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FOREWORD

These four volumes include the full text or, in five cases, just the visual
materials of papers presented at the Fourth International Conference on Cold
Fusion. This meeting was the latest in a series of conferences devoted to a
new area of scientific endeavor, variously called, "Deuterated Metals
Research", "Anomalous Nuclear Phenomena in Solids", and "Research on
New Hydrogen Energy". The first three conferences were held in Salt Lake
City, Utah, (US.A)., Como, (Italy), and Nagoya, (Japan), in March, 1990, June,
1991, and October 1992, respectively. The authors and participants in this
fourth conference should be thanked for four days of stimulating
presentations and discussions. A conscious effort was made to maintain a
high standard of scientific content and avoid exaggerated claims propagated
by various public media. It is gratifying that this effort was largely successful
without the -need for extraordinary measures.

A number of new experimental approaches were evident compared with the
Nagoya meeting. Use of ceramic proton conductors at high temperature was
one such. Another was the use of ultrasonic cavitation in heavy water to
load palladium and titanium foils with deuterium. Many theoretical papers
were given, with some progress evident toward explaining some of these
puzzling experimental observations. However, the wide range of theoretical
models and speculations shows that the field remains in an exploratory
phase, at least for the majority of theorists.

The use oi concurrent sessions ior the first time caused some attendees to
miss hearing significant papers. It is hoped that this compendium of papers
will serve to redress that shortcoming. Proceedings, including only those
papers passing a rigorous peer review, will appear later as a publication of the
American Nuclear Society's Fusion Technology Journal, thanks to the
initiative of Editor George Miley.

22 persons from 12 countries registered and attended the conterence. The
hotel facility and the weather -were such as to allow concentration on the
technical meetings without serious distraction. ,.\ttendees included 124 from
the United States, & from Japan, 19 from Italy, 11 from Russia, 10 from
France, 5 from Canada, 4 from China, 2 from S-witzerland, 2 from Germany,
and 1each from Spain. India. and England. - large number ot interested
persons from the tormer So\ier Linion anci eastern Europe were unable t
attend but sent several papers that are included in these volumes.



Some 156 abstracts were originally submitted of which 125 papers appear in
these proceedings. Since some of the enclosed material is in an

unfinished state, the authors would appreciate being contacted by those who
desire to reference the work reported here. The papers are divided so that
Volume 1 contains all the papers received from authors who participated in
the four plenary sessions, Volume 2 includes contributed papers on
calorimetry and materials, Volume 3 has contributions on nuclear particle
detection and measurement, and Volume 4 contains the papers contributed
on theory and special topics. The papers are ordered in the same order of
abstracts in the two volumes distributed at the meeting, with a few minor
exceptions.

Thanks are due to the International Advisory and the Organizing
Committees for their supportive efforts in arranging a successful meeting on
such a controversial, yet potentially significant and hence absorbing, topic.
Persons particularly active in arranging the agenda were M.C.H. McKubre, S.
Crouch-Baker, D. Rolison, T. Clavtor, H. Ikegami, and P. Hagelstein. I also
wish to thank the following persons who ably served as session chairmen or
co-chairmen during the meeting: M. Srinivasan, S. Smedley, P. Hagelstein, F.
Tanzella, A. Miller, D. Rolison, S. Crouch-Baker, M. McKubre, K. Kunimatsu,
E. Storms, F. Will, T. Claytor, F. Scaramuzzi, H. Ikegami, ]. Bockris, G. Miley,
B. Liaw, A. Takahashi, . Cobble and M. Rabinowitz.

Supporting the logistical and physical arrangements were EPRI and the Office
of Naval Research (ONR), represented by L. Nelson and R. Nowak
respectivelv. Cosponsoring the meeting in addition to EPRI and ONR, was
Comitato Nationale per la Ricerca e per io Sviluppo dell'Energia Nucleare e
delle Energie Alternative (ENEA), represented by Franco Scaramuzzi. My
sincere gratitude goes out to these persons and organizations. Many other
organizations implicitly supported the meeting by funding the travel of a
number of attendees. Notable among these were ENECO with 21, NEDO with
26, and IMRA with 10 attendees respectively.

The search for a definitive signature of some nuclear reaction correlated with
the production or excess heat in the pailadium-deuterium svstem was
advanced by the presentations or D. Gozzi, G. Gigli, and M. Miles and their
respective coworkers who reported measuring He? in the vapor phase of both
closed and open electrochemical cells. However, the concentrations observed
were at levels well below the atmospheric concentration of He? (5.2 ppmv)
and hence are not robustly above criticism as possible atmospheric air
contamination. On the other hand, the tritium results or F. Will ana
coworkers appear robust, with great care taken to establish reliable
backgrounds ana checking ror contamination. I also found the tritium results
of T. Clavtor and coworkers convincing.



M. Fleischmann, S. Pons, and coworkers provided two papers elaborating the
excess heat phenemena: one of the more intriguing results was the

excess heat observed well after complete cessation of current flow due to
evaporative loss of electrolyte in "boil-off" experiments of the kind first
described at the Nagoya meeting.

Several papers using gas loading of palladium claimed evidence of nuclear
reaction products. Y. Iwamura and coworkers appear to have replicated the
experiment reported by E. Yamaguchi and his NTT coworkers at Nagoya, but
emphasizing neutrons and a mass 5 peak in the mass spectrum tentatively
assigned to the TD molecule.

The paper chosen by M. Fleischmann in the final panel session as the most
outstanding of the conference was by D. Cravens, who on a very modest
budget, had discovered many of the better methods for loading palladium
with deuterium to high levels and getting the excess heat phenomenon.

Insight into the loading of hvdrogen and deuterium into metals was
provided by four excellent papers by R. Huggins, R. Oriani, K. Kunimatsu and
coworkers, and F. Cellani and coworkers, respectively.

Particularly insightful papers on the theoretical side were presented by R.
Bush, S. Chubb, P. Hagelstein, G. Hale, S. Ichimary, Y. Kim, X. Li, G.
Preparata, M. Rabinowitz, A. Takahashi, and J. Vigier .

A thoughtful paper by J. Schwinger was read by E. Mallove at a special
evening session. Also, E. Storms gave an excellent summation of the
meeting in the final panel session.

[ apologize in advance for failing to mention here results from many other
equally excellent and significant papers given at the conference.

[ agree with and echo H. Ikegami’s remarks in the preface of the Nagoya
meeting proceedings, "It is mv belief that cold fusion will become one of the
most important subjects in science, one for which we have been working so
patiently, with dedication and with courage, for ruture generations, tor those
who will live in the twenty-first century. In order to achieve our goal, our
ultimate goal, we must continue and extend our interdisciplinary and
international collaboration”.

The Internauonal Advisory and Organizing Commirtees mer late in the
sessions to set the location or the next two meetings. For the next meeting
(April 9-13. 1995) Monaco (near Nice, France) was cnosen, and in 1996,
Beijing, China.



Besides Linda Nelson of EPRI who ably handled the logistics before and at the
Conference, S. Creamer of SRI International and E. Lanum of EPRI

deserve our thanks for dealing with on-site issues that arise at every large
gathering such as this.

I acknowledge with thanks the support of my colleagues at EPRI in planning
and organizing this meeting, namely N. Ferris, L. Fielder, K. Werfelman, S.
Ennis, B. Klein, R. Claeys, T. Schneider, F. Will, J. Byron, A. Rubio, R. Shaw,
R. Jones, ]J. Tavlor, K. Yeager, and R. Balzhiser.

Thomas O. Passell, Editor
Electric Power Research Institute
June 1994
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TRIGGERING OF HEAT AND SUB-SURFACE CHANGES
IN
Pd-D SYSTEMS

J. O'M. Bockris, R. Sundaresan, Z. Minevski, & D. Letts

Deparment of Chemistry, Texas A&M University,
College Station, Texas 77843

INTRODUCTION

More than four years after the first reports of chemically stimulated nuclear reactions, the
triggering of heat evolution and the production of associated nuclear debris is still a highly uncertain
matter. This is so both as to the duration of the switch-on time and, indeed, whether a given electrode
will commence to show nuclear activity within 500 hours of the beginning of electrolysis.’

In the present study, 3 methods of triggering anomalous heat are described;the changes in the sub-
surface of palladium during the evolution of D, or H. are described as a function of potential, temperature
and time.

Finally, these results are brought up against the present theonies of heat production in metals.

1. EXPERIMENTAL
1.1. Electrochemical Stimulation

Hodko and Bockris (1) presented a pulsing study in the 1991 Meeting in Como. In that study,
emptying and filling the electrode with D (D/Pd from 0.3 to 0.83) gave rise to the initiation of heat bursts.
The present study examines the efficacy of the Takahashi conditions.

Electrolvsis Cell : The cell was made of plexiglass of 5 mm thickness. It had outer dimensions
of 120 mm x 75 mm x 100 mm. It was provided with a lid of the same material with provisions for
introducing the electrodes, cooling coil . etc.. The cell housed a glass cooling coil with six spirals through
which chilled water maintained at 20+0.01°C in an external cooling system (Haake. Model A81 ) was circulated
at a constant rate of ~5 liters per minute to cool the electrolvte. This arrangement ensured an efficient
exchange of heat between the electrolyte (source of heat) and the chilled water coils(sink). Thermal equilibrium
was reached within 30 or 40 minutes.

Electrodes : A 1 mm thick, 25 mm square plate of palladium metal served as the cathode. This
material was received as a gift from Tanaka Kikinzoku Kogyo, Japan, and was similar to the Pd used by
Takahashi (2). The material was 99.97% pure Pd. It was used as such without pretreatment, supported by
two small polvethviene blocks on either side, and surrounded by an anode of 0.5 mm thick platinum wire
(Johnson Matthey, Puratronic Grade) which was wound round the blocks ( 6 turns with ~3 mm pitch )
keeping the anode-cathode distance at ~10 mm at both sides. The platinum contact wire to the cathode and
the platinum anode lead wire were both covered with Teflon tape to ensure electrical isolation. The
electrolvte was 0.29 M LiOD, obtained by dissolving lithium metal ( Johnson Matthev, USA. 99.9% pure
) in D.O (ISOTEC. Inc., USA, 99.9 atom percent pure ) in an atmosphere of argon. Fig.1. depicts the
assembly.

Power Supplyv : A constant current assembly was used.

'An arbitrarv time at which the examination of an electrode is often terminated

1-2



Electrolysis Conditions : The cell was filled with 650 ml of electrolyte. The level was kept at 1
cm below the top of the cell. A thermometer was placed near the cooling coil and a thermistor (matched
earlier with the thermometer ) in between the electrode assembly and the cooling coil. A thermistor
thermometer ( Omega, USA ), with both analog and digital readout was used to record the temperature
of the electrolyte during the experiment. The electrolyte level was maintained to within 1 cm of the initial
level by replenishing periodically with D,O. A 1 ml sample was withdrawn every 2 or 3 days to check
for tritium. The temperature in the laboratory remained at 20¥1°C, except for a penod of about 10 days
when there was a breakdown in the temperature control and measurements were not taken.

The experimental procedure involved a 'preloading phase' employing a saw-tooth current mode.
The current was cycled linearly from 0.25 A to 4.2 A (0.02 - 0.336 A.cm™) in a 20 minute period. This
was continued for 9 days. After this,'the measurement phase' was carried out in the Low- High [L-H]
current mode, in which the current was kept constant at 0.25 A and 4.2 A alternately for 6 hour periods.
The current cycling modes are shown in Fig.2. The experiment was carried out over a 61-day duration.

Calibration procedure for excess heat calculation: Calibration by Joule heating was adopted. The
experiment was,therefore, started with an initial test operation. Currents of 1A, 3A and 5A were passed
through the cell for 40 minutes each and the electrolyte temperature and cell voltages noted. Assuming
that there was no excess heat generation at this stage of the experiment, the temperature rise, AT, during
this period was taken as a measure of the calorimeter calibration. A temperature increase (AT) of 4.70°C
was recorded for 50W Joule heating. The "zero power" line, corresponding to 20 ° C, was taken as
constant in view of the steady room temperature. A value of 0.094°C was thus obtained for AT per watt
input power over the experimental range.

Determination of the D/Pd ratio: The degree of loading of deuterium into palladium was monitored
In situ' by means of four probe resistivity measurements. Four platinum leads were spot-welded to the
cathode at appropriate locations and the resistance was continuously recorded by means of a digital micro-
ohmmeter(Model DMOQ-350, Tacrad Inc., Canada) and stored into a IBM-286 compatible computer. The
ratio of the initial resistance, R,, before the electrolysis to the resistance,R, at any time during the
experiment was plotted against time. To calculate the value of D/Pd from this plot, use was made of a
previously constructed calibration graph of R/R, vs. D/Pd[in which the D/Pd determination had been made
on the basis of coulometric measurements].

Measurement of the potential of the cathode : A luggin capillary contact tube was placed within
1 mm of the cathode and the cathode potential was measured with respect to a saturated calomel
electrode(S.C.E.).

Measurement of tritium : During the experiment. the tritium activity in the electrolyte was being
monitored every two or three days. A 0.5 ml sample was withdrawn, mixed with 6.5 ml of Optiphase,
"HiSafe-3" scintillation cocktail and the activity of this solution was counted for 10 minutes. A Wallac
1410 Liquid Scintillation Counter was made use of for this purpose.

1.2. Radio-Frequency Stimulation

Electrolysis cell: A Johnson Matthey palladium foil cathode of 99.9 % purity and dimensions 11.9
x 12.5 x 1 mm was held between two teflon holders and was surrounded by 7 turns of 20 gauge platinum
wire anode (Fig.3.). This electrode assembly was contained in a 10 cm tall cylindrical glass cell of 25.4
mm internal diameter. 15 ml of 0.3 M LiOD in D.O was taken in the cell for electrolysis.

The temperature was measured by means of a thermistor. The RF power was applied to the cell
by means of a 20 gauge copper wire that was wound around the cell in 15 turns in a typical NMR
configuration.

RF Generator: A Rohde & Schwarz generator, with a frequency range 100-1000 MHz was used
in conjunction with a RF amplifier(ENI. Model 603L). The RF power(6 - 100 mW).mentioned in the
experiment. is the maximum power delivered assuming 100 % coupling efficiency. The efficiency of the
RF-coupling to the cell was not measured.

Measurement of heating due to application of RF power: Prior to the stimulation experiment.

1-3



different RF power ranging from 100 mW to 1 W were applied to the cell containing 15 ml electrolyte
. The nse in temperature was 5.2 ° C per Watt.

Before the RF power was coupled to the cell, the palladium cathode was charged with deuterium
by carrying out the electrolysis at 0.25 A for 139 hours. The D/Pd ratio was expected to have reached >
0.8 by this procedure. At this stage, maintaining the charging current unchanged, the RF power of 6 to
30 mW was applied to the cell at 365.608 MHz.

1.3. Magnetic Stimulation
The magnetic field was applied by means of two different permanent magnets:

Magnet 1: A horse shoe magnet of 200 Gauss was placed around the cell (Fig. 4.). Magnet 2: Two 1"
diameter disc magnets of Neodymium were placed in attractive mode on opposite sides of the cell; the
field strength was measured at the Los Alamos National Laboratory as 800 Gauss in an empty cell
(Fig.5)).

This experiment was carried out at 3.5° C in a small refrigerator. The connecting leads were run
through small holes drilled on the sides of the refrigerator which were then sealed with epoxy. The lower
temperature was chosen to facilitate deuterium loading .

The cathode was 99.9 % pure Englehardt palladium which had been cold rolled. Its dimensions
were 12.5 x 12.5 x 0.28 mm. It was charged with deuterium at a current of 80 mA [cell voltage was 2.64
V]in 15 ml of 0.3 M LiOD/D,0 for 48 hours before applying the magnetic stimulation. It is probable that
this treatment corresponded to a D/Pd ratio of > 0.8.

1.4. Matenals Science

A standard three electrode electrochemical system was used in this study with Palladium as the
working electrode and Platinum as the counter electrode. Working electrodes were in the form of a foil,
50 um x [0 mm x 5 mm, purchased from Johnson Matthey as 99.975 % pure Palladium. They were used
as cathodes in the electrolysis of 0.1 M KOH or 0.1 M KOD medium with saturated calomel electrode
as a reference electrode. Experiments were performed by varying the time of electrolysis and overpotential
at room temperature. The potential range studied was from the reversible potential to overpotential of n
= - 1.0 V. The applied potentials were maintained for different periods of time, varying from 0.5 hour to
6 weeks.

Each experiment was carried out with a fresh electrode. Following electrolysis at certain
conditions, the electrode was washed with purified water and etched in 30 % 1:1 HNO, + HCI mixture(3).
A preliminary investigation had been carried out prior to the experiments to observe the effect of duration
of etching on the depth of the surface exposed. Measurements were carried out for durations ranging from
| to 5 minutes. After etching, the solution was analyzed by ICP and by knowing the area of etched
surface 1t was calculated that one etching procedure corresponds to the depth of 800 A per minute. An
etching time of 2.5 minutes, corresponding to 2,000 A was chosen for our investigations. The etched
surfaces were then subjected to examination by means of Differential Polarization Interference Contrast
Microscopy (DPICM) and Scanning Electron Microscopy (SEM).

DPICM was chosen because it is a technique capable of imaging minute surface structures in
differentiating color. At magnifications of 100 and 600 that have been used in this study, it affords
greater observability of patterns having dimensions of the order of c. 0.5 mm with a resolution of 2 and
0.4 um. SEM was chosen due to its capability to image the surface in three dimensions (depth of field
is large and there is shadow relief effect of the secondary electrons). At magnifications of 1000 and
50,000, the resolution of 0.2 and 0.004 um affords observations of crystal grains.

The microscopy was repeated after re-etching the surface 3 successive times, up to a depth of 1

um.



2. RESULTS

2.1. Electrochemical Stimulation

The cell voltage during the L- period was almost steady at about 3.6V. The electrolyte temperature
was also constant at 20¥0.05°C, indicating no excess heat during these periods. There was an appreciable
increase in the cell voltage during the H-period from the initial value of 20V to about 31V towards the
conclusion of the experiment and the corresponding electrolyte temperatures also showed a rise with time.

The fall in the electrolyte level due to electrolysis had an effect on the cell voltage during the
H-periods and on the corresponding electrolyte temperature. Therefore, only the values taken within a
short time -say 1 or 2 hours- after the initial level was restored by replenishment with D,0 were taken
nto account for the calculation of excess heat. This seemed to be reasonable in view of the fact that the
thermal equilibrium between the cell and the circulating water was always attained within 40 minutes.

If the cell voltage was V and the current I, then the input power for Joule heating, Q,, would be

Q. = (V-1.54).I watts 1)

The output power, Q,,,, was calculated from the observed rise in the electrolyte temperature, AT

, by means of the calibration done earlier, i.c.,

Q. = AT =+ (0.094) W )
The excess power, Q., was then arrived at as

Qx = Quue - Qin 3)
That is

Qx = [AT+0.094] -[(V-1.54).1}. 4)

During the 50 days of the L-H operation, the rise in the electrolyte temperature in the H-periods
was always higher than that calculated for Joule heating.

The present method gave rise to an estimate of the "average" input and output power(4) to
within 3% . During the 50 days that the cell was run on L-H current mode, an average excess power
of approx.18 watts(i.e., 28.8 Watts/cc of Pd) was observed during the H-periods (Fig.6.) but no excess
power during the L-periods; this amounts to 39 MJ of excess energy. The total input energy during the
experiment(on the basis of 26.5V for H- and 3.6V for L- periods) amounts to approx.230 MJ(approx.17
%).

The degree of deuterium loading into palladium, the D/Pd ratio, was being continuously monitored
during the experiment and reached 0.83 after 15 hours and remained almost constant thereafter (Fig.7.).

The potential of the palladium cathode was measured to determine the overpotential value. The
value of the cathode potential was -1.4 V vs. S.C.E. at low current(0.25 A). The pH of the solution being
13.5, the reversible potential was calculated as -0.81 V. The resistance of the electrolyte was very nearly
1 Q, so that the IR drop would contribute 0.25 V. This meant that the overpotential was about -0.34 V.
At high current mode operation (4.2A), the potential read -5.93 V vs S.C.E. and the overpotential value
was estimated as -0.92 V.

The tritium activity generated during the experiment was counted periodically as described earlier.
It was observed that the activity rose to about 3 times above the background and remained constant.

2.2. RF Stimulation

After the palladium has been sufficiently loaded with deuterium, RF power was applied to the cell,
maintaining the d.c. The temperature of the cell started rising within 10 minutes after the application of
RF. The rate of increase in temperature was proportional to the power of the RF (Fig.8.). The electroiyte
returned to room temperature within 10 minutes when the RF signal was turned off.

Two other frequencies, viz., 533.688 MHz and 81.924 MHz were also found to trigger exothermic
effect in deuterated paliadium. The heating effect was specific to the stated frequencies and disappeared
at other trequencies. Also. such a heating effect was not observed in a H.O svstem.

The expennment was carried out 1n an open cell configuration. The cell was not thermostated. The
ambient laboratory temperature. however. was constant to within ¥0.5°C. The excess power is shown in
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Fig.9. as a function of frequency. Heating by RF itself was precluded by the following observation. The
exothermic response in the cell to the application of a 1 Watt amplified signal at 81.924 MHz was that,
after an initial rise, the temperature starts declining and finally falls to room temperature after 120
minutes. The RF power remained constant during this period. Application of 1 Watt RF power, by itself,
would have raised the temperature of the 15 ml electrolyte by about 5° C but this increase should have
remained constant and not decreased if the effect was due to the application of RF power.

There were two other observations during this experiment: 1) The cell voltage began to fluctuate
just before the manifestation of the exothermic effect. The steady applied voltage of 3.6 V fluctuated
between 2.65 and 4.10 V for about 1 to 3 minutes and then settled down at 3.6 V. 2) During the time
when the fluctuations occurred, the cell temperature initially decreased by 0.5 to 1.5 ° C before starting
to rise { such observations have been made earlier(1&5)].

2.3. Magnetic Stimulation

After the cathode had been charged with deuterium for 48 hours at a current of 80 mA, the cell
was placed in the field of a permanent magnet of 200 Gauss strength. The cell electrolyte temperature rose
to 5°C (Fig.10.) after 230 seconds, After 576 seconds, the magnet was replaced by two, one inch
Neodymium magnets with a 800 Gauss field placed as described earlier. The temperature immediately
started increasing and reached 13.5°C in about 15 minutes and remained constant. The temperature
returned to 3.5 ° C when the magnet was removed.

2.4. Materials Science

The microscopic investigations revealed some characteristic morphological changes that were
brought about in Palladium by electrolysis under different experimental conditions. Throughout all these
studies, including electrolysis for six weeks and at overpotentials up to -1.0 V, no changes were observed
on the electrode surface by SEM.The changes were manifest on the subsurface, the observations beginning
at a depth of 2,000 A that was obtained after etching. Regular patterns which resembled hexagons (Fig.
11.) appeared. Similar hexagons have been mentioned by Brooks et al (6). Microvoids, in the form of
black spots of 2,500 A dimensions, were seen along the sides of these hexagons. There was a progression
in the formation of the hexagons and the microvoids with variations in overpotential, time and
temperature. These changes decreased exponentially with depth (Fig.12.) and were difficult to observe at
a depth below 1 pm.

2.4.]1. Effect of H.O in place of D.O

Examination of sub-surface changes obtained by electrolyzing both in KOH and KOD suggests
that the frequency of microvoid formation at n = - 0.35, is 3 to 5 times greater in D,0. than in H,O.
However, at n = - 0.50 V, the frequency of microvoid formation in H,O seems about the same as in D.O.

2.4.2. Effect of overpotential

To study the effect of overpotential on sub-surface structural changes, electrodes were subjected
to different overpotentials at 20 °C. for 0.5 hours. At overpotentials more positive than -0.20 V, the sub-
surface remained unaffected.

The first "visible" changes, detected by means of SEM at a magnification of 10,000 (ie.,
microvoids were >100 A), were observed at overpotential of - 0.35 V. At n more negative than - 035V,
the hexagon patterns, mentioned above, could be observed. The sides were approximately 3 pum in length.
However, such patterns were visible only on 2 - 3 % of the total sub-surface and were scattered.

Black spots or microvoids at the nodes of the "hexagons'. ie., at the intersection of grain
boundaries were observed (Fig.13.a.). There were up to 6 microvoids per hexagon cell. With increase of
overpotential to n=-0.50 V_ the changes on the sub-surface extended to ~3 % of the total surface and the
microvoids per hexagon increased in number, from 6 at -0.35 V to 30 at -0.50 V (Fig. 13.b.). At more
negative overpotentials. n=-1.00 V. ruptures appeared on the sub-surface of the eiectrode(Fig. 13.c.).
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Intensive and extensive ruptures appeared on the sub-surface. The intensive ruptures were ~ 20
um in size and covered approximately 7 % of the surface. Extensive ruptures were 5-10 um in size and
were distributed over ~ 20 % of the sub-surface. These ruptures were grouped into patches, each having
the dimensions of ~0.5 mm.

2.4.3. Effect of time

The effects observed on the palladium electrode upon electrolysis for various periods of time are
shown in Figs. 14.a-d.. To evaluate the effect of time over the range of 0.5 hour to six weeks, an nj of -
0.35 V was maintained at a constant temperature of 20 °C.

For the shortest period studied, t = 0.5 hours (Fig. 14.a.), hexagons were scattered over 2 to 3 %
of the total surface. As the time was prolonged to 3 hours, the hexagons increased and tended to group
together to form "islands", Fig.14.b. Each island contained between 20 and 50 unit hexagons and the
hexagons spread to 10 % of the electrode area at 3 hours (Fig. 14.b.) and 20 % at 10 hours(Fig. 14.c.).
Here, islands, each having between 200 and 300 hexagon units that were separated by about 20 to 25 um
were formed and tended to "cluster” into groups.. These clusters had dimensions of the order of 500 um
and were seen about 1| mm apart . Fig. 14.d.. shows the situation after 100 hours of electrolysis.

When the Palladium electrodes were subjected to electrolysis for 6 weeks (1000 hours) the whole
sub-surface was "damaged" and the hexagonal units can no longer be seen.

2.4.4. Effect of temperature
Experiments were conducted at -0.35 V for 0.5 hour at 20 and 50°C ( Fig. 15.a. and b. ). Island
formation at 50 ° C resembled the behaviorat n=-1.0 V at 0.5 hours.

3. DISCUSSION

3.1.Electrochemical Stimulation

The electrochemical stimulation experiment, performed in a manner similar to that of Takahashi,
shows an unmistakable generation of excess energy. As Takahashi has observed, excess heat is manifest
within two days after High-Low current pulsing mode is started.There are, however, some observations
that differ from those reported by Takahashi:

1. The cell voitage during the L-periods remained constant at 3.6V. The temperature of the
electrolyte during these periods was close to 20 ° C in this experiment, suggesting no excess energy.The
current during the L-periods was 0.25 A which meant that the current density was 0.02 A.cm™. Earlier
observations(7 to 10) have indicated that this current density is too low to manifest excess heat.
Takahashi(2), however. reports "significant temperature increases even for L-periods".

2. There was an excess energy of approx.18W during the H-periods throughout this experiment.
This is lower than what is quoted by Takahashi. It is to be mentioned here that though Takahashi first
reported a relative excess of ~70%(2), this value was much lower(~30%) when he repeated the
expeniment(4).

3. Though there was a constant excess energy during the H-periods, there was no "surface boiling"
that was reported in (2); again, this effect was absent in the subsequent experiment(4).

4. The degree of loading of deuterium into the cathode was continuously monitored and its value
was 0.83. Takahashi did not measure but assumed it to be ~0.9. The overpotential was -0.92 V.

3.2. Pulsing and its Mechanism
It has been pointed out by Gittus and Bockris (11) that the solubility of H in Pd is greater than

that of D and that. because of the relation between C,_ and local stress.
the solubility is particularly high at dislocations. It follows that reactions which may be the origin of the

heat prouction phenomenon will be likely to occur at high concentration points near dislocations within
the crystal (12).
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(5)

Now, there is always some H in the solution and in an unannealed electrode; thus, H may block
dislocation positions from being occupied by D. Hence, pulsing, during which the D/Pd is varied up and
down, may be seen as dissolving some of the H from its blocking positions on the dislocations - it will
be filled increasingly with D (Fig.16.).

This suggests that deep anodic pulsing to bring D/Pd towards zero followed by rapid cathodic
pulsing to bring it up again, as shown in Fig.17 [cf.(1)], is the most likely switch-on mechanism.

3.2. Radio-Frequency Stimulation

The Deuterium nucleus in the Pd-D is partly ionic and partly covalent(13). Especially when the
D/Pd ratio is greater than 0.8, there are effectively neutral D atoms in the lattice which can 'sense’ the
presence of the orbital electron.This results in the generation of a fine structure magnetic field at the
deuterium nucleus (14).

Calculation of Fine Structure Magnetic Field

The fine structure magnetic field, that is, the field generated at the deutennum nucleus by the
orbital motion of the electron was calculated from the following equation (15)

H=Q/R*X Vel/C (6)

where
H = Magnetic field in Gauss
Q = Electronic charge (4.802 x 107'° stat.coulomb)
R = Bohr radius (5.3 x 10®° cm)
Vel = Orbital velocity of the electron (2.2 x10° cm/Sec)
C = velocity of light ( 2.997 x 10'° cm/Sec)
The magnetic field was calculated as 1.2535 x10° Gauss or 12.535 Tesla.

