The
First Annual Conference
on Cold Fusion

Conference Proceedings

¢ \ 4

March 28-31, 1990
University Park Hotel
Salt Lake City, Utah

e ¢

Sponsored by the

CO

National Cold Fusion Institute




National Cold Fusion Institute

August 10, 1990

Dear Colleague:

[ am pleased to be sending you these conference proceedings in connection with the
First Annual Conference on Cold Fusion. As sponsors of the conference, we at
NCFI and the University of Utah wish to thank you for your participation in the
conference. We found that the exchange of ideas and information at the conference
stmulated new experimental and theoretical research at our institute, and hope that
many others were similarly prompted in their study of the interesting phenomena
which were discussed during our meetings.

The papers which are presented in the enclosed proceedings will give interested
readers an in-depth perspective on the material which was presented at the
conference. Like the conference itself, we feel the proceedings will lead researchers
to a greater depth of understanding in this emerging field of inquiry. We wish to
extend our thanks to those who prepared the material presented in this volume, to
those who attended the conference, and to those who will pursue research in these
important phenomena.

With regards,
THE NATIONAL COLD FUSION INSTITUTE
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Tk Z G
Dr. Fritz G. Will
Director
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OPENING ADDRESS
By
FRITZ G. WILL

Director
National Cold Fusion Institute

Welcome to the First Annual Cold Fusion Conference sponsored by the University of
Utah National Cold Fusion Institute. My name is Fritz Will and, as director of the
Institute, it is my pleasure to open this conference at which more than 200
attendees will have the opportunity to share the results in cold fusion research, as
presented by 40 speakers from the United States, India, Italy and Taiwan.

The objectives of this conference are, as in any scientific meeting, to provide a
forum for scientists to present the results of their research and to discuss the
findings of others, thereby stimulating new ideas and advancing our understanding.

It has now been one year since Drs. Fleischmann and Pons announced that they had
observed nuclear fusion at room temperature. They reported that they had observed
unusually large amounts of excess heat and evidence for the occurrence of nuclear
reactions when applying an electric current between a palladium cathode (negative
pole) and a platinum anode immersed into an electrolyte solution of LiOD in heavy
water (D20).

The announcement evoked euphoria in many, but skepticism in some. The possible
technological implications were and are enormous. But, what was originally
believed to be simple experiments that could be readily reproduced in other
laboratories, turned out to be complex phenomena that defied confirmation in many
laboratories and which cannot be explained on the basis of classical nuclear physics.

However, persistent and careful work by recognized experts in the fields of
electrochemistry, nuclear measurements and materials science has now led to
confirmation of the Fleischmann and Pons results in many laboratories in the United
States, Japan, India, Italy, Russia and several other countries.

The papers to be presented during this conference will report on the generation of
excess heat, determined in careful calorimetric measurements, observations of
tritium levels far in excess of background, and the detection of strong neutron
emissions. The multitude of results obtained by so many different groups can no
longer be explained away as experimental artifacts. The reality of these effects is
further underscored by the absence of such effects in carefully executed control
experiments, employing hydrogen instead of deuterium or platinum instead of
palladium. At this conference, another significant set of presentations will occur.
Theoretical physicists will present novel theoretical models aimed at explaining
why nuclear fusion can occur in solids, where classical nuclear physics (applicable
to gases) fails to provide explanations.
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While the key observations relating to cold fusion have been confirmed by many
competent groups, it is also true that the phenomena cannot be reproduced on
demand and that an understanding of the underlying mechanisms is not at hand. The
phenomena involve surface chemistry and the behavior of a metal loaded with
deuterium. Appreciating the complexities and well-known irreproducibilities
involved in each of these cases individually, many scientists are not surprised that
one year of research and development have not been sufficient to unravel the
complexities of cold fusion, which combines both cases.

The history of science and technology has many examples where irreproducibility
had been experienced for years. A prominent case is the metaloxide semiconductor.
It took years of effort with multi-million dollar expenditures to achieve
reproducible performance of such semiconducting devices. What ultimately led to
reproducibility was the careful control of the level of impurities, most notably,
sodium.

The basis of many critics for rejecting cold fusion out of hand has been that the
experimental results violate the predictions of classical nuclear physics and, hence,
must be erroneous. It is not the first time in science that a radically new finding
has defied traditional thinking and existing theories. Nor is it the first time that a
revolutionary discovery has been rejected by a large fraction of the scientific
community. A prominent example is Galileo's declaration that the earth circles
around the sun rather than vice versa. We recall that Galileo was ultimately forced
to swear that his revolutionary new concept was false after all.

We know that we live in much more enlightened times today. We know that
experimental results cannot be declared wrong by voting. We know that the reliable
results obtained by a minority must not be regarded as wrong only because a
majority of others has failed to confirm these results within one year.

Research into the intriguing phenomena of cold fusion must and will continue. It
will continue because dedicated scientists will not rest before the phenomena of cold
fusion are fully understood and because sponsors with vision will continue to
support the progress of science. The scientific process of seeking understanding
must not be interfered with. The freedom of science is just as basic as the freedom
of speech.

March 29, 1990
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CALORIMETRY OF THE PALLADIUM - DEUTERIUM SYSTEM

Stanley Pons’

* Ww

Martin Fleischmann

*Department of Chemistry
University of Utah
Salt Lake City UT 84112

**Department of Chemistry
University of Southampton
Southampton, Hants. S09 5NH
ENGLAND

Abstract

Our calorimetric measurements of the
Pd/D system both in the period leading up
to the preliminary publication ""(for some
corrections see ') and in the period
leading up(ﬁo the submission of the first
full paper showed that it is necessary
to make measurements on a large number of
electrodes for long times (the mean time
chosen for a measurement cycle has been 3
months). It has therefore been necessary
to adopt a low cost approach; our solution
has been to use the single compartment
Dewar cell type calorimeters illustrated
in Fig.l and we have maintained up to
five of these cells in each of three
specially constructed water baths (see
Section 1 below). The same type of
calorimeter has been used for blank
measurements on the Pd-H, Pt-D, and Pt-H
systems.

Section 1
Aspects of the Calorimeter and

Electrochemical Experiment Design and
Calorimetric Measurements

The general principles of the
calorimeter design have been outlined
elsewhere The choice of rod
electrodes surrounded by a closely wound
helical platinum anode allows the axially
symmetric injection of heat and, moreover,
the uniform charging of the Pd cathodes.
Furthermore the choice of such a simple
design of calorimeter coupled to the use
of rod electrodes allows the iterative
adjustment of the dimensions of the
systems such that the excess enthalpy to
be observed (if any) is large compared to
the random errors (see Section 3). The
use of a long, thin calorimeter increases
the mixing in the calorimeter compared to
other possible designs(3 ; the minimum
current used for most experiments with rod
electrodes we have reported to date has
been 200mA. Measurements of the mixing

history using dye injection (tracer
technique of)chemical reaction

engineering °) has shown that radial
mixing is extremely rapid (time scale
<3s). Axial mixing takes appreciably
longer(= 20 s) but the axially uniform
injection of heat ensures that this longer
time scale is unimportant. As the thermal
relaxation time is = 1600 s (see Figs. 5A,
6A-C, 7) the cells behave as well stirred
tanks. In agreement with this assessment,
measurements of the temperature
distribution within the cells (using
ensembles of 5 thermistors which could be
displaced radially and axially) showed
that ghe temperature was uniform to within
#0.01 throughout the bulk og the cells;
this variation rose to *0.02 1in contact
with the Kel-F plugs at the bottom of the
cells (all temperature measurements
reported here have been made with
specially calibrated thermistors
(Thermometrics Ultrastable Thermoprobes, =
10 kQ, *0.02% stability per year)).
Statements which have been made (e.g.
about large temperature fluctuations in
cells of this type are incorrect (for a
further comment see s))

All connections to the electrodes were
covered in glass and special care has
always been taken to ensure that the
palladium cathodes and platinum anodes
remained totally immersed throughout all
of the measurement cycles. 1In
consequence there was no recombination in
the gas he?d spaces (assertions such as
those in are incorrect). Furthermore
the volumes of gas evolved from the cells
corresponded to that from Faraday'’'s law to
better than 99% for electrolysis times
from approximately 5 diffusional
relaxation times to times corresponding to
the termination of the experiments (= 7 to
200 diffusional relaxation times), and the

(¢-}]

)



records of DZO additions also matched that

predicted for a 100% efficient process for
experimengs where the cell temperature was
within 20 of the bath temperature (30 C).
This somewhat surprising result, which has
now also been noted in other work,aﬁ) can
be understood in terms of the inhibition
of D2 ionization at the anode by platinum

oxide formation and by degassing of the
electrolyte in the vicinity of the cathode
by the rapidly evolving D2 bubbles. This

high current efficiency for gas formation
greatly simplifies the analysis of the
experimental data (see Section 2).

The cells were maintained in specially
constructed thermostats (1/2" thick
Plexiglas bath surrounded on 5 sides by 2"
thick foam insulation bonded on both sides
to aluminum foil, the whole structure
being enclosed in a 1/16" thick sheet
steel container); the water/air interface
was allowed to evaporate freely. Stirring
with oversized stirrer-temperature
regulators ensured that the bath o
temperature could be controlled to #0.01
of the set temperature (in the vicinity of
303.15K) throughout the whole space at
depths greater than 0.3 cm below the water
surface and to * 0.003 at any given
point. The water level in the thermostats
was controlled using dosimeter pumps
connected to a second thermostat.

All experiments were carried out
galvanostatically (Hi-Tek DT2101
potentiostats connected as galvanostats as
shown in Fig. 2A). The stability of the
systems was monitored oscillographically;
the ripple content was <0.C4%. For work
at current levels outside the operating
range of the potentiostats, the circuit
shown in Fig. 2B was used (which takes
full advantage of the regulation
achievable by the potentiostat used as a
galvanostat). The systems could be
calibrated at any given operating point by
using metal film resistor chains in the
cells (Digikey *1% accuracy 5 x 20Q).
procedure adopted was as follows: after
the addition of DZO (or of electrolyte

The

following sampling for analysis for
tritium or HDO) the system was allowed to
equilibrate for at least 6 thermal
relaxation times. A constant current was
then applied to the resistor chain (again
supplied by a potentiostat connected as a
galvanostat) for 3 hours (i.e. > 6 thermal
relaxation gimes) to give a temperature
rise of = 2 above the sloping base line;

the current to the calibration system was
then switched off and the relaxation of
the system to the original base line was
followed. Cell parameters and the bath
temperature were monitored every 5 minutes
using Keithley Model 199 DMM multiplexers
to input data to Compaq 386 16MHz
computers. The measuring circuits were
maintained open except during the actual
sampling periods (voltage measurements
were allowed to stabilize for 2s before
sampling and thermistor resistances 8s
before sampling). Data were displayed in
real time as well as being written to
disks. Fig. 3 illustrates a typical
experiment lay-out.

Experiments have been carried out on
0.1, 0.2, 0.4, and 0.8 cm diameter x 10 cm
long Pd cathodes (special grade, Johnson
Matthey) and on 0.1 x 10 cm Pt electrodes
(Johnson Matthey). At the highest current
densities used the electrode lengths were
reduced to 1.25 cm and the spacings of the
anode windings were also reduced. These
shorter electrodes were placed at the
bottom of the Dewar cells so as to ensure
adequate mixing. Measurements reported
here were made in D20 (Cambridge Isotopes)

of 99.9% isotopic purity; light water
levels were monitored by NMR and never
rose above 0.5%. Results reported here
have been obtained in 0.1M LiOD Erepfred
by adding Li metal (A.D. Mackay Li/'Li =
1/9) to D203 0.1M LiOD + 0.1M LiZSO“ and

M LiZSOh were prepared by adding dried
Li SO, (Aldrich 99.99% anhydrous, ®Li/'Li
= 1/11) to 0.1M LiOD and DZO respectively.

A single batch of electrolyte was used for
any given experimental series. Blank
experiments were carried out using Pd
cathodes in 0.1M LiOD in DZO and Pt

cathodes in both in 0.1M LiOD in DZO and
0.1M LiOH in HZO.

Section 2
The "Black Box" Representation of the
Calorimeters

Data evaluation from the behavior of
the Dewar-type electrochemical
calorimeters requires the construction of
adequately accurate "black-box" models
such as that shown in Fig. 4A. In this
particular case the models must account
for the enthalpy and mass balances in the
cell which can be combined through the
current efficiency, vy, of the
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electrolysis. The nature of the enthalpy
flows into and out of the “black box" will
be explained by the following comments:

a) the enthalpy flow into the cell due to
the electrical input is

(E_, ,(t) - +E }:

thermoneutral,cell

is the cell

The

term E
thermoneutral,cell

voltage at which the electrolysis is
thermoneutral; this differs from the
reversible potential of the reaction
2D + 0 — 2D O

2 2 — T2
since the electrolysis takes place with an
increase of entropy.

b) the current efficiency, v, can be taken
as unity (see Section 1).

c) in the analysis of the data we have
neglected the enthalpy content of the gas
stream due to the D20 content,

(

0.75

3 CP,DZO,V Ad, as well as that

due to the evaporation of DZO,
'4

L.. Both these terms have been

L
/

written assuming the gas stream is

saturated with DZO at the relevant cell

temperature. The neglect of these terms
causes an underestimate of the excess
enthalpy. The terms are relatively small
for values of Af < 20 but the second,
especially, becomes large and the dominant
form of heat transfer from the cell as the
temperature reaches the boiling point (See
Section 4). Our calorimeters are
unsuitable for measuring the heat outputs
from the cells under these conditions.
There is a further term (not shown in
Fig. 4A) which causes an additional
underestimate of the excess enthalpy.
This is due to the change in composition
of the Pd-D electrode due to the increase
of A with time (see Fig.5). The
dissolution of D in Pd is exothermic under
the operating conditions so that a
decrease of the D content with
increasing A8 will cause an absorption of
heat in the cell. This effect is
difficult to quantify since equilibrium
cannot be maintained on the timescales of
the measurement cycles. We have therefore
neglected this term.

d) heat transfer from the calorimeter to
the surroundings can be written in a

variety of ways depending on its design
and properties as well as the chosen level
of approximation For the Dewar-type
cells, Fig. 1, heat transfer for a
hypothetical steady state generation of Q
watts is controlled by a mixture of
radiation and conduction

4
4
Q - kR[[ o+ Ao] - omh] + k20 (1)

Similarly for the steady state following
the additional injection of AQ watts to
calibrate the system we have

Q + AQ = kn[[ ob‘

4
N AM] -6 ]
th bath

+ kC[A0 + AAG] (2)

The separate determination of kR and k.C

leads to an increase in the random errors
in the estimation of the heat flows from
the cells. We have therefore adopted the
strategy of neglecting the conductive term
while making an appropriate increase in
the radiative term

& ’ . 4
Q - kR[:[ abath+ Aﬁ] gbath] (3)

4 4
k'[[a + MO+ AAo] ~[a +A0] ] (4)
R bath bath

(3)

and

Q =

We have shown elsewhere that this leads
to a small systematic underestimate of the
heat flow from the cell (and hence the
excess enthalpy). However, as the correct
value of the radiative term can be
estimated from the Stefan-Boltzmann
constant and the surface areas of the
cells, a correction can readily applied
(if this is desired) to give the heat
output from the cells to within 1% of the
enthalpy input or 1 milliwatt whichever is
the greater. (for further comments on the
application of equations (1) - (4) see
Section 3. An important aspect of the
approximations (3) and (4) is that any
other term linear in Af can similarly be
accounted for by making an appropriate
increase or decrease in kn(see Section 3).

A further factor which needs to be
taken into account is that for a
continuously reacting chemical system
(open system) such as the electrochemical
Dewar cells, the cell contents change with
time. The extent of the radiant surface
decreases with time while the length of
any parallel conduction path increases
with time. To a first approximation we



would therefore expect the heat transfer
coefficients to decrease linearly with
time and we write

Q= km 1- (1 + A) yIt .
R 2FM°
] a0) - 0"
[ bath' ] ~ "patn (3)

where the term A allows for a more rapid
decrease of the radiant surface area (and
increase of the length of the conduction
path) than would be predicted by
electrolysis alone in view of the internal
solid cell components. The superscript
here and elsewhere in this text denotes a
value at a chosen time origin.

e) a general expression for the water
equivalent is

Moo 0 1+ B) yIt

2F
where, as for the heat transfer
coefficient, the term B allows for a more
rapid decrease of M with time than would
be predicted by electrolysis alone. We
expect 8 < A,

(6)

F px -P
, 0

Af dt is the enthalpy input to the

t
£y \ERa, Cepm J= { 0.5 + 0.75|—2—|].

p,po0,¢
2
cell due to the addition of DZO to make up

for the losses due to,electrolysis and
evaporation. Here Af is the difference in
temperature between the cell and make-up
stream. In practice it has been found
convenient to add D20 at fixed intervals

of time and, provided measurements are
initiated at times longer than 6 thermal
relaxation times following this addition,
the effect of this term can be neglected
in the further analysis.

We therefore obtain the differential
equation governing the behavior of the
calorimeter

o (1 + B) yIt|dag
CP,DZO,Z[M ]

2F dt
(1 + B) v1Ad
2F

-C

P,DO,¢
2

- (E_(t] - 9E )T +Q,(¢)

thermoneutral,cell

+ AQH(t-t ) - AQH(t-t)

- Xo.sc

+ 0.75

+ 0.75

4
4
[obath+ Aﬂ} - Gbath (7)

Equation (7) is difficult to apply because
E ll(t) and Qf(t) are unknown functions
ce

of time. We note, however, that since we
are only concerned with small changes of
temperature at any given origin, 6, we
can carry out a Taylor series expansion at
this point and, retaining only the first
derivatives we obtain

A o1, d fo.751[
daé ag| F |p*- P

C A6 + L[| rIAg’
v

(8)

'
where Af = A6 - AB° (see Glossary). We
assume also that Q(t) is constant during
any one measurement cycle and, taking note
also of
aR®  -aH® +z v C_ AB (9)
cell bath T i B

as well as of b) and ¢c) we can write (7)
in the more tractable form

o (1 + B)It|das B

BIAS
c M- C —
P,D0,¢ F e .00, o
- [E° - E LR
cell thermoneutral, bath 0

6

+ Qf(t) + AQH(t-tl) = AQH(t-tz)



- k%1 (1_+*%_IL .
2FM

4
4
[0bath+ Aﬁ] B Gbath (10)

This equation describes the modified
"black-box" shown in Fig. 4B.

Section 3
Data Evaluation and Error Analysis

As 1s well understood in the field of
chemical kinetics, it is necessary to fit
the integrated form of equation (10) to
the experimental data in order to extract
the parameters of the equations;
application of such equations at a single
point leads to erroneous results. It is
naturally not possible to derive an
analytical solution to (10) since this
equation is non-linear and inhomogeneous.
An approximate solution, however, can be
obtained "‘using the linearized form of

3 1 -

0
the heat transfer term 4k 4
R bath

(1 + )N)It

0

2FM
that the heat transfer coefficient to be
used in the evaluation of Qf at a given

'003 flw 1 - (1 + M1t

R bath 00- 2FM0

-|Af and this solution shows

point is |4k

rather than the value
)
'0,3 1— 1+ M)It

R bath 2FM0

which would be

P

predicted from the thermal balance at a
single point and it is the former rather
than the latter value which has to be used
in determining the thermal output of the
cell in a??}ying the linearized

equations.

These linearized equations can be shown
to be in close accord with the
experimental data for small values of Af
but these equations will naturally not be
apg}}cable for large values of Af say,

>10°¢%’ In orderpto obtain apprpximate
values of Q, k%o 1 - Sl—i—é%zf; , and Qf
2FM

we have therefore applied the calculation
scheme illustrated in Fig. 5A and using
equations (3) and (4). Fig. 5B
illustrates a set of such calibration

pulses determined during one measurement
cycle and Fig. 5C illustrates the time
dependence of the derived heat transfer
coefficients. It can be seen that there
is a systematic error due entirely to the
uncertainty in the refilling of the Dewars
at the beginning of any one measurement
cycle. Superposition of the plots at the
mid-point (27 hours after addition of the
DZO) shows that the standard deviation of

the remaining 132 points in 33
experimental series is only 0.15%, a value
which is roughly in line with the errors
in measurement of the absolute
temperatures in (3) and (4). These data
show that it is essential to calibrate the
cells for each desired measurement of the
thermal output.

Nevertheless, such determinations are
evidently approximate not only because of
the underestimate of k,R (see Section 2d)

but also because of the assumption that Q
is unchanged in applying the heater
calibration pulse is strictly speaking not

valid (see the decrease in E ll) with t
ce

during the heater calibration period t1< t

< tz’ Fig. 5A). Accurate values of Q can

only be obtained by fitting the whole of
the transient predicted from (10) (or any
other chosen representation of the
calorimeter)to the experimental data and
making the estimate of Q and hence Qf at

the point designated i (where the term
YAl !

6
must be carried out in an unbiased manner.
We have used non-linear regression and, in
this, have used the simplest forward
integration method

is zero) Such a fitting procedure

dag
—| At

dt

ap_ = DO+ (11)

n+l

n
0
and we have used the parameters Q, k

. Q

and (1 + X) estimated according to Figs.
5A and 5B as starting values for the

regression procedures. The parameter v
has been estimated from the Ecdl- t plot

£

using linear regression. In this way the
number of parameters to be fitted to (10)
has been reduced from 5 to 4 thereby
speeding the calculation. In view of the
curvature of the parameter space
hypersurfaces, it has also been found to
be convenient to regard
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heat flow In the calorimeter. The response shows the application of the
calibration pulse of strength AQ which leads to an eventuol new sloping
steady state temperature AAY degrees above the linearly sloping baseline
temperature. Calculation of the output heat flow at this level of
approximation requires simply the measurement of the three temperatures
indicated and the magnitude (AQ) of the calibration heater pulse. In
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0.1MLIOD. The current density was 64 mA cm~2. x = calculated baseline.
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for a typical cell, showing the effect of the systematic error discussed
in the text.
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Fig. 6A. Temperature °C above bath vs. time (left plot) and cell potential (V)
vs. time (lower right) data for a 0.4 x 10 ¢cm Pd rod in 0.1M LiOD

solution.

The applied current was 800 mA, the bath temperature was
29.87°C, and the estimated Q, was O.

158 W. The time of the measurement

was approximately 0.45 x 10%s after the beginning of the experiment.

Fig. 6B. Same as Fig. 6A except time of measurement approximately 0.89 x 10°%s.

Estimated Q, = 0.178 W.

Fig. 6C. Same as Fig. 6A except time of measurement approximately 1.32 x 108s.

Estimated Q, = 0.372 W.



[ 2 -
cell

as one of the free parameters of
calculation.

We have used a Marquardt-type
for the fitting procedure and it should be
noted that the diagonal elements of the
error matrix derived in this calculation
(the inverse of the matrix used in the
parameter estimation) directly give the
standard deviation of the parameters. In
this way we have shown that the parameter

[ 2 -
cell

I + Q
thermoneutral,bath £

0

CP,DZO,Z =

the

algorithm

I + Q
thermoneutral,bath f

0

CP,DZO,ZM

can be estimated to *0.1% throughout the
operating range. This is also the error

of [EO - E
cell

since the independently derived value of
M" has errors of = *0.01%. Even higher
precisions could well be achieved by using
a larger number of calibration pulses but
we have not done this so far in our work

+Q

I
chermoneutral,bath] f

: 0
as we have only estimated |E ™
ce

I to 2 0.1% (the error
thermoneutral,bath
of this quantity is controlled by aI).

This error must be added to that of
0
[Ecan— E ]I + Qt to

obtain the total error of the excess
enthalpy listed in Tables 1 and 2.

thermoneutral,bath

Section 4
Results

An example of a set of temperature -
time and the associated potential - time
plots is illustrated for one experiment at
three different times in Figs. 6A-C. Fig.
7 illustrates the degree of fit which can
be obtained by using the non-linear
regression procedure outlined in the
previous section and Tables 1 and 2
illustrate the results of measurements of
the excess enthalpy using both the
approximate and exact methods of data
analysis. We have also included some data
taken prior to our first publication '
which were obtained using only the
approximate method of data analysis.

10

The marked excess enthalpy production
on 0.1 and 0.2 and 0.4 cm diameter
electrodes, (Table 1) must be viewed in
terms of the slightly negative excess
enthalpiis for the blank experiments,
Table 2. This slightly negative value is
due to the method of calculation which
underestimates the heat output from the
cell (see Section 2D). 1In many ways we
regard the "zero" result on 0.8 cm
diameter electrodes as the most
significant blank as it shows that almost
exact thermal balances can be obtained
using our methodology for systems
identical to those giving marked excess
enthalpy. The differences between the
0.1, 0.2, 0.4 and the 0.8 cm electrodes
also point to the importance of the
metallurgical procedures in devising
electrodes showing excess enthalpy
generation.

Section 5
Discussion

It can be seen that many (perhaps all?)
of the assertions e.g.(ilo ®’yhich have
been made about our experiments are
erroneous. We would stress here that it
is perfectly possible to obtain accurate
values of the heat output from the cells
and, hence, the excess enthalpy provided
due attention is paid to the design of the
calorimeters and control of the
environment and providing modern methods
of data analysis are used. We would also
stress the importance of deriving error
estimates from a single experiment rather
than from the variation of a parameter
(here the excess enthalpy) from a set of
experiments as the variability of the
parameter may itself be a key feature of
the phenomenon to be observed. In this
context it is of interest that the
variability of the results at low to
intermediate current densities (which have
been widely used in attempts to replicate
our work) is large and far in excess of
the errors of each individual experiment.
This variability may point to the
importance of the precise nature of the
surface conditions and/or history of the

1Much of this data was available at the
time of our first publication but the
Editor of Nature refused to publish a
letter to correct the many erroneous
statements which had been made in the
Editorials of the Journal.



Table 1. Excess enthalpy observed for 0.1, 0.2, and 0.4 cm diameter palladium
rods as a function of current density and electrolyte composition.

Rod Electrolyteb Current E Approximate Specific
cell input excess
Dia® Density Specific
excess
From
excess

Regression

Analysis
/cm /mA cm /v Al /W /W cm ° a'l em’
0.1, D 64 3.637 0.419 0.042 0.53 .581 +0.003
0.1 s 64 2.811 0.032 0.001 0.140 .1442 +0.0002
0.1, D 128 4.000 0.984 0.160 2.04 .043 %0.003
0.1 A 128 3.325 0.089 0.005 0.486 .5131 *0.0006
0.1, D 256 5.201 2.93 0.313 3.99 .078 0.007
0.1 D 512 9.08 1.51 0.17 17.3 .19 $0.02
0.1, D 512 6.085 7.27 1.05 13.4 .77  *0.02
0.1 D 1024 11.640 4.04 1.03 105 .8 +0.1
0.2 D 64 4.139 1.040 0.123 0.39 .419 +0.003
0.2 ¥ 64 4.780 1.30 0.006 0.019 .021 +0.001
0.2 M 64 3.930 0.956 0.024 0.077 .077 +0.001
0.2, D 128 8.438 5.52 1.65 5.25 .68 $0.01
0.2, ¥ 128 4.044 0.250 0.028 0.713 .714 *0.001
0.2 M 256 6.032 0.898 0.056 1.42 .498 +0.002
0.2, D 512 8.25 2.68 0.66 16.8 .02 *0.04
0.2, M 512 9.042 3.00 0.603 15.3 .03 #0.01
0.2 g 1024 7.953 5.13 2.80 71.2 .42 +0.08
0.4 D 64 5.137 2.88 0.502 0.40 0.411 +0.001
0.4 D 64 5.419 3.10 0.263 0.209 0.214 0.003
0.4, D 64 4.745 2.24 0.117 0.106 0.145 +0.002
0.4 M 64 3.519 0.198 0.0005 0.002 0.0023 *0.0002
0.4 D 128 6.852 8.50 1.05 0.84 0.842 +0.009
0.4 D 256 7.502 2.38 0.311 1.98 1.999 #0.003
0.4, D 512 8.66 5.70 2.18 13.9 14.41  *0.05
0.4 D 512 10.580 7.23 1.65 10.5 11.09 #0.02
(a) All rod lengths 10cm or *1.25cm or '8.75cm

(b) D: 0.1M LiOD; ¥: 0.50M LiZSO“; M: O0.1M LiOD + 0.45M LiZSOh. All

measurements were made in the same batch of D O of 99.9% isotopic purity.
Measurements using electrolytes labelled ¥ and M have been made since

23rd March, 1989.
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Table 2.

Results for blank experiments on platinum and palladium rods as a

function of current density and electrolyte composition.

Rod Electrolyte®

Current E Q Approximate Specific
cell input excess
Dia’® Density Specific Q
excess
From
excess
Regression
Analysis

/cm /mA cm 2 /v /W /W VAl cm® VAl em®
Palladium Electrodes:
0.1 w 32 3.605 0.212 -0.001 -0.009 -0.0097 *0.0002
0.1d w 64 3.873 0.479 -0.001 -0.014 -0.0165 *0.0005
O.ld w 128 5.186 1.482 -0.001 -0.001
0.1 W 256 8.894 5,931 -0.001 -0.007
0.1 w 512 11.29 15.70 -0.001 -0.008 -0.01 #0.02
bd D 0.8 2.604 1.458 -0.001 -0.000
0.8 D 8 3.365 0.365 -0.001 -0.000
0.8¢ D 8 3.527 0.397 -0.003 -0.000
Platinum Electrodes:
01" D 64  3.800 0.452 0.000 0.000
0.1¢ D 64  4.138 0.520 -0.001  -0.008
0.1¢ D 256 6.218 3.742 -0.001 -0.028
0.1 w 64 4.602 0.624 -0.002 -0.023 -0.0232 *0.0006
0.1 W 64 4.821 0.668 -0.003 -0.038 -0.0392 +0.0006
0.1 w 512 12.02 16.86 -0.001 -0.007 -0.01 *0.02
(a) All rod lengths 1Ocm.
(b) Palladium sheet electrode 8 x 8 x 0.2cm.
(¢) D: 0.1M LiOD; W: 0.1M LiOH; All measurements in D O were made in the

same batch as that used in the experiments in Table®1l,
(d) Data available March 23, 1989. These data were evaluated by another

method and not by those described in this paper.

12



A /o

12.000

11.000

10.000

8.000 |-

T

7.000 | 1 1 |

Fig.

Iog[EXCESS SPECIFIC JOULE HEAT / W cm‘3]

0 9280 18560 27840 37120 46400

TIME AFTER ADDITION / s

7. Figure showing the degree of fit of the "black box” model in Fig. 4B to
actual experimental data from an experiment using a 0.2 x 10cm Pd rod
cathode in 0.1MLIOD. The dotted line in the figure represents the fit
obtained using estimated values of the several cell parameters and was
obtained by the forward integration technique described in the text to
force the fit of the data to the model at the starting point (t = 0), the
point of application of the calibration heater pulse, the point at the
end of the calibration heater pulse, and the point at the end of the
experiment. The solid line (which in this figure is coincident with the
experimental data) is the fit obtained to the model by the Marquardt
algorithm for the non-—linear regression technique described in the text.
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Fig. 8. Log—log plot (Excess enthalpy vs. current density) for a group of
typical calorimetric experiments using Pd electrodes in D,0 electrolytes.
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Demonstration of a "burst’” of excess enthalpy for a long period of
time. The upper plot is the cell temperaiure vs. time ond the lower plot
is the cell potential vs. time. The electrode was a 0.4 x 1.25 cm Pd rod
in 0.1M LiOD solution. The current density was 64 mA cm=-2, and the bath
temperature was held at 29.87°C.
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Fig. 10. A cell temperature vs. time plot for a 0.4 x 1.25 cm palladium rod electrode in
0.1M LiOD for a period during which the cell contents went to the boiling point.
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electrodes in defining the phenomenon.

It can be seen that the excess
enthalpies increase markedly with the
current density so much so that the
results have the appearance of a threshold
phenomenon. However, experiments of very
high precision at low current densities
are required before this can be confirmed.
On balance we still believe that the
results confirm that excess heat
generation is a bulk phenomenon, Fig. 8,
although this cannot now be stated as
firmly as it appeared from the results
available in the spring of 1989. The
levels of enthalpy generation during the
duration of a typical experiment (3
mogfhs) are such (hundreds of Megajoules
cm ) that they must be attributed to
nuclear processes. In particular, it is
inconceivable that chemical or non-nuclear
physical energy could be stored in the
system at these levels and then be
released over prolonged periods of
time "’ The phenomenon of "bursts" in
the entha}ﬁg production which we first
described shortly after the .
publication of our preliminary paper is
also of interest in this context. Figs.
9A, B and C illustrate the Af - t , the
specific excess enthalpy - t and the
cumulative specific enthalpy - t data for
the largest "burst" we have observed to
date. The total specific excess over the
period of the "burst" (216 MJ cm® over 16
days) is again of such a magnitude that
the heat release can only be attributed to
nuclear processes. The heat output during
this burst was 17 times (average value)
and 40 times (peak value) of the enthalpy
input. 1In some cells e.g. Fig. 10, the
temperature rises rapidly to boiling.

When this occurs, it is difficult to
accurately measure the heat flows (see
Section 2c above). The heat output,
however, must be extremely high.

Our current work is concentrated on the
design and implementation of factorial
experiments in which we are seeking to
define more closely the effects of the
many variables which control the excess
enthalpy. The instrumentation and
procedures which we are using in the
execution of these experiments are
essentially the same as those described in
this paper.
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GLOSSARY OF SYMBOLS USED

CP,D 0,2 Heat cagac1ty of liquid D o,
2 JK 'mol

CP.D 0,v Heat cagac1ty of D O vapor,
2 JK ‘mol
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E
cell

E
cell,t=0

Heat capac1ty of 0 2 Dz’ or

(D 0)8’ JK 'mo17?

Measured cell potential, V.

Measured cell potential
time when the initial values of

parameters are evaluated, V.

thermoneutral,bath

P*

Potential equivalent of the
enthalpy of reaction for the
dissociation of heavy water at
the bath temperature,

Faraday constant, 96484 .56

C mol

Heaviside unity function.

Cell current, A.

Heat transfer chfficient due

conduction, W K

Heat transfer coefficient due

radiation, W K

Heat transfer coefficient due
radiation at a chosen time

origin, W K

V.

Effective heat transfer

coe%ﬁicient due to radiation,

W K

Effective heat transfer
coefficient due to radiation at

. s -4
a chosen time origin, W K

Symbol for liquid phase.

Enthale of evaporation,

J mol

Heavy water equivalent of the

calorimeter, mols.

Heavy water equivalent of the
calorimeter at a chosen time

origin.

Iteration number (data point

number) .

Partial pressure, Pa.

Atmospheric pressure,

Pa.

to

to

to



AH

8Q

ad

Af

Ad

Af

Ad

Af

n,calc

Al

n, exp

AAG

bath

Rate of steady state heat
generation at a given
temperature, W.

Rate of generation of excess
enthalpy, W. v

Time, s. g

Dimensionless term allowing for

more rapid time dependent

decrease of water equivalent of X
cell than that expected from
electrolysis alone.

Current efficiency of
electrolysis toward a given
reaction. Y

Staggard free enthalpy change, J
mol .

Rate of heat dissipation of
calibration heater, W.

Difference in cell and bath
temperature at a given rate of
enthalpy release, K.

Difference in temperature
between the cell and the bath at
a chosen time origin, K.

Difference in cell and make-up
temperature, K.

86 - 88° , K.

Difference in cell agd bath
temperature at the n time
interval, K.

Calculated difference in cellt
and bath temperature at the n
time interval, K.

Difference in experimental ce%l
and bath temperature at the n
time interval, K.

Temperature rise in cell due to
application of a calibration

pulse of heat, K.

Bath temperature, K.
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Dimensionless parameter
determining the more rapid
decrease of the radiant surface
area than would be predicted by
electrolysis alone.

Stoichiometric coefficients.

Sample standard deviation of a

given temperature measurement,
K.

Sum of inverse variance weighted
deviations between experimental
data and values predicted by the
model using the non-linear
regression fitting algorithm.

Slope of the change of cell
potential with temperature, V.
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ABSTRACT

Experiments have been performed to examine
the anomalous effects associated with the D/Pd system,
and to discover some of the experimental variables that
might be important to the effects. Experiments were
concerned with calorimetry of the D/Pd system, but also
monitored those experimental variables that might be
unportant in causing the effects: the D/Pd ratio and its
rate of change, interfacial phenomena such as the
reduction of D20, or reduction of contaminant species.

Two types of calorimeters were employed: a
differential calorimeter and a flow calorimeter. In both
of these instruments the electrochemical cell was
pressurized with Dy gas to 60 atm. The calorimeters
were designed to facilitate on-line measurement of the
resistance of the Pd cathode, and for high quality
measurements of the interfacial impedance. In both
calorimeters the electrochemical system has produced
evidence of heat output appearing in bursts, apparently
in excess of known input power sources. These bursts
last for several hours or tens of hours, and produce
energies up to several hundred thousand joules.

In electrodes that are heavily loaded with D, the
electrical resistance of the Pd cathodes was observed to
pass through a maximum with increasing time of
cathodic charging, which is consistent with the known
behavior of the H/Pd system. The electrochemical
interfacial impedance of the cathode gives evidence of
one, and at times two relaxation phenomena; it is also
sensitive to accumulation of cathodically deposited
impurities that may influence the rate and degree of D
loading.

INTRODUCTION

Following the announcement last year by
Fleischmann, Pons and Hawkins [1] of anomalous
effects in the D/Pd system, we have performed a series
of experiments designed to examine anomalous excess
enthalpy associated with this system and to discover
some of the experimental variables that might be
important to the effects.

We have designed our experiments with two
important principles in mind: the need in precise
calorimetric measurements for a closed svstem. and for

knowledge at all times of the composition of the reacting
system. These principles were based on the
understanding that calorimetry in an open system is
subject to more error than in a closed one; this is
especially important when seeking small excess
enthalpies relative to the total power input into the
system. The second principle is based on the belief that
anomalous phenomena associated with the D/Pd system
probably are related in some way to the D/Pd ratio, and
that a high ratio, which is equivalent to a high D
fugacity in the metal, is an important factor in
determining the onset of the phenomena. In order to
facilitate high loading we have operated our calorimetric
electrochemical charging cells at an elevated pressure of
Dj gas, and at low temperatures. Deuterium solubility
in Pd is a function of the applied emf, the Dy gas
pressure, and the temperature. The effect of
temperature on solubility is very significant; the
solubility at 5°C is 7 fold that at 50°C, so lowering the
temperature (thereby increasing the deuterium solubility)
is equivalent to increasing the gas pressure. A high
pressure of Dp has the important effect also of
depolarizing the anode reaction hence reducing
problems associated with O, production.

A further feature of all our experiments was to
have comprehensive monitoring of all the experimental
parameters, e.g. cell current and voltage, reference
voltage, Pd cathode resistance, electrochemical
impedance, gas pressure, and of all temperatures
pertinent to the experiment.

