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A three-dimensional analysis of the dynamics of hytions of motion. The results show that under proper initial
drogen isotopes confined within a metal lattice, like pal-conditions, the closest distance of approach between two
ladium or nickel, is presented. It is assumed that theons or between an ion and the nucleus of an atom of the
concentration of the hydrogen isotopes, as an atomic fracdiost metal lattice can be reduced below 0.1 A. An eval-
tion, is close to unity and that coherent oscillations ofuation of the excess of heat production has been done for
the metal atom electrons near to the Fermi level takeéhe D-D reaction within a Pd lattice by approximating
place. Coherent oscillations of the Fermi-level electronghe reaction both to an s-wave and a d-wave process, re-
in the metal lattice can produce an oscillating electric spectively. Last, the effect of the lattice field, which causes
field within the cell and hence produce a radio-frequencythe collisions between ions, on the nuclear reaction chan-
oscillation of ions like protons or deuterons. The trajec-nel for the D-D reaction is investigated by evaluating the
tories of the ions can be studied by means of the equdransition probability for a stimulated decay.

I. INTRODUCTION rate measurements of nuclear emissions, and to study new
nuclear processes in condensed matter. We have to high-
light that, generally, this research activity has been car-

The mounting evidence nuclear reactions can 0CCWied out with particular attention both to correlate the

I ol s enlanced e Seeni erest 1 reghenomena i e et of e ystem and o stuy G
X 9 9 YragQial aspects of material science associated with the load-

by Fleischmann and Porsthe main difficulty encoun- . A
tered by the majority of the experimentalists has beell'? (Igﬁ%i,m%tr:lf tGatI ;tgwdrﬁbcak{jmg gltea%t(rjoedrﬁ(')nstrated
the lack of reproducibility, which created skepticism N4 at the excess heat production is a threshold phenom-

the scientific community. The work done during the Iastenon depending on the loading ratio of D in Pd: McKu-

ég&’{)infsor??rzzlégces:sOk:ge;tegog)uggggozg‘gmt:keergg(r:?;pre found that the lack of equilibrium in the Pd-D system
y P ' is another necessary condition to have excess heat pro-

duction? The effect of the metallurgical structure on the
*E-mail: violante@frascati.enea.it H isotopes equilibrium concentration in the metal has been
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theoretically and experimentally investigated.The havior has been observed and widely investigated near the
stress field that depends on the microstructure of the metaietal/gas, metalelectrolyte interfaces, in which case are-
modifies the chemical potential of the solute with a sig-gion of several thousands of angstroms from the surface
nificant effect on the achievable loading. seems to be involved; it has also been shown that surface
Other experimentalists obtained a good reproducibilroughness or suitable values of the dielectric constant atthe
ity by using low-dimensionality samples, like thin films, surface interface can enhance the phenonierié.
thin wires, or powdered metal, where the effect of the A 3-D analysis is presented in this paper, generaliz-
stress field is reduced12 ing the model of Refs. 20, 21, and 22, where the particles
A remarkable improvement has been recently obare assumed to move on a plane, to investigate if the study
tained in the investigation of the nuclear ashes. Aratin the 3-D space modifies the results obtained by collaps-
and Zhand? Gozzi et alX® and Miles and BusH mea- ingthe problem to a plane movement as has been done in
sured“He formed during excess heat production ob-the 2-D calculations. In this case, volumetric effects are
tained by means of electrochemical loading of D in Pdstudied.
Botta et al*®> measuredHe during a gas-loading exper- The equations of motion in the lattice cell coordi-
iment of D in Pd. nate system are numerically solved to follow the track of
Products of nuclear transmutations have been oka moving particlgdeuteron or protonwith respect to a
tained by Miley et al° during electrolysis of light water fixed target. The resulting trajectories of deuterons sug-
on single-layer and multilayer thin films of Ni and Pd on gest the consideration of the possibility for a nuclear re-
polymeric spherical supports. These products are ashestion in the lattice. Therefore, a preliminary evaluation
of proton-metal reactions and likiHe production pro- is possible of the effect of the lattice electromagnetic field
vide vital insight into the reaction mechanism and heabn the nuclear process, proposed in Sec. V of this paper,
production in this unique situation where the metallic elecwhere electromagnetic coupling between the excited com-
trode is involved in the reaction. Since such products arpound“He nucleus, formed by the D-D reaction and the
actually easier to measure thlfe in D-D systems, more electric field created by the coherent oscillations of the
is known about reaction products in this new filekmed  electrons are considered. This evaluation is carried out
low-energy nuclear reactionPreparat#f studied the on the basis of the assumption that energy of the decay-
probability of a nuclear reaction in a metal lattice on theing “He nucleus is given back to the lattit@at behaves
basis of a coherent behavior of electron and deuteron plabke an infinite reservoir not strongly affected by the nu-
mas in the lattice. Hora et &l.gave a possible explana- clear decay, as will be explained in the followinand
tion for the presence of nuclear reactions in condensetihat the stimulated decay is not a radiative process. The
matter on the basis of the screening improvement by elecnechanism for the energy transfer between the decaying
trons at interfaces like grain surfaces or metal-to-metahucleus and the lattice is outside the scope of this work.
interfacegswimming electron theopyHagelsteir® and  Mechanismgdepending on the assumed decay fifioe
SwartZ® proposed a coupling between the exciféte  energy transfer from the nucleus to the lattice have been
nucleus and the lattice phonon field as an energy transf@roposed in the literaturé:'819
mechanism in the cold fusion process. The model for the ion dynamics is presented in Sec. I,
There are many other contributions to the open lit-while the results of the calculations with the particle tra-
erature that confirm both the existing interest in this rejectories are shown in Sec. Ill.
search field and the effort expended to have a better The effect of the lattice field on the nuclear process
understanding of these new phenomena in condensed matoducing*He as ashes of the D-D reaction is treated in
ter; see, for example, the proceedings of the internation&ec. IV. Section V is concerned with the evolution of the
conferences on cold fusicn’-1* excess heat production, taking into account the collision
A two-dimensional(2-D) analysis of ion dynamics probability obtained from the dynamics analysis and the
within a metal lattice cell has been propod&d?by one decay of the excitedHe in the lattice.
of the authorgV.V.) to justify the strong reduction of the
distance between particles in a lattice, taking advantage
of an analogy between the ion traps and the lattice ceJ
when coherent oscillations of the Fermi-level electron ‘ MODELING PARTICLE DYNAMICS IN THE LATTICE
take place. The lattice cell can be seen as a confinement
space(i.e., trap. Plasmon&-2?4that are coherent oscil- The model has been developed to account for the dy-
lations of the Fermi-level electrons of a lattiGag., Ni, namics of two particles moving through a lattice cell. The
Pd) seem to play a key role in ion dynamics in con-particles can be protons or deuterons or one of these iso-
densed matter. topes and a nucleus of a lattice metal atom. However, in
The lattice electrons that are weakly bound can parthe model, all the combinations of charges and masses
ticipate in coherent oscillations when they are movedire allowed for the two particles, which both can be ini-
through a short distance relative to the fixed backgroundially moving; however, in the present context, we as-
of the positive charge of the lattice. Such a coherent besume that one of them, the target, is initially at rest, e.g.,
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in a tetrahedral site if it is a proton or a deuteron, or inmotion of the metal atom electrons close to the Fermi
some lattice position if the target is the nucleus of a metatnergy. The electron motion can be traced back to an os-
atom. cillating electronic cloud that produces an electromag-
In this model, the moving ion particléhe shotis  netic field because of the charge separation due to the
assumed to enter the lattice trap by diffusion, and hencescillation of these electrons relative to the bound lattice
with random position, direction, and ener@ssumed in ions. A coherent mechanism of these electron cloud os-
the thermal range The shot entering the cell gains en- cillations is assumed in the model, such that no phase is

