








































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 9 shows the profile of current density for P15 and P16, for an interval of 
time in this joint experiment that lasted at a total 1104 hours. Also shown in Figure 9 is the 
gravimetrically determined calorimeter fluid mass flow rate for both cells. 

In part because of the different electrode pretreatments the response of the loading 
of the two cathodes to the ramped current density differs. Figure 10 shows the resistance 
ratio calculated for P15 (heavy line) and P16 (light line); the dashed line interpolates a 
region where data were not available for Pl 6. It is clear that both electrodes absorbed 
deuterium in response to the current ramp. For P16 the resistance ratio decreased from 

~ 1. 77 (D/Pd ::::: 0. 9) at i = 33 mA cm-2 to a minimum of~ 1.6 (maximum loading D/Pd :::::

0.97) at a current density i::::: 500 mA cm-2. For P15 the resistance ratio was always lower

and decreased in resistance ratio from ~ 1.69 (D/Pd"" 0. 94) to a minimum of~ .555 

(maximum loading D/Pd ""0.99) sustained at higher currents and for longer times than 
P16. Because the temperature of the Pd cathode was unknown, it was not possible to 
completely interpret the measured resistance ratio of P15 in terms of the loading. Excess 
power would increase the temperature and hence the resistance of the Pd cathode, and 
cause an underestimate of the loading. It is important to note that both electrodes initially 
were rather well loaded, and became better loaded with increasing current during the 
current ramp. 

Figure 11 shows the temperatures registered by the inlet sensors of P15. Figure 12 
shows the total measured input power, initially controlled at 10 Wand then stepped to 12 
W as the cell voltage rose at constant cmTent. Also shown is the power in the heater used 
to compensate for changes in the electrochemical input power due to the current ramps or 
temporal drift.Because the temperature of the Pd cathode was unknown, it was not possible 
to completely interpret the measured resistance ratio of P15 in terms of the loading. Excess 
power would increase the temperature and hence the resistance of the Pd cathode, and 
cause an underestimate of the loading. It is important to note that both electrodes initially 
were rather well loaded, and became better loaded with increasing current during the 
current ramp. It is clear from Figures 9, 11 and 12 that, within the interval of time shown, 
the mass flow rate, the inlet temperature and the inlet power for P l  5 all are sensibly 
constant. From inspection of equations [ l ]  - [5] it is clear that, provided that Pu is zero, the 
outlet temperatures also must be constant. 

Figure 13 shows the measured profile of temperature for the two platinum 
resistance sensors in the outlet plenum of the Pl  5 calorimeter. Two thermistors also were 
present in the outlet flow stream. All four sensors record essentially the same profile of 
temperatures, and these were not constant, varying by as much as 0.6°C with a 
measurement accuracy of± 0.001 °C (reduced for the thermistors) and sensitivity of 
0.0001 °C. The thermistors had a better precision but lower accuracy than the RTD's. 
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Figure 10. Resistance ratio for experiments P15 and Pl 6. 
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Figure 11. Temperatures in the inlet plenum for experiment Pl 5. 
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Figure 12. Total power and compensation heater power for experiment Pl 5. 
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Figure 13. Temperatures in the outlet plenum for experiment Pl 5. 
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One interpretation of the observed temperature variation is that there is an unknown 
power source within the calorimeter of an amount that we can quantify using equation [5]. 
Figure 14 shows the "excess power" normalized with respect to the measured 
electrochemical input power Oc * V c) and the controlled total power 0c * V c + lh * Vh). A 
very irregular profile of excess power is seen with a threshold at~ 200 mA cm-2. The high 
frequency fluctuations of period 0.1 - 1 h are present due to inconstant recombiner 
operation. Superimposed on the ramped response to current also are apparently 
spontaneous fluctuations with substantially greater amplitude and period ( ~ 3-6 h) that were 
not correlated to variations in pressure or any other of the measured parameters of the 
system. It is worth noting that during this time interval, and subjected to the same current, 
P16 exhibited no departure from the thermal balance that was detected with the same 
instruments as for P15. 
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Figure 14. Excess power for experiment P15, expressed as a fraction of the 

electrochemical and total power input . 

DISCUSSION AND CONCLUSIONS 

In this paper we have described a calori�etric tool for use in observing th� 
characteristics of unexplained thermal processes m the D/Pd system. �epresentative . examples of results have been given from which a number of observations and conclusions 
may be made. 

We have observed unexplained excess h_eat in palladiu� cathodes w�en a n:uniml!m 
of three criteria were met: an average loading (D/Pd) approaching or exceedmg umty; this 
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high loading was maintained for considerable periods of time (1 0O's of hours for 3 mm 
diameter cathodes); the interfacial current density exceeded a certain critical value. 

With appropriate control of the interfacial conditions it has been shown to be 
possible to load both H and D into Pd to molar ratios of approximately unity. Electrode 
preconditioning apparently plays a significant role in the ability to attain and maintain high 
loading under electrochemical conditions, and the appearance of unaccounted heat in 
deuterium loaded systems. Helium implantation provides a suitable means of swface 
activation to facilitate loading; the presence of helium is not obviously implicated in the 
generation of excess power. 

For the thermodynamically closed and intentionally isothermal systems described 
here, output power was observed to be as much as 28% in excess of the electrochemical 
input power or 24% above the known total input power. When excess power was present, 
it was more typically in the range 5-10%, in a calorimeter that was accurate to± 0.1 %. 

In the examples given the largest observation of excess energy corresponded to 
1.08 MJ, or 45.1 MJ/mole or ~450 eV/atom normalized to the Pd lattice or to the deuterium 
in the palladium at a presumed loading of~ 1. 

The experiments reportted here demonstrate that internal repeatability is possible 
when the three criteria above are achieved. Apparent excess heat was observed under these 
conditions when the current density reached a critical value, and excess heat was not 
observed when the current density was reduced below the critical value. Furthermore, the 
threshold current density appeared to decrease with time, up to the point that, due to 
interfacial or external effects, high values of loading could no longer be attained or 
maintained. 

There appeared also to be some degree of experimental reproducibility between 
cells. Experiments Pl 3-P16 were attempts to replicate P12 with only minor variations in 
electrode and electrolyte treatment. All the heavy water experiments (P14 , Pl 5, P16) 
produced excess heat, reproducing in general form the observation in P12 (excess heat data 
for P16 are not shown here). It is worth noting, however, that excess power in these four 
experiments was JlQ1 produced in exactly the same amounts, or at exactly the same times, in 
response to the same stimuli. However, we could not reproduce exactly the 
electrochemical conditions of cathodic overvoltage, the loading (resistance ratio), and the 
interfacial impedance. Clearly there are issues of interfacial contamination which arise in 
experiments with sustained high current electrolysis, that await resolution. 

Except for times when the calorimeter was caused to depart significantly from its 
steady state condition, and during periodic fluctuations introduced by nonconstant 
recombiner operation, "negative excess" was never observed. In terms of equation [5], Pu 
was observed always to be positive or zero. Always, where significant quantities of H2O 
were used in the electrolyte, Pu was zero. Also, no excess was observed before a critical 
"initiation time", even in cells that subsequently yielded values of Pu> 0. 

As demonstrated in the Pl3/Pl4 and Pl5/Pl6 twin, series experiments, excess 
power was observed asynchronously in series cells. That is, cells subjected to the same 
current from the same source and monitored in a multiplexed manner to the same 
electronics wer.e observed to yield in one cell Pu "" 0 while in the other Pu > 0. It is very 
difficult to attribute such an observation to an artifact of the common instrumentation . 

The association of apparent excess power with a set of necessary conditions for the 
D/Pd system implies a degree of reproducibility. These conditions are not easy to attain, a 
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fact which may explain the irreproducibility of the phenomenon of excess heat. Examined 
separately the three criteria may be taken as normal conditions of reacting systems 
(chemical or nuclear). The criterion of loading is of a thermodynamic driving force; a 
measure of the activity or chemical potential of a possible reactant species. The need to 
maintain loading for considerable periods of time before the onset of excess heat suggests a 
mass transport constraint, possibly involving nucleation and growth of an active region 
within the volume of the bulk Pd lattice. The final requirement of large interfacial current 
density suggests a kinetic criterion. Because of the intimate coupling between electron flux 
and the creation of adsorbed D, and a very facile equilibrium between Dads and Dabs, 
current density can be viewed as the means by which absorbed D are given the energy to 
undergo reaction. 

As a final note, we are unable to account for the observed excess temperature by 
any artifact known to us and are forced to conclude, tentatively, that the source of the 
excess power is a property of the D/Pd system. Further, we cannot account for the 
measured excess heat by any chemical or mechanical process with which we are familiar. 
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WHY GAS LOADING ? 

In March 1989 the results of two experiments (1,2), claiming for nuclear 

reactions taking place, at room temperature, in metal lattices (Pd and Ti) charged 

with deuterium, were presented. In both cases the technique chosen for charging 

the metals with deuterium consisted in using an electrolytic cell, containing 

heavy water, in which the cathodes were made out of Pd or Ti. 

Soon later, in April, the Group led by the writer addressed a very 

straightforward question: if nuclear reactions take place in a metal lattice because 

of the interaction between the deuterium nuclei and the lattice, is electrolysis the 

only route to be followed, in order to produce them? Wouldn't it be possible to 

perform experiments, having the same purpose, by letting the lattice to interact 

with deuterium in the gaseous phase? The question seemed quite appealing, 

mostly for one reason: the physical system consisting in an electrolytic cell is a 

very complicated one, and has to take into account a great number of parameters, 

while the system consisting in a metal and a gas looks much simpler. The latter 

would permit much cleaner experimental conditions, and thus it would be possible 

to analyze more clearly the experiments; it would also favour a higher 

reproducibility, and would enable testing the proposed theories. Experiments 

were performed at the Frascati Laboratory of ENEA following this alternative 

route, using titanium: furthermore, it was decided that, in order to favour nuclear 

reactions, temperature cycles should be performed on the system (from 77 K to 

room temperature). Positive results were obtained, consisting in the detection of 

neutron bursts, and were soon published (3). 

Since then, many laboratories have used this technique, called "gas loading", 

with various success, detecting the emission of neutrons and charged particles and 

the accumulation of tritium in the metal. The basic idea is that the unknown 
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mechanism that produces nuclear reactions in the system is connected to the 

thermodynamic transformations taking place in it, while the temperature of the 

sample, the pressure of the gas, and the related parameters, such as deuterium 

absorption, are changing. 

This is presently one of the most used techniques in Cold Fusion research. 

Many results have been reported also in this Conference, and will be reviewed in 

the following. But, at two and half years from the starting of this experimental 

technique, it is worth to address a question, in the light of the lack of 

reproducibility that still characterizes its results: is the system under study really 

a simple system, as it appeared to be at the beginning? 

The answer to this question is not easy: in a first approximation, it can be 

stated that the system is simple in principle, but that most of the particular 

solutions chosen up to now to study it, including the Frascati experiment of April 

1989, show a very high complexity, that tends to cancel the advantage of this 

"theoretically simple" system. In order to enlighten this concept, I will examine in 

detail the intrinsic complexity of a typical "gas loading" experiment, then I will 

survey the experiments pertaining to this class presented in this Conference, and 

finally I will try to suggest, also in the light of the papers presented here, new 

possible routes, that could help reducing the complexity of the studied system, 

taking thus advantage of the real intrinsic simplicity of the metal-gas system. 

INTRINSIC COMPLEXITY OF A GAS LOADING EXPERIMENT 

I will try to list here (being aware that the list is not exhaustive) the many 

operations on the sample, while performing a gas loading experiment, and the 

relative parameters: in the hypothesis that the studied phenomena are connected 

with thermodynamic transformations (in particular phase transformations) 

taking place within the sample, each of them can influence the outcome of the 

experiment. I choose to refer to the experiment of the Frasca ti Group at the Gran 

Sasso Laboratory of INFN, presented at this Conference. The list is reported in 

Table 1: on the left I described briefly the procedure or the parameter, on the right 

I reported the solution chosen for this experiment. It must be clear that in many 

cases the cho�ce of the procedure or of the particular value for a parameter did not 

follow from a thorough knowledge of the role played by that parameter or that 

procedure in the experiment: it is often suggested only by practice, mostly 

acquired in preceding measurements. Thus, changing that procedure or the value 

446 



Table 1. Complexity in gas loading experiments. The data refer to the paper by De 
Ninno on these Proceedings. 

PROCEDURE/PARAMETER FRASCATI CHOICE 

A. Choice of the sample
1. substance Ti-662 
2. purity 99.6% 
3. impurities ? 

B. Shape and amount of sample
4. shape shavings 
5. size section: 0.05 x 1.00 mm2

6. amount � 120 g 

C. Preparing the sample
7. machine used lathe 
8. cutting tool sharpened at beginning of machining 
9. cooling while cutting flow of pure 4He gas 
10. after cooling sample exposed to air 

D. Cleaning the sample
11. acid etching no 

12. organic solvent no 

E. Pretreatment of the sample
13. cell used stainless steel 
14. vacuum on sample turbomolecular pump, p � 10-6 torr 
15. degassing the sample pumping· at 100°C, 2 hrs 

F. Charging D2 gas (at Gran Sasso
Laboratory)

16. time from step 15 � 18 hrs 
1 7. charging circuit uses a zeolite trap in LN2 in order to 

clean the gas 
18. charging pressure 20 bars 
19. time at room temperature before 2 hrs 

heating

G. Heating sample to favour
absorption

up to � 300°C in 1 hr 20. temperature vs. time
21. control of absorption see Fig.I 
22 restored pressure P = 30 bars 

H. Thermal cycle (repeatable)
�1 hr 22. time to return to room tempera-

ture
23. cooling procedure immersion of the cell in LN2; 3-5 min to 

reach 77 K 
24. warm-up procedure cell immersed in a dewar full ofLN2, in 

the well of the detector; � 24 hrs to 
warm up to room temperature 
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of that parameter would be a proper way to learn about its role: the multiplicity of 

them, however, renders this task quite difficult. 

It is clear, looking at Table 1, that this experiment has quite a number of 

undefined features. Let me try to point out those that seem to be more relevant: 
- Temperature is measured with a thermocouple, within the cell, touching the

upper part of the tangled mass of shavings. Due to the poor heat conductivity of

titanium, the deuterium gas gives a better contribution than the titanium

itself to a uniform distribution of temperature. In spite of this, since non­

equilibrium conditions are purposely searched in the experiment, temperature

gradients and time variations of temperature and of temperature gradients are

likely to be created.

Other parameters that are presumably relevant to the experiment are the Dtri

concentration, its gradient and the time evolution of both, which depend on the

absorption procedure. Tests made on samples used in this type of experiment

have shown the presence of high concentration TiDx, while the average

concentration is usually in the order of a few percent D atoms per Ti atom.

- The treatment of the Ti shavings before putting them in contact with

deuterium is also most probably relevant, including the thermal treatment

produced when making them on the lathe, the successive chemical cleaning,

the degassing, and so on.