Calculation of the frequency of stimulation

The frequency v is required to resonate and induce spin transitions in a neutron, proton Or a
deuterium nucleus (NMR Frequency) in a magnetic field of H is given by the equation (16)

v=puBH/hI : @)
where
v=frequency in Hz
p=magnetic moment ( 0.8574 B for deutertum.2.7927 B for proton and -1.9132 B for neutron )
B=Nuclear Magneton (5.05 x 10** Erg/Gauss)
H=magnetic field ( 1.2535 x 10° Gauss )
h=Planck's constant ( 6.625 x 10" Erg.Sec.)
[=Spin Number, | for Deuterium and 0.5 for proton and neutron

v was calculated as 81.924 MHz for deuterium, 365.608 MHz for neutron and 533.688 MHz for
proton.

Thus, the exothermic effect observed at these specific frequencies may be related to the spin
orientations brought about within the deuterium nucleus in the PdD lattice. It is not clear at the moment
as to how and why these spin orientations cause excess heat.

It is interesting that the excess heat, caused by RF stimulation, reaches a maximum value and,
after a certain time, falls to zero. A possible explanation is that the RF stimulates only the deuternum
nucleus at the near surface of Pd.It is well known that, due to the 'skin effect’, high frequency alternating
currents will be felt oniy up to a certain depth (called 'skin depth) which is given by (17)

d = 1/ ([T.fo.n)"* (metres) (8)
where.
d = skin depth
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o = electrical conductivity of the matenial(mho/metre)
p = permeability of the material(Henry/metre)
f = frequency of the a.c.(Hz)

For the frequencies that have been applied in this stimulation experiment,it can be shown that the
depth to which the RF would have been effective is only ~ 0.007mm (7um).

Summary of Qbservations

1) RF energy at three specific frequencies triggers exothermic effect in deuterated palladium
without the presence of an external magnetic field.

2) A similar effect is manifest in the presence of a magnetic field of 200 Gauss or greater.

3) The triggering is effective even at electrolysis current densities below 100 mA/cm®.

4) Sufficient deuterium charging of the palladium(D/Pd probably greater than 0.8) is a necessary
prerequisite to the triggering effect.

3.3. Matenals Science
3.3.1. Initiation of subsurface damage with respect to overpotential and pressure

It is well known that a pressure theory exists for the treatment of the switch-on potential for
cracking(18). The D evolved on the electrode surface is assumed to be in equilibrium with D, in voids.
In so far as the pressure (~ fugacitv) in the voids exceeds the spreading pressure, the crack wiil spread and
damage will be detectable.

In this study, damage was found to begin at an overpotential of -0.35 V(Fig.18.). In addition, the
Tafel line measurements show a sharp increase in slope in this region which may be assumed to
correspond to the saturation of the electrode surface and a change of mechanism to one in which the
coupled discharge-chemical combination

M + DO + e M-D + OD- (9)

M-D + M-D -~ 2M + D, (10)

changes to fast discharge slow chemical combination

M + DO + e = M-D + OD- (11)

MDD + M-p ®DS: ay .+ p, (12)

—— — —

In the latter case. the fugacity of D, is given by

= (13)

Jo, = €

The condition for the beginning of damage can then be shown to be

-anF

and



RT 16 YY, 3 15
= R o9p (20 YTy T (15)
et = 2F (_ 31

where v is the surface tension of Pd, equal to 1.5.10° dynes.cm.?, Y is the Young's Modulus,
equal to 0.45.10" dynes.cm™and 1 equal to 10" cm. is the length of the initial crack, assumed to be lens-

like. Therefore, N, = -0.30 V which is in excellent agreement with the observed value of the beginning
of cracking.

3.3.2. Effect of overpotential
Figs.19 and 20 show the effect of overpotential on the percent of change of the electrode surface

after 30 minutes of electrolysis. Taking into account both the extensive and intensive type of ruptures, an
exponential behavior of percent change is followed, Fig.19. However, by plotting the log of the percent
of change of the electrode surface as a function of overpotential, Fig.20, a linear relationship with the
slope of 295 mV/decade is obtained. Thus, for the surface to change by one order of magnitude, it is
necessary to increase potential for ~ 300 mV. This is in agreement with the previously observed change
in Tafel slope from ~150 to 350 mV/decade upon reaching the overpotentials of n > - 0.35 V.

3.3.3. Effect of time

In Fig.21, the percent change of the electrode subsurface as a function of time of electrolysis is
shown. Two linear relationships are obtained for the time period of 0.5 to 10 hours and from 10 to 1000
hours of electrolysis. Thus the largest subsurface changes occur during the first ten hours of electrolysis.

3.3.4. Hexagon formation
Hexagons appear as a result of plastic deformation and slip. The disappearance of hexagons, at
higher overpotentials would follow as a consequence of increased loading and hence fracture(19,20).

3.3.5. Time to reach saturation of the first 10um laver

There is much evidence in Cold Fusion Phenomena(21) which suggests that the essential
phenomena occur within the first 10um of the surface. One hastherefore, to calculate the time for
saturation at that depth.

The two main shapes of electrodes used are a) rectangular and b) cyiindrical. For a pianar surface,
in which there 1s an initial surface concentration, C,, the concentration C,, at a distance x from the surface
at time.t, i1s given by

C.. = ACo¥ e% (16)
/Dt
or
Gt _  2x e—;}‘; (17)
C, VDt

This equation can be solved for different t at x = 10”* cm.. when D= 107, 10® and 10®° cm” sec.’
'(22). Correspondingly, for a cvlindrical electrode,
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r
2C J°(2'4048i) _{3.4048)% p

= - 0 o R?
¢ =, 2.4048 J,(2.4048) (18)

where J, and J, are the roots of Bessel's differential equation. The concentration profiles for different
times of electrolysis, calculated for both the types of electrodes, are shown in Fig.22a. and b. In fact, the
switch on times are generally longer than these times shown here.

3.3.6.Electronic state of dissolved hvdrogen
Pure palladium is paramagnetic. A number of experimental studies(23) indicate that upon

absorption of hydrogen there is decrease in paramagnetism. Also, results of different authors (23) agree
for the value of H/Pd ~ 0.65, at which the solids become diamagnetic. Thus, after D/Pd ratio of 0.65,
electrons are not filling the d-band of the host metal and magnetic susceptibility is zero. Due to this,
electrons are now more localized in regard to protons. After reaching the D/Pd ratio of 0.80, all octahedral
places in the lattice are occupied and those in tetrahedral positions are now available (Fig.23.). As a
consequence, hydrogen is much less mobile and it can be speculated that a covalent bond between Pd and
H is starting to form.

Wipf(24) has compiled some experimental data on effective charge number of hydrogen isotopes
in polycrystalline Pd ( Table 1).
3.3.7. Charge on Deuterium

There are two methods of determining the charge on D”. One can measure the diffusion coefficient
and then (e.g., with tritium marking) obtain the mobility. The Nernst-Einstein Equation enables one to
obtain the charge, Z. Alternatively, one may determine Z from the magnetic susceptibility.

There is a linear decrease of magnetic susceptibility to D/Pd = 0.65 after which the d holes are
filled and the susceptibility tends to zero.

The value of Z is clearly near to 0.5 (Fig.24.) ( at low values of D/Pd and decreases as D/Pd
increases. At D/Pd = 0.8, the likely value of Z from magnetic susceptibility measurements is decreasing
to zero.

3.4. Theories of Cold Fusion
3.4.1. Difficulties In Coid Fusion seen bv classical nuclear physicists

The difficulties are 1) penetrating the coulomb barrier, 2) the fact that nuclear and chemical
processes take place at radically different frequencies (e.g., 10" sec” and 10?? sec’) [referred to as
"asymptotic freedom" by Preparata (25)] and 3) the Leggett-Bavm(26) point, according to which the
deuterium ions in the palladium lattice are further apart than they are in deutertum molecule and therefore,
as the authors saw it, must remain stably apart.

As to barrier penetration, it is invalid to apply a simple Gamow formula to calculate the tunneling
probability in metals as is done in the dilute plasma. Thus. in the metal the approach to collision is
through an electron gas which screens the charges from each other and thus reduces the barrier. A Gamow
calculation 1s inapplicable.

The insulation of the nucleus from chemical forces seems incompatible with the fact that
Mossbauer frequencies depend upon the chemical surrounds of the nucleus.

The Leggett-Baym point is a difficulty. Even in the tetrahedral positions, the D-D distances are
1.77 A -- too large.

However. if the Gittus- Bocknis hvpothesis is pursued. i.e.. the activity is at dislocations, the
solubility is greatlv enhanced and D/Pd in those areas must be >> 1. If it is >3. the tetrahedral holes are
filled when the D/Pd at the dislocations exceeds 3. the oniy possibilities are interstitial positions when the
D-D distances are are smaller.
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3.4.2. Anomalous phenomena which act as criteria for the correctness of models
The essential phenomena of cold fusion- smail rate of production of neutrons, large rate of

production of tritium, heat more than between 10 and 100 (occasionaily 1,000) watts per cc of Pd- are
well known.
However, a successful theory must be consistent with the following:

1. The sporadicity of observation of the effects,
2. Switch-on is dependent upon impurities in the solution, or the metal,
3. Switch-on does not occur for times of the order of 100 hours of electrolysis.

3.4.3. Tvpes of Theories

1. The fusion of D + D in the bulk of a metal lattice [Preparata(25);
Takahashi(27)].

2. The fusion of D + D at promontories on the surface of the electrode
[Bockris(28); Kim(29)].

3. Production of tritium and heat with a mechanism which involves "virtual”
neutrons [Hegelstein(30)].

4. Transmutational reactions [Kucherov(31)].

3.4.3.1 Fusion in the bulk
3.4.3.1.a. Preparata Model (25)

The most comprehensive attempt to give a credible theory of this is due to Preparata(25) with an
application of his ideas of super radiance (particles behave in a coherent fashion within the lattice).

This theory does take notice of the electronic structure of transition metals. The model of a metal
tacitly assumed by most workers is that of a series of individual (non-bonded) cations interspersed by
essentially free electrons. But transition metals are bonded (32) and share electron orbits in a three
dimensional manner. Preparata produces a diagram(Fig.25.) in which he utilizes the properties of the d
electron level in palladium to make a rudimentary theory of such screening, and deduces therefrom a
reduction in the equivalent barrier height(Jones Fusion). At this point, to increase the rate of fusion to
attain the observed heat, Preparata introduces his hypothesis that there are groups of electrons (400 A) and
groups of deuterons (1,000 A) which move coherently.

Such a model would give rise to extreme heating in the hot spot regions of the coherent groups
and therefore destroy their structure which, in this model. is the origin of the enhanced fusion. For this
reason. Preparata brings in "electron cooling,". He shows that the excess heat is "taken away" by the
coherent electron groups.

Preparata's theorv has the virtue of leaning upon the real electronic structure of palladium.
However, after having got to the Jones limit quite rationally, it needs faith, i.e.. that the coherent groups
which he assumes, must be assumed to exist. Further, it gives no interpretation of the facts brought out
above as those most characteristic of cold fusion experiments, their sporadicity; their dependence upon
specific surface structures and the abnormally long time they take to switch on (longer than that to reach
D/Pd = 0.83 near the surface).

3.4.3.2. Surface Promontorv Models

The first of these was proposed in 1990 by Bockris et al.(28) on the basis that observations made
of successful electrodes showed that their surfaces possessed a dendritic structure.

On this basis, a model was suggested which depended upon the high field developed at tips of
low radius of curvature [Bockris and Gonzales-Martin(33)].

Thus, the evolution of deutertum preferentially occurs at these tips and and they become
associated sporadically with bubble formation. When these bubbles attain a certain size.the high field at
the tip of the dendrites then emits electrons into the deutertum in the gas containing the bubble and
ionizes some of the D.. (D. + e — D™ + D) (Fig.26.).
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A zeroeth approximation theory was given by Packham, et al(34), still assuming a D*---D" relation
and a Gamow barrier. But since that time, it has been realized that the dendnte tips have ADSORBED
D, which may have a zero or even a negative charge. This model does not have a Coulomb barrier.

The theory at first seemed to be a hot fusion theory, hence consistent only with n/T=1. However.in
the cluster impact work(35), there is the same high reaction rate for the tritium-proton channel and a low
rate for the conventional He’ + neutron level, as is observed in cold fusion. It is found here that the pre-
exponential factor of the Gamow equation is 10?* times larger for the low energies involved here rather
than for the high ones in classical nuclear physics.

This suggestion of a preferred channel for tritium solves the principal difficulty suffered by the
onginal dendrite theory of Bockris et al (28).

The dendrite theory has advantages over competing theories because it explains the factors which
are anomalous in other models. Thus, it depends upon the surface conditions, because only some surfaces
will grow dendrites. The dendrites may not consist only of palladium, they may be of other matenials
grown from the solution. Furthermore, the growth of dendnites would depend upon the impurities in
solution, in a characteristic way as developed by Popov(36). Briefly, the rate of growth would depend
exponentially upon the impurities in the solution. Irreproducibility obtains an interpretation, as do long
switch-on times.

Thus, the dendrite theory not only explains the anomalous n/T ratios formation but it also gives
a quanitative interpretation of the surface sensitivity, the dependence upon impurities, and the long time
for delay. Such features are not possessed by any other theory.

3.4.3.3. Theorv involving Neutron Transfer

This theory is due to P. L. Hegelstein(30) and has a principal point as its foundation: the
Coulomb barrier is difficult to overcome without some special mechanism such as the high field arising
at points of minimal curvature, so that it is clear that a mechanism which avoids it is welcome.

In Hegelstein's view, this can be achieved by assuming that neutrons from deuterons transfer to
"acceptor” nuclei such as another deuteron, °Li,'B or to Pd itself, entering their nuclei to produce various
products including tritium (cf. Kucherov's model).

On the other hand, Hegelstein, by avoiding the coulomb barrier, involves a difficulty, namely, the
distance the neutrons would have to travel to achieve the reaction which he suggests. Thus, only "virtual”
neutrons are available to him and it is easy to calculate the life time of such a particle (Fig.27.).

Hagelstein's model is of great interest because it would appear to give a step towards the
production of various new nuclei as observed by Kucherov. The major problem is to lengthen the life time
of "virtual" neutrons by, say, 10° times.

3.4.3.4 Transmutational Theories

Karabut, Kucherov and Savvatimova(31) have suggested a theory based upon experiments that
they have carried out in glow discharge experiments in the presence of deuterium. They observe
charactenstics which are similar to those which are observed in aqueous solution. excess heat, weak
neutron generation, tritium and He' production, together with characteristic X-rays and weak gamma
radiation.

The novel feature of their work is that they analvze their cathodes chemically, finding, of course,
helium and tritium similar to the findings earlier published by Bockris et al. However. they utilize an X-
ray microprobe. high resolution dipole mass spectrometry and secondary high mass spectrometry and find
a host of new elements in the palladium as a result of the electrolvsis. Thus. they found not only °Li, but
also several other metals from groups one and two and then also Ca, Cr, Ni, Ge.etc. These elements occur
in the upper 1 micron laver of the cathode. in consistency with the concept of the surface reaction as the
origin of fusion. The content of the transmuted elements is up to 0.1 atomic %.

Karabut et al. observed that the presence of germanium is wholly unexpected. The maximum
concentration is 0.1 atomic %.
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The possible reactions suggested by Karabut et al. are given in Fig.28.
Very approximate calculations which have been made by Karabut et al. seem to suggest that the
right order of magnitude of heat can be obtained on the basis of these suggested reactions.
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Table 1.

HYDROGEN H/Pd T (K) EFF.CHARGE EXPER.
ISOTOPE or NUMBER, TECHNIQUE
D/Pd z
H High («-phase) 290-350 positive, +1 for Drift velocity
H/Pd=0.6
H <2.8x10 455-513 +0.4 to +0.55 H, flux meas.
<1.6x10? 520-620 +0.54 H, flux meas.
H
<1.0x10? 520-620 +0.51 to +0.59 H, flux meas.
D
<4.0x10 420-1070 Between +0.3 H, flux meas.
HD and +0.7
<8.2x10° | 970 +0.44 Diff. potent.
H
<8.2x10° 970 +0.35 Diff. potent.
HD
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SEARCH FOR NUCLEAR PRODUCTS OF COLD FUSION

Hiroyuki Miyamaru, Yasuhiro Chimi, Toshihiro Inokuchi
and Akito Takahashi

Department of Nuclear Engineering, Faculty of Engineering
Osaka University, Yamadaoka 2-1, Suita, Osaka 565 Japan

Abstract

Neutron and helium measurement system with a closed type electrolysis was
constructed in order to accomplish simultaneous detections of nuclear products
for cold fusion. On-line neutron measurement was performed and loading
Deuterium/ Palladium ratio was monitored during electrolysis. Electrolysis gas
was analyzed by a high resolution mass spectrometer after electrolysis. Some
electrolyses with several Pd electrodes were carried out as preliminary
experiments. Loading ratios observed were less than 0.85. Neither significant
helium generation nor neutron emission was observed.

introduction

In the recent studies, excess heat generation has been reported in many
laboratories!). Especially, correlation between D/Pd ratio and excess heat has
been well investigated2.3.4. Numerous attempts have been made to clarify
origin of the excess heat. Nevertheless, the clarification has not been
accomplished yet. With regard to nuclear products, a few groups have claimed
tritium and helium 4 (¢He) production in the electrolysis5 or some vacuum
experiments ©)7). However, there have been no reports which claimed large
amount of neutron emission or helium 3 production corresponding to the
excess heat. This fact indicates that conventional D-D reactions are not able to
explain the excess heat completely. In this sense, if the excess heat is nuclear
origin, unusual nuclear reactions® with other nuclear products should be
considered so as to explain low neutron emission. [f unusual nuclear reactions
occur, simultaneous detections of supposed nuclear products are required to
clarify mechanism of the reactions. Therefore, a closed-type electrolysis cell was
designed and constructed in order to measure neutrons and deuterium loading
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ratio on-line, and moreover, to analyze helium after electrolysis. Using this
closed system, electrolysis gas was able to be stored over a long electrolysis
period. Helium analysis with high sensitivity was expected even if the excess
heat was slight or intermittent. Some electrolysis experiments were performed
as preliminary experiments.

Equipment

Figure 1 (a) shows a simplified scheme of the measurement system. The closed
cell was placed into the polyethylene blocks with 40 cm thickness to decrease
neutron background. A fast neutron detector (NE213 with 15 inch diameter)
was used in this study. A pulse shape discrimination (PSD) technique was
employed to eliminate gamma-ray signals of background. A flow-chart of the
PSD is indicated in Fig. 1 (b). Time dependence of neutron counts and energy
spectrum were acquired all the time. Background neutron level was
approximately 4 neutrons/min. All the data acquisition and their processing
calculations were performed using a personal computer system.

After each experiment, electrolysis gas was installed from the ceil to a vacuum
chamber of a quadrupole mass spectrometer (HIRESOM-2SM ; ULVAC). The
chamber is all made of stainless steel and it is always evacuated at10-8 Torr.
Resolution and sensitivity of the spectrometer were experimentally studied to
determine the detection limit of helium. The spectrometer was adjusted to
obtain enough resolution to separate two closed mass peaks ( ¢+He-: M=4.003 and
D5~ ;M=4.028). The detection limit of the spectrometer was approximately 1014
He atoms (10-11 Torr). This amount corresponds to 100 J excess heat in the cell
as far as the occurrence of conventional D-D fusion reactions is assumed.

Figure 2 shows a cross-sectional view of the closed cell. The cell bodv was made
of stainless steel and all joints were sealed by metal gaskets to minimize the
diffusing-out of electrolysis gas. The inside of the cell was coated by PTFE to
avoid alkaline corrosion. A palladium cathode plate was supported by a PTFE
sample holder at the center of the cell. A platinum-wire anode was surrounding
spirally the cathode. A stainless-sealed thermocouple was installed to monitor
cell temperature. Recombiner pellets were placed within a mesh-platinum cage
attached to the cell lid in the upper space. A semiconductor pressure sensor was
emploved to monitor cell pressure. Cell temperature, ambient temperature, cell
pressure, cell current and voltage were automatically recorded by a computer
and a pen-recorder.
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Experimental i

Four cold-worked palladium samples were studied. Characteristics of each
sample are indicated in Table 1. The size of a palladium plate (99.9% purity) was
2.5cm wide, 2.0cm long and 1mm thick. All palladium samples were supplied
by Tanaka Kikinzoku Co., Ltd. Neither chemical nor annealing treatments were
performed before electrolysis. Electrolyte solution was 600cc D,O with 0.3M
LiOD. Electrolysis current was operated with various pulse modes. The current
density was changed from 32 to 640 mA /cm?2.

Table 1.

List of the Experimental Conditions

Exp. No. Sample Vickers Electrolysis Current density
hardness time (days) (mA/cm?)
1 Pd 150 30 40-370
2 Pd 150 11 40-260
3 Pd 300 11 40-220
4 Pd 150 28 32-640

Loading Ratio

An experimental method to estimate loading ratio is as follows. When
deuterium is absorbed in a palladium metal, oxvgengas in proportion to
absorbed amount of deuterium is accumulated in the cell due to lack of
deuterium for recombination. Therefore, the cell pressure is increased until the
saturation of deuterium absorption. Amount of oxygen gas is calculated from
the increase of the cell pressure to estimate loading ratio. An error range of the
loading ratio was approximately 0.025 in this study.

Figure 3 shows time dependence of loading ratio after starting an electrolysis of
Exp. 4. Applied electrolysis current during first 5 days was 160mA/cm2. The
loading ratio increased rapidly for the first one hour, in contract to the gradual
increase for the following 100 hours. Finally it saturated around 0.84. This wasa
tvpical feature of deuterium absorption in this studv. For other Pd samples,
loading ratios were saturated around 0.85. When a high current density was
applied, the high loading ratio was maintained for a long period. After 120
hours electrolysis, a pulse electrolvsis with low and high current mode was
applied expecting high loading ratio to be attained. Each low (32 mA/cm?2) and
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high (320 mA/cm?2) mode was repeated every 5 hours. However, the loading
ratio gradually declined as shown in Fig. 4. Finally, the loading ratio decreased
to 0.73. In case of the hard palladium sample (Exp. 3), almost the same
tendency was observed. Although various pulse patterns were attempted to
achieve high loading ratio, any of Pd samples could not exceed the ratio of 0.85.
It is considered that the reason for the decrease is due to microscopic cracks
occurred during the process of frequent cycle of absorption and desorption. In
this sense, it is necessary to clarify metallurgical characteristics of individual
palladium which can realize high loading ratio.

He detection
Table 2 indicates the results of helium analysis about 4 samples. Helium 3

(M=3.02) and ¢He were investigated. There were no significant signals observed
beyond the detection limit. These results indicate that the amount of helium
generation during electrolyses was less than 1014 atoms.

Table 2.

Summary of He Analysis

Exp. No. loading ratio He analysis
(max-min)
1 0.84-0.65 No peak
2 0.84-0.78 No peak
3 0.83-0.77 No peak
4 0.84-0.73 No peak
Neutron detection

Neutron measurement was carried out only for the hard Pd sample ( Exp. 3).
Figure 5 shows time dependence of neutron counts. Slight fluctuations are
observed. However, these fluctuations might be occasionally caused not only
fluctuation of background neutrons but also by the instability of used PSD
modules and high voltage power supply. Especially, some electronics modules
are much sensitive to the change of ambient temperature. Timing signals of a
scintillator sometimes have slight drifts even if room temperature is controlled
by an air-conditioner. This influence causes tluctuation of neutron counts. As
a consequence, it is considered that the observed fluctuations exceeding averaged
background did not show meaningful increase of neutron counts. Recoil proton
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energy spectra are indicated in Fig. 6. A neutron energy is roughly estimated by
comparison of foreground and backgrouna. Any neutron emission, which has
inherent energy (e.g. 2.45MeV ), was not confirmed in the comparison of two
energy spectra.

Conclusion
An experimental system of closed-type electrolysis was developed for the

measurement of neutron and helium by supposed cold fusion effect. The
feasibility of the system was confirmed. Although palladium samples with two
different types in hardness were preliminary studied, the loading ratio could not
reach over 0.85. No significant nuclear products have been detected. In this
study, some critical conditions (e.g., high loading ratio, surface or bulk
conditions of Pd metal) might not be satisfied to generate excess heat. We will
have to make further efforts to search the key to meet excess heat production
first and then to catch "supposed” nuclear products.
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Abstract

To elucidate the conditions in which the nuclear phenomena take place, the
correlations between the events attributed to the nuclear phenomena should be
clarified in the experimental system. The neutron count rates, cell temperatures
and the cell voltages have been measured simultaneously in every 10 sec, and the
data were stored in a computor system to find and discuss the correlations
between the three parameters.

Introduction

As has been discussed, the correlations between the effects which have been
predicted to occur simultaneously in the solid state nuclear phenomena and also
to clarify the conditions to generate the excess heat from the solids.

In the present study, a simple excess heat monitoring system has been
equipped to the electrolysis cell along with a neutron energy spectrometer(NE213
liquid scintillation detector) to find the correlation between the excess heat
generation, the neutron emission and the increase rate of the cell-voltage. The
voltage between the two electrodes, the cell temperatures from the three
thermocouples and the emission rate of the neutron have been measured in
every 10 sec. and the data of them have been stored in a computor system
throughout the operations.

To discuss the correlations, four foreground runs with the heavy water and
one background run with the light water have been carried out resulting a very
interesting correlation between the cell-voltage change and the excess heat
generation occurred in the D,0-LiOD-Pd systems.

Experiment

The assembly for the neutorn detection and the method of the evaluation of
the excess neutron and its energy spectrum were same as described in a previous
paper(l). The electrolysis cell used is illustrated in Fig.l. The cell is made of
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quartz and the volume of the electrolyte is kept to be 650 ml by adding of the
heavy water or light water. Three thermocouples were placed around the
electrodes of Pd as the cathode and Pt as the anode. The volume of the solution
was stirred by use of a magnetic rotor to diffuse the heat smoothly from the
electrodes. The other two thermocoples were set at the inletand outlet point of
the cooling water with constant temperature from a water bath as shown in Fig.2.

The cell voltage, temperatures, from the five thermocouples and the neutron
count rate were stored in every 10 sec. throughout the operation. The excess heat
was evaluated from the cell temperature deviation from the calibrated values
which were obtained before the full operation and after full operation, as
described in elsewhere in the present proceeding by us. The principle of the
evaluation method of the excess heat is same as reported by Takahashi et al.(2)

The electrolysis conditions are listed in Table 1. Four foreground runs were
carried out with heavy water and one background run was done with light water.
One of the four foreground runs, NaOD was examined as the electrolyte instead
of LiOD and other one contained 20% enriched °Li.
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Run Cathode Electrolyte Preloading Electrolysis Low/High
No. size(mm) days cycle | Time(h) | Current
1 |0.5%x10.0x25.0 NaOD(0.5M) 5 158 19/355
2 LiOD(0.6M) 9 12 745
3 20% °Li10D(0.5M) 7 hours 264 18/333
4 |1.0x10.0x25.0 Li0D(0.5M) 10 /cycle 307
5 LiOH(0.5M) — 192 mA /cm?

Table 1 Electrolysis conditions

Results and Discussion
Neutron Emission

A typical example of the result of the neutron energy spectrum is shown in
Fig3. As was reported, the intensity of the neutron emission is very weak but
appreciable excess neutrons were detected as shown in Fig.3. Similar neutron
energy spectrum were obtained in every foreground run includidng Run 1 with
NaOD but no excess neutron in the background run (Run 5) with the light water.

1.50

Run No.3
o ]
c 1.25
T
g |
o
ﬁ -
E 1
2
3 0.75 1
e
o
[
5 peak peak
L 0.50 T

0 1 2 3 4 5 6 7 8
Neutron Energy (MeV)

Fig.3 Neutron Energy Spectrum

Excess Heat Generation

One of the typical example of the cell temperature with no excess heat(Run 2)
is shown in Fig4 as a function of the input power. The solid line with open
circles is the calibration curve. The solid circles represent the averaged cell

temperatures measured by the three thermocouples. Because of no deviation
between the cell temperatures and the calibration curve, it can be concluded that
we have no excess heat.

In Fig.5, the cell temperatures measured by the three thermocouples in Run 3
are illustrated for each thermocouples along with the calibration curve. The
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upper diviations from the calibration curve indicate the appreciable excess heat
generation in this run(Run 3). The magnitudes of the deviations increase with
decrease of the distances from the Pd cathode. This facts indicate that the source

of the excess heat is the Pd cathode.

