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Preface
I ——

The 6th International Conference on Cold Fusion (ICCF6) was held at Lake
Toya, Hokkaido, Japan, on October 13th - 18th 1996, with 179 participants
registering from 17 countries. 43 oral presentation papers and 77 poster
presentation papers were selected out of more than 160 abstracts originally
submitted. The Proceedings, “PROGRESS IN NEW HYDROGEN
ENERGY?”, has been edited as the document of the Conference.

The Local Organizing Committee carried out a series of intensive
discussions on the scope of the conference, and decided that it should provide an international forum
for discussion of the most recent and academic aspects of the research.

Following the scope, the Technical Program Committee spent many hours reviewing and
selecting the papers that were to be presented in the Oral and Poster Sessions. Mainly young
researchers performing highly scientific activities were selected, based on their submitted abstracts
and the recommendations by related senior scientists, and approximately 309 of the submitted
abstracts were rejected. Severe discussions were also made in selecting the presenters that were to be
supported financially by the Basic Research Program of the NHE Project, and more than 20
researchers received financial support to attend the Conference. The Local Organizing Committee
also planned a technical tour which was a new attempt in the history of ICCF. The tour to the NHE
Sapporo Laboratory was realized on October 18th by the generous assistance of Dr. N. Asami
(Vice-Chairperson) and his staff.

The topics for papers were arranged into 5 fields: (1) Excess Energy Phenomena in Deuter-
ium/Metal Systems, (2) Correlation Between Excess Energy and Nuclear Products, 3) Nuclear
Physics Approaches, (4) Material Science Studies, and (5) Innovative Approaches. All topics cov-
ered both experimental studies and theoretical studies. The topics also formed a new base in realizing
the scientific and academic conference in the so-called cold fusion research field.

The Conference was formed by two sessions : the Fundamental Session and the Special Session,
and both sessions consisted of several sub-sessions. The Fundamental Session had 7 sub-sessions; 1 :
Helium and Heat Correlation (5), 2: NHE (5), 3:Excess Heat (7), 4:Material Science Studies
(5), 5:Nuclear Physics Approach (5), 6:Innovative Approach (2), and 7:Excess Heat and
Nuclear Products (5). The Special Session had 4 sub-sessions; | : Russian Activities (1), 2:Indian
Activities (1), 3 :CETI (Paterson Cell) (2), and 4 : Nuclear Transmutation (5). The numbers in
parenthesis represent the numbers of oral presentations in each sub-session.

77 abstracts were accepted for poster presentation in the two sessions. The two-minute Poster
Previews were successfully carried out before the poster sessions. All poster presentations were

displayed on the poster boards for one day to provide adequate time for intensive discussions.

’
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The Proceedings consist of two parts : the first part for the Fundamental Session and the second
part for the Special Session. The volume for each paper was determined in accordance with the
academic journals in the science field. Rather than attempting to personally introduce the papers
myself, I believe it would be best for each one of you to evaluate and find the significance of each
papers yourself. As seen in the Proceedings, recent advances in this extremely wide and intensive
research field, from nuclear physics to material science, has made various scientific discussions
possible in this attractive but long neglected field of study.

Finally, I would like to express my heartfelt appreciation to all ladies and gentlemen who
strongly collaborated in realizing this wonderful scientific conference, especially to the participants,
New Energy and Industrial Technology Development Organization, The Institute of Applied Energy,

New Hydrogen Energy Laboratory, Technical Program Committee and Convention Linkage, Inc.

Chairperson, Prof. Makoto OKAMOTO,

Local Organizing Committee

The Sixth International Conference on Cold Fusion
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Fundamental Session_

Helium and Heat Correlation

Click here for a more readable copy of this paper.

x-ray, heat excess and 4He in the electrochemical confinement
of deuterium in palladium

F. Cellucci¥ P.L. Cignini*, G. Gigli, D, Gozzi% , M. Tomellini*
Dipartimento di Chimica, Universita di Roma La Sapienza,
P.le Aldo Moro 5, 00185 Roma, Italy

E. Cisbanif , S. Frullani, F. Garibaldi, M. Jodice$, G.M. Urciuoli$
Laboratorio di Fisica, Istituto Superiore di Sanita,
V.le Regina Margherita 299, 00161 Roma, Italy

Abstract

The energy balance between heat excess and 4He in the gas phase has been found reasonably
satisfied even if the low levels of 4He found do not give the necessary confidence to state definitely

that we are dealing with the fusion of deuterons to give 4He. In the melted cathode, whose data are
reported here, 4He was not found at the achieved sensitivity. X-ray film, positioned at 50 mm from

the cell, roughly gave the image of the cathode through spots. The energy of the radiation and the
total energy associated to it have been, respectively, evaluated as (89%1) keV and (12.0 = 0.4) kJ.
This value is =0.5% of the energy measured by calorimetry in the same interval of time.

1. Introduction

The debate on the anomalous behaviour of the system Pd-D is still open because, in spite of the
intense research activity lasted seven years in several laboratories worldwide, a clear-cut picture of

all the evidences claimed is still lacking. Since 19891, many papers have been published, six
international conferences were held on this subject, several patents issued, some promising theory

has been proposed but, from an experimental point of view, the crucial initial point, the energy
balance, has not yet found a satisfactorily and convincing explanation. All the efforts done to
explain the excess heat found as of chemical nature have been so far considered meaningless
because no chemical reaction we can imagine in the environment where the experiments of
deuterium confinement generally occur is suitable to get comparable amounts of heat. The whole
situation, restricted only to the heat excess findings, easily brings to the following consideration:
either heat excess measurements are all experimental artifacts or we are dealing with new
phenomena. By examining the abundant literature and some critical revisions2,3 as well as through

our direct experience gained in the field4-6, there are not so strong evidences to believe that we are

in the presence of a collective world-wide mistake in measuring the heat excess. Several
laboratories, using different techniques and protocols found the same phenomenology and
comparable results even if the reproducibility and a full control of the experiments are still lacking.

On the other hand, many experiments show other phenomena associated to the heat excess
production the source of which does not seem reasonably to be based on the Chemistry: emission of
x-ray’-9, as it will be shown in this paper, and neutrons!0-13 as well as production of 4He!4-17 and
3H6,18-21 Unfortunately, the intensities and the levels of these emissions and productions are so

low that their detection is sometimes very critical and difficult to accept as statistically significative

#

CNR-Centro di Termodinamica Chimica Alle Alte Temperature, c/o Dipartimento di Chimica, Universitd di Roma La

Sapienza, P.le Aldo Moro 5, 00185 Roma, Italy
%To whom correspondence should be addressed

* Dipartimento di Scienze e Tecnologie Chimiche, Universita di Roma Tor Vergara, Via della Ricerca Scientifica,
00133 Roma, Italy
§ National Instiute for Nuclear Physics, sez. Sanita, Laboratorio di Fisica, Istituto Superiore di Sanita, V.le Regina

Margherita 299, 00161 Roma, Italy
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results. Though, for the above reasons, the reliability of such no calorimetric evidences is often
poor, the whole picture seems to be very intriguing so that it cannot be shortly ruled out defining it
as an ensemble of mistakes and artifacts. Can a simple physico-chemical process, like the insertion

of deuterium into the Pd lattice, whose energy is = 0.1 eV/cm3, get x-ray emission or other nuclear
products at tenths of keV or some MeV? The answer is not based on the Chemistry we know but
the answer seems hard to find also in the current knowledges of Physics. Quite-zero energy of the
particles in the solid state, the Coulomb barrier, very low cross-sections of possible nuclear
reactions, etc. are very strong arguments to consolidate skepticism and criticism. The scope of this
work, based on the electrochemical confinement of deuterium in palladium, is to report and discuss
the experimental facts we found in the last experiment which was the most complex and complete
among the experiments we did since 1989.

2. Experimental

A detailed description of the entire experimental set-up is given elsewhere>9. Here it will be
described the new features added or modified with respect to the past published work.

2.1 Electrochemical & calorimetric cell

It is a Pyrex-stainless steel cell designed to accomplish the following tasks: i) to avoid any 4He
contamination (4He content in air is 5.24 ppm) of the escaping electrolysis gases in which 4He is to
be on line measured. This is obtained by a high-vacuum tested SS holder containing the part of the
cell emerging from the thermostatic bath. A stream of 4He free boiling-off LN, circulates inside
and outside the cell at 35 sccm and 2.25 Bar ; ii) to be a flow-calorimeter in which the circulating
water can exchange heat only with the electrolytic solution. This is realized by two jackets external
to the pyrex tube containing the electrolyte solution. The innermost jacket is used for the circulation
of double distillated water at constant flow-rate and the outermost one is sealed under high vacuum
and it is mirror-like on the top to minimize the leakage of heat by radiation; iii) to maintain
constant the level of the electrolyte through an optoelectronic sensor controlling the feed of D20
which is consumed during the experiment by the electrolysis, according to the Faraday's law, and
evaporation; iv) to perform in situ heat calibrations through an internal resistor. At the stationary
state, the energy balance of the cell is given by the equation below as:

Py + P+ Py = Py + Py + Py 0))

where the subscripts in, cal, exc, w, rad and sg stand, respectively, for the input through the electric
power applied to carry out the electrolysis, power through the internal heater for making in situ
calibrations, power in excess to be measured, power exchanged by the water stream crossing the
innermost jacket, power radiated from the cell toward the bath and the power necessary to saturate
with D20 vapor the gas siream which is composed by the protective gas N2 and electrolysis gases

D> and O;. Its composition, at fixed N flow-rate, g 0. " depends on the electrolysis current I. Att >
2

T, the time constant of the cell, eqn. 2 below, through eqn. 1, would allow to calculate Pey. ©:
Poce +Vidy +(Vip = Vip ) =(pcyq) 11,0 B0wj +

+ kRaaSs {[0,,, + MOy ] - O } + @)

P DA

T\ar’ 73797"”2) [Pf(p( t;o ][(Cg ~Cilp o0+ ADzO]
Equation 2 can be used provided the temperature diffeicncs, L‘-.t)% ..» atiniet and outict of water
cooled jacket, the temperature of the bath, 0{ ” the cooling water flow-rate, g, the potential drop,
Vi"(l), at the electrodes, the room temperature, Oy, the temperature of the solution, 0, and the total
pressure P are measured during the experiment. p(UJy) is the vapor pressure of the solution at

temperature O5. A Cg and C; are quantities referred to D20, respectively, the heat of

D0’
evaporation, heat capacity of gas and liquid. V,, is the thermoneutral potential (1.5367 V)22 for the
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decomposition of D20 and the product VI, is the input power applied to the internal resistor when

the calibration step is on. S is the radiating surface area of the cell and kp,, the Stefan-Boltzmann
constant. However, instead of using eqn. 2, it is common practice to perform the calibration of the
cell both before starting the electrolysis and in progress by making use of the internal heater in both
the cases. Figure 1 shows the typical response of a blank cell (Pt cathode implies that Pexc = 0)
when step-fashion variations of the input power (right scale) are applied to it. In this case, we have
superimposition of power generated by the internal heater and a constant thermal power generated
by electrolysis. The stationary values of Aﬁwj _ vs the input power represent the calibration. The

different slopes are connected to the different flow-rates of water in the cooling jacket as reported
in Table I. The straight-line behaviour of the calibration curves shows that the 2nd and 3rd term of

Fig. 1. Response of the cell at step variations
of input power generated by the internal

© A9 —FP

i in heater while electrolysis is running.
8 0.70:""1f t i T d7.0,_U
5 0.60 + #70 +60 _ the right side of eqn. 2 are either
o 0.50 £ i 150 2 negligible or their sum is linear too. This
< U i 140 is in fact what one finds by an
0.40 + - i estimation of the terms Prayg and Pgg
1o i e ing6: I= 1A, Ss = 240 cm2, ¥, =
0.30 + ! 34 assuming®: , Ss cm?, 3§
. T q “
0.20 + ] 110 21 °C, 9y = 30 °C, qy = 5.8x10-7 m3s-1
o . 3 2
0.10 s 00 and P=2.25 Bar as typical values. The
0.00 -+ ; == -10 time constant of the cell is a function of
0 1 2 3 4(_ /h5 the cooling water flow-rate and, for
1me

example, its value in the conditions of
Fig. 1 is 270 s. By increasing the flow-rate the time constant decreases but this makes the
sensitivity (the slope of the calibration curve) poor.

Table 1.

Calibration curves given by the best fitting equations Al?wj St Aa) + (bt Ab) Pjp.

The flow-rates in brackets are the expected values.

Cell # (a £ Aa)/°C (bt Ab) /°CW-1 |R flow-rate/cm3s-1

1(blank) |0.0240.01 0.11840.001 0.99944 |19 (2.03)

2 0.0010.03 0.10410.002 0.99736 |2.1 (2.31)

3 -0.0940.04 0.14410.003 0.99738 |1.5(1.67)

4 -0.048+0.009 [ 0.0871+0.0007 | 0.99965 | 2.5 (2.75)
Electrodes

All the anodes were made of pure platinum from Engelhard and shaped as gauze cylinders having
the skeleton made of 1 mm dia. wires supporting the spot-welded mesh made of 0.35 mm dia.

wire. The mesh dimension was 5x4 mm2 and the anode final size was 48 mm height and 12 mm
inner diameter. All the cathodes, except the cathode of the blank cell, were made of pure palladium
from Engelhard and shaped as bundle of wires wrapped at the ends by machined cylindrical pieces
of 6 mm Pd rods.The overall external dimensions of the cathodes were 6 mm dia. x 55 mm height.
The height of the bundle was 40 mm (only 24 mm were out of the wrapping) and its diameter about
4 mm. Two out of three cathodes were constituted by bundles of 150 wires of 250 um dia. each
and the other one by 42 wires of 500 um. The cathode of the blank cell was shaped similarly but the
bundle was realized by 10 Pt wires of 1 mm dia. and wrapped by using SS machined caps. All the
cathodes were annealed in high vacuum at 970 °C for 24 hours and cooled at room temperature at a
rate of 1 °C/min. This procedure greatly reduces internal stresses and dislocation concentration and
it allows the growth of large grains as it was shown by the metallographic analysis which gave a

distribution of 2D grain size centered at 3515 um (= 53 pm in 3D)23,
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2.3 X-ray detection

X-ray films (Kodak, type TM H/RA-1 18x24 cm? ) were used to detect emission from the cells.
Before use the film was inserted in a plastic black bag in dark room and put in front of the cell S cm
distant as reported in figure 2. It is important to point out that the films were not in direct contact

Fig. 2. Scheme of the X-ray positioning in the experimental set-up. R¢=250 mm is the radius of torus containing
the cells (see fig. 8 of ref.6). d=50 mm and f=6.5 mm. The materials in between the cell and film are H20 (45
mm) and perspex (5 mm).

neither with any part
of the cell nor with
chemicals, therefore
any damage of the
film  producing
apparent traces or

\' spots was eliminated.
““““““““ ?b" The analysis of the

. film was carried out
Pd multiwires by microdensitometer
electrode by steps of 600 um
— pyrex along Z-axis making
1 Py ex K20 hat exchunger at each step a scan of

X-axis by using a 50
pm slit. To convert
the optical density
data into exposure
L X
¥ units (Roentgen), a
calibration was done
through known expositions of the same type of film (and using the same developing conditions) to

the tungsten K radiation filtered by 0.5 mm Al.

Ry

2.4 High Resolution Mass Spectrometry (HRMS)
In the gas stream coming out the electrolytic cells

With respect to the previous procedure reported in literature!4, some important improvements were

brought to the 4He determination in the electrolysis gas phase. In the present case, sampling and
measurement are carried out on-line and this allows at least two great advantages: to avoid a
potential source of contamination by atmospheric 4He and to increase considerably the number of
measurements. All this has been made possible by implementing the experiment with a high
resolution quadrupole mass spectrometer (Balzers QMS 421 gas tight crossbeam ion source and
analyzer QMA 410) full PC controlled and equipped with some features which allow to automatize
several operations such as the on-line sampling. The nominal mass range of QMS in HR mode is 27
amu. The sampling procedure for 4He is realized after the deuterium removing system® has reduced
the deuterium content of the gas mixture coming from the cell. A 150 cm3 SS cylinder (for each
cell line), having at both the ends a three-way electrovalve, is in normal position fluxed with the gas
mixture and when both the electrovalves are powered for 10 s, the inlet end becomes closed (the
stream of the gas mixture is deviated elsewhere to avoid overpressure on the line) and outlet end is
connected to SS charcoal trap kept under vacuum and in LN3. When the electrovalves are again off
the cylinder sucks N2 from a small tank connected to the LN reservoir. When the pressure inside
the cylinder becomes higher than the pressure of the line, the line is again connected to the cylinder
ready for an other sampling. The gas mixture trapped in the cylinder is let to be adsorbed in the
LN; charcoal trap until the pressure becomes lower than a preset threshold (typically 5x10-2 mbar)
then the immission of the gas mixture in the QMS chamber is realised. HRMS measurements were
carried out in Multiple Ion Detection (MID) mode and the following ionic currents have been
generally monitored for the species: 4He* (4.0026), valley 4He-Dj (4.0111), Do* (4.0282), 20Ne++
(9.996). The pressures in the QMS chamber, in LN trap and in the sampling cylinder were also
monitored during each measurement. The software controls the samplings at a given interval of
time (typically every 20 min) as well as each related measurement. The mass corresponding to the
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valley between 4He-D3 is a key parameter for monitoring the complete separation between the two
peaks of 4He and Dj. This always occurs when the deuterium removing system works properly.
The presence of relevant quantities of deuterium with respect to 4He makes impossible its
determinasion. Reliable 4He measurements can be obtained if the ratio Do/4He is lower than =3060.
The monitoring of 20Ne+ was for the first time used in this kind of measurements by us!4as marker
of a possible air contamination. It was also reported!4 that around 20 amu the mass spectra is
complicated by the presence of several species which can compromise the use of such a marker. So,
the monitoring of double ionized Ne there proposedl4, it is here preferred because, by making use

of a MS with lower resolution, 20Ne*+ appears in a mass range without any relevant interference.
Several calibrations made before and during the experiment, according to a well-established

procedurel4, were done to have the control of the sensitivity, 6, of the QMS (see below). The

equation: Tat= 2.46x10-2cV holds between the absolute quantity of 4He atoms in tera atoms (1012
atoms) and their concentration in ppb in the gas mixture contained in the sampling volume Vg,

given in cm3, at stp. This allows to give 6 in pA/Tat or in pA/ppb. Specific measurements were

performed to establish the transport of a 4He parcel along the line by releasing known amounts of
air in the cell.

In the Pd electrodes

A home-made device has been realized to detect helium in the bulk of the Pd cathodes by making
use of the Thermal Desorption Spectrometry (TDS). The experimental set-up is constituted by a
high vacuum pumping system connected to the heating chamber by a gate valve. The heating
chamber is connected to the QMS through a gettering line for removing D3 before the immission in
the QMS. The heating element is a vertical cylinder-shaped tantalum foil 75 pm thick in which a
graphite crucible is positioned. The samples, as cut sections of the cathodes, are stored in a multiple
sample holder driven by an external manipulator. At fixed displacements of the manipulator, each
sample is allowed to fall in the crucible. The standard procedure adopted is first to heat the crucible
over the m.p. of Pd (1552 °C) under high vacuum pumping then, after having closed the gate
valve, to make the sample to fall into the crucible while increasing temperature above 1650 °C, and
maintain this temperature for at least 10 min.; finally a rapid cooling follows. At the same time, the
evolved gases are allowed to be gettered and, finally, when the pressure in the system decreases

below 2x10-3 mbar, the QMS is connected and the measure is carried out in MID mode.

3. Results
Figure 3 shows the time pattem of the excess heat power and the absolute quantity of 4He measured

throughout an entire experiment. 4He is given in tera atoms. The 4He measurements before the
starting of the electrolysis show that, after 200 hrs, 1.7 Tat., corresponding to 0.5 ppb, were still

Fig. 3. Excess heat power (left scale) and 4He

P —— e (right scale) in an experiment with bundle-type
15 il q ; 10  cathode (250 um dia. wires)
- L ' - »
r) : . eqe .
EE ‘+"'"‘Y I_ i 1g X present though 4He in boiling-off LN3 is
- :]1 ] & undetectable when measured directly at
Y 4 - “ 36 outlet of the LN7 reservoir. Since, each
i 8 O component of the line was carefully tested
6+ ; ‘,é] V 14 for leaks and all the connections were
] proved to be safe (SS Swagelock type), we

o S (R ) attribute that value to an incomplete
& L ] washing of the whole line. This is also

04 ' .....‘;' 1o supported by several measurements made
200 O 200 400 600 800 1000 later on in the experiment which did not
time/h give any 4He. At first glance, there is not a

direct time correlation between heat excess and 4He. However, it is important to remind that the

4He measurement is not performed in continous mode as the heat power excess, therefore, a
significative volume of the electrolysis gas mixture is lost without being analyzed. Just to have the
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figures, 2.24 m3 about at stp of gas mixture (mostly N, Dp ) passed through the line but only
5.73x10-2 m3 at stp were analyzed in the 382 samplmgs the case of fig. 3, 150 cm3 each. This is
less than 2.6 %. Assuming that 4He is all formed at the surface, it is completely and
instantaneously released in the gas phase and the nuclear reaction d + d = 4He + 23.8 MeV (lattice)
holds, we calculated (for space reasons more details will be given elsewhere24) the amount of 4He
we have to expect at each sampling of fig. 3 considering the measured heat excess. In figure 4 it is
reported this calculation together the excess heat power as in fig. 3. The ratio between the measured
and calculated 4He reported in fig 5 is a parameter to check the energy balance. More specifically,
the values of the ratio greater than 1 imply that 4He detected is of atmospheric nature (in this case,
probably, because of incomplete washing). On the other hand, from ~220 hours until to the end of
Fig. 4. Calculated 4He (left scale) and heat

L) P — . — 15 -~ power excess (right scale)
E 40 i ,- ns the experiment, when the
. : IO " aforementioned ratio is steadily below
o 30+ > n 1 — 10 unity, it is interesting to observe that
; S YR there are several points definitely greater
0¢ T3 L TONE than zero and fairly close to the energy
10 £ ii {3 ; ? 15 balance of the process. As for the
| : , o i measurements performed on “ONe*+ as a
04 7 —— 3 marker of contamination these are
E T 3 PER g;‘@:\ ] affected by some  uncertainties.
'106 200 400 60 s0 100(()) Contrarily to the 4He sensitivity that has

been found to be extremely reproducible,
25+3 pA/ppb or 7+1 pA/Tat, during all
the experiment, the 20Ne*+ apparent sensitivity was found to be scattered and decreased on time
from ~2 to ~0.3 pA/Tat. Moreover the amount of Ne detected has been always at the limit of
detectability. The resulting measured ratios He/Ne, in spite of being generally greater than 0.29
(that of the air), are affected by a large error that, conservatively, prevented its use. It must also be
kept in mind the findings of our previous experiment where a correlation was found between He
and Ne even if the He/Ne ratios were greater than 0.2914; in the present experiment the very low
range of values observed for the helium makes it difficult to look for the absence of such a

correlation. On the other hand, after the experiment, the analysis of 4He on 9 sections out of 14 of
that cathode did not reveal any significative amount of 4He embedded in the PdDx lattice over the
detection limit of ~2 Tat. Concerning the calorimetric results, they are, respectively, in terms of
excess heat and highest ratio Pexc/Pin, 8.3 MJ and 0.8 as for instance in the case of the cell of fig. 3.
Fig. §. Ratio between measured and calculated

time’h

4He vs time. The insert is a magnified view in 7.0 . N |
the range from O to 1. e B Wy 771 {
o 6.0-: ] 0.8

During the experiment, reported in fig. 3, 3 : 06 3

~ 552 hrs since the starting of the - 5-0' o Y T
electrolysis, a x-ray film was positioned in L 4.0+ :{ ' ., 1 24
front to the above cell and an other one in @ 02 X
front of the blank cell as reported in fig. 2. 3 3.0+ 0.0 ittt S 1
After an exposition of a week, the film = 2_0_ g 3
related to the blank cell did not show any = E
trace whereas the other film showed = 1'0' | . T
several spots roughly reproducing the O_OJ c
image of the cathode. The intensity, the () 200 600 800 100()
dimensions and the coordinates of all the time/h

spots were measured and reported in figure

6. The spot diameter was found ranging from 0.41 to 2.45 mm. To be sure that an artifact was not
occurring, a new film was inserted in the same plastic black bag and exposed to the light of
laboratory for some days. The film was not exposed in any point. The plane X,Z is the plane
parallel to the film and the vertical axis at X=0 coincides with the Z axis of the cathode, SO mm far
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from the film. In fig. 6 it is clearly visible a quite simmetrical zone, without spots, around the axis
at X=0 of the film that could be reasonably attributed to the shadow (m in fig. 2) produced by the 1
mm dia. Pt wire of the anode skeleton (see fig. 2) and parallel to the Z-axis of the cathode. This is
supported by the excellent agreement between the shadow width measured (7.00+0.05 mm) and

calculated24 (7.67 mm), assuming the radiation source as point like and localized in the Z-axis of
the cathode. If we use the measured value of m to calculate the distance f we obtain f=7.12 mm.
There is a deviation of 0.62 mm which is well explained by the deformation of the cathode
observed at the end of experiment. The exposition of an x-ray film during an experiment involving
energy of a few eV is very difficult to explain in terms of textbook science so that nuclear
phenomena have to be necessarily taken into consideration. In the present case, the spot nature
further complicates the interpretation of this experimental evidence.

Fig. 6. Microdensitometry of the x-ray film
placed parallel to the X,Z plane. Exposure is
given in Roentgen (R)

25
20

As working hypothesis, consider a
whatever primary process which produces
directly or indirectly photons sufficiently E
energetic to cross the cathode and all the 3
materials in between the film. X-ray
diffraction can not be reasonably
considered because the spot pattern is not
a diffraction pattern and, even in the case,
the attenuation produced, at the average
energy of the Kg lines of Pd (21.61 keV),
by all the materials would be total as
calculated in figure 7. The question is 0.1
what is the nature of the source. If the ’ 02 exposure/ R
source were coherent, oriented and
localized, the pattern found would have its 10 0‘3
own consistency but we have not enough
elements to support this. If the source were a conventional isotropic source some reasonable
explanations can be given in terms of physics of radiations. In fact, the first elementary
consideration is that the source site is not at the surface of the cathode because a diffuse blakening
would be to expected instead of spots. At this point, the shape of the cathode becomes important.
In the present case, cathode is bundle shaped and it can be satisfactorily represented by a seven

Fig. 7. Attenuation 1/lg vs photon energy of Pd and materials

15
1o

579

X/ mm

.04 -+

o R R RS = T2 between cathode and film (WPd=Without Pd) at different
= 08 Wp/u/ L2251 thickness (in zem) of Pd crossed.

06 2155 i . I .

,-/,-1 3 A shells packing as reported below in figure 8. Supposing,

et ',-' . i PR for the sake of simplicity, the source in the center of the

0.2 £ L ,18’75ﬁ- system, it is easy to verify that the effective path length

0.0 Mo Pl of the radiation in the cathode depends on the angle of

02 propagation. The minimum and the maximum path

7o 50 100 150 200 lengths, a and b respectively, are expected for a point-

E/keV like source as in‘fig. 8. Therefore, the system can be

assumed as a system of virtual slits seen as domains in
the space where the attenuation, [/Ip, is relatively low according to equation:

Ylo =expl- Y pi(plp);ti) = | [expl-pi(ulp);ti] (3) being p, (wp) and 1, respectively,

the density, the mass absorption coefficient, which is a function of the photon energy, and the path
length of the radiation in a given material . In the present experimental set-up, the value of eqn. 3
depends only on the photon energy and the position of the source in the cathode, i.e., it depends on
the effective path length in Pd. By fig. 7, it is quite evident that at fixed energy the transmission is
greatly influenced by that quantity, at least up to 150 keV. As an example, it is shown in fig. 9 the
quantity I/ly calculated against the angle of propagation of the radiation?4, The source is supposed
to be point-like, localized in the centre of two wires having coordinates (0,0) and
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Fig. 8. Representation of the cross-section of an ideal bundle-type
cathode with 169 wires of 250 |Lm dia. The cathodes used were made
of 150 wires.

Y/um

[(433.01,750)-4th shell] and, the emitted radiation, confined,
for simplicity, only in a thin slice orthogonal to the z-axis
passing in the coordinate origin of fig. 8. It can be shown24
that more than one peak is found by selecting the source out
of the centre of the wire. In principle, the source or sources
Rao o oudil can be everywhere but we can exclude that they are at the
0 e paam] surface of the outermost wires of the bundle because no

T T T T — diffuse blakening of the film was observed. Therefore,
-2000 0 2000  gsources have to be in the innermost wires. To make an
¥in estimation of the energy of the radiation detected the

following reasoning can be done:i. eqn. 3 is rewritten in the form I/I N Qexp[-p i d(u/p) Patpg ]

(=]
£00.00000
AL AL
oo,

|
-2000 F

(4) where Q= []expl =p,(1/p);1,] being the Q term independent on the position of source and

i
practically equal for all the sposts in the film; ii. each spot is related to the same type of elementary
event and the intensity of a spot depends on the path length the radiation makes through the
Fig. 9 Calculated transmission at 90 keV with two different

itions of the source in the cathode o 0 40, +— it
i S £ 90keV
cathode, i.e., Ip is always the same; iii. the more intense 0 .36 - (433.01;750)
spot is associated to a source closer to the film, i.e., the 7\
source is in an outermost wire of the bundle but not in 0.2 w‘ lw
the last shell (see above); iv. similarly the weakest spot T e e i S
is related to the source more distant from the film. From 040 Frprprgrr o~
I /I e S =~
the ratio between —M and by eqgn. 4, the value of 0'0040 50 60 70 80
max/ 0 propagation angle /°

the mass absorption coefficient, (1/p), of Pd is obtained.

The dependence of (1/p) on photon energy?S fits very well with the equation (1/p)=aED being a =
310000£5000 and b = 2.67610.004. Combining the equations, the energy is found by equation:

-

in Im‘"" (5). In the above hypotheses, tmax and tyin have to be selected
an Pd (tmin B tmax min
among the optical paths in Pd which fall in the angle o (fig. 2) correponding to the maximum
distance between spots in the film at Z = K (see fig. 6). This angle is 16.32°. The source position
has to be selected, respectively, on the surface of any wire in the 6th shell with centre coordinates
[0<X<1299;750<Y<1500] pm and in any wire belonging to the 7th shell with centre coordinates [-
1299<X<-216.51;-1625<Y<-1000] um. The most appropriate values for tmax and tyin were found
to be, respectively, 250 and 1875 pum. Therefore, E = 8911 keV was calculated by eqn. 5. The error
on E is calculated by taking into account the errors on the fit constant and the experimental error on
the intensities which was evaluated less than 2%. At this point, the energy released by this process
can be calculated because Ip can be obtained from eqn. 4. The term Q is represented as function of
energy in fig. 7, curve WPd, all the other terms in egn. 5 are known, Ig per unity of solid angle is
(4.040.1)x104 R. Since the average density of spots in the film is 2750 sterad-!, the total energy on

4r associated to the radiation is 12.040.4 kJ (in this calculation, the conversion 1R=87.8 erg has
been used). This energy is = 0.5% of the energy measured by calorimetry in the same interval of

time during which the film was exposed. Looking at the energy of the Kg lines vs the atomic

E= !

number of the elements, the energy found is close to the energy of the K lines of Pb or Bi. Since

the chemical analysis did not detect any of them, emission on atomic basis can not be invoked and
the nuclear nature of the radiation detected takes place.
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Conclusions

The results show a picture with its own internal consistency though the low levels of 4He do not
give the necessary confidence to state definitely that we are dealing with the fusion of deuterons to

give 4He. On the other hand, the contamination is not proved and the energy balance seems quite
well satisfied. Moreover, the exposition of the x-ray film is a clear-cut proof (very simple
experimental device for which errors of measure and/or of procedure as well as artifacts can not be
invoked) that a nuclear phenomenon is at work. We believe that the radiation detected has to be
searched among the stable isotopes of Pd or among its impurities having intense nuclear transitions
close to the energy found. Work is in progress to check this route.
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Mass Spectroscopic Search for Helium in Effluent Gas and Palladium
Cathodes of D20 Electrolysis Cells Involving Excess Power

Shigeru Isagawa and Yukio Kanda

National Laboratory for High Energy Physics (KEK)
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305 JAPAN

Abstract

A heat burst equivalent to 360W per 1lcm3 of Pd was observed in an open
type electrolysis cell using Pd/0.1MLiOD/Pt. It happened, however, only once
in all 5 cells ever tested. Although boiling has occurred many times in all
cells, no direct correlation has been found between boiling and 4He
production. By reducing the gas flow rate and properly adjusting the pressure
gradient, the quantitative analysis of 4He could be realized in our Q-mass
system with high detection sensitivity (17ppt) in continuous-flow mode and
with high resolution in store mode. Two types of closed vacuum furnace were
used to degas the Pd samples. An external-heater-type allowed permeation of
4He and H from air when heated above 1000°C. An internal-heater-type, on
the other hand, enabled us to heat up the sample at 1200°C without any
permeation. No traces of 4He were, however, detected probably due to one of
three possible reasons: 1)There have been no 4He in the Pd sample from the
beginning. 2)4He was degassed away during the 1st heating at 770°C, but
could not be detected due to the then insufficient sensitivity. 3)4He still
exists in the Pd lattice, but cannot migrate nor diffuse even at 1200°C,
forming many trapped tiny bubbles.

1. Introduction

The low intensity of neutron and the small enrichment of tritium in cold
fusion experiments have prompted proposals of nuclear processes that yield
only heat and helium as products [1, 2]. Determination of the presence or the
absence of 4He as a nuclear product became very essential. Until now we
clearly observed a large heat burst equivalent to 110% of the input electric
power in an electrolysis cell labeled "VIO5(941016)". The cell was an open
type using Pd/0.1MLiOD/Pt. The excess heat of 6.3W continued for 13min. It
amounts to 360W per lcm3 of palladium bulk. Neither increase of neutron
emission nor that of tritium content in the cell was observed in this case [3].

The electrochemical cell used was a vacuum-insulated open type dewar
that was made of Pyrex® glass and PTFE. Palladium cathode (99.80% pure,
Johnson Matthey) was screwed together with 1mmg¢ platinum wire and fixed
in the center of the cell. Pt anode (1Imm¢ x 3m) was symmetrically wound
around the cathode. Dimension, mass and surface area of the Pd cathode
were 2mmg¢ x 7.05mm, 0.227g and 0,435cm?2, respectively. It was annealed
in vacuo up to about 800°C and charged with D in the furnace just before
installed in the cell.
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Observation through microscope revealed that Pt as well as Pd, near their
interface in particular, had been seriously eroded. The Pyrex® glass was
found to be cracked near the end of the cathode due to heat, which probably
stopped the reaction. The heat of combustion (232J), the heat of absorption
(16J) and any other chemical reaction can never account for the excess
enthalpy of 5300J that comes from 6.8W lasting for 13min. If the nuclear
reactions were assumed as: 1) D + D - 4He + y (23.8MeV), 2) D+ D +D 5D +
4He + y (23.8MeV), the number of nuclear products should be 2.62 x 1011 s-1
per Watt, that is, totally 1.39 x 1015 in case of the heat excess of the
VIO5(941016) cell. It is very clear that the measurement of 4He should be
accomplished coincidentally with the heat burst as we observed.

2. Mass Spectroscopy System

A mass spectroscopy system was thus built to meet this special demand.
Effluent gas during electrolysis as well as electrically charged solid palladium
samples can be analyzed with high sensitivity and sufficiently good resolving
power [4]. Three difficulties are met with, however, in this case: 1) Mass
difference between 4He (4.0026031 amu) and Ds (4.0282044 amu) is very
small (0.0256013 amu). 2) A large amount of Do always exists as a background
in both gas and solid phase samples. 3) System is very easy to be
contaminated with 4He from other sources like laboratory air (5.24ppm).
Special care should be taken to get reliable data by preparing elaborate gas
collecting and analyzing systems. Shown in Figure 1 is the schematic drawing
of our mass analyzer system.

The vacuum system is composed of
three chambers separated by three

manually operated gate valves (GV). s
The whole system can be evacuated by a '"zmpump |

main turbomolecular pump _ Pirani-6 T neo Needie_y
(TMP:5001/s) as well as by a modified mer —pkffle T iy e
cryopump (CP) at the top. The Q-mass ‘""" Gﬁ‘ iy Need,e B’L‘fﬂf
and the cryopump (CP) chambers are “L'TE1 (

usually separated by a CP-GV, but are ”’9"0’“;:,“;;” = }—Jo—~ NEG
bridged with two parallel non- 2 mags Control
evaporable getter (NEG) pump lines G@”:

and one bypass line. Two NEG pumps == High sensiti oy
(SAES: GP50-W2F installed with C50- ﬂé@ 0o
ST101) can be used alternately, while .‘{ 31

the bypass line is opened only when the 500 ¢/5

D2 signal is necessary for calibration. . g

Pressures in the Q-mass and the CP
chambers are measured with a Bayard-
Alpert gauge (BA-G) and a cold cathode
gauge (CC-G), respectively.

Two types of Q-mass analyzer are used in the Q-mass chamber: a high
resolution type (ULVAC: HIRESOM-2SM) and a high sensitivity type (Balzers:
QMG112A). Tuning is fixed to mass 4 M/Z in the former, while that in the
latter is adjusted in the range of 1-22 M/Z to monitor the change of gas
balance of hydrogen, helium, carbon, water and neon. The differential
evacuation is ensured by shutting off the CP-GV and an auxiliary bypass GV.
The highest sensitivity can be obtained by putting the main GV in almost close
position. As the charcoal absorber is removed from the cryo-panel, our CP has
zero pumping speed for noble gases like 3He, 4He and Ar. It keeps, however,

Figure 1. Schematic drawing of the mass analyzer system.
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a large pumping speed for Ng, O2 and for water in particular. The NEG pump
has, on the other hand, a great pumping effect for hydrogen family. By
passing the sample gas through this CP-NEG combined filter we can thus
remarkably enrich helium content, if any.

To check the performance, a standard mixture of 4He (48.6%) and Dj
(51.4%) was prepared. First both signals were obtained by bypassing the NEG
filter. Second one NEG pump line was opened with the CP-GV closed, and
the same gas was introduced. The peak ratio I(4He)/I(D2) was enhanced from
1.45 x 10-9A/4.55 x 10-9A = 0.319 to 3.65 x 10-9A/1.0 x 10-11A = 365 by virtue
of a CP-NEG combined filter. An enhancement factor amounts to 1145. On
the other hand, according to a factory test [5], the abundance sensitivity of
4He with respect to D2 is over 50000, which means in this system we can
distinguish 17ppb of 4He from Dy [4].