RESISTANCE MEASUREMENTS

None of the "cold fusion" electrolysis
experiments described to date contain any means of
determining the D/Pd content in situ. Yet this ratio may
be a crucial difference between those experiments that
have produced a Fleischmann-Pons effect and those that
have not. The resistance of Pd metal is a function of its
hydrogen content [2] and is, in principle, the easiest
way of determining the state of the Pd electrode as the
experiment proceeds. Unfortunately, the relationship
between the resistance and the D/Pd ratio is known only
up to 0.65, but until further calibration experiments are
performed, these data can be used at least as an indicator
that the ratio is = 0.65. Also, comparison can be made
with the H/Pd system, which is calibrated in resistance
change uo to H/Pd = 1.1 31..
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Figure 1 shows the known data for the 4.5¢3
resistance ratio, R/R®, as a function of hydrogen loading L,
from the data of Baranowski and Wisniewski [3] and r00d gy
deuterium loading from the data of Barton, Lewis and X< ™ ".-
Woodward [4]. The solid line shows an extrapolation 8 "
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data, based on the assumption that the resistance
behavior of the H and D systems are similar, and that
resistance maxima occur at the same degree of loading.
The inferences that we make about degrees of loading
higher than 0.65 for D/Pd are based on this assumption,
and are obtained by fitting the measured resistance ratio
data to the fifth order polynomial given in Figure 1. It
is clear that the assumption of similar resistance
behavior for H and D in Pd, differing only in the
magnitude of the effect, and the length of the
extrapolation, results in significant quantitative
uncertainty at high loading levels. We nevertheless
expect the loading levels inferred from resistance
measurement to be useful qualitatively.

Several factors may influence the measured
resistance. Of these, temperature, the occurrence of
cracking, and inhomogeneity of loading in the metal
phase produce the most significant effects. As shown
in Figure 2, the temperature coefficient of resistance for
the H/Pd system varies over a considerable range from
the pure metal to H/Pd ~ 0.7; however, we have no data
on the behavior in this regard of D/Pd up to 0.7, or of
any hydrogen isotope at higher loadings. Our own
results suggest that the behavior shown in Figure 2 is
closely obeyed in the deuterium system, but that the
temperature coefficient remains more or less constant at
~2x 103 K-1, at higher loadings. This functional form
is assumed in correcting our resistance data for
temperature effects.

absorptions or desorption fluxes, the average resistance
may not reflect the average loading. This problem
arises particular during anodic deloading, when the
surface achieves the low resistance of the a-phase. At
low absorption fluxes the concentration profiles are
sufficiently flat that this seldom complicates the
interpretation of resistance data.

Resistance inhomogeneities due to cracking or
phase nucleation also may yield measured resistances
that do not reflect the average composition of the D/Pd
system. The extent of cracking can be minimized by
loading the electrode unidirectionally, or by pre-loadin
at temperatures higher than ~350°C, to avoid the a to %
phase transformation.

DIFFERENTIAL CALORIMETRY

Concept

Because of the applied current, electrochemical
“cold fusion" cells produce Joule heat, and any
extraneous heat producing reactions must be detected in
addition to this heat. A convenient way of detecting
chemical or nuclear reaction enthalpy is by comparing
the temperature or heat flux from identical cells, where
one cell is restricted to producing Joule heat only.

Heat is produced in an electrochemical cell with

D70 electrolyte and Pd cathode as a result of several
phenomena: absorption of D in Pd, overvoltages on the
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cathode and anode, and I2R heating in the electrolyte.
The first of these factors becomes less significant once
the D/Pd ratio has reached a steady state. Ideally, the
other two factors should be the same in the experimental
cell and the reference cell, the latter being the cell where
the heat production is limited to Joule heating only.
Joule heating differences in the two cells were
minimized by using electrode surfaces and cells of
identical size and shape, as well as identical electrolytes.
Any bulk phase reactions arising from the palladium
were minimized in the reference cell by using a
palladized Cu electrode. This approach to the
construction of the reference cell is based upon the tenet
that fusion reactions occur, if at all, in the bulk phase
and not on the surface of the electrode. If surface
reactions are heat producing, then they are likely to
occur in the Cu/Pd cathode before comparable reactions
occur in the bulk Pd rod, since the thin Pd layer on the
Cu rod would become saturated with deuterium before
the Pd rod.

An alternative approach is to use H2O in the
reference cell. However, because H7O electrolytes have
different overpotentials and different electrical and
thermal conductivities than their DO equivalents, the
Joule heating will be different. In addition, the heat of
adsorption of D in Pd is significantly different from that
of H in Pd. For these reasons, light water provides a
poor blank for the experiments described below.

The electrolysis of water in our cells was
minimized by keeping the applied cell voltage below that
required for oxygen evolution. From the known
thermodynamic and kinetic values, we calculated the
minimum cell voltage required for the evolution of
oxygen from light water, as 1.27 V, and even at 1.8 V
the electrolysis current would not be above 1 mA.

Experimental Approach

Figure 3 illustrates a cell design that incorporates
the features referred to above, which, except for the Pd
electrode, represents identically both the experimental
and reference cells.

The body of the cell was constructed from
copper, which was chosen for its high thermal
conductivity and low solubility and diffusivity of
hydrogen isotopes, and its ability to accommodate a
pressure of at least 50 atm. All interior surfaces were
platinum coated on nickel. Both these metals are
resistant to corrosion in LiOD under the conditions
applicable to this experiment. Temperature was
measured with a four terminal resistance temperature
device (RTD) embedded in each cathode.

Currant Connection Voltage Connection

Cu Rod Pt Surface
~—

D, Gas Inlet

LioD in D20

Plon N Interior
I ———— for Anode

PdRod — |

Cu Vessal

P

Cu Rod Pt Surface — |

Current Connection Voltage C

Nota (hal the relerenca cell is idenlical axcepl for the Pd
electrods, which is pafiidized Cu.

Figure 3. Cell for differential calorimeter

For the experimental cell, the cathode was made
from twice vacuum melted Pd, which was machined,
then annealed in a vacuum at 800°C for three hours,
then backfilled at temperature with Dy. Palladized
copper was used for the reference cell cathode. The
electrolyte was prepared by the addition of 99.9% Li
metal (Ventron Alfa Products) to 99.9% D70 (Aldrich
Chemicals).

The cells were placed, as shown in Figure 4, in
an insulated bath cooled to ~ 7°C. Pressure was applied
to the cells from a D7 gas cylinder. Each cell could be
pressurized independently or removed from the gas
system; a relief valve was also included to prevent
overpressurization of the system in the event of a large
exothermic reaction.

An Apple Macintosh microcomputer with a
Keithley data acquisition system was used to monitor
every minute the temperature of the Pd and Cu
cathodes, the bath temperature, both cell voltages and
the current. The interfacial impedances were measured
every ten minutes during the latter part of the
experiment.

The cells were filled with electrolyte, and the
cathodes charged galvanostatically in series at 10 mA
cm-2 for five days. On the establishment of steady-state
temperatures and voltages, the Pd electrode resistance
was measured, and the current increased by an amount
just sufficient to keep the applied cell voltage below 1.5
V, to prevent oxygen evolution. The above sequence
was repeated periodically.
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Figure 4. Schematic diagram of

differential calorimeter

At intervals during the charging process, the
resistance of the bulk palladium electrode was
measured using a four terminal ac measurement of the
longitudinal impedance to determine the deuterium
loading level. Measurements also were made of the
two-terminal cell impedance, to determine what
fraction of the dc cell voltage was associated with IR
drop in the electrolyte and what was due to the
deuterium redox overpotential.

Calorimetry

If 1 is the current and V the cell voltage then,
in the steady state, the input power is the sum of the
product IV and any extraneous sources of heat, Q.
If the calorimeter heat capacity and cooling constant
are Cp and K respectively, then, for an elapsed time t

IV + Qu/t =(Cp +K) AT [1]
where

AT = Tcell - Toath

this relationship can be further expressed as:

IV = Cp'AT - Qu/t (2]

The calorimeter was calibrated by varying the
input electrochemical power to the two cells in series.
With Qy = O we expect a linear relationship between
the input Joule power to each cell, IV, and the

observed temperature difference between cell and
bath;

IV=aAT +b (3]

The cells were calibrated according to equation
[3], using both stepped and ramped currents, to
establish a steady state slope and intercept: a and b
for the working cell and a' and b’ for the reference
cell. We do not make any attempt to calculate or
calibrate the temporal response of these cells to a
change in input Joule heat or thermal conditions.
Instead, in the differential mode, we assume that the
only differences between the response of the working
and reference cells are those due to the difference in
the steady-state calibration coefficients (a and a', b
and b'), and the possible existence of extraneous heat,
Qu, in the working cell. That is,

Working cell: aAT+b=IV +Qy
Reference cell: a' AT +b' =1V’
Qu=aAT +b-(a AT +b") V/V' [4]

Equation [4] reflects the extraneous heat if all
influences on the two cells are the same except for the
quantified and calibrated differences between the
primed and unprimed variables. This procedure
yields a positive excess if the extraneous heat occurs
in the working (solid Pd) cell, a "negative excess" if
this heat occurs in the reference (Pd coating) cell, and
zero if there are no extraneous, uncorrelated
influences.

Results

Table 1 displays a chronology of
observations. Except for the times noted in Table 1,
the differential calorimeter operated with Qy close to
zero, with a statistical fluctuation of £ 200 mW. We
observed anomalous enthalpic effects from the
experimental cell, and possibly also from the
reference cell. The enthalpic events referred to
occurred when the output power, observed as heat,
was in excess of the input power.

The events described as 8V, refer to occasions
when the cell voltage underwent spontaneous changes
at constant current, temperature and pressure. These
events occurred without accompanying bursts of
power in excess of that provided by the input
electrical power, and were observed for the
experimental cell onlv.



Chronology of Anomalous Events in the

Table 1

Differential Calorimeter

DATE TIME TYPE

H/kJ

5/15
5/17
5/18
5/18
5/19
5/20
5/21
522
5124
10 5/26
11 b5
12 6/01

OO b W =3

2300
1800
0530
2100
0800
0100
2200
1900
1800
1700
1300

dH XSCuy
dVpd
oH XSpq
oH XSpd
dVPd
dVPpd
JdVpd
oH XSpd
dVpd
JdH XSpd

0700(2)3H XSpd

<3
~10
0
5
32
0
0
0
<3
0
26
6

where H=enthalpy, V=voltage, XS=excess.

Figure 5.

Palladium excess power (Watts)

Figures 5 and 6 show data for Q, calculated
using equation [4]. Also displayed is the excess energy
for the two periods of essentially twelve hours,
although the features in Figure 6 presumably are
continuations of the event in Figure 5. The event in
Figure 5 appears to have been initiated by a transient
decrease in the cell temperature, both of which occurred
in the interval between 16 and 17 hours in that figure.
During this time a slow increasing current ramp was
begun, although this was initiated some 20 minutes after
the leading edge of the apparent positive power excess.
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Differential calorimeter excess power and energy: May 31, 1989.
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Figure 6.
FLOW CALORIMETRY

Concept

A second series of experiments was performed
in a flow calorimeter operated isothermally. Figure 7
depicts the calorimeter schematically. In the experiment
described here only one calorimeter cell was used.
During operation the electrochemical cell was contained
inside the calorimeter Dewar flask, and the heat transfer
fluid (silicone oil) was pumped through it. Temperature
control was maintained by mounting the calorimeter in a
well regulated bath (+ 0.01°C) and by equilibrating the
temperature of the oil with that of the bath before it was
pumped into the Dewar flask. The flow rate was
maintained constant to within * 1% by means of an FMI
metering pump; this was monitored continuously with a
rotameter-type flow meter, and periodically by weighing
timed samples removed from the flow. Two RTD
temperature sensors were placed in the inlet to, and
outlet from the calorimeter; turbulence promoters were
employed to ensure that the fluid was well mixed before
it passed over the outlet sensors.

Differential calorimeter excess power and energy; June 1, 1989.

The electrochemical cell was a nickel pressure
vessel whose interior and all other fittings were coated
with Pt. Provision was made for four-terminal
resistance measurements, and a reference electrode. A
helical electrical heater was mounted in grooves on the
outside of the pressure vessel.

Pressure Line,
Ceoll Leads ||

Resistance
Thermometers

\

Cooling/
Heating
Coils -

Evacuated
l— Glass Jacket

Electrochemical
Cells

SORERRS

Strrer

DISSNNNYANNN
000000000

AN

LSS

Figure 7. Schematic diagram of

differential calorimeter.
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Calorimetry

To assist in rapid transfer of heat to the heat
transfer fluid a "finned jacket" was placed around the
outside of the vessel. In operation, the total input
power to the calorimeter was maintained at a preset
constant value by using the data acquisition computer to
calculate the input electrochemical power and adjust the
heater power. In this way, at constant mass flow of
calorimetric fluid, the presence of excess power could
be inferred from an increase in the temperature
difference measured between the inflow and outflow.
In the absence of excess power any second order effects
of heat loss should remain constant since the
temperature profile inside the Dewar flask is essentially
constant.

The calorimeter was calibrated by several
methods: by adjusting the heater power, and the
electrochemical power in a stepwise manner allowing
the system to come to a steady state, and by dynamic
methods where a sinusoidal or sawtooth waveform was
applied to the heater.

The thermal output of the calorimeter is
observed to have the following dependence on input
power:

Pheater + Pelectrochem = (Cp dm/dt + k') AT  [5]
where Cj is the heat capacity of the calorimetric fluid,
dm/dt tf?e rate of mass flow through the calorimeter,
and k' is a small loss term due primarily to heat loss
through the electrical and pressure interconnects that
penetrate the top of the calorimeter vessel.

The values of the constants Cp and k' were
determined by a series of calibrations, varying the input
heater power at constant flow rate, and the flow rate at
constant input power. The value of Cp obtained was in
precise accord with that obtained by independent heat
capacity measurements, and with the value supplied by
the manufacturer. At the flow rates normally employed
in the calorimeter (2-3 g/s), k' represents less than 5%
loss due to conduction.

Experimental

LiOD of 0.1 M concentration was prepared by
reacting pure Li metal with DO under nitrogen in a
glove box.

The Pd electrode was prepared by etching in
aqua regia, annealing the sample in a vacuum for 4
hours at 800°C, and then cooling under D3. Upon
cooling to room temperature the electrode was placed in
the electrochemical cell.

Parameters monitored were the cell current and
voltage, reference voltage, Pd resistance, two inlet and
two outlet temperatures, two cell temperatures, cell
pressure, and calorimetric fluid flow rate.
Electrochemical impedance measurements were made at
regular intervals to monitor the kinetic processes at the
Pd/LiOD interface.

The cell was operated with 60 atm of Dj
pressure, and with varying cathodic current densities up
to 600 mA cm-2. Experiments were performed at 25
and 4°C.

Table 2 displays a chronology of excess heat
observations, where AT increased spontaneously in the
apparent absence of any spurious effects. Figure 8
shows the raw data for event #2, calculated from the
difference between the calorimeter output power from
equation [5], and the known input power Pejecirochem +
Pheater- This figure provides a good indication of the
level of baseline variation of the "excess" power; for
some period prior to and subsequent to the positive
excursion shown in Figure 8, the "excess" power
registers zero with a random variation of roughly 0.2
W. The structured variation of the "excess" power apart
from the burst is due to the enthalpy of partial
recombination of D3 and Q3. At high current densities,
the anodic reaction is not completely depolarized by the
Dj pressure, and electrolysis occurs. The products of
this reaction (and all the associated enthalpic effects) are
contained within the calorimeter. Recombination
occurs on the inner exposed surfaces of the Pt coated
pressure vessel, and its progress can be monitored by
the pressure. We observe oscillations in the pressure of
period approximately 30 minutes, consistent with small
positive and negative fluctuations of the "excess" heat.
No significant change was observed in the cell pressure
associated with the heat burst in Figure 8, and the
recombination fluctuations occurred throughout this
positive heat excursion.

Also shown in Figure 8 is the electrochemical
input power. At this time the heater was employed for
power calibration only at the times marked "P". The
average of the positive excursion is approximately 1.25
W; nearly 33% of the total input power to calorimeter at
that time. The excess energy was calculated from the
area of the envelope of the event in Figure 8 to be 49 kJ,
excluding the effects of heater calibration pulse which
are incompletely removed from the steady state
calculation. At no times were negative excursions
observed in the data record of similar form or
comparable magnitude. The energy total of the four
events of apparent excess heat in this experiment was
298 kJ, this is 7.45 MJ/mol for an electrode which
comprised 0.04 mol of Pd.
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Table 2

Cell P2 Excess Enthalpy

# DATE JRATION, H/kJ
10/11 21:40 Cell Start Up
1 11/1  22:00 13 49
2 11/3  10:00 11 49
3 11/5 23:00 24 154
4 12/10 12:00 46 46
TOTAL 208
4.0 2— —T
SR R B
35 !
P o Calorimeter Input Power
£ Calorimeter Excess Power
g 3.0 I
5]
3 25
I P
8 20
=
63}
o
8 15
5
a.
e
= 10
Q
[
E
E o5 ‘
=
O
0.0 ¢ m
-0.5
50 52 54 56 58 60 62 64 66 68 70 72
Time since 00:00 on 11/1/89 (hours)
Figure 8. Isothermal flow calorimeter excess heat event #2.
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Figure 9.

Impedance Measurement

At low loading levels the electrochemical
impedance of the Pd/LiOD interface exhibits a single
semicircle in the complex plane suggesting that the
response is due to the double layer capacitance and
charge transfer resistance. At high rates of loading
(high surface loading) or high equilibrium loading levels
(high bulk loading) the interfacial impedance response
exhibits a more complex behavior.

Figure 9 shows the impedance response of the
electrode in the pressurized isothermal flow calorimeter,
at 25°C, as a function of applied cathodic current (for an
electrode with area = 4 cm?2). Based on the measured
resistance ratio and the extrapolation of known data
suggested by Figure 1, the electrode in this experiment

had a bulk D/Pd loading of approximately 1.

Pressurized Cell P2; complex plane Impedance plot as a function of applied cathodic bias.

Post Test Analysis

One week after the electrode was removed from
the pressurized isothermal flow calorimeter it was
placed between two layers of Polaroid ASA 3000 film
for 12 days. Details of the resulting films are shown in
Figure 10. Clear evidence of some type of ionizing
radiation is observed. The points of light with diffuse
halo exposure suggest that some of the radiation may be
coming from point sources within the metal, being
scattered by the lattice structure.

The surface and near surface of the sample were
subjected to surface analysis by laser ionization (SALI)
and compared to an identically treated blank electrode.
No changes in isotopic composition were abserved, and
no unexpected elements were observed that might be
consistent with fission products.
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Figure 10.

Approximately 10% of the total mass of the
electrode, comprising one sample from the surface and
one from the bulk, were analyzed by Rockwell
International for 3He and 4He by mass spectrometry of
a molten sample. This technique is capable of detecting
101! atoms; no He was observed at that detection level.

Mass spectrometry was used to analyze the
residual Dy gas in the pressure vessel for 3H, 3He and
4He. At a detection level of 1 ppm, none of these
isotopes were found.

The electrolyte was sampled for tritium before
emplacement in the cell and after removal; no increase in
tritium was observed above the background level.

DISCUSSION

Experiments were performed in two
electrochemical cells comprising a Pt anode, LiOD
electrolyte, Pd cathode and Dy gas. Both experiments
appear to give bursts of heat output in excess of the
known sources of Joule input heat. In one experiment
differential calorimetry was employed; in a subsequent
experiment a more sophisticated isothermal flow
calorimeter was used. The results nevertheless were
qualitatively similar - considerable periods in which the
calorimeters were poised in thermal balance, with
occasional positive excursions of output power, lasting

Autoradiograph of flow calorimeter, pressurized cell P2 electrode, after 12 day exposure;
shown at 4x and 50x magnification (markings in centimeters).

hours or tens of hours, and in magnitude several tens of
kilojoules.

It is difficult to discuss the initiation of these
events given the apparent stoichastic nature of the
excess heat bursts. Nevertheless, we have observed no
heat excess from electrodes that were loaded to D/Pd < 1
(based on an extrapolation of known resistance ratio
data). It may be that such loading is necessary.
However, it is clearly not sufficient to produce the
anomalous heat effects. In both cases the Pd had
achieved its minimum resistance (from which we infer
maximum loading) condition, several weeks prior to the
observation of anomalous heat.

The interfacial impedance data may give a clue to
other conditions that are necessary for anomalous heat
effects to be observed. The impedance feature
evidenced at low frequencies and appearing in the fourth
quadrant of Figure 9 is not present at all times, even for
a highly loaded electrode. In a subsequent paper we
will demonstrate that the impedance spectra can be
accounted for quantitatively by the double layer
capacitance in combination with the charge transfer
resistance for D adsorption coupled with recombination
and absorption at a fractional monolayer coverage of D.
The fourth quadrant feature derives from the coupling of
the potential dependent adsorption coverage, and the
concentration dependent absorption flux. In qualitative
terms, this "inductive" feature appears only when there
is a significant absorption flux: it can be used as an
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indicator that the electrode surface is in a state such that
the electrode is capable of further absorbing D.

Extended cathodization provides an opportunity
for electro-reducible minority components to deposit on
the cathode surface. While we did not observe
macroscopic fouling of the electrodes in this study, one
might expect that the presence of a film of cathodically
deposited contaminant species on the surface would
block D absorption. In our experience, however, the
presence of certain deliberately added impurities appears
to create the inductive term and facilitate loading,
whereas anodic stripping of the Pd appears to eliminate
the fourth quadrant term.  is therefore likely that the
inductive effect is a feature of a specifically modified Pd
surface, of unknown origin, but which may be
beneficial to loading.

The presence or absence of the inductive term,
the existence of which effectively reduces the dc
interfacial resistance, can be used also to account for the
anomalous changes observed in the cathodic
overvoltage of highly loaded electrodes. For both
calorimeter cells we have observed cases where the
voltage measured between the surface of the cathode
and an adjacent Pt pseudo-reference electrode have
spontaneously, and over a period of several hours,
increased at constant current, decreased at constant
current, and, in one case, the overvoltage was observed
to decrease with increasing current.

It is possible that both high loading and high
interfacial flux are necessary for the anomalous effects
to be manifest. In our experience, certain conditions
facilitate high loading: high temperature gas loading
prior to cathodization, electrode activation in strong
acid, low temperature electrochemistry, high current
densities, and high pressures of D2. In a number of
instances the occurrence of "excess heat bursts” appears
to correlate with a change in condition that might well
stimulate high D fluxes at the interface of a highly
loaded electrode: transient or stepped increases or
decreases in the cathodic current and decreases in the
temperature. The event shown in Figure 5 occurred 20-
30 minutes after a transient decrease in the cell
temperature. A decrease in the temperature might be
expected to result in an increased absorption flux since
the solubility and thus the equilibrium loading level of D
in Pd is increased. Additionally, lower temperature is
likely to result in an increased electrochemical
impedance for the recombination step which, at constant
current, may result in a higher adsorption coverage, a
larger dynamic overvoltage and facilitate the adsorbed to
absorbed reaction step.

The last excess heat event observed in the
isothermal flow calorimeter (event #4 in Table 2) was
associated with a decrease in cell current, and persisted
for some hours following the reversal of cell potential
for anodic deloading. If a flux of D is necessarv. then it

may be that the direction is not important. If both high
flux and high loadings are necessary, then it is difficult
to maintain high loading at a high steady-state outward
D flux, while it is difficult to achieve a high steady-state
inward flux at a high loading level. It might be possible
to resolve this apparent impass by periodically reversing
the direction of the flux.

In both experiments the excess energy in any
burst represents at most 1% of the total energy input to
the calorimeter before the excess heat event. The
precision with which we establish our calorimetric
baseline is not sufficient to eliminate the possibility that
energy is being stored in the system during the long
periods of time that calorimeters are in apparent thermal
balance, and released in bursts. While the
thermodynamic properties of the D/Pd system are not
known for mole fractions of D near 1, we consider it
nevertheless unlikely that the excess energies
represented by the events chronicled in Tables 1 and 2
can be accounted for by chemical processes. In
particular it is unlikely that spontaneous transformation
1s occurring to a more stable (and hitherto unobserved)
phase. If this were so, we would expect to see some
evidence in the mechanical character and some evidence
in the resistance. No such evidence is observed.

We do not claim to have examined all possible
sources of systematic error in our calorimetry.
However, highly instrumented and monitored
experiments, using calorimeters of considerably
different design and principle have resulted in
qualitatively and quantitatively similar results of
apparent excess heat bursts outside the standard
deviation of the random errors by factors up to 50.

It has been suggested [1] that excess heat is
produced in the D/Pd system by nuclear processes. The
evidence that we have from the isothermal flow
calorimeter cell that produced 300 kJ of excess heat is
that sources of ionizing radiation are contained within
the Pd cathode, that are not present in a blank electrode
prepared identically from the same stock. Experience
from autoradiographs of other electrodes heavily
electrolyzed in LiOD and LiOH suggests strongly that
the exposure evidenced in Figure 10 is not due to
contact printing or to chemical exposure by reducing
species such as lithium or hydrogen. Autoradiography
while sensitive is not specific, and we were unable to
identify the species that produced the film exposure, or
any other species that might be a product of nuclear
reaction. We were unable to 1dent1fy any isotopic
changes or the presence of 3He or 4He in the metal, the
gresence of 3H in the electrolyte or the presence of 3 H,

He or 4He in the gas. Within the respective detection
limits of the various techniques employed, it is not clear
that we would expect to see the 3 x 1015 atoms of
product that would be associated with 300 kJ of heat
from a nuclear process.
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ABSTRACT

Convincing evidence of anomalous thermal
fluxes from palladium cathodes in LiOD solutions is
provided. When combined with other evidence for
tritium formation, these argue for the existence of
solid state nuclear processes in this system.
Compared with previous work, effects are only
seen at a relatively low level, and they appear to
decrease with decreasing electrode surface/volume
ratio. They are also observed in a sealed cell with
internal gas recombination, which requires no
thermodynamic corrections. The effect of lithium
ion is seen to be specific, and the effect seems to
involve only the palladium surface layers.

INTRODUCTION

In a recent publication, Fleischmann, Pons and

Hawkins! have alluded to anomalous enthalpy
production when deuterium is evolved on palladium
from solutions of lithium deuteroxide in deuterium
oxide after polarization over long periods of time.
These experiments were conducted using a classical
calorimetric technique, in which temperature
changes were measured using Beckmann
thermometers. The authors concluded that nuclear
reactions of unknown type involving deuterons
dissolved in palladium beyond the composition

corresponding to that of the end of the (o+B) phase
were taking place, since no significant neutrons or

y-radiation much above background were observec.
The total excess thermal energy (4MJ), observed
over a period of 120 hours, was much greater than
the heat output from any possible chemical process.
Such results have not been reported for cathodes
that do not significantly absorb deuterium (e.g.,
platinum), or during hydrogen evolution on
palladium from light water. In this paper, we
report the results of work on anomalous heat
production from palladium cathodes during
deuterium evolution from lithium deuteroxide
solutions in deuterium oxide. We also present
results of control experiments with platinum
cathodes evolving deuterium under identical
conditions, and with palladium electrodes evolving
hydrogen from lithium hydroxide-light water
solutions.

EXPERIMENTAL

The investigations were conducted using an
automatic precision microcalorimeter (Tronac Model
350, Orem, UT). This is a differential heat
conduction instrument with a noise level of less than
0.3 uW and a precision better than 1 uW. The
temperature fluctuations of the water bath in the
microcalorimeter are controlled to £0.0002°C. The
instrument operates by electrically comparing the

voltage signal AV across a thermoelectric junction
assembly mounted around the working chamber
with a similar signal from a reference chamber in the



instrument, which avoids fluctuations in the
baseline or in the instrument constant. The voltage
determined is proportional to the temperature
difference across the ends of the thermoelectric pile,
and thus to the heat flux. The instrument includes a
built-in calibration resistor (about 1000 ), with a
maximum heat output of 25 mW. Since this level
was much below the heat outputs measured, we
constructed an extended calibration curve using a
standard resistor of smaller value inside the
electrochemical cell with and without electrolyte
(Fig. 1). It includes any effects of temperature
changeinside the cell, and is linear over a wide heat

flux range. The voltage signal AV is monitored
using a high-impedance digital voltmeter and the
instrument also provided a continuous chart-paper
printout of these data, which is available for
inspection. The heat flux from the calorimeter is

given by AV.C, where C is the slope from Figs. 1a
and 1b, the calibration plots for the two chambers of
the calorimeter. Since the bath temperature of the
calorimeter can be adjusted in the range 2°-30° C, it
was possible to verify the temperature-independence
of the the calibration. The value of C was 184.0
with a standard deviation of £1.23.

Heat generation rates were measured in a closed
stainless steel cell, which was used because of its
high thermal conductivity. The cell fitted snugly in
the working chamber of the microcalorimeter (1cm
x Scm x Scm) which was located in a large
aluminum block in contact with a water bath
maintained at 25°C. The latter temperature could be
varied by means of a freon bath. Preliminary
results established negligible corrections for the heat
generated by oxidation of the stainless steel cell in
the electrolyte.

Electrochemical cells were assembled with
palladium wire cathodes (1 cm long, 0.05 cm
diameter) surrounded by spirally wound platinum
wire anodes (99.9995% pure, Alfa Products). All
cathodes were cut from the same batch of palladium
wire (99.997% pure, Alfa Products). Platinum
wire leads (0.05 cm diameter) were spot welded to
one end of the palladium cathodes and isolated from
the solution by means of Teflon. In control cells, a
similar electrode configuration was used with a
platinum wire substituted for the palladium. All
electrode specimens were cleaned using acetone
followed by thorough rinsing with ultrapure water.
The electrolytes initially used were 0.1 M lithium
deuteroxide in 99.8% pure deuterium oxide (Aldrich
Chemical Company), and 0.1 M lithium hydroxide
in ultrapure light water. Both solutions were
prepared by dissolving natural lithium metal ("™L.i"
99.9% pure containing 93 wt % 7Li, Aldrich
Chemical Company) in light and heavy water. The
cells with the palladium cathodes were examined in
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the heavy and light water electrolytes, and those
with platinum cathodes in the deuterium oxide
electrolyte only. In later experiments, 0.1 M
NaOD, 1.0 M "LiOD, 0.1 M 7LiOD and 0.17 M

6LiOD electrolytes were used. They were prepared
by dissolving "nuclear" grade sodium metal sealed
under argon (Alfa Products), 7Li (99.9% chemical
purity, 99.8% isotopic purity, Eagle-Picher
Industries) and SLi (99.97 % chemical purity,
98.67% isotopic purity, Oak Ridge National
Laboratory). The 7Li isotope was supplier-sealed

under argon, whereas the 6Li was under oil, and
was Soxhlet-extracted with hexane before use.

The electrical circuits were carefully checked for
leakage currents to ground via the metal cell and it
was verified that the working and counter electrodes
connected to a constant-current power supply were
indeed floating. Any AC component from the
power line was verified to be less than 20 mV in 5
V. The cell voltage (V) was continuously
monitored using a high-impedance digital voltmeter.

After allowing the stainless steel cell and its
contents to thermally equilibrate in the
microcalorimeter, palladium working electrodes

were polarized cathodically in 0.1 M "LiOD at 0.06
A/cm?2 for 40 hours to allow saturation of the
palladium with deuterium (or hydrogen) beyond the

end of the (o+PB) phase composition. In
preliminary work, this was immediately followed
by the application of current densities of 0.6 A/cm2,
1.0 A/cm?2, and 0.3 A/cm?2 for various times (see for
example Fig. 2). In this example, the cell currents
were 97.2 mA, 161 mA and 49.2 mA, respectively.
The voltages were about 4.5V, 5.6V and 3.4V.
Some voltage variation, discussed below, was seen
as a function of time. While the cells were being
polarized, the rates of heat generation were
monitored. The heat input could be determined
from instantaneous readings of the cell voltage,
which could be read to within three (but not four)
significant figures. The voltage at constant current
showed a random noise in the range +2 to + 10 mV
due to variations in effective cell resistance resulting
from gas evolution. The cell current, which
showed small variations with time, could be
determined to a precision of 0.1%. The calorimeter
output was a low noise signal typically in the range

1500 to 2500 uV, which was read by a digital
voltmeter to a precision of £10 pV.

Solvent was periodically added every 48 h to the
cell to maintain constant volume due to loss of
solution by electrolysis and any entrainment by
evolved gas. The measured amount of solvent was
1.7 ml at a current density of 0.6 A/cm2. This



quantity corresponds to the theoretical amount for
100% dissociation of the electrolyte to hydrogen or
deuterium and oxygen at a total cell current close 10
(.1 A. In no case was the electrolyte level allowed
to fall so that platinum or palladium wires were
exposed above the electrolyte. After each addition,
the cell and its contents were allowed to
reequilibrate before further recordings were made.

RESULTS

Plots of the cell potential and of the excess rate
of heat generation, recorded as a function of time

for a palladium wire cathode in 0.1 M PLiOD, are
presented in Figure 2. The rate of excess enthalpy

generation, AQ, is given by:

AQ=Q- {E-(AH/BF)} I (1

where Q is the total rate of enthalpy generation, E is

the cell potential, AH is the heat of formation of
gaseous Dy or Hp and O3 from liquid D70 or H,0,
as appropriate, F is the numerical value of the
Faraday in joules, and I is the current passing

through the cell. The value of AH/F is 1.527 V for
D»0O (rounded to 1.53 V) and 1.48 V for H70O. The
excess enthalpy flux for DO was therefore:

AQ=AV.C- (E-1.53)I 2)

The correction for evaporation of solvent and the
smaller effect of heat loss in the escaping gas was
determined to be small (certainly less than -2 mW at
a cell temperature maintained close to 25°C by the
heat conduction calorimeter), compared with the
order of magnitude of the heat flux changes sought.

Consideration of the precision of reading AV, E
and I, along with the standard deviation of C,

suggests the error in determining AQ using
Equation 2 is #3 mW. However, to verify that
Equ. 2 can be used to accurately calculate the
irreversible heat flux, it is necessary to show that
recombination of the gases is small. Although it is
possible to estimate the extent of recombination
from the measured amount of solvent periodically
added to the cell, for a more precise determination
gas volumes from the operating cell were measured
using a gas burette during electrolysis, both on the
bench and in the calorimeter. Results obtained were
always slightly less than, but within about 1% of,
the theoretical value, indicating a small amount of
recombination, presumably by diffusion of oxygen
through the electrolyte to the cathode. If the fraction
of gases recombining during the experiment is x,
the heat flux input to the calorimeter will be (E -
[1.53][1-xDI. If x is indeed 0.01, then the error in
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AQ will be positive and equal to about +1.5 mW.
Thus, a small amount of recombination will tend to
compensate the heat loss resulting from evaporation
and other heat losses. Since these corrections are
within the overall estimated error bars, the latter are
shown as = 3 mW on the plots of the experimental
results.  Breaks are shown in the plots
corresponding to the re-equilibration times for the
calorimeter after the cells were opened for
verification or electrolyte addition. These
corresponded to intervals of 1-2 hours.

The result in Fig. 2 shows an excess rate of heat
generation (i.e. over and above the rate of heat
generation due to irreversible losses in the
electrochemical cell) several hours after the current

density was increased to 0.6 A/cm? from 0.06

A/cm?, the current density for charging of palladium
with deuterium. It is interesting to note that at

current densities of 0.6 and 1.0 A/cm?2, the excess
rate of heat generation was 38 mW, whereas at 0.3

A/cm? it decreased to 29 mW. As a percentage of
the irreversible heat flux input to the calorimeter, the
excess heat was 6.1%, 13.2%, and 31.5% at 1.0,

0.6, and 0.3 A/cm? respectively. The fact that the
rate of excess heat evolution increases as heat input
(i.e., the reaction rate) to the calorimeter decreases
is a strong argument against a spurious chemical
explanation of this effect, particularly anomalous
(and unobserved) recombination of deuterium and
oxygen. The highest heat generation rate observed

(at 0.6A/cm?2) corresponded to 19.3 W/cm?3 of Pd,
which is comparable to that reported by

Fleischmann, Pons and Hawkins (26 W/cm3).

A similar experiment to that shown in Figure 2
was carried out using a platinum cathode in 0.1 M

NLiOD for a period of 80 hours. Since platinum
does not form a hydrogen or deuterium bulk alloy, a

current density of 0.6 A/cm? was applied from the
beginning of the experiment. From the data in
Figure 3, it is clear that there was no excess heat
generation in this case. In a third experiment,

electrolysis of HpO from 0.1 M PLiOH using a
palladium cathode, and the same current density
sequence as in Fig. 2, did not reveal any excess heat
generation, as shown in Figure 4. These results
again demonstrate that recombination of evolved
oxygen and deuterium gases within the
electrochemical cell should not be a chemical source
of the excess rate of heat generation observed for
deuterium evolution on a palladium cathode from

the PLiOD electrolyte. The experiments in Figures 3
and 4 have been repeated three times with palladium

cathodes in "LiOH electrolyte, and three times with

platinum cathodes in "LiOD electrolyte, each giving
identical results to the examples shown.



The sequence of current densities shown in Fig.

2 for palladium cathodes in "LiOD electrolyte was
repeated for several different specimens of different
dimensions, origins, and pretreatments. In all
cases, some excess heat generation was observed,
the quantity varying according to the nature of the
specimen. All results are shown in Table 1.
Following Fleischmann and Pons, anomalous heat
flux results are expressed in W/cm3. The highest
value obtained (about 25 W/cm3) was for an
annealed wire, 0.05 cm diameter, from the same lot
as that used for Fig. 2. These results are shown in
Fig. 5. Relatively lower values (6-12 W/cm3) were
obtained on a spherical electrode, 0.2 cm diameter,
prepared by melting another sample of the same
wire. A further result was obtained on a 0.1 cm
diameter wire of "investment" quality. Before
stepping up the current density to 0.6 A/cm?2,
charging was this time conducted at 0.06 A/cm? for
two weeks. Results for this wire, expressed in

terms of raw data (i.e., AV.C and [E - 1.53]]), are
shown in Fig. 6. It can be seen that from the start

of deuterium evolution at 0.6 A/cm2, this electrode
produced an excess heat flux at a low level.
However, after about 12 hours, about 30-60 mW
excess heat flux was produced, corresponding to 4-

7 W/cm3. In the case of the specimens shown in
both Fig. 5 and Fig. 6, the anomalous heat
production was associated with a falling cell
potential as a function of time, although this was not
consistently true of the other specimens studied. In
contrast to the results shown in Figs. 2 and 5, some
decay of anomalous heat occurs after 25 h in this
case.

