusion that the nearest state is off of resonance by more than 5 keV (the
closest is %2Ni(5488) which compares with the HD/3He transition at 5493.4780 keV), a mismatch which is much too
large to be made up through the exchange of a few phonon or plasmon quanta.
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Figure 7. Known energy levels of the stable Ni isotopes (dark blue) in the vicinity of the HD/3He transition near 5.5 MeV (red).

10.2. Impurity Nuclei

This draws attention to the start up problem within the model. When excess heat is being produced, then there is the
possibility of making up energy mismatches at the keV or 10s of keV scale via up-conversion and down-conversion,
in which case if some of the nearby levels of the nickel isotopes are reasonably stable then they can be candidates to
participate in the overall reaction. However, before excess heat is being made, the question can be asked as how the
process starts, since substantial up-conversion and down-conversion under these conditions seems unlikely. What is
needed are long-lived states more nearly resonant, presumably from impurities in the nickel.

We can make use of the NUDAT?2 database to ask what energy levels of the stable nuclei are known that are
more closely resonant with the HD/3He transition energy. Results from a search of this kind are shown graphically in
Figure 8. Closest is the 116Sn(5493.2) state, which looks like it may be within 300 eV (there are uncertainties involved
since the known energies are reported to fewer digits than the HD/3He transition is known). Note that there are many
more nuclear energy levels in this region than what are tabulated in the database, as not all of the stable isotopes have
been studied in this way in detail.

The conclusion is that within the overall proposed reaction scheme, excess heat in the NiH system would require
some deuterium to be present, and would not be able to start up without impurity nuclei present in the Ni with nuclear
states close to the HD/3He transition energy. If correct, at some point in the future studies would be of interest in which
specific impurity isotopes were present, from which it could be inferred have reasonably stable states near resonance
at 5493 .4780 keV.
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Figure 8. Known energy levels of stable isotopes (and '37Cs) from the NUDAT2 database (blue circles) compared with the HD/3He transition
energy (red line).

11. 137Cs and the HD/>He Transition

The radioactive isotope 137Cs beta decays to '*"Ba with the emission of an electron and an antineutrino with a half-life
of 30.08 years. Most of the time this decay populates the excited state of 1*"Ba at 661.659 keV (94.5%), and the rest of
the time ground state '*"Ba is produced. The '3"Ba excited state decays produce a 661.657 keV gamma, which makes
137Cs important as a calibration source for gamma spectroscopy.

11.1. Multiple Excitation Transfers

In the discussion above we found that 37Cs has an excited state at 5494.2 keV, which is nearly resonant with the
HD/3He transition at 5493.4780 keV. The energy mismatch is less than 1 keV. Due to the phonon-nuclear interaction,
indirect coupling would be expected between HD + 137Cs(0), and *He+'3"Cs(5494). We know almost nothing about
this excited state in '37Cs other than its energy. Most likely the coupling with this state would lead to gamma decay to
some of the '37Cs levels.

We might speculate that further excitation transfer can induce a coupling with longer-lived states of higher spin,
for which beta decay is dominant (illustrated in Figure 9). In this case there is the possibility of seeing an overall
acceleration of the beta decay of 137Cs. Depending on the details of which states are produced from the beta decay of
this highly-excited state, it is possible that an increase in the intensity of the 661.657 keV gamma might occur, as well
as emission at other energies.

11.2. Possible Connection With Kornilova and Vysotskii Experiment

Kornilova, Vysotskii and coworkers have claimed a factor of 40 increase in the decay rate for '37Cs in biological
cultures measured from the time dependence of the 661 keV gamma [50]. It seems natural to consider whether the
mechanism discussed in this section might be relevant.

Years ago we noted that under conditions where anomalous energy exchange is possible, that beta decay had the
potential to be accelerated assuming that phonon exchange occurs. However, it seems unlikely that anomalous energy
exchange would be possible in a biological culture, which would seem to rule out such a mechanism. In this case the
near-resonance noted here may be a better candidate.