The average cell temperatures are il

lustrated in Fig.6 as a function of the

input power. Using this upper deviation from the calibration curve, the excess
heat is evaluated as shown in Fig.7. The excess power increases proportionally
with increase of input power upto about 36W, and at this point the excess power

is 7W, ca. 20% of energy gain.
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The correlation between the excess heat generation and the cell voltage

The cell voltage is defined here as follows;
Cell Voltage = V(Pd-Pt),__...-1.5VD,0 secoiaton -

As shown in Fig.8, the excess power generation became clear beyond their error at
the electolysis time of 120 hours. This point is also very interesting, because from
this point the rate of the cell voltage increases exponentially while before this
point, the rate increases as linear, as shown in Fig9. In Fig9, the cell voltage
observed in the electrolysis with no nuclear effects is also plotted as a control run.
The increase rates of the first half of the curves are similar and increases linearly.
In the latter half, the rate of the Run No.3 with the neutron emission and the
excess heat generation is evidently larger than that of Run No.4 with no nuclear
effects.

This fact indicates that the abnormal increase rate of the cell voltage have a
significant correlation to the excess heat generation.

] 20

14 -J Run No0.3 Excess Power is the average in 6 hours {Electrolysis Currents:1.9A
12 1 (in High Current Mode) 18
210 - S 16 1 Run No.3
S 8- 4
g ] g;o 14
2 87 = 12 A
2 4 C
§ 2] %10'_{ ~t— Run No.4
w 1 o
O =1 O 8 4
-2 - T T y T T g 6 T T ™ T T T
0 50 100 150 200 250 0 100 200 300
Electrolysis Time (hour) Electrolysis Time (h)

Fig.8 Excess Power Growth Feature Fig.9 Increase Rate of Cell Voltage

Neutron Energy : about 0.5~7.5MeV -

1.2 12 %

o 1 Run No.3 T8
= 1.1 '
& >
2 1.0 [
3 N —_~
< 3
o ~
é 0.9 ‘ >
g .o
T 0.8 o S
5 ] L 3
[} [*}
0.7 - -2 o
e L 0
o 1 n
[+

“ 06 —— — o ¢
0 50 100 150 200 250 w

Electrolysis Time(h)

Fig.10 Correlation between Excess Heat Generation and Neutron Emission

3-5




The correlation between the excess heat generation and the neutorn emission

We have investigated the above correlation, but there has been found no
clear correlation between the excess neutron emission and the excess heat
generation. In Fig.10, the excess neutrons are illustrated with the excess heatas a
function of the operation time to show a weak corrleation between them.

Conclusion

The correlations between the excess neutron emission, the excess heat, and
the cell voltage increase rate have been investigated by use of
D,0-LiOD(NaOD)-Pd electrolysis systems. In the four foreground runs, the weak
excess neutron emissions were observed and one of them gave the appreciable
excess heat generation.

Based on the discussion on the correlations between the above three points, it
is concluded that the cell voltage at the start point of the electrolysis and the
increase rate of the cell voltage have strong correlation with the excess heat
generation, while the excess neutron emission has no clear correlation with the
excess heat generation.
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SOME CHARACTERISTICS OF HEAT PRODUCTION
USING THE “COLD FUSION” EFFECT

Edmund Storms
Los Alamos National Laboratory (retired)
MS-C358, Los Alamos. NM 87545

Abstract

Additional evidence is presented to show that heat prodilttion resulting from the Pons-Fleis-
chmann Effect has a positive temperature coefficient, has a critical onset current density, and
originates at the palladium cathode.

introduction C.

The Pons-Fleischmann effect is proposed to produce energy by initiating a fusion reaction be-
tween two deuterium atoms within an electrolytic cell. While an understanding of this phenome-
non is still lacking, the reality of anomalous heat production has been established by many stud-
ies.

Work done during this program demonstrates that the effect can be reproduced when the proper
palladium and protocols are used. During the first part of the study(1], the methods of Taka-
hashi[2] were used with success. The present study reproduced the effect using the addition of
aluminum to the electrolyte as first suggested by McKubre et al.[3]. These studies also revealed
several of the reasons why negative results were obtained in the past.

This work further defines conditions that influence excess heat production. The effects of cur-
rent density and cell temperature are explored. The location within the cell from which excess
heat production originates is also determined.

Experimental

The study uses a closed, stirred, pyrex-glass, isoperibolic-type calorimeter as described previous-
ly(1). Calibrations were done using the electrolytic method before excess energy was observed
and an internal heater after excess heat production started. Generally, calibration was done be-
fore and after excess heat production. No significant changes were observed in the calibration
constant during the study. The total uncertainty in the measured heat value was about +4%. Be-
cause random variations of +0.2 watt were observed, excess heat was not claimed unless the ex-
cess exceeded 0.5 watt. Details of the calorimeter design and the calibration methods are de-
scribed in reference 1.

A palladium cathode obtained from Tanaka Metals Company, Japan, (Batch #4) was used after
being washed with acetone. This was charged with deuterium in 0.4M LiOD at 20 mA/cm* unul
the D/Pd ratio became constant at 0.84 after 9 hours. The charging behavior was similar to that
produced by Batch #1 which produced significant excess heat.[1] Electrolysis was continued
with variations in cell current, cell temperature, and periodic calibrations witl)qut the production
of excess energy. After 575 hrs, excess heat was observed following the addition of 28 ppm of
aluminum to a new electrolytic solution. Once excess power was observed, the magnitude of the
excess increased each time the cell current was raised to 2.5 A as shown in Fig 1. Eventuaily,
excess power became stable and the study was commenced.
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The excess volume in this sample 1s 2% when the D/Pd ratio is 0.7.
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FIGURE 1. Vanation of excess powerat 0.1 A, 2.0 A and 2.5 A as a function of time.

The anode-cathode assembly was modified to allow temperature measurement near the cathode.
Figure 2 shows the configuration of the anode-cathode assembly and the location of the glass en-
cased thermocouple probes. Because the anode is made from platinum wire mesh, fluid flow is
restricted and the inner probe tends to have a higher temperature than the outer probe when heat
originates at the palladium cathode. Consequently, the location of excess heat is revealed by this
design.
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4—— Platinum mesh

_inner T

—buber T

FIGURE 2. View of the anode-cathode assembly showing the location of thermocouple probes.
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Resuits

Relationship Between Cell Current and Excess Power

The effect of cell current is determined by changing the cell current from 0.1 A to 3 A in steps
and back down to 0.1 A. This cycle is repeated twice duning each data set. Steady-state is
reached after 15 min and the current is maintained constant for an additional 15 min. Data are
taken each minute during this second interval and averaged to give the plotted value.

Figure 3 compares several examples of how the current density affects excess power density.
Most of the plotted points showing the behavior observed during other studies are averaged val-
ues extracted from published graphs containing many Boints. Several studies show a clear
onset to the production of excess energy near 0.1 A/cm“. Pons and Fleischmann were the first to
mention the effect and Kainthla et al.[4] were the first to show data. While these studies all give
current onset values between 0.05 and 0.1 A, a variety of values have been observed in this
study. In earlier work(1], the onset was above 0.35 A/cm®. This vanation in onset value may
partly account for the early lack of reproducibility if the onset happened to be larger than the ap-
plied current.

There is a wide variation in the slope of the lines. These differences in siope are believed caused
by vanations in the area producing the excess energy. The slope reported by McKubre et al.[3]
is affected by a very nonuniform current density typical of their apparatus. The siope thro%gh
the data reported by Kunimatsu et al.[5] is uncertain because the data are repoEted as W/cm” and
insufficient information is provided to allow an accurate conversion to W/cm®. Although not
shown in the figure, a variation in slope over an extended time can be seen in the low-high val-
ues reported by Takahashi et al.[6] McKubre et al.[3], Kunimatsu et al.[5], Hasegawa et al.[7],
and Mizuno et al.(8] show that this relationship is caused by an increased D/Pd ratio that results
when the current density is increased. Apparently, the D/Pd ratio for a fixed current and/or the
affected area are not constant during extended electrolysis nor between studies.

There is no indication in any of the studies for the fine structure reported by Bush[9] and required
by his theory.
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Source of Excess Energy

Three potential sources of energy can be suggested to exist in the cell. These are (1) the energy
being applied to the cell as current, (2) the energy that resuits from any chemical reactions within
the cell, and (3) the energy that is called excess. Some people believe that sources (2) and (3) are
identical. Nevertheless, it is instructive to find the physical source of excess energy within the
cell.

Figure 4 shows the temperature difference between thermocouples located outside and inside the
anode structure. The solid line results when the applied power is increased in the absence of ex-
cess power. Up to 40 watts of applied power is used to determine this line. Clearly, normal elec-
trolytic power has very little effect on this temperature difference. On the other hand, production
of excess power causes a marked increase in the temperature near the cathode compared to that
outside the anode. A+0.25° offset error is present in the calibration of the two thermocouples
and should be ignored. This result indicates that the excess power originates at or near the cath-
ode. Changes in this relationship over a period of time indicates that the location of power pro-
duction on the cathode gradually changes.

Two thermocouples located outside the anode-cathode structure in a region that is actively stirred
are used to determine the calibration constant. Therefore, the warming trend within the anode-
cathode structure does not affect the calibration of the calorimeter.
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FIGURE 4. Temperature difference between thermocouples located near the anode and near
the cathode as a function of power. The line results from applied power in the
absence of excess power and the points result from only excess power.

Effect of temperature on excess power production
The effect of temperature on excess power production is determined as follows. The cell temper-
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ature is increased at fixed electrolysis current (1.8A) by applying power to the internal heater.
This additional power is subtracted from the total power when calculating excess power. While
this method avoids changes in the calibration constant, it has a very limited temperature range.
Consequently, the calculated temperature coefficient-must be viewed as an approximation. Clear-
ly, this measurement needs to be made over a wider temperature range and for various current
densities.

Figure 5 shows the relationship between cell temperature and excess power. Excess power is
chosen over percent excess power for the following reasons. When temperature is increased, the
cell resistance is reduced, thereby reducing the applied power. Consequently percent excess
power increases more rapidly than does excess power alone. Because the cell resistance depends
on the geometry of the cell and variable characteristics of the electrolyte, this ratio is not a funda-
mental property of the phenomenon.
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FIGURE §. Relationship between excess power and cell temperature.

When plotted as log excess vs 1/T (Figure 6), the energy of the chemical reaction affecting ex-
cess heat production is determined to be about 15 kcal/mol.
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Conclusions

Reproductivity of the Pons-Fleischmann Effect is no longer an issue. If proper palladium and
protocols are used, a high probability of successful excess energy production can now be expect-
ed using the electrolytic technique.

The amount of excess power production depends on the D/Pd ratio above a critical value and the
area of the palladium having the necessary ratio. The region having the necessary deuterium
concentration changes with time during electrolysis. Those factors that affect the deuterium con-
centration are different between different studies and change with time during a study. This van-
ability adds to the difficulty in achieving stable heat production.

The D/Pd ratio is sensitive to chemical conditions that exist on the surface of the palladium.
These chemical conditions produce a temperature coefficient for the heat producing reaction that
imply a barrier energy of =15 kcal/mole. The large magnitude of this value suggests that deuten-
um diffusion in palladium is not the rate limiting step. Because this reaction plays a major role
in achieving the necessary deuterium concentration, a more detailed study is essential.
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HEAT MEASUREMENT OF WATER ELECTROLYSIS USING Pd
CATHODE AND THE ELECTROCHEMISTRY
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Abstract

The heat balances have been measured during the electrolysis in LiOD-D,O solution using Pd and
Pd alloy (Pd-Ag) cathodes. The flow calorimeter and the closed cell with Pd recombination
catalysts were used for heat measurements. In the runs using the mechanically treated Pd
cathodes, the small excess heat burst was observed 3 times out of 5 runs. However, the excess
heat could not exceed 113 % (output power / input power). The amount of the absorbed hvdrogen
and lithium into Pd cathode was measured quantitatively. The H/Pd ratio reached the maximum at
a certain electrolysis time and then decreased at the current density higher than 5 mA/cm2. Li
inclusion in the Pd cathode was measured by SIMS. Li was found in Pd even at the low potentiai
of -220 mV vs. RHE. The amount of Li near the electrode surface increased with the current
denstties.

Introduction

The excess enthalpy during the heavy water electrolysis using Pd cathode mainly in LiOD solution
has been reported by the several groups. In order to get the reproducibility of this phenomena, the
electrochemistry especially in Li containing alkali solution the material science of Pd cathode
shouid be clearly understood.

In our group the heat balances during the heavy water electrolysis have been measured by the flow
calonmeter duning the constant power electrolysis in the thermochemically closed ceil. In this
paper the effect of the mechanical treatment of Pd metal on the excess heat have been studied.

In order to understand the electrochemical charactenistics of Pd cathode in Li containing solutions,
the behavior of Li and the hvdrogen absorption should be elucidated, since hydrogen and Li can be
easily included into Pd metal. In this paper the hydrogen absorption and the Li inclusion have been
studied quanutatively in light water and discussed in relation to the overpotential of the Pd cathode.

HEAT MEASUREMENT

The heat balance measurements have been carried out in an acrylic electrochemical cell with the
recombination catalyst. Using Pd catalvst, the recombination reaction proceeded completely up to



4 A. The flow calorimetry was applied with copper tubing surrounded the celi where cooling
water flows with picking up the generated heat by the electrolysis and the recombination reaction.
The increase of cooling water temperature was measured by the CA thermocouples and the heat
output was calculated. We adopted the constant power generator for the electrolysis and controiled

the cooling water temperature 296 + 0.05 K at the entrance. 99.9% Pd, 90%Pd-10%Ag and
75%Pd-25%A g metals and alloys were used for cathode and 99.9% Pt metal was used for anode.
The electroiytes used were LiOD(0.1 or 1.0 M) heavy water solution and LiOH(0.1 or 1.0 M) light
water solution. Several Pd cathodes were mechanically treated before starting the electrolysis. The
typical mechanical treatment was the compression after making notches.

Results and Discussion

Figure 1 shows the calibration curve of the heat balance measurement in our flow calorimetry
system. The calibration tests were carmied out by using resistance heater and using Pt wire
electrodes for both cathode and anode in 1M LiOH light water solution. The input power was
changed from 2 W to 10 W. The good correlations were observed between output and input
powers. At the input power of 10W, 99% was caught at the outlet with the resistance heater and
101% was caught with Pt electrolysis. The error for the heat measurement was estimated to be
less than 3%.

18 runs of heavy water electrolysis and 4 runs of light water electrolysis have been done. During
the light water electrolysis the excess heat couid not be observed in any run. Table 1 shows the
main results of the heat measurements at heavy water electrolysis. The largest heat burst was
observed at run 22. The reproducibility should be checked. The mechanically treated Pd cathodes
were used for Sruns. Among these runs small heat bursts were observed 3 times(Run 9, 14 and

17).

Figure 2(a) shows the result of heat balance for mechanically treated Pd cathode (Run 14). In this
case the cathode was compressed at 640 kgf after making 6 notches of 0.2 mm width and 2 mm
depth. The excess output heat started at 1150 h and continued for 220 h. After the heat burst the
output heat went back the balanced state again. The average excess heat for this period was 6.5 %,
and the maximum was 13 %. This is the maximum value with the mechanically treated cathodes
in this study. The integrated excess energy over this period was 3.6 MJ (18.5 MJ/cm3Pd).

Figure 2(b) shows the cell voitage and the current dunng the Run 14. Since we are using the
constant power electrolysis, the cell voltage and the current changes simuitaneously. The cell
voltage decreased steeply from the beginning untii 1000 h and then start to increase. The excess
heat started just after the turning point of the cell voltage. This tendency was observed commonly
during the three runs where the excess heat burst was observed. This voltage (current) change
might be related to the initiation of the excess heat generation.

HYDROGEN ABSORPTION AND Li INCLUSION INTO Pd CATHODE

In order to determine the H/Pd ratio during the electrolysis, the hydrogen gas volume evolved
from Pd cathode atter stopping the electrolysis ( volumetry) and the weight remaining hydrogen in
Pd cathode (gravimetry) were measured. The H/Pd rauo was determined by summing up the
results of the volumetry and the gravimetry.



99.9 % Pd foils (0.1 mm x 10 mm x 10 mm) were used for specimens and these were annealed at
1273 K for 12 h before use. Pt wire was used for anode. The electrolysis was carried out in the
acrylic cell at the constant current densities of 0.5, 5, 50 and 500 mA/cm?. The temperature of
electrolytes was kept at 2908 = 1 K.

For SIMS analysis, Pd cathode was removed from the cell, washed with Milli - Q water and
transferred into vacuum immediately after the electrolysis and stored in N2 until the analysis.

CAMECA 4f was used for SIMS analysis with O27 ion as the primary ion. 0.8 % Pd - Li alloy
was used for the reference material of 6Li+, 7Lit+ / 106Pgd+ signal intensity.

Results and Discussion

Fig. 3 shows the relationship between the electrolysis time and the amount of absorbed hydrogen
into Pd cathodes in LiOH (0.2 M). The H(gravimetry) is 0.71 after 30 h and is independent of the
current density. On the other hand, the H(volumetry) changes with the current density. The higher
value of H(volumetry) was obtained at higher current densities. The H/Pd ratio, especially
H(volumetry), increases at the initial period, got the maximum and then decreased at the current
density higher than 5 mA/cm2. On the other hand, H/Pd reached 0.82 at 50 mA/cm? in H2SO4
(0.1 M) and it kept constant for about 500 h. The decrease of H/Pd might be caused by the Li in
the solution or in the Pd cathode. In the case of 0.5 mA/cm?2 , however, no notable decrease was
observed until 500 h. Finally, the H/Pd ratio got to 0.81 at 0.5 mA/cm?.

The maximum value of H/Pd at 500, 50 and 5 mA/cm? were 0.88, 0.85 and 0.82, respectively.
The overpotentials of Pd cathode were 220, 370, 520 and 670 mV vs. RHE at 0.5, 5, 50 and 500
mA/cm?, respectively. However, the obtained H/Pd ratio could not be explained by the simple the
Nemnstian equation, using the equilibrium gaseous hydrogen pressure ! and the overpotential,.

Fig. 4 shows the depth profiles of Li in Pd cathode after electrolysis measured by SIMS. Since the
surface was washed with water, the surface Li easily dissolved to water and was removed. In Fig.
4 the data near the Pd surface was eliminated. The surface concentration of Li can be obtained by
the extrapolation of the line to the surface. The calculated surface concentration of Li and the
diffusion coefficient of Li in Pd were summarized in Table 2. The surface concentration and the
absorbed amount of Li becomes lager at the higher current densities. It is worthy of noting that Li
was detected at the lowest current density, 0.5 mA/cm?2. In this condition, the electrode potental
was about -220 mV vs. RHE. It is not comparable to the empirical potential of UPD at -1.11 V 2
and even lower than the potential obtained by Enyo by the discontinuity of Tafel line (400mV) 3.
This absorption of Li may affect the absorption or desorption reaction of hvdrogen in Pd and
probably relates with the decrease of the absorbed hyvdrogen.

Reference
1. H. Fneske. and W. Wicke. Physk. Chem.. 77, p.50 (1973)
2. D. M. Kolb. Advances in Electrochemisirv and Electrochemical Engineering (H. Genscher
and
C. W. Tobias Eds.), Vol. 11, John Wiley & Sons, New York. 1978. pp.125-271

3. M. Enyo, and P. C. Biswas. J. Electroanai. Chem., 335, p.309 (1992)



Table 1 Results of heat balance measurement

Size CD. Wi Heat balance
(mA/cm?) W) (%max)

Run Electrolyte Pd sample dia xiength Treatment

h
-

(mm)

1 0.IM LiOD 2x20 500 8.6 97
2 0.IM LiOD 2x20 600 ~400 8.6 98
3 0.IM LiOD 2x20 420 8.6 103
5 IM LiOD 2x20 1260 ~770 10 102
6 1M LiOD 5x20 630~460 10 100
9 IM LiOD 5x20 7N 600 ~300 10 109
11 IM LIOD  Ag25% 2x20 P 1400~ 530 10 9
12 IM LiOD 5x20 A 1000 ~ 500 10 103
13 IM LIOD  Ag10% 2x20 A 1500 ~900 10 9
14 IM LIOD  Ag 10% 5x10 _A 890~250 10 13
15 IM LIOD  Ag 10% 2x20 N 990 ~430 5 100
16 IM LIOD  Ag 10% 5x 10 A 570~490 5 101
17 IM LiOD  Ag 10% 5x10 BN 490 ~ 160 5 109
21 IM LiOD 4x15 270~120 2 103
22 IM LiOD 4x 15 O 260~ 180 2 174

O: Mechanical treatment, A\: Quench (1023 K), [J: Anneal (673 K)

Table 2 Surface concentration and diffusion coefficient of Li in Pd (298 K).

C.D./mAcm=2 Co/ atom % D/cm?s
500 7.2 5.8x 108

5 2.3 6.4x 1018

0.5 1.1 1.5x 10"
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HEAT AND HELIUM MEASUREMENTS IN DEUTERATED PALLADIUM

M. H. Miles
B. F. Bush®
Chemistry Division, Research Department
Naval Air Warfare Center Weapons Division
China Lake, CA 93555-6001 USA

Abstract

Metal flasks were used to collect electrolysis gas samples in Pd/D>0O + LiOD and
Pd/H;0 + LiOH experiments in order to minimize effects due to helium
diffusion through glass. For five control experiments yielding no excess power,
the mean value for the background helium concentrations in our system was 4.4
+0.6 ppb or 5.1 0.7 x 1013 4He/500 mL. For five experiments producing excess
power, the measured helium concentration was higher than the background level
in each case. Three different laboratories have been used for measurements of
the helium concentrations in various electrolysis gas samples from our
experiments during the past three years. The chance probability of obtaining
these heat-helium results for a total of 27 measurements due to random errors is
extremely small. Furthermore, the helium measurements from all three
laboratories yield helium production rates of 1011-1012 4He/seW.

introduction

Our previous results present a correlation between the measured excess power
and helium production in D,O-LiOD electrolysis cells usinzg 4palladium
cathodes!. The measured rate of He production (1011-10124He/seW) is the
correct magnitude for typical deuteron fusion reactions that yield helium as a
product?. Because helium is present in the atmosphere (5.22 ppm), it is difficult
to convince everyone that the 4He measured in the electrolysis gas is a product of
a fusion reaction within the cell. It is indeed a very challenging experimental
problem to ciearly establish the production of 4He from Pd/D0 electrolysis
cells. This situation is compounded by difficulties in obtaining large excess
power effects in these experiments.

Table I presents the theoretical relationship between the excess power and
helium production assuming 2D + 2D — 4He + 23.8 MeV as the major fusion
reaction with the energy being deposited within the calorimeter. Atlow levels of
excess power, the uncertainties in measurements of the helium and the excess
power are rather large. When the excess power exceeds 0.2 W, however, it could
be possible to correlate the rate of 4He production with proposed fusion
reactions. It should be noted that for any given excess power, the helium
concentration in the electrolysis gas stream will be inversely proportional to the
current. For example, an experiment producing 0.500 W of excess power when

* Current address: SRI International, Menlo Park, CA 94025 USA
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I =250 mA would theoretically yield 112 ppb of 4He in the electrolysis gas
stream. :

Experimental

The electrolysis cells initially contained 16 cm3 of 0.1 M LiOD + D0 (99.9%,
Cambridge Isotope Laboratories) or 0.1 M LiOH + H20. The desi%n of the
electrolysis cells and calorimeters were similar to previous reports!4. The major
difference was that electrolysis gas samples were collected in stainless steel metal
flasks rather than the 500 mL Pyrex glass flasks used in previous experiments1-3.
Four identical metal flasks (numbered 1-4) and four similar calorimetric cells (A,
B, C, D) were used in this study. The helium concentrations in the metal flasks
were measured by a Department of the Interior (DOI) laboratory (Helium Field
Operations, Amarillo, Texas). The standard deviation (o) for the measurement of
the helium concentration was generally about *1 part per billion (ppb).

Most of the palladium rod cathodes investigated in this study were obtained
from Johnson Matthey. The Pd-Ag alloy cathode (4 mm x 1.6 cm) was loaned to
us by Dr. Shinji Nezu of IMRA Japan. The palladium sheet cathode (1.0 mm x 3.2
mm x 1.6 cm) was cut from a sample loaned to us by Tanaka Metals (Japan).

Two palladium rod cathodes (1 mm x 1.5 cm and 2 mm x 1.2 cm) were produced
by Johnson Matthey (UK) using the "original recipe” and were loaned to us by
Dr. Haven E. Bergeson of the University of Utah.

Resuits

Helium measurements in DO and H,O control experiments are presented in
Table II. Stainless steel metal flasks were used to collect the electrolysis gas
samples in order to minimize atmospheric contamination due to helium diffusion
through glass2. The helium concentrations in Table II support a detection limit of
approximately 1013 4He/500 mL in these experiments as reported previously2.
The measured helium concentrations in these control experiments yield a mean
value of 4.4 +0.6 ppb or 5.1 +0.7 x 1013 4He/500 mL.

For experiments producing excess power, five helium measurements using these
same metal flasks have been completed. These experiments are shown in Table
[T and yield a mean value of 1.4 0.7 x 1011 4He/s*W after correcting for
background levels of helium measured in control studies (Table II). This value is
the correct magnitude for typical deuteron fusion reactions that yield He as a
product?. It is interesting to note from Table III that the two palladium rods
produced by Johnson Matthey using the "original recipe” yielded excess power.
The palladium sheet from Tanaka Metals also produced excess power. The
excess power density is greater than 1 W/cm3 Pd for each of these three
cathodes. However, the excess power levels measured during the collection of
the gas samples in these new experiments were only 0.1 W or less, hence
experimental errors are rather large (Table I). Further experiments using metal
flasks are needed that involve equal numbers of control cells and cells producing
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large excess power effects. This should provide additional statistical evidence
regarding helium production in Pd/ D70 electrolysis cells.

Table II shows that no measurable differences occur in background levels of 4He
over a time period exceeding four months. Nearly identical 4He concentrations
are obtained for the electrolysis cell C gas sample collected on 24 February 1993
and then again in a different experiment on 7 July 1993. Furthermore, TableII,
illustrates that the particular metal flask used produces no significant difference
in the 4He result. The lowest 4He concentration (3.4 £1.1 ppb) was obtained
using metal flask #4. However, the highest 4He concentration (9.7 £1.1 ppb) was
obtained using this same metal flask in an experiment producing excess power
(Table II).

Discussion

The likely source of the measured helium concentration in the control
experiments (Table II) is the diffusion of atmospheric helium through the glass in
the system and through the thick-walled rubber tubing that connects the
electrochemical cell, collection flask, and oil bubbler3. The contribution of
atmospheric helium that diffuses through the glass in a system can be calculated
by the equation

q=KP/d o

as discussed previouslyl2. For Pyrex glass with surface area of 300 cm? and
thickness (d) of 1.8 mm, Equation 1 yields 2 x 1011 4He /500 mL when I = 500 mA
(500 mL of D3 + O3 gas is generated in 4870 seconds at 23°C and 700 torr). This
amount of 4He is more than two orders of magnitude smaller than the measured
helium levels in the control experiments (Table II). Thus diffusion of
atmospheric helium through the thick-walled rubber tubing is the major source
of helium in our control experiments. This conclusion is supported by measured
diffusion rates of helium through rubber tubingd.

The background helium concentration of 4.4 +0.6 ppb or 5.1 £0.7 x 1013 4He/500
mL determined in this study (Table I) is a very important result for several
reasons. First, it clearly establishes a minimum helium detection limit for our
previous studies!-3 of about 5 x 1013 4He/500 mL. This places our helium
production rate for that set of experiments at 1011-1012 4He/s®W as reported
previously26. Furthermore, this background level of helium in our system
explains why the effect of atmospheric helium diffusing into our glass flasks
during storage and shipment was not observable in experiments involving the
analysis of our electrolysis gas samples at the University of Texas!-3. The
experimental rate of atmospheric helium diffusion into our Pyrex glass flasks
when filled with Hy or Dy + O is 1.96 #0.34 x 1012 atoms/ day as measured by
Rockwell International®. Based on this result, it would require 26 days before the
atmospheric diffusion of helium into our glass flasks would equal the minimum
helium detection limit for those studies1-3.
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The excellent reproducibility of our background helium levels (5.1 +0.7 x 1013
4He/500 mL, Table II) establishes the significance of three previous heat and
helium measurements where our electrolysis gas samples were analyzed by
Rockwell International?6. The reported 4He measurements per 500 mL were 1.34
x 1014, 1.05 x 1014, and 0.97 x 1014 atoms with a standard deviation of £0.01 x 1014
atoms (£0.1 ppb) for experiments with excess power of 100 mW, 50 mW, and 20
mW, respectively®. This is the most precise helium measurements reported for
any of our gas samples. These results were obtained by extrapolating back to
zero flask storage time to eliminate the effect of atmospheric helium diffusing
into the Pyrex glass flasks (see Fig. 2 of Ref. 2). The experiment with the largest
excess power yielded the largest amount of helium. This highest value of 1.34 x
1014 4He/500 mL gives a 12 ¢ effect above background based on the standard
deviation for the background helium (Table II). Furthermore, the difference
between the highest and lowest concentrations of 4He in the Rockwell
measurements is a 37 ¢ effect based upon their reported standard deviation.
These three experiments involving measurements by Rockwell International give
a mean value of 3.0+1.7 x 1011 4He/seW®6. The two best experiments, however,
were in excellent agreement and yielded 2 x 1011 4He/seW for both
measurements®. Simple calculations using the differences between 4He
concentrations and excess watts yields 1 x 1011 4He/seW for the Rockwell
meeasurements®.

