


Fig. 1 shows a pictoria representation of *conventional” fusion reactions super-posed on
an idealized representation of the “box”, associated with what is commonly viewed as * conventional”
(labeled “inside the box”) and “unconventiona” (labeled “outside the box”) science. In this
schematic, al reactions originate from a configuration in which two deuterons (shown as proton-
neutron pairs) overlap with each other in a manner that forms a configuration (shown in the center
of the plot) that resembles an excited state of a “He nucleus. The two, dominant reactions (D+D-
>*Het+n, and D+D->*H+p) that occur in free space are essentialy “blind” to the presence of the
electromagnetic interaction (EMI). For this reason, it is possible to treat these reactions within a
framework in which the dependence of the reaction on electromagnetic interactions is independent of
its dependence on the nuclear (strong force) interaction. This means that in these reactions, the
associated wave functions describing the initial and final states do not couple the nuclear and
electromagnetic interactions. As a result, the genera reaction rate expression (which is described
below) effectively “precludes’ the “strong force” from “talking” to the “electromagnetic force,” by
congtruction. The figure schematically illustrates this point through the labels (“ignore E. M.”),
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Fig. 1: Pictoria representation of conventional fusion reactions. Darkened and
lightened circles, respectively represent neutrons and protons.

next to the arrows that are shown in the right portion of the figure. Also shown is the remaining
fusion reaction (D+D->*He). This reaction occurs rarely in conventional fusion. For this reason, in
the figure it is shown as occurring at the “boundary” of the “box”. A second reason we have drawn
it a the boundary isthat it violates a “paradigm” that many nuclear physicists believe to be valid: in
conventional fusion, the strong and electromagnetic interactions remain uncoupled. For this reason,
it is widely believed that the final (D+D->*He) reaction should rarely occur and the two remaining



reactions should occur with roughly the same probability. However, the D+D->*He does occur, and
the reason that it is not frequently observed is well-understood: it violates energy-momentum
conservation unless a high energy momentum gamma ray is emitted, and the associated EMI involves
a complicated (quadrupolar) coupling between nucleon spins (that occurs as a second order
electromagnetic process). Two important points are: 1. although this fina reaction occurs
infrequently relative to the others, when it occurs, the “nuclear” and “electromagnetic” interactions
do “talk to each other”, and 2. it occurs rarely because the associated processes involve overlap
between two “particles’ a a single location.

Motivational Physicsfor Getting Outside the Box

Part of the confusion with the “box” associated with conventional nuclear physics involves
the definition of momentum p: for a single charged particle, p does not equal mass (m) times velocity
(v); the“rules’ of the “box” are: for a particle possessing charge g, mv=p-g/cA, where A (the vector
potential) is associated with the electromagnetic interaction, and c is the speed of light. Although
this rule is based on classical physics, how and where it applies “seems’ to have been a source of
confusion. The “rule’ follows from the “box” defined by classical physics. (Miss-assumptions
about this rule not only “appear to have led to confusion about Cold Fusion” but to more serious
problems.)

An example of the importance of this distinction occurs in the p->0 limit, when *many”
particles “ share’” a common density r ,. When this occurs, mv, which is proportional to the current J
(provided r 4 is uniformly constant[3]), becomes proportional to A. But A, which is defined by the
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2p0 %),then obeys a Helmholtz equation[3] (- N2A° %)
that resultsin A asymptotically vanishing beyond a critical coherence length, where J approaches a
congtant value. This accurs even in the absence of an applied electromagnetic field (EMF). The
resulting picture explains the phenomenon of super-conductivity. It also explains how as p->0,
super-conductivity not only is present, but because the current vanishes at some boundary,
surrounding the region where superconductivity occurs, the effects of boundaries may result in the
expulsion of magnetic flux when p=0 (the Meissner effect) or flux quantization[3], when p does not
vanish but takes on values that are consistent with the associated rules (defined by “the box™)
associated with the requirements of quantum mechanicg3].

