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ABSTRACT
Based on these points, and based also on the
complete lack of any supporting theory or basic
mechanism, the scientific community views cold
fusion research of any sort with extreme skepticism. The ERAB review board 23 politely summarized this position with the comment: "Based
on these many negative results and the marginal
statistical significance of reported positive results,
the Panel concludes that the present evidence for
the discovery of a new nuclear process termed cold
fusion is not persuasive." Nature has gone further
and has published a number of obituaries for cold
fusion. 24 - 26

Nuclear reactions which may exhibit coherent
effects have been studied as a candidate explanation for cold fusion effects.
An analysis of a general class of two-step coherent reactions involving charged nucleons has
been performed, and very small reaction rates are
found. This result is due to the small tunneling
factors associated with coulomb repulsion.
We are investigating two-step coherent reactions which begin through weak interaction mediated electron capture, which in hydrogen isotopes would produce off-shell (virtual) neutrons.
No coulomb repulsion occurs for virtual neutrons.
Virtual neutron capture by deuterons would yield
tritium, and virtual neutron capture by protons
would yield deuterons; the latter process is favored by a factor of 10 4 in the square of the matrix
element on a per nucleon basis, and corresponds
to a heat-producing reaction. The nuclear reaction energy would be coupled into the electrolysis
process, with the final reaction products stationary.
We have found that the weak interaction process can in principle be superradiant in the Dicke
sense. If so, then considerable acceleration of this
type of coherent reaction may occur.
I.

The arguments that have been given for the
fundamental unsoundness of cold fusion research
in general are numerous. Among them is the
basic physics problem associated with overcoming the coulomb barrier at room temperature,
and accounting for heat with no apparent nuclear
byproducts . Additionally, the positive cold fusion
results appear to be in direct contradiction to very
basic precepts of nuclear physics, and it seems
that an extremely fundamental and totally unexpected change in our understanding of physics
would be required even to begin accounting for
the various "miracles" that have been claimed.
Finally, it has been remarked in private countless
times that the single strongest argument against
cold fusion is that the experimental effects simply
vanish whenever a competent physicist performs
the relevant measurements with adequate instrumentation, and that anyone claiming to observe
a positive result is self-deluding.

INTRODUCTION

Much controversy has surrounded the area of
cold fusion research since its inception last March
following the initial papers of Fleischmann and
Pons at Utah 1 ,2 and Jones et al. at BYU 3 . During
the months that followed numerous experiments
were performed, most of which did not reproduce
any of the various "miracles" that have become
associated with cold fusion. 4 - 22 Especially disconcerting was the apparent inability of the principle advocates of cold fusion to reproduce their
own results.

D. Morrison is studying the progress of cold
fusion as an example of pathological science. 27
In spite of the views of the majority of physicists, positive experimental results in support of
anomalous effects persist (as descri bed in a recent review by Bockris 28 ). Evidence for very
substantial excess heat generation in closed system calorimetry experiments has been obtained at
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Stanford. 29 The isoperibolic calorimeter is simple
and well-calibrated; the error bars are at the 1 %
level, and the signals exceed 20 %. This evidence
is compelling. Observations of heat have been reported by numerous other laboratories. 30- 37
Perhaps the strongest evidence for substantial
tritium production comes from Texas A&M. 38
Additionally, tritium production has been reported numerous times. 39 - 44 Neutron emission
in electrolysis cells has been reported by BYU ,3
and has been claimed at other laboratories. 33 ,45,46
Neutron emission in gas cells has been reported
by Frascati47 (who have recently seen more
neutrons 48 ), LANL,40,49 and elsewhere. 50 Fast
protons have been reported in Ref. 5l.
Heat bursts have been reported by many workers. Pons and Fleischmann reported early on in
their work that a cubic centimeter cube exploded.
Bockris mentions exploding rods in his review.
Extreme heat production was reported by Gozzi
et al.,52,53 in a non-reproduced experiment.
There are proponents of cold fusion and there
are skeptics. The skeptics have demonstrated
that no cold fusion effects occur. The proponents have answered most if not all of the skeptics
criticisms with respect to experimental methodology, and have demonstrated that the effect is
real. Unfortunately the skeptics and proponents
rarely meet and discuss physics, and this is very
unfortunate for all involved.
We have adopted the position of devil's advocate (relatively). We have looked at the problem
from the point of view that the effect may both
be real and be all that was originally claimed for
it, and from there inquired how it could possibly come about, without breaking basic physical
laws in the process. The current experimental evidence from the proponents largely supports such
a view, even at this late date after the obi t uaries
have appeared in print.
We have speculated given the assumptions that
the heat is real and of nuclear origin. It seems
to follow that if the heat is real and accurately
measured, that it must be nuclear since the total
energy production that is reported would correspond to more than 10 e V per atom of electrode.
Additionally, if the tritium production is real, it
most certainly involves nuclear processes since tritium cannot be made chemically. Finally, if the
neutrons are real, then they too would provide
evidence for the occurrence of a nuclear process.
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But what nuclear process? Certainly conventional binary nuclear reactions cannot do it, for
two compelling reasons: (1) there is no way
known to overcome the coulomb barrier at room
temperature to the degree required under electrolysis conditions, and (2) there is no experimental
support for any known conventional reaction that
can produce either heat or tritium as it is reportedly produced.
Furthermore, if the tritium is real at the levels
reported, and if it is actually produced with a low
accompanying secondary 14 MeV neutron emission rate that is smaller by many orders of magnitude as is reported, then it implies a very severe
constraint on the final state tritium kinetic energy that may occur. This constraint is described
in this paper, and more or less implies that no
conventional binary fusion reaction is likely to be
responsible, since the tritium which is produced
is essentially sitting still by nuclear standards.
Another constraint must be obeyed by any nuclear reaction that is proposed to account for the
"miracles." Not only do the reactions have to
be consistent with the observed stability of heavy
water and deuterium gas not involved in cold fusion experiments, but they must be consistent
with stellar evolution models. The existence of
a binary fusion reaction that occurs at room temperature would in all probability be impossible to
reconcile with stellar models at higher temperatures.
Our general approach has been to explore what
we have termed coherent nuclear reactions. These
are proposed reactions that would proceed collectively due to some unique feature of the reaction,
and occur only rarely as incoherent or binary reactions. Such reactions certainly can be postulated
and are certainly physical, but most occur with
an utterly negligible reaction rate. To our knowledge there is no previous work or speculation on
such reactions; aside from the recent cold fusion
results there would be no motivation aside from
curiosity to explore collective nuclear reactions.
Our initial efforts involved the consideration
the implications of coherent dd reactions between
coupled nuclear/lattice states that were degenerate. The idea is interesting, but finding microscopic mechanisms that support such a picture
has been difficult. We analyzed a rather general
class of coherent fusion reactions between charged
hydrogen isotopes, and we were able to show that