3. Improvement of Sensitivity

QMGI112A is about a thousand times more sensitive to mass 4 M/Z than
HIRESOM-2SM, although a resolution is insufficient to separate 4He and D2
signal peaks. As the NEG filter works well to remove the hydrogen gas family
(H, D, Ho, HD, T, HT, D2, DDH, DT and Tj), it can, however, be used to detect
a residue of 3He and 4He, in continuous-flow mode (See Fig.2(a)).

(a) log Protar (Pa) (b) log Pratal (Pa)
-6 -4 -2 -6 -4 -2 0 2 4
Buffer Tonk ! I Buffer Tank 1 ' ! ! !
: ; ' R— — I Sample
Inlet VLY | i Inleé VLV | | , i Gas
Needle V' Needie V : ! !
¥ e 1 | |
cP gp . Mg s
Chamber Chamber “ : Pnfcm Gl :
! HZO ! Dzol ¥
cP

NEG

i
|
|

—+
]
Filter 1

NEG | !
Needle Vi i

Q-moss, BAG e B /
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GV & 1 |
Bypass NV I

™
AV iy
Figure 2. Schematic drawing of flow of sample gas. (a) Continuous-flow mode. NEG needle throttled and GV throttled.

Pga-g is kept below Pcc.g. and (b) Store mode. NEG needle throttled and GV almost closed. Pga.g is kept below 10-2Pa.
Pga-g canbecome higher thanP¢c.g.

m\/"

As shown in Fig.1, we added needle valves in the NEG filter lines, forming
a small but significant modifications to the system originally reported
elsewhere [4]. Those needle valves are quantitatively controllable with
micrometers. If they are throttled, the flow rate is reduced and the filtering
efficiency is very much improved. Escaping probabilities of hydrogen gas
family can be, therefore, far more suppressed. Shown in Fig 3 are the signal
heights of the high resolution Q-mass versus the entrance pressure measured
with CC-G in continuous-flow mode. By using the standard gas, both signals
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can be obtained in (a) when the NEG bypass is opened, while Dy signals are
almost completely suppressed in (b) by virtue of the improved NEG filter.

a b
(a) Dz :*He =1 : 1 by volume (b) Dz .%He =1:1 by volume
HIRESOM via NEG BYPASS HIRESOM via NEG FILTER
4 | Ty
y | |
= | 1 7 -9 | |
%He + D2 )// e | He
- | = |
-10}- et , -10
£ % = | olocg,s/s
] — i | { CC-6
| ye Q,
D -1 | e e — : Sttt b
a s | oA | |
_12_g_7/\&i; D*& _ T 1 — -12 " o
’ 2 ' D
3/ e | [
_1 pa L - | | L !
5 4 -3 -2 -1 0 I Be—% 3 =2 a1 0 |
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Figure 3. Signal heights of the high resolution Q-mass, HIRESOM-2SM, versus the entrance pressure measured with CC-G.

For comparison, the signal heights of the Dz ““Hem 1 -1 by volume
high sensitivity Q-mass under the same 4 OMGN2A | 10g Paa-(Pgl
conditions are illustrated in Fig.4 with

! |
respect to CC-G pressure. As for M/Z 4, a 5 A= FIL_TE'? S ) S
similar straight line can be obtained over Poa-c
current range extending on three orders of I N ‘ n/‘ié"f -4
magnitude higher level than that for the k_ﬁw-/o%"/’ M/Z:4
high resolution Q-mass. As shown in . | 5
Fig.3(b) it is now clear that these M/Z 4 = |o—op—r— """ 2
signals can be entirely attributed to 4He. = 4 ] [
This means that, in combination with the g | ,
NEG and NEG needle valves, the high 9 = bﬁr _
sensitivity Q-mass provides a detection ‘ 3
sensitivity for 4He a thousand times as high g ]
as that for the high resolution type. We can i I ‘
expect to distinguish a much smaller 1 J
amount, only about 17ppb x 10-3 = 17ppt, J‘
of 4He from Dg. When high mass resolution | 1 A
- . A 4 ; 5 4 -3 2 -1 0 |
is required as in case of calibration, the 109 Pec.g (Pa)

high resolution type can of course be used
in store mode, almost closing the main GV,

as shown in Fig.2(b). Figure 4. Signal heights of the high sensitivity

Q-mass, QMG 112A, versus the entrance pressure

- measured with CC-G in continuous-flow mode.
4. Helium in Effluent Gas?

Preliminarily 4He was observed in the effluent gas collected after the heat
burst phenomenon. The detection was, however, not 100% sure due to the
possible contamination through PTFE from air [3]. To make it clearer,
improvements were made in the gas sampling system as shown in Fig.5 and a
new series of electrolysis was started. All PTFE tubing, cocks and glass
bottles with plastic caps were replaced by stainless steel flexible hoses, bellow
valves, and all-metal or glass-metal combined vessels with Kovar-glass seals.
Before use every component was helium leak tested and connected with
VCR® joints using nickel gaskets. PTFE and Viton® O rings were only left in a
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tee piece, a cock in D20 feeding
line and a double flange of the
dewar. On the downstream of
the 2nd bubbler, two parallel
branches were prepared,
consisting of several metal
valves, one metal vessel about
130ml in volume and a 3rd

1/4" SS flexible hoses
s

) 3 -2 3 SO 1/4" SS bellow valves
- x

flonge—e==

Electrolysis
Cell

tubing

3rd
Bubbier {Si oit)

bubbler. Before use air in each
branch was purged with e
»99.9999% pure nitrogen. Each
line can be used alternately to
ensure successive Dbatch
sampling of the effluent gas.

A very small residue of 4He can still be detected with our high sensitivity
Q-mass system probably due to the contamination from air caused by limited
use of PTFE and Viton® as well as by prolonged electrolysis period. Our target
is, however, to detect a large amount of 4He coincidentally. No direct
correlation between boiling and 4He has been found so far. Another heat burst
phenomenon is now being expected to make decisive conclusions.

e=—[CF 35 4 .
{in operotion)

N
3rd Bubbler (Si oil}
(out of operation)

Figure 5. Newly improved gas sampling system.

5. Helium in Palladium Cathode Samples?

Soon after the excess heat burst, the Pd cathode sample of the
V105(941016) cell was degassed up to 770°C in a closed vacuum fumace.
Then the extruded gas was analyzed in the Q-mass system. No trace of 4He
could be, however, detected in that sample as reported before [3], partly due
to the insufficient sensitivity of the old system and the old way of Q-mass
analysis. Whether 4He would be extruded from this Pd sample or not, if it
were heated up at much higher temperature, aroused our great interest
recently [6].

Experiment was first performed, using an external-heater-type furnace, on
another Pd sample that showed boiling several times. The sample was
pinched off in a small SUS316 vessel with pure nitrogen gas of latm. The
vessel was then set in a furnace and connected to a pre-evacuated buffer tank.
Furnace temperature was increased up to 1180°C. Results of heat processing
with this furnace are summarized in Table I.

The difference of starting

pressure is due to volume Table I.

Summary of heat processing

difference of vessels as well as

with external-heater-type furnaces

Pd/P BLANK BLANK
of buffer tanks used. Pressure sample | y106(950609) |(Ceramic. tube) |(Ceramic tube)
minimum observed during heat ey o | o AREIM | Ko | ARE-sow

t ti t orizontal ho
procegsxng in one of the blank ALt wgﬁz?§6%31g) wall Egﬁssﬁe) wall (SUS316)
experiments was probably T e e
caused by nitriding of inner Carrler Gas | g9 9995% | >99.9995% | >99.9999%
Surface Of SUSSIG Formation Temperature 1185°C max 1100°C max 1190°C max
of ammonium radicals might x Time x 24h x 14h % Zth
promOte thlS reactlc.)r} that Bsforee hieat 1.11Torr 5.55Torr 1.39Torr
must be very sensitive to pracessing
temperature and gaS pressure dPrtl-zssLare M?notonously :’hassing M?notonqusly

p. i r ncreasin
of N2 and H2- Above 1000°C (Aﬂrenghpof ?1(:'::::)9 amiglunsllum (1.91-0")9
pressure began to increase and hp.) (5.13Torr)
large amount of 4He was surely ,ﬁgggshseiﬁ;, 2.62Torr 6.11Torr 2.70Torr
observed in the extruded gas.
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The pressure increase, however, could be mostly attributed to permeation of
hydrogen from moisture in air through furnace body made of stainless steel
(SUS316). 4He itself could also be attributed to this permeation.

According to a literature [7], activation energy for helium migration is
estimated to be very large, (2.06 + 0.08) eV, for the AISI316 steel (SUS316).
Due to the high temperature, however, the SUS316 steel became unstable
and changed its structure and properties. Presence of He in it can also
induce helium embrittlement. 4He and H could thus penetrate the wall (See
Fig.6(a)). Palladium treated in this furnace showed an interesting facetting
structure. Ablation of Pd could be observed, too (See Fig.9(a)).

(a) (b)
OH D H0 SH0
HOT S.S. O He O
\ He WARM\SAS‘ N/ |71 P\d
A \ OHe ] “he
N / ,_,-/ 7R == (
de) ‘b \' % O P
HooH o~ . .
NH3°&> — I%OH = g <
‘_ \ \\ \ &H : T = &
¢ AA - | | Hz
7 1 T v 5 <
OUTER Pt pg \  JACKET | CERAMICS \ W wooL
HEATER CERAMIC W-INNER HEAT
TUBE HEATER SHIELDS
Figure 6. Improvements in heat processing. (a) External-heater-type furnace with N2 as a carrier gas. Although H,
content in air is one order of magnitude smaller than He, H can be made by dissociation of H>O from moisture in air.
Nitriding of SUS can be realized by ammonium radicals formed by N and H at high temperatures. (b) Internal-heater-
type fumace with Ar as a carrier gas. Wall temperature of SUS can be kept low by several layers of heat shields.
To prevent contamination by 4He and SAPPHIRE WINDOW
H from air, improvements have been F———1 CERAMIC CRUCIBLE
made in heat processing apparatus. HEAT SHIELDS « J= = R-THERMOCOUPLE
External heater was changed to internal N T
heater made of tungsten that was R ﬁ/ . |
surrounded by several layers of heat I e
shields. The sample was contained in a
ceramic crucible placed in a spiral- W-HEATER ] : SAMPLE
shaped W heater. As a carrier gas,
»99.9999% pure Ar was used instead of ANGLE V.

pure N Nitriding of tungsten heater can
be thus avoided even during heat process
fasting for about 24h. Befcre use every s \
cemponent in hot area including crucible i é

was degassed in vacuo by using another

. BUBBLER
convertional vacuum furnace. R
6. Experimental Results and Discussions P —
Signal heights of the high sensitivity 8 POD“?ER . [ PID L |
Q-mass, QMG112A, versus CC-G pressure e SUPPLY SONTSAL
are illustrated in Fig.8 semi-logarithmi-
cally. First a blank experiment was Figure 7. Intemal-heater-type furnace.
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performed by heating up the furnace, installed with a vacant crucible, up to
1200°C for 24h (®). Second the Pd/Pt cathode sample of VIO5(941016) cell
was loaded in and heated up under the same conditions. Q-mass analysis has
been done twice consecutively (@ and ®). Lastly the carrier Ar gas itself was
analyzed after being prepared in the same manner but without heat processed
(@). Repeated run in @ presents smaller signal heights only due to the gas
consumption. No significant difference is seen in the data except ®. We can
thus conclude that no 4He could be detected in the gas sample extruded from
the cathode of VI05(941016) cell.

X . _ x10"(A)  QMGI12A M/Z=4
In a non-defective lattice, if 7 T AP
helium is trapped at an interstitial o O o pan T st
site, transport will be controlled by ' | NO HEATING

the activation energy for migration
between interstitial sites. Although ’
we could not find the very data just BKG

BKG
on He in Pd, the barrier for this —

—+

process is generally very high. For T R"pe";d@‘)‘““'”'s ®
example, in case of Ni (fcc), W (bcc)

and Mo (bcc), the activation energy

for migration of interstitial He and b

the activation energy for dissociation BKG

of He out of a vacancy are 0.1, 2.2 O 5 -4 3

eV; 0.3, 4.2 eV; and 0.2, 3.0 eV,
respectively [8]. The significance of
such a high value is that migration of
He in this manner will be slow even

2T 6 5 4 3 2 -
log Pec-6 (Pa)
Figure 8. Signal heights of the high sensitivity Q-mass,

QMG112A, versus CC-G pressure. The Intemal-heater-
type furnace was used for heat processing.

at elevated temperatures.

According to literature [8, 9], helium in metals precipitates into bubbles
due to its insolubility. It means that there is a possibility that 1200°C for 24h
is still insufficient for degassing He out of our Pd cathode samples.
Microscopic view of the sample that was heat-processed in the internal-
heater-type furnace shows clearly a 120° grain growth of Pd and something
like tiny bubbles in each grain (See Fig. 9(b)).

(b)

Figure 9. Pd heat processed (a) in Na by external-heater-type furnace and (b) in Ar by internal-heater-type fumace.

7. Conclusion

A heat burst equivalent to 110% of the input was observed in an open type
electrolysis cell using Pd/0.1M LiOD/Pt. It happened, however, only once in
all 5 cells ever tested and seems very difficult to be reproduced. Although
boiling has occurred many times in all cells, mainly caused by build-up of cell
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voltage in constant current mode, no direct correlation has been found so far
between boiling and 4He production.

By reducing the gas flow rate through the NEG filter, the detection
sensitivity for 4He could be a thousand times increased. By properly adjusting
the pressure gradient, the quantitative analysis of 4He could be realized with
high detection sensitivity (17ppt) in continuous-flow mode and with high
resolution in store mode.

Two types of closed vacuum furmace were used to degas the Pd samples. In
case of an external-heater-type using SUS316 body, analysis proved to be
difficult owing to permeation of 4He and H, as well as material instability of
SUS316 when the furnace was heated above 1000°C up to 1180°C.

In case of an internal-heater-type, heat processing at 1200°C proved to be
possible. No traces of 4He were found in Pd cathode samples showing several
times of boiling or involving the heat burst. As the latter sample was once
degassed up to 770°C and analyzed with less sensitivity before, three
possibilities can be conjectured: 1) There have been no 4He in the Pd sample
from the beginning, 2) 4He was degassed away during the 1st heating at
770°C, but could not be detected due to the then insufficient sensitivity, 3)
4He exists in the Pd sample, but cannot move nor diffuse even at 1200°C by
forming trapped tiny bubbles in the Pd lattice.

To make it clearer a parallel study of 4He in Pd is now being prepared by
ion implantation technique. Another option is of course to process the Pd
sample again at much higher temperatures above 1200°C. Anyway to
determine the presence or absence of 4He as a nuclear product in effluent gas
and/or palladium cathode, it becomes far more essential to reproduce the
another excess heat burst as clearly observed before [3].
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Abstract

Excess power was measured in 28 out of 94 electrochemical experiments conducted using palladium
or palladium-alloy cathodes in heavy water. Reproducibility continues to be the major problem in
this controversial research area. Based on our experiments, this lack of reproducibility stems from
unknown variables in the palladium metal. The best reproducibility for excess power was obtained
using palladium-boron alloy materials supplied by the Naval Research Laboratory (NRL),
Washington, DC. A high success ratio was also obtained using Johnson-Matthey materials.
Calorimeters that are capable of detecting excess power levels of 1 watt per cubic centimeter of
palladium are essential for research in this field. Results from our laboratory indicate that helium-4
is the missing nuclear product accompanying the excess heat. Thirty out of 33 experiments showed
a correlation between either excess power and helium production or no excess power and no excess
helium. The only valid experiments that showed significant excess power but no excess helium
involved a Pd-Ce cathode. The collection and analysis of the electrolysis gases place the helium-4
production rate at 10" to 10'? atoms per second per watt of excess power. This is the correct
magnitude for typical deuteron fusion reactions that yield helium-4 as a product.

1. Introduction

The objective of our program was to investigate anomalous effects in deuterated systems and
answer two basic questions: (1) Is the apparent excess power real? and (2) If so, can it be
reproduced regularly? The answer to the first question, based on our research is yes, but the
answer to the second question is no. The lack of reproducibility has made this research exceedingly
difficult. This report examines the possible production of excess power and helium-4 during the
electrolysis of heavy water (D,O) using palladium (Pd), palladium-cerium (Pd-Ce), and palladium-
boron (Pd-B) alloys as cathodes.

2. Experimental

Excess power measurements involved the electrolysis of D,0 + LiOD in open isoperibolic
calorimeters. A detailed discussion of this calorimetry has been published.1 In June of 1995,
Roger M. Hart, founder of Hart R and D Inc., Mapleton, Utah, and an expert in the design,
construction, and testing of calorimeters visited our laborawsry. Aifter carefully exeming our
calorimetric design and technigues, he agreed with our stated error vange of 220 mW or 1% of the
input power, whichever is larger. This is especially true over our normal operating temperature

Approved for public release; distribution is unlimited.
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range of 40 to 60°C for the cell temperature. At higher temperatures, nonlinear effects such as heat
transport by radiation and by the evaporation of D,0 become larger. At low cell temperatures, the
fraction of heat lost through the top of the cell becomes larger.

Three compositions of Pd-B alloy were prepared and characterized at NRL. The three alloy
compositions had nominal boron concentrations of 0.75, 0.50, and 0.25 weight % boron. The
glow-discharge mass spectroscopic analyses showed the three alloy compositions actually contained
0.62, 0.38, and 0.18 weight percent boron. X-ray diffraction studles showed two distinct phases
of the same cubic structure in all three compositions of the alloy.> The palladium-cerium alloy tested
was obtained from M. Fleischmann of IMRA Europe.

Experimental procedures for the collectlon of electrolysis gas samples and subsequent analysis for
helium-4 have been previously reported.’

3. Results

The best reproducibility of the excess power effect was obtained using Pd-B alloys supplied by
NRL. Seven out of eight experiments that used Pd-B cathodes produced excess power. The excess
power measurements for our first experiment using a Pd-B cathode is shown in Figure 1. The
excess power averaged about 100 mW during the second half of this experiment. This cathode was
prepared as 0.75 weight % boron and had a 6-mm diameter and a 2.0 cm length with rounded ends.
This Pd-B experiment was turmed off and then restarted 8 days later. Excess power was again
observed similar to the first experiment.* This demonstrates that excess power can be obtained in
repeated experiments using the same cathode.
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Figure 1. Excess Power Measurements for an NRL Palladium-Boron Rod
(6.0 mm x 2.0 cm, 0.75 weight % boron), Cell B.

—
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The next two studies of NRL Pd-B alloys showed excess power in one experiment, but no
significant effect in the other experiment. These measurements are shown in Figures 2 and 3. The
excess power for cell C showed a gradual increase with time and reached levels exceeding 300 mW
(Figure 2). The second cell run in series (cell D) showed fluctuations mainly within +50 mW and
no significant production of excess power (Figure 3). There was clearly no gradual increase of
excess power as shown in Figure 2. It was noted at the beginning of this experiment that the
cathode in cell D was poorly aligned. This leads to an uneven current distribution and low loading
of deuterium into the cathode. After this experiment, examination of the Pd-B cathode that did not
produce excess power (cell D) showed an obvious flaw. Swaging of this rod had produced a large,
folded-over metal region that would act as a long crack. In contrast, the heat-producing Pd-B
cathode had no obvious flaws or cracks. Both cathodes consisted of 0.75 weight % B, with a rod
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diameter of 2.5 mm and a length of 2.5 cm (V = 0.12 cm?). The end of the heat-producing
electrode was left straight, while the end of the other cathode was rounded using a file. No helium
measurements were performed for these experiments or for any later experiments, because we were
directed to focus only on the excess-heat effect during the last year of this program.
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Figure 2. Excess Power Measurements for an NRL Palladium-Boron Rod

(2.5 mm x 2.5 cm, 0.75 weight % boron), Cell C. A gradual increase in the
excess power was observed. No flaws were visible for this cathode.

The next series of Pd-B alloy studies explored the effect of lower boron concentrations. Two
studies of the 0.5 weight % boron alloy gave a falrly steady excess power effect after 11 days of
electrolysis with typical levels of 50 to 100 mW.* Results for the 0.25 weight % boron alloys
yielded excess power averages of about 100 mW for one cell with peaks of 150 to 200 mW. * In
contrast, the other cell showed only a 5-day period of excess power early in the experiment and then
no other episodes of significant excess power.* There was no clear relationship between the
production of excess power and the boron concentratlon of the alloy. Results for deuterium loading
into Pd-B alloys are presented elsewhere.*
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Figure 3. Experiment Showing No Slgmﬁcant Excess Power for an NRL
Palladium-Boron Rod (2.5 mm x 2.5 cm, 0.75 weight % boron), Cell D.
This rod contained a folded-over metal region that would act as a long crack.
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The 0.5 and 0.25 weight % boron alloys all had dimensions of 4 mm x 2 cm (V = 0.25 cm’).
Microscopic examinations of these four Pd-B cathodes following the experiments did not reveal any
significant cracks, folded-over metal regions, or other flaws for these NRL materials. The high-
success rate for excess-power production for Pd-B alloys suggests that this would be a fruitful area
for further research. Perhaps the presence of B initially as an impurity in the palladium or the
incorporation of B from the glass into the palladium during the experiment is a factor in the
reproducibility problem for excess-heat production. It is also possible that the increased hardness of
the palladium due to the added B allows it to better withstand the high stresses induced by the
experiments.

A Pd-Ce alloy material was provided to us by Martin Fleischmann. The experiment using this
cathode began on 15 February 1994 and the onset of excess power production was observed on 4
March 1994. The excess power versus time for the Pd-Ce cathode is displayed in Figure 4. The
excess power levels for this cell reached values as high as 350 mW or 1.1 W/cm’. The excess
power production for Pd-Ce remained for over 100 days of electrolysis. A repeated run with the
same Pd-Ce cathode again showed excess power levels up to 150 mW.

A puzzling helium result was obtained for the Pd-Ce cathode that produced the large excess power
effect shown in Figure 4. Despite excess power measurements as large as 300 mW, no excess
helium could be detected. These results are presented in Table 1. The companion cell employing a
NRL Pd rod gave no excess power and almost the same amount of helium-4 (4.6 *1.4 ppb) as
found for the Pd-Ce experiment. This represents our only studies where valid excess power was
measured but no excess helium was detected. An earlier experiment using a palladium cathode
yielded 11% excess power (290 mW) but no detectable helium.® This 1990 experiment, however,
was flawed due to a very low D,O level in the cell.® Later experiments showed that this low D,0
level could produce a calorimetric error that would account for most of the reported excess power.
There were no other palladium cathodes in 33 studies that did not show a correlation between excess
power and helium production or no excess power and no excess helium.
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2/17/94 3/9/94 3/20/94 4/18/04 6/8/94 5/28/94 8/17/04 717194
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Figure 4. Excess Power Measurements for a Palladium-Cerium Alloy Rod
(4.1 mm x 1.9 cm) Obtained From Martin Fleischmann, Cell C. Excess
power peaks of 350 mW were observed.
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TABLE 1. Excess Power and Helium Measurements in Experiments
Using a Palladium-Cerium Cathode.

Elecwode Flask/cell, date ‘He?, ppb Px, W ‘He/s*W?
Pd-Ce Rod* 1/C (3/30/94) 4.6 £1.4 0.17 0
(4.1 mmx 1.9 cm)
Pd-Ce Rod* 4/C (4/19/94) 47 £1.3 0.30 0
(4.1 mm x 1.9 cm)
NRL Pd Rod* 3/D (3/30/94) 4.6 1.4 0
(4.1 mm x 1.9 cm)
NRL Pd Rod" 2/D (4/19/94) >10007 0
(4.1 mm x 1.9 cm)

“ Metal collection flasks, analysis by U.S. Bureau of Mines, Amarillo, Texas.
® Corrected for background helium level of 4.5 +0.5 ppb.

“D,0 + LiOD (I =600 mA).

4 Broken solder joint on metal flask.

One Johnson-Matthey palladium sample (1-mm wire) had previously given both excess heat and
helium production at China Lake. There was an ample supply of this wire, hence the final
experiments outlined for our laboratory by our sponsor were to use this wire. Four experiments
using this palladium w1re with our standard calorimeters were completed at China lake as the final
segment of our program.* Excess power was obtained in one of these experiments. As shown in
Figure 5, the excess power effect for this cell peaked at about 250 to 300 mW or 10% above the
input power. There was a consistent excess power effect for this cell over most of the experiment.
Turning the cell off for 3 days and then back on showed normal behavior, hence the excess power
was not due to any calibration changes in the cell. A second calibration check was performed about
2 weeks later as shown in Figure 5. The experimental protocol used in the four Pd-wire
experiments was to run at 100 mA/cm’ for a day and then at 200 mA/cm’ for 10 days. Calorimetric
measurements were made at the normal cell operating current of 400 to 600 mA (1000 to 1500
mA/cm?®). The higher current density used for these small cathodes (A = 0.32 cm?, V = 0.016 cm’®)
is consistent with the higher power density of 15 W/cm® that was obtained. Most of our
experlments yield about 1 watt of excess power per cubic centimeter of palladium at 100 to 200
mA/cm’.
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Figure 5. Excess Power Measurements for a Johnson-Matthey Palladium
Wire (1 mm x 2.0 cm), Cell C. Significant excess power exceeding 200
mW was consistently observed. Calibrations checks following this
experiment verify the excess power observations.
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4. Discussion

Fifteen experiments were completed where metal flasks were used in place of glass flasks to collect
electrolysis gas samples for helium analysis. The use of metal flasks prevents the diffusion of
atmospheric helium into the flasks after they are sealed. The valves used in these flasks were
modified to effect a metal seal with a nickel gasket.

Six experiments using metal flasks where no excess power was measured are shown in Table 2.
These samples were all from experiments that never produced any evidence for excess heat. The
mean value of 4.5 £0.5 ppb ‘He show that our experimental procedures are very consistent. The
two Pd-Ce experiments shown in Table 1 fit in well with this mean value, hence no excess helium
was produced.

In experiments producing excess power, seven helium measurements using these same four metal
flasks were completed. Results for these experiments are given in Table 3. These results are all for
experiments where steady, consistent excess power effects were measured. For example, the Pd-B
rod results in Table 3 are for the experiment shown in Figure 1. Unlike the Pd-Ce alloy (Table 1),
excess helium was measured for the Pd-B alloy. This was the only helium measurement conducted
for the Pd-B alloy studies. After correcting for the background level of helium measured in Table 2
(4.5 ppb or 5.1 x 10" atoms/500 mL), each experiment in Table 3 yields a helium-4 production rate
close to 1 x 10" *“He/s*W. These results using metal flasks are consistent with our previous helium
results using glass flasks.

TABLE 2. Helium Measurements in Control Experiments Using Metal Flasks.
No excess power was measured.

Electrode Flask/cell, date | “He®, ppb “He, atoms/
500 mL

Pd Rod”® (4 mm x 1.6 cm) 1/C (2/24/93) 4.8 +1.1 5.5x 10"
Pd-Ag Rod’ (4 mm x 1.6 cm) 2/D (2/24/93 4.6 £1.1 5.2 x 10"
Pd Rod® (4 mm x 1.6 cm) 3/C (2/28/93) 49 *1.1 56 x 10"
Pd-Ag Rod’ (4 mm x 1.6 cm) 4/D (2/28/93) 3.4 1.1 3.9 x 10"
Pd Rod‘ (1 mm x 1.5 cm) 3/C (7f1/93) 4.5 *1.5 5.1 x 10"
Pd Rod’ (4.1 mm x 1.9 cm) 3/D (3/30/94) | 4.6 +1.4 5.2x 10"
(Mean) 4.5 £0.5 | (5.1 £0.6 x 10")

“ Helium analysis by U.S. Bureau of Mines, Amarillo, Texas.
*D,0 + LiOD (I = 500 mA).
“H,0 + LiOH (I = 500 mA).
“D,0 + LiOD (I = 600 mA).
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TABLE 3. Helium Measurements Using Metal Flasks.
Experiments producing excess power.

Electrode Flask/cell, date | 4He?, ppb | Px, W | 4He/seW?
Pd Sheet* 3/A (5/21/93) | 9.0 %1.1 0.055 | 1.6x 10"
(1.0mmx 3.2cm x 1.6 cm)
Pd Rod‘ (1 mm x 2.0 cm) 4/B (5/21/93) | 9.7 1.1 0.040 | 2.5 x 10"
Pd Rod’ (1 mm x 1.5 cm) 1/C (5/30/93) | 7.4 £1.1 0.040 | 1.4 x 10"
Pd Rod‘ (2 mm x 1.2 cm) 2/D (5/30/93) | 6.7 %1.1 0.060 | 7.0 x 10'°
Pd Rod‘ (4 mm x 2.3 cm) 1/A (7/7/93) 54 £1.5 | 0.030 | 7.5x 10"
Pd Rod? (6.35 mm x 2.1cm) | 2/A(9/13/94) | 7.9 £1.7 | 0.070 | 1.2 x 10"
Pd-BRod‘ (6 mm x2.0cm) | 3/B(9/13/94) | 9.4 1.8 | 0.120 | 1.0 x 10"

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

> Corrected for background helium level of 5.1 x 1013 4He/S00 mL.
‘D,0 + LiOD (I =400 mA).
‘D,0 + LiOD (I = 500 mA).

For our 33 experiments involving heat and helium measurements, excess heat was measured in 21
cases and excess helium was observed in 18 studies. Thus 12 experiments yielded no excess heat
and 15 measurements gave no excess helium. If one uses these experimental results as random
probabilities of P, = 21/33 for excess heat and P,,, = 18/33 for excess helium, then the probability of
random agreement (P,) for our heat and helium measurements would be

P,=P,eP, +(1—-P,)(1-P,)=0.512 (1)

and the probability of random disagreement (P,) would be P, = 1 - P, = 0.488. The presence or
absence of excess heat was always recorded prior to the helium measurement and was not
communicated to the helium laboratory. Based on our experimental results, the random probability
of the helium measurement correlating with the calorimetric measurement is not exactly one-half.
This is analogous to flipping a weighted coin where heads are more probable than tails. The
probability of exactly three mismatches in 33 experiments, therefore, would be

33!

= m(0.512)3°(0.488)3 =1.203x10°® (2)

P,

Similar terms can be calculated for two (P, = 1.221 x 107), one (P, = 8.009 x 10*), or zero (P, =
2.546 x 10'°) mismatches in 33 experiments. The total probability of three or less mismatches in
33 studies would be

1
750,000

P=P,+P,+P, +P,=1.333x10° = 3)

This statistical treatment shows that the odds are approximately one in 750,000 that our complete set
of heat and helium results could be this well correlated due to random experimental errors in our
calorimetry and helium measurements. Furthermore, it is very unlikely that random errors would
consistently yield helium-4 production rates in the appropriate range of 10'' - 10'? atoms/s per watt
of excess power as given in Table 3.
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Finally, the three mismatches are the two Pd-Ce experiments given in Table 1, and the flawed 1990
calorimetric measurement where the D,0O level was much too low. Critics should carefully consider

the probabilities presented in Eguations 2 and 3 before dismissing this new science of anomalous
effects in deuterated materials.*

TABLE 4. Summary of Palladium Materials Tested for Excess Power.

Source d, cm V. em3 Px/V, Success ratio
W/cm3
NRL Pd-B (0.75%) 0.6 0.57 0.6 212
NRL Pd-B (0.75%) 0.25 0.12 2.1 172 (718)
NRL Pd-B (0.50%) 0.40 0.25 0.4 22
NRL Pd-B (0.25%) 0.40 0.25 0.8 2/2
JM Pd 0.63 0.36 1.4 9/14
IM Pd 0.63 0.67 0.3 1/1
JM Pd 0.40 0.20 0 0/2 (17128)
JM (F/P) Pd 0.20 0.038 3.1 1/1
JM (F/P) Pd 0.10 0.012 14.0 171
IM Pd 0.10 0.02 15.0 3/7
JM Pd-Ce (F/P) 0.41 0.25 1.1 22
NRL Pd 0.40 0.25 0.4 12 25)
Tanaka Pd sheet 0.05 1.2 173
NRL Pd 0.40 0.25 0 0/4
NRL Pd-Ag 0.42 0.21 0 0/3
IMRA Pd-Ag 0.40 0.20 0 0/2 (0/19)
WESGO Pd (1989) 0.14 0.09 0 0/6
Pd/Cu (0.63) 0.02 0 02
John Dash Pd sheet 0.04 0 072
Co-deposition (1992) (0.63) 0.002 75 2/34

Most of the palladium materials investigated at China Lake are summarized in Table 4. Distinct
groupings of the success ratio are readily apparent based on the source of the palladium material. A
high-success ratio is found for Johnson-Matthey materials where 17 out of 28 studies gave excess
heat. The highest success ratio is for NRL Pd-B materials that showed excess power in seven out
of eight experiments. Other NRL materials, however, gave poor results, such as NRL Pd-Ag (0/3)
and NRL Pd (1/6). The single excess-heat result for NRL Pd involved a second run of the same
cathode. Several other Pd and Pd-Ag sources failed to yield any excess heat-producing
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experiments. This polarization of successful experiments according to the palladium source would
be very difficult to explain by random calorimetric errors. These results indicate that the
metallurgical preparation of palladium is a major factor for observation of the excess enthalpy effect.
A similar conclusion concerning reproducibility of the excess-power production has been reported
by McKubre et al.® Our results suggest that the presence of boron within the palladium may be a
critical variable.

5. Summary

This field of anomalous effects in a deuterated system, which has come to be called "cold fusion," is
a far more difficult research area than we might have thought 7 years ago. Progress at various
laboratories around the world has not been as rapid as one might have hoped. Two technically
challenging problems restrict progress: (1) irreproducibility and (2) scarcity of energetic (nuclear)
products.

Although we have not succeeded in solving the irreproducibility problem, our results indicate that
helium-4 is the missing nuclear product. This “He is the most likely nuclear product that could have
remained so well hidden during the past 7 years.

The remarkable correlation of excess power with the source of palladium in Table 4 cannot be easily
explained by any calorimetric errors. Furthermore, 30 experiments at our laboratory have shown a
striking correlation between either excess power and helium production or no excess power and no
excess helium. It is highly unlikely that our heat and helium correlations could be due to random
errors. Finally, our calorimetric results, conclusions, and problems are practically identical to those
reported by the SRI laboratory. In our opinion, these factors provide compelling evidence that the
anomalous effects measured in deuterated systems are real.

This research area has the potential to provide the human race with a nearly unlimited new source of
energy. Although our program is no longer funded, we hope that other scientists will continue to
investigate this difficult research area until the challenging problems impeding progress are solved.
It is still possible that anomalous effects in deuterated systems will prove to be one of the most
important scientific discoveries of this century.
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Abstract

A Pd sheet gold plated at both ends was loaded with D, in a Cold Fusion cell operating on the
basis of the Coehn effect. The procedure was the same followed in a previous experiment.
The gas has been analyzed by means of a high resolution mass spectrometer before the
absorption into Pd and after desorption: a significant presence of 4He after desorption has
been measured, in agreement with the previous results.

1.Introduction

In the frame of the Cold Fusion research, the aim of the Torino group was always to search
for signatures of nuclear reactions occurring inside D-Metal systems.

Following this line, after a set of experiments devoted to the detection of 2.45 MeV neutrons
L1, 2] with a suitably designed detector [3, 4, 5], the efforts were directed to the measurement
of the “He content in the D, gas after absorption and desorption from a Pd metal lattice.

Since in the scientific debate about Cold Fusion it is generally accepted that the atomic ratio

o = [D)/[Pd] plays a quite crucial role for the positive measurement of neutron production,
4He content and heat excess, a particular care has been devoted to the technique of loading
the Pd lattice with D over the thermodynamical value o = 0.67. The Torino group has chosen
a technique based on the Coehn effect that allows the d* ions to move along a Pd conductor
toward the cathode.

A cell has been designed and constructed to take advantage of this effect in order to
accumulate the Deuterium in a volume near the cathode, up to values of a greater than 0.67.
The complete apparatus has been already described [6] and results of a first set of
measurements (dedicated mainly to explore the best operating parameters) were shown during
the ICCFS (1995) Conference. The following main conclusions were reached in those
measurements. a) the electromigration of d* ions (Coehn effect) could be applied to gas
loaded Pd sheets and seemed to be effective to speed up the loading of D, into Pd up to ax
0.7; b) higher gas pressure and accurate polishing of the Pd surface helped the absorption; c)
the temperature of the Pd sample should not exceed 70 °C in order to avoid
thermomechanical troubles.

The D, gas desorbed from two different Pd samples was analyzed by means of a high
resolution mass spectrometer and in one case an amount of 7.5-1016 4He atoms was observed,
roughly corresponding to a specific power of 25 W/cm3.

In the experiment we are presenting here, the experimental set-up was the same (a part for
some small modifications in the vacuum circuit) and the Pd sheet used was shaped and gold
plated following the indications obtained in the previous experiment. Four values of the
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electric field were applied to the Pd sample for different time intervals and after the last two
absorption-desorption runs, the gas was analyzed and the 4He content was measured by the
high resolution mass spectrometer.

2.Experimental apparatus and calibrations

The experimental apparatus has been completely described in a previous paper [6]; only the
main features are reported here. The cell (166x1 cm3 volume), containing a Pd sheet clamped
by two copper electrodes (see fig. 1), is connected to a vacuum circuit (39005 cm3) equipped
with two Turbomolecular pumps and a mass spectrometer (ULVAC HI-RESOM 2SM) with
resolution M/AM=200 (see fig.2).

Electrical field supply
P gas

TPd hi.
T gas -

to the gas inlet

to the circuit

b)

Anodyzed Al

o o

0 cooling water flow
M:rrz:rz:z:zzr:z:zz::rrn:

Fig. 1 Cell layout (not in scale); a) External top view, b) Internal top view (upper cover
removed), c) lateral view.

To ensure a good quality of the measurements, a particular care has been taken in the vacuum
control of the circuit and in the calibration of the instrument. Several days of degassing led to
an overall residual pressure of 2-10-6 mbar. The switching-off of the pumps brougth to 2-10-5
mbar in two hours, a value that remained quite constant over two days, proving then the
tightness of the circuit. The calibration of the spectrometer was performed introducing at
subsequent times a known amount of 4He into the analyzing tube and recording the peak

heights (i.e. the ionic currents) and the pressure in the region M/e=3.9+4.1.
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Mass
Spectrometer

spill valve

Fig.2 Experimental apparatus: vacuum circuit, Coehn Cell and mass spectrometer.
(TMP = Turbomolecular pump, T = Thermocouple, P=pressure gauges).

The sensitivity, defined as the ratio between current and partial pressure value, calculated

from repeated measurements, gave a mean value of € = (2.20+0.17)-10-4 A/mbar, showing a
quite good stability of the instrument. The pressure range variation of these measurements,

between 2-10-5 and 1-10-4 mbar, was the same during the experiment.

