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Abstract

Excess heat in the Fleischmann-Pons experiment without commensurate energetlc particles implies a
violation of local energy and momentum conservation. Models based on excitation transfer can
produce a violation of local energy and momentum conservation under conditions where: total energy
and momentum are conserved. We present idealized spin-boson models that illustrate the excitallon
transfer mechanism. Spin-boson models also exhibit anomalous energy exchange, in which a large
quantum is convened inlo many small quanta. We consider a model in which excitation transfer is
followed by anomalous energy exchange, and we find an analytic solution for the coherent dynamics.
The associated rates for the spin-boson models are tOO slow to be relevant to experiment. Spin-boson
models augmented with oscillator loss show dramatically increased excitation transfer and anomalous
energy ellchange rates due to the elimination of destructive interference. The resulting rates can be
comparable with experiment for reasonable assumptions about populations, matrill elements, and
screening factors.

I. Introduction

The principal theoretical problem encountered in connection with the excess heat effect in the
Fleischmann-Pons experiment [I J is the absence of energetic particles commensurate with the
thennal energy produced. One foundation of nuclear physics is the conservation of local
energy and momentum in scattering, decay, and reaction processes (a foundation which dates
back to the time of Rutherford [2,3J). If local energy and momentum are conserved in an
exothermic reaction, then the reaction energy must be expressed through energetic particles.
In the Fleischmann-Pons experiment, an excess of energy is claimed, yet no experiment
reported since 1989 has given any indication of energetic particles in amounts that would
correspond to the energy produced.

Consequently, whatever physical process is responsible for the excess heat effect must violate
local energy and momentum conservation if nuclear [4]. In 1989 the argument was made [1)
that the energy produced was far too great to be of chemical or solid state origin, and hence
must be nuclear through a process of elimination. No other kind of energy source was capable
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in principle of the available energy density implied by the total energy release. Over the years
a number of observations of 4He production have been reported, and in some cases where tbe
total amount of 4 He produced is correlated with the total excess energy measured. The
reaction Q-value deduced from these experiments is near 24 MeV, which corresponds to the
mass difference between two deuterons and 4He (see [5] and references therein).

These considerations provide some guidance as to what kind of new physical process should
be sought in the development of a theoretical model. For example, the experimental results
seem to provide support for reactions in which two deuterons interact in some new kind of
way, such that 4He is made as a result. However, the absence of energetic particle production
in association with the energy produced places severe constraints on what kinds of models
may be relevant. For example, in previous years much energy was put into searches for
anomalous screening effects, which might allow two deuterons to tunnel together more
rapidly. Deuteron-deuteron fusion experiments at low beam energy have shown that very
large anomalous screening effects arc present in the case of a metal deuteride environment [6
8]. Nevertheless, such models do not address what is most important, which is the absence of
energetic products. Anomalous screening by itself would lead to the production of energetic
conventional deuteron-deuteron fusion products if strong enough; whereas experiments
appear to show 4He (in the absence of 24 MeV gammas) with no commensurate energetic
particles of any kind.

2. Excitation transfer

In response to this discussion, our attention should then focus on new physical processes in
which local energy and momentum conservation is violated. or course, minor violations of
local energy and momentum conservation occur in the case of gamma absorption and
emission is a solid, in which a small amount of momentum and energy is exchanged with the
lattice in non-Mossbauer transitions. There is no possibility in our view of a new kind of
process in which a large MeV-level quantum is exchanged with the lattice directly to produce
a large number of low energy quanta.

The only real possibility for a violation of local energy and momentum conservation that
remains is then through an excitation transfer process. We are not aware of any discussion of
excitation transfer processes for excited states or reacting nuclei at a distance in the nuclear
physics literature. However, excitation transfer is well known in biophysics [9,10]. In this
case, atoms or molecules, which are distant, can exchange excitation through Coulomb
coupling. Coupling between the two systems results in excitation transfer as a quantum
coherent process, so that the interaction must be sufficiently strong to produce a transfer prior
to decoherence of the entangled system. Unfortunately, Coulomb coupling falls otT rapidly
with distance, so that excitation transfer in atomic and molecular systems is limited to a short
characteristic distance (the Forster length). There is no possibility of significant nuclear
excitation transfer mediated through Coulomb coupling since the associated Forster length is
very small.