a sense a catalyst by virtue of its electrochemical and magnetic properties. The byproducts of the reaction are deuterons and soft neutrinos (which are probably unobservable), and the
deuterons are born stationary. This scenario is
qualitatively consistent with many of the reported
observations. The process would not occur in
stars due to the coherency and current requirements. It remains to be seen whether the scenario
can become a predictive theory.

all such reactions in general occur with reaction
rates that are quite small. The basic problem is
that the matrix elements between initial and final
states are too small due to exponentially small
tunneling factors to support reaction rates in the
range of those reported.

IS In

One solution to this very general problem is to
consider coherent reactions wherein the fusion occurs between a neutral nucleon (neutron) and a
charged nucleon. The weak interaction can provide a mechanism to reduce the charge of a hydrogen isotope, and the resulting problem becomes
one of studying virtual neutron states, since the
process is by necessity off-shell. A weakness of
the approach is that one very difficult problem is
replaced by another very difficult problem: that
off-shell neutrons almost never stray far from their
point of origin.

The remainder of this report is divided up as
follows: In section II we consider the implications
of the low values of observed neutron emission.
We review the basic reactions that we have considered during this work in Section III. The relative strengths ofMl matrix elements for slow neutron pickup by protons and deuterons is considered in Section IV. We show that neutrino emission can occur coherently in section V; and we
discuss the coupling of energy from the microscopic to the macroscopic in section VI. We provide further discussion in Section VII. Proposals
for experiments that would help elucidate reaction mechanisms within the framework of our scenario are given in Section VIII.
We will not discuss other theoretical approaches in this paper. A very cri tical article 26
by Lindley summarizes the most popular models
and their drawbacks.

A second perceived weakness of the approach
is that a reaction that begins with a weak interaction matrix element is probably going to be
vanishingly small. We have found, or so we believe, an interesting situation in which a coherence effect has the potential to enhance neutrino
emission (and therefore the effective strength of
the weak interaction) by a large factor. This effect can be described briefly as Dicke superradiance of neutrinos. If it occurs , a condition that
must be obeyed is that the final nucleon states be
stationary. This condition is consistent with the
constraint imposed by the low neutron emission
observations during heat generation and tritium
production. In order for this to occur, the nuclear
energy must be transferred elsewhere in a non disruptive manner, a process which has no precedent
in nuclear physics.

II.
LIMITS ON THE KINETIC
ENERGY OF FINAL PRODUCTS
Consensus is appearing among some cold fusion experimentalists regarding upper bounds on
neutron production when either heat or tritium
is observed. It is found at numerous laboratories that the neutron production rate occurs at a
rate which is less than 10- 8 of the rate at which
tritium production occurs. A stronger bound occurs in the case of heat production, under the
assumption that heat producing reactions evolve
MeV-level energy per reaction.

This is our general approach, and the specific scenario that we envision is one in which
deuterons generate virtual neutrons through electron capture and coherent neutrino emission, and
heat and tritium generation occurs through virtual neutron pickup by protons and deuterons.
The nuclear energy is transferred to the macroscopic level coherently through Ml interaction of
the nuclear dipoles with the current in the presence of a high order nonlinearity. Protons are
substantially more reactive than deuterons in virtual neutron pickup as is discussed later in this
work (section VI).

Such upper bounds imply a maximum kinetic
energy possible for final state reaction products.
In conventional exothermic fusion reactions, the
nuclear energy released appears as kinetic energy
of the products or as gamma radiation. There are
no reports of the observation of gamma emission
from any cold fusion experiments, and the bounds
on neutron emission can be used to limit directly
the final reaction product kinetic energy.

The fuel for heat production in this scenario are
protons, deuterons and electrons; the palladium
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If tritium is created initially at high (MeV) kinetic energy, then the probability that a DT reaction which produces a 14 MeV neutron occurs
can be computed from the yield formula to be in
the vicinity of 10- 5 - 10- 4 per triton. In order to
obtain a neutron to triton ratio which is as low
as 10- 8 , the emitted triton energy must be quite
low. We have estimated the neutron yield for fast
tritons in a deuterated palladium lattice from

mechanism were found to overcome the coulomb
barrier. Furthermore, any proposed theoretical
explanations for Pons- Fleischmann effects (heat
and tritium) should be consistent with these observations.
We have considered the possibility that heat
prod uction occurs through virtual neutron capture by protons. The end product of such a capture process would be a deuteron, and the above
arguments can be repeated to obtain an upper
limit on the deuteron kinetic energy. The yield
formula

(II.l)
following Batra et al 54 and Armstrong et a1 55 ,
where ND is the deuterium number density, and
aDT is the fusion cross section. We have adopted
the range data of Janni 56 for palladium. The result is shown in Figure 1. A neutron yield of 10- 8
would correspond to an upper limit on tritium kinetic energy of about 25 keV.