From the discussion above, it seems likely that if the near resonance is important then there may be additional
gamma lines produced from highly-excited 137Cs states that gamma decay rapidly. To account for a substantial ac-
celeration in the beta decay rate, then excitation transfer to highly-excited 137Cs states which beta decay faster than
gamma decay likely occurs. There is the question as to what states are produced from the beta decay from these
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Figure 9. Schematic of how the HD/3He transition might increase the decay rate for '37Cs. The first excitation transfer step results in HD
transitioning to 3He and ground state '37Cs transitioning to a nearby excited state, which would likely gamma decay to lower energy levels in
137Cs (the grey box on the left). Repeated excitation transfer steps can lead to highly-excited states with higher total orbital and spin angular
momentum, eventually leading to states where beta decay dominates over gamma decay, resulting in gamma decays to highly-excited states in
137Ba (the grey box on the right) and possibly to the 661 keV state.

highly-excited 3"Cs. One might expect this beta decay to result in highly-excited states in 3"Ba, which would give
rise to other gammas. What the yield is for the 661 keV gamma is an interesting question — one could imagine working
with an initial known amount of 137Cs and measuring the 661 keV emission before it is added to the biological culture,
and then measuring again after it has been taken up into the cells. If a change in the 661 keV emission occurs, then
this might be due to a finite yield of 661 keV emission resulting from the beta decay from highly-excited 37Cs. If the
mechanism under discussion is relevant, one might expect the decay rate to increase with a small addition of DO into
the solution.

11.3. Possible Connection With the Piantelli Experiment

Piantelli and coworkers have described seeing gamma emission at 661.5 &= 0.8 keV in connection with their NiH excess
heat experiments [51], [52]. There are issues in connection with these observations: whether the emission correlates
with excess heat production or not; and whether the line is due to the well known transition in '*"Ba produced from
137Cs or not.

In Table 2 we consider all known gamma transitions in the stable isotopes up to *"Ba in the range 661-662 keV
from the NUDAT?2 database. There do not seem to be compelling candidates in general among this list, and no
compelling candidates were proposed by the Piantelli group.

In connection with whether the line correlates with excess heat or not, during a visit to the Piantelli lab in 2011 the
group demonstrated excess heat for Mike McKubre and I, and showed that the 661 keV line turned on when the excess
heat turned on.

We would expect that when excess heat is produced, energy exchange beyond the few phonon or plasmon level
becomes possible, so that the energy mismatch between the HD/3He transition and the 37Cs level at 5494.2 keV (or
other levels) can be made up (this is illustrated in Figure 10). This has the potential to produce a stronger version of
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Table 2. Excited state energies
and gamma energies for all known
gamma transitions between 661 keV
and 661 keV among the stable iso-
topes up to 137Ba.

isotope E; Ey

48Ty 5974 662
50Cr 3825.7 661.6
6Ge 3409.19 6614
75 As 860.0 661.4
TSe 9115317  661.719
885y 8094.8 661.3
98Mo 2419.63 661.12
98Ru 3852.3 661.6
99Ru 3536.29 661.76
102p4  5094.11 661.3
114cd 2525420  661.21
120e 1863.29 662.0
126 e 3252.1 661
128%e 29419 661.0
137Ba 661659  661.657

the effect. The conjecture is that a small amount of 37Cs was initially present in the nickel bar used in the experiment,
and that its decay was dramatically increased leading to a large increase in the intensity of the 661 keV line.

11.4. 137Cs as an Indicator of Anomalous Energy Exchange

If it is true that the intensity of the 661 keV line is sensitive to excess heat being produced, then this might be important
for several reasons. It has the potential to provide for a very different kind of test for phonon-mediated and plasmon-
mediated nuclear excitation transfer. It has the potential to provide information as to how much anomalous energy
exchange occurs in connection with excitation transfer, under conditions where up-conversion and down-conversion
occurs. The effect also has the potential to provide an independent diagnostic for heat production in light water excess

5494.2

5494.2
Cs Cs

5493.476

5493.476

Figure 10. Simplified schematic of the the energy mismatch and lack of resonance in the absence of anomalous energy exchange (left); and the
possibility of making up the energy mismatch between the HD/3He transition and the nearby level in 37Cs under conditions where anomalous
energy exchange occurs (right), leading to a further acceleration of decay.
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Figure 11. Illustration of 137Cs going into vacancies in Ni co-deposited using the Letts protocol, assuming that locally we end up with a super-
abundant vacancy phase.

heat experiments, which would be interesting and perhaps useful. There is the prospect for a mechanism that can be
associated with the acceleration of radioactive decay, supporting the effort of Kornilova, Vysotskii and coworkers to
remediate harmful radioactive isotopes. Although this mechanism has been discussed specifically in the context of the
HD/3He transition and '37Cs, it is likely to work for other unstable isotopes as well.