2.1 Generalization ofexcitation transfer

If we adopt a more generalized view of excitation transfer, we might view excitation transfer
as involving an off-resonant coupling between two equivalent two-level systems and extended
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3.1 Dynamics

Excitation transfer

with e=2n+1.

The dressed transiti

I

(2)E....., ~ 8E,(g,)m,+8E,(g,)m,+h%n

where the dimensionless coupling strengths gl and gl are given by

In this model, coupling between each two-level system and oscillator leads 10 an increase in
the two-level transition energy, while the two-level systems have little impact on the
o~cillator. Energy levels are given approximately by

We can illustrate excitation transfer with the aid of an ideali?ed model. Consider a pair of
two-level systems that are coupled to a common oscillator, as described by the Hamiltonian

3. Idelillized excitation transfer model

common modes. For example, it is possible to analyze Coulomb coupling between dipoles
mathematically in a picture in which each two-level system couples to common longitudinal
pholon modes. Since longitudinal photons have zero energy, the interaction is strongly off.
resonant, and intennediate states are produced with energies very different than the initial
state energy. Destructive interference between the contributions of the different longitudinal
photon modes then produces the spatial dependence associated with Coulomb coupling.
Viewed this way, it is a relatively small step to a generalization of the effect lNhere other
modes are substituted in place of the longintdinal photon modes. For example, coupling 10
vibrational modes instead of longitudinal photon modes would produce a modified excitation
transfer mechanism, with a different spatial dependence. The possibility of indirect coupling
between two-level systems has been discussed in the literature [11]. Discussion of phonon_
mediated indirect coupling has appeared in the solid state Iiterarure recently (12]. To extend
such a model to the nuclear case requires phonon exchange in association with a nuclear
transition. Aside from our interest in this problem, this seems not to have been explored in the
literature previously outside of recoil effects associated with neutron caprure and gamma
transitions.

A(I) A(2) 2A{T) 2A{2)

H = liE~ + liE s: + Ji,,) ala + v. (a' +a)--=!L + v. (af +a)...!.c- (I)lJi 2Ji -u I Ji 2 Ji

Here, the components of the spin operator ;1.J1 for the two-level systemj allow us to describe
two individual two-level systems interacting with an oscillator (which is described by creation

and annihilation operators a' and a). Coupling between the two-level systems and the
oscillator is assumed to be proportional to the coupling coefficients V; and ~. We are
interested in this problem in the limit in which the oscillator is highly excited., and where the
oscillator energy h% is much less than the transition energies 6£. and 6£1' This model is a
reduced version of the one discussed in [13J and in [14].

3.1 Energy levels and resonanu condi/ion
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The dressed transition energies are given approximately by [15]

Results are illustrated for a specific example in Figure L

where prJ) is the occupation probability of an initial state, with V the associated coupling
matrix element. In an analytic WKB approximation this coupling matrix clement is given
approximately by

where

Excitation transfer may occur when two of these levels are degenerate. Fo~ example, when

1 SV"( ')1/,",
() !1E1 ry ,1':-:+-':::'-'-'-"'Y-'--'f-==2.1 ,!1E2 V

8¢ Y =-. "dy --."% E-(y') "%

3.2 Dynamics

the dressed energy of the second two-level system matches the dressed energy of the first
two-level system plus on oscillator quanta. Iron is even, then the system can oscillate
between two states in which excitation has been transferred from one system to the other
(with some energy exchange with the oscillator).

On resonance, the system undergoes coherent Rabi oscillations between the two states, with
dynamics given by
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Figure 1: Level spliltings M_ = 2IVl at the anticrossings for excitation transfer for t::.E1 = 531i%

and !lE~ = Slhlll. with On = -2 and "a =1000. Results are presented/or direct calculations with

H as given by Equa/ion (1) at individual resonances - open circles; results from the WKB
appnn;mation - solid line. This calculatwn is discussed in [4).