To control all these parameters in this kind of experiment is extremely

difficult. Most probably, during one run a great number of different experiments, 

in which each of the relevant parameters has a different value, unknown to us, are 

performed in different sites of the sample. This feature probably increases the 

probability of positive results, but puts a severe limit to the reproducibility of the 

experiment. 

In order to improve reproducibility, a more rational approach to the problem 

is paramount. On one side one should try to better understand the processes that 

take place in a metal (in particular titanium and palladium) when interacting 

with deuterium. The literature is rich, and we had in this Conference a very 

interesting lecture by Professor Schlapbach on this subject. Nevertheless, the 

information available, in particular for titanium, seems to require more 

investigation, in order to gather information useful for cold fusion experiments. 

An extremely inspiring paper has been presented at this Conference by Professor 

Sanchez, in which he showed us a correct route to follow in order to better 

understand the systems on which we are working. 

Another possible approach consists in the search for much better 

characterized systems on which to perform experiments. Many interesting 
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suggestions in this direction have come out in this Conference: I will address this 

subject in the last part of this paper. 

GAS LOADING EXPERIMENTS PRESENTED AT THIS CONFERENCE 

It would be difficult, and at the same time pointless, to review here in detail 

.all the papers referring to gas loading experiments presented at this Conference: 

they are published in these Proceedings. I tried to list them, in Table 2, reporting a 

few descriptive data, and I will propose some comments. 

The first feature that appears is the large number of experiments belonging 

to this general area; at the same time, it has to be noted that there is a great 

variety of particular features, that, with a few exceptions, renders every 

experiment different from the other. The high quality and accuracy of some of 

them has also to be pointed out: in particular, the neutrons' energy measurement 

of Bressani, the time resolution in neutron detection of Menlove and of De Ninno, 

the neutron measurements at Dubna, the tritium measurements of Lanza. 

As far as neutron detection is concerned, it has to be pointed out the 

"dilemma" about whether or not to measure the energy of the emitted neutrons. 

The measurement of the energy, beyond giving an important information on the 

physics of the problem, has the advantage of guaranteeing a better identification 

of the neutron, but requires the accumulation of many data, i.e., long times. The 

choice of privileging the analysis of the time structure of the emission (the 

"bursts"), on the other side, requires the use of a moderator, in order to enable the 

detector to see also neutrons emitted within a very short time interval (µs, ns ?), 

and to increase the overall efficiency of the system; thus, all information about the 

energy of the detected neutrons is lost. The latter, at the same time, has the 

advantage of correlating in real time the neutron emission with the evolution of 

the thermodynamic parameters of the system. Both approaches are important and 

should be followed. It seems to me, to summarize the issue, that the second type of 

approach could be more helpful in the search for a better reproducibility; but there 

is no doubt that, as soon as a more reproducible experiment will be at hand, it will 

be paramount to measure the energy of the emitted neutrons. 

Going back to the problem described in the first part of this paper, the 

complexity shared by most experiments, it has to be noted that, among the papers 

presented at this Conference, many show possible routes to follow in order to 

reduce it. l will try to list them in the following, looking for systems and 

procedures that are likely to be used in gas loading experiments, aiming to a 
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Table 2 - Gas Loading experiments presented at this Conference. 

Author Metal Part. Temp. Notes 

Bressani Ti n Ta-540 energy= 2.5 MeV 

Cecil 1 Ti cp 77-Ta bursts; high DC current in 
sample ( 400 mA) 

Cecil 2 Ti cp Ta glow discharge 

Celani YBCO n 77-Ta su percond ucti ve transition, 
stimulation by n 

Claytor Pd- Si t,n Ta pulsed electric current 

De Ninno Ti n,t 77-Ta low background lab, bursts 

Duan Ti n Ta implantation 

Ikegami 1 Ti n 77-Ta bursts 
(Hitachi) 

Ikegami 2 Pd n Ta electric discharge 
(NIFS) 

Ikegami 3 Pd n Ta oxide/Pd:D/Au 
(NTI') interface,electric current 

Lanza Ti,Zr, t 77-Ta careful control of deuteration 
Hf,Ta 

Lil Pd cp 77-Ta CR-39 used,search of 
(Tsinghua) precursors, E > 5 Me V 

Li 2 Ti n 77-Ta bursts,low background 
(At.En.) laboratory 

Li3 Pd cp Ta CR-39 used,gas discharge 
(various) 

Menlove Ti n 77-Ta low background lab, bursts 

Miley Ti,Pd - Ta proposal:thin films, 
Th,Fe implantation 

Seeliger 1 Ti n 77-Ta correlations,p,dp/dt 

Seeliger 2 Pd n Ta-650 electrolysis-charged 

Tsarev 1 Ti n 77-Ta bursts 
(Dubna) 

Legend. 
PAHT = type of p.irticles detected; n = neutron; cp = charged particles; t = tr1t1um; Ta = ambient 
temperature, Temperatures are expressed 1n K 

Note. In the culumJ) entitled" author" one of the authors, in most cases the speaker, is quoted, and the same name 1s 
used 1n the text when commenting the Table. In the whole paper the references to the presentations appearing 1n 
these Protet>dtl)gs will not be reported: the reader will easily find out the corresponding paper in the Proceedings by 
looking at the alphabette index. 
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Table 2 - Gas Loading experiments presented at this Conference. 

Author Metal Part. Temp. Notes 

Tsarev 2 Pd,Ti n,cp 77-1300 D2 implanted at low T then
(Kharkov) rapid heating 

Tsarev 3 various techniques, 
(various labs) including mechanical 

treatment, discharge 

Wang Pd,T cp 77-Ta CR-39 used 

Will Pd t Ta electric discharge 
Legend. 
PART = type of particles detected; n = neutron; cp = charged particles; t = tritium; T • = ambient 
temperature; Temperatures are expressed in K 

Note. In the column entitled "author" one of the authors. in most cases the speaker. 1s quoted, and the same name 1s 
used in the text when commenting the Table. In the whole paper the references to the presentations appearing in 
these Proceedings will not be reported: the reader will easily find out the corresponding paper in the Proceedings by 
looking at the alphabetic index. 

better reproducibility of the measurements. In particular, the issues at stake are a 

better characterization of the sample, and a better definition of the procedure to 

follow in order to obtain the non-equilibrium conditions necessary for the 

phenomenon to take place. 

A procedure that looks very promising is the D and D2 ion implantation on 

metals, in order to achieve high values for the D-concentration, which can be 

definitely higher than those obtained both with electrolysis and gas loading. 

The damage produced by the implanted ions in the lattice, however, has to be 

taken into account. Also the use of "plasma focus" plants belongs to this 

category. (Tsarev/Kharkov, Srinivasan/BARC ((4),not presented in this 

Conference), Duan, Miley (proposal), De Ninno (proposal)) 

The experiment of the Los Alamos Group (Claytor) with Pd and Si stacks 

pulsed with high electric current represents an interesting compromise 

between electrolysis and gas loading, still keeping the "intrinsic simplicity" of 

a gas-solid system, but at the same time realizing a much simpler system than 

the traditional one described here (Table 1). 

The experiment on Pd films coated with "barrier layers" (lkegami/NTT) shows 

as well a very interesting route to follow, in order to have a well characterized 

system, and investigates one of the possible mechanisms for the nuclear 

reactions to take place. 
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- Also the use of gas discharge, being careful not to produce "hot fusion" events,

is an interesting possibility for cold fusion investigation. (Cecil, Li, Will)

- Finally, referring to the issue of producing well characterized samples, it would

be interesting to realize particular structures, like superlattices (Miles), or

growing a film on a support, by evaporating or sputtering deuterium and the

chosen metal at the same time in the wanted proportion (5).

I would like to remember here the suggestion of Prof. Li to give more 

attention to the detection of charged particles, in particular with integrating 

detectors, such as C-39, which are simple to use and not expensive. The detection 

of tritium should also be pushed forward. Gas loading experiments are well suited 

for the detection of all these particles. 

References 

1. M. Fleischmann, S. Pons, M. Hawkins, Journal ofElectroanal. Chem., 261,301

(1989)

2. S.E. Jones, E.P. Palmer, J.B. Czirr, D.L. Decker, G.L. Jensen, J.M. Thorne, S.F.

Taylor, J. Rafelski, Nature, 338, 737 (1989)

3. A. De Ninno, A. Frattolillo, G. Lollobattista, L. Martinis, M. Martone, L. Mori,

S. Podda, F. Scaramuzzi, Europhys. Letts, 9,221 (1989)

4. P.K. Iyengar, M. Srinivasan, Proceedings of the First Annual Conference on

Cold Fusion, Salt Lake City, March 28-31, 1990, edited by the National Cold

Fusion Institute, pag.62 (1990)

5. S. Scaglione, P. Zeppa, private communication

452 



• The Science of Cold Fusion» 

T. Bressani, E. Del Giudice and G. Preparata (Eds.) 
SIF, Bologna 1991 

COLD FUSION: WHAT DO THE LAWS OF NATURE ALLOW AND FORBID? 

Giuliano Preparata 

Dipartimento di Fisica - Universita di Milano 

_INFN - Sezione di Milano 

and 

INFN - Laboratori Nazionali di Frascati 

1. INTRODUCTION

This talk will not be a summary of the theoretical contributions to this Conference: I think 

that the individual papers that this book collects can give a much better representation of the 

work that is now going on in the field than I can possibly attempt to give in a short talk. As a 
partial excuse I may quote a recent review article of mine[l1, where I try to discuss the most 

significant theories of cold fusion, and the fact that nothing much new has happened in the last 

few months. Nor will I discuss cold fusion in the non-equilibrium conditions prevailing in 

Titanium[2J, fracto-emission[3J and 'lukewarm' fusion[4)_ 

I shall rather try to examine first the strange facts of hydrogen incorporation into 

Palladium, and then I shall discuss the phenomena of cold fusion in relation to those facts. In 

the light of the known experimental data I will then discuss the general features of what we 

might call 'possible' and 'impossible' theories of cold fusion, somehow drawing a demarcation 

line between which theoretical ideas can and cannot explain those observations, given the well 

established and accepted general laws of condensed matter (Quantum Electro Dynamics, QED) 

and nuclear physics (Quantum Chromo Dynamics, QCD). 

My discussion will follow quite closely a paper recently completed in collaboration with 

M. Fleischmann and S. Pons[5)_

2. FACTS

As Martin Fleischmann and Stanley Pons have explained us time and again they were 

induced to undertake a work « ... that was initiated on the strength of a calculation that no 

moderately intelligent graduate student, let alone experienced electrochemists, ought to take 

seriously ... »[6] by their being puzzled by the odd behaviour of Hydrogen - and its isotopes -

when inserted in a host metal lattice, like Palladium. Let me try to briefly list and describe the 
strange facts that captured the imagination of our friends. 
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- High concentration of Hydrogen in Pd

When a piece of Pd is put in an atmosphere of gaseous Hydrogen at normal pressure it 
soakes a large quantity of the gas spontaneously and exothermally up to a ratio 

H x = Pd ::: 0.6.

In order to get much higher x one needs very large pressures; in any case with accessible 
pressures one cannot reach from gaseous Hydrogen the apparently relevant 'threshold' x= 1 
(see later)C71. 

- High Hydrogen mobility

The anomalously high mobility of Hydrogen in Pd, in particular its being accelerated by 
electric fields shows that Hydrogen and its isotopes (D and T) in Pd exist in their nuclear (not 
atomic) state, immersed in a very dense plasma of d-electrons[8J. And the natural question is: 
why highly compressed Hydrogen does not form? 

- High HID separation factor at equilibrium

In equilibrium conditions H and D exhibit a high separation factor, completely consistent 
with a statistical mechanics model based on delocalized classical oscillators showing high 
affinity for Pd. 

In order to appreciate the latter statement let us consider two possible Born-Haber cycles 
(Fig. 1) for molecular Hydrogen to penetrate into Pd. 

DH ( = 4.48 eV) 
2 

H2 __________ 2H

-2!.Gabs(�� �Gsolv
P Pd-H 

H2 

-2 t.G abs ( � I e V) l 
PPd -H+ - e  

DH ( = 4.48 eV) 
2 

2H 

121 H ( �27.2 eV) 

----------- 2H++2e 
-2 �Gsolv + 2 <l> (= 9.28 eV)

FIG. I - Two possible Born-Haber cycles for p Pd-H. 
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One sees that one obtains solvation potentials of Hydrogen in Pd of the order of several 

e V's, a most noteworthy physical phenomenon. 

- Large diffusion coefficients - Inverse isotope effect

Transport measurements show that the diffusion coefficients D of Hydrogen in Palladium 

are of the order of 10-7 cm2 sec-I - a very large value - and are ordered as[9] 

(1) 

The inversion of the diffusion coefficients of D and T, that runs contrary to what one 

would have expected from their masses, is a kind of 'inverse isotope effect', which is also 

observed for the critical temperatures of the superconducting Pd - hydrides (To> T H)[IOl. 

- High chemical potential of dissolved Hydrogen

All these facts can be assembled to build the 'Scenario' reported in Table I. 

TABLE I - Scenario from the facts of Hydrogen in Palladium. 

FACTS DEDUCTIONS 
High concentration - Ionized species Large electrostatic fields to 'undo' 

molecular and atomic H; 'deep' 
electrostatic ootential holes 

High affinity - high separation factors Highly delocalized wave-functions, 
'shallow' potential holes 

Lare:e diffusion coefficients 'Shallow' holes 
Inverse isotope effect Bosons (D) have a configuration space 

different from fermions <H.T) 
Hie:h chemical notentials Formation of large proton clusters 

Let us now turn our attention to the facts of Cold Fusion (CF) as we have learned them in 

the last two years. 

• Sporadicity, variability, metallurgical factors

The phenomenology that has accumulated so far shows that the 'irreproducibility' of the 

CF phenomena is most likely tied to the large number of relevant parameters and even to path­

dependences in the space of parameters. 

• Low T-levels, n/y«l, absence of y-rays and secondary n's

The nuclear physics of CF has been since the beginningU 11 (March 1989) a tremendous

puzzle, why the outgoing channels are not 3T + I H and 3He + in 1 : 1 proportion, like it 

happens in the vacuum? Indeed this dramatic discrepancy has convinced the majority of 

· physicists that CF phenomena must be a bogus.
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• Bursts in T, n production
Are they due to non-equilibrium conditions?[12] 

• High energy T, n and protons[13]

Unconventional nuclear physics? 

• Soft X-rays

As shown by Szpak's (14) and Miles' (15) dental films.

• 4He unaccompanied by high energy y rays

As shown by the beautiful experiments of Melvin Miles and collaborators[15l. 

• Excess enthalpy production far above that corresponding to T + n production

In particular the new results of Fleischmann and Pons[16], that have been corroborated 

by Wilford Hansen's independent analysis[17l, indicate powers of kW/cm3. 

The scenario that originates from assembling these facts together is reported in Table II. 

TABLE II - Scenario from lhe facts of CF phenomena in Pd. 

