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Center for Electrochemical Systems and Hydrogen Research 
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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 1 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 «X+~) phase 
were taking place, since no significant neutrons (lr 
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y-radiation much above background were observed. 
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 micTocalorimeter (fronac Model 
350, Orem, oT). This is a differential heat 
conduction instrument with a noise level of less than 
0.3 JlW and a precision better than 1 JlW. 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 ~ V across a thermoelectric junction 
assembly mounted around the working chamber 
with a similar signal from a reference chamber in the 

A more readable copy of this paper is here: http://lenr-canr.org/acrobat/ApplebyAJanomalousc.pdf

















































































































































































































































































































































































































































































































































































































A more readable copy of this paper is here: http://lenr-canr.org/acrobat/MilesMelectrochea.pdf

ELECTROCHEMICAL CALORIME1RIC STUDIES OF 1HE COLD FUSION EFFECT 

M. H. Miles, K. H. Park, and D. E. Stilwell 

Chemistry Division, Research Department 
Naval Weapons Center, China Lake, CA 93555 

EXPERIMENTAL 
ABSTRACT 

Several types of calorimetric cell designs were 
used in attempts to measure excess enthalpy during 
the electrolysis of LiOD/D2O using palladium 
cathodes. Control experiments were run by using 
light water in place of D2O or by using platinum 
cathodes in place of palladium. Initial experiments 
using thin palladium cathodes of an unknown purity 
gave no significant differences between the Pd/D2O 
cells and the controls. For example, the ratio of heat 
out to Joule heat in was 1.00 ±0.04 for one study and 
1.065 ±0.04 for another study in LiOD/02O com­
pared to 1.075 ±0.07 in LiOHJH2O. The use of a 
much thicker palladium rod (99.96%, d = 0.635 cm) 
from Johnson Matthey, however, resulted in calori­
metric evidence for excess enthalpy in five out of six 
cells. The excess rate of heating averaged 0.39 
W /cm3 over a 9-day period in one experiment. The 
total excess enthalpy observed was 110,000 J. This 
excess enthalpy is difficult to explain by chemical 
reactions. Similar experiments conducted in H2O did 
not produce significant amounts of excess enthalpy. 
Possible experimental errors in these calorimetric 
studies are being investigated. 

INTRODUCTION 

The electrochemically induced nuclear fusion 
of deuterium using a palladium electrode reported by 
Pons, Fleischmann, and Hawkins [1] has sparked a 
flurry of experimental measurements and consider­
able controversy [2-6]. The conditions under which 
this fusion may or may not occur will eventually be 
determined by many experiments at various labora­
tories. Enthalpy excesses that can exceed 10 W /cm3 
of the palladium electrode have been claimed [1]. 
Similar experiments by Jones and coworkers [7] also 
report evidence for cold nuclear fusion; however, the 
fusion rates reported are far too small to be detected 
by calorimetry. The experiments, described below, 
are an attempt to detect any excess heat output by 
calorimetric studies during the electrolysis of 
deuterium oxide containing LiOD at palladium 
cathodes. Control measurements were run using 
light water with palladium cathodes or heavy water 
with platinum cathodes. Radiation levels were also 
monitored by various methods. 

The calorimetric cell design used in most 
experiments is shown in Figure 1. The electrolysis 
cell in this configuration can be visualized as a resis­
tive heater with the temperature being measured in the 
secondary compartment (gap) surrounding the 

PLATINUM COl'---+IX><:>:XX 

T2 THERMISTOR--~ 

STOPPER 

Ni (TEFLON) 

PLASTIC BOTTLE 

INSULATION 

D2 0 /LiOD 

T1 THERMISTOR 

Pd ROD 

Figure 1. Calorimetric Cell Design. 

electrolysis cell. The electrolysis cell initially 
contained 18-20 g of 0.1 m LiOD/D2O (99.9%, 
Cambridge Isotope Laboratories) while the gap 
contained 68-70 g of distilled water. The alkaline 
solutions were prepared from lithium metal 
(ROC/RIC, 99.95%). This cell design minimized the 
decrease in the calorimetric cell constant with the 
decrease in the electrolyte solution volume which 
occurs during electrolysis. Both the electrolysis cell 
and plastic bottle (polyethylene) were stoppered and 
wrapped with parafilm to reduce evaporation and 
contamination. The evaporative losses from both the 
inner and outer glass vessels were 1 % by weight per 
day. Make up water and heavy water were 
periodically added to the two compartments. After 
correcting for evaporation, the measured loss of D2O 
due to electrolysis was always within ±1 % of the 
calculated value. The palladium rod cathode 
(Johnson Matthey, 99.96%, d = 0.635 cm, A= 2.64 
cm2) was spot-welded to a nickel lead. Both the 
anode and cathode leads were covered with heat 
shrinkable Teflon tubing to prevent exposure of the 
bare metal to the gases in the headspace. Two 
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thermister thermometers (Cole-Parmer, Model 8502-
16) calibrated within ±0.01 °C were inserted into
small glass tubes placed in the gap H2O and
positioned 4.6 cm (T1, T4) and 1.9 cm (T2, Ts) from
the bottom of the cell. Two identical calorimetric
cells containing two thermistors each as shown in
Figure 1 were always run simultaneously in a
constant temperature bath (Tbath = 27.50° C).
Identical coils of Pt - 20% Rh (5.35 g, d = 0.1 cm)
served as the counter electrodes.

Earlier experiments used a falladium wire
cathode (d = 0.14 cm, A = 2.64 cm , Wesgo) of an 
unknown purity spot-welded �o a Pt - 20% Rh l_ead 
that was covered with heat-shnnkable Teflon tubmg. 
Platinum wire cathodes (d = 0.12 cm, A = 
2.64 cm2) were used in several control experiments. 
Precision thermometers graduated in units of 0.1 °C 
were used in these earlier studies. Several other 
calorimetric cell designs were also used that involved 
measuring the temperature directly in the electrolysis 
cell and using a correction factor to compensate for 
the decrease in the calorimetric cell constant with 
solution volume. 

The constant current source for electrolysis 
was a Princeton Applied Research (PAR) 
potentiostat/galvanostat (Model 373) set at 264 mA 
(100 mA/cm2). Calorimetric cell constants we�e 
usually determined during the first day of electrolysis 
when no excess enthalpy is expected. Experiments 
using palladium cathodes in H2O or platinum 
cathodes in D2O gave nearly the same cell constants. 
In earlier experiments, calorimetric cell constants 
were determined by Joule heat calibrations with a 
29 ohm resistor. 

RESULTS 

Calorimetric studies using the thin palladium 
and platinum wire cathodes in 0.1 m LiOD/D2O are 
presented in Figure 2. The equation 

Heat out K•�T 
X - ----- - ----

- Joule heat in - (E _ E�)• I
(1) 

was used for these experiments where K is the 
calorimetric cell constant, E is the cell voltage, � is
the thermal neutral potential for the cell reaction, and 
� T is the temperature difference measured within the 
gap and the outer surface of the polyethylene bottle 
(Fig. 1). The daily mean values from a series of 
measurements are shown in Figure 2. The overall 
mean value of x = 0.97 ±0.06 for the platinum 
cathode indicated that the calorimetric design was 
satisfactory. Further-more, the overall mean value of 
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x = 1.00 ±0.04 for palladium showed that there was 
no measurable excess enthalpy generation due to the 
cold fusion effect in this experiment. 
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Figure 2. Comparison of Palladium and Plat_in�m 
Wire Cathodes in LiOD/D2O. The standard deviatlon 
for each day is indicated for the palladium cathode. 
Both cells were charged at 20 mA/cm2 between days 
3 and 7. Current density was I 00 mA/cm2 for all 
other days except day 3 (200 mA/cm2). 

Earlier experiments in a thermos-type cell 
with a precision thermometer placed dire�tly in the 
electrolyte solution yielded mean values of X = 1.065 
±0.04 for the palladium wire cathode in LiOD/02O 
compared to 1.075 ±0.07 in LiOH/H2O. In these 
studies, the equation used to correct the K values due 
to the volume change was 

Kt = (0.964 V /V
O

+ 0.036) K
0 (2) 

where Ko and VO represent the initial cell constant 
and volume, respectively. The initial cell constants 
determined by Joule heat calibrations were 0.0435 
±0.0015 W/°C for the D2O cell and 0.0458 ±0.0016 
W/°C for the H2O cell. These experiments support 
the conclusion that no excess enthalpy was generated 
using the palladium wire cathode. However, most of 
these experiments were of relatively short duration 
(1-3 days). Details of these earlier studies that failed 
to show any excess enthalpy are reported elsewhere 
[8]. 

