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Abstract 

A wide range of experimental results are analyzed in an attempt to find empirical 
rules for the features of calorimetric experiments that are correlated to the appearance of 
excess power. In addition to the D/Pd loading, other criteria of importance appear to be: 
the cathode current and temperature, an initiation process of unknown origin, and a 
periodic variation of the Pd cathode resistance. This last feature has been interpreted here 
as arising from a periodic fluctuation of the average cathode D/Pd loading, resulting from 
a bi-directional flux of deuterons across the cathode/electrolyte interface. 

Introduction 

Work has been undertaken to test the hypothesis that there is an unexpected and 
unexplained source of heat in the D/Pd system, which may be observed when deuterium 
is loaded electrochemically into the palladium lattice, to a sufficient degree. The 
experiments undertaken fall into two categories: 

a) Loading studies in which the means of achieving high D/Pd ratios by 
electrochemical loading, are studied. The principle methods used are measurements of 
the resistance ratio 1-3 to determine the extent of loading; interfacial impedance 
techniques2-7 are used to interrogate the mechanisms and kinetics of electrochemical 
deuterium atom absorption into palladium. 

b) Calorimetry studies. A variety of calorimetric methods have been 
employed with thermodynamically closed and open electrochemical cells, to determine 
the rate and extent of "excess" heat production. 

The results of these experiments have shown 7-12 excess heat and excess 
temperatures in mass flow and heat flow calorimeters, of more than one design and 
operating principle. The extent of this excess heat is not consistent with the known 
chemistry of the system components, and is not consistent with any artifact that we have 
considered. 

The experiments have shown that obtaining a high loading (D/Pd � 0.85) is a 
necessary condition for excess heat production, but is by no means sufficient. Other 
criteria of importance appear to be: 

a) Current. The electrochemical current or current density which appears 
also to have a minimum threshold value which is somewhat more variable than that for 
loading. 
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b) Temperature. The cathode temperature appears to play an important role 
in the intensity of excess heat production. Considerable discussion has occurred on the 
possibility that the mechanism which gives rise to excess heat, whatever it may be, yield 
a larger effect at higher temperatures; that is, the phenomenon exhibits positive 
feedback.12-15 

c) Initiation. For Pd cathodes of large dimension (diameter or widtha� 1mm), 
it is necessary not only to attain high loading, but to maintain this loading at large 
interfacial currents, for appreciable periods of time (typically>> 200 hours). These times 
are substantially greater than those needed for the diffusional transport of hydrogen 
isotopes, and may be associated with the motion of minority and impurity light atom such 
as Li, Be, B or C or formation of Si or Al surface films. 

d) Deuteron Flux. We have observed, a correlation between the rate of 
excess heat production ("excess power") and the appearance of oscillations in the Pd 
(cathode) resistance. If we interpret this change in resistance as the change of average 
cathode loading (at constant temperature), then an oscillating deuteron flux through the 
interface is implicated. 

These results permit us to propose a second hypothesis, that the excess heat 
originates from an unexpected and unexplained nuclear process. During the past two 
years we have attempted to establish a quantitative and/or temporal correlation between 
the rate of production of excess heat and potential products of nuclear reactions with the 
lattice. Experiments have been performed to search for y- and x-rays using a germanium 
detector, for x-rays using a 2n: geometry 4-wire proportional counter, for tritium using 
liquid scintillation methods, and for gas phase 3He and 4He using mass spectrometry. As 
a result of these measurements we are not (presently) able to confirm the existence of a 
nuclear process correlated to the production of excess heat.16 The different systems: 
nuclear, electrochemical and calorimetric, have been difficult to optimize jointly, and it 
has been difficult to search for more than one potential nuclear products per calorimeter. 
However, in the search for nuclear products quantitatively correlated to the heat 
production we can rule out energetic products, such as neutrons, y-rays, tritium, or any
radioactive isotopes. We cannot rule out stable products such as helium (in either 
isotopic form) or stable isotopes as might be produced by neutron capture, for example on 
Li, B, Si or Pd. 