In summary, our first set of heat and helium measurements (1990-1991) using
Pyrex glass flasks resulted in eight experiments that yielded excess power and
measurable helium!-3. Six control experiments gave no excess power and no
detectable helium!-3. The probability that this first set of results could be
obtained by random errors is P; =(1/2)14 = 1/16,384. One experiment was
omitted from this set due to a very low D0 level that exposed the palladium
cathode to D3 and O, gases!.2.

Our second set of heat and helium measurements (1991-1992) using Pyrex glass
flasks involved three experiments that gave excess power and excess helium
production.2é Extrapolations to zero time eliminated the effect of atmospheric
helium diffusion into the glass flasks. The probability of obtaining this second
set of results by random errors is Po = (1/2)3 = 1/8.

Our third set of heat and helium measurements (1993) involved metal collection
flasks to minimize diffusion effects due to atmospheric helium. Five control
experiments yielded no excess power and established a background helium level
of 4.4 +0.6 ppb for our system (Table II). Five additional experiments yielded
excess power and excess helium production. The probability that this third set of
results could be produced by random errors is P3 = (1/2)10=1/1,024.

Finally, the probability that all three sets of experimental results could be due to
random errors is given by

1 1. 1 ]
P=P oP,oP, =(—*e(=~) o (=)0 =~ 2)
e B = e (T = 730



Much better odds exist for winning the California State Lottery. No experiments
were omitted from these three studies other than the one experiment in the first
set. Three different laboratories were used for the measurements of helium in the
electrolysis gas samples. All three sets of experiments gave helium production
rates of 1011-10124He/seW. The more accurate helium measurements place this
value closer to 1011 4He/seW.
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Table I. Theoretical Relationship Between Excess Power and Helium
Production. Magnitude of Experimental Errors.

Px 4He4 4He 4He Error? | Calorimetric¢
(W) (ppb) | (atoms/500 mL) (%) Error (%)
0.050 5.6 6.38 x 1013 18 40
0.100 11.2 1.28 x 1014 8.9 20
0.200 224 2.55 x 1014 4.5 10
0.500 56.0 6.38 x 1014 1.8 4
1.000 112.0 1.28 x 1015 0.9 2

a4 For I = 500 mA assuming 2D + 2D — 4He + 23.8 MeV is the

fusion reaction.

b +1 ppb.

€+0.020 W.

Table [I. Helium Measurements in Control Experiments Using
Metal Flasks. No excess power was measured.

Flask/cell 4Hea 4He
Electrode (date) (ppb) | (atoms/500 mL)
Pd Rod? 1/C 48+1.1 | 55x1013
(4mmx 1.6 cm)| (2/24/93)
PdAg Rodb 2/D 46+1.1 | 52x1013
(dmmx1.6cm)| (2/24/93)
Pd Rod? 3/C 49+1.1 | 56x1013
dmmx1.6cm)| (2/24/93)
PdAg Rod? 4/D 34%1.1 | 3.9x1013
dmmx1.6cm)| (2/28/93)
Pd Rod¢ 3/C 45+15 | 51x1013
(I1mmx15cm)| (7/7/93)
(Mean) (4.40.6) | (5.1 +0.7 x 1013)

4 Helium analysis by U.S. Bureau of Mines, Amarillo, Texas.
b D0 + LiOD (I = 500 mA).
¢HyO + LiOH (I = 500 mA).



Table II. Helium Measurements Using Metal Flasks. Experiments
Producing Excess Power.

Flask/ cell 4Hea Py 4 b

Electrode (date) (ppb) (W) He/s*W
Pd Sheett 3/A 90+1.1 0.055 1.6 x 1011
(1.0mmx 3.2 (5/21/93)
mm x 1.6 cm)
Pd Rod¢ 4/B 9.7+1.1 | 0.040 2.5x 1011
(Immx2.0cm)| (5/21/93)
Pd Rode¢ 1/C 74 +1.1 0.040 1.4 x 1011
(I1mmx1.5cm)}| (5/30/93)
PPd Rod¢ 2/D 6.7 1.1 0.060 7.0 x 1010
2mmx1.2cm)| (5/30/93)
Pd Rod“ 1/A 5415 0.030 7.5 x 1010
4mmx23cm)| (7/7/93)

4 Helium analysis by U.S. Bureau of Mines, Amarillo, Texas.

b Corrected for background helium level of 5.1 x 1013 4He/500 mL.
¢ D720 + LiOD (I = 400 mA).

4 D0 + LiOD (I = 500 mA).
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SUBTRACTION OF A NEW THERMO-ELECTROCHEMICAL EFFECT FROM THE
EXCESS HEAT, AND THE EMERGING AVENUES TO COLD FUSION

Peter H. Handel
Dept. of Physics and Astronomy, Univ. of Missour, St. Louis, MO 63121

Abstract
A new thermo-electrochemical effect similar to the thermoelectric effects

known from solid state physics is introduced into the analysis of the enthalpy
balance in electrochemistry. On this basis a new source of excess heat is defined,
estimated and compared with the experiment. Most of the observed excess heat has
the same current dependence as this new effect. The earlier irreproducibility of cold
fusion excess heat in different laboratories is also interpreted on this basis. An
optimistic outlook is presented for cold fusion nevertheless.

I. Introduction

Accelerated by the experimental observation of excess heat in heavy-water
electrolytic cells by Pons and Fleischmannl, cold fusion research has polarized the
scientific community more than any other subject. Although the scientists
involved in electrolytic cold fusion studies were bona fide investigators of a mind
boggling puzzle which defied all attempts of scientific explanation, they were often
ridiculed by members of the scientific community, who had no explanation for the
excess heat phenomenon either2. In spite of the lack of public support, these
scientists continued the research of the excess heat phenomena with great personal
sacrifices, trying to improve the reproducibility and the magnitude of the observed
excess heat, while searching also for nuclear byproducts such as neutrons, tritium,

He3, and y rays. This search remained relatively unsuccessful, with nuclear
byproducts observed at rates close to the background, a factor of 108 below the level
consistent with the observed excess heat. This prompted many well-known
scientists to explore the possibility of non-radiative transitions of a pair of deuterons
into tritium or He4 with no nuclear byproducts, except for protons from the tritium
channel3. These theoretical studies did not reveal any processes leading to large
enough reaction rates, although a source of possible irreproducibility of the excess
heat was found4.

The present paper examines the known energy balance of electrolysis,
showing that a major heat (more preciselv enthalpy) source term has been ignored
in all known studies of this subject. In Sec. II we introduce and define the thermo-
electrochemical effect which generates the new heat source term. This way,
electrolvtic cold fusion research is put on a more rigorous scientific basis, allowing
for the first time a consistent definition of the excess heat, and eliminating a major
source of uncontrollable irreproducibility in the calorimetry of electrolytic cells or
molten salt cells. The results are compared with the experimental evidence in Sec.
III. The paper also examines the main paths of achieving cold fusion and the
prospects of cold fusion research in Sec. IV.
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ll. Thermo-Electrochemical Effect

The main elements of a calorimetric system including an electrolytic cell are
shown on Fig. 1. We consider the system of two electrodes as a thermodynamic
engine, operating with a cold source at the external temperature T, (the external
medium, i.e., the laboratory or the atmosphere) and a hot source at the temperature
T (the electrolytic solution). The efficiency of the engine is

W_,. %

n—Q— -QI

where Q is the heat taken from the hot source, W the work done by the engine, and
Qo the heat released to the cold source. The last form of Eq. (1) was obtained by
applying the first principle of Thermodynamics in the form W=Q-Q,. Eq. (1)
remains valid if the engine is reversed, working as a heat pump with negative
values of Q, W and Q,, differing in absolute value from the corresponding values
when the engine was not reversed, unless all processes are reversible. We shall
ignore the negative signs of Q, W and Q,, in the heat pump case, considering a
positive heat Q given by the engine to the electrolyte, a positive heat Qo given by the
external medium to the electrodes which form our heat engine, and a positive work
W done by an external electrical current source on the engine, which yields the

same expression of 1 in Eq. (1). The work W is the total work UJt done by the
applied electric current J in the time t, minus the chemically stored energy U]t
present in the electrolytic products in the final state

(1)

W = (U‘Uo)]t, (2)

where U, = 1.54V is the equilibrium emf.
The heat given to the hot source is

Q = (IT] + J?R + JAU)t = (TS] + J2R + JAU)t, (3)

where I1 = I[1; -IT7 is the relative Peltier coefficient defined as the difference between
the Peltier coefficient ITj of the anode and the Peltier coefficient I of the cathode, R

is the resistance of the electrolyte, while AU is the overpotential, i.e., the additional

voltage required to get the current density j = J/A flowing through the area A of the

interface between the electrodes and the electrolyte. In the last form of Eg. (3) the

Thomson relation [T = TS was used>, relating IT to the Seebeck coefficient S = 51 -

S», and to the absolute temperature T. This relation is a well-known consequence of

the second principle of thermodynamics. The T - dependence of S is neglected here.
Finally, the heat given to the engine by the cold source is

Qo =TIloJt = ToSJt, (4)
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where I, is the relative Peltier coefficient of the two electrodes at the ambient
temperature To.
Substituting Egs. (2)-(4) into Eq. (1), we obtain, after simplifying with Jt

(T-To)S+JR+AU _ U-U,
TS+JR+AU  TS+JR+AU

N=w/Q-= (5)

In the reversible limit defined by j—0 we assume that AU—0 and obtain from Eq. (5)

n=1-T,/T, (6)

in agreement with the second principle of thermodynamics.

In Eq. (6) we assumed the overpotential AU=U-Uy-JR-(T-T5)(51-52) to vanish
in the reversible limit of small current densities j. The connection between AU and
j is given by the Tafel law in the implicit form given by Erdey-Gruz and Volmer8

j= A{exp[-aeAU/KT] - exp[(1-a)eAU/kT]} =-AeAU/KkT, V2

where A is a factor independent of j and AU, 0<a<]1 is a fraction distributing the
overpotential over the two electrodes, and k is Boltzmann's constant. The last
approximation, valid only in the limit of very small j and AU values, shows that AU
can be made arbitrarily small by increasing the area of the electrodes and by
reducing the total current J, which also reduces the ohmic voltage drop (reversible
limit). Thus, AU vanishes indeed in the (reversible) low j limit.

The efficiency 1 allows us to calculate the excess heat fraction

1 Q Qo ToS To

-1=_-1=_=

n W TUTW T AUSTTeSHR]  ITo’

ez (8)

which is the perceived excess heat of thermo-electrochemical origin, obtained per
unit of applied work W. This quantity is a more convenient indicator of the

obtained thermo-electrochemical excess heat than n. The arrow indicates the
reversible limit in Eq. (8). It is remarkable that in the reversible limit the excess heat
fraction becomes infinite for T=T,. We conclude that in a flow-through calorimetric
experiment with T close to T, an_infinite amount of thermo-electrochemical excess
heat can be obtained from each Joule of expended energy. Some examples of
expected excess heat values are presented in Table 1 below. Table 1 also gives the

excess heat fraction €' obtained by considering the chemically stored energy as a part
of W, which is in fact incorrect, but which is necessary in the case of closed cells
where the gasses produced in the electrolvtic process recombine catalytically in the
system. Indeed, in this case the recombination heat becomes indistinguishable from
the other heat or enthalpy contributions. One obtains in this case
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The presence of the large term U, in the denominator of this expression causes it to
be very small in a misleading way, and keeps it from going to infinity in the
reversible limit. The excess heat fractions are calculated in Table I for three
examples of cells at j = 100 mA/cm?.

Table 1
Cell Electrodes T To Sy Sp S NI AUJR % €%
oK oK uV/K puV/K pV/IK mV mV

I 1)Pt;2)Pd 301 299 -5.14 -10.7 556 167 56 296 0.1
II. 1)Fe; 2)Ni 301 299 15 -194 344 103 30 343 07
III. 1)Pt; 2)Ni 301 299 -5.14 -194 139 428 16 267 0.28

Table 1.: Thermo-electrochemical excess heat for Pt/Pd, Fe/Ni and Pt/Ni cells.

The values of the thermopower S in this table have been taken from Landolt-
Bornstein? and are for metals of high purity. Impurities usually present in the
electrodes can cause S to differ by as much as two orders of magnitude.

lll. Comparison with the Experimental Evidence

The excess heat percentages in Table 1 are referred to the total energy input W
into the cell from the time when the current has been first applied to the cell. On
the other hand, the observed heat release from electrolytic cells is very non-uniform
in time and reflects the presence of other terms in the heat balance equation, such as
the heat of solvatation (which changes sign in hydrogen-absorbing materials at high
concentrations of hydrogen or deuterium, the process becoming endothermic), exo-
thermic release of deuterium (often initiated when the temperature is changed), or
even partial catalytic oxidation with water formation in open cells. Thermo-electro-
chemical excess heat can be stored and used to provide for solvatation heat at high
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deuterium concentrations, remaining entirely unnoticed, while the heat emission
connected with a sudden deuterium release, or release during several hours or days,
can be mistaken for genuine excess heat, and considered too large to be explained by
Egs. (8) - (9). Therefore, only an energy balance extended over the entire period of
operation of the electrolytic cell, with all terms included for the duration of the
entire experiment, can be used as a basis for identifying true excess heat.

The main earmark of the thermo-electrochemical excess heat (ITyIt) concept
introduced in this paper is its proportionality with the total electric charge (It) which
has passed through the electrolytic cell, or the proportionality of the excess power
produced (ITI) with the average current I. This characteristic proportionality was
present from the beginningl, as we see in Table 2, and can be expressed with the help

of an effective Peltier coefficient Ilefr. In Table 2 below we list the current densities j,

the measured! excess heat percent €, the corresponding cell voltages U implied by
the listed current and excess heat values!, and the effective Peltier coefficient

Hef=ToSeff=(U-Ug)€/ 100 obtained from Eq. (8) above.

Table 2
Current Density Excess Heatl Cell voltage Eff. Peltier Coefficient
j £ U Heff=ToSeff
mA/cm2 % \' mV
8 23 3.22 390
64 19 3.65 390
512 5.5 8.9 400

Table 2.: Measured! values of the excess heat percent and cell voltage for various
current densities, indicate the presence of a constant effective I1.

The observed values of IT and S are more than 200 times larger than the
values calculated in Table 2 assuming constant excess heat power all the time. They
are of the order of values measured in semiconductors, rather than in metals. This
is primarily because excess heat appears over a shorter period, only intermittently,
while the action of the thermo-electrochemical effect is always present. If the excess
heat was noticed only for a fraction f of the total time during which the constant
current was flowing through the cell, we should compare IT and S with fTleg and
fSeff respectively. In Table 2, we may have =0.5 %.

The proportionality of excess power with the constant current applied to the
cell is evident in most if not all excess heat measurements to date. A particularly
clear example is on page 15 of the last Conference ProceedingsiO in this series, which
allows to define I1 = 150 mV /K. More research is needed to separate true fusion heat.

It is important to note that the thermo-electrochemical excess heat introduced
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here can be automatically compensated by enclosing the connection of the electrodes
with identical (e.g., copper) wires in the calorimeter together with the electrolytic
cell itself, as indicated by the dotted adiabatic surface B. We have to consider the use
of configuration B as the likely cause of the negative results, and the use of both A
and B by different investigators as the likely cause of the well-known irreproducibil-
ity of cold fusion results.

The above discussion should not be interpreted as a claim that excess heat
from cold nuclear fusion does not exist. The present paper only introduces a new
mechanism of excess heat, which was never considered before in electrochemistry
and in cold fusion research, and suggests a careful reexamination of all previous
measurements and a careful planning of all future experiments on this basis.

IV. The Main Paths to Cold Fusion

The main difficulty in cold fusion is expressed by the extreme smallness of
the fusion cross sections at low energies, and even at energies in the KeV range.
This causes more losses of energy than can be recovered from the fusion reactions.
As long as we are unable to recover this large lost energy, the only way to improve
the energy balance is to increase the fusion cross sections.

The fusion cross sections are small because of the large Coulomb barrier. This

barrier can be reduced with the help of negatively charged mesons, such as -
mesons, binding together a pair of hydrogen isotope nuclei. After catalyzing a
fusion, the muon continues to catalyze other fusions with large probability.
Experiments at the Los Alamos Meson Physics laboratory have demonstrated yields
of 150 fusions per muon, with energy liberation close to 3 GeV per muon. There are
indications that 300 fusions per muon are possible. The present estimate of the
average accelerator beam energy needed to produce a muon is about 5 Gev, although
the theoretical limit is below 2 GeV.

Various forms of muon-catalyzed fusion reactors are presently envisioned.
Although pure fusion is not energetically solvent today, fusion-fission hybrids
combined with a spallation breeder would require only 100 fusions per muon and
would yield net energy gain today even if the energy expenditure per muon stays as
high as 5 GeV. Modern concepts try to avoid the need to produce intermediate pi-
meson and muon beams. Synergetic systems of this kind use the deuterium-tritium
mixture both as the target for muon production and as the fuel for the subsequent
muon-catalyzed fusion process.

Many-body effects can also be used to enhance the ridiculously low natural
fusion rates. As was shown previously, the very large effective masses of electrons
in some rare-earth combinations are similar to the mass of the muon, although this
similarity neglects the anisotropy and is limited to the less important long wave-
length region. Nevertheless, it leads to a large increase of the hydrogen binding en-
ergy in metals with increased electronic effective massest. This shows that the large
effective masses have a considerable effect in bringing the hvdrogen nuclei closer.

We conclude that cold fusion research is not less likely to lead to a solution of
our energy problems than magnetically confined hot fusion, or inertial fusion.
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Fig. 1. Thermo-electrochemical effect in a P¥/Pd cell: The work input

UJ=fEdea and the heat transport I1J from the environment into the
electrolytic cell. U is the applied voltage, J the current, and I1=II;-I1; a
Peltier coefficient. Excess heat is observed if no enclosure is used, or if
enclosure A is used. No excess heat is observed when enclosure B is used,

encompassing both the hot and cold source.
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Abstract

We have described elsewhere (e.g. see (1'?)) that Pd and Pd-alloy electrodes cathodically
polarised in D,0 solutions under extreme conditions can drive the calorimetric cells to the
boiling point. We have then adopted the procedure of allowing the cells to boil to dryness.
For these conditions the galvanostats are driven to the rail voltage (100 V) but the cell
current is reduced to zero. We have then found that cells which contained D, O frequently
remain at high temperatures (in the vicinity of 100°C) before cooling rapidly to the bath
temperature. Cells containing H,O can also be driven to the boiling point but such cells
cool immediately on terminating the experiments.

This phenomenon has become known as “Heat after Death” (the death referring to
cessation of polarisation). Calibrations of the cells for such conditions show the generation
of high levels of enthalpy at zero enthalpy input.

Methods of investigating such systems will be outlined.

Introduction

We have recently reported that Pd or Pd-alloy cathodes polarised in 0.1M LiOD in D,0
can be driven to give high rates of generation of the specific excess enthalpy provided the
cell temperature is allowed to rise progressively with time(*'?) (see also (*); for an
explanation of the required experimental protocol see (V). These intense rates of heating
(up to ~ 4kW cm™3) lead to the “boiling to dryness” of the electrolyte in the “open cells”
used in these experiments™ and it was noted that such extreme conditions may be followed
by prolonged periods (several hours) during which the cells remain at high temperatures at
zero or very low levels of power input. a phenomenon which has become known as “Heat
after Death™ (for reports of related phenomena see®): our first observations of these
effects using these particular cells and protocols were made in May/June 1990 although a
number of earlier observations are also most easily explained as having been caused by
“Heat after Death™).

In a reply(® to a critique'® of these publications(!'?) we pointed out that we had refrained

*The Dewar-tvpe calorimetric cells. see Fig 5%/, have rates of increase of the heat transfer with
temperature of the order 0.1W K~! and temperatures in the region of the boiling point are reached
at total rates of enthalpy input ~9W. Such conditions are achieved for Pd-based cathodes at current
densities in the range 0.5-0.7 A cm~? (typical cell current 0.5 A). Foaming of the electrolyte or spray
formation is negligibly small under these conditions.{3!
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from interpreting the “Cooling Curves” whiclr characterise these episodes of “Heat after
Death” because we believed that the calorimeters used are not well suited for making exact
evaluations under such conditions. In the present paper we outline a number of possible
approaches to the analysis of these “Cooling Curves.” The results obtained show that our
initial assessment of the performance of the calorimeters was too pessimistic: in the
absence of excess enthalpy generation thermal balances can be made at the 2-3% level in
gas filled cells and these errors can decrease to ~0.5% in the presence of excess enthalpy
generation.

Experimental

The experimental methods and protocols used were closely similar to those which we have
described in earlier publications(!23910) see also(*)). The single compartment Dewar-type
electrochemical cells were maintained in water thermostats (up to 4 cells in each
thermostat). The temperature of the thermostats was set equal to that of the room
housing the experiments; the temperature of the room was controlled to +0.5°C using two
separate control systems. The thermostats were cooled at a controlled rate using subsidiary
cooling systems and heated using Techne Te-8A stirrer/temperature control units. We
have found that it is possible to control the temperature of each thermostat to within
+0.003°C locally and £0.01°C overall by adopting this particular strategy (16 thermostats
housed in the single thermostatted room). This level of control is essential in order to
achieve accurate analyses of the behaviour of the calorimeters (see further below).

The protocols for carrying out the experiments were also similar to those which we have
described previously. The electrodes were first charged galvanostatically at low to
intermediate current densities for prolonged periods of time; the current density was then
raised and this raising of the current density caused a progressive increase of the
temperature of the caloriometers up to the region of the boiling point of the electrolyte.
Calibrations of the cells were carried out at stated intervals (every 2 days) throughout
these two stages by applying constant currents to resistor chains (high stability metal film
resistors maintained in heat transfer oil in glass tubes): the voltages developed across the
resistor chains were monitored continuously. The heat transfer coefficients for the cells were
derived using the methods of analysis described in a further paper presented at this
Conference. ()

The cells were refilled every two days to make up for losses of D,O due to electrolysis (and
due to evaporation at the higher temperatures). The records of the additions show that the
Faradaic efficiencies for the electrolvses are close to 100%. As we have noted previously
this fact alone is sufficient to show that the reduction of oxvgen at the cathodes is
negligibly small (deuterium generated at the cathodes cannot be reoxidised at the oxide
coated Pt-anodes: for further evidence for negligible reduction of oxygen at the cathodes
see®). It is important to note that the rate of excess enthalpy generation is zero or
positive over the whole period of operation for cells operated using these particular
protocols: there is therefore no mechanism for storing energy which could be released when
polarisation is interrupted.

Cell and bath temperatures were measured using high stability thermistors ( Thermometrics
Ultrastable Thermistors, ~10 kQ £0.02% stability per year) which were calibrated against
National Bureau of Standards calibrated thermometers. The thermistor assembly is shown
in Fig 5 of ). Cell temperatures were recorded every 300 s: circuits were maintained open
for 290 s then closed and readings were taken during the last 1 s using Keithley 199 DMM
Scanner Multiscanner Units interfaced to a Compaq 386s/20 computer.



The only major change to the calorimeters compared to the instruments described in our
earlier publications was the addition of a Pt—-wire helical resistor to “empty” cells. This
was driven galvanostatically with power inputs in the range 0.1 to 9 W. It was found that
the cell temperatures reached constant plateau values at long times (constant to within
+0.005°C); with this range of power inputs the range of the plateau temperatures straddled
the operating range of the calorimeters, 20°C< f.n <100°C. Heat transfer coefficients were
determined from the plateau values of the temperature using the simple relation

Af
[(obath + A0)4 - 9:ath]

kp = (1)

(all symbols are defined in the glossary of symbols).

Following the interruption of the galvanostatic polarisation of the resistive heater, the
cooling curves for such empty cells were determined and compared to the cooling curves for
cells showing “Heat after Death” (see below).

Modelling of the Calorimeters

For the simplest conditions of zero energy input during the determination of the Cooling
Curves. the general Black Box Model, Fig 6(*). simplifies to that shown in Fig 1. We note
that zero energy input implies zero input to the calibration heaters as well as zero
electrolysis current. The latter condition applies with high precision to ceils which have
boiled dry (see further below) as well as to full cells where electrolysis is interrupted. In
turn both conditions imply that there is no input due to make-up with D,O and no output
due to the gas streams. However. it is possible to envisage conditions where evaporation
has to be taken into account for cells which are still filled with electrolvte; we will not
discuss such cases at this stage.

It follows therefore that we need only consider the time-dependent change of the enthalpy
content of the calorimeter and heat transfer to the water bath. The latter is dominated by

radiation across the lower, unsilvered portions of the Dewar-type cells. Fig 5() (see also

(1-39.10)) In the absence of any excess enthalpy generation we obtain the simple differential
equation

dAg ,
CP.D;O,ZIWOT = — kR[(8satn + A8)* — 05, (2)

which can be integrated to give the closed form expression

yo(2 + -U)} -1 : -1 kR0 ¢
n|Z———| + tan""(1 + — tan"Y1 + = ——= (3
L(2 .y (1+y) (14 yo) Crooe ) ° )
where
Af Ao
= . = 4
Ot % Orumn )
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In the presence of excess enthalpy generation equation (2) is modified to

dAg

Cp,p,0,eM° e

= Qs(t) — Kp[(Bbarn + A0)* — 65, (5)

We note that the assumption
Q@y(t) = constant (6)

which we have used previously to carry out integrations of the differential equations
representing the Black Box Models(!=4%19) is ynlikely to hold for the phenomenon of “Heat
after Death.” We are therefore unable to carry out any integration of (5) to give a closed
form solution. Two immediate options present themselves for the further analyses of the
Cooling Curves:

(1) point-by-point thermal balances based on (5) to give the rates of change of the
water equivalent and the rates of radiative cooling, the rates of generation of
excess enthalpy being obtained by the difference between these two quantities

(ii) integration of the left—-hand and right-hand side of (5):

t t
Cp,0,0,eM°[AG — Afo] = /0 Qs(r)dr — kh[) ((Bbarn + AG)* — ;] d7 ()

to give the enthalpy change of the calorimeter. the enthalpy of radiative cooling
and, again by difference between these quantities, the excess enthalpy generated
in the calorimeter.

Of these two options (i) is subject to the inevitable increase in the errors incurred by the
differentiation of the experimental data. The approach (ii) is free from this drawback and
1s a particular example of the method of data analysis which we now favour for electrodes
subjected to cathodic polarisation.(*) It should be noted that the application of both (5)
and (6) requires the independent determination of the heavy water equivalent. Cp p,0.¢M°
and of the heat transfer coefficient. These can be obtained by the methods outlined in a
further paper presented at this meeting.(* In the case of empty cells. a reasonably accurate
estimate of Cp p,0.¢M° can be obtained by subtracting the contribution of the heavy water
content (boiled out during the experiment) from the total water equivalent determined as
n . Alternatively. the Af — ¢ transients determined during the application of the heating
pulse. AQ. using the Pt-wire helix can be subjected to a full analysis based on the
differential equation analagous to (5)!)

dAf

CP.D;O.U\[DT = AQ — Kg[(Bbaen + NO)* = 0),4] (8)
This analysis gives both Cpp,0,M° and kj: it should be noted that ki alone can be
dAg ..
obtained from the plateau values of A reached at long times. when w7 0. giving

equation (1).
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Simple Scenarios for Investigating “Heat- after Death”

We observe that there are numerous scenarios for investigating “Heat after Death” using
the Cooling Curves determined with calorimeters of the type illustrated by Fig 5.(%) The
simplest of these include those listed in Table 1; more complex scenarios include
measurements made with partially filled cells. In the present paper we restrict attention to
Scenarios 2, 5 and 6 for which we can base the analyses of the Cooling Curves on the
approaches outlined in the previous section. We note that the analysis of the cooling
Curves for Scenarios 1 and 3 must be based on the full Black Box Model, Fig 6.(*)

Table 1

Simple Scenarios for Investigating “Heat after Death.”

1) Cell full: Cell operated at intermediate temperatures;
Cell current then reduced in stages.

2) Cell full: Cell operated at intermediate temperatures;
Cell current then set to zero.

3) Cell full: Cell operated at the boiling point:
Cell current then reduced in stages.

4) Cell full: Cell operated at the boiling point;

Cell current then set to zero.
5) Cell empty: Cell allowed to boil dry;

Cell then maintained at the rail voltage of the galvanostat.
6) Cell empty: Cell allowed to boil dry;

Cell disconnected from the galvanostat.

Results

Scenario 2

4 mm diameter by 12.5 mm length Pd cathode polarised in 0.1M LiOD in D,O; final cell
current: 200 mA: initial temperature for cooling curve: 51.524°C.

We observe first of all that the Cooling Curves for cells following Scenario 2 (cells filled
with electrolyte operated at intermediate temperatures with the cell current then set to
zero) follow closely the predicted behaviour. equation (3) provided the rate of excess
enthalpy generation is close to zero. Fig 2 (see further below). We note that the slope of
the plot agrees with that predicted using the independently measured values of Cp p,0.¢M°
and k. This type of behaviour is also observed for “blank experiments.” Pt cathodes in
H,0 or D,0 based electrolvtes. Pd based cathodes in H,O based electrolytes. The close fit
of the cooling curves to the predicted behaviour shows that k’z is independent of time, that
heat transfer is controlled by the thermal impedance of the vacuum gap of the Dewar type
cells and that the temperature within the electrolyte is equilibrated on a time scale short
Cp.p,0.0M°

753
ALY LT

compared to the thermal relaxation time of the calorimeters.

