THERMAL AND NUCLEAR ASPECTS OF THE Pd/D,0O SYSTEM

Vol. 1: A DECADE OF RESEARCH AT NAVY LABORATORIES

S. Szpak and P. A. Mosier Boss, eds.



Contributing authors (in alphabetical order)

Dr. PamelaA. Mosier Boss

Code D363

Spawar Systems Center San Diego

San Diego, CA 92152 5000

(619) 553 1603; FAX (619) 553 1269; e mail bossp@spawar.navy.mil

Dr. Scott R. Chubb

Code 7252

Naval Research Laboratory

Washington, DC 20375 5343

(202) 767 5270; FAX (202) 767 3303; e mail scott.chubb@nrl.navy.mil

Professor Martin Fleischmann, F.R.S.

Bury Lodge, Duck Street

Tisbury, Salisbury, Wilts SP3 6LJ

United Kingdom

(+44) 1747 870384; FAX (+44) 1747 870845

Dr. M. Ashraf Imam

Code 6320

Naval Research Laboratory

Washington, DC 20375 5343

(202) 767 2185; FAX (202) 767 2623 e mail imam@angil.nrl.navy,mil

Dr. MelvinH. Miles

Department of Chemistry

Middle Tennessee State University
Murfreeboro, TN 37132

(615) 904 8558; e mail mmiles@mtsu.edu

Dr. Stanislaw Szpak
3498 Conrad Ave

San Diego, CA 92117
(858) 272 9401






FOREWORD

Twelve years have passed since the announcement on 23 March 1989 by Professors
Fleischmann and Pons that the generation of excess enthalpy occursin electrochemical
cells when palladium electrodes, immersed in D,O + LiOH electrolyte, are negatively
polarized. The announcement, which cameto beknownas Cold Fusion, caused fren-
zied excitement. In both the scienti ¢ and news communities, fax machines were used
to pass along fragments of rumor and facts. (Yes, this was before wide spread use
of the internet. One can only imagine what would happen now.) Companies and indi-
viduals rushed to |e patents on yet to be proven ideas in hopes of winning the grand
prize. Unfortunately, the phenomenon described by Fleischmann and Ponswas far from
being understood and even factors necessary for repeatability of the experiments were
unknown. Over the next few months, the scienti ¢ community became divided into the
believers and the skeptics. The believers reported the results of their work with
enthusiasm that at times overstated the signi  cance of their results. On the other hand,
many skeptics rejected the anomalous behavior of the polarized Pd/D system as a
matter of conviction, i.e., without analyzing the presented material and always asking
where are the neutrons? Funding for research quickly dried up as anything related
to Cold Fusion was portrayed as a hoax and not worthy of funding. Theterm Cold
Fusion took on anew de nition much as the Ford Edsel had done years earlier.

By the Second International Conference on Cold Fusion, held at Villa Olmo, Como,
[taly, in June/July 1991, the attitude toward Cold Fusion was beginning to take on a
more scienti ¢ basis. The number of ash-in-the-pan believers had diminished, and
the skeptics were beginning to be faced with having to explain the anomalous phe-
nomenon, which by thistime had been observed by many credible scientists throughout
the world. Shortly after this conference, the Of ce of Naval Research (ONR) pro-
posed a collaborative effort involving the Naval Command, Control and Ocean Surveil-
lance Center, RDT& E Division, which subsequently has become the Space and Naval
Warfare Systems Center, San Diego (SSC San Diego); the Naval Air Warfare Center,
Weapons Division, ChinaL ake; and the Naval Research Laboratory (NRL). Theeffort’s
basic premise was to investigate the anomal ous effects associated with the prolonged



charging of the Pd/D system and to contribute in collegia fashion to a coordinated
tri-laboratory experiment.