3.3 Discussion

We draw anention to a number of features conceming this model and result. This model is the
simplest possible that is capable of supporting an excitation transfer effect due to indirect
coupling, and from the results we see that the effect is indeed present We find that for
significant excitation transfer to occur within the model, the resonance condition must be
satisfied precisely, and the transfer rate observed is slow. We have found a rotation [IJ,IS}
which divides up the problem into an adiabatic piece, which is responsible for most of the
level shift. and a dynamical piece, which is responsible for dynamical coupling between near
resonant states. This allows us to treat excitation transfer coupling using a first-order matrix
element even when multi-quanrum transitions are involved.

We conclude that excitation lransfer through ofT-resonant indirect coupling can arise in simple
models involving coupling between two-level systems and an oscillator. Although the model
is highly idealized, we have in mind appLying the ideas in the case where the excited state of
the first two-level system is a molecular D,. at a site in a metal deuteride, and where the
ground state is 4He located at th.e same sile. The oscillator in this model stands in for a highly
excited phonon mode that is common to both sites. The second two-level system represents
the ground state and an excited state of a receiver nucleus. The excitation transfer process I
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5. Idealized model for anomalous energy exchange

(9)

(8)

E.,. =M(g)m+h%n

Once again we are interested in the model when the oscillator energy Ji"4. is much less than

the two-level system energy 6 E. The energy levels are given approximately by

The simplest model that exhibits the effect is the basic spin-boson model, given here by

Were we to succeed in transferring the excitation from the ~tHe system to produce
excitation in a nucleus at another site, it would be reasonable to expect that this excited
nucleus might decay, resulting in energetic charged particles as a consequence of local energy
and momentum conservation. If so, then the system would proceed to express the reaction
energy from the first site as energetic decay products from the second site, in contrast to
observations. We might propose that another coherent excitation transfer process occurs prior
to such an incoherent decay process, as we have in our previous ICCF conference proceedings
papers. However, in such a proposal we still would not have faced up to the basic problem:
we need to find a mechanism to dump the energy that does not involve decay via energetic
particles. In our previous ICCF papers, we proposed that sequential excitation transfers from
one site to another could eventually transfer energy to the oscillator, as long as a small
amount ofenergy exchange occurred in association with each transfer process.

To shed light on this, ~ye have studied idealized models for this effect, which we will term
"anomalous energy exchange." As it turns out, the simplest version of the problem is one that
is well studied in the literature, in the context of the Bloch-Siegert resonances [16] associated
with the Rabi Hamiltonian [171 and spin-boson Hamiltonian [18]. In both models, one finds
dynamical transitions dirC(;tly between states in which one unit of two-level system excitation
is exchanged for a large number of oscillator quanta. What is interesting in these models
relative to our previous discussion is that excit..'tion transfers from site to other sites are not
required in order for the effect 10 occur. Only a single two-level system interacting with an
oscillator is required.

4. Anomalous encrgy exchangc

illustrated by the idealized model here is intended to shed some light on how excitation might
be transferred from the D:2 upper Slate 10 another nucleus, leaving behind a 4He nucleus. Such
a mechanism would violate locaJ energy and momentum conservation in the O/He system.
allhough overall energy and momentum conservation within the coupled oscillator and two
site nuclear system would be maintained. We note that in Ihis kind of transfer process, lhe
excitation energy is not transferred 10 the oscillator (in contrast to the assertions made by the
reviewers at the 2004 DoE review). Unfortunately, the excitation transfer rates associated
with this idealized model arc much too slow to be relevant to excess heat production, so we
will need to modify the model in some way to strengthen the effect.
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where U is the associated
illustrated in Figure 2.

At resonance, the dynamics can be oscillatory with a probability for the system initialized
in one nfwe resonant states given by

Figure 2. Expectation values (in) anti ("' .... no) for an !&'ample in which the dressed rwo-fevel system, . .
energy ilE(g) is malched /025 nUl:.. Here, % =lul/211.

5. J Dy"umics

A resonance occurs when the dressed transition energy M(g) is matched to an odd number

ofoscillator quanta

When Ihis occurs, the system can undergo coherent Rabi oscillations belWeen states in which
a two-level system quantum is exchanged for many oscillator quanta.



whereE=2n+1. This result is an analytic large n WKB approximation to the results
discussed in [19]. In Figure 3 we show the level splitting at resonance from a direct
calculation of the spin-boson Hamiltonian [Equation (8)], from a WKB approximation of the
result discussed in [19], and from the analytic large n WKB approximation given here.