How might this be tested? There are many possibilities. One approach might be to work with the Letts co-
deposition with either Ni or Pd [53], which according to our earlier conjectures may make host metal atom vacan-
cies [54]. If so, then the task would be to find a way to get 37Cs into some of these vacancies (as illustrated in
Figure 11). One possibility might be to arrange for *"Cs to be in the electrolyte during the Ni or Pd co-deposition,
hoping for a some of it to deposit. Another possibility might be to use different steps, where the Ni or Pd co-deposition
is first done (in acid) following the Letts protocol. Then the surface could be rinsed off and placed in base, with elec-
trolysis involving '37Cs in the electrolyte. According to [55] Cs is found to go into the cathode at low levels during
electrolysis in base. Then the surface could be rinsed, and then placed into a new cell for live tests. For this perhaps a
small amount of Ni or Pd could be co-deposited, hoping to produce excess heat along with an increase in the 661 keV
gamma line.

12. The Null Reaction

One of the first proposals for phonon-mediated excitation transfer years ago was for the null reaction [56], [57], in
which a Dy making a transition to *He at one site produced a new D, from a *He at another site (as illustrated in
Figure 12). This process seemed of interest since it could be resonant, so that it could proceed as a coherent process.
At the time this seemed to be of academic interest only, since it would seem to be hard to distinguish experimentally
whether a D5 at one site and “He at another site had undergone excitation transfer.

Our attention has recently returned to this problem motivated by the interpretation of the enhanced fusion rate
observed in low-energy deuteron beam experiments, where the yield as a function of energy is fitted successfully to a
model that includes a resonance at low energy [58]. The probability that a long-lived excited state of the alpha particle
is nearly resonant at the eV level with Dy seems low. On the other hand, excitation transfer from the D,/*He transition
to produce p+t or n+>He final state from “He seems like it might be a candidate explanation to account for the excess
fusion rate observed at low beam energy.
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Figure 12. Concept of phonon-mediated nuclear excitation transfer in the case of the null reaction.

12.1. Simple Model

Let us consider a naive model for excitation transfer in the null reaction, where we might use a Hamiltonian of the
form

~ 2
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where we assume one highly-excited phonon mode, the relative nucleon kinetic energies (where k refers to a nucleon
and j refers to a nucleus), the nucleon-nucleon interactions, and excitation transfer terms involving single-phonon
exchange for all nuclear transitions.

There are technical issues associated with solving for the states of the system in this kind of model; however, after
some thought it becomes clear that if a *He nucleus makes a transition to the Do channel it will initially be localized
and not able to tunnel through the Coulomb barrier in a reasonable time. An approximation (not satisfying P — 0
for r — 0) for the resulting compact state spatial distribution is illustrated compared with the molecular Dy state.
The compact D5, state is localized at the few fm scale. More work remains to develop a self-consistent compact state
solution.

12.2. Compact Dy State and the Kasagi Experiment

It might be asked whether such a compact D state might be connected with experiment. An immediate application is
to the three-body fusion experiment of Kasagi and coworkers [59], in which an incoming deuteron leads to energetic
alpha and proton particles with an energy distribution consistent with a three deuteron fusion process. A confirmation
of this result was reported in [60]. The compact DY, state on the fermi scale discussed above could be involved in a
reaction of the form

d+D), — a+p+n+21.62MeV



232 Peter L. Hagelstein / Journal of Condensed Matter Nuclear Science 36 (2022) 210-246

L L L L L L

106 105 104 103 102 10 100

r(ap)

Figure 13. Approximate radial squared probability densities (P2 (r)) for an | = 1 Dy state (blue, outer) and for an | = 1 compact state (red,
inner).

A better notation for the same reaction in this case might be

d+ (dd)compact —> @ +p+n+21.62MeV.

12.3. Deuteron-Deuteron Fusion Products

Based on the discussion above, there appear to be multiple ways in which dd-fusion products could be produced. The
route simplest in concept could be written as a two-site excitation transfer reaction

‘He + n +3 He + 3.27 MeV
D +% He < 4He + D},

‘He +p+t+4.03 MeV

where the DY, state is compact as discussed above. We might expect this process to be inefficient at producing low-
level p+t and n+3He fusion products since the final states associated with this kind of excitation transfer process are
so unstable. The compact D), state is unstable against 24 MeV gamma decay (how unstable depends on the details of
precisely which LSJ states are involved). The longer-lived the state, the more likely that excitation transfer will result
in occupation of the state.