Experimental 

The results which follow were obtained in a mass flow calorimeter, the design and 
features of which have been described elsewhere. 8- 12 Briefly, the operating principles of 
this calorimeter are: 

a) Proper and accurate integration of all heat flow, independent of source 
position within the calorimeter. 

b) Thermodynamically closed electrochemical cell, using a supported 
platinum recombiner catalyst, to better define the expected power output. 

c) Redundant measurement of all variables critical to the calorimetric 
determination of heat. 
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d) Operation under near steady-state conditions with constant input power, 
mass flow rate and input temperature. 

e) Simple non steady-state analysis with single time-constant transient, 
correction (where needed). 

The equations which govern the steady state performance of the calorimeter are: 

Input Power: 

where I is the current and V the voltage measured at the calorimeter boundary, and 
subscripts e and h refer to the electrochemical power and compensating heater power 
inputs respectively. K is the constant power setpoint of the calorimeter, which may be 
varied. 

[l] 

Output Power: 
om

Pouta= (- Cp + k) (Tout - Tin)
ot 

[2] 

where om/ot and Cp are the mass flow rate and heat capacity of the calorimeter fluid 
(both constant), k' accounts for the conductive loss of heat from the nearly adiabatic 
calorimeter enclosure ( typically k' ::::: 1 % ) and Tin and Tout are the inlet at outlet 
temperatures of the calorimeter fluid. These temperatures are measured by two 100 Q 
platinum resistance temperature devices (RTD's) at the inlet, and two (or more) at the 
outlet, providing at last two independent pairs of measurements. 

Excess Power: Pxs = Pout - Pin [3] 

Referring to equations [ 1] - [3], for Pin= Kand Pxs = 0, with om/ot, Cp, k' and Tin 
constant ( as is normal in calorimeter operation), we expect Tout also to be constant. The 
first indication of the presence of an unaccounted heat source within the calorimeter 
volume is, therefore, the observation of an increase in the outlet temperature. 

Obviously, Pxs may have either sign, but it is observed, in practice, in the steady 
state, to be either zero (the expected thermal balance) or positive (the "excess power" of 
which examples are plotted in the accompanying graphs). 

Results 

Figure 1 shows the typical response of excess power, when it is present. Results 
are shown from two experiments connected electrically to the same constant current 
supply and monitored in a multiplexed fashion by the same digital multimeters and 
microcomputer. The graph shows excess power in watts for experiment P 13 
(3mm 0 x 3 cm Pd cathode in 1.0M LiOH), and P 14 (identical cathode in 1.0M LiOD). 
Also shown is the (common) cathodic current density in A cm-2 as these cathode were 
exercised simultaneously through a sequence of four slow current ramps. For the heavy 
water cell (P14) the excess power remains sensibly zero until a cathodic current density 
of~ 250 mA cm-2 ( ~ 0.75A) is reached during the second current ramp. For the light 
water cell (Pl3) the calorimeter remains in thermal balance within the calibration 
accuracy, Pxs = 0 ± 50 mW, at all currents. 
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Figure 1 P13 and P14 Excess Power and Current Density versus Time 
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The results shown in Figure 1 are instructive in that they exhibit clearly some of 
the features of our excess power observations: 

a) Initiation. The ramp sequence shown in Figure 1 was the third such 
sequence attempted for Pl 4. Previous ramps resulted in similar loadings (D/Pd"" 0.95), 
but no thermal anomaly. Only after - 480 hours of electrolysis was excess power 
produced. 

b) Loading. During the course of the current ramps in Figure 1, the loading 
of cathode P14 reached a level of D/Pd ""0.95. For P13, the cathode achieved a higher 
loading of H/Pd ""0.97, but no excess power was observed. Excess power appears to be a 
feature of high deuterium loading in palladium, but not of high hydrogen loading. 

c) Current. The excess power in P14 is zero below some critical current 
threshold, and increases approximately linearly with current (or current density) above 
this threshold value. 