The use of the much thicker palladium rod 
from Johnson Matthey resulted in calorimetric 
evidence for excess enthalpy as shown in Figure 3. 
For the two cells run simultaneously, one cell gave a 
heat ratio of X = 1.31 ±0.05 for the 11th day while 
the other cell gave a ratio of only x = 1.05 ±0.04 for 
measurements that day. The major difference 
between these two cells was the tighter wrapping of 
the counter electrode coils about the palladium in the 
cell that gave the greater X values. The 



discontinuation of the electrolysis overnight after the 
18th day showed that the X values returned to near 
unity. Results from the thermistors positioned higher 
in the gap were similar (Figure 4), hence any thermal 
inversion is unlikely. The daily average for the room 
temperature ranged from 21.8 to 23.8°C in this study 
with a mean of 23.0 ±0.6°C. 
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Figure 3. First Cold Fusion Study Using Palladium 
Rod (Johnson Matthey, d = 0.635 cm). Cell A 
(broken line, T2) and cell B (solid line, T5). 
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Figure 4. First Cold Fusion Study Using Palladium 
Rod (Johnson Matthey, d = 0.635 cm). Cell A 
(broken line, T 1) and cell B (solid line, T 4). 

A continuation of this cold fusion study 
following a 10-day shutdown is shown in Figure 5. 
The excess enthalpy peaks are not as large and appear 
to be much more periodic with the DiO additions than 
before. The additions of small amounts of ZnO to 
one cell and sulfur to the other cell had no measurable 
effects. The room temperature control was not as 
good in this study since the time frame (October, 
November) involved the onset of cooler weather. 
The daily average for the room temperature ranged 
from 19.7 to 23.4°C with a mean of 22.0 ±l.0°C. 
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Figure 5. Second Cold Fusion Study Using 
Palladium Rod (Johnson Matthey, d = 0.635 cm). 
Cell A (broken lines), cell B (solid lines), T1 (open 
circle), T2 (open square), T4 (solid circle), and T5 
(solid square). 

Similar studies using the same palladium rod 
electrodes in cells containing H2O rather than D2O are 
shown in Figure 6. The striking difference from the 
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Figure 6. Studies in Water Using Palladium Rod 
(Johnson Matthey, d = 0.635 cm). Symbols for cell 
A, cell B, T1, T2, T4, and T5 same as in Figure 5. 

previous experiments in D2O are the excursions of 
the daily mean X values into regions of less than 
unity. Some rather large differences between the two 
thermistors in cell B (solid lines) suggest that thermal 
inversions were occasionally occurring. At times, a 
temperature instability was noted that was likely due 
to a mixing of the air in the glass thermistor tube. A 
portion of the thermistor tube extended above the 
calorimetric cell and was subjected to cooling by the 
room air. In later experiments, the thermistor tubes 
were made flush with the cell top resulting in more 
uniform temperatures and X values within the same 
cell. All H2O measurements were made within an 
average daily room temperature range of 19.9-22.8°C 
with a mean of 21.5 ±0.7° C. Only a weak 



relationship between the daily X values and the room 
temperature could be established in this study with a 
slope less than 0.02 per degree Centigrade and a 
correlation coefficient less than 0.3. 

A third cold fusion study using the same 
palladium rod cathodes in fresh LiOD/02O solutions 
is shown in Figure 7. Excellent agreement between 
the two thermistors in each cell was realized in this 
study where the thermistor tubes were flush with the 
cell top. This experiment shows a nearly consistent 
excess enthalpy production with only a few days 
yielding near unity for the heat ratio. However the 
daily mean X values are noticeably less than those for 
the first study with a freshly prepared palladium 
cathode (Figures 3 and 4). The daily average room 
temperature ranged from 22.4 to 24.5°C in this study 
with a mean of 23.4 ±0.5°C. 
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Figure 7. Third Cold Fusion Study Using Palladium 
Rod (Johnson Matthey, d = 0.635 cm). Symbols for 
cell A, cell B, T1, T2, T4, and Ts same as in Figure 
5. 

Tritium measurements on the LiOD/02O 
solutions following the first two experiment using the 
palladium rods were negative. The two LiOD/02O 
solutions gave 22.99 ±2.63 cpm and 22.18 ±1.06 
cpm versus 19.34 ±0.57 cpm for a LiOD/02O sample 
that was never subjected to electrolysis. Results from 
a second laboratory gave similar conclusions. 
Theoretical calculations based on the total observed 
excess enthalpy (563 kJ) yield 4.4 x 101 T atoms 
mL-1 when the 10-9 disparity factor between excess 
heat and tritium production is used [1]. Assuming no 
loss of tritium to the gas phase and a 100% counting 
efficiency, this amount of tritium would only yield 
4.7 cpm, hence, the tritium produced would have 
been difficult to detect from the background. 

DISCUSSION 

Interpolations of the results reported by Pons, 
Fleischmann, and Hawkins [1] yield an expected heat 
ratio of X = 1.95 for our palladium rod at 100 
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rnA/cm2. Such a high X value would unquestionably 
be well outside the range of any calorimetric errors. 
Statistical tests must be applied to our smaller X 
values to determine any significant difference from 
unity. Nevertheless, the comment [5] that it is most 
unlikely that the excess thermal energy due to a 
fusion process would be of the same order of magni­
tude as the electrical energy input is perplexing. An 
order of magnitude larger fusion effect involving D2O 
electrolysis with a palladium cathode, however, likely 
would have been discovered years ago. 

The overall mean heat ratios obtained from the 
various experiments using the palladium rod cathodes 
as well as the 99% confidence intervals are presented 
in Table I. The first five days of data were omitted to 
allow the palladium to become charged with deu­
terium (n is the number of days of daja con§.idered). 
The excess enthalpy for cell B ( Xi, X5) was 
significant at the 99% confideI!_ce le_yel in all three 
D2O experiments. For cell A ( X1, X2), the excess 
enthalpy was significant at the 99% level in all except 
the first D2O experiment that had the widely spaced 
counter electrode coils. The experiment in H2O 
yields mean heat ratios close to unity for both cells A 
and B. The overall mean heat ratios and confidence 
intervals using all data yields similar conclusions. 
The main difference is that the mean X values are 
generally somewhat smaller for the Pd/D2O 
experiments when the first five days are included. 

Table I. Mean Heat Ratios and Confiden<& Intervals 
for Data After 5 Days of Charging. µ - X = ±2.58 
cr//n (99% ). 

- - - -

Experiment X1 X2 � Xs 

Pd ROD/D2O (I) 1.04 1.04 1.145a 1.17a (n=l 1) 
±0.05 ±0.05 ±0.06 ±0.08 

Pd ROD/D2O (II) 1.06a 1.103 1.oga 1.053 (n-19)
±0.03 ±0.03 ±0.03 ±0.03 

PdROD/H2O 0.96 0.995 0.96 1.03 (n=23) 
±0.05 +0.05 +0.03 +0.03

Pd ROD/D2O (III) 1.083 1.073 1.063 1.073 (n=33) 
±0.02 ±0.02 +0.02 +0.02

3Excess enthalpy (99% confidence level). 

The t-test can also be used to determine if 
there is a significant difference from unity for the 
various mean heat ratios in Table I. Results for the 
t-test at the 99.5% confidence level are given in Table
II. The same Pd/02O cells as before show a signifi­
cant positive difference from unity at the 99.5%
confidence level. Both cell A and cell B in the



Pd/H2O experiment fails to show any significant 
positive differences from unity. The value for 14 
(-4.21), however, is a significant negative difference 
at the 99.5% confidence level. Although the third 
cold fusion experiment (Figure 7) did not yield the 
highest heat ratios, the length of this study (n = 33 
days) along with its small mean standard deviation (s 
= ±0.02) yielded exceptionally large t values. 

Table II. The t Test for Exces_s Enthajpy for Data 
After 5 Days of Charging. t = (X - µ) ✓n/s. 

Experiment t1 t2 Lt t5 t (99.5%) 
Pd RODJDiO (I) 2.30 2.10 6.648 5.568 3.58 

(n=ll) 

Pd RODJDiO (II) 5.278 8.278 7.848 4.938 3.25 
(n=19) 

PdROD/H2O -2.23 -0.28 -4.21 2.25 3.15 
(n=23) 

Pd ROD/02O (III) 10.948 10.258 8.55a 9.01 8 3.08 
(n=33) 

8Excess enthalpy (99.5% confidence level). 

Table III shows that the differences in the 
calorimetric cell constants measured in various 
experiments were not a significant factor. The cell 
constants for cell A (K1, K2) tended to be slightly 
larger than for cell B (K4, K5). The cell constants 
determined in H2O were very close to those deter­
mined in D2O. 

Table III. Calorimetric Cell Constants Determined in 
Various Experiments Using Kcell = (E-E1) I/� T 
Where Ei'i = 1.53 V for D2O and E� = 1.48 V for 
H2O. 