There is a related but more complicated route to the formation of dd-fusion products where the first step in the
process is the formation of a compact D), species. We might write this as a three-site excitation transfer reaction
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4He +* He +n 43 He + 3.27 MeV

/L /L

D2+4He+4He< ‘He + DY, +* He i “He +* He + D)

‘He +*He + p+t 4+ 4.03 MeV

The idea here is that the formation of dd-fusion products starting from a compact state D}, may be more efficient, since
the relevant phonon-nuclear matrix element for the D5/4He transition is much larger.

Testing whether these processes are responsible for the production of low-level dd-fusion products would seem to
involve controlling how much “He is in the sample, and then checking on the dependence of the reaction rate on “*He
concentration.

12.4. First Step in the Excess Heat Process

In the Introduction we described a complicated coherent reaction scheme for excess heat production in the PdD system
(Figure 1). A weakness of this proposed scheme is that the first excitation transfer step requires a relatively long-lived
highly-excited state in the vicinity of 24 MeV, which on the face of it seems to be unlikely. In light of the discussion
in this section it seems clear that this first step could be replaced with an excitation transfer that results in a compact

, state instead, which is expected to be much more stable. A modification of the coherent reaction scheme to include
this is shown in Figure 14.

12.5. Low-Level Energetic Particle Emission

The phonon-nuclear coupling matrix element is orders of magnitude stronger for the compact state D,/*He transition
than for the molecular Dy/*He transition, which would be expected to impact the transfer to highly-excited states of

- = ..1000s.( == |
“He -

Figure 14. Schematic of the revised version of the model for excess heat production where the first excitation transfer step results in a compact
D;, state (indicated as D, here).
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Figure 15. Schematic of excitation transfer of 24 MeV from the Da/*He transition to a compact D’2/4He transition resulting in a highly-excited
state in 196Pd that subsequently decays.

nuclei in the host lattice. The issue is that excitation transfer involving a small coupling matrix element to an unstable
highly-excited state that decay rapidly is hindered; while excitation transfer from the compact D/*He transition would
involve a much larger coupling matrix element, and hence lead to a much larger probability of transfer and decay. As
an example, we consider the associated modification of Figure 3 to include excitation transfer to produce a compact
D), intermediate state prior to the excitation of a Pd nucleus in Figure 15.

13. Subdivision

Subdivision as we consider it involves multiple excitation transfer events that start with a single excited nucleus and
result in two or more excited nuclei where the total excitation energy is (approximately) conserved [10], [11].

From the discussions above we see that subdivision is a key element in the overall reaction schemes proposed for
excess heat in the Fleischmann-Pons experiment. In this section we are interested three issues: is there evidence in
experiments done so far that subdivision occurs; can states be avoided in the first subdivision step in the proposed
excess heat process; and is there a possibility that subdivision could be demonstrated in the lab, so that we could be
certain that it occurs and so that we might be able to study it in simpler controlled laboratory experiments.

13.1. Subdivision and the Dy/*He Transition

The simplest reaction scheme for subdivision starting from the Dy/*He transition is
Do+ M7 +427y +— 4He+ M7} +4275

where the 24 MeV transition energy is split to produce excitation in two lattice nuclei. Ideally the initial and final
state energies are resonant, or can be made up by the exchange of a few phonons or plasmons. We would expect the
highly-excited states produced to be unstable, which may help in arranging for the overall multi-step excitation transfer
process to be on resonance.
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In light of the discussion in the previous section, it may be that a compact D}, state is formed as an intermediate
state according to

Dy +4He+ M7 +42 7, +— ‘He+Dh+M 7 +427y +—
‘He + ‘He + M1 Z7 + 4273

In both schemes the two excited nuclei that result subsequently decay incoherently. Extensions are also possible where
subdivision occurs following more excitation transfers of the compact D state among *He nuclei.

13.2. Simple Empirical Model for Subdivision

The evaluation of subdivision rates and products would require computational models for the highly-excited
states/resonances including energies and lifetimes, as well as phonon-nuclear coupling matrix elements. We would
expect that the overall subdivision rate will be larger if the two highly-excited final states are nearly energy resonant
with the initial state, and if the decay rates are slow.