We observe next that the presence of any appreciable source of excess enthalpy would cause
negative deviations from the straight line plot. Fig 2. The positive deviations at long times
would imply a more rapid rate of cooling than that due to heat transfer which is clearly
highly unlikelv. A more plausible explanation is that the temperature ot the thermostat



has been overestimated. That this is in fact likely is shown by the additional plots
calculated assuming an error in the temperature readings (£0.005°C). (It should be noted
that the maximum variation in temperature throughout the whole space of the thermostat
is £0.01°C; the temperature locally is constant to within £0.003°C.) These additional plots
show that the effects of such errors are negligible provided the interpretation is restricted
to values of the ordinate less than 6 and/or times shorter than 45,000 s.

The fact that the excess enthalpy generation is small for this particular experiment
following the cessation of the cathodic polarisation is shown by the calculation of the total
enthalpy changes according to equation (6), Fig 3. In the results reported in this paper the
integrations of the radiative cooling term have been carried out using the trapezium rule
except for the blank experiment for Scenarios 3 and 6 where Simpson’s rule has been used
(see further below). The integral excess enthalpy reaches a value 302 J which is negligibly
small compared to the integral of the radiative heat output, 14,191 J (i.e. 2%). It 1s not
clear at the present time whether values of the excess enthalpy of this order of magnitude
determined from the cooling curves can be regarded as significant (see further below). In
any event we see that the putative rate of excess enthalpy generation (calculated by the
point-by-point balance based on equation (3)) drops to very low values within 6 hours
following the cessation of polarisation. Fig 4: the thermal balance can be made to better
than 0.3 mW at long times. It is of interest that the cell voltage drops rapidly to zero
following the cessation of polarisation.

Scenario 4
I mm diameter by 12.5 mm length Pd cathode polarised in 0.1M LiOD in D,0; final cell
current: 250 mA; initial temperature for the Cooling Curve: 99.605°C.

We examine next the cooling curve for a cell which had been driven into the region of the
boiling point but where the polarisation was interrupted before the cell had been allowed
to boil dry. Fig 5 gives a plot of the data according to equation (3) and it can be seen that
the negative deviations from the predicted line now indicated marked enthalpy generation
following the cessation of polarisation. Indeed. there is a period during which the enthalpy
generation increases with time as shown by the decrease of the ordinate (although the
absolute level of enthalpy generation in this time region is low, see Fig 7 below). The
presence of excess enthalpy generation is confirmed by the evaluation of the data according
to equaiton (7), Fig 6, and according to equation (3), Fig 7. Fig 6 shows that the integral
of the excess enthalpy now reaches 3240 J which is certainly significant compared to the
value 302 J for the experiment illustrated in Fig 3. Indeed the value 3240 J equates to

2.9 MJ (Mole Pd)~! which is far bevond the realm of possibility for any chemical process in
the system. We also note that for this particular experiment the enthalpy generation
initially increases to a very marked peak (0.8 W is about 8 W cm ™ for this particular
electrode). The further increase in the rate of enthalpy generation at long times accounts
for the decrease of the ordinate of the plot according to equation (3), Fig 3.

Scenarios 5 and 6
2 mm diameter by 12.5 mm length Pd cathode polarised in 0.1M LiOD in D,0: final cell
current 300 mA: starting point for Cooling Curve shown on Fig 5.

We turn next to the discussion of one particular phenomenon of “Heat after Death” which
was contained in our preceding publications.’?) Fig 8 gives the temperature-time data
including the period of intense boiling. e note here that the cooling curve was
determined initially according to Scenario 5 followed by Scenario 6. For the interpretation
of this cooling curve it is important to observe that the cell current fell from the set value



of 500 mA to an indicated value of 0 as the cel boiled dry.! The indication of zero current

by the instrumentation of the galvanostat sets an upper bound of 0.5 mA on the measured

current and an upper bound of 50 mW on the rate of energy input during the cooling

liccording to Scenario 5 since the rail voltage of the galvanostat used was 100 V (see further
elow).

In interpreting the behaviour of cells following Scenarios 5 and 6, we must first of all
consider the behaviour of appropriate “blank cells.” The reason is that the water
equivalent of the gas spaces, ~0.1 J K1, is low compared to that of the solid components
of the cells, ~60 J K~!. In consequence, thermal equilibrium may not be maintained at the
interface between the gas and the inner wall of the Dewar cell and a significant thermal
impedance may appear at this wall in addition to that of the vacuum gap. By contrast the
water equivalent of the electrolyte in the filled cells is ~410 J K~! so that thermal
equilibrium is readily maintained at the inner wall of the Dewar.

That an additional thermal impedance appears at the inner wall for gas-filled cells is
shown by the calibration of these cells using the Pt-wire resistors. The heat transfer
coefficients for such gas-filled cells are ~0.6 W K—*, values which are ~0.8 of the values of
the cells filled with electrolyte (the latter values are close to those calculated from the
Stefan-Boltzmann coefficient and the radiant surface areas). The simplest way of allowing
for this additional thermal impedance is to assume that the rate of heat transfer from the
gas space to the inner wall is linearly dependent on the temperature difference, AAS,
between those two spaces. If we balance this heat transfer rate, kAAS, by the radiation
across the vacuum gap, then

KAAD = — Kp[(Bbaeh + A8 — 61, ] (9)

At a first level of approximation, we can linearise the right-hand-side of (9) giving

kAAG ~ 402, (A6 — AAG) (10)
and
4k 03
g~ R%bath A 11
- <4kh6§azh T k) ( )

41‘7;%02“}1
4kR83, + F
although k > 4k303 ., (roughly k = 16k}85 ,,) the magnitude of & is not sufficient to
maintain thermal equilibrium at the inner wall of the Dewar.

and the effective heat transfer coefficient becomes ( ) We conclude that

[t is therefore necessary to examine the effect of this additional thermal impedance on the

'Nevertheless we assumed!}2) that the cell current was maintained at the set value up to the time at
which it reached zero. It follows that we overestimated the enthalpy input during the period of intense
boiling and that. in consequence. our estimates of the rates of excess enthalpy generation were lower
bounds.
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shapes of the predicted cooling curves. It is convenient to define

“= T (12
and the differential equation (2) then becomes
Cp,o,o,zM°dd—At0 = — kp[(Bpaen + 2 AB)* — 63,,] (13)
We can rewrite (13) in the form
Cra0eM 82 -l (s + ) — 0 (14)
giving the solution
In [%] + tan™(L+ay) — tan” (1+a) = — | eg:hkf'l’:’;gca:mww t (15)

It follows that the form of the solution (3) is unchanged except that y is replaced by ay, yo
by aye and that the slope of the plot is determined by the effective heat transfer
coefficient. In view of the magnitude of o, the effect of the retardation of heat transfer at
the inner wall on the shape of the cooling curve is negligibly small.

Fig 9 shows a cooling curve for such a “blank cell” and it can be seen that the cooling
curve follows the predicted form (15) down to ~24°C. The fact that deviations are
observed below this temperature shows that heat transfer from the gas to the surface of the
inner wall of the Dewar must have a more complex dependence on AA# than the simple
linear relation (8), a result which would indeed be expected.

[t is necessarv therefore to assess the effect of the deviations from equation (15) on the
thermal balances within the cell and. especially, on the magnitude of any excess enthalpy
term. Fig 10 shows the relevant terms calculated according to (7). The most important 1s
the integral of the apparent rate of enthalpy production which can be seen to lie between
+80 and -20 J although this decreases to -46 J at long times. Fig 10 shows that the
variation of [; Q.dr is systematic rather than random which indicates that this term arises
from systematic deviations of the rate of cooling from that predicted by the simple model.
equation (13). In any event. the effect of these small enthalpy terms is entirely negligible in
comparison with those for cells showing pronounced “Heat after Death™ such as that
illustrated by Figs 11-13.

Although it is possible to correct for the apparent fall of the heat transfer coefficient with

temperature {over the range 0< Af <3°C) by using the independently measured values of
k. the effect of this fall on the derived excess enthalpies. Fig 10. is negligible compared to
the measured values for cells showing high levels of “Heat after Death.” We have therefore
used the simple formulation developed in this paper for the present stage of the analysis of

the Cooling Curves. Fig 11 shows the plot according to equation (3) for such a cell *?) and
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the marked difference to the behaviour of the ““blank cell,” Fig 9, will be immediately
apparent. The cell remains at high temperature for ~3 hours and the Af— t plot then
indicates a period of cooling roughly in line with that predicted by equation (3). However,
this phase of cooling is arrested because a new, lower, level of excess enthalpy generation is
reached and the ordinate then again decreases because there is a reheating of the cell
contents as for the example discussed above (see Fig 14 below). This lower level of excess
enthalpy generation is maintained for a further ~6 hours during which the rate of excess
enthalpy generation shows several “spikes,” Fig 14. There is then a further period of
cooling in line with the predictions of equation (3); we can analyse this region separately
by setting the origin at A8 = 22.408°C, t = 33,337 s, Fig 12. As the curvature of the plot
at long times far exceeds that for “blank cells” (e.g. see Fig 7) it is likely that the cell
again reaches a new, even lower, level of excess enthalpy generation.

We can again derive the change in the enthalpy content of the calorimeter and the total
excess enthalpy by carrying out the integrations as in equation (7). Fig 13 shows that the
total excess enthalpy exceeds the total change in enthalpy content of the calorimeter by a
factor of nearly 20. An alternative way of displaying this information is to evaluate rates of
cooling and the rates of generation of excess enthalpy as in Fig 14. The information
derived from this plot has been referred to above.

Discussion

The Cooling Curves which we have observed for cells containing Pd or Pd-alloy cathodes
and operated using Scenarios 2, 5 and 6 fall roughly between the limits of the two relevant
cases which we have discussed here. At one extreme we have zero or very low levels of
enthalpy generation, at the other prolonged and low to high levels of this enthalpy
generation: each particular example shows its own particular pattern of behaviour e.g. see
Figs 5-7.

Contrary to the view which we have expressed previously, the calorimeters and
methodology which we have developed for the investigation of polarised cells also appears
to be adequate for deriving a near quantitative interpretation of the Cooling Curves. The
systems showing high, sustained, levels of the rates of excess enthalpy generation are
naturally of greatest interest because they point the way towards developing systems
showing enthalpy generation at low or zero rates of energy input. We note here once again
that the excess enthalpy generated in examples such as that illustrated in Fig 13 viz

128.5 kJ (which equates to 3.27 MJ cm™ or 29 MJ (mole Pd)~!) exceeds by a factor of 10
- 10° that of any conceivable chemical process. Thus the combustion of all the deuterium
stored in the lattice would only generate 148.6 kJ(mole Pd)~! assuming that the D/Pd
ratio had reached 1. Furthermore. for that particular example, the cell showed excess
enthalpy generation throughout the period of polarisation!!'?) so that there was no
conceivable mechanism for developing a storage mechanism for chemical or physical energy.

We note finally that cells which show pronounced “Heat after Death™ also maintain high
cell voltages e.g. see Fig 12. As the Pt counter electrode will rapidly adopt a potential in
the vicinity of that of the deuterium electrode. this negative potential must be established
at the Pd electrode in contact with the residual solid electrolyte deposited during the phase
of “boiling to drvness.” It is possible that this highly negative potential is due to the
generation of a high surface potential(*!? which serves to confine the deuterons in the
lattice.



Glossary of Symbols Used

Cpp,04 is the heat capacity of liquid D,O. [JK=1 mol™!]
(kR) is the effective heat transfer coefficient due to radiation. [W K 4|
14 is the symbol for the liquid phase.
MO is the heavy water equivalent of the calorimeter at a
chosen time origin. [mols]

oy is the rate of generation of excess enthalpy. (W]
Q@s(1) is the time dependent rate of generation of

excess enthalpy. (W]
t is the time. [s]
v is the symbol for the vapour phase.
AQ is the rate of heat dissipation of calibration heater. (W]
Al is the difference in cell and bath temperature. [K]
Ovarn is the bath temperature. (K]
T 1s a time. [s]
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Introduction

If a nuclear reaction occurs, it should be possible_ to experimentally detect reaction products
and thus identify the reaction itself. This has been discussed in earlier reviews,"’ and there
have been numerous attempts to detect various products, ranging from neutrons, tritium,
helium and gamma rays to sundry isotopes of palladium. While some results have been
reported, problems of background interference and low levels of product concentrations,
coupled with difficulty in reproducibility, have prevented general agreement on the
identification of the products, i.e. on the reaction(s), involved. This problem is further
complicated by the numerous reactions that might be considered and by the absence of a
definitive identification of the nuclear products or consensus on a reaction theory. To
illustrate the many possibilities involved, we will briefly survey reaction products that might
occur through two-body reactions and conclude with some comments about multi-body
reactions that have been proposed.

We first consider the "conventional” reactions shown in Table 1 (largely taken from Ref. 2).
These involve deuterium (d) by itself or with other elements that might be in the deuterium,
either as impurities or as constituents of the electrolyte. Reactions involving protons (p) are
included, since experiments with light-water cells have been reported (e.g. see Ref. 3 and
references therein), and also because the proton is one of the products from deuterium break-
up that could continue to react. The reactions shown ull have positive Q-values, i.e. could
occur easily if the Coulombic bammer is overcome. They would also result in heat
production.
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TABLE 1. Some Two-Body Reactions, Excluding Reactions with Pd

Reactants Product | Product 2 Product 3 Q Value
(MeV)
p+d 'He ¥ 5.4
d+d t(B,, =123 y1) p- 4.03
’He n 3.27
p+°Li "Be (et,, =53.3 days) y 5.61
‘He € 4.02
p+'Li ‘Be (at,, =0.07 fs) Y 17.25
a a 17.35
d +°Li 'Be (2at,, =0.07 fs) ¥ 2228
a a 22.37
*He (a,n' = 0.6) He 0.84
’He a n 1.80
Li p 5.03
"Be (et,, = 53/3 days) n 338
*Li (a,pI' = 1/S) t (Bt =12.3 0.60
yT)
d+’Li ’Be Y 561
"Be (2a,, =0.07 f3) n 15.03
*He («.nl'=0.6) a 15.16
« a n 15.12
p+1/C “N (e, =9.96 min) y 1.94
d+C N v 10.27
p+ "0 'F (e,, = 64.5 5) Y 0.6
d+"0 "*F (¢,,, = 110 min) v 7.53
Nomenclature
d =deuteron n=neutron p =proton t = triton
t,, = half-life a = alpha B = negative beta decay

€ =positive beta decay including electron conversion
I' =level width for particle-unstable nuclides (MeV)



The reactions also conserve neutrons and protons. Also, all species possess a measurable
half-life. The latter assumption deserves special note, since it excludes products that are
unbound to neutrons and protons. For example, the "direct alpha" reaction: d+d - « +23.85
MeV, often cited as a possible cold fusion mechanism, involves a product alpha without a
bound state. In contrast, in the "conventional” d-d reaction, the compound nucleus channel
would normally be expected to dominate, ruling out the direct alpha reaction.

Despite this, there have been continuing efforts to detect alphas, 1.e. product helium "ash,"
and to develop a coherent reaction model, where the 23.85 MeV released could be distributed
among lattice atoms in less than 107°s.”” The question of helium production and detection
clearly deserves continued careful study.

Most reactions in Table I result in either gamma or neutron emission. If the heat-producing
reaction is as strong as reported earlier, and it involves two-body reactions of these types, the
emissions should be detectable. The reaction rate (sec’') is ~ 6.3 P(w)/Q(MeV) (where P is
the power obtained and Q 1s the reaction energy). Then, for example, a cell producing ~ 20
Watts, as suggested by the original Pons-Fleischmann experiments, would have a gamma
emission rate of ~10" per second. Such a gamma flux would be easily detectable.
Concurrently, strong neutron cmission is also predicted. Of course, as 1s well known, such
strong gamma and/or neutron emission rates have not been observed, and this is one of the
fundamental "mysteries” facing workers who belicve that fusion-type reactions are indeed
occurring.

If a cell were to operate at 20 Watts for 10 hours, "typical" two-body reactions would, on the
average, produce the order of 5x10'" to 2x10'* alpha particles and/or 6x10'" tritons. Sucha
production of either helium or tritium would be measurable. Indeed, as described in the
earlier section on TRITIUM, significant tritium production has been reported from several
experiments, but the production rate appcars to be well below that predicted from heating
observations, using the above two-body recuction logic. This suggests that several
independent reactions could occur simultaneously, or that two-body reactions are not the
source of the tritium. Thus the tritium issue remains unresolved but deserves comprehensive
study. Further, as outlined in the section on HELIUM, the measurement of helium is much
more difficult, and while several measurements have produced interesting results, they are
not conclusive.

- i ving Palladiw

If we consider the possibility that deutcron and proton reuctions occur with the palladium
used in electrodes, a whole host of additional rcaction products appear. As shown by the
listing of natural abundances in Table 2, palladium 1sotopes Pd-102 through Pd-110 (cxcept
Pd-103, Pd-107, and Pd-109 which do not occur naturally) must be considered as possible
reactants.



TABLE 2. Natural Abundances and Neutron Cross Sections for Pd (from Ref. 1)

a/o (atomic %) 1.0 11.0 222 273
(@ 5.0 ? 10.0 0.013
o, (barns)
() -- 10.0 90.0 0.28

(a) metastable state formation

(b) direct-ground-state formation

Some possible reactions with positive Q Vulues are listed in Table 3 (taken from Refs. 1, 2,
5, and 6). The deuteron-induced reactions shown can roughly be divided into three

categories:
(1) reactions producing all stable products via a "fission"-like breakup;
(2) neuron "swapping" (i.e. Oppenhcimer-Phillips type--See Ref. 7)
reactions, producing a proton and cither a stable or an unstable
radioactive product; and ‘
(3) "direct" transmutation-type rcactions, giving a radioactive product
plus a neutron.

Likewise, the proton-induced reactions shown in Tuable 3 can be grouped into two categories:

(1) "fission" reactions giving all stable products; and

(2) "direct" transmutation-type reactions giving a radioactive product plus a gamma

or an alpha.

Some experiments have attempted to detect such products using a mass spectrometric
analysis of palladium electrodes taken from operating cells. Results have been inconclusive,

but this still appears to be a potentially fruittul avenue for study.

From a theoretical point of view, the Oppenhcimer-Phillips "neutron swapping” reaction has
received the most attention as a possible key to the "puzzle.”® Thus, in the sense of possibly
providing a simple answer to the enigma, the "ncutron-swapping” rcaction is to the Pd-

reaction what the "direct alpha" chunnel is to the d-d reaction.
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TABLE 3. Two-Body Reacuons Involving Pulludiwn

REACTIONS LQ
WITH PRODUCTS | VALUE,
DEUTERONS L MeV
Pd-102 +d ~ V=51 + Cr-53 34
~p+ Pd-103° -5
‘ -pta+Rw9 | 34
~n+Ag-103 E ~2.01
Pd-104 +d - a + Rh-102* ~8.1
- C-13 +Nb-93 i 8.0
- p+Pd-105 . ~4.9
- B-11 + Mo-95 ; 3.0
-0+ Ag-105 Y
~-p+a+Rh-01 S
-n+a+Rh-10]* ﬁi ~0.6
- B-10 + Mo-Y0 : 0.5
Pd-105 +d E ~CadE+Co3y 33
~ Ne-20 + Rb-37 17
~at Rh-103 ﬁi 10.8
: -p* Pd-106 Y
= B-11 + Mo-96 Poosa
- n+Ag-106° Y
-n+a+ Rh-102° ?r ~09
~p+ Be-x+ Mo-uy ': 0.7
' - B-10 + Mo-97 :.r 02
Pd-106+d | -+ Ri-104 =
' - p*Pd-107¢ P a3
~-n+Ag-107° P26
; - B-11 + Mo-97 I
| -n+a+ Rh-103 ? 0.7
Pd-108+d | ~ @ + Rh-106° L -6
Er -n+ Ag-10Y : 4.3
~p+ Pd-109* P~39
- B-11 + Mo-y9 I
' ~n+a T KN-[03 e
Pd-110+d | ~ @ * Ru-10N* 74
' -n+Av-flle P
' -p+bd-llle EE
f: ~n+at 1<h-lu7_'_“ ~1.2

* Radioactive product
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TABLE 3. Two-Body Reactions Involving Palludium

REACTIONS i Q
WITH PRODUCTS i VALUE,
PROTONS i MeV
Pd-102 +p - V-5 +Cr-52  ° Er 28
-n+p+Pd-101* .E ~3.1
-y +Apg-103* ::‘ ~4.2
-n+Ag-102* E ~0.8
Pd-104 +p - 0-16 + Y-%9 i 11
~-n+p+Pd-103* g ~9.6
= Ne-20 + Rb-85 7.6
- C-12 + Nb-93 54
-y +Ag-105* i ~50
- a +Rh-101* E ~2.8
-n+Ag-104° é T ~23
Pd-10S +p -n+p+d-104 'L 7.1
-y + Ag-106° { 6.8
- a + Rh-102+ ja 3.2
- C-13 + Nb-03 T
-n+Ag-105* E ~1.3
Pd-106 +p =n+p+ Pd-105* 15 ~9.6
=~ Ne¢-20 + Rb-87 ﬁ': 9.5
-y +Ag-107* E ~5.7
- a + Rh-103* .:r ~3.0
- n+Ag-106* .E ~28
Pd-108 +p ~n+p+Pd-107* ': ~K.1
-yt Ag-109* j 6.5
- a + Rh-105* Y
-n+Ap-10x* E ~2.1
Pd-110+p - n+p+Pd-105* ‘ ~149
~-y+Ap-llil* E ~7.1
- a+ Rh-107* E ~3.3
i -0+ Ayl 10 :‘ _~_0.‘)
*Radioacyve product
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The Oppenheimer-Phillips reaction corresponds, in effect, to adeuteron disintegration under
the influence of the nuclear potential of palladium. The abnormally low binding energy of
the proton and neutron in deuterium makes such a breakup plausible. In the this reaction, as
the deuterium's wave function comes into palladium's Coulombic field, the deuterium
nucleus becomes polarized, so that the neutron component penetrates the field first.
Consequently, the neutron is captured while the proton component, which has not yet
penetrated far into the field, is "split off." This reaction produces a net energy of ~4.8 MeV,
depending on the Pd isotope involved, which could, in principle, explain heating as well as
the failure to detect copious neutron emussion. The Oppenheimer-Phillips reaction has been
studied both experimentally and theoretically in connection with high-energy physics, where
deuterons can easily penetrate the Coulombic barricr of the target. The key question of how
the "cold" deuteron could penetrate the Coulombic barrier of a high-Z element like palladium
to allow such a reaction remains open. This question not only applies to the Oppenheimer-
Phillips reaction, but also to all reactions being considered to explain cold fusion. The point
is, should penetration occur, there is good reason to expect a neutron-swapping reaction.
Any explanation, if there is one, must involve the unique feature of having the reaction occur
in a solid lattice.

Radioactive Pd Prod

The detection of the stable products listed in Table 3 should be relatively straightforward if
the experiment is run long enough to build up a reasonable product concentration. The
situation with the reactions in Table 3 that produce radioactive palladium isotopes is more
complex, however. In addition to direct reactions, such isotopes could be produced by
secondary reactions, e.g., by neutron-induced reactions, where the neutron comes from a

primary reaction which might not even involve palladium itself. (See, for example, Refs 1
and 9.) .

To illustrate the latter possibility, average neutron cross sections are listed in Table 2 for low-
energy neutrons. The first line in that listing corresponds to the metastable state formation,
and the second line to direct-ground-state formation. For illustration, note that neutron
capture is favored in Pd-105. Thus, if neutron reactions are significant, we could expect the
Pd-105 abundance (22.2 a/o in natural Pd) to be lowered relative to the other isotopes, while
that of Pd 106 (27.3 a/o) would be increased.

A full understanding of the build-up of decay products due to either direct or "indirect"
neutron transmutation requires a computer study of the various decay chains that become
involved. This has not been reported to date, so here we can only offer some general
observations. For example, based on the half-lives of the Pd radioactive isotopes (Table 4),
the long-lived isotope Pd-107 might be expected to build up in an electrode composed of
natural Pd. The effect could even be enhanced for diagnostic purposes by use of an
isotopically enriched sumple of Pd-106. This would not be so crucial, however, should the
Oppeneimer-Phillips reaction occur, since Pd-106 transmutation would be relatively strong.
(However, subsequent Pd-107 transmutations would quickly saturate its build-up).



Table 4. Half Lives of Pd Isotopes (from Ref. 1)

Isotope _ Half-Life
Pd-103 17d
Pd-107 6.5x10°y
Pd-107(m) 21.3s
Pd-109 13.43h
Pd-109(m) 4.69m
Pd-111 22m
Pd-111(m) © ssh
Pd-112 21.1h
Pd-113 1.5m
Pd-114 ‘ 2.4m
Pd-115 37s
Pd-116 14s
Pd-117 5s
Pd-118 3.1s

(m): 1someric state

In general, neutron capture either results in stable isotopes such as Pd-106 and Ag-109 or in
some radioactive species which will in turn decay to stable species. Figure 1 summarizes the
major transmutation and decay chains. Interesting products that should be found after long
runs include various isotopes summarized in Table 5. (Note: These stable isotopes are also
produced directly by various reactions noted in Tuble 3). Since Pd-106 and Pd-108 have the
largest natural isotopic abundances in the Pd isotopes, the Ag-109 isotope and the long-lived
Pd-107 should be prominent products. Mass spectroscopy or activation analysis techniques
could be used to detect the silver isotopes. Cadmium has a large neutron cross section, so
activation analysis might also be used to detect it.

If silver is produced, depending on the amounts accumulated, a silver alloy of Pd will be

formed. This would eventually affect the metullurgicul properties of the clectrode after very
lengthy runs and thus offers another route tor meuasurcment of this product.

9-9



A number of "non-traditional” reaction mechanisms have been considered theoretically.
Some involve mechanisms such a neutron chains, nuclear mass resonances, and neutron or
deuteron tunneling. While these reaction mechanisms are quite unique, the reaction products
are generally similar to those already listed for two-body reactions. Thus to distinguish these
reactions, care must be taken to focus on unique products, especially high-energy particles
or photon emissions, and on the relative abundance of the stable products. The interested
reader is referred to references for more detail since this topic 1s too complex to cover in the
brief space available here.

Multi-Body React

Various investigators have suggested multi-body reactions may be favored over two-bod
reactions in a lattice. An example is the NATTOH model, proposed by T. Matsumoto."”
He assumes that deuterons are compressed in the metal electrode to such a high effective
pressure that three or more can "condense” to form a cluster. With cluster formation, many-
bodied fusion reactions of the type illustrated in Figure 2 are possible. Again, details of this
model and other three-body reaction possibilities are beyond the scope of the present
discussion, so the reader is referred to the literature. However, from the view of detection
of reaction products, this possibility clearly increuses the complexity of the analysis. Thus,
the reactions cited in Fig. 6 result in new products not predicted for two-body reactions.
Again, as in the case of "non-traditional” reactions, the experimenter appears best advised
to focus on unique products that would provide a "tell-tale" signal.

Other Reaction Sequences

A variety of other reaction mechanisms have been considered involving strange particles,
chains, etc. The situation can rapidly become cven more complex, should a reaction
sequence or chain be considered. For example, R. Bush recently proposed”” a chain where
an entire "cold nucleosynthetic series" of isotopes of Sr, Zr, Y, Nb, Mo, Ru, T¢, Rh, Pd, Ag,
Cd, In and Sn would occur in an electrolytic cell ecmploying a nickel cathode and a light-
water based rubidium carbonate electrolyte. His hypothesis is based on an extension of
Oppenheimer-Phillips (neutron-swapping)reactionstodescribe "lattice-assisted" neutronand
proton transfer reactions. In order to verify this hypothetical model, or any of the other
various mechanisms which have been proposed, it is desirable to identify and focus on the
measurement of unique reaction products that might serve as a "telltale” signal. In the cold
nucleosynthesis case, investigators have been concentrating on detection of calcium that
might build up via addition of a proton to Rb. They arc also employing a mass spectromet-
ric search for Rb/Sr in the nickel cathode.
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Conclusion

A conclusive detection of reaction products must remain as a primary objective for
experimentalists. Not only would such conclusive identification prove that nuclear reactions
do in fact occur, but it would provide a sound basis for identifying mechanisms and focusing
theoretical studies. Unfortunately, as scen from this brief, and admittedly incomplete,
survey, the problem is very complex. Not only are there numerous reaction products that
must be considered, but the detection of the small quantities of products and low-intensity
radiation typical of these experiments pose an ambitious experimental challenge. Hopefully
this appendix helps, though, by providing a brief overview of the many possibilities to be
considered at this stage in research on possible nuclear reactions induced in solid lattices.
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Abstract

From its initial public announcement on 23 March 1989, the Fleischmann-
Pons Effect (FPE) has been attributed to:

* nuclear fusion

* nuclear fission

+ exotic chemistry

* some previously unidentified law of nature

 instrumental error.
Highly public as well as private efforts were made in 1989 to decide if an
FPE existed and if so, what caused it. This paper reevaluates some of the
factual bases for the scientific and management judgements of 1989 with
the advantage of what has been learned after four years of worldwide
experimentation and analysis. We conclude that there is an FPE and its
signature is heat. Data existed in 1989 that could have lead to this
conclusion. The source of the excess heat is still not understood.
Scientific progress was not made through this debate, which was largely
uninformed by appropriate experimentation, and patent considerations may
have played a determining role in the scientific progress associated with
the FPE.
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Introduction

The extraordinary nature of the scientific claim made by Fleischmann and
Pons 1(FP) immediately set off a flurry of both scientific as well as
managerial activity. Starting with the University of Utah press
conference on 23 March 1989 through the end of 1989, scientists and their
sponsoring governmental and private employers struggled to decide the
validity of the claims. - By November 1989 the overwhelming official and
popular judgement in most of the world was that there was no validity to
the FP claims. Despite this, the “cold fusion” saga lives on and a non-
scientific cottage industry continues to churn out “explanations” for the
“facts” of the “cold fusion” saga. Strikingly absent from most of these
explanations is any examination of the raw experimental data collected
before December 1989, which presumably were the primary source of
“fact” for determining the validity of the FPE.