Each laboratory took a different area of research. At San Diego, our goal was to un-
derstand the conditions that initiate the excess heat generation (the Fleischmann Pons
effect) and the search for evidence that indicates their nuclear origin. To eliminate the
long incubation times (often weeks), Drs. Stan Szpak and Pam Boss decided to prepare
the palladium electrodes by the co-deposition technique. Initially, they concentrated
on tritium production and the monitoring of emanating radiation. More recently, they
extended their effort to monitoring surface temperature via IR imaging technique and
showed the existence of discrete heat sources randomly distributed in time and space.
This discovery may prove to be asigni cant contribution to the understanding of the
phenomenon.

At ChinaLake, Dr. Milesand his collaborators showed that a correlation exists between
the rate of the excess enthalpy generation and the quantity of helium in the gas stream.
Such acorrelation is the direct evidence of the nuclear origin of the Fleischmann Pons
effect.

The research at NRL was directed toward the metallurgy of palladium and its alloys
and the theoretical aspects of the Fleischmann Pons effect. In particular, Dr. Imam
prepared Pd/B alloysthat Dr. Milesused in calorimetric experiments. It was shown that
these alloys yielded reproducible excess enthalpy generation with minimal incubation
times (approximately 1 day). The theoretical work of Dr. Chubb contributed much to
our understanding of the Fleischmann Pons effect.

Although funding for Cold Fusion ended several years ago, progressin understanding
the phenomenon continues at a much slower pace, mostly through the unpaid efforts of
dedicated inquisitive scientists. In preparation of this report the authors spent countless
hours outside of their normal duties to jointly review their past and current contribu-
tions, including the hidden agenda that Professor Fleischmann pursued for several
yearsin the 1980s when he was partially funded by ONR. Special thanks are extended
to all scientists who have worked under these conditions, including those who con-
tributed to this report and especially to Professor Fleischmann.

As | write this Foreword, California is experiencing rolling blackouts due to power
shortages. Conventional engineering, planned ahead, could have prevented these black-
outs, but it has been politically expedient to ignore the inevitable. We do not know if
Cold Fusion will be the answer to future energy needs, but we do know the existence
of Cold Fusion phenomenon through repeated observations by scientists throughout the
world. Itistimethat this phenomenon beinvestigated so that we can reap whatever ben-
e tsaccrue from additional scienti ¢ understanding. It istime for government funding
organizationsto invest in this research.

Dr. Frank E. Gordon
Head, Navigation and Applied Sciences Department



Space and Naval Warfare Systems Center, San Diego
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CHAPTER 1. THE EMERGENCE OF COLD FUSION

S. Szpak and P. A. Mosier Boss
1.0 Introduction.

In this chapter, we address brie y the events proceeding and following the 23 March
1989 announcement that nuclear reactions could be induced at room temperatures and
atmospheric pressure when electrochemically generated deuterium is compressed into
the Pd lattice. In particular, we discuss the events that led Fleischmann to this conclu-
sion, his philosophy of research and the characteristic of the Pd/"H (n = 1,2) system
that prompted him to initiate research into host lattice assisted nuclear reactions. An
extensive discussion of these topics can be found in the recently published paper by
Fleischmann entitled: Re ections on the Sociology of Science and Social Responsibil-
ity in Science, in Relationship to Cold Fusion [1].

The announcement by Fleischmann and Pons that nuclear events can and do occur
in the Pd/D system when deuterium is electrochemically compressed in the Pd lattice
was atotally new and controversial concept, incompatible with the standard teachings
of nuclear physics. A question that naturally arises is what prompted Fleischmann to
undertakethiskind of research. Wasit the short note published in Nature by Oliphant et
al. in 1934 [2] who demonstrated that nuclear reaction can occur in condensed matter,
or was it something else? In what follows, we seek the answer in Fleischmann and
his collaborators numerous publications/presentationsthat appeared after the 23 March
1989 press conference.