ergy from the lattice electromagnetic field. subject to random noise as well as in plasmons involving
The calculations can be also carried out within aprocesses.
Monte Carlo loop to estimate the probability for a colli- The adiabatic approximation allows us to consider

sion eventminimum distance between the particles onthe Pd atoms, oscillating at acoustic frequency, to be at
the order of 0.1 A or less, i.e., shorter than the movingest compared with the H or D atoms, which oscillate in
particle wavelength the range of the optical frequencies in the metdDH
The target, even if initially at rest, begins to move system. The deuteron plasma frequency is about two or-
when the energy of interaction gained from the shot beders of magnitude lower than the electron plasma fre-
comes greater than its binding energy in the latttgp-  quency?®2# so their dynamics is studied assuming that
ically ~ 1 eV). the oscillating electron clouds primarily interact with the
Before going on with the mathematical descriptiondeuterons as alternating signals neglecting their proper
of the system, it is convenient to underline the basic asmotion.
sumptions of the model. Figures 1a and 1b show the Pd lattice cell: The octa-
The H isotopes can be considered as ions in thiaedral sites are in the middle between the vertices of the
lattice?®-31(simply because of the higher electronegativ-cubic structure; the tetrahedral sites, which should be
ity of the metal atoms). Within the framework of a 3-D available for deuterons abowe= H(D)/Pd = 0.95
picture, the region between two parallel planes of the lattRef. 5, belong to the intersection between {hé1) and
tice cell can be visualized as an electromagnetic field rec101) planes(see Fig. 1a
gion that can trap the ions for a proper frequency; then The oscillations of the electron clouds, in principle,
the effect of the electrodynamic containment on their dy€an develop, for instance, along one lattice plane like
namics can be studied by means of the equations @f.00),(101), or (L01). In the following we describe the
motion. system such that any oscillation direction can be se-
The alternating signal of the radio-frequency trap, asected; however, for simplicity’s sake, the calculations
previously mentioned, is assumed to be generated by thelow have been limited t@00) direction.
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Fig. 1. (a) Palladium(or nickel) lattice cell, intersection of the planés01)and(101). (b) Palladium(or nickel) lattice cell with
the system of coordinates.
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We can assume, for the system shown in Fig. 1b, tha simplified 2-D view of the spatial oscillations of the
the charges creating the signal along ¢the0O) plane di- electron clouds, as is shown in Figs. 2a and 2b. In the
rection belong to atoms 1, 2, 3, 4, an¢oh the top of the  situation described by Fig. 2a, we have the maximum
cell) and to atoms 6, 7, 8, 9, and 1@n the bottom of the field along thez axis (z-y plane in the 3-D representa-
cell). tion) and no field along the direction(x-y plane in the