The focus of our analytical efforts has been and continues to be the
soundness of the 1989 conclusions concerning FPE validity. At the Second
International Conference on Cold Fusion at Como, Italy one of us (WNH)
reported his analysis for the State of Utah of some early Fleischmann and
Pons experimental data. Some of our reconstruction and analysis of
Harwell Laboratory’s2 isoperibolic calorimetry was reported in the
Proceedings of the Third Internationali Conference on Cold Fusion at
Nagoya, Japan3. We have gained access to other sets of raw data from the
1989-90 period and have also benefited from retrospective analysis
efforts undertaken and published in the past years4-6.

Inevitably in “scientific archeological” expeditions such as ours, a
perspective evolves which was not available either to those who did the
experiments or to those who immediately tried to draw implications from
the resuits. This paper addresses, with benefit of hindsight, what might
have been in 1989 had we known then what we know now. Or, as our title
suggests, how might 1989 have turned out if we had had the benefit of
these “future” four years of understanding?

FP Effect Validity - What is meant?

There are two sets of criteria that have been in play from the beginning -
the scientific criteria and those associated with patents. It was
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commonly assumed, particularly since the FPE was presented in a public
press conference, that the most important criteria were those of science,
yet a careful examination of what was made available in 1989 suggests
that patent criteria were primary.  Although there is a relationship
between the two they are not the same and have quite different
requirements. (see Figure 1) Broadly speaking the scientific community
has no secrets while the technological and commercial communities
depend on secrecy or controlled access to information to derive
competitive advantage.: The United States Constitution created a
monopolistic property right for inventors and the price to inventors was
“public disclosure” of their

Well
Described?

Lab
Repeatable?

FPE
Validity?

Figure 1. Criteria for validity. Nonobvious?

invention. Thus, an inventor has no incentive to publicly

describe his invention until such time as a patent is issued, further, the
procedures for getting a patent in the United States assume secrecy from
the time of application until issuance.

To receive a patent an inventor must have produced something that is
“New” and “Useful”. Two hundred years of court cases and legislation
have tried to grapple with what these words mean. “Newness” has been so
difficult to define that an additional criteria “Nonobviousness” found its
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way into the law in 1952. Today an invention is “New” if there is no prior
invention which conflicts with the “new invention”; and, if it wasn’t
obvious to a “Person having ordinary skill in the art” - Mr. Phosita, in the
legal jargon. The “Usefulness” criteria is the juncture of the scientific
and patent criteria. An invention can be Useful only if it can operate to
perform its intended task, thus, an invention that violates the laws of
nature can’t operate -- hence it can’t be useful.

The scientific validity criteria in Figure 1 serve different needs in
science. If a phenomena is “well described” then scientists can use each
other's experiences without always having to repeat them, i.e., a good
“theory” compactly represents and extends limited experience. Absent
good “theory” the scientist must go back to the laboratory to find out
what was “really meant”. If he can’t perform your experiment, i.e., repeat
it, then he can’'t have confidence that he knows what your claimed
phenomena are.

To the extent there was any official application of “scientific” criteria to
the FPE it started with the commissioning on 24 April 1989 by the
Secretary of Energy, James D. Watkins, of a special assessment by the
Energy Research Advisory Board (ERAB)7. The ERAB assessment team was
to be formed and an interim report provided by 31 July 1989 with a final
report by 15 November 1989. A fuller, non-bureaucratic discussion of the
workings and reasoning of the ERAB team and the meaning of their report
is given in Huizengas.

Cold Fusion Patentability Assessment of the U.S. Patent and
Trademark Office

In his Annual Report for Fiscal Year 1992 the Commissioner of Patents and
Trademarks reported:
Emerging Technology - Cold Fusion
Although cold fusion has been the subject of much skepticism in the
scientific community, it continues to be an active area of research in the United
States and other countries. Since the concept of cold fusion has come into recent
prominence, over 200 applications mentioning it have been filed at the USPTO.
The USPTO has not issued a patent for any application claiming cold fusion or
claiming a process relying on cold fusion. These applications have been routinely

rejected under 35 U.S.C. 101 and/or 35 U.S.C. 112.
The basic position of the USPTO in making its rejections seems to be:
(1) the inventions can’'t be useful because the scientific community,
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particularly as summarized by the ERAB assessment team, has established

that there is no “cold fusion”, (35 U.S.C. 101);
(2) because there is no FPE, it is impossible in any specification to

describe the claimed invention in a manner which is enabling to one who is

skilled in the art.
description. (35 U.S.C.

112).

That is, no inventor is capable of writing an enabling

The USPTO may also be rejecting applications using a third argument:

(3) Any claims by the inventors for new apparatus and methods are
already to be found in the prior electrochemical art. Thus, all the claims
of the inventors are “obvious” being a mere repetition of prior invention
of electrochemists or other Mr. Phosita. As with (1) and (2) above this

logic depends upon the non-existence of an FPE.

If there is an FPE it would

be a surprising result and thus this foundation for rejection would not
stand.(35 U.S.C 102(exact duplication) or 35 U.S.C. 103(obvious

extension)).

Reprise of Some Experimental

Evidence of 1989 for the FPE

The following table lists papers based on data collected in 1989. They are
used to illustrate various features of the evidence produced but not

necessarily available in 1989.

labelled paragraphs that follow.

Each set of work is briefly discussed in the

—

Experiment-Reported- Exp. Start |Finished Excess + (Power)
FP1 . 10 Apr 89 NA March 89 KJ - MJ NA
Lewis, et al.10 - 17 Aug 89 |early Apr 89 early May 89 |zero 6% Pinput
Williams, et al.2 -23 Nov 89 | mid-Mar 89 late July 89 zero various

¢ 16 FPH calorimeters 17-26 Apr 89 |29 May 89 inconclusive |£5-10% of

Pinput

1 Isothermal calorimeter | 17 Apr 89 25 July 89 | zero < 1% Pipui
Amocoi2 -19 March 1990 Apr 89 18 Dec 89 50K]J < 1% Pinput

« Trial cell 0 Apr 89 June 89 KJ NA

» Trial cell 1 June 89 Aug 89 | KJ NA

« Closed, flow cell 2 | 24 Oct 89 18 Dec 89 | >50KJ +0.001W
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Fleischmann and Pons(FP). First, the FPE was described in a
“preliminary note”t that is a remarkably dense 7 pages and extraordinary
for its claims. It was written in one afternoon and to expedite
publication the authors never saw the final gailey proofs. it provided very
few details about the design of the electrochemical cells or other
information to educate experimenters in the subtlety of the experiment.
In particular, the duration of an experimental cycle and other crucial
information was not published in the scientific literature until FP’'s
paper? was submitted 21 December 1989. Note that FP had completed a
patent application, which remains publicly unavailable to this day, prior
to submission of their “preliminary note”t - which had been received by
the Journal of Electroanalytical Chemistry on 13 March 1989 and in
revised form 22 March 1989, all prior to the press conference.

Lewis, et al, CalTech. Lewis, et ai10 attempted replication of the FP
experiment but lacked detailed information about FP’s experimental
design. The California Institute of Technology Summer 1989 alumni
magazine Engineering & Science 11 contains the most detailed published
description of the design of the calorimeters and procedures used by
Lewis, et alé . It is not possible using the published record to do an
accurate comparative analysis of these attempted replications of the FP
experiments. It appears that the Lewis group never had an experimental
cycle longer than 18 days. Further, the quality and maturity of their
calorimeters, their experimental design, and the analysis of their results
make their published work of historical but not scientific interest in
establishing or rejecting the FPE. It is also worth noting that Lewis, et al
were highly visible11 in the popular press and were subjected to and
major participants in the pressures of the intense public relations
firestorm that had started on 23 March 1989.

Williams, et al2, Harwell. By reputation in the scientific community
Williams, et al2 at Harwell in England conducted the most careful and
complete replication trials of the FPE heat experiments. Their
‘replication” of the FP experiments using their sixteen Fleischmann-
Pons-Hawkins(FPH) calorimeters represented a very good first effort to
explore the parameters of electrode size, effects of light and heavy
water, different electrolytes, and extended measurement cycle times.

The FPH cells were operated for over 40 days throughout which period the
experimental team was under great pressure to complete the experiments,
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produce conclusions and ultimately provide a written report. This
pressure produced an immature understanding of the error characteristics
of their FPH cells. A second calorimeter, the isothermal or so-called
plutonium calorimeter, was also set up to measure heat produced in an
electrolytic cell of design radically different than those of FP. Although
much has been made of the measurement accuracy of this isothermal
calorimeter, there was only one such instrument in existence and the
detailed behavior of the installed electrochemical cell was never
researched. For example, the cell potentials in this cell seem
unaccountably low for the operating current densities used, particularly
when compared to the geometry and electrolyte of their FPH cells. As
with Lewis, et al., the Harwell group operated under extreme public
scrutiny and had little opportunity to revisit and reanalyze and mature
their instruments or procedures.

Amocot2, Non-public report of internal 1989 work. In March 1993
the Research Department of the Amoco Production Company provided us
with a copy of their internal report of work on the FPE they performed in
1989. Unlike most other research groups trying to do science under the
glare of publicity, the Amoco team was abie in 1989 to complete three
iterations of experimentation, learning in each iteration how to improve
and mature their experimental instruments and designs. The result of
their 24 Oct-18 Dec 1989 experiment showed that an FPE experiment in a
closed, flow calorimeter produced unaccountably large steady levels of
heat, as well as bursts of heat, at magnitudes 100 to 1000 times greater
than instrumental error. The cumulative net gain in energy was in excess
of S0KJ. Further, the tritium level in the electrolyte at experiment start
was 2.5 + 1.0 pcurie/mL, while at the end of the experiment this had
increased to 7.4 + 1.1 pcurie/mL; these results were achieved in a closed
calorimeter. A complete material accounting was carried out for the
water, palladium and lithium and essentially no materials were consumed
during the experiment. They note that had the experiment been terminated
in less than one month they would have failed to see the FPE. We are
urging Amoco to submit this work for publication in a scientific journal.

Summary and Observations

With the cooperation of Fleischmann & Pons, Harwell, Amoco and the
State of Utah’s National Cold Fusion Institute, we have obtained raw
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experimental data from FPE experiments performed in 1989. A
dispassionate and more leisurely analysis of that data shows that
additional, useful information can be extracted from these early data
sets. Results of our analyses will be published elsewhere. The 1989
conclusions and assertions about instrumental accuracy, presence or
absence of anomalous levels of heat, and the failed appreciation of the
subtle nature of these experiments can be seen in hindsight.

As observed by the Amoco researchers, patience was crucial to the
success of their experiments. In retrospect, the CalTech and Harwell
teams failed to produce “persons having ordinary skill in the art”. They
did not have the “teachings” of the FPE contained in the Utah patent
applications, nor did they spend the time to understand the subtleties of
the FPE experiments.

Attaining the level of skill to become a Mr. Phosita for the FPE in 1989
now seems beyond the reach of a group conducting crash experimentation
in the full glare of public scrutiny. The pressure to perform produced:

- experimental cycles that were too short -- CalTech;

- experimental cycles too lacking in guidance about the experiment
being replicated -- all experimenters, since the FP preliminary note! was
hurriedly produced and short on information for a new field;

- experiments too visible to produce mature, considered scientific
judgement -- ERAB panel which had an impossible set of deadlines and no
established FPE facts, and the CalTech and Harwell teams which operated
at full tilt for a short period without adequate contemplation time.

The 1989 attempts by the ERAB and other public review groups to discern
the “facts” of the FPE demonstrates how weak a process advisory panels
can be when faced with masses of “preliminary notes”, strict reporting
deadlines, anecdotal evidence from laboratory visits where experiments
are not actually in progress, and where debate is more informed by
passion than laboratory experience.

Based upon our evaluation of the 1989 experimental data sets made
available to us, we conclude:

+ There is a Fleischmann-Pons Effect.

- The experimental signature of the FPE is heat.
Further, we observe that:

* Refinements of the 1989 FPE experiments are producing
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experimental protocols and instruments that meet the most stringent
demands of science and possibly those of the patent system.

 Today, there is no “explanation” for the FPE, but from a patent
perspective - it simply doesn’t matter, so long as the inventions perform
as claimed.
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Abstract
The main issue before this conference can be stated as a simple question:

Question #1: Can large amounts of heat be generated at a significant
rate by Pd/D interaction as announced by Fleischmann
and Pons?

By now there have been many experimental resuits claiming to answer "yes" and which force us to

take that possibility very seriously. As used here the "large amounts" are much larger than can

possibly be explained by chemistry or metallurgy as known today. Up to now the only practical

Ev?ly of answering this question is by Pd/D calorimetry. That being so, a second question naturally
ollows.

Question #2: Are there any Pd/D calorimetric data sets extant which
are competent to clearly answer Question 1?7

It is shown why Pd/D calorimetry holds the answer, and why the answer to both questions is
probably "yes."
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Introduction

By now electrochemical Pd/D calorimetry has greatly advanced, both experimentally and in method
of analysis. In fact, key data sets from the past, if carefully documented, can be re-analyzed with
much enhanced insight. This is very important, especially for the experiments which have come to
determine national and international policy.

The main issue before this conference can be stated as a simple question:

Question #1: Can large amounts of heat be generated at a significant
rate by Pd/D interaction as announced by Fleischmann
and Pons?

By now there have been many experimental results claiming to answer "yes" and which force us to

take that possibility very seriously. As used here the "large amounts" are much larger than can

possibly be explained by chemistry or metallurgy as known today. Up to now the only practical

;vzhy of answering this question is by Pd/D calorimetry. That being so, a second question naturally
ollows.

Question #2: Are there any Pd/D calorimetric data sets extant which
are competent to clearly answer Question 17

There are indeed experiments which taken at face value do answer Question 1, with a resounding
"yes." However, because of the extreme significance of such an answer and the apparent difficulty
in nailing down all the parameters necessary to make the experiments repeatable, it may be
reasonable to expect scientists to be highly skeptical and require unusually high standards of proof.
Also, nature seems to have dealt us a case more profound and evasive than imagined at first. But
this should not be blamed on F/P or other researchers. The challenge to science is to solve the
case, with hard work and rational dialogue. We shouldn't allow such a smoke screen to be thrown
up that the answers can't be recognized even when they are found. We also must be careful that
our mouves are purely scientific.

To make our position clear at this point we offer two examples from a long list. Mike McKubrel
et. al, using closed cell electrochemical calorimetry both simple and accurate, found and confirmed
several times large amounts of excess heat. In their examples the largest total excess heat was 450
eV/atom normalized to the Pd lattice or to the D in the lattice at a loading taken as ~1.

In a completely independent set of experiments, Edmund Storms? found excess heat produced to
about 400 eV/Pd atom, in a different closed electrochemical calorimeter design. Before going to
other details, stop and focus on the implications of these numbers. Those implications are
profound and unavoidable! They must be faced by anyone interested in knowing the answer to
Question #1. Consider that the typical heat of formation of chemical compounds, say H20, is
1 eV/atom. For an exceptionally stable compound like Al203 it is about 3 eV/atom. The
maximum enthalpy you could store in a Pd lattice by work hardening or any other distortion is
about 0.2 eV/atom, the heat of melting. Thus the excess heat that has been produced is hundreds
of times that conceivable from chemistry or metallurgy as we know it.

This enormous excess heat production is the Fleischmann/Pons Effect, FPE. The signature of the
FPE is excess heat, and up to now the only practical way of answering Question #1 is by Pd/D
calorimetry. That makes the subject interesting indeed.

There are other examples of experiments which answer Question #1 with a clear "ves3:4,5.6,7.8.9 "

The two data sets that have been most used in deciding if the Fleischmann/Pons Effect. FPE, really
exists are the sets of F/P3 themselves and those of Harweill0. The F/P data sets are the very basis
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of the FPE in the first place. The Harwell data have been and are (correctly or not) used to argue
that there is no FPE. In the hope of clarifying the situation by giving an independent careful
evaluation of both calorimetric investigatons we have re-analyzed F/P and Harwell data. We have
been given a few sets of F/P raw data and all of the Harwell calorimetric data. While the resuits
will be published in much greater detail elsewhere, we make some points regarding the work here.
Having the advantage of later and improved analysis techniques, we hoped to discover more
detailed information and to improve the accuracy with which the results could be given. Perhaps at
higher accuracy we might even find excess heat where it hadn't been realized before or simply
agree or disagree with previous analyses, where they existed. In any case, both data sets would be
looked at from an independent and different point of view.

Below we report some of our findings using our own analysis of these key calorimetric
investigations. We also discuss the implications of these findings.

Some Analytical Details and Implications
General Comments

We submit as self-evident that in these matters experimental observation must always have the last
word. And indeed it will. Since nothing involving human reasoning is absolute, it is a matter of
individual opinion as to when "yes" is proven by observation. Proving the answer to be "no" is a
much more difficult subject. An observation that simply fails to answer “yes" (call it "negative")
does not answer "no." It simply gives no answer at all. Failing to catch a fish from a favorite trout
stream on a particular outing says essentially nothing about the total absence of fish in the stream.
All active researchers doing calorimetry have negative results, and that will probably continue until
details are worked out. It is absurd to suggest that Question 1 be answered by taking a tally of the
number of positive and negative results. Yet simple negative results have been taken as convincing
evidence that the F/P effect does not exist. And current patent and funding policies are driven by a
few negative results. Therefore it is extremely important that calorimetric results be examined
closely.

We reexamined some of the F/P raw data taken by them and loaned to usll. We have also
examined the performance of duplicates of the F/P silvered cells. We had these cells made to the
original specs by the same company that made them for F/P. The purpose of this endeavor was to
independently evaluate the F/P data and cells by our own analytic techniques. The importance of
clarifying the validity of the F/P results would be hard to overstate.

We also obtained the raw data of the Harwell electrochemical experiments, as well as the
notebooks. These data were examined to increase, if possible, the information obtained from their
analysis!2, We present some of our findings below. This work is not yet completely finished.

Hopefully we have also advanced the state-of-the-art in this type of calorimetry. For example, we
show that the F/P silvered cells can be accurate as high as 90 C or so. We examine the question of
blackbody radiation in the cell system. We examine the matter of temperature uniformity within the
F/P cells, which was such a debated point early on, and actually measure the fraction of the heat
flux that actually goes out the top of typical F/P cells. We also use new statistical procedures in
attempts to maximize the information extraction from the data. Some of these data have been taken
by us using our own F/P type cells.

Numerical examples of F/P and Harwell results

In keeping with the purpose of this short paper to discuss the validity of F/P type calorimetry in an
overall sense, two examples of real data sets will be examined, i.e. an example of F/P silvered cell
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raw data and raw data from a Harwell run. The data are original and used by permission from F/P
and Harwell. The emphasis here in this paper is not to investigate excess heat claims, but to
demonstrate our analysis of real data. Both the consistency of the data set and the appropriateness
of our method of analysis are being tested.

First consider an F/P data set that is run in the usual way but with a Pt cathode giving no excess
heat. There are no heat pulses at ail for calibration, yet we shail see that our methods still analyze
the data very well. The temperature and voltage of the cell are shown in Fig. 1. In the first part of
the analysis we took the excess heat as small (the exact value doesn't matter for now) and the cell
mass as 5.3 moles water equivalent. We then calculated Kc assuming Kr = 5.5 E-10. Since the
model fails at water refills and when the temperature gets too high, a few computed Kc values will
be bad at these times. The bad points are obvious. These oudier points are removed. A linear
regression analysis is then run with the cleaned up data set to determine excess heat, heat
conduction constant and moles of water equivalent heat capacity (Qf, Kc, and M) simultaneously
over the whole data set. Kr is fixed at 5.5 E-10. Each quantity is obtained as a single number
which is an average. The Qf is indeed found to be zero within less than 20 milliwatts, and Kc and
M are physically reasonable. In fact, we calculated Qf, Ke and M for fifty different regions,
obtained from time zero to fifty different times 100 minutes apart from 10,000 minutes to the very
end of the data set. IQflmin was near zero and IQflmax was 3.8 E-02 watt. The mean Qf was
-1.2 E-02 watt. These numbers indicate the systematic error because we already know the real
answer is zero. Relating the accuracy to the 5 watt input to this cell, the mean deviation from zero
is -0.24% of the power. We do not take this value as the final calculated Qf, however, because we
wish to see excess power as a function of time. Kc is then recalculated at every point with Qf and
M held fixed. The result is plotted in Fig. 2. This is the real Kc of the cell as a function of time at
all points where Qf is essentially zero, which is everywhere for this cell. The sawtooth variation is
due to the daily change in electrolyte level. But the daily average of Kc is nearly constant. Kc X
AT is about 9% of the heat transfer due to both radiation and conduction. In Fig. 3 is shown the
calculated excess heat assuming a fixed average Kc. We call it oneKcQ to avoid confusion with
Qf. The sawtooth variation here is pot real, but shows up this way because of the K¢ variation.
Now the oneKcQ sawtooth variation could be modeled and thereby nearly eliminated, but it isn't
worth the effort. The standard deviation, std, for the Qf data set is only 20 milliwatts including the
sawtooth variations, and systematic uncertainties that can't be eliminated are about that same
amount. Note that the average total input power for this run is roughly 4-5 watts. Also, as we
shall see with the next set of data, when there is a deviaton such as a heat pulse, it stands out
superimposed on the sawtooth shape and is easily seen. So we see that we can analyze the data to
better than 0.5-1% of input power and can see odd pulses to even higher sensitivity, depending on
where they show up.

By a similar procedure, but somewhat different, we have analyzed the Harwell data. Here the cell
has a Pd cathode in D20 + LiOD, and it is designed to produce heat to test for the F/P effect.
There are also many heater pulses and electrolytic current pulses. In Fig. 4 where we show our
determination of oneKcQ + H (H is the power of an imposed heater pulse), the actual heater pulses
are included on the baseline for reference. Note that H is included as an unknown in the analysis
s0 as to see how well we do. Since the heat pulse calibrations were made with a full cell, the zero
baseline should go through the oneKcQ curve at a time when the cell is full. Positive deviation
along the typical slope until refill is due entirely to change in Kc due to lowering electrolyte level.
It appears that the data are unreliable from about 7000 to about 18000 minutes. In the Harwell
notebooks a "faulty power supply" is mentioned at this time. Thus the reason for the big dip near
the beginning is due to cell malfunction. Even here, however, heater pulses are seen and
accurately analyzed, implying that short heat bursts would also be seen. At later times the data are
reasonable. Accuracies of about 20 milliwatts (here that is 2%) can be expected in the best regions
but this degrades to 60 milliwatts or even 100 milliwatts in other regions (see pulse 8 for example).
Total heat power is about 1 wart here, so that + 20 milliwatts corresponds to + 2%.

11-4



Results of studies of some key calorimetric problems

First consider the problem of temperature uniformity within the F/P silvered cells. Actually our
studies were within our own copies of the silvered cells, made into our own calorimeters. At an
electrolysis current of 0.4 amps temperature differences were measured at various pairs of
locations with vertical and horizontal separations with a difference thermocouple. In summary,
differences of two or three hundredths of a degree were typical. During a heater pulse of 0.3 watt,
a bias of up to 0.1 degree was found across the cell from heater to thermometer. Further, a 0.1
degree error was found to change the calculated excess heat, Qf, by 0.016 watt when a 0.3 watt
heat pulse was involved at a 3 watt heat transfer output power or an error of about 1/2%. Actually
the maximum observed error would be more like 1/4% because the effective cell temperature was
probably close to the mean of the two extremes, making the error itself only about 0.05 degree.
These temperature differences, while larger than the reported 0.01 degree, are not a serious
problem in our F/P type silvered cells.

There are two types of heat transfer out of the cells besides that due to mass flow. Most of the heat
transfer is by radiation. Recall that radiation power is Kr x (T4l - T*bath) and heat conduction
power is K¢ X (Teell-Troom). For one of our typical cells, we have measured Kr at 6.0 E-10 with
Kc = 0.0055. Given our measured values for Kr, Kc, Tceit, Tbath, and Troom, We compute that
6.9% of the heat is out the top. That means the heat conduction through the top of the cell is about
6.9% of the total heat transfer. Most of that conduction is due to the glass with silver coating plus
the wires. In our case we use a plastic foam stopper instead of the Kel-F stopper used by F/P, and
the wires are at a practical minimum in thermal and electrical conductivity, and the Kc out the top
was measured by fitting an environment controlling hood over the top part of the cell and
controlling its temperature separately.

Another important point that needs to be cleared up is the often heard suggestion that several cells
in a water bath may be "talking" to each other radiatively because they are transparent. It has also
been suggested that hot spots on the cathode might be seen by an infrared thermogram. We have
examined these possibilities quantitatively. We have calculated blackbody curves up to 600 K.
We have also measured the transmittance of laboratory pyrex, light water, and heavy water. The
results show clearly that the cell electrolyte, pyrex walls, and water bath are all opaque to the
calculated thermal radiation. Details are given elsewherell. Of course if there are hot spots so hot
that they have appreciable radiation in the near infrared or the visible they could be seen. But this
would require a temperature considerably higher than 600 K.

Time constant effects are important in calorimetry. The radiative heat transfer has the advantage
that only the glass walls are involved so long as the contents are "well stirred.” Experience shows
that the typical tme constant from this point of view is only a few minutes at most. This gives a
great advantage to this type of calorimetry because it is so responsive. By the way, the water bath
must also be well stirred to prevent temperature gradients at the cell surface. Conduction out the
top of the cell is another matter. It can have a long time constant. However, since Kc is only ca.
7% of the Kr + Kc transfer, a larger error in the process can be tolerated. In fact, if a simple
temperature controlled hood is used on the upper half of the silvered top and the hood kept close to
the cell temp, say within 3 degrees for a 30 degree (Tcell - Thath), the effect of conduction out the
top is reduced by another order of magnitude to 0.7% which is essentially negligible.

A final effect which we discuss here is that of atmospheric pressure for these open cells. The cells
are versatile in that they can be used at widely varving temperatures, even approaching 90 C. At
the higher temperature evaporation is an important factor, and depends on atmospheric pressure
and equilibrium mixing. We have found that our modeling equations work weli to 90 C, as shown
in the F/P cell data given below, but the atmospheric pressure need have only modest accuracy at
low temperatures (say <50 C) but must be known to about 5% at 75 C.

11-5



Conclusions

After a great deal of experience working with F/P data, modeling the calorimeters, and physically
using electrochemical calorimeters like the F/P silvered cells, we have found that they are easily
capable of 1% accuracy when care is taken and all experimental details are available for the
analysis. They can be used to 90 C. Temperature uniformity is adequate, and intercell radiadon is
not a problem. The cells are rather inexpensive and versatile. All this is a variance with the
common wisdom of 1989. Our analysis methods take no shortcuts but can be run in minutes on a
workstation once programmed.

We have applied these analysis techniques to the Harwell FPH electrolytic calorimetry cells. The
Harwell FPH cells are not as accurate as the F/P type cells, but over considerable time segments of
their operation their accuracy can be reliably characterized. The accuracy bounds that we have
estimated are about 2-3% of input power, which is a tighter estimate than derived using Harwell's
analysis techniques. We have also determined that the detection of heat pulses above a certain size
can be accomplished with the Harwell FPH cells. There are instances, as we reported at ICCF3 in
Nagoya in October 1992, where such excess heat pulses are seen. Analysis is continuing of these
cells to determine the total excess energy represented by these observed heat pulses.

The excess heat found in the Harwell FPH cells, as we currently understand it, is not definitive
with respect to the Fleischmann/Pons Effect, FPE. On the other hand, the Harwell results in no
way disprove the FPE. With the luxury of hindsight we now see that Harwell would not have
been expected to produce significant excess heat in almost all of their cells because of low current
densities, low levels of D loading into the Pd, and other choices in their experimental design.
Scientsts have no business using the Harwell data as a "no" answer to Question 1!
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Abstract and Conclusions.