Experiment K1 (W/°C) K2 (W/°C) Kt (W/°C) Ks(Wrc) 
Pd RODJDiO (I) 0.141 0.145 0.133 0.132 

PdROD/H20 0.135 0.138 0.137 0.134 

Pd ROD/020 (III) 0.139 0.143 0.133 0.134 

Mean 0.138 0.142 0.134 0.133 
+0.003 ±0.004 ±0.002 +0.001

Possible calorimetric error sources for our cell 
design (Figure 1) include room temperature fluctua­
tions, the exposure of the glass thermistor tubes to 
the room air, the level of H2O in the gap, the level of 
the electrolyte in the electrolysis cell, thermal inver­
sions in the gap or thermistor tubes, hydrogen/ 
oxygen recombination within the celJ, and deviations 
from Newton's Law of cooling. Many of these error 
sources are small and they all tend to cancel since cell 
constant determinations were made under nearly the 

same conditions. Furthermore, these error sources 
should affect the Pd/H2O experiments in the same 
manner, yet mean heat ratios close to unity were 
obtained in the H2O studies. However, the level of 
the gap H2O must be carefully controlled in our cell 
design. Experiments where measured amounts of the 
gap H2O up to 10 mL were withdrawn showed 
nearly a 2% increase in X per mL of H2O withdrawn. 
Although the loss due to evaporation was small (and 
could be entirely eliminated), the effect of the gradual 
loss of gap H2O often became experimentally 
measurable after several days and likely contributed 
to the periodic trends of Figure 5. The effect of the 
electrolyte level was much less important for our cell 
design, hence no correction for this was needed. 
There was never any evidence for deuterium/oxygen 
recombination within the cell. 

It is interesting to consider the excess 
enthalpy produced by the various Pd rod/02O cells. 
For example, using the data from either Figure 3 or 
4, an average of at least 18% excess enthalpy is 
observed for a 9-day period (days 9-18). This corre­
sponds to an average excess power of 0.14 W (0.39 
W/cm3) and a total excess enthalpy of 110 kJ. It can 
be shown that the complete combustion of the 
palladium electrode in the form of Pd2H to yield PdO 
and H2O would give an excess enthalpy of only 6.2 
kJ. The recombination of D2 and 02 to yield 110 kJ 
of enthalpy would require the formation of 0.37 
moles (7.4 g) of D2O within the cell, yet only normal 
amounts of make-up D2O were required during this 
9-day period Hence, it is difficult to explain the 110
kJ of excess enthalpy by chemical reactions. Similar
calculations based on data in Table I yields total
excess enthalpies of 213 kJ for cell Bin Exp. I, 217
kJ for cell A in Exp. II, and 301 kJ for cell A in Exp.
III. No excess enthalpies were measured in the H2O
experiment

Deviations from Newton's Law of cooling 
have been recently discussed as a possible 
calorimetric error source [9]. Although this concern 
applies mainly to Dewar calorimeters where most heat 
transfer occurs by radiation, it is interesting to see 
how such errors would affect experimental X values 
in any type of calorimeter. If heat transfer from the 
calorimetric cell occurs only by radiation (QR) and 
conduction (Qc), then 

The substitution Ti= T0 + �T yields 
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where K; = 4KRT! and ti= 3 tiT/2 T0 + (tiT)2� + 
(tiT)3/4 �- Thus the ratio of heat in to heat out 
becomes 

[K� (1 +ti)+ Kc] tiT 
X = ---------

o 

(E-EH) • I 
(5) 

rather than Eq. 1. If there is Joule heating only, then 
X = 1.00, tiT = tiT1, and ti= tiJ. If there is a fusion 
contribution to the heat, then X > 1.00, ti T = ti T1 + 
ti TF, and ti = tiF. Thus 

If the heat transfer occurs mainly by conduction as in 
our calorimeter, then Kc>> K�, hence 

(7) 

which corresponds to Newton's Law of cooling. If 
the heat transfer occurs mainly by radiation, then Kc 
<< K;, hence 

(8) 

Since tiF > tiJ, larger X values would be obtained 
using Eq. 8 rather than Newton's cooling law (Eq. 
7). For example, assuming ti T1 = IO K, ti TF = 
2 K, and TO = 300 K yields XN = 1.20 from 
Newton's law and X = 1.21 from Eq. 8. Hence 
calibrating a Dewar type cell under conditions of 
Joule heating only and measuring a fusion heat 
contribution would yield somewhat higher X values 
if the more exact expression (Eq. 8) is used rather 
than Newton's cooling law. 

The exposure to neutrons and other harmful 
radiation can be a matter of concern in cold fusion 
experiments. Theoretical calculations of dose rates 
were performed for our cell design (Figure 1) using 
the Group 16 model for neutron energies. Assuming 
a source of 104 neutrons from the palladium, calcu­
lated dose rates were 0.28 mrad/hr at the outer 
surface of the bottle and 0.012 mrad/hr at the top of 
the bottle (1 rad = 0.01 J/kg). These calculations 
suggest safe dose rates for people near the cold 
fusion experiment. Radiation exceeding weekly safe 
limits could only be reached by holding the cold 
fusion bottle against the body for an entire 40-hour­
work week. These theoretical calculations also 
showed that the flux of thermal neutrons would not 
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be sufficient to activate gold or copper metal placed at 
the surface of the bottle. Gold and copper metal 
samples were always kept near the cold fusion 
experiments, but radiation measurements gave 
essentially only background levels. Neutron 
monitoring for safety concerns carried out with a 
Ludlum Model 15 counter never gave any response 
significantly above the background levels. 

The upper limit for isotopic changes in metals 
due to an electrochemical fusion process that 
produces neutrons can be illustrated by a simple 
calculation. Assuming an excess power of 1 W/cm3

resulting from the fusion reaction 

(9) 

yields 1.91 x 10 12 neutrons/cm3 s. If all of these 
neutrons were absorbed by the palladium electrode, 
then the time requried to convert 1 % of the palladium 
to other isotopes is given by 

(6.79x1022 Pd atoms/cm3
) (0.01) 

t= = 
l .91x1012 neutrons/cm3 s

3.55x108 s (IO) 

which translates into 11 years. Considering the 
relatively short duration of most electrochemical 
fusion experiments and the low thermal neutron 
capture cross-section for the various palladium 
isotopes, any change in the isotopic composition of 
the palladium electrode would be difficult to detect. 
The rate of 3He production would be equally small 
and difficult to detect, especially considering its 
possible escape through cracks and fissures. 

CONCLUSIONS 

Heat ratios greater than unity can be measured 
in calorimetric experiments for Pd rod/020 cells that 
are significant at the 99.5% confidence level. 
However, these heat ratios are frustratingly small in 
many experiments. Nevertheless, the total excess 
enthalpies are difficult to explain by chemical 
reactions. 
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ABSTRACT 

We propose a mechanism that may allow for under­

standing of the cluster-impact fusion experiment of Beuh­

ler, Friedlander, and Friedman. When the cluster of D20 

molecules collides with the metallic surface, the cluster 

dissociates into a collection of D and O atoms. In the 

process, a significant portion of the translational kinetic 

energy of the cluster is converted to thermal energy, so 

t.hat the system thermalizes to become a "warm atomic 

plasma". The neutral D atoms in the warm atomic plasma 

then fuse with the D atoms in the lattice via direct scat­

tering, without going through the doorway step of forming 

D2 molecules. As a rough estimate for the fusion rc>;iction 

rate, the velocity distribution of the thermalized D atoms 

is taken to be Maxwell-Boltzmann, leading to results in 

qualitative agreement with the experimental observations 

for a cluster of about 100 - 300 molecules. 

I. Introduction

Recently, Beuhler, Friedlander, and Friedman (BFF) 

[1] claimed that the nuclear fusion reaction d+d -+3 H +p,

detected via the 3 - M eV protons produced, has been ob­

served. to take place as singly charged clusters of 25 to 1300 

D2 0 molecules, accelerated to 200 to 325 keV, impinge on 

TiD targets. The BFF experiment has often been cited as 

another evidence to support the result reported earlier by 

S.E. Jones et al. [2] who have observed deuteron-deuteron 

fusion at room temperature during low-voltage electrolytic 

infusion of deuterons into metallic titanium or palladium 

electrodes. Nevertheless, the situation concerning "cold 

fusion" (CF) remains rather confusing and is certainly far 
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from being settled. Some claimed [3] that they have seen 

CF, while others [4] declared the opposite. 

In this work, we attempt to explore if the BFF ex­

periment can be understood on plausible grounds. To this 

end, we noted that in the BFF experiment each D atom 

in the D2 molecular cluster, which will dissociate upon 

impinging on the target, has energy around 20 to 300eV. 