3.Results and Discussion
A Pd sheet (8x1x1-10-2 cm3), gold plated at both ends for a length of 1.5 ¢m (gold thickness
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Fig.3 Mass analysis of the gas immitted in cell in the M/e 3.9:-4.1 range (blank
measurement). Only the D,* peak (M/e=4.028) is visible.
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=15 um), has been clamped by the two Cu electrodes inside the cell.

During degassing the cell has been continuously in contact with the vacuum circuit. After an
immission of D, gas, reaching a final pressure of 2.7 bar, the valve separating the cell from
the rest of the circuit was closed and the gas herein was analyzed by the spectrometer. This
analysis is considered the blank measurement (see fig.3).

After 18 hours from gas immission, the loading of the Pd sample reached a value of a = 0.5
due to thermodynamical absorption (without electric stimulation). At the beginning (first 5
hours) of this time interval, the o ratio increased rapidly, while later on, it rised much slower,
as shown in fig.4.
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Fig.4 Variation of the loading ratio o measured by means of the thermodynamic
parameters (black) and sample mean temperature (grey), during the first 18 hours.

The sheet temperature was continuously monitored and looks quite constant (after an initial
transient) at the equilibrium (around 25°C) between the exotermic absorption and the external
cooling water temperature .

Table 1 summarizes the sequence of the operations performed on the sample. The first
column shows the start time of the operation from gas immission; in the second column the
mean value of the loading ratio (averaged on the whole sheet volume) before the operation is
reported; the mean and maximum values of the applied current appear in the third column,
while its duration is listed in the fourth column. The fifth column indicates whether a gas
analysis has been performed at the end of the operation involved, and the last one reports
whether a 4He production above background level has been observed.

Table 1 - Operations performed on Pd sheet

Time (hours) <> 1(A) duration (hours) | Gas analysis 4He
18 0.48+0.02 150 max 0.3 No No
B 125 mean
65 0.66+0.02 225 max 2 No No
i 100 mean
95 0.83+0.02 300 max 1 Yes No
175 mean
117 0.80+0.02 440 max 04 Yes Yes
330 mean
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During the operation with electric field, the thermocouples measuring the sheet temperature
were disconnected due to some noise caused by the very high circulating currents.

Fig.5 shows the behaviours of the current and of a during the application of the electric fields
corresponding to the last row of the Table 1.
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Fig.5 Behaviour of loading ratio o, measured by means of the thermodynamic
parameters (black), during application of electrical current (grey).

The decrease of o when the electric field is applied and the increase when the field is
switched off, have been interpreted in the following way: the electric field favours
electromigration of the d* ions toward the cathode raising the concentration in the gold
coated zone, but also favours desorption of D from the Pd uncoated region (this last
phenomenon increases the pressure of the extemal D, gas); as the current is switched off,
probably a is higher near the cathode, while the uncoated central region is deeply depleted; in
this region, without electric field, the Joule effect stops and D, is strongly adsorbed,
producing an increase of the average a.

The desorbed gas was analysed by the mass spectrometer (see rows 3 and 4 of table 1); the
results of the last analysis are shown in fig.6, where a peak around the atomic mass of 4He is
evident.

The analysis of the gas was repeated several times, always giving the same clear evidence of
4He presence.

From the peak height a partial pressure, and thus a percentage of “4He in the analyzed gas,
was obtained; in this way, a total value of (5.310.7)-1018 atoms produced in the cell has been
inferred.

Since the 4He presence in the background measurement (fig.3) is not detectable, the
production inside the gas loaded Pd sheet is at least equal to this value: in fact, an amount of
produced 4He could have been trapped inside the Pd sheet.
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Some comments can be made about the very high value reported above, corresponding to the
same number of nuclear reactions

d + d - 4He+23.8MeV (1).

The heat excess (in the simplified hypothesis that all the energy in (1) is converted into heat),
of the order of (2.0+0.3)-107 J, is compatible with the values (heat or 4He production)
reported by other experiments. Considering nuclear reactions, their eccurrence seems quite
well estabilished by so huge numbers.
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Fig. 6 Mass analysis of the gas desorbed from the Pd sheet after the fourth application of
electrical field (see table 1). A 4He peak (M/e=4.0026) is appreciable near the D, one
(M/e=4.028).

Looking at the generated power, this experiment cannot determine the time interval during
which the nuclear reactions occurred inside the Palladium. In fact, the total time of the
experiment overcome 5 days and the sheet was considerably loaded nearly from the
beginning. As extreme hypothesis, the 4He production could start quite soon; in this case the
average production rate should be of (1.240.2)-1013 4He/s (corresponding to a generated
power of 46x7 W). But, if we believe that every application of the electric field is sufficient
to empty the sheet from the adsorbed gas, the production should be considered as starting
from the first field application; in this case, the total time should be 7.56-104 s, with a
production rate of (7.0£0.1)-10!4 4He/s and a generated power of the order of (2.6£0.4)-102
W. So, the corresponding excess heat, is fully compatible with the tens of Watts generally
reported by other experiments.

As a final remark, the total Pd sample volume in which the nuclear reactions occurred was of

8-10-2 cm3: the 4He production density should then be (6.630.9)-1019 4He/cm3 and the rate
per unit volume, in the shorter production time hypothesis, is (8.8+0.1)-1015 4He/(s-cm3),
corresponding to a power production of (3.310.5)-103 W/cm3.
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4.Conclusions and Perspectives

A new technique, based on the Coehn effect applied to Pd sheets, has been used in order to
overload Pd with D over the thermodynamical limit =0.67. A sequence of four values of
electric fields with increasing maximum current intensities, was applied, each separated by
periods of field off. In this period a loading value exceeding o= 0.8 has been reached. The
mass spectroscopic analysis of the gas desorbed from the Pd sheet shows a clear peak at the
atomic mass corresponding to 4He, while a similar measurement performed on the gas before
the absorption shows a background consistent with zero.

The 4He production is of the order of 5-10!8 atoms, a strong evidence for the occurrence of
nuclear reactions.

Concerning the rates, the sequence of operations in the present experiment, didn't allow the
determination of the time interval in which the 4He was produced, as well as no precise
indication of local overloading values (perhaps greater than 0.8+0.9) could be inferred from
the data.

Future efforts will be directed to explore a sequence of adsorption-desorption cycles with
more frequent spectroscopic analysis of the gas (still remaining successful in the 4He
production); a second goal will be to reach a better control of the temperature and voltages
along the Pd sheet, in order to deduce more information about the electromigration and local
concentration of the deuterium in the metallic lattice.

Acknowledgments

We wish to thank technical staff of INFN - Sez. Torino, and particularly O. Brunasso and G.
Dughera for their disponibility, even outside their usual duties.We feel also mdebted to Mr.
U. Ferracin for some useful suggestions.

References

[1] T. Bressani et al., [l Nuovo Cimento 104 A (1991) 1413.

[2] T. Bressani et al., Il Nuovo Cimento 105 A (1992) 1663.

[3] G.C. Bonazzola et al. NIM A299 (1990) 25

[4] F. Benotto et al. [EEE Trans. Nucl. Sci. 39 (1992) 838

[5] M. Agnello et al. IEEE Trans. Nucl. Sci. 39 (1992) 1270

[6] E. Botta et al. "Search for 4He production from Pd/D, systems in gas phase”, Proc. of the
5th Int. Conf. on Cold Fusion (ICCFS), Montecarlo (1995), p. 233.

35

ot

ICCF-6 October 13-18, 1996 Japan



_Fundamental Session

‘Helium and Heat Correlation

STUDY OF EXCESS HEAT AND NUCLEAR PRODUCTS
WITH CLOSED D,0 ELECTROLYSIS SYSTEM

K. Yasuda, Y. Nitta' and A. Takahashi
Department of Nuclear Engineering , Osaka University , 2-1 Yamadaoka , Suita , Osaka , Japan.
! Present address , Matsushita Electric Industrial Co.,Ltd.

Abstract

Using a closed type heavy water electrolysis system , deuterium loading ratio D/Pd , output power
(by using mass flow calorimetry method) and neutrons were measured in-situ simultaneously . Mass
spectrum analysis of upper-cell gas and palladium cathode by a quadrupole mass spectrometer and
tritium measurement in a sampled electrolyte were done by off-line techniques .

Excess heats up to approximately 4 to 5W were produced with the cold worked and copper
layered (0.95 £ m) cathode . However , during excess heat , nuclear products (neutrons) were not
observed over the 3 0 limit line of background level . In a few mass spectrum analyses , slight
increases of helium-4 peaks were observed . However , helium-4 might not absolutely increase ,
because it was difficult to calibrate the mass spectrometer to deduce total amount of helium-4 from

samples.

1.Introduction

The aim of this work is to study the correlation between excess heat by heavy water electrolysis
with Pd cathode and deuteron-related nuclear products , i.e. , neutron , helium-4 and tritium .

The attainability of high loading of deuterium into various batches of Pd is reported to be one of
the key parameters which govern generation of excess heat and nuclear products . Only SRI
International® and IMRA-Japan® have ever given phenomenological relations between loading ratio
(D/Pd) of deuterium and excess heat rates by in-situ measurements . However , their experiments
lacked the measurements of nuclear products to see the correlation with excess heat . Miles et al.”)
have reported the correlation between excess heat and helium-4 and showed that the quantity of
observed helium-4 could correspond to the assumed reaction of D + D — “He +23.8MeV as the
heat generating nuciear reaction . Therefore , “cold fusion” may not be the normal D-D reaction
which should produce neutron and tritium , but would be a new class of fusion in solid . Therefore ,
in order to prove the existence of the new class of nuclear reaction in metal / deuterium system
essentially and find a solution to the mechanism of possible reaction , the simultaneous in-situ
measurement of loading ratio (D/Pd) , excess heat and nuclear products with their correlations must
provide us key evidences .

In the present work , D/Pd ratios , excess heats and nuclear products were tried to measure
simultaneously in-situ in a closed heavy water electrolysis system . To carry out accurate
calorimetry , a newly designed closed electrolysis cell which enabled heat measurement by using the
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mass flow calorimetry method was manufactured.
With this system , seven experiments have been done by different cathode materials , i.e. , using
several pre-conditioned palladium plates (cold worked , annealed , with or without copper surface

layer) .
l Coolant inlet Coolant outlet ]
2.Experimental e TR e
- — -
Closed electrolysis cell T \
. . . | Pressure scnsor

Fig.1 shows a cross sectional view of a Metal gasket \\ \

newly designed cell . This cell has t+ == _
1

relatively large volume (738.4%4.1cc) , i | ||

so that the electrolysis can be carried out \

. : : 3 : ——ET ! fonoononons =T
with relatively high input power , i.e. , = - g&fm@”@”@“y“é?nfé”"”TC’f’“”F ﬁ
several-tens watts . The cell vessel is & g ]
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: o Fig.1 Closed electrolysis cell
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part of plumbing was equipped with the lid , and a space between the lid and the vessel was

sealed with copper gaskets . Loading ratio of deuterium could be determined by measuring the

change of D, gas pressure of upper cell volume where air at the beginning of mounting was

evacuated and replaced with D, D/Pd Ratio Calorimetry
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Neutron measurement

Fig.2 shows the measuring system of the ot Blodls

experiment , where is a heilum-3 proportional

A

counter (LND-2531) set up inside polyethylene Closed A
blocks . The counter has 8 inch (about 20.3cm) Cell
effective length and 1.93 inch (about 4.1cm)
effective diameter . LLD and ULD of the single |
channel analyzer (SCA) were adjusted to count 5,

the signals within the ROI area (MCA-7800 , PA LA || scA
SEIKO EG&G) of *He(n,p) reaction thermal
peak in pulse height spectrum to detect only HV

PHA MCS

neutrons . Discriminated neutron signals were
: . ; Fig. k Di f Neutron M t
counted every four minutes with multi-channel ig:3 Block Diagram of Neutron Measuremen

scaler (MCS) . Fig.3 shows the flow chart of neutron measurement system .

High resolution quadrupole mass spectrometer

High resolution quadrupole mass spectrometer (HIRESO-2SM , Vacuum Science and Engineering
Co.Ltd.) was used to analyze mass spectrum (mainly mass four) of samples of upper cell gas and
palladium cathodes . Minimum detectable partial pressure was about 10! Torr for helium-4 by this
analyzer which corresponded to a number of atoms about 10'* . This analyzer has high resolution ,
i.e., A M/M=0.02 (M : mass number) . Therefore helium-4 (mass number 4.0026) and deuterium
(mass number 4.0282) can be measured as clearly separated two peaks .

On some of experiments , a hydrogen-getter-pump (SORB-AC100G , ULVAC Co.Ltd.) was used

to remove deuterium from analyzed gas to increase the sensitivity for helium-4 detection .

Tritium analysis

Tritium was analyzed with the liquid scintillation counter . A 15cc liquid scintillator cocktail
(AQUASOL-2) was mixed with 1cc electrolyte sampled before (and after) an experimental run for
about a week or more and luminescence by 8 -decay was counted by the LSC method .

Experimental condition

Table 1 shows a summary of experimental conditions .

Seven experiments have been done using a 0.2M LiOD electrolyte and plate palladium cathodes (25
X 25X 1mm) . Several pre-conditioned palladium (cold worked , annealed , with or without copper
surface layer[0.95 ¢ m]) were used for the cathodes . The Pd cathode used in Exp.3 was annealed
for 10 hours at 900°C with a heat furnace and was cooled down by the rate 10°C/minute . Pd
cathodes in Exp.5 and Exp.6 had been already annealed before experiments .
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:| No. Pd cathode condition Batch Enclosed Gas Electrolyte Electrical current
Exp.1 Annealed Nilaco#2 D,(Samplel) 0.2MLiOD(350ml) 80"'160(mA/cm2)
Exp.2 Coldworked Nilaco#2 Dy(Samplel) 0.2MLiOD(350ml) 160~320(mA/cm?)
Exp.3 Coldworked Nilaco#2 Dy(Sample2) 0.2MLiOD(350ml) 80~320(mA/cm?)

| Exp.4 | Coldworked , Cu layer NHE D,(Sample2) 0.2MLiOD(350ml) 80~320(mA/cm?®)
Exp.5 Annealed, Cu layer NHE Dy(Sample2) 0.2MLiOD(350ml) 80~320(mA/cm?)
Exp.6 Annealed Nilaco Dy(Sample2) 0.2MLiOD(350ml) 80~320(mA/cm®)
Exp.7 Coldworked TNK Dy(Sample2) 0.2MLiOD(350ml) 80~320(mA/cm?)

Tablel Experimental Condition

3.Results and Discussions

Table 2 shows the summary of results for measurements of loading ratio (maximum values) ,

excess heat , neutrons , helium-4 and tritium .

No. D/Pd ratio (Max) Excess heat Neutron “He(Upper-cell gas) | “He(Ref. Sample) Tritium
Exp.1 || 0.74 No No = -~ —_
Exp.2 J| 0.85 No No No — No
Exp.3 | 0.87 Yes (?) No Yes (7) — No
Exp.4 0.83 Yes No Yes (7) Yes (7) No
Exp.5 0.86 No No No No No
Exp.6 || 0.87 No No No — —
Exp.7 0.90 Yes No Yes (?) . o

Table2 Summary of Experimental Results

Figs.4 and Fig.5 show variations of
excess heat and loading ratio (D/Pd) as a
function of time .

In the run of Exp.3 , between 120 hours
and 140 hours the start of

electrolysis , excess heat looked coming

after

up . However , it was within the 3 0
(=3.9W) level of 99% confidence
Whenever anomalous excess heat was
not produced , heat balance was at zero-
line as looked like Fig.4 except the 120-
140 hours interval.

0.9

(?): marginal level

D/Pd Ratio

T L T L
503,
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20y
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Time(hour) =
Fig.4 Variation of Loading Ratio , Excess Heat ,
Input and Output Powers with time (Exp.3)
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In the run of Exp.4 , excess heats
were produced from the time when
input current mode was changed to
the stepping up mode . Maximum
excess heat exceeded 3.5 0 level of
the standard deviation and therefore
very confident . Then D/Pd ratios
were observed here to be almost
( ~ 0.83 with

variation ) in spite of the drastic

constant small

change of currents by the stepping
up .

In the run of Exp.7, electrolysis by
the stepping up mode continued for
about 200 hours , for about a day we
stopped electrolysis and changed to
the L (1A) / H (4A) mode with 6
hours duration per each of L or H
mode which continued for about 240
hours . The L / H mode electrolysis
technique was fully used by the open
group  of
laboratory‘” . Fig.6-1 shows variations

system  study our
of excess heat and loading ratio in
Exp.7.

Excess heat was observed but not
over the 3 0 level . And loading
ratios were higher than those of Exp.4
as a whole but changed periodically in
from 0.82 0.87
corresponding to the current changes
of the L / H mode as shown with the

upper most graph of Fig.6-1 . In the

average to

2

step-up made run of Exp.7 , excess
heats with SW max. were observed
0.90 (see

with maximum D/Pd
Fig.6-2) .
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Fig.7 and Fig.8 show results of mass four spectra for cylinder gas samples (reference BG runs) in

Exp.3 and Exp.4 . Judging from these diagrams , used original deuterium gas was regarded to be
contaminated very slightly with helium-4 . However , in Exp.7 , helium-4 peak was not observed
with the same deuterium gas sample of used D> gas cylinder , probably because the sensitivity of
quadrupole mass spectrometer was getting worse than before .

Fig.9 through Fig.11 show results of mass four spectra for gas samples from the upper cell in Exp.3 ,
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Exp.4 and Exp.7 .

currents of herium-4 peaks were observed with

In these analysis , ion

meaningful increases compared with ones of
the original sample gas . Content of helium-4
in the sample gas from the upper cell was
regarded as concentrated to be about twice
through three times of the beginning D, gas
after about 1 through 2atm D; gas was
absorbed to Pd plate . So , amount of helium-4
peak-increases in Exp.3 , 4 and 7 should be
regarded as marginal levels though Exp.4
showed the largest *He peak . It is necessary to
calibrate quantitatively the mass spectrometer
and fix the total quantity of helium-4 from the
sample .

L S A R T { L S

[x10) 10 B
7.5x10 Torr i ‘*
. : /
[ \
[] \
8 1 \ =
4He¢ .‘

el
- x100000 oy
L g q J

o

Ion Current (A)
e

T

a
: 9
1 1

398 399 4 401 402 403 404 405 4.06 4.07
Mass Number
Fig.8 Mass Spectrum

(Exp.4 Gas Sample without Getter Pump)

1 T 7T

o
~

5
[x10] 10 I
7.5x10 Torr

f T ]
\
]
'
I
1
1
i
1}
1
)

I P #

i

N x100000 2

i
=~

Ion Current (A)

v
®
1
'
v
) ]
1
\
1
'
1
[ ]
\
¥
i
\

| T i 4

L L L 1

0
3.97 398 3.99 4 4.01 4.02 4.03 4.04 4.05 4.06 4.07
Mass Number

Fig.9 Mass Spectrum
(Exp.3 without Getter Pump)

41
ICCF-6 October 13-18, 1996 Japan ]




Fundamental Session

Helium and Heat Correlation

[x10° 10 BN I SR P L S N o
7 7.5x10°Torr  # e
4y + ! “‘ "
8 L He ,'Rt 'l .‘ B
s ! X
’ ‘ \\_
$ Y
6 Lfo”oood.
< x100000 D.*
o — - / 2
8 %
E a4t R -
@) l’ |‘
= £ \
S T s
] 4
2t : | -
s
'-AML.A.J'iuijlh"-AJ- L o.

0
398 399 4 4.01 4.02 4.03 4.04 4.05 4.06 4.07
Mass Number

Fig.10 Mass Spectrum
(Exp.4 without Getter Pump)

[xlo"’] 10 — ra —
5 v )
7.5x10°Torr ! .
- " II
) 1
. ]
8 ! ¥ -
i 1]
1] 1}
L ! )
= : .
L 6} i 1 A
— i \
= i + |‘
Q y D2 1
& : ~ =
1 ,. ]
4}- ! [ \. I| N
l‘ II 1 1
t d W .I
H 4 L] '
Tt 1 ] L)
41 e 'v L y ‘\
2k g [ \‘ . =
o-oo-o s i .1 o
()
x10000 !
\
n ale s.ma ol o 4" i 1 " .‘L‘ da
399 4 401 4.02 403 404 405 4.06

Mass Number
Fig.11 Mass Spectrum
(Exp.7 with Getter Pump)

In all the experiments , neutrons were not observed over the 3 0 limit line of the background level

and clear increases of tritium in electrolyte were not observed either .
Fig.12 shows the MCS data of neutron in the run of Exp.4 . At four hours after electrolysis start , a
count rate was observed over +3 O level. However , since the neutron source facility “OKTAVIAN”

near our experimental place was eventually running at the same time and skyshine neutrons were

thought to shower , increase of neutrons might not be due to generation of neutrons from

the palladium cathode .
Fig.13 shows results of
analysis in Exp.2 through Exp.5
Tritium activity of electrolyte before

tritium

electrolysis ~ was  defined as =
background and one after it as %
foreground . There was difference in E
tritium level between that of Exp.2 ‘51

&

and those from Exp.3 to Exp.5
because electrolyte was exchanged to
new one after Exp.2 ; tritium
concentration (selective absorption of
lighter isotope , i.e. , H and D to
palladium plate) during the long
electrolysis would be suggested .
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4.Conclusions

In the run of Exp.4 and Exp.7 , excess heats up to approximately 4 to 5W were observed with very
confident level. And D/Pd ratios there were observed to be almost constant in spite of drastic
change of current . However , during the excess heats , nuclear products (neutrons) were not
observed , and clear increases of helium-4 and any increase of tritium were not observed either . As
regards to mass spectrum analysis , because it was necessary to calibrate correctly mass
spectrometer and fix quantity of helium-4 , the generation of helium-4 could not be definitely
concluded although visible increases of helium-4 peaks were observed for three cases of upper-cell
gas . Because of limited number of experiments the correlation or non-correlation between the
generation of excess heat and nuclear products could not be confirmed . Now the two cells in series
connection are running simultaneously in order to establish the more confident measurement
system , to study the correlation of excess heat with the degree of loading ratio D/Pd using different
pre-conditioned cathodes ,and hopefully to identify the correlation of excess heat and helium-4
generation .
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Abstract

An excess heat measured as a rise of cell temperature from a calibration curve has been
observed in fuel-cell type cells using pure palladium cathodes and apparently depended on their
thermal treatments. All the Pd cathodes tested were at least 99.99 (“four nines”) pure, but the
treatment conditions of the cathodes appear to have affected the loading ratios and presence of excess
heat. The Pd cathodes exhibiting excess heat were annealed for ten hours at a high temperature (850
or 1000 °C) in a high vacuum environment. The excess heat from the samples ranged from 7-18 % of
the electric input power. However, these results should be confirmed with a flow calorimetry system.

1. Introduction

A research and development project, “New Hydrogen Energy” project, was started in
November 1993 under New Energy and Industrial Technology Development Organization (NEDO)
in Japan. In the project, several experimental systems in which an excess heat had been detected
were set up in our laboratory!'), One of the systems, a fuel cell type electrolysis systemlz] has
pressurized cells with a reversible hydrogen anode based on fuel cell technology. In a few cases
excess heat had been detected using the system by Apr. 1995 in our laboratory. Reproducibility of
the excess heat was poor, probably because of the use of many kinds of Pd. However, useful
information about Pd rod processing has been obtained!”! improving the ability to acquire higher
loading ratio (D/Pd) than 0.85, which appears to be indispensable for excess heat generation. The
main conclusions are that (1) Pd electrodes with higher purity and stable grains reach high D/Pd, (2)
Grain size and/or grain boundaries may be significant for high D/Pd, and (3) Cracks on the Pd surface
very likely inhibit high loading.

In this study, Pd rods were fabricated of high purity “four nines” Pd, melted in vacuum,
processed at room temperature, and surface machined, in keeping with protocols which have
previously achieved positive results. In addition, samples with various pre-electrolysis treatments
have been tested with the fuel cell type electrolysis system. The effects of pre-electrolysis treatments
on the D/Pd and excess heat measured are discussed in this paper.

2. Experimental
2.1 Pd cathode

A “standard” process to prepare Pd rods for electrolysis experiment was determined!*! based
on the past experimental results! . The results indicate that high D/Pd loading can be achieved under
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the following conditions: (1) Pd electrodes with higher purity and stable grains reach high D/Pd, (2)
Grain size and/or grain boundaries may be significant for high D/Pd, and (3) Cracks on the Pd surface
very likely inhibit high loading. Therefore, the Pd cathodes, which were 4 mm in diameter and 20
mm in length, were made of “four nines” Pd, melted in vacuum, processed in room temperature, and
the surfaces were machined away to a depth of 0.2 mm by Tanaka Kikinzoku Kogyou (TKK).

In addition, we attempted various pre-electrolysis treatments!*! to the samples by the
“standard” process described above to increase the D/Pd. The results of the attempt using a
resistance measurement system, which could estimate D/Pd from a change in resistance of Pd during
electrolysis, were presented by us in other paper[5 I, The major treatments were (1) a surface etching
in aqua regia to remove surface defects and to clean the surface, and (2) a vacuum annealing to
release the stress, to re-crystallize the grains, and to clean the surface by thermal etching. The etching

Table 1 The Pd samples prepared to experiments

Sample No. Exp. No. Etching time (min) Heat treatment (°C x h)
0 EX11C1 - 200 x 3(degassing only)
1 EX11C3 - 850x1
2 EX11C4 10 850x 1
3 EX11C5 10 850x 10
4 EX11C6 - 850x 10
5 EX14CS5 - 1000 x 1
6 EX13C3 10 1000 x 1
7 EX13C5 10 1000 x 10
8 EX13C6 - 1000 x 10

in aqua regia was done before the vacuum annealing. Both the samples etched and not were prepared
to examine the effect of the etching. The samples were etched for ten minutes in aqua regia. The
annealing was performed for 1 or 10 hours at 850 or 1000 °C at a vacuum environment of 1 mPa.
One untreated sample and eight variously treated samples described in Table 1 were used in the
experiments. Sample #0, the untreated sample, had grains ranging in size from 100 to 300 x#m varied
by the rod processing. On the other hand, the heat-treated samples had non-stressed grains whose
sizes were 50 to 100 #m in diameter. However, there was no difference in grain size resulting from
the treatment temperature or the treatment time,

as determined by observing the surface structure

of the samples with an optical microscope. oy \ H || H Pressure Gauge

LA
Computer || i .
2.2 Measurement apparatus and method g Power SUpppy {_r,.n |}

The fuel cell type electrolysis system is I L.’ e

W"T%(n

shown in Fig. 1. The system, developed by Bath(107C)

IMRA-Japan, had six pressurized cells with a
reversible hydrogen anode based on fuel cell
technology. The Pd sample was set at the center Pt Reference Electrode |LA{I 1) |
of a pressure vessel as a cathode electrode, and Thermocouple Iy ~—D, Gas
surrounded by a gas diffusion electrode, “fuel _ 1111 N

cell anode”. The pressure vessel was filled with =°"*¥*e(M-0D) Pl Tressevess

1 M LiOD electrolyte of 50 cm® and D, gas up to i

9 kg/cm®. Three Type K thermocouples were *Cmmde e B
used to measure the temperatures of the Pd rod, ' gl Gell Anode

the electrolyte, and the gas. The D, gas pressure Fig:'l Eucl sell type Slaauclyoe’ spsim

was measured by a pressure gauge (VALCOM VPRNP17KA). The cells were set in a thermostatic
water bath (ADVANTEC LF680) at 10°C constant temperature.

CE_ —
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A computer (NEC PC9801) controlled a
power supply (KIKUSUI PAD16-10LP) to 0 . . ; '

provide a constant electrolysis current and Ol ]
measured the .cell pressure, the temperature at E T Excess heat,® ;
the three points, the cell voltage, and the < : N
electrolysis current through a scanner 3w - LNt tIee
(ADVANTEST R7430), recording data at one <, | St
minute intervals. it '

Both the D/Pd and excess heat are 2| éjlnnut Ef eetric ot
estimated by monitoring the temperatures and od : . - = N
D, gas pressure during electrolysis. D/Pd was Input power (W)
estimated by the following expression:

D 2(n -n) Fig.2 An example of calibration curve determined with Ni

Ik # ; (1) cathode and excess heat from calibration curve

mol

where ng is the molarity of D, gas before electrolysis; n; is the molarity of D, gas at the time of
estimation; Pdmq, the molarity of Pd rod. Thus, ng can be calculated from the gas pressure and gas
temperature measured before electrolysis. Then n; can be also be calculated during electrolysis.

The excess heat was estimated by a rise of the cell temperature based on a calibration curve
between input power and the cell temperature previously determined using a Ni cathode. Fig. 2
shows an example of calibration curve and excess heat (energy) estimated from the curve. The
accuracy of excess heat estimation depends mainly on the accuracy of assembling the cell. We
evaluated the deviation of the calibration curve using data of five experiment cases performed at a
certain period, and concluded that the deviation

from the calibration curve was within +2%. 25—
Therefore, we assume that only a measurement - ; Fixed Pattem |
larger than 5% could be attributed to excess heat . :

generation.

n

2.3 Electrolysis condition

The electrolysis was performed under
constant current control. A typical applied o8
current profile is shown in Fig. 3. The current “
was maintained at 125 mA corresponding to S0
mA/cm? surface current density on Pd samples
for 6 days after the start of electrolysis, and then Fig.3 An example of electrolysis current pattern
the current was changed step by step after stable
equilibrium was reached. The temperature of the

Current (A)
>

0.0

Elapsed time (day)

cathode became stable within three hours after a Z:: i Loading r_atio—-__—m0 ®
current change according to results of the ‘ — Tos fs
calibration experiments. Therefore, the time 3 Pd cathode temperature 5
constant of the system was about three hours, so E A e — 108 g12¢
the excess heat was estimated on the basis of the 3 g ¥ Heat of occlusion foaS, §
cathode temperature measured three hours aftera £ **[ : T ! g
step change in supply current. i ol e 02 4
The current profile for 17 days after start ooy

was fixed as the same loading condition. 000 oz s o8 o8  16°°
Following that time, the profiles were varied. In Time (day)
all, the samples were electrolyzed in the system Fig.4 Heat of occlusion, loading ratio, and Pd cathode
for more than one and a half months. temperature at the state of beginning of electrolysis.
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Fig. 4 shows the heat of occlusion measured at the state of beginning of electrolysis. The
excess heat estimated from the cathode temperature was not exact under transient conditions, as
described above, but it showed that the system had sensitivity to detect the heat of occlusion. The
heat of occlusion estimated as integration of the excess heat was of about 780 J. The calculated value
was about 350 J. This difference in these values was probably caused by the lack of correction for the
system response function.

3. Results and discussion

The experimental results on excess heat and D/Pd are shown in Table 2. The excess heat is
the maximum during electrolysis. The percentage is the ratio of the measured excess heat to the input
electric power. From the results, it seemed that (1) excess heat of 0.35-0.75 W (7-18 %) was

Table 2 Experimental results on excess heat and D/Pd

Sample No.| Etching | Heat treatment (°C x h) Excess heat (W(%)) D/Pd”
0 no 200 x 3 - 0.80
1 no 850x 1 - 0.81
2 yes 850x 1 - 0.80
3 yes 850 x 10 0.7 (11) 0.87
4 no 850x 10 0.35(7) 0.87
5 no 1000 x 1 - 0.88
6 yes 1000 x 1 - 0.88
7 yes 1000 x 10 0.7 (16) 0.89
8 no 1000 x 10 0.75 (18) 0.85

* Maximum excess heat (normaily, electrolysis current =

2A)

** Maximum D/Pd during experiment

measured in only four samples annealed for 10 h at the temperature both of 850 and 1000 °C, (2) the
loading ratio of the samples with excess heat was 0.85-0.89, significantly higher than the 0.80

EX11C3 .
14 EX11CS 10/ 1.4- 1.0(E
- Loading E 5 Loadmg E
" on ' 082
10} Y= 1.0 “l | 33
3 g Current E=]
2 oa-dens 06 g x
= - 068 x [ ‘ fagx
; =) 11
c o £ 06F c
-%0.6 -0,423 @ Input “i’ .0.4g§
04 3 a @ 04 power A =
2 O g . ..Excess|heat] O 3
W o2 ) o.zcr:ﬁéL w o2 _l l I }",»j / i F:l.z:.fg
00 TR " Excess heat i '§ 0.0 i F d‘:p. 2
s —L =1l t L .0 madl‘b m 00 ©
0 10 20 % © 580~ e 10 20 30 a0 50 8
Times(day) Time (day) ~

(a) Sample #3 observed excess heat (850°Cx10h)

(b) Sample #1 observed no excess heat (850°Cx1h)

Fig.5 Two experimental results with and without excess heat

attained by the untreated sample (#0), and (3) the aqua regia etching before annealing was not
effective in achieving D/Pd and excess heat in these experiments.

Two experimental results (sample #3 and #1) with and without excess heat are shown in Figs.
5 (a) and (b), respectively. The same current pattern was applied in both the experiments, but
different results were measured. Sample #3 achieved D/Pd of 0.85 and generated 0.7 W of excess
heat. On the other hand, #1 had lower D/Pd and no excess heat. The excess heat in Fig. 5(a) was
continuously detected after 2 weeks from the electrolysis start. The excess heat observed in other
samples also showed the same trend.
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The etching conditions of #1 and #3 were
different from each other. Sample #3 was etched,
but #1 was not etched. However the etching was
not effective for the generation of excess heat and
an increase of D/Pd, because the etched sample
of #2, which had the same heat treatment as #1,
also had no excess heat and the same low D/Pd as
#1. In other experimental pairs with etching or
not (#3 & #4, #5 & 6, #7 & #8), their results on
excess heat were also unrelated to the etching
treatment.

The loading ratio as a function of current
density supplied is shown in Fig. 6. To calculate
this relationship, the data from 2 weeks after the
start of electrolysis and in stable equilibrium (i.e.,
more than three hours following a step change in

0871

0.86
Sample #3
0851

Loading

Sample #1

Current density (A/cm 9)

Fig.6 Loading ratio as a function of current density
supplied, comparing the two samples; #1 without excess
heat and #3 with excess heat.

current) were used. The D/Pd ratio of sample #1 with no excess heat became lower at higher current
density. The D/Pd of sample #3 with excess heat increased or did not declined at high current density

supplied.

Relationships between the loading ratio and the current density in all the experiments with or
without excess heat are shown in Figs. 7(a) and (b), respectively. The electrolysis patterns in the

0.90
0.88f T,
.86/
£ osal-
©
-
o 0.82f
£
O L
@ 080 e— #3
— o #.4
o.78}
—a— 47
0.76} Fv—#8
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Currrent density (A/cnf)

(a) Cases of samples with excess heat

0.50 e w0 }
|
088} - e I}——o— #1
— —a— #2
o068} [ St S v— #5
r & #8
2 osat e I
- —— e
© T
b= =
o o082r
. t_’—/*"‘i‘—*
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=
— o8t ~ Ly
0.76} iz -
0.74 i i i i :
04 04 05 06 0.7 0.8 0.9
Current density (A/crr)

(b) Cases of samples with no excess heat

Fig. 7 Experimental results of loading ratio as a function of current density supplied.

experiments were not entirely identical to each
other, but were the same for 17 days from the
start, as previously described. D/Pd for cases in
which excess heat was observed tended to
increase or remain constant at higher current. On
the other hand samples exhibiting no excess heat
tended to decrease the loading at higher current.
The relation between excess heat and
loading ratio on the samples #1 and #3 are shown
in Fig. 8. The measured data used were the same
data for Fig. 5. In sample #1 the excess heat was
within +2%, so we judged it to be no excess heat.

15

-
o
T

Excess heat (%)

5
0.80

0.84 0.86 0.88

Loading Ratio

0.82 0.90

However, sample #3 attained a higher D/Pd (up Fig.8 Excess heat vs. loading ratio on the sample #1
to 0.87) than #1, and generated over S % of annealed at 850 °C x 1h and #3 annealed at 850 °C x 10h.
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excess heat.
Similar results were obtained for samples annealed at 1000 °C. Excess heat was only
measured for sample annealed for ten hours. According to these results, the time of 10 hours for
annealing was sufficient to re-crystallize the grain, and/or to clean the surface by thermal etching, but
1 hour was insufficient.
Typical relationships between input EX13CS
power and excess heat in the experiments are o N
shown in Fig. 9. The solid line is a quadratic fit
using the least squares method. The excess heat =1 % +

07
s 418

HH

increased quadratically as the input power i
corresponding to the surface current density
increased. However, these results alone are not
sufficient to prove the existence of an anomalous
source of excess thermal energy in this system.

Although previously it had been estimated that oo 3 2 3 s s

the deviation of the calibration curve, which input pawer (W)

might cause a false positive excess heat, was less

than 5%, it is not possible to rule out the gz An example of excess heat vs. Input power on the
possibility that some other unlnown factor might sample #7 annealed at 1000 °C x 10h.

increase the deviation from the calibration curve

for the system.

A problem of the fuel cell type system is that it does not measure net excess heat directly.
Therefore, the existence of the excess heat from Pd is not considered proven in these experiments.
To measure the excess heat exactly, a flow calorimetry system[‘” has been manufactured which is
compatible with the fuel cell type cell and which can directly measure the excess heat from the cell
by measuring the input/output temperature and mass flow of coolant. It remains to confirm the
existence of excess heat with the flow calorimetry system.

04

03+

u  Excess heat (W)
0.2 4 Excess heat (%)

Excess heat (W)
Excess heat (%)

0.1 |

o

4. Conclusions

Experimental results on excess heat and D/Pd using a fuel cell type electrolysis system have
been presented. Pd rods were made of high purity “four nines” Pd, melted in vacuum, processed in
room temperature, and surface-ground. Samples with various pre-electrolysis treatments were tested
to examine the effect of the treatments on the excess heat and the D/Pd.

The pre-electrolysis treatments were (1) a surface etching in aqua regia to remove surface
defects and to clean the surface, and (2) a vacuum annealing to release stress, to re-crystallize the
grains, and to clean the surface by thermal etching. The annealing temperature have ranged from 850
to 1000 °C, and the annealing time varied from 1 to 10 hours.