To further expand on point "c", Figure 2a plots measured excess power versus 
current for a number of different cathodes. The series P12-P15 all were performed with 
3mm diameter x 3 cm long cathodes machined from 1/8" Engelhard stock (designated as 
Engelhard #1). Experiments Cl and M4 will be discussed more fully in the following 
section (and have been described previously).9, 17 Both were performed with 1mm 
diameter Johnson Matthey wire cathodes: C 1 30 cm long and M4 10 cm long. The 
electrolytes in each case were I.OM LiOD except for P13 which was I.OM LiOH. 

In Figure 2a the linear behavior of excess power with cell current is clearly 
evident, above some threshold value, and up to some limiting value. There is, however, 
considerable variability in the threshold value, I0

, and in the slope, 8P xsl8I. A number of 
lines are drawn on the data in Figure 2a. These reflect regression fits to sections of each 
data set in which the response is essentially linear. For P12 and P14, two lines are drawn 
with common threshold, I0

, for each data set, reflecting an apparent step decrease in the 
slope, at high currents ( or at longer time). The initial slope for P 12 is very similar to that 
for P15; the final slope for P12 is very similar to the initial slope for Pl 4. Although very 
different in cathode geometry, the final slope for P 14 is very similar to the initial slope 
for Cl. The slopes for the two Johnson Matthey 1mm wires (Cl and M4) are very 
similar to each other, but less than those for the 3mm Engelhard cathodes. 

While the behavior shown in Figure 2a is to some degree, systematic, we do not 
understand what phenomenon gives rise to this response. Instead of current, the critical 
parameter might be current density, which will be different for the "P", "C" and "M" 
cathodes. Notice, however, that if the phenomenon which gives rise to Pxs also is 
proportional to cathode area, then the data form shown in Figure 2a remains unchanged. 

Figure 2b plots the same data as in 2a, but with interfacial current density as the 
independent variable. This changes the relationships between the data sets very little. 
One significant difference is that, the response of Cl more closely resembles that for P12 
when excess power is plotted versus current density, rather than M4, when plotted versus 
current. 

5 



Cb 
o EP 

0.5 1.0 1.5 2.0 2.5 3.0 

Current (A) 

Figure 2a Excess Power versus Current 

6 



� 
� 

� 

! 

! � 

• 
,_ • 

� 0.3 + 

! 0.2 

0.7 
i! 

I 
0.6 f 

i 
]"
:
! 
: 

/ 

/
X 

!}
PxsP12 f 0--PxsP12 ;i 

- - - -PxsP13 J--PxsP14 ff 
os l--PxsP14 f 

·' --PxsP15 /~~~~~,Pxs C1 ,_,_,_,_Pxs C1 
f
f·~~~~�Pxs C1---PxsM4

o PxsP12 x 

PxsP13 
:·
· 
_/
;PxsP14

PxsP15 • fPxs Cl x 

.J.. .. PxsM4 J 

f 
f 

/ .-�, 
f 

0 "�;i��.i!��u�h4""Tf•,-, 

f□ ff 

Do 

66 

!
!• l ,_: 1 

� 0.4' . x'-' ' ! 6 
� i □ 

•

j ;") 
+ 

: 

I
i 

•! I"\! 
! ,,; 

i
i 

0.1 K 

l!! 
l 
!
l

0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Interfacial Current Density (A/cm2
) 

Figure 2b Excess Power versus Cathodic Current Density 

7 

0.7 



5.9 

7.7 
3.3 

Because of the large area of the cathode C 1, with the chosen graphing limits, 
more data are included in Figure 2b than in 2a. This reveals not two regions, but three 
regions, apparently with a common current threshold, but differing slopes. Three lines 
are drawn with common origin, which highlight approximately linear regions, with slope 
decreasing with increasing current (current density or time). 