Figure 3. Energy separation Em," = 21ul al resonance as a fUllctioll of (he dimellSionless coupling

strength g for the case D.E = 31tl% for n = 108. Exact results from soll/tion of /-i problem - solid

circles: WKB approximation _ open circles: analytic result - solid triangles. The WKB result lies

nearly on top ofthe exact result. The rightmost resonance is for M (g) = 85h%.
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We have found that this coupling matrix can be approximated using an analytic WKB
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5.2 Discussion

The basic spin-boson model exhibits an anomalous energy exchange something like what we
need for describing excess heat in the Fleischmann-Pons experiment To sec the effect in the
spin-boson model, a precise resonance must be present. In the rotated version of the problem,
the multi-quanturn transition can be described using a first-order coupling with a complicated
matrix element, as discussed in [19]. This allows us to think of transitions where many quanta
are exchanged in tenns similar to that involving single quancurn exchange.

The anomalous energy exchange effect itself in this model is relatively weak, requmng
moderate to strong coupling, and producing a cohereDt rate thaI becomes slower the more
quanta are exchanged. Although this kind of anomalous coupling qualitatively similar to what
we need to convel1 an MeV quantum inlO a large number of low energy quanta, such models
are simply not strong enough to lead to relevant conversion rates for the excess heat problem.
Once again, we need 10 enhance the effect in order 10 develop models relevanl to excess heal
production.

6. E:u:it:llion transfer folJowed by anomalous energy exchange

In the discussion above, we see that very simple spin-boson models exhibil excitation transfer
effects as well as anomalous energy coupling. BOlh are required to account for energy
production withoul commensurate energetic particle emission in the Fleischmann-Pons
experiment. The question arises then whether it is possible 10 develop a spin-boson type
model which illustrates excitation transfer from one two-level system to another, followed by
anomalous energy exchange between the second two~level system and the oscillator.
Recognizing that the simple spin-boson models are 100 weak to account quantilatively for the
excess heal effect, it is nevertheless interesting to develop such a model in the simpler system
as we can obtain analytic solutions which can shed light on the mechanism under
consideration.

6.1 Idealized model

Once again we consider a pair of two-level systems coupled to n common oscillator, using the
same Hamiltonian as considered above:

It is possible 10 select three states in the rotated version of the problem that are degenerate in
the absence of the coupling responsible for excitation transfer and in the absence of coupling
responsible for anomalous energy exchange [4]. The energy levels in this case are given
approximately by

t1E, (g,) m, + t1E, (g, )m, +hw"n

6.2 Resonance
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(15)

(14)V(I) =c, (t)¢, +c, (I)¢, +c, (I)¢,

where the V)l are matrix clements similar to those discussed in the previous sections,

where the c, (t)are expansion coefficients, and where the ~, are the basis slates in the rotate

frame that cOITespond to the three dressed energies given above. The dynamics are described
by

6.1 Dynumics

M, (g,) = M, (g,) +8nn""

The system dynamics when both transitions are near resonance can be described usmg a
three-state model of the fonn

A tmnsition between the second state and the third stale is an anomalous energy exchange
step in which the second two-level excitation is exchanged for a large number of oscillalOr
quanta. This process is resonant when

E =M,(g,) M,(g,) +n.,(n +8n)
I 2 2 ~ 0

E =M,(g,) M,(g,) +n'"
2 2 2 ~~

E,=M,;g,) M,;g')+n",,(n,+t>n) (13)

A transition between the fi~t state and the second state is an excitation transfer step in which
the first two-level system is lowered and the second raised. This process is resonant when

We consider three states with energy eigenvalues in the rotated frame given by

6.2 Resonance conditions
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In general, the three-stale dynamics arc very complicated, and we would spend much effort
seeking to explain the significance. Perhaps morc interesting to us in regard 10 this discussion
is the special case in which the levels are degenerate and the coupling matrix clements equal
in magnitude. In this special case, the resulting probabilities are given by
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Figure 4. Probabilities for excitation transfer[ollowed by energy exchange under condilions where all
slates ore degencrale ;n the absence ofcoupling, and when the coupling sirengths are mafched. In thc

first siale (with probability PI)' only thc first fWo-level system is excited; in the second (with

probability PI)' only {he second m:o-Ievef system is excited; and in Ihe third (with probability PlY'

neither two-level system is excited. The frequency too in this case is IiViii.
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where