Excess heat has been observed in our experiments. Apparently, thermal treatment conditions
of the cathodes affected loading ratios and excess heat. Excess heat has been only observed from the
Pd samples which were annealed for 10 hours at a high temperature (850 or 1000 °C) in a high
vacuum environment (1 mPa). Excess heat from the samples has been 7-18 % of the electric input
power. However, the system was not able to measure the net excess heat directly. Therefore, it is
recommended that excess heat from Pd be confirmed using a flow calorimetry system before
concluding that the system does in fact produce excess energy.
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Abstract

Demonstration experiments of excess heat generation have been conducted using the Fuel Cell
Type Electrolysis System at NHE Laboratory since January 1994. In April 1995, a mass flow
calorimetry system (FCS) was developed at the NHE Laboratory. A new series of experiments,
referred to as NHE-FCS, combines the Fuel Cell Type Electrolysis System with mass flow
calorimetry. The system is comprised of fuel cell type electrolysis cells, power supplies, vacuum
insulators, water coolant, temperature measurement equipment, and a personal computer which
controls the power supplies and digital multimeters. A data acquisition occurs every 60 seconds.
Total input power is typically 10W. As a result of careful modification of the components, a heat
recovery efficiency of ~98% has been attained. It has been confirmed that an excess heat of 0.2W is
measurable in calibration tests.

Excess heat has been observed in the “Fuel Cell Type Electrolysis System”. Observations of
7-18% excess heat have been reproduced in 11 cases. However, the reproducibility issue still
remains. NHE-FCS experiments have been performed used identical protocol. Excess heat has not
been observed yet in spite of the fact that we have attempted to duplicate the electrode materials that
produced excess heat. One reason may be that other experimental conditions have differed in detail
in cases in which excess heat has been observed.

1. Introduction

In previous experiments using the “Fuel Cell Type Electrolysis System”, excess heat is
calculated by comparing the measured temperature of the electrode and the electrolyte with a
calibration curve. The calibration curve is provided from the measured temperature of a Ni electrode
and the electrolyte. Thus this method is not a direct calorimetric measurement. If the measuremern:
points are somehow moved during cell assembly after the calibration, the accuracy of calibration
would be lost. Therefore it is necessary to improve the measurements and confirm the measured
excess heat by other methods.

A flow calorimetry systam, such as which has been developed by Stanford Research Institute,
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provides a direct measurement capability. Thus, a flow calorimetry system for NHE was designed
and developed to confirm the observed excess heat at NHE Laboratory.

2. Experimental
2-1 Measurement System.

Fig.1 shows the overall system of NHE-FCS. As a matter of fact, 2 experimental cells are able
to be measured at the same time for one system. Water in bath A as coolant is kept at the same
temperature of bath B (23°C const.), and send to bath B using a constant-flow-rate (0.7g/s) pump
through a degasser. Coolant water is continuously purified by an ion exchange resin bed. To damp
the flow rate fluctuation, an accumulator is inserted between the pump and electrolysis cell. The
temperature of water is close to that of bath B as it flows through the tube section in bath B before
entering in the cell. The flow rate of water after exchanging heat at the cell is measured by the flow
meter as it returns to bath A.

The temperature of the coolant water at inlet and outlet are sensed by Pt thermal resistors. Input
voltage and current of electrolysis and heater, output of flow meter and vacuum meter, and the
resistance of Pt thermal resistors are measured by digital multimeters. The power supplies and
multimeters are controlled by a personal computer (PC).

The data acquisition typically occurs every 60 seconds. Constant total input power is assured by
regulating the power supplies every 10 seconds. The PC can output the data files to magneto optical
(MO) disk while the measurement program is running, so it is possible to analyze the results of
experiments later.

2-2 Electrolysis Cell.

At first, two kinds of cells that have the different position of the heat exchange tubes were
designed and made at April 1995, they are called “Type A” and “Type B” respectively. The “Type
A” cell was showed at figure 6 of our ICCFS report™. After that, they have modified to improve the
variations of heat measurement. It is called “Type C”. All experiments have been performed using
“Type C” cells since January 1996.

Fig.2 shows the electrolysis cell “Type C” in the vacuum insulator for NHE-FCS. 1t is the fuel
cell type electrolysis cell composed of a cathode, the gas diffusion electrode, electric heater, and the
pressure vessel. The electric heater is made from coiled Ni-Cr wire and sealed PTFE tubes. This cell
has the heat exchange tube in its side, bottom, and cover wall. The coolant water enters into and goes
out the cell through the cover of the vacuum vessel. The temperatures of the inlet and outlet coolant
water are measured in the tubes under the cover by Pt thermal resistors.

The ceramic hermetic seals are used for the connectors between the inside and outside of the
pressure vessel, and at the cover of the vacuum vessel for electrolysis and heater input lines. Their
voltages are sensed at the connectors.

To prevent the gas leakage, a metal O-ring is used for the pressure vessel’s seal.

2-3 Protocol.

Experiments are performed in two steps.

The first step is to measure the cell’s heat recovery, using a Pt cathode and an electric heater, in
order to determine cell performance. The estimated heat recovery is used for the calculation of
excess heat during electrolysis with a Pd cathode.

The second step is the Pd electrolysis experiment, carried out according to the following
protocol:

1. The Pd electrode is prepared according to the appropriate protocol.
The cell components are cleaned and the cell is assembled and leak-checked.
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2. The electrolyte is added, cell volume is measured, D, gas is pressurized at 9 kgf/cm?.

3. The cell is installed in bath B, and left until the pressure and temperature reach
steady-state conditions.

4. The heater is turned on ( kept at 10W const. typically ).

S. Electrolysis begins after the pressure and temperature reach constant values.

6. Output heat is measured as the electrolysis current changes.

The current profile was initially the same as that of the reference conditions. Afterwards, open
circuit, Hi-Lo current exchanging, and anodic treatment are tried.

2-4 Calculations.

The method of calculation of D/Pd is same as previously used for the “Fuel Cell Type
Electrolysis System”. However, the cell volume, PTFE fixers and the electrolyte volume are
relatively larger than for previous cases. Thus, the volume of gas effluent from the PTFE fixers and
electrolyte outgasing must be accounted for when calculating D/Pd. Likewise, the averaged
temperature of the gas is estimated from the calibration experiments.

Excess heat, Wy, is calculated with the following equation.

Wex=m x ¢, x AT/E- W,

where m is the flow rate, ¢, is the specific heat of water, AT is the difference between inlet and outlet
fluid temperature, & is the heat recovery efficiency as determined from calibration experiments, and
W, is the total input power.

In this equation, the recovery power is m x ¢, x AT. Changes in the flow rate influences the heat
recovery, therefore the flow rate setting at the pump is not changed for other experiments.

3. Results and Discussion
3-1 Calibration.

In calibration experiments using a Pt cathode and electric heater input, the heat recovery of each
cells is 0.983 + 0.010. Fig.3 shows the results of the calibration experiments using one of Type C
cell. In this case, the heat recovery, E, was 0.977. The heat recovery is determined by averaging the
last 60 minutes of all constant current terms during the total input power kept at 10W.

Another heater was assembled in this cell as the dummy excess heat generator, and supplies
0.2W for 2 hours (designated with *1 in Fig.3 and Fig.4). Fig.4 shows that the calorimeter is capable
of observing such small values of thermal energy.

In addition, the figure shows that the calculated results of excess heat was almost 0 + 0.1W
except during the periods when the test heater was on. The 3-sigma uncertainty for this cell was
0.09W with the input power regulated at 10W. The 3-sigma value for other cells was estimated at
0.09 to 0.16W. Accordingly, it can be concluded that NHE-FCS has enough sensitivity to detect
excess heat of 0.2W at total 10W constant input condition.

3-2 Pd Electrolysis.

All experiments of Pd cathodes have been performed used identical protocol which showed
excess heat in prior "Fuel Cell Type Electrolysis System" experiments. Fig.5 shows typical results
at Pd electrolysis using NHE-FCS. The material and treatment of Pd cathode and experimental
procedure were identical.

Total input power was kept at 10W with heater before starting Pd electrolysis. In the first of
measurement, the changing of the results of excess heat is presumed that the recovering of heat is
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unsteady because of the complexity of the heat exchanging tubes. D/Pd reached a maximum of 0.82,
but slightly decreased at high current density. Excess heat was almost O + 0.1W during all over the
experiment. Therefore it was decided that excess heat was not observed in this experiment.

In some experiments, D/Pd reached a maximum of 0.84, and 0.89 in one experiment. In the
results from all experiments in this series, excess heat has not been observed. This may be
insufficient for excess heat generation. Past experience indicates that D/Pd in the range of 0.85~0.90
are necessary for excess heat generation.

3-3 Discussion.

One possible reason that net excess heat has not been observed is that the experimental
conditions have necessarily differed in slight details from those of prior experiments. Specifically,
on account of the cooling method, the temperature of the cathode is different in the “Fuel Cell Type
Electrolysis System” than in the NHE-FCS. Fig.6 shows the electrolyte temperatures versus input
power for several experimental systems. In the “Fuel Cell Type Electrolysis System”, the
temperature rises at 10°C/W from 10°C. However, the NHE-FCS cathode is exactly 38°C when
total input power is kept at 10W. It is presumed that the temperature influences the D/Pd.

4. Summary

A mass flow calorimetry system (NHE-FCS) has been developed to confirm the observed
excess heat at “Fuel Cell Type Electrolysis System” experiments. The heat recovery of NHE-FCS
cells has been measured at 0.983 + 0.010 during calibration experiments with a Pt cathode and
electrical heater. NHE-FCS is capable to detect excess heat of 0.2W at total 10W constant input
condition.

All experiments using Pd cathode have been performed used identical protocoi which showed
excess heat at the “Fuel Cell Type Electrolysis System”. Max D/Pd has been 0.84 in some
experiments cells, and 0.89 in one experiment. Excess heat has not been observed at all
experiments.

One possible reason is that D/Pd may be insufficient for excess heat generation, for the
temperature is deferred by the cell designs and influences the D/Pd.
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ABSTRACT

The electrochemical deuterium loading behavior of Pd cathodes in LiOD/D,0O system has been
studied experimentally using a resistance measurement method. The material conditions of Pd
cathodes significantly affect the attainable D/Pd loading ratio. In addition, the D/Pd is affected by
the applied current density profile, pattern of increasing current and anodic treatments.

As a result of the experiments, it was concluded that higher annealing temperatures (~1000 °C)
result in higher D/Pd. In addition, etching in aqua regia proved to be a better surface treatment than
polishing. It was confirmed that using the pre-electrolysis treatments resulted in higher D/Pd. The
electrolysis current pattern and anodic treatment cycles likewise affected the D/Pd.

On the other hand the electrochemical hydrogen loading behavior of Pd cathode in LiOH/H,0
system has been studied by a volume/weight measurement method. This shows analogous effects
due to annealing as loading experiments with deuterium.

1. Introduction

Many results have been reported regarding the D/Pd reached during electrolysis, but the
maximum D/Pd is dependent upon on the manufacturing history of the electrodes and the conditions
of electrolysis. It has been pointed out by several observers that attaining a deuterium loading ratio
greater than 0.85 is a prerequisite for observing excess heat generation phenomena [1].

A resistance measurement method was used in order to establish a procedure for selecting
electrodes which can be expected to give a high D/Pd. In this study relationships were found for the
D/Pd and the following parameters: heat treatment of the electrodes, current pattern, cycle of
electrolysis, and surface treatment of electrodes.

On the other hand, the H/Pd was studied by a volume/weight mcasurement system in order to
compare the H/Pd of several kinds of Pd.

2. Experimental
2-1. D/Pd by resistance measurement

All samples for cathode were made of Pd (2 mm in diameter and 50 mm in length) with a purity
of more than 99.99%. The standard protocol for these Pd samples includes melting and casting in
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vacuum and cold working at room temperature. These samples were used to study the effect of heat
treatment (see section 3-1.a below), current density effect (3-1.b.) and the effect of multiple
repetition of current cycles (3-1.c.). The Pd cathodes were subjected to various pre-electrolysis
treatments, such as (1) a vacuum annealing to release the stress, to recrystallise and to clean the
surface by thermal etching, and (2) a surface treatment to remove surface defects and to clean the
surface. The D/Pd loading ratio is affected by the current density profile, current increasing pattern
and anodic treatments.

Figure 1 shows the schematic figure of electrolysis cell and system for a resistance measurement
method. D/Pd values were estimated from the resistance of the Pd measured by 4-point probe
measurements with an AC signal (1mA, 1kHz) during electrolysis, using a milli-ohmmeter made by
NF Electronic Instruments. D/Pd was calculated as a function of R/Rg using an empirical method by
McKubre [1] (see Fig. 2). Five Pt wires (2 current leads, 2 potential leads and one electrolysis lead)
were spot welded on a Pd electrode. This electrode was positioned at the center of a spiral Pt anode
in an open electrolysis cell filled with 1M LiOD. The cell is made by Teflon, is cold in water bath at
20 °C. Electrolysis was performed with stepwise current density patterns and repetition of cycles. A
reverse potential of 0.75V was applied after each cycle of electrolysis.

2-2. H/Pd by volume/weight measurement

Fig. 3 shows the cells for the volume/weight measurement system. The cell was made entirely of
Pt. Pd electrodes were immersed in 0.1M LiOH solution. Electrolysis was performed with a current
density of 100 mA/cm®. After electrolysis the gaseous volume of hydrogen discharged from Pd
electrode was measured using a measuring cylinder and then the weight of the Pd electrode was
weighed in order to measure the increased weight due to the absorption of hydrogen. The H/Pd of
the Pd electrode was calculated using the gas volume and the weight increase.

Table 1 and 2 describe the experimental results and conditions of each experiment. Table 1
shows the comparative effects of purity, heat treatment and the presence or lack of an upper
electrode. Table 2 describes the effects of etching, heat treatment (temperature, time and
environment),exposure times of sample in air after heat treatment and degassing (deoxygenating) in
a 0.1M LiOH solution through which a reducing or inert gas was bubbled. The effects of various
heat treatments is likewise extracted from there results.

3. Results and discussion
3-1. D/Pd by resistance measurement

a. Heat treatment of electrodes. Figure 4 shows the resulting D/Pd for electrodes with different
heat treatments. There were a vacuum annealing to release the stress, to recrystallise and to clean the
surface by thermal etching. Pd electrodes heat treated at 200 °C for 3 hours (dehydrogenation
treatment), 850 °C for 3 hours, and 1000 °C for 3 hours after manufacturing were used in this study.
The results show that electrodes heat treated at higher temperatures yielded a higher D/Pd.

b. Current density of electrolysis. Figure 5 shows the resulting D/Pd obtained from four
electrolysis current density patterns during two cycles. A current pattern which starts from a lower
current density (20 mA/cm?) gives a higher D/Pd (D/Pd =0.90) and a current pattern with a higher
starting current density (200mA/cm?) gives a lower D/Pd (D/Pd = 0.83). This tendency can be
observed more clearly in the second cycle. A tentative hypothesis has been formed to explain this
behavior. Deuterium entering at 20 mA/cm” due to its slow loading, may be able to diffuse inward.
However, deuterium at 200 mA/cm? is more rapidly absorbed near the surface, possibly creating
PdD near the surface and straining the lattice. This may have interfered with the ability to absorb
deuterium later on.
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C. Repetition of current cycles. Figure 6 shows how the D/Pd changed as the cycle was repeated.
This result shows that the maximum D/Pd reached in the first cycle (D/Pd = 0.86) was lower than
those reached in the second (D/Pd = 0.90) and the third cycle (D/Pd = 0.95). With each repetition of
electrolytic cycles, the maximum D/Pd was larger than the D/Pd reached in the previous cycle. This
likewise resulted in improved D/Pd. By this reverse potential, deuterium absorbed on the surface
layer was desorbed. Thus density of deuterium was decreased in the surface layer. As a result in the
next cycle more deuterium was easily absorbed. However, there is still a limiting value of the D/Pd
value for reasons which are not entirely clear.

d. Surface treatment of electrodes. We also studied the effect of surface treatments of Pd
electrodes. Heat treatment of NHE standard material results in changing the grain size difference
between the inner and near surface regions. Figure 7 illustrates the manufacturing process of Pd
electrodes which we used in this study. Special treatments include forging, homogenizing and
modification of grain size. The resultant grain size is 50 u to 100 u, which is referred to as small
grain. Figure 8 shows the D/Pd for electrodes with different surface treatments; i.e. polishing with
diamond grit and etching with aqua regia. Electrodes etched with aqua regia showed higher D/Pd
(D/Pd = 0.95) than electrodes polished with diamond grit (D/Pd = 0.92). For example, etching the
cathode in aqua regia resulted in higher loading than polishing with diamond grit. Also, short
etching time appears to be better than etching for longer time.

3-2. H/Pd by volume/weight measurement

a. Heat treatment. The 850 °C treatment samples achieved a higher loading ratio than the
untreated samples and the 200 °C samples as shown in Table 1. It appears that the H/Pd was slightly
higher when samples were annealed at 1000 °C than at 850 °C ones as show in Table 2. Heat
treatment times of 1000 C are affected to H/Pd.

b. Other effects. Aqua regia etching also affected H/Pd. In addition, there may be small effects
due to other variable which have not yet been clearly identified. At any rate there is considerable
variability in the process, as shown in Tables 1 and 2.

4. Conclusions

The electrochemical deuterium loading behavior of Pd cathodes in LiOD/D,0 system has been
studied experimentally using a resistance measurement method. The material conditions of Pd
cathodes significantly affect the attainable D/Pd loading ratio. In addition, the D/Pd is affected by
the applied current density profile, pattern of increasing current and anodic treatments.

On the other hand the electrochemical hydrogen loading behavior of Pd cathode in LiOH/H,0O
system has been studied by a volume/weight measurement method.

The following conclusions follow from the experimental results.

(1) Pd electrodes heat treated at higher temperatures yield a higher D/Pd. The same results for
H/Pd were obtained by a volume/weight measurement system. A heat treatment of 1000 C was
more effective than 850 C, which in turn was more effective than 200 C.

(2) The D/Pd attained higher values for an initial current density of 20mA/cm? than for an initial
current density of 200mA/cm?

(3) The repetition of electrolytic cycles resulted in a larger D/Pd than in the previous cycle.

(4) Etching by aqua regia was more effective than polishing for D/Pd.

5. Acknowledgment
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Table. 1. Hydrogen Experimental Results -1

No Purity Hi:‘;i;"::tus Heat treatment H/Pd |Average
1] 3N = . 0.809(X=0.811
8| 4N O = 0.813
2| 3N O 200 C (3hr) 0.821|X=0.816
71| 4N — 200 C (3hr) 0.810
5| 3N - 850 C (3hr) 0915
6| 3N @) 850 C (3hr) 0925 |X=0914
4] 4N O 850 C (3hr) 0.904
3| 4N — 850 C (3hr) 0913

Table. 2. Hydrogen Experimental Results —2

No.| Etched | Heat Treatment |Exposure| Degas|H/Pd Ave1rage Ave?fage
1 o 850 C (1hr) 1 min — 0.925
7 = 850 C (1hr) 2days | Ar | 0.920(X=0.926

11 — 850 C (4hr) 2days | H2 | 0927

13 — 850 C (4hr) 1 min | Vac. | 0.930 | X=0.926
2 O 850 C (4hr) 1 min — 0.935
8 O 850 C (4hr) 2days | Ar | 0917/X=0.927

12 O 850 C (4hr) 2days | H2 | 0927

14, O 850 C (1hr) 1 min | Vac. | 0.930
3 = 1000 C (4hr) 2 days — 0.934
5 — 1000 C (4hr) 1 min Ar | 0.938/X=0.928
9 — 1000 C (1hr) 1 min H2 | 0.920

15 — 1000 C (1hr) 2 days | Vac. | 0.921 X=0.932
4 O 1000 C(1hr) |2 days| — ]0.935
6] O 1000 C (1hr) 1min | Ar | 0.939/X=0.936

10 O 1000 C (4hr) 1 min H2 | 0.937

16| O 1000 C (4hr) 2 days | Vac. | 0.932

>99. 99%Pd

Etched: Used aqua regia before heat treatment
Exposure: Exposure times of sample in air after heat treatment
Degas: deoxygenate in solution
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Abstract

Studies on several kinds of palladium cathodes have been conducted using electrochemical
cells using LiOD/D20 electrolyte to necessary and sufficient conditions for attaining high deuterium
loading. Comparative observations of microstructure and analysis of surface impurities have been
carried out on palladium specimens with various pre-electrolysis treatments. Single crystal samples
of Pd absorbed deuterium rather slowly, but nevertheless reached comparatively high 0.89 D/Pd
loading ratio. Many fine slip band structures were observed on the surface, and several micro-cracks
existed in the crystal of post electrolysis specimens. High purity (>99.99%) polycrystalline Pd
samples with surface purification treatment such as annealing at 850-1000 C in ultrahigh vacuum,
also showed high (0.91 in max.) loading characteristics. Thermal etching effects were observed on the
surface of annealed specimens at higher temperatures and high vacuum conditions. Surface micro-
cracks along the grain boundaries as well as blistering of the electrode surface were observed in some
cases. Surface impurities analysis showed that
Li atoms penetrate into the Pd cathode to a depth of several hundred to a thousand Angstroms from
the surface. From these observations and analysis of various processed and treated Pd specimens, the
material characteristics of Pd cathode achieving high loading ratio are discussed.

1. Introduction

A research and development project, referred to as the “New Hydrogen Energy” project [1],
was started in Japan in November 1993, with the main goal of reproducing and verifying the existence
of excess heat generation during electrolysis in Pd-LiOD systems.

It has been supposed that the reproducibility of these phenomena is mainly dependent upon
achieving control of cathode material properties as well as the electrolysis environment. It has been
pointed out by several observers that attaining a deuterium loading ratio (that is, the ratio of deuterium
to palladium atoms) greater than 0.85 is a prerequisite for observing excess heat generation
phenomena [2][3]. Thus, achieving high reproducibility of anomalous effects depends upon
achieving reproducible high deuterium loading ratios.

Material development has proceeded according to this concept. Therefore, material
observation and analysis using various techniques has been emphasised in this R&D project.
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2. Experimental Procedure

a. Electrolysis Cell and System. Deuterium loading experiments are carried out to verify the
excess heat generation during the electrolysis of heavy water with Pd electrode using fuel cell type
electrolysis cells [4]. A schematic diagram of the electrolysis cell is shown in Fig. 1. The inner wall of
the cell body containing 1 M LiOD/D,0 electrolyte is coated with a Silicon based ceramic film. The
Pd cathode, fuel cell anode, reversible hydrogen electrode and thermocouple are fixed in the cell
body. Electrolysis is performed with a constant direct current and the current value is changed after
equilibrium conditions have been well established for the temperature of electrode, electrolyte and
gas phase and deuterium over-voltage at the cathode. The deuterium loading ratio, D/Pd, is
determined from the following equation:
D ZV(BQ- - B) nR |

s

[¢]

Pd
where V is the internal gas phase volume of the cell, n is the total number of mols of metal atoms in
the Pd cathode, R is the universal gas constant, P is the deuterium gas pressure T is the deuterium gas
temperature, and P, and T, refer to the initial values of P and T prior to electrolysis.

b. Material Preparation. Various Pd cathode materials are prepared and examined to
determine their suitability for achieving high deuterium loading. Pd materials and electrolyte used in
the series of experiments are tabulated in Table 1. A commercially available rod (TK-A) is cast in a
radio frequency induction-heated furnace in air with an oxidation resistant material. It is then worked
by a swaging machine at ambient temperature. Single crystal (TK-AS) was prepared using the
floating zone melting method in an argon atmosphere using a TK-A rod as the source material. High
purity (>99.995) rods (TK-VA) are cast in vacuum and worked at room temperature. The higher
defect density surface zone is removed by machining the outer 200 microns. Other high purity
(>99.99) rods (JM-Z) were cast in a hydrogen-nitrogen atmosphere, and worked and annealed before
final 20% reduction. After electrodes are machined to final dimensions (4.0 mm x 20 mm length), the
surface is polished using diamond paste or diamond spray, and the surface is cleaned with acetone,
ethanol, and purified water in an ultra-sonic cleaner. Several finish treatments are examined to
remove surface impurities and to make a clean activated surface. Both acid etching for ten minutes in
concentrated aqua regia and high temperature vacuum annealing (~850-1000 C for 10 h in a <5 x 10
vacuum) have been used. Heat treatment under high vacuum and high temperature have both effects
of recrystallisation and surface cleaning by thermal etching.

For cold-worked specimens, a 200 C vacuum process is used to remove hydrogen from the Pd
cathode.

c. Observation methods and impurity analysis. Pre-electrolysis and post-electrolysis
observations of the microstructure of the specimens are performed using OM, SEM, and FE-SEM,
and the impurity analysis are carried out with AES, SIMS and EPMA. The measurement of lattice
parameter and phase change are observed by X-ray diffraction. An in situ video observation method
of surface microstructure has been developed to investigate microstructural change during electrolysis
process and to observe deuterium bubble formation and release process.

3. Results of the deuterium loading

A typical history of current density, D/Pd ratio, input power and excess heat are shown in Fig,
2 for the case of TK-VA-3. At the beginring of electrolysis the current density was set at 50 mA/cm’
for 6 days, and then the current density was changed step by step to 100, 200, 400, and 600 mA/cm?2
for two days at each level. After this current cycle, the current density was decreased abruptly to 200
mA/cm” and again stepped up to 800 mA/cm?, and followed by additional high current pulse or
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ramps. These changes of electrolysis condition were performed to investigate the dependence of
D/Pd ratio and excess heat generation upon current density. In this case, the maximum D/Pd reached
0.91 at 200 mA/cm2 and 0.89 at 800 mA/cm®, 28 and 24 days after the start of electrolysis
respectively. Excess heat generation phenomena has been reproducibly observed with suitable
material preparation and treatment in the fuel cell type electrolysis cells .[3]

Loading ratios attained by similar electrolysis condition described as above, are tabulated also
in Table 1 for several Pd materials.

4. Results of material observations and analysis.

a. Microstructural change during loading and deloading. Single crystal Pd samples (TK-AS)
absorbed deuterium slowly. However the maximum loading ratio reached the rather high value of
0.89. Many regular slip band bands about 2 p in breadth, along the (111) plane were observed on the
surface as shown in Fig. 3. The x-ray diffraction pattern of the post electrolysis specimen shows the
sample no longer has a purely single crystal structure. Several internal crack like defects are observed
in the post electrolysis single crystal specimen as shown in Fig. 4. These might be caused by the
deformation of the crystal due to deuterium absorption and transitions between the a and {3 phases.

The surface structure of high purity polycrystalline Pd (TK-VA) after high temperature
vacuum annealing is shown in Fig. 5a. Grain boundaries and fine surface structures are observed in
the grains as shown in Fig. 5b, which were probably formed by thermal etching in high vacuum. Fig.
5c shows the surface structure of TK-VA-2 after electrolysis. Several cracks along the grain boundary
are observed and fine slip band bands are also observed in the crystal grains. The basic mechanism of
the formation of slip bands is presumed to be the same as for the case of single crystal samples.

The microstructure of EH-L1 specimens before electrolysis and after are shown in Fig. 6a-c.
The average grain size is about 200 p. Sub-grain-like fine structures are observed at the inside of
initial grains on the etched surface. Fine granulation seems to be proceeded by the transition between
a and 3 phases.

Figs. 7a-b show the cross sectional views of arelatively low loading state (D/Pd=0.20). The
a + 3 phase region progresses radially toward the centre and fine granulation is also observed in the
initial grains. Diffusion enhancement at grain boundaries, which is normally expected, seems to be
have less effect in this system.

Fig. 8a-b show that blistering due to deuterium gas occurred on the surface of electrode during
electrolysis in some annealed specimens. Clear cracks along the grain boundaries were formed on the
top of the blistering. This phenomena may be explained by assuming existence of some kind of defect
such as closed pore, inclusion, or plane shape defects near the surface before electrolysis. Deuterium
gas may accumulate in the defect, and as a result the gas pressure increases several hundredfold. The
annealed surface is then deformed by blistering.

b. Surface impurity analysis. Fig. 9a shows the AES surface impurity analysis after
electrolysis. Impurities such as S, Cl, C, and O are detected in most post electrolysis specimens.
However it is confirmed by an ion-sputtering method that the impurity layer is less than 20 Angstroms
thick. The existence of C and O are confirmed by EPMA analysis. Fig. 9b shows the depth profile of
the near surface region of the palladium cathode by AES. The penetration of Li atoms from LiOD into
the Pd cathode is confirmed by SIMS. The penetration depth ranges from several hundred to a
thousand Angstroms, according to the depth profile analysis.

S. Discussion
Absorbed deuterium into the Pd crystal will be expected to occupy the octahedral sites of fcc
Pd lattice for D/Pd ratios up to unity, and tetrahedral sites for over unity. It is believed that the
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tetrahedral site of Pd acts as a transient site for the diffusion process. As an analogical model of
deuterium loading, it could be considered that the Pd lattice forms a volume for the deuterium atoms
(ions). The D/Pd ratio can be calculated as the integral difference of inlet flow and outlet flow of
deuterium atoms in this specific volume element. To first order, during steady-state electrolysis, inlet
flow and outlet flow will be mainly dependent on the surface conditions, the concentration of
deuterium atom density and the electronic potential field on the Pd electrode surface, and surface
microscopic and macroscopic structures. The inlet flow and outlet flow are considered to be
controlled by absorption, desorption and diffusion through several kinds of paths in the Pd material.
The effect of the value of the diffusion rate on the maximum loading ratio would be somewhat
complicated; however the diffusion rate is generally small. Diffusion is enhanced by introducing
lattice defects such as point defect, dislocation and grain boundary defects. The migration rate of
deuterons is increased and saturation of loading ratio is prompted by the introduction of lattice
defects. However, the final saturation value of loading ratio will be decreased because the outlet flow
responds more sensitively to the state change of flow channels on the surface especially at high
loading ratios (D/Pd > 0.8).

From these simplified considerations, the basic requirements for Pd material capable of
achieving a high loading ratio are as follows:
1) to have large numbers of vacant absorption sites (O-sites).
2) to have a large absorption area during electrolysis;
3) to minimise dissociation area and prevent the incremental loss of deuterium,;
4) to minimise the quantity of dissociated deuterium during the electrolysis process.

Table 2 shows the favourable state mentioned above and the corresponding material
treatments. From these considerations, the specification of Pd material and the treatment having high
loading ratio have been selected as follows:

A) Specification: (1) Initial purity > 99.99%, (2) vacuum melt, (3) forging and annealing to
homogenise, (4) machining the outer 0.2 mm to remove surface defects.
B) Treatment: (1) Surface cleaning and etching by aqua-regia to remove surface impurities,
(2) Ultrahigh vacuum (oil free) high temperature annealing to recrystallise and to
form an activated surface.

The TK-VA material series of Table 1 is made on the this concept, and achieved the highest
loading ratio of 0.91. Further modifications are necessary to prevent blistering, crack formation at
grain boundaries, and loading reduction at higher current density. The material must maintain good
ductility and resistance against the deformation due to the stress release which accompanies
deuterium loading and transformation. The effects of deposition of surface impurity and Li
penetration have to be clarified.
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Table 1 Material list of Pd samples used in experimental series.
fot No purity (major cast working | grinding polishing | spec. processing etching heat treatment | Hv hard. " loading ratio =
impurities) max. D/Pd{H/Pd) D/Pd range
TK-A >99. 95 RF in air  RT. swaging | none At: 0 - as cold worked 141 0.83 (0.87) 0.80-0 83
Pt. Ag. AL B. Ca 200°C evacuate
TK-AS >99.97 RF in air  RT. swaging - single crystallize 200T evacuate 0.89 0. 87-0. 89
Pt Ag. Al Fe by floating zone
TK-VA-1  >99. 995 RF in vac RT.swaging | 0. Zmm dia. spray as cold worked 106 0. 82 0. 80-0. 88
Fe. Sn. Au ‘ 200°C evacuate
TK-VA-2  >99.995 | RF in vac. RT. swaging | 0. Zmm dia. spray 1000°C x10hr. in 59 0.90 0.85.0.90
same as above | Vace<S5-10-6tore
| TK-VA-3  >99.995 RF in vac. RT swaging | 0. 2Zmm dia. spray aqua- 1000°C x!0hr. 10 0.91  (0.94) 0. 850. 91
same as above regia. min. Vac<5-10.6
TK-VA-4  >99.995 RF in vac. RT. swaging | 0. 2Zmm dia. spray | 850C x10hr.in 0.88 0.83-0. 88
same as above Vac<5-10.6torr
IM-Z-! >99. 99 RFinH.:-N. none  dia. paste as 20% worked 0. 85 0. 83-0. 85
200C evacuate
EH-LI-1 >99. 8 RF in air 0. 2mm received fromSRI 850°C x3hrinVac
| Ca. Si. Pt. B. Al
IM-VB-1 >99. 95 RF in Vac. RT. swaging | aqua- 200°C cvacuate 0.88 0.87.0. 88
regia
Note ; Manifacturer = TK @ Tanaka Kikinnzoku Kougyou. JM:Jhonson Mathey, EH:Engelhart. IM:IMRA Material  Sample size = final size 4dmm ® x 20mm.

Electrolyte = |M LiOD/D20.

Purity of D20:>99. 9% (<0. 1 %H20) RF:radio-frequency induction furnace.

RT:cold work at room temp. .

Hv:Vicker’s hardness.
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P77 Pd Cathode (4 & x20mm)

Fuel Cell Anode

Fig. 1 Schematic diagram of the electrolysis cell

Fig. 2 Typical history of loading ratio D/Pd, input
current, input power, and temperature of Pd
cathode (TK-VA-3)
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Fig. 3 Many regular slip bands were observed (by FE-SEM)
on the surface ol post clectrolysis single crvstal (TK-AS)

Fig. 4 Internal crack-like defect in the post
clectrolysis single crystal ( TK-AS )
obscrved by SEM

I“ig. Sa-¢ Surlace structure ol TK-VA anncaled at 1000 C x 10 hr in high vacuum
(<5 x 10 -6torr). Grain boundary and linc surlacc structures arc observed
in the grain, probably formed by thermal ciching in high vacuum (Fig. 3b).
Scveral cracks along the grain boundary and fine slip bands arc observed
in the crystal grains of the sample afler electrolysis (171g. S¢).
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Fig. 6a-c Polished and ciched surface structure ol cross section ol EH-L1 before
( 6a ), and alter ( 6b and 6¢ ) clectrolysis. Sub-grain-like fine structures
arc obscrved at the inside ol initial grains as shown in Fig. 6¢

Fig. 7a-b Cross scctional view of relatively low loading state of TK-VA. The . +
region progresses radially toward centre and fine granulation is advanced.

6262 10.0KV

Fig. 8a-b Blistering duc (o deuterium gas occurred on the surface of clectrode
during clectrolysis in some anncaled specimens (TK-VA). Fig. 8b shows
the top structure of blistering and sceveral cracks are formed along to the

grain boundary.
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Fig. 9a-b AES surface impurity analysis after electrolysis (TK-A). Impurities of
S, Cl, C, and O are detected in most post electrolysis specimens (Fig. 9a).
Depth profile of palladium atoms on the near surface region after
electrolysis is shown in Fig. 9b. The penetration of Li atoms from LiOD
into the Pd cathode is confirmed by SIMS analysis.

Table 2
treatments.

Basic characteristics of high loading material and corresponding

Favorable Material State

Corresponding Treatments

('l) Make Vacant state of Absorption Site(O-Site)
Remove impurity atoms on O-site
Reduce inclusion / precipitates / closed pore

High purity material. Vacuum melt. and

Evacuate at high temp. . ultrahigh vacuum

(2) Maximize Absorption Area & Not Reduce
Remove surface bad impurities

| Prevent adsorption of bad impurities

Ultra-sonic cleaning, Etching by aqua-regia
High vacuum & high temp. treatment
Purification of electrolyte

(3) Minimize Dissociation Area & Prevent Increment
Remove surface macroscopic crack
Reduce open pore,
Reduce closed pore, defect in near surface
Reduce surface scratch, roughness
Minimize Dissociation channel

surface inclusion

Surface machining. Annealing stress
Vacuum melt, Clean working processing
Vacuum melt, Homogenized treatment
Fine surface polishing

Suitable grain size, Homogenization

(4) Suppress Dissociation Quantity During Electrolysis
Keep ductility/toughness against deformation
Keep high loading ratio at high current density

Suitable grain size, Additional cold working
Optimize electrolysis condition,
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NEW HYDROGEN ENERGY RESEARCH AT SRI

M. C. H. McKubre, S. Crouch-Baker and F. L. Tanzella, M. Williams and S. Wing
SRI International, Menlo Park, CA USA

Abstract

With financial support from the Institute for Applied Energy (IAE), SRI International has
undertaken a research and development program in the field of New Hydrogen Energy production.
The long-term goals of this program are: (i) to understand the phenomenology and identify the
mechanism(s) of new hydrogen energy production, and (ii) to increase the rate of energy production
to useful levels. To these ends, in addition to research at SRI International, collaborative research
with IAE has been undertaken at SRI and IAE’s facility in Sapporo.

Research has been performed in a number of areas: Firstly, calorimetric studies of the
palladium/heavy water system have been carried out using electrochemical cells housed in well-
qualified mass flow calorimeters, one design of which is capable of accurate measurement of the
helium content of the cell. Although most results have been obtained for electrolyte temperatures in
the range 25-40°C, some experiments have been undertaken in the vicinity of the boiling point of
heavy water. In addition to these calorimetric experiments, extensive studies have been made of the
electrochemical loading of deuterium into palladium obtained from a variety of sources.

While the results obtained are consistent with those obtained previously, by various
researchers, it is clear that attainment of the necessary conditions for excess heat production is greatly
impeded by a materials-induced variability of a critical parameter which is not presently under our
control.

1. Introduction

For the past two years, SRI International has participated in the New Hydrogen Energy
(NHE) program, run under the auspices of NEDOQ, Japan. The underlying goal of this program is to
understand the origin of the various calorimetric and nuclear anomalies which have been reported
recently in connection mostly with the electrochemical insertion of deuterium into palladium.

An important aspect of any experimental program is the need to achieve consistency and
replicability of results. The studies carried out under the NHE program have necessarily been tightly
focused on the achievement of the immediate project goals: the reproducible attainment of excess
heat, or, failing this, to obtain an explanation for the apparent absence of replicability.

In previous experiments we have established empirically a hypothesis or phenomenological
model for the occurrence of “excess heat” in the D/Pd system. This model predicts that, for 1 and 3
mm diameter, pure pallladium wires, loaded electrochemically with deuterium in 1 M LiOD
electrolytes, we expect to observe anomalous “excess” heat if we meet the following four criteria:

i)  we need to achieve and maintain a D/Pd loading at or above some critical value
(0.85-0.90)

i)  for periods of time (several hundred hours) substantially longer than the
diffusional time constant of D in the Pd lattice

i) at currents (or current densities) above some threshold value (several hundred
mA or mA cm-2)

iv)  in the presence of some flux of D passing through the interface.

This model has been quantified! in the form of the following equation;
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This model has been quantified! in the form of the following equation;

&

Pys o< (1-1°) (x - x°)2 50 (1]

There is no fundamental basis for equation [1], although the terms are consistent with some
theoretical descripsions of heat production via lattice-induced nuclear processes.” Equation [1] is
almost certainly overly simple, and suffers from the added difficulty that its terms are not orthogonal:
the current affects the flux, the flux affects the loading, and the current affects the loading. It is the
character of this last interrelasonship, which is both surprising and unfortunate, that is the subject of
this paper.