Results for two experiments for 0.5 mm
diameter annealed Pd wires in 0.1 M PLiOD and
nLiOH are shown in a more detailed form as a
function of time in Table 2. In PLiOH solution, the
cell voltage starts at 4.325 V and shows a slight
initial rise as electrolysis proceeds, which we
suggest may be due to the effect of impurities. This
is followed by a fall as electrolysis proceeds and as
the solution becomes more concentrated, hence
more conductive. On adding 1.7 ml of solvent, the
voltage increases to a value 200 mV greater than that
initially observed, which again falls smoothly by
200 mV as the solvent is consumed. In all cases,
the heat output from the calorimeter is slightly less
than the heat input corrected assuming 100%
Faradaic efficiency for electrolysis. In contrast, the
cell voltage in "LiOD solution starts at a
considerably higher voltage, reflecting its lower
conductivity than that of PLiOH. This voltage
initially falls as the solution concentrates over the

first 24 h, then it shows a rise as the production of
anomalous heat becomes more evident.

More results are shown in Fig. 7 for a 0.05 cm
diameter "as-received" palladium wire initiated in

nLiOD solution. An excess rate of heat generation
can be seen starting about 3.5 h after the current

density was increased to 0.6 A/cm? from 0.06

A/cm?2. After arise time of a further 14 h, excess
enthalpy generation had reached a maximum value

of 36 mW, equivalent to 18.3 W/cm3, compared

with 19.3 W/cm3 observed in Figure 2 for a
specimen cut from the same wire sample.
However, a rise time of 50 h was required to show
the maximum effect in this case. After allowing the
excess enthalpy generation to stabilize for 10 h, 0.1
M NaOD electrolyte was substituted, giving a rapid
decay of the effect, most having disappeared after 4
h. The cell potential was about 340 mV lower in the
NaOD solution, whose specific conductivity is
higher than that of 0.1 M "LiOD. After 24 h, the
excess heat flux had fallen to 4 mW and the

electrolyte was again changed to 0.1 M "LiOD. The
excess heat flux then rapidly redeveloped, reaching
a maximum similar to that observed earlier within
12 h. After a further 12 h, the electrolyte was
changed for 1.0 M nLiOD. In this case build-up of
the excess heat after recovery from switching off the
current was slow, perhaps due to impurity
accumulation by plating-out on the electrode surface
from the more concentrated solution, in which the
cell voltage was about 3.5 V, compared with about
5.2 Vin 0.1 M TLiOD. The final rate of excess heat
production was similar to that in the latter.

After 23 h the current was switched off and heat
generation was allowed to decay. Fig. 8 shows the
cell voltage and absolute heat decay rates on switch-
off. The former is very rapid: After a change of
scale, an open-circuit voltage of about 1 V is
observed, corresponding to that for the oxidized
platinum anode against the deuterium-charged
palladium cathode. Within about 1 hour, the open
circuit voltage decayed to about 350 mV, followed
by a slow decay as deuterium was lost from the
palladium and the platinum surface became reduced.
The rate of heat decay is the same as that for a
heated electrical resistance within the cell, hence it
can also be described as instantaneous,
corresponding in practice to the time constant of the
microcalorimeter.

A similar set of results is shown in Fig. 9 for an
annealed wire. In obtaining these, 0.1 M 7LiOD
electrolyte, rather than 0.1 M PLiOD, was
substituted for 0.1 M NaOD. Results are broadly
similar to those shown in Fig. 7, however, while
the time interval from changing the current density
tenfold to the appearance of excess enthalpy
production on the palladium cathode was rapid
(about 1 h), the rise time was slower (about 20



hours instead of 14 hours). It was also much
slower than for the annealed wire studied in the
same electrolyte in Fig. 5, where initiation of the
phenomenon from switching the current density

from 0.06 A/cm? to 0.6 A/cm? took only 2.2 h,
reaching close to the maximum value after a further
3.5 h. The maximum excess enthalpy production
was this time 34 mW, or 94% of that in Fig. 7. In
the previous work reported, a similarly treated

annealed wire produced 49 mW (25 W/cm3). These
differences may be due to the presence of trace
impurities, since the palladium cathode surface
blackens and roughens with use. Surface
examination by the SEM shows mossy surface
growths, and SIMS and Auger data (to be reported
separately) show the presence of transition metals
other than Pd, as well as a relatively large amount of
Li, at the surface.

Fig. 10 shows similar data to those on Fig. 9,
this time on an annealed wire immersed from the

beginning in 0.17 M 6LiOD electrolyte. Initiation

time from the application of 0.6 A/cm? was almost
instantaneous, and the slope of the rise was about

the same as for "LiOD in Fig. 8. The final result
obtained in this series of experiments is given in
Fig. 11, which shows results for an untreated
palladium electrode 2 mm in thickness cut from a 4
mm diameter rod (Johnson-Matthey) cut from the
same rod stock used by the authors of Ref. 1. The
disk-shaped electrode was immersed in 0.1 M

NLiOD in a sealed cell containing a platinum black
fuel cell electrode for gas recombination. In this
case, no thermodynamic corrections at all are
required in evaluating the results, which are shown
in tabular form in Table 3. After precharging in 0.1

M PLiOD at 0.06 A/cm?2 for two weeks, the
maximum excess enthalpy production was similar to
that in other cells, about 30 mW, however it
represented only about 3% of the maximum heat
flux input of 900 mW. Because of limitations in the
power supply used, the maximum current density
was limited to 400 mA/cm2. The most interesting
effect noted is the abrupt fall in excess enthalpy
production on reducing the current density from an
initial value of 350 mA/cm?2 to 200 mA/cmZ2, which
is followed by a slow rise over 20 h. A further
change to 400 mA/cmZ2 results in a short horizontal
characteristic, followed by a further slow rise. This
may be interpreted as suggesting that 200 mA/cm?
is perhaps close to a threshold current density for
the anomalous heat phenomenon to occur, at least
under the conditions used by us.
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DISCUSSION

The detailed results reported above show that
excess enthalpy production during electrolysis of
DO solutions on Pd is a real effect, at least in
certain electrolytes, and we thus confirm at least
some aspects of the rather limited details given in

the paper by Fleischmann, Pons and Hawkins!.
By expressing their results in terms of the excess
heat flux per unit volume of the electrode, these
authors presumably assumed that they were
observing a bulk phenomenon. However, their data

scarcely suggest this, since in their reported work!

at 0.008 A/cm2, a change of electrode volume by a
factor of 16 increased the excess heat flux by only

28%. The corresponding increase at 0.064 A/cm?

was 38%, and at 0.512 A/cm?2, 257%. For a wire
of diameter similar to that in Fig. 6, Fleischmann

and Pons obtained 8.33 W/cm3 excess enthalpy

production at 0.512 A/cm?2. Hence, the high values
for the 0.05 cm diameter wires used in this work,
particularly the annealed specimen, may be atypical.

The results shown in Figs. 7, 9 and 10 show
that excess enthalpy production required the
presence of lithium in the electrolyte, indifferently
6Li or 7Li isotopes. Replacement of lithium-
containing alkaline electrolyte by sodium causes a
rapid fall in excess enthalpy production. The rate of
this fall suggests that it is due to lithium leaching
from the surface. This strongly suggests that a
superficial chemical process underlies the effect,
although it does not necessarily mean that the excess
heat is of chemical origin. Furthermore, the results
on the platinum cathodes, compared with those
obtained with palladium, indicate that the effect is
not exclusively at the metal surface, but appears to
be only associated with dissolved (i.e., alloyed)
deuterium (and not protonic hydrogen) present in
the surface layers of palladium. When the current to
the cell was switched off, rapid decay of the excess

heat occurred, since AV decayed as a function of
time in the same way as heat produced by an electric
heater inside the cell. If we can discount
continuously-occurring chemical explanations such
as gas recombination for this phenomenon, other
chemical events also seem unlikely. For example,
15 W/cm3 for 80 h represents over 40,000 kJ/mole
or 0.45 keV/Pd atom, which is far greater than
either the bond strength of palladium (about 0.67
eV/Pd atom) or the latent heat of sublimation of the
metal (4 eV/Pd atom). Even if all of the electrolyte
had been involved in some chemical or physical
change, this must involve about 17 kJ/mole, which
should have been detected.

In the present work, the specific effect of
lithium has been shown. This should be contrasted



with the recent results of Iyengar2, which show
anomalous heat, with tritium formation, in 5SM

NaOD at current densities in the 0.2 -0.3 A/cm?2
range at Pd-Ag alloy electrodes. While lithium
metal (with a deposition potential from pH 13 LiOH
solution of -2.310 V vs Hp under the same
conditions) is unlikely to plate out on the palladium
cathode, LiD (deposition potential of LiH is -806
mV on the same scale) may well do so. We
therefore suggest that the deposition of a lithium
deuteride layer from a concentrated, i.e., almost
D2O-free electrolyte, at the cathode surface under
high current density conditions for deuterium
evolution may be responsible. Such a coating, once
formed, may easily lose lithium ions into the
palladium lattice, to form a superficial lithium alloy.
Similarly, D~ could lose its two electrons and also
pass into the metal. Sodium deuteride, whose
deposition potential is close to that of LiD, would
also be expected to form on the electrode surface
from NaOD solutions, but it may be less likely to
alloy with the palladium lattice. With Pd-Ag

electrodes and a SM NaOD solution?, the situation
is evidently different. When electrodes exposed to
LiOD solution are exposed to NaOD under the
conditions used in this work, the superficial
compounds formed may leach out, and anomalous
enthalpy production stops. The NaOD data reported
here are highly reproducible, and have been
repeated a total of five times to date on different
palladium cathode samples.

Whether nuclear events are responsible for
anomalous heat production depends on the detection
of nuclear products. In parallel work at this
University, Wolf et al.3 have examined neutron
fluxes from cells containing the same 0.1 cm
palladium wires reported in Figure 6, again
operating in the 0.6 A/cm?2 range. Results have
been inconsistent, neutrons occasionally being
observed at a level of about five times background,
i.e., many orders of magnitude less than that
corresponding to the level of the excess heat flux
observed, assuming the usual approximately equal
branching ratios for 2D + 2D — 3He + n or 3T
+1p. Iyengar? has suggested a branching ratio of
108. Our collaborators at this University (Bockris
et al.4) have observed high levels of tritium in the
electrolyte (> 1006 disintegrations/ml/min, compared
with background values (200
disintegrations/ml/min) at the start of experiments.
Their work showed that more tritium was formed in
the gas phase than was present in the electrolyte.
However, results have been sporadic, suggesting
that trittum 1s formed within the electrode, at least
initially. If the tritium formed corresponds to the
anomalous heat, about 1016 atoms, (or 0.01% of
the total palladium atoms present), should be
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formed over 80 h. High tritium levels in the
electrolyte are only observed after charging for long

times (2-6 weeks) at 0.06 A/cm?2. We have
observed no significant amounts of tritium in the
electrolyte during the course of the relatively short-
term experiments reported above.

Samples of 0.05 cm and 0.1 cm diameter
palladium wires in "as-received" form and after
serving as cathodes in the above experiments were
analyzed at Atomics International Division of
Rocketdyne Corporation, Canoga Park, CA, and at
Lawrence Livermore National Laboratory. Neither
3He nor 4He were observed above background
(1012 and 2.5 x 10!! atoms per ml respectively).
However, if no significant neutrons are observed,
3He as a primary reaction product would not be
expected. It is usually considered that 4He is an
improbable fusion product in a plasma phase, but
perhaps it is not in a lattice, as noted in a recent
paper by Walling and Simons5. If the process
involves a skin effect, 4He would probably escape
in the solution. We should note that lack of 3He in
the bulk of the palladium indicates that no known
deuterium fusion process involving the classical
branching ratio between the 3He + In and 3T + Ip
channels is occurring in the bulk at a enthalpy

production level greater than a fraction of 1 pW.
Similarly, the quantitative upper limit for tritium
production in the bulk palladium in an electrode that
was assayed 5 days after a series of experiments

was about 1.5 x 1015 atoms/ml, about 3000 times
less than the amount expected from the enthalpy
evolved. However, this electrode had degassed,
and tritium and deuterium would have been lost
both from the surface layers and the bulk. Further
work is clearly needed to clarify the origin of the
observed heat flux.

The ensemble of results, however, show that
chemical enthalpy resulting from spurious gas-
phase processes is a highly improbable explanation
of the heat flux effects seen with LiOD isotopic
species present. The results also persuasively show
that the phenomena do not appear to be true bulk
effects, but that they occur within the surface skin.

The time-integrated results are much too large! to be
explained by continuous chemical processes taking
place in a thin superficial skin of palladium. It is
also improbable that they can be cyclic chemical
processes, for example lithium deposition taking
place in surface cracks, followed by its dissolution
to produce hydrogen, as one reviewer of this paper
suggested. This would be akin to an a.c.
impedence effect, and as such it should be
detectable at the levels observed. The anomalous
heat effects are however chemically initiated by Li
ions, and they may well not be identical to those



noted by Fleischmann, Pons and Hawkins'. success of many laboratories in reproducing the

Indeed, with larger electrodes, the excess enthalpy Fleischmann-Pons results, since such reactions are
production observed here is relatively low grade known to be very sensitive to surface pretreatment
compared with that reported by the latter authors. and to the effect of impurities that might be present.

Our results on 0.1 cm diameter wires were about the
same as those reported in Ref. 1, but as stated
above, those with 0.05 cm diameter wires were

significantly higher. We presently have no REFERENCES
explanation of either this, or as to why the excess
heat went through a maximum in the experiment 1. M. Fleischmann, S. Pons, and M. Hawkins J.
shown in Fig. 2, or for the fall shown at 24 h in Electroanal. Chem. 261, 301 (1989).
Fig. 6. 2. P.K. lyengar, Proc. Fifth Intl. Conf. on
. Emerging Nuclear Energy Systems (ICENES
If the excess enthalpy production is due to V), Karlsruhe, FRG, July 3-6, 1989.
nuclear fusion, lithium ions are most unlikely to be 3. K.L. Wolf, N.J.C. Packham, D.R. Lawson, J.
involved due to their s-electron screen and the Shoemaker, F. Cheng and J.C. Wass, J.
apparent lack of an isotope effect. Further evidence Fusion Tech., (to be published).
is required to say whether they are due to some 4. N.J.C. Packham, K.L. Wolf, J.C. Wass,
unusual form of 2D + 2D fusion associated with the R.C. Kainthla and J. O'M. Bockris, J.
presence of the palladium latticeS. Finally, the fact Electroanal. Chem. 270, 451 (1989).
that surface phenomena initiate the anomalous S. C. Walling and J. Simons, J. Phys. Chem. 93,
enthalpy production effects may explain the lack of 4593 (1989).
Rate of |
’; Electrode Material gtérr:;r;t Excess Heat
;:p. Electrolyte Y | Generation
Cathode Anode mA/cm2 |W/cm3 of Pd
as-received Pd 300 16.3
1 0.5mm dia. Pt 0.1M LiOD 600 19.3
10mm long 1000 18.5
as—received Pd
2 1.0mm dia. Pt 0.1M LiOD| 600 4-7
10mm long
annealed Pd
3 0.5mm dia. Pt 0.1M LiOD 600 22-25
10mm long
arc—melted Pd
4 2.0mm dia. Pt 0.1M LiOD| 600 6-12
sphere

Table 1:  Excess Enthalpy Production from Various Pd Specimens in 0.1 M LiOD at 0.6
A/cm?,
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Table 2:

TABLE 2

Cell Cell Excess

Date | Time |Current|Voltage Power In| Power Out Heat
(mA) (V) (mW) (mW) (mW)

5/11{10:30| 98.18 5.26 359.33 385.00 25.67
5/11 ] 12:50 | 98.02 5.13 351.89 381.20 29.31
5/11 | 16:15| 97.79 5.06 344 .22 381.50 37.28

5/12 | 08:45| 97.81 4.91 329.62 367.50 37.88
5/12 | 12:10 | 97.80 4.92 330.566 371.00 40.44
5/12 | 16:00 | 97.91 4.97 335.83 375.00 39.17
5/12 | 17:00{ 98.20 5.04 343.37 382.37 38.96
5/12 | 21:45| 97.80 4.90 328.61 371.46 42.85
5/13 | 11:00| 97.53 4.75 313.07 358.77 45.70

Calorimeter opened at 11:00 on 5/13 to measure electrolyte
volume--1.7 ml/2 days consumed. 1.7 mis of D,O was added.

5/14 | 09:00| 97.03 4.70 306.61 341.25 34.64
5/15 | 08:00 | 97.03 4.75 311.46 350.05 38.59

Cell Cell Excess
Date | Time | Current |Voltage | Power In Power Out| Hegay
(mA) (V) (mW) (mW) (mW)
5/27 | 11:30 96.40 4.325 274.46 271.80 -2.66
5/27 | 13:00 96.35 4.335 275.08 271.80 -3.28
5/27 | 18:00 96.40 4.330 274.74 271.80 -2.94
5/28 | 10:00 96.55 4.295 271.79 271.80 0.01
5/28 | 11:30 96.60 4.295 271.93 271.80 -0.13
5/28 | 20:00 96.61 4.280 270.51 268.18 -2.33
5/29 | 08:10 96.60 4.232 265.84 264.55 -1.29

Calorimeter opened at 08:15 on 5/29 to measure electrolyte
volume--1.7 ml/2 days consumed. 1.7 mls of H,O was added.

5/29 | 12:00 96.58 4.532 294.47 293.54 -0.93
5/29 | 15:00 96.56 4.525 293.83 291.73 -2.10
5/29 | 17:00 96.45 4.520 293.20 291.73 -1.47
5/29 | 22:00 96.60 4.500 291.73 289.92 -1.81
5/30 | 08:10 96.61 4.450 286.90 286.30 -0.60
5/30 | 11:00 96.58 4.430 284.91 284.48 -0.43
5/30 | 15:30 96.55 4.410 282.89 282.67 -0.22
5/31 | 08:00 96.60 4.330 275.31 273.62 -1.69
5/31 | 15:30 96.58 4.320 274.29 273.62 -0.67

Enthalpy data for Pd in 0.1 M LiOD and 0.1 M LiOH electrolytes. The
cathodes consisted of a palladium wire (0.5 mm diameter, 1 cm in length, 0.159

cm?, 1.96 x 10-3 cm3, 99.997% pure) supplied by Johnson-Matthey. The

electrodes were annealed at 950°C for 0.5 hr at 10-6 torr and afterwards allowed
to cool in the furnace under vacuum. The electrodes were previously charged at

60 mA cm2 for two days. The "closed" electrochemical cells initially contained
7.8 ml of electrolyte. The anodes were a spiral of platinum wire.
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Table 3:

Cell Cell Excess
Date |Time |Current|Voltage Power In| Power Out Heat

(mA) (V) (mW) (mW) (mW)
7/4 | 08:00| 100.75 | 4.440 447.33 465.85 18.52
7/4 |110:30| 175.60 6.175 1,084.33 1,122.18 37.85
7/4 |[12:50| 175.25 6.090 | 1,067.27 | 1,110.70 43.43
7/4 | 15:10| 175.25 | 6.030 | 1,059.77 | 1,095.70 36.00
7/4 |16:25| 175.70 6.010 | 1,055.96 | 1,089.14 | 33.18
7/4 | 22:55| 175.70 | 6.050 | 1,062.99 | 1,099.50 | 36.51

Excess enthalpy production in a sealed cell.
palladium disc (4 mm diameter, 2 mm thick, 0.501 cm?, 2.51 x 10-2 cm3,
99.997% pure) supplied by Johnson-Matthey. The electrode was previously
charged at 60 mA c¢m-2 for two weeks. The sealed electrochemical cell initially
contained 7.8 ml of 0.1 M D70. The anode was a spiral of platinum wire and
the Oy-Dj recombination catalyst was a segment of a fuel cell electrode.

1200
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8

Thermoelectric Sensor Voltage, mV

Figure 1:

Calibration curve for microcalorimeter. @ : With built-in resistor (limited to 25
mW); + : With resistor in cell without electrolyte; D : With resistor in cell

containing electrolyte.
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The cathode consisted of a
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0.1M LiOH.
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ABSTRACT

This paper reports calorimetric experiments related to
the energy breakeven issue during heavy water
electrolysis using a Pd cathode in thermodynamically
closed cells. A comparison with light water
electrolysis under the same conditions is also given.
Excess power has been observed in a number of
cases in which the overall energy balance becomes
positive after a short period, leading to the generation
of significant amounts of excess energy. In one case,
excess power was maintained over a period of ten
days, and produced over 23 MJ of excess energy per
mole of palladium.

INTRODUCTION

Since the announcement of Martin Fleischmann and
Stanley Pons, and the publication of their related
preliminary note 1], which reported the production
of excess heat during the insertion of deuterium into
palladium electrochemically, a number of laboratories
have also claimed to have measured substantial rates
of excess heat generation.

Nevertheless, there has been the persistent question
whether the excess heat generation that has been
observed might be related to some type of (perhaps
chemical) energy storage mechanism, such that the
magnitude of energy that had been produced in this
way would be limited to an amount that had been
somehow previously invested in the system.

In order to address this question one has to
investigate whether one could operate a cell long
enough in the excess power mode to achieve a
significant positive energy balance. Our definition of
the energy balance in this context is the difference
between the energy produced by the system during a
certain period of time and the total energy consumed
for its operation during that period.
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Our prior work was focussed upon the direct
comparison of the thermal behaviour of the hydrogen
- palladium and deuterium - palladium systems. In
four pairs of electrochemical experiments we
observed excess power generation in the deuterium -
palladium cells but not in the hydrogen - palladium
cells [2-4]. Our early experiments were performed in
thermodynamically open type cells, where the gases
produced by the electrolysis reaction escaped from
the system and the electrolyte had to be replenished
constantly.

Our more recent work has concentrated on the energy
breakeven issue, and all the experiments described in
this paper were performed in thermodynamically
closed cells, where the gases from the electrolysis
process were recombined by a catalyst within the
cell. This eliminates the question of a possible
uncontrolled contribution to the heat production due
to partial recombination in open cells. It also avoids
any complications related to the enthalpy carried out
of the system by evolved gases. Thus this approach
is conceptually less complex, and completely
eliminates several of the issues and potential
problems that have been raised by some of the critics
of previous calorimetric measurements.

As mentioned later, we have also designed a new
type of isoperibolic calorimeter that neatly eliminates
earlier questions or hypotheses related to that mode
of calorimetry. These include the possibility that
temperature measurements might not be indicative of
the actual experimental steady state power balance
because of temperature non-uniformity due to
insufficient stirring, differences in the locations of the
heat sources and the temperature measurement
device, or that calibration was performed under non-
representative conditions. A detailed discussion of
this new design is presented in another paper [5], and
thus will not be included here.



THE ENERGY BALANCE
As stated above, the energy balance can be written as

Net Energy = Energy Produced - Energy Consumed
(1

The experiments reported here were conducted using
isoperibolic calorimetry. This is a two - compartment
steady state power balance method in which heat is
generated within one compartment, and is conducted
through an intermediate thermally - conducting wall
into the other compartment, which is maintained at a
fixed lower temperature. Under steady state
conditions, a temperature distribution is established
in which the temperature difference across the
thermally - conducting wall between the two
compartments transports heat at a rate that just
balances the power generated within the first
compartment. Thus, measurement of the difference
in the temperature of the two compartments (T - T?)
provides information about the thermal power
generated in the first compartment, Ptherm, that is
passed out as heat flux through the thermally -
conducting wall into the second compartment. This
can be expressed as

Thermal power produced = Ptherm = K (T; - Tp)
(2)

where K is the calorimeter calibration constant.

The energy produced within an isoperibolic
calorimeter system is the time integral of the thermal
power, which is evaluated by measurement of the
time dependence of the temperature difference
between the two compartments, (Tj - T7).

In an electrochemical cell undergoing electrolysis
with an applied voltage Eappl producing a current
lIappl the power consumed is simply the product
Eappl lappl. In a thermodynamically open system
unger steady state conditions one divides the applied
power into two terms, one a chemical term related to
the thermodynamic properties of the electrolysis
reaction, and the other a Joule heating termrelated to
the passage of current across the several impedances
in the system. This can be expressed as

Pconsumed = Eappl lappl = lappl E® + Iapp)?
¥ 2o + 2y + Ze) 3)

The value of E° is related to the standard Gibbs free

energy change per mole AG©° of the electrolytic
reaction, by
E° =

AGO/2 F (4)
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where F is the Faraday constant. Z¢, Z,, and Z,, are
the impedances at the cathode/electrolyte interface,
the anode/electrolyte interface, and in the bulk of the
electrolyte, respectively.

On the other hand, in a thermodynamically closed
system in which the products of the electrolysis
reaction are catalytically recombined within the cell,
there is no net power invested in the chemical

process, and the chemical term Iapp] E© is eliminated.

The energy consumed under these steady state
conditions is thus simply the time integral of the

product Eapp] lappl, or of Iapp12 (Ze + Z3 + Z).

However, in order to determine a proper total energy
balance for the whole experiment, we also have to
consider several other factors. As a result of the
application of the electrical power to the system and
the establishment of a new temperature distribution,
an investment of sensible energy proportional to the
heat capacity of the electrochemical cell and
calorimeter is required. Therefore an additional term
must be added to the total amount of energy
consumed related to the heating of the electrochemical
cell and calorimeter up to the temperature of
operation. Likewise, any other process that causes a
positive change in the cell and calorimeter
temperature will consume sensible energy.

There also are additional processes whereby thermal
energy is produced when electrolysis takes place
upon a palladium cathode. These include the heat of
solution when hydrogen or deuterium is inserted into
the palladium, and if the concentration is sufficiently
high, the enthalpy change related to the o - B phase
transformation.

The magnitudes of these effects are relatively small,
for example, 9.55 kcal/mole for the a -B
transformation in the H-Pd case, and 8.55 kcal/mole
in the D-Pd case [6], and they only contribute to the
observed behavior when these particular processes
are under way. As the diffusion of the guest species
into the interior is relatively slow in the time span of a
particular measurement, and the rate of this insertion
reaction decreases with time (being approximately

proportional to t-1/2) this contribution to the power
production becomes less and less important the
longer the cell has been in operation.

If, in addition to these processes, there is some other
phenomenon within the system (presumably within
the cathode or upon its surface) that produces excess
heat, it will provide an extra contribution to the
thermal power, and thus to the production termin the
energy balance.



2 2
Net Energy = tl-r (K (T1-Tp) dt - tl-r (Lappt Eapp) dt
®))

EXPERIMENTAL ASPECTS

The electrochemical cell used in these experiments
had a Pd cathode and either a Pt or Pd anode. The
electrolyte was 0.1 molar LiOD or LiOH, and a
dispersed platinum recombination catalyst was
present to recombine the produced gases (Figure 1).

— Gas Vent

Recombination
Catalyst

Pd-Cathode

Figure 1. Electrochemical cell.

This cell was mounted inside the concentric cylinder
isoperibolic calorimeter described elsewhere [5] that
was equipped with three redundant sets of differential
thermocouple pairs for the measurement of (T - T»).
The calorimeter was imbedded in a large water bath
in order to dissipate the power generated.

The palladium was obtained by arc melting pieces cut
from a palladium crucible that contained an
appreciable amount of hydrogen, and other possible
impurities. In order to get rid of such contaminants,
the samples were re-melted at least 10 times, using an
arc-melting apparatus with a water cooled tungsten
electrode and a water cooled copper hearth, which
acted as the other electrode. The environment was
argon, and the procedure consisted of first melting
some titanium sponge in order to getter species from
the argon, such as oxygen, just prior to melting the
palladium. After melting the palladium, the argon
atmosphere was replaced, and the procedure repeated
again. It was quite obvious from the change in the
color of the arc during repeated melting that the
impurity content of the palladium was gradually
being changed. This process was repeated until re-
melting caused no further visible change in the arc
color.

The resulting palladium, in the form of a distorted
sphere, was then mechanically converted into coin -
shaped disks 2 - 3 mm thick and roughly 1 cm in
diameter, with weights in the range of 2 to 3 grams
each. Fine palladium wire was employed to hold the
sample and act as the current collector.

The anodes were made either from approximately 2
meters of fine platinum wire or from a spiral length
of thin Pd ribbon of equivalant surface area, and
were coiled just inside the cell periphery.

Heavy water is a getter for light water, and therefore
precautions were taken to prevent contact between the
electrolyte and (moist) air or water, both during
assembly and operation of the cells. The cell
components were stored, as well as assembled and
loaded into the cells, inside a dry nitrogen - filled
glove box. All cells were connected to a one-way gas
bubbler system containing silicone oil to allow the
escape of unrecombined oxygen during the charging
period without back flow of atmospheric gas.

Questions have been raised about possible errors in
calorimetric measurements upon electrochemical cells
in which electrolysis is taking place. The key issues
have involved the calibration process whereby the
value of K is determined, and the comparability of
the measurements of T and T during the calibration
and during the actual experiments.
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Of special concern have been questions such as the
influence of the physical locations at which heat is
produced and at which the temperatures are measured
in the two cases, and the magnitude of the stirring of
the electrolyte fluid, which should have some
influence upon thermal homogeniety.

In order to avoid thesz potential problems a new type
of isoperibolic calorimeter was designed in which,
under steady state conditions, essentially all the heat
generated within the electrochemical cell passes to the
external environment radially through a pair of
concentric heavy aluminum cylinders that are
separated by a well - defined thermal conduction
layer. As a result, it is not necessary to measure the
temperature either inside the electrochemical cell
itself, or in a surrounding water bath. Instead,
temperature measurements are made inside the two
aluminum cylinders. Detailed information about the
performance of this new calorimeter design, as well
as documentation of the calibration procedure, are the
subject of a separate paper [5].

The electrochemical cell, with an outer diameter of
about 1.16 inches and a length of 4 inches, was
placed into the calorimeter as shown in Figure 2. The
inner (Tp) aluminum cylinder is 4 inches long, and
the outer (T7) cylinder is 7 inches long. The inner
diameter of the T cylinder is about [. 16 inches, and
its outer diameter 2.0 inches. The inner diameter of
the T2 cylinder is 2.25 inches, and its outer diameter
is 3.0 inches. Thus the gap across which the heat
conduction takes place, and the temperature
difference measured, is 0.125 inches.

The general calibration procedure involved the
introduction of several levels of electrical power and
the measurement of the temperature difference
between the two aluminum cylinders (T1-T») in each
case. Two different methods were employed in the
experiments reported here. One involved the
introduction of Joule heat by use of a resistive heater
immersed within the cell electrolyte. The second
made use of an internal electrolysis method and a
three - electrode cell configuration.

The latter method was used in order to simulate the
electrolysis process, with its attendent gas evolution
and recombination during calibration. A special cell
was designed that allowed electrolysis of the heavy
water electrolyte at an additional cathode made of Pt
wire and of equal surface area to the Pd cathode. This
three electrode arrangement is shown in Figure 1.
Our results confirmed those of Appleby et al. [7],
based on microcalorimeter measurements, that heavy
water electrolysis using a Pt cathode does not
produce excess power. Therefore, conducting
electrolysis with such an electrode within the cell
itself serves as a blank and can be used for calibration
of the calorimetric system.
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This three electrode arrangement has a further
advantage. The Pt cathode serves as a collector for
impurities in the heavy water electrolyte, and may be
especially useful if the calibration procedure is done
before starting electrolysis on the Pd cathode.

Observation of the time behavior of the gas evolution
through the bubbler system provided confirmation
that there was no insertion of deuterium into the Pt,
as would be indicated by the evolution of
uncombined oxygen. When current was passed
through the Pd cathode gas was evolved, and
observations showed that the rate decreased with time
as the Pd cathode became saturated with deuterium.

Electrolysis was performed under controlled voltage,
and all electrical and thermal measurements were
monitored using a Macintosh data aquisition system
controlled by Lab View software.

In total, eleven samples of palladium were prepared
and measured in the way described above, but the
results from only three will be reported here. One,
designated as P2, was operated in an HpO, rather
than DO, electrolyte, and produced no excess
energy. A second, P9, was operated in a DO
electrolyte for i0 days, and produced a large amount
of excess energy under quasi - steady state
conditions. The third, P11, was prepared in a
different way, and demonstrates a substantial "heat
burst". The sample history and specific data relating
to these are shown in Tables 1-3.

EXPERIMENTAL RESULTS

The time dependence of the energy balance of the cell
that contained sample P2 and had a light water
electrolyte is shown in Figure 3. It is seen that, after
the initial transient period the energy input and output
remained essentially balanced over a period of 106
hours.

Sample P9, which was run in the D70 electrolyte,
showed very different behavior, with the production
of a large amount of excess energy over a period of
10 days.

Figure 4 shows both the power and energy balances
during the early part of the electrolysis. It is seen that
there is an initial energy investment or deficit of
roughly 500 kJ/mole of Pd during the first hour of
operation. This resulted mostly from the energy
consumption necessary to heat the cell and
calorimeter mass to the equilibrium operating
temperature. There are also two other contributions at
the start. One is due to the insertion of deuterium into
the palladium cathode, which is exothemic, and the
other is an endothermic effect due to the loss of



enthalpy in the cell due to the evolution of After this initial energy investment, the cell began
unrecombined oxygen. This unbalanced oxygen, producing excess power at a low, but gradually
which amounted to about 100 ml at a D/Pd ratio of increasing rate, and reached energy breakeven after
0.6 for this 3.055 gm sample, escaped from the about 13 hours. Thereafter, the energy balance
system through the bubbler. became increasingly positive.

’ Gas Vent

TC TC
T1 T2
T ey
- T-2 Block
K - Layer
T-1 Block
—+— Teflon

Figure 2. Electrochemical cell mounted in the concentric cylinder calorimeter.
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As shown in Figure 5, this cell produced a total of
22.5 MJ/mole of Pd excess energy in a quasi - steady
state reaction over the following 10 days. If one
compares this total excess energy output to the uiitial
investment of about 0.5 MJ/mole, we see tha: it
indicates a factor of 45 over energy breakeven.

2000

The other sample, P11, was treated in about 1 atm.
D, gas at 400 °C for several hours and cooled in this
D, atmosphere to room temperature. It was then
inseited inio a heavy water electrochemical cell with a
Pd anode and a Pt cathode heater and put into the
calorimeter. The caiibration was done using the Pt
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Figure 3. Time dependence of the net energy in a light water cell.
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Figure 4. Time dependence of the excess power and net energy for sample P 9 during the early

stages of electrolysis.

wire cathode, and was performed during electrolysis
on the Pd cathode, so the sample did not sit in the
electrolyte without a negative potential applied for
any appreciable time.

The energy balance profile of sample P11 is shown
in Figure 6. The initial energy investment is similar to
that of sample P9, but the level of excess power
production was much lower. It took about 17 hours
to reach energy breakeven. Somewhat later, after
about 18.5 hours of operation, there was a sudden
increase in excess power, giving rise to a sharp
increase in the slope of the energy balance profile, as
shown in Figure 6. This "thermal excursion” is
shown in more detail in Figure 7, in which the excess
power, as indicated by two sets of differential
thermocouples (whose data were so close that they
are shown on top of each other), and the applied
power are plotted versus the elapsed time.

50

Also shown is the apparent percent excess power
during this period. However, one should not literally
believe the time dependence of the excess power
shown in this figure as a true measure of what was
occurring, because of the thermal mass of the cell and
calorimeter system, and the associated sensible heat
absorption and time delay.

The magnitudes of these observations are substantial.
The cell temperature went through an excursion over
a period of about an hour, with a maximum
temperature rise of about 7 °C. The apparent excess
power rose to over 50 % of the input power. The
energy released during this "heat burst" amounted to
about 290 kJ/mole or 32 kJ/cm3 Pd. During the first
9 days of operation P11 produced a total of about 7
MJ/mole Pd excess energy.
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Figure 5. Time dependence of the net energy for sample P 9.
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Palladium Sample

Source
Processing
Shaping
Weight
Pretreatment

Electrolyte

Anode

Anode/Cathode Surface Area
Heater for Calibration
Calibration

Operation Mode

Cell Current

Cell Power

Excess Power

Excess Energy
Duration of Experiment

* Crucible used for Hydrogen Permeation Measurements in LiCl-KCI-LiH Molten Salt

Palladium Sample

Source
Processing
Shaping
Weight
Pretreatment

Electrolyte

Anode

Anode/Cathode Surface Area
Heater for Calibration
Calibration

Operation Mode

Cell Current

Cell Power

Excess Power

Excess Energy

Duration of Experiment

Table 1

P2

Engelhard*
Arc Melted in Argon 5-10 Times
Deformed by Hammer Blows into " Fat Dime"

239¢g

0.1 molar LiOH (Li20 in H20)
Pt - Wire

7

Resistive J-Tube Heater
Before and During Electrolysis
Constant Voltage

2W

106 Hours or 4.4 Days

Table 2

P9

Engelhard 3.125 mm Wire

Arc Melted in Argon 5-10 Times

Deformed by Hammer Blows into " Fat Dime"
3.055¢g

Precharged with D electrochemically

0.1 molar LiOD (Li20 in D20)
Pd - Ribbon

10

Pt-Wire Electrode (0.01", 24cm)
Before and During Electrolysis
Constant Voltage 14-23 V
1-1.3 A

14,20,23,25,30 W

6-7%

22,500 kJ/Mole Pd

2,537 kJ/em3 Pd

240 Hours or 10 Days
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Table 3

Palladium Sample

Source
Processing
Shaping
Weight
Pretreatment

Electrolyte
Anode
Anode/Cathode Surface Area 14
Heater for Calibration
Calibration

Operation Mode

Cell Voltage

Excess Power

P11

Engelhard 3.125 mm Wire

Arc Melted in Argon 5-10 Times

Deformed by Hammer Blows into " Fat Dime"
3.29¢g

Precharged in D2 gas

0.1 molar LiOD (Li20 in D20)
Pd - Ribbon

Pt-Wire Electrode (0.01",24 cm)
During Electrolysis

Constant Power: 2, 10, 20 Watts
10-30V

1-3%, 56 % burst (30 min)

Excess Energy 7,200 kJ/Mole Pd
812 kJ/cm3 Pd
Duration of Experiment 210 Hours or 8.75 Days

SUMMARY AND DISCUSSION

A direct comparison has been made, using careful
calorimetric techniques, of the behavior of the light
water (H70) - palladium system and the heavy water
(D20) - palladium system under conditions in which
electrolysis was taking place at high rates and the
gases produced were internally recombined within
the cell.

Experimental results demonstrate that it is possible to
obtain substantial amounts of excess energy
production as well as excess power generation in
such thermodynamically "closed" electrochemical
cells when deuterium is inserted into palladium.
Similar experiments with light water and hydrogen
insertion do not produce either excess energy or
excess power. These conclusions are similar to those
reached earlier [2-4] with similar, but
thermodynamically "open" cells.

Of equal, or perhaps greater importance, these
experiments have also demonstrated that it is possible
to generate large amounts of excess energy, far above
breakeven, in the deuterium - palladium case.

Our calorimetric measurements give no information
about the mechanism causing the generation of this
€XCEeSS pOWer.

One of the major problems in this "cold fusion" area
at the present time is the apparent lack of evidence for
some product that could verify that there is a process
taking place that causes the production of the
experimentally observed large values of excess
power and energy, and give some guidance
concerning its nature. Efforts have been undertaken
in many laboratories to look for either radiation
products or chemical products.