This paper presents Macro-Principles which permit prediction
of the Excess-Power-density developed in Pd-D crystal lattices.
The principles are stated in terms of three state properties which
can be measured and controlled, and other conventional
thermodynamic and heat transfer properties. The 3 state properties
of the lattice are composition, temperature and deuterium chemical
potential. '

The principles are independent of the details of the heat
producing collision events. They consider (a) that the events
occur in the course of collisions of a given deuterium entity with
another entity in the lattice, (b) that the collisions occur as a
consequence of the Jjumping of the hydrogen isotope from one
interstitial position to another, and (c) that the jumps and
collisions are triggered by the state of internal energy in the
lattice.

We present previously published experimental evidence that the
effect of temperature on excess heat production has the predicted
trend. Simulations of the excess heat, produced by varying the 3
state properties and two heat transfer properties, are also
consistent with experimental results.

The simulations also explain the very large excess power
density obtained during forced-to-boiling tests.

The principles are believed to offer a plausible explanation
of heat bursts, and runaway temperature accompanying excess heat
produced during electrolysis.

The principles predict achievable conditions which will

produce excess power at commercially competitive densities. These
predictions should permit a leap into practical applications.
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Background

This paper presents and substantiates macro-principles which
can be used for quantitatively predicting excess heat in palladium-
deuterium systems. The principles are termed "macro-principles"
since they depend only on macro-properties which can be measured
and controlled.

The principles are consistent with thermodynamics, metallurgy,
diffusion technology, and heat-transfer technologies. They do not
depend on a detailed understanding of the micro-events which
produce the heat.

The principles show that the excess heat (which we shall call
X-Heat) depends on the crystal lattice state properties: its
composition, the lattice temperature, and the deuterium chemical

potential. Investigators are urged to measure at least two of
them; the third is dependent on the other two.

Other Metals and Other Deuterium Sources.

The specific corroborating data are for palladium-deuterium
electrolytic systems. But the reader will note that other metal-
hydrogen systems have internal energy characteristics similar to
those of Pd/H. And other metal systems are not limited to the low
temperature hydrogen-rich phases to which the Pd/H system is
restricted.

The reader will also note that the principles presented deal
with the interaction of hydrogen entities with the lattice after
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the entities have entered the lattice. The external source of the
hydrogen entities is not significant. It may just as easily have
been deuterium gas, or implantation by other sources as by
electrolysis.

X-Heat-Power-Density Target for Competitive Commercial Costs.

An economic analysis not included in this paper has been
conducted. It shows that for the Pd/D system, an X-power-density
in the range of kilowatts/cm."3 is required for energy costs
competitive with natural gas.

Postulates.

The principles follow naturally from the following postulates:

a. excess power is produced in the palladium-deuterium
systen,
b. that the excess power density may be far higher than
can be explained by known chemical, or metallurgical
reactions;

that the heat producing events:
C. occur in a metal lattice which contains many deuterium
entities in its interstices.
d. occur when a deuterium entity collides with or closely
approaches another entity which may also be deuterium.
e. are triggered in the course of the jumping of these
particles at energy levels characteristic of the lattice
when it has the system's given state properties;

and that:
f. the same heat producing events will always occur in a
system of a given composition, given quality and having
given state properties.

Baseline Work.

The experimental work which has been performed by workers in
the field of "cold-fusion" 1includes a large variety of test
equipment, materials, material preparation, times, pressures,
temperatures and analysis techniques. To permit focussed thinking
we choose a "baseline" set of conditions to develop the theory.
Later we will extend the pattern to other than baseline conditions.

Our selected baseline (1) is for X-Heat produced:
-in the course of electrolysis controlled to constant current
density,
-using a palladium cathode and a deuterium solute in a Fleischmann
and Pons type cell, or an egquivalent closed cell,
-using a long time soaking after the nominal "filling time" for
diffusion.
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List of Macro-Principles:
Three principles are presented.
1. The X-Heat Production Equation.
2. Producing Desired State Properties; Limits of Nature.
3. Effect of Heat Transfer on the Lattice Temperature.

The first principle is proposed for use with X-Heat and rests
on two independent bases: the logic of its derivation, and its
consistency with experiment. The next two principles are adapted
from well-developed technologies. The combined use of all three is
essential for predicting X-Heat

Much additional investigation of the macro-principles is in

order. We hope that other investigators will independently
evaluate and improve upon them.

1. First Macro-Principle. The X-Heat Production Equation.?
The Thermodynamic Force.

The lattice consists of particles making up the lattice
itself, say palladium, and small particles in the interstices, say
hydrogen. Both types of particles are vibrating, with an energy
distribution and an average energy, characteristic of the
temperature. In addition, the hydrogen particles in the
interstices jump from one interstice to another at an average
frequency also characteristic of the temperature. In hydrogen-
palladium at room temperature, the average jump frequency is in the
range of billions per second.

In accordance with postulate d, a collision or close approach
of a given particle of hydrogen to another particle may
occur during a jump. (We shall use the term collision to apply
also to a close approach.) A collision may result in changes of
the electron structure of the two particles (a chemical reaction),
or changes in the nuclei (a nuclear reaction).

The characteristics of the jumps also determine the rate of
hydrogen mass movement, or diffusion, through the lattice (2).
Therefore at the beginning of each hydrogen jump, when the hydrogen

'. The symbol [~] is used for exponentiation. Example:

cm. 3 is cubic centimeters.
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is not yet close to a colliding particle, the jump characteristics
are independent of which of the three options will occur; the

diffusion, a chemical reaction, or a nuclear reaction. In the
following development we consider "these three options as two
groups: the movement of mass (diffusion), and the collision

reactions (chemical or nuclear).

The following thought process 1is usually successful in
developing rate equations. One thinks of the rate of the reaction
as a "flux". One then selects a characteristic of the process as
a "theromodynamic-force" (or thermo-force) which causes the flux.
This may not be a newtonian force. A measure of the "free energy"
(or equivalently, the entropy) of the system is selected. The
thermo-force at time t, is proportional to the difference between
the measure of the free energy at that time, and the free energy
when the system reaction is complete.

In the appendix, we relate our choice of a thermo-force with
the formalism of the "Thermodynamics of Ongoing Processes".

We select the hydrogen chemical potential, as the (scalar)
"thermo-force" for a collision reaction. It is the same thermo-
force which assists the jumps in diffusion (see appendix), except
that it is not biased in any direction. This type of "force" is
commonly used by thermodynamicists. For example:

Callen (3) summarizes the use of chemical potential,

"... we shall see that the chemical potential provides the

generalized force not only for the flow of matter from point

to point but also for its changes of phase and for chemical
reactions. The chemical potential thus plays a dominant role
in theoretical chemistry."

Lewis and Randall (4) make a similar statement.

The choice also follows directly from the definition of
chemical potential. The chemical potential of a particle is the
amount of free energy change in the lattice which occurs when the
particle is moved from infinity into the 1lattice. This change
requires the application of a thermo-force. If the driving thermo-
force were removed, the hydrogen would tend to escape. The driving
thermo-force is the chemical potential. Within the lattice the
chemical potential of the hydrogen represents the interaction

between the particle and the remainder of the lattice system. It

can be thought of as a repulsive newtonian force, which assists
each jump.

The Equation.
In general, J =L X (1-1) .
where, for a reaction, the flux J is the change in mass per unit

time per initial mole of a reacting substance. X is the thermo-
force (u« in this case) and L is a rate factor which may be
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temperature dependent, and whose dimensions are to be determined
for each phenomenon. We now make several substitutions in equation
(1-1).

Assume that a given number of jumps produces a specific number
of heat-producing events. Then the total rate of X-Heat production
per mole of reacting substance is proportional to J.

We define J, as the total (X-Heat) energy produced by the
system per second, and M as the mass of Deuterium in the active
part of the system. ("active" will be discussed shortly) Then
Jp/M is proportional to the J in equation (1-1).

The rate factor "L" in equation 1-1 must be proportional to
the average rate of jumping, or the fregquency, f.

Equation (1-1) now becomes
Jd, =K, M £ u - (1-2)
where K; is a proportionality constant.

We make two additional substitutions for convenience. We
replace M by (C4) (Veq), wWhere C4 is the deuterium concentration in
gm./cm.’, and Vpq is the system active Pd volume in cm.’. We then
replace the C, by K,(D/Pd), where D/Pd is the atom ratio of
deuterium to palladium.

Shewmon (2) shows that for diffusion, the jump fredquency is
proportional to the diffusivity, D, which has dimensions of
cm. /sec. (Note that we underline the D for diffusivity to
distinguish it from D, for a deuterium entity.)

We substitute (K, D) for the f. The temperature coefficient
of D will be discussed subsequently.

Equation (1-2) now becomes:

Jp/V = K (D/Pd) (D) u (1-3)
where K is a dimensional constant having dimensions of moles/cm. "5,
a product of K,;, K,, and K;. The "V" is an abbreviation of V4, the
active volume.

Equation (1-3) will be called the X-heat Production Eguation.

A Bridgman-type dimensional analysis of egquation 1-3 (35),
indicates consistency with dimensional rules. This consistency
shows that in addition to both sides of the equation having the
same dimensions,

(a.) The equation will not change form as units are changed,

and

(b.) The dimensions of the dimensional constant K, are

traceable to substitution of identities or the stated relation

between f and D.
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For convenience in calculating the diffusivity, D, we present
a well-known relationship between D and temperature.
The numbers are based on tests for alpha hydrogen-palladium over a
range of temperatures.(6) Data for the beta phase are sparse. One
investigator reports beta D values which are the same as the alpha;
another reports beta D an order of magnitude larger than the alpha
D. '

D = D, exp (-Q/RT) (1-4)
where the D and the D, are in cm.’/sec, Q is the activation energy
in calories per mole, R is the gas constant in calories per mole
per degree K, and T is the absolute temperature. D, = 0.0095, Q =
6500, and R = 1.98.

The exponential part of equation (1-4) is identical to the
exponential portion of the Arrhenius equation for chemical reaction
rates, and the exponential portion of the Boltzmann distribution of
energy vs temperature. (7)

The equation (1-4) component of the X-heat production equation
(1-3) produces a very strong temperature effect. It is augmented
by the appearance of the temperature as a linear effect in the
chemical potential. (u = R T L,a, where a is the activity.)

We used the term "active volume" in defining the "V" in
equation (1-2). We use the term to mainain generality. The active
volume is the region of the host where significant X-heat is
generated. 1Its location in the host must be established for each
population of similar experiments. The present authors' analysis
of the Fleischmann and Pons experiments will be presented. It
clearly establishes an active volume throughout the bulk. Other
experiments may represent near-surface active locations, or other
non-uniform X-heat sources. But it is believed that the laws of X-
heat production and heat transfer will still apply. And, of
course, proof of the validity of the principles depends on
consistency with past valid experiments, and its success in
extrapolating to new conditions.

2. Second Macro-Principle. Producing Desired
State Properties; Limits of Nature.
(Equivalence of Electrolytic and Gas Loading.)

Identifying C, P, and T Properties.
Equation (1-3) determines X-heat density as a function of 3

variables, C, P, and T. C is the composition (the D/Pd), T is the
lattice (or host) temperature in Kelvin (included in the D and u),
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and P is the chemical potential, x, in joules/mole, as previously
defined in section 1.

Expressions for Chemical Potential. Equivalence of Electrolytic
and Gas Loading.

The chemical potential of H in a Pd host, u, can be expressed
as u-u, = R T L,a. (Darken & Gurry, 26, p. 211), where a is the H's
activity. The ;g.is the chemical potential in the standard state,
generally 1 atmosphere. (The i, is frequently omitted as we have
done earlier in this paper; but it is always implied.)

Hydrogen enters the solid solution via the immediate
surroundings of the host. In the immediate surroundings, the
chemical potential is determined by the characteristics of the
fluid, and in the case of an electrolyte, by its electrode
potential.

For electrolytic loading the hydrogen chemical potential is
u=us = (F E) (2-1)
where F is a Faraday, 96,500 coulombs per gram mole, and E is the
electrode potential compared to a standard hydrogen electrode in
its standard state.

For gas pressure loading the chemical potential of hydrogen in
the H, gas is

u=uo = {(1/2) R T L, P/Po}, (2-2)
where P is the hydrogen gas partial pressure in atmospheres, and
the standard state pressure, Po, is 1 atmosphere. This equivalence
of electrolytic and gas loading has been shown, (Lewis, 6, p. 34)
by a number of workers. It is important. Apparently any system
state in the lattice can be attained by either kind of loading.
And for a given state of the lattice, there is no reason to think
that any diffusion or reaction will be any different, whether the
lattice is electrolytically or gas loaded.

The "Surroundings" Impose State Properties.

At the start of loading, the interior of the host has no
hydrogen and its hydrogen activity is therefore zero. The
surroundings are at a high activity as determined by the electrode
potential or gas pressure. The H is forced to diffuse into the
lattice until its interior chemical potential is the same as it is
in the surroundings. As the surroundings are varied, such as by
changes in the electrode potential, the interior will follow after
a lag. This is one important function of the surroundings; pumping
in the hydrogen and establishing its activity.
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"Surroundings" have Strong Effect on the Lattice Temperature.

The other major X-heat related function of the surroundings is
to adjust the rate at which X-heat is reméved from the host. This
is not a passive effect; nor is it trivial. The heat transfer
properties of the surroundings vary over a wide range. This will
have a very major effect on the rate of X-heat production. This

will be discussed subsequently.
Phase and CPT Diagrams. CPT-Space. Limits and Dependencies.

The values of C, P and T cannot be arbitrarily determined.
The concentration cannot exceed a maximum value determined by the
temperature and chemical potential. And the 3 variables are not
independent. When two are known, the third is fixed.

FIGURE 2-1.
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Figure 2-1 shows a phase diagram for Pd-H as a function of the
concentration, pressure and temperature. (8) It is useful to
consider the diagram's 3-dimensional space as "CPT-Space". The
curved surface (to be called the "sSurface of the solid zone") is
the surface in CPT-space where the solid and gas can co-exist at
equilibrium. Surfaces are also shown where the alpha and beta
phases co-exist. Although the position of the boundary surfaces
represent equilibrium, similar boundary surfaces exist for a
changing system. These changing-system surfaces are at somewhat
different locations than shown, corresponding to a time lag for the
phase changes. The "solid zone" in CPT space (the space under the
curved surface) represents the range available for X-heat
production.

A pressure scale is shown on figure 2-1, representing the
"force" for gas loading. For electrolytic loading this scale is
replaced by the cathode electrode potential, with the equivalence
previously shown in equations 2-1 and 2-2.

FIGURE 2-2.
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Figure 2-2 is a "CPT Isothermal" diagram. (9) Each of the
family of lines shown correspond to horizontal planes in Figure
2-1. It is apparent that if two of the CPT variables are known,
the third can be determined from this diagram. The ordinate of
this diagram is Log P. The ordinate may also be chemical potential
or electrode potential.

These figures are for the Pd/H system. The corresponding
figures for the Pd/D system will be similar. But the state
properties will be somewhat different. Lewis (6) has data useful
to correct these diagrams for deuterium.

Calculating K in equation 1-3.

If the X-heat is measured during a test, and the rate of
change is small enough so that C, P, and T are approximately
steady, and if two or all of the CPT variables are measured, K can
be calculated. If only two are measured, the third is determined
from a figure 2-2 type diagram.

3. X-Heat Production Curves

If one were able to load a host to a given D/Pd, maintain the
concentration constant, and then increase the host's temperature,
how would the X-heat change with temperature? The Production
Equation (1-3) answer to this question is shown in Figure 3-1 for
D/Pd's of 0.4, 0.8 and 1.0. Recall for a given D/Pd, that Figure
2-2 shows that the chemical potential, «, must change as the
temperature changes. This change is incorporated into each curve
of Figure 3-1. The temperature effect is very large; it is
probably the largest controllable variable in producing X-heat.

However, in electrolysis, one does not directly control the
D/Pd. The family of lines in Figure 3-1 is still an important
guideline for the relationship, but one will move from line to line
as the D/Pd changes.

There are two kinds of limits which dictate how much of the
production curves can actually be used. First, the CPT must lie
within the solid-zone in CPT-space, as shown in the previous
section. Second, for electrolysis, the temperature must be below
boiling.

For the higher D/Pd's in Figure 3-1 (0.8 and 1.0) 100 C cannot

be exceeded for both the above reasons. The dashed lines in this
figure indicate this.
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On the other hand, a glance at Figure 2-1 shows that for a
D/Pd of 0.4, temperatures can reach into the 400 to 600 C range and
remain in the solid zone of CPT-space. And from Figure 3-1 we note
that X-power-densities well into the commercial target range of
Kilowatts/cm. 3 are achieved at the 0.4 D/Pd.

The Fleischmann and Pons electrolyses which are forced to
boiling (10) show, prior to boiling, the amounts of X-heat produced
during electrolysis of presumably high D/Pd cathodes. This is
followed by transition to a "dry-cathode" at a much higher
temperature and X-Heat. This will be shown later.

The heat production curves alone do not tell us at what
temperature and X-power a specific experiment will operate. These
are determined by the interaction of the cathode's (or host's) X-
heat production and its heat loss. This will now be discussed.

4. Third Macro-Principle. Effect of Heat Transfer
On the Lattice Temperature.
Steady, Rising and Falling X-Heat and Temperatures.

X-Heat Fluctuations.

As previously stated, the heat transfer mechanism plays much
more than a passive role in transmitting X-heat. The mechanism is
a prime mover in determining the rate of X-heat production, and its
fluctuations.

Many investigators have encountered very large variations in
the rate of X-heat production. The first paper by Fleischmann and
Pons (1l1) warned of the danger of ignition, referring to what was
evidently a temperature runaway. Clue: The sample which had the
runaway was by far the lowest surface/volume ratio of those tested.

Many workers have experienced very large X-heat bursts of long
or short duration, where the heat rate was increased as much as 40
times the previous average steady value (12). McKubre (18)
mentions the usefulness of aluminum or silica in assisting X-heat
presumably due to the formation of a film on the cathode (and
presumably a large change in rate of heat transfer).

A more '"normal" occurrence is the production of more X-heat
with fully-loaded large diameter cathode rods than with fully-
loaded small cathode rods at the same current densities even though
times for complete loading are used for both.

Assume that the rate of X-heat causing events is represented
by the Figure 3-1 curves. Then the above and other anomalies can
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be explained by well known characteristics of the heat transfer
from the cathode and from the electrolytic cell.

A Clue in the Shape of the X-heat Production Curves.

Consider any of the curves in Figure 3-1. If the cathode
producing X-heat were perfectly thermally insulated and therefore
transmitted no heat, all the X-heat would be used to increase the
cathode temperature. Each higher temperature would produce more
heat, which would produce a higher temperature, etc. The effect
accelerates with increasing temperature because of the rapidly
increasing slope of the curve. This is an unstable positive
feedback which produces a runaway temperature. Of course this is
an extreme case. But even the normal range of heat transfer
characteristics produces large X-heat effects because of the
exponential shape of the production curve.

The Heat Transfer Laws.

The electrolytic cells in use for producing X-heat have three
zones of interest to us, each at a uniform temperature: a reference
reservoir or bath, the electrolyte or "cell", and the cathode.
During X-heat production, the cathode has the highest temperature,
the "cell" next, and the bath the lowest.

A sharp temperature change occurs across the two relatively
thin layers separating these zones. Experience has shown that the
rate of heat transfer between two of the adjacent zones is a
function of the difference in temperature between zones, of the
area of the separating layer, and of an experimentally determined
characteristic called the "heat transfer coefficient".

First consider the heat transfer rate from the cell to the
bath. Two common equations are:

Pout= A Kc (Tcell-Tbath) (4-1)

Pout= A Kr (Tcell‘' - Tbath') (4-2).
Pout is heat transfer out, watts, and "A Kc" or "A Kr" are the
"cell constant." A is the surface area of the cell periphery, Kc

and Kr are the heat transfer coefficients, and T is the absolute
temperature. Equation 4-1 is generally termed "Newton's Law of
Cooling” and applies when the principal heat transfer is by
convection. Equation 4-2 is used when the principal transfer is by
radiation. Calorimeters using conduction transfer have also been
used. Such calorimeters require a corresponding equation with the
temperature gradient as the temperature function.

In all cases, the experimental calibration produces a graph of
Pout vs. the temperature function.

A wide range of cell designs and materials are in use
producing a wide range of cell constants. For example, the scatter



in cell temperature of 5 investigators using a bath temperature of
30 C, and an output power of 2 watts, was from 33 to 60 C. This is
a large difference. This 1is one of several reasons for wide
scatter of the X-heat produced by different investigators at the
same current density.

Next, consider the heat transfer from the cathode to the cell.
The Newton's law of cooling type equation is:

J = A h (Tcathode-Tcell) (4-3), or

J/Vc = (A/Vc) h (Tcathode-Tcell) (4-4).
J is the total rate of heat flow from the cathode, A is the surface
area of the cathode, h is the heat transfer coefficient, and Vc is
the active volume of the cathode.

The cathode temperature is not generally measured or reported,
and the corresonding h therefore can not be calculated. This
measurement is sorely missed in the use of equation 1-3 for X-Power
density, and for the calculation of the "h". The "h" is a very
sensitive indicator of important effects. But even when h is not
known, we can still arrive at important conclusions by calculating
effects of a range of "h" corresponding to a 1likely range of
values. Measuring cathode temperatures is not easy; but the data
are worth a struggle.

Figure 4-1 is a plot of equation 4-4. The ordinate is the X-
Power density transported from the cathode, as a function of the
cathode temperature. We select equation 4-4 rather than 4-3 to
match the scales of the heat production curves, Figure 3-1.
Although a single line is shown, it represents a family, for which
both the Tcell and the slope will vary over a wide range. The
slope changes as the cathode surface-area/volume ratio and the "h"
change.

Stability and Heat Flow. Combining X-heat-Production-Curves aand
Heat Transfer Line.

We now have sufficient information to determine the cathode
temperature and X-power production at a steady state. We determine
these quantities by comparing the rate of X-heat production for a
range of temperatures, Figure 3-1, with the rate of heat transfer
of the same temperature range, Figure 4-1.

This is illustrated in figure 4-2. At any temperature, T, we
know both the rates of X-heat production and transport. The
difference between the two rates corresponds to the rate at which
the cathode temperature changes. At point "S", this difference is
zero and the temperature is stable.

At a temperature below S, more X-heat is being produced than

transported, and the cathode temperature is rising. Similarly, at
temperatures above "S", the temperature is falling.
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FIGURE 4-1.
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A Five Variable Simulation.

The five numbered variables identified in figure 4-2, are
necessary to determine the quantities just discussed. We use a
digital simulation which combines the variables to calculate the
corresponding stable temperature and X-heat rate.

Using the Macro-Principles.
The foregoing presentation permits use of the Principles for

rational system design and economic analysis. Investigators are
urged to evaluate their validity and improve them.

5. Some 014" pData. Baseline and Non-Baseline.

We first treat some data presented by Fleischmann and Pons
(F&P) in 1989 and 1990 (11,12). In Figure 5-1, on two scales, we
show data for "baseline" tests, of 10 cm. long rods of 3 diameters,
0.1, 0.2 and 0.4 cm., and 6 current densities. The times of
soaking at each current densities, were not reported in their
papers. But general statements made by F&P indicate that the times
used are much longer than the time required for fully loading the
rod. (In their '90 paper, F&P state that they used a mean soaking
time of 3 months. Their verbal statements at public meetings are
"more than 72 days" (13) and "hundreds of hours, Time grows as
square of the diameter. For 1, 2 and 4 mm.: 1-2 days, 1 week, 1
month" (14) )

In Figure 5-2, we show F&P data for 0.4 cm. dia., which we
term "Non-Baseline" tests. We assume from the results, these are
a different batch of material from other tests reported in the same
papers. The Non-Baseline results were shown on Figure 5-1 as the
dotted line, to be compared with the 0.4 diameter "baseline" data
shown on the same figure. This dotted line shows a threshold of
about 45 Ma./cm. 2. Presumably the threshold and shift of these
tests are due to material defects which permit some D leakage from
the surface. We present them to aid the reader in independently
checking our conclusion that the analysis which follows is not
contradicted by their presence.

In Figure 5-1, there are two dramatic trends: First, ;t a
given rod diameter, the X-Power increases with current density,
with the rate accelerating with higher currents. Second, for a

given current density there is a large X-Power increase with
diameter, with this increase accelerating in the larger diameters.
The X-Power increase with diameter appears to be roughly
proportional to the volume. F&P used the term "Specific Excess
Heat Rate" (X-Power per unit volume) to express this thought. This
volume (or bulk) effect is part of the story, but not all of it.
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In Figure 5-3 we plot the "relative" X-Power-density versus
diameter. The term "relative" refers to the ratio of each X-Power-
density to the X-Power-density of the 0.1 cm. diameter rods at the
same current density. It 1is "apparent that although all
experimental points indicate an increase in X-Heat at least
proportional to the volume, all diameters larger than 0.1 cm.
increase their relative X-Power-density by a greater amount. The
increase 1is larger with larger diameters and higher current
densities. (Note that in Figure 5-3 the "R" in the graph refers to
a reversal in the expected order of the data at that diameter.)

We shall now show that these effects are predicted by the
Production Equation and other Macro-Principles presented earlier.

6. Experiment vs. Prediction, Low X-Power-Densities.
Diameter and Temperature Effects.

We now answer the gquestion: As larger diameter cathodes are
used, at a given current density, why does the X-Power-density
increase more than the volume increases?

Consider '"baseline" experiments loaded at constant current
density, and having the required long time soaks. The D/Pd depends
on the electrode-potential, which in turn depends on the cathode
current density. This dependence is consistent with recently
published papers which have measured D/Pd in situ. (15,16) The
result of this dependence is that different cathode diameters
tested at the same current density would have the same D/Pd.
Therefore the X-Power-density might be presumed to be proportional
to the volume.

But it 1is not. The X-Power-density exceeds the volume
proportionality (Figure 5-3). The reason is as follows:

We know that any body at a different temperature than its
surroundings, will transfer heat at a rate which depends on its
surface/volume ratio as well as the heat transfer coefficient (h)
and the temperature difference. The greater the rod diameter, the
smaller the surface/volume ratio and the less the heat transferred
from it. Therefore, 1if all diameters had a given D/Pd, and
initially the same X-Power-density, the large diameter cathodes
will develop a higher temperature.

But the higher temperature develops a higher X-Power-density
(Figure 3-1), which in turn causes higher temperature, and so on.
A steady state will be reached for each cathode size and shape when
the heat production and heat loss rates are equal and opposite.
This has been described in section 4. We can demonstrate it by
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correlating cathode temperatures with the measured X-Power-
densities of different diameter cathodes loaded at a given current
density.

Cathode temperatures are not generally measured or reported.
But we can demonstrate the prior statements using existing
experimental data by calculating the cathode temperature. We do
this by making a reasonable assumption of a range in values of the
heat transfer coefficient, h, in equation 4-4.

The method is illustrated in Figure 6-1. We make use of the
data previously presented in Fiqure 5-1, where we show 5 points
representing three cathode diameters at a current density of 512
Ma/cm"2. Two diameters have close duplicates, and we simplify the
figure by selecting a single point for each diameter as shown in
Figure 6-1. The three horizontal dashed lines represent the
measured X-Heat density for each of the three diameters.

FIGURE 6-1.
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The fan of dashed lines originating at Tcell on the horizontal
scale are the heat loss lines described by equation 4-4. (Tcell is
the temperature of the cell, or electrolyte.) The dashed line for
each diameter has a different slope, corresponding to its surface
area to volume ratio. It is also reasonable that all diameters
loaded at a given current density will have the same "h".

Each intersection of the two dashed lines for a given diameter
represents equal and opposite heat production and heat loss; each
therefore represents a steady state temperature.

The solid curve connecting the three intersections is the
variation of X-Heat density with cathode temperature.

Since the h has not been measured, we must check a range of
h's to determine a range of shapes. Three curves for h's from 0.05
to 1.0 (watts/(cm."2 Deg C) are presented in Figure 6-2 as the
three so0lid 1lines. (A range of h's for water with forced
convection is quoted as 0.01 to 2.0 in Thomas (17). The range used
in Figure 6-2 covers the center of Thomas' range.)

We emphasize that these are experimental data with different
h's merely changing the upward curvature. A calculated X-Heat
production curve is shown as a dashed line for comparison. This
curve is one of a family similar to those shown in figure 3-1.
The similar shape of the solid lines and and the dashed 1line
demonstrates the reality of the temperature effect and its
similarity to the predicted effect.

In section 4 and Figure 4-2 we described the "5-variable
simulation" used to predict the steady state X-Heat produced by a
given combination of state properties and heat transfer properties
of a cathode. We have used the simulation to produce the curves
shown in Figure 6-3 for the relative X-Heat of a range of diameters
and three D/Pd ratios. (Note that "L" in this figure is the cathode
length.) Compare Figure 6-3 with experimental data, Figure 5-3.
If the range of current densities shown in Figure 5-3 is mentally
replaced by the range of D/Pd's in Figure 6-3 the curves are very
similar. This scale replacement is valid. D/Pd is known to
increase with increasing current densities in such experiments,
although the relationship may not be linear.

The above data are believed to be credible evidence that the
increased X-Heat with increasing diameter is due to decreases in
the heat transfer rates of larger diameters.