The data in Figures 2a and 2b show some scatter and these figures appear 
complex. In part this is due to the very large amount of data presented, nearly 21,000 
data points; over 1,600 hours of continuous data recording, or 67 days. An attempt is 
made to summarize the linear responses of these experiments in Table 1. 

Table 1 

Current Current Density
jOCathode Io 8Pxsf8I 8Px5/0i

Experiment Area ( cm2) Region (A) (A cm-2) 

P12 2.83 Low 0.30 

P13 2.83 
High 

7.8 

0.0 

0.11 2.7 
2.1 
0.0 

P14 2.83 Low 0.8 4.5 0.28 1.6 

P15 2.83 
High
Low 0.45 

Cl 9.42 Low 0.75 

3.1 

31 

1.1 
0.16 
0.08 

2.7 

1.7Middle 16 
High 13 1.4 

M4 3.14 Low 1.40 1.5 0.45 0.49 

The functionality of excess power with loading is more difficult to assess, as we 
have very little control over the loading, in the high loading state. Figure 3 shows the 
results of experiment Cl, employing a 1mm x 30 cm Pd wire in I.OM LiOD. The excess 
power appears to increase, in a non-linear manner, with D/Pd loading above a threshold 
value of D/Pd ~ 0.83 to 0.85. Unfortunately, the data have insufficient precision to 
characterize uniquely the dependence of Pxs on loading. In Figure 3, three regression 
curves are drawn through the data: 

a) An asymptotic dependence which might be expected if excess power were 
related to the deuterium activity. 

For x > x0
: Pxs ~ (x - x0)/(l-x); where x0 = 0.85. 

b) An exponential dependence presuming that excess power is caused by 
populating a state or phase of high energy. 

For x > x0
: Pxs ~ exp [x - x0

] - l; where x0 = 0.85 
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c) A parabolic dependence which might originate from a number of 
processes, one of which is discussed in the following section. 

For x > x0 : Pxs - (x - x0)2 ; where x0 = 0.84 

In the subsequent discussion, excess power data from electrodes of varying 
dimension are normalized by the volume of the Pd cathode. We have not yet 
demonstrated, however, that the phenomenon scales in this way. 

Discussion 

Although the form of the dependence of excess power on D/Pd loading is not 
accurately defined, it appears from the data in Figure 3 and from data of numerous other 
experiments3 , l6,17 including those of other researchers l8 ,19 that there exists a threshold in 
average loading, below which excess power is not observed. At least one of the theories 
that have been developed to explain excess heat generation in metal-deuteride lattices, 
predicts such a threshold effect. 

The model proposed by Hagelstein20 postulates that a phonon laser operates to 
initiate solid state neutron transfer, and to couple the nuclear energy produced, to the 
lattice, as heat. The details of this model are presented in Reference 20 and in preceding 
papers cited therein. This model makes two predictions that are relevant in the 
discussion: 

a) No excess power will be observed at deuterium loadings below that 
at which the partial molar enthalpy change for desorption becomes 
exothermic. 

b) The rate of excess heat release (excess power) will increase with the 
desorption flux. 

The first (threshold) criterion establishes the point at which a phonon laser may 
begin to operate. In a previous paper21 we have attempted to define the position of this 
loading threshold based on literature data for the Pd-D system. By extrapolating the 
literature data at lower loadings, we estimate that the threshold value for the exothermic 
desorption of deuterium from palladium to be 0.83 � x0 

� 0.85, a value closely in accord 
with our observed value of x0 as a threshold for excess power production. 

The second (flux) criterion is associated with the rate of phonon excitation. This 
flux can be measured as the rate of change of the average loading; in the Hagelstein 
model only the desorption flux plays a role. 