Because of the limitations of analytical methods, the
observation of chemical products is especially
difficult. Let us consider two possible examples to
illustrate this. For example, if the important reaction
were either of the following:

D+ 6Li = 7Li + H +50MeV  (6)

D + 6Li = 2 4He + 22.4MeV (7)
one might look for decreases in the amount of 6Li or
enhancements in the amounts of 7Li or 4He.

If we recall that 1 MeV is 1.603 x 10-13 Joules, we
can calculate the number of events that would have
been necessary to produce the 22.5 MJ per mole of
excess energy observed from sample P9. In the case

of reaction (6) this would require about 2.8 x 1019
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events per mole of Pd, whereas if reaction (7) were
relevant, it would require about 6.27 x 1018 events
per mole of Pd. If we convert these numbers to
events per cm3 of Pd, we have 3.167 x 1018 events
per cm3 for reaction (6), and 7.066 x 1017 events per
cm3 for reaction (7).

The natural abundance of 6Li in Li is about 7.5 %,
and measurements of the ratio of 6Li to 7Li generally
have an accuracy of 5 to 10 %, or 0.75 % of the total
lithium present. Thus if a sample of palladium had a
total lithium concentration of 1 %, or 6.79 x 1020 Li
atoms per cm3, the 6Li analysis would have an
accuracy of about 5.1 x 1018 6L atoms per cm3.

Compare this with the estimated ©Li atom
concentration in sample P9 if reaction (6) were
occurring, of 3.167 x 1018 6Li atoms per cm3. If
reaction (7) were occurring, the resulting OLi
con3ccntration would be 7.066 x 1017 6Li atoms per
cm3.

Thus we see that if 6Li were a major reactant, the
detection of a change in its concentration would be
quite difficult.

Measurements were undertaken to evaluate the
content of “He in sample P9, and concentrations well
below the values discussed here were found.
Therefore, we tentatively conclude that reaction (7)
did not play a substantial role in the heat generation
process taking place in that case.
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ABSTRACT

Thin palladium films deposited on quartz have been loaded with hydrogen (deuterium)
by electrochemical reduction of 0.1 M LiOH (LiOD) in H,0 (D20). Coulometric measurements
during both the hydrogen deposition and subsequent removal steps have shown that H:Pd
ratios of 0.7 are reached under these conditions, in accord with accepted values for bulk
samples. The frequency decrease observed at AT-cut crystals during hydrogen (deuterium)
loading is larger than that expected for the mass of hydrogen deposited into the film.
Considering that palladium undergoes a substantial increase in volume upon hydrogen
uptake, the role of the resulting film stress in influencing the observed frequency must
be addressed. It has been found that such film stresses at an AT-cut crystal produce
frequency decreases and that these effects can be accounted for using techniques which
are well established in the frequency control field. Measurements at BT-cut crystals,
the stress/frequency response of which is opposite to that of AT-cut crystals, have
confirmed that stress plays a major role in the present work and have allowed the
determination of a quantitative value for this stress. Investigations of mixtures of H,0
and D,0 have also been carried out and shed some light on the effect of small amounts of
H)0 in determining the H/D content in the palladium.

INTRODUCTION has been used in a number of studies to

It has become apparent that the extent more clearly define mass changes

of deuterium 1loading in palladium is accompanying various electrochemical
important in producing excess heat and processes [3,4]. In the present case, we
other phenomena as discovered by were particularly interested in determining
Fleischmann, Pons, and Hawkins [1]. relative extents of H and D loading from

Another interesting effect which is mixtures of H,0 and D,0.

dependent upon loading is superconductivity

in palladium/hydrogen systems [2]. With EXPERIMENTAL

these considerations in mind, we decided to Palladium film electrodes were vapor-
investigate the uptake of hydrogen into deposited onto quartz crystals (Valpey-
palladium by wusing the electrochemical Fisher) as 8.0 mm diameter discs, with

quartz crystal microbalance. This device thicknesses ranging from 400 nm to 500 nm.
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A 5 nm underlayer of chromium was

deposited directly onto the quartz to
promote good adhesion of the palladium.
Both AT-cut and BT-cut 5.00 MHz crystals
were used in this work. These quartz discs
were clamped between two O-rings into an
electrochemical cell (Figure 1). This cell
features a Luggin probe for the reference
Electrochemical

electrode. experiments

were carried out in H20 (0.1 M LiOH) and D20
(0.1 M LiOD) solutions. Instrumentation
consisted of a Wenking Model PCA 72M
potentiostat and a PARC Model 175 Universal
Programmer for producing voltammograms, and
a Philips Model 6674 Universal Frequency
Counter for frequency measurements.
Keithley 197 multimeters were used for
current/potential measurements. A Lotus

Measure data acquisition package was used

in the IEEE488 mode for obtaining and
processing information from these
instruments.

RESULTS AND DISCUSSION
Initial studies were directed toward
an understanding of the processes occurring
upon loading of palladium with hydrogen.
This by

electrochemical reduction of H20 at the

loading  was carried out

palladium cathode under potentiostatic

conditions. The potential was scanned

toward more negative potentials until the
current density reached approximately 0.3
mA/cm2, at which point the potential was
held constant. As the loading process

began, a decrease in frequency was

observed. The current density typically

reached a value of 50 pA/cm2 at the end of

the loading process, which was apparent
when the frequency no longer decreased. A
subsequent positive-going sweep resulted
in the anodic removal of the hydrogen, with
a corresponding frequency increase to the
This  behavior is

initial value.

illustrated in Figure 2. In this figure,
a frequency decrease of 370 Hz was found;
scaling the results to a film

351

however,
thickness of 400 nm
Hz.

gives a value of
From the Sauerbrey equation [5],

of

one

can obtain the sensitivity the

microbalance as 9 ng/Hz. Assuming that the
entire frequency shift is due to hydrogen
uptake, this approach leads to a H:Pd ratio
of approximately 1.4, whereas coulometric
measurements on the anodic hydrogen removal
indicate a ratio of only 0.7. This latter
result is in accord with values obtained at
bulk palladium samples [6]. It is evident
that an effect other than simple mass
loading is at work in the hydrogen uptake
that palladium

process. Considering

undergoes an 11% volume expansion upon
loading with hydrogen [7], it is expected
that the film, and therefore the underlying
crystal, would be subjected to considerable

strain as loading occurs. From other work

in thin films, this strain involves
compressive forces in the film itself,
giving rise to tension in the quartz

crystal and a resulting frequency decrease

(8]).

coulometry data to obtain the mass

for an AT-cut crystal Using the
of
deposited hydrogen, the frequency shift due
to mass loading can be calculated using the
Sauerbrey equation and gives a value of
—185 Hz. The remaining 166 Hz decrease is

due, then, to the strain effect.
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A very important aspect of this work
involves the use of BT-cut crystals in
assessing the role of film stresses during
the loading process. It is known that
tension in a BT-cut crystal produces a

frequency increase as hydrogen is
introduced into the palladium film (8], so
that measurements carried out at such
crystals can be used to confirm that film
factor in this

stress is an important

process. From the results given above, it
is apparent that the mass loading and film
stress effects are approximately of the
same magnitude, so that one would expect a
virtual cancellation in the corresponding
frequency shifts at a BT-cut crystal. This
is indeed found to be the case, and an
overall frequency decrease of 20 Hz is
measured for H uptake (400 nm film). The
mass loading effect can again be calculated
for this case, although the mass
sensitivity for the 5.00 MHz BT-cut crystal
is lower than that of the 5.00 MHz AT-cut
crystal by a factor of 0.654 due to the
different shear moduli for the AT and BT
cuts [4,9]. The various frequency shifts
for H loading into palladium on both AT and
BT crystals are summarized in Figure 3.
The amount of stress in the film can be
calculated according to a method, developed
in the frequency control field, known as
(10,11].

the "double resonator" technique

This technique 1involves measurements at
both AT and BT-cut crystals, and the
interested reader 1is referred to the

[10,11] and more recent

investigations by the present authors [4]

original work

for details of the calculations. Using

this approach, an integrated stress value

of -3.9 X 10° dyne/cm has been found for H
loading into palladium.

Analogous measurements for deuterium
loading into palladium have been carried
out and are summarized in Figure 4. As
with the H system, it 1is apparent that

stress is also  very important in
determining the frequency response in the
D system. The greater mass of deuterium is
responsible for the greater decreases in
frequency observed for the D case. The
integrated stress value for D loading into
palladium was calculated to be -2.6 X 109
dyne/cm. It is interesting that this
finding is in accord with the fact that the
Pd-D interstitial

force constant for

binding is less than that for the Pd-H
force constant [12].

As seen from the frequency shifts
reported above, the cases of H and D
loading are very readily distinguishable
that in a

from one another, so

"competitive" situation of a solution
containing both H,0 and D,0 one can easily
determine the relative amounts of H and D
loading into palladium. In this manner,
it is possible to find the extent to which
the presence of H,0 as an impurity in D,0
affects the 1loading of D. Such an
experiment has been carried out at an AT-
solution

cut crystal in a initially

containing DZO/O.lO M LiOD. As expected,
the frequency decrease observed upon D
loading is 442 Hz (400 nm film).

added, the

As Hy0 is
frequency decrease becomes
progressively lower, reaching the wvalue
seen for pure H,0 (-351 Hz) at 10 volume

percent H,0. This result indicates that a
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significant separation factor is involved,
favoring H reduction, as has been observed
[13].

by other methods Even at low (1 %)

levels of H20, the effect is noticeable
(approximately 10% of the ultimate effect)
by the present technique, indicating the
importance of maintaining the purity of D,0

solutions in "cold fusion" investigations.

CONCLUSIONS

By carrying out measurements at both
AT- and BT-cut crystals, the roles of mass
loading and film stress have been defined
for H and D loading into palladium films.
A method has been developed for determining
the effect of H)0 impurities on deuterium
reduction of D,0

loading by cathodic

solutions.
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Figure 3. Frequency shifts at 5.00 MHz
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(M) are indicated on the figure.
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ABSTRACT

A wide variety of experiments have been carried out by twelve independent teams employing
both electrolytic and gas phase loading of deutertum in Pd and Ti metals to investigate the
phenomenon of cold fusion first reported by Fleischmann and Pons in March 1989. The experiments
were primarily devoted to the study of the emission of nuclear particles such as neutrons and tritium,
with a view to verify the "nuclear origin" of cold fusion. In 22 different electrolytic experiments whose
cathode surface areas ranged from 0.1 to 300 cm? large bursts of neutrons and/or tritium were
measured. Some of these gave clear evidence that these two nuclear particles were being generated
simulta.neous_lg. The neutron—to—tritium yield ratios in majority of these experiments was in the range
of 107 to 10™®. The specific neutron and tritium yields expressed per cm? of cathode surface area also
fitted into a systematic pattern. A unique feature of the BARC electrolysis results is that the first
bursts of neutrons and tritium occurred (in 8 out of 11 cells) on the very first day of commencement of
electrolysis, when hardly a few amp—hrs of charge had been passed.

In gas phase studies copious neutron emission was observed in a Frascati type
absorption/desorption mode experiment with T1 shavings. Presence of trittum in Dg gas loaded Pd and
Ti samples was established through the technique of autoradiography as well as Ti K X-ray counting.
In the case of Ti, it was noted that RF heating of samples, in leau of resistance furnace heating,
somehow promotes tritium formation. Most recently it was found that ~ 10'® atoms of tritium had been
"produced" on the top end surface of the central Ti electrode of a deuterium filled Plasma Focus device
after it was subjected to % 80 charge/discharges shots. All in all the BARC studies have unambiguously
confirmed the anomalous production of neutrons and tritium in deuterium loaded Pd and T lattices.

1. INTRODUCTION decades, equipment and expertise for the
measurement of neutrons and tritium was readily

The announcement in March 1989 by
Fleischmann and Pons /1/ of the occurrence of
(d—d) fusion reactions ( or possibly some other
unknown nuclear processes) in Pd metal cathodes
electrolytically loaded with deuterium , followed
by reports of the observation of "2.45 Mev fusion
neutrons" independently by Jones et al during the
electrolysis of D40, resulted in a frenzy of activity
the world over to reproduce these measurements.
At Trombay several groups having expertise in
various areas such as hydriding of metals,
electrochemistry, 1sotope exchange processes in
-the upgrading of heavy water, fusion plasma
experiments and neutron and  tritium
measurements devised and set up a variety of
electrolytic cells during the early days of Xpril
1989. In a centre such as BARC which has
nurtured the development of the heavy water
moderated line of reactors in India for over three

available. In the initial experiments the emphasis
was naturally on the detection of nuclear particles
rather than "excess heat" which required intricate
calorimetry. The first positive evidence for the
emission of neutrons and tritium was obtained on
21st April 1989 and since then several different
cells have confirmed these results.

Meanwhile reports from Frascati of the
detection of neutrons from pressurized D3 gas
loaded Ti shavings /2/ opened up a second
channel of cold fusion investigations. Neutrons /
or tritium have since been measured in a variet
of Dg gas loaded T1 and Pd targets at Trombay.
brief summary of the early BARC work /3/ was
presented at Karlsruhe in July 1989. Report
BARC-1500 issued in December 1989 is a
compendium of twenty papers, documenting in an
informal style the status of ongoing work, and
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covers "BARC Studies in Cold Fusion" over the
period April to September 1989 /4/. The
experimental papers of this compilation are also
being published in Fusion Technology /g{ . The
present paper is an overview of all the
experimental work done at Trombay during the
first year of the ‘cold fusion era' including new
results obtained since the publication of
BARC-1500 and summarizes the efforts of about
a dozen independent groups comprising over 60

scientists and engineers drawn from different
divisions of BARC.

PART A: ELECTROLYTIC STUDIES

9. EXPERIMENTS WITH HIGH CURRENT
NaOD ELECTROLYZERS (HWD/N.PD/DD)

2.1 NEUTRON MONITORING

Three different neutron detectors were
available for monitoring the neutron yield in these
experiments. The first was a bank of three BFg
counters (each of 256 mm dia x 450 mm length)
sensitive mainly to slow neutrons, embedded in a
paraffin moderator block. The second was a
similar bank of three paraffin encased thermal
neutron detectors except that they were of the He3
type. The third neutron detector was an 80 mm
dia x 80 mm high proton recoil type plastic
scintillator (NE 102A) sensitive both to fast
neutrons as well as high energy gammas. During
the electrolysis experiments usually one of the
thermal neutron banks and the fast neutron
detector were mounted close to the cell while the
other thermal neutron bank was located about 1.5
m away to serve as background monitor. The
neutron detection efficiency was determined with
the help of a calibrated Pu—Be neutron source
placed at the cell location and was typically in the
region of 0.05% to “1.5%. In later experiments a
personal computer became available to display on
line the count rate variations.

22  MILTON  ROY
ELECTROLYZER/5/

COMMERCIAL

A diffusion type water electrolyzer using
Pd—Ag alloy tubes as cathodes designed to
generate ultra pure (oxygen free) hydrogen gas
had been procured from the Milton Roy company
of Ireland, sometime in 1988 for the purpose of
generating D2 gas for use in Plasma Focus
experiments. Thus it so happened that when news
of the cold fusion phenomenon reached Trombay
in March 1989, this cold fusion cell was all set to
be switched on with D3O as electrolyte. 5M NaOD
in DgO was selected as the electrolyte based on
the recommendation of the suppliers of the Milton
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Roy cell. A schematic view of this cell is shown in
Fig.1. The outer nickel body along with a central
Ni pipe serve as coaxial anodes. The cathode
comprises of 16 numbers of specially activated
Pd—Ag alloy membrane tubes having a total
surface area of 300 cm?.. These tubes are sealed at

the top and open at the bottom into a plenum
through which the D3 (or Hg) gas is drawn.
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Fig.1 Schematic View of Milton—Roy
Commercial Electrolyzer

D20 of >99.75% isotopic purity, containin
~0.075 nCi/ml (or 2.8 Bq/ml) of tritium an
moisture free Na were employed for preparing the
NaOD electrolyte. The electrolyzer can
operated upto a current level of 100 amps
corresponding to a current density of 7330
mA /cm?, although for continuous operations only
60 amps is recommended in order to avoid
overheating.

Run No.1 (21st April 1989)

The cell was initially operated for about 48
hours with 20% NaOH in ordinary water. It was
later flushed with D4O and filled with 20% NaOD
solution in D30 prior to commencement of
electrolysis on 21st April 1989. Following brief
operation at 30 amps, the current was slowly
raised to 60 amps. After about 3 hours at this
current level both the neutron detectors viewing
the cell started showing counts well above
background values. At this time the current was
raised further and this resulted in a number of
distinct neutron peaks appearing in both neutron
Astector channels (See Fig.2). The experiment was



terminated when the cell current increased on its
own to over 120 amps at the time of the last peak,
resulting in the power supply getting damaged.
The total number of neutrons generated during
the four hour duration of this run is estimated to
have been "4 x 107.

the large burst of 21st April.

Electrolysis commenced on 12th June at a
current level of “60 amps. The BFj3 neutron
detector bank monitored the cell while the He3
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Fig.2 Neutron Counts Variation During Run No. 1 of Milton Roy Cell (215t April 1989)

A sample of the electrolyte drawn after the
run, indicated a tritium content of ~1.5uCi/ml
(55.5 KBq/ml), an increase by a factor of ~20,000
in comparison to the tritium content of the initial
stock heavy water. Taking into account the total
volume of the electrolyte (250 ml) as well as the
amount of make up D3O added, it is estimated
that an excess of "8 x 1018 atoms of tritium were
generated in this run. The corresponding
neutron—to—tritium yield ratio works out to be 0.5
x 10°8. This was the first indication to us that the
neutron—to—tritium yield ratio in cold fusion
experiments 18 anomalously low.

Run No.2 (12th to 16th June 1989)

A second series of electrolysis runs was
carried out with this cell in June 1989 after it was
drained and thoroughly flushed with D20 several
times. Prior to this a drain tap with a valve had
been welded to the bottom of the cell to enable
periodic withdrawal of electrolyte samples. Fresh
electrolyte solution prepared with stock D3O was
charged and left in the cell over a weekend. A
sample of this electrolyte taken on the following
Monday morning gave a high tritium level of
“0.32 nCi/ml (11.8Bq/ml), presumably due to
leach out of tritium left over in the cathodes from

bank served as background monitor. Except for a
few small neutron bursts which were observed
within about half an hour of commencement of
electrolysis, no neutrons were recorded for the
next couple of days, although electrolysis
continued until 17.45 hrs of Wednesday 14th June,
when the cell was put off. A couple of hours later
there was another small neutron burst lasting ~15
minutes. (These small bursts are shown plotted in
Fig.1 of the companion paper from BARC /6/.)
But on the evening of Friday 16th June, there was
a large neutron burst (>106 neutrons) lasting for a
couple of hours. (see Fig. 3)

The week long experiment was terminated
at this point but the electrolyte was left in the cell
and the D2 gas plenum closed leaving the gas at
an excess pressure of lkg/cm?2 above
atmospheric pressure. Samples of electrolyte were
drawn every day during the week of the
experiment and sent for tritium analysis. The
sample drawn on 23rd June indicated a high
tritium level of 121 nCi/ml (4.5KBq/ml). After a
lapse of about a month the tritium level in the
electrolyte was found to have further increased to
a value of "460 nCi/ml (17KBq/ml), a four fold
increase since the termination of the experiment.
Fie 3 shows the variation of tritium concentration
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during the entire course of Run No.2. It may be
noted that after the large neutron burst the
tritium level has shown a thousand fold jump
suggesting that tritium is produced at the same
time as the neutrons.
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Fig.3 Neutron and Tritium Output During Run
No.2 of Milton—Roy Cell

The integrated neutron yield during this
experiment was ~ 0.9 x 107 neutrons while the total
number of tritium atoms generated was 1.9 x 1015.
The corresponding neutron—to—tritium yield ratio
18 0.5 x 108 This is in remarkably good
agreement with the results of the earlier Milton
Roy run, although the absolute neutron and
tritium yields are lower by a factor of “5. Thus
the Pd—Ag cathode appears to have partly lost its
capability to support "cold fusion reactions" after
the first run..

23 FIVE MODULE CELL WITH DISC
ELECTRODES/5/

This modular five unit cell represents our
early attempts at obtaining experience with an
electrolyzer design which can be scaled up to
higher capacities if required. Five cathode discs
each of 78 cm? area and 1 cm3 volume are
fabricated out of Johnson & Matthey
palladium(75% )-silver(25%)—alloy sheets (0.12
mm thickness); the anode plates are made of
porous nickel. The individual modules of the cell
are clamped together and connected in series.
Fig.4 gives a schematic sectional view of the cell.
The cell is capable of operating at currents of upto
80 A corresponding to current densities of
“1A/cm?. Operating electrolyte temperatures
close to 100 C are possible as the unit can
withstand internal pressures of a few atmospheres.

Two neutron detectors, namely a BF3 bank
and a fast neutron recoil detector, were mounted

close to the cell to monitor the neutron output.
The system was filled with freshly prepared 20%
NaOD in D30 on 5th May 1989 and electrolysis
commenced at a current of 60 to 65 amps (applied
voltage was 12.5 V). When the cell had operated
for about four hours a big burst of neutrons
overla.ppins two consecutive counting intervals
was recorded in both channels. Knowing the
neutron detection efficiencies it is estimated that
"5 x 108 neutrons were generated during that
burst. It was found that the tritium level had
jumped by a factor of “3500 from an initial value
of 0.065 nCi/ml C$2Bq/ml to a final post burst
value of 190.3 nCi/ml (7KBq/ml). Considering
that the total inventory of electrolyte in the
system was "1 liter, this corresponds to an overall
excess tritium production of 190 uCi or 4 x 1018
atoms. It must however be emphasized that this
does not include the tritium carried away by the
electrolytic gas stream which was allowed to
escape. Thus an wupper bound to the
neutron—to—tritium yield ratio in this experime
is 1.2 x 109,
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2.4 EXPERIENCE WITH A Ti—SS CELL/5/

A Ti-SS cell was quickly fabricated in
April 89 using readily available components in
order to obtain some experience with use of Ti as
cathode material. A 22 mm dia x 150 mm long rod
(surface area = 104 cm?2) of Ti with a flange at the
bottom served as cathode. An SS pipe of 40 mm
ID served as anode leaving an annular inter
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electrode gap of "9 mm. PTFE gaskets at the
bottom ensured coaxial alignment, as well as leak
tightness. A vent at the top permitted free escape
of electrolytic gases. A second cell of identical
design was also fabricated for use as a control cell

with H40.

5M NaOD in DyO was used as electrolyte.
The current density was “400 mA/cm2. The main
problem with this cell was the continuous
deposition of a dull black coating of iron on the
cathode which impaired operation. The
electrolytic solution also developed a pale greenish
yellow colour. The electrode surface had therefore
to be cleaned frequently and fresh electrolyte
charged, interrupting electrolysis. On the whole it
was a messy operation.

The neutron yield during this experiment
was monitored by the bank of 3 He3 counters
embedded in paraffin. The count rate was 1nitially
about 240 counts/10s, comparable to the count
rates observed during an imtial HyO electrolysis
run. After about 3 hours of D;O electrolysis the
count rate increased slowly to ~ 590 counts/10s.
Since no big neutron bursts as in the Pd cathode
cells were observed it was suspected that this
gradual increase in counts could have been due to
amplifier drifts, etc. On switching off the cell
current it was noted that the count rate came
down to “385 counts/10s, but it did not quite
reach the earlier background levels. When the cell
was switched on again however the count rate
attained levels of about “590 counts/s once again.
Thereafter operation of the cell was terminated
and it was confirmed that the count rate
decreased to the original background levels when
the cell was removed from the vicinity of the
neutron detector.. Throughout this experiment the
counts of the plastic scintillator channel
monitoring the background did not show any
significant variation. In all * 3 x 107 neutrons
were generated during this experiment.

A sample of the electrolyte sent for analysis
at the end of the experiment indicated tritium
activity of “48 nCi/ml (1.78KBq/ml), a three
order of magnitude increase over the initial stock
solution value of “0.05 nCi/ml (1.9 Bq/ml). The
net excess tritium produced after correcting for
trittum input through make up D9O addition etc,
works out to ~7 ﬂél or "1.4 x 104 atoms of T.
Admittedly this was not a very clean experiment,
but even so one can obtain a very rough value for
the neutron—to—tritium yield ratio as "2 x 1077 for
this experiment.

2.5 Pd-Ti PARALLEL PLATE CELL
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A simple parallel plate cell with teflon
button spacers was fabricated with Pd (0.5 mm
thick) and T!él mm thick) plates (40 x 50 mm?2)
as electrodes he inter—electrode gap was "2 mm.
A thin platinum strip was spot welded at the top
of the Pd to serve as current feed through. The
parallel plate assembly was suspended inside a 300
ml glass bulb having a wide mouth at the top. A
vent hole in the stopper permitted escape of
electrolytic gases. An advantage of this cell was
that either Pd or Ti could be selected as cathode,
the other serving as anode.

Electrolysis was commenced on 15th March
1990 with Pd as cathode and 5M NaOD in D50 as
electrolyte. Current density was adjusted to be
“200 mA/cm2 Three neutron detectors were
available tor monitoring neutron output, two for
viewing the cell and the third for serving as
background monitor. Two consecutive neutron
bursts  occurred about 4 hours after
commencement of electrolysis. The background
counts was absolutely flat during this run (see
Fig.5). It was noted that the Pd cathode had
buckled outwards and had become extremely
hardened. The buckling can be explained on the
basis of differential loading of Dj across the
thickness of the metal.
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Fig.5 Neutron Burst of Pd—Ti Parellel Plate Cell
(15th March 1990)

The Pd cathode was immediately taken for
X-ray counting to a low energy Nal detector
assembly. Later it was kept overnight in contact
with a medical X—ray film for autoradiography.
These techniques are discussed in detail 1n

f/5/). However these did not give any evidence



of presence of radioactivity. Samples of the
electrolyte  taken  1mmediately after  the
experiment also did not show any significant
increase in tritium activity which 1s indeed very
puzzling to the authors. It 1s possible that the
tritium generated had fully escaped along with the
electrolytic gases.

3. Pd CATHODE CELLS WITH LiOD
ELECTROLYTE

3.1 HOLLOW Pd CYLINDER EXPERIMENT
(AnCD)/5/

In this quartz cell the cathode was a hollow
Pd cylinder of 1.7 g mass, having a wet surface
area of 5.9 cm?; the anode was a Pt guaze; the
electrolyte was 0.1 M LiOD in D3O (99.87%
isotopic purity). To begin with a current of 1 A
was used for the electrolysis. After about 30 hours
when the temperature attained 60 C, current
pulsing between 1 and 2 A at 1 second intervals
was adopted. In the absence of a direct neutron
detector, this group looked for neutron emission
through the 1186 Kev window of the gadolonium
capture gamma ray peak. The detector was a 3 x 3
Nal crystal mounted behind a gadolonium
compound coated converter plate. After a charge
of 17.5 amp—hrs had been passed, the first neutron
emission was detected on 21st April 1989. As seen
in Fig. 6, in all three distinct neutron bursts of 14
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to 20 minutes duration each were produced
amounting to an integrated yield of 3 x 106
neutrons. Subsequent analysis of a sample of the
electrolyte indicated that a total of 3.85 uCi or 7.3
x 1013 atoms of tritium had been generated in this

experiment. This corresponds to a
neutron—to—tritium yield ratio of 4 x 10-8.

3.2 Pd CUBE EXPERIMENT (ROMG)/5/

In this experiment the cathode was a 1 cm3
of Pd and anode a Pt wire gauze formed into a
cylinder surrounding the cube. The electrolyte was
0.1 M LiOD in D30. The electrolytic gases were
recombined using a Pd catalyst; excess D3 was
converted into D3O using hot copper oxide.
Although the main objective of these experiments
was measurement of excess heat, in this paper
only the neutron and tritium results are reported.

The neutron yield was monitored by means
of a paraffin encased BF3; counter mounted
immediately underneath the table where the cell
was located. A second BF3 detector placed about
a metre away monitored background neutrons.
The cell electrolyte as well as the DO collected in
the various cold traps in the system were
periodically sampled for tritium measurements.
Electrolysis was carried out at a current of “0.6
amps. After about 24 hrs when “14.7 amp—hrs of
charge had been passed, bursts of neutrons began
to be observed. In all 17 neutron bursts lasting
from 2 mins to 55 mins each were recorded. The
neutron yield in the bursts varied from 5 x 103 (2
min burst) to 5 x 105 (8 min burst). Altogether a
total of 1.4 x 106 neutrons was estimated to have
been generated. Thereafter there were no more
neutron bursts although the electrolysis continued
for a further period of seven weeks (a total of 1365
amp—hrs).

A detailled accounting of tritium
distributed in various constituents such as
electrolyte, vapour condensate recovered from
recombined gases, gases extracted from Pd
electrode etc was carried out by this group. It was
concluded that in all about 35 nCi or 6.7 x 101
atoms of excess tritium was produced in this
experiment. This corresponds to a gross
neutron—to—tritium yield ratio of 1.7 x 108,

3.3 CYLINDRICAL Pd PELLET EXPERIMENT
(ROMG)/7/

Here the cathode was a cylindrical Pd
pellet 11 mm dia x 11.2 mm height and anode a
Pt gauze as before. The concentration of the LiOD
electrolyte (120 ml) was increased progressively
from 0.1M to "3M and accordingly the applied
voltage decreased, with the current being
maintained constant at “4A. The neutron
detection set up was the same as in the previous
ROMG experiment. On 13th Feb 1990 when
“3400 amp—hrs had been passed, there was a sharp
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burst of 3 x 108 neutrons lasting approximately for
about 100 s (see Fig.7).

A sample of the electrolyte which was
taken the day after this burst, showed a clear
eight fold increase in tritium level (64.5 Bq/ml vs
preburst value of 7.9 Bq/ml). The tritium level
thereafter continuously decreased as shown in
Fig.7. But a significant observation was that the
rate of decrease was not commensurate with
dilution effects caused by make up DO addition.
The dotted lines commencing from each
experimental point in the figure indicates how one
would have expected the tritium level to fall if
only dilution was playing a role. This implies that
additional tritium is continuously entering the
electrolyte for many days after the sharp neutron
burst. If this is attributed to diffusion of tritium
from the inner regions of the pellet, it would
support the theory that tritium (a.nd neutron)
generation 18 not restricted to the surface of the
cathode alone.
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RCS-11 Experiment

After the experiment was terminated
following several weeks of electrolysis, the Pd
electrode which was found to have developed
many cracks on the surface, was degassed at 900
C, and from the volume of Dg liberated the D/Pd
ratio at saturation was deduced to be ~0.85.

34 Pd RING AND Pd COIL CELLS WITH
NAFION MEMBRANE (ApCD)

In both these experiments the cathodes
were thoroughly degassed and vacuum annealed
(<108 mm Hg, 1070 K, “10 hours) prior to
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electrolysis. The anode was a cylindrical Pt mesh
covering the cathode on all sides. In the first
experiment the Pd ring cathode (2.5 cm dia, 1 cm
heliht and 0.1 cm thickness) was cha.rged from

the sides /5/. In the second experiment a
thin Pd rod (1 mm dia x 14 cm length) formed
into a coll was employed as cathode 8/ In both
these experiments the anodes were loosely
sandwiched between pairs of Nafion membranes so
as to prevent the oxygen evolved at the anode to

diffuse back to the cathode surface. The
electrolyte (0.1M LiOD in D30 of 99.86% isotopic
purity) was circulated throu the quartz

electrolytic cell to reduce the dissolved oxygen
level further. A saturated calomel electrode
dipping in the electrolyte was used to monitor the
cathode potential. The cell was operated at a
relatively low current density of “60 mA /cm?.

Neutron detection was carried out by
means of a well type counter containing 24 He3
detectors embedded in an annular l.l%lock of
paraffin. The test cell was located at the centre of
this well, giving a neutron detection efficiency of
8.6%. Data acquisition was carried out with the
help of a personal computer having multi-scaling
mode facility. The counting time per channel was
set as 40s. It was ensured that the overall neutron
detection system was immune to extraneous
influences which could give false counts. The
background reference counts was observed to be
steady at “1.6 cps for about 10 days before start of
experiments.
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Fig.8 Neutron Bursts of Pd Ring Cathode
Experiment of ApCD

The ring cathode electrolysis experiment
was run for 32 days commencing from 6th of July
1989. Between the 14th and 17th days from start
of electrolysis copious emission of neutrons in the
form of bursts was recorded. Otherwise the count



rate remained close to background levels for the
rest of the period. Fig. 8 depicts the neutron
counts variation over the entire 44 hour (4000 x
40s) duration, while Fig 9 gives an expanded view
of a part of the same data. The log scale of the
counts axis should be noted, indicating that the
bursts were indeed intense, the peak neutron
emission rate being “1000 times background
levels. The total neutron emission over the 40
hour neutron active phase was 1.8 x 108 neutrons.
It is interesting to note however that even during
an intense phase of neutron production the count
rate suddenly dropped to near background levels
and remained so for several seconds before
abruptly climbing back to levels over a 100 times
the background value.
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The electrolyte was sampled once in 6 days
during the experiment and analyzed for tritium
content using standard liqud scintillation
techniques. Aft.er the neutron active phase, the
tritium level of the electrolyte showed an increase
from 0.4 to 1.3 Bg/ml. The cell electrolyte volume
being 250 ml, this corresponds to an excess tritium
generation of 1.8 x 101 atoms. This does not
include the tritium carried away by the gas
stream. Degaseing of the Pd cathode at 680 K and
reformation of water over hot CuQ turnings
yielded an additional 3 x 109 tritium atoms only.
Thus an upper limit to the overall
neutron—to—tritium yield ratio in this experiment
works out to “1073.

The electrolysis experiment with the Pd
coil cathode was carried out for 24 days. The
electrolyte was 0.05M Li13SO4. Neutron emission
started within 4 hours of commencement of
electrolysis and lasted for a total period of 15 hrs
spread over the first five days of the electrolysis.
The integrated neutron yield was 5.8 x 108 while
the tritium yield at the end of the experiment
amounted to 1.8 x 1010 atoms. The
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neutron—to—tritium yield ratio in this experiment
works out to be 3.2 x 1074

It 1s significant that the neutron to tritium
yield ratios of 1073 to 1074 observed in both these
experiments are several orders of magnitude larger
than the values of 10 to 108 obtained in all the
previous cells. One possible explanation could be
that the employment of Nafion membrane in
conjunction with the very low levels of dissolved
oxygen in these cells might have been responsible
for preventing recombination of T back into DTO
and instead have allowed most of the T to escape
along with the gas stream. As noted earlier the
trittum carried away by the gas stream was not
measured in this experiment also.

4. SUMMARY OF ELECTROLYSIS
EXPERIMENTS WITH NEUTRON AND
TRITIUM GENERATION

Table 1 presents a summary of the

successful electrolysis experiments conducted so
far at Trombay wherein significant amounts of
both neutron and tritium production has been
observed. Also included (last column of Table I)
for comparison and completeness are the results of
an experiment /9/ conducted at the Indira Gandhi
Centre for Atomic Research &IGCAR) n
Kalpakkam, Tamil Nadu, a sister Institution of
BARC. The main conclusions to emerge out of
these results are discussed later.

5. OTHER TRITIUM PRODUCING CELLS /
EXPERIMENTS

Besides the above electrolysis experiments
wherein both tritium and neutron production has
been observed, there have been an additional 11
cells / experiments wherein clear evidence for
excess tritium generation has been obtained.
Majority of these experiments were carried out in
the various divisions belonging to the "Chemical
Group " of BARC. Table II summarises these
results. In most of these experiments neutron
yield, if any, was not monitored due to
non—availability of detectors with the groups
concerned. In the few cases where neutron
detectors were present the increase in count rates
if any was not significant enough within the
statistics of the background count rate variations.
Some of the cells of Table II were of closed type
wherein the electrolytic gases were recombined by
means of a suitable catalyst.