(Here and henceforth we shall use D and d to denote a 

deuterium atom and a deuteron nucleus, respectively.) It 

seems rather unlikely that these energetic D atoms will 

give up all their kinetic energies and form D2 molecules 

with D atoms on the lattice such that fusion reactions take 



place after the formation of D2 molecules. Instead, it is 

likely that fusion reactions take place via direct scattering 

between the energetic incoming D atoms and the D atoms 

inside the ta.rget. Recent calculations [5] of the interac­

tion pc-tentials between two D atoms inside Pd and Ti 

suggest that the shortest stable equilibrium distance be­

tween two D atoms inside the metals is not shorter than 

that in a free D2 molecule. This in turn suggests that, if 

the fusion reactions took place by going through a door­

way step of forming D2 molecules, then the fusion reaction 

rate inside the metals would be less than that in the free 

space, contradicting some people's belief that the metals 

enhance the reaction rate. It is also likely that in the 

BFF experiment, when the singly charged D20 clusters 

impinge upon the target, the dissociated D atoms will be 

mostly neutral. Accordingly, the interaction potential in 

the scattering process is more like D + D, i.e., atom-atom 

interaction rather than the usually assumed d+d, i.e., bare 

Coulomb interaction. The assumption is supported by the 

neutral He + He and H + He collision experiments [6] in 

the laboratory energy range of 200 to 500eV, where one 

sees that complete ionization does not occur very often. 

When the free space D + D interaction potential is used, 

the fusion cross section is 6 orders of magnitude larger 

than that of the pure Coulomb d + d interaction poten­

tial for the center-of-momentum energy of about 150eV. 

Although this is a significant improvement, the predicted 

fusion reaction rate is still lower than the observed one by 

more than 19 orders of magnitude. As suggested by the 

title of the BFF experiment, however, "cluster" and "im­

pact" are the two ingredients which appear in the BFF 

experiment but not in atom-atom scattering in free space. 

A possible effect of "cluster-impact" ia that the transla,­

tional motion of the cluster will be stopped by the target 

and a dissociation of the cluster into D and O atoms oc-
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curs. The lost kinetic energy of the translational motion of 

the cluster may be redistributed to the dissociated atoms. 

If the cluster is large enough, a quasi-thermal equilibrium 

state may be reached, forcing the system to form a "warm 

atomic plasma" of some sort. For a crude approximation 

the velocity distribution of the dissociated atoms may be 

taken as Maxwell-Boltzmann. With the above proposed 

scattering process and the velocity distribution our calcu­

lated results for the fusion rate are in qualitative agree­

ment with the observations in the BFF experiment. We 

call this type of nuclear fusion as "warm fusion" (WF) 

which is to be distinguished from the so-called cold fu­

sion (CF) and the much studied hot fusion. Cold fusion is 

usually referred to fusion which could take place at room 

temperature or below. Hot fusion refers to deuterons with 

thermal energy as high as 10g degrees and above. Our pro­

posed warm fusion, which occurs via formation of a warm 

atomic plasma, provides another type of fusion. When the 

D20 cluster impinges upon the target with energy around 

300 ke V, the dissociated D a.toms are thermalized up to a 

temperature of around 106 to 107 degrees and therefore a 

"warm" fusion. 

Thermalization of the D atoms in the cluster en­

hances the fusion rate by more than 15 orders of magni­

tude, in comparison with the delta.--function velocity dis­

tribution, in the energy range we considered. Therefore 

the establishment of quasi-thermal equilibrium state is es­

sential for this type of nuclear fusion to be observed. It is 

possible that some kind of redistribution of velocity of the 

D atoms (or d ions), which will enhance the fusion rate, 

also occur in the low-voltage electrolysis experiments per­

formed by Jones et al. [2] and Fleischmann et al. [3] and 

others. However in this work we will concentrate only on 

the cluster-impact experiment of BFF and will not elab­

orate on the electrolysis experiments. In the following we 



present the theory and the calculated results of the above

proposed mechanism for warm fusion.

II. Nuclear Fusion via Direct Atomic Scattering

In the cluster-impact experiment of Beuhler, Fried­

lander [1], and Friedman, the observed reaction rate 1s 

related to the fusion cross section a( E) as follows:

R = na(E)<I>tA

= 2Ni na(E)tld,

(la) 

(lb) 

where n is the density of the deuterium atoms in the target

material, t and A are respectively the thickness (or the

penetration depth) and the cross section area of the target,

<I> is the incoming flux of the deuterium atoms, Id is the

incoming de current and Ni is the number of heavy-water

molecules contained in the singly charged cluster. The

fusion cross section a(E) is given by the standard formula 

a(E) = 

S
�

) 
e-c,

ro G = 2 la 
k(r)dr,

k(r) = {2µ(V(r) - E)} 112
, 

(2a) 

(2b) 

(2c)

where E and µ are respectively the kinetic energy in the

center-of-momentum (CM) frame and the reduced mass of 

the deuteron pair, and S(E) is the astrophysical S factor

for the specific process. (S(E � 0) � 55 keV - barn for

d+d-3 H+pandd+d-3 He+n.) V(r) is the repulsive

interaction potential between the reacting particles, d+ d,

d + D, or D + D. When the reacting particles are d + d,

the e-G term is the standard Gamow Coulomb barrier

penetration factor in the WKB approximation. When the

reacting particles are d + D or D + D, the e-G term still

represents the penetration factor but its value is many or-
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ders of magnitude larger than the standard Gamow factor

for E in the energy range we considered. Note that r0 in

Eq. {2b) is the classical turning point as the two deuterons

approach each other, while the inner distance a ( < r0) is 

such that V(a) = V(r0). In practice, we may set a� 0.

We begin our investigations by comparing the results

corresponding to three different choices of the potential

V (r), viz.: (1) the pure d + d Coulomb repulsive potential

shown as the long dashed curve in Fig. 1, (2) the screened

D + D potential V(r), as obtained in the calculation on

D2 molecule by Kolos and Wolniewicz (KW)[7), shown as

the solid curve in Fig. 1, and (3) the partially screened

d + D potential in D2 shown as the short dashed curve

in Fig. 1. A glance at Fig. 1 already suggests that the

diff ere nee between the D + D and d + D cases is much less

dramatic than that between the D + D and d + d cases.

In Fig. 2, the calculated fusion cross section is shown

as a function of the atom-atom CM kinetic energy Ed ,

In the long dashed curve is the prediction for the d + d

Coulomb repulsive potential, in the solid curve for the

D + D potential in D2 [7), and in the short dashed curve

for the partially screened d + D potential in D2. It is

clear that the predicted cross section is the largest in the

case of the fully screened D + D potential.

As two deuterium atoms scatter from each other,

there is of course some chance that both atoms become

ionized. In the case that both deuterium atoms are ion­

ized, d + d fusion is dictated by the need to penetrate the

pure Coulomb potential. The penetration factor e-G is

found to be 10-35 at E = 150eV (the energy relevant for

the BFF experiment). On the other hand, if both deu­

terium atoms remain electrically neutral, the penetration

factor becomes 10-29 which is an enhancement of about

6 orders of magnitude. It is thus an experimental ques­

tion to decide the level of complete ionization as two deu-
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Fig. 1. The potentials which we choose to consider 
in this work. The long dashed curve refers to the 
pure d + d Coulomb repulsive potential, the solid
curve is the D + D potential V(r) in D2 molecule 
as obtainede by Kolos and Wolniewicz[7], and the 
short dashed curve is the partially screened d + D 
potential in D2. 

terium atoms collide. A similar question for He+ He and 

H.J.. He collisions has been studied [6j, indicating that elas­

tic atomic scattering dominates in the laboratory energy 

ra11ge of 200 to 500eV. So long as there is a significant

fraction of time that complete ionization is irrelevant, the 

approximation to consider only the atom-atom collisions 

through the KW potential should yield a reasonable esti­

mate for the fusion cross section, at least in terms of the 

order of magnitude. 
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Fig. 2. The deuteron-deuteron calculated fusion 
cross section as a fuuction of the CM kinetic en­
ergy E,1 . In the long dashed curve is the prediction 
for the d + d Coulomb repulsive potential, in the 
solid curve for the (D + D} potential in D2 molecule 
[7], and in the short da.shed curve for the partially 
screened d + D potential in D2.

Koonin and Nauenberg [8] have considered the sce­

nario in which a D2 molecule is formed prior to nuclear 

fusi..:m by tunneling through the KW potential. They ob­

tau1 the rate for d + d fusion which is some 10 orders of

mag11itude faster than previous estimates, but sWl far be­

low the value that might. Le needed to account for those 

experiments which claim to have seen CF. In such sce­

nario, the Coulomb barrier remains very high although 

trapping of the two deuterium atoms in the potential well 

improve the the chance for penetration for nuclear fusion 



(as there is more time to do so). It t11rus out that the gain 

really cannot outweigh the loss in t,he penetration factor. 