Taking together our empirical observation and the predictions of the Hagelstein 
theory, we can propose a simplified predictive function for Pxs, and test this against the 
experimentally derived time series data. Understanding that considerable simplification 
is involved, we have constructed a test function for Pxs which is a simple combination of 
the known or expected variables. 
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Pxs,test = M (i - 1a°) (x - x0)2 18x/8tl [4] 

where: M is a proportionality constant, which may include other variables such as 
cathode area volume and the effects of temperature; i0 and x0 are threshold values to be 
determined, and 8x/ 8t is the measure of the net rate of adsorption and desorption of 
deuterons through the cathode/electrolyte interface. The term 18x/8tl assumes the 
importance of flux to be independent of sign, and gives no weight to a steady state flux. 

This test was first applied to the results of an experiment performed in August 
1 994, experiment M4, employing a 1 mm dia., 10  cm long Pd cathode. The palladium 
was obtained from Johnson Matthey, and was formed into the shape of a horizontal 
"lasso", and annealed by using published procedures.a11 The electrolyte was l .0M Li OD 
containing 200 ppm Al at the outset. Sufficient Cu was added, dissolved in LiOD, 
156 hours before the data shown in Figure 4 to make the concentration ~ 3 ppm in the 
electrolyte. 

Figure 4a shows, initially, the normal response of a cell producing excess power: 
Pxs rising with increasing current density and loading above threshold values. After~ 2 
days, however, the response of P xs at constant current density and (generally) decreasing 
loading, is unexpectedly dynamic. Furthermore excess power was observed in this cell at 
an unusually low maximum loading (D/Pd::::: 0.88). 

Examining closely the loading plotted in Figure 4a we see that this too is 
unexpectedly dynamic. For the first and last 24 hours shown, the amplitude of the 
variation in x is small, in the period around 608 h intermediate, but for the rest of the time 
the average loading shows a significant variation about the mean, with standard deviation 

~ ± 0.002. These periods of greater dynamism in x correlate with those for which 
Pxs> 0. 

Figure 4b shows, in detail, the period of transition between low and modest excess 
power after 608 hours of electrolysis. While the frequency of the oscillation in loading 
does not change significantly, during the time of increasing Pxs (at t > 620h), the 
amplitude of this oscillation increases by a factor of 3 or more. When converted to a flux 
the rate of change of net loading could be accommodated by an adsorption and desorption 
current density, of~ 0.a1 - 1 mA cm-2. 

Figure 5 shows the test function defined by equation [4], compared with the 
measured excess power. Two functions are tested. In Figure Sa, the full function is 
tested with values of x0 and i0 determined by maximizing the correlation between the test 
and observed excess power functions. For the two data sets in Figure Sa, the correlation 
coefficient r = 0.854 with x0 = 0.832 and i0 = 400 mA cm-2 (= 1 .26 A). In Figure 5b, we 
apply the same test, with the same threshold values, but without the variable lox/otl, to 
test the importance of the flux variable. For this case, the correlation coefficient 
r = 0.696. 

A value of 0.854 for the functions plotted in Figure Sa indicates that~ 73% of the 
excess power is related linearly to our test function. Other variables may be involved (the 
test function is not complete) or the coefficients may not be precisely right or the 
component variables strictly independent (the test function is not completely correct); this 
is nevertheless a remarkable degree of correlation when the approximations and 
implications involved in generating the test function are considered. 
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A factor not taken into account in the simple correlation function is the possibility 
of temporal displacement between the two data sets. If one imagines that the test function 
is a generating function and the measured excess power is the response (that our test 
function is causal) then one might expect Pxs(t) to be delayed with respect to Pxs.test(t),
and to have large amplitude (high frequency) features somewhat smoothed. Close 
inspection of Figure 5a reveals that this may indeed be the case. An analysis of the cross 
correlation function will be presented elsewhere, together with a more rigorous
description of the treatment of the variable lox/8tl. However, the relatively poor 
correlation of the functions plotted in Figure 5b suggest that the variable lox/8tl, is 
strongly associated with the production of apparent excess power. 