We note some simplification for the simulation represented by
Figure 6-1. The same Tcell was used for all three diameters.
Actually, Tcell will increase with cathode diameter. One can
visualize the effect. The curves for increasing diameters will
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FIGURE 6-2.
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rise somewhat more slowly than shown. But the general shape will
not change radically.

Other Experimental Verification. Low X-Heat Density.

We have also used the 5-variable simulation to predict the
X-Heat of a range of D/Pd's for 3 diameters. The predictions are
shown in Figure 6-4. (K=6619 moles/cm."5, h=0.4 watts/(cm. 2 Deg.
C)) Compare this figure with the experimental data, Figure 5-1.
Again, mentally replace the Figure 6-4, D/Pd scale, with the
current density scale of Figure 5-1.

The experiment vs. simulation comparisons of this section are
demonstrations of the high probability of validity of the Macro-

Principles.

The use of the state properties principle, section 2, in the
above comparisons is not obvious. - Although not explicitly
mentioned in the preceding arguments, the section 2 Principles were
used in determining the chemical potential for the simulations.
The "upswing" of X-Power in figures 6-3 and 6-4, are due in large
part to the increase of chemical potential with increasing D/Pd.
This "upswing” has been shown in Figure 2-2 for D/Pd's in the beta

range.

FIGURE 6-4.
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7. A Fleeting Glimpse of Commercial X-Power-Densities.
The "forced to boiling" Fleischmann and Pons tests.

These results (18) are important in two ways. A high value of
X-Power-density was obtained for a short time; and they were
obtained after boiling dry. This gives us an insight into methods
other than electrolysis for producing high density X-Heat.

Palladium samples 2 mm. diameter by 12.5 mm. long were
electrolyzed in 0.1 M LiOD at two constant current settings, the
second current larger than the first. During a number of days at
the higher currents, the input power and cell temperatures
gradually increased. After a number of days, these increases
accelerated until boiling occurred. The boiling evaporated the
electrolyte in approximately 20 minutes, the cells remained hot
until 3 hours after completion of the boiling-to-dry, and local
temperatures in the cell exceeded 300 C. Time 1lapse video
recordings were made of the boiling. The last half of the boiling
which took 10 minutes, was analyzed to determine the enthalpy
required to vaporize the liquid.

The input enthalpy was 22,500 joules and the total output was
109,200 joules, an excess enthalpy of 86,700 joules and a ratio of
4.8. The average enthalpy output rate less the average input rate
was 144.5 watts, or 3,700 watts/cm’. This is identified as excess
heat, which we call X-Heat.

We paraphrase F&P: High rates of excess heat are being
produced at the boiling temperature. This is the sequence: At the
second current plateau, the temperature and excess heat rate are
rising. The positive feedback (from the higher temperatures
causing higher X-Heat rate) accelerates the rate of both until
boiling is attained. The high temperature at boiling causes the
high X-Heat rate. Higher heat rates may be possible with more
prolonged or higher temperature boiling.

Comments by authors of this paper.

The reason for the increasing temperature and X-Heat at the
second current plateau and prior to the acceleration to beoiling, is
not obvious, and apparently is not exclusively associated with the
presence of X-Heat. We deduce this from previous F&P work
published by Hansen (19) in connection with his review of the F&P
calorimetry.

Hansen shows the timeline for temperature, power input and X-

Heat rate for a number of tests. Two of these were identified
blankcell 8 and heatcell 1. Both had a current plateau of 800 Ma
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and utilized heavy water. The blankcell used a platinum cathode
and showed no significant X-Heat. The heatcell used a palladium
cathode and did show significant X-Heat. Both cells show
significant increase in input and temperature during the current
plateau, and both cells went to boiling. The heat cell went to
boiling in about 7 days, and the blankcell in about 9 days.

Apparently the X-Heat did have a large accelerating effect,
but was not wholly responsible for the boiling.

The Phenomenon Viewed Via the Macroprinciples.

High density X-Power was observed during the boiling, and may

have still been produced during the 3 hours after completion of
boiling. According to the Macro-Principles, it is caused by the
following sequence:
-As a portion of the cathode becomes dry, there is a large and
sudden decrease in "h" causing a corresponding rise in the cathode
temperature. (The high heat transfer electrolyte is replaced by the
low heat transfer air.)

Figure 7-1.
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-For a time this temperature increase predominates and causes a
greatly amplified X-Power during the early part of the sequence.
-Simultaneously the discharge of D, begins at the cathode

surface. With a time lag, outward diffusion occurs from the
interior.

-The discharge begins slowly, accelerates, and finally slows down
to a tiny rate as the concentration approaches zero. This effect,

with the X-Heat rate diminishing as D diminishes finally
predominates.

Illustrations.

Figure 7-1 shows a line, ABC, following the above sequence,
superimposed over the phase diagram. Point A represents the state
properties at the start of the boiling sequence.

The corresponding sequence of X-Power changes can be
visualized from figure 3-1. Assume that at the start, D/Pd is 0.8,
and the temperature is 100 C, giving an X-Heat rate of 160
watts/cm~3. When a given location is dry and the above sequence
starts, the temperature and X-Power increase quickly, while we go
to curves of lower D/Pd slowly. A typical case might be that when
the average D/Pd has decreased to 0.4, the temperature would be
above 250 C, and the X-Power-density would already have exceeded
1,000 Watts/cm~3.

The results of a simulation of the sequence is summarized in
Figure 7-2. 1In the upper part of this figure, we show the time
line of the cell and cathode temperatures. Of course, the cathode
X-Heat makes the cathode hotter than the cell. Boiling occurs in
about 20 minutes. During this time the heat transfer coefficient,
h, 1is assumed to have decreased from 0.1 to 0.037, with a
corresponding temperature of about 600 C.

In the lower part of the figure, we show the X-Power-density
corresponding to 600 C is 7,260 watts/cm~3. (This is beyond the
temperature covered by Figure 3-1.) The dashed line in the lower
part of Figure 7-2, shows a probable path for the experimental
sequence. We probably would not quite have achieved a temperature
of 600 C, nor an X-power of 7,260 watts/cm."3. The F&P latest
measurement, from the average heat of evaporation, was 3,700
watts/cm”3.

It is notable that the high X-Heat rates were achieved in the

"dry" portion of the sequence. This is a strong signal that the X-
Heat does not require the simultaneous presence of electrolysis.
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A FLEETING GLIMPSE OF COMMERCIAL X-HEAT DENSITIES.

FIGURE 7-2.
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Qur commercial problem is to achieve the combination of state
properties designated as "B" in Fiqure 7-1, and to maintain these
conditions at a steady state.

8. Appendix
Identification of Thermodynamic-Force.

As a thinking pattern, we use the formalism of the branch of
thermodynamics which deals with ongoing processes, generally
referred to as "thermodynamics of irreversible processes" (T.I.P.).
This enables us to transfer our thinking of equilibrium state
properties and equilibrium thermodynamic functions to the local
properties and local functions of the ongoing processes of
interest. This science deals with "fluxes", symbol J, which may be
flow rates of net mass, heat, or electrons; or chemical reactions.
We'll use the chemical reaction as a surrogate for the "collision"
group. And although the science can deal with simultaneous
interactions of several fluxes, we will use it for a single flux.
This implies no interaction of our hydrogen collision reaction with
any other flow or reaction. We use this as a first approximation
with subsequent complications to be added as experimental data
dictates.

The entity which causes the flux is called a thermodynamic-
force, (or thermo-force) designated in T.I.P. as "X". The term is
somewhat misleading in that the forces are not necessarily forces
in the newtonian sense, which cause a mass to accelerate (20, p.
5). They are quantities which cause flows or reactions. They may
be gradients of chemical potential, or electric potential, or
temperature for fluxes of mass, electric current or heat,
respectively. (The chemical potential of a species in solution is
its partial molal free energy, u; = dG, / ON,, where G is the Systen
Gibbs free energy per mole of species i added, and N is the number
of moles of "i" in the system. The chemical potential is always
measured compared to the potential in a standard state. This state
is always implied but not stated.)

The thermo-forces will not have the dimensions of newtonian
forces, MLt™?. Their dimensions are determined by the equaticn
defining the process.

In the formalism of T.I.P., if a flux and thermo-force are
properly selected (20, p7),

J=LX (8-1).

The L is a rate function for the specific process; i.e. it
will be a function of diffusivity for diffusion, the electrical
conductivity for electric current flow, etc.

In general, the fluxes and thermo-forces are vectors for use
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with flows, but we assume the fluxes and thermo-forces are in the
same given direction, and use them as scalars. For a chemical
reaction they are also scalars. The "proper selection" for given
flows or reactions, consists of matching each flux and thermo-force
so that the sum of their products is equal to the rate of change of
system entropy. A further description of the matching can be found
in the previous reference.

For diffusion in a system all of which is at the same
temperature, a set of matching flux and thermo-force is as follows.
The flux is the mass passing through a unit area per second, and
the thermo-force is the gradient in chemical potential. (21) This
relationship is much more general than Fick's law, and has been
found to be correct even for many practical situations where a
solute is moving "uphill" in a solute concentration gradient. (22)
In such cases, the effect of other gradients, such as solvent
composition or temperature is stronger than the solute
concentration gradient.? '

The correct diffusion equation is derived starting with an
equation (8-1) format. We visualize that in the absence of a
chemical potential gradient, the jumps would occur in all
directions with equal probability. However, during diffusion,
there is a strong bias in the direction of the gradient. We can
transfer this thinking to the collision reactions using a chemical
reaction as a surrogate for both chemical and nuclear reactions.

We now express matched fluxes and thermo-forces for chemical
reactions. The flux for equation 8-1 is the change in mass per
unit time per mol of reacting substance. The corresponding thermo-
force is the difference between the sum of the chemical potentials
of the number of mols of reactants and the same sum for the
products. In identifying the thermo-forces for X-Heat triggering,
we have two problems; we're not sure of the products, and at the
start of the reaction the products have a meaningless chemical
potential of minus infinity. (The chemical potential is (R T L, a),
where a is the activity, zero at 0 concentrations.) This is a
common problem for activities close to zero. (23)

Our selection of the thermo-force is therefore based on the
logic in section 1 of this paper. When we will be dealing with an
X~-Heat reaction in advanced stages, the products may have to be
considered, and the production equation modified.

. In the narrative, section 1, we use the diffusivity, D,

from Fick's law as a surrogate for frequency. This is not
generally correct when one uses the more general diffusion
equation with the chemical potential gradient as the driving
force. However, the error is small for temperatures of 300 C or
lower.
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"Calorimetric Studies For Several Light Water Electrolytic Cells
With Nickel Fibrex Cathodes and Electrolytes With Alkali Salts
of Potassium, Rubidium, and Cesium"

R. Bush and R. Eagleton

Physics Department, California State Polytechnic University*
and
Future Energy Applied Technology, Inc. (FEAT)**

Abstract

Results will be reported for calorimetric studies with light water cells with alkali
salts of K, Rb, andCs employing nickel fibrex (fine nickel mesh) electrodes.
Highlights: (1) An experiment showing that the light water excess heat effect is not
the result of contamination by D>0. (2) A sequence of six "transmission resonances”
in a cell with two cc of D20 added to 43cc of 0.57 M RbOH. (3)Heat bursts showing
time-scale invariance for a Rb and two Cs cells. (4) Cu is shown to be a promoter, or
co-factor,of the light water excess heat effect.

Introduction

Evidence is presented supporting the existence of a light water excess heat effect for
electrolytic cells employing electrolytes of some alkali atom salts of K, Rb, and Cs,
with palladium anodes, and nickel mesh cathodes. [Bush® earlier presented the first
evidence for a light water excess heat effect with rubidium. The work presented
here is apparently the first published work on a light water excess heat effect with
cesium.]

An experiment employing two otherwise identical potassium cells run in series,
one with regular water (nanopure water) and the other with dedeuterated water,
strongly supports the hypothesis that the light water excess heat effect is not due to
contaminative deuterium.

Light water experiments with nickel electrodes are proving more reliable, robust,
and reproducible than those with heavy water and palladium cathodes. (However,
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for ultimate practical power production, it is still not clear whether heavy- or light
water will offer the principal advantage.) In addition, cell "gymnastics” can be
performed during an experiment such as checking the calibration running
anodically (electrodes reversed) or by turning off the cell and observing the decay of
the excess power to zero, or by a combination of these alternated with regaining the
original excess power level. In these instances the baseline value is reached for our
calorimeter in about 30 minutes, and the original excess power level may be restored
in approximately 30 minutes after that. Needless to write, any of these activities
would be sufficient to terminate an experiment involving a heavy water electrolyte
with a palladium cathode. It is shown that there is an apparent advantage of the
hydroxides over the carbonates with repect to checking the calibration anodically.

Six consecutive "transmission resonances” fit by the TRM ("Transmission
Resonance Model") have been located and plotted for the case of an RbOH light
water cell containing about a four percent D2O replacement by volume. No such
resonances have been located for a light water based electrolyte alone, and Bush
argues that such resonances depend upon the presence of the deuterium solely,
except for the fact that the relevant lattice spacing would be either that of the nickel
lattice or that of the Rb interstitial lattice at the surface of the nickel. At any rate, if
this hypothesis is correct, it seems possible to have a reliable heavy water
experiment, at least as far as these transmission resonances in an excess power-
versus-current density plot are concerned, by piggy-backing it onto a matrix
provided by the highly reliable light water experimental environment. Also, the
fact that these resonances apparently do not appear in the absence of deuterium
indicates that these fine structure modifications in the form of "hill and valley”
curves with a cusp are a real effect and not artifacts associated with heat bursts,
deuterium loss at higher current densities, limitations upon calorimetry accuracy,

etc.

Heat bursts for the light water case have been found for the only three cases where
they have been sought so far, for three different light water cells, one employing
rubidium, and two employing cesium. The heat bursts show up at essentially all
time scales examined and have a roughly similar appearance. This evidence for
scale invariance in time for this phenomonon, coupled with the apparent
appropriateness of a fractal nature of the heat bursts, adds to the evidence of the
transmission resonances in supporting a chaos theory nature for the light water
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excess heat effect. In turn this suggests that small initial differences at the outset
between two otherwise identical cells could lead to quite different behavior for the
two cells after several weeks. Bush8 had previously pointed to the time-scale
invariance of the transmission resonances, as well as their fractal dppearance
("cusps"), as evidence for a "chaotic" behavior for heavy water cells.

Finally, evidence is presented for copper as an "accelerant,”" or "promoter”, of the
light water excess heat effect. Two otherwise identical rubidium cells were run in
series with the exception that one had a nickel mesh cathode to which ten percent
copper had been added. The cell whose cathode had copper added showed at least
double the excess heat of the cell without. Copper added in the form of copper
nitrate to the electrolyte of the other cell, which initially lacked copper in its cathode
gave evidence of improving its excess power yield.

Apparatus

The cell and calorimeter construction employed for the investigation of
electrolytically induced anomalous excess heat effects in light water is similar to that
of Fleishmann - Pons! with the following principal modifications: (a) Teflon
coating of all nonelectrode materials to reduce electrolyte contamination, (b) a
magnetic stirrer to provide more uniform electrolyte mixing, (c) platinum black
recombiner to allow for closed cell operation. Fig. 1 shows a cell schematic. Unlike
the double wall pyrex cells used in prior work which we have reported, the present
cells consisted of single wall teflon vessels having a thickness of 0.05 cm. These
vessels were immersed directly in a circulating temperature-regulated water bath.
The temperature of this bath was regulated to maintain a constant electrolyte
temperature as the cell currents were varied. The temperature, current, and voltage
data for each cell were monitored and logged using a Maclntosh IIx computer
equipped with National Instruments LabView software. Three type K
thermocouples were employed with each cell: two to monitor electrolyte
temperature and one to monitor the bath temperature. The two thermocouples
within the cell were threaded into opposite ends of a small diameter u-shaped teflon
sleeve, which was filled with mineral oil to improve thermal contact of cell with
the thermocouples. Thermocouple voltages were amplified and converted to degree
celcius values by use of AD595AQ/9217 integrated circuit chips. This permitted
steady state temperature measurements having a standard deviation of about 0.05
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OC. Corrections for thermocouple offsets were made within the software. The cell's
currents and voltages were logged from Fluke 45 dual display multimeters. The
cathodes were open cylinders fabricated from either a nickel wire fiber matte
(National Standard) or nickel wire (AESAR / Johnson Matthey). These cathodes are
described in greater detail below. The anodes consist of platinum wire (18 cm long,
0.1 cm diam.) positioned axially within the cathodes. Cell calibration was achieved
by running the cells anodically. The electrolytes were 0.57M solutions of K;COj3 in
nanopure water with the exception of cell 64 which was made with dedeuterated
water (Aldrich Chem. Co.) that had a deterium content 10”2 times lower than that of
ordinary water.

Additional cathode details for each of the seven cells reported herein are

specified here in Table I :

Table I: Details of Cell Configurations, Electrodes, and
Electrolytes

Cell # Cathodes Electrolyte Cell Type
56 Ni Fibrex 0.57M RbOH in C
45cc H,O+2cc D,O
63 Ni Fibrex 0.57M K,CO3 in D
62cc H,0
64 Ni Fibrex 0.57M K,COj5 in D
62cc dedeuterated H,O
69 Ni Fibrex 0.57M Rb2CO3 in D
65cc HoO
70 Ni Fibrex 0.57M Cs2C03, in D
65cc H20
71 Ni Fibrex 0.57M Rb2CO3 in D
+10%Cu 65cc H20
72 Ni Fibrex 0.57M Cs2CO3 in D
+10%Cu 65cc H20
13-4
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An Experiment with Dedeuterated Light Water Demonstrates that
the Light Water Excess Heat Effect Does Not Arise as a Result of
Contamination by Heavy Water

Some critics of the light water excess heat effect have contended that the effect is
real, but that it is associated with the known contamination of light water by heavy
water, i.e. about one out of every 5,000 molecules in HyO is actually D,O. Bush®é
originally conducted mixing experiments in which measured small amounts of D,O
were added to the light water electrolyte to check the influence upon the light water
excess heat effect. Bush® noted that such relatively small amounts of heavy water
added to the bulk of the electrolyte nevertheless raised the deuterium concentration
over that provided by contamination by many orders of magnitude without
producing a large increase in the excess power level. To support the contamination
hypothesis one would then be forced to suppose that the light water excess heat
effect essentially saturated at the absurdly low fraction of heavy water to light water
provided by the natural contamination level. An experiment to rule this out was
performed by comparing the excess power performance of two otherwise identical
cells , cell 63 and cell 64, run in series for which the light water for the potassium
carbonate (0.57 M) electrolyte was, respectively, regular water (nanopure water) and
dedeuterated water (Aldrich). The latter has only one percent of the D20 as regular
water; i.e., only one out of every 500,000 molecules is D2O. Fig. 2 shows that, within
the limits of error the maximum excess powers were essentially the same, about
1.1W, and that excess powers at lower currents were essentially comparable. [ In Fig.
2, data points for cell 63 ( ordinary, nanopure water) are solid rectangles with the
error bars left off, while those for cell 64 (dedeuterated water) are open rectangles
with the error bars attached.] This provides strong evidence for a genuine light
water excess heat effect in which, as indicated by Bush® in his CAF hypothesis ("Cold
Alkali Fusion"), protons undoubtedly play a key role in the light water reaction, just
as deuterons do in the heavy water excess heat reaction.

A Possible Solution to the Mills-Bush Calcium Controversy for Potassium
Cells

Calcium concentrations in the electrolytes for cell 63 (nanopure water) and cell 64
(dedeuterated water) were also compared at various stages and found to be
comparable and consistent with the excess heats determined to that point. This
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would be consistent with Bush's CAF6 and LANT12 hypotheses ("Lattice Assisted
Nuclear Transmutation”) according to which the excess heat and calcium result
from a lattice-assisted addition of a proton to a potassium nucleus. However, after
attaining a maximum of about 1.3 ppm of calcium in the electrolyte, the calcium
level fell to approximately 1ppm and remained there. Bush hypothesizes that a
state of dynamic equilibrium was reached for which the rate of calcium being driven
back into the cathode matched the rate of calcium leaving the cathode in association
with calcium production. This phenomenon apppears to bear directly upon ther
controversy between Mills and Bush concerning the claimed calcium production
(Bush) and claimed non-production (Mills) as Bush has previously reported in
reference 14. A private source has indicated that Mills detectability for calcium in
solution has a lower level threshold of about 10ppm, which is an order of
magnitude higher than the approximate maximum dynamical equilibrium value of
about 1ppm determined by Bush for the electrolytes of both potasium carbonate cells
63 and 64. If this is correct, then, Mills would probably never see any calcium in the
electrolytes of his potassium cells: Calcium concentrations in the electrolyte would
reach maximum levels much less than the 10 ppm threshold of detection, and then
the calcium would build up within the cathode. Moreover, some of this, according
to Bush's LANT!2 hypothesis might be transmuted to other nuclides by virtue of
single proton capture reactions.

Carbonates vs. Hydroxides: Cell "Gymnastics"

Typically, researchers are finding that light water cells with nickel cathodes, as
compared to heavy water cells with palladium cathodes, are easier to bring on line
with the light water excess heat effect being more robust and reproducible. Figures
3, 4. and 5 exemplify a sort of cell "gymnastics" that can be performed with the light
water excess heat effect, but would terminate the experiment were it to involve the
heavy water excess heat effect. Fig.3 shows the decay of excess power in a light
water cell with 0.57 M RbOH in the electrolyte. Fig. 4 shows an "on-off-on" excess
power sequence for the same cell in which the excess power with the current on is
about 0.7 W. When the cell current is turned off an upward spike is seen as an
artifact of this nonequilibrium condition followed by a decay of the excess power to
the baseline of 0 W. A downward spike (again an artifact associated with
nonequilibrium) marks the point in time at which the cell is turned on again, and it
is seen to rise to the same excess power level of about 0,7 W. This is followed by
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another such sequence, and these cell "gymnastics” can be repeated over and over
again without losing the excess heat effect. Fig. 5 for cell 56 adds the additional
"acrobatic” of an anodic calibration check in which the cell is run backwards
(cathode becomes the anode and vice-versa), to the beginning and end of such an
"on-off-on" sequence. Such cell "gymnastics" for a heavy water cell experiment
would result in a severe loss of deuterons within the cathode which would
terminate the experiment. A distinct advantage for the light water studies, then,
over the heavy water studies is that the calibration for the former can be checked
"on the fly" by running anodically.

With regard to checking the calibration anodically, however, there may be a major
advantage in working with alkali atom hydroxides as compared to alkali atom
carbonates. Thus, in the case of rubidium carbonate, we have noticed a tendency for
the calibration to gradually drift upward from the original line of calibration, which
leads to a larger and larger correction (reduction) to the excess power based upon the
original calibration curve. Thus, all of the excess power results in this paper
involving carbonates have been corrected by anywhere from zero percent to about
60 percent to take this into account. Why this effect is larger in the carbonate case
than in the hydroxide case might be more obvious to us were we electrochemists
instead of physicists. Based upon this, Srinivasan4 has also suggested that alkali
atom hydroxides may prove generally preferable to carbonates in future light water
work.

"Transmission Resonances” in the Excess Power-vs-Current
Curves for a RbOH Light Water Cell with 2 m! of DO Added

A light water cell (Cell 56) with a 0.57 M RbOH electrolyte and a nickel mesh
cathode was employed to search for "transmission resonances” predicted by Bush's
TRMS8 ("Transmission Resonance Model") for which previous experimental
evidence has been obtained by usl5. According to the TRM8 these transmission
resonances provide a fine-structure modification of the otherwise linear behavior
exhibited in a graph of excess power versus curent density. The model predicts that
these will take the form of a "hill-and-valley" pattern with the valley terminating in
a "cusp”. However, a special feature of the investigation was that a 2 ml
replacement of electrolyte by 2ml of D,O was made several days prior to the
resonance search. Thus, the six transmission resonance patterns that were
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subsequently found, and exhibited in Figures 6, 7, 8, 9, 10, and 11 corresponding,
respectively, to integral orders n= 12, 11, 10, 9, 8, and 7 and fit by the TRM, could,
apriori, have been a manifestation either of the light water alone, the heavy water
alone, or of the mixture. Bush has subsequently argued that these transmission
resonances are produced by "resonant” D's, i.e. those satisfying the transmission
resonance condition, colliding with D's in an interstitial lattice near the surface of
the nickel, and, more than likely provided by Rb. Thus, the patterns are, in this
sense, due to a mixture of the heavy and light water components. He reasons that
the impedance matching provided by the equal masses of the colliding D's
maximizes the effect for the D-on-D case, while minimizing it for the D-on-Rb, p-
on-Rb, or even D-on-p cases due to the mass mismatch for the latter three cases.
Thus, according to Bush, a maximum energy exchange occurs for the D-on-D case
for resonant incoming D's that can, via collisional energy exchanges, strongly
enhance lattice vibrations. (Bush has employed this latter aspect to make a
connection between the TRM and his new model, the ECFM 25.26.27 | since the
enhancement of lattice vibrations reduces the "Casimir separation” associated with
this latter model. The ECFM2526, 27("Electron Catalyzed Fusion Model") provides
an excellent fit to the experimental excess power-vs-loading data of McKubre et al.2
(SRI/EPRI) and to the independent excess power-vs-loading data of Kunimatsu et al.
18 (IMRA). So far as we know, Bush's theoretical model is the only one to fit such
actual data.)

The Table of Fig. 13 shows the integral order (n= 12, 11, 10, 9, 8, 7) and corresponding
current values found, respectively, for the cusp locations (local minima of the excess
power-vs-current curve) for the six different resonance patterns located for cell 56.
Fig. 12 exhibits the resonance patterns of integral orders 9, 10, 11, and 12 on the same
graph. Figures 14, 15, and 16 show the fit of the Bush's TRM to the resonances for
integral orders n= 12, 9, and 7, respectively. A resonance pattern was located first
employing a preliminary search and a rough value of about 10 mA for Io based
upon past experience. It was then found, based upon Bush's theoretical formulae8
in Fig. 13, that a least squares fit of the TRM to the data points of the resonance
pattern could be provided for n=12 and a value of Io = 10.97 mA for the adjustable
parameter representing the equilibrium current. This same value of Io was then
emploved to predict the current values for resonances corresponding to other
integral orders with n less than 12. The cusp locations for the corresponding
resonances were subsequently located to within about ten percent of the predicted
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values. The Table of Fig. 13 shows the corresponding Io values giving the best fit of
the TRM to the data points of each resonance. Note that they all fall in the range
from Io =10.82 mA ( for n=7) to Io =11.88 mA (n=11). The fact that these best
values varied by an average of only 3.5 percent from the average seems to provide
strong support for the TRM. Moreover, the fact that such patterns have not even
remotely turned up in the absence of D20 added to the electrolyte supports Bush's
hypothesis that observable resonances are associated with D-on-D reactions only,
and are not produced spuriously as the result of either heat bursts, the inconstancy
of deuterium occupation, calorimetric error, or a combination of these. Otherwise,
there is little doubt that such resonances would have been observed previously in
the many light water cases that were studied prior to the DO replacement of
electrolyte for cell 56.

It should be remarked that a number of the error bars in the resonances shown are
underestimated. Since the calorimeter constant for cell 56 was 2.4 W per C, and the
lowest meaningful value of the temperature difference between the cell and the
bath in this experiment was 0.05 C, the error bars should minimally be + 0.12 W.
However, it should also be noted that an advantage of the cell (cell 56) employed to
search for these resonances was that it was of the double- pyrex wall type C (Table I)
with flowing water, which is shown schematically in reference 20. This type of cell
has the advantage over the type D (single pyrex wall and no flowing water) used for
the other studies in this paper of producing a better integration of the heat over the
entire cell. With these two factors in mind we note that, even though individual
resonances in this sequence are not compelling , the overall pattern of the
resonances, each of which appears to have an identifiable cusp (relative minimum),
with their high correlatability to the TRM predictions make this series of
considerable interest and worthy of further consideration and study. We note,
however, that they are not easy to find, since each resonance requires a fine mesh of
about fifteen data points to establish the shape with the cusp. (Each of the data
points referred to is, in reality, the average of ten to fifteen excess power readings
taken at about one minute intervals.)

Finally, because of the relatively large reproducibility of the light water excess heat
effect (essentially 100%) and the relatively short "loading time”, it appears that there
is a real advantage to studying the transmission resonances for the D-on-D reaction
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by making a heavy water replacement (about 4%) to the light water electrolyte once
excess heat has been observed for the latter.

Excess Heat Bursts Observed With Light Water Cells

Figures 17 through 25 provide probably the first closed cell evidence for heat bursts
obtained with a light water-nickel system. The computerized data acquisition
system was set to record excess powers and the coresponding cell temperatures at
one minute intervals for about 24 hours. Fig. 17 (rubidium carbonate, cell 69)
exhibits this burst type behavior: Successive points on the graph were obtained by
averaging the excess power data points over a six minute interval. Likewise, figures
18 and 19 exhibit a similar burst type behavior when the averaging is done for
increments of about twenty seven minutes and fifty minutes, respectively. Figures
20, 21, and 22, and figures 23, 24, and 25 portray a similar burst type behavior for two
cesium carbonate cells, cell 70 and cell 72, respectively. The fact t