While the consideration of the nuclear fusion via un­

ionized atom-atom scattering can improve the calculated 

results many orders of magnitude, this picture alone is 

not enough for understanding the BFF experiment since 

our calculated rate is still lower than the observed one by 

about 19 orders of magnitude. Nevertheless, the cluster­

impact experiment such as BFF has an additional feature 

that, upon impact, the cluster may dissociate into D and 

0 atoms and a large portion of the translational kinetic 

energy of the cluster may convert to thermal energy. The 

thermalization process causes redistribution of the veloc­

ities among the D atoms. This will enhance the reaction 

rate by more than 15 orders of magnitude. We call this 

thermalization induced fusion "warm fusion" and will dis­

cuss it in the following Section. 

m. Nuclear Fusion via Formation of

a Warm Atomic Plasma 

The experimental situation of the BFF experiment 

has an important feature that the cluster is large. It seems 

likely that, within a limited numbers of layers in the lat­

tice, the impinging flow of D2 cluster already suffer from 

a large number of collisions (electromagnetic in origin) be­

tween particles in the beam and those in the target such 

that the cluster dissociates into D and O atoms and re­

distribution of the kinetic energy occurs. Accordingly, the 

system thermalizes to become a "warm atomic plasma" of 

some sort. It is clear that such evolution of cluster flow can 

in fa.ct be described by the well-known Boltzmann trans­

port equation with the interactions between particles in 

the flow and those in the target giving rise to the "force 

term" [9].

(3) 

with Ji = f (r, v1, t), '2 = f (r, v2, t), ff = f (r, v'
1 , t), and 

f� = /(r,v2,t). du/dO is the differential cross section for 

the collision {vi, v2} - {v�, v2}. 

As the zeroth-order approximation [9], the distribu­

tion function is locally Maxwell-Boltzmann, 

i.e. /(r,v,t) = (
2
�8) 312exp{-�(v - u)2 } with O and u

slowly varying functions of the position r and the time t.

At a time to when the flow is almost stopped (u � 0) and 

a quasi-equilibrium state, i.e., a warm plasma of neutral 

atoms ("warm atomic plasma"), has been reached. 
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It is likely that the neutral D atoms in the warm 

atomic plasma then fuse with the D atoms in the lattice 

via direct scattering, without going through the doorway 

step of forming D2 molecules. Qualitatively speaking, the 

total thermal energy of the flow may be only about a half 

of that of the original flow but the flow now contains a 

fraction of high-energy deuterium atoms, enhancing the 

warm fusion cross section in a significant way. For ex­

ample, the Gamow Coulomb barrier penetration factor, 

the e-0 term is 10-
29 

10-
21 or 10-

13 for E = 150 eV , . , , '

300 eV, or 450 eV, respectively. As long as the redistribu­

tion according to the Boltzmann transport phenomenon 

yields a non-negligible fraction of deuterium atoms of en­

ergies several times of the initial value, say a couple of 

per cent, the enhancement of the fusion cross section can 

easily be in the range of more than 10 orders of magnitude. 

In the process of forming the warm atomic plasma, 

the thermal energy, as converted from a portion of the 

translational kinetic energy Ec1uater of the cluster, is spec­

ified by aEcluater• 



Ethermal = o:Ec1uater • (4) 

Assuming that, by equipartition theorem, the thermal en­

ergy is shared equally among 3N; dissociated D and 0 

atoms, the temperature of the plasma is given as 

Ethermal = � k T.
3N; 2 B 

(5) 

o: will be treated as a parameter characterizing the frac­

tion of the kinetic energy retained by the projectile flow 

of deuterium atoms after the flow has been stopped. Most 

of collision processes yield o: < 1.. In our opinion, o: ~ ½ 

would be a reasonable estimate and o: = 1 helps to set the 

optimal upper bound. 

We may use 

M M 
/(v) = (--)312 exp{---v 2}, 

21rks T 2ks T (6)

with M the deuteron mass and v the deuterium velocity 

seen in the rest frame of the target material (the labora­

tory frame). Assuming that fusion takes place between 

the deuterium atom in the cluster projectile and that in 

the target material, we obtain the CM kinetic energy: 

1 L 1 
2 E =-Ed = -µv . 

2 2 
(7) 

On the first sight, the cross section to be used in connec­

tion with Eq. (1) would be given by 

rNokB T 

<a>= lo 
a(E)f(v)d3v, (8)

where a(E) is obtained from Eqs. (4). However, a close 

look at Eq. (1) indicates that a(E) vis the quantity to be 

replaced by 

rNokB T 

< av >= lo
a(E) Iv I /(v)d3v, (9) 

since the flux cl>, contains the relative velocity between 

the two fusion particles. A temperature-dependent cut­

off N0ks T, with N0 = 6 - 10, has been introduced in 
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Eqs. (8) and (9) to avoid the "high energy" region where 

the WKB approximation is no longer justified while the 

contribution to warm fusion cross section is likely to be of 

less importance. 

In Figs. 3(a) and 3(b), we show our predictions, for 

the case N; = 150, together with the results from the 

BFF experiment, for the quantity < a v > as a function 

of the energy respectively for o: = 1 and o: = 0.5. The 

long dashed and solid curves are results obtained with 

No = 10 and 6, respectively. The experimental results 

are extracted with the use of Eq. 1 and the following 

estimates, 

A� 1 cm2
• (10) 

It is seen that the shape of the energy dependence 

seen in the BFF experiment is reproduced very well. In 

addition, our predictions are surprisingly close to the 

points extracted qualitatively from the BFF experiment. 

Considering the fact that our estimates can easily be off by 

a couple of orders of magnitude and that there are many 

effects which can give rise to modification in the range 

of a couple of orders of magnitude, we have come a long 

way to resolve the mystery of lO's orders of magnitude in 

understanding the BFF experiment. 

Fig. 4, shows our predictions, together with the re­

sults from the BFF experiment, on the quantity < av >

as a function of the number of D20 molecules in the clus­

ter projectile for fixed cluster incident energy Eciu.ter = 

300keV and a = 1. Here it is seen that additional cluster 

effects set in as the size of the cluster increases. This can 

be taken as another evidence for our conjecture that the 

projectile flow can in fact be described as a Boltzmann 

transport phenomenon of some sort. As the dust.er size 
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increases, the approach in which only the deuterium atoms 

in the cluster projectile are assumed to be "thermalized" 

becomes too limited since compression forced on the tar­

get material by the large cluster should become of great 

importance. 

IV. Concluding Remarks

In this work, we have proposed a mechanism that 

may allow for understanding of the cluster-impact fusion 

experiment of Beuhler, Friedlander, and Friedman [1]. As 

caused by a large number of collisions due to the interac­

tion between the cluster and the lattice, the cluster disso­

ciates into a collection of D and O atoms when the cluster 
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of D2O molecules collides with the metallic surfacP.. In 

the process, a significant portion of the translational ki­

netic energy of the cluster is converted to thermal energy, 

so that the system thermalizes to become a "warm atomic 

plasma". The neutral D atoms in the warm atomic plasma 

thP.!' fuse with the D atoms in the lattice via direct scat­

tering, without going through the doorway step of forming 

D2 molecules. As a rough estimate for the fusion reaction 

rate, the velocity distribution of the thermalized D atoms 

is taken to be Maxwell-Boltzmann. When the cluster is 

of the size that it contains about 100 - 300 molecules, our 

results are in qualitative agreement with the experimen­

tal observations. As the cluster size increases, our results 

could be as far as 10 orders of magnitude smaller than 



the experiemental observations. This indicates that the 

approach in which only the deuterium atoms in the clus­

ter projectile are assumed to be "thermalized" becomes 

too limited since compression forced on both the target 

material and the cluster should become very important. 
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Abstract 

The present position of research in the 
field of Cold Fusion has already been 
outlined in two papers presented at this 

• <1 , 2 > Th" · 11 h f meeting. is report wi t ere ore 
emphasize the early work and general 
considerations which led us to investigate 
the possibility of inducing nuclear 
reactions of D+ in palladium 

( 3) • ( 4) 
electrodes (for some corrections see ) ; 
this is followed by a brief assessment of 
the position reached at the end of the 
first year of research in this field as 
summarized by the papers presented at this 
conference. 