Important questions are raised by the success of our test function: 

a) how generally applicable is this function? 

b) is the function predictive or responsive to other (possibly hidden) 
variables? 

c) can the function be used to explain the appearance of excess power 
in some experiments and its non-appearance in others? 

d) can the function variables be used to induce controllable excess 
power? 

e) what can this function teach us about the phenomenon under test? 

On the question of general applicability, we are limited in our choice of 
comparative experiments. It would be desirable to select reference experiments having 
the same cathode geometry and dimension as the M4 cathode. Very few of our 
experiments have been performed with 1 mm wires, and none, previously, with the 
"lasso" geometry employed in M4. In practice, we are more constrained in our choice by 
the need for high data quality in resistance measurements, so that random measurement 
errors are not introduced into the values of ox/ot. Simply because the signal-to-noise 
ratio for 1 mm wires is better than the 3 or 4 mm diameter wires more typically (and 
successfully) employed, we are reduced in our selection of comparative experiments to 
one only: Cl. 

Experiment Cl has been described previously.9 Figure 6a presents the loading 
and current density data for the first current ramp of C 1 .  As for M4, the loading inferred 
from the measured resistance initially shows little perturbation, first decreasing with time 
at low current density, then increasing with the current ramp. Some time after initiation 
of the current ramp, an oscillation appears in x, which builds in amplitude. Figure 6b 
shows a 24 hour detail in the vicinity of 444 h. While generally increasing with 
increasing current density, before 442 h the loading shows small fluctuation. After 

~ 442h the loading exhibits a superimposed somewhat sinusoidal oscillation of period 
~2h, as seen for M4. Perhaps significantly, the rate of increase in loading with increasing 
current density decreases at this point, suggesting the initiation of a transient de-loading 
(desorption) process, superimposed on the steady state loading. 
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Figure 7 shows the excess power measured during C l ;  ramp 1, compared to the 
test function employed previously for the M4 data (Figure 5). In this case, the value of x0 

was chosen to be the same as previously used for the M4 data (0.832); this value is also 
consistent with the number found by direct regression of Pxs vs. (x - x0)2. The maximum 
correlation is, however, found with a significantly lower current density threshold for Cl 
(0.a1 A cm-2) than for M4 (0.4 A cm-2). Perhaps significantly, however, the threshold 
current, I0

, for the two experiments are not markedly different: for M4, 1° ::::: 1.26 A; for 
Cl, 1° ::::: 0.95 A. For the two data sets shown in Figure 7, the correlation coefficient 
r = 0.94, with x0 = 0.832 and i0 = 0.a100 A cm-2. This correlation suggests that 88% of 
the function Pxs.test(t) is reflected linearly in Px5(t). 

An important question is whether, or not, the empirical fitting function can be used 
to predict the occurrence of excess power in some experiments, and explain the absence of 
observable heat, in others. To this end, it is, or will be, critical to understand the causes and 
consequences of the variable which we have represented as ox/ot. 

In an attempt to understand the phenomenology of the temporal variations in ox/ot, a 
Fourier transform analysis has been performed of the M4 data presented in Figure 4a(x). A 
sequence of FFT's were calculated for successive intervals of 132 points (= 131 x 4 minutes 
or 8.7 hours) in the data range 464a:::; t :::;  686 hours. Figure 8 shows an eleven point average 
of every tenth spectrum thus calculated, as a function of the time of electrolysis. This graph 
indicates the presence of a periodic function, with fundamental frequency ~ 0.5 cycles per 
hour and with considerable harmonic structure. The amplitude of this periodic variation in x 
varies appreciably with electrolysis time, t, although the percentage and character of the 
harmonic distortion remains rather constant. 