The electron displacements are charge density 08-D representation
cillations producing an alternating electric potential dif- Let E, and E, be the effective components for the
ference that creates an electric field. The direction otlectric field for the ion dynamics. The valk is al-
the oscillations is, in principle, arbitrary. Therefore, theways zero because the oscillations are assumed to occur
direction of the oscillating charge is allowed to rangebetween the andx directions only, i.e., orthogonal to
between the direction of theaxis and the direction of they axis; thereby, no component of the field develops in
the x axis. When the direction of the oscillating chargesuch a direction because no separation of charge occurs
moves away from one plane, the charge density withirmlong they direction.
that plane decreases and the signal across the plane is The aforementioned situation leads to sinusoidally
also reduced. This effect is taken into account by introtime-varying forces whose strength is proportional to the
ducing a factor ranging between 0 and 1 in the peaklistance from the origin of the coordinate system.
signal. For instance, if the oscillation develops in the In the following, a system of two charged particles,
direction, the signal is maximized in tlzey plane but it moving in the confinement space, is studied; labeling the
is zero in they-x plane. To the contrary, if the oscilla- particlesi = 1,2, for a particle with mass); and charge
tion develops along the direction the resulting signal g;, the equations of motion under the action of the trap
is maximum in they-x plane, but it is zero in the-y  signal and the interaction potential with another charged
plane. The projection of the system in theplane gives particle are as follows:
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Fig. 2. (a,b) Two-dimensional view of the electronic cloud oscillatiofs). Two-dimensional projection of the potential along a
plane.
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d2x; _ sential calculations, leads to the following expressions
Mz - BFEGO + P + FRameing for the components of the trap force:
(1§ + x?)
d?y; . FIP = 8(1— a)q pNe cos(Ot 5
m ?2' = BFy(i?Ol" + F);li'rap + Fyl?amplng 1 xi ( a)Ql P (’)’Xiz _ |02)2 q ) ( )
Trap —
and Fyi 0, (6)
d?z. and
Mg T BFET R RRT, @) 13+72)
F/" = 8aq; pNe ————— cogQt) , (7)
where (yzi—15)

Xi, Vi, Zi = coordinates of the particle from
the central origin

t = time

Fod, FSoY, F5°U = components of the Coulomb

force acting on the particle,
respectively

B = Thomas-Fermi screening factor

Fair@P, Fyif@P, F@ = components of the trap force,

respectively

Dampin Dampin Dampin
FXi P gv I:yi P gl FZi ping

= components of the damping

force, respectively.

where
e = electron charge
N = number of oscillating electrons for metal atom

v = shape factof~1) required to avoid the singu-
larity points effect at the trap edges

a = factor ranging between zero and one that ac-
counts for the effect of the oscillation direction
on the peak signal in each plane

lo = characteristic length of the trdfhe distance of
the edge from the central origin of the tjap

p = factor taking into account the number of atoms
that contribute to the signélypically, the num-
ber of atoms on the edges of the confinement

The damping force is evaluated from the average gradi-

space.

ent of the energy barrié?; however, for simplicity’s sake, Figure 2c shows the shape of the potential along the di-

this damping will be neglected because this termis a lowpole axis for a certain time within the cell.

weight term that does not produce a significant effect on

the particle dynamics.
Then the expressions for the various forces are

The frequency of the alternating signal can be eval-
uated by considering the oscillating electrons as an ideal
electron plasm# whose characteristic frequenéglec-
tron plasma frequengys well known as

R = ai g > - X; 2732 ° e
(X = %)+ (yi =) +(z = 2)?] Q= —1/2n1/2%(1015+ 106 s71) | (8)
) me
Y wherem, is the electron mass amﬂs the electron plasma
FSoU' = g q , density. In this calculation, it is assumed, as mentioned
[(xi —x)%+ (yi —y)>+ (z — 7)?]¥? before, that only the electrons close to the Fermi level
3) participate in the oscillations. Considering that the num-
ber of electrons at the Fermi level is close to the density
and of state at such a level, this number+& per atom in
- palladium hydride and-10 per atom in nickel hydrid#,
FSoul = g g g giving n ~ 1023 The corresponding density number of
2 e —x)2+ (Y —y)2 + (2 —2)%1%2 conduction electrons in the transition metals-& x 103
This description leads to sinusoidally time-varying
(4 forces with strengths proportional to the mean distance

wherei, j = 1,2 andi # j.

of the electron cloud from the origin of the coordinate

An expression for the trap force, produced by the latSystem. , _ _ ,
tice electromagnetic field, can be obtained by assuming BY introducing the dimensionless variables

that the oscillations of the electron clouds in each plane X y 7 Ot

produce the same effect as an oscillating dipole onthe x=—-, y==, z=—, §&=— |, (9)
moving particle. This picture, after some tedious but es- lo lo lo 2
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the dimensionless equations of motion read as follows:

dZ)—<i —8(1 qipNe (1+ )—(iZ) 0 4

aez ST e oG igz O T
4q; q; Xi — X (10
MO (% —%)2+ (y— y)? + (2 — 2)7172 "

d?y, B 4q; q; Vi— Vi a1

a? MO [ x) (- y)P+ (m 5?1

and

d?z gpNe  (1+27)

a2~ maz 132 0T
4q; g z—

MO (6 — %)% + (y —y)? + (7 — 2)7172 " (12)

where the random phasfe has been introduced to ac-
count for the signal phase when the shot particle entefg pynAMICS ANALYSIS: RESULTS
the system.

