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ABSTRACT

Nuclear reactions in a lattice are described using an extension of the resonating group method to
include the lattice explicitly. Phonon exchange during fusion and dissociation reactions is predicted
Second-order site-other-site reactions are predicted under conditions where the reactions at each site
exchange phonons with a common phonon mode. The null reaction in which a dd-fusion at one site is
coupled to 4He dissociation at another site is modeled. Coupled-channel equations are developed for the two-
site problem, as an illustration of the application of the lattice resonating group method. We have proposed
previously that there should exist compact state solutions of the coupled-channel equations, as the associated
exchange potential can be attractive. Such states have been proposed to account for the Kasagi effect, and to
provide a foundation for many of the anomalies that are seen in metal deuterides. Our analysis of the two-
site system suggests so far has not yielded compact state solutions. Preliminary results for the many-site
problem are presented, which leads to evidence in support of the stability of the compact states, and which
leads to a new overall picture for the anomalies.

1. INTRODUCTION

There have been a variety of anomalies claimed to have been observed in metal deuterides and in
metal hydrides over the past 13 years. The principal effects that have been claimed include: temperature
excess, energy production, heat with quantitative 4He, slow tritium production, low level dd-fusion, gamma
emission, fast low-mass ion emission that is not from dd-fusion, induced radioactivity, massive
transmutation, and the observation of reaction products from beam experiments consistent with a three-
deuteron reaction. From our perspective, the most important theoretical problem to be addressed is one of
mechanism. Most physicists would agree that the new effects claimed to have been observed are not
consistent with vacuum nuclear physics as has been studied for the past 80 years. The point of view taken by
the physics community in light of the experimental claims has been to question the competence of those
performing the measurements. We chose instead to contemplate the theoretical implications of the
experimental claims.

After considering a very large number of approaches to the theoretical problem, it appears that the
most promising route for understanding, and hence modeling, the experimental claims is to replace the
vacuum nuclear physics formulation with a new formulation that includes solid-state effects implicitly at the
outset. While this may seem to be a very obvious starting place, the reader should be assured that this
obviousness is entirely retrospective.

2. INCLUDING THE LATTICE IN THE PROBLEM FORMULATION

There are two basic formulations that have been used to describe fusion reactions in the literature:
the resonating group method,[1] and the R-matrix method.[2] The extension of these methods to include solid
state effects is completely straightforward, as we have discussed previously.[3] The resonating group method
may be thought of as specifying an approximate multichannel variational wavefunction
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F  (1)

in which the internal nuclear degrees of freedom are described by basis states j , and the relative channel

separation factors Fj describe the physics associated with the separation of the center of mass of the reacting
and product nuclei. The optimization of the channel separation factors leads to coupled-channel equations
that we may write formally as

(2)
The generalization of the approach to include solid state effects involves the replacement of the channel
separation factors Fj with lattice channel separation factors j that include in principle a description of all

of the center of mass coordinates in the solid on equal footing. The lattice resonating group method is then
based on an approximate multichannel variational wavefunction
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The optimization of the associated lattice channel separation factors j leads to coupled lattice

multichannel equations

(4)
The R-matrix method can be extended similarly to the lattice case. Our focus here will be on the lattice
resonating group method, as it is the simpler formulation to present basic concepts.

The basic claim is that the inclusion of the solid-state part of the problem at the outset is ultimately
all that is needed in order to generalize vacuum nuclear physics to be relevant to developing models for the
various anomalies. A seemingly innocuous physical statement is proposed, however, the ramifications are
enormous.

3. PHONON EXCHANGE AND SECOND-ORDER SITE-OTHER-SITE REACTION

One would not expect that the exchange of a few phonons would have much impact on fusion rates
or reaction channels of first-order reactions in the lattice. Perhaps the most promising route to demonstrate
directly the existence of a phonon exchange effect is to seek a modification of the angular dependence of the
reaction products for very low energy fusion reactions in a solid with a very strong uniform optical phonon
field. This would involve careful low energy accelerator experiments in which the angular distribution would
be measured with and without optical phonon excitation. A small change in the angular distribution of the
dd-fusion products would occur if a strong phonon exchange effect were present. If measured, it would
prove that angular momentum exchange between a phonon field and the microscopic nuclear system can
occur. No such experiments have been done or are planned to the authorôs knowledge.  