Inalecture given at the First International Conference on Cold Fusion (ICCF 1), Fleis-
chmann [3] said the following: Our interest in nucleation phenomena and our knowl-
edge of the prediction of the formation of metallic hydrogen (and deuterium) at extreme
compressions in United States and Soviet work during the mid 70s was, in fact, a key
element in the initiation of this research project. Toward the end of his lecture, he



remarked: We, for our part, would not have started this investigation if we have ac-
cepted the view that nuclear reactionsin host lattices could not be affected by coherent
processes. These quotes suggest that his interest in the Pd/"H system extended over
aperiod of years prior to the 23 March announcement and that his research was con-
cerned with fundamental aspects of solid state chemistry and physics.

2.0 Chronology of events.

A brief chronology of eventsis as follows. Early in 1947, Fleischmann realized that
the Pd/H systemis the most extraordinary example of an electrolyte , i.e., exhibiting
behavior that could not be satisfactorily explained in terms of the Debye-Huckel the-
ory. Inthe 1960s, he was convinced that the correct approach to the behavior of ionsin
solution must be in terms of quantum electrodynamics (QED). In the late 60s, he con-
cluded that the measurements and interpretation of uctuationsin small systems was
one possible route for probing the applicability of QED, especially the applicability to
the behavior of condensed matter [1, p. 27]. Facing opposition in scienti c circlesto
this approach, Fleischmann decided to follow an  hidden agenda . The underlying goal
of such research wasto illustrate the need to apply QED reasoning when examining the
behavior of condensed matter as well as demonstrating that such effects can be probed
using electrochemical procedures (methods), since these methods have the required ac-
curacy and sensitivity to probe such effects (e.g., the ability to measure small signals
for small systems, an increase in sensitivity by using modulation methods, etc.). While
at the University of Southampton (1967 1980), he and his collaborators studied the ef-
fects of the various parameters on the behavior of the Pd/"H system that could not be
predicted using classical and quantum mechanics.

Concerning the emergence of cold fusion, we have to ask (i) how did cold fusion t
with Fleischmann’s research plans and (ii) why did Fleischmann and Pons select to in-
vestigate the el ectrochemical compression of deuterium into a host lattice? The answer
tothe rstisto demonstrate that the QED paradigm is the correct one. The answer to
the second is a conclusion that, to probe the Pd/H system, energy balance rather than
momentum will be consistent with the hidden agenda. Experiments were conducted
to probe the effects of (i) space, (ii) time, (iii) length, (iv) dimensionality, (v) number,
and (vi) structure. The missing factor was (vii) energy and experiments on this were
started at the University of Utah. As such, cold fusion was, and is simply, a part of a
wider program aimed at showing that electrochemical measurements could be used to
probe the applicability of the QED paradigm.

In 1983, collaborative projects with Professor S. Pons (University of Utah) were initi-
ated and aimed at answering two questions[1, p. 31]:

(i) would the putative reactions of D™ compressed into host lattices be different from
thereactionsin a dilute plasma (or reactions of highly excited D in solids)? (i.e., could
nuclear reactions be generated within a host |attice?

(if) could such changesin the reactions be observed?

To answer these queries, two methods of charging the metal lattices were considered:



(i) Compression of D* using applied electric elds (electro-diffusion) and (ii) com-
pression using electrochemical charging. Of these, the latter provides the easiest and
ef cient way to raise the potential energy of an extended quantum system [1, p. 31].
Initially, calorimetric studies were selected to assess the magnitude of excess heat gen-
eration by nuclear events. Furthermore, the isoperibolic calorimetry was the preferred
method to explorethe behavior of the charged Pd/D system becauseit isthelow cost and

catchall method. By 1988, measured rates of excess enthal py generation were shown
to be consistent with those obtained for nuclear reactions. In 1986, an uncontrolled heat
release due to system being driveninto the positivefeedback was observed. With the
passage of time, other techniques were used to investigate the behavior of the Pd/D sys-
tem and theories have been formulated to understand the dynamics of such systems. In
spite of the enormous potential for practical applications, the dissemination of relevant
information is limited to avery few journals. To comprehend the scale of activitiesfol-
lowing the 23 March 1989 press conference, one should review the material published
in the Proceedings of the International Conference on Cold Fusion, ICCF 1 8.