Results are illuSlTated in Figure 4 for this special case illustrating the analytic solutions. In this
model, the system first undergoes an excitation transfer step, and then an energy exchange
step. The associated dynamics are coherent throughout, and the system continues cycling back
and forth between the three states periodically. This is discussed further in [4], in which
model parameters are given for a specific case that was found to work this way.

6.2 Discussion

We have succeeded in developing idealized models based on spin-boson type Hamiltonians
which exhibit coherent excitation transfer and anomalous energy exchange effects, similar to
what is required for a description of the excess heat effect. In this model, the molecular O2

state al a vacancy site inside the metal deuteride is represented by the upper state of the first
two-level system, and the product 4He state at the same site is represented by the lower state.
In Ihis idealized model energy conversion itself occurs through the interaction of only a single
receiver-side nucleus (as represented by lhe second two-level system) interacting with the
oscillator. There ure no site-to-site excitation transfers in this simplified model, yet efficient

energy exchange occurs.

7. Loss

We have discussed previously that the augmentation of the idealized spin-boson models leads
to a dramatic increase in the excitation transfer and anomalous energy exchange ratcs (for
example, see [41). The increase is sufficiently large that the resulting rates appear to be
relevant to excess heat production.

7.1 Idettlhe(lmo(lel including loss and Dicke effecls

The simplest model which includes these effects, along with Dicke enhancement effects, is
givcn formally by thc following Hamiltonian

Here, we consider matched sets of two-level systems (implemented through the many

pseudospin operators SJ' whereas we used single pseudospin operators sJ above) for the

donor (Dl'He) two-level systems and receiver two-level systems. On the one hand, such a
model includes new effects associated with sequential excitation transfer and anomalous
encrgy exchange steps, which is of interest in addressing the production of macroscopic
amounts of energy. On the other hand, this kind of model also describes cooperative effects
between reactions at different sites, under the simplifying assumption that states and
interactions at each site are equivalent.
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7.2 Implementation ofloss

Included also in this model is a loss term -ihr( £)/2 that is intended 10 capture energetic

decays associated with the oscillator (this is discussed morc fully in [13]). If is reasonable to
assume that the excited states of the two-level systems will have decay channels available.
For example, the two deuterons can fuse to make energetic t+p and n+)He. One would expect
decay channels 10 be accessible in excited slates of receiver nuclei as well. However, neither
of these processes impacts the excitation transfer and anomalous energy exchange rates, oilier
than to damp both processes due 10 loss of excitation. It can be shown directly that the
mcoherenl decay channels associated with the Dl'He two-level system are not competitive
with the coherent process under discussion, since the associated decay rates are unchanged
from the situation in lhe absence of the coherent process (and are therefore very 5111311). The
situation on the receiver side is less clear at present, since much less IS known from
experiment about which nuclei and states are involved.

Ilowever, a dlfferem loss mechanism can have an enOfTllOUS imJXlct on the excitation transfer
and anomalous energy exchange rates. If there occur strong loss channels for the oscillator in
the vicinity of the two-level system transition energy, then the dynamics are altered
fundamentally. An example of such a process might be a lanice-induced disintegration
process, in which a constituent nucleus of the lattice fissions due in the course of transfer or
exchange processes. The reason that the rates are imPacted is because the rates for both
proces~ are significantly reduced over the available coupling strength due to the interaction
tenns present in the Hamiltonian due to destructive interference effects. Oscillator loss
channels can remove this interference, leading to a dramatic accelcration in both rates.