Historical Background 

The discovery of the two major nuclear 
reaction paths of D+ 

3T(l.01MeV) + 1H(3.02MeV) 

3 
He(0.81MeV) + n(2.45MeV) 

(i) 

(ii) 

was reported by Oliphant, Harteck and Lord 
Rutherford in 1934 in a brief letter to 

(5) 
Nature ; the precise values of the 
energy terms in reactions (i) and (ii) 
were established by subsequent research. 
This early work relied on the bombardment 
of perdeutero inorganic compounds such as 
(ND ) SO by deuterons of intermediate 

4 2 4 

energies (- 20 keV) . The origins of this 
discovery have been largely forgotten 
presumably because deuterium and the 
deuteron were called diplogen and the 
diplon at that time. This neglect of the 
early literature is doubly unfortunate 
because the precise characterization of 

reaction (i) using cloud chamber methods 
already showed at that time that a 
significant number of the tracks of the 3T 

1 • 0(67) 
and H species emerged at - 180 ' ! To 
quote Philip Dee(7): "this no doubt being 
the result of transmutations effected by 
slower diplons which have lost energy by 
collision in the target." 

We believe that these reports are the 
first indication that there are low 1energy 
fusion channels in solid lattices. The 
bombardment of heavy ice by deuterons of 
intermediate energy was used subsequently 
as a relatively intense source of 
neutrons <9 > but the neutron generating 
processes do not appear to have been 
further characterized. There have, 
however, sometimes been other indications 
that low energy deuterons undergo fusion 
reactions e.g., the production of neutrons 
from high density low ion temperature 
plasmas induced by electron cyclotron 
resonance heating in magnetic mirror 
devices. OD) 

General Consideration of the Behavior of 
D+ in Palladium Cathodes 

We have already drawn attention(J,ll> 
to the strange behavior of D+ 
electrochemically compressed into 

11 d . h d <12 • 13'> F" 1 pa a ium cat o es. ig. 
illustrates a number of the important 

1-------------------
Recent . work on "warm fusion" induced in 

perdeuterated inorganic and organic 
materials by relatively low energy heavy 

(8) 
water clusters may well be related to 
these early observations. 
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SOLUTION PALLADIUM 

D2O + e- � D.J.. + oo- (iii)

D.J.. � Dt..tt:,.. ·(Iv)

D..J.. + 020 +e- � 02+ OD- (v)

o ...... + D.J.. � D 2 (vi) 

LATTICE 

Figure 1. Schematic of the energetics in the solution, at the interface, and in the bulk of a palladium 

electrode during the electrolysis of heavy water containing LiOD, and a list of the pertinent reactions. 

features of the discharge of DO and of D 
2 2 

evolution for 
media as well 
adsorbed D in 
the reversible 
of reaction 

electrolyses in alkaline 
as of the dissolution of 

the palladium lattice. At 
potential the initial state 
(iii) (a DO molecule

2 

interacting with its surroundings together 
with an electron in the Pd lattice) is in 
equilibrium with the final state (an 
adsorbed atom and a deuteroxide ion again 
interacting with their surroundings). For 
experiments close to atmospheric pressure 
the lattice is already in the p Pd-D 
phase. Increases in the difference of the 
galvani potential between the metal and 
the solution I ll.(4, -4' ) I (shown here in a 

m s 

highly simplified form as a linear drop in 
potential across the Helmholtz double 
layer) from the value at the reversible 
potential stabilize the final state with 
respect to the initial state to an extent 

-1 �(4' -4' )F joules mole . The adsorbed
m s 

atoms are therefore "driven" onto the 
surface and, in turn, the adsorbed species 

are "driven" into the FCC lattice, step 
+ 

(iv) where they exist as D ions, almost 
certainly in the octahedral positions. 
The adsorbed species are desorbed in the 
further step (v). At very negative 
potentials, the D

+ 
s:Recies behave as

classical oscillators. Cl 

The concentration of D+ in the lattice 
under equilibrium conditions is already 
very high (D/Pd � 0.6 0.7). The 
composition of the lattice at high 
negative potentials is still a subject of 
debate but it would be surprising if the 
D/Pd ratio did not approach or even exceed 
unity under these conditions (see results 
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d h. . ) Cl4> Th presente at t 1.s meet1.ng . e 
dominant effect of the increase in 
cathodic potential must, however, be an 
increase in the activity of the dissolved 
deuterium. The activity will be 
determined under steady state conditions 
by the rates of steps (iii), (v) and (vi) 
but we will restrict attention here to a 
quasi- thermodynamic argument based on an 
hypothetical equilibrium of reactions 
(iii) and (iv). For such an equilibrium



we can equate the electrochemical 
potentials of the initial and final states 

µ+ + µ - -µ 
D ,m OD ,s D

2
O,s 

or 

µ+ +¢,F+µ. - - ¢,F 
D ,m m OD , s s 

i.e.

µ+ - µ + µ - -
D ,m D

2
O,s OD ,s 

( ¢, 

(1) 

(2) 

¢, ) F (3) 

In this expression µ and µ - will 
D O, S OD , S 

2 

be close to the standard state values. It 
should be noted that µ + , µ - and 

D ,m OD ,S 

(¢, -¢, ) are quantities which are not 
m s 

accessible to thermodynamic measurement 
but the change in tl.ie chemical potential 
of the dissolved D , t:iµ. + , due to a 

D ,m 

change in the galvani potential difference 
t:i(¢, -¢, ) , from the value existing at the 

m s 

reversible potential is thermodynamically 
defined (as is t:i(¢, -4> ) ) • 

m s 

Values of t:i(t/> -¢, ) as high as O. 8V can 
m s 

be achieved using conventional 
electrochemical systems and values even 
higher (in excess of 2V) could be achieved 

d . 1 d' . (15) TTL · 1 h un er speci.a con 1.t1.ons. wul. e t e 
energy values t,.(¢, -4> )F may appear to be 

m s 

modest, they are, in fact, of astronomical 
magnitude. Thus, if one were to attempt 
ti achieve the same activity of dissolved
D by the compression of D using steps 

2 

(iv) and (vi) under equilibrium conditions
(as is customary in heterogeneous
catalysis) we would need to satisfy the
condition

2µ + + 2µ 
D ,m e,m 

+ RT ln P 
D 

2 

(4) 

where P is the fugacity of the gaseous 
D 

D . We obtain 
2 

0 µ. + - µ. /2 - µ. + RT/2 ln P ( 5) 
D ,m D

2
,g e,m D 

and, it can be seen that a 0.8 eV shift of 
the potential of the electrode corresponds27 
to a �10 fugacity of D : 

2 

0. 8F - RT/2 ln P
D 

2 

(6) 

Such high hydrostatic pressures are 
naturally not achievable on earth and, 
even if they were, other phenomena would 
intervene such as the formation of 
metallic D and collapse of the host 
lattice. The argument set out above is 
instructive, however, from several points 
of view: in the first place it points to 
the importance of the "poisoning" of the 
desorption steps (v) and (vi) so as to 
drive (iii) as close to equilibrium as is 
possible; secondly, it points to the 
special role of cathodic polarization in 
causing the "compression" of D

+ 

into the 
lattice; thirdly, it suggests that 
clusters of D

+ 

must form in the lattice 
under such extreme conditions by analogy 
to the nucleation of metals. Our interest 
in nucleation phenomena and our knowledge 
of the prediction of the formation of 
metallic hydrogen (and deuterium) at 
extreme compressions in United States and 
Soviet work during the mid 70' s (e.g. , 

C15 >) • f k 1 . see was, 1.n act, a ey e ement 1.n
the initiation of this research project. 
The clustering of D

+ 

would be initiated at 
special sites or, possibly, at octahedral 
sites which would distort so that these 
sites would then be more correctly 
described as being parts of dislocation 
loops. 

There were (and are) a number of 
further factors which point to the 
possibility of inducing nuclear reactions 
of electrochemically compressed deuterium. 
The dissolved D

+ is, in fact, a very high 
density, low ion temperature plasma 
existing in an high electron 
concentration. We can therefore pose the 
following conundrum: it would be 
expected that the s-electron density 
around the nuclei would be high but this 
would lead to the formation of D . As 

this is not observed, the s-electron 
density must in fact be low. While we do 
not subscribe to the notion of the 
formation of heavy electrons, we recognize 
that the electron density in the clusters 
must be highly asymmetric and that it is 
necessary to develop a priori calculations 
about the many-body problem (taking into 
account the presence of the lattice) 
before it is possible to make any 
predictions of the Coulomb repulsion and 
nuclear motion in the clusters in the host 
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lattice2 as well as the stability of the 
+ 

D species. Such calculations must also 
provide answers to other conundra such as 
why the diffusion coefficient of Din Pd/D 
exceeds those of both Hin Pd/Hand T in 

(17) • (18) Pd/T. We recogm.ze that some 
(many?) regard the principle of asymptotic 
freedom as sacrosanct and+ therefore, that 
nuclear reactions of D could not be 
affected by many-body phenomena (coherent 
processes) in the lattice environment. 
This point of view is adhered to 
notwithstanding the fact that it is an 
approximation which may, or may not, hold 
in the limit of short space-times, the 
principle being increasingly called into 

(19-21) question for other reasons, e.g. . 
We, for our part, would not have started 
this investigation<3> if we had accepted 
the view that nuclear reactions in host 
lattices could not be affected by coherent 
processes. 