FACTS DEDUCTIONS 
Sooradicitv. V ariabilitv Path-deoendence Delicate conditions, thresholds 
Low T-levels, nJT «1, no Ys Asymptotic Freedom (AF)badly violated 

inside lattice 
Bursts in T, n production Strange non-equilibrium conditions -

Soecial domains 
Hi2:h ener2:v T. n and o AF is violated - DDD fusion? 
4He and no "/s AF is violated - e.m. coupling to electron 

olasmas 
Excess enthalov AF is violated 

3. - POSSIBLE AND IMPOSSIBLE THEORIES

We shall now try to bring the 'facts' and the scenarios of the preceding Section to bear 
upon the key question of this talk, namely which of the the proposed theories are possible, and 

which among them, on the other hand, are impossible. But before going into the specifics, it is 

important to set down a clear demarcation between possible and impossible theories, which 
might run as follows: 

Any ' possible' theory must explain the new phenomena (facts) without 'unexplaining' 
the old 

To this we may add the corollary: the old theory (ies) which does not explain the new 
phenomena cannot be used against the new theory in the realm where the old theory 'worked'. 
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Or, said differently, the 'successes' of the old theory cannot be·taken as evidence that there is 
no need of different explanations of those successes. 

3a - Hydrogen and its Isotopes in Pd 

According to the scenario of Table I inside and at the surface of Pd there must exist very 
strong electrostatic fields.We realize at once that these fields must be able to polarize the 
Hydrogen molecule so strongly as to break it into its elementary components - p, d, T and 
electrons -, thus piercing through an energy barrier which is as high as.:: 30 eV. The 'deep 
potential holes' that are created by such fields, however, cannot have gradients that exceed ~ 
70eV / 0.5 A, for otherwise 4He would also exist in the form of an a-particle, and this is 
contradicted by observations. This fact nicely disposes of the arguments, embodied in the 
Baym-Leggett TheoremC181, that were made against CF. Indeed, in the Pd lattice the observed 
behaviour of 4He is completely different from that of pairs of D's, contrary to the 'reasonable' 
assumptions of Ref. [ 18]. 

From the very existence of the �-phase the number of 'deep holes' (with electric fields 
30 eV /A< IE I <140 eV / A ) must exceed x� = 0.6, and the well known difficulty -of 
charging the Pd electrodes above x .:: 1 makes it plausible that the number of such holes equals 
just the number of Pd-nuclei. Here, however, a severe difficulty shows up: how can we 
reconcile the existence of such 'deep holes' with the fact that Hydrogen is delocalized? The 
oddity of this fact puts all the generally accepted theories, based on two-body electrostatic 
forces between matter constituents, in the category of IMPOSSIBLE THEORIES. 

Also the magnitudes and the inverted ordering (Do+ >DH + >DJ+) of diffusion constants 
speak against" the usual theorie�, for they appear to require the existence of collective 
bosonic/fermionic states for the Hydrogen 'plasma'. 

We may thus draw a fundamental demarcation between POSSIBLE AND IMPOSSIBLE 
THEORIES of Hydrogen in Pd in their allowance for collective many-body phenomena. 

In models invoking explicity the existence of collective phenomena[l, I 91 the 'deep holes' 
that must form in roughly 1 : 1 proportion originate from coherent plasma oscillations of d­
electrons. The difficult problem of 'delocal�zation' can be solved by imagining that the 
collective dynamics makes the Hydrogen state deep in the potential wells unstable. This can 
�nly happen if there are interactions other than electrostatic which provide the necessary 
negative interaction energy that allows the Hydrogen to occupy highly excited (delocalized) 
states in the potential well. 

The only theoretical proposal, known to me, that achieves just that is the simplified model 
of plasma that is discussed in Ref. [20]. According to this model, as long as the charged 
particle of a plasma moves in a harmonic potential, its coupling to the e.m. quantum modes 
with the frequency co= COp (COp is the plasma frequency) will lift it up indefinitely, its excitation 
stopping when strong non-harmonicities appear. 

This means that the Hydrogen nuclei will go to band states of the deep ( ~ 100 e V) 
potential that are highly delocalized, and in such circumstances all other properties discussed in 
the preceding Section appear to find a natural explanation. 
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3b - Nuclear Fusion Processes in Pd

As discussed in Ref. [I] the difficult problems that must be dealt with by any theory of 
these phenomena are two: 

(i) How can the Coulomb barrier be penetrated at such large rates?
(ii) How can the process avoid the restrictions posed by 'Asymptotic Freedom' (AF)?

As for problem (i), all simple evaluations of 'tunnelling' probabilities lead to estimates 
that are 50-60 orders of magnitude much too small! Regarding problem (ii) one must notice 
that, even if the former severe difficulty could be resolved, there remains the even more severe 
difficulty that fusion in the lattice does not proceed experimentally in the same way as in hot­
fusion processes. 

In particular, the discoveries of high excess enthalpy uncorrelated to T-production and of 
the large T/n ratio imply that the lattice must play a fundamental role and, consequently, AF, 
with its implications of independence of nuclear processes from lattice dynamics, must be 

violated in a fundamental way. Besides a deep reason for the violation of AF, a good theory 
should also give some explanation of variability, dependence on x, bursts in T and n and 
generation of high energy n, p and T. 

Getting now to the proposed theories of the penetration of the Coulomb banier, I note 

that a simple application of the Gamow-formula (which contains essentially all the 'juice' of the 
problem of the penetration of the Coulomb barrier) requires the existence of a screening 

potential of about 100 e V, just in order to enhance the naive estimates of fusion rates by the 50 
orders of magnitude necessary to account for the relatively rare neutron emission processes. 

All POSSIBLE theories must thus include at least a semiquantitative explanation and 
estimate of screening potentials of such size. IMPOSSIBLE are those theories which do not 
consider explicitly this problem[22J. 

Among IMPOSSIBLE theories, I note those which try to avoid the banier either by 
having 'off-shell' neutrons to initiate the fusion process[IJ, or 'on-shell' neutrons that originate 
from an incoherent exchange of energy with the latticef23J. Equally IMPOSSIBLE is to have 
tight De bound states up to 300 F (Hydrons)f24J, which appear in clear conflict with known 
phenomenology. 

On the other hand the superradiant plasmas considered in Ref. [20] do provide for such 
screening in a natural wayl25]_ 

The necessary violation of AF puts all theories based on the usual, electrostatic view of 
condensed matter interactions among the IMPOSSIBLE theories. For in a lattice governed by 
short-range forces no room for such striking phenomenon can be found: indeed, with such 
forces there is absolutely no way in which the space-times of a lattice oo-8 cm and 10-15 sec) 
can influence the space-times of a fusion process 00-12 cm, 10-21 sec). I note in passing that 

similar mismatches occur in the physics of the Mossbauer effect, putting this well known 
phenomenon in the category of natural mysteries - at least within the conventioned picture of 
condensed matterl26J. POSSIBLE theories of CF must take due account of these odd collective 

phenomena, which the theory of superradiant plasmas explains naturally. 
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Recall, in fact, that the theoretical analysis based on superradiant behaviourf19] explicitly 
violates AF and provides estimates of the rates of 4He (plus excess heat), T and n-production in 
reasonable agreement with known phenomenology. In particular, the production of 4He 
unaccompanied by y-rays demands a very fast (~lQ-21 sec) energy transfer to the lattice 
electrons (which then will release it away in various ways: heat, ultraviolet light, x-rays ... ). 
Without a macroscopic quantum behaviour the impossibility of any theoretical description is 
clearly seen by computing the velocity u of such transfer from the site of fusion (somewhere
inside the lattice) to the nearest atom(~ 3 A away), one has 

- 3A 103 I u - 10-21 sec =
c . 

Remember the EPR paradox? Something like it seems to be occurring here£27]. 
Getting now to the sporadicity of some CF phenomena I would like to note that the theory 

which invokes the existence of heavy charged particle showering the earth from outer space[28J, 
though a logical possibility, appears rather unlikely. On the other hand the existence of a 
threshold at x::: 1, as discussed in Ref. [29], seems a more likely explanation. Furthermore 
lattice defects, dislocations etc. interfering with the basic electron cooling mechanism 
responsible for the production of y-less 4He[ l ,l9J, might naturally explain T-production. It is 
clear, however, that along these lines a lot of work needs to be done. 

4 - CONCLUSIONS AND OUTLOOK 

I would like to end this talk with a few 'lapidary' statements, that try to capture the 
essence of my analysis. 

• CF exists, its phenomenology is diverse but coherent, and reproduced by many different
groups in different conditions.

• No previously known law of nature (QED and QCD) appear to be violated by CF
phenomena.

• Deductions from these laws of nature, based on the generally accepted notion of AF, belong
to the class of IMPOSSIBLE THEORIES.

• The key ingredient to construct POSSIBLE THEORIES is
MACROSCOPIC QUANTUM MECHANICS (Macro QM)

which originates from Quantum Field Theory (QFf) as applied to complex systems.

Let me note that a demarcation is seen to be emerging between simple (micro QM) and 
complex (Macro QM) systems and of their theoretical description. It appears that a powerful, 
detailed, correct theory of CF must be constructed along the lines of a macroscopic Quantum 
Mechanics, induced by long-range electromagnetic (radiative) interactionsf20l, i.e. according to 
QFf of Superradiance. 
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I hope that the next few years will see a lot of work along these lines. CF will then be 

looked upon not only as a magnificent gift to energy-hungry mankind, but as an essential 

window to the deep and subtle behaviours of condensed muier, which have remained hidden 

for such a long time. 
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Having received, at short notice, the invitation to attend the second interna­

tional conference on cold fusion as a sceptical observer, I began to study some 

of the papers which have appeared since the fall of 1989 after which I had 

stopped following the publications in this area. Being sceptical from the begin­

ning, the many negative reports from renowned laboratories seemed to con­

firm that the disputed claims of cold fusion occurring in a solid were, unfortu­

nately, based on the erroneous interpretation of ill-defined experiments. I now 

realize that in the meantime many new positive results have been published 

which can not be pushed aside quite so easily. Two reviews, currently in the 

course of publication, were very helpful and yielded much information on the 

present situation. These are the reviews of M. Srinivasan [1] and E. Storms [2)*. 

Together with my reading and the lectures given on the first days of the con­

ference, I eventually felt able to present my impressions in a lecture on the last 

day of the conference, as the organizers had requested. I am aware that all the 

arguments pro and contra the reality of cold fusion have been pointed out by 

others before. The first part of my contribution to the report of this conference 

is therefore mainly a reminder of the problems. In the second part I raise some 

questions seen with the eyes of a physical chemist being specially experienced 

in electrochemistry. 

,. I am indebted to J .O'M. Bockris for sending me preprints of these reviews. 
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Arguments pro and contra 

1. Anomalous phenomena

Pro: Anomalous phenomena have been observed in several laboratories

(excess neutrons, excess tritium, excess heat) during the electrolytic re­

duction of D2O at Pd or Ti electrodes or after loading of the metals with 

D2 at high pressure. No comparable effects have been found with H20 

orH2.

Contra: Many laboratories could not reproduce these results. Even groups pub­

lishing positive findings concede that they cannot reproduce these ef­

fects at will. Checks with H2O for comparison are often missing in re-

ports. 

2. Neutron generation

Pro: Neutrons have been found during electrolysis of D2O at Pd and during

heating of Ti loaded with D2 at low temperatures. They appear in 

bursts. 

Contra: The measured neutron level is often hardly above background. In 

many experiments no effects at all were found. The intensity bears no 

relation to the claims of excess heat production. 

3. Tritium generation

Pro: An increase in T concentration was found in the electrolyte during

electrolysis with D2O and Pd cathodes at several places. Such events are 

unpredictable and occur sporadically, but the increase is far above the 

well-known separation factor in electrolysis. 

Contra: Irreproducibility of the T production. Contamination with T2O sus­

pected from the D2O which has to be added continuously in order to 

compensate the loss by electrolytic decomposition of the water in open 

cells. Instead of the 1 : 1 relation between neutron and tritium genera-
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tion found in hot or myon catalyzed cold fusion and in accordance 

with the theory of D + D fusion reactions, a relation n: T of 1: 106 - 109 

has been reported. 

4. Excess heat generation

Pro: Several groups have reported excess heat generation for hours between

10 - 600 % of the electric energy input during electrolysis of D20 at Pd 

electrodes. Calorimetry has been improved since the first announce­

ment and was applied in some cases to closed systems where no gas can 

escape and carry off energy. 

Contra: Besides the unpredictability of the effect, many attempts to reproduce 

the heat effect have failed. The products of nuclear reactions which 

could produce such amounts of heat have not yet been found. The tri­

tium generation rate is by far too small. 4He production has been sug­

gested as the source of the heat and has recently been found by one 

group in the D2 gas produced by electrolysis [3], but has not yet been 

confirmed by independent measurements. From well-established 

theory and experiments of fusion in hot plasmas, the process D + D ➔ 

4He + y (23.5 MeV) is the least probable one. The accompanying y radi­

ation has not been observed. 

Open questions from an electrochemical point of view 

It appears that the most pronounced anomalous effects have been re­

ported in the electrolytic experiments, particularly the generation of excess 

heat, of tritium and maybe of 4He. The reason might be that the concentration 

of deuterium in the solid during electrolysis is much higher than it can be ob­

tained under equilibrium conditions from the gas phase. This can be related to 

the kinetics of the cathodic reduction of water. 
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Reaction kinetics 

This process occurs in two steps with the intermediate formation of ad­

sorbed deuterium atoms on the metal surface. The following equations de­

scribe the electrolytic D2 generation from a basic solution where the primary

reagent is D20. 

I D20 + e ➔ D.d + oo- VI 
Ila D.d + D.d ➔ D2 V11a 
Ilb D.d + D20 + e ➔ D2 + oo- V

llb 

Ile D.d ---t Dbullt Vue+-

Reactions I, Ila and lib can be considered as irreversible at high current densi­

ties. Vi are the rates of the individual reactions which depend on the following 

parameters: 

( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 

VI 
Vu. 
Vllb

Vue

F, (1-,n exp(-/3, :".;.1 J 
G ( 6 2 )

F2 ( t1 ) · exp ( -/32 ; .;1 J 
S ( 1J ) - B ( X 0 ) 

In these equations the parameter 'i} represents the coverage of the metal surface 

with adsorbed D atoms. The activity of the vacant surface sites which are avail­

able for reaction I varies with (1-1'}) in a way which depends on the local struc­

ture and on the chemical composition of the surface. This is represented by the 

function F (1-1'}) which can hardly be predicted, particularly not on a polycrys­

talline surface. 

For the formation of D2 molecules there exist two competing reactions, 

Ila and lib. The rate of both depends on 'i}, again in a complex way which is rep­

resented by the functions G (1'}2) and F2 ('(}). The term 1'}2 in the function G shall

indicate that this step is a bimolecular reaction in which two adsorbed D atoms 
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take part. All these functions will be non-linear in� but G will increase much 

steeper with � than F2. Only reactions I and lib are influenced by the electric 

bias applied to the electrodes. The bias is here expressed by the overvoltage 11 

for the water reduction which is negative. 11 is the voltage difference i::\<l>H in 

the Helmholtz double layer at the interface between equilibrium for the 

overall reaction, 2 D2O + 2 e- : D2 + 2 OD- with i::\<l>H = i::\<l>o and the voltage at a 

given current density, i, i\<l>H (i): 11 = i::\<l>H ( i) - i::\<l>o < 0. Pt and p2 are the so­

called charge transfer coefficients. They are usually in the range of 0.4 - 0.6. 