The differential equation$10), (11), and (12) de- The numerical solution of the system of differential
scribe the dynamics of one or two particles in the trapequationg10), (11), and(12) has been carried out using
within the framework of the proposed description and askitial conditions described earlier. This study concerns
sumption already cited. interactions between two deuterons within a Pd lattice,

We mentioned in Sec. | that even if both particlesone moving under the trap force action and the other
can be considered in motion from the beginning of theassumed to be at rest within a tetrahedral site. In this
analysidinitial conditions, it is of interest to assume that calculation, the electron-cloud oscillation direction is as-
one of them, the target, is at re®.g., in a tetrahedral sumed to be approximately oriented along #gplane
site), while the moving one enters the trap with a randondirection (o = 0.995.
energy(close to thermal since it can be considered en- The electrons are approximated by an ideal plasma,
tering the system by diffusigras well as random posi- the frequency being treated as a parameter ranging be-
tion and direction. In such a way, the number of particlesween 5x 10%*° and 13° (1/s), namely, close to the ideal
that produce an effective interactiéminimum distance electron plasma frequen¢gee Eq(8)].
between the particles on the order of 0.1 A or lessinor-  As already mentioned, the initial energy of the in-
der to have a possible overlapping of the two nucleugsoming shot particle is chosen randomly within the range
wave function$ can be evaluated by a Monte Carlo from 0.02 to 0.03 eV, close to thermal. Thus, the initial
calculation. velocity components do not modify the dynamics be-

The calculation shows, howev&ee the followingg cause of the dominant role of the trap force in the
that a charged particle moving in the trap can reach adynamics.
energy of some thousands of electron volts. This energy The initial position and direction of motion of the
gain is equivalent to the particle gaining thousands ofmoving particle could be given randomly within a Monte
photons from the lattice trap because the electromadzarlo calculation. However, since we are interested in a
netic signal frequency is-10'6 s and hence the pho- collision event, to save computational time, the initial po-
ton energy is~10 eV; the individual photon contribution sition and direction of the incoming shot are selected to
can be considered small, and we can assume that tltause the shot particle to closely approach the target
exchange of energy is a nonperturbative continuous prdt.e., X,(t = 0) = 0.5, y,(t = 0) = 0.5, z,(t = 0) = 1;
cess. Thus, a classical description of the particle dynank(t = 0) = 0.5, y»(t = 0) = 0.5, z,(t = 0) = 0]; the
ics is possible. particles are aligned with the main direction of the elec-

Then within this framework, the dynamics of the tric field. Figure 3a shows the evolution of the distance
moving particles is described by a numerical solutiorbetween the shot and the target for these initial condi-
of the system of differential equatiori40), (11), and tions with an electron plasma frequen@y= 106 (1/s).
(12). We can see that the distance decreases ®085 A
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Fig. 3. (a) Evolution of the distance between two deuterons in the Pd lattice when the initial conditions produce a collision effect
(electron plasma frequency 10(1/s). (b) Evolution of the shot particle energyz) Evolution of the target particle energy.

(distance of closest approgcéind then increases again. lowing) to reproduce initial conditions quite similar to
Figure 3b shows the evolution of the shot energy: It carthose aforementioned.

be seen that although the initial energy is within the ther-  Figure 4a shows the evolution of the distance be-
mal range, the particle can gain some kilo-electron-volt$ween shot and target with the same initial conditions of
of energy because of the acceleration due to the action tifie previous case but with = 5 X 10'® (1/s). We can
trap force. Figure 3c shows the evolution of the targesee that the effect of the decreased frequency is that the
particle energy after the closest approach. A similar traminimum distance of approach decreases to 0.05 A,
jectory has been also obtained within a Monte Carlo loogo the collision becomes more effective because the
by using a large enough number of particlese the fol- shot gains a larger energy, as shown in Fig. 4b. This

10

a) 8000
Frequency =5 1015 (1/5) - b)

< 6000 -

3 &

é ::3) 4000 U Frequency =5 1015 (1/s)

a

2000 [
0.01 1 1 0 L | —
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Time (s) 10-15 Time (s) 10-15

Fig. 4. (a) Evolution of the distance between two deuterons in the Pd lattice when the initial conditions produce a collision effect
(electron plasma frequenc$ X 10%° (1/s). (b) Evolution of the shot particle energy.
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Fig. 6. Nuclear decay synoptic.

behavior is due to the fact that when the flight time of
the shot particle becomes quite similar to the oscillation
period, the shot is less affected by the decelerating forcg,y ot the4He* nucleus has already been studied in the
following the time of the closest approach. Energy conyia o el through the interaction potential given by the
servation requires that the kinetic energy exchanged f

Coulomb potential is iust the diff bet roduct between the nuclear current and the field poten-
thou omb po ?rt]hla ehnetr%yflSJusth € I:' grenced f[ehwee ial vector. The coupling between the excitéide nu-

€ energy of the shot betore the collision an € €M2leus and the lattice assumes the same lattice and field
ergy of the target after the collision. This difference of

. d to tvpicall bet 1 and 2 k arameters used for the analysis of the ion dynamics. Ac-
energy 1S provea to typically range between L and 2 K€\, 4;nq to the idealized level scheme of Fig. 6, the study
for the head collisions that occur with the initial condi-

. shows that the dynamics is controlled by the transition
tions selected.