The background to this research has been 
presented from the point of view of the 
behavior of D

+ 
in palladium cathodes since 

this has been our exclusive concern. A 
somewhat different account would be 
relevant to the behavior of deuterium in 
titanium, the other system which has been 
the subject of intensive research 
following the description of the 
generation of low levels of neutrons 

• ( 22) during cathodic polarization. 

Assessment of the Present Position 

Part of our early work leading up to 
(3) our first publication was based on the 

search for evidence for reactions (i) and 
(ii) of D

+ 
compressed electrochemically 

into palladium electrodes. To our great 
surprise we found that excess enthalpy was 
generated in the cathodes, the magnitude 
of this excess enthalpy increasing 
markedly with increase of the current-3 density; levels of 10-20 watts cm of the 
cathode material were reached at 512mA 

-2 cm . The most surprising aspect of the 
results was that although low levels of 
tritium and possibly neutron generation 

2This was the background to 
(3) statement that it is necessary + reexamine the quantum mechanics of D 

electrons in such host lattices. 

our 
to 

and 

could be detected, these levels were far 
too low to account for the generation of 
excess enthalpy. There appeared to be a 
rough equivalence of the rates of tritium 
and neutron generation at electrodes 
generating excess enthalpy above 1 watt 

-3 cm . Neutron generation appeared to take
(23) place in "bursts. 11 Subsequent work 

has shown that there are also "bursts" in 
the excess enthalpy production superposed 
on the essentially steady state excess 
enthalp� production reached at long
times. 4 > Tritium production also

(25) appears to take place in "bursts." 
The work reported at this meeting (as 

well as in a number of publications and 
numerous announcements during the past 
year) sup�orts most of the first
findings. c ' 4> Steady state excess 
enthalpy production and "bursts" in 
enthalpy have been detected using a 
variety of calorimeters and calorimetric 
techniques (e.g., see the papers presented 
at this meeting). Rates of excess-3 enthalpy generation above 100 watt cm
have been reached at lA cm-3 <25

•
27 > and

these are sustained for times such that 
the total excess enthalpy is in the range 

-3 (26) . 100-l000MJ cm ; "bursts" in enthalpy 
-3 as high as -16 MJ cm have been 

(26,28) observed. Such excess enthalpy 
generation clearly cannot be attributed to
any chemical process (es). '30> Much higher
levels of tritium generation (e.g., 

(25 31-33) see ' ) than those observed in the 
i · 1 k <3> h b dor gina wor ave now een reporte 

and, as has been noted above, tritium 
generation also appears to take place in 
"bursts." The much more detailed and 
careful measurements of neutron 

(34) production than those in the original 
reportC 3> indicate that this process takes 
place at a very low steady state level and 
in "bursts. 11 This appears to be equally 
true for the Ti-D system where further 
measurements have been lar�ely confined to 
gas loading experiments. C3 For the Pd-D 
system it is becoming apparent that the 
branching ratio for reactions (i) and (ii) 
differs markedly from the expected value 

f 1<
3

1,
32

> ,n..•1 h" h o - . wui e t is report as 
concentrated on the work presented at this 
meeting, we also draw attention to the 
interesting work on neutron generation 
induced by gas phase discharges in 
palladium rods saturated with 
deuterium<35> 

New results reported at this meeting 
include the detection of soft 
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(31,37) X-rays (presumably by some type of
coulomb excitation), of -y-rays < 3&> and the
generation of charged particles following 
. . l . . 

T. 
(31, 3!11 ion-imp antation into i targets. 

As electrochemists we have found the 
measurements of the low frequency 
impedance of Pd cathodes at high 

. 1 <
35

> f . 1 . overpotentia s o specia interest. 
The inductive A.G. loop could well be due 
to the nucleation and growth of a new 
metallic phase (see above-metallic D?). 
Th h . l . . . (40-44> h e t eoretica investigations ave 
reached some degree of concensus in 
attributing Cold Fusion to the operation 
of coherent phenomena be they phonon or 
photon coupled or related to bound or 
unbound states. Experimentally testable 
predictions can be based on some of these 
theories (e.g., of tritium versus heat 

• ( 41)) generation 
While some of the more recent 

investigations indicate some degree of 
parallelism of the various phenomena (e.g. 
of tritium and neutron production and 
"b II • 

h 1 (32, 45 ) • • ursts in ent a py it is not yet
by any means clear whether we are dealing 
with bulk or surface processes or both of 
these and whether and how all the 
disparate phenomena listed in Table 1 may 
be linked. The investigation of this 
aspect must clearly have high priority. 
It is now also essential to broaden the 
base of the research to include both the 
quantitative evaluation of the effects of 

Excess enthalpy 
Bursts in enthalpy 
Tritium 
Bursts in tritium 
Neutrons 
Bursts in Neutrons 

X-rays
Bursts in x-rays
-y-rays
Bursts in -y-rays
Reaction products

the many variables leading to the control 
and optimization of particular outputs

(46) (compare ) and the extension of the 
range of systems showing the various 
effects. For the Pd-D system the central 
conundrum, the disparity of the excess 
enthalpy generation and of the expected 
nuclear products according to reactions 
(i) and (ii) however remains unsolved. It
is clear that there must be other nuclear
reaction paths of high cross-section and
that these will only be discovered by a
careful search for products on the surface
and in the bulk of the electrodes (as well
as in the solution and gas spaces).
Experiments of this type will require
electrode preparation under very clean
conditions and analyses using XPS, Auger
and high mass resolution SIMS
measurements C47> as well as other high
resolution mass spectroscopy. We arrive
at the final conundrum: such experiments
are essential to complete the description
of the orocesses and are rightly

(¢8) requested. However, while these
experiments are certainly feasible they
cannot be initiated, let alone completed,
with present day funding levels and
funding policies.

It 

Conclusion 

is hardly possible 

Bulk, 
Surface, 
Special 

sites 

that the 

Theory: coherent phenomena 

Table I. The various phenomena which have been reported 
so far in the course of this research. 
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repeated observation of such a wide range 
of disparate phenomena can be explained 
away by the operation of a whole set of 
different systematic errors nor that we 
have been attending a seance of true 
believers. 

References 

[l] G. H. Miley: this meeting.
[2] D. Worledge: this meeting.
[3] M. Fleischmann, S. Pons, and M.

Hawkins, J. Electroanal Chem. 261
(1989).

[4] M. Fleischmann, S. Pons, and M. 
Hawkins, J. Electroanal Chem. 
263(1989) 187. 

[5] M. L. Oliphant, P. Harteck, and Lord
Rutherford, Nature 133 (1934) 413.

[6] P. I. Dee, Nature 133 (1934) 564.
(7) P. I. Dee, Proc. Roy. Soc. A 148

(1935) 623.
[ 8) R. J. Beuhler, G. Friedlander and L.

Friedman, Phys. Rev. Lett., 63 
(1989) 1292. 

[9] E.G. Pollard and W.L. Davidson, 
"Applied Nuclear Physics," John 
Wileyand Sons, New York, 1942. 

[10) W.B. Ard, M.L. Becker, R.A. Dandl, 
H.O. Eason, A.G. England and R.J. 
Kerr, Phys. Rev. Lett., 10 (1963) 87. 

[11) M. Fleischmann and S. Pons,
Proceedings of the Joint N. S. F. 
E. P.R. I. Meeting, Washington, D. C., 
November, 1989. 

[12] F. A. Lewis, "The Palladium Hydrogen
System, Academic press, London, 1967.

[13] B. Dandapani and M. Fleischmann, J.
Electroanal. Chem. 39 (1972) 323.

[14] R. Adzic, D. Gervasie, I. Bae, B.
Cahan and E.B. Yeager: this meeting.

[ 15 J M. Fleischmann and S . Pons , to be 
published. 

(16] See the Rand Corporation Reports. 
[17] J. Voelkl and G. Alefeld, Eds., 

"Hydrogen and Metals", vol. 2, in 
"Topics in Applied Physics", vol. 29, 
Springer Verlag, Berlin,(1978), 
chapter 12. 

(18) D. Lindley, Nature, 344 (1990) 375.
Dr. Lindley does not phrase his
comments in this way but this is what
he implies.

[19) G. Preparata, Phys. Rev., A38 (1988) 
233. 