The rate of diffusion of D atoms into the bulk will equally depend on the 

activity of adsorbed D atoms which is expressed by the function S (�). Here, 

however, the reverse process depending on the activity of the deuterium in 

the lattice, represented by the relation x = D /Pd in the solid, will eventually 

compensate the rate of D uptake that Vnc ➔ 0 in the steady state. One can only 

conclude that the higher� and with it S(�), the higher will be the D content x 

in the steady state. 

All experiments where anomalous effects have been observed are per­

formed after saturation of the bulk with deuterium or at least under 

conditions where Vue became very small because the diffusion into the depth 

of the bulk had slowed down further uptake. It is therefore sufficient to discuss 

the steady state situations. In this state: 

( 5 ) V
a. 

+ 2 v
llb 

·and Vue = 0 

The current voltage curves for hydrogen evolution at palladium 

indicate that at low current densities the recombination Ila is rate determining. 

This should result in a slope of the current voltage curve of di,/ d log i = - kT / 

2 e0 = -0.029 V, if the metal surface were uniform in adsorption sites for 

deuterium. The real slope on inhomogeneous surfaces will be larger. 
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At higher current densities where the coverage of the surface with 

deuterium atoms becomes high, the rate determining step changes. Because 

the rate of the electrochemical desorption, reaction lib, increases with the bias, 

this process will become faster than reaction Ila. This is seen in a decrease of 

the slope of the current voltage curve which should approach d11 / d log i = 

- kT / p2 e0 for a surface with uniform adsorption sites for deuterium. Again,

for inhomogeneous surfaces the slope will be larger than the ideal slope of 

- 0.12 V, if P2 = 0.5.

The most important consequence for the present discussion is that, if the 

reaction lib becomes rate determining, the surface activity of adsorbed D atoms 

can only increase slowly. In this situation 

( 6 ) 2 Vllb >> 

( 7 ) =:, 

V Db , therefore, 

If P2 = P1, this relationship will remain constant. For P1 > p2, F2(t}) can still in­

crease with increasing bias (negative 11), this being more pronounced for larger 

<P1 - P2), However, F1 will also grow with t}, and therefore the increase of the 

activity of adsorb�d D atoms can only be small in the range of these current 

densities. The opposite could occur if p1 < p2 . This is in sharp contrast to the re­

gion of low overvoltages where the activity of adsorbed D atoms would on a 

uniform surface increase quadratically with the current density as long as reac­

tion Ila was rate determining. 

Reproducibility 

The relative rates of all three reactions I, Ila and IIb will depend very crit­

ically on the surface properties of the solid and can be affected by all substances 

which may be adsorbed on the surface or electrolytically deposited. This is par-
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ticularly critical in experiments of very long duration in which even minute 

amounts of impurities can be collected at the electrode. They can also influence 

the structural changes of the Pd electrodes when they are transformed from the 

o:- to the P-phase of the deuteride which occurs during the heavy loading with 

deuterium. Such factors will limit the reproducibility if they are not strictly 

controlled. 

An instructive example can be found in a recent publication of M. Ul­

mann et al. [4] where current voltage curves for Pd cathodes in LlOD /D2O solu­

tion are represented. One sees a change in the slope of d Tl/ d log i from very 

low values (not exactly given in the paper) to values of 0.18 V and more, above 

current densities of 3 mA cm-2. The overvoltage is substantially higher if the 

electrolyte has not been pre-electrolyzed for removal of impurities prior to the 

use in the experiment. Surface composition analysis by XPS after electrolysis 

has shown how much foreign metals were deposited on the surface in these 

experiments after long periods of electrolysis. Even in pre-electrolyzed elec­

trolytes large amounts of platinum were found on the palladium surface. The 

source was obviously the Pt counter electrode which corroded somewhat dur­

ing anodic oxygen evolution. This has also been reported by Bockris [5]. 

Bulk or surface reaction 

There are different opinions as to whether the anomalous effects occur 

in the bulk or at the interface. The first is frequently assumed when the excess 

heat generation measured with small electrodes is extrapolated to heat per unit 

volume. On the other hand, there are several arguments for a process occur­

ring on or very close to the surface. The tritium is found in open cells in the 

electrolyte where it is present as DTO or OT-. Any tritium generated by the pro­

cess: D + D ➔ T + H can only enter the solution by an exchange reaction from 

the adsorbed state on the surface: 
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III + 
..... 
f-

+ TDO

If T would be generated in the bulk it has to reach the surface by diffusion prior 

to this exchange reaction. This could hardly result in the rather fast concentra­

tion increase in the solution during short periods as reported by several au­

thors [6,7,8]. 

4He has also been found in the gas phase, not in the palladium bulk, if 

the reported experiments are correct [3]. This would support the latter conclu­

sion since He is immobile in Pd at room temperature. 

If the anomalous effects require a high oversaturation of the lattice with 

deuterium, a composition of x > 0.8 [9], one would expect that this first occurs 

near the surface. The diffusion coefficient of Din Pd decreases at large x values 

[10]. If the activity of Dad should suddenly increase by some reason, this would 

quickly let x increase next to the surface, but extend only slowly into the bulk. 

These arguments support the assumption that the processes in question 

should primarily occur close to or on the surface. 

Role of lithium 

Li+ ions in the electro! yte seem to be essential for the occurrence of the 

anomalous effects [11]. It is striking that in the current voltage curves of 

M. Ulmann et al. [4], mentioned previously, the slope d Tl/ d log i increases

dramatically to 0.5 - 1.0 V at current densities above 100 mA cm-2. This cannot 

be explained by any normal mechanism of the reactions I, Ila and Ilb. Li can be 

alloying Pd [12]. This large slope indicates that an additional charge transfer re­

sistance is created on the Pd surface in this current density region. One is re­

minded of the phenomenon of "undervoltage deposition" [13]. In the case of Li

deposition from non-aqueous electrolytes containing some water, the forma­

tion of lithium hydride was observed as the result of underpotential 
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deposition [14]. A similar process could occur in aqueous electrolytes at high 

current densities and drastically modify the D2 evolution kinetics. 

Can it become a source of energy? 

If excess heat generation requires electrolysis, this heat does not only 

nave to compensate the energy input but also the energy conversion losses in 

the electric power station. H the conversion efficiency there would be 40 %, the 

excess heat should be 150 % of the electric energy input, in order to reach the 

break-even point. As a practical source of energy a much higher excess would 

be required. As a development to a source of free energy (electric power) the 

Carnot restriction has to be taken into account. More valuable would be a sys­

tem generating excess heat at elevated temperatures. However, if heat genera­

tion requires a high concentration of D in palladium, then the decrease of the 

equilibrium capacity for hydrogen of all metallic hydrides [10] plus the increase 

in the rate of all electrochemical reactions with temperature (corresponding to 

a decrease in overvoltage) makes it very questionable that such conditions can 

be reached at elevated temperatures. 

Conclusions 

The primary goal in the present situation should be to demonstrate that 

fusion reactions occur in metal deuterides. A convincing proof would be find­

ing the reaction products which can generate the excess heat in the correspond­

ing amount. The search for T and 4He should be performed in closed cells 

where no products can escape. Parallel test runs with normal water are manda­

tory for any proof. 

With regard to reproducibility, the electrochemical parameters have to 

be investigated much more carefully than have been to date. Excess heat 

should always be reported in relation to the energy input per surface area; the 

extrapolation to unit volume is misleading. The analysis of the kinetics indi-
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cates that one should try to find conditions where the rate constants for the re­

combination steps Ila and lib are as low as possible in relation to the rate con­

stant for step I. Any impurity deposition which catalyzes recombination like 

platinum, should be prevented. 

The question of economic applications can be postponed until a definite 

proof is available and the decisive parameters have been clarified. The 

publicity of this research area and of unjustified· claims for practical 

applications have not been helpful towards finding the truth. Only systematic 

and critically analyzed experiments will pave the way to a true understanding 

of the phenomena and to consensus in the scientific community. 
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the Conference Proceedings. We thank Martin Fleischmann and the 

Royal Society of Chemistry for having agreed to publish this text 

in these Proceedings. 
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In the development of any new area of research (and especially in 

one likely to arouse controversy!) it is desirable to achieve first of 

all a qualitative demonstration of the phenomena invoked in the 

explanation of the observations. It is the qualitative demonstrations 

which are unambiguous: the quantitative analyses of the experimental 

results can be the subject of debate but, if these quantitative analyses 

stand in opposition to the qualitative demonstration, then these methods 

of analysis must be judged to be incorrect
1
. 

Research in the area of Cold Fusion affords an excellent 

illustration of this principle. Contrary to popular belief it is 

relatively easy to show qualitatively that Pd cathodes polarized in 

LiOD solutions in D
2
0 generate excess enthalpy over and above that of 

the enthalpy input to the electrochemical cell. All that is required is 

that a sufficient number of electrodes of sufficiently well-controlled 

properties be polarized for a sufficiently long time in o
2
o having a 

sufficiently low content of H20 and using calorimeters of sufficient

sensitivity (signal:noise) in a sufficiently well-controlled 

environment
2. It will then be found that a proportion of the experiments 

will show temperature-time and cell potential-time plots of the form 

illustrated in Fig. 1. We also make the following observations about 

this particular type of experiment: 

(i) the current efficiency for the electrolysis of D
2
0 is virtually

100%: there is no additional chemical source of enthalpy in the

system;

(ii) heat transfer from the cell to a surrounding thermostat is

controlled by radiation and the heat transfer coefficient for the

particular cell is virtually independent of time;

(iii) our experiments in H
2
0 do not show these effects. 

1 

2 

This principle, which should be self-evident, is usually 
overlooked in the unseemly haste to develop research. It may come 
to be known as Pons' and Fleischmann'5 first principle (designed 
to irritate the scientific public in general and nuclear 
physicists in particular). We have some even more irritating 
principles but will save these for a later discourse. 

The explanation of the term "sufficient" in each of these 
contexts is beyond the scope of this article; these points can be 
taken up by correspondence. 
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FIG. 1. Cell temperature (upper) and cell potential (lower) vs. time 

since cell was started for the electrolysis of o2o in 0.6M

Li2so
4 

solution at pH 10 at a palladium rod cathode (0.4 x 1.25

cm). The cell current was 400mA, the water bath temperature was 

30.00 °C, and the room temperature was 21 °C. The rate of excess 

enthalpy generation at the end of each day was 0.045V (day 3), 

0.066� (day 4), 0.086V (day 5), and 0.115V (day 6). The 

accumulation of excess enthalpy for this period was on the order 

of 26KJ. 

How then are we to explain an increasing thermal output of the cell 

coupled to a decreasing thermal input? The first law of thermodynamics 

requires that there be a source of enthalpy in the system and the 

strength of this source increases with time during the period 

illustrated. Such observations were valid in 1989 (they were valid 
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before then!), they were valid in 1990 and they are valid now. 

The next step naturally is to seek a quantitative interpretation of 

such data. The last two years have seen the development of something 

akin to a cottage industry whose objective appears to be to explain away 

the reality of the phenomena by a combination of using incorrect (or 

inappropriate) methods of data analysis and invalid methods of 

overestimating the errors of the calorimetry (10% is the target figure). 

There is in truth scope for the former because the experiment is 

complex; the latter will come as a surprise to chemists who have 

hitherto relied on calorimetric methods as the main plank of 

thermodynamics. In judging the validity of such methods of calculation 

and of such estimates it is important to bear in mind the qualitative 

information conveyed by the experiments: any quantitative evaluation 

which removes or obscures the qualitative information must be judged to 

be invalid. Equally, failure to observe comparable qualitative effects 

when using other calorimetric methods must be judged to be due to 

inadequacies of the experimental methods3 or, possibly, erroneous

interpretation of the results. 

Our own interpretation of the data in Fig. 1 gives the values of 

the rates of excess enthalpy generation and of the total excess enthalpy 

also shown on the Figure. Over the period shown the specific excess 

enthalpy amounts to 172 kJ cm-3 corresponding to 1.52 MJ (g mole Pd)-1.

It is our view that enthalpies of this magnitude can only be attributed 

to the operation of nuclear processes. The most rudimentary measurements 

of the generation of tritium and of the neutron flux (or rather the lack 

of 

3 

it! ) show that the nuclear reaction paths 

2 2 3 

D + D ➔ He(0.81 MeV) + n(2.45 MeV) (i) 

2 2 3 1 

D + D ➔ T (1.01 MeV) + H(3.02 MeV) (ii) 

These include: failure to control the H2o content of the electrolyte,
inadequate experiment times and other factors such as cracking of the 
electrodes (repeated use of the cathodes?) or lack of symmetry of the 
disposition of the anodes around the cathodes leading to low D/Pd 
ratios; excessive sophistication of the instrumentation (which 
obscures the significance of the results) and incorrect choices of the 
experimental protocols. 
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which are dominant in high energy fusion (and which have roughly equal 

cross-sections under those conditions) contribute to only a very small 

extent to the observed phenomena. 

We reach the conclusions: 

(i) the lattice has an important influence on the nuclear processes;

(ii) the observed processes are substantially aneutronic;

(iii) the generation of excess enthalpy is the main signature of these

new nuclear processes.

These conclusions were valid in 1989, they were valid in 1990 and 

they are valid now. As chemists we are naturally interested in the main 

signature of the processes-side reactions can give important information 

but, in the end, one always has to investigate the major reaction route. 

Research in Chemistry teaches one that an understanding of the major 

processes normally leads also to an understanding of the side 

reactions
4
. This dictum has not been followed in most of the research

carried out during the last two years. 

Some Comments on Research since 1989: the Second Annual Conference on 

Cold Fusion. Como, Italy. 29th June - 4th July 1991 

The holding of the Second Annual Conference on Cold Fusion prompts 

a reassessment of the work carried out since March 1989. The papers 

presented at the conference will be published by the Italian Physical 

Society later this year. Summaries of earlier work can be found in the 

following reviews: 

J. 0'M. Bockris, Guang H. Lin and N.J.C. Packam (Texas A&M

University) "A Review of the Investigations of the Fleischmann-Pons 

Phenomena", Fusion Tech., 18 (1990) 11. 

J. 0'M. Bockris and D. Hodko (Texas A&M University) ''Is there

Evidence for Cold Fusion?", Chemistry and Industry 21 (1990) 688. 

4 
This principle is so 
qualify for Pons' and 
Chemistry; it could, 
research in Nuclear 
interested in making 
making Physicals. 

well understood by Chemists that it doesn't 
Fleischmann's second principle of research in 
however, qualify as the second principle of 
Physics. As the saying goes: Chemists are 

Chemicals but Physicists are not interested in 
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before then!), they were valid in 1990 and they are valid now. 