The MR(Jr) cell was a smaller version of
the Milton Roy cell with 6 Pd—Ag alloy tubes.
This cell has earlier been used for routine Hj
generation for several years at the Chemistry
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TABLE I: SUMMARY OF ELECTROLYSIS EXPERIMENTS WITH NEUTRON AND TRITIUM GENERATION

Sr. No. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11
Division DD}{ HWD NtPD/ NtPD/ DDI{ HWD HWD AnCD ROMG ROMG ApCD ApCD IGCAR
tPD HWD HWD tPD NtP
Cell (Name) Ti-SS MR-1 MR-2 5 Module  Par. Plate PDC-I RCS-11 RCS-19 Nafion—1 Nafion—2 RCP-II
Date 1989 1989 1989 1989 1990 1989 1989 1690 1989 1990 1989
Cathod 21 May 21 April 12-16 Jun 5 May 16 March 21 April  June—Aug. Jan.—Apr. July Feb. Dec.
o:
Material Ti Pd-Ag Pd—-Ag Pd-A Pd Pd Pd Pd Pd Pd Pd
Geometry Rod Tubes Tubes Discs (5) Plate Hollow Cyl. Cube Pellet Rin% Coil Button
Dimensions 2¢x ~30d x = 115¢ x 40 x 50 - 1 cm? 11 x 25¢ x 10 ht 1dx -
(in mm) 150 long 200 ht 0.1t x 1 thk 11.2 ht. x 1 thk. 140 long
Area (Cm?) 104 300 300 78 20 5.9 6 5.7 18 44 8
Anode S.S. Pipe Ni—Pipes Ni—Pipes  Porous—Ni  Ti Plate Pt Mesh Pt Mesh Pt Mesh Pt Mesh Pt Mesh Pt Mesh
Electrolyte NaOD NaOD NaOD NaOD NaOD LiOD LiOD LiOD LiOD Li,S0, LiOD
(5M) (5M) (5}543 (5M (5M) (0.1 M) (0.1 M) (0.1 M) (0.1 M) (.05 M) (0.1 M)
Volume (ml) 135 250 2 10 300 45 150 120 250 140 -
Current Density <400 ~300 ~300 ~800 ~200 <340 ~100 ~700 ~60 ~50 <100
(mA/ cm?)
Switching On:
Charge (AR 12 06 - 3.2 0.8 3.0 25 650 U 0.15 3.7
Time (hrs) 3 ) 0.5 4 4 9 24 930 330 3 300
Active Life Few hrs ~3.5 hrs ~2 hrs <3 mins <1 min ~5 hrs ~5d ~100 sec ~40 hrs. ~5d 8 hrs
Neutron Yield:
No. of Bursts  Continuum 9 1 1 1 3 17 1 Many Many 2
Total 3x107 4x107 9x107 5x10¢ 1x108 3x10¢ 1.4x10° 3x108 1.8x108 5.8x108 2.4x10¢
n/ cm? 2.9x10% 1.7x10% 1.3x10¢ 1.3x104 5x104 5x108 2.3x10% 5.2x10% 107 1.3x108 3x10°
Tritium Yield:
Total (Bq) 2.6x10% 1.5x107 3.8x108 7x10¢ - 1.42x10% 1.3x108 7.7x108 325 32.5 6.3x108
Total (Atom) 1.4x1014 8x101% 1.9x101$ 4x101% - 7.2x1018 6.7x101 4x101 1.8x10! 1.8x1010 3.5x1012
t/ cm? 1.3x1012 2.7x1018 6x1012 1013 - 1.2x1013 1.1x101 5.2x1018 1x1010 4x10? 4.4x101

(n/t) Ratio 2x1077 0.5x108 0.5x10-8 1.2x10°9 - 4x10-8 1.7x10° 10-¢ 1073 3.2x10 7x10°7
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TABLE II: SUMMARY OF OTHER TRITIUM PRODUCING ELECTROLYTIC EXPERIMENTS

/

Sr. No. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11
Division Heavy Water Divn. ROMG Analytical Chemistry Division — Chemintr{)?éviuion —
Cell (Name) MR (Jr)-I MR (Jr)-II  RCS-18 PDX—-0 PDC-II PDC-III PDC-1V PDR-I CD—+4 C C
Date 1989 1990 1989 1989 1989 1989 1989 1989 1989 1989 1989
Cathod 21 Sept. 5 March 24 Oct. 24 April 10 July 6 Sept. 29 Sept. 9 Nov. 21 July 22 Dec. 24 Oct.
(¥
Matenal —Pd—Ag Allecy—  Cold Rolled Pd Pd Pd Pd Pdi Pd Pd wire
Geometry ieu Hollow Cyl Ring Hollow Cylinder Rod Cylinder Pellet Gnd
Dimensions —-3¢x15-0ht— 2 thk. - - - 4dx 8dx 4dx4ht 05¢ x
(in mm) 19 long 16 long 800 lon‘
Area (Cm?) 113 19 14.5 _ 6.3 2.75 0.57 0.126
Anode ——— Ni Pipe — Pt gause Pt Discs Pt Mesh Pt Mesh _ Pt Mesh Pt Mesh Pt Coil Pt Wire Pt Wire
Electrolyte —— NaOD —— LiOD LiOD LiOD LiOD LiOD LiOD LiOD LiOD KOD (Cone)
— M —  (O1M)  (@IM)  ©O1M)  (OIM) QKM (O01M) Q1M  ©@LM) (Pt
Volume (ml) — 160 —— 150 65 60 100 80 80 28 3
Open/ Closed ——— Open Open Closed Open Open Closed Closed Open Semiopen Closed
Current (A) —4 ~2 <2 1~2 1~3 1~2 0.2+2.2 RF 100 mA <35 mA 30 mA
Pulsed Pulsed Pulsed Superpoeed
Current Density 350 ~105 ~160 <350 <470 <350 <800 ~100 ~278 7.5
(mA/ cm?)
Duration of 12 hre 30 hrs 13d T744d 366.2 hre 183.3 hrs 58d 40d 190d 17d 80d
Electrolysis
'Iirit_iumdhlmuremenu:
niti A
Conqn. (Bq) 1.44 3.33 36 2.7 2.81 2.7 2.70 2.68 46 2.0 2.5
’g:;;':“““ (Bq/ml) 225.7 18.5 - 0.93x10*  5.88x10¢ 46 - - 2.1 65.0 22,9
QOutput to
Input Ratio 156.7 5.6 3.36 3425 20,925 1.66 2.5 1.91 15.7 32.5 9.16
Net Excess:
(Bq) 3.3x104 2.28x10% 2.71x103 6.02x10% 2.08x108 2.96x10% 6.29x10? 1.1x103
(Atoms) 1.76x10'3 1.2x1012 1.44x1012 3.2x10M4 1.1x101% 1.56x10!2 3.96x10" 5.83x101 1012 101 2x10t0
t/ cm? 1.6x10" 1.1x10!° 0.8x101! 2.2x1013 1.7x101¢ 2.4x10" 6.2x1010 2 12x10%! 1.8x1012 0.8x101 0.5x1010




Division. Cell #11 was a very novel cell wherein
the electrolyte was KOD in the form of a paste
applied on a muitiwire grid electrode system made
of alternate wires (0.5 mm dia) of Pd and Pt.
Although this gave excess tritium of only 2 X 1010
atoms (lowest 1n the Table) 1t must be noted that
the total inventroy of electrolyte in this microcell
was hardly 1.5 ml. In Cell #8 (PDR-I) an RF
voltage was superposed on the applied DC voltage
with a view to ascertain whether this would help
improve the tritium production. As seen from the
results there 1s no evidence of any improvement.

The Cells # 5, 6, & 7 used the same hollow
Pd cylinder cathode deployed in Cell # 6 of Table
I (Expt. PDC-I). As in the case of PDC-I
current pulsing was resorted to in these three
PDC series of experiments also. On completion of
PDC-I the hollow Pd cathode was degassed at
300 C in a vacuum furnace for over 2 hrs.
Subsequent electrolysis in 0.1 M LiOD (Expt.
PDC-II) terminated in an explosion after a charge
of 423 amp—hrs had been passed. Careful
measurements of the tritium content indicated
that over 2 MBq (1.1 x 10 15 atoms) of excess
tritium had been generated during this
experiment. (see Table II). This corresponds to an
increase 1n tritium inventory by a factor of more
than 20,000 relative to the total tritium input to
this experiment.

This same cathode generated tritium two
more times after degassing and reuse. (PDC-III &
IV). But as seen from Table II in each subsequent
run the quantum of tritium generated decreased
further. For example in PDC-III while excess
tritium recovered was 2.96 KBq, in PDC-IV the
excess tritium was only 629 Bq even after 123
amp—hrs of charging. Prior to commencement of
PDC-IV the electrode had been heated to 850 C
for 4 hrs in vacuum, cooled and again heated to
800 C in Dy gas atmosphere at 1 cm pressure for 3
hrs followed by degassing again under vacuum for
3 hrs. This very elaborate pretreatment would
have cleansed the Pd of any remnant tritium
within its interior, confirming that the fresh
amount 629 Bq obtained in PDC—-IV must have
been generated during this run of electrolysis only.
But the more important implication of this result
18 that even vacuum heating—annealing does not
appear to have restored the ability of the Pd
cathode to support nuclear reactions.

6. REAL TIME NEUTRON DIFFRACTION
STUDY OF DEUTERON LOADING IN A Pd
CATHODE /11/

Cell #9 (CD—4 of Chemistry Division) was

primarily designed for conducting an online

neutron diffraction study of the phase changes
occurring during the deuteration of a Pd rod. It
comprised of a covered pyrex glass beaker with an
8 mm dia x 16 mm long Pd cathode of which 11
mm protruded underneath the cell and was set up
m front of one of the neutron beams at the
Dhruva research reactor at Trombay. The portion
of the Pd rod exposed to atmosphere was given
thin protective coating of tin to minimise escape
of deuterium. A platinum cell above the cathode
served as anode and the electrolyte was 0.1M Li30
in D;O. A 0.18 mm thick Nafion membrane
between the electrodes helped prevent direct
recombination of deuterium and oxygen.
Electrolysis was carried out at a steady current of
100 mA extending over a period of more than 8
weeks. Powder diffraction patterns were recorded
periodically with the help of a 1 metre wide
position sensitive neutron detector mounted so as
to provide a 300 angular span. With this
arrangement the real time development of the
(111),(200) and (311) reflections could be studied.

—
25 3 AmpHr
i (200)
Loy {\ p {\(22% (3Mg (222
. : T) ‘ MI
f i 18 2 AmpHr
| H

; T T v -
16.2 AmpHr
M

. : -
13 6 AmpHr
i * 1 1 )

\
e
f(220) fam

[\\u@) | J”k /L
e A

42
SCATT. ANGLE, 26 (DEG)

|
DAY
|

9.0 AmpHr

NEUTRON COUNTS{ARB UNITS )

Fig.10 Neutron Diffraction Patterns at Different
Deuterium Loadings of Palladium Rod

i



Fig.10 displays the recorded diffraction
patterns at various loading stages measured 1n
terms of amp—hrs of electrolysis. It took an hour's
reactor time for each spectrum. The Pd electrode
was 1mtlally in pure fcc(metallic) form with the
lattice constant of 3.89 A0 characterized by the
four peaks corresponding to a phase seen in the
bottom most pattern of Fig.10. New peaks
indicative of the precipitation of the § phase of the
Pd-D system (lattice constant of 4.02 A0) showed
up at around 10 amp—hrs of electrolysis. As
electrolysis proceeded the intensity of the § phase
peals built up at the cost of a phase peaks. It was
found that within about 25 amp-—hrs the upper
part of the Pd electrode projecting underneath the
cell was completely converted to § phase wherein
the lower part required nearly 60 amp-—hrs for
this. From the ratio of the structure factors of the
odd to even reflections (S(111)/S(200)) the
stochiometry in the (§ phase could be deduced. It
was summarised from the study that the
stochiometry at saturation was PdDy.55. The main
conclusion of this experiment relevant to cold
fusion 1s that no new phases develop in Pd even
after 100 amp—hrs of electrolysis.

PART B: D3 GAS LOADING EXPERIMENTS

7.1 SEARCH FOR TRITIUM IN GAS LOADED
Pd SAMPLES/5/

In these experiments D; gas was loaded
into Pd samples after thoroughly degassing them
and a search was made for the possible production
of tritium 1n the samples. The tritium produced if
any along with that in the inmitially loaded
deuterrum was extracted through 1sotopic
exchange with distilled light water wherein the Pd
sample 1tself served as a catalyst. From the
activity measured in the water the amount of
tritium "produced" in the Pd was computed.

D; gas was generated by reducing D20 with
Na in vacuum and stored under pressure in an SS
dewar with liquid nitrogen cooling, in the presence
of activated charcoal. The stock D30 used had a
tritium content of 0.075 nCi/ml (2.8 Bq Jml)
corresponding to a (T/D) isotopic ratio o
10714, Pd samples either in the form of Pd black
powder or Johnson & Matthey Pd—Ag foils were
taken in an SS reaction vessel connected to a
vacuum system (1075 mm) through a buffer tank
of 1 litre volume equipped with a pressure gauge.
After degassing and cooling under vacuum, Dy gas
at 1 atm pressure was let into the buffer tank and
the system sealed off for equilibration with the Pd
contained in the reaction vessel for several hours
or days at times. From the pressure drop
observed the quantity of gas absorbed in the Pd

~1

could be deduced. The deuterated Pd samples
were later immersed inside a measured quantity of
distilled water for a few hours and the
concentration of tritium in the water measured
through standard liquid scintillation counting
systems. The tritium content in the Pd was
deduced therefrom knowing the gram moles of Do
absorbed in Pd as well as the relevant
equilibration constant (K).

TABLE 01
TRITIUM PRODUCTION IN Dy GAS LOADED Pd SAMPLES

| Expenment No #1 #2 #3 4 #5
Nature of Pd biack Pd-Ag Pd-Ag Pd-Ag Pd-Ag

| sample powder foil foil foil foil
Mass (g) 20 096 10.9 108 043

| Late of loading 20June 89 26 Aug89  19Sept 89 7Mar90 19 Sept 89
Volwoe of D 1325 15 5154 m 202 |
Aomorbed (mf)

D/Pd) ratio 63 46 4 2 45

Eq si:bration i6 16 240 « 240
[N2e 0

Watec used for % 6 5 52 5

extraryon (ml)

Tntiam activity 31 59 85 125 326

of water {bq/ml)

! T/D cacisin P4 32x10" 11x10 87x100 34x101 gaxi0m
Abeolute titium 007 370 4292 7178 159.1
actvity (bg)

| Total tritsum 231x100 2 02x 10 2 4x101 41x104 B.96xI0C

atoma in Pd

1.2x1018

| Towum asor,
per g of Pd

2 1x1010 22x100 3.6x10% 20 8x10%

Table III summarizes the results. The
tritium activity measured in the distilled water
was a small fraction of a nCi/ml (5 to 30 Bq/ml).
The total quantity of tritium estimated to have
been generated in the Pd foils 1s in the region of
1010 to 10" atoms. It is observed that the (D/Pd)
ratios attained following Dj; absorption are
approximately similar in all the cases (0.20 to
0.63). The amount of tritium produced per gram
of Pd sample varies widely, from ~1.2 to 20.8 x
100 atoms/g. As may be expected the higher
value is consistent with the longer duration of
equilibration time (240 hours) between D and Pd,
but the large Pd foil (column #3) which was also
equilibrated for 240 hours has given only 2.2x1010
atoms of t /g of Pd. In all cases the finally attained
(T/D) ratios which are in the range of .3 x 107! to
8.3 x 101 are two to three orders of magnitude
higher than that of the imtial gas value namely ~
3 x 10714, Thus fresh tritium amounting to about
1010 or 10" atoms appears to have been created in
the Pd, presumably due to "cold fusion" reactions.
It is not clear whether the tritium was produced
during the absorption process or during the
subsequent "curing" or equilibration phase.
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The presence of tritium in the Pd—Ag foils
has also been 1ndependently confirmed through
autoradiography. Fig 11 shows the radiograph of a
triangular Pd—Ag foil. The image displays some
non—uniformity 1in fogging. It was however
observed that the intensity of fogging of these
Pd—Ag foils rapidly decreased when attempts were
made to reproduce the radiographs on subsequent
days, indicating that the tritium retention
capability of Pd—Ag 1s not as good as that of
titamum.

Fig.11 Autoradiograph of Deuterated Triangular
Pd—Ag Foil

7.2 FRASCATI TYPE EXPERIMENTS WITH
Ti SHAVINGS (CD)/5/

A readily available set up employed earlier
for high pressure hydriding studies was used for
these experiments/12/. Ti metal pieces cut from a
sheet were surface cleaned and subjected to
activation treatment prior to loading in the high
pressure cell. Dq gas pressure or temperature was
cycled between high and low values using liquid
nmtrogen. The well type neutron counter
employing 24 He3 detectors embedded in paraffin,
along with the associated data acquisition system
described in Sec 3.4 was used for the neutron yield
measurements. The counting efficiency was
determined to be 10%.

In these experiments first conducted in
June 1989, Ti pieces were to begin with
equilibrated with D2 gas at 10 atm and 77 K for
“20 minutes. The temperature was then allowed to

increase slowly to ambient level, with
simultaneous evacuation resulting in desorption of
Dy gas from the Ti shavings. This resulted in large
neutron bursts lasting between half an hour to “2
hours each as shown in Figs. 12a to 12d. Prior to
the experiments of Figs 12c & 12d, the Dy gas
pressure and temperature were sxmulta.neously
cycled. While the first three measurements were
carried out with the same charge of Ti, the last
one was done with a fresh charge which could be
the reason for the slightly different characteristics
of Fig. 12d. The integrated neutron yield in these
experiments varied in the range of 10% to 107
neutrons.
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Fig.12 Neutron Counts Variation During
Frascati Type Experiment with Ti Shavmgs

The authors of these measurements have
reportedly been unsuccessful in their attempts to
measure neutrons again in repeated attempts to
reproduce the earlier results /p 13/. However they
have detected the presence ot tritium in somre of
the newly loaded Ti shavings through the
technique of autoradiography. For this they
employed a high speed polaroid camera. A 25 pm
thick aluminium foil placed between the shavings
and the photo sensitive film ensured that false
images are not produced due to mechanical
scratching of the film by the sharp edges of the
shavings. The aluminium foil converts the tritium
betas into soft X—rays which emerge from the foil
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giving rise to image formation.(see Sec. 8.3%.

73 EVIDENCE FOR TRITIUM IN Ti
TARGETS SUBJECTED TO RF HEATING IN
Dy ATMOSPHERE (TPPED/NtPD) /5/

In these experiments machined and
chemically cleaned targets of Ti were individually
heated to temperatures of upto 900 C in a glass
chamber using a surrounding induction heating
coil (1 to 2 MHz frequency, 3 to 6 KW power).
The glass chamber was connected to a vacuum
system as well as Hz and Dg gas bottles. Degassing
was 1nitially carried out at 900 C for several hours
until a vacuum of 10 mm was maintained
steadily. The targets were later heated to 600 C in
H; atmosphere at a few mm of pressure. The
induction heater was then switched off and the
target allowed to cool absorbing Hg in the process.
Atleast three cycles of Hq absorption /desorption
was given "to create active sites for Dy
absorption". Three such heating/cooling cycles
were then carried out with Dy gas. Pressure drop
recorded by an o1l manometer indicated the
quantity of gas absorbed during each cooling
cycle. It was observed that the quantity of gas
absorbed increased each time saturating in the 3rd
or 4th cycle.

The targets typically absorbed <1019
molecules of Dg. Since the mass of Ti1 was a few
hundred milligrams, this corresponds to a gross
(D/Ti) ratio of hardly 0.001. However we have
reason to believe that most of the absorption
would be confined to the surface region. This is
because when a metallic object 1s heated by
induction heating the current distribution falls off
exponentially with increasing depth. The skin
depth § characterizing this phenomenon is given
by & = (s/frp) where s and p are the resistivity
and permeability respectively of the workload and
f 1s the frequency of the applied electromagnetic
field. For a frequency of 1 to 2 MHz, é for Ti1s 0.1
mm. Consequently we believe that the (D/Ti)
ratio in the near surface region would be much
higher than the gross value of 0.001 noted earlier.

After loading, all the targets were subjected
to various tests such as autoradiography, K X—ray
counting etc in search of tritium. Although several
dozen targets were successfully loaded with Dj
gas, only a few of them gave positive evidence for
the presence of tritium. Interestingly the samples
which soaked up large amounts of Dy gas did not
give any positive results. The best results were
obtained from a disc shaped button (10 mm dia x
2 mm thick) and a couple of conical pieces meant
for use as electrodes. Table IV summarizes the
results. Figs. 13 and 14 are the autoradiographs of
a deuterated disc and cone respectively. The

radiographs of the Ti disc shows about 50 to 60
spots randomly distributed within the boundary.
The occurrence of spots all along the rim of the
machined disc is very intriguing. It is estimated

TABLE 1V
TRITIUM CONTENT IN Dy GAS LOADED Ti TARGETS

Date of loading 14 June 89 9 June 89 21 Mar 80
Shape of sample Disc Cone Cone
Sampie mass (g) .98 206 2

Dj absorbed (mg) 42 07 29

T activity from 290 1300 5.5x108
X-ray counts(bq)

Date of counting 16 June 89 16 June 89 28 Mar 90
Tritium atomns 1.5x101 6.5x10" 3.0x10M
T/D ratio 1.2x1079 32x10% 7.1x107°

that each spot corresponds roughly to 109 to 1010
atoms of tritium. The total number of tritium
atoms in the whole target works out to be 101
This 1s to be compared with the 1019 to 1020 atoms
of D absorbed in all by the Ti, pointing to a gross
(T/D) ratio of >109.

Fig.13 Autoradiograph of Deuterated Ti Disc

Interestingly one of these disc targets which
was kept in front of a paraffin encased BFj;
neutron detector and monitored over a week end,
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suddenly emitted a large burst of neutrons on its
own lasting over a time span of 85 mins. (See
Fig.2 of companion BARC paper /6/)

The most intriguing feature of this experiment 1s
that ever since the RF heating system became
defective in September 89, these results could not
be reproduced even once using a resistance furnace

Fig.14 Autoradiograph of Deuterated Ti Cone

even though the power was higher and much
greater quantities of Dy gas could be absorbed. It
was only in March 90 when a 1MHz furnace
became available that a conical target once again
indicated the presence of xCi amounts of tritium
(See Table IV). The authors are therefore obliged
to conclude that oscillatory electric and magnetic
fields somehow play a crucial role in stimulating
anomalous nuclear reactions on the surface of
these machined Ti targets. In this context the
recent Coherent Theory of Cold Fusion proposed
by Hagelstein /14/ appears to give some
theoretical insight as to possible mechanisms
which could explain these observations.

7.4 ANOMALOUS TRITIUM PRODUCTION IN
TITANIUM ELECTRODE OF A PLASMA
FOCUS DEVICE (NtPD)/15/

A Plasma Focus (PF) device forms a hxlg(h
density (10%% ions/m3), high temperature (107 K)
plasma which produces an intense burst of
neutrons when operated with deuterium gas/16/.
This device has a vacuum chamber consisting of
coaxial cylindrical electrodes connected through a
Corning glass insulator at the bottom end and left
open at the top. Fig.15 shows a schematic diagram
of a plasma focus device of the type used in the
present experiments. When this coaxial gun 1s
connected to a high voltage (15 to 50 KV)
capacitor bank with the help of a spark gap

switch, a surface discharge 1s imtiated at the
insulator end. This then develops Into a radial
current sheath V\hiCh 1s accelerated by J x B forces
down the length of the electrode system, sweeping
the gas ahead of 1t. On reaching the open end, the
current sheath turns around on 1tself formmg a
quasi—cylindrical implosion resulting in a dense
hot "plasma focus" a few cm long and few mm 1n
diameter just above the tip of the central anode.
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Fig.15 Schematic Diagram of a Plasma Focus
Device With Central Ti Electrode

During January 90 an experimental
program was underway to study the influence of
anode material on the characteristics of the
plasma created and consequently on the neutron
production mechamsms of a PF device. Brass,
aluminium, stainless steel and titamum were
investigated for neutron yield systematics under
various deuterium filling pressures (1-10 mbar).

During the experiments with a T anode,
about 80 charge/discharge shots were carried out.
After each shot the chamber was flushed and filled
with fresh Dy gas. Some of these shots were
performed with the central electrode operated
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with negative polarity. This mode of operation
would direct the deuteron beams of a few hundred
KeV energy which are known to be generated in
PF devices, towards the central electrode. The
neutron yield in every shot was recorded with the
help of a bank of calibrated activation type silver
cathode Geiger Muller counters located close to
the device. Typically with "3 KJ of stored energy,
107 neutrons were produced in each normal shot
1.e. when the central electrode is used as anode. In
the polarity reversed mode of operation also
neutrons were produced but the magnitude of the
neutron burst was an order of magnitude smaller.

In view of the special role of Ti in D gas
loaded cold fusion experiments, the Ti electrode
was tested for induced radioactivity using
autoradiography immediately after the experiment
on two consecutive nights (4tt and 5th Jan.90). No
image was found at that time. But five weeks later
{on 9tk Feb 90) using a new Nal detector set up it
was discovered that a surprisingly high activity of
“392 uCi (7 1018 atoms of tritium) had built up on
the surface of the Ti electrode which had been
exposed to the plasma focus shots. To confirm
this, the rod was subjected to overnight
autoradiography once again. As seen in Fig. 16 a
very beautiful and impressive image was obtained.

Fig.16 Autoradiograph of Central Ti Electrode of
PF Device (5 Weeks After Charging)

This image has since been reproduced several
times  through  repeated  autoradiographic

exposures. There has been no change in the
resolution or clarity of the images even after a gap
of a few months. The very sharp worm like lines
are believed to be due to 3 & from tritium bearing
grain boundary regions near the surface, while the
intense diffuse spots are due to soft X—rays (Ti K
X-rays) emanating from deeper layers of the
titanium electrode. As 1n the case of the RF
heated T1 disc autoradiographs (Fig 13 ) the
presence of spots all along the periphery of the rod
1s noteworthy. In order to rule out the possibility
of 1mage formation due to tritium contamination
in the Dy gas, the other electrodes (Al, SS and
brass) were also tested for radioactivity. But none
of them showed any activity confirming that the
phenomenon 1s unique to Ti.

During all the 80 PF shots 1t 1s estimated
that atmost 109 (d—d) neutrons could have been
generated due to hot fusion reactions. Since in
conventional (d—d) reactions (both beam target
and hot fusion) the neutron—to—tritium bra.nchin%
ratio 1s ~ 1, 1t follows that not more than 10
tritium atoms could therefore have been produced
during the shots. It is totally unrealistic to expect
or postulate that all this tritium would have
succeeded in getting absorbed on the Ti1 anode
surface. Even if that were true, 1t still can not
explain the 106 atoms of tritium measured on the
tip of the T1 anode. But the even more intriguing
question 18 why was it not seen in the radiographs
taken on the same night of the experiment as well
as on the following night? Although the presence
of large amounts of tritium was first detected only
five weeks later, 1t 1s possible that it might have
been produced any time in the intervening period.

The authors suggest that the intense
electric and magnetic fields involved in the
operation of a PF must have had some role to play
in causing "cold fusion" reactions on the tip of
the anode. Repeat experiments using planchets of
Ti mounted at the top of a brass anode have
however not shown any activity so far. A fresh
stock of pure D gas as well as a new T electrode
are awaited for repeating the experiments under
identical conditions prevalent 1n the earlier
successful experiment.

75 OBSERVATION OF HIGH TRITIUM
LEVELS IN AGED DEUTERATED Ti
TARGETS/5/

The Division of Radiological Protection of
BARC had procured a number of deuterated
titanium targets on copper backing during 1972 to
1981 for dosimetry studies with accelerator based
neutron sources. Twelve such targets were
available, nine procured from M/S Amersham
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International of U.K. and the remaining three
from the Isotope Division of BARC. In view of the
various studies involving deuterated titanium
targets described in the earlier sections, it was
conjectured that cold fusion reactions might have
occurred in these "aged" targets over the past 9 to
18 years and 1if so, it was argued, they should
contain considerable amounts of tritium. In order
to check this hypothesis these aged targets were
subjected to various studies for establishing the
magnitude of tritium in them. Five different
techniques namely autoradiography, Ti1 K X-ray
counting with Nal and high purity germanium
detectors, [ counting with proportional counters
and current measurements with an ionization
chamber were used. The details of the targets,
measurements and results are described in Ref
/5/. It was found that the absolute tritium
content in the targets varied between 0.3 and 150
MBgq. Inquiries with the suppliers of these targets
indicate that while inadvertent contamination
during manufacture to the extent of a few hundred
Bq 1s in principle a likely possibility,
contamination levels in the MBq region is difficult
to explain. The tritium levels in these aged TiDx
targets expressed in terms of the (T/D) isotopic
ratios was seen to vary in the range of 0.07 to 3.5
x 104, For comparison the tritium activity of the
D0 moderator of a CANDU type power reactor
is atmost 30 Ci/l even at saturation,
corresponding to a (T/D) ratio of 107 In
contrast the (T/D) ratio of fresh D,O from a
factory 1s typically in the region of 10714 to 10713
only. Hence the authors are inclined to speculate
that a plausible explanation for the unexpectedly
high tritium levels in aged deuterated Ti targets
could be the occurrence of cold fusion reactions..

8. MEASUREMENT OF TRITIUM LEVELS IN
AQUEOUS AND METALLIC SAMPLES

As a consequence of the many years of
operational experience with heavy water
moderated research and power reactors in India,
considerable expertise has been built—up in the
area of tritium measurements, particularly in
moderator and coolant circuits as well as in
environmental samples. The status of
development of the field of "Tritium Measurement
and Applications" was reviewed recently at a
Symposium /17/ held in Bombay to mark the
golden jubilee of the discovery of tritium in 1939.

8.1 Analysis of Acqueous Samples

The tritium levels in the electrolytes and
other aqueous samples was measured by expert
groups at the Isotope and Health Physics
Divisions of BARC. Commercial liquid
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scintillation counting systems such as Packard
Instruments Model 4530 or LKB Systems Model
1215 (RACKBETA-II) which provide automatic
quench correction facilities were employed. 40K
free vials were used. Commercially available
scintillation cocktail, INSTAGEL, was found most
suitable as i1t gave minimum chemiluminiscence.
Double distilled water was used for diluting
samples to reduce PH level as well as quenching
impurities. In some electrolyte samples
chemiluminiscence effects entirely masked the true
trittum  signal. Fig.17  shows  the
chemiluminiscence decay curve of one such
"difficult" sample which did not cool down even
after several hours of dark adaptation and decay
time.

COUNTS FER MrUTT

Mt ™ MrNUTRS

Fig.17 Chemiluminscence Decay Curve of a
Severe Electrolyte Sample

Chemical and photon quenching effects
were encountered in other samples resulting in
compression of the tritium spectrum. In order to
confirm that the spectral output of the electrolytic
samples falls well within the tritium spectral
region, an experimental sample which did not
show any chemiluminiscence or quenching effects
was spiked with a tritium standard and the pulse
height spectrum was checked and compared with
that of the test sample. In the case of LiOD based
electrolytes a systematic study has been carried
out to study the influence of alkalinity on the
measurements.

The Pollution Monitoring Section of BARC
has recently developed a flow detector for on line
measurement of tritium levels in gas and liquid
phases /17/. The flow cell has a volume of 15ml
and is packed with 5 um thick plastic scintillating
fibres. A pair of photomultiplier tubes viewing
from the sides and operating in coincidence
measure the scintillation rates, due to tritium.



8.2  [f-particle and K X-ray Counting of
Deuterated Ti and Pd Targets

The presence of tritium in the near surface
region of deuterated Ti and Pd targets has been
established through the technique of # particle
and Ti K X-ray counting. The ffs were counted
using either a proportional gas counter or a plastic
scintillator. In some of the strong sources pico
amp levels of 1onization current could be measured
using an ionization chamber. The range of the
tritium (s (energy < 18.6 keV) in metallic samples
is < lmg/cm2  Some of the [ excite the
characteristic K X-rays of Ti ( “4.5 kev) whose
mean free path for absorption in Ti is however
10mg/cm?. Thus these X—rays are able to escape
from deeper layers of the Ti than the fs. Using a
high resolution germanium detector or a lmm
thick Nal detector these soft X-rays can be
conveniently counted.

8.3 Autoradiography

As mentioned already the technique of auto
radiography has been employed very effectively at
BAR% to study the spatial distribution of near
surface tritium produced in deuterated Ti and Pd
targets. In order to obtain good resolution the
samples were kept in contact with medical X—ray
film and exposed overnight. The fogging of the
film is due to the combined effect of tritium 3 and
the K X-rays excited in the host metal lattice.
Sometimes a stack of two films was mounted close
to the sample and it was observed that the second
film also gives a similar but fainter image ruling
out the suspicion that image formation could be
due to mechanical (scratching of films) or
chemical reduction effects.

9. CONCLUSIONS

Experiments carried out by a number of
totally independent groups employing diverse
experimental set ups have unambiguously
confirmed the production of neutrons and tritium
both in electrolytically loaded and gas loaded
Pd/Ti lattices.

Tables I & II present in a nut shell the
main results of the BARC electrolysis
experiments. It may be noted that in all 22
cells/experiments have yielded excess tritium
varying over a wide margin of 1010 to 1016 atoms.
Roughly half of these may be described as having
been "doubly successful since in these both
neutrons and tritium were measured. The main
conclusions to emerge from the electrolysis
experiments may be summarized as under:

(a) The most important observation is the
surprisingly low neutron—to—tritium yield ratio,
first reported by us at the Karlsruhe meeting in
July 1989 /3/. 8 out of the 11 doubly successful
cells of Table I have given values in the region of
1078 to 10 for this ratio, while two experiments
have given a comparatively larger value of 1073 to
104 These ratios may be considered as
overestimates since in most of the experiments the
tritium escaping with the electrolytic gases has
not been accounted for.

éb) The Trombay electrolytic experiments
have also convincingly demonstrated that both
neutrons and tritium are generated concomitantly.
This is evident from the sharp increase in the
tritium  concentration of the electrolyte
immediately after a large neutron burst in several
of the experiments.

(c) Another significant observation
pertains to the specific charge passed per unit of
cathode surface area, namely za.mp—hrs/c):m2 at the
time of the first neutron burst. This quantity
which may be called the "switching on charge" 1s
seen to be in the range of 0.6 to 3.2 amp—hrs/cm?
in 8 out of the 11 experiments of Table I. In the
remaining three cells (all of which have used LiOD
as electrolyte) the switching on charge is an order
of magnitude or more higher.

(d) It is significant that in all the five
experiments which used 5 M NaOD as electrolyte
the switching on charge was < 3 amp—hrs/cm?2. In
the isolated instance where LisSO4 was used the
switching on charge was the lowest namely 0.15

amp—hr/cm? among all the experiments reported
in Table I.

(e) In 8 out of the 11 cases of Table I the
first neutron burst has occurred on the very first
day of electrolysis, in fact within 9 hrs of
commencement of electrolysis (except for
experiment #7 where it occurred after “24 hrs).
This seems to be a unique feature of the Trombay
results.

(f) It is also worth noting that one amp—hr
or 3600 coulombs corresponds roughly to the
charge carried by the deuterons required to load a
few grams of Pd (associated with each cm? of
cathode surface) to a (D/Pd) ratio of “0.6. In
practice since only a fraction (10 ~ 30%) of the
deuterons bombarding the cathode actually get
absorbed in it, the experimentally observed
switching on charge of < 3 amp-hr/cm?) is
consistent with the common sense expectation
that a (D/Pd) ratio of atleast 0.6 should be
achieved before nuclear processes involving
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deuterons can be expected to take place.

g ) Except for the Ti—SS cell (Cell#£1 of
Table % in all the other ten cells neutrons are
produced in one or more large bursts of magnitude
several times the background values. But in all
cases after a limited period of nuclear activity the
cells becomes inactive, no matter for how long the
electrolysis is continued.

(h) Inspite of the wide disparity in cell
designs, 1t i1s observed that the specific neutron
yield i.e the integrated neutron yield per unit area
of cathode surface, lies in the range of 104 to 105
n/cm? except for the two experiments where a

afion membrane was present between the
cathode and anode (Cells # 9 & 10). The specific
neutron yield in these two cases 1s 1 or 2 orders of
magnitude higher.

(iﬁ The specific tritium yield (see Tables I
& II) has shown a greater overall variation
ranging from 4 x 109 to 1.7 x 10" t/cm?. In 10 of
of 22 cells 1t is in the range of 102 to 10! t/cm?
while most of the other cells have given values in
the region of 1010 to 10'2 t/cm?.

(3) The BARC teams generally operated
only one cell at a time. The overall "success rate"
defined as the percentage of cells which produced
tritium or neutrons in relation to the total number
of cells operated is estimated to be more than
70%. The groups who used NaOD as electrolyte
had perhaps an even higher success rate.

(k) The BARC experiments possibly
include the largest sized electrolytic cold fusion
cells (measured in terms of either cathode surface
area (300 cm? or total current (100 amps)) to
have been employed so far.

Sl) Unfortunately it has not been possible
to conclusively establish whether the neutron and
tritium producing reactions occur only on the
surface of the electrode or over the whole volume
of the cathode. But the delayed appearance of
additonal tritium in the electrolyte, at times even
when the cell was off, indicates that tritium slowly
leaches out from the inner regions of the electrode,
giving some credence to the volume effect theory.

The gas phase experiments of BARC have
spanned a variety of novel approaches and
diagnostic techniques. The observation that RF
heating of titamum targets in D3 atmosphere
promotes tritium production is interesting. The
large amount of tritium (1018 atoms) found on the
top end surface of the central titanium electrode
of a plasma focus device, particularly the very
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impressive high resolution autoradiogrpah, is
puzzling indeed. Finally the unexpectedly large
levels of tritium in decades old deuterated
titanium targets adds to the pool of puzzling
results.

On the whole however, the results obtained
by a number of independent experimental groups
at BARC during the first year of the ‘cold fusion
era' has provided ample evidence of the occurrence
of anamolous nuclear processes in Pd and T
lattices loaded with deuterium.
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ABSTRACT

A novel concentric cylinder isoperibolic calorimeter
was designed and fully characterized. Several
different methods of introducing calibration power to
the calorimeter were studied and the calibration
constant was found to be independent of the method.
Calibration constants could be determined with a
precision to + 0.5 %. Furthermore, they were
independent of the input power level up to 22 W and

with a cell temperature up to 60 °C over appreciable
periods of time. This new design possesses many
advantages that makes it suitable for careful studies
of the thermal behavior of electrochemical systems,
such as the electrochemical insertion of deuterium
into Pd cathodes.

INTRODUCTION

Calorimetric techniques have widely been used to
study thermochemical properties of both static and
reacting systems with great success. A great deal of
attention has been drawn to this experimental method
recently as a result of the announcement by
Fleischmann and Pons last year [1] that they had
observed the generation of large amounts of excess
heat when deuterium is electrochemically inserted
into palladium. This paper describes the design and
performance characteristics of a new type of
isoperibolic calorimeter that has been employed for

heat flux measurements during the qlectrolysis of
both light and heavy water upon palladium cathodes.

The word "isoperibol" denotes uniform
surroundings. So, isoperibolic calorimetry refers to
methods in which thermal energy is transferred from
a heat source to a surrounding heat sink that is
maintained at a constant temperature. It is generally

operated in a steady state power balance mode. When
applied to electrolysis systems, heat is typically
generated within the electrochemical cell and
transferred through a intermediate thermally-
conducting layer to a surrounding water bath held at
constant temperature. Under steady state conditions,
a temperature distribution is established in which the
temperature difference across the thermally -
conducting layer transports heat at a rate that just
balances the power generated within the
electrochemical cell.  Thus, in principle,
measurement of the temperature difference between
the cell and the surrounding bath provides
information about the thermal power generated in the
electrochemical cell, Ptherm. This can be simply
expressed as

Ptherm = K (T1-Tp) (1)

where K is the calorimeter calibration constant, and
T and T, are the temperatures of the cell and bath.

As will be shown below, if the electrical power
applied to the cell causes a chemical or
electrochemical reaction to occur that involves a
change in the enthalpy of the system, the thermal
power generated Ptherm is not equal to the applied
electrical power Pappl . This is described as a
thermodynamically "open system", and is the case if
the gaseous products of the electrolysis reaction are
allowed to escape. As a result, the temperature
difference between the cell and the surrounding bath
is less than it would be if the applied electrical power
produced only Joule heating.

On the other hand, if a thermodynamically "closed
cell" design employing an in-cell recombination
catalyst is used, so that no enthalpy is transported out
of the system, Ptherm and Pappl will be equal if
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there is no other heat generation or absorption
process present. This is thus a conceptually simpler
situation, and any measured difference between the
input and output powers must have some other
origin. One possibility is that it might be due to some
additional power generation process taking place
inside the electrochemical cell, as proposed by
Fleischmann and Pons [1].

CALORIMETER DESIGN

A new type of isoperibolic calorimeter has been
designed in which various issues such as the
influence of the physical locations at which heat is
produced and at which the temperatures are measured
during both calibration and operation, and the
magnitude of the stirring of the elecwolyte fluid are
not relevant.

The new design consists of two concentric heavy
aluminum cylinders that are separated by a well -
defined thermally conducting layer. The
electrochemical cell fits snugly inside the axial hole
of the inner cylinder. Under steady state conditions,
essentially all the heat generated within the
electrochemical cell passes to the external
environment radially through the surrounding
cylinders.

Instead of relying upon measurement of the
temperature within the electrochemical cell itself, as
well as of the assumed homogeneous environment,
this design involves the measurement of the
temperatures of the two aluminum cylinders.
Because of their dimensions and excellent thermal
conductivity, the aluminum cylinders provide
temperature uniformity. Thus possible sources of
error related to issues such as the amount of stirring
and the locations of the heat sources and temperature
measurement within the electrochemical cell are
avoided.