[20] E. Del Giudice, G. Preparata and G.
Vitiello, Phys. Rev. Lett., 61
(1988)1085.

349 

(21) G. Preparata, "Quantum Field Theory
of Superradiance" in "Problems of 
Fundamental Modern Physics," R. 
Cherubini, P. Dal Piaz and B. 
Minetti, Eds., World Scientific Press 
(1990). 

[22] S. Jones, E. Palmer, J. Czior, D.
Decker, G. Jensen, J. Thorne, S.
Taylor and J. Rafelski, Nature 338 
(1989) 737. 

[23) This has been repeatedly reported in 
lectures given by us subsequent to 
our first announcement. 

[24] First reported by S. Pons at the
175th Meeting of the Electrochemical
Society, Los Angeles, CA, May (1989).

[25] N. J. C. Packham, K. L. Wolf, J. C.
Wass, R. C. Kainthla, and J. O'M.
Bockris, J. Electroanal. Chem.
270(1989) 451.

[26] S. Pons: this meeting.
[27) R. A. Oriani, J. C. Nelson, S. K.

Lee, and J. H. Broadhurst, 176th 
Meeting of the Electrochemical 
Society, Hollywood, FL USA October 
(1989), and submitted to Nature. 

(28) M. Fleischmann, S. Pons, M. Anderson,
L. J. Li, and M. Hawkins , J . 
Electroanal. Chem., in the press.

(29) S. Pons and M. Fleischmann, J. Fusion
Technology, in the press.

[30] R. C. Kainthla, M. Sklarczyk, L.
Kaba, G. H. Lin, 0. Velev, N. J. C.
Packham, J. C. Wass and J. O'M.
Bockris, Inst. J. Hydrogen Energy 14
(1989) 771.

[31) P.K. Iyengar and M. Srinivasan: this 
meeting. 

[32) J. O'M .. Bockris, G.H. Liu and N.J.C. 
Packham: this meeting. 

[33] E. Storms and C. Talcott: this 
meeting.

[34] M. Srinivasan, A. Shyam, S.B. 
Degwekar and L.V. Kulkavui: this 
meeting. 

[35] H.0. Menlove: this meeting.
[36] N. Wada and K. Nishizawa, Japanese J.

of Appl. Phys., 28(1989)665.
[37] B. Bergerson: this meeting.
[38] M.C.H. McKubre, R.C. Rocha-Filho, S.

Smedley, F. Tanzella, B. Chexal, T.
Passell and J. Santucci: this 
meeting. 

[39] G.C. Chambers, G. Hubler and K. 
Grabowski: this meeting. 

[40] J. Schwinger: this meeting.
[41] G. Preparata: this meeting.
[42) P.L. Hagelstein: this meeting.



(43] S.R. Chubb and T.A. Chubb: this 
meeting. 

[44] R.T. Bush: this meeting.
[45] C.D. Scott, J.E. Mrochek, M. Petek,

T.C. Scott, G.E. Michaels and E.
Newman: this meeting. 

[46] R.W. Bass: this meeting. 
[47] D.R. Rolison, W.E. O'Grady, R.J. 

Doyle, and P. P. Trzasko: this 
meeting. 

[48] Cold Fusion Research, A Report of the
Energy Research Advisory Board to the
United States Department of Energy,
DOE/S-0073, November, 1989.

350 


	I1 000
	I1 001
	I1 002
	I1 003
	I1 004
	I1 005
	I1 006
	I1 007
	I1 008
	I1 009
	I1 010
	I1 011
	I1 012
	I1 013
	I1 014
	I1 015
	I1 016
	I1 017
	I1 018
	I1 019
	I1 020
	I1 021
	I1 022
	I1 023
	I1 024
	I1 025
	I1 026
	I1 027
	I1 028
	I1 029
	I1 030
	I1 031
	I1 032
	I1 033
	I1 034
	I1 035
	I1 036
	I1 037
	I1 038
	I1 039
	I1 040
	I1 041
	I1 042
	I1 043
	I1 044
	I1 045
	I1 046
	I1 047
	I1 048
	I1 049
	I1 050
	I1 051
	I1 052
	I1 053
	I1 054
	I1 055
	I1 056
	I1 057
	I1 058
	I1 059
	I1 060
	I1 061
	I1 062
	I1 063
	I1 064
	I1 065
	I1 066
	I1 067
	I1 068
	I1 069
	I1 070
	I1 071
	I1 072
	I1 073
	I1 074
	I1 075
	I1 076
	I1 077
	I1 078
	I1 079
	I1 080
	I1 081
	I1 082
	I1 083
	I1 084
	I1 085
	I1 086
	I1 087
	I1 088
	I1 089
	I1 090
	I1 091
	I1 092
	I1 093
	I1 094
	I1 095
	I1 096
	I1 097
	I1 098
	I1 099
	I1 100
	I1 101
	I1 102
	I1 103
	I1 104
	I1 105
	I1 106
	I1 107
	I1 108
	I1 109
	I1 110
	I1 111
	I1 112
	I1 113
	I1 114
	I1 115
	I1 116
	I1 117
	I1 118
	I1 119
	I1 120
	I1 121
	I1 122
	I1 123
	I1 124
	I1 125
	I1 126
	I1 127
	I1 128
	I1 129
	I1 130
	I1 131
	I1 132
	I1 133
	I1 134
	I1 135
	I1 136
	I1 137
	I1 138
	I1 139
	I1 140
	I1 141
	I1 142
	I1 143
	I1 144
	I1 145
	I1 146
	I1 147
	I1 148
	I1 149
	I1 150
	I1 151
	I1 152
	I1 153
	I1 154
	I1 155
	I1 156
	I1 157
	I1 158
	I1 159
	I1 160
	I1 161
	I1 162
	I1 163
	I1 164
	I1 165
	I1 166
	I1 167
	I1 168
	I1 169
	I1 170
	I1 171
	I1 172
	I1 173
	I1 174
	I1 175
	I1 176
	I1 177
	I1 178
	I1 179
	I1 180
	I1 181
	I1 182
	I1 183
	I1 184
	I1 185
	I1 186
	I1 187
	I1 188
	I1 189
	I1 190
	I1 191
	I1 192
	I1 193
	I1 194
	I1 195
	I1 196
	I1 197
	I1 198
	I1 199
	I1 200
	I1 201
	I1 202
	I1 203
	I1 204
	I1 205
	I1 206
	I1 207
	I1 208
	I1 209
	I1 210
	I1 211
	I1 212
	I1 213
	I1 214
	I1 215
	I1 216
	I1 217
	I1 218
	I1 219
	I1 220
	I1 221
	I1 222
	I1 223
	I1 224
	I1 225
	I1 226
	I1 227
	I1 228
	I1 229
	I1 230
	I1 231
	I1 232
	I1 233
	I1 234
	I1 235
	I1 236
	I1 237
	I1 238
	I1 239
	I1 240
	I1 241
	I1 242
	I1 243
	I1 244
	I1 245
	I1 246
	I1 247
	I1 248
	I1 249
	I1 250
	I1 251
	I1 252
	I1 253
	I1 254
	I1 255
	I1 256
	I1 257
	I1 258
	I1 259
	I1 260
	I1 261
	I1 262
	I1 263
	I1 264
	I1 265
	I1 266
	I1 267
	I1 268
	I1 269
	I1 270
	I1 271
	I1 272
	I1 273
	I1 274
	I1 275
	I1 276
	I1 277
	I1 278
	I1 279
	I1 280
	I1 281
	I1 282
	I1 283
	I1 284
	I1 285
	I1 286
	I1 287
	I1 288
	I1 289
	I1 290
	I1 291
	I1 292
	I1 293
	I1 294
	I1 295
	I1 296
	I1 297
	I1 298
	I1 299
	I1 300
	I1 301
	I1 302
	I1 303
	I1 304
	I1 305
	I1 306
	I1 307
	I1 308
	I1 309
	I1 310
	I1 311
	I1 312
	I1 313
	I1 314
	I1 315
	I1 316
	I1 317
	I1 318
	I1 319
	I1 320
	I1 321
	I1 322
	I1 323
	I1 324
	I1 325
	I1 326
	I1 327
	I1 328
	I1 329
	I1 330
	I1 331
	I1 332
	I1 333
	I1 334
	I1 335
	I1 336
	I1 337
	I1 338
	I1 339
	I1 340
	I1 341
	I1 342
	I1 343
	I1 344
	I1 345
	I1 346
	I1 347
	I1 348
	I1 349
	I1 350
	I1 351
	I1 352
	I1 353
	I1 354
	I1 355
	I1 356
	I1 357
	I1 358
	I1 359
	I1 360
	I1 361
	I1 362
	I1 363
	I1 364
	I1 365
	I1 366
	I1 367
	I1 368
	I1 369