static wave equation (- N

The basis of both phenomena is that p does not equa “mv”; in stuations where the
DeBroglie wavelengths of “particles’ become sufficiently large, “particles’ become “wavelike.” In
this kind of dituation, the average value of the gradient of the phase of the associated collection of
waves (which is described by the many-body wave function) defines the momentum. The important
point is that the “phase of the many-body wave function,” as opposed to a quantity related either
directly to the current or to “mass x velocity” defines how the momentum behaves. When p->0, this
guantity can be affected in ways that are non-local in character. This may occur because non-local
changes in A can significantly alter the value of the phase. Because a priori it is not possible to
predict if asolid is at rest or in motion, for example, its center-of-mass wave function can be altered
by an arbitrary complex number. This introduces the possibility of an arbitrary gauge
transformation in the definition of the A that applies inside and outside a solid. Because in the p->0
limit, it becomes possible to determine if the solid isin motion or at rest, the associated arbitrariness
in “gauge” is removed. Not only does this mean that the associated “gauge symmetry” becomes
broken, but physica effects (for example, the expulsion of magnetic flux, or spontaneous lattice
recoil [asin the Mosshauer effect]) can occur. The resulting coherence can be viewed in different
ways, within the framework (the “box”) associated with a particular discipline.



In smilar ways, effects of periodic order and other symmetries can become important in
situations in which the wave-like character associated with large DeBroglie wavelengths becomes
important. The important point is that because momentum is associated with wave-like behavior, it
can change suddenly, in unexpected ways, on arbitrarily short time-scales. These changes can result
in “instantaneous’ changes in which large amounts of momentum coherently are shifted to many
particles, and vice-versa. How or if this occurs is dictated by the dynamics of the many-body
system.

More Precise Physics: Multiple Scattering

The exact problem is formidable. It involves solving the reaction rate problem for the
(many-body) potential V that interacts with al charged particles. To understand how reaction rates
in nuclear (as well as other) processes can be affected either through coherence that results as p->0
or (in aless redtrictive sense) when symmetries constrain how p may vary during particular forms of
interaction, it is not necessary to address al aspects of this problem. In particular, the associated
coherence occurs as a result either of degeneracy or through the interactions between nearly
degenerate states. The starting point of the analysis is general: we consider the problem of
evaluating reaction rates, for a many-body system in which a perturbing potential V is present that
asymptotically is assumed to have vanished in the distant past. Associated with the evaluation of
reaction rate is the time evolution of the overlap <E'~ |E" > between an outwardly propagating many-
body scattering state |E* > (defined by the assymptotic limit of the exact many-body
state| Y (t=time) >: [E" > ° |jm|Ye(t)>) with any of the possible initia, inwardly
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Here, implicitly, t ® ¥ , with theinfinitesmal variable e approaching zero, constrained by 1/e >t.
In single-particle scattering theory, Eqg. 1 is an integral representation of the Schroedinger
equation. In many-body physics, it is equivalent to the Dyson equation, provided a “suitable”
definition of V is employed. In fact, in practica applications involving many-body physics, V is
never “known” exactly and is usually approximated using information provided by an approximate
representation.  Specificaly, an important reason for using an approximate form for V is that
usualy neither V or | Y (t) > isknown explicitly. However, to address the more general problem

of understanding how non-local interactions can evolve in many-body systems, it is not necessary to
solve for either of these quantities. Instead, an dternative procedure, involving information
associated with the underlying boundary conditions (and singular behavior of the wave function) may
be employed. In this dternative formulation, “V” is replaced formaly, using the kinetic energy

operator T associated with the underlying many-body Schroedinger equations for |Y . (t) > and

| E"(t) >. This forma construction, which is a generalization of a standard, multiple-scattering

technique[4,5], that has been applied in atomic, molecular, and solid state physics problems, in
essence, relates the formal problem associated with scattering from a particular potential (asin Eq.
1) to a non-loca momentum-balance problem. In this dternative problem, the matrix element

<E(t)|] V |Y(t)> is transformed into a quantity involving |Y (t) >, |E" (t) > and the



derivatives of these quantities, evaluated at “boundaries’ of the region, where V either becomes
singular or vanishes.