An accurate first principles calculation of the associated rates and distribution of products is hindered by limitations
in our ability to carry out accurate structure, energy, and decay rates for the large number of highly-excited nuclear
states in the continuum. Under such conditions is seem dubious that we should be able to make relevant predictions at
all.

We defer these difficult accurate subdivision calculations, and consider here a much simpler approach. If it happens
that a reasonably long-lived highly-excited state occurs with exactly half of the transferred energy, then a Dicke-
enhanced subdivision would be possible. To expect that such a coincidence might be a common occurrence would
not be reasonable; however, with such an ansatz it is possible to develop a very simple model with which we are able
to begin a theoretical discussion. For example, if there are energetic particles close to what is predicted from such a
model, then perhaps further work might be worthwhile to following up to see if the isotopes implicated contribute the
products.

A specific empirical model can be developed according to

C(E) = Y feE-E)Y/AE (28)
J

where C'(E) is the associated simple model prediction, and where the (optimized) f; coefficients keep track of the
weight of the contribution to the spectrum from isotope j. The energies E; can be determined simply from the ansatz,
and AF is a free parameter (potentially connected with the detector resolution) to be optimized.

13.3. Possible Subdivision in the Pd Isotopes

We first consider the Pd isotopes, where “ideal” subdivision to produce matched excited final states would lead to the
alpha, proton and neutron energies listed in Table 3.

Neutron emission above 2.45 MeV was reported by Takahashi and coworkers [61], with evidence for neutrons
between 4 MeV and 5 MeV. We digitized the data of Figure 2 in [61] using the WebPlotDigitizer of Ankit Rohatgi,
and fit to the simple model. Results from the optimization, augmented with a contribution at 2.45 for the dd-fusion
neutrons, is shown in Figure 16. The model in this case suggests that the neutrons in the 4-5 MeV band may be a result
of subdivision in !°Pd, and that some of the lower energy neutrons may be due to subdivision in other Pd isotopes.

An obvious experiment suggested by this model is to try looking for neutron emission in the 4-5 MeV region of
the spectrum using a Pd sample made entirely of mass 105, and alternatively with a Pd sample in which no mass
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Table 3. Alpha energies E,, proton energies £, and
neutron energies Ey, (including recoil) expected from
decay of the Pd excited state formed under idealized
subdivision where the final excited state energy is
exactly half of the transferred energy.

isotope  Eo (MeV) E, MeV) E, (MeV)

102pq 9.41 407 1.34
104pq 8.97 324 1.92
105pq 8.69 3.14 478
106pq 8.37 255 234
108pq 777 1.96 2.67
110pq 7.22 1.29 3.10
30 T T T
[ )
25 R
[ ]

counts (per day)

e N

E (MeV)

Figure 16. Plot of neutron data reported by Takahashi et al compared with the simple model described in the text for neutron emission from
subdivision.

105 isotopes are present. If energetic neutrons in this part of the spectrum were correlated with 1°°Pd this would be
supportive of the proposed interpretation that subdivision is responsible for them.

13.4. Possible Subdivision in the Er Isotopes

A similar approach might be taken in the case of subdivision in the Er isotopes. In this case Er has six stable isotopes
with alpha, proton and neutron decay energies given in Table 4 for ideal subdivision into identical excited states.

In this case we consider neutron emission for a deuterated Eu sample irradiated by gammas in the range
2.5-2.9 MeV [62], where the protons resulting from deuteron disintegration would be expected to produce THz vi-
brations capable of stimulating nuclear excitation transfer. We have digitized the data in Figure 5(a), and fitted it using
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Table 4. Alpha energies E,, proton energies £, and
neutron energies Ey, (including recoil) expected from
decay of the Er excited state formed under idealized
subdivision where the final excited state energy is
exactly half of the transferred energy.

isotope  Eo (MeV) E, MeV) E, (MeV)

162g; 13.24 546 272
164E; 1291 5.04 3.06
166 gy 12.45 458 343
167y 12.29 439 545
168y 12.18 3.90 4.13
170Ey 11.69 3.30 4.64

300

250 |

200 |

100 |

neutron fluence (6 hours)

E (MeV)

Figure 17. Plot of neutron data reported by Steinetz et al compared with the simple model described in the text for neutron emission from
subdivision. For this model we allowed the dd-fusion energy to be determined from the data rather than fixing it at 2.45 MeV.

the empirical subdivision model, augmented by a contribution for 2.45 MeV dd-fusion neutrons (allowing the center
energy to be determined from the data). Results are shown in Figure 17.