(II.2)
was evaluated using the dd cross section of Brown
and Jarmie 58 , and the result is shown in Figure
2. One is tempted to apply this yield formula
to the original Pons-Fleischmann data, and take
the upper bound on neutron yield from Ref. 4.
This gives an upper bound on neutron yield on
the order of 10- 11 . By itself, this would give an
upper bound of less than 20 keV for a deuteron kinetic energy, under the two assumptions that the
Pons-Fleischmann heat is real and that deuteron
prod uction is responsible.
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Figure 1: Yield of 14 MeV DT neutrons through
fusion of fast tritons in deuterated palladium as
a function of triton energy.
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A point of interest here is that the neutrons
which have been reported to date are not consistent with 14 MeV emission, but rather the observed neutrons are thought to be 2 MeV neutrons
(consistent with dd fusion neutrons). If so, then
the relevant constraint on 14 MeV neutron yield
emission is more severe, and bounds the maximum triton kinetic energy to even smaller values.
Kevin Wolf at Texas A&M estimates that this
bound can currently be taken to be 15 keV. 57

Figure 2: Yield of 2.4 MeV DD neutrons through
fusion of fast deuterons in deuterated palladium
as a function of triton energy.

III.

SUMMARY OF REACTIONS
EXAMINED

In the course of our efforts, we have focussed
on the general notion that collective effects may
be involved. 59 This notion will be illustrated in
the examples under discussion. We have looked

The relative lack of neutron emission can be
used to rule out essentially all known nuclear fusion reactions which evolve tritium, even if some
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for effects which involve primarily deuterium and
protons.
A.d+d~4He

The initial report of Pons and Fleischmann proposed that dd fusion was responsible for the effects, and we considered initially what would be
required for this to occur. One idea was that a
lattice under stress might show multiphonon response in the MeV range due to fractures, and
that in some way the electromagnetic interaction
could get the energy out coherently at an enhanced rate.
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L

Figure 3: Feynman-like diagram for the proposed heat-producing two-step depp reaction.

The principal drawback to this approach is the
exponentially damped electric quadrupole moment between initial and final states due to the
Coulomb barrier between nucleons.

B. Fusion/Beta Two step reactions: p
He)v -> t + e+ + Ve

p

We have been exploring a coherent version of
this reaction as a many-particle process. The
most interesting result which we have found is the
possibility that the neutrino emission has the potential to be superradiant in the Dicke sense. In
order to reach maximum superradiance, the fusion states would have to retain phase coherence,
which is consistent with the requirement that the
final states be stationary.

~

Two step reactions in which fusion is followed
by an incoherent decay process have the possibility of behaving coherently if the exchanged photon is soft. We were able to formulate a manybody theory for this class of reaction based on the
analogy with laser physics models. We found tha.t
the model was mathematically tractable but that
all effects due to this type of reaction were qui te
small due to the small electromagnetic moment
between initial and final fusing states. In essence,
if there were some way to enhance the tunneling, then coherent two-step reactions of this type
might occur. The detailed analysis of such processes is documented in our ASME paper.

IV.

MAGNETIC DIPOLE
STRENGTHS

One approach towards developing an explanation for tritium production is to adopt a scenario
in which tritium is formed through the capture of
a neutron by deuterium. One proposed version of
this reaction is

C. Beta/Fusion Two-step Reactions: d + e +
2p - - t (ve + 2n + 2p)v ~ Ve + 2d+2.05 Me V
The exponential inhibition of fusion reactions
due to the coulomb barrier is responsible for the
general view among physicists that no cold fusion
effects are possible in spite of supporting experimental results. If weak interaction electron capture by a deuteron occurs first, then the fusion reaction is between a neutral and charged nucleus,
with no accompanying coulomb barrier. The price
to be paid for this is twofold: the weak interaction
is not so large of an effect, and the intermediate
states with neutrons present is virtual. The detailed analysis of this reaction as an incoherent
process is straightforward, and one finds that the
range of the virtual neutrons is measured in tens
of fermis.

d + e +p + d

---+

(2n + Ve

+ p + d)v

---+ Ve

+d +t

We are interested in the strength of this reaction
in comparison with the strength of the depp reaction mentioned above. An examination of the
known slow neutron capture cross sections leads
to the conclusion that virtual neutron capture by
protons is favored over capture by deuterons by a
moderately large factor. We conjecture that the
magnetic dipole matrix element for neutron capture by protons is larger than for any other system
by a large factor as well, and we ha.ve concluded
this based on an examination of a relatively small
number of capture cross sections.
Our approach will be very simple; we shall view
the capture process as a radiative decay from an
extended bound state. For example, in the presence of a magnetic field, neutrons of the appropriate spin polarization will see an attractive potential which is very weak. For low enough neutron
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energy, bound states will exist (although they will
be unstable to collisions by thermal nucleons).
Such states will decay radiatively according to

= 7.35 X

1O- 2ocm3 / sec

(IV.6)

from Cox et al 60 (for a theoretical examination
of this, see Mathiot61 ). For neutron capture by
deuterons, and similar estimate gives

IfuJu) denotes the upper state in which
the neutron is relatively delocalized, and IrtJI)
where

= 1.25 X

denotes the lower state in which neutron capture
has occurred. By necessity for these arguments,
these states are many-particle states.

(IV.2)
where N is the number density of target nucleons, and o"c( v) is the capture cross section into
the ground state. For M1 capture of neutrons by
protons and deuterons, the capture cross sections
vary as 1/ v at low energy.
It follows that the reduced matrix element can
be related to the capture cross section through

(2jnp + 1)-1 I (np
(2jnd + 1)-1 I (nd

3

N1 (2J 1+ 1) (fuJu fL fiJI) 12 = 4"3 nc
w 3 O"c(v)v
u
(IV.3)

u

rtJI ) 12

(IV.4)

which can be used to obtain a ratio of the reduced
matrix elements for neutron capture by protons
and deuterons.

(2jnp + 1)-1 I (np
(2jnd + 1)-1 I (nd

1.3 X 10 4 (IV.8)

This ratio is relatively independent of photon energy, and would be valid in the limit that the
emitted photons are soft. The key result here is
that protons would be substantially more reactive in terms of accepting a virtual neutron in a
coherent fusion model than deuterons. It is this
point which has focused our attention on the importance of protons in our coherent fusion work.