The three dimensional representation in Figure 8 makes it somewhat difficult to 
interpret quantitatively, and to compare to the time series data (e.g. Figure 4). Figure 9 
plots the average amplitude of the frequency domain perturbation assessed in the following 
intervals: 

1. 0. 18 :::; f :::;  0.8 cph
2. 1.3 :::; f :::;  1.9 cph
3. 2.5 :::; f :::;  3.a1 cph
4. 3.7 :::; f :::;  4.3 cph 

Figure 9 shows the temporal (as well as harmonic) structure of the modulation, in 
particular, a maximum is observed in the perturbation at ~ 500 h, a minimum at ~ 600 h, 
and an abrupt termination at ~ 670 h. When present, the modulation takes the form, 

hmax 
x = l x l  I: Ah Sin (27thf + eh) [5]

h = l  

where h is the harmonic number and f the fundamental frequency. No information is 
conveyed about the relative phase relationships (0h) , but the relative amplitudes can be 
described approximately as 

Ah = l /(2h- 1) [6] 
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If we assign random values for the phases ( -7t $ 0h $ 1t), then we can calculate a 
single period time-series "snapshot" of the modulation, with the hope that this might 
provide information about the underlying physical process. Figure 10 shows an example 
of this calculation performed with the following parameter values: 

f = 0.9 cph (= 2.5 mHz) 
hmax = 20 (fmax = 0.5 Hz) 
lxl = 0.0 1  

characteristic of the periods exhibiting higher levels of modulation. The heavy line in 
Figure 1 0  referenced to the left abscissa, shows an example of the synthesized waveform 
variation of the average loading, x, about the mean value, x0 for a single cycle, according 
to the parameters and assumptions stated above. 
If, 

i) the observed variation in resistance is due to a change the average 
loading (at constant temperature), and, 

ii) the form of this variation is accurately reflected in equations [5] , [6],
and the assignment of random phases for the harmonic components, 

then we can use the calculated waveforms to access information about the driving force 
for change in average loading, the net absorption and desorption flux of deuterons across 
the cathode/electrolyte interface. Under an imposed cathodic bias, the net adsorption of 
deuterons originates from a ( change in) electrochemical process, and can be quantified as 
a partial current. The thin line in Figure 10 shows the net deuteron absorption, expressed 
as an interfacial partial current density, necessary to yield the calculated average loading 
variation. 

The results of calculation, plotted in Figure 10, reveal an unexpectedly dynamic, 
but physically achievable variation in the electrochemical character of the Pd surface. 
The partial current density associated with adsorption varies by - ± 3 rnA cm-2. This 
number is consistent with mass transport constraints, and represents a very small 
percentage of the overall interfacial current density of 1 A cm-2. Thus the observed 
change in resistance may very well be associated with a fluctuation in average loading; 
the cause of the necessary variation in surface condition which gives rise to a changing 
adsorption partial current, remains unclear. 
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a) 

Conclusions 

We may conclude that the appearance of excess power is controlled by at least 
four variables: 

Initiation; (t > t0) 

While not explicit in equation [4], the appearance of excess power requires an 
initiation process; for M4 as much as 520 hours, for Cl as much as 440 hours. The 
results of this initiation do not affect i or x; and do not obviously affect lox/<>tl or x0

. It 
seems likely that whatever process is involved with initiation, its results are manifest the 
scaling factor, in M (increasing with time), the critical current decreasing with time. 

We have very little information about the mechanism of initiation. Known 
processes which occur in the lattice with comparable time constants are the diffusion of 
light elements, (other than hydrogen isotopes, which diffuse more rapidly), and the 
generation and diffusion of vacancies. Both are consistent with the Hagelstein model in 
that Si is a candidate impurity nucleus for the production of excess heat by a neutron 
transfer reaction, and a high population of vacancies are required for phonon interactions 
to couple energy to and from the lattice. 

b) Current; (I - I0
) = A (i - i0

) .  