A Monte Carlo—based simulation was carried out o 0 — 1, taking into account the effect of the electromag-

) Z " hetic field on the reaction channel.
the basis of the random initial conditions for the shot par- The following uses a single-particle approximation

ticle to evaluate the percentage of passes by the shot pfﬁ?tthe calculation of the nuclear electrical current. The

thetafget that can be tak_en as acolllsu_)n according to .th&ectromagnetic lattice field amplitude is evaluated on

meaning explained pre\g\ously. Assuming any pass Wlt}Ehe basis of the charge separation, due to the plasmons,

an appr_oach below 0.1 to be a collision e\_/élh'e €N as explained in Sec. Ill concerning ion dynamics.

ergy gained by the shot is then of some Kilo-electron-"""o 4 sition matrix elements are calculated taking

V°|t§)’| It was ?i‘(’”igéed tgat appﬁpxlmat_e:]y RvedShOtinto account the coupling between the nuclear current of

Itoeetz)thcgtsrggttv(\)/ithin a teﬁ:ghzgfagitlglon with the deu- yhe excited nucleus and external field due to the lattice
: electron cloud oscillations. The nuclear current in the ex-

Figure 5 plots the distance between the two deutelgjio ncleus is considered to be created by the motion
ons as a function of time in the Pd lattice for the casgy 4 single particle proton

where the initial conditions are different for those previ- One aim of this work is to investigate the effect of

?UISW s?lect&d to prf(_)duce atcolll_smnf everg., thg,:[_par;h he lattice field on both the dynamics of the ions embed-
ucie enters the continement region irom a position thalye g i, the |attice and the nuclear decay of the compound
is close to an octahedral position 4He* nucleus
The energy released by the excited nucleus is sup-
posed to be given, with a nonradiative process, to a re-
IV. THE “He* DECAY gion of the lattice defined by the coherent behavior of
the plasmongi.e., of the electromagnetic field created
by the oscillating electronsThe size of such a domain

IV.A. Background can be approximately estimated®y

In this section, the effect of the electric field on the 5
nucle_ar dpcay of an excitétle produced through a D-D A= cmce ~1000 A (13)
reaction is considered. Q

The effect of the lattice electromagnetic field on the
probability amplitude of an excited-to-ground state de-wherec is the velocity of the light.
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The decay energy is then distributed over a very largstitutionp — €A is gauge invariant and is called minimal
volume of the lattice in comparison with the atomic size;coupling34 Hamilton’s canonical momentugis the sum
therefore, such a volume can be considered as an infinitaf the kinetic momentunmy and the terneA, which is
reservoir that is not damaged or dramatically modifieddetermined by the vector potential.
by the energy transfer and that recoil the energy as a The transition to quantum mechanics is obtained by
whole. replacing the canonical momentupnby (#/i)V — Ae,

Afast transition is allowed because the decay is conaccording to the rules of quantization in the present
sidered to take place through an electromagnetic cowcoordinates.
pling between the excited nucleus and the electromagnetic Thus, the Hamiltonian becomes

field of the lattice coherence domain. 1 /4 5
The excited alpha particle cooling to the ground state H=—(-V—ARe|] +eq. (17)
(*He) is mediated in the proposed picture by the Fermi 2m\ i

electrons, participating with the plasmons, that release . I

the acquired electromagnetic energy toward the phonons _N€glecting the contribution from the scalar vector

of the lattice and low-energy radiation emissiotrays. ~ and considering the Coulomb gauge A = 0), we ob-
According to the semiclassical approximation and byiin the following Hamiltonian operator:

considering the coherence domain as an infinite reser- H=H,+H, , (18)

voir, if we can assume that the distribution of the elec- . _

tromagnetic field is not strongly affected over thewhere the terms on the right side of E38) represent

coherence domain by the excited nucleus decay, then tfe unperturbed and interaction parts of the Hamilto-

computation of the matrix element is carried out by meansgian, respectively. Thus,

of the nucleus wave function in the initial and final states. Ho = p%/(2m) (19)
The basic idea is to make an evaluation of the effect 0 '
of the field in the lattice on the nuclear reaction-D in If the electromagnetic field is assumed to be a plane

analogy with the internal conversion process. Then, bwave,
assuming that in the lattice, because of the electromag-
netic field the product is'He* without y emission, we
first estimate a stimulated transition probabilitp ver-

ify that there is a nonzero probability for such a transi-
tion), and then we compare the decay probability for th&yit, the electromagnetic lattice field, the interaction term
stimulated transition both with the probability fodavave H, becomes simply

(E2) gamma decay process and also with the probability

©o=0, A=Asink-f—Qt) , (20)

Eqg. (18) leads to a stimulated transition.
If we limit ourselves to the interaction of the charge

of the two main channels for the traditional D-D reaction N

(ile,D+D—->p+TandD+ D —n + 3He). Hi=—PA. (21)