3.0 The Pd/"H system.

What was it about the Pd/D system that prompted Martin Fleischmann to begin this
research? It appears that the starting point was the work of Coehn [6], done in the late
1920s and early 1930s, on the electro-diffusion of hydrogen in Pd wires. Coehn found
that the absorbed hydrogen (deuterium) is present as a charged species, i.e., it existsin
itsnuclear not atomic state and that the Nernst Einstein relation, up+ = FDp+/RT, is
obeyed. But, the existence of DT while in the Pd lattice in the presence of high con-
centration of s electrons should lead to the formation of D as dictated by the law
of mass action. Furthermore, the application of the Born Haber cycle to the dissolu-
tion of protons into the lattice is ca 12 eV. Such a large magnitude of the solvation
energy impliesthat the proton sits in deep energy wells while high mobility putsit in
shallow holes. Thus, to quote: How can it be that the protons (deuterons) are so tightly
bound yet they are virtually unbound in their movement through the lattice? [5]. Thus,
Coehn’s observation, when coupled with the quasi-thermodynamic analysis of the elec-
trochemical potential, as de ned by Lange [6] (p+ = p+ + @), posed a number of
guestions, among them: What is the nature of the species at high D/Pd atomic ratios?
What are the dynamics of D™ under these conditions? These questions, combined with
experimental evidence (e.g., heat after death, electro-diffusion), led Fleischmann to
consider the possibility that nuclear events can occur in the host lattice.

The characteristics of the Pd/"H system that sets it aside from other metal hydride sys-
tems include (i) high concentrations of ionized hydrogen (deuterium), (ii) its (their)
high mobility, (iii) high H/D separation factor at equilibrium, (iv) large diffusion coef-
cients with inverseisotopic effect, and (v) high electrochemical potential of dissolved
hydrogen (deuterium). Each of these characteristics is associated with a certain action
(activity). In particular:
(i) A high concentration of ionized species within the lattice indicates that electrostatic
elds within the unit cell force the transition from the atomic to nuclear state. The high
solvation energy implies that deep electrostatic potential holes are present.



(i) The high hydrogen and deuterium mobility, accelerated by electric  elds indicates
that "H, in their nuclear states, are immersed in a dense plasma of d electrons; if so,
then why does highly compressed atomic hydrogen not form?

(iii) The high H/D separation factor is consistent with a model based on delocalized
classical oscillators having a high af nity for Pd. High af nities and high separation
factorsimply highly delocalized wave functions and shallow potential holes.

(iv) Largediffusion coef cients(D = 10~7 cm?s™1) where D > D}; > D7 indicate the
presence of shallow holes while the inverse isotope effect implies that deuterium has a
con guration space different from that of hydrogen and tritium.

(v) High chemical/electrochemical potentials, via their galvanic potential ¢, tend to pro-
mote the formation of large proton clusters.

4.0 The announcement and establishment response

Itisknown [1] that Fleischmann opposed the disclosure of theresults of thisresearchin
March 1989; at the earliest, he preferred autumn of 1990. Thereasonsfor hisopposition
were (i) a premature disclosure would force him to work in arather narrow set of topics
while hisinterests were in exploring the implications of quantum eld effectsin natura
sciences, and (ii) the expected attitude of industry, where the option of clean production
of low grade heat would be contrary to their short and medium-term interests.