2. Experimental

A feature of our D/Pd experiments is that, despite nominally and apparently identical metal
source, metal preparation and electrolytes, differegt cathodes exhibit different loading and overvoltage
responses to the same electrochemical treatments.” Until we can control this variability, we have
adopted what we call a “farmed” approach to our calorimetric experiments. Typically, six
experiments are started together in “farms” which are intended to perform two funcwons: (i) explore
in a statistical way, the role of various variables affecting loading; (ii) identify two candidate cells,
adventitiously well loaded, to be studied in two stations of our L-series mass flow calorimeters.

Table 1 summarizes the results of calorimetry performed in this way, since ICCFS. This table
is broken horizontally into three data blocks: cathode source and size; important characteristics of the
behavior of the cathode in the degree of loading (DoL) farm; some features of the behavior in the
calorimeter. Where cells do not have an entry in the DoL columns, they were started directly in the
calorimeters.

Table 1 reveals several important details in the context of the hypothesis regarding excess heat
production, that we are attempting to test. In all cases the maximum current experienced by the
cathode exceeded the maximum threshold current previously observed for excess heat production. In
almost all cases, the experiment durasion exceeded the minimum inisation period. In many cases, the
maximum loading inferred from the measured resistance- ratio/loading functionality, was certainly at
the level where excess heat might be expected. Despite the separate attainment in many experiments
of most of the criteria that we have identified as being important, none of the 13 experiments listed in
Table 1 displayed excess power outside the range of measurement uncertainty, during steady state
operation.

One possible explanation for this failure can be found in footnote 2 in Table 1. In general, the
current density of maximum loading was ~100 mA cm-". As the current was raised significantly
above this level in the attempt to generate excess power, the cathodes de-loaded; in some cases, this
de-loading was precipitous.

Such rapid de-loading has not always been observed. Figure 1 shows results from two
experiments published previously.” Experiments P15 and P16 were prepared identically and operated
simultaneously. Both employed Engelhard Lot #] palladium (1/8” machined to 3 mm diameter and
3cmlong) in 1 M LiOD containing 200 ppm Al. The surface of the cathode P16 was modified by
implantation of "He, although this detail is not regarded as salient in the following discussion.
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Table 1. L-Series Calorimetry - Summary of Results

Cathode Degree of Loading Farm Calorimeter
Batch dia. length Start  Cell Duration Max Duration' Maximum’
(mm) (mm) (days) D/Pd (days) D/Pd I(A)

LLS5 Eng.#3 3 30 Apr95 S3 20 092 22 >096 3

LL6 Eng.#3 3 30 Apr95 S4 20 093 22 091 3
LL7’ Eng.#5 3 30 Jun-95 7 <8 1.15
LL8’ Eng.#5 3 30 Jun-95 7 <8 1.15

LL9 Engelhard 1 30  Jun-95 60 092 2
LL10 Engelhard 1 30 Jun-95 60 092 2
LL11 IMRA 1 30 Jul-95 U4 76 >97 65 094 1.5
LL12 IMRA 2 30 Jul-95 Ul 76 >97 64 093 3
LL13 IMRA 1 30 Sep-95 V4 40 >95 39 092 1.5
LL14 IM(Z) 1 30 Sep-95 V2 40 095 39 095 1.5
LL15 IMRA 1 30 Oct95 W3 36 >95 84 097 1.5
LL16 IMRA 1 30 Oct95 W4 36 094 84 094 1.5
LL17 Pt 1 30 Mar-96 14 2.5
LL18 IMRA 1 30 Apr-96 X3 75 0.96 36 0.9 3
LL19 Pt 1 30 Apr-96 36 2.5
LL20 Pd sheet 1x10 20 Jun-96 43 2
LL21 Pd sheet 1x10 20 Jun-96 43 2
LL22 IM(Z) 2 30 Aug-96 72 21 094 38 09 2
LL23 IM(Z) 2 30 Aug-96 75 21 092 38 09 2

461 801

‘ , Duration addision to any time spent in DoL Farm.
2 In general, cathodes begin to deload at current densities above approximately 100 mA cm*
i.e. maximum current and maximum loading do not occur simultaneously

’ LL7 and LL8 terminated early due to mechanical problems.

Figure 1 shows time series data in a 100 hour interval during which the cathodes were
subjected to their third current ramp (the first with any evidence of excess power). The current is the
thick line referenced to the right axis. The left axis show the resistance ratio together with values of
the average loading inferred from previous calibrations.4

In response to the current ramp, cathode P16, initially well loaded, accepts further loading
until the current reaches its plateau value of 1.5A (~500 mA cm-2). During the current plateau, the
resistance of cathode P16 starts slowly to increase. There is a period of lost data indicated by the
dashed line, and when the cathode is observed again at ~780 hours the resistance ratio has risen to
~1.7, a loading of ~0.925. During this period, P16 gave no indication of excess power within the
measurement uncertainty (£50 mW).

A similar, but rather more satisfactory response to the current ramp is observed for cathode
P15. Initially slightly better loaded than P16, this advantage persists through the current ramp. More
significantly, during the plateau at 1.5A, cathode P15 shows no indication of de-loading, and even
loads further to a value of nearly 0.97. A small amount of de-loading occurs when the current is
raised from 1.5 to 1.65 A, but for almost the entire interval the loading remains above 0.95. The
excess power for P15, referenced to the right axis, is clearly significant compared with the
measurement uncertainty, (50 mW).
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Figure 1 Experiments P15 and P16 Current, Resistance Ratio and Excess Power.
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Figure 2 shows the loading and excess power response of LLS5, the best performing cathode
in Table 1. This cathode also was 3 mm in diameter and 3 cm long pure Engelhard palladium, in this
case Lot #3. When transferred from the DoL farm after 20 days of observation, the resistance ratio
initially was at the maximum (R/R® = 2.0, see Figure 2). During ~12 hours at open circuit, cathode
LLS5 de-loaded to the left side of the resistance maximum (D/Pd < 0.725). The response to small
current steps to 50, 100 and 150 mA (17, 33 and 50 mA cm-2) was encouraging, with the cathode
exhibiting a rapid uptake followed by an asymptotic approach to some limit at each new current value.

Figure 2b shows a 100 hour data interval for cathode LL5 to allow more direct comparison
with Figure 1. With the onset of the current ramp the cathode LL5 initially starts to load, and obtains
a value almost identical to the maximum obtained by P15. A significant difference is that, for P15,
this maximum loading was attained at 1.5A (~500 mA cm-2), while for LL5 this maximum was held
only for currents between 0.3 and 0.6 A (~100-200 mA cm2). A more glaring difference is apparent
in Figure 2b, and one of more urgent concern. When the current is ramped above 0.6A, cathode LL5
de-loads, first abruptly, and then steadily as the current ramp proceeds.

Measured excess power is referenced to the right axis in Figures 2a and 2b. The small, flat
endotherm from 90 to 190 hours in Figure 2a, coinciding with the current ramp, is due to the
departure of the calorimeter from its steady and initial state, as the calorimeter and its contents are
heated by the input electrochemical power. This energy is yielded during the exothermic “spikes’ at
~200 and ~230 hours as the electrochemical and heater currents are turned off, and the calorimeter
returns to its initial state. In Figure 2b a simple correction has been made to the excess power for this
departure from the steady state, by adding a term:

Pron-ss = m Cp  8Te/dt

where m Cp, is the heat capacity of the cell and its contents, and 8T/t is the (measured) rate of
change of the electrolyte temperature during the current ramp. Figures 2a and 2b indicate no evidence
of anomalous excess power in cathode LLS, a situation clearly different from that manifest by cathode
P15 in Figure 1.

The de-loading observed for cathode LLS, beginning at ~103 hours (Figure 2) is both rapid
and undesired. From the time series data it is possible to extract further information that may allow us
at least to understand, and potentially to prevent, such precipitous de-loading.

Figure 2c shows on an expanded scale the current density and measured resistance ratio for 6
hours, covering the period of the most abrupt de-load during the initial stages of the current ramp.
The resistance ratio increases from ~1.55 (D/Pd = 0.97) to ~1.75 (D/Pd = 0.90) in a period of about 3
hours. Since the maximum possible resistance ratio is ~2.0, a natural question is; how can such a
rapid change in resistance occur?

In an electrode devoid of pores and cracks, all de-loading occurs by diffusion of atoms in the
solid phase to, and evolution of molecules from, the surface. We have developed a simple model to
account for the observed resistance gain and deuterium loss from the cathode based on the following
conditions and assumptions:

i)  Before the period of rapid de-loading the composition in the cathode is approximately
uniform, with R/R° = 1.55 and D/Pd =0.97.

ii)  During this time the activity of deuterium adsorbed on the surface of the cathode
(controlled by the electrochemical process) is everywhere equal; the chemical potentials of
adsorbed and absorbed D are equal; there is no net absorption or desorption.

ii1) At the onset of de-loading, the activity of adsorbed deuterium is reduced to a value
capable of supporting a much lower D/Pd loading; this change occurs instantly, and everywhere
on the cathode surface.
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Figure 2a  Experiment LLS; Current Density, Resistance Ratio and Excess Power.
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Figure 2b Experiment LL5: Current, Resistance Ratio and Excess Power.
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Figure 2c Experiment LLS5; Current Density and Resistance Ratio: Measured and Predicted.
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iv) Diffusion of deuterium occurs in response to the established gradient of chemical
potential; the de-loading rate is controlled by the mass transport of deuterium atoms to the
cathode surface.

The solid line in Figure 2c shows the results of a model calculation for the radial symmetry of the
(3 mm diameter) cathode, with the two additional constraints:

v)  The diffusion coefficient for D in PdDy is taken to be 1.7 x 10" ¢cm’s .

vi) Att=103.4 hours, the boundary concentration steps from D/Pd = 0.97 to
D/Pd = 0.725.

Selection of the value of 0.725 for the final surface D/Pd loading requires some further
comment. A difficulty in the modeling is explaining how the resistance can rise so quickly. The de-
loading process cannot occur faster than diffusion brings species to the surface, so our assumption is
that mass transport is rate limiting. The de-loading rate is proportional to the participating area, so the
assumption is made that all of the surface is involved. The resistance ratio cannot rise higher than its
value at the maximum (R/R°=2.0 at D/Pd=0.725), so our assumption is that 0.725 is the final value
attained. There are several other reasons, however, which justify this last choice: (i) R/R°=2.01is
the value finally obtained for the average loading in the bulk (see Figure 2a); (ii) this is the value
“normally” obtained by “poor” loading cathodes; (iii) the roughly parabolic shape of the R/R® versus
D/Pd functionality makes it relatively insensitive to composition in the vicinity of the resistance
maximum.

For the reasons given in the preceding paragraph, it is hard to imagine a model that would or
could give a faster rate of de-loading, than the one which we have employed. While not exact, there
is a close conformity in Figure 2c between the diamonds (measured) and the solid line (predicted)
values of R/R. This agreement suggests that the model described by conditions and assumptions
(i) - (v1), above, closely reflects the situation of this cathode, in the time period shown. That is,
abruptly and apparently spontaneously, the activity of deuterium in the surface layer drops from one
previously held high value, over all the surface of the cathode, to a second much lower value, which
is maintained even in the presence of an increasing electrochemical current density.

3. Discussion

Four years separate experiments P15 and LLS. Experiment P15, while slightly better
performing than its replicate, P16, exhibits a loading behavior which is by no means atypical of the
set in which it was performed. Similarly, cathode LL5 performed better than average but the
response of loading to current was reproduced, qualitatively, in every experiment in Table 1,
involving a Pd wire cathode. It is clear that something has changed. An important, perhaps critical,
component of our experiments is not under our control. Contributing complexity to the resolution of
this problem is the probability that elements of irreproducibility exist in the electrolyte (impurities and
additives), in the surface preparation, and in the metallurgy of our palladium samples. Very
significant effort has been expended in understanding the electrochemical factors which affect loading;
some of our findings are discussed in a companion paper.3 Despite this effort and the time that has
been spent in attaining understanding and attempting to obtain control of the electrochemical insertion
of deuterium into palladium, one of the clear imperatives in the field latterly called “New Hydrogen
Energy”, is the need to achieve replicability in our experiments, or understand its absence.

One manifestation of the observed irreproducibility, is the ability of cathodes to maintain high
states of D/Pd loading, at high electrochemical current densities. A model has been developed which
describes, adequately, the circumstance of the rapid de-loading of cathode LLS. A sudden, and
apparently spontaneous change occurred on the cathode surface during the course of a very slow
current “staircase”. In a period of less than 4 minutes, and with a current density difference of less
than 1 mA cm-2, a catastrophic change occurred all over the cathode surface from a state capable of
sustaining a very high loading and an extraordinary chemical activity, to one where the loading is
uninteresting, and the activity close to unity. A sudden drop in the activity of surface-adsorbed H
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atoms is most easily explained in terms of a change in electrochemical mechanism from that of “fast
discharge-slow desorption” to that of “slow-discharge-fast desorption”. The former is capable of
sustaining high acétiviies; the latter not. (“Desorption” in this context refers to either the Tafel or
Heyrovsky steps).

Unfortunately, such an explanation only begs the question of what causes the mechanism to
change suddenly or, more precisely, what causes the relative rate constants for the various
mechanistic steps to change. That the transison occurs catastrophically and over all the cathode
surface suggests the critical involvement of an easily disturbed, fragile structure, other than the
electrolyte and solid phases. Here, we shall refer to this structure as a “film”, formed adventitiously
from impurity species inisally present in the electrolyte or leached from the solid surfaces within the
cell, including the Pd. We speculate that attainment of the high loading state is possible (perhaps
only) in the presence of this film. Failure of the film, mechanically, electrically or electrochemically,
at least one part of the cathode surface results in a change in electrochemical mechanism to that which
is more appropriate to a “clean” surface. The result is sudden de-loading, the rapid formation of gas
bubbles at the metal/film interface, and mechanical disrupsion of the film over a wider area. Evidence
for the presence and critical role of a surface film is provided by studies of well-loaded cathodes
under ultrasonic irradiation.” Such electrodes, even while maintained cathodically polarized, deload
on irradiation, presumably due to the removal of a crikcal surface structure or agent.

An auto-catalytic process such as that postulated in the previous paragraph obviously is
capable of explaining a catastrophic loss of loading. This loss is precisely what we wish to avoid. If
our model is correct, then it behooves us to examine more closely the surface structure, its
constitution and character, and seek methods of controlling its properties so that we can assert
reproducible control over loading.
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RESULTS OF ICARUS 9 EXPERIMENTS RUN AT IMRA EUROPE

T. Roulette, J, Roulette, and S. Pons

IMRA Europe, S.A., Centre Scientifique
Sophia Antipolis, 06560 Valbonne , FRANCE

INTRODUCTION

We describe herein the construction, testing, calibration and use of a high power dissipation
calorimeter suitable for the measurements of excess enthalpy generation in Pd / Pd alloy cathodes
during the electrolysis of heavy water electrolytes at temperatures up to and including the boiling
point of the electrolyte. With the present design, power dissipation up to about 480W is possible.
Excess power levels of up to ~250% of the input power have been observed with these calorimeters
in some experiments. Extensions of the design to include recombination catalysts on open and
pressurized cells will be the subject of a future report.

DESIGN AND EXPERIMENTAL CONSIDERATIONS
A schematic diagram of the basic construction of the calorimeter is shown in Figure 1. These
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Figure 1 The ICARUS 9 calorimeter Figure 2 Top section expanded details

calorimeters are much improved in thermal dissipation, sensitivity, precision, and accuracy compared
to the original calorimeters used in these laboratories from 1992 to 1995. The present design
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incorporates better seals at all liquid / casing interfaces, and at the thermistor inlet ports. The viewing
ports are also more robust and clear. The heat transfer characteristics can now be easily be modified
at various vertical positions in the inner casing, the inner insulator, and the internal condenser to give
more controllable overlap between the various sensitivity zones, Figure 2. The resulting heat transfer
characteristics are now more linear in the radial direction than in previous designs. Foam rise in the
calorimeter at the boiling temperature has been minimized.

In the basic configuration, there are three sets of differential temperature measuring
thermistors at key vertical locations in the inner and outer casings so that the radial temperature
distribution throughout the calorimeter can be characterized conveniently and accurately. The cell
potential, cell current, and cell temperature are measured independently, Figures 3-5.

The principle of operation of these calorimeters is straightforward. Power dissipation in the
cell is determined by measuring the differences in temperature between the thermistor sets as a
function of input power. Excess enthalpy generation is calculated by comparing the data to those
obtained by calibration as described below. It is pointed out that these calorimeters have been used
thus far primarily for measurements in the steady state, i.e. when the input power levels, bath
temperature, and the rates of electrochemical and ohmic enthalpy generation in the cell are constant.
Under these conditions, thermal equilibrium is attained in all sections of the calorimeter. Extensions
to measurements in the non-steady state are necessary for larger devices, and are certainly possible
(these are beyond the scope of the present report).

1/100.0

R RS ——
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0.54
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0.2: -/
0.1: f

00, 16 32 48 64 80 96 112 128 144 160

TIME / DAYS

CELL POTENTIAL /VOLTS

Figure 3 Measured cell voltage as a function of time for the duration of the experiment. All data
presented in this report are for experiment #4 described in the Table at the end of this report.

The casings in the top section (measuring / condensing section) are thermally isolated from
the lower section (reaction section). As the temperature due to an electrochemical reaction in the
cell in the bottom section rises, heat is transferred to the upper section primarily by (a) heat contained
in the vapor of the solvent rising from the lower section, and (b) by conduction through the walls of
the glass reaction cell. We consider that the overall effects of (b) is small compared to effect (a),
especially when the contents of the reaction cell are at or near the boiling point. The calorimeter was
initially designed primarily for measurements when the cell contents are boiling, but the calorimeter is
indeed suited for measurements at all temperatures below the boiling point. In the basic configuration
(simple solid casings and insulation) the lower set of thermistors are the most accurate at lower
temperatures since they are located closer to the top surface of the solvent. The middle and upper
sets of thermistors are located in the upper section, and these are more sensitive as the temperature
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rises towards boiling.
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Figure 4 Cell current as a function of time.
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Figure 5 Internal cell temperature as a function of time.

As the temperature of the solvent rises, the vapor pressure of the fluid also rises and the
temperature of the vapor increases progressively in the upper portions of the calorimeter. At boiling,
the temperature of the vapor just above the liquid is at the boiling point of the solvent. If the rate of
boiling is increased, due either to increased external power input or to excess heat generation, the
rate of boiling increases and the height of the hot vapor head rises to increasingly higher levels in the
calorimeter. Since the temperature of the vapor cannot exceed the temperature of the boiling liquid
at a given ammospheric pressure, the temperature measured at any inner casing thermistor can not
exceed the boiling point of the solvent. Therefore, if the bath temperature remains constant, then the
temperature difference measured between the inner and outer thermistor of each set will rise to a
maximum value, which is independent of the power input level. When this maximum is reached, any
increases in the power in the bottom of the cell will have no further effect on the measured
temperature difference. For this reason, in the basic configuration, the lower thermistor set is
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sensitive only at low temperatures (up to about 30 watts of power dissipation in the reaction cell). At
higher powers, there is no further changes in the temperature difference at this lower set of
thermistors. The middle set of thermistors then become more sensitive, and at very high power
dissipation rates, the upper set of thermistors become more sensitive. In other configurations, it is
possible to modify the sensitivity of each thermistor set by changing the materials and construction of
the internal condenser plug and/or the inner casing, as well as placing annular ring insulators at
various heights of the inner casing, and/or thermal shorting devices between the inner and outer
section casings. Finally, similar enhancements are obtained by changing the materials in, and the
geometry of the insulating barrier between the inner and outer casings, Figure 2.

Due to these operating characteristics, it will be noticed in some of the figures that there are
high or low calculated rates of excess enthalpy generation at very low power inputs, especially at the
middle and upper thermistor sets. These data must be ignored since they are due to the systematic
errors described further below.

The calorimeters are calibrated by several methods, including (a) the electrolysis of (i) light
water or (ii) heavy water using Pt cathodes, and (b) encapsulated and open platinum resistor heaters.
At thermal equilibrium, the input power and the temperature differences at each set of thermistors is
measured over a long time period. The procedure for calibration calls for the application of fixed
input powers to the cell for approximately 12 hours. The time constant of the calorimeter is
considerably less than this time period, so one obtains a large number of steady state calibration
points from which a good statistical average value can be obtained. Gaussian statistics are used to
determine histograms and probability functions on each set of input power and temperature difference
data sets for each point and for each thermistor set. Non-steady state values at short times after the
input power is changed are rejected on the basis of their contribution to the known determinate error
(the non-steady state). Rejection of data is continued (up to about 10% of the entire data set) until a
zero slope linear fit is found for the temperature difference as a function of input power. The
intercept of this line then gives the “best” temperature difference value. Confidence limits and
prediction limits are then determined for each set of data. Inflection points for the confidence and
prediction curves are then determined, which gives a “best” value of the input power. Gaussian
histograms and cumulative curves are additionally determined, from which the “best” mean value of
both the temperature difference values and the input power values. If these are in agreement with the
values determined by the previous method, then they are accepted. If not, they are rejected and the
measurements are repeated. Generally, calibrations are always very reliable at power inputs above
about 3W. When the calorimeter is serviced after each experiment, the calibration curves are
carefully checked by re-calibration at several input powers to assure that the calibrations have not
changed during the prior operating or servicing period.

Following this procedure, calibrations curves are constructed over the entire input power
range of the calorimeter for each of the thermistor sets. For simplicity in on-line data monitoring,
best fit curves are calculated by linear and non-linear regression analysis over various sections of the
calibration data. We use a variety of basis trial models such as Boltzman, mulsiple exponential,
sigmoidal Gompertz, sigmoidal logistical, Weibull, Richards, and Hill functions. The calibration
curves shown in this report were obtained from such composite best fit curves through all of the
experimental calibration power / temperature data, and then plotted at integer values of the input
power. Segments to these curves are almost always added to these curves for very low values (<2-
3W) of input power since the error between the actual values and fitted curves were about 5%.

During an experiment, measurements identical to those used in the calibration method are
made, and the temperature differences between the three sets of thermistors are compared with those
of the blanks, at the same input power level, see, for example, Figure 6 . If there are any excess
enthalpy effects, then the data points will fall above the input power - thermistor difference
temperature calibration lines. The horizontal distance from a high data point to the calibration line to
the right gives the value of the excess enthalpy generation rate. Excess enthalpy effects cannot be
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observed at high temperatures at the bottom thermistor set. Figures 7-9 reflect these calculated rates
of excess power generation at each of the three thermistor sets. Derived analyses may then be
calculated from these data: for example the excess power percentage of input power, the excess
energy, and the accumulated excess energy as a function of time; see Figures 10 and 11.
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Figure 6 Average values of consecutive sets of 25 points of temperature differences at the top set of
thermistors as a function of the average cell input power. Calibration: squares; Data: circles.
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Figure 9 Excess power as a function of time measured at the bottom thermistor set.

It has been pointed out previously that there can be anomalous values of excess heat or cooling
observed in these experiments. Such anomalies are seen in the experimental response curves for
each of the top, middle, and bottom thermistor pairs. These anomalies must always occur during
periods of the non-steady state which may be imposed externally or internally on the experiment.
Low anomalous values of heat generation (i.e. cooling) must appear during (a) the period
immediately following the addition to the cell of solvent which is colder than the cell contents, (b) the
period immediately following an increase in the input power, (c) the period immediately following an
increase in the bath temperature, and in general, (d) the period immediately following any event in
which the interior casing of the calorimeter becomes cooler with respect to the exterior casing and
which does not result in an exactly compensating decrease in the input power

Anomalous high values of excess heat must be observed during (a) the period immediately
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following the addition to the cell of solvent which is warmer than the cell contents, (b) the period

immediately following an decrease of the power input to the cell, (c) the period immediately
1/1000.00
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Figure 10 Excess power percentage of input power as a function of Mme: top thermistor set.
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following a decrease in the bath temperature, (d) the period immediately following the onset of any
excess enthalpy generation in the cell, and in general, (e) the period immediately following any event
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in which the interior casing of the calorimeter becomes warmer with respect to the exterior casing
and which does not result in an exactly compensating increase in the input power.

Each of the perturbations listed in the last paragraph are non-equilibrium effects. Attention
therefore is normally focused only to those data which are recorded when the cell is known to be at
thermal equilibrium, i.e. at the majority of the data points in the experiments reported here.

One is also cognizant of the fact that non-equilibrium effects may also be imposed by ambient
condisions of the laboratory environment on the components of the cell which pass from the
calorimeter into the ambient air, such as cables and leads, the glass lead tubes, the plastic plugs, and
the plastic condenser. Conduction effects can certainly affect the stability of the measurements. For
this reason, the fluctuation of the air temperature in the laboratory is always maintained to +/-
0.15°C, and within +/- 0.5°C of the bath temperature. The fluctuasions are therefore reduced to
negligible values, and there are observable fluctuations of +/- 0.05°C only at very low power inputs
and at the top thermistor only.

The table below summarizes the last set of 7 experiments undertaken with the new
calorimeter system at IMRA Europe. As can be seen, the experiments fall into two clear categories
of success or failure. Long charging times at low current densities, and careful experimental
protocols are always utilized in the experiments, and tend to increase the success rate of excess
enthalpy generason. However, the necessary condition for excess enthalpy generation remains the
quality and preparation of the cathode materials and electrolyte. A more careful investigation of the
materials properties and preparation contsinues, and these studies have certainly led to increased
excess enthalpy generation rates for longer periods of ame. These studies will be detailed in our
future reports.

[Experiment 1 2 3 4 5 6 7
ICathode Pd Pd Pd Pd Pd Pd Pd
Rod size, mm 100x2 100x2 100x2 100x2 100x2 12.5x2 12.5x2
|Anode Pt coil Pt coil Pt coil Pt coil Pt coil Pt mesh | Ptmesh
Electrolyte:0.1M | LiOD LiOD LiOD LiOD LiOD LiOD LiOD
Electrolyte, mL: 90.7 90.0 90.6 97.0 97.0 90.4 90.9
[Expt time, days 94 134 158 123 123 47 60
PWT xcess/ W/4.2hr -0.1 -0.6 101 17.3 13.8 74.5 394
Total energy, MJ -0.0 -5.5 294 102 0.3 30.5 -7.6
% excess power 0 0 150 (30d) | 250 (70d) 0 Variable ~0
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NEW KINDS OF ELECTROLYTIC REGIMES AND GEOMETRICAL CONFIGURATIONS TO
OBTAIN ANOMALOUS RESULTS IN Pd(M)-D SYSTEMS

F. Celani!, A. Spallone!, P. Tripodi!+4, D. Di Gioacchino!,
P. Marini2, V. Di Stefano2, A. Mancini3, S. Pace?

1- INFN-LNF Via E. Fermi 40, 00044 Frascati, Italy

2- EURESYS Via Lero 40, 00144 Roma, Italy

3- ORIM, Via Concordia 65, 62100 Macerata, Italy

4- INFM c/o LNF, Via E. Fermi 40, 00044 Frascati, Italy

1. Abstract

Electrolyses of long and thin Pd (and PdY alloy) wires, in dilute solutions of LiOD-D,0 and LiOH-
H;O at large operating voltages, were made. An innovative kind of geometrical set-up to improve the
efficiency of electromigration effect in proton conductors was developed: the usual "single-ended"
geometry at the most cathodic point of the wire changed to the "central wire" geometry. The detected
excess heat seems to be related to: (H/D) isotopic effect, lattice characteristics, geometrical set-up,

dynamic variation of concentration inside Pd wire, anode-cathode and inter-cathodic voltages.

2. Motivation
The rationale of the experiments were:

A) development of new experimental procedures in order to determine the
origin of any anomalous effects (excess heat and/or nuclear ashes) during
and after the electrolysis of Pd(M)-Pt in LiOD-D20 solution. Because these
reasons, we selected 3 control parameters:

A1) on-line resistance ratio R/Ro (loading);

A2) excess heat (by isoperybolic and flow calorimetry);

A3) off-line detection of "new" elements at the cathode surface
(by SEM analysis);

B) making large efforts in order to improve the reproducibility of the anomalous
effects, even though at low intensity.

3. Experimental set-up and procedure

In respect to our previous experiments [1], we developed a new geometry of the system named
"wires, twisted pair "[fig.1]. The Pd wires were very long (160cm) and thin (100um), faced (lcm
distance) to Pt wire (Imm diameter). The Pd geometrical dimensions and physical parameters were:
78 10-6cm? of cross-section, Scm? of total surface area, 12.5 10-3cm3 of volume, 150mg of weigth
and 20Q2 of initial electrical resistance. In case of PdY alloy, see later, the initial resistance was 502

at NTP.
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Fig.1: Electrolytic cell. Pd/Pt double twisted wires on teflon cylinder sample-holder.
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The main drawback of this kind of geometry is the electrolyte resistivity. Usually, this parameter is
enough low (few Qcm), at the LiOD concentration tipically used in Cold Fusion experiments (0.1-

IN), and changes over time because temperature and several aging effects. It can strongly affect the
measurements of wire resistance because of inpredictable paralleling effects.

In our experimental conditions we used an electrolyte concentration in the range 0.1-1 mN. Overall,
a quite innovative electronic circuitry and experimental set-up [fig.2] was developed: in principle, it
eliminates all the problems related to electrolyte variations because the anode is almost not connected
to reference ground for AC signals (used for measurement of chatode resistance) and the effective
AC current flowing at the wire end is also measured. Moreover, this circuitry is able to detect sources
of errors, in the computing of Pd wire resistance, arising from: instabilities and/or leakages of
"voltage to constant current converter” [fig.3] and "high impedance booster” [fig.4].

4.1 Innovative approach on electromigration effect

We have performed further studies about the electromigration effect from the point of view of loading
and dynamic storage. We have developed an innovative geometrical configuration of the Pd wire set-
up, called "collider" [fig.5], that can improve H-D loading and, mainly, the dynamic storage in
respect to the usual unidirectional one.

The electromigration effect, studied since 1929 [2], is a powerful tool, at least in principle, in order
to increase largely the H-D-T concentration in host materials where these elements behave as proton
conductors. Recently, this kind of effect was used, from several authors, in order to increase the
deuterium concentration in Pd (and/or Pd alloys) over the thermodynamic equilibrium condition in
the framework of the Cold Fusion studies.

The basic equation related to electromigration effect is:

-[eZ*VxX)/Kg T
SRy =Cye T T REE (1)

where:
Co is the initial concentration of H-D-T in host material;
Z* s the effective charge number of H -D-T in Pd [the value is 1 at low
concentrations (H/Pd < 0.6), is about 0.1 at high concentrations
(H/Pd > 0.8) and/or at high temperature (T > 30 °C)];
V(x) is the voltage drop along the host material in the limit of its
homogeneity (no large dislocations or fracture);
Kp is the Boltzmann constant;
T is the temperature, in Kelvin.
From equation (1) it follows that an increase in the concentration gradient results from a large voltage
gradient in the cathode wire, once it is provided that some proper concentration Co of H-D-T is
continuosly fed to the Pd (by gas loading or proper electrolytic technique). We will remark that the

95
ICCF-6 October 13-18, 1996 Japan




Fundamental Session

Excess Heat

VHOS LEAKAGE
AC MONITOR

UF5406 ]
_“_ \//1 CONVY. SINUSOIDAL
‘ +
A0 25w AC MONITGR OSCILLATER
HiGH | HEAT SINK 20kHz
IHPEDANCE it T 46V

BOOSTER| FORCED VENT,

——

A0 40w
WY Pt

POWER | 0300V
SUPPLY 4AA

LiOD
+
0,0

42mH 4A5 00
N S—
| _

ELECTROLITE 2 40n

VYVYVV;
RONMI :gor: S

coNdbuCcTIVITY

25w
AC MONITOR
> WV
UFSuyoe 48,40W, WV UFSLo6
|
/H/uF - I ] 20V 20W
POL. MET T COHN e3zch
CURRENR  HEAT SINK
+
1777 FORCED VENT. rr

Fig.2: Electronic circuitry and innovative experimental set-up devoted to avoid errors in Pd wire
resistance measurement due to electrolyte paralleling effects.
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proper feeding of deuterium to Pd wire (Co) is an intrinsically difficult task because the diffusion
speed of incoming deuterium is only 10-7-10-8 cm s-1 (B phase) while the moving-crossing-escaping
has a diffusion speed 100-1000 times larger (y phase).

The easiest way to maximize the voltage drop and to minimize the power dissipated by Joule effect is

to use long and thin cathode wire [3]:

V=IR=1Ipl/S )

2
W=V /R 3)

Equation (2) represents the voltage drop along the cathode wire and equation (3) represents the
dissipated Joule power: p is the intrinsic resistivity, | is the wire length and S is the cathode wire

cross-section area.

4.2. Limits to electromigration effect
Regarding the electromigration effect, there exists an intrinsic limitation.

The deuterium concentration increases at the end of the cathode wire, where the voltage drop is at the
most negative value, but it can escape from this side if there is no physical barrier at the end. These
barrier can be mechanical (metal covered with gold, copper or nickel) or electrical ( deuterium
chemical potential on the palladium surface larger than deuterium chemical potential inside
palladium). Sometimes this barrier is made just by soldering the Pd (by Sn-Pb alloy) with copper
wire, feeding the necessary current to the system [4,6]. This kind of procedure can be likely because
the wire for the connection is copper. This element, in proper conditions, can penetrate onto the Pd
surface and has the peculiarity (together with nickel) of decreasing the Pd lattice parameter [5]. This
alloy, at the skin of the wire, reduces the speed of deuterium deloading, just because it acts as a
mechanical barrier. The trick of copper barrier has some physical limitations and the effectiveness is
largely procedure-dependent. One of the main drawbacks arises when it is necessary to reverse the
polarity of the electrolysis and the copper can dissolve into the solution, worsening the low
conductivity behaviour of the solution (LiOD 250 uN). Low conductivity is necessary to keep large
anode-cathode voltage at enough low current (e.g. 100V, 500mA, 160cm wire length, 1cm anode-
cathode distance, 30°C temperature) in order to get large Deuterium-H-T loading [4].

In DC conditions it is quite difficult to get an effective adhesive strength able to withstand hundred
of thousand (or even milion) of atmosphere of pressure necessary, speculatively, to get Cold Fusion
just by pressure.

The pulsed condition helps to reduce the necessity of using strong barriers at the end of the cathode
wire because, in proper conditions, it is concievable that the highly concentrated deuterium inside the

wire is itself like a dynamic barrier.
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According to the new set-up, at least in principle, it is not necessary at all to have a barrier against
the escape of deuterium because the barriers are two, dynamics: they are just the highly concentrated
deuterons themself coming from opposite and symmetric directions, with the (nominal) same
intensity.

This kind of geometry can be further improved using pulsed current because it is possible to reach
larger gradient of concentrations, due to larger voltage drops (upto 100+100 V along the length of
80+80cm of 100pm Pd wire diameter in our experiment, peak current of about 23A) during pulsing,
in respect to the few volts (typically about 9+9 V) achievable in DC conditions with 1A total current.
Thanks to this geometry, through loading experiments using the Pd resistance measurement, will be
possible to clarify whether the anomalous excess heat arises from static or dynamic conditions of
deuterium inside palladium. Dynamic condition is equivalent to high speed of D concentration
variation.

S. Pd-Y alloy wire

We studied, since 1994, the effect of elements that contract or enlarge the Pd lattice with endothermic
or exothermic behaviour [1]. Now, we experimentally studied the Pd-Y alloy (Y=3.9% in weigth),
an exothermic enlarged lattice, from the point of view of isotopic effect (H,D) using both normal
wire geometry (usual electromigration) and central wire geometry (collider): four kinds of different
experiments in total.

The PdY alloy was selected for two main reasons. The first reason was that the Y itself is an element
that can absorb H-D-T in large amounts (up to 2.8:1) and the hydride is stable even at high
temperature (1100K; 10,000ns). The second reason was that the intrinsic resistance of this alloy is,
noticeably, 2.5 times larger of pure Pd: it is possible to experimentally test, also, the new theory
developed from G.Preparata [3] about the "electrical confinement” of H-D-T in Pd due to larger

voltage drop along the wire.

6. Pulsing procedure
We further verified the effect of high power pulsing (peak current in the range as high as 20,000-

200,000 A/cm?; pulse width of 500ns; peak voltage between anode and cathode up to 300V) about
rise time(80-300ns) and repetition rate (100-50000 Hz) with respect to loading and excess heat.

In our experience, the excess heat detected by proper pulsing, given an experimental set-up and kind
of Pd wire used, is about twice in respect to the most effective DC operation conditions that we can
adopt.

The main drawback of pulsing operation is that, up to ncw, we are not able to measure R/Ro with
enough high resolution because large noise intrinsically emitted from the pulse: it affects adversly the
low level (5-10mA, 20KE=r) sinusoidal signal used for resistance measurement. One of the main
advantages (and extra benefit) of pulse procedure is that it can be very effective for conditioning the
Pd cathode wire to subsequent loadings, with anomalous effects, in high voltage DC conditions.
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7. Main results _
We summarize the main results obtained using Pd 99.92% (from ORIM, isoperibolic calorimetry, 5
months of experiments) and Pd-Y (from Tanaka K.K., flow calorimetry, 3 months of experiments)
wires (both 160cm length and 100p1m diameter):
a) loading (by R/Ro absolue value measurements and behaviour observations) show that
R/Ro loading with D is larger than R/Ro loading with H, as expected;
b) the maximum loading is achieved with central wire geometry, in comparison to normal
wire geometry;
¢) excess heat using LiOD-D;0 solution is larger than LiOH-H;O solution (fig.6,
PdY alloy, normal-wire geometry, D0 and H;O experiments);
d) excess heat measured using central wire geometry is larger than using normal
wire geometry.
In fig.7 are shown the results using pure Pd, central wire geometry.
The input power was about SO0W and in this specific experiment, lasted about 20 hours, after the
procedure of FLOATING (2 minutes) and subsequent restart (at the same electrical parameter,
constant current), it was detected a very large amount (up to a maximum of 200 W) of excess heat.
The amount of excess heat seems related to the speed of loading , as shown in fig.7 (time 4,000-
6,000 seconds), and not to the absolue value of loading (time 48,000-52,000 seconds): although the
R/Ro value (at time 50,000) is lower then at the beginning of the experiment, the excess heat begins
to vanish because the speed of variation of loading is very low.
In our opinion, this specific experimental result is quite significative to understand (and hopefully to
control in the future) the phenomenology of Cold Fusion, at least from the point of view of excess
heat generation.
The behaviour of loading of PdY (fig.8,9) seems to have 2 components: the first seems related to
pure Pd (R/Ro increases and after, in proper condition, can decrease), the second seems to related to
Y (R/Ro increases linearly with the time, up to some limiting value).
The detection of excess heat even with this lattice expanded material (with normal wire geometry)
can support the idea that large cathode-anode voltage (because large resistivity of this alloy) is quite
effective to confine the H/D inside lattice [3].