The next step naturally is to seek a quantitative interpretation of 

such data. The last two years have seen the development of something 

akin to a cottage industry whose objective appears to be to explain away 

the reality of the phenomena by a combination of using incorrect (or 

inappropriate) methods of data analysis and invalid methods of 

overestimating the errors of the calorimetry (10% is the target figure). 

There is in truth scope for the former because the experiment is 

complex; the latter will come as a surprise to chemists who have 

hitherto relied on calorimetric methods as the main plank of 

thermodynamics. In judging the validity of such methods of calculation 

and of such estimates it is important to bear in mind the qualitative 

information conveyed by the experiments: any quantitative evaluation 

which removes or obscures the qualitative information must be judged to 

be invalid. Equally, failure to observe comparable qualitative effects 

when using other calorimetric methods must be judged to be due to 

inadequacies of the experimental methods3 or, possibly, erroneous

interpretation of the results. 

Our own interpretation of the data in Fig. 1 gives the values of 

the rates of excess enthalpy generation and of the total excess enthalpy 

also shown on the Figure. Over the period shown the specific excess 

enthalpy amounts to 172 kJ cm- 3 corresponding to 1.52 MJ (g mole Pd)-1.

It is our view that enthalpies of this magnitude can only be attributed 

to the operation of nuclear processes. The most rudimentary measurements 

of the generation of tritium and of the neutron flux (or rather the lack 

of 

3 

it! ) show that the nuclear reaction paths 

2 2 3 

D + D ➔ He(0.81 MeV) + n(2.45 MeV) (i) 

2 2 3 1 
D + D ➔ T (1.01 MeV) + H(3 .02 MeV) (ii) 

These include: failure to control the H
2o content of the electrolyte,

inadequate experiment times and other factors such as cracking of the 
electrodes (repeated use of the cathodes?) or lack of symmetry of the 
disposition of the anodes around the cathodes leading to low 0/Pd 
ratios; excessive sophistication of the instrumentation (which 
obscures �he significance of the results) and incorrect choices of the 
experimental protocols. 
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which are dominant in high energy fusion (and which have roughly equal 

cross-sections under those conditions) contribute to only a very small 

extent to the observed phenomena. 

We reach the conclusions: 

(i) the lattice has an important influence on the nuclear processes;

(ii) the observed processes are substantially aneutronic;

(iii) the generation of excess enthalpy is the main signature of these

new nuclear processes.

These conclusions were valid in 1989, they were valid in 1990 and 

they are valid now. As chemists we are naturally interested in the main 

signature of the processes-side reactions can give important information 

but, in the end, one always has to investigate the major reaction route. 

Research in Chemistry teaches one that an understanding of the major 

processes normally leads also to an understanding of the side 

reactions
4

• This dictum has not been followed in most of the research

carried out during the last two years. 

Some Comments on Research since 1989: the Second Annual Conference on 

Cold Fusion. Como, Italy. 29th June - 4th July 1991 

The holding of the Second Annual Conference on Cold Fusion prompts 

a reassessment of the work carried out since March 1989. The papers 

presented at the conference will be published by the Italian Physical 

Society later this year. Summaries of earlier work can be found in the 

following reviews: 

4 

J. 0'M. Bockris, Guang H. Lin and N.J.C. Packam (Texas A&M

University) "A Review of the Investigations of the Fleischmann-Pons 

Phenomena", Fusion Tech., 18 (1990) 11. 

J. 0'M. Bockris and D. Hodko (Texas A&M University) "Is there

Evidence for Cold Fusion?", Chemistry and Industry 21 (1990) 688. 

This principle is so 
qualify for Pons' and 
Chemistry; it could, 
research in Nuclear 
interested in making 
making Physicals. 

well understood by Chemists that it doesn't 
Fleischmann's second principle of research in 
however, qualify as the second principle of 
Physics. As the saying goes: Chemists are 

Chemicals but Physicists are not interested in 
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M. Srinivasan (Bhabha Atomic Research Centre) "Nuclear Fusion in a

Lattice: an Update on the International Status of Cold Fusion 

Research", Current Science, April 1991. 

E. Storms (Los Alamos National Laboratory) "Review of Experimental

Observations about the Cold Fusion Effect" to appear in Fusion Tech 

(1991). 

There are other excellent reviews but these are not so readily 

accessible. 

In what follows, comments about work done prior to the Como meeting 

will be indented in the text. The results will be described under 

several headings. 

Tritium Generation 

New results on tritium generation in closed electrochemical systems 

were presented notably by the collaborative groups between CNR, Padua, 

and the Department of Physics, University of Padua (G. Mengoli, C. 

Manduchi et al.) and by the group at the National Cold Fusion Institute, 

Salt Lake City (F. Yill et al.). Conditions have been achieved by these 

and other groups which lead to an increase in the T-content of the 

closed systems by factors of 25-40 over that of the initial inventory. 

Details of an interesting new variant of the electrochemical method 

were reported by the collaborative group between the Naval Ocean Systems 

Laboratory, San Diego and the D.O.E., Yashington (S. Szpak). In these 

experiments palladium and D are codeposited at high negative potentials 

which appears to lead to an immediate generation of tritium and the 

detection of autoradiographic images in the immediate vicinity of the 

cathodes (presumably due to the emission of soft x-rays); it also leads 

to an immediate generation of excess enthalpy. 

Further results on the generation of tritium (and neutrons) in 

solid state cells consisting of alternating layers of Pd po�der or foil 

and of Si powder or wafers were reported by the group at Los Alamos 

National Laboratory (T.N. Claytor). Increases in the tritium levels up 

to 150 times of the initial inventory have been achieved under pulsed 

current conditions. 

References to earlier work will be found in the reviews. These 

earlier investigations (notably those at the Bhabha Atomic Research 
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Centre) include spectacular examples of the autoradiography of Ti 

loaded with D and subjected to temperature cycles, the detailed 

characterisation of the tritium �ray emission spectra and of x-ray 

emission from the Ti samples (presumably due to Coulomb excitation 

induced by the �decay). There are also reports by the groups in 

India and at Texas A&M University of the generation of very high 

levels of tritium in and at palladium cathodes. 

The generation of high energy tritons is referred to below under 

the heading "Miscellaneous Observations". 

Neutrons 

A survey of neutron detection experiments was presented by H. 

Menlove (Los Alamos National Laboratory) and this was also a major 

component of the surveys of gas loading experiments by F. Scaramuzzi 

(Frascati), of research in Japan by H. Ikegami (National Institute for 

Fusion Science, Nagoya), in the Soviet Union by V. Tsarev (Lebedev 

Institute, Moscow) and in China by Xing z. Li (Tsinghua University, 

Beijing). A major new result is the detection of neutrons from 

experiments on Pd cathodes conducted in the Kamiokande mine by H. 

Menlove and S. Jones (Brigham Young University). These measurements rely 

on the detection of highly energetic y-rays from the (n,y) reaction on 
35

cl (present as 20% NaCl in the surrounding water bath). It appears 

that the results obtained are at a higher level of statistical 

significance than that of the neutrinos detected in the Kamiokande mine 

from the 1987 supernova. 

The improvement in the methods of characterising individual

neutrons continues apace such as in the, time-of-flight spectroscopy 

reported by T. Bressani (I.N.F.N., Sezione di Torino). An improvement in 

the statistical significance of the data has been a general feature of 

the results such as in the time-correlated detection of bursts of 

neutrons from gas loaded samples of Pd reported by T. Tazima (National 

Institute for Fusion Science, Nagoya). 

Earlier work has shown that both gas loaded samples and Pd cathodes 

show two types of signal, a very low level background count which 

is difficult to detect at high levels of significance (and which 

may be Poisson distributed) and bursts in the neutron production. 

The results now available show that these bursts in the neutron 

production cannot be attributed to spallation induced by cosmic rays. 

The results presented at the meeting confirmed yet again _that the 
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branching ratio for reactions (ii) and (i) differs markedly from unity 

(factors as high as 10
7

-109 have been reported). Such changes in the

branching ratio from the value -1 for "hot" fusion show that the nuclear 

processes in the lattice cannot in any sense be discussed by analogy to 

fusion in high temperature plasmas. This is also shown by the 

observation of high energy neutrons (a broad peak in the range 3-6 MeV 

in addition to the 2.45 MeV peak due to reaction (i)) which was again 

reported at the meeting by A. Takahashi (Osaka University - Matsushita 

Electric Company group). 

Excess Enthalpy Generation 

The rapid generation of excess enthalpy in thin films of Pd (either 

sputtered or electroplated onto Ag substrates) was reported by R. Bush 

(California State Polytechnic University); rapid generation in Pd-D 

codeposited at very negative potentials was also reported by S. Szpak 

(Naval Ocean Systems Laboratory). M. McKubre (EPRI-Stanford S.R.I.) gave 

results of excess enthalpy measurements on Pd cathodes using sealed flow 

calorimeters while S. Pons described measurements on alloy electrodes 
-3

which lead to very high releases of excess enthalpy(> lkW cm ) so much

so that the main cause of heat transfer becomes the boiling of the 
5 

electrolyte An independent analysis of some of our calorimetric data 

was presented by W. Hansen (Utah State University, Logan) using other 

methods than those employed by us. This analysis has given results 

closely similar to those which we have obtained although our estimates 

of the excess enthalpy appear to be conservative (which we have already 

anticipated because this is a feature of our methodology). 

J. O'M. Bockris (Texas A&M University) reported that Pd cathodes

subjected to pulse conditions give high levels of excess enthalpy but 

only when the D/Pd ratio approaches -1. 

Miscellaneous Observations 

The sub-title unfortunately gives the wrong connotation because 

some of the most interesting results are included under this heading. 

5 

The correlation of 
4He measurements in the gas phase with the

Arguments about the magnitude of the heat transfer coefficients, the 
characterisation of the calorimeters etc. then become meaningless. A 
watch, to time the boiling to dryness and one's finger will do (if one 
doesn't mind getting scalded). 
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levels of excess enthalpy generation in Pd cathodes was reported by M. 

Miles (Naval Weapons Research Centre, China Lake - University of Texas, 

Austin collaboration). 

The detection of charged particles from thin Ti foils loaded with D 

from the gas phase, temperature cycled to -180 °C and then subjected to

moderately high current densities was reported by F. Cecil (Colorado 

School of Mines Solar Energy Research Institute collaboration). It is 

possible to make very sensitive measurements on such systems using Si 

surface barrier detectors and such 

unambiguous. 

measurements are relatively 

There are earlier reports of such measurements from the Soviet 

Union and especially from the Naval Research Laboratory, 

Washington, D.C. (G. Chambers). In this particular study of Ti 

foils ion implanted with deuterons ~5 MeV particles of mass 3 were 

detected (probably tritons). Such particles cannot arise in simple 

D-D reactions and this result should be compared with the 

observation of energetic neutrons in the 3-6 MeV range. 

The fact that excess enthalpy generation is observed on electrodes 

having a D/Pd ratio ~l was brought up several times at the meeting. By 

contrast, tritium generation appears to be favoured by lower charging 

ratios and/or non-equilibrium conditions (equally true of gas loaded 

samples subjected to temperature cycles). Neutron generation also 

appears to require 

electrolysis). 

non-equilibrium conditions (e.g. pulsed 

The detection of neutrons from essentially aneutronic processes 

naturally poses difficulties and an unfortunate feature of much of the 

work to date has been the mismatch of the effort and information 

devoted to the instrumentation on one �and and the experiment design on 

the other
6
. At the final round table discussion we appealed that, as far

6 
We do not decry the effort devoted to the instrumentation but note 
that the experiment design is usually rather crude in comparison. 
However, we also note that several groups (ours included) have 
information that the neutron generation rate lies in the range 5-50

-l -l · 
f h 1 . . b d) Th neutrons s Watt (1 excess ent a py generation 1s o serve . ere 

appears to be some coyness about reporting such facts. It might well 
prove to be more useful therefore to increase the scale of the 
experiments rather than to improve the instrumentation to find next to 
nothing at all. 
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as electrochemical experiments are concerned, research workers should at 

the very least report the light water content of the electrolyte used, 

the D/Pd charging ratio and the number of times an electrode has been 

used as well as the position of any particular measurement cycle in the 

experiment sequence. 

Theory 

A number of ideas about the possible mechanism of "Cold Fusion" 

were presented at the meeting. The subject was reviewed by G. Preparata 

(University of Milan). Our speculation (in the last section) about the 

possible explanations of the phenomena are based on a paper which will 

f h f d. 7,8 appear as part o t e con erence procee 1ngs 

What about the explanations? 

We have to look for answers to the following questions: 

(a) Why is it so much easier for deuterons to overcome the Coulomb

barrier to fusion when the deuterons are in a lattice than when

they are, say, in a high temperature plasma?

(b) Why is the outcome of fusion in a lattice so different to that of

fusion "in a vacuum"?

(c) How does it come about that the lattice can affect processes which
-21

take place at very short space-times, say 10 s and 10 F?

7 
Summary of the present position. Contrary to the views which were 
expressed in 1989 that the phenomenon of "Cold Fusion" would "go away" 
with improved experiments and instrumentation, the evidence has become 
stronger and the statistical level of significance of the various 
measurements has increased. 

8 
Readers will find that there is only a passing resemblance between 
this report and Douglas Morrison's Cold Fusion Update No. 5 (which 
must be about his 27th message about the subject). The difference is 
that we have reported what people actually said not what we feel they 
ought to have said (or wished they would have said). It is for this 
reason that we have separated our own thoughts about this section into 
the footnotes 5-8. 
In the context of the reportage of this field we would add that it is 
not helpful to classify those workers who obtain positive results as 
"Believers" and those who obtain zero effects as "Skeptics" nor to 
give off the cuff comments about the validity of particular results. A 
judgement as to the latter frequently involves almost as much effort 
as the original investigation and science normally does not progress 
via such back-biting. We trust that Heinz Gerischer will publish his 
observations on the meeting which were an object lesson on how to 
avoid such nonsense. 
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Not surprisingly, simple models based on the collisions of two deuterons 

(with the possible screening by single electrons) cannot provide an 

explanation of (a) (the ingoing channel): the overlap amplitude 

is,�imply too small. Here rN is a typical nuclear distance (a few

Fermis), r0 is the classical turning point, µ is the reduced mass, V(r) 

(=air) is the Coulomb potential and Ethe kinetic energy of the 

colliding nuclei. Based on such arguments one would conclude that there 

can be no fusion in a lattice - it must all be a delusion, mistake, 

fraud or something to that effect. 

It is important to realise, however, that whereas much of plasma 

physics has been based on ideas drawn from the solid state the transfer 

of concepts in the reverse direction cannot be achieved in a simple 

way
9
. An important key to the understanding of the system is given by

the strange properties of D (and of H and T) in such lattices. Ve must 

ask: how can it be that D can exist at a -100 molar concentration and 

high supersaturations without forming o
2 

in the lattice? How can it be 

that D diffuses so rapidly through the lattice (diffusion coefficient 
-7 2 -1 

> 10 cm s greater than that of either H or Tl) whereas He is 

practically immobile? The answer to the last question is, of course, 

that deuterium is present as the deuteron whereas 
4
He does not form 

�-particles. These observations alone set interesting limits on the 

intense fields experienced by D as it moves through the lattice (say 
-1 -1

>30eV (A) and <70eV (A) ). The deuterons sit in deep energy wells and 

yet behave as though they are almost unbound (they behave as classical 

oscillators). This fact in itself shows that the deuterons must be part 

of a macroscopic quantum system so that they can experience such marked 

anharmonic excitations. 