A conclusion from this is that there are subdivision candidates in the vicinity of the observed neutron peaks at
higher energy, and that symmetric subdivision in '®®Er is a candidate to account for the peak near 4 MeV. As above,
to provide clarification of this point we would like to have similar experimental results involving a sample composed
of 168Er, and a sample with no '®®Er.
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13.5. Avoiding Very Unstable Excited States

Note that there may also be a potential problem finding reasonably stable states after one subdivision resulting in two
excited states each with roughly half the transferred 24 MeV energy quantum. The speculation here is that if the first
subdivsion from the compact D), state results in four excited states with lower excitation, then the resulting excited
states may be much more stable. A schematic of how this might work in the case of the initial subdivision resulting in
four excited states is shown in Figure 18.

13.6. Subdivision at Lower Energy

The discussion above has been concerned with subdivision in the case of the large 24 MeV quantum associated with
the Dy/*He transition; however, we note that in the various proposed schemes for coherent reactions for excess heat
production that successive subdivisions are required for part of the down-conversion of the large quantum. This sug-
gests that a study of subdivision at lower energy would be useful. Very convenient would be subdivision implemented
in experiments similar to those which have been studied for excitation transfer [21]-[23].

We have considered possible subdivision reactions in which an initial nuclear excited state is produced following
the decay of a (commercially available) radioactive isotope that decays to produce excited states in two other nuclei.
If the process were resonant, then the initial excitation energy would match the sum of the two excitation energies of
the final state nuclei. A computer code was developed to search low-lying (below 250 keV) excited states of the stable
nuclei for resonances, and a modest number of candidates were identified [63]. We do not have confidence that the
mismatch could be made sufficiently small in any of the candidate sets of transitions that the mismatch could be made
up through the exchange of a few phonons. However, it does seem possible to arrange for subdivision where the energy
mismatch is made up through the exchange of a few photons (the idea here is that optical photons couple to plasmons
which mix with phonons).

Pd* Pd* Pd* Pd*
—-— - - -

-
“He Pd Pd Pd Pd

Figure 18. Schematic of a model for excess heat production where the first excitation transfer step results in a compact DY, state and where the
first subdivision step leads to four excitations.
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Table 5. Candidate photon energies around which to scan under the assumption that different numbers of
photons are absorbed. In the second row we do not list the An = 46 case since that is higher order since two
of the transitions are E1 (one-phonon) and one is an E2 (two-phonon) transition.

Az, E; AZp  Ep AZsy  Ef o hwo Fwo
(keV) (keV) (keV) An=42 An=244 An==6

1231 159.024 158Gd 795143 158Gd 795143 230eV 1.15eV 0.77 eV
155Gd 1053106 '81Ta  6.237 183 990791 2.75eV 137eV -

5TFe 1364743  155Gd  60.0106 174Yb 76471 3.65eV 1.82eV 1.22eV
85Rb  151.192 159Th 579964 178Hf  93.1803 7.65eV 3.82eV 2.55eV

In Table 5 we list four candidate sets of transitions which are close to resonance, where the energy mismatch is
balance by photon exchange according to

Ei = Ef1 -+ Ef2 + Anﬁwo (29)

14. Phase Coherence With Resonant Excitation Transfer

We have been working on excitation transfer experiments in which °”Co decays to produce excited states in °"Fe, and
then looking for changes in the gamma and x-ray emission following stimulation with (stress-induced) THz vibra-
tions [21]-[23]. We were interested in developing a simulation model that could be used to model the experiment, and
perhaps to begin a quantitative comparison of theory with experiment. Such a project is hindered from a basic lack of
understanding of exactly where the THz vibrations are produced (a possibility is in the relative motion of the epoxy on
top of the evaporated °"Co/5"Fe deposit), what frequencies are involved, and how strong the vibrations are. What is
really needed is a simpler experiment that is easier to model and to understand.

14.1. Phonon-Nuclear Interaction

We consider the first few steps in the development of a model for a different nucleus — one involving an electric dipole
(E1) nuclear transition, so that only one phonon needs to be exchanged when a nuclear transition occurs (nuclear
transitions in °“Fe involve two-phonon exchange, so the model will be more complicated). The key to modeling this
new system is the phonon-nuclear interaction. The relevant part of the Hamiltonian can be written as

E’int = Zfi] . C].Sj (30)
J

The &; operator acts on the internal nuclear degrees of freedom of nucleus j, which for this discussion allows for
a transition from one nuclear state to another. In the case of resonant excitation transfer, this operator mediates a
transition between the excited state and the ground state. The f’j operator creates or destroys one phonon when a
nuclear state change occurs.