8. Some general conclusions and further developings.

The PdY alloy has the peculiarity of very large resistivity and good mechanical properties (not britle
even after several cycles of loading-deloading). In proper experimental conditions, it seems that this
material always gives anomalous excess heat, althoug at limited value (15-25%) in comparison with
pure Pd. As main advantage, the generation of excess heat does not need of any kind of special pre-
treatment of the wire (used, as received, from Tanaka K.K., just cleaned by organic solvents), as
generally necessary for pure Pd (at our experience) like conditioning by high current or pulsing.
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The beneficial effect of central wire geometry (developed at INFN-LNF since February 1995 and
extensively studied from October 1995), from the point of view of both larger loading and excess
heat generation, also in this lattice expanded material, seems confirmed.

Comparison of experimental results between normal and central wire geometry suggest that the origin
of anomalous excess heat can be related to the movement of D (H?) in Pd. It can remember the
original idea of A. Takahashi [7] with Low-High current electrolysis, in order to get some moving of
D in Pd plates. The pulsing obviously is effective for this purpose, at least in order to increase the

overall efficency of excess heat generation.
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Nuclear-Active Regions in Palladium
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ABSTRACT

A large collection of palladium samples, supplied by IMRA Materials (Japan), were studied to
determine the relationship between energy production and various properties including the
amount of excess volume, the open-circuit-voltage, and the maximum D/Pd ratio. The following
conclusions result from the work:

_ 1. Palladium, no matter how well prepared, is very inhomogeneous with respect to the prop-
erties relevant to cold fusion. Therefore, most general conclusions can not be based on the
behavior of one or a few samples.

2. The bulk properties do not represent the properties of the nuclear-active-regions. Theore-
ticians need to take special note of this observation.

3. Energy active palladium will continue to produce excess energy even after being subjected
to acid treatment or physical removal of the surface. Therefore, “good” palladium is difficult to
ruin.

4. A pretest method has been developed to identify “good” palladium.

1. INTRODUCTION

The ability to provide a large amount of nuclear-active-palladium to researchers is essential
to the eventual acceptance and commercialization of the Pons-Fleischmann Effect. At the
present time, active palladium is discovered largely by accident when energy generation is
observed using a calorimeter. This process is slow. A better method involves rapid measure-
ment of pros)erties that influence energy production. In this manner, large batches of palladium
can be rapidly sorted into active and inactive material for use in a variety of studies.

Three properties were chosen to be examined: the tendency to produce cracks during loading
with deuterium, the maximum average D/Pd ratio that can be achieved, and the chemical activity
of deuterium at the surface. A few samples were also studied to determine the deloading rate in
air and to locate those regions on the surface from which deuterium loss was occurring. The
relationship of these properties to heat production was determined in a few cases.

Additional experimental results are described in several papers published in Infinite
Energy[1;2]. Future results will be published in the same journal.

2. METHODS
2.1 Composition

The composition was measured in two ways; by weighing the cathode and by determining
the amount of oxygen released when deuterium dissolved in the cathode. Because loading was
done in a sealed cell, containing a recombiner, the amount of oxygen could be measured by
displacing oil onto a balance. The oil-constant was approximately 7300 g of oil per 1 mol of dis-
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solved deuterium. At the end of the loading process, the cathode was weighed (£0.00005 g) and
the value used to determine the oil constant for the study. The steady composition achieved after
24 hours was used as the limiting corgposition. The effects of temperature and current were
studied. Typical behavior is shown in Fig. 1. Bubbles on the cathode become visible when the
D/Pd deviates from the ideal value.

1.0

0.8+

> 1 - OCV
Q ..
o 0.6-

+ D/Pd, measured

'Dc_s" 0.4 D/Pd, ideal
B J
0.2-
0.0+ . : . . : . . : .
0 200 400 600 800 1000

TIME, min
FIGURE 1. Typical loading behavior of palladium is compared to the ideal value based on the
applied current. The open circuit voltage is also shown using the same scale.

2.2. Crack Formation

Palladium expands by more than 12% when it is loaded with hydrogen. However, the
amount of expansion is frequently greater than that predicted from the published relationship
between X-ray lattice parameter and composition. This excess volume is found to fall between 1
and 25% of the initial volume. The excess volume is proposed to result from the formation of
cracks, blisters, and dislocations. When these features penetrate the surface, they accelerate loss
of deuterium and prevent regions near these structures from achieving a high deuterium content.
Because the average crack volume is a mixture of structures that do not contact the surface and
those that exit at the surface, the overall effect is highly variable and permits only general con-
clusions.

The physical volume was measured using a micrometer (+20 gm for early samples, + 2 ym
later) beff())re and after loading. The following formula was used to calculate the excess volume:

Excess Volume (EV) = [(Final Volume)-(Initial Volume)]/(Initial Volume) - (0.0172+0.14125*D/Pd)

2.3. Chemical Activity of the Surface

The voltage generated between the surface and a reference electrode is proportional to the
chemical activity of deuterium in the surface. A Luggin capillary was used to provide a conduct-
ing bridge between the cathode and a piece of platinum gauze located outside of the cell. The
applied voltage to the cell was interrupted for a short time (5-10 sec.) while the voltage (+0.001
V) was measured between the cathode and the gauze. Pure palladium produced a voltage of
0.02+0.05 V relative to platinum before loading started. Samples returned to this value after all
deuterium had been removed.

2.4 General Deloading

The weight loss was monitored as a function of time after the sample was removed from the cell.
When the D/Pd ratio is plotted as a function of vtime, a straight line results which can be extrap-
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olated back to zero time. In this manner, a determination is made of the composition existing in
the cell immediately before the current wag stopped. The slope of the resulting line was recorded
for many samples. Values between 1x107 and 22x10™° (D/Pd)/¥min were observed. This prop-
erty was very sensitive to how the sample had been treated.

2.5 Localized Deloading

Some samtﬁles were examined while deloading under methanol or acetone. The bubble pat-
tern revealed those regions experiencing rapid loss of deuterium. A variety of structures were
seen by this technique. The concentration of deloading sites was very nonuniform.

2.6. Power Production

A glass, isoperibolic calorimeter was used. The cell was sealed, contained an internal
recombiner, and was stirred at a constant rate. The internal temperature was measured at two
positions within the electrolyte and at the cathode. A water-cooled jacket provided a constant
reference temperature. Power production was measured relative to the electrolyte power applied
during the first few hours of electrolysis, before excess power production started. Figure 2
shows a typical calibration. The standard deviation in excess power of a typical data set was
+0.15 watt. A drawing of the calorimeter can be found in reference[1].

j—’_, watt = 0.494 + 2.72AT RA2 =1.000
© 301
2 ]
o
S 20 1
@)
o O Not stirred
8 10 A B Stirred
a
% 0 watt = 1.30e-2 + 1.24AT + 8.27e-3ATA2 RAZ2 = 1.000
0 5 AT 10 15 20

FIGURE 2. Typical relationship between applied electrolytic power and the temperature across
the cell wall. Stirring produces a more linear relationship and a steeper slope.

3. RESULTS

Eighty samples which fell into eight sets were examined. One half of the sets contained S00
ppm boron while the remainder were nominally pure palladium. The samples had been sub-
Jected to various annealing and surface treatments by IMRA. Each sample was approximately
10 mm wide, 20 mm long and 1 mm thick.

All properties showed a wide distribution around a mean value. It is, therefore, impossible
to arrive at a general conclusion based on the behavior of a single or a few samples. Unfortu-
nately, some of the sets contained an insufficient number of samples to make statistical analysis
meaningful. Consequently, only a few general conclusions will be presented. These will address
the effect of adding boron and the effect of etching the surface with Aqua Regia.
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3.1 Composition

Figure 3 shows a histogram that compares samples with and without added boron. The pres-
ence of 500 ppm boron both improves the limiting composition as well as making it worse.
Clearly some pure samples are better in this regard than are some samples containing boron. The
reverse is also true. In addition, samples containing boron lost about 0.00015 g as a result of the
electrolytic process. This loss indicates that the surface region is depleted 01‘g boron during the
loading process.

An A(Lua Regia treatment tends to make the property more uniform but does not lead to

especially high values.
15
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FIGURE 3. The histograms compare the limiting composition of samples containing SO0 ppm
boron with those that are untreated. The effect of Aqua Regia treatment using 5

samples from each set is superimposed. The bin value for 0.90, for example, shows
the number samples having a value between 0.88 and 0.90. Because of edge effects,
the values have only a relative meaning.

3.2 Crack Concentration

Shown in Fig. 4 is the excess volume (EV) for Zgure” palladium and for samples containing
500 ppm boron. The values are corrected to D/Pd=0.85 because the amount of excess volume
tends to increase as the composition within the B-phase is increased. The presence of boron
increases the average excess volume from 4.3% for pure palladium to 5.6%. In addition, the
boron produces a significant number of values over 10%. An Aqua Regia surface treatment
appears to have no significant effect on this property.

Samples having a EV near 1% do not form additional EV even after they are deloaded and
reloaded. However, the presence of a larger initial EV produces additional EV each time the
sample is reloaded. The amount of additional EV is variable between samples.

3.3 Chemical Activity of the Surface

The open-circuit-voltage (OCV), measured durin‘g loading, is comcl>ared to the average D/Pd
in Fig. 1. The initial rapid increased was always followed by slight drop. Those samples that
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eventually produced excess power usually continued to increase to values above 1.0 V.

Figures 5 and 6 compare the OCV of two samples during deloadinﬁ. The sample shown in
Fig. 5 is a piece of palladium foil that did not make excess power. Thicker samples show the
same behavior but naturally take much longer to return to the a-phase. The sample shown in Fig.
6 made excess power immediately before tﬁe current was interrupted. Indications of a new phase
having a OCV above that of —-PdD were occasionally seen in other active samples. However,
this sample (#42) gave the highest OCV measured thus far.
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- - ) ’: .
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FIGURE 4. The histograms compare the percent excess volume of samples containing
boron with those to which boron was not added. The effect of Aqua Regia
treatment using 5 samples from each set is superimposed. The bin value for
8.0, for example, shows the number samples having a value between 7.5
and 8.0 percent. Values are extrapolated to D/Pd=0.85.
3.4 Excess Energy

Excess power (EP) production is compared to the measured properties in Table 1. The listed

Froperties were measured after the power measurements. Only general conclusions can be drawn

rom these few examples because other important variables were not measured and because each
sample was very nonuniform with respect to those variables that were studied.

After sample #42 made excess power, a study was undertaken to determine how much abuse
to the sample would be required to stop energy production. After the sample had been fully
loaded to D/Pd=0.86, EP was sought by increasing the applied current in steps to 3 A. Each cur-
rent was held for 10 min. while the calorimeter came to equilibrium. Figure 7A shows the EP at
3A. Brief current interruptions had little effect on EP production even when the sample was
removed from the cell for a short time. Longer interruptions reduced EP production and re(l;uired
additional time before the previous EP was restored. Between figures 7A and 7B, the sample was
washed with Aqua ReFia, the surface was polished with 400-600 mesh SiC paper, and all deute-
rium was removed at [10°C. The OCV was 0.01+£0.01V before loading was started. After being
fully loaded, the sample produced the behavior shown in 7B. Regular bursts of EP every 2 hr
were seen while the current was constant at 2A. These bursts were sensitive to applied current
ancll cell temperature. EP continued to increase after 5 g of Li,SO, was added to 40 ml of elec-
trolyte.

Before the data shown in Fig. 8 was taken, the calorimeter was enlarged and improved. The
Pt mesh anode was replaced by a spiral of palladium wire and fresh 0.4 M LiOD electrolyte was
used. In addition, =40 pm was removed from the sample surfaces by diamond polishing fol-
lowed by an Aqua Re;ia etch and heating in air at 325°C. After reloading, the composition was
D/Pd=0.816 with 2.8% EV. Calibration was done on day 0. Thereafter, EP at 3A increased as
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shown in Fig 8. A current reverse at day 8 produced a minor reduction on day 9. An attempt to
determine the composition on day 9 caused the samFle to self-heat in air resulting in loss of most
contained deuterium. Upon being returned to the cell, energy production resumed after 1 day and
continued to increase until the sample was removed and sent for measurement of y-emission. No
y-emission was detected.

TABLE 1
Comparison between measured properties and excess power production

Excess
Sample Excess Composition Power, W
Number  Designation Volume, % D/Pd ovC (at 3 A)
Tanaka 1* 1.7 0.82 7.5
IMRA #38 Al1-B3 2.0 0.875 1.25 24
Tanaka 4* 2 0.84 2
IMRA #42 Al-B4 1to2 0.891 1.35 4.6
IMRA #84** A2-B2 6.9 0.83 1.00 1.6
IMRA #39 Al-B3 4.1 0.87 1.08 1.1
IMRA #57 A2-BI 6.0 0.83 1.05 0.0
IMRA #10 Al-Bl 6.6 0.82 1.00 0.0
IMRA #27 Al-Bl 1.0 0.85 0.96 0.0
IMRA #58 A2-B1 4.1 0.79 0.70 0.0
IMRA #62 A2-B1 23 0.83 0.66 0.0
IMRA #44 Al-B4 16.1 0.78 0.60 0.0
Tanaka 2* 13.5 0.75 0.0

* Tanaka samples from Refs. [3; 4]

**Surface layer containing O and Si of sufficient thickness to partially flake off during loading.
A1-B3 = pure Pd+ basic process + annealed in vacuum at 750°

A1-B4 = + treatment with Aqua Regia

A2-B1 = 500 ppm B added + basic process

A2-B2 = + annealed in air at 750°

4. CONCLUSION

The properties of palladium relevant to “cold fusion” are very nonuniform even when sam-
ples are treated in an apparently identical manner. To achieve excess energy production, mate-
rial should have a low excess volume, be able to acquire a D/Pd ratio above 0.85 and have an
open-circuit-voltage in excess of 1.0 V referenced to platinum. Because of edge effects, the lim-
iting composition applies only to the sample shape used in this study. Occasionally, a sample
will fail to meet one or more of these requirements and still make excess power. Apparently,
additional variables are important beyond the ones reported here.

Samples that are found to produce excess power can be reactivated even after being com-
pletely deloaded and after the surface is removed. Apparently, the required surface can be rees-
tablished if the properties of the base material are suitable. This discovery means that active
samples fan be identified and used in other studies without losing the ability to produce heat dur-
ing transfer.

The bubble pattern seen when a sample is allowed to deload in acetone is an effective
method to study the concentration of microcracks and other imperfections that cause local reduc-
tion in composition at the surface. Three types of sites are seen; isolated bubbles, lines of bub-
bles associated with scratches and cracks, and active loss from blisters. Some samples have
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large regions from which no bubbles are seen to leave.

The behavior of the OCV suggest the presence of a phase having a much larger deuterium
activity than pure B-PdD when excess energy is produced. Very large OCV values obtained for
samples having a bulk composition consistent with B-PdD, in the absence of EP, suggest that the
surface activity is being modified by the presence of deposited impurities.
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Reproduction of Fleischmann and Pons experiments
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Abstract

The objective of this work is to check the reliability of the initial Fleischmann and Pons
calorimeter for studying cold fusion from ambient to boiling temperature. After describing our
experimental set up, the assessment of excess heat from the enthalpy balance is discussed. On the
electrodes after electrolysis, we have observed deposits which, in our opinion, have a determining
role for the excess heat generation. We show raw data of three runs. It is concluded that this
calorimeter is well adapted for such cold fusion investigation.

1- Introduction

Since the announcement of the cold fusion phenomenon by Fleischmann and Pons ! in 1989,
various techniques have been utilized to produce excess heat. Numerous results have been obtained
that are dispersed, and even sometimes contradictory with each other.

Being aware of that, we have decided to "simply" reproduce the exact experiments of
M Fleischmann and S. Pons as described in their 1993 article 2. The purpose of our work is to
ascertain the various phenomena involved and the conditions of their apparition in order to master
the experiments.

2- Experimental
2.1 Description of the experiment
The cell we use is identical to the one used by M. Fleischmann and S. Pons 2. It is described in figure
1. It is a pyrex Dewar which upper part is silver coated to prevent heat radiation losses in this area,

and to make the heat losses by radiation insensitive to the water level. The various parameters are as
follows:

- the electrolyte: LiOD, 0.1 M 1‘1,

- the cathode: palladium cylinder (platinum for blanks), diameter 2 mm, length 12.5 mm is

spot welded on a platinum wire,

- the anode: platinum wire, diameter 0.2 mm,

- a thermistor for temperature measurement of the electrolyte, with a precision of +

0.01°C at 20°C and of + 0.1°C at 100°C,

- aresistor for heat pulses generation,

- a kel'f plug for electrical connections, and a duct for replacing the water eliminated by
electrolysis and by water vapor carried away in the electrolysis gases.
The ced is fmmersed in a constant teraperature bath (20°C), as shown in figure 2. Electrolysis is
performed at constant current, with a high accuracy pewer supply, having a maximun: voltage of 156
Volts. Current, voltage, temperature and atmospheric pressure are recorded by computer, with an
AOIP interface box. Water is added autcmatically everytime 1 cm3 is consumed. Data are collected
every 6 seconds, and averaged every minute.
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figure 1. Fleischmann and Pons type cell figure 2. Experimental stand

2.2 Experimental procedure

The Dewar is cleaned with acetone, and dried in air. Heavy water (85 cm3) is filled in the cell in an
argon atmosphere to avoid contamination by CO7 and HO from the air. Experiments are performed
in a constant temperature room + 0.1°C at 20°C. A typical experiment starts at low current: 0.2A
(0.26A cm‘z) until temperature reaches 40 °C. This period lasts typically one to two weeks. This
"loading" geriod does not show any excess heat production. Current is then raised at 0.5 A
(0.66Acm™#) until boiling temperature.

3- Assessment of excess heat

Excess heat is evaluated two ways. At temperatures below boiling we calculate excess heat on
a continuous mode, while the experiment is being performed. At boiling the excess heat is calculated
once all the water of the cell has been evaporated without addition of water.

3.1 Excess heat calculation below boiling temperature
In this regime, the excess heat is calculated from the energy balance? as detailed below.

Excess heat=A+B+C-D (1)
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Enthalpy flux Evaluation formulae
"A" is the enthalpy losses K R(€4 - H‘I‘, ath) )
(by radiation) to the
water bath
3/ P
"B" is the enthalpy content —— 3
e enthalpy conten FP —P 3)
of the gas stream?
"I" is the electrolysis current, "F" is the Faraday constant, "P", the water
pressure at the temperature of the bath, and "P*". the atmospheric
pressure. "L" is the enthalpy of vaporization of the water (41,000 J.mol-1).
ne e I M déo 4
C" is the variation in the enthalpy Cpp,0.M, "l “
content of the calorimeter
D20, is the heat capacity of DO, M is the heavy water equivalent
of the calorimeter
"D" is the input electrical enthalpy (E-Ey)I %)

Relation (1) is valid when there is no calibration pulses, and not at boiling, where the analysis
using this approach becomes difficult because the denominator of (3) is close to zero as the
temperature approaches boiling and water vapor pressure is close to the atmospheric pressure. At
boiling, a different analysis is made which is described below. The only unlenown parameter that
needs to be calibrated is KR. All other variables can be measured independently. KR is determined by
calibration with a platinum cathode.

3.2 Excess heat calculation at boiling temperature
When temperature reaches a value close to boiling, i.e. typically 99 to 101°C, we stop adding
water to the cell, and we measure the total enthalpy necessary to evaporate the contents of the cell.
The excess enthalpy is therefore given by the formula:

Excessheat=A+L -D 6)

Where "A","D" and "L" have the same definition as above. It is difficult to follow accurately
the level of water during this period because of the formation of foam, so it is only at the end of the
experiment, when the cell is dry that the excess heat can be calculated with precision.

3.3 The various experimental regimes
a) Low temperature regime: 8 < 70°C
In this region relation, (1) becomes:
Excess heat=A -D @)
Since temperature is low, the water vapor pressure is negligible, therefore "B" can be ignored. In this
region, temperature varies slowly with time, hence "C" can be neglected.
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This domain is the one used during calibration to determine KR, since during blanks runs, there is, by
definition, no excess heat produced, KR is therefore given by:

(E-E,)I
Ko =——_"“th)”
R (6" - 6 san) ®

b) Intermediate temperature regime: 70°C <0 < 99°C
In this region all terms of relation (1) must be taken into account. Since the water pressure becomes
high, "B" becomes important and since the temperatures varies rapidly, "C" cannot be neglected.

¢) Boiling regime: 6 > 99°C

The boiling temperature is only progressively reached as the bubbles, here initiated by electolysis
incorporate more and more water vapor. In this region, the full calculation using equation (1) gives
wrong positive excess heat measurements, and therefore cannot be applied. This is probably due to a
erroneous estimation of "B" which is very sensitive to pressure and temperature measurements. Up
until now we have not been able to get a good blank experiment with platinum in this region using
the full equation. Therefore, instead, we use the measurement of the enthalpy produced to evaporate
the total amount of water contained in the cell, as described in section 3.2.

4- Basic phenomena occuring during electrolysis

The main effect of electrolysis is generation of deuterium and oxygen gas at the electrodes.
However in this type of cell, other side reactions occur which possibly have major importance in the
production of excess heat. The basic phenomenon discussed here is the formation of an overvoltage
on the electrodes. Table 1 shows a synthetic view of what we believe is happening:

LiOD reacts with pyrex glass
1

Production of lithium silicates which disperse in the electrolyte solution

1
Silicon and lithium based deposits form on cathode and anode
y
Such deposits result in overvoltage
at both electrodes | at the cathode
thermal effects | physicochemical effects
¥
{ 1
Input power increase Electrochemical potential of D*
increases
I y
| inciease of D loading in Pd
+ {
Temperatuse rises up > Excess heat generation
to boiling
Table 1

5- Calorimetric results
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5.1- Calibration experiments

As mentioned above, the two unknown parameters, Mg and KR, must be deduced from
calibration since they cannot be calculated accurately.

KR is deduced from blanks with platinum cathodes of same size and positioned exactly
as the palladium cathode. By definition, we assume that platinum does not produce excess
heat. In the low temperature regime, below 70°C, relation (1) simplifies, and we use (8) to
calculate KR.

Figures 3a and 3b show a small apparent excess heat when temperature rises. This is
most likely due to the heat losses by conduction, not taken into account in our formulas that
assume all heat transfer is radiative. In any case, this apparent excess heat is low, at most 50
mw, or 1.25% of to the energy input. We have made attempts to change Kr with
temperature, but without any significative change in the final result. Therefore, in our
analysis, we have kept KR constant with temperature.

My, the heavy water equivalent of the calorimeter is evaluated in runs without
electrolysis by adding controlled heat pulses and measuring the rate of temperature change.
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Calibration experiment (platinum cathode)

5.2- Palladium cathodes experiments

Since the beginning of our experiments, in 1993, 18 runs have been carried out. Only five of them
have produced excess heat, with high purity palladium cathodes. Figures 4a and 4b show a run with
a pure palladium cathode, etched in aqua regia for five minutes. The sample has been loaded for ten
days at low current (0.2A), then the current is raised to 0.5A. Excess heat increases from 70 mW to
170 mW at 70°C. At that point, contrary to our standard procedure, current is decreased to 0.25 A
(voltage decreases simultaneously) and the input power decreases. However, the excess heat does
not decrease, and has even a tendency to increase.
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High purity palladium cathode (preliminary treatment in aqua regia)

Figures Sa and Sb show another run, were during the first three days, voltages have been switched,
and therefore the palladium was anodic. This has the effect of oxidizing the palladium surface, and
then after making the palladium cathodic, to reduce the surface and to create a rough surface similar
to palladium black. Also in this run heat pulses have been applied every 24 hours for a duration of 12
hours. At the beginning, the excess heat is 40 mW, then raises to 100 mW when temperature reaches

60°C, and sharply rises to 300 mW above 75°C.
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High purity palladium cathode (initially inversed current).
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At boiling, the electric current is maintained constant, (0.5A), and as the overvoltage increases, the
input energy grows up to the maximum of the power supply, in our case 75 Watts (maximum voltage
150 Volts). In all of our experiments showing excess heat at boiling, we have observed a sudden
jump in power input towards the end of the experiment indicating a sudden change in the
overvoltage. This might be due to the formation of a water gas film at the surface of the cathode
when large quantities of heat is produced, either by electrical heating or possibly by the excess
enthalpy itself. As described in section 3.2, the exact evaluation of the excess heat can be made only
at the end of the experiment, since it is difficult to follow accurately the water level during the
experiment. However it is very likely that most of the excess heat occurs at the end of the
experiment after the voltage burst. We call this last period the "grand finale".

Table 2 shows five experiments that have brought to boiling, along a platinum experiment. The final
column relative to the last phase is calculated assuming no excess heat before the voltage jump.

Experiment | Date Electrolyte | Enthalpy Fnthalpy Available | Enthalpy Mean Relative
Volume Input losses (to Enthalpy | used for Excess relative Excess Heat
(em”) (electrolysis) | bath water) | (joules) total Heat Excess during
(joules) (joules) vaporisation | (joules) Heat "grand
(joules) % finale"”
Yo
january 84 419,100 254,700 156,876 181,499 24,623 16 153
30th,1996

septemnber 3th, | 80 | 318,700 151,000 167,700 172,856 5,156 3 18
1996
septernber 74 221,200 72,190 149,010 159,892 10,882 7 36
[ sample 14th, 1996
P2
Pd 2nd september 72 308,600 178,700 129,900 155,570 25,670 20 97
sample 30th, 1996
P3
Pd 2nd october 2nd, 78 290,700 132,800 157,900 168,535 10,635 7 29
sample 1996
Table 2 Boiling regime: enthalpy balance

6- Discussion

Several questions raised during our work have been answered, but many more are still open. In
this section we will try to give indications of what we believe is correct and what still needs more
work.

One of the criticism of the Fleischmann and Pons work has been the temperature uniformity
inside the cell. If temperature varies, the radiation law is not valid, and all radiation losses
calculations should be wrong. We have looked carefully at this point, and by raising the thermistor,
from its standard location in the middle of the cell all the way to the surface of the water, we have
seen no significant temperature variation, indicating that mixing by the gases of the electrolysis is
sufficient.

On the assumption that all heat losses are due to radiation, our platinum blank experiments
indicate that this is a good approximation, and that the maximum error might be in the higher
temperature range, and should not exceed 1%.

Concemning condensation on the inner surface of the plug, again our platinum runs indicate that
it is negligible.
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The main point that needs to be addressed is the importance of the various parameters that
make these experiments irreproductible. Many known and many more unknown parameters are
important and deserve discussion.

We have shown that overvoltage is very important. Probably it helps increase the deuterium
loading in the near surface region of the cathode, especially in the final phase.

Many groups have emphasized deuterium loading as the important factor. In our case we have
not measured it, but we are not sure that this is an important information, since all electrical or
weight measurements are average values that are not valid in this type of experiments where most
likely reactions occur near the surface.

It is our experience that the palladium history is of prime importance. However we have been
enable of deciding if a simple treatment like aqua regia is good or bad. Impurities might play a rdle,
but we do not know which ones are necessary. What is the réle of lithium, not as the electrolyte, but
as part of reaction?

Another important aspect is the quality of the heavy water. We have used DO with a purity of
99.5%. It is also possible that in the loading phase the electrolyte gets purified slowly by differential
electrolysis of the light water that escapes first. The long loading period might then be necessary to
eliminate hydrogen.

This last assumption is one of the reasons why loading might be long,up to several weeks.

We have never observed any heat after death as mentioned by Fleischmann and Pons2.

7- Conclusions

Our experience during this last three years, leads us to conclude that the Fleischmann and Pons
calorimeter is very accurate and well adaptated to study cold fusion phenomenon. It is simple and
precise. However precautionary measures must be taken:

- the Dewar must be of excellent quality, i.e. good vacuum, in order to eliminate heat

losses by conduction, and operate with radiation losses only,

- temperature calibration of the thermistors must be done very precisely,

- all electrical feedthroughs must be sealed off in order to eliminate spilling off of electrolyte
by capillarity.

Our results concerning the relative excess heat ( percentage of excess heat to enthalpy input)
can be summanzed as follows:

- below 70°C, between 0 and 5%
- between 70°C and 99°C, about 10%
- at boiling, up to 150% especially in the final phase which appears as the best condition to
get a large amount of excess heat.
As already done by S.Pons, with ICARUS 9, it is necessary to operate at boiling on a
permanent basis to obtain the most signignificant results.

Acknowledgments: we would like to thank M. Fleischmann and S. Pons for all their technical
information. We thank J.P. Bibérian for his contribution for presentation of this work.
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EXCESS HEAT MEASUREMENT AT HIGH CATHODE LOADING
BY DEUTERIUM DURING ELECTROLYSIS OF
HEAVY WATER USING Pd CATHODE

Toshihide NAKATA, Masafumi KOBAYASHI, Masatoshi NAGAHAMA,
Hidemi AKITA, Norifumi HASEGAWA and Keiji KUNIMATSU
IMRA JAPAN CO., LTD.

2-3-6 Techno-Park Shimonopporo, Atsubetsu-ku, Sapporo 004, JAPAN

INTRODUCTION

We reported excess heat data as a function of cathode loading by deuterium, D/Pd, using
various kinds of Pd materials as a cathode in fuel cell type closed cells developed in our laboratory
[1]. Since then we have tried to reproduce the excess heat data by employing a different kind of
calorimetry, mass flow calorimetry, at better cathode loadings because the previous data was
restricted to the cathode loading lower than 0.86. The issue of electrolytic loading of deuterium
into a Pd cathode was investigated in terms of the bulk and surface properties of the cathode, and
it was concluded that the surface and the bulk properties plays an essential role respectively for a
given bulk and a surface properties [2].

We have employed three major approaches to improve the cathode loading based on these
studies: (1)pretreatment of the Pd samples by either annealing at high temperature or by chemical
etching in aqua regia, (2)application of the partial deload-reload cycles, (3)alloying with rhodium.

We report a summary of the 26 excess heat measurements by mass flow calorimetry under the
improved cathode loadings.

EXPERIMENTALS

Electrolysis was conducted either in fuel cell type closed cells or electrolytic type closed cells
with an internal recombiner which is a gas diffusion electrode placed in the gas phase, which is
latm Ar when electrolysis was started. Figure 1 shows structure of the cells used in the excess
heat measurement. The cathode loading D/Pd for Pd cathodes or D/M for Pd-Rh alloy cathodes,
were determined in-situ during the excess heat measurement from the pressure decrease of
deuterium gas in the fuel cell type closed cells and from the resistance measurement using AC
four-terminal method in the electrolytic type cells. The resistance measurement was conducted by

an Milliohm meter using probe current of ImA and 1KHz. The relation between the resistance
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an Milliohm meter using probe current of ImA and 1KHz. The relation between the resistance
ratio R/Ro and D/Pd reported by our laboratory at ICCFS was employed for the determination of
D/Pd from the resistance measurement [2].

Figure 2 shows the overview of the mass flow calorimetry system developed in our laboratory.
Flow rate of the heat exchanging fluid, water, was monitored by an auto siphon which is a | liter
triangular flask with a goose-neck shaped glass tube to discard the water, the typical flow rate
being 0.5g/sec. Temperature of the flowing fluid at the inlet to the cell, Tin, was ca. 20°C which
was monitored continuously together with its temperature at the outlet of the cell, Tout, by
platinum resistance thermometer at the resolution of 0.01°C. The heat output from the cell was
calculated by

Wout = Cyo xg x(Tout-Tin)’k
where Cy;0 is specific heat capacity of water and g is the flow rate in g/sec. The heat recovery
efficiency k was determined by applying a known calibration power to the system which was
generated either by an internal heater or by conducting electrolysis using a platinum cathode. The
k value was typically ca. 0.98, and it was not significantly influenced by the nature of the
calibration power. In many experiments electrolysis cells had an internal heater and the total input
power to the cell was kept constant, typically 10 W, by adjusting the heater power and electrolysis
power.

Cathode materials used are Pd (IMRA Materials, 3N), Pd (Johnson Matthey, 3N, 4N), Pd
(Tanaka, 3N) and Pd-Rh (5, 10at%, J/M). The size of the cathodes was either 4dmmédx25mm in
fuel cell type cells or 2mmédx40mm in electrolytic type cells. The cathodes were annealed either at
200°C for 2 hours or 1000°C for 24 hours in vacuum. Chemical etching in aqua regia was also
applied to some of the cathodes before they were set in the electrolysis cell.

The elecwolyte solution, 1M LiOD, was made up by dissolving metallic lithium(99.9%) into
D,0O (ISOTEC 99.8 D%) and its pre-electrolysis was conducted by using a Pd cathode and a Pt
anode for isotopic purification as well as for eliminating the organic and the inorganic impurities.

RESULTS AND DISCUSSION

Table 1 shows a list of the 26 experiments named EFC series with cell type, cathode material
and its size and source, pretreatment, maximum D/Pd and current density and electrolyte
temperature at the loading, duration of experiment, and the result of excess heat measurement. We
can see that although in many experiments using a Pd cathode the maximum loading ratio
exceeded 0.86 for current density higher than 0.2 A/cmz, no significant excess heat was observed,
while we reported excess heat at ICCF4 under these conditions.

Figure 3 shows the raw data for EFC50 for which maximum loading of 0.92 was attained at
0.11A/cm? by using a Pd cathode (IMRA Materials) annealed at 1000°C in vacuum for 24 hours.
The figure contains change of resistance ratio and current density for over forty days and the time
when the maximum loading was attained is marked. Electrolysis was started by applying a slow
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step up current mode, and the resistance ratio went through a peak of about 2.0 and came down to
the minimum corresponding to D/Pd=0.91 between 0.1 and 0.2 Alem®. After applying deload
/reload cycle the loading ratio increased to 0.92. The heat balance observed under a constant total
power mode at ca. 10 W is shown in Fig. 4 with so-called +3c, ca. £0.2 W, of the heat
measurement determined from the calibration data, and the histogram of all the data points in Fig.
4 is shown in Fig. 5. The results presented in Fig. 4 and Fig. 5 suggests that no statistically
meaningful excess heat was observed in this experiment.

Figure 6 shows the data for EFC46 which was conducted by using a Pd cathode (J/M)
annealed at 1000°C in vacuum for 24 hours and the highest maximum loading of 0.94 (0.96 if the
resistance ratio is converted to D/Pd by applying the SRI curve [2]) of all the EFC series
experiments using a Pd cathode was attained during the step up current mode around 0.2 A/cm’
after applying the deload/reload cycle. The excess heat measurement was conducted under a
constant total power mode around 10 W, however the heat balance observed during the
experimental period shown in Fig. 6 shows little sign of excess heat as shown in Fig. 7. The larger
noise amplitude which appeared after 55 days is due to increase in the power noise from the
heater.

After the step up current mode shown in Fig. 6, we tried ramp mode electrolysis up to 1 Alem’
as shown in Fig. 8. The total input power was increased to ca. 25 W around 110 days in order to
ramp the current up to 1 Alem’. Although the cathode loading tends to decrease at the higher
current densities, D/Pd maintained a value around 0.88/0.89 at 1 Alcm’. The heat balance during
the ramp mode, however, did not give sign of excess heat as shown in Fig. 9. The average level of
the heat balance is shifted to around -0.25 W for the period of 25 W total input, which is caused
most likely by mismatch of the heat recovery efficiency determined by the heater power only.

Absence of excess heat at high cathode loadings and high current densities is most highlighted
in EFC40 and EFC41 conducted by using a Pd-Rh (10at%) cathode, for which the maximum
D/M(=Pd+Rh) of 0.96 and 0.99 were attained respectively at 0.53 Alem® with no observable
excess heat. Figure 10 shows change of D/M and current density for EFC41 with a Pd-Rh (10at%)
cathode conducted in a fuel cell type cell. The loading ratio increased with stepping up of the
current density and reached the maximum value of 0.99 at 0.53A/cm>. However, no excess heat
was observed as shown in Fig. 11 which shows the heat balance during the experiment. The large
spikes are seen upon stepping up and down of current deusicy 2s the electrolysis was not
conducted under a constant power mode for this experiment. The heat balance is sifted to about
+50mW during the period of the highest current density and D/M but this is within the typical 3o
level of ca. 0.2 W shown in Fig. 4 and cannot be interpreted as significant. It would be necessary
to improve the accuracy of our heat measurement to say something more definite on the nature of
the positive shift presented in Fig. 11.

Finally we have tried to interpret our present results using Pd cathodes and the former data of
excess heat in terms of the cathode loading and current density. In Fig. 12 we plot the maximum
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D/Pd for a given current density for all the experiments. It is clear that the cathode loading has
been greatly improved for any current densities between 0.1 and 1 Alem® compared with the
previous studies, while no significant excess heat was observed under the improved conditions.
This may be interpreted:
1. Some unknown factors in addition to the cathode loading and current density may be
operating for the excess heat generation.
2. Sensitivity of our mass flow calorimetry system may not be high enough to detect
anticipated excess heat for the cathode volume.
3. Accuracy of our former excess heat data needs to be reinvestigated.
Currently we are organizing a new series of experiments based on the above interpretation.

REFERENCES
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Proceedings Vol. 1 page 3-1~3-30, EPRI, 1994,
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Akita, and K. Kunimatsu, ICCF5 Proceedings page 383-406, International Conference on
Cold Fusion §, 1995.