7.3 IlIlerference effeclS in excitation transfer

The impact of loss on the destructive interference can be seen most readily in the case of
excitation transfer in the weak coupling regime. In the case of excitation transfer between two
individual two-level systems, six statcs contribute at lowest order in perturbation theory.
There arc initial and final states (states 1 and 6), in which the excitation of the two-level
systems is switched, but where the oscillator excitation will be assumcd unchanged. Then
there arc four off-resonant intennediate states in which both two-level systems arc unexcited
(states 2 and 3), or both excited (states 4 and 5), with oscillator excitation increased or
decreased by one.. If the intennediate states are eliminated, then the effective coupling
between the initial and final states is [4]

(18)

Since states 2 and 3 have energies much less than the available energy E, oscillator decay
channels arc accessible, which is reflected here by the appearance of loss tenns associated
with their contributions. Since states 4 and 5 have energies much greater than the available
energy E, the oscillator decay channels are not accessible.

In the absence of loss (r=0), strong interference occurs between the contributions from the
different off-resonant slates. In this case, the effective interaction reduces to
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7.4 Strong cOl/pIing limit

For example, on the receiver side the maximum rate for phonon exchange is

(21)

(20)

(19)

(infinite loss)

M(g)
n

h%

603

Ie (E) --'> ~V,h% (no loss)
" [M(g)]' -(h%)'

()
2~V,M(g)n

~6 E ~ 2 2
[M(g)] -(h%)

where Sl and M
l

are receiver-side Dicke numbers. In essence, if there were only a single

two-level system on the receiver side, this maximum anomalous energy transfer rate
corresponds to the exchange of an oscillator quantum in association with each individual
transition. If there are many receiver-side ground state nuclei, and only a few excited state
receiver-side nuclei, then the rale will be proportional to the square root factor in the
expression, which will evaluate roughly to the square root of the product of ground state and
excited state nuclei of the receiver nuclei.

In the case of excitation transfer, the maximum rate depends on the coupling on both the
donor side and the receiver side. However, since the donor side (D:lHe) Involves a hindered
matrix element (since the Coulomb interaction produces a dramatic reduction in the overlap
between the molecular D2 state and the 4 He state), it seems reasonable to examine the limit in
which this part of the process is rate limiting. In this case, the maximum excitation transfer
rate is

In [13] we examined the strong coupling limit of the lossy model, and developed estimates for
dynamical rates. In light of the discussion above, it is perhaps not surprising that the
maximum possible rates are closely associated with the interaction lerms in the model.

This is an enormous effect. We see that the augmentation of the model with loss dramatically
impacts the rale of excitation transfer.

The effective interaction increases betwcen these two limits by a factor of

This model can reproduce the excitation transfer results in the an == 0 limit described earlier.
On the other hand, if the loss is very strong, then the interference is removed. In the limit of
infinite loss, the effective interaction becomes

ransfer
lator in
altered
gT<ltion
sfer or
Ir both
raction
lr loss

lergetic

lable to
ailable.
expect
neither
>, other
hat the
)etitive
hanged
l}. The
1 from

3)

'ase of
en two
~heory.

I)-level
Then

'xcited
sed or
'upling

)m the

decay
:ciated
nilable



604

9. Condu

Any expl.
absence 0

is that wh
conservati
MeV poin
in 4He. Ik
which ext
momentul
energy qu

We have
lransfer a
possibly e
develop !

anomalou
dynamics.
independe
coherent,
moderatel

Allhough
account (,
reason tlu
include 0:

excitation
interferen
based on
screening
allowem

In the cas
femtowatt
participate
metal deu
required tl
experimen
the cathod

Here, M~ I

state and •
v..... is the
molecular
barrier; !hI
MeV.

(23)

(22)

Nevenheless, it is possible 10 estimate Ihe interaction matrix element crudely based on
elementary considerations. For example, the deuterons must tunnel through the Coulomb
barrier to interact, so we expect a Gamow factor. Similarly, there is a significam volume
change between localization of the deuterons in molecular ~ and localization at the nuclear
scale. Keeping these factors in mind, we would expect the matri't element to be on the order
of

8. J CompressiQlwl phonon mode interuc/iOfu

It seems clear also that the coupling will be strongest in the case of molecular O2 $==2 (nuclear
spin) Slales. This may have a connection with some experiments (such as [23]) in which the
presence of a magnetic field seems to influence the effect.