Indeed, the research results of Fleischmann and his collaborators were questioned be-
cause they did not t into the accepted views of the D™ + DT fusion path. Instead of
proceeding along the usual route of scienti ¢ inquiry, the critics disregarded the experi-
mental results of many scientists consistent with the manifestations of nuclear activities
in the Pd/D system. Fleischmann’s view (in 1989) that the establishment would seek
to stop the research, by ridicule, disinformation, cutting of funding, and prevention of
publications was con rmed. Moreover, many researchers decided that it would be in
their interest to report negative conclusions. This can be done by selecting bad data,
by using inadequate or awed experiment design, or by not providing the raw data to
prevent further evaluation of the results. To illustrate, in thisreport, frequent references
are made to non authorized changes in procedures or interpretation employed even by
collaborating laboratories (cf. Chapter 4).

5.0 Fleischmann’s philosophy of research

The answer to theorists that the Pd host |attice assisted nuclear processes are not possi-
bleisobvious: experimental evidence carries moreweight than theoretical speculations.
In 1991, Fleischmann [7], in his address to the Royal Institute of Chemistry, stated: It
is the qualitative demonstrations which are unambiguous; the quantitative analyses of
the experimental results can be subject to debate but, if these quantitative analyses
stand in opposition to the qualitative demonstration, then these methods of analysis
must be judged to be incorrect . It is quite remarkable that a similar view was ex-
pressed several decades earlier (1943) by the noted theoretical physicist, Max Born [8],
in his address to the Durham Philosophical Society, viz., My adviceto those who wish



to learn the art of scienti ¢ prophecy is not to rely on abstract reason, but to decipher
the secret language of Nature from Nature's documents, the facts of experience .

6.0 Summary of events.

To reiterate, as early as 1960, Fleischmann concluded that the behavior of HT and D
electrochemically compressed into Pd-host lattices could only be understood in terms
of quantum eld theory. This conclusion led Fleischmann, in 1983, to two questions:
(i) would the nuclear reactions of D+ compressed into host lattices be different to the
reactions in a dilute plasma? and (ii) would such effects be observed? The expected
answers: Yesto the rst and No to the second. In the intervening years (1986, 1987),
Fleischmann collected enough evidence, e.g., heat after death, compression by electro-
diffusion, to change the answer to (ii) from No to Yes. Finally, in March 1989, events
forced Fleischmann and Pons to present their evidence of nuclear activities in Pd/D
system.
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CHAPTER 2: EVENTSIN A POLARIZED Pd+D ELECTRODES PREPARED
BY THE CO-DEPOSITION TECHNIQUE.

S. Szpak and PA. Mosier Boss

1.0 Introduction.

This chapter reviews our research activities of the polarized Pd/D»,0 system. In contrast
to the pioneering work of Fleischmann and his collaborators, we consider only events
at, and/or, within Pd electrodes prepared by the co-deposition technique developed in
this laboratory. Our effort proceeded along two paths: (i) investigation of thermal and
nuclear eventsin the Pd host lattice [1 8] and (ii) examination of the role of the inter-
phaseregion [9 13]. These paths were undertaken to assess the intensity of eventsand
to provide some information on the factors controlling the initiation and maintenance
of excess enthalpy generation, i.e., the performance envelope.

The scopeislimited to abrief description of the experimental work followed by conclu-
sions. A full description of the experimental techniquesaswell asathorough discussion
is provided in cited references.

2.0 Co-deposition technique.

It is well known that the structure of electrodeposited metal is controlled by a num-
ber of factors, among them (i) current density (cell current), (ii) concentration of metal
ions (or its complexes), (iii) additives, and (iv) the structure of the substrate. One of
the methods to examine the details of a deposit is the use of scanning tunneling mi-
croscope. Recently, Naohara et al. [14] reported that during the electroreduction of
PdCIﬁ_ complex, the Pd deposition proceeds in a layer-by-layer growth mode. |If
the electroreduction of the palladium complex takes place in the presence of evolving
hydrogen/deuterium, the absorbed H/D accumulatesin the regions separated by the lat-
tice defects where the 3 Pd/D is formed, transforming the smooth Pd surface into a



modular like structure[15].