The design of this new isoperibolic calorimeter is
shown schematically in Figure 1. The inner (Ty)
aluminum cylinder has an outer diameter of 2 inches
and an inner diameter of 1.17 inches. It is 4 inches
long, and weighs about 365 g. The outer (T7)
aluminum cylinder is 7 inches long and weighs 958
g. Its inner diameter is 2.25 inches, and its outer
diameter, 3.0 inches. Thus the gap across which the
heat conduction takes place, and the temperature
difference is measured, is 0.125 inches. The
container for the electrochemical cell that fits snugly
inside the (T1) cylinder is a quartz tube 1.14 inches
(29 mm) in outside diameter and 4 inches long.

The inner (T}) cylinder housing the electrochemical
cell is mounted on Teflon supports and placed
concentrically inside the outer (T7) cylinder in such a
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Figure 1. Schematic design of the concentric cylinder
isoperibolic calorimeter with the external thin sheet
Joule heater wrapped around the electrochemical cell
and inserted inside the inner aluminum cylinder.

way that 1.5 inches of vertical space is left above and
below the inner cylinder. This vertical space above
and below as well as the 0.125 inch wide radial gap
between the two cylinders is packed with AlpO3
powder. This thick layer of AlO3 powder insulation
above and below the cell and inner cylinder forces
the heat to be transfered in the radial direction across
the gap between the two cylinders. The effective
thermal conductivity of this AlO3 powder, which
has a particle size range of 50-200 mm, was
experimentally determined to be about 1.6x10-3
W/cm.oC.

Three small thermocouple holes 1/16 inches in
diameter were drilled vertically down to half-height
of each aluminum cylinder. The holes are located at
midpoints of the wall thickness of the cylinders and



are spaced 1209 circumferentially from each other.
Copper-constantan (Type T) thermocouples were
firmly fixed into these holes so as to make good
physical contact with the aluminum. A few drops of
silicone oil were put at the bottom of these holes to
enhance the thermal contact between the
thermocouples and the aluminum cylinders. The
thermocouples are used in a differential mode such
that each calorimeter contains four pairs of
thermocouples. In each case, the outer members are
copper, so as to avoid any thermoelectric effects
when they are joined to the measuring circuitry. Two
pairs are connected between the inner (T}) and outer
(T2) aluminum cylinders to sense the temperature
difference between the cylinders. The other two pairs
of thermocouples are connected between each
aluminum cylinder and the surrounding constant
temperature water bath. Thus all possible adverse
thermoelectric contributions from dissimilar contacts
are eliminated. The linear response of these T-type

thermocouples is 39 mV/OC. A 6 1/2 digit Keithley
Model 193A microvoltmeter is used for reading the
thermocouple output and it thus provides a resolution

of about 0.025 °C.

Eight such calorimeters have been built and tested.
Their 1/e time constants were determined from their
transient response to step changes in the level of the
input power, and were found to range between 13
and 15 minutes.

ELECTROCHEMICAL CELL DESIGN

The electrochemical cells used in this work are
thermodynamically "closed” cells, i.e., they contain

an internal recombination catalyst made of finely
divided Pt supported on Teflon with a nickel backing
to recombine the D2 and Oz formed by the
electrolysis and return it by gravity back into the
electrolyte. In contrast, the gaseous products of
electrolysis are vented off to the outside in "open”
cells.

The cells were connected externally to silicone oil
bubblers by plastic tubing. This served two
purposes. One is to prevent atmospheric moisture to
diffuse back into the electrolyte of the electrochemical
cells, which contain about 20 ml of 0.1 M LiOD in
D70. This is an important consideration since D20
attracts light water strongly, and hydrogen is
selectively absorbed into the Pd cathode.The other
reason for the bubbler is to allow the escape of gas in
the amount of uncombined oxygen. Observation of
the time behavior of the bubble evolution provided
information about this process, and showed that it
ceased as the Pd cathode became saturated with
deuterium.

The Pd cathodes were prepared by repeated arc
melting in a gettered argon atmosphere, followed by
mechanical deformation to produce a "fat dime"
shape. Earlier, thin Pt and Au wires were used to
make electrical connections to the Pd cathodes.
However, due to surface contamination problems,
the cathode current collector was changed to fine Pd
wire, which was shielded by a thin Teflon tube to
prevent appreciable electrolysis taking place on it,
rather than on the Pd cathode.

Three different cell designs have been studied. In the
first design, a static immersion heater shielded in J -
shaped quartz tubing was used to provide the Joule
heating for calibration. The cell was sealed with a
rubber stopper, which housed the feed-throughs for
cathode and anode lead connections, the immersion
Joule heater, and the gas vent to the silicone bubbler.
The anode was about 200 cm of 0.010 inch thick Pt
wire spirally wound inside the cell. The anode to
cathode surface area ratios were between 10 and 15
to assure that most of the applied voltage drop was at
the Pd cathode.

Although this general design provided reproducible
calibration and stable electrochemical performance,
the problems associated with the cramped space
inside the cell as well as in the rubber stopper and the
occasional and unpredictable breakage of the quartz
shielding around the Joule heater led to a modified
design.

Energy dispersive spectroscopy studies of the
surface of the Pd cathodes indicated the presence of
substantial amounts of Pt coverage, which can block
deuterium insertion. Therefore, the fine wire Pt
anodes were replaced by large surface area thin Pd
ribbon anodes, produced by rolling 1/8 inch O.D. Pd
wire. This modification has the advantage of
continuously depositing fresh Pd upon the cathode
surface, which could cover up any potentially
blocking metallic or other impurities that might be
deposited during the electrolysis process.

The second design used a modified three-electrode
configuration, in which heat generated by electrolysis
upon an auxiliary Pt wire cathode centered within the
cell was utilized for calibration purposes. Passing
current between this Pt cathode (instead of the Pd
cathode) and the Pd anode caused only the generation
of Joule heat, so that measurement of the electrical
input to this configuration provided a simple
calibration method, with gas generation, bubble -
driven stirring, and recombination similar to that
which takes place during electrolysis with the Pd
cathode. Of course, one had to be sure to open the Pt
cathode circuit during operation of the Pd cathode to
insure that there was no electrical cross talk between
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the two cathodes. Again, rubber stoppers were used
to support the electrical feed-throughs and the gas
vent to the bubbler.

The third design used a simple Pd cathode and Pd
ribbon anode arrangement inside the cell. Joule
heater power for calibration was provided by a thin
film sheet heater which was snugly fitted between the
outside of the quartz cell and the inside of the inner
aluminum cylinder of the calorimeter. Rubber
stoppers were abandoned because of concern about
their possible contamination of the electrolyte, and
were replaced by cell caps machined out of Delrin.

EXPERIMENTAL PROCEDURES
Calorimeter Calibration Principles

The basic equation for an isoperibolic calorimeter
was given earlier as equation (1), which relates the
thermal power output to the measured temperature
change through the calibration constant, K.In the
current design, the value of K is determined by the
construction of the concentric cylinder calorimeter,
and is independent of the particular experiment being
performed within it.

The most common way of supplying the power for
calibration is by the use of an internal Joule heater.
Several levels of electrical power are applied, and the
corresponding increases in the steady state
temperature evaluated. A plot of (T;-T2) versus
applied electrical power gives a linear relation, whose
slope is the reciprocal of the calibration constant K.

However, it is often desirable to perform a
calibration of the calorimeter while electrolysis is also
taking place. In that case, the total applied thermal
power introduced is the sum of that which is
provided by the Joule heater and that contributed as a
result of the electrolytic process. In addition, we
must consider the possibility that there may also be
another phenomenon present that introduces
additional thermal power, Pjnt.

In the absence of any other energy generating or
consuming effects, so that Pint is zero, electrolysis
conducted in a "closed” cell in which the gaseous
products of the electrolysis are internally
recombined, produces exactly the same results as a
simple Joule heater [2-4].

This is not true in the case of an "open" cell,
however, as enthalpy is carried out of the system by
the escape of evolved gases. Therefore the
contribution to (T1-T7) due to the electrical power
applied to the electrolysis process will be lower than
if the same amount of power were applied to a simple

Joule heater, and the apparent value of K would be
greater than the proper one.

There is an additional effect that must be considered
in order to obtain a proper calibration of a calorimeter
by adding Joule heat in the presence of electrolysis.
This is because changes in applied Joule heater
power cause changes in the temperature of the
electrolyte. This causes changes in electrolyte
resistance, and can thus influence the amount of
thermal power introduced in connection with the
electrolysis reaction.

As an example, if additional heater power APy, is
applied, the electrolyte temperature will increase.
Because of this increased temperature, the overall cell
resistance decreases.

If the electrolysis is being conducted under constant
voltage conditions, the electrolysis current will
increase. This increases the electrolysis thermal
power input by an amount APgj. On the other hand, if
the electrolysis is conducted under constant current
conditions, the voltage and the thermal power
introduced by the applied electrolysis power will
both decrease.

Thus we see that the total change in thermal power
introduced into the calorimeter is the sum of two
factors, that simply due to the added calibration
heater power APy, and that due to a change in the
electrolysis power AP due to the concommitant
decreased electrolyte resistance.

Therefore, we can not merely compare the observed
value of (T1-T7) to the sum of the electrical power
applied to the heater and that applied to the
electrolysis reaction. We must separate these two
effects. The total power, Ptot , put into the cell
during calibration while electrolysis is also taking
placeis

Ptot = Phir + Pel + Pint (2)
Additional Joule heater power increases the
temperature difference (T1-T72) by ATh¢r such that the
total temperature rise, ATtot , is given by
ATiot = AThor + ATel + ATint (3)
where ATe] is the change in (T;-T3) due to the
change in the electrolysis power, and ATjp¢ is the
change in (T}-T2) due to any related change in the

additional internal heat generation process, if one is
present.

We can also write
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ATtot = APhtr /K + APel /Kel + APint /Kint (4)

if the values of K, Ke] and Kjnt are not the same. In
that case, we note that (4) is not the same as

ATtot = (APhtr + APel + APint )/ K )
which would be the case if all the K values were the
same.

The apparent value of K that would result from this
experiment is given by

Kapparent = (APhir+APe1+APint)/(AThy+ATe; +ATiny)
(6)

which can be quite different from the real value
characteristic of the calorimeter, K.

This problem can be solved by assuming that APg]
and APint are coupled, and can be represented by a
single value of Ke], which can be found from the
values of (T1-T2) and Pe] in the absence of any
heater power. If the magnitude of Ke] varies with
electrolysis power level, it can be determined over
any desired power range by performing an additional
experiment, in which the value of this composite Ke)
is determined by observing the change in temperature
difference (AT, + ATjpy) that results from a change
in the electrical power input APe] applied to the
electrolysis process. For that case,

Ket = AP¢1/ (AT¢ +ATiny) €]
Thus if we have the value of K¢} we can find the
proper value of K for the calorimeter from

K = AP/ (ATtot - (ATe + ATind)

APhir / (ATtot - (APer  Kep))

®)

An alternative strategy is to operate the cell in a
different mode, maintaining the electrolysis power
constant, with the computer, rather than keeping the
electrolysis voltage constant. If we did this, the
electrolysis power would not go up when the heater
power is introduced, and the observed temperature
rise would be due to the effect of the heater power
alone. This would allow direct evaluation of K
without the need for a separate experiment to evaluate
Ke; and to separate out the two factors.

However, if the electrolyte temperature increases,
and thus its resistance decreases, as the result of the
addition of heater power, the relationship between
electrolysis voltage and current will change, even
under constant electrolysis power.
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Calibration Procedure

Experiments were performed to determine the values
of K for the calorimeters using three different
methods of introducing power, an immersion Joule
heater within the electrochemical cell, internal
electrolysis, and a Joule heater placed between the
external wall of the electrochemical cell and the inside
surface of the inner cylinder of the calorimeter. Each
of these methods can be readily incorporated into the
electrochemical cell design, as discussed earlier. The
calibration procedure simply involved the
introduction of several levels of Joule heating power,
in both increasing and decreasing steps, and the
measurement of the temperature difference between
the two aluminum cylinders in each case.
Calibrations were carried out both with and without
concurrent "closed cell” electrolysis, and with the
electrolysis conducted in either the constant power
mode or the constant voltage mode. In the latter case,
the corrections discussed above were applied.

Measurement and Data Acquisition System

The power for both the electrolysis and the Joule
heater were supplied by Lambda LLS series power
supplies. In the case of constant electrolysis power,
the power supplies for the electrolysis process were
computer controlled. A Macintosh IIx computer was
used for this purpose as well as for calorimeter data
acquisition, using a Keithley 193A microvoltmeter
and a Keithley 706 scanner. For each calorimeter, a
total of ten experimental parameters were monitored.
They included four differential and two absolute
thermocouple values, as well as two voltage and two
current (read as voltage across precision resistors)
values. They were measured sequentially, and each
point was averaged over ten readings and stored
every 5 to 15 seconds. The hardware allowed five
calorimeters to be monitored and controlled
simultaneously. Both the cell operation and the data
acquisition were controlled using the LabView
software from National Instruments Co.

CALIBRATION RESULTS

As mentioned earlier, the temperature distribution
within the calorimeter is measured by the use of six
copper-constantan (Type T) thermocouples located
at different positions in the calorimeter. They were
configured in a differential mode such that only the
copper ends of each pair were connected to the
microvoltmeter, eliminating spurious thermoelectric
effects. Figure 2 shows the exceptional agreement
between three temperature difference measurements,
made at the six points in the calorimeter by the four
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Figure 2. The variation of temperature with time during a calibration
experiment at three levels of power input using an immersion Joule heater.
All three differential temperatures measured at different locations lie exactly
on top of each other indicating a uniform temperature distribution within the
inner aluminum cylinder in the calorimeter.

pairs of differential thermocouples, and clearly
demonstrates the uniformity of the temperature
distribution within the calorimeter. This is an
important advantage. It eliminates any ambiguity
about the locations of the sources of heat and the
temperature probes within the electrochemical cell.
Hence the extent of stirring to distribute the heat
within the electrochemical cell becomes irrelevant.

These data also illustrate the typical time - dependent
variation of the temperature during a calibration
carried out by the use of an immersion Joule heater.

A typical time variation of the two electrical power
inputs during a calibration experiment is shown in
Figure 3(a). The Joule heat for calibration was
supplied by a thin sheet heater external to the
electrochemical cell, and the electrolysis was
operated in the constant power mode in this case.
Note that all are very flat and steady with time. High
total power levels, sometimes in excess of 20 watts,
as was the case here, have been commonly used in
both our calibration and electrochemical insertion
experiments.
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The time variation of the calibration constant
extracted from these data using equation (8) is shown
in Figure 3(b). The spikes on the graph are due to the
transient behavior of the calorimeter when the input
power level is varied abruptly. The steady state
behavior, however, clearly shows that the calibration
constant values are very consistent, lying in a band
less than 0.5 % wide, and independent of the input
power level as well as time.

The effect of different modes of Joule heating during
calibration experiments was also studied. It was
found that the value of the calibration constant was
independent of the manner in which power was
supplied to the calorimeter. This is illustrated in
Figure 4, which compares the results of experiments
using the external thin sheet Joule heater with those
using the electrolytic heater, both with and without
simultaneous electrolysis taking place. Over a wide
range of power levels the calibration constant was
independent of the type of calibration heat source,
and in this case was equal to 0.83 W/°C with a
precision to +0.5 %.
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Figure 3. (a) The variation of Joule heater, electrolysis and total input power
as a function of time during a calibration experiment using an external thin
sheet Joule heater. The electrolysis was operated in the constant power
mode. (b) The corresponding values of the calibration constant, K, as a
function of time and the input power level. It is clear that K is practically
independent of the input power level as well as time.
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Figure 4. Calibration plot to compare two different ways of introducing
calibration heat using external thin sheet and electrolytic Joule heaters both
with and without electrolysis taking place.

The variation of the calibration constant with the cell
temperature is also of interest. The data shown in
Figure 5 indicate that K is practically constantover a
wide range of temperature.

DISCUSSION AND CONCLUSIONS

It has been shown that the novel concentric cylinder
isoperibolic calorimeter design has consistent and
attractive features, providing reliable information
with a high degree of precision. The general design
feature whereby heat is uniformly distributed
throughout heavy aluminum cylinders, where the
temperature measurements are made, eliminates the
uncertainities associated with the exact nature and
location of the heat source and the temperature probe.
It also renders the issue of the adequacy of stirring
irrelevant, and thus makes these calorimeters
attractive for the study of the thermal characteristics
of the electrochemical insertion of deuterium into Pd,
as well as other electrochemical studies.

The major construction materials are aluminum and
alumina, both of which allow operation at quite high
temperatures, perhaps up to 600 °C. Materials used
for the construction of the electrochemical cell will be
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the major factor limiting the maximum temperature of
operation.

Calibration has been conducted using three different
modes of introducing calibration heat. The calibration
constant was found to be independent of whether the
power was supplied by an immersed Joule heater,
internal electrolysis, or an external thin film Joule
heater. This provides flexibility in experiments using
this design.

Experiments on the time dependence of the response
to step changes in the input power level have
demonstrated 1/e times of about 15 minutes. This
enables one to observe relatively rapid changes in the
thermal behavior of electrochemical systems.

The calibration constants have been found to be
independent of both time, input power level, and cell
temperature over quite a wide ranges, with
uncertainities less than + 0.5 %.

This high level of precision makes it possible to
accurately study questions such as the thermal
behavior of Pd during the electrochemical insertion
of deuterium.
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ABSTRACT: The rapidly expanding experi-
mental body of information on the phenomena at-
tributed to cold nuclear fusion poses several funda-
mental challenges to the generally accepted phys-
ical picture of both condensed matter and nuclear
physics. In this presentation I will show how a re-
cently proposed approach to the coherent electro-
dynamic processes in condensed matter, in terms
of the so called ®superradiant” behavior, can be
used to provide for explicit coherent mechaniams
for: (a) greatly enhancing the tunneling proba-
bility in the DD fusion process; (b) ultrarapid
electron cooling of the excited compound nucleus,
thus strongly suppressing the usual n->He and p-T
channels of DD fusion in vacuum.

INTRODUCTION

In the year that has elapsed since the Fleisch-
mann-Pons announcement of anomalous heat pro-
duction in the electrolysis of heavy water with a
Pd cathode, the experimental activity in the field
of "cold” nuclear fusion has been steadily going
on, so that today we can identify roughly 5 dis-
tinct lines, or broad categories of experimental re-
sults, with which present day theoretical efforts
must confront themselves; namely

(1) The Fleischmann-Pons (FP) line[1], whe-
re an excess heat of the order of a few tens of
‘%; (corresponding to ~ 10'? fusion sec™!cm™3)
i8 produced over periods of time of a few days.
The observed excess heat is at least 9 orders of
magnitude larger than the rate of production of
both neutrons and tritium;

(2) The Jones (J) line [2], where the electrol-
ysis of heavy water is performed with both Pd and
Ti cathodes, but with a very different choice for
the electrolytes (in FP case LiOD 0.1 molar). The
2.45 MeV neutrons of DD fusion have been ob-
served significantly above background, with rates
typically 9-10 orders of magnitude smaller than
those implied by FP excess heat. We may at-
tribute to this line, due to the similarity in the fu-
sion rates, also absorption experiments of gaseous
D, such as Scaramuzzi’s|3];

(3) The Texas A& M (TAM) line [4], where
the excess heat production in similar electrolysis
setups has been observed, accompanied by the oc-
casional large release of tritium (with rate only
a few orders of magnitude smaller than the FP
rate) and of a much smaller numbers of neutrons
(compatible with Jones’ rate ~ 10% + 10° fusions
sec™tem™3)

(4) The Brookhaven (B) line |5), where Tita-
nium deuteride is bombarded with very small clus-
ters of heavy water (of the typical size of a few
hundred molecules) with average D energy of the
order of few hundred eV. DD fusion is detected in
the p-T channel with a cross section about 10!°
times bigger than expected;

(5) The Caltech-Harwell-Yale (CHY) line[6],

where FP types of experiment were conducted
with sophisticated equipment to detect nuclear fu-
sion products. No significant effects of any type
have been observed.

Three of the four positive lines have received
rather significant confirmation; here is a very in-
complete and rather arbitrary selection:

(FP) The Minnesota group (7] experiment

(J) The Gran Sasso [8] and Los Alamos (9]
experiments;

(TAM) The Oak Ridge [10] and Rome [11]
experiments;

The most remarkable aspect, however, of the
four positive lines is their general lack of reprodu-
cibility that, in a sense, makes them not totally
incompatible with the CHY line.

Thus if we accept that, as J. Schwinger puts
it, nuclear energy appears in an atomic lattice, we
must face the hard and heavy task to understand
theoretically how MeV physics (nuclear energy)
can arise from eV physics (the energy that is at
play in an atomic lattice). In other words we must
address two basic problems:

i) how does the Coulomb barrier, that inhibits
DD fusion in the D3 molecule, get suppressed in
a metal (Pd, Ti) matrix so as to enhance the tun-
neling probability by more than 50 orders of mag-
nitude (~ 107* to account for J-line rates);

ii) how can DD fusion take place in a Pd lat-
tice differently than in vacuum, and with a gain
in rate of an extra ten orders of magnitude (to
explain the FP rate).

Needless to say, the answer to both questions
appears desperate within the generally accepted
physical picture of condensed matter, where the el-
ementary matter systems (nuclei, electrons, atoms)
are held together by electrostatic and magneto-
static short-range forces. Indeed, as for i) the dif-
fuse conduction electrons’ cloud cannot substan-
tially lower the DD Coulomb barrier, nor can the
electrons’ enhanced effective mass, that sometimes
characterizes their propagation through the lat-
tice, be invoked at the small distances (< .SA)
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where tunneling takes place. As for ii) it appears
sheer science fiction that for the times (~ 102!
sec) and the distances (~ 107!2 c¢m) involved in
DD fusion the lattice may be any different from
the perturbative QED vacuum.

In this presentation I shall illustrate how a re-
cent approach to the cohereat interaction between
the matter constituents and the electromagnetic
radiation field [12] in condensed matter (”Super-
radiance”) can provide naturalmechanismsto give
a solution to both problems i) and ii). Much of the
material that I shall present has already appeared
in print [13,14].

THE "PLASMAS” OF COLD FUSION

Let me first briefly illustrate the ideas and the
main results of the application of ”Superradiance”
to plasmas [12].

A plasma is, as usual, a system of N charged
particles, of charge Q and mass M, in a volume
V oscillating around their equilibrium positions,
immersed in a fluid of opposite charge that insures
overall neutrality. Such a system is characterized,
as well known, by a plasma frequency (I shall use
throughout the natural units A = c = 1)

__@Q

(), (1)

Wp
the frequency of small amplitude oscillations of the
charged particles around their equilibrium posi-
tions. The "Superradiant® program describes a
plasma by a quantum wave field ¥(Z, £,t), T de-
noting the equilibrium position and 5 the small
deviation therefrom (obviously the particle posi-
tion is X = 7 + .f-) For large N it is possible to

show that:
(a) the wave field can be written as

(2)

where ¥o(Z, £,t) is a complex c-number wave func-
tion such that

W(Z, €, t) = Vo(Z, £,t) + n(Z, &, 1),

[%o(z, & 0 ~ O(37), (3

while n(Z, £,t), the field of quantum fluctuations,
is in general 0[1325711-76_')_1];

(b) the wave function Wo(Z, £,t) is Z indepen-
dent within space domains of at least the size of

the e.m. field wave length A, associated with the
plasma frequency wp,

92

Ap

s S

b

) (4)

such space regions shall be called * coherence do-
mains”;

(c) at temperature T=0, within a coherence
domain all charges oscillate in phase performing
oscillations of well defined amplitude, depending
on the anharmonicities of the real system. These
coherent charge oscillations are also in phase with
a peculiar coherent mode of the e.m. field, of wave
length A, and frequency w < wp, that remains
trapped in matter;

(d) the coherent e.m. field interacts also with
the quantum fluctuations r)(f,g,t), creating en-
ergy gaps in their spectrum. When T increases
the quantum fluctuations get excited with a Boltz-
mann spectrum up to the point when the con-
densed phase described by ¥o(Z, €, t) is totally de-
pleted, thus leading to a phase transition.

In the following these results shall be applied
to the three plasmas of a Pd deuteride:

() the electron plasma of the 10 peripheral
d electrons, with plasma frequency

wep =~ 30 eV,

()
implying that the minimum size of coherence do-
mains is

2
T ~ 400A;

(6)

(8) the Pd nuclei plasma(*) whose plasma fre-
quency is
(7)

Aep =
Wep

wnp ~ .85 €V,
with coherence length

/\Np = 1.5[1.; (8)

(7) the D plasma with

wpp = z1/2 13 eV, (9)
and

App =~ 10 z=1/2y; (10)

where z denotes the ratio D/Pd.

Before proceeding I should sound the warning
that in real life T # O, and the different systems
may considerably deviate from the behavior of an
ideal plasma. However I shall assume that these
factors do not qualitatively change the picture.

(*)Actually in the analysis of this paper, this
plasma does not play any important role.



THE COHERENT ELECTRON PLASMA
AND THE ENHANCED TUNNELING

Let’s consider a plane of the Pd lattice (see
Fig.1). Suppose that the d electrons oscillate co-
herently in one of the direction connecting nearest
Pd neighbors (say ¢ );

; V \n _/’ \‘Q\ P
\)1'1 ',Ti’\
a ~ w N D
X X,
’., \Q\ .’.l. Q\ &£
/II\ .’]:(\
o ; o) 4 g‘o

Fig.1 A plane of the Pd-lattice. The sites denoted
by a circle are occupied by the Pd-nuclei, whi-
le those denoted by a square are occupied by
D-nuclei. £ and »n are the two orthogonal di-
rections linking nearest Pd neighbors. The
dashed lines shall be called &-lines, the dash-
dotted n-lines.

then from Thomas-Fermi theory we have approx-
imately the situation depicted in fig.2. We can
imagine in fact the d-electrons concentrated in a
spherical shell at about 1.5 a, (a, = .57 Ais the
Bohr radius) from the Pd nucleus, performing co-
herent oscillations of amplitude approximatively
@, in the £-direction. It is clear that in the hatched
region of fig.2 a static negative charge distribution
will be seen by any D nucleus moving along the or-
thogonal direction n . A simple application of the
Gauss theorem to the disc-like region around the
positions denoted by squares in fig.1, of height (in
the ¢ direction) a, and radius R, together with
symmetry considerations [the electric field in the
§-direction vanishes for symmetry reasons on the
circles at § = *a,/2 (fig.2)], yields (e is the elec-
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tron charge; @ = {- ~ 13=)

a R?
[ V(R) = Zd;R—g

(12)
where R, ~ \/2a, (the maximum radius of the
disc within which the stationary electron plasma
is contained) and Z4 ~ L2 is the charge contained
in the disc. Thus along any n-line we have the
potential profile reported in fig.3(a).

Suppose a D, molecule of the approximate
size of ~ 2ag enters the lattice, the electrostatic
forces will be strong enough to tear it apart and
send the deuterons into contiguous minima, thus
modifying the potential profile as depicted in fig-
ure 3(b). The modification of the nearest wells (by
about 10 eV at the bottom) is then, presumably,
strong enough that molecular D, cannot be disso-
ciated there. This would explain easily and natu-
rally why the g-phase of D, absorbed in Pd, in a
wide span of p and T, is at z ~ 2/3. This physical
situation does not apply to the D nucleus (which
is presumably the form in which deuterium en-
ters the lattice in appropriate electrolytical condi-
tions), and its wandering around will bring it to fill
one of the vacant deep holes. In the process it may
be trapped in one of the shallow holes(fig.3(b)),
but it will have no chance to tunnel toward the D
nucleus sitting close, for there are around empty
deep holes that are better accessible. The situa-
tion will clearly change when all the deep holes are
filled, i.e. when
(12)

for then the D nucleus trapped inside the lattice
will evolve to a stationary state, and its tunnel-
ing amplitude can be computed by the well known
semiclassical formula:

D;./z ~ ezp — (2p)!/? /'o dr\/V(r) — E, (13)

z=~1,

where p = 2R, E =0,
V(r)~ o Vo (Vo ~ 100 V), (14)
=

the classical turning point r, is given by
a -9
ro=—=>~14-10""cm
Vo ’

and r,, is the distance between the two protons (~
107!2) where Yukawa attraction overtakes Cou-
lomb repulsion. A simple calculation yields:

~ n
D/? = exp{~(2paro) (5 — 2(2) 7]} =



d-electrons’
shell L V2a,

-~ disc of “static” charge

Fig.2 The d-electrons’ plasma oscillations between nearest Pd-neighbors. a, is the Bohr radius (.57A)
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(a) The potential profile along n that a Dz molecule sees in an empty Pd-lattice.
(b) Same, when two contiguous square-sites are occupied by a D-nuclei. The arrows indicate the modification
of the deep holes close to the D’s.
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= 107215 193" (rn in fermis)

~ 1072 for r, ~ 20F,

(1)

thus realising an enhancement of some 30 orders of
magnitude over the tunneling amplitude for molec-
ular deuterium. For titanium deuteride similar
mechanisms can be envisaged, but an explicit anal-
ysis has still to be performed.

COHERENT vs. INCOHERENT FUSION

If the coherent electron plasma oscillations,
just described, were the whole story, that part
(10749) of all the D nuclei in excess of zoN(zg =~
1) that tunnels beyond r, would undergo usual (in
vacuo} DD fusion with an incoherent fusion rate
(T ~10%1sec™?)

Rine = Dr{z — zo)NT ~
B (16)

some ten orders of magnitude smaller than the rate
of excess heat production. This, however, may ex-
plain the results belonging to the J-line. Further-
more, the incoherent fusion will yield the same fu-
sion products as hot fusion, namely p-T and n-3He
in an approximately fifty-fifty proportion.

Where then can one find the factor of about
ten billion that we need to account for the ob-
served excess heat? Let’s suppose that zo has been
reached and therefore no "deep hole” is accessible
to the extra (z — zo)N deuterons that are jammed
into the lattice. Then the plasma of deuterons in
the deep holes within a coherence domain (104
across) will be in a collective state and will be
"seen” by the incoming excess deuteron as a sin-
gle quantum mechanical system, described by
a single quantum mechanical wave function.
This simply means that the DD fusion amplitude
will be constructed coherently by summing over
all Nog (Nq i8 the number of D’s in a coherence
domain) ®classical paths of fusion®. However in
order for coherence to hold up we must require
that very little or no energy be transferred to the
D plasma. As a consequence we must have some-
body else in the metal to carry away the several
MeV involved in a fusion process.

We shall now see how the electron plasma can
do this job most efficiently. By applying pertur-
bation theory, we need compute the diagram in
fig.4, according to which the fusion amplitude at
the time T, for an energy release E to the plasma,
is given by

~ §5.10%(z — zo)sec " tem”

T -
A (E,T) = — /0 dt(e,nld - E(t)le,),  (17)

where d is the electric dipole operator for the elec-
tron plasma [12],

7_ 1 244, =
d—e(2mcu¢p) (a* + &),

and the electric field E(t) is given by the matrix
element

(final state, — E|E(t)|DD,) =

ie—iE(

(final state, "'El-fem(ONDDp)) (18)

where use has been made of the Maxwell equa-
tions and the fact that, due to the condensation
of the plasma of deuterons D,, no substantial -
dependence can arise in the problem. Thus in or-
der for the matrix element (18) to be non zero be-
yond r,, we must have nuclear configurations that
allow for the large e.m. current needed in the cool-
ing process.

ol
>

m

Fig.4 The perturbative amplitude for the electro-
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magnetic cooling of the initial DD,-state by
the electron plasma.



A look at fig.5 immediately shows that the
most favorable configuration for the long range
Yukawa interaction (that requires a neutron and a
proton to *face® each other) in order to give rise
to large e.m. currents (through the rapid motion
of the peripheral proton) must evolve into a p-T*
configuration.

T> CONFIGURATION

- -

Fig.5 The preferred configuration for DDg-tunnel-

YUKAWA
ATTRACTION

ing (p n fa.cmg each other) evolves toward

a p-T* state in order to maximize the e.m.

current, necessary to the couple the electron

plasma.

- The n-*He* configuration being clearly sup-
pressed for in this case it is the neutron that is
rapidly moving. Thus we can write

S 1/3
E(t) ~ e, (E) DY/ ( ) =
= ie *Et f, Di/?, (19)

where |Up| ~ .1 for E =~ 5MeV. The probability
for an energy release E after the time T can be
easily calculated from (17). We obtain:

P(E,T)=)_ |Aa(E,T)]* =
D N ET
2 T 2 b

IE"I T in®( A (20)

where N, is the number of *condensed * electrons
contained in a coherence domain of the D plasma
(with volume V.4 = A3):

N
N, ~ mVV'“‘ - f ~6-10Mf, (21)
f <1 being the fraction of the correlated compo-
nent of the electron plasma. In order to determine
the ™ coherent” fusion rate we must evaluate the
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energy E that the electron plasma can absorb in a
cycle ET = x. From the classical equation (¥, is
the velocity of the electron plasma)

dE

i eEy - 5. N, sin(Et), (22)
and Eq.(19) one obtains
i ard¥
E® =2¢%(g, -u,)VN,, (23)
and putting numbers in one gets
E=~36 f/"McV. (24)

The time in which this energy is released is given
by

T= 7’;_,_, f713 51072 sec (25)

very short indeed! We can now estimate the co-
herent fusion rate

Reon = (z— Zo) Nl con =

~ f(z — 20)3.5 - 10'3sec tem ™3,

P(E,T)
! T
some ten orders of magnitude larger than R;,..
For £ — z9p ~ .1 and f ~ 1, we obtain a power
output

(26)

Teon = =f.7-10"%sec7?, (27)

W ~ 20 Watt/cm®. (28)

In spite of the definite crudeness of the calculation
reported here, we seem to obtain rather naturally
numbers in the right ball park.

HAS A COHERENT
PICTURE EMERGED?

I shall address this question by assuming that
superradiant behavior sets in in all plasmas of the
metal-deuteride under consideration. Then for the
various lines, sketched in the Introduction, the fol-
lowing is a possible scenario arising from the pre-
vious discussion:

(a) The CHY line, that reports consistently
negative results can be explained by the failure of
the groups involved to reach the obligatory thresh-
old value zo ~ 1 (*).

(*) From a discussion with Dr. F.G.Will, this
possibility seems strongly suggested by his survey
of all negative and positive results so far reported.




The threshold condition may also be a con-
vincing explanation for the universally observed
erratic reproducibility of the cold fusion phenom-
ena.

(b) The B line: if the kind of potential wells
(~ 100 eV') that surround D in the Pd lattice also
hold in the Ti lattice (we have not been able to
work it out yet, however) then the enhancement
by 10 orders of magnitude of the DD fusion croes-
section, observed in (4], can be easily explained.

(c) The J line: the conditions prevailing in
this line of experiment are most likely non-statio-
nary, so that the incoherent fusion processes with
rate (18) is the only possible. This agrees with
observation.

(d) The FP line: the substantial excess heat
of the order of a few tens of Watts/cm® observed
by Fleischmann and Pons is just in agreement with
(28). The lack of observation of both neutrons and
tritium can be understood if we make the hypoth-
esis that they have reached almostideal conditions
(f = 1). In this case, after the coherent interac-
tion with the electron plasma has cooled the DD
system, according to (24) by about 3.6 MV, the
successive cooling steps will occur with rates

[~ ~ 1.2 MeV,

1 —
==
[see Eq. (25)], competing in principle with the rate
of a p-T* configuration to turn into a p T state
with a Q value of about 400 XeV'. It is reasonable
that in this condition the latter rate will be much
smaller than 1 MeV (or 1.5 10%*sec™?).

(e) The TAM line;: abundant production of
tritium in a late stage of excess heat yield may
be attributed to some ageing effect of the elec-
tron plasma, which substantially lowers f by the
presumable creation of vortices in the cooling pro-
cesses. If this is the case, for, say, f ~ 1077 ac-
cording to (24) the cooling stepe carry away about
800 K¢V each, and their rate is [see Eq.(25)] about
0.5 - 10%1sec™! (or 250 KeV). This means that
after about 5 steps the system p-T*, having con-
sumed all its Q(~ 4MeV), will be close to a p-T
configuration where both nuclei are at rest, thus
decoupling from the electrons’ plasma. Coulomb
repulsion will then succeed in producing, some of
the times, a (almost) sero-energy p-T final state
at a rate between two and three orders of magni-
tude smaller than the FP-rate, as observed. Ob-
viously much more theoretical work is needed to
turn this plausible arguments into a quantitative
description. We hope to get back to this impor-
tant problem soon.
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Finally, about the question of the main fusion
product in the FP and TAM lines the inevitable
conclusion is that *He is produced. It is very un-
likely, however, that in the condition prevailing in
a "successful”® electrolysis atomic He, which most
probably gets formed, lingers on in the Pd lattice,
being expelled by the flux of incoming D nuclei
that strenuously compete to occupy the shallow
holes available to them.
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ABSTRACT

Nuclear reactions which may exhibit coherent
effects have been studied as a candidate explana-
tion for cold fusion effects.

An analysis of a general class of two-step co-
herent reactions involving charged nucleons has
been performed, and very small reaction rates are
found. This result is due to the small tunneling
factors associated with coulomb repulsion.

We are investigating two-step coherent reac-
tions which begin through weak interaction me-
diated electron capture, which in hydrogen iso-
topes would produce off-shell (virtual) neutrons.
No coulomb repulsion occurs for virtual neutrons.
Virtual neutron capture by deuterons would yield
tritium, and virtual neutron capture by protons
would yield deuterons; the latter process is fa-
vored by a factor of 10? in the square of the matrix
element on a per nucleon basis, and corresponds
to a heat-producing reaction. The nuclear reac-
tion energy would be coupled into the electrolysis
process, with the final reaction products station-
ary.

We have found that the weak interaction pro-
cess can in principle be superradiant in the Dicke
sense. If so, then considerable acceleration of this
type of coherent reaction may occur.

I. INTRODUCTION

Much controversy has surrounded the area of
cold fusion research since its inception last March
following the initial papers of Fleischmann and
Pons at Utah!?2 and Jones et al. at BYU2. During
the months that followed numerous experiments
were performed, most of which did not reproduce
any of the various “miracles” that have become
associated with cold fusion.?~2? Especially dis-
concerting was the apparent inability of the prin-
ciple advocates of cold fusion to reproduce their
own results.
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Based on these points, and based also on the
complete lack of any supporting theory or basic
mechanism, the scientific community views cold
fusion research of any sort with extreme skepti-
cism. The ERAB review board?? politely sum-
marized this position with the comment: “Based
on these many negative results and the marginal
statistical significance of reported positive results,
the Panel concludes that the present evidence for
the discovery of a new nuclear process termed cold
fusion is not persuasive.” Nature has gone further
and has published a number of obituaries for cold
fusion,24-26

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

D. Morrison is studying the progress of cold
fusion as an example of pathological science.?”

In spite of the views of the majority of physi-
cists, positive experimental results in support of
anomalous effects persist (as described in a re-
cent review by Bockris?®). Evidence for very
substantial excess heat generation in closed sys-
tem calorimetry experiments has been obtained at



Stanford.?® The isoperibolic calorimeter is simple
and well-calibrated; the error bars are at the 1 %
level, and the signals exceed 20 %. This evidence
is compelling. Observations of heat have been re-

ported by numerous other laboratories.30=37

Perhaps the strongest evidence for substantial
tritium production comes from Texas A&M.38
Additionally, tritium production has been re-
ported numerous times.3°~4* Neutron emission
in electrolysis cells has been reported by BYU,?
and has been claimed at other laboratories.3345:16
Neutron emission in gas cells has been reported
by Frascati'” (who have recently seen more
neutrons?®), LANL,*4% and elsewhere.® Fast

protons have been reported in Ref. 51.