IV.B. Interaction Between the Excited Nucleus In the absence of the electromagnetic field, the wave
and the Electromagnetic Field function of the particle satisfies the Schrodinger equation

with HamiltonianH,. The ground state is a stationary state
Let us consider a particle of chargenoving in an  because the higher states can radiate spontaneously and
electromagnetic field. The electric and magnetic fieldchange their configuration.
strengths can be expressed in terms of the vector and sca- It is easily verified that the effect of the magnetic

lar potentialsA(F, t) ande(F, t) respectively: field in the lattice confinement space is negligible com-
- = pared to that of the electric field. Then, from EG4) it
E=-Ve-A (14) " follows that
and E = QAycosk-F — Qt)
B=VOA. (15)  and
The classical Hamilton function relative to the par- B=KOAcosk-r — Qt) . (22)

ticle motion is given as
1 In the problem under study, the potential vector re-
_ T (& _ aR)2 fers to an electric field with components oriented in the
H om (P-eA)+ep, (16) directions of the planeg-zandx-zthat are mutually or-
thogonal. Then, in particular when the oscillations of the

wherep is the generalized momentum. electron clouds develop along tleaxis within thez-y
This formulation indicates the Slmplest way of COU'p|ane, the potentia] vector becomes

pling the electric field to the motion of the particle. The . o
momentump is replaced by the terd — eA. The sub- A(z,t) = Age =eiot (23)
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The remaining problem is to evaluate the transitiorcleus and the lattice electromagnetic field. Then the
probability of the nucleus from the initial stafexcited = amplitude of the transition matrix element is
to the final one under the effect of the field created in the -
lattice by the electron oscillations. - __ f “Bh
, : . ai = — fIH,[i)dt , 33
With reference to Fig. 6, the state at a titnean be b ﬁ _oo< i) (33)
assumed to be represented by the overlapping of three

states: where
|W(t)) = Co(t)e ot|0) + Cy(t)e'@2t|1) (f|H]i) = (O[H,|0ye~"*t + aCj (t)e ot
+ Cy(t)eiezt|2) | (24) +(2|H,|0)C5 ! (worwolt | (34)
wherewg, w1, andw,, are the energie@n units of#) of ~ Which, being the first and the last term in the right side
the respective energy levels of Fig. 6. zero, becomes
The coefficientsCy ; , are obtained from the <f||:|| li) = aCrei@-wot (35)

Schrédinger equation
Therefore, in view of expressiai33), we obtain

d
|ha|\P>=(HO+A-J)|\P> (25) T a2 | |
ag = —— f - (e—l(wl—wo)t — 1)el(w1—wo)t dt .
through the usual iterative procedure, according to the hJo fi(wo— wy)
initial conditions
(36)
Co(0) =1, Cy(0)=Cy(0) =0 . (26) Then,
Then considering thaR|H,|0) = 0, we obtain i a2 1 . oo
agp = — gllwr @t —1) —i \
Gt =1, @) T %% (oo wn) | (01— wo) | :
a :
Cl N [efl(wofa)l)t _ 1] , (28) (37)
fi(wo — w1) and
and 1
T ——— . (38)
c . ab (wo — 1)
= -] —
z h(wo— wq) It can also be easily demonstrated that an increasing
1 interaction time enhances the value of the transition prob-
— e i@t 1] ability; consequently, a reasonable approximation expres-
—ih(wy — wy) sion for the matrix element is
1 _ a = y[(cos(w1oT) — 1) +i(sin(wT) —1)] , (39)
- [efl(wrwz)t _ 1] ’
—ifhi(w, — wy) where
(29) 1 a2 0
where YT TR (g — wy)? (40)
b= (2[H|0) . (31) The square module then is
Further, we can assume that lag |2 = y2[3 — 2(cos@1oT) + sin(wioT))] . (42)
@o T Wy = Wy T W= Wo T W2 Taking into account that
=2(wo — w1) = 2(wy — @) . (32) eA
Note that the probability amplitude is controlled by (1/H,10) = m (1/pl0) , (43)
the |0) — |1) transition sinceC; > C,; in fact, C, oc a
while C, «c a-b~ a2. from
Now we can evaluate the transition probability. Let dr
T be the characteristic time of the procésse the fol- p=m— (44)
lowing), the interaction time between the decaying nu- dt
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and where
dr . k, = center-of-mass wave number of channet
if ot =[fH], (45) SHe (myvn/h)
Rn = nuclear radius of the compound nucld@sx
we find that 10715 m (Ref. 35]

1 m, = neutron mass
(1Ip[0) = - m(1|rH — Hf|0) :
i% vn = neutron velocity.
= im(w; — wo)(1|f|0) . (46) The resulting value foF5%%, (~10"1%) is close to
the limit given by the uncertainty principle so that an ap-
Then proximate evaluation fofp ) can be carried out on the
basis of a comparison between the cross sectidas
a=5x101%* prived of the Gamow terjnof the D(D, n) 3He reaction
> a6 : and of the D-D reaction in the metal lattice.
|a|* = 107°{3 — 2[cos(woT) + sin(wsoT ]} To have a rough estimate of the electromagnetic stim-
~ 10-6 (47) ulated transition cross section, we can apply the well-
' known relationship forog; using the principle of the

. . . i ,39,40
so that the considered range of frequencies results in detailed balance 942

87 3vs Wl ag |2
TaS T (51)

0= 1015 S_l = |aﬁ |2 > 10_3 ;