Specifically, when | Y . (t) > satisfies the many-body Schroedinger equation associated with
the many-body potential U, and energy E, it follows that
H-TIYe®>=(E-T)[Ye®)>°"U[YE >, 2
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where, in the coordinate representation, T=-h? é N—' (m is the mass of the it particle

iem
(i=1,...,n)) is the many-body kinetic energy operator, and we have used the condition that | Y . (t) >
is an eigenstate of H. Since a similar relationship holds when < E' (t)| obeys a comparable
Schroedinger equation associated with potential U’, it follows that in a formal sense since <E" (t) |
V |Ye(t)>°<E" (t)|U-U'|Y(t)>, that
<ET OIVIYE®)>=(E- EV<E™ @Y ) >+

3 .3 .3 =, - -* o
+0d 1 od ry...0d Ty {TY o (f T, T Y £ (1 T T 1) = Y e (1, T T E{TY £ (1 T oy T 1)}

.(3)
where YE(rl,rz,...,rn,t) o< RO |YE(t) >, and
Yo,y t)o<r,r,,..r, |E" (t)> ae coordinae representations of |Yg(t)>and
|[E" (t)>.

Superficially, it might appear that the second term in Eqg. 3 vanishes. In fact, thisis not the
case because of the implicit boundary conditions associated with Egs. 1 and 2. In particular,

because both the unperturbed and perturbed Hamiltonians are both Hermitean, E and E' are finite
and real. But this means that at points where U and/or U' become singular, comparable singularities

occur in the terms that involve T on the left-sides of Egs. 2 and 3. As a consequence, surface terms
(from discontinuities in one or more components of the gradients of one or both of the many-body
wave functions) occur in the second term from regions that bound the locations where singularitiesin

U and/or U' are present. Also, because |Y g (t) >and |E'" (t) >are not required to vanish (and may

have appreciable overlap) in regions where U=U", it also follows that the second term on the right-
side of EQ. 3 reduces to a sum of surface terms (through Greens theorem) at the boundaries of this
region.

To understand the possible rates of reaction in Cold Fusion, we examine the situations
associated with Eqg. 1 in which the many-body states associated with |E'™> and |E> are different.
Because these states are different, the overlap matrix element <E'°(0)|E(0)> vanishes. This means
that
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from which it follows that
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The total reaction rate R is constructed by summing the right side of Eq. 5 over al possible
final (many-body) states E. The effects of coherence may enter when the initial state is formed from
states that possess degeneracy. In particular, for example, this can occur when
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where € (k) = energy of single-particle state possessing eigenvalue k; n, =weighting factor that
accounts for its degeneracy/occupation. In a many-body system, involving a macroscopic number of
particles, E';y can be quite large, and, in general, when a sum is taken over all final states, many
large and small terms can be involved on the right-side of Eqg. 5. However, in situations where large
degeneracy occursin theinitial state (and a small number of vaues of n, can become large ), asingle
term or a small number of terms can become dominant. An example of this kind of situation, for
example, occurs when periodic order causes a large number of eigenvalues to be periodic functions
with respect to the set of wave-vectors G (reciprocal lattice vectors) that define the Fourier transform
of the underlying (periodic) potential because this form of symmetry can cause a significant number
of states € (k) to become degenerate: for example, € (k) can = € (k+G) for a large number N of
values of G; in particular, N can ~ number of unit cells=Nqy. For illustrative purposes, suppose
E' =Ne€ (k). Theresulting expression for the total reactionrate R is
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When discontinuitiesin < E{k} " (0) |1t1 |YE{k”} (0) > can betreated asif the associated
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states behave as band states, the right-side (R.S.) preserves periodic order. Then, the R.S. involves
small, equal changesin momentum (or energy) from each unit cell. When theinitia state
concentration ¢; of band state deuterons is sufficiently small, each matrix element scales as ¢;; while
the delta function, multiplied by 1/N (where N~Ncell ) scales as the concentration ¢; of final state,
reactant products ( e.g., band-state “He or ®He), per unit cell. Thus, when ¢ %« ¢; is sufficiently
small in magnitude, the R.S. can become comparable to atomic timescales. (This occurs as a result
of the non-local nature of the matrix element.) Then, when N~10° — 10 unit cells (near temperature
T=0), nuclear reactions can proceed at rates that can couple to atomic-scale processes, without high
energy particles. For greater T, these kinds of reactions can occur at smaller values of N.
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