However, the new formulation allows for the possibility of a novel class of second-order reactions.
A second-order reaction is possible for reacting nuclei at two different sites as long as phonon exchange
occurs with a common phonon mode.[4] The most important of such a second-order reaction in a metal
deuteride is the null reaction

       4 4
a ba

d d He He d d     (5)

Two deuterons fuse at one site, and a helium nucleus dissociates at another site, the two processes being
coupled together through phonon exchange with a common phonon field. The microscopic selection rules
require an E2 electric quadrupole interaction, which in this case comes about through phonon exchange. This
reaction we will discuss further below.
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where the summation j is over the basis states in sector i. The time independent Schrodinger equation for this
Hamiltonian is

 VHE 0 (30)

To split this equation into sector-dependent equations, we assume that the eigenfunctions contains
components in the three different sectors

321  (31)

The time-independent Schrodinger equation is then divided into sector-dependent equations given by

212111  VHE (32)

323121222  VVHE (33)

232333  VHE (34)

We identify 1 with the source sector, 2 with the intermediate states, and 3 with the sink states. In
writing these equations, we presume that there is no direct coupling between source and sink states. The sink
states can be eliminated as in infinite-order Brillouin-Wigner theory

  232
1
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The intermediate sector equation then becomes

  232
1
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The interaction between the intermediate sector and the sink sector appears in this equation in the same way
as in infinite-order Brillouin-Wigner theory. When the resolvant operator has a pole in a continuum at
energy E, then the inverse operator develops an imaginary component that describes decay. We see in this
equation a description of the intermediate sector, driven by the source sector, and decaying to the sink sector.
We can solve formally for the intermediate sector component of the wavefunction to obtain
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This accomplishes the development of a probability amplitude flow equation, complete with source and with
sink. Although the underlying formulation is rigorously Hermitian throughout, the inverse operator
describing the intermediate sector evolution is non-Hermitian with respect to the intermediate sector. We
have included loss into a Schrodinger formulation in a useful way. We define the operator 2K to be the
intermediate sector Hamiltonian augmented with loss terms that are non-Hermitian with respect to the sector
2 basis states

  32
1
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The intermediate state solution written in terms of this operator becomes

  121
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This is interesting, as K2 has eigenfunctions that are delocalized due to the presence of loss terms that are
very nonlinear in M.

7. INTERMEDIATE STATE DISTRIBUTIONS

We have put together a computer code to analyze the intermediate state solutions along the lines
outlined above. Let us consider a few examples in order to illustrate some of the systematics. In Figure 1,
we show the logarithm of the probability distribution under conditions

Figure 1: Probability distribution in the vicinity of the source in the case of weak coupling.

where the source is localized at ( M0, n0 ), and the coupling is weak. In this case, the initial condition
corresponds to 3 helium atoms and 10 deuteron pairs. We see that the associated probability density is
closely centered around the source, that the distribution is localized in phonon number, and that there is a
spread in M that is perhaps larger than one might expect. In the direction of negative M-M0, which
corresponds to more helium nuclei present, the states are very unstable, and the probability distribution
decays moderately. The balance between the coupling strength and the decay rate determines the slope. In
the other direction, we quickly reach the boundary at which all of the helium nuclei have dissociated, where
there is a wall. These states are stable, as they are in serious energy deficit. Such a distribution corresponds
to a low or modest level of conventional dd-fusion events, as well as some events in which the fusion energy
is transferred to other decay modes within the lattice.

In Figure 2, we illustrate the same situation, except that the phonon oscillation amplitude is larger,
and the interaction strength for phonon exchange is greater. We see that the stronger coupling leads to a
much larger spread in n, which is a hallmark of this kind of model. The spread in M is very significant as
well, more so than in the previous example. This spread would like to be even larger, however, in both the
positive and negative directions, the distribution hits walls as the number of helium nuclei and deuteron pairs
is limited. We see that there is some avoidance of high loss regions of the configuration space, but that this is
not a dominant effect in this problem.