0=10"%s1=|g;|2<10°° . , ,
wherevy; (= 10t s1) is the decay frequency ang is
Now, on the basis of this result, a preliminary esti-the volume of the nucleus. The transition matrix element
mate of the decay probabilities of the compound stat&si can be obtained by taking into account the coupling
into the possible channels is possible. with the lattice electromagnetic field, properly normal-
The D-D reaction, in vacuum, has two equiprobabldzing the energy tdi/Rym (Ref. 39 (that is on the order
main reaction channels, i.e.,(B,p)T and D(d,n)3He, ©Of iwio). _ _ .
with a branching ratio of~50% and a*He production The calculations and the literature data give, for a
channel d,y) “He with a small branching ratics10-7) ~ frequency of the electromagnetic field on the order of
(Ref. 35. The energy for the emitted gamma is 23.8 MeV.10*° (s™*) for a field peak value on the order of 10
This picture suggests the possibility of another chantV/m) (that is not far from the value calculated by the
nel for the reaction in the condensed matter, which is aRlasmon theoryand with an exchange energy of 1 keV,
electromagnetic stimulated transition with a nonradiathe following resuilt:
tive release of energy to the coherence donfia infi- o
nite reservoiy. y = =0
The probabilityP; of a decay of a compound state Ost
into a generic channeélis given by?®

~104 . (52)

So we can assume the width for the stimulated tran-

L sition to be very close to the limit given by the uncer-
P = . (48) tainty principle(Ts; = I'™®) and
) . . . . ) Fo,m = xlst - (53)
wherel; is the appropriate partial width aridis given o . _
by The gamma emission channel width can be esti-
mated by means of the well-known relationship for an
r=>T,. (49) electric quadrupole decay
‘ T, = 4.8X 10 8ESAY? | (54)

» 3
For the traditional Id, p)T, D(d,n)"He channels, or we can assume that the vacuum channel probability

the partial width for eithefe.g.,I}, for D(d,n)3He]sug- ; e
gests a nearly equal branching ratio of 50%. The maxi-ato between the gamma emission and(en). (D, p)

AR 738 channel maintains.
mum value of the width is given By The computation leads ®y(=1) > P n > Pio.,),

22 so that the nonradiative stimulated decay process be-
B3 = KRy —— (50) comes the dominant one in the lattice when a proper elec-
m, RK tromagnetic signal is given by the lattice. This result,
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which in any case, as we stated previously, because dfensity of the deuterons staying in the tetrahedral sites
the simplifications done, has to be considered as indicazan be considered to be equal to the order of the deuteron
tive, is in reasonable accordance with the experimentalensity within the latticé Ny = 6.8 X 10%2); thennp, ~
results where neutrons and gamma rays have not bed&?? cm~3. In the previous analysis, the deuterons were
significantly observed above the natural backgrotitf. assumed to enter the lattice cell by diffusion. Then the
number of the particles that can participate in the dynam-
ics is roughly equal to the particles that can overcome
V. EXCESS OF HEAT PRODUCTION: ESTIMATION the diffusive activation energy barrief between the octa-
hedral and tetrahedral sitds; = 0.32 eV(Ref. 46. There-
fore, the density of the deuterons that can move by

In the majority of cold fusion calorimetric experi- ... : ¢ -
ments, studying the Pd-D system, an excess of heat pr“(f:chSIOn toward the tetrahedral sites M exp(—E,/

duction has been observed ranging between some ten T-)’ while the density number of fusionable nuclei en-
of watts for cubic centimetres up to some hundreds o ‘thg the trap 1911 = ON gx_p(—Eb/kT), where® is .
watts for cubic centimetres of cathod@ale have seen he probability to have a chI|S|on for a deuteron entering
in the aforementioned study, that there- is an interes'éinthe trap(10™* - 10", obtained by means of the Monte
collision effect between deutérons embedded within a P%arlo calculation as noted earlethen, in the proposed
lattice. The simulation suggests thal collision occurs icture, only a s_maII fraction of the deuterons em_bedded
: . . in the metal lattice move toward the tetrahedral sites and
over 10 to 10° (depending on the frequency of the sig-
nal) particles entering a lattice with a target staying a

ain energy from the system. It can be easily evaluated

b : hat the energy gained by the fraction of the particle mov-

;Ste':;:]e tg?gg;dgiligilsé erz%’_\t/g?tg%tt:r% nzggge%gl_ﬂg toward the tetrahedral sites is just a fraction of the

tion b t%)é lattice trap field energy involved in the process; furthermore, only a frac-
y P : tion in the range 10* to 10°° of the particles moving

In Sec. IV we have seen the effect of the lattice EIeCIaround the tetrahedral sites produce a collision.

tromagnetic field on the reaction channel with respect to For a Maxwellian distribution, the reactivityof the

the reaction in vacuum. Now, to roughly estimate the or- : . -
der of magnitude of the effects involved, we considertheD D reaction can be approximated by the following:

system of fusionable deuterons in the lattice when the a, ) 5 .
aforementioned collision dynamics takes place. As first??) = 1.0€Xp - + @+ asT+a;T* +asT" + 25T
approximation, we assume that on the microscopic scale

of the sublattice, where the collision occurs, the reactiv- (cm¥s), T (keV) ,  (56)
ity of the deuterons can be approximated with the reacynere

tivity in the vacuum(because of the very small scale ion

dimensions in comparison to the lattice separation dis- & = —15.511891

tance; however, a diﬁeren'g decay channellis assumed a, = —35.318711

for the compound nucleus, in accordance with the afore-

mentioned results. This is thought to be a conservative as = —0.012904737

hypothesis because several experimental reSifftshow 0.00026797766

that there is an enhancement of the reaction cross section

in con_de_nseq matter. _ as = —0.0000029198685
Within this framework, the deuterons can be consid- ag = 0.000000012748415

ered to fall into two different populations: one at rest

within the tetrahedral sitedow energy and the other r = 0.3735.