Heat bursts have been reported by many work-
ers. Pons and Fleischmann reported early on in
their work that a cubic centimeter cube exploded.
Bockris mentions exploding rods in his review.
Extreme heat production was reported by Gozzi
et al.,%2%3 in a non-reproduced experiment.

There are proponents of cold fusion and there
are skeptics. The skeptics have demonstrated
that no cold fusion effects occur. The propo-
nents have answered most if not all of the skeptics
criticisms with respect to experimental method-
ology, and have demonstrated that the effect is
real. Unfortunately the skeptics and proponents
rarely meet and discuss physics, and this is very
unfortunate for all involved.

We have adopted the position of devil’s advo-
cate (relatively). We have looked at the problem
from the point of view that the effect may both
be real and be all that was originally claimed for
it, and from there inquired how it could possi-
bly come about, without breaking basic physical
laws in the process. The current experimental ev-
idence from the proponents largely supports such
a view, even at this late date after the obituaries
have appeared in print.

We have speculated given the assumptions that
the heat is real and of nuclear origin. It seems
to follow that if the heat is real and accurately
measured, that it must be nuclear since the total
energy production that is reported would corre-
spond to more than 10 eV per atom of electrode.
Additionally, if the tritium production is real, it
most certainly involves nuclear processes since tri-
tium cannot be made chemically. Finally, if the
neutrons are real, then they too would provide
evidence for the occurrence of a nuclear process.
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But what nuclear process? Certainly conven-
tional binary nuclear reactions cannot do it, for
two compelling reasons: (1) there is no way
known to overcome the coulomb barrier at room
temperature to the degree required under electrol-
ysis conditions, and (2) there is no experimental
support for any known conventional reaction that
can produce either heat or tritium as it is report-
edly produced.

Furthermore, if the tritium is real at the levels
reported, and if it is actually produced with a low
accompanying secondary 14 MeV neutron emis-
sion rate that is smaller by many orders of mag-
nitude as is reported, then it implies a very severe
constraint on the final state tritium kinetic en-
ergy that may occur. This constraint is described
in this paper, and more or less implies that no
conventional binary fusion reaction is likely to be
responsible, since the tritium which is produced
is essentially sitting still by nuclear standards.

Another constraint must be obeyed by any nu-
clear reaction that is proposed to account for the
“miracles.” Not only do the reactions have to
be consistent with the observed stability of heavy
water and deuterium gas not involved in cold fu-
sion experiments, but they must be consistent
with stellar evolution models. The existence of
a binary fusion reaction that occurs at room tem-
perature would in all probability be impossible to
reconcile with stellar models at higher tempera-
tures.

Our general approach has been to explore what
we have termed coherent nuclear reactions. These
are proposed reactions that would proceed collec-
tively due to some unique feature of the reaction,
and occur only rarely as incoherent or binary reac-
tions. Such reactions certainly can be postulated
and are certainly physical, but most occur with
an utterly negligible reaction rate. To our knowl-
edge there is no previous work or speculation on
such reactions; aside from the recent cold fusion
results there would be no motivation aside from
curiosity to explore collective nuclear reactions.

Our initial efforts involved the consideration
the implications of coherent dd reactions between
coupled nuclear/lattice states that were degener-
ate. The idea is interesting, but finding micro-
scopic mechanisms that support such a picture
has been difficult. We analyzed a rather general
class of coherent fusion reactions between charged
hydrogen isotopes, and we were able to show that



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

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

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

This is our general approach, and the spe-
cific scenario that we envision is one in which
deuterons generate virtual neutrons through elec-
tron capture and coherent neutrino emission, and
heat and tritium generation occurs through vir-
tual neutron pickup by protons and deuterons.
The nuclear energy is transferred to the macro-
scopic level coherently through M1 interaction of
the nuclear dipoles with the current in the pres-
ence of a high order nonlinearity. Protons are
substantially more reactive than deuterons in vir-
tual neutron pickup as is discussed later in this
work (section VI).

The fuel for heat production in this scenario are
protons, deuterons and electrons; the palladium
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is in a sense a catalyst by virtue of its electro-
chemical and magnetic properties. The byprod-
ucts of the reaction are deuterons and soft neutri-
nos (which are probably unobservable), and the
deuterons are born stationary. This scenario is
qualitatively consistent with many of the reported
observations. The process would not occur in
stars due to the coherency and current require-
ments. It remains to be seen whether the scenario
can become a predictive theory.

The remainder of this report is divided up as
follows: In section Il we consider the implications
of the low values of observed neutron emission.
We review the basic reactions that we have con-
sidered during this work in Section III. The rela-
tive strengths of M1 matrix elements for slow neu-
tron pickup by protons and deuterons is consid-
ered in Section IV. We show that neutrino emis-
sion can occur coherently in section V; and we
discuss the coupling of energy from the micro-
scopic to the macroscopic in section VI. We pro-
vide further discussion in Section VII. Proposals
for experiments that would help elucidate reac-
tion mechanisms within the framework of our sce-
nario are given in Section VIII.

We will not discuss other theoretical ap-
proaches in this paper. A very critical article26
by Lindley summarizes the most popular models
and their drawbacks.

II. LIMITS ON THE KINETIC
ENERGY OF FINAL PRODUCTS

Consensus is appearing among some cold fu-
sion experimentalists regarding upper bounds on
neutron production when either heat or tritium
is observed. It is found at numerous laborato-
ries that the neutron production rate occurs at a
rate which is less than 1078 of the rate at which
tritium production occurs. A stronger bound oc-
curs in the case of heat production, under the
assumption that heat producing reactions evolve
MeV-level energy per reaction.

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



If tritium is created initially at high (MeV) ki-
netic energy, then the probability that a DT re-
action which produces a 14 MeV neutron occurs
can be computed from the yield formula to be in
the vicinity of 1075 — 10™* per triton. In order to
obtain a neutron to triton ratio which is as low
as 1078, the emitted triton energy must be quite
low. We have estimated the neutron yield for fast
tritons in a deuterated palladium lattice from

Y(E) = /0°° Npopr(e) [%r de  (I1.1)

following Batra et al®* and Armstrong et al’%,
where Np is the deuterium number density, and
opr is the fusion cross section. We have adopted
the range data of Janni® for palladium. The re-
sult is shown in Figure 1. A neutron yield of 10~8
would correspond to an upper limit on tritium ki-
netic energy of about 25 keV.
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Figure 1: Yield of 14 MeV DT neutrons through
fusion of fast tritons in deuterated palladium as
a function of triton energy.

A point of interest here is that the neutrons
which have been reported to date are not con-
sistent with 14 MeV emission, but rather the ob-
served neutrons are thought to be 2 MeV neutrons
(consistent with dd fusion neutrons). If so, then
the relevant constraint on 14 MeV neutron yield
emission is more severe, and bounds the maxi-
mum triton kinetic energy to even smaller values.
Kevin Wolf at Texas A&M estimates that this
bound can currently be taken to be 15 keV.%7

The relative lack of neutron emission can be
used to rule out essentially all known nuclear fu-
sion reactions which evolve tritium, even if some
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mechanism were found to overcome the coulomb
barrier. Furthermore, any proposed theoretical
explanations for Pons-Fleischmann effects (heat
and tritium) should be consistent with these ob-
servations.

We have considered the possibility that heat
production occurs through virtual neutron cap-
ture by protons. The end product of such a cap-
ture process would be a deuteron, and the above
arguments can be repeated to obtain an upper
limit on the deuteron kinetic energy. The yield
formula

Y(E) = /Ooo Npopp(e) [dj—mE]_l de (I1.2)

was evaluated using the dd cross section of Brown
and Jarmie®®, and the result is shown in Figure
2. One is tempted to apply this yield formula
to the original Pons-Fleischmann data, and take
the upper bound on neutron yield from Ref. 4.
This gives an upper bound on neutron yield on
the order of 10~!!. By itself, this would give an
upper bound of less than 20 keV for a deuteron ki-
netic energy, under the two assumptions that the
Pons-Fleischmann heat is real and that deuteron
production is responsible.

10~

10

10710]

Yield

10712

—-14 i
1 keV

10 kev 100 keV

Deuteron energy

1 MeV

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

III. SUMMARY OF REACTIONS

EXAMINED

In the course of our efforts, we have focussed
on the general notion that collective effects may
be involved.3® This notion will be illustrated in
the examples under discussion. We have looked



for effects which involve primarily deuterium and
protons.

A.d-{-d(—)"H&

The initial report of Pons and Fleischmann pro-
posed that dd fusion was responsible for the ef-
fects, and we considered initially what would be
required for this to occur. One idea was that a
lattice under stress might show multiphonon re-
sponse in the MeV range due to fractures, and
that in some way the electromagnetic interaction
could get the energy out coherently at an en-
hanced rate.

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

B. Fusion/Beta Two step reactions: p + d «—
(CHe)y = t+e* + v,

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

C. Beta/Fusion Two-step Reactions: d + e +
2p — (Ve + 20+ 2p)y «— Ve + 2d+2.05 MeV

The exponential inhibition of fusion reactions
due to the coulomb barrier is responsible for the
general view among physicists that no cold fusion
effects are possible in spite of supporting experi-
mental results. If weak interaction electron cap-
ture by a deuteron occurs first, then the fusion re-
action is between a neutral and charged nucleus,
with no accompanying coulomb barrier. The price
to be paid for this is twofold: the weak interaction
is not so large of an effect, and the intermediate
states with neutrons present is virtual. The de-
tailed analysis of this reaction as an incoherent
process is straightforward, and one finds that the
range of the virtual neutrons is measured in tens
of fermis.
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Figure 3: Feynman-like diagram for the pro-
posed heat-producing two-step depp reaction.

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

Iv. MAGNETIC DIPOLE

STRENGTHS

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

d+e+p+d — 2n+ve+pt+d)y — vet+d+t

We are interested in the strength of this reaction
in comparison with the strength of the depp re-
action mantioned above. An examination of the
known slow neutron capture cross sections leads
to the conclusion that virtual neutron capture by
protons is favored over capture by deuterons by a
moderately large factor. We conjecture that the
magnetic dipole matrix element for neutron cap-
ture by protons is larger than for any other system
by a large factor as well, and we have concluded
this based on an examination of a relatively small
number of capture cross sections.

Our approach will be very simple; we shall view
the capture process as a radiative decay from an
extended bound state. For example, in the pres-
ence of a magnetic field, neutrons of the appropri-
ate spin polarization will see an attractive poten-
tial which is very weak. For low enough neutron



energy, bound states will exist (although they will
be unstable to collisions by thermal nucleons).
Such states will decay radiatively according to

2
Tl |

#HPIJI> (IV.l)

TR= 3k (20, +1)

where |I',J,) denotes the upper state in which

the neutron is relatively delocalized, and |F1J1)
denotes the lower state in which neutron capture
has occurred. By necessity for these arguments,
these states are many-particle states.

The radiative decay rate is related to the cap-
ture cross section through

(IV.2)

where N is the number density of target nucle-
ons, and o.(v) is the capture cross section into
the ground state. For M1 capture of neutrons by
protons and deuterons, the capture cross sections
vary as 1/v at low energy.

Yr = No(v)v

It follows that the reduced matrix element can
be related to the capture cross section through

2 3hc
NHI‘IJI)‘ = 1300
(IV.3)
We may define a single particle reduced matrix
element in terms of the left hand side

11
N(QJu+1)|(F"J“

[ llull B P _

(Jut+1)
~ L (Ll TP (V)
N(2Ju+1)|(uu M 1J1 .

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

(2jnp + 1)—1 | (np || H || d) |2 _ (ﬂ)S (acv)d
(2na+ 1) (|l p [l P \ws/ (ocv)
(IV.5)
Experimental measurements on slow neutron
capture by protons have yielded a value of the
capture cross sections for room temperature neu-
trons (2200 m/sec) which we may use

(0cv)d = (3.342 x 10~2%cm?)(2.200 x 105g)

104

= 7.35 x 1072%cm3/sec (IV.6)

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

(ocv)e = (5.7 x 10728¢m?)(2.200 x 105%)
se

= 1.25 x 10~ 22cm?/sec (IV.7)

where we have used the somewhat dated value
from Kaplan et al®2, which is in rough agreement
with the CRC value of 5.1 x 10™28¢m?2.

The ratio of (IV.5) actually requires channel
specific cross sections to be valid. Neutron pickup
by a proton requires a singlet initial state, and so
we may require this unique channel in our ratio.
Neutron capture by a deuteron involves two chan-
nels, and we do not have data for the two channels
individually. In order to get a general estimate,
we shall take the deuteron capture quantities to
imply an averaged sum, and we then obtain for
the ratio of (IV.5)

2+ )7 [ (mp (gl d) |° _
(2jna + 1)~ [ (nd || || 2) 2

[6.25MeV 12 [7.35 x 10-2°]
[2.22MeV] [1.25x 1022 ]

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

=1.3x10* (IV.8)

The two step beta/fusion reaction under dis-
cussion is essentially a generalized neutron trans-
fer reaction, which is proposed to deposit S-wave
neutrons in the ground state of an isotope through
an M1 transition. Reactionsin which a neutron is
transferred into an s-orbital of an acceptor isotope
are of most interest. Candidate 1s orbital isotopes
are presented in TableI. It is observed that out of
the three possible candidates, two are implicated
in the present scenario. We have not yet obtained
an estimate of the gamma channel of the low en-
ergy neutron->He reaction, so we are not in a po-
sition to predict how strongly ®He would react
relative to protons or deuterons.



Lsotope | Abnndiunce ()™ ._(J-;)” r Q(McV)-
‘" 99.985 % (1)t (1)* oo 2.32
30 0.015 % (1)*  (H* 1226y 6.16
He | 0.00014% (1) (0)* o 20.58

Table I: Parameters for slow ncutron pickup medi-
ated by M1 electromagnetic transitions to nuclear
1s orbitals.

Candidate 2s orbital isotopes are given in Table
I1. Of interest in the list is silicon, which was used
in Claytor’s tritium experiments and which is the
subject of a number of undocumented reports
concerning Wada’s neutron experiments. Also of
interest is 31P, which would be activated to 32P
upon capture of a neutron; the product is ra-
dioactive with a half-life of 14 days (the decay
mode is 7 with a 1.7 MeV energy), which would
make a useful marker for autoradiography exper-
iments. If we assume that the branching ratio is
0.7 % from Lycklama and Kennet,®® and adopt
the CRC value of 0.233 b for the total thermal
neutron cross section, then we obtain a partial
cross section of 1.6 mb. The ratio of equation
(IV.8) evaluates to about 9.4 x 10° for *!P, which
is similar to that for deuterium. Ilence, if the
scenario is right, then we might hope to activate
phosphorous as a second order effect (on par with
tritium production) if P is present in quantity.

Lsotope | Abundance (J;)% (J,)"

T Q(Mcm

Mg 11.01% (0y*  (H)* 9.4sm 6.44
Mgi 92.23 (0 () oo 8.47
5§ 4.67 (Ht  (0)* © 10.61
3ip 100. (HY (1) 14284 7.04

Table IT: Parameters for slow neutron pickup me-
diated by M1 electromagnetic transitions to nu-
clear 2s orbitals.

The branching ratios for slow neutron capture in
295 have been given by Beard and Thomas.®5 The

partial cross sections for capture of thermal neu-
trons to the ground state of ®°Si can be estimated

to be 0.26 mb.

Although we have assembled a table of candi-
date transitions for slow neutron capture into 3s
neutron orbitals,® the resulting table is moder-
ately long due to the mixing of the 3s orbital with
other neutron shells. The list includes isotopes
between Cd and Ba. Of most interest may be the
cadmium and tin isotopes, which include a small
number which are unstable following neutron ac-
tivation (for example, }'?Sn lead to !'*Sn with a
half-life of 115 days).

We note that tritium cannot be an acceptor in
this scenario.

The spin flip transitions under discussion here
can proceed in principle coherently, in which case
there can arise an N'? factor associated with the
colherence. It is this effect which is proposed to
account for the observation that deuterons are
favored over protons as sources of virtual neu-
trons. We expect that such processes would be
enhanced by net nuclear spin polarization lo-
cally, which would follow from electronic spin
polarization.67=%% Unfortunately the case is not
strong for this since the magnetic susceptibil-
ity is known to be very low in PdD, at high
loading.™~7! A reduction in hopping at high load-
ing would improve coherence and may provide a
rationalization of the observed loading require-
ments.

V. COLLECTIVE EFFECTS IN
NEUTRINO EMISSION

In this section we shall explore a semi-classical
model of neutrino emission. This analysis is mo-
tivated by analogous models for photon emission
in quantum electronics. Starting from QED, an
evolution equation for the-expectation value of
the electric and magnetic fields can be developed
readily. The equations obeyed by the averages
are Maxwell’s equations, and the source terms are
found explicitly in terms of averages of the quan-
tum equivalents of the classical sources.”2=7°

Neutrino emission can in principle be viewed
analogously. The expectation value of the neu-
trino field obeys the Weyl equation with a source
term, and this model is in essence a semiclassical
model for neutrino emission in the quantum elec-
tronics sense. This semi-classical model can be
used to explore conditions under which neutrino



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

It is known that neutrinos can participate in co-
herent phenomenon. Based on the analogy with
photons, Weber suggested that neutrinos would
scatter coherently proportional to N? the num-
ber of scatters in a crystal.®= 77 A detector based
on this principle has been constructed and there
is evidence for the detection of neutrinos.”® The
extension to coherent emission of neutrinos is
straightforward conceptually.

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

0 1
th——a-c = —s
[ % p] Yy B
where s, is the semiclassical neutrino source func-

tion, analogous to electromagnetic polarization.
The semiclassical source function s, is

(V1)

Sp(Bul) =

63(1' —1)(1 + 75)74%e)

(9Cv ZT
HgCaY oir!”

where the expectation value is over a macroscopic
lattice.

83(r — 1)(1+ 7s)ovatde) (V.2)

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

Sj(r’ t) o

gCv (378 — k(1 + 35)7%5(x,1)

+9CA (o o:8(x = 1)) - (14 1)ovats(r,0)
' (V.3)
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The electron orbitals which have strong overlap
with the deuterons will be well described in a non-
relativistic approximation. In this case we may
take the 4-vector 3;(r,t) and break it down into
two components

wn = &

It follows that

¢J(r t)
2 4i(r,t

)| o

2mc?

( + 2)¢J(r t)
(L+75)7a05(r,t) = [ 3 )¢J(r t) J
(V.5)
and
oI+ C"m(r 1)
1 DR, bl =
(1 + 75)07a85(r, 1) [_ (1+§ p)dh("t):l

(V.6)
The form of these formulas shows explicitly the
choice of helicity of the neutrino source. A uni-
tary transformation can be used to simplify the

computation
¢u~|/_i 1 -1 ¢u V
MR
We find that
o | _ |0 o-cp b,
v |- [om 72

+ (V.8)

Sl

transforms into

¢ | _
4[5
o2 [g] o

using s, = —sg. We may therefore simplify our
analysis, and use the Weyl equation with a source

L 0 ’o_ o
[m& +o- cp] i, =8 (v.10)

where s, = s4.



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

si(r,) = St (V)
{
and (V.10) becomes
[hw; + o - cp]@ji(r) = sj(r) (V.12)

for a component of ¢; at w;. If we operate on
both sides of V.12 with [hw; — 0 - cp], we obtain
[hw; — & - ep] [hw; + o - cp] $ju(r) =

[hw; — o - cpls;i(r) (V.13)

which can be recast as

[W + (“’ ) } di(r) =

27 1w — 0 - cplsji(r)

(V.14)
It follows that
' B 1 5 Ieiw¢|l'—-r'|/c 1
¢]1(r)——47r r |r—1'| R2c?
[hw; — o - ep] s;,(r) (V.15)

In the far-field we may approximate (V.15) by

1u(|l‘|/c dB ’_—irpr!
¢Jl(r) - 47ThC2 | r | /

Vi

I+ (s P ]s]l(r (V.16)
l

where -
= —— V.
Ky é |'o | ( ].7)

and where the radiator is assumed centered at
r=0.

The total emission rate of neutrinos is

(V.18)

L= 3%c [de ] () [ v
7

which is expanded out to be
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3 —iKk
r= Y g [ ao] [ e

1+ ‘,’—lvl] si()| (V.19)

We shall define the function

" ’
Gi= [drein [I+i‘|’—v|] sa(r') (V:20)
K
and split it into Fermi and Gamow-Teller terms

Gi=Ch +Ca (V.a1)

Explicitly, we have

: ’ - VI
¢h = /d3r'e_“<"r [1 + 2 ]
| &

9Oy (3ri- ¥ = v [T+ 55| 45050

(V.22)
and =,
3./ 1&11‘
f= [ [’ T |]
9Ca Zr‘ 0i6(x" = ri)jua (] + 5 —2)bi(r')
(V.23)

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

$;(r) = &9 Fu(r) (V-24)

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

. ’ . I
/dSrle—ncr-r [I+ 2%] f(rl) —

/dsr' [[I - iT'TlVIi]e‘““r'] f(r")

from which it follows that

(V.25)

¢ = 9Cv(3or{ =T ST 4 o - &iJuj(0)
' (V.26)



where u;(0) is the value of the periodic part of
the Bloch wave at the deuteron nucleus. In this
formula we have dropped the electron spin-orbit
term. Similarly we have

(;-‘} = gCA(Z‘r,»(_)a,-e"(ki"“)'r‘)ﬂ[l+ o - ki)ou;(0)

1

(V.27)

We define the generalized Fermi and Gamov-
Teller expectation values

ME(k;— k) = (S rDeommy  (y.08)

and

M§T(k; — k) = (S gieilli=md ™y (v.29)

)
1

which allows us to write

¢ = gCv M (k; — &)1 + 0 - &/]u;(0) (V.30)

and

A GT 5
G = 9CaMj (kj—&g)-[I+0-&]ou;(0) (V.31)

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

MJ(0) = (3 r )

= T)) (V.32)
where T(=) is the many-particle isospin operator.
The emission of neutrinos with momentum equal
to the converted electron momentum can be co-
herent. We may show this explicitly by consider-
ing the Fermi emission rate
wf g
4m2h%c3

CY 1 (I + o K)ui (0) P(T)) |2

Vv
L; l(kj-K1=0):

(V.33)

108

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

(T Pox [T(T +1) - Mp(M7 + 1)) (V.34)

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

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

VI. COUPLING OF ENERGY FROM
THE MICROSCOPIC TO THE
MACROSCOPIC

In order to achieve superradiance in the neu-
trino emission in the coherent scenario, the neu-
trino energy must be very low (on the order of
1 eV or less), and the final state nucleons must
be stationary. The overall reactions of interest
are exothermic by multiple MeV, hence the nu-
clear energy must be deposited elsewhere in a
nondisruptive manner in order for coherence to
be maintained. Coupling nuclear energy from the
microscopic to the macroscopic coherently is un-
precedented, and we require a fundamentally new
mechanism to do this.

In our earlier efforts, we have proposed coupling
of the nuclear energy into phonons in the palla-
dium lattice. The phenomenon of deexcitation
of electronic transitions into phonons is known
in molecules and solids,”®~83 and the fundamen-
tal quantum mechanics seems to be qualitatively
similar between these well-known systems and our
earlier coherent fusion model. However, in essen-
tially all systems in which a relatively high quan-
tum energy transition is coupled with phonons,



the non-radiative processes proceed through at
most a relatively small number of phonons at a
time. The rate of phonon emission decreases ex-
ponentially with increasing number of phonons
generated, which is characteristic of a high or-
der emission process.®9 As a result, unless some
new and compelling physical mechanism is found,
it seems improbable that nuclear energy can be
coupled directly to lattice phonons in bunches of
107 or more at a nonvanishing rate.

The arguments above apply to radiation of
large numbers of quantain a system which is fun-
damentally linear or near linear. Phonons within
a macroscopic lattice or large molecule are well-
described by linear or weakly nonlinear models,
which is ultimately why the emission rate is ex-
ponentially damped for large numbers of emitted
phonons. Radiation of photons into a vacuum is
exponentially weak for large number of photons
for the same reason. As a result, if we hope to
make any progress at all, we must search fer a
mechanism which is fundamentally nonlinear to
very high order in order to avoid exponential ex-
tinction of emission rate at high quantum energy.

There are examples of systems which appear
to behave in this fashion. One such mechanism
is the electrochemical process, as can easily be
seen. Consider an electrochemical cell which is
driven by a low frequency LC-circuit (an exam-
ple which we shall focus on in this section), and
assume that when in operation gas molecules are
generated from chemical species within the elec-
trolyte. The generation of each gas molecule re-
quires a relatively high chemical energy quanta,
which must be supplied by relatively low energy
electrical quanta from the LC circuit. In order
for this to occur, a mechanism must exist which
is capable of exchanging a very large number (106
to 10'2) of electrical quanta for a single chemi-
cal quanta. Such a mechanism would have to be
nonlinear to extreme order, and in what follows
in this section we explore the possible application
of this type of nonlinearity to the coherent fusion
problem.

We begin by considering the quantization of a
simple LC circuit. The Hamiltonian is derived
from the classical electric and magnetic field en-
ergies

_laa 1.
H= 2Cv + 2[,2 (VI1.1)

which leads to the Schrédinger equation for the
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probability amplitude

d h? 92 1
ih— = —————(v,1) + =Cv’P(v,t

Zhat,l/}(‘U’t) 2LC2 3'1)211(‘0 )+ 2 v 'ﬁb(v )
(VI.2)

where we have used the current operator

h 0

gy = — M VI3
tep ‘IC ov ( )

The quantization of the LC circuit is of course
well known, 2485 and is usually written in terms
of creation and destruction operators as we shall
shortly do also. In this form, it is emphasized
that the current operator is to within a constant
simply a derivative of the voltage. This will be of
use later.

In terms of raising and lowering operators, the
current and voltage operators are

o= \/%(af-!-a) (V14)
. hw (a! = a)
= = : V1.5
' oL 1 (=)
The Hamiltonian for this system is
Hre = hwala (V1.6)

where w 1/VLC, and where we have sup-
pressed the zero-point contribution which is not
important for our discussion. The eigenfunction
solutions for this problem are completely stan-
dard, and the energy levels are quantized with
a constant spacing of Aw. That the inductance
or capacitance might be somewhat nonlinear in
the corresponding physical system has no impact

on the present arguments. The presence of resis-
tive losses can beincluded directly using standard
techniques of coupling to a heat bath,34=3¢ how-
ever, such processes play no role in the nuclear
coupling process of interest here. We may add
such resistive terms to our Hamiltonian at our
pleasure; they will show up additively at the end
of the computation — hence there is no reason to
carry them along here.

We may consider the coupling of the LC circuit
to a two-level nuclear system, which is in essence
a toy model for virtual neutron capture in our sce-
nario. A full model including superradiant neu-
trino emission cannot be described as a two-level
system, however, if we focus on a two-level system



we will have a better chance of elucidating the ba-
sic mechanism. A more complete model will have
to follow in a future work. The Hamiltonian for
the coupled system is

H=Hic+ Hyv+ Hy (VI.7)
where
Ay = h“”" Z(b*b bib!) = an>: (VI.8)
5 _ 0°H (al —a) "
Ar = dadb i Z i +55)
O*H (at — a) -
= Badb 1 o* (V1.9)

The ¥; and X, operators are many-particle
“spin” operators, which are used commonly in
this type of model. The b and b' operators
are fermionic creation and annihilation operators.
The interaction term is appropriate for —u-B cou-
pling where the magnetic field is uniform through-
out and where the magnetic field is in the near-
field (which couples the nuclear energy directly
to current increments). The microscopic coupling
links a single energetic spin flip with the creation
or destruction of a single current quantum.

This model is simple and can be diagonalized
approximately through a unitary transformation:

¥ = 'Ry (V1.10)

B = Rfjeif (VI.11)

The rotation operator which accomplishes this is

1. _1[ 2 9%°H (a!l -a)] -
2" |hwn Badb i |7 (V112)

R=

The resulting Hamiltonian is

A" = Ao+ Ay + B (VI1.13)
where
P PR
f;’; = eiRﬁLCe_iR—fch
Tha VI1.15
i~ z[R,HLc] ( )
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The diagonalization of this Hamiltonian is similar
to rotations discussed elsewhere.87 89

The coupling term in the rotated picture is very
small, and we have achieved a relatively accurate
diagonalization through this transformation. One
result of this diagonalization is that it becomes
apparent that the interaction term, which is of
low order, does not help the transfer of net nuclear
excitation to a linear circuit. The nuclear quanta
can only be transferred in units of 10™ quanta
at a time in order to conserve energy, and such
processes are exponentially inhibited as remarked
upon above. There is some small degree of mixing
between the nuclear levels and the oscillator levels
which will be of use shortly.

Z 1 T

Figure 4: LC circuit couple to a nuclear spin
system at high energy and a nonlinear element.

The coupling of the LC circuit to the electrol-
ysis process is to be considered next, and for this
we adopt a model Hamiltonian of the form

I‘}:ﬁLc-i-f[N—}-f[]-{—ffE-{—]‘:’C (VI1.16)
where we include the “bath” for the chemical sys-

tem through

- 1
Hg = Zihwj(c}cj ¢; J) (VI.17)
i

where ¢ and ¢! are fermionic creation and destruc-
tion operators relevant to chemical species. The
coupling with the chemical bath is accounted for
through fz'c, which we conjecture has the form

e =) 0(b - vj)AH; (VI.18)

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



to chemical quanta. The use of a step function
to describe this coupling is conjecture (we expect
it to be sharp, be we do not know whether it is
sharp to the degree to which we will shortly re-
quire). The summation over j in this equation is
a summation over available quantum mechanical
microscopic channels. A summation over chan-
nels weighted by a thermal occupation average of
this Hamiltonian would give a nonlinear current-
voltage characteristic which is more gentle and
locally linear.

If we apply a unitary transformation to diag-
onalize the coupling between the nucleii and the
current to first order in the presence of the elec-
trochemical terms, we obtain a new and very in-
teresting term due to the resulting commutation.
If we rotate:

A' = eRfeiR (VI.19)

using the transformation described above, then
we obtain

A'=Ajc+ By + B} + Hg+ A, (V1.20)
where
H’C eiRIA{Ce_"R

ffc +1 [R, f[c]

Hc + ZA]' [;,O(f) = vj)] iy
~ j ~
He + ) A;6(% - v))3,

(VI.21)

In the dressed state picture, a new term ap-
pears which couples nuclear energy into the L.C
circuit, assisted by the electrochemical process.
This term is extremely nonlinear, and is approxi-
mated by a delta-function in voltage in this simple
model. Depending on how strong the nonlinear-
ity is, it has the potential to exchange a nuclear
quantum into a very large number of LC circuit
quantain a nondisruptive manner required for the
coherence in neutrino emission.

The scenario described in this paper rests on
the conjecture that the electrochemical process
is nonlinear to a somewhat higher degree than
is required in order for electrochemisty to occur.
Some consideration of the microscopic physics
suggests that this conjecture is not entirely unrea-
sonable. The voltage operator is approximately
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proportional to the number operator of electrons
within an electrode, and the nonlinearity comes
about because the electrode orbitals are filling
(or emptying) as the voltage increases. FEach
newly entering electron sits on the shoulders of
previous electrons in energy; at some point a
newly entering electron will fill an orbital through
which electrochemical current flow is energeti-
cally allowed. This microscopic picture leads to
a coupling Hamiltonian of the general form given
above, except that the step function will be re-
placed by something softer depending on the de-
tails of the tunneling between metal orbitals and
surface orbitals.

We note that the nonlinearity, if it worked
as conjectured here, might provide under certain
conditions, a source of 1/ f electrical noise.

The extension to the full model would raquire
analysis of superradiance in a multi-level system,
and some work has been done on this type of
system.%0—92

VII. DISCUSSION

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

The fusion of a virtual neutron with a charged
nucleon can provide a way to circumvent the
coulomb barrier, and our current effort is based on
the exploration of this possibility. In place of the
problem of coulomb repulsion, an issue of nearly
equal severity arises, specifically one of transport.
The range of virtual neutrons is quite small (fermi
scale) unless the energy deficit can be somehow
reduced. Additionally, the weak interaction is a
numerically small effect; it is difficult to under-
stand how any reaction, whether coherent or not,
could have a substantial reaction rate if the weak
interaction is a part of it.

We have proposed that the neutrino emission
can be superradiant if the neutrino momentum is



equal to the Bloch wave momentum of the elec-
tron and if the reaction final products are station-
ary. This provides a possible mechanism to boost
the weak interaction by a considerable factor.

The neutron transport problem may in prin-
ciple be solved if the coupling of the nuclear en-
ergy to the current occurs collectively, which pref-
erentially favors long wavelength virtual neutron
states. In conventional incoherent nuclear reac-
tions where off-shell neutrons occur, the time-
duration of the excursion of the neutrons can be
obtained from the uncertainty principle if the en-
ergy deficit is known. In a coherent reaction,
which is ultimately a resonance process, the tran-
sition width can be very small (less than 1 eV)
even though the energy deficit is large. This
translates directly into a potentially large spatial
excursion for the off-shell neutrons.

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

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

1. A source of virtual neutrons: specifically
deuterium or tritium are possible sources.
Within the scenario, deuterons would be fa-
vored by an N2 coherent factor over protons.

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

3. An exothermic sink for virtual neutrons: pro-
tons are proposed to be the recipients of vir-
tual neutrons in current heat-producing ex-
periments. As discussed earlier, protons are
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favored over deuterons in this respect due to
the larger M1 matrix element.

4. A magnetic field which is due to a current
which sees a highly nonlinear impedance. Al-
though the magnetic field must be present
where virtual neutrons are converted, the
nonlinearity may be separate. This mode of
coupling is specific to M1 interactions.

5. Net (local) nuclear spin polarization.

For tritium production, the requirements would
be very similar as the above list applicable to
M1 neutron pickup, except that protons would no
longer be required. It is likely that they will be
helpful, in that the conversion of two virtual neu-
trons (from electron capture on deuterium) may
be enhanced if one is captured onto a proton.

The outstanding issues in the field are: (1) the
unequivocable proof that there is indeed a new ef-
fect, (2) reproducibility, and (3) mechanism. En-
gineering and applications must ultimately wait
for some very basic level of demonstrable physical
understanding. It seems unlikely that the theo-
retical situation will improve much without more
experimental input.

If neutrino emission can occur superradiantly,
and if the nonlinearity in current-voltage charac-
teristic actually can take up the nuclear energy,
then it may be possible that the various “mira-
cles” can be explained rationally. Future theoret-
ical efforts towards the development of our sce-
nario must involve further quantification of the
scenario.

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

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



whether there is an effect at all, and this must
still be regarded as a top priority.

VIII. PROPOSALS FOR
EXPERIMENTS

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

A. Reproducibility

Ever since the initial announcement of the ef-
fect, the issue of apparent nonreproducibility has
plagued the field. It almost seems as if some re-
searchers have the “magic touch,” while most do
not, and this has been used as a primary argu-
ment that the effect is not real. Currently, nu-
merous researchers are apparently able to obtain
one or more of the miracles with much improved
probability of success for a given experiment.

Probably the highest priority project which is
faced by workers in the field is to define one or
more experiments which produce either heat, tri-
tium, neutrons or isotope shifts at some proba-
bility level. This accomplishment would go far to
make the effect accessible to the scientific com-
munity in general. From the large variety of posi-
tive experimental results which are being reported
now, I think that the definition of an “industry
standard” set of cells could be done.

B. Proton Loss

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

C. Proton Concentration

Pons-Fleischmann cells are often run at low lev-
els of light water (on the order of 1% ). The
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initial pre-march work of Pons and Fleischmann
suggested that there is an optimum mix of proton
and deuterons which gave the best results. The
question of interest is: what is the sensitivity of
the effect to relative proton concentration within
the palladium? Associated with this is whether a
rod loaded with less than 0.01% protons can show
heat. Within the scenario, such a rod should not
exhibit heat, although it could in principle evolve
tritium.

C. Tritium loss

Tritium production has been reported in a
number of laboratories. A small number of re-
ports of tritium loss exists. The question which
arises, is simply whether there is such an effect
and whether it is reproducible. An experiment
could be done in which a heat producing closed
cell is injected with a known amount of tritium,

after which tritium content is monitored. Noise
pnCurie

levels in the range have been reported,

and an added signal of 100 times this level would
be of interest. Within the present scenario, tri-
tium may serve as the source for virtual neutrons,
although the primary teppp reaction is not al-
lowed energetically.

D. Production of slow neutrinos

Electron capture through the weak interaction
involves the emission of a neutrino. If the neutri-
nos were energetic (which is not consistent with
the present scenario), then they could be observed
by conventional solar neutrino detectors.%3%4 A
point source of 10'3 — 10" neutrinos in the MeV
range would be detected by the Kamiokande de-
tector, for example.

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

E. Activation of Phosphorous

Natural phosphorous occurs as 3'P. Neutron ac-
tivation to the ground state of 3?P involves an
M1 virtual neutron pickup reaction analogous to
proton and deuteron reactions discussed above.
The activated phosphorous isotope is unstable
with a 14 day half-life, and produces a 1.7 MeV
electron. If this process can be demonstrated,
it would be important mechanistically in that it
would be much more difficult to imagine how 32P
could be produced through the types of mecha-



nisms which have been discussad elsewhere. A
clean demonstration of a new neutron activation
reaction would be of great value.

F. Separation of Reactants and Nonlinearity

The mechanism proposed to convert the nu-
clear energy works through a near field magnetic
field generated by a current which sees a high or-
der nonlinearity. This nonlinearity need not nec-
essarily be in the same location as the reactants,
and an extremely interesting experiment would
be to demonstrate this effect. If the current run-
ning through the palladium electrolysis cell were
run through another element exhibitinga high or-
der nonlinearity (for example, another electrol-
ysis cell, a battery, a diode or other systems),
then it is possible that anomolous energy depo-
sition into the series nonlinear element might oc-
cur. A demonstration of thiseffect would strongly
support the present scenario. More interesting
still would be the replacement of the original pal-
ladium cell with a crystal containing deuterium
and hydrogen as constituents (partially deuter-
ated LiH, etc.).