Fig. 1 SEM photograph of co deposited Pd.

The Pd+D co-deposition is a process where palladium and deuterium are smultane-
oudly deposited on a non-hydrogen absorbing metallic substrate, e.g., Cu or Au, at
suf ciently high negative potentials from electrolytes containing palladium salts dis-
solved in heavy water [1]. The surface morphology and bulk structure are controlled
by the solution composition and cell current. As arule, at cell currents close to the
Pd?*t + 2 e~ — Pd limiting current density, cauli ower like Pd Ims are produced.
An SEM photograph, Fig. 1, shows the typical structure of an electrode prepared by
co-deposition. The individual spherical globules are of submicron size. Characteristic
features of the co-deposited Ims are (i) an amost instantaneous saturation of the Pd
lattice [2] with D/Pd atomic ratios > 1.0, (ii) high surface to volume ratio, and (iii)
reproducible bulk structure.

3.0 Thermal events.

The objective of this research was, and still is, directed towards determining the con-
ditions maximizing excess enthalpy production. At the present time, a sustained low
grade heat source can be maintained for considerable periodsof time[3]. We considered
two types of measurements, viz. excess enthal py and surface temperature distribution.

3.1 Excess enthal py.

The excess enthalpy/power production was assessed in two types of calorimeter de-



signs: (i) for short duration experiments, a calorimeter with an adiabatic enclosure was
employed, (ii) for long term experiments, a Fleischmann-Ponstype cell wasused [3]. It
is noteworthy that calorimeters with adiabatic enclosures offer additional information,
viz. information on the effect of electrolyte temperature on the process effectiveness.
Examples of excess enthalpy plotted against enthalpy input for short time experiments
are shown in Fig. 2a and that for long time experimentsin Fig. 2b.

Several points can be made: long charging times are eliminated and the rate of ex-
cess enthalpy production is both cell current and temperature dependent with occa-
sional bursts, points A, B,.., Fig. 2a and, most importantly, electrodes prepared by
co-deposition yield reproducibly higher excess power than the commonly used solid
electrodes, Fig. 2b.

One of the features of the Pd/D electrodes prepared by the co-deposition processis the
generation of excess enthalpy at relatively low current densities (cell currents). This
feature suggeststhat a new class of Pd/D electrodes should be considered, among them,
the uidized bed electrode [16]. The behavior of copper uidized bed electrodes has
been investigated in great detail. These electrodes can be employed in a variety of con-

gurations, depending on the location of the current feeder electrodes and the direction
of currentand uid ow. It is noteworthy that such electrodes have very good heat and
mass transfer characteristics.

3.2 Temperature distribution.

The electrode surface temperature distribution can be monitored by infrared imaging.
Using thistechnique, the presence of discretereaction sitesrandomly distributed in time
and space, Fig. 3a and steep temperature gradients, Fig. 3b, are observed. These fea-
tures are characteristic of the co-deposition process. The steep temperature gradients,
seen in the images, indicate that the heat sources are located in the immediate vicinity
of the electrode/el ectrolyte contact surface [3, 4]. The average surface temperatures are
ca 6°C above that of the solution. It is noted that the infrared imaging requires very
close placement of the negative electrode to the cell wall to minimize attenuation.

Thedisplay of hot spots and their interpretation using simplifying assumptions may
de neanumber of new experimentswhich, in turn, could throw new light on the cold
fusion mechanism(s). Employing the most drastic assumptions, it is concluded that
the nuclear activities occur within the 1 m layer adjacent to the electrode/electrolyte
contact surface. It is noted that this conclusion is in an agreement with the ndings
reported by Bockriset al. [17].

4.0 Nuclear events.

For the excess enthalpy generation to be of nuclear origin, there must be a resulting
nuclear ash present. Cells for the simultaneous measurements of excess enthalpy
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Fig. 3. Surfacetemperaturdoy infraredimaging;(a) perpendiculan(b) parallelview.
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