with higher energy(the shots The reaction rate is (In our case, a narrow Maxwellian distribution can be

R = NpyNpa{ov) , (55) assumed due to the effect of the random initial condition
and signal phase on the shot energy.
wherenp; andnp, are the number density of shote., Figure 7 shows the behavior of the excess heat pro-

the deuterons diffusing toward the tetrahedral $itgxl  duction for an increasing temperature, assuming that the

of the deuterons at rest within the tetrahedral sites, reggroduct of the D-D reaction is excitetHe and that the

spectively(it is of interest to highlight that a nonequi- energy produced by a reaction is 23.8 MeV .

librium condition is required for the excess of heat In the following, a preliminary study of the direct

production to occut) Furthermore,s is the relevant decay of excited*He (“He*) along with transfer of the

fusion cross section, the relative velocity, andov) is  excitation energy to the lattidee., providing excess heat

the average of the product over some appropriate velogs considered-1848

ity distribution function(reactivity). The calculations have been done by considering three
For the thermodynamic reasons previously menvalues for the energy of the impinging parti¢lie1, 1.5,

tioned, when the [DPd atomic ratio is close to one, the and 2 ke\j. A range between 300 and 350 K is taken for
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3 1500 TABLE |

E Power Density Value§w/cm?3)*

§ 1000 Temperature| 1.1 keV 1.5 keV 2 keV

5 (K) (W/em3) | (W/cm?3) (W/ecm?3)

S

= 500 300 0.95(13) | 68(67) 2100(260)
350 5.53(76) | 400(394) | 12000(1520)

*Values in parenthesis refer to the previous estimate.

300 310 320 330 340 350
Temperature (K)

Fig. 7. Behavior of the excess heat production with increasin .
temperature for three different values of the Coulomb(.?or two different temperatures of 300 and 350 K. The re-

exchanged energy. sults are summarized in Table I.
The difference between the results at low energy is
mainly due to the optimistic approximation in the previ-
ous calculations to as-wave process reactivity. The

the temperature because the cathode temperature is typWwave calculation shows an upper limit for the power
ically higher than the temperature of the electrolyte, pardensity on the order of 10 ki¢m? that has been ob-
ticularly when the excess heat occurs. The calculationiined in some experiments. However, the obtained val-
show a correlation between temperature of the D-loaded€s, taking into account that all the results have to be
sample and the amount of produced excess heat due agsumed as indicative, are in rough accordance with the
the increasing number of fusionable particles with in-€xperimental results. , _ _
effect has been experimentally demonstrated by Fleidd particles going toward the reacting zofie., tetra-
chmann et a?-53 Further, despite the various approxi- hedral sitesare the limiting population for the reactivity,
mations introduced in the calculations, the results seer@ temperature increase, even if it could reduce the con-
to be in rough agreement with the experimental data tht€ntration of the deuterons in the lattice, should, how-
range between 0.1 #¥m?3 up to several hundreds of watts €Ver, increase the number density of the particles
per cubic centimetréRef. 33. prod_upmg collisions; then the reactivity could remain
A further rough estimate of the power density pro-Significant.
duced by the D-D reaction for d-wave process in Pd
can be done by assuming that the particles’ population
Iimi_ting th_e process are the (_jiffusing_ particles. A com-y coNCLUSIONS
parison with the previous estimate will be done. Apply-
ing the same relationship of Ref. 16 and taking into )
account the fraction of particles having proper initial con- ~ The model shows that the signal created by the
ditions to produce a collisiofi.e., is the population lim- charge density oscillations around the metal atoms pro-
iting the process we obtain duces interesting trajectories of deuterons within the
metal lattice. The proposed trap signal shape can pro-
I = ONg exp(E, /KT)|as |2vs exp(—2G,) AE duce, with proper initial conditions, an interesting ap-
(57) proach mechanism between deuterons in metals like Pd
or Ni (the energy gained by the ions in the lattice dur-

where ing their dynamics can partially explain the X-ray emis-
11 = power density sion in the experiment$).

The combined effects of the trap force, electrostatic

vs; = decay process frequen¢s 10°2 1/s) interaction, and nonlinearity give, under proper initial con-

ditions, an interesting collision effect between the parti-
cles: During the dynamics, the particles approach one
another at a distance that is below their average distance
into the lattice.
Even if the distances between the particles have to
AE = energy for reactiorf3.95x 1012 J). pe considered as ind_icative becays_e of th_e approxima-
tions previously mentioned, the minimum distance is of
The calculations have been done for exchanged Couhe order of a fraction of an angstrom, then a nuclear in-
lomb potential energy values of 1.1, 1.5, and 2 keV anderaction between nuclei cannot be excluded.

G, = Gamow factor for a d-wave process
[Gx(1.1 keV) = 21.1,G,(1.5 keV) = 19.11,
G,(2 keV) =17.2] accounting for the electro-
static effect(as well as Ref. 3b
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