+ 1)

I (fuJull fL II

°] =

2

I (u II fL Ill) 12
1
1
N (2J + 1)

II fL II d) 12
II fL II t) 12

6.25MeV]3 [7.35 X 10[2.22MeV
1.25 x 10- 22

We may define a single particle reduced matrix
element in terms of the left hand side

(ju

(IV. 7)

where we have used the somewhat dated value
from Kaplan et a1 62 , which is in rough agreement
with the CRC value of 5.1 X 1O- 28 cm 2 •
The ratio of (IV.5) actually requires channel
specific cross sections to be valid. Neutron pickup
by a proton requires a singlet initial state, and so
we may require this unique channel in our ratio.
Neutron capture by a deuteron involves two channels, and we do not have data for the two channels
individually_ In order to get a general estimate,
we shall take the deuteron capture quantities to
imply an averaged sum, and we then obtain for
the ratio of (IV.5)

The radiative decay rate is related to the capture cross section through

I I I

1O- 22 cm 2 / sec

The two step beta/fusion reaction under discussion is essentially a generalized neutron transfer reaction, which is proposed to deposit S-wave
neutrons in the ground state of an isotope through
an M1 transition. Reactions in whi ch a neutron is
transferred into an s-orbital of an acceptor isotope
are of most interest. Candidate Is orbital isotopes
are presented in Table 1. It is observed that out of
the three possible candidates, two are implicated
in the present scenario. We have not yet obtained
an estimate of the gamma channel of the low energy neutron- 3He reaction, so we are not in a position to predict how strongly 3H e would react
relative to protons or deuterons.

II fL II d) 12
II fL II t) 12

Experimental measurements on slow neutron
capture by protons have yielded a value of the
capture cross sections for room temperature neutrons (2200 m/sec) which we may use
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partial cross sections for capture of thcrmal nCll trons to the ground state of 30Si can be estimated
to be 0.26 mb.
Although we have assembled a table of candidate transitions for slow neutron capture into 3s
neutron orbitals,66 the resulting table is mode rately long due to the mixing of the 3s orbital with
other neutron shells. The list includes isotopes
between Cd and Ba. Of most interest may be the
cadmium and tin isotopes, which include a small
number which are unstable following neutron activation (for example, 11 2 Sn lead to 113S n with a
half-life of 115 days).
We note that tritium cannot be an acceptor in
this scenario.
The spin flip transitions under discussion here
can proceed in principle coherently, in which case
th ere can arise an N 2 factor associated with the
coherence. It is this efrect which is proposed to
account for the observation that deuterons arc
favored over protons as sources of virtual neutrons. We expect that such processes would be
enhanced by net nuclear spin polarization locally, which would follow from electronic spin
polarization. 67 - 69 Unfortunately the case is not
strong for this since the magnetic susceptibility is known to be very low in PdD x at high
loading. 7o - 71 A reduction in hopping at high loading would improve coherence and may provide a
rationalization of the observed loading requirements.
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Table I: Parameters for slow neutron pickup mediated by Ml electromagnetic transitions to nuclea r
Is orbitals.
Candidate 2s orbital isotopes are given in Table
II. Of interest in the list is silicon, which was used
in Claytor's tritium experiments and which is the
subject of a number of undocumented reports
concerning Wada's neutron experiments. Also of
interest is 31p, which would be activated to 32p
upon capture of a neutron; the product is radioactive with a half-life of 14 days (the decay
mode is {3- with a 1.7 MeV energy), which would
make a useful marker for autoradiography experiments. If we assume that the branching ratio is
0.7 % from Lycklama and Kennet,63 and adopt
the CRC value of 0.233 b for the total thermal
neutron cross section, then we obtain a partial
cross section of 1.6 mb. The ratio of equation
(IV.S) evaluates to about 9.4 X 10 3 for 31p, which
is similar to that for deuterium. lIence, if the
scenario is right, then we might hope to activate
phosphorous as a second order effect (on par with
tritium production) if P is present in quantity.

isotope

Abundance

(J;)";

(J/)"'

'I

Q(MeV)

"Mg
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(0)+

(lJ+
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6.11

"Si
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00

8.17

'·Si
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(0)+

00
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100.
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(1)\
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7.!)4

V. COLLECTIVE EFFECTS IN
NEUTRINO EMISSION
In this section we shall explore a semi-classical
model of neutrino emission. This analysis is motivated by analogous models for photon emission
in quantum electronics. Starting from QED, an
evolution equation for the ·expectation value of
the electric and magnetic fields can be developed
readily. The equations obeyed by the averages
are Maxwell's equations, and the source terms are
found explicitly in terms of averages of the quantum equivalents of the classical sources.72-75
Neutrino emission can in principle be viewed
analogously. The expectation value of the neutrino field obeys the Weyl equation with a source
term, and this model is in essence a semiclassical
model for neutrino emission in the quantum electronics sense. This semi-classical model can be
used to explore conditions under which neutrino

Table II: Parameters for slow neutron pickup mediated by Ml electromagnetic transitions to nuclear 2s orbi tals.
The branching ratios for slow neutron capture in
29Si have been given by Beard and Thomas. 65 The

105

emission occurs as a collective process. The motivation for this analysis is that the phenomenon of
Dicke superradiance is accounted for within the
framework of the semiclassical model for electromagnetics, and it follows that neutrino emission
may show an equivalent effect.

The electron orbitals which have strong overlap
with the deuterons will be well described in a nonrelativistic approximation. In this case we may
take the 4-vector 'lj;j(r, t) and break it down into
two components

It is known that neutrinos can participate in coherent phenomenon. Based on the analogy with
photons, Weber suggested that neutrinos would
scatter coherently proportional to N 2 the number of scatters in a crystal. 76 - 77 A detector based
on this principle has been constructed and there
is evidence for the detection of neu tri nos. 78 The
extension to coherent emission of neutrinos is
straightforward conceptually.

(V.4)
It follows that

and

Our starting point is the Dirac equation for the
classical neutrino field, which is the expectation
value of the field- theoretic neutrino field operator.
This equation is

(1

(gCV

LT/-)c5 (r 3

</>v
[ Xv

=

ri)(l

+ tS)t4;J;e)

8t

where the expectation value is over a macroscopic
lattice.