It is clear thai coupling occurs in the case of compressional phonon modes. Tmnsverse
phonon modes will participate only weakly if at all. This may be connected with observations
by the ENEA Frascati group [21J that excess heat bursts resulting from laser stimulation
occurs for TM polarization (which drive compressional surface plasmon modes [22]). and not
for TE polarization. It may also be consistent with recent laser beating experiments reponed
by Letts et al [23], in which a response was observed at beat frequencies In the THz range
within the optical phonon band. once again where TM polarization is required. At issue is the
question of which modcs are panicipating. Optical phonon modes would be advantageous for
anomalous energy exchange since the frequency is greater; whele3S excitation transfer could
Involve lower energy modes (there being no obvious requirement that both processes need be
mediated by a single mode).

8.2 Estimate alld screenillg ejJeL·tJ

In essence, the model indicates thaI when [ass is present, excitation transfer can proceed at the
fastest rale that coherent transitions can occur. It is this rate which can be sufficiently fast to
be relevant to excess heat production in the Fleischmann-Pons experiment.

8. Coupling matrix element

The evaluation and use orlhis model depends on the strength of the coupling between nuclei
and phonons. We have recently developed a formalism with which detailed calculation can be
made [20]. In thai reference, we speculated Ihal the coupling between molecular ~ Siaies and
the 4He ground state could take place indirectly through n+3He channels. However, more
recently we have found a direct coupling that will be dominanl. A. detailed calculation of this
matrix element is in process, and will be reported on in the future. Nevenheless, some
features have become apparent already in the process.
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Here, Mr. is the matrix element for a strong-force mediated transition between a molecular D2
state and 4 He state involving phonon exchange; v.... is a characteristic nuclear volume and
VIDOl is the volume associated with the relative coordinate between the twCKieulerons in the
molecular O2 state; G is the Gamow factor associated with tunneling through the Coulomb
barrier; the parameter u is the residual interaction strength which is expected 10 be of order 1
MeV.

[n the case of molecular D2 in vacuum, this matrix element produces reaction rates at the
femtowatl level or less for reasonable assumptions about the number of D2 molecules that
participate. Based on the beam experiments of [6-81 we know that screening is important in
mctal deuterides. In [13] we estimated that a screening energy of about liS eV would be
required to obtain agreement between this model and excess power in the Fleischmann-Pons
experiment, assuming that the molecular ~ species were constramed to be in the outer part of
the cathode al sites with single host atom vacancies.

9. Conclusions

Any explanation of excess heat in the Fleischmann-Pons cltperiment must confront the
absence of energetic particles commensurate with excess .energy production. The implication
is that whatcver process is responsible for eltccss heat violates local energy and momentum
conservation. The eltperimental observation of<lHe as an ash with a reaction Q-value of24
MeV points toward reaction mechanisms involving deuteron-deuteron mteraclions thm result
III <lHe. Based on thcse considerations, we have proposed and studied reaction mechanisms in
which eltcitation transfer stabilizes <lHe at the initial reaction site (violating local energy and
momentum conservation), with the large energy quantum of the reaction converted to lower
energy quanta through anomalous energy cltchange.

We have eltamined idealized spin·boson models to illustrate the off-resonant excitation
transfer and anomalous energy eltchange effects. The simplest possible models that could
possibly elthibit such effects show them clearly, as we have prcsented here. It is possible to
develop spin-boson type models in which eltcitation transfer is followcd by matched
anomalous energy exchange, in which we can solvc analytically for the associated coherent
dYllrlmics. These models make clear that the required mechanisms eltist and can be studied
independently or together at our leisure. The associated dynamics ill these examples is
coherent, and we are able 10 treat excitation transfer and anomalous energy exchange through
moderately complicated first-order matrix elements in a rotated version of the problem

Although we learn much from the idealized models, they are simply not strong enough to
account for the eltcess heat effect, since the associated dynamical rates are too slow. The
reason that the rates are slow is that destructive interference occurs in both cases. Models that
include oscillator loss at the two-level transition energy have greatly enhanced ratcs of both
excitation transfer and anomalous energy exchange due to the elimination of this deslructive
interference. Such models are capable of predicting reaction rates in the range of observations
based on crude estimates for the coupling matrix element, given significant screening (but
screening which is modest in comparison to low energy deuteron-deuteron fusion experiments
at low energy).
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