14.2. Resonant Excitation Transfer

Consider now a resonant excitation transfer process for an excited nucleus that has just been formed as a result of
the beta decay of an appropriate radioactive source nucleus. The interaction above can cause the excited nuclear
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state to make a transition to the ground state, coupling to an off-resonant state where there are no excited nuclei.
A subsequent interaction can bring the system back into resonance by raising another ground state nucleus to the
excited state, where the phonon exchange in both cases has to be from the same phonon mode, one creation and one
annihilation so that there is no net change in the phonon energy. If so, then the new excited nucleus will be formed
within a few hundred Angstroms of where the original one started, since the coherence domain of a THz phonon is not
very large.

If phonon-mediated nuclear excitation transfer worked conventionally, then the contributions from all of
the different phonon modes would destructively interfere so that excitation transfer would be restricted to
nearest neighbor nuclei. However, since nuclear states shift off of resonance, this destructive cancellation
can in part be removed, leading to a much larger delocalization if there happens to be a highly-excited
phonon mode.

14.3. Beam Formation in an Ordered Lattice

If the highly-excited phonon mode has a long wavelength (on the order of the size of the coherence domain), then the
excited nuclei at the different locations will have the same phase. Assuming local order, then this phase coherence will
lead to beam formation very similar to what happens in crystal diffraction experiments. In the 5"Fe experiments done
in our experiments there was likely local order; however, the local crystal orientation likely varies over the different
parts of the sample, so that it would not be expected for a macroscopic sample to produce a directed beam.

This suggests that a better way to do a resonant excitation transfer experiment is to work with a sample with
macroscopic order, such as would occur with a single crystal sample (see Figure 19). For such a sample resonant
excitation transfer in the case of a long wavelength phonon mode would produce beamlets as illustrated in Figure 20.
If the vibrational mode wavelength is not long, then we might expect a modulation of the amplitude of the occupation
probability for the excited nuclei, resulting in a modification of the angular emission pattern.

b’Fe\J

Figure 19. Proposal for a 7Co/5"Fe resonant excitation transfer experiment making use of a single crystal sample.
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0.2 -0.1 0.0 0.1 02

Figure 20. Beamlets produced around the [100] direction from the decay of 136 keV nuclei with phase coherence, with angles in radians.

15. Thoughts on a Model for Excess Heat Production

The discussion in the sections above provide a picture for how excess heat might be produced in the Fleischmann-Pons
experiment. The question is whether this picture can be translated into a quantitative model that can be evaluated to
give predictions for specific experiments.

15.1. Practical Issues

The number of issues involved is very large. As a practical matter, modeling sequential subdivision among the excited
states of Pd nuclei (or impurity nuclei) will be hindered by a lack of precise state energies and wave functions with
which to evaluate the phonon-nuclear matrix elements. Modeling down-conversion will be hindered in general by a
lack of knowledge of precisely which low-energy nuclear transitions are involved, or in most cases which vibrational
modes are involved.

Given this situation, what might be possible is to make use of lists of known nuclear levels with which to assemble
a candidate set of subdivisions, and then develop estimates for the phonon-nuclear coupling matrix elements. Another
approach might be to carry out moderately large nuclear structure calculations for the different isotopes, from which a
set of (representative) phonon-nuclear matrix elements can be assembled.

For the down-conversion part of the model, it might be possible to work with an excess heat experiment in which
an impurity is added which has a known low-energy transition, in which a down-conversion based on that transition
may be relevant. This might be combined with a diagnostic (such as in Ref. [64]) to provide input about which phonon
modes are involved.

15.2. One Approach to Putting Things Together

Assuming that an appropriate set of input data can be assembled for such a model, there remains more issues to be
dealt with. A key motivation for pursuing this kind of model is the possibility that the dynamics will be coherent in the
sense of Rabi oscillations. We need a formulation of the problem that works this way.