9 
A proper consideration of such condensed systems has to be based on 
the Quantum ElectroDynamics (Q.E.D.) of superradiating plasmas. Those 
interested in this topic should consult the papers of G. Preparata.As 
far as the present system is concerned one concludes that the 
deuterons form an ordered array (D/Pd =1!) in a coherence domain 
described by a macroscopic wave function; the deuteron plasma 
interacts with the coherent oscillations of the electron plasma. 
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These observations in turn give an explanation of the increase in 

the overlap amplitude, for hot fusion is based on the increase of E by 

increasing the temperature (say to 100 eV at 10
8

K) while "cold" fusion

depends on the lowering of V. The increase in n due to this is 

sufficient to explain the very low rates of neutron production which 

have now been extensively reported. Summation over all the "fusion 

paths" of the coherence domain gives the further increase in n demanded 

by the high rates of enthalpy generation. 

The second important set of questions is why the outcome of fusion 

in a lattice should be so different to that in a plasma? The simple view 

is that processes at short space-times cannot be affected by the much 

1 1 · · b 
· lO' l1

I 
· 

h h b th t th t . s ower attice vi rations . t is t oug t y many a e ou going 

channels must therefore follow (i) and (ii). By the same token processes 

such as 

2 2 4 
D + D -----➔ He + y (23.9 MeV) (iii) 

are not expected to contribute significantly (the cross-section of (iii) 

is about 10
-6

that of (i) and (ii) under "hot" fusion conditions). 

However, in plasma fusion the dipole coupling for (iii) is to the vacuum 

whereas in the lattice this coupling is to the macroscopic wave-function 

of the coherent electron plasma. It would therefore be expected that 

most of the energy flow will be to the electron plasma which will 

10 
In Quantum ChromoDynamics (Q.C.D.) this separation of a process at 
short space-times from those at much longer space-times is referred 
to as "asymptotic freedom". However, in the presence of coherent 
interactions, this principle is generally inapplicable, as shown by 

11 
Preparata. 
This view is widely held notwithstanding the fact that lattices do 
affect nuclear processes as is shown, for example, by Moessbauer 
spectroscopy. You may wish to ask yourself whether the short 
space-time scale of y-ray emission could ever be affected by phonon 
interactions? Why should the lattices be so stiff on such short time 
scales? The answer to this conundrum lies once again in the Q.E.D. of 
the superradiant plasmas as has been shown by Preparata. As 
electrochemists are imaginative people you might then ask yourself 
what other consequences this might have for Chemistry, Nuclear 
Physics, Cosmology or anything else that comes to mind. 
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rapidly thermalise the system
12

' 
13

· On this view the formation of T and

n is due to incoherent cooling of the compound nuclei the H-T 

configuration then being favoured because of the large electromagnetic 
3 

current due to the rapid motion of the proton (in the n- He

configuration it is the neutron which is rapidly moving). 

Conclusions 

This short account has been based on only a small part of the 

information available. It is probably too soon, for example, to attempt 

a comprehensive explanation of the formation of high energy tritons 

(~SMeV) and neutrons (3-6 MeV) except to say that they certainly cannot 

arise in simple two-body collisions. Ye also note that other 

explanations of the phenomena have been put forward: we have simply 

chosen the one which at this time is most free from objections and which 

also has the essential advantage that it leads to predictions for the 

outcome of novel experiments. Future surveys will have to cover the much 

wider range of observations already to hand and may well have to include 

the strange patterns of behaviour of compressed deuteron plasmas which 

are being reported in related fields of research such as in the 

application of Plasma Focus devices. 

It is our view that the scientific interest of the subject has now 

been amply established; the scope for technological applications remains 

to be evaluated. However, to date, it has certainly been true that all 

aspects of electrochemistry, no matter how esoteric, eventually find 

some practical use. 

12 
The information about the system is in the macroscopic 
wave-functions. Neglect of this fact leads to paradoxes of the 

13 
Einstein-Rosen-Podolsky type. 
This argument should not come as a surprise to electrochemists since 
there is some analogy between the deuteron-electron plasma coupling 
and the dipole fluctuation induced activation of outer sphere redox 
reactions. Indeed, it is our view that the latter processes would 
best be described by the relevant macroscopic wave functions of that 
superradiant system. 
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APPENDIX 

REPORT 'ID THE UTAH STATE FUSICN/ENERGY COUNCIL ON THE ANALYSIS 

OF SELECI'ED PONS FLEISCHMANN CAIDRIMETRIC DATA 

Editorial Note 

Wilford N.Hansen 

Physics Department Utah State University 

Logan, UT 84322-4415 

One of the highlights of the Conference has been the independent 

analysis of Fleischmann's and Pons' data, collected at the National Cold 

Fusion Institute, by Wilford Hansen. 

In this Appendix we integrally reproduce Hansen's Report to the Utah 

State FusionjEnergy Council. 

INI'RODUCTION 

Here is reported my analysis of a series of electrochemical 

experiments run by Pons and Fleischmann, P/F. This series produced some 

remarkable results which were revealed only through a careful analysis. 

When I was asked last January by the Fusion/Energy Council of the 

state of Utah to head a comnittee to investigate unpublished and 

unreleased data of Pons and Fleischmann, I knew it would be a difficult 

and interesting assignment. Still there were many surprises, and it took 

longer and was more difficult than expected. I received help and good 

advice from colleagues, including some who were pro and some who were 

con. While others have helped, I take the full responsibility for this 

report. I am sorry to say that we have not conducted any actual 

experiments. In spite of good intentions, the Pons lab has not been used 

so far in our work. But we have received sets of data and have analyzed 

some of them in depth. Our strategy has been to obtain and closely 
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examine the most significant data available. We believe that has been 

done. The data discussed in this report lay no claim to being typical. 

They are chosen because they illustrate some remarkable results we found 

to have been obtained by the P/F group. 

In approaching this analysis there are many attitudes one could 

take. Let me illustrate by mentioning three. First consider what I will 

call "scientific chauvinism". I have used it myself on occasion. When 

the University asks me to check out an invention of someone and I find 

that it is another perpetual motion machine, I just discount it 

completely and try to get the guy out of the office as smoothly as 

possible. Some seem to regard the P/F effect in a similar light. After 

examining P/F data, one "official" reviewer said to me, "They may have 

something interesting going on, but it certainly has nothing to do with 

nuclear physics." A second attitude is one of extreme skepticism. 

Because of the importance and unprecedented �ature of the claimed 

discovery, and the lack of quick confirmation by most in a worldwide 

effort, many aren't going to believe until it is proven beyond doubt. A 

problem then arises because nothing can be proven "absolutely". Still 

something of such profound importance must be given careful scrutiny. A 

third attitude is that taken by the typical reviewer of articles for, 

say, Physical Review. He looks for quality in the research, for internal 

consistency, and for clear results. He doesn't usually ask to inspect 

the author's laboratory, nor does he doubt the word of a scientist with 

a gocx:1 reputation. On the other hand even the best of scientists can 

make mistakes, so careful review is needed, and is usually desired by 

all. 

So what is my attitude in the present case? Well, I have some 

sympathy for all three cases above. They may all be honest and 

legitimate attitudes. I avoid the first two because in the present case 

they would be fruitless. I choose the last, but with more skepticism 

than usual. The raw data are assumed to be real as given. It would be 

pointless to do otherwise. But I want to be extra careful on this one 

because of its great importance. I came into this assignment neither for 

nor against. Halfway through I was still neutral. I must admit to having 

become somewhat pro recently, but am trying to remain objective. 

OVERALL REMARKS ON THE P/F CALORIMETRY 

Neither time on this analysis nor detailed experience with the P/F 

project are sufficient to allow me to give an exhaustive appraisal. 
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However critical issues will be faced and evaluated. The most important 

ones are discussed below. 

Adequacy of the experimental setup 

The P/F calorimetry has been the subject of a great deal of 

discussion since March 1989, much of which I have heard. To some extent 

it's a matter of picking your experts. I make several observations: 

1. Improvements have gradually been made to perfect the P/F 

calorimeters, and the ones used in this series are of the advanced 

silvered type. This improves constancy of heat transfer and makes 

analysis easier. It also reduces the heat loss rate by conduction at the 

top, making the cell contents more uniform in temperature. 

2. The assumption of isothermal cell interior has been checked by P/F

and collaborators and has been found to be adequate. This has been 

discussed with P/F and with others who have made independent 

evaluations. Only one temperature measuring unit was present within a 

cell in a typical run, however, so consistency of temperature was not 

continuously monitored. Details of the water bath and other cell 

environment factors have been reviewed and personally observed and are 

considered adequate. 

3. Loss of electrolyte due to open cell evaporation: according to P/F

this has repeatedly been checked with the following conclusions. There 

is no recombination of electrolysis products inside the cell and the 

loss rate is approximately as predicted by the mathematical model. Keep 

in mind that the cells are filled to the mark periodically, typically 

once a day. A record is kept of how much solvent this takes. 

Unfortunately these detailed data were usually not available to us. We 

asswne that the cell was full at the beginning after each refill. 

Observations on blankcells and heatcells tend to show in general that 

recombination was not a factor. Others who are doing P/F type 

calorimetry state that with care in covering metal parts above the 

electrolyte, there is no recombination. 

4. It is generally assumed that the voltage, galvanostat, temperature

and other instrumental readings had negligible error so far as the 

instrument itself is concerned, since this is reasonably easy to assure. 

Adequacy of the model of the cell calorimetry 

This is a subject of active investigation at present and has been 

the subj.ect of talks and publications in the past. We use the latest P/F 

model, unabridged, which is well known and will not be given here. There 
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are experts who still say that the P/F model is wrong in certain 

important respects. This debate.will have to run its course as the 

subject has many subtleties. In the current analysis a competitive model 

was also used. It made little difference, and made essentially no 

difference in the crucial aspects of the analysis. It was also observed 

that the P/F model worked well on the blank cells, even up to high 

temperatures. 

OUR OVERALL APPROACH 'ID DATA ANALYSIS 

Modem fast computers permit the luxury of using the full model 

equations without approximation. For this reason it is called the 

"exact" approach. Of course it isn't really exact. No model of a 

physical system is exact. But insofar as the model is correct, curve 

fittings, inversions, and other nwnerical manipulations can be done in 

an optimal fashion not limited by trying to make the algebra convenient 

with the use of approximations. The full blown model equations for open 

cell calorimetry are rather complicated, and there is little hope of 

finding simple algebraic solutions. Actually, the latest computers make 

the use of open cell calorimetry much more attractive. In our approach 

we avoid many of the argwnents about how to reduce the data with 

approximate methods. In fact much of the criticism of the P/F methods 

still revolves around how approximations should be made. In. our 

approach, this conflict disappears. For a blankcell, with excess heat 

known to be zero, it is easy to get the heat transfer coefficients at 

all times and temperatures within limits which can be determined by 

digital data analysis. Direct calculations using linear or nonlinear 

regression analysis can be used to determine both heat transfer 

coefficient and excess heat in the case of heatcells. Even the effective 

heat capacity of the cell can be determined at the same time. When heat 

pulses of known wattage are added to the cell the analysis is 

particularly straightforward. These can also be used to check the 

internal self consistency of the data and model. Qir data analysis is 

accomplished entirely with this computer approach. 
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ANALYSIS OF PCNS/FLEISCHMANN CAWRIMETRIC DATA 

Part One 

The cells discussed here are all of the "silvered" type where the 

vacuum jacket extends out of the water to the top of the cell and the 

top section is silvered down to a point under the water level of the 

bath. This makes the heat loss more radiative and smaller. It also makes 

the change in rate of heat transfer as the water level within the cell 

goes down during electrolysis less. 

The raw data for all cells were received in the fonn of columns of 

time and corresponding temperature (Celsius) and cell voltage. The cells 

were always run in galvanostatic mode, with the constant current given. 

The voltage and temperatures were recorded every 5 minutes. Auxiliary 

data for cells 1-5 and cell 8 are given in table 1. The detailed history 

of the cells was not made available to us, and sometimes there were 

extraneous data attached before and/or after the run of interest. Nor 

was the serial number of the flask used given. Because the cells were 

not all alike, it may prove very useful to have these and other data in 

the future, and they may be available from notebooks. 

First we will discuss the "blankcells", i.e. , cells deliberately 

designed to be like the "heatcells" but produce zero "excess heat". For 

these, Qf = 0, except for small amounts due to loading at the beginning.

In this set there are two, cells 8 arid 3. Cell 8 is blank because a 

platinum electrode (three 1 mm dia. x 1.25cm Pt wires bound together) 

was used instead of palladium. Otherwise the cell contents were the same 

as those used in the "heatcells", i.e. those intended for possible heat 

production. Cell 3 used the same type of cathode as cell 8. In addition 

light water was used. Cell 1 is claimed to be the same flask, but is a 

"heatcell", with heavy water and palladiµm cathode. There may be other 

small differences, here and among the cells in general. For example the 

heat capacities of the various cathodes are probably somewhat different. 

Also the cells may not all have had the resistance heating well and 

resistors in place, since heat calibration pulses were not used in cell 

8 nor in cell 1 in the main run. Early on it was thought that cell 3 was 

a blank for cell 7, but that proved not to be the case. From the 

information we have, cells 1, 3, and 8 are the same flask and all others 

are different individual flasks with none in conmon. Cell 3 used a 

platinum cathode (three 1mm dia. x 1.25 cm Pt wires bound together). 
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RUN 

Blank ce 11 

Cell 8* 

TABLE t 

Auxiliary Data for Cell Runs 

CATHODE Electrolyte 

Pt wire 

3- Imm x 1.25 cm bound together

D20 + LiOD

0. tM

Heat Pulses Current 

none 800mA 

-----------------------------------------------------------------------------

Blankcell 

Cell 3* 

Pt wire 

3- Imm dia x 1.25 cm

two 800mA 

0.270 watts 

---------------------------------------------------------------------------------

Heatcell 

Cell I* 

Pd alloy 

4 mm dia x 10 cm 

D20 + LiOD

Q.tM

one 800mA 

--------------------------------------------------------------------------

Hea tcell 

Cell 2 

Heatcell 

Cell 4 

Hea tcell 

Cell 5 

Pd alloy 

Imm dia x t .25 cm 

Pd alloy 

4mm dia x t .25 cm 

Pd alloy 

2mm dia x t .25 cm 

D20 + LiOD

0. tM

D20 + LiOD

0. tM

D20 + LiOD

0. tM 

one 

0.270 watts 

one 

0.270 "'atts 

one 

0.270 watts

200mA 

400mA 

400mA 

800mA 

400mA 

800mA 

- ---------------------------------------------------------------------------

*Cells t,3 and 8 are same flask, other cells all have different flasks.
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Using hindsight, the fact that most of the cells had no blank is of 

course unfortunate. It would be nice to have blankcells for all 

heatcells, and to have in addition heat calibration pulses for every 

cell, including all blankcells. The most important change in this set of 

similar cells from an analysis point of view, is that the heat transfer 

coefficients vary from cell to cell. 