1

l'

J

1 [11

(V.7)

==..j2

</>v]
Xv

[ 0
(1 •

cp

a . cp ] [ </>v ]
0

Xv

(V.8)

If we adopt a Furry picture for the electron field
operator, where the potential is taken to be due to
many nucleii in a lattice, then the individual electron orbitals which are converted are Bloch waves.
If we define the expectation value to be between
a state with an electron present in a Bloch state
r j and a state with no electron present, then we
may write

transforms into

in~
[ </>v
8t Xv

Sj(r, t) =

]'

using Sx = -sq,. We may therefore simplify our
analysis, and use the Weyl equation with a source

+ tS)t4'1j;j(r, t)

+gC A(I)i<-)aic53(r - ri) . (1

.

We find that

in ~ [

gCv(LTl-)c5 3(r - r;))(1

&1!<8p

[ -a(I + 2mc )</>} (r, t)
2
(V.6)
The form of these formulas shows explicitly the
choice of helicity of the neutrino source. A unitary transformation can be used to simplify the
computation

where Sv is the semiclassical neutrino source function, analogous to electromagnetic polarization.
The semiclassical source function Sv is

sv(r, t)

a.-cp
a(l + 2 )</>j(r, t)

+ ts)a t 4¢j(r,t) ;::;

(V.lO)

+ ts)at4'1j;j(r, t)

i

where s~

(V.3)
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= sq,.

We shall henceforth omit the primes and work
with unprimed variables. The source term will in
general have a distribution of frequencies. If we
assume that the frequencies are discrete, then

Sj(r, t)

= LSjl(r)e iw /t

\7']

(V.l1)

12
a °
[1 + ~ Sj/(r')

I

and (V.IO) becomes

(V.19)

We shall define the function

(V.12)
for a component of <Pj at WI. If we operate on
both sides of V.12 with [hwi - a . cp], we obtain
and split it into Fermi and Gamow-Teller terms

(V.21)

(V.13)
Explici tly, we have

which can be recast as

e

V

JI

[\7 + (:/)2] <pjl(r) = h c [ftwI- a,cp]Sjl(r)
2

=

J

d3 r' e-iKlor' [I

2I

2

gC V (LT i(-)d 3 (r' - ri))jl [I

(V.14)
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It follows that

(V.22)
and

e = Jd r' eiK1 -r' [I + i aI . \7'I]
3
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(V.23)

(V.IS)
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In the far-field we may approximate (V.IS) by

A.
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(V.24)
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r

c

Ir I

The electron orbitals are Bloch orbitals, and
are composed of the product of an oscilltory and
periodic term.

r

=--

(V.16)

We are in a position to integrate (V.22) and
(V.23) with respect to r'. We note that

(V.17)

and where the radiator is assumed centered at
r = O.
The total emission rate of neutrinos is
from which it follows that
(V.I8)

eX = gCv(LTj(-)ei(kJ-Kdor;)j/[I + a . Kduj(O)
•

which is expanded out to be
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(V.26)

where uiCO) is the value of the periodic part of
the Bloch wave at the deuteron nucleus. In this
formula we have dropped the electron spin-orbit
term. Similarly we have

If the many-particle nuclear states are Dicke
states, then

I (T(-») 12(X

(ft

= gCA(LTl-)a;ei(kj-Kd·ri)j/[I + a· ~dauj(O)

[T(T + 1) - MT(MT + 1)]

(V.34)

If I MT I is much less than I T I, then the neutrino emission will be coherent and proportional
to the square of the number of emitters. The
physical content of this result is that in the Dicke
limit all of the nucleons participate on an equal
basis in the neutrino emission process, in phase
with one another throughout the lattice. The resulting emission rate can be much larger than N
times the single particle incoherent neutrino emission rate.

,

(V.27)
We define the generalized Fermi and GamovTeller expectation values

(V.28)
and

In order for this process to occur, phase coherence must be maintained between the ini tial and
final states, which implies that the final states
must be stationary. This requirement seems to
be consistent with the experimental observations
of low neutron yield. In order for this to occur
the nuclear energy must be transferred elsewhere
coherently, and we discuss this problem in the following sections.

which allows us to write

VI. COUPLING OF ENERGY FROM
THE MICROSCOPIC TO THE
MACROSCOPIC

and

In order to achieve superradiance in the neutrino emission in the coherent scenario, the neutrino energy must be very low (on the order of
1 eV or less), and the final state nucleons must
be stationary. The overall reactions of interest
are exothermic by multiple MeV, hence the nuclear energy must be deposited elsewhere in a
nondisruptive manner in order for coherence to
be maintained . Coupling nuclear energy from the
microscopic to the macroscopic coherently is unprecedented, and we require a fundamentally new
mechanism to do this.
In our earlier efforts, we have proposed coupling
of the nuclear energy into phonons in the palladium lattice. The phenomenon of deexcitation
of electronic transitions into phonons is known
in molecules and solids,79-83 and the fundamental quantum mechanics seems to be qualitatively
similar between these well-known systems and our
earlier coherent fusion model. However, in essentially all systems in which a relatively high quantum energy transition is coupled with phonons,

At this point we are in a position to explore
coherent neutrino emission. If the electron momentum and the neutrino momentum coincide,
then the Fermi average becomes

Mj;(O) = (I)·}-»)
t

(V.32)
where T( -) is the many-particle isospin operator.
The emission of neutrinos with momentum equal
to the converted electron momentum can be coherent. We may show this explicitly by considering the Fermi emission rate

(V.33)