G. Net Nucleon Spin Polarization

Spin-spin coupling between electrons and nu-
clear spins can be a relatively rapid process. Pro-
tons and deuterons undergoing electrolysis in pal-
ladium or titanium will see some degree of net
nuclear spin alignment. Any coherent mechanism
for fusion effects of the class which we have been
considering may be sensitive to the state of net
nuclear spin polarization. Questions which are of
interest involve the relation of nuclear spin polar-
ization to the Pons-Fleischmann effect.

1. Is net nuclear spin polarization present in a
heat producing cell? What is the direction,
spatial dependence, and strength of proton
and deuteron polarization.

2. Can a Pons-Fleischmann cell produce heat if
the nuclear spins are randomized?

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

IX. SUMMARY AND CONCLUSIONS

We have proposed a new coherent fusion sce-
nario involving exotic two-step beta/fusion reac-
tions to account for the still highly controversial
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Pons-Fleischmann effect. The previous discus-
sions of dd reactions as candidates for explaining
the observations suffered from the fact that the
reported observations simply do not fit the dd re-
action profile, and that reactions at room tem-
perature involving fusion of charged nucleii have
exceedingly small reaction rates.

The present scenario offers a number of advan-
tages relative to the claimed observations, includ-
ing

1. Heat production without fast reaction prod-

ucts, neutrons or gammas.

2. Tritium production as a second order pro-
cess, unaccompanied to first order by sec-
ondary neutron production.

3. No explicit exponential damping factors oc-
cur at room temperature.

4. The scenario is consistent with the known
stability of heavy water and can be consis-
tent with stellar 2volution models.

5. The time-dependence of a superradiant sys-
tem is qualitatively consistent with the dy-
namics of the observations of the heat and
tritium observations.

6. The dependence of the strength of the ef-
fect on current density is in qualitative agree-
ment (maximum di/dv is favored, rather
than maximum 2).

7. The scenario is consistent with
contamination-dependent production of low
levels of residual radioactivity.

Real neutron production can occur as an incoher-
ent process parasitic with the coherent processes
described in the paper. It is at best a third order
process in comparison to heat and tritium pro-
duction in the model.

The principle weakness of the scenario at this
point is the lack of quantitative predictions. This
weakness is not inherent in the model; the effects
discussed here are amenable to precise quantifica-
tion. Further effort is required to obtain predic-
tions.
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ABSTRACT
Cooperative ionic fluctuations, which
become energectically favorable during the

overcharging of a sufficiently ordered,
stoichiometric Pd-D lattice, provide a means
for an entirely new form of nuclear
intcraction, "cold” or "solid state” fusion.
conscquence, 1) nucleons separated by
macroscopic distances in a classical sense
may interact in a nuclear fashion quantum
mechanically, and 2) nuclcar fusion may
occur in which unfamiliar products are
released. The evolution of such an ionic
fluctuation, which we have named a Bose
Bloch Condensate (BBC), becomes favorable as
the concentrations of D and Pd become
comparable because of large encrgy costs
from lattice strain at individual lattice sites
that result from coulombic recpulsion
associated with the occupation of a site by
more than one D. These strain cnergy costs
are removed through the evolution of long-
ranged, periodic, ionic fluctuations in which

As a

cqual (though small) amounts of cxcess
charge are distributed uniformly to unit cells
throughout the crystal. We provide the
underlying quantum mechanical theory that

govemns both the evolution of these
fluctuations and the associated selection rules
of the resulting nuclear interactions. We
also use a critical element of this theory
(associated with the electrostatically induced
changes in volume that accompany the
binding of D* ions to an external

environment ) to explain how it is possible to
initiate the kinds of low tempecrature fusion
reactions that apparently have bcen seen in
the recent Cluster Impact Fusion cxperiments

performed by Beuhler. Fricdlander. and
Friedman.
INTRODUCTION
It has not been gencrally recognized

that at the current time there is an evolving
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taxonomy of fusion processes. The first and
best known form is "hot fusion"”, which is
initiated from free space collisions of
deuterons at high temperature. The two
remaining forms were discovered during the
last year. In both forms, fusion seems to be
initiated at considerably lower temperature.
These recently discovered processes are "cold
fusion” as observed by Fleischmann and

Pons!, and "not-so-cold" fusion as observed
in ion cluster impact experiments by
Beuhler. Friedlander and Friedman?.
fusion, heat is produced without proton or
neutron generation, whereas in not-so-cold
fusion there is a release of neutrons and
protons, as in conventional hot plasma
fusion, but the process occurs at dcuteron
bombardment energies well below those
known to be effective in D-D fusion-inducing
collisions.

Both cold and not-so-cold fusion are
manifestations of the quantum wave
character of particles at low energy.
behavior of a particle as it undergoes
collisions at low energies is determined both
by the intrinsic properties of the particle
and by the environment in which the
particle resides. In the language of physics
and chemistry, the wave function of a
particle is determined by the interaction
possibilities and by the boundary conditions
applied. In a semantic extrapolation, one
could say that the structure of a particle is
affected by the boundary conditions it sees.
Disregarding the semantics, quantum
mechanics provides procedures for
calculating particle behavior; namely, one
calculates the wave function in accordance
with the boundary conditions and pertinent
interactions, and one calculates reaction
rates using overlap integrals in accord with
the Fermi Golden Rule or its equivalent.

Once it is recognized that the boundary
conditions associated with bound deuterons
may profoundly affect the quantum
mechanical dynamics of colliding deuterons,
it is possible to understand 1) how it is
possible ( contrary to conventional
expectation) to initiate fusion in low
temperature environments, and 2) that
is a relationship between the two lower
temperature forms of fusion. Because Cluster
Impact Fusion is highly reproducible while
cold fusion is difficult to reproduce, the fact

In cold

The
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that such a relationship can be explained
quantum mechanically is significant.

The key difference between free
space, unbound deuterons and deuterons that
are bound to an attractive potential is that
unbound deuterons may occupy any region
of space with an appreciable probability,
while the probability of finding a bound
deuteron in a region of space beyond the
classical turning point of its motion is
exponentially small. Thus, when the active
reactants in a fusion process obey the
boundary conditions associated with bound
deuterons, the potential for overlap during
collisional processes becomes very different.
As a consequence, if the active reactants are
bound, many of our preconceived notions
about fusion (which are based on the
boundary conditions associated with unbound
deuterons) do not apply.

Cold fusion is more complicated than
ion cluster impact fusion, but both fusion
processes depend on the existence of
deuteron wave functions broadened to ~ 0.2 A
by zero point motion. This wave function
broadening is a consequence of electrostatic
interaction between bound D* ions and the
electrostatic potential provided by the other
atoms and electrons of the larger structure
that bind the D* ions to a particular region of
space.

QuaNTUM MECHANICS OF "NOT-SO-
coLp" FusioN

Let us first consider the cluster ion
impact experiments. In the cluster impact
studies D2 O ion clusters are accelerated onto a
Ti target containing deuterium. The cluster
ions are mass filtered so as to remove any
light ion clusters or "naked" D* ions present
in the beam prior to acceleration. ( Here, a
"naked" D% ion refers to a singly charged ion
which is not bound to a cluster.) Control
studies have shown that no high energy
light ions contaminate the filtered heavy ion
beam. The studies are carried out at ion
impact velocities that correspond to D*
kinetic energies relative to the target frame
of ~100 eV. Fusion reactions are observed? at
a rate that exceeds conventional expectation
(based on the free space picture associated
with the Gamow theory of a point particle
electrostatic barrier) by more than a factor
of 1010 Fusion is not observed when the
target contains H instead of D. Beuhler et al

1

0

measured the fusion rate for impacting
clusters over a wide range of cluster sizes
having a fixed 300-KeV total energy. They
found beginning at low mass that the fusion
rate increases with cluster mass, going
through a maximum near D*(D20)200. For
this case the kinetic energy of the impacting
D* ions in the target frame is 150 eV, far
below the value at which a Dt beam impact
fusion would be expected based on Gamow
theory.

It is clear from calculations given
below that Gamow theory does not apply
when the zero point motion broadening of
the wave function is included in the target D
that results from binding of the target D to
the Ti host. To our knowledge, it is an open
question what the actual value is of the
fusion rate of a beam of D% incident on a TiDp
target at these energies. Presumably, this
rate is considerably smaller than when the
incident D resides either within a cluster or
bound to a single O atom or to an OD because
when the D is bound to any of these
polyatomic entities, its wave function is also
broadened as a consequence of the binding
that results from its interaction with its
environment. Even for the case in which the
incident D are "naked" (i.e., not bound to a
cluster as they are in these Cluster Impact
Fusion Experiments), for a wide range of
energies Gamow theory simply does not apply
when the target D is bound (as shown below),
and the exponentially small value (associated
with conventional wisdom) for the fusion
rate at the energies associated with the
average D energy (~100's of eV) in these
collisions does not apply.

Because the effect of wave function
broadening in the target D dramatically
expands the “effective”, electrostatic volume
of each D by many orders of magnitude
relative to its "point-like", free space size,
even a crude calculation can be used to
demonstrate how this wave function
broadening cffect may significantly alter
electrostatic barrier that inhibits fusion.
Specifically, we may approximate the
broadening effect by using for the target D
wave function ¢ largel the ground state wave
function for a harmonic well, whose
curvature is defined by the characteristic
zero point motion Ry (as determined by
neutron scattering experiments) of D in
TiD3.

the

otarget R) = (2/(Rzp2n))3/* exp(-R%/Rzp2 (D)



For the incident D wave function ®INC we

may use a minimal uncertainty wave packet
of characteristic size A jpc , defined by the

approximate variance of the deuteron wave
function during the collision.

®INC (R) = (2N inc2m))3/? exp(-R2/\jpcd )

Depending upon the circumstances associated
with the collisional process, A inc may take
on a wide range of values. Since 80 percent of
the momentum in each DO molecule is given
to the oxygen atom, and the oxygen atom
possesses 90 percent in each OD molecule, it is
clear that as the cluster breaks up during the
impact with the solid, transfer of energy and
momentum from the O to the solid provides
the dominant mechanism for slowing down
the incident particles. In addition, as these
momentum transfers occur, it is to be
expected that significant interaction through
changes in the vibrational modes of the D
through bonding with the O will occur. Thus,
we expect that the wave function broadening
associated with O-D bonding and with
changes in this bonding associated with
interaction of the O with the solid will
provide the dominant effects associated with
the characteristic dimension Ajnc . The
associated zero point motion is again on the

order of 10-9 cm provided that the D remains
bound to the O. If it becomes unbound, its
characteristic dimension can vary
considerably, with a lower bound
corresponding to the situation in which the
incident D has energy of ~100's eV. This case
leads to the value Ajpc ~ 10-10 ¢cm.

Not surprisingly, when a realistic
value of Rzp (~2 x 10-9 cm) is assumed, each
deuteron is only "weakly" bound to a
particular zero point volume of the lattice (it
has a zero point energy of 10's of meV). The
result of a first Bom calculation of the shift

AE() in eigenvalue of each target deuteron
that results through Coulombic interaction
then is a "large", repulsive perturbation
relative to both this electrostatic binding
energy and to the binding energy of the
deuteron to the entire crystal (given by ~ the
heat of desorption ~ several eV). Thus, not
only will the incident projectile unbind the
target from its zero point volume, it will
unbind the target completely from the
lattice.  Specifically,

AE(D) = o2 JI d3R d3Rr'@larget (R)2 @iﬂV(R')Z

= ¢2 /(T(Rzp2 + NincHN1/?
~30 ¢V (3)

Then, the collision induces an electrostatic
repulsive shift in the eigenvalue that is
several hundred times larger than the zero
point energy of the target, and about ten
times larger than its total binding energy to
the lattice. However, this shift in eigenvalue
is 5 orders of magnitude less in absolute value
than the accompanying attractive shift in
eigenvalue that results from the strong
interaction. The shift is also five orders of
magnitude less than the comparable
electrostatic shift that results when "point-
sized" particles of nuclear dimension collide
in this fashion. As a consequence, prior to
and in the presence of the perturbation, the
characteristic electrostatic and nuclear
energies remain very diflferent when the
target D is initially bound, while this is not
the case when the target and incident D are
both unbound. Because these energy scales
are so dilferent, it becomes possible to write
the "complete” wave function ® =® (rn,rp)
(rn and rp respectively are the coordinates
of the proton and neutron) for the target and
incident D approximately in a Born-
Oppenheimer separable form in which
variations in the center of mass coordinate,
rcm =(rn+rp)/2, (which are associated with
electrostatic interaction, as in the R and R’
dependencies of Egs. 1-3), are independent
from the short-ranged variations in
neutron-proton separation rp.p = Ip-rp that
are associated with the strong interaction,

Q=0 elecl(rcm) O PUC(ry_p)

Here, ®©leCl(rcyy js a slowly varying
function, whose value is appreciable on the
length scale of the electrostatic interaction,
while © "UC(rp_p) has appreciable value
only on the length scale of the strong
interaction. When this separability
condition is imposed, it then follows that the
first Born shifts in eigenvalue are extremely
negative, indicating that fusion may occur.
However, because the electrostatic
perturbation is large on the scale of the
initial energy (10's of meV) of the target D,
the perturbation expansion must be viewed
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as asymptotic at best, and coupling to higher
order perturbations may alter the eigenvalue
shift in a manner that would invalidate this

conclusion.

On the other hand, it is also true that
during the collision process, coupling to
electrons (and other atoms through the
electron coupling), could broaden the wave
function further.  Because there are wide
possibilities associated with this effcct, it is
probable that perturbation theory may be
applied. Then, it follows that fusion bccomes
permissible. In this manner, we sec that as a
consequence of broadening induced by the
target, it becomes possible for a very
different scenario to unfold in which fusion
may occur. The additional broadening that
results as a consequence of binding between
the incident D with other atoms before and
during the collision process probably plays a
role in the resulting enhancement in fusion
ratc. Through even these crude arguments,
we see that 1) cluster impact fusion follows as
a consequence of wave functioning
broadening due to binding effects associated
with interaction between both the target and
incident deuterons with their respective
external environments, and 2) the effect
should be sensitive to variations in cluster
size. Thus the observation of cluster impact
fusion and our explanation of the
phecnomenon provide a convincing
demonstration of how the effect of wave
function broadening may significantly alter
the coulomb barrier to fusion.

Since the boundary conditions
associated with cluster impact fusion and
with colliding particles in free space are
very different, it would be surprising if the
Gamow theory (associated with free space
collisions) has bcaring on this new form of
fusion. In fact, a crude application of the
theory can be used to demonstrate that even
for the case of a "naked" unbound deuteron
incident on a target D, binding of the target
to the Ti host may so significantly alter the
resulting Coulomb barricr that in the
majority of cases (i.e., when the incident D
has an energy grcater than ~70 eV), the
underlying principle associated with the
barricr concept (i.e., that "tunnelling" is
required) breaks down. Specifically, when
the incident D is sufficiently energetic so
that the overlap of its wave function with the
target wave function of Eq. 1 is sufficiently
small, it follows that the rcpulsive Coulombic
barrier VCoul associated with the tunnclling
problem may be evaluated in the limit in
which the response of the target decnsity to

the presence of the incident deuteron is
neglected. In this limit, the tunnelling
probability T is given by

T = exp(-2)\) , (4)
where
T[p
xo= [ ar (vCoul ®) - E y2mp) /2 - 3)
D st
h

rep is the classical turning point (defined by
v Coul (np) = E ), Eis the incident energy, h
= h/(211), where h is Planck's constant, and
Mp is the mass of a deuteron. Also, because
the response of the target to the incident D is
neglected, VCoul (R) is the Coulombic
potential that the incident D "experiences"
due to the presence of the target D.

y Coul (R) = CZJ- d3Rr'otarget (R')2 (6)

Using Eq. 1, it follows that

veonl R) = e2( 2/(Rgp2m))3/2_1
2n 2
x Jd3Q[d3R" (exp(i(Q- (R-R) )
X exp (-2R'2/Rzp2)

s e )

QZ
<@m)2 2/ Ryp
~70 eV AN

This last inequality means that there is no
classical turning point whatsoever associated
with Eq. 5 when the incident energy is
grcater than 70 eV. Thus, for E>70 ¢V, the
fundamental idca associated with a

tunnclling requircment (as in Eq. 4) brcaks
down since the forbidden region in which
exponential decay of the wave [unction
occurs is never involved in the collision
process.



QuanTuM MEcCHANICS OF "CorLbp" FusION

Zcro point motion plays an important
role in cold fusion, but its role is different
than in cluster impact fusion. It causes a
reduction in the electrostatic interaction
energy associated with the transient multiple
occupation of a lattice site. Multiple
occupations arise quantum mecchanically
from sclf-interaction of identical bosons in a
pcriodic lattice. A key aspcct of this self-
interaction is the approximate notion of
periodicity.  When pcriodicity prevails for a
sufficiently long period of time, for each
Bravais vector of the lattice Rp, the single
particle wavc functions { associated with the
stable particles (with respect to the
electrostatic interaction) obey Bloch's
theorem,

Yk(r+Rp)= exp(ik-Rp)Pk(r) . (8)

Because the long-lived states obcy Eq. 8, it
follows that at an isolated location, the
density is constructed from a superposition of
states, formed from the cigenstatcs that obey
Eq. 8. In this context, at any moment in time,
at an individual lattice site the density must
be viewed as a transitory entity, which
oscillates in time. Of grecater significance,
when the many-body wave function is
constructed from wave functions that obcy
Eq. 8, it follows that at any moment in time,
there exists the possibility at a given sitc of
fluctuations involving one, two,..NB bosons
(NB is the number of bosons in the entirc
crystal), where the lifetime of this kind of
fluctuation is detecrmincd by the interaction
time associated with self-interaction.

The main effect of wave function
broadcning is a lengthening of the
electrostatic lifctime (due to sclf-intcraction)
of thc resulting multiple occupation virtual
states. Bccause there cxist a large set of sclf-
interaction processes (each of which may be
constructed self-consistently), in which
Born-Oppenheimer separability applics as a
consequence of large disparities in the
cnergy, length and time scales betwcen the
perturbations associated with elcctrostatic
and nuclear self-interaction, it follows that
once statcs become occupied in which the
scales of thesc intcractions are sufficiently
different, analogous to the cvolution of the
separability condition that arises in cluster
impact fusion through wave function

broadcning, Born-Oppenheimer scparability
applies both prior to and in the presence of a
well-prescribed perturbation.

The major distinction in the case of
cold fusion is that thc perturbation is always
derived from sclf-interaction bctween bosons
in which Born-Oppenhcimer separability
applies and is maintained. ( When only those
perturbations which preserve the
separability bctwecn nuclear and
electrostatic wave functions are included, the
theory becomes sclf-consistent. ) A
necessary and sufficient condition which
unambiguously prescrves the condition of
scparability is that the wave function field
associated with the single particle
electrostatic interaction ( from which the
stable entities arc constructed ) must cvolve
in a manncr that is independent of the morc
rapidly varying wave function ficlds
associated with the nuclear interaction. This
condition, oncc the fields arc quantized, can
only be maintaincd when the stable entity
from which the ficld theory is [ormulated
involves tightly bound proton-ncutron pairs,
which on the scale of clectrostatic
interaction bchave as bosons. This result
leads to the selcction rule of cold fusion:
when the initial state is composed of tightly
bound proton-neutron pairs, the final state is
composed of tightly bound proton-neutron
pairs.

The distinction betwcen the
electrostatic and nuclear sclf-interactions is
somewhat arbitrary. As long as therc cxists a
well-defined set of perturbations, all of
which are of sufficiently short length and
timc scale, and a sccond set of perturbations
which are considerably longer in length and
timc scale, Born-Oppenheimer separability
can be maintained. In fact, because, to an
excellent approximation, thc strong
interaction remains invariant with respect to
rigid displacements of thc recactants and
products, the strong interaction associated
with a given multi-particle fluctuation is
cyclic in the center of mass coordinate of the
fluctuation. In practice, by expanding any of
the relevant many-body intcractions about
the center of mass coordinate of all of the
entities involved, it always becomes possible
as a consequence to separate the self-
intcraction into two pieces, one of which is
"slowly wvarying" and depends on the center
of mass of the fluctuation, while thc second is
considerably morc rapidly varying and does
not depend on thc center of mass. As the
number of particles involved in the
fluctuation increases, this kind of
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separability procedure becomes artificial in
the sense that there is no clear-cut
difference in length scale. Provided,
however, we restrict consideration to
sufficiently simple forms of fluctuation, the
ratio of the electrostatic lifetime (where this
lifetime is associated with the slowly varying
perturbation) to nuclear fluctuation time
(associated with the rapidly varying portion
of the perturbation) becomes sufficiently
small that the wave function of the multi-
particle fluctuation can always be written as
a product of functions, in which one
function is slowly varying and depends only
on the center of mass coordinate of the
fluctuation, while the remaining functions
do not depend on the center of mass. This
prescription provides a means of
generalizing the Born-Oppenheimer
separability of the many-particle fluctuation
in a manner in which the kinds of
perturbation theory arguments associated
with cluster impact fusion can be applied to
cold fusion.

Let us now consider the band theory of

cold fusion3-6.  The theory applies the
quantum mechanics associated with the

energy band theory of solids to D* ions in a
periodic solid and examines the self-
interactions implicit in the many body
bosonic wave function that describes band
state D* ions. The theory is a composite
theory in the sense that it depends on a
number of possibly controversial steps.
These steps are:

* The occupation of band states by a

macroscopic number of indistinguishable D%t
ions,

* the use of quantum mechanics and
many-body theory to account for the

associated quantum field behavior of the D*
that occupy these band states,

* the effect of the environment on
the structure of particles at low energy that
are initially bound to a lattice, and the
incorporation of this effect in the initial
state band picture from which fusion
commences,

* the relevance in this quantum field
problem ( as it relates to the nuclear fusion
problem) of transient, cospatial multiple
occupations of lattice sites by band-state Dt
ions (which are present in the initial state as
a consequence of Bloch symmetry),

* the relevance to the fusion problem
of a category of self-induced potentials
associated with the short-range behavior of
the field theory, each of which preserves
Born-Oppenheimer separability, and the
neglect of all other perturbations,

*  the subsequent transfer of
momentum to the environment from a model
final state in which both the electrostatic and
nuclear wave functions are of comparable
dimension but are uncorrelated with respect
to each other.

Each of these steps is in accordance
with the laws of physics. It is not
necessarily clear that the realization of the
limit in which our theory would apply has
been observed. @ However, even rudimentary
calculations indicate important predictions of
the theory seem to apply. These include the
following: 1) it is necessary to achieve an
over-potential condition prior to obtaining
the anomalous heating effects in the
electrolysis experiments, 2) in the case of Pd,
the anomalous heating will occur very near
the concentration x=1 in PdDyx  3) there is a
selection rule that is required by Born-
Oppenheimer separability (as discussed
above) and the nature of the interaction that
mandates that in the primary cold fusion
reactions, when the initial state involves
only deuterons, the final state can only be
formed from particles that consist of proton-
neutron pairs. Thus, the theory predicts heat
release without production of primary
neutrons or protons. The possibility of the
release of 23.8 MeV alpha particles is
indicated, but a prediction of the number of
alphas per joule of energy relcase rcquires a
better understanding of the final step.
Although there undoubtedly are refinements
in the details of the thcory that will be
needed to understand all aspects of cold
fusion, even in its initial (somewhat crude)
form, the theory seems to provide a
framework for an understanding of the cold
fusion phenomenon.

Let us now summarize the band state
D+ cold fusion model. We can then discuss the
individual statements making up the
summary.

"CoLD" FusioN IN PDDy AT X=1+¢

into metals
loading of chemically

Injection of deuterium
containing a maximum
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bonded D creates a population of band state
deuterium ions. The band state deuterium
forms a cooperative, collective matter phase
called a Bose Bloch condensate (BBC), which
infuses a host crystal, and in which the mean
concentration of D% per unit cell is << 1. The
properties of the BBC are those implicit in its
many body wave function and thc Fermi
Golden Rule.

The BBC confers onto each unit cell of
a crystal a low duty cycle transient
occupation by single and multiple-
occupation BBC deuterons. The wave
function of these transient occupations
reflects the zero point motion of interstitial
deuterium. The multiple occupations are
subject to reversible coalescence self-
interactions in which there is a rapid
fluctuation between chemical and nuclear
density configurations. The nuclcar density
configuration of the 4-fold occupation state
can decay into two 23.8 McV alpha particles.
Less certain, the double occupation state in
Pd can result in successive scatterings of
chemically bonded interstitial D, resulting in
lattice heating without alpha particle decay.

Though the name Bose Bloch
Condensate placcs special emphasis on the

bosonic character of the D% ion, the Bose
behavior of this particular "condensate"
only significant on the length and time
scales associated with electrostatic
interaction. The use of tcrminology that
involves "Bose" and "condensate" in this
context should not be confused with the more
commonly used term "Bose Condensate". A
Bose Bloch Condensate only resembles a "Bosc
Condensate” at low temperatures and only
then on length scales that are much larger
than nuclear dimension. At elevated
temperatures, the bosonic nature of the BBC
is important primarily because its presence
means that the dynamics of each of the
thermally accessible BBC states may be
described in terms of a single, exchange-
symmetrized many body wave function. The
condensate aspect of the state refers to the
fact that collectively the identity of each D*
ion has been lost with respect to thc others.
The Bose Bloch Condensate is present at all
temperatures in which each deuteron in a
periodic host may be viewed as an
independent particle that has become
indistinguishable from a macroscopic
number of other deuterons.

Our statement that the formation of
band state D* becomes favorable in (3 PdDyx at
x~1 is based on the following reasoning. The

is
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chemical potential for the reaction D* + PdDy
- PdDx+¢ has been described by Wicke and

Brodowsky7 as the sum of four terms,
involving a single statistical term and three
energy terms. These authors provide a figure
which illustrates how the behavior of these
four factors contribute to the chemical
potential as x varies between 0 and 1. The
statistical term shows the effect of the
availability of unoccupied unit cells. It is
negative at low x and positive as x— 1. The

energy terms include a zero point motion
term, which is endothermic and independent
of x, an electrostatic interaction term, which
is exothermic at low x and becomes
endothermic as x— 1, and a lattice strain

energy term, which is endothermic at low x
and exothermic as x—1. The electrostatic
term includes the summed effect on the
system encrgy of: (1) adding a D* charge to
the center of an octahedron whose vertices
are Pd atoms, (2) adding an electron to the
pool of Pd conduction electrons, and (3)
rcarrangement of electron charges
associated with the conduction electrons so as

to provide neutralization of the added DY ion.
The term is exothermic at low x, where
vacancies exist in the Pd 4-d electron band,
and becomes increasingly endothermic when
these vacancies become filled and the
electrons are forced to occupy higher energy
5-s band states. The term we are most
interested in, however, is the lattice strain
term. This term is positive at low x since the

addition of isolated D% ions to the lattice
forces expansion of isolated unit cells in a
lattice whose lowest energy condition occurs
with unit cells of smaller size. The term
becomes negative as x— 1 because most unit

cells are then occupied and only isolated cells
are unoccupied. The lattice strain caused by

the isolated unoccupied cells is relieved as D%
is added, resulting in energy release.

One now asks the question: what
happens when highly non-equilibrium
electrochemistry forces D7 ions into a
stoichiometric PdD crystal. If additional D is
to be added in the form of a normal chemical
occupation of a unit cell, isolated unit cells
must become doubly occupied, and the lattice
strain energy tcrm jumps from strongly
exothermic to strongly endothermic.
However, if the added D* ion can enter a band
state and be shared by all the unit cells of the
crystal, it will contribute only a fractional
charge (¢ <<1) to each unit cell of the lattice
and all unit cells will be affected equally. As



a result the endothermic lattice strain
energy cost is avoided. For this reason the

band state D* is favored for the non-
stoichiometric component of PdDj4+¢. Because
this process involves an "overcharging” of
the electrode by effectively adding a small

amount of D*, accompanying this condition
will be a polarization of the charge in
opposition to the normal charge flow prior to
the overcharging. This polarization is the
origin of the over-potential condition that is
seen during the observation of anomalous
heating.

Consider now the statement that band
state. D*, which we call Bose Bloch Condensate

D+, or BBC D* is a cooperative, collective
matter phase whose properties are
determined by its many body wave function.
It is standard solid state physics practice to
describe band state electrons in terms of a set
of collective states characterized by many
body wave functions. The wave functions are
fabricated from sums of products of single
particle wave functions, with the sums made
up of permutations of an initial set of wave
function products, and with signs applied to
the products to reflect the antisymmetry of
the fermion wave function of the electron
under particle exchange. The same
procedure is applicable to band state
deuterons, except that all component wave
functions are positive, reflecting the
symmetric wave function of D¥*, which is a
boson. This procedure reflects the existence
of collective states formed from
indistinguishable particles and is simply
application of the exchange principle to
multiparticle states. For both band state
electrons and band state deuterons the
electrostatic potential controlling the
collective state is periodic and imposes Bloch
symmetry on the single particle wave
functions, and thus also on the many body
wave function describing the collective state.
The Bose character of the Dt band system
impacts the behavior of the collective state
mainly by its removal of the Pauli exclusion
principle. As a result the collective states
have high degeneracy and can support
cooperative behavior. In the limit of low
temperature, only a single state of the band
system is occupied, and a fully cooperative
condensate, exhibiting ionic
superconductivity, is to be expeccted.

The statement that the BBC confers
onto each unit cell of a crystal a low duty
cycle transient occupation by single and
multiple-occupation BBC deuterons is a

the
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reflection of the quantum field character of
the many body cooperative state, and the
fundamental wave-particle duality of
quantum mechanics. The tirme-independent
description of the BBC is in terms of Bloch
functions (defined by Eq. 8), which are
wavelike and have equal amplitude
distributions over each of the unit cells of
the crystal. The Bloch functions are the
eigenstates of the BBC and their density
integrals show an equal and fractional
charge contribution to each unit cell.
However, the many body wave function can
just as well be expressed in terms of Wannier
functions, which describe the BBC in terms of
transient, low duty cycle, single particle
occupations of each unit cell of the crystal.
When the many body Bloch wave functions
are expanded in terms of Wannier functions,
the new expression has terms corresponding
to both transient single particle occupations,
and transient multiple particle occupations
of each unit cell. The transient multiple
particle occupation terms in the many body
wave function are the source of the nuclear
self-interactions predicted by our theory.

The mathematics associated with these
transient multiple particle occupations can
be understood by writing the many-body
wave function first in terms of Bloch states
Pk(r) and then rewriting each Bloch state
in terms of Wannier states @ ((ry,) .

Specifically if we use the symbol (Ep.r) to

denote the set of all of the many-body spatial
coordinates {r} and occupicd energy bands

{Ep}, the many-body wave function ¥ ('Ep,r)
1s given by

NB
Y(epn) = ANBYY2 S (11 Ykm (rm) )
m=1

9

(r)

where NB is the number of BBC bosons in the
crystal, and the sum over {r} includes

interchange of each coordinate ry with the

remaining NB-1 coordinates, ensuring that V¥
is suitably Bose symmetric. Then, we may
rewrite each Bloch state Yykm (rm) in terms
of Wannier states @ ((rp).

NL

am 2o () exp(ik ;R )
s=]

Il

Ykm (rm)

,(10)



where NI, is number of unit cells in crystal.
Substituting Eq. 10 into Eq. 9, we find

¥ (e,0) =(1Ngh!/2

N NL
2 .
xz ANDYB2E g0y explik Ry ).
[rm] m=1 s=1

(11)

In Egs. 10 and 11, ® ((rp,) is a Wannier

function for boson m occupying unit cell s.
In the harmonic approximation, it is
appropriate to construct each Wannier
function, at time t=0, using the ground statc
wave functions of a harmonic well whose
curvature is defined by the classical turning
point a of the motion.

04 = @na)3* exp- (512/a2)  (12)

Most of the terms in the bracketed product of
sums of terms in Eq. (11) contain products in
which the unit cell designator s is not
repeated, since N[, >> NB. A small [raction of
thc terms contain products in which the unit
cell designator s is repeated twice. These
terms describe double occupation of unit cell
s. These terms contain factors
CDS(rm)(DS(rn), each of which is a product of

cospatial wave functions centered on the
center of unit cell s. Similarly, there are
terms in which s is repcated threc, four,....NB
times, corresponding to occupations of the
unit cell s by three, four,..NB deuterons. In
each of these multi-particle occupations,
each Wannier function has the same spatial
distribution about the center of its unit cell,

reflecting the zcro point motion of a D ion
in the 3-dimensional potential well provided
by the lattice. The collection of terms
containing products corresponding to more
than one dcuteron occupying unit cell s aie
the only terms which contribute to nuclear
self-interactions in unit cell s. They form
the active portion of the input function to
the Fermi Golden Rule expression as applied
to unit cell s.

Both single and multiple occupation
Wannicr function products are transient due
to the clectrostatic self-interaction energy
associated with unit cell occupation. The

lifetime of cach of the transicnt states is set

by the Planck uncertainty principle AE - At ~
h. The uncertainty principle permits a short
duration violation of the conservation of
cnergy. The electrostatic self-interaction
encrgics are calculable from the spatial
distribution of the Wannicer states, and are
about 80 ¢V and 400 eV for thc double and
quadruple occupation states. The
corresponding lifetimes are 5 x 10-17 and
1x10°17 s,

The statement that the wave functions

reflect the zero point motion of D% ions in the
lattice was discussed in conjunction with the
ion cluster fusion observation.

The statement that multiple
occupations of unit cells are subject to
coalescence sclf-interactions between
chemical and nuclear density configurations
follows from: (1) the Fermi Golden Rule, (2)
the cospatial form of the wave function
products that arc part of the initial state in
the Fermi Golden Rule, (3) the existence of a
nuclear interaction potential bctween paired
neutron-proton elements in a nuclear
density final state, and (4) our use of
interaction potentials that are constructed
from self-interaction in the limit in which
clectrostatic self-interaction and nuclear
sclf-interaction occur on sufficiently
different length and timec scales that Born-
Oppenheimer separability can be applied in
the construction of the interaction potential
and in the initial state. Because the
quadruple and double occupancy electrostatic
sclf-interaction energies (80 and 400 eV) are
considerably smaller than the associated
nuclear self-interaction energies (~10's of
MeV), Born-Oppenheimer scparability does
apply to the initial state wave function, and
in the construction of the interaction
potential. ( In the construction of the
interaction potential associated with the
quadruple particle case, it is necessary to
perform an expansion about the center of
mass of tke four particle fluctuation in order
to regroup terms in a suitable manner in
which the rapidly and slowly varying
contributions to the self-interaction become
identifiable.)

The simplest mode of cnergy reclease
through nuclear interaction that is
consistent with momentum conservation and
the selection rule in which the fusion
products only involve configurations
constructed from proton-neutron pairs when
the initial state consists of deuterons is the
coalescence reaction initiated from the
quadruple occupation a site. In the limit in



which Born-Oppenheimer separability
be applied both to the reactants and the
interaction potential, such a quadruple
occupation provides an initial step in the

decay of a virtual 8Be* nucleus to two alpha

particles. We use the Fermi Golden Rule
expression,

can

N = 2n/h Z<ilVif> <fIVii> 6(E;-Ep

to calculate the associated reaction rate; Nis
the number of reactions per second within
the crystal. This expression has been
evaluated for a square well nuclear potential
and a Gaussian input wave packet.

The possible modes of energy release
through nuclear interaction that are
consistent with momentum conservation and
the selection rule in which the fusion
products only involve configurations
constructed from proton-neutron pairs
the initial state consists of deuterons are:

when

1) fusion via a nuclear configuration

resembling 8Be*, in which two 23.8 MeV
alpha particles are released,

4D* 2 8Bex > 2 alpha + 47.6 MeV, (13)

and

2) deexcitation of virtual 4He™ states
(associated with double deuteron [i.e., di-
deuteron] occupation ) through scattering
between BBC di-deuterons with chemically
bonded D. Schematically, the formation of

such 4He™ virtual states occurs through

reversible coalescence reactions, of the form
2D+ 2 4Hex (142)

The subsequent deexcitation of these virtual
states through scattering processes involving
the chemically bonded D may occur through a
series of scattering events:

4 4
He* + Dyayice =  He™™ + Digpice,scat (14b)

4 4
He** + Dyanice @ HE™™™ + Djyyiice scat (14)

4 ..
He** * + Djayice

4
He + Dlatlice,scat (14d)
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Here, each additional asterisk (in 4He**"*)
is used to denote deexcitation of the nucleus.
The chemically bonded (i.e., non-BBC) D are
denoted by Dlattice,scal (The chemically

bonded deuterium refer to the D that are to be
associated with the stoichiometric compound
PdD. ) Once reaction 14b takes place, the
reverse reaction is blocked (even when the
He state is virtual) through energy
conservation. If one calculates the rate of Eq.
13 using the known size of the zero point
motion of Dt in PdDx and assumes that the
decay of the coalesced state into 2 alphas is
prompt, then a BBC D* concentration of 3 x

10-7 BBC D* per unit cell is sufficient to
produce the volumetric energy release of 10

W/cm3 observed by Fleischmann and Ponsl.
However, it is not clear that alpha
emission is the primary mode of energy
release. It is probable that both the alpha
particle emission mode (Eq. 13) , and the
possible nuclear scattering mode involving
virtual coalescence reactions from the double
occupation state (Eq. 14a) could both be at
work in the heating process Scattering
from the primary lattice constituent Pd also
seems possible in imperfect crystals where
wave function overlap occurs at lattice
imperfections and at the crystal boundary.
The nuclear scattering mode could liberate
heat without release of any high energy
particles. It is possible that the Li plays a
role (as discussed in ref. 3) in a nuclear
fashion, but it is probable that the most
important impact of Li on the process is of an
electronic nature, due to the Li-induced
changes in surface chemistry. In regions
where Bloch symmetry breaks down or is
reduced, such as at interfaces, surfaces, or in
other regions where periodicity is lost, it is to
be expected that secondary reactions,
initiated from the high energy D states
(formed from Egs. 14b-14d) will occur.
Finally let us consider experimental
evidence for the validity of our theory. At

last year's Utah meeting Chambers et al .8
described a study in which a 130 A film of Pd
sandwiched between two stainless steel
diffusion barriers was loaded with deuterium
by ion impact. The film was observed by a
silicon particle detector. In two runs totaling
a few hours a total of 8 abnormally high
amplitude pulses were recorded. The 8 pulses
could have been due to pick-up of unknown
origin, as suggested by the authors, but if the
pulses were due to high energy particles, the
recorded energy losses averaged about 21



MeV. Our theory predicts emission of 23.8
MeV alpha particles. These authors also
found a large number of low energy pulses
due to response to a glowing ion-source
filament. The lack of pulses outside the 21
MeV region supports the validity of the alpha
particle interpretation.

1 M. Fleischmann and S. Pons , J. Electroanal.
Chem. 261, 301 (1989).

2 R.J.Beuhler,GFriedlander,andL.Friedman,
"Custer-Impact Fision ", Phys Rev Lett. 63,1292 (1989).

3 S.R. Chubb and T. A. Chubb, "Distributed
Bosonic States and Condensed Matter Fusion",
NRL Memorandum Report 6600 (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>