EVALUATION OF BLANKCELLS 

Now concentrate on cell 8. The raw data are plotted in figure 1.

Further data include: the cathode comprised three platinum wires 1 nm in 

diameter by 1 • 25 cm long, wrapped together, the electrolyte was 0. 1 M 

LiOD, and the current was 800 mA throughout. Data for the fillings with 

D20 were typically 8.0 ml per day for a cell using 800 mA. The detailed

filling data for cell 8 are not given, but the behavior of the raw data 

indicates that they were regular and uniform. We will now present an 

analysis scenario that reveals a nwnber of characteristics of this cell, 

and indicates some general things about this type of cell. We use a 

real-time Kalman filter and run through the data from left to right 

(increasing time). This gives us a relatively noise free data line for 

Qf as a function of time throughout the whole set of data. The model 

used to calculate Qf is that of Pons/Fleischmann, (P/F hereafter). Since

the model does not hold for the short time of water refreshment, a spike 

in the filtered Qf output results. In addition, the Kalman filter takes 

a few points to settle down after the spike, so there is a period of 

time after each refill where the filter output points are first false 

and then doubtful. These periods are obvious from the graph, figure 2. 

In running the filter, a fixed radiative heat transfer coefficient, Kr,

for the cell is given and Qf calculated. Actually, of course, Qf should

be zero everywhere if small chemical changes in the platinum electrode 

are neglected, which appears reasonable. This requires a Kr that changes

as the day progresses. The small changes involved seem transparent at 

this point and will not be plotted here. (We will, however, confirm our 

results by another approach later.) We take the data for a given day as 

a batch, use a curve fit to, say, Qf=0, using an appropriate modelling

equation, and see what the average Kr is. Kr may also be taken linear

with time or quadratic with time. At this point it should be noted that 

the heat transfer is not pure radiative but has a conductive component 

which is given by Kc(Tcell - '!bath) while the radiative heat loss is

given by Kr(Tce11
4

-'Ibath
4
). Using the current type cell it is nearly 
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correct to use the pure radiative heat loss mode, at least for cells 

with a coefficient of, say, 6.1 10-
10 or less. It should be noted that

by using pure Kr and no Kc, Qf is underestimated and not vice versa. By 

using both modes and two heat loss coefficients, the blank cell heat 

loss could be fit at the first and last days without changing the Kr 
value. The change probably occurs because at high temperatures the use 

of the :i;x:,wer four tenns overstates the heat loss a bit. However, the 

change in Kr is so small in the present case that the use of a pure 

radiative tenn is a good approximation. We will return to this :i;x:,int 

later. At this :i;x:,int let's see what Kr is required to fit cell 8 to 

about 9o•c. 

Because the cell is open and the contents change throughout the 

day, the actual Kr of the cell changes a little also. The strategy used 

here is to find the Kr that gives Qf =Oat the middle of the day. It 

will be seen from the graph that Kr = 6.1 10-10 accomplishes this quite

well at the beginning of the run. At the end of the run, after the last 

filling, up to where the temperature approaches 90 °C, Kr=6.032 10-10

does the job. This is a change of 1.1%, and within the precision we have 

come to expect in this analysis. The use of Kr=S.95 10-10 clearly gives

results too low everywhere. We will present other analyses below and 

look into things in more detail, but we can see right now that the model 

fits what is happening to +/
-

2% or so throughout the entire cell 

history up to 90°C or so (keeping in mind that the regions associated 

with the steep spikes downward don't count). All this is very im:i;x:,rtant, 

for this cell covers the high temperature range where it was thought by 

some to be too difficult to model the cell properly and take data 

accurately. The low temperature region is indeed easier to model, 

especially if it is rather constant in temperature. This is true for two 

reasons. First the heat balance equation becomes very simple and, 

second, the Kr remains nearly constant with time. Another :i;x:,int needs to 

be made here. If a heatcell produces no heat, it is im:i;x:,ssible to 

distinguish it from a blankcell. From the analysis of cell 8 we know 

what to expect in general from other cells of similar design. We also 

know some behavioral patterns even of heatcells. For one thing, the 

mcxlel works up to about 90 deg C if temperature and voltage don't change 

too fast. 

Cell 3 will not be discussed in detail at this time. The two heat 

pulses of this cell were not steady for some reason. It does appear that 
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parts of the heat pulses were proper and asswning that these sections 

represent the 0.27 watts intended, the Kr value obtained by fitting 

these sections does indeed give a Qf of zero, showing internal 

consistency. 

ANALYSIS OF A HEA'ICELL 

Now consider a heatcell set up in the same flask. The only change 

is that the cathode is now palladium and a little larger which incre_ases 

the heat capacity a little. (But as we shall see this size is of little 

importance in the analysis). The raw data are plotted in figure 3 for 

this run. Note that there is an instrument problem that gives a spurious 

hump in temperature the last day. Evidently these points can be simply 

ignored, which we have done, including the short Kalman filter glitch 

evident in figure 4 where we include the filter output for Kr=6.1 10-10

-10
and for 6.032 10 . The former is for the lower temperatures and the 

latter for the higher, as indicated by the analysis of cell 8. Of course 

the cell constant could have changed during runs, but there are no data 

to point to such a change, and the change might just as probably have 

given a larger Kr rather than the smaller Kr required here to give a 

zero Qf, i.e., make it look like a hlankcell. If the Kr remained 

constant from run to run we could already be certain that there was a 

modest amount of excess heat produced, increasing with time and 

temperature, the maximum being about 0.38 watts. 

Now let us use a different analysis approach on these two runs in 

the same cell. Here we will use nonlinear curve fitting, also called 

nonlinear regression analysis. It is based on minimization of the mean­

square error as explained in a handy book by S.M. Bozic pp 92 ff [1), 

see also refs [2) and [3). To accomplish this the Marquardt-Levenberg

algorithm is used. At first we will simply assume that Kr is a constant 

for a day, take the day's data points as a batch and find the best Kr 
that fits the day. We could just as well let Kr vary linearly or even 

quadratically through the day. The convergence of the iterative process 

works very well. It is just more cumbersome to discuss, and the single 

Kr per day is well within a 2% accuracy. Along with the computed values 

we will be giving data that indicate expected errors in those values and 

other statistical data. 

In a typical day there is only a point or two that cannot be fit by 

the model. The model does not work for the few minutes it takes to add 

o2o to refresh the cell. However uniform temperature should return 
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within the cell within a few minutes, and only a point or two need be 

lost (Data are taken every five minutes). Avoiding these points, the 

rest of the day's points are useable. In the case of the blankcell they 

are taken as a batch and used to fit the equation 0f=O. There are 

differences in the P/F and Walling fonnulas. These are small at low 

temperatures. The P/F fonnulas use more detail which may become 

important at the high temperatures. We have used both. We have modified 

the Walling fonnula to use the full Kr(T4 -'Ib4), and call it MWF.

Heatcell 1 is first analyzed by running a Kalman filter for Of over 

the entire run with Kr set at the values indicated by the blankcell run, 
-10 10 i.e., Kr=G.032 10 and Kr=6.1 10- . The results are presented in 

figure 4. A modest excess heat is shown. (Remember that even a small 

deviation from the blankcell is significant in the sense that it demands 

an explanation.) Perhaps the excess heat in the present case is just 

some chemical reaction with the electrode. ·Perhaps it is simply due to 

the Kr of the cell changing since the cell was used as cell 8. This 

isn't expected, but if Kr were smaller during the heatcell run, and the 

larger expected values were used in the calculation, erroneous excess 

heat would show. From this point of view it would be nice to know the 

history of the cell. We don't. Just to show what value of Kr would be 

required for 0f=O, we have made the necessary Kalman filter calculation 

and show it in figure 5. Note that even at this low Kr of 5.63 10-10,

there is still excess heat. This is a forced fit, but it shows how 

important it is to know the cell histo�ies and relationships. 

some mistake has been made in identifying cells, or possibly 

Perhaps 

the cell 

constant has changed. At the moment we have no way of knowing for sure. 

We need a better calibration procedure, which we demonstrate below. 

ANALYSIS USING HEAT PULSES 

Actually P/F have designed at least some of their cells with a 

resistor placed in a tube near the bottom of the cell, in about the 

position taken by a small cathode. The idea is that at any time desired 

they can superimpose a known amount of extra power into the cell. They 

have done this by putting a fixed and known current through the constant 

resistance. Occasionally they measure the voltage also to confirm the 

wattage. This then gives a heat pulse that should give exactly the same 

results as a transient Of of the same shape. If the heat pulse is known, 

the response of the cell to Of is indicated. The heat pulse can be 

turned on at any time and temperature. These calibrations occur right in 
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the midst of the cell run at just the time the data are needed. In our 

opinion they are the answer to cell evaluation and they should be used 

extensively, on blankcells as well as heatcells. 

Before we discuss how we use the heat pulses to analyze cell 

behavior we mention that they have been the subject of no small 

controversy. It seems to us that the source of this controversy is the 

fact that the cell voltage changes during the pulse due to the change in 

the conductivity of the electrolyte as the temperature changes. This in 

tum is probably due mainly to the increased rrobility of the ions with 

temperature. There can be no argument if the data are handled by one of 

the regression methods we discuss below. The results of calculations 

using the pulses are unambiguous and very accurate. Of course we are 

thinking of numerical accuracy. The calcuJ.3tions cannot be accurate if 

the power of the pulse is not known accurately. 

We have used the heat pulses in several effective ways. All are in 

perfect agreement with each other. The method of choice depends on what 

is wanted. One method is to simply run the Kalman filter for Of using a

Kr that gives the known correct pulse height. This is easily estimated

after viewing the results of a close guess. The height of the pulse can 

readily be determined by sight, a straight edge and a set of vernier 

calipers, after the Kalman results have been plotted in large profile. 

Notice that the Kalman filter treabnent reduces the pulse to a step 

function. It is not necessary to measure the pulse height by hand, 

however. The full power of batch processing and statistical treabnent of 

data are available in curve fitting. The heater pulse wattage, HP, is 

known as a function of time, as are other variables. We can solve the 

needed equation for HP=" " and fit " ... " to the known value of HP. 

In doing so we allow Kr and Of to seek their values, using a nonlinear

fit algorithm (actually the algorithm can be a general linear fit, since 

"linear" refers only to the coefficients allowed to vary). The 

convergence of the iterations is fast and the answer is sure. In fact Cp

can also be allowed to seek its own value, typically with little effect 

on Kr or Of if T isn't changing very fast. In fact at places where the 

temperature is changing rapidly (but still in equilibrium within the 

cell), Of, Kp and Cp can sometimes be found without a heat pulse

present, but with less accuracy. Typically data are treated a day at a 

time in this curve fitting process. On occasion, however, we have 

treated multiple days in one session. 
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As an example of the nonlinear regression analysis consider 

heatcell 5. The raw data along with a Kalman filter calculation of Of
are shown in figure 6. Note that Kr is chosen to give a heat pulse of 

0.27 watts, the value of HP for this cell. (The value of HP is 0.27 

watts for all of the pulses used in this set of cells.) When the data 

are fit to HP throughout the two day period, Kr=6.5 10-10 
is obtained

with statistics as given in table 2. It is seen that the fit is good and 

there is no doubt about the excess heat calculation from the data. This 

of course depends on the data being accurate. A point to mention here is 

that even if the Kr is obtained by letting the Of at the beginning of 

the run, day 1, be zero (the most conservative situation possible) and 

ignoring the heat pulse data, there is still excess heat as shown in 

figure 7. 

Cell 5 is claimed by P/F to give a great deal of excess heat at the 

end. The data and reasoning are as follows. All but a small amount, say 

5 cc, of the electrolyte was smoothly boiled away at the last after the 

current was raised to 0.8 amps, within a period of 42 minutes. The raw 

temperatures and voltage of this period and beyond are given in figure 

8, as well as a rnarked off 45 min period. The higher current starts at 

the left of the 45 min period. The liquid was down to the position of 

the srnall electrode in the cell within 45 min. Let us perform a quick 

simple calculation to see what this implies. There was about 3.3 moles 

of D20 boiled away in say 45 min. The heat of vaporization at 101.4 °C is

496.5 cal/gm or 41550 joules/mole. Take this as the value to use here. 

This translates to ca. 114 kJ excess heat in 45 min (assuming 9 watt 

input), or 470% excess heat. The electrode has only 1/226 of a mole of 

Pd. This gives 267 eV/Pd atom for the excess energy. It also corresponds 

to about 1 kilowatt per cc of Pd electrode. It only takes about 5 eV per 

Pd atom to heat Pd to 4000 °C and vaporize it. Cell 4 behaved almost 

exactly like cell 5 throughout a similar run, and the data show that it 

also boiled off in a similar fashion in the same time period, with the 

same results. The electrode was four times larger, so the effects per Pd 

atom are about four times less. This analysis depends on the accuracy of 

the data given. In the case of the boiloffs the data are somewhat 

subjective. One would think they could hardly be off by more than, say, 

50%, however. If the data are anything like that reported, they are 

spectacular! Of course we can discount them completely. That is a 

separate issue. This analysis is conducted as though the data are 
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TABLE 2 

Fitting of Cell 5 Data 

---------------------------

Fit Range Value \ Random error 

Estimate 

Comments 

----------------------------------- ---------

entire 2-day period 

with heat pulse 

entire 2-day period 

with heat pulse 

--------------------

Kr=6.479 1o"10

Ot=0.248 

Kr= 6. 5 71 1 �
-:-IO

Ot=0,288 

Cpo= 472 

-----------

509 

1.0 Cpo fixed at 434 modified 

11.5 Walling formula (MWF) 

---------------

1.0 Cpo also allowed to fit 

10. 2 MWF 

17. 7
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reasonably reliable. These last data on the spectacular heat production 

at the last of the run were reproduced on a second cell, for example, 

which should decrease the chance for misunderstanding or outright 

mistake. The idea that the fluid was expelled like a geyser was 

considered, but smooth boiling can be expected from a cell with a 

constant source of nucleated bubbles at the electrcxie surface. In 

addition it was reported by Pons that the boil off was only liquid free 

vapor. 

Let"s look at cell 5 from yet another point of view. The behavior 

of the cell is ideal in the 0.4 amps region. The model is expected to 

fit very well indeed. Suppose we don't even use the heat pulse for 

calibration. We simply use the fact that Of isn't expected to be 

negative in order to get a lower bound on later Of- Set Of= 0 at the 

beginning of the run. We now have a very good lower botnd. Consider the 

plot of Of again in figure 7. During days 3 and 4, Of cannot be less 

than 0.1 watts or so--say 0.11 watts. Just for the two days this 

corresponds to 45 eV per Pd atom. This is already an order of magnitude 

larger than the energy to vaporize the entire Pd electrcxie. We have 

thought of no other self consistent explanation than that the excess 

heat is real and very significant. Also notice that the smallest Kr that

can be given this cell is 6.15 10-
10

. 