108

probability amplitude

the non-radiative processes proceed through at
most a relatively small number of phonons at a
time. The rate of phonon emission dec reases exponentially with increasing numb er of phonons
generated, which is characteristic of a high order emission process. 80 As a result, unless some
new and compelling physical mechanism is found,
it seems improbable that nuclear energy can be
coupled directly to lattice phonon s in bunches of
10 7 or more at a nonvanishing rate.
The arguments above apply to radiation of
large numbers of quanta in a system which is fundamentally linear or near linear. Phonons within
a macroscopic lattice or large molecule are welldescribed by linear or weakly nonlinear models,
which is ultimately why the emission rate is exponentially damped for large numbers of emitted
phonons. Radiation of photons into a va.cuum is
exponentially weak for large number of photons
for the same reason. As a result, if we hope to
make any progress at all, we must search for a
mechanism which is fundam entall y nonlinear to
very high order in order to avoid ex ponential extinction of emission rate at high quantum energy.
There are examples of systems which appear
to behave in this fashion. One such mechanism
is the electrochemical process, as can easily be
seen. Consider an electrochemical cell which is
driven by a low frequency LC-circuit (an example which we shall focus on in this section), and
assume that when in operation gas molecules are
generated from chemical species within the electrolyte. The generation of each gas molecule requires a relatively high chemical energy quanta,
which must be supplied by relatively low energy
electrical quanta from the LC circuit. In order
for this to occur, a mechanism must exist which
is capable of exchanging a very large number (10 6
to 10 12 ) of electrical quanta for a single chemical quanta. Such a mechanism would have to be
nonlinear to extreme order, and in what follows
in this section we explore the possible application
of this type of nonlinearity to th e coherent fusion
problem.
We begin by considering the quantization of a
simple LC circuit. The Hamiltonian is derived
from the classical electric and magnetic field energies

[)
iha'IjJ(v,t)

h2

1

[)2

= -2LC2[)

t

2'IjJ(V,t)

+ 2Cv2 'IjJ(v,t)
(Vl.2)

v

where we have used the current operator
.

. h

lop

[)

= -z LC [)v

(V 1.3)

The quantization of the LC circuit is of course
well known,84,85 and is usually written in terms
of creation and destruction operators as we shall
shortly do also. In this form, it is emphasized
that the current operator is to within a constant
simply a derivative of the voltage. This will be of
use later.
In terms of raising and lowering operators, the
current and voltage operators are

v=
0

__

2-

(ii:;(a
V2c

t

+ a)

(ii:;(a t - a)
i

Vu

(V f.4)

(V 1.5)

The Hamiltonian for this system is
fILe

= hwata

(V 1.6)

where w = l/vLC, and where we have suppressed the zero-point contribution which is not
important for our discussion. The eigenfunction
solutions for this problem are completely standard, and the energy levels are quantized with
a constant spacing of hw. That the inductance
or ca.pacitance might be somewhat nonlinear in
the corresponding physical system has no impact
on the present arguments. The presence of resistive losses can be included directly using standard
techniques of coupling to a heat bath,84-86 however, such processes play no role in the nuclear
coupling process of interest here. We may add
such resistive terms to our Hamiltonian at our
pleasure; they wiII show up additively at the end
of the computation - hence there is no reason to
carry them along here.
We may consider the coupling of the LC circuit
to a two-level nuclear system, which is in essence
a toy model for virtual neutron capture in our scenario. A full model including superradiant neutrino emission cannot be described as a two-level
system, however, if we focus on a two-level system

(VI.l)
which leads to the Schrodinger eq uation for the
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we will have a better chance of elucidating the basic mechanism. A more complete model will have
to follow in a future work. The Hamiltonian for
the coupled system is

The diagonalization of this Hamiltonian is similar
to rotations discussed elsewhere. 87 - 89
The coupling term in the rotated picture is very
small, and we have achieved a relatively accurate
diagonalization through this transformation. One
result of this diagonalization is that it becomes
apparent that the interaction term, which is of
low order, does not help the transfer of net nuclear
excitation to a linear circuit. The nuclear quanta
can only be transferred in units of lOn quanta
at a time in order to conserve energy, and such
processes are exponentially inhibited as remarked
upon above. There is some small degree of mixing
between the nuclear levels and the oscillator levels
which will be of use shortly.

(V 1.7)
where

(V 1.9)

The 1: x and 1: z operators are many-particle
"spin" operators, which are used commonly in
this type of model. The band bt operators
are fermionic creation and annihilation operators.
The interaction term is appropriate for -/L·B coupling where the magnetic field is uniform throughout and where the magnetic field is in the nearfield (which couples the nuclear energy directly
to current increments). The microscopic coupling
links a single energetic spin flip with the creation
or destruction of a single current quantum.
This model is simple and can be diagonalized
approximately through a unitary transformation:

c

L

Figure 4: LC circuit couple to a nuclear spin
system at high energy and a nonlinear element.
The coupling of the LC circuit to the electrolysis process is to be considered next, and for this
we adopt a model Hamiltonian of the form

(V 1.10)

(V 1.11)

(V 1.16)

The rotation operator which accomplishes this is

where we include the "bath" for the chemical system through

- _

~

-1

R - 2 tan

[_2_
nwN

{PH (at - a)]i
1: y

aaab

HE = ~~hwj(c}Cj -

(V 1.12)

(V 1.13)
where

e iR HLC e- iR - HLC

HI

~

i

[il, HLC]

(VI.17)

where C and ct are fermionic creation and destruction operators relevant to chemical species. The
cou pli ng wi th the chemical bath is accounted for
through Hc, which we conjecture has the form

The resulting Hamiltonian is

H'N -- ~t
-, ~
2ltWnLJz

Cjc})

J

(V 1.18)
(V 1.14)

The important feature of the coupling Hamiltonian is that is must have an explicit nonlinearity
of high order in order for the electrolysis process
to be able to convert low energy electrical quanta

(V 1.15)
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proportional to the number operator of electrons
within an electrode, and the nonlinearity comes
about because the electrode orbitals are filling
(or emptying) as the voltage increases. Each
newly entering electron sits on the shoulders of
previous electrons in energy; at some point a
newly entering electron will fill an orbital through
which electrochemical current flow is energetically allowed. This microscopic picture leads to
a coupling Hamiltonian of the general form given
above, except that the step function will be replaced by something softer depending on the details of the tunneling between metal orbitals and
surface orbitals.
We note that the nonlinearity, if it worked
as conjectured here, might provide under certain
condi tions, a source of 1/ f electrical noise.
The extension to the full model would require
analysis of superradiance in a multi-level system,
and some work has been done on this type of
system. 90 - 92

to chemical quanta. The use of a step function
to describe this coupling is conjecture (we expect
it to be sharp, be we do not know whether it is
sharp to the degree to which we wi11 shortly require). The summation over j in this equation is
a summation over available quantum mechanical
microscopic channels. A summation over channels weighted by a thermal occupation average of
this Hamiltonian would give a nonlinear currentvoltage characteristic which is more gentle and
locally Ii near.
If we apply a unitary transformation to diagonalize the coupling between the nucleii and the
curren t to first order in the presence of the electrochemical terms, we obtain a new and very interesting term due to the resulting commutation.
If we rotate:

(VI.19)
using the transformation descri bed above, then
we obtain

",

",

",

",

",

",

H =HLe+HN+H[+HE+He

VII. DISCUSSION

(VI.20)

where

H'c

=

The binary fusion of two charged nucleons at
room temperature as an explanation for cold fusion effects seems to us to be hopeless due to the
presence of the coulomb barrier, in spite of the
proposals which have been suggested for ways to
circumvent coulomb repulsion. Even if a way were
found, there remains the problem of developing a
reaction which produces cold reaction products.
The dd binary fusion reaction which has been discussed so much in the last year simply does not
begin to fit the reaction profile of the observations.

edt Hee- iR

+ i [fl, He]
He + LAj [l,0(v - Vj)] t y
He

J

He

+ LAj 8(v - Vj)t y
j

(VI.21)
In the dressed state picture, a new term appears which couples nuclear energy into the LC
circuit, assisted by the electrochemical process.
This term is extremely nonlinear, and is approximated by a delta-function in voltage in this simple
model. Depending on how strong the nonlinearity is, it has the potential to exchange a nuclear
quantum into a very large number of LC circuit
quanta in a non disruptive manner required for the
coherence in neutrino emission.
The scenario described in this paper rests on
the conjecture that the electrochemical process
is nonlinear to a somewhat higher degree than
is required in order for electrochemisty to occur.
Some consideration of the microscopic physics
suggests that this conjecture is not entirely unreasonable. The voltage operator is approximately

The fusion of a virtual neutron with a charged
nucleon can provide a way to circumvent the
coulomb barrier, and our current effort is based on
the exploration of this possibility. In place of the
problem of coulomb repulsion, an issue of nearly
equal severity arises, specifically one of transport.
The range of virtual neutrons is quite small (fermi
scale) unless the energy defici t can be somehow
reduced. Additionally, the weak interaction is a
numerically small effect; it is difficult to understand how any reaction, whether coherent or not,
could have a substantial reaction rate if the weak
interaction is a part of it.
We have proposed that the neutrino emission
can be superradiant if the neutrino momentum is
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equal to the Bloch wave momentum of the electron and ifthe reaction final products are stationary. This provides a possible mechanism to boost
the weak interaction by a considerable factor.

favored over deuterons in this respect due to
the larger M1 matrix element.
4. A magnetic field which is due to a current
which sees a highly nonlinear impedance. Although the magnetic field must be present
where virtual neutrons are converted, the
nonlinearity may be separate. This mode of
coupling is specific to M1 interactions.

The neutron transport problem may in principle be solved if the coupling of the nuclear energy to the current occurs collectively, which preferentially favors long wavelength virtual neutron
states. In conventional incoherent nuclear reactions where off-shell neutrons occur, the timeduration of the excursion of the neutrons can be
obtained from the uncertainty principle if the energy deficit is known. In a coherent reaction,
which is ultimately a resonance process, the transition width can be very small (less than 1 e V)
even though the energy deficit is large. This
translates directly into a potentially large spatial
excursion for the off-shell neutrons.

5. Net (local) nuclear spin polarization.
For tritium production, the requirements would
be very similar as the above list applicable to
MI neutron pickup, except that protons would no
longer be required. It is likely that they will be
helpful, in that the conversion of two virtual neutrons (from electron capture on deuterium) may
be enhanced if one is captured onto a proton .

There is considerable interest in defining what
factors are required to produce cold fusion effects,
under the assumption that they are real. This has
been of concern, especially to the experimentalists, and there have been some attempts at assembling a list of requirements. No such list has been
produced by theorists at this point, and that fact
is a consequence that no theory currently exists.
Our work is speculative, and although we have
not produced a theory as recognized by physicists,
we have developed a scenario which may lead to a
predictive theory. It is of some interest to address
the problem of what requirements would follow
under the assumption that the scenario is at least
partially correct.

The outstanding issues in the field are: (1) the
unequivocable proof that there is indeed a new effect, (2) reproducibility, and (3) mechanism. Engineering and applications must ultimately wait
for some very basic level of demonstrable physical
understanding. It seems unlikely that the theoretical situation will improve much without more
experimental input.
If neutrino emission can occur superradiantly,
and if the nonlinearity in current-voltage characteristic actually can take up the nuclear energy,
then it may be possible that the various "miracles" can be explained rationally. Future theoretical efforts towards the development of our scenario must involve further quantification of the
scenano.

With the above proviso in mind, we offer a list
of factors which would be required in our scenario
for heat production:

Consideration of these issues has its motivation
in the controversial cold fusion experiments. If
the experiments are right, then there ought to be
some sensible explanation . It is important to establish firmly whether there are indeed cold fusion
effects, and jf so , a second generation of experiments focusing on mechanism need to be started .
We have developed what amounts to a wish list
for experiments which would help clarify whether
our scenario is indeed a correct approach . This
list is given in the following section.

1. A source of virtual neutrons:

specifically
deuterium or tritium are possible sources.
Within the scenario, deuterons would be favored by an N 2 coherent factor over protons.

2. A regular potential which supports electron
Bloch waves to enable coherent neutrino
emission. This is probably not a requirement
that the lattice be perfect, but clearly water
will have less order of this sort than a palladium rod.

Theory and experiment need to go hand in
hand. If proton depletion in heat experiments can
be demonstrated quantitatively, then this would
be regarded as strong motivation for pursuing
our scenario. But it remains to be settl ed as to

3. An exothermic sink for virtual neutrons: protons are proposed to be the recipi ents of virtual neutrons in current heat-producing experiments. As discussed earlier, protons are
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whether there is an effect at all, and this must
still be regarded as a top priority.