Table 1. Summary of the 26 experiments called EFC series using Pd and Pd alloy cathodes

No. Cell Type Cathode Electrolyte D/M R/Ro 1 Temp. Period Excess

material size source remarks max. min.  [Aem-2] 1°C| [day] Heat
EFCO1 Fuel Cell Pd $4x25 IM IMLIOD  0.88 - 0.50 30 333 no
EFC02 Fuel Cell Pd $4x30 M IMLIOD  0.89 - 0.50 30 329 no
EFCO5 Fuel Cell Pd-5%Rh  $4x25 M IMLIOD 091 - 0.30 26 110 no
EFC06 Fuel Cell Pd $4x20 TANAKA C type IMLIOD 0385 - 0.10 22 110 no
EFC07 Fuel Cell Pd $4x20 IMRA IMLIOD  0.82 - 0.50 32 97 no
EFC09 Fuel Cell Pd ¢4x25 J/M 4N IMLIOD 093 - 0.50 30 154 no
EFC10 Fuel Cell Pd $4x25 JM 4N IMLIOD  0.89 - 0.50 32 174 no
EFC22  Electrolytic Pd $2x40 J/M 4N IMLIOD 092 1.72 0.30 22 12 no
EFC23 Electrolytic Pd $2x40 JM 4N IMLIOD  0.92 1.72 0.30 22 12 no
EFC24 Electrolytic Pd $2x40 J/IM 4N IMLIOD 092 1.72 0.17 21 41 no
EFC25 Electrolytic Pd $2x40 JIM 4N IMLIOD 091 1.77 0.24 21 41 no
EFC31 Electrolytic Pd $2x40 IMRA  ARetching IMLIOD 0.89 1.83 0.20 21 15 no
EFC32 Electrolytic Pd $2x40 IMRA  ARetching IMLIOD 093 1.67 0.15 21 46 no
EFC33 Electrolytic Pd $2x40 IMRA AR etching IMLIOD 091 1.77 0.04 20 38 no
EFC36  Electrolytic Pd $2x40 J/M 4N IMLIOD 092 1.73 0.23 22 27 no
EFC37 Electrolytic Pd $2x40 JM 4N IMLIOD 093 1.70 0.43 23 27 no
EFC38 Electrolytic Pd $2x40 IMRA  ARetching IMLIOD 094 1.65 0.30 22 185 no
EFC39  Electrolytic Pd $2x40 IMRA  ARetching IMLiOD  0.93 1.67 0.23 21 176 no
EFC40 Fuel Cell Pd-10%Rh  ¢4x20 ™M IMLIOD  0.96 - 0.60 26 52 no
EFC41 Fuel Cell Pd-10%Rh  ¢2x40 IM IMLIOD 099 - 0.60 27 52 no
EFC42 Electrolytic Pd $2x40 IMRA  ARetching IMLiIOD 0.90 1.81 0.02 21 21 no
EFC46 Electrolytic Pd $2x40 JM 4N  1000°C-24hr. IMLIOD  0.94 1.65 0.10 26 130 no
EFC47  Electrolytic Pd $2x40 J/IM4N  1000°C-24hr. IMLIOD  0.90 1.80 0.04 23 5 no
EFC48 Electrolytic Pd $2x40 JIM4N  1000°C-24hr. IMLIOD 091 1.76 0.15 24 90 no
EFC49  Electrolytic Pd $2x40 IMRA  1000°C-24hr. IMLIOD 088 1.87 0.15 22 90 no
EFC50 Electrolytic Pd $2x40 IMRA _ 1000°C-24hr. IMLIOD 092 1.73 0.11 25 90 no
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Achievement of Solid-State Plasma Fusion
(“Cold Fusion”)

YOSHIAKI ARATA and YUE-CHANG ZHANG
Osaka University, 11-1 Mihogaoka lbaraki, Osaka 567, Japan

Abstract : In a series of studies, a significantly large amount of helium ($He/D, = (1~0.2)x1072, D,: “fuel” {He:
“ash”) was clearly detected with a quadrupole mass spectrometer (QMS) as the deuterium nuclear reaction product
(“ash”) released from the highly deuterated palladium host-solid (Pd-black =~ 0.04 [u]: distributed 0.02 ~ 0.06 [u]) that
had produced large amounts of anomalous excess energy (200 ~ 500 [MJ/cm®]) through long period such as 5000
[hrs], when it was heated in a high vacuum (=10 [torr]), high temperature (21000 [°C]).

On the other hand, a simultaneous measurement by an another QMS detected no signal of the existence of 3He
and T (including its compounds). In comparable measurements from non-deuterated samples, any helium and
deuterium were not detected. This means that there exist no the well-known Rutherford type of the deuterium nuclear
reaction within Pd host-solid, and an inherent feature of solid-state with much valency elecwron cloud such as Pd
presents a circumstance for a new type of deuterium nuclear fusion reaction which directly produces $He as main
reaction product.

Because the jHe was observed only after each sample had been heated in a vacuum, in each case, the laws of
physics require that this helium could not have diffused from any outside source other than the Pd metal sample.
Also because helium was observed only after the sample was heated to a relatvicly high temperafure, in each case, it
must have been trapped within an interior location of the sample. Because there is no known process that can
account for the diffusion of the large amounts of $He into the interior locations of the various samples at the levels
that were measured, the only possible explanation for the $He being trapped in this fashion is that it was trapped
within each sample after it was first produced as the nuclear ash from an electrolytically induced (Cold Fusion)
deuterium nuclear reaction.

To understand these results, the authors have constructed a theory, based upon a coherent process that is
believed to be induced in highly deuterated Pd black crystals. In this theory, it is postulated that Cold Fusion is
initiated through the formation of a Strongly Coupled Plasma (“SC-Plasma”), reminiscient of the SC-plasma’s that are
found within stellar interiors. This postulate is consistent with the assumption that a deuterium nuclear reaction is
initiated in a localized zone within a host solid, and it is indispensable that the deuterium be transformed coherently
for at least a few picoseconds into a SC-plasma, which the authors refer to as a deuterium “coherent plasma” within
the solid-state. It is also postulated that this “coherent solid-state plasma fusion” is initiated through a violent, localized
vibration of the lattice, which the authors refer to as a “Latticequake”. This “Latticequake” is essentially accompanied
with both of an intense electromagnetic turbulence and violently shaking electron cloud under a many body effect in
coherent-state.

1) Indroduction: Proof for a deuterium nuclear fusion reaction inside a solid must clear the two criteria as shown in
Fig. 1. Firsi is that the host selid nuse have continuously generated a large amount of excess energy. Second is

»

that there must be “residual producis” (“ashi™) within the hest solid co:responding to the amouni of excess energy
Zeneraied. It s well known that many past studics were not taken seriously up to now and did not still satisfy these
two critical criteria.

in general, the most essential reaction product of the deuterium fusion reaction is considered to be helium,
irrespective of the “well-known (Rutherford reaction) and/or unknown reactions”'?.
nuclear reaction take place inside solid-state, this helium should be abundantly stored as main “residual product”

within the solid.

In other words, when deuterium
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Fig.1 Two criteria to prove a deuterium nuclear reaction inside solid.
Note: The first criterion for determining the existence of a nuclear fusion reaction inside solid is that a large
amount of energy must be released from highly deuterated solid, and the solid should be heated proportionally
to the number of fusion reactions that take place as shown in Fig. 1 (A). The second criterion, there must also be
large amounts of nuclear fusion products as a “ash” inside the solid corresponding to the amount of energy gen-
erated as stated in the formula in Fig. 1 (B).

It is well known that it is extremely difficult to dissolve helium in metals®*®. If helium does exist in solid metal,
it must be the result of shooting helium that has been accelerated into a solid metal, as the results of B decay GHe
from 3T in PdT, over long period) or as the result of a nuclear fusion reaction inside the metal. There is no naturally
known case where helium exists inside solid metals. On the other hand, when helium exists inside solid metal, it is
hardly ever released to the surroundings*®. Helium trapped inside solid metal should be in a “frozen state” and
tremendously accumulated within the solid proportionally with the increased number of fusion reactions, and it is
released only when the host metal is heated to high temperatures®. It is simple to understand this helium plays a
vital role in determining the existence of a nuclear fusion reaction within a solid.

When the well'known Rutherford type deuterium nuclear fusion takes place consinuously in a solid, the reaction
product will be both spontaneously emitted as “out-going products” of high energy light elements such as {n, lp, v
and confined in a “frozen state” as “residual products” such as 3He, 3T and also {He as their end product, and
moreover a large amount of energy released will drastically heat the solid. As a result, when Rutherford reaction
takes place within a solid, 3He and 3T as “residual product” of primary reaction must be abundantly detected much
more than secondary product $He.

On the other hand, when a large amount of $He is detected as a main “residual product” within a solid, it is clear
that a new type of deuterium nuclear fusion reaction which directly produces {He take place inside the solid-state.

Il) Proof of Huge Exess Energy within DS-cathode: As first criterion for proof of "Cold Fusion”, highly deuterated solid
must have continuously generated a large amount of excess energy as follows.

Using closed cell system and DS-cathode in detail as showm in Fig. 2 over the past 4 years from 1992, all of the
DS-cathodes created the large amounts of excess heat. Fig. 3 shows the most important basic characteristic of this
cell-system with Pt-anode and Pt-cathode, that is cell power Q® =0 in lower input power and Q® <0 (negative in cell
power) in higher input power over 100 [watt] (usual case in authors’ experiment), and all of the excess energy data
were obtained by only changing the Pt-cathode to DS-cathode. This shows principle of DS-cathode®.

Fig.4 (a) and (b) show the data for the two cathodes currently in use. The data for cathode (a) shows that
several hundred [MJ/cm?®] of excess energy has been created over several thousand hours using Pd-black 3 [gr],
while cathode (b) has generated approsimately 50 [MJ] over 800 hours with 5[gr] of Pd-black, The rate at which the
excess energy is being generated is roughly equal for the two, and other samples were also at a similar level (200 ~
500 [MJ/cm?®)).
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Fig.2 Closed cell system with DS-cathode

Note: This diagram is authors “Closed Cell” system. Left side shows DS-cathode, open type and closed
type. This open-cathode can detect inner pressure; up to about 900 atomsphere which is limited by only pressure
gage.

On the contrary, closed-cathode will be rising up some thousand atmosphere [atm]. Rightside diagram is
authors “closed-cell”; inlet and outlet water temperature are measured by both of reversely-connected thermocou-
ple and Pt-Resister at the same time.
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(a) Block diagram of the measurement system for the cell (b) Basic characteristic of closed cell with
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Fig.3 Priciple and basic characteristic of authors closed cell.

Note: Leftside diagram shows principle of our measurement system in which it is emphasized that the most
important parameter is “Cell Power” Qg which includes “Excess Energy” € and “Cell Loss” Qs as defined in
this diagram. This “Cell Power” is negative in essence, when no excess energy. This feature must be noticed.
Rightside diagram is inherent feature of our “closed-cell” and indicates the most important basic data using Pt
anode and Pt cathode. Our usual experimental range is around 120-150 watts and “cell-power” is clearly negative
with about minus one watt as shown in this diagram. Our all data were obtained by only changing the Pt-
cathode to DS-cathode.
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Note: Generating pattern of each sample displays significant difference with chronological change, however,

each tota! amount of excess energy included the eight samples used from 1992 to now was almost same.
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Fig.5 Relation between pressure Pc [atm] inside “Particles-Gap”, and cell power (excess energy) Qg [kJ/hr].
Note: Pc-inner pressure inside DS-cathode which includes only both pure Pd-black and pure deuterium
(“spillover deuterium®), can be rising up several thousands atmosphere fatm] by the phenomenon of the
“spillover-effect”. It serves as a one of the most important factor for generation of nuclear reaction. It is very im-
portant phenomenon that the reiation between Pc and Qg seems that the generation of excess energy was corre-
sponding to Pc increased.
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Fig.6 Inferent feature of “Spillover deuterium” insid DS-cathode. (Principle of DS-cathode)
Note: This diagram is typical example of characteristic of open type DS-cathode which was used in order to
study the dynamic behavior of the inner cathode.

In rithtside diagram, deuterium concentration inside outer cathode, [A], and inner cathode, Pd-black, [B], are
significantly difference. [A] is controlled by expanded “Sievertz law” and [B] is by “spillover effect” which
brakes “Sievertz law” . This reason is that when [A] is 80%, deuterium pressure inside the cathode is required
over one hundred thousand atmosphere by “Sievertz law”, on the contrary, [B] becomes almost 100% instantane-
ously, if within 100A in size, such as so called “Atom Cluster”. By the way, deuterium pressure inside our DS-
cathode can easily achieve some thousand atmosphere.

Left side diagram demonstrates long incubation period, Ao-Bo range, which is explained by only “spillover
effect”, and it is called “spillover deuterium” when deuterium behaves under “spillover effect”. Consequently,
during this incubation period deuterium comes only to Pd-black rather than vacuum space such as “Particle
Gaps”. There are a principle of DS-cathode.

Two kinds of DS<cathods were used, that is the closed type and open type as shown in Fig. 2 (a). Open type is
used to measure an inner pressure P. [atm] of the DS-cathode. Inner pressure is one of the most important
characteristic of DS-cathode as shown in Fig.5. It seems that cell power Q® increases proportionally with Pc
increased. Fig. 6 shows the “Spillover effect”; the most importaut characteristic of Pd-black. This effect overcomes
against “Sievertz law” and serves to give high concentration deuterium for Pd-black, and especially first stage
deuterium accumulates, does not in space of “particle-gap”, on the powder surface and the interior over incubation
period. This is a key action of Pd-black, especially when it becomes activated “atom cluster” with isolated and/or
embedded-state, it displays violent action to mix instantaneously with almost same concentration of both atoms of
host-solid and deuterium in “atom-cluster” zone within 10°~10° atoms.

(1) Proof of Large Amount of “Residual Helium” within a Solid: Before moving on to the second criterion, the
measurement method and accuracy of the quadrupole mass spectrometer (“QMS”) were devated first, in short, by
setting the observed target mass in the region 3.95-4.05, repeated measurements enabled chronological description of
the elements of this mass. There are two elements 3He (4.00260) and D, (4.02820) in this range. Deuterium always
exists as the fuel, but if there is He, a “coupled spectrum” with 2D, will appear.

There are many difficulties, however, which need to be overcome in order to detect the “residual helium” being
released from its “frozen state” within a host solid when the host solid is heated in a vacuum due to the nature of
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the process by which this helium is released. That is the problem of the “accuracy” and “reliability” of “QMS”
system for “released helium”,

There are two kinds of “pollutant gases” contaminating “QMS” detection zone, and it is “substantial pallutant” and
“pollutant helium”. Using “QMS” system, therfore, it must be extremely noticed that there exist certainly many
“substantial pollutants” and especially “pollutant helium” inside “QMS” system, It is certain that “pollutant helium” will
always exist in lubricant of molecular pump and/or non-metal materials, and if any body, hitherto, would did not take
care this vital problem, such “pollutant helium” have been certainly mis-detected as hilium released from the cathode.

In order to study to accurate behaviors of “released helium”, authors developed a new type “closed QMS” system
which is entirely isolated from all other system including all exhaust system and conssucted by only sample vessel,
Getter pump and QMS vessel made by all stainless steel and metal packing, as shown in Fig. 7. When highly
deuterated sample includes “residual helium” is heated up high temperature, the “closed QMS” precisely detects the
“released helium”, and especially helium can remains in just the state inside the “closed QMS” any number of days.

As a result, “closed QMS” can measusre not only helium but even any elements released from the sample during
heating up to melt from room temperature.

Fig. 8 and 9 demonstrate chronological change of “Coupled Spectrum” (3He: D2) that the “closed QMS” detected
“residual products” which is released from highly deuterated sample during heated up to 1300 [°C] from room
temperature, and it was obtained the ratio $He/D,= [107] in this situation.

Many samples were measured by “closed QMS” and similar results to Fig. 8 and 9 were obtained with fully
reproducible.

In “closed QMS” experiments, mass M; and M, were simultaneously detected in detail within “closed QMS”.
Fig. 10 shows existence of almost same quantity of M; and M,, and at the same time, M, is almost sHe and neglisible
D,. Even if M, contains “DH” and 3He, it can be estimated that “DH” (in other words, jHe as shown at ,M, in Fig. 10
[A]) exists in the absolute majority and jHe is considerably less than “DH” as can he understand from Fig. 10 (B).
If M, is reaction product in Rutherford reaction, 3He should be significantly larger than $He inside “closed QMS”.

As a result, it is demonstrated crucially as the first experimentally clear proof that new type deuterium nuclear
reaction which directly produce jHe as a main reaction product, take place inside solid.

®
Getter
® PP v 8 Iy

13 QMS »”

0
“Closed Vessel” (N
(“closed QMS”)
0}
Start

Heating current [Amp] .
.......... -...-.......,.-...-.-........-..-T—-_’ time
(“Steps-increase”)
( Start )
room temp.
/ - Close=*> % ®

%
. %'- “Chronological Changes”‘Z
Exhaust® 7

' ’ can be detected over
— — ) inner-pressure Pc: < 107 [Torr] all stages
IInmal condltlonJ exhaust-period 7. : < 5~15 [hrs]

after

Fig.7 Principle of "closed QMS”".
Note: 1) “Released Gas” remains in just the state of any number of days; especially “Helium”. 2) Repeat-
edly can detect to reconfirm, any time. 3) Chronological change with increased temp. can be perfectly detected.
4) "Getter action”: no works for Helium, but strongly affects pollutants such as “D,” (against $He), "DH”
(against 3He), pollutants decreases and disappears in the end. therefore; the ratio, $He/3He (if exist), $He/D,
are cortainly obtained. Numbers of O~@ indicate the order of “closed QMS” operation.
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Fig. 10 Chronological change of characteristics of mass M3 and M.
Note (1): (A) shows their intensity change using normal mode and (B) shows their spectrums using high reso-
lution mode at point of ;M. in Fig. 10 ({8, and M, is almost $He, M, is “DH" (3He could not detect, even if
exist at least less than ,10 2He). As a result, main reaction product is He and this means a new type deuterium
nuclear reaction take place inside solid due to its inherent feature.
Note (2): Resolution (Re=M/AM), Sensitivity (Se={A1/[Torr]. For 2He: “closed QMS" {Re=39.1M (12%
PH). (limit of "QMS” (Re=~37M (10% PH)}. For :He "closed QMS” {Re~169M (35% PH). (limit of “QMS” (Re

~107M (10% PH)}.
For sensitivity of “closed QMS”; high resolution (Se=0.3 ppt); normal (Se~0.003 ppt).
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Abstract

The long standing problem of calorimetry in Cold Fusion (CF) experiments is analysed on the basis
of the findings of two recent campaigns of CF experiments, where a surprising difference in the
behaviour of blank and “black” cells was observed. We also present evidence for large excess power
production in modified Fleischmann-Pons electrolytic cells.

1. Introduction

Seven years have already passed since that day of the spring of 1989 which marks the
beginning of what we may call the Cold Fusion (CF) Era: an important event of which we are
presently celebrating. And yet the problems that have plagued the difficult and painful journey of us,
the "true believers”, are in a sense (at least to a superficial look) still with us: an elusive calorimetry,
and an even more elusive nuclear physics. The aim of this talk , as suggested by its title (derived
from a bestseller of the Sixties dealing with a much more popular and appreciated subject !) , is to
contribute to the solution of the former problem, while for the latter I cannot see any other way than
a massive experimental program, possibly enlightened by the ideas that appear in Chapt. 8 and 11 of
arecent book of mine [1].

And with regard to theory I would like to emphasize once more [2] (and for the last time in
this talk, which deals mostly with experimental CF) that one of the serious obstacles in the road
towards CF has been the insufficient effort made by the CF community to understand, on the basis
of the most advanced tools of Quantum Field Theory (which are dealt with in the book of Ref [1]),
the relevant new aspects of the interactions that allow deuterons to fuse through exotic nuclear
reactions in a cold Pd-metal matrix.

But let's get back to the subject proper of this talk: in Sect. 2 I will present the case for the
calorimetric strategy chosen originally by Martin Fleischmann, i.e. isoperibolic calorimetry. In
Sect. 3 I will make the case for the existence of a basic difference between blank and “black” cells,
a particularly nasty way employed by Nature to hide itself. In Sect.4 the (preliminary) response of a

* But were afraid to ask.
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more conventional flux-calorimetry will be presented and compared with the isoperibolic one.The
conclusions will appear in the final Sect. 5.

2. The case for isoperibolic calorimetry

As we know well, the swategy chosen by Martin Fleischmann to demonstrate the production
of excess enthalpy in electrolytic cells, electrolysing heavy water with a Pd-cathode, consisted in
using the D,0 of the cell as a calorimetric fluid, whose temperature was constantly monitored with
respect to that of a constant temperature bath, in which the cell was immersed.

Assuming full mixing of the fluid,” i.e. a constant temperature 7 =T, , — T,,, throughout the

C
cell, the calorimetric equation reads (M is the equivalent water mass of the calorimeter and C,its

constant pressure specific heat)

me, 2L =ww- T, (1)

where W () is the power produced inside the cell:
W ()= W, ()+W.(1), )

W, (t) being the power supplied to the cell minus the power spent to electrolyse D,0, and Wx(t)the
sought excess power.
As for the "dissipation function" f(7,t), which for convenience we write:

AT.0=aTnTQ) ' €)

it gives a global description of the physical processes that dissipate to the bath the energy produced
inside the cell. From (1) it follows that in order to determine the power W(t) produced in the cell,

one must know the dissipation function f(7,¢). How can this be achieved ? The usual (I would
say "conventional") answer is to determine f (T, t) by "calibration", i.e. to assume that
L4 (T,t)= I (T) is independent of the dynamical evolution of the system, and substitute to the

electrolytic any other known source of power W, thus constructing the f (T ) profile to be injected

in the calorimetric equation (1).

The basic flaw of such "conventional" calorimetry is that it stands on the ‘“obvious”
assumption that the thermodynamics of the cell is independent of the physical processes through
which energy gets generated: a particularly dangerous assumption when such processes are poorly
known, such as those of CF.

In order to circumvent this difficulty Fleischmann's brilliant idea was to “observe” the
“dissipation coefficient” a(T,t) in his calorimetric system continually, by subjecting it periodically

(isoperibolically) to a known calibration heat pulse W,(r), with the aim of determining it in its

possible evolution with the state of the Pd-cathode, and of the CF-phenomena occurring inside it.
The definite advantage of this procedure is to avoid making “a priori” assumptions on the behaviour

*A detailed account of this approach can be found in Ref [3]
¥ This decomposition of (7', ) is suggested by the fact that for conductive dissipation, that is dominant in our
experiments (see Sect. 3), @ is constant, and that it is in general a slowly varying function of temperature and time.
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of the calorimetric fluid in presence of possible odd new physical processes, and to exploit a small
power perturbation W, (t) of a basically discontinuous character.

Suppose in fact that the system is in a steady state at the time f,, when we apply a constant

heat pulse of power W,, . Calling AT(I) = T(t) - T(to) the calorimetric equation for A7 reads

MC, 5[ AT =W, + W'(t)—-[a(T,0T(t) - a(T,)T(1,)], 4)

where W'(t) (with W'(1,)=0) is the additional power, positive or negative, that stems from the
perturbative thermodynamic changes that occur in the system as a consequence of W, (t) By
making use of the smallness of the perturbation we can set with a good approximation®

a(T,0T(8) - a(Ty, 1,)T(t,) = a(T,)AT(r). (5)

The next and final step needed to obtain a(?},) is to fit (in several different manners, see [3])

the observed temperature profile fors — 1, <37 (r = ng] by approximating the additional power

o(T,)

as W'(t)~ W(t —1,). In this case the predicted temperature profile is given by (a = a(TO))

AT(1) = W [1_;1]&”[’_1“{], ©)
a

and it depends on two unknowns a(To) and W, which may thus be easily determined.

3. Blank cells, ’black” cells

The isoperibolic calorimetric strategy, as I have just remarked, has the obvious advantage of
following the thermodynamic changes of the calorimeter, whose fluid is the D,O of the electrolytic
cell. One may wonder whether this is really necessary, for it clashes with the expectation that the
cell thermodynamics only depends on the thermodynamic variables, i.e. T,,, and 7,,,,and much of

the calorimetry in CF studies has just proceeded from this “self-evident” Ansatz. Incidentally, one
of the more frequent criticisms to Fleischmann's calorimetry is that a single temperature
measurement of the D,0 is rather risky, due to important gradients within the cell. And it is for this
reason that in a first campaign of experiments, that shall be reported in this Section, we decided to
measure temperature (with very sensitive Pt100 devices) in three different places (see Fig.1), thus
obtaining a clear picture of the temperature distribution in the cell, allowing us (see Ref. [3], and in
particular Appendix A) to make the necessary corrections to the simple calorimetric model of the
previous Section.

The campaign of measurements, alluded to above, began with blank cells, mounting a Pt-
anode 250 pum in diameter and a cathode of Pt-wire long about 250 cm and 50 pum in diameter,
wound solenoidally, in a number of electric configurations, (V 5,c, V ci0)-

*Please note that the extra small terms that have been neglected in (5) can be absorbed in w '(t ) .
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Fig.1 A schematic drawing of the cell (diameter approximately 28 cm). On the left the elicoidal Pd (Pt for the

blank run) cathode (diameter 50 um, length 250 cm) and the Pt anode (diameter 250 um) are shown, together with their
quartz supports. On the right the spatial configuration of the Pt100 thermistors array and the resistance heater used to

calibrate the cell are shown.
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Fig. 2 The electric arrangement of the electrolytic cell.

A typical determination of a appears in Fig. 3, where the isoperibolic period lasts six hours.
Use of the calorimetric equation with such “dissipative coefficient” yields the typical result of Fig.

4, where the efficiency €= ::/7" is plotted. The “blankness” of the cell is particularly noteworthy.
Also noteworthy is the fact that Figs. 3 and 4 are representative of dozens of experiments, that
yielded within the experimental errors the same null results.

We then turned to “black” (“black” here is used as the opposite of “blank”, which stems
from the French blanc, white), i.e. the perfect copies of the “blank” cells, but for the cathode, where
the Pt-wire is replaced by a Pd-wire, of equal length and diameter. The big surprise came from plots
of the type reported in Fig. 5 where, after an initial determination of the dissipative coefficient close
to that of the typical “blank” cell, we note an almost sudden substantial increase of a, and with it of
the excess power (see Fig. 6).

Again the same fact was observed in the about fifty similar experiments that we have
conducted. Figs. 3-6 are to my mind a dramatic asseveration of Martin Fleischmann's insight and
wisdom. Had he followed the obvious choices, he would have completely missed the new
wonderful physics of the “black” cells.
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Fig.3 The calculated dissipation coefficient a(f) for the

blank cell. Every point corresponds to a period of 6 hours
and during this period @ is assumed constant.

Fig.4 The efficiency & vs. time for the blank cell.
The typical error for this run is about 0.7 W.
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Fig.5 The same as Fig.3 for the black cell. Fig.6 The same as Fig.4 for the black cell.

But what is then such new physics ? As far as theory is concerned I have already argued (see
in particular Chapt. 8 of Ref . [1] and Ref . [2]) what are the new aspects that must be at play in CF
phenomena, QED coherence of the deuteron plasmas foremost among them. And it is precisely the
incredibly subtle coherent motion of the fusing deuterons that should make us expect mechanisms
of energy release that are also highly coherent, very different from the disorderly interaction that
heats, for instance, a conductor when an electric current flows through it. Among such mechanisms
(leaving aside the nuclear ones that may well be responsible for the appalling alchemy that seems to
be associated with CF [4]) most important is the coherent production of a rich spectrum of X-rays,
mainly soft (of a few tens of eV), that get absorbed only partly in the calorimeter, and may produce
transient states in the D,0 (high temperature steam) that could leave the system through the escape
routes of the gases of the electrolysis.

If that is the case, we have now a satisfactory way to understand the difference between the
situations depicted in Figs. 3-4 and Figs. 5-6, and the disheartering elusiveness of the CF excess
heat. Furthermore we have now also good reasons to believe that what we measure by isoperibolic
calorimetry is but a lower bound of the energy that gets produced through CF, the isoperibolic heat
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pulse is in fact a very conventional energy source whose mixing through heavy water to the exotic
CF energy source is rather unlikely to be complete.

A second campaign of measurements has been conducted with somewhat different cells (see
Fig. 7) and considerably higher W, and (V,., V ). Figs. 8 and 9 show a typical experiment
with a blank cell, while Figs. 10 and 11 refer to a typical “black” cell output: a full confirmation of
the strange observations of the first campaign [5].

Fig. 7 The cell of the “second campaign”.
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Fig. 10 The same as Fig.8 for the black cell. Fig. 11 The same as Fig.9 for the black cell.
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4. The (preliminary) response of a more traditional calorimetry

In order to give a more direct proof of the surprising deductions of the previous Section, we
decided to embed our cells in a flux calorimeter, according to the scheme appearing in Fig. 12.

The experimentation began on Oct. 1, 1996: it is thus a very preliminary stage. However, in
Fig. 13 let me show to you what we saw when we turned our experiment on. When the electrolysis
started (at time t=29000 s) we injected into the cell about 80 W, the reading of the flux calorimeter
rose with its typical time constant of about 200 s, but it stopped short of break-even and it began to
decrease in coincidence with a reading of the resistance of the Pd-wire indicating the reaching of
high loading (x>1). At this point it was realized that the flux calorimeter might be not fully hermetic
and some glass-wool was added at its top (see Fig. 13), hindering the energy flow through the gas
escape route. As a result the reading began to steeply rise until, in the attempt to check the
hermeticity of the calorimeter, the glass-wool isolation was removed. The ensuing sudden drop of
the reading stopped when the isolation was reinstated: at that point the reading continued to rise
until it reached a level more than twice the input power. An unfortunate power failure occurred then
at t=34000 s, stopping both the electrolysis and the acquisition. When the system was on again, one
had certainly lost the high loading (as a measurement of the resistance indicated) and with that CF,
and the calorimeter reading just confirmed this latter fact.

As one can see from the steps in the input power, the isoperibolic heat pulse that we applied
was 14 w, allowing us to measure at the same time the output power isoperibolically. Our analysis
shows that when the flux calorimeter reading is W,,=170 w, the isoperibolic estimate is

W,,=135+5 w, still in excess of W, = 87 w, but substantially lower than the one indicated by the
flux calorimeter.
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Fig. 12 The flux calorimeter and the electrolytic cell. Fig. 13 The first observations with flux calorimetry.

The sequence of events just described leads us to conclude that:
(1) the gas escape route is a very important dissipation channel for "black” cells;

(i1) the isoperibolic calorimetry yields a lower bound for W, ;

out ?
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(iii) when the “black” cell becomes blank, the flux calorimeter as well as the isoperibolic
method show unmistakably such happening.

5. Conclusion

The new campaign of measurements fully confirms the previous one, reported in Ref . [3]. On
the basis of this finding we may confidently state that:

(a) electrolytic cells with Pd-cathodes in the new electric configuration produce large
quantities of excess heat;

(b) the efficiencies &= 7. =1+2;

(c) the W, ’s that can be obtained are several hundred watts;
(d) the CF power densities can reach the incredible values w., = 50+100 kw/cm3.

Based on the above points the commercial production of low-grade heat producing devices
(boilers, domestic heaters etc.) before the end of the millennium does not seem to belong anymore
to the realm of teautiful dreams.
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PROGRESS REPORT ON THE RESEARCH ACTIVITIES ON COLD FUSION AT
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ENEA - Dipartimento Energia - Divisione Fusione, Centro Ricerche di Frascati
C.P. 65 - 00044 Frascati, Rome, Italy

ABSTRACT

Since 1992 the ENEA Frascati Group has performed successful experiments aimed to
measuring the excess heat produced in electrolytic cells with heavy water and a Palladium cathode.
These experiments were characterized by a substantial lack of reproducibility. On the other side, it
has become more and more clear that reaching, and possibly exceeding, a threshold in the amount
of Deuterium absorbed in the lattice (usually called the D/Pd ratio) is a necessary condition in order
to produce excess heat (D/Pd > 0.9 atomic). These considerations pushed the Group to concentrate
its activity in the study of the connection between the Palladium characteristic parameters and the
maximum reachable D/Pd ratio, by analysing and interpreting the relative absorption mechanisms.
Mastering this aspect of the experiment should allow obtaining reproducibly high charging ratios,
well above the quoted threshold, and thus hopefully reproducible production of heat excess.

This has been done in the last year, with quite promising results, that will be reported in this
paper.

1. INTRODUCTION

Starting in 1992, the ENEA Group of Frascati has concentrated its attention on the
phenomenon of heat excess production in electrolytic cells working with a Palladium cathode in
heavy water, with LiOD as the electrolyte. Due to the substantial lack of reproducibility in the
results reported up to then, a feature common to all laboratories, and to the consequent skepticism
of the traditional scientific community, it was clear that the accuracy of the calorimetry was
paramount, and this has been the aspect to which the Group has dedicated most of its attention in
the first years. A flow calorimeter was developed, reaching a very high degree of reliability, with a
high sensitivity, which permitted to keep the experimental errors in the measurement of excess
power well within 100 mW for time durations up to the order of months. Since then a series of
experiments has been performed, some of which with relevant figures as far as heat excess is
concerned, with the addition of some very stimulating side features: all of them have been presented
at the International Conferences on Cold Fusion and published in their Proceedings and in other
journals (1-4). In Table 1 the most relevant events of heat excess production measured by the Group
are listed, in order of time, with the indication of the most meaningful parameters. Note that at least
in two of the quoted experiments it was possible to exclude, by an accurate energy balance of the
whole run, the hypothesis, claimed by many skeptics, that the excess heat could be attributed to the
accumulation in the system, by an unknown mechanism, of chemical energy, the successive libera-
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Table 1. The most relevant events of heat excess production obtained by the ENEA Frascati Group

from 1992 to 1995.

Cathode | Anode | Excess of Time to AE Power excess | AP/P max Current
Heat Life | have the | (MJ) W) (%) densi
(h) excess (max) (A/em”)
(days)
Pd foil Pd 50 15 0.25 3 1000 0.2-0.8
Pd foil Pd 50 10 (h) 0.3 3 800 0.1-0.4
Pd foil Pd 8 40 0.08 4 9 1
Pd wire Pd 60 30 0.6 11 137 2
Pd wire Pt 720 20 0.35 0.2 25 0.1-0.2

tion of which could justify the production of heat. Thus, the conviction was reached in the Group
that the heat excess production in deuterated Palladium was a reality and could not be attributed to
known chemical processes.

A feature that has been increasingly clear, since the 2nd International Conference on Cold
Fusion, in Como in1991, is the correlation between the heat excess production and the amount of
Deuterium absorbed within the Palladium lattice, usually measured as the D/Pd ratio (atomic). It has
been demonstrated that a threshold in the D/Pd ratio has to be exceeded, in order to obtain the
production of heat excess: the value of this threshold is of about 0.9, at least at the normal operation
temperatures (around 300 K). Whether this condition is also sufficient has still to be proved.
However, reaching such high ratios is not at all straightforward, and can depend on many
parameters of the experiment, first among which the characteristics of the Palladium used. [We
experienced very neatly this feature. After the first two positive results reported in Table 1, obtained
with Palladium foils already present in the laboratory, we had to get more Palladium, and we did so,
buying it from the same firm, with the same nominal characteristics; with it we made more
experiments, but did not succeed in obtaining heat production. An analysis a posteriori of samples
of the two stocks showed a different "texture" in the metal, a different hydrogen solubility and a
different surface morphology.] This feature has had the effect of shifting the search for
reproducibility from the whole experiment to the ability to obtain high D/Pd ratios. In the last two
Conferences of this series we have witnessed the strong effort performed by many groups to face
this problem.

The ENEA Frascati Group has dedicated most of its resources in the last year to the study
and to the solution of this problem. The first step was to master the measurement of the D/Pd ratio,
through the measurement of the electrical resistance of the cathode. Then a fundamental approach
was chosen, which consisted in the attempt to analyse rationally the mechanisms responsible for the
absorption of Hydrogen (or Deuterium) in Palladium, trying to single out features that could be
responsible for the difficulty in absorption above D/Pd = 0.7. The stress field created by the
concentration gradients during absorption has been investigated, with the aim of finding ways to
overcome its negative effects. This will be described in next chapter.

Other two activities of the Group are worth mentioning, but will not be considered any more
in the following:

- the development of a quantum mechanical approach, with a model aimed to explain possible
mechanisms that justify cold fusion (5);

- the development of a circuit for the detection of 4He as a nuclear ash of the process, which is in
progress.
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2. STRESS FIELD EFFECTS ON THE LOADING OF HYDROGEN ISOTOPES IN
PALLADIUM CATHODES

The dissolution of hydrogen isotopes into a metal lattice is not only a problem of
thermodynamic equilibrium between the hydrogen inside the lattice and the hydrogen in the
external phase, but is also a problem of non- equilibrium in the metal, because of the occurrence of
a transport process. Both aspects of the phenomenon are correlated, since the equilibrium
concentration of the solute is achieved when the chemical potentials of the hydrogen in both
phases are equal and the transport process inside the metal lattice is driven by the gradient of the
chemical potential. On the other side, the chemical potential of the hydrogen in solid solution in a
metal lattice is strongly influenced by all field forces, such as the stress field, which modify the free
energy of the system. The hydrogen isotopes dissolving into a metal (e.g. palladium) occupy
interstitial positions and expand the lattice. This process generates a stress field when remarkable
concentration differences (strong gradients or coexistence of different phases) are created. This
stress field can inhibit the diffusion process. In the presence of a stress field the chemical potential
of the hydrogen in the palladium is modified:

p=p’-7o, @

where %is the chemical potential in the system without stress, ¥ is the molar volume of the solute

and o , the trace of the stress tensor. In the presence of a stress field the flux equation becomes:
cv

J=—D(VC—'EVO') (2)

where C is the hydrogen concentration, R the gas constant, T the temperature, and ¢ the local stress.
The diffusive flux becomes zero if:
L G)

It is easy to evaluate that, for Pd, Ac is less than ¢ around a dislocation (6). From the previous
consideration it is clear that, during the loading process, the stress field can strongly affect the
equilibrium concentration of the hydrogen in the lattice.

In Palladium, during the loading procedure, regions of higher lattice parameter (j phase)
grow within regions of lower lattice parameter (ot phase). In the region of coexistence (ot + P
phases), see fig.1a, the lattice parameter mismatch at the border between the two phases generates a
very strong localised stress field, which is unfavourable for diffusion (coherent stress). If internal
stresses can be removed, either by plastic deformation or by dislocation slipping, such stress-free
strained crystals become “incoherent”: see fig.1b. We have suggested that the negative effects due
to the coexistence of o and P phases can be avoided during the loading process, by selecting an
appropriate path on the pressure-concentration phase diagram: a detailed explanation of such a
procedure is exposed in another paper presented at this Conference, together with the encouraging
results obtained (7).

The loading process can be inhibited also by a stress gradient behind the external surface.
The stress field effect behind the metal surface is similar, in terms of stress production, to the effect
of a strong temperature gradient. The zone at higher temperature (concentration) is forced to
expand, but is bound to a zone at lower temperature (concentration) that doesn’t expand or expands
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Figure 1. Coherent (a) and incoherent (b) stress in a crystal.
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much less. Thus, in the zone at high concentration, compressed by the zone at low concentration,
the chemical potential of the solute increases and the loading can be inhibited: see fig.2. This
condition can be modified by creating a metallurgical structure in the sample able to minimize the
gradients of concentration. Now we can study, in the case of an ideal system, the effect of some
metallurgical parameters, like the boundary grain size and the diffusivity, on the mass transport
process taking place during the loading (8). The grain/grain-boundary system is sketched in fig.3; a
simple diffusive mass balance across the grain-boundary and across the grain gives the following
system of differential equations (9):

x, G 2D, X

81‘ —'Db @2 * 6 (ax)x=6/2
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=DVC

aC
2 =BVC
with boundary conditions: y=0, t=0, C=C,; y>0, t=0, C=0; x=0, Cz=Cy,, where the indexes g and b
refer to the grain and the grain-boundary respectively; d is the grain-boundary size, D the diffusion

coefficient and C the solute concentration.
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In fig. 4 and 5 the surface plots of the concentration profile in a grain are reported for two
different cases, after the same loading time. In fig. 4 the size of the grain boundary is 0.1um while
in fig.5 it is 1 um. In the former the resulting concentration gradient in the grain is larger than in
the latter. This result has been obtained under the hypothesis of an ideal system, without impurity
at the grain boundary. When impurities are present at the grain-boundary, the grain-boundary
diffusion coefficient generally is smaller. If, in our simulation, we consider two different situations,
with the same grain boundary size, but with a different grain-boundary diffusion coefficient, the
outcome is that the concentration gradient in the grain is larger in the system where the diffusion
coefficient at grain-boundary is lower: in other words, the presence of impurities can increase the
concentration gradient.