In figure 9 are shown results for cell 4, almost identical to those 

for cell 5. It will be noticed that here the Kr dictated by the heat

pulse is 6.43 10-
10

, while the value that puts Of = 0 at the left end is 
-10

5.95 10 . Statements about excess heat are essentially the same as for 

cell 5 except that in cell 4 there is four times the Pd. Also note the 

rapid boiloff just as in cell 5, with similar implications with regard 

to excess heat. 

ANALYSIS OF HEA'ICELL 2 

This cell was n1n at 0.2 amps for a short while, and then increased 

to 0.4 amps. It took about three days at 0.4 amps to reach 95 ° C. The 

first two day pericxi at 0.4 amps contained a heat pulse of the usual 

0.27 watts. Solving the model equation for heat pulse power, HP, and 

then fitting the equation to the known HP as a function of time gives 

the excess heat, Of, and the cell heat constant Kr. Once again, assuming

the data are correct as given, there is little room for doubt as to the 

required values of Kr and Of- The statistics for the data are given in 

table 3. This fitting process is done by the batch method, where the 
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TABLE 3 

Fitting Cell 2 Data 

Range 

pts 27-200 from first 

of 0.4 amps region 

to middle of pulse 

pts 27-350 from first 

of 0.4 amps reg., past 

pulse 

pts 27-350 over pulse 

pts 574-836 or to 

T:93'C 

No Pulse 

pts 574-792 up to 90' 

No pulse 

pts 574-836 or to 

T:93'C 

No pulse 

pts_ 574-859 

entire region 

No pulse 

Value 

Kr=6.52 10 -10 

Or=0.56 

M=5. 763 

Kr=6.47 10
°10 

Or=0.536 

M=5. 78 moles 

Kr=6.535 1o" 10

Of=0.547 

Kr=6.512 10
° 10 

0fo=537 

L=7.37 10
°6 

Kr=6.446 1o"1
0 

Oto=O. 526 

a=4 .467 10 
. 1

b:5,379 10
°11 

Kr=6. 758 10 · 1
0 

Oto=0.712 

a =3.85 10 -6

b = l.25 1o" 11 

Kr=6. 711 10
° lO

Ofo=0.658 

a=S.918 1o'6

b=-2.15 10
° 11

\ Random 
--

Error Estimated 
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15.
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batch of points is taken over a time period where Of and Kr change 
little. 

Kalman 
The average values of Of and Kr are found. An advantage of 

filter calculation of Of is that it gives the dynamic Of 

very 

the 

as a 
function of time. It does, however, have a several point time constant, 

say six or eight 300 sec periods. (Points are taken every 300 sec.) 

Figure 10 shows the raw data of cell 2 plus a Kalman filter calculation 

of Of assuming Kr = 6.57 10-10, which is required to fit the heat pulse

to 0.270 watts. Also included is the calculation of Of using the P/F 

foDllUlas, using the same Kr. This is also about the same Kr as found by 

the regression approach (see table 3) in the heat pulse region. 

Using the data of day 3 it is very interesting that regression 

analysis can be used to obtain Kr and Of without a heat pulse. This has 

been done in a number of ways. First of all, using points 27-350 of the 

pulse containing period and allowing the "moles equivalent", M, of the 

cell to be fit, we obtain a value of 5.78 moles. This is close to the 

value we obtain for these cells time and again. Now using this M we fit 

the data of the next period after D20 addition. Here we fit for both Of 
and a Kr that is allowed to very with the first and second powers of 

time, i.e., Kr = Kro + a t +  b t2, where t is the time after the 

beginning of this period. As shown in table 3, the. agreement with Kr 
determined by the heat pulse is very good. In fact the values determined 

by taking data only to 90 deg C are in agreement with those taken to 93 

deg, and even those taken to the end of this period, which is close to 

boiling. All this tends to verify the validity of fitting at these high 

temperatures in the present case. This cell may be especially well 

behaved. Notice that the voltage is smooth throughout this period. Most 

of all, the finding of a solution for Kr in this region which is the 

same as that given by the heat pulse is strong evidence for internal 

consistency and the validity of the heat pulse value given. With the 

heat pulse value correct as given, there 'must be excess heat as given. 

Note that the use of data at the highest temperatures isn't necessary to 

show the excess heat, but it certainly strengthens the evidence and 

helps rule out error in the heat pulse data. The same thing can be said 

of the data below 90 deg in the third 24 hr period. 

Taking Kr = 6.5 10-10 and using data of day 3 up to 90 °C, and at

this value of Of to the end of the day, we can say the following about 

the results: 0f(max) is about 1.2 watts or about 20% of the radiative 

output at 90 ° C. Near the beginning of the 0.4 amps run Of is 0.54 watts 
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TABLE 4 

Kr Values Required for Or to Be Zero 

Cell 2 

Time Temp !r (to force Of .:._..Ql

17338 7 

180587 

195587 

210587 

225587 

238187 

average 

average 

240587 

258287 

74.763'C 

79. 760

81.689

83.844 

87.014 

90.026 

90.578 

94.434 

47.109 to 47. 704 

47.109 to 47. 704 
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5.69 1o'10

5.618 1o'10

5. 609 lo' lO

5. 579 lo' lO

5.497 1o'10

5.322 10·10

5.322 1o'10

5. 352 10
° lO 

5. 352 lo' lO

4.498 1o'10

5. 725 lo' lO

5.746 10·10



or about 14% of the radiative output. The integrated excess heat is 

about 170 megajoules per mole of palladium or about 1700 eV per Pd atom. 

This is about 400 times the vaporization energy of Pd for the electrode 

of cell 2! 

Now suppose for some reason we don't want to accept the given heat 

pulse value for cell 2, i.e., the 0.27 watts value. What can we say 

about the results without this datum? For one thing we can expect the 

excess heat to remain above zero. Suppose we again take an approach that 

gives us a lower bound on Of throughout the run by letting Of be zero in

the 0.2 amps region at the begining. A Kalman filter calculation is made 

throughout the run, and Kr is adjusted to set Of = 0 in the 0.2

region. This requires a Kr of 5.95 10-
10

. Throughout the 0.4 amps

Of still averages about 0.25 watts for three days. The shape of

just isn't that of a blankcell. In table 4 are shown the values 

amps 

range 

things 

of Kr
required at various points to make Of equal to zero. Not only is a great 

range required, atypical of a blankcell, but the shape of Of with fixed

Kr is unreasonable for a blankcell. Therefore cell 2 appears to be 

producing large amounts of excess heat, with the amount increasing with 

temperature. 
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ANALYSIS OF PONS/FLEISCHMANN CALORIMETRIC DATA 

Part 'Iwo 

In part two we continue to discuss members of the set of silvered 

cells which we have analyzed. Most of the space will be allotted to the 

cell 6 experiment because of its great significance in the whole study. 

We will also include a short discussion of cell 7. Both are heatcells 

with 0.1 F LiOD in D20 as electrolyte and Pd electrodes. 

ANALYSIS OF HEA'ICELL 7 

There is no blank for this run, and there are no heat pulses 

applied during the run. Also we have found no good places during the run 

to solve for Kr, Of, and Cp all together. Figure 1 shows what we get for

Of using a Kalman filter with Kr taken as a conservative 5.95 10-10
.

(That is the Kr for cell 3, a blankcell, the lowest we have found in 

this set of cells.) A modest excess heat is indicated, but we have found 

no compelling proof of it. 

ANALYSIS OF HEA'ICELL 6 

In figure 2 are shown the raw data for cell 6. Notice the two 

current ranges. In the 0.2 amps period the temperature is low and 

unusually steady. The voltage is noisy (probably �cause of bubbling) 

but very useable. In the 0.4 amps range the temperature rises smoothly 

to boiling. A unique feature of this run is the presence of four heat 

pulses. Once again the power of the pulses is 0.27 watts (actually 0.272 

watts in the present case). There is even a pulse of the same wattage in 

the high temperature region. This gives us a chance to compare output 

pulse heights in the two temperature regions, examine internal 

consistency, and further test the validity of the model. 

In figure 3 is shown the Kalman filter output of Of as a function 

of time. Here a value of 8.0 10-
10 

is used for Kr. It is clearly the

value demanded by the heat pulses. This can be seen by inversion of data 

through the region of any heat pulse or by insisting that the Kalman 

filter output be a square pulse of height 0.272 watts. While this large 

heat coefficient is easily understood as caused by a little gas spoiling 

the vacuum of the cell dewar vessel, the fact that it happens in the 

largest heat producing cell is puzzling. We will speak more of this 

later. It should be understood here that there is no mistake concen1ing 

what Pons gives as the heat pulse wattage. In yet third discussion of 

this subject, on May 21, 1991 Pons told me personally, and another who 
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had helped run the experiments verified, that they had always used 0.27 

watts in the heat pulses of this set, a constant current of 50 milliarnps 

through a precision, temperature insensitive resistor string. This gave 

a measured voltage drop of 5.44 volts in the case of cell 6, or 0.272 

watts. 

In figure 4 is shown the total excess heat input, Of + HP, 

calculated in three different ways, by Kalman filter, by P/F model 

fonnula, and by MWF. They all agree well except in the highest 

temperature region, i.e. in the region beyond the last heat pulse. Here 

the MWF calculation deviates. This is to be expected because the P/F 

fonnulation was used in the Kalman filter and the MWF approach doesn't 

-account for vapor evolution in such a detailed way. It should be noted

that even though the non-filtered calculations look very noisy,

especially in the high temperature region, all of the information is

there, and a statistical analysis of the data yields well defined values

of Of and of the heat pulses, HP.

It would be a nice confirmation of the large Kr dictated by the 

heat pulses if an analysis of data in a no heat pulse period gave a 

similar result. The most likely place to look is day 13 outside the heat 

pulse period and day 14. We have done this, and . do indeed get by 

regression analysis a value of Kr similar to that obtained by using the

heat pulses. We have gotten similar results using the P/F fonnulas and 

the MWF approach. By allowing Of to vary quadratically in time, and

solving for Kr and Of using p:>ints from T < 90 deg C, we get Kr = 

7.74 10-10 
and Of at 1.126 mega seconds of 1.46 watts, going up

quadratically from there. We also get a solution using the MWF fonnula. 

Here Kr = 7.810-10 
and Of= 1.49 watts. Other periods might also be

present in the data which give solutions. We have not exhausted the 

p:>ssibilities. 

If this analysis holds, and we see no way around it at the present 

time, the excess p:,wer of cell 6 is impressive indeed. The excess p:>wer 

is about 1.5 watts for the first two days of the 0.4 amps region. The 

electrode is small, 1mm dia by 1.25 cm long. Counting the 0.4 amps 

period and the 0.2 amps period, there is about 6000 eV per Pd atom 

excess energy, or over a thousand times the energy required to vap:>rize 

the electrode. Putting it this way it is easy to see that we are not 

dealing with known chemistry or metallurgy. At issue is a profound 

energy source. It is of utmost imp:>rtance that these results be 
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reproduced. 

SPECIAL POINI'S 

In this section we will discuss a number of special points that 

have come up during the analysis. This analysis has been far from 

exhaustive even though we have spent some months on it. We have gone 

further than reported here in a number of ways, but some things have not 

yet been fonnalized in report form. For example, we have redone much of 

the regression analysis using both a radiative heat transfer 

coefficient, Kr, and a conductive coefficient, Kc, in parallel. We now 

believe this is the correct way to do it. However, the use of Kc tends 

to increase Qf, so the use of Kr alone was a conservative approach. 

The use of heat pulses as a calibration of cells easily can be 

shown to be completely valid as far as the mathematics is concerned. Let 

us discuss the physics. The heaters are placed inside the cell in a 

position approximating that of an electrode. The response of the cell to 

heat from the resistors would be the same as the response to Of 
generated in the electrode. The heat pulse can be applied any time. When 

the analysis is carried out "exactly" as we have done, the pulse can be 

of any time duration, so long as good numerical derivatives are 

possible. In the data we have addressed the pulse was maintained at a 

constant power long enough to reach a new steady state, presumably to 

facilitate analysis. We encourage the frequent use of heat pulses in the 

future in this type of work. For example, if blankcells had frequent and 

carefully placed heat pulses, not only could the Kr be determined, but 

the Kr, Kc, and Cp of the cell could be determined, and at various 

temperatures. Also the degree to which the cell analysis is valid could 

be checked in detail. For example, if the heat pulses get reproduced 

correctly by the analysis at 93 deg C then the analysis is valid at this 

temperature. After all, the end purpose of the analysis is to determine 

unknown heat production, Of. 

On the matter of heat transfer out of the cell, we believe that it 
4 4 should be represented by Kr{T -Tb) + Kc{T-Tb), where Kr and Kc are the 

radiative and conductive heat transfer constants, and T and Tb are 

Kelvin temperatures of cell and bath. These act in parallel. The Kr can 

be expected to remain constant because it depends mainly on geometry. It 

can be approximated by blackbody theory, but glass surfaces are not 

blackbodies because of the 5% or so specular reflection and because they 

are semi-transparent in the near infrared. Water and heavy water are 
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also semi-transparent in the near infrared, but D20 has a different 

spectrum than H2o in the near infrared and in the mid infrared. The main 

radiation flux involved is in these spectral regions, and the wavelength 

in the infrared at which the electrolyte becomes opaque is shifted a 

great deal by the mass of the deuteron being twice that of the proton. 

Therefore, the emissivity of a cell probably varies with the 

electrolyte. In any case, the Kr is surely less than that calculated by

blackbody theory. It should be constant, however, from run to run and 

even from cell to cell. The conductive part, however, easily changes by 

a little outgassing into the vacuwn jacket. Kc can be expected to vary 

from cell to cell and perhaps even with temperature and time. One 

technique, then, is to fix Kr at some reasonable value, say, 5.0 10-
10 

or 5.5 10-
10 

and fit Kc by the data instead of fitting Kr. One advantage

of this procedure is that detailed fit math now works with T instead of 

T
4
, and less precision is required'. Also the model is closer to reality.

When looking at the overall results of this study it will be 

noticed that there is a correlation between excess heat and the size of 

Kr. One would expect none. Some have suggested that this correlation is 

unacceptable and that the data must be wrong. Of course anybody's data 

"could" be wrong. It is also often the case that correlations show up 

when they aren't expected. In the present case we can think of at least 

one possible reason for a correlation. It has recently been reported by 

researchers that He is produced by cells generating excess heat. It 

turns out that He readily diffuses through pyrex glass. Perhaps excess 

heat is accompanied by He which spoils the vacuwn a bit increasing Kc 

enough to give the high heat transfers found. A quick calculation 

indicates that there might be enough He to do it. Of course there also 

might be simpler explanations. 

In this study we use the mathematical models of Pons and 

Fleischmann and C. Walling. The P/F models are discussed in references 

[1-5). The Walling formula was in an unpublished work given to me by 

Walling. We modified it to use (T
4

-'Ib
4
) instead of (T-'Ib), and further

to use both Kr and Kc-
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