VIII.

initial pre-march work of Pons and Fleischmann
suggested that there is an optimum mix of proton
and deuterons which gave the best results. The
question of interest is: what is the sensitivity of
the effect to relative proton concentration within
the palladium? Associated with this is whether a
rod loaded with less than 0.01 % protons can show
heat. Within the scenario, such a rod should not
exhibit heat, although it could in principle evolve
tritium.
C. Tritium loss

PROPOSALS FOR
EXPERIMENTS

At this point, it is still not accepted that cold
fusion effects are real rather than experimental
artifacts. If we take the posi tion that the heat and
tritium are real effects that can be reproduced by
one or more groups, then the question arises as
to what new or related experiments can be done
which might help clarify mechanisms.

Tri tium prod uction has been reported in a
number of laboratories. A small number of reports of tritium loss exists. The question which
arises, is simply whether there is such an effect
and whether it is reproducible. An experiment
could be done in which a heat prod ucing closed
cell is injected with a known amount of tritium,
after which tritium content is monitored. Noise
ILCurie
levels in the
ml
range have been reported,
and an added signal of 100 times this level would
be of interest. Within the present scenario, tritium may serve as the source for virtual neutrons,
although the primary teppp reaction is not allowed energetically.

A. Reproducibility
Ever since the initial announcement of the effect, the issue of apparent nonreproducibility has
plagued the field. It almost seems as if some researchers have the "magic touch," while most do
not, and this has been used as a primary argument that the effect is not real. Currently, numerous researchers are apparently able to obtain
one or more of the miracles with much improved
probability of success for a given experiment.
Probably the highest priority project which is
faced by workers in the field is to define one or
more experiments which produce either heat, tritium, neutrons or isotope shifts at some probability level. This accomplishment would go far to
make the effect accessible to the scientific community in general. From the large variety of positive experimental results which are being reported
now, I think that the definition of an "industry
standard" set of cells could be done.

D. Production of slow neutrinos
Electron capture through the weak interaction
involves the emission of a neutrino. If the neutrinos were energetic (which is not consistent with
the present scenario) , then they could be observed
by conventional solar neutrino detectors. 93,94 A
point source of 10 13 - 10 14 neutrinos in the MeV
range would be detected by the Kamiokande detector, for example.

B. Proton Loss

If the neutrinos are low energy neutrinos « 1
eV) as might be produced superradiantly, then
they would be detectable only through use of a
Weber neutrino detector specifically designed and
optimized for a large flux of soft neutrinos.

Within the framework of the coherent fusion
scenario discussed in this work, protons play a
key role in constituting the primary fuel for heat
production. A demonstration of this would represent a fundamental step in the elucidation of
a mechanism for the Pons-Fleischmann effect.
A null result in this area would serve to eliminate the proposed scenario. The key experiment
which we recommend is a proton loss experiment,
in which the proton concentration is monitored
(which presents severe experimental difficulties)
over the course of an extended experiment in
which multiple megajoules of heat is produced.

E. Activation of Phosphorous
Natural phosphorous occurs as 31p. Neutron activation to the ground state of 32p involves an
M1 virtual neutron pickup reaction analogous to
proton and deuteron reactions discussed above.
The activated phosphorous isotope is unstable
with a 14 day half-life, and produces a 1.7 MeV
electron. If this process can be demonstrated,
it would be important mechanistically in that it
would be much more difficult to imagine how 32p
could be produced through the types of mecha-

C. Proton Concentmtion
Pons-Fleischmann cells are often run at low levels of light water (on the order of 1%). The

113

nisms which have been discussed elsewhere. A
clean demonstration of a new neutron activation
reaction would be of great value.
F. Separation of Reactants and Nonlinearity

Pons- Fleischmann effect. The previous discussions of dd reactions as candidates for explaining
the observations suffered from the fact that the
reported observations simply do not fit the dd reaction profile, and that reactions at room temperature involving fusion of charged nucleii have
exceedingly small reaction rates.
The present scenario offers a number of advantages relative to the claimed observations, including

The mechanism proposed to convert the nuclear energy works through a near field magnetic
field generated by a current which sees a high order nonlinearity. This nonlinearity need not necessarily be in the same location as the reactants,
and an extremely interesting experiment would
be to demonstrate this effect. If the current running through the palladium electrolysis cell were
run through another element exhibiting a high order nonlinearity (for example, another electrolysis cell, a battery, a diode or other systems),
then it is possible that anomolous energy deposition into the series nonlinear element might occur. A demonstration of this effect would strongly
support the present scenario. More interesting
still would be the replacement of the original palladium cell with a crystal containing deuterium
and hydrogen as constituents (partially deuterated LiH, etc.).

1. Heat production without fast reaction products, neutrons or gammas.

2. Tritium production as a second order process, unaccompanied to first order by secondary neutron prod uction.

3. No explicit exponential damping factors occur at room temperature.
4. The scenario is consistent with the known
stability of heavy water and can be consistent with stellar 02volution models.
5. The time-dependence of a superradiant system is qualitatively consistent with the dynamics of the observations of the heat and
tritium observations.

G. Net Nucleon Spin Polarization
Spin-spin coupling between electrons and nuclear spins can be a relatively rapid process. Protons and deuterons undergoing electrolysis in palladium or titanium will see some degree of net
nuclear spin alignment. Any coherent mechanism
for fusion effects of the class which we have been
considering may be sensitive to the state of net
nuclear spin polarization. Questions which are of
interest involve the relation of nuclear spin polarization to the Pons-Fleischmann effect.

6. The dependence of the strength of the effect on current density is in qualitative agreement (maximum di/dv is favored, rather
than maximum i).
7. The
scenario
is
consistent
with
contamination-dependent production of low
levels of residual radioactivity.
Real neutron production can occur as an incoherent process parasitic with the coherent processes
described in the paper. It is at best a third order
process in comparison to heat and tritium production in the model.
The principle weakness of the scenario at this
point is the lack of quantitative predictions. This
weakness is not inherent in the model; the effects
discussed here are amenable to precise quantification. Further effort is required to obtain predictions.

1. Is net nuclear spin polarization present in a
heat producing cell? What is the direction,
spatial dependence, and strength of proton
and deuteron polarization.
2. Can a Pons-Fleischmann cell produce heat if
the nuclear spins are randomized?

3. What does the NMR spectrum of a working
Pons-Fleischmann cell look like?

IX.
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