Conceptually simple might be an approach which starts with finite basis matrix equations of the form
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Ec=H-c (31
and decompose into
ECi = Hn - C; —i—H” . Cj
Eej = Hjj-cj+Hyi-¢i + Hjj -

Ecy = Hyp-cy+Hyj-cj (32)

where c; contains the initial state, where c; includes intermediate states, and where c; contains the final state. Then
the intermediate states could be eliminated

—1
c; = (E — Hjj) . <H]7 -c; +H;p - Cf) (33)

leading to
—1

-1
ECf = Hff-Cf—‘erj- <E—Hjj) . (Hji'Ci+ij'Cf'> (34)

In this kind of formulation an indirect coupling matrix between initial and final states could be defined according to

-1
H; = Hy; - <EH]-]-) Hy, (35)

The matrices involved in a realistic model would be expected to be large, but this might provide a way to think about
the problem and to perhaps develop quantitative estimates.

15.3. Another Approach

The approach outlined above might be considered a standard and general approach in which intermediate states can
be eliminated algebraically. We might expect there to be difficulties in the event that some of the intermediate states
have the same energy as the initial and final state, as the matrix inverse would become nearly singular. In this case
an alternate approach might be more appropriate. In this case we can decompose the vector ¢ into a component a
involving degenerate states and a component b involving nondegenerate states. For this separation we can write

Fa = H,,-a+Hg-b

Eb = Hp, b+ Hy, - a (36)
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States off of resonance can be eliminated according to

-1
b = <E — be) . Hba - a (37)

leading to

—1
Fa = H,,-a+Hyg - (E — be> -Hy, -a (38)

If the shift of basis states off of resonance is important, it can be included in this formulation according to

-1
Fa = H,,-a+H, - (E — be(E)> -Hy, - a 39)

For this kind of model there is no direct coupling matrix between initial and final states. Instead it would be possible to
develop a dynamic model for the evolution of the nearly degenerate states starting with occupation of the initial state.

154. Loss

In the models outlined briefly above the basic description is Hamilonian based and loss-free. We would expect loss
mechanisms to be important, including decay channels for the nuclear states and phonon loss from highly-excited THz
phonon modes which drive the nuclear dynamics.

There are two approach that may be useful. In one approach we might work with a non-Hermitian model where
loss is included by augmenting the real Hamiltonian matrices above with complex parts that model the loss. In this
case the basic formulation remains the same, except that the linear algebra will be complex.

The other approach retains an underlying loss-free Hermitian model, but then adds loss to density matrix equations
derived from the Hamiltonian for the degenerate states. The challenge in this case is that we expect the Hamiltonian
models to be large, which means that the associated density matrix version of the model will be much larger.

16. Discussion and Conclusions

Excess heat in Fleischmann-Pons experiments is a real physical effect worthy of scientific investigation. In this pa-
per we have summarized our approach to the development of theoretical models that are relevant. For excess heat
production the approach which is most promising is illustrated in Figure 18. This scheme is pretty complicated, in-
volving nuclear excitation transfer, nuclear subdivision, and the down-conversion of nuclear excitation into a great
many phonons.

Understanding whether this approach is correct or not must involve understanding of the different parts of the model
and comparing theory with experiment. In our view a foundation of the model is a novel relativistic phonon-nuclear
interaction, one which has not at this point been of interest in the mainstream literature, and which needs experimental
confirmation. Of interest is the development of new excitation transfer experiments that are more easily compared with
theory, and corresponding quantitative theoretical models which can be tested in detail against experiment. From such
tests it should be possible to tell whether this phonon-nuclear interaction is dominant, and whether we can rely on it
for the development of predictive models.

We would like to develop quantitative predictions for models for excitation transfer, subdivision, down-conversion,
and for excess heat, and then apply these models to experiment. As is clear from the discussions above this will involve
considerable work. And as is also clear, some progress has been made in recent years.
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16.1. On a comment from a reviewer

A reviewer made the comment: “It seems to me that the article would become more convincing if the author showed
on the basis of an analysis of specific successful experiments, where exactly his theory is better for justifying these
experiments than alternative theories.” There is no question that quantitative analyses of many experiments based on
the models under development is desirable, and would be compelling if agreement were obtained. The bottom line is
that in spite of decades of development, more work remains to be done (both theoretically and experimentally) before
we get there. One issue is that we still need nuclear matrix element and off-resonant energy shift calculations (or
empirical estimates). We are also going to need models for the phonon distributions in the THz regime produced in
electrochemical experiments, discharge experiments and gas loading experiments. And we are going to need simulation
codes that implement the models and include the necessary physics to model important features of experiments.
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