In Figure 3, we present the logarithm of the probability distribution in the case where there are more
helium nuclei present, and the losses are lower (corresponding to the development of higher angular
momentum states). We see that the spread in phonon number is now much greater. We see another effect
that is of great interest as well. We see that the probability distribution is strongly skewed into the region in
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which M-M0 is positive, avoiding the region in which M-M0 is negative. The avoided region is where
deuterons have fused to helium, and where the system has more energy than the local basis state energy, and
hence where many decay processes are allowed. The probability distribution is seen to be favoring low-loss
regimes, and hence minimizing the overall loss. This is very interesting, and appears to be a fundamental
characteristic of this quantum system.

Figure 2: Probability distribution in the vicinity of the source in the case of moderate coupling.

Figure 3: Probability distribution in the vicinity of the source in the case of strong coupling. Only a
restricted range in n-n0 has been included in the plot.

The spread of the distribution in phonon number increases as the strength of the coupling, and
decreases under conditions in which the loss is large. It is possible to develop some intuition from these
results as to how this problem works. The part of the Hamiltonian that describes fusion and dissociation
transitions in this context serves as a kind of kinetic energy operator for the problem. The solutions appear to
be outwardly oscillatory away from the source. As long as the probability amplitude avoids lossy regions,
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reaction, but only when a strong component of optical phonon excitation is present. Null reaction transitions
between compact two deuteron states are very fast. In the limit that only a few phonons are exchanged in
each interaction, the compact states produced are unstable against the normal dd-fusion reactions (leading to
p+t and n+3He). In this case, only compact states with energy near the molecular state energy are occupied,
and dd-fusion reaction products would be observed. In this case also, a fusion reaction at one site can couple
to a disintegration event at another site, leading to alpha ejection and the emission of other low mass ions. In
the p+d version of the model, the compact proton-deuteron states are much more stable. Nevertheless, there

are many other-site disintegration paths available to take up the energy for a compact 3p d He  fusion
at one site.

When the local relative motion between deuterons becomes large (on the order of several fermis),
then many phonons can be exchanged, and the accessible compact states are stabilized against conventional
fusion reaction pathways (by the centripetal potential barrier). This should allow for a large quantum spread
of the mixed states in phonon number, in which case pathways open for tritium production, or helium
production if the spread is even greater.

We have focused on the simple two-site model in order to illustrate the basics of what is required of
a model in order to show the effects under discussion. We have succeeded in outlining how phonon exchange
works within the framework of a simple scalar nuclear interaction model. The two-site model does not
appear to lead to compact two-deuteron states, based on the solutions that we have obtained so far. The
reason seems to be that the coupling in the case of two sites is just too weak.

We have recently formulated the many-site version of the problem. It is clear from the discussion
given above that the current version of the many-site problem is much richer than what we speculated about
previously. We have made a connection between the underlying coupled-channel problem of the lattice
resonating group method, and a many-site Dicke Hamiltonian similar to what we proposed previously before
we became aware of the possible existence of two-deuteron compact states. We have formulated the
intermediate state problem as a Schrodinger picture flow problem between different sectors in Hilbert space.
An initial set of models that implement the flow problem have been implemented, and the results begin to
illustrate how things work within the model. The inclusion of loss within the flow problem is a critical
component of the problem. The probability distribution in the intermediate sectors is seen to avoid regions of
high loss where possible, and a low-loss corridor appears to form in the configuration space of the Dicke
number M and phonon number n. This has led to the proposal of a new mechanism for the exchange of
nuclear and phonon energy.

Future work on the model needs to be focused on developing predictions that can be tested in detail
against experiment. In part, this will require encouraging the experimental community to develop well-
characterized experiments, so that an apple-to-apple comparison between theory and experiment might be
made. An important goal of the theoretical work is to develop an applied physics or engineering level
description of the problem, so that we might be able to design new systems for applications.
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