Let us now consider the effect of the stress-field produced by the concentration gradient
during loading, in terms of equilibrium loading. By using the well known stress (G) vs strain (€)
relationship, c=E¢ (where E is the Young module), and the relationship between strain and
concentration for the Pd beta phase (10):

£(C) = [1+0.044(C-Cy,,,)]

the following transport equation is carried out:

*_p2¢ 7 00445~ (1—m)Lo0.04450 %S
7=DW_(1_H)E : (g) (¢ —ﬂ)ﬁ : =7

where 7 is the percentage of relaxed stresses.

Figure 6 shows the result of the calculations: when the percentage of the relaxed stresses is
sufficiently high (1=0.85), the behaviour is substantially Fickian and the asymptotic loading value
is H(D)/Pd=1; but, if the system is not able to relax more than 70% of the stresses produced by the
loading, the asymptotic evolution changes. A further reduction of m produces a spontaneous
deloading and the equilibrium concentration can be modified. The sample considered here is
supposed to have been gas pre-loaded according to the technique described in (7).
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Figure 6. Effect of the unrelaxed stresses, produced by the diffusing Hydrogen, on the H/Pd value.
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Thus, a further increase of the loading can be obtained if the stresses are allowed to relax.
The value of the yield stress gives us useful information on the ability of the material to relax
stresses, on the basis of its initial metallurgical properties. Hence, the initial state of the sample is
very important in reducing the blocking force arising from the stress field. We measured the yield
stress for Pd-H samples submitted to gas pre-loading. Samples where the coexistence of the o and B
phases was avoided show a yield stress 50% lower. Higher values were obtained for cold worked
samples, see Table 2.

Table 2. The correlation between the yield stress values and the different
treatments of Palladium.

Loading ratio Yield stress MPa

Cold worked 0.6-0.7 275
Heated (1000°C) 0.6-0.7 148
Heated (1000°C) 0.7 102

pre-loaded in gas

3. EXPERIMENTAL RESULTS IN ELECTROLYSIS

On the basis of these considerations, we decided to perform some metallurgical treatments
on the Pd samples, then submitting them to electrolytic charging of Hydrogen or Deuterium,
looking for maximum loading. The description of the tests performed with this purpose, including
cold working and annealing at different temperatures for different times, is exposed in detail in the
paper already mentioned, presented at this Conference (7). This allowed us to select the structure
that better fits the afore mentioned characteristics. In particular, by varying the thermal treatment
temperature from 700 to 1100°C, we found that the grain dimension and the dislocation slipping
form a kind of percolative network for samples conditioned at 900°C for one hour. A possible
interpretation of such a result is that in this sample the concentration profiles are quite flat, since the
hydrogen diffusion is enhanced by the dislocation cores and/or by the ability of such a material to
relax the stresses. Charging ratios of 1 for Hydrogen and 0.96 for Deuterium were obtained with a
satisfactory reproducibility.

Another interesting effect found in the experiments is the correlation between the loading
dynamics and the loading ratio. We observed that after loading at constant current density for a
certain time, the concentration of the solute in the metal doesn’t increase any more and sometimes a
de-loading takes place. On the basis of the concepts exposed in the previous section we assumed
that such a behaviour was promoted by the creation of a stress field very close to the surface of the
sample under cathodic loading. Then we tried to remove the stresses by inverting the current for a
few seconds (anodic polarization of the sample) and/or applying a low-high current mode, just to
avoid the creation of a new stress field. The effect of this technique is well described in fig.7. A
change in the period of the low-high current mode and an increase of the current also produce a
positive effect on the loading ratio.

The material showing the best hydrogen (deuterium) solubility has been used for
calorimetric measurements under electrochemical loading in heavy water. The calorimetric system
was the same described in previous papers (1-4). The cathode was a palladium foil 150 pm thick
and with a surface of 2 cm” for each side. The loading ratio achieved a value of 0.96 with a current
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density of 50 mA/cm?, and an excess heat could be measured as a function of the current density, in
good agreement with the well known Storm's curve, reaching a maximum of 150 mW for 100
mA/cm’. In Fig. 8 three successive runs are shown, the last of which, performed after a refilling of
the solution, "killed" the effect. This effect seems to confirm that the region close to the surface
plays a fundamental role in the process.
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Figure 7. Influence of the loading dynamics on the equilibrium value of H/Pd.
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Figure 8. D/Pd ratio (light) and heat excess (dark) in three successive tests, for which the value of the current
density is reported. For the last the D/Pd ratio was lower then the threshold: thus, no heat excess was
measured. Total time = | month.

4. CONCLUSIONS

The main activity of the ENEA Frascati Group in the last year has been concentrated on the
achievement of high Hydrogen or Deuterium loadings in Palladium cathodes in a reproducible way.
A rational approach has been chosen, by analysing the absorption mechanisms in terms of the stress
fields created in the sample, and the consequent concentration gradients, which can be responsible
of inhibiting the loading.
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In practice, three roads have been followed, in order to overcome this problem, in the light
of the quoted analysis:

- a particular charging procedure has been settled, consisting in a pre-loading in gas of the
sample with a path (on the phase diagram) aimed to avoid the coexistence (a+f) phase;

- an optimized pre-treatment of the sample (annealing at 900°C for 1 hour) has been chosen;

- the dynamics of charging, i.e., short anodic polarization and high-low mode of the current, has
helped as well.

All three procedures have contributed to the achievement of reproducible high charging
ratios in Palladium samples (up to 1 for Hydrogen and to 0.96 for Deuterium). The first tests with
heavy water in a calorimeter seem to indicate that heat excess is produced when the well known
threshold for D/Pd (0.9) is exceeded.
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Search for neutron emissions induced by electric currents and phase
transitions in titanium deuteride films
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28049. Madrid. Spain.

Abstract

A complete set of NRS (Nuclear Reactions in Solids) experiments has been performed on
the Ti-D system checking as triggering mechanisms of these phenomena the imposition of electric
fields and the crossing of the —¢ and —6 phase boundaries. The experiments were accomplished
using a high pure iodide-titanium film as the initial metal matrix. Neutron measurements were
monitored while doing these experiments and no clear evidence of the nuclear fusion reaction
D+D—’He+n has been detected, the upper detection limit for this reaction being A=3x10'21f/pds.

1. Introduction

The intensive study followed during last years on NRS indicates that the achievement of
these phenomena is usually associated to certain experimental conditions. This conditions can be
summarized as follows: firstly, the employment of a metal matrix with suitable chemical and
physical properties[1] secondly, the achievement of a high deuterium loading in the matrix[2] and
finally the imposition of non-equilibrium perturbations in the deuterium-metal system[3].

Considering the three main conditions mentioned above, we present in this paper a
complete set of NRS experiments that were performed using an iodide-titanium sample as the
initial metal matrix. This sample was produced in our lab by a modified technique of the iodide
process[4] which has as its main goal the possibility of preparing very pure titanium metal.
Afterwards the iodide-titanium film is highly deuterated from the gas phase and is subjected to a
wide test of different non-equilibrium conditions in order to trigger deuterium fusion reactions in
the Ti-D system. A more detailed report has been submitted for publication elsewhere.

2. Methods

2.1 Experimental procedures

An iodide-titanium sample of 55mg mass was deposited uniformly over an electrically
selfheated tungsten filament (dimensions 40x2x0.025 mm3) that was supported in the middle of a
glass reaction chamber by two thick tungsten electrodes. The typical composition of the sample
was checked for a twin sample by EDX and AES analyses. The content of gaseous impurities is as
follows: C<1.5at%, N<2at% and O=2at%, while no metallic impurities where detected in the outer
part of the film at a typical detection sensitivity of 0.2at%. It should be remarked that there is
some diffusion of the tungsten substrate into the titanium film which reaches at most half of the
deposited film[5]. Same analyses were carried out in a commercial sample of 99.6% nominal
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purity yielding a content of gaseous impurities ten times higher than that of our film. It is well
known that the presence of gaseous interstitial impurities in titanium reduces its maximum
deuterium uptake, since these impurities also occupy similar sites in the metal matrix. Therefore, a
higher deuterium loading of the metal can be performed in iodide-titanium samples in comparison
with that of the commercial ones that are commonly used in NRS experiments.

The titanium film was deuterated in the same chamber that was used for its deposition, so
it is never exposed to air in order to avoid any superficial oxidation effects. The experimental
system for the deuteration of the sample and the performance of NRS experiments is shown in
Fig.1. It essentially comprises of two different equipments: one dealing with the thermodynamical
and electrical control of the iodide-titanium film (upper part of the figure) and the other with the
neutron detection system (lower). Both parts are time interconnected and the first one will be now
described to explain how the deuterium loading of the metal and the performance of NRS
experiments were accomplished.

The iodide-titanium sample is supported by two tungsten electrodes that allow passing an
electric current through the film which is generated by a dc power supply (Kenwood PD35-20D)
and is controlled by a function synthesizer (Keithley 3910). In addition, two thin tungsten wires
are connected to the edges of the sample, so that the well known four probe method can be used
for resistance measurements. A thermocouple (NiCr-NiAl) is located in the outer part of the
reaction chamber to get an idea about gas temperature at the environment of the sample and for
safety precautions. The reaction chamber, which is kept in vacuum after the titanium deposition, is
made of glass and is connected through a very thin glass separator to a deuteration reservoir. The
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Figure 1. Sketch of the experimental system used for the sample deuteration and the performance of NRS
experiments.
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whole set constitutes a Sieverts type apparatus composed of two volumes: the reservoir chamber
(V=77.5£1.5ml) and the reaction chamber (V=374+10ml). The reservoir chamber is attached to a
deuterium inlet (purity 99.999%) and also to a turbomolecular pump, and is equipped with a
piezoresistive transducer (Kistler 4043A) and a penning gauge. All thermodynamic and electrical
parameters are monitored by a PC with an acquisition time of 10 seconds.

To perform the titanium film deuteration, the reservoir chamber is first evacuated down to
10”torr and then deuterium gas is admitted into this chamber after crashing the glass separator
with a magnetic striker. Afterwards, the deuterium pressure is fixed to 300mbar and connections
to vacuum and deuterium inlets are closed so that both chambers form a closed system. Under
these circumstances the sample is heated up to glowing temperature (1200K) by passing a high dc
current (13A) through it. Finally, a decreasing electric ramp is programmed through the sample to
cool it slowly down to room temperature, leading to the deuterium absorption into the film as
dictated by the characteristics of the P-X-T phase diagram of Ti-D[6]. The deuterium
concentation in the pure titanium film after this treatment was evaluated, from the overall
pressure drop in the system to be in the high concentrated 8-phase (x atomic ratio D/Ti>1.6).

Once a high deuterium concentration is achieved in the sample, it is necessary to provoke
non equilibrium conditions in the system for triggering the NRS phenomena. To this aim, we
performed two different sets of experiments. In the first set, we applied different electric fields in
the sample by passing different electric current patterns through it. The second set of experiments
deals with the possible influence of phase transitions on the achievement of NRS.

The imposition of electric fields in a solid deuteride system induces important
perturbations such as the presence of electromigration processes[7] and Ampere forces[8] in the
system. Considering this scope, there were three experiments performed -denoted as Expl, Exp2,
and Exp3- corresponding to different electric current patterns, as show in Fig.2. In Expl two
constant electric currents of =1 A and =4A were passed through the sample. In Exp2, the electric
current was changed abruptly between 0.2A and 3A at a frequency of 0.8mHz. Finally, in Exp3, a
triangular current pattern between 0A to 7A at a frequency of 0.4mHz was programmed.

5 -
4 [_*—]

1(A)

5
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L
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Figure 2: Time-evolution of the electric current patterns imposed through the sample in Expl, Exp2 and Exp3.

156
ICCF-6 October 13-18, 1996 Japan




Fundamental Session

‘Material Science Studies

In relation with phase transition experiments, there are some publications that report the
detection of NRS in titanium deuteride when this system is thermally cycled around room
temperature[9,10]-which can be related to the d—€ phase transition- or around the -3 phase
transition itself[ 11,12]. To check these triggering conditions we performed two experiments, Exp4
and Exp5, in which the sample was forced to undergo the above mentioned transitions. In order to
provoke the d—¢ phase transition (Exp4) the reaction chamber was surrounded by a liquid nitrogen
dewar, meanwhile triangular electric current cycles up to 9.5A were passed through the sample.
This procedure induces thermal cycling of the sample from nearly liquid nitrogen temperature to
some value above room temperature, as checked by sample resistivity measurements. Twelve of
these cycles were programmed at a frequency of 0.4mHz. Finally, the -3 transition was
provoked in Exp5 by cycling a high electric current pattern between 6A and 13A through the
sample with an initial deuterium pressure of 300mbar in the closed reactor. Sixteen triangular-
shaped cycles were conducted at a frequency of 0.8 mHz and sixteen more at a double speed. To
verify the accomplishment of this transition both electric resistance of the sample and deuterium
pressure in the closed reactor were monitored simultaneously, reflecting without doubt the
mentioned transition as is discussed in another publication[13].

2.2 Neutron count analysis

Neutron detection measurements were carried out, while doing all the described
experiments, by two liquid scintillation counters (NE213, from Nuclear Enterprise and BC501,
from Bicron Corporation). The y—n discrimination of the scintillation counters was accomplished
by two electronic systems using a pulse shape discrimination technique. Both energy spectra and
counting time-evolution are finally recorded in different Multichannel Analyzers. In the case of
the counting time-evolution, the detected neutrons (namely counts) are collected up every 20
seconds, while in the energy spectra the counts are integrated during the duration time of every
experiment (typically 9 hours). The absolute efficiency of the detectors, taking also into account
the geometrical configuration of the set-up, are 6.6x10™* for NE213 and 5.7x10™ for BC501 at the
interesting energy of 2.45MeV corresponding to the D+D—’He+n reaction. The background
counting rate the detection systems are 5.3x107c/s and 0.26¢/s, respectively. Further information
about calibration of the equipment and other technical characteristics can be found elsewhere[14].

In order to examine the possible existence of the NRS phenomena in the described
experiments it is indispensable to compare the neutron measurements that are monitored during
the experiments with those corresponding to the natural background. To this end, we recorded the
background signals for eleven days after the completion of the NRS experiments. Due to the fact
that the time pattern of the emitted neutrons is unknown in advance (e.g. bursts or time-continuous
emissions), it is convenient to analyze the neutron counting rate for different integration times.
Selected integration times (t;) for these analyses are 20s, corresponding to the minimum
acquisition time in the experiments; 1200s, corresponding to the typical time of electric current
cycling frequency and 9h, corresponding to the typical elapsed time of the experiments.

The frequency distribution of neutron counts must obey a Poisson distribution if they are
originated by random phenomena, as is essentially expected for the natural background. This
behaviour is shown in Fig.3a, where the absolute frequency distribution of the natural background
at t; = 20s for the BC501 is compared to the Poisson distribution that corresponds to the average
value of the neutron counts (1) during t;. To discern neutron emissions during the experiments
from the Poisson background it should be establish a confidence level that dictates the neutron
detection limit of the system. Taking 99.9% as the confidence level, the detection limit for BC501
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Figure 3: Absolute frequency of the neutron background detected by the BC501 system and statistical
approximations at integration times of 20s (a) and 1200s (b). In both graphics the significant region corresponding
to a confidence level >99.9% is expressly pointed out.

is 15 counts at t; = 20s, corresponding to a neutron emission rate of 85 n/s. This detection limit
implies that if 15 or more counts per 20s are detected by the BC501 system, they can be
considered as NRS significant signals at a 99.9% of confidence level.

A similar analysis has been performed for the other t; values. At t; = 1200s the Poisson
distribution approaches to Gaussian, as the value of A considerably increases (Fig.3b). The
confidence level of 99.9% corresponds now to a deviation value of 3.29¢ from A, the detection
limit in the BC501 is 377 counts per 1200s and the neutron emission rate is 9n/s. Finally, at t;=5h
the registered background time is insufficient to get good approximations to a statistical function.
Nevertheless, it can be considered that we are still dealing with a Gaussian distribution and to take
the deviation value of the neutron counting for significant signals as 3.29c. However, the
Tchebychev theorem states that the confidence level for this assumption is only of 90%. The
minimum neutron emission that can be detected in the BC501 is in this case of 3n/s. This
detection limit implies, considering the sample titanium mass (55 mg) and its deuterium content
(X=1.5) a neutron detection rate limit of A=3x10’21f/pds. In Table I, the neutron detection limits
for both detection systems at the different integration times are summarized.

Table I: Neutron detection limits in the NE213 and BC501 systems at different integration times (t,). The detection
limit is given as neutrons per second emitted from the sample and counts per (; detected by the equipment.

NE213 BC501
_Integfation time Neutron detection Significant Neutron detection Significant
limit (n/s) counting level limit (n/s) counting level
(Counts) (Counts)
20s 220 3 85 15
1200s 11 15 9 377
9h 2  A+3.290 3 A+3.290
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3. Results and Discussion

The neutron measurements were analyzed for every integration time and compared with
the neutron background. It should be remarked that the electronic system associated with the
NE213 detector suffered a misfunction during Exp4, so that no neutron data will be offered for
this detector in Exp4. All other neutron data are now presented and discussed.

The highest values of counting rate registered at t=20s for every experiment are
summarized in Table II. For this value of t;, the significant events respond to a counting rate equal
or higher than 3 counts in NE213 and 15 in BC501. The most anomalous result has been found in
Expl, in which 3 counts were detected once in NE213 and 16 counts were detected twice in
BC501. Nevertheless, the absolute frequency of these events for the background Poisson
distribution is still important: 0.76 for NE213 and 0.37 for BC501. Besides, there is no time
correlation between the significant signals in both detectors. Therefore, in spite of the detection of
these anomalous events, we can not assert the presence of the NRS phenomena at short integration
times (t;=20s) with a detection limit of ~100n/s.

Table II: Significant events monitored by the neutron detection systems at t;=20s. k-F(k) indicates the highest
counting value in the experiments and its absolute frequency (in parenthesis). F(k) background stands for the
absolute frequency in the background of the monitored significant events in experiments. The absolute frequency is
only given in significant events.

Expl Exp2 Exp3 Exp4 Exp5
NE213 k-F(k) 3(1) 2 3(1) . 2
F(k) background 0.76 ; 0.29 - :
BC501 k-F(k) 16(2) 15(1) 16(1) 16(1) 14
F(k) background 0.37 0.51 0.14 0.15 -

The significant events at t;=1200s -corresponding to the typical cycling time- are those
with a counting rate equal or higher than 15 counts in NE213 and 377 counts in BC501. While no
significant events have been detected in NE213, some significant ones were observed in BC501.
The most anomalous outstanding events present a deviation from the background average of 5.0c
(Exp3) and 4.3c (ExpS). It should be noticed that both experiments were done with similar
electric current patterns: triangular-shaped waves reaching high electric current values. The
neutron counting in BC501 and the electric current time evolution for both experiments are shown
in Fig.4. It can be observed that the significant events were detected in both cases after the
imposition of many electric current cycles and also that the detected counts in every interval have
often a higher value than the background average level. All these observations could indicate a
slight neutron emission from the titanium deuteride film, however other facts contradict this
possibility. Firstly, as was previously pointed out, no significant events were detected by NE213,
being the detection limit for both scintillation counters practically the same: 11n/s in NE213 and
9n/s in BC501. Secondly, there was found no correlation in every experiment itself between the
significant events and similar electrodynamic states, as is denoted in Fig.8 by the vertical lines. In
other words, while imposing the same electrical conditions to the sample not always significant
events were detected. From this point of view, the significant events detected by BC501 could
possibly be related to a shift in the natural background or to a small drift in the electronic system
associated with this detector. In conclusion, it is not possible to claim for sure the presence of
NRS phenomena in the conducted experiments with a time pattern similar to the electric current
cycling frequencies. Nevertheless, future experiments would be desirable to be done for checking
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Figure 4. Counting time evolution detected by the BC501 system at t,=1200s in Exp3(a) and Exp5 (b). The electric
current time-evolution in these experiments is also depicted. The horizontal dotted lines indicate the average
counting value of the background (). The horizontal continuous lines stand for a deviation value of +3.29G from A.
The different counting rate between two events monitored at identical electrodynamical conditions is indicated by
vertical continuos lines

if long electric cycling at high currents could induce the presence of NRS phenomena in titanium
deuteride.

Finally, the whole neutron counting for every experiment was analyzed and the results are
presented in Fig.5. The results match well with the background measurements, except in the case
of the detected counts by BC501 in Exp3, where a deviation of 3.6c from the background average
was monitored. In any case this possible neutron emission was not corroborated by NE213. It
should also be realized that the collected counts are in most of the cases higher than the
background average recorded after completion of the NRS experiments, indicating a possible shift
of the registered background level. To conclude, there was no detection of any continuous NRS
phenomena in these experiments at a detection limit of 2n/s, corresponding to a fusion nuclear
reaction rate in the sample of A=3x10'21f/pds.

24000,

329 b)

400

k (Counts)

Bt

160
[ ICCF-6 October

i7 %

Bp2 Bp3 Bps Bp5

13-18, 1996 Japan

k (Counts)

| E
20000

16000 -

12000+

1

8000 J

"+ Experiments
! 0 Background

LN

Exp1

EBp2 Bpd EBpd EpS

Figure 5: Neutrons detected
by the NE213 system (a)
and BC501 system (b)
during the whole elapsed
time of every experiment.
The experimental data is
represented by cross
symbols, the background
signal average ()) by
circular symbols and the
deviation of +3.29c form A
by error bars.



Fundamental Session

Material Science Studies

4. Conclusions

There has been a complete set of NRS experiments performed after deuteration of a high
pure iodide-titanium film. This sample has been subjected to different electric fields and has been
forced to undergo the 86— and —0 phase transitions in order to trigger deuterium fusion reactions
in the Ti-D system. Neutron measurements monitored during these experiments have been
analyzed considering distinct time patterns and have been compared with the natural background.
No clear evidence of the presence of NRS phenomena during experiments have been found, being
the upper limit for the rate of the D+D—"He+n reaction of A=3x10'21f/pds. Nevertheless, some
anomalous events were monitored in one of the neutron detectors when multiple electric current
cycles up to high values were performed in the samples, which makes desirable a further
investigation on this aspect.
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Calorimetric Enthalpies in the B-phase regions
of Pd black-H(D) Systems
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Abstract

The enthalpies for the reaction of gaseous hydrogen and deuterium with palladium
black in B-phase region have been measured in the temperature range 323 K to 194.5 K
and pressures up to about 7.6 MPa of Hz(D2) using a differential heat flow low
temperature calorimeter. The calorimetrically determined enthalpies, AHy(p), for solution
in the B-phase regions of 0.7<H/Pd<0.9 and 0.65<D/Pd<0.83 for Pd black-H(D)
systems become less exothermic almost in a linear fashion with increasing H(D) content,
independently of temperature. The variation in AHy() values with H(D) content are in
agreement with that calculated from van't Hoff plots of the relative chemical potentials of
hydrogen and deuterium. Enthalpies of almost the same magnitude are obtained from the
desorption data. At the same H(D) content, the AHy values for Pd black-H system are a
slightly more exothermic than the AHp values for the Pd black-D systems. The
corresponding entropy, ASymp), on absorption calculated from the calorimetrically
determined AHyp) and the relative chemical potentials have a tendency to decrease
gradually with increase of H(D) content independently of temperature, however there is
no marked difference in the magnitude of the ASy(p) values between the two systems.

1. Introduction

The excess heat generation in "cold fusion" reactions [1-3] during electrolysis of
D2O/LiOD solution at room temperature by Pd cathode, although observed with poor
reproducibility, seems to be closely related to highly deuterated Pd, D/Pd>0.83 [4-7],
where the electrical resistance of the deuterated Pd electrodes should still be high, even
though the resistance passes through the maximum near D/Pd=0.75 [8,9]. Many
experimentally unknown factors exist, for instance the electrical quantities introduced into
the electrolysis up to the onset of the heat generation, the action of the Li ions contained
in the electrolyte on the electrode surface, and the variations in electrolysis current density

and electrode overpotential etc. during the electrolysis.
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If the key factor for the excess heat generation is a "high deuterium content" in Pd, the
observation of any heat generations by a gas phase method is rather free from
unnecessary complications compared to the electrochemical method mentioned above.
Calorimetric enthalpies obtained by gas phase method, together with p-c isotherm
measurements, should also reflect the dynamic conditions as the electrolysis method,
because the dynamic conditions are related to the hydriding or dehydriding processes.

In previous measurements [10] of the calorimetric enthalpies for the reaction of
gaseous hydrogen and deuterium with bulk Pd as a function of H/Pd and D/Pd contents
up to about 0.865 and 0.85, respectively, in the temperature range 298 K to 194.5 K
using a differential heat flow low temperature calorimeter, it has been found that the
calorimetrically determined enthalpies, AHu(D), for solution in the B-phase regions of
both systems becomes less exothermic almost in a linear fashion with increasing H(D)
content, independently of temperature. The AHy(p) values are in agreement with the
values determined ftom van't Hoff plots of the chemical potential of dissolved hydrogen
and deuterium in Pd measured by Wicke and Nernst [11]. At the same H(D) content, the
AHH values for Pd-H system are a slightly more exothermic than the AHp values for the
Pd-D system. Enthalpies of almost the same magnitude are obtained from the desorption
data. These results are also in agreement with the previously reported values by Flanagan
et al. [12], although the enthalpies for absorption of hydrogen determined by Tkacz and
Baranowski [13] using a high pressure device in the range of H/Pd=0.87 to 0.995 show
a large exothermicity with increase of hydrogen content.

The present study was to obtain calorimeteric information about the enthalpies of
reaction of gaseous hydrogen and deuterium with Pd black at high H(D) contents at
temperatures between 323 K and 194.5 K by a combination of twin-cell, differential heat
flow calorimetry and p-c isotherm measurements.

Frieske and Wicke [14] have shown that the assumption that p-c isotherm, p(r), and
magnetic susceptibility, ¥ (r), measured on Pd black are valid for bulk Pd generally leads
to misinterpretations. The characteristic differences between bulk Pd and Pd black are as
follows : Pd black has 1) reduced hysteresis loops, ans 2) displacements of the p(r) and
the %(r) isotherms towards higher r values, and 3) smaller susceptibility at r—=0 compared
with bulk Pd. These differences can be attributed to the special features of the dispersed
state of Pd black with high surface area and strong lattice distortions. However, the
values obtained for the critical temperature, Tc=290+3 °C and pressure, pc=19.5+0.2
atm agree with the results for bulk Pd within the experimental errors [14]. Therefore, it
is also interesting to examine whether there is a difference in calorimetric enthalpies or not
between Pd black-H(D) and bulk Pd-H(D) systems.

Arata and Zhang [15,16] have reported that in their cold fusion experiments using a
double structure cathode vessel filled with Pd black (0.1 mol), an excess energy higher
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than 200 MJ was obtained with an average rate of 50-100 kJhr!, although in this case the

chemical reaction energy between Pd and deuterium is only 4 kJ.

2. Experimental details

The Pd black used in this study was powder less than about 45 um of Wako Pure
Chemical Industries Ltd. The purity is > 98.1 %, the remainder is moisture. The twin-
cell differential heat flow calorimeter used in this study is the Setaram low-tempretaure
calorimeter (model BT 2.15 II). The two identical hydriding cells, i.e., the reaction
(sample) vessel and reference vessels of the calorimeter are connenected to a Sieverts p-c
isotherm measurement apparatus, where a filter gasket was inserted between the
connecting tube and both the vessels in order to avoid suction effect disturbaces of
powder samples on evacuating.

About 6 gr. of Pd black was used as a sample in the reaction vessel by mixing Cu
foils with about 50-60 wm thickness and about 2 mm x 2 mm. An amount of Cu, whose
volume was the same as that of the (Pd black + Cu foils) in the reaction vessel, was
placed in the reference vessel in order to improve the heat conduction. In order to obtain
an highly active state for the p-c isotherm measurements and calorimetry, the vessels
were completely outgassed at about 4 x 10-® Pa and at 573 K, and then the samples were
exposed to hydrogen gas of about py2=0.1 to 3 MPa for 10 min. Subsequently, the
vessels were slowly cooled down to ice water, and dehydriding was then accomplished
by re-heating at the same temperature. This hydriding-dehydriding treatment was
repeated more than ten times.

In addition to the calorimetry at 298 and 323 K, low temperature calorimetry at 273
K, 237 K (Pd black-H), 233K (Pd black-D) and 194.5 K was carried out, respectively
by controlling temperatures with a Setaram CS-32 controller under cooling with a liquid
nitrogen flow. The variation in the temperature was +0.01 to = 0.02 K at all the
measurement temperatures.

For the high pressure experiments, it is in general difficult to obtain precise p-c
isotherm data even for Pd-H(D) systems, because of the small variations in the high
pressures due to the gas valve-handling operations and small variations in temperature of
the measuring system, leading to significant errors in hydrogen moles absorbed or
desorbed. In this study in order to avoid the difficulty of obtaining H(D)/Pd values at
higher pressures, it was assumed that high pressure solubilities coincide with the values
obtained by extrapolating from low to high pressure isotherms using a relation of log
fH2(p2)y=-A(T) + B(T)-H(D)/Pd [10,11], where fyyp2)is the fugacity of gases, A(T) and
B(T) are temperature-dependent constants ; by measuring the initial and final equilibrium
pressures during the absorption and desorption processes, the H(D)/Pd values were
calculated according to the relations. Furthermore, the low temperature calorimetric
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measurements with higher pu2(p2) pressures at low temperature are generally difficult [1],
because when the reaction valve for Ho(D2) absorption (introduction) was opened, an
instantaneous heat flux was produced from the reference vessel towards the sample
vessel before the occurrence of heat flux due to the heat of solution. Conversely, on
opening the valve for Hx(D2) gas desorption (removal), an heat flux in the opposite
direction is instantly produced. The origin of the instantaneous heat flux generation on
opening the reaction valve for absorption or desorption is unknown, however, it may be
associated with the differences in heat conductivity and/or in specific heat between the
sample vessel containing Pd and Cu foil samples and the reference vessel containing only
Cu foils, i.e., with the difference in heat transfer effects between both the vessels from
the gas reservior which is not at the calorimeter temperature. Therefore, these
phenomena lead more or less to the errors in enthalpy values derived from the integration
of the heat flux vs. time curves.

3. Results and discussion

Figures 1 and 2 show the calorimetrically determined enthalpies for hydride and
deuteride formations at different temperatures for Pd-H and Pd-D systems, respectively,
together with calculated enthalpies from van't Hoff plots of relative chemical potentials
shown in upper part of the same figures.

It can be seen that the calorimetrically determined enthalpies for hydrogen and
deuterium absorptions in the B-phase region become less exothermic almost linearly with
increasing H and D contents, independently of temperature, and that the linearly
decreasing tendencies for both systems are in agreement with the calculated values from
van't Hoff plots. The dependence of the present calorimetric enthalpies on H and D
concentrations in the range 0.70<H/Pd<0.90 and 0.60<D/Pd<0.83 is expressed as :

|AHH| (kJ(molH)™!) = 48.06 - 42.39-H/Pd
and

|AHp| (kJ(molD)!) = 44.99 - 41.89-D/Pd
At the same H(D) content, the enthalpies for Pd-H system are a little more exothermic,
about 3 kJ(molH)! than that for Pd-D system. Enthalpies of almost the same magnitude
are obtained from desorption data. Compared to the previously determined enthalpies for
bulk Pd-H(D) systems [10], there is no marked difference in the magnitude of AHy(p)
values within the experimental errors between the bulk Pd and Pd black samples.

Figures 3 and 4 show the corresponding entropies calculated from the relation of
ASH(p) = AHHoyT - Rlnp}{%(m) for Pd-H and Pd-D systems, respectively, together with
values determined from van't Hoff plots. There are scatter in the entropy values,
however, it can be seen that the entropies for H and D absorptions have a tendency to
decrease gradually with H(D) content independently of temperature. At the same H(D)

165
ICCF-6 October 13-18, 1996 Japan 1




Fundamental Session_

Material Science Studies

content, the entropies for absorption in Pd-H system are a little larger than that for Pd-D

system.
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Fig. 1 Calorimetrically determined enthalpies for hydride formation at different

temperatures in Pd-H system,together with calculated enthalpies from van't Hoff
plots.O,@.,323 K,A,A,298 K,[1,273 K, +,237 K,O,4,194.5 K (open symbols
=absorption,closed symbols=desorption). The ph2-H/Pd isotherms at each
temperature[10,11] are shown in the upper part.
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Fig. 2 Calorimetrically determined enthalpies for deuteride formation at different
temperatures in Pd-D system,together with calculated enthalpies from van't Hoff
plots.O,@,323 K,A,A,298 K,[1,273 K, +,237 K, , 9,194.5 K(open symbols
=absorption,closed symbols=desorption). The pp2-D/Pd isotherms at each

temperature[10,11] are shown in the upper part.
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Fig. 3 Relative partial molar entropies for hydride formation at different temperatures
in Pd-H system,together with calculated entropies from van't Hoff plots. O,@, 323 K,
A, A,298 K,[1,273 K,+,237 K,O,49,194.5 K (open symbols=absorption, closed
symbols=desorption).The pH2-H/Pd isotherms at each temperature[10,11] are shown
in the upper part.
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Fig. 4 Relative partial molar entropies for deuteride formation at different
temperatures in Pd-D system,together with calculated entropies from van't
Hoff plots. O,@, 323 K, A, &A,298K,[1,273 K,+,233 K,O,4,194.5 K
(open symbols=absorption,closed symbols=desorption).The pp2-D/Pd
isotherms at each temperature[10,11] are shown in the upper part.
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PARAMETERS AFFECTING THE LOADING OF HYDROGEN
ISOTOPES INTO PALLADIUM CATHODES

E. L. Tanzella, S. Crouch-Baker, A. McKeown*, and M.C.H. McKubre,
M. Williams and S. Wing
SRI International, Menlo Park, CA USA,

*Present Address: University of Strathclyde, Glasgow, Scotland

Abstract

We have tested our new Degree of Loading (DoL) cell design which can be directly
transferred to the SRI mass flow calorimeter. We have shown that appropriately prepared Pd
cathodes can reach high loadings in this new design and that the cells can be transferred to the
calorimeter without degrading the cathode’s or cell’s performance. In all of the experiments the
cathode deloaded at higher current densities, and ostensibly identical cathodes yield significantly
different D:Pd loading/current density profiles.

In the new cell design high purity Pd from IMRA Materials and Johnson Matthey have
generally loaded better than recent lots of 99.9% Engelhard Pd. Pd that IMRA Materials cast in air
with added CaBy held its loading best at higher current densities. Electrolyte additives Al, Si, Nd and
Sm had no perceptible effect on loading behavior. The regular addition of CI ion, similar to what
might happen when topping up open cells, can increase or maintain loading. The presence of Cu is
detrimental to good loading.

Electrochemical surface potential (Egyrf) measurements made in H SO, yield potentials similar
to those predicted by high pressure H, loading experiments. LiOH (L10D) srgmfrcantly affects E__
but that effect may be deconvolved to allow an estimate of the surface loading in alkaline electrolytes

1. Introduction

Our laboratory has been studying"6 the electrochemical deuterium loading characteristics of
palladium for over 7 years. This is in conjunction with our program to measure for anomalous heat
effects reported to occur in such experiments. We have measured ~ these anomalous effects, excess
power, several times in our mass flow calorimeters. We have found certain D:Pd loading levels and
current protocol parameters necessary, but not sufticient, to yield excess power. We use a pre-
calorimeter trial, which we refer to as a degree-of-loading (DoL) “farm”, to ascertain which cathodes
can achieve these loading/current criteria. We observe a lack of reproducibility among replicates
which we ascribe to metallurgical, chemical, or physical differences presently beyond our control.

The near-surface loading of hydrogen isotopes into Pd will affect the bulk crystalline loading,
H(D):Pd_ as well as the Pd surface potentral Fleischmann’ and Storms® have separately reported
using Pd’ potentrals as a predictor of oncoming excess power in these experiments. We report here
our efforts to measure Pd surface potentials (E,,,) and correlate those potential with H(D):Pd,

As shown in our earlier reports we have found three necessary, but not sufficient,
simultaneous conditions for production of excess power in the D/Pd electrolysis system:

. High D:Pd loading (>0.89)
. High current densities (> 300 mA-cm’)
. Long times at loading

Most of our early successful experiments used a single lot of Pd obtained from Engelhard
designated as E#1. We found our original preparation protocol yielded more reproducible, better
loading, when compared to using Pd as received. These early cells also used a relatively small
electrode chamber with rather uniform current distribution. The original calorimeter cell design was
modified to accommodate larger cathodes, larger inventory of electrolyte, more efficient heat transfer,
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and special safety procedures. Loading results in this modified design were poor. We also attempted
to transfer already-loaded cathodes from small DoL cells into the larger calorimeter cells, with
disappointing results. New calorimeter cells were redesigned with an elecwode chamber similar to
that used in earlier experiments. These cells were operated thermodynamically closed with internal
recombiner catalysts and capable of withstanding 5 atm. pressure for calorimetric reasons.

Based on reports”® of using cell potential measurements to predict excess power production,
we devised experiments to correlate cell voltage, surface potential, and bulk loading measurements.
We used results of Baranowski’ to correlate surface potential (E__) with surface loading
(H(D):Pd,,p).

2. Experimental
Figure 1 shows a schematic diagram of the DoL cell used in this program. The electrode
chamber and experimental protocol are similar to those described earlier."

Electrolyte is added to the cell only after potential is applied to prevent oxidation of the pure
Pd. The initial current density is chosen such that 17 <1 <35 mA-cm™. The cell is then flushed
with 5 volumes of H,(D,) or N,. To ascertain steady-state loading measurements, the current is
stepped to high values of i in regular intervals. The length of time at each current is chosen to
minimize de-loading at higher current densities. After H(D):Pd__ is achieved in the first loading cycle
the cell current is reduced to the minimum