The requirement for current in the production of apparent excess power is clear 
and mathematically simple; the reasons for such a requirement are obscure or complex. 
At the most elementary level, on the basis of the experiments we have performed thus far, 
we are not able to distinguish between the effects of cell current, and interf acial current 
density. If the former, then we might focus attention on electromigration effects in 
enhancing local deuteron activity, or, possibly, in inducing phonon excitation. If the 
latter, then attention is drawn to near surface and interfacial electrochemical effects, 
possibly enhancing a transient flux by fluctuating or oscillating surface conditions at high 
current densities. Alternatively, one might consider the appearance or enhancement of a 
steady state flux, associated with surface heterogeneities, in which adjacent zones absorb 
and desorb deuterium. 

The threshold value (whether I0 or i0
) is extremely variable; from experiment-to

experiment, and with time in a single experiment; suggesting that the interaction of 
current with the supposed heat producing process, is oblique or indirect. 

c) Loading; j(x - x0

) .  

In the correlation analysis that we have presented, we have assumed for simplicity 
that excess power is related parabolically to the loading above a loading threshold, x0

. 

From our data it is nor-clear that the relationship is second order: it may be the higher 
order, exponential, asymptotic, or have another undetermined functionality. The 
existence of a threshold value of loading is more clearly evident. As was pointed out by 
Fukai22 and Fleischmann, 14 this threshold value 0.83 ::::; x ::::; 0.85, is very close to the 
loading at which the partial molar enthalpy of adsorption of deuterium into palladium 
changes from being exothermic to endothermic.21 One conjecture, therefore, is that 
subtle effects of chemical potential within the PdDx lattice act as a trigger for excess heat 
production. A more exotic, but more rigorously argued view is that of Hagelstein, in 
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which the transition from the condition of endothermic to exothermic desorption 
(at x > x0) signals the point at which a phonon laser may operate to couple nuclear energy 
from and to the lattice. 

d) Flux; J0 ~ 8x/8t. 

Evidence is presented in this paper of a correlation empirically deduced between 
the rate of excess heat generation ("excess power") and the rate of change of the cathode 
resistance. Such a resistance change is most directly attributable to a change in the 
average cathode loading (8x/8t), or a change in the cathode temperature (8Tc/8t). We 
may therefore interpret our results in one of two ways: a change in average loading at 
constant temperature, signaling the net absorption or desorption of deuterium via a flux of 
deuterons through the interface; or a change of cathode temperature at constant loading, 
due to processes occurring with the PdDx lattice. We have chosen to favor the first 
interpretation as it has at least partial theoretical support in the model of Hagelstein, 20 in 
which the desorption flux (for x > x0) drives a phonon laser coupling energy into a lattice 
induced nuclear process. From our available data, however, we cannot eliminate the 
second possibility in which the observed resistance fluctuations reflect a change in the 
cathode temperature. We expect, and have other evidence to suggest, that the cathode is 
the source of the heat that we measure as excess power. Thus, a rise in cathode 
temperature, correlated with excess power seems necessary and obvious. However, the 
1 mm diameter cathodes in M4 and Cl are coupled thermally very effectively to the 
bathing electrolyte, particularly in the presence of evolving deuterium gas. For the 
resistance fluctuations to originate with changes in the average temperature of the Pd wire 
cathode, requires a roughly sinusoidal temperature oscillation of period ~ 2 hours and 
amplitude 2-4K. This amplitude is at least an order of magnitude larger than that which 
might reasonably be induced by a homogeneous thermal power source of the magnitude 
measured as Pxs in the calorimeter. We cannot, however, rule out the possibility that the 
measured resistance rise is due to a much larger but more localized temperature rise at 
some point or points along the length of the wire cathode, due to a more intense but 
confined excess power source, or small number of sources. 

We have demonstrated a mathematical correlation between excess power and the 
product of three variables: the excess current or current density; the excess loading, 
squared, (x-x0)2; and the rate of change of the Pd cathode resistance. While we have 
demonstrated this correlation only for two experiments, M4 and Cl, we have no reason to 
suppose that this correlation is not general. In one of two possible interpretations we 
have associated the rate of change of resistance with the rate of change of cathode 
deuterium loading, 8x/8t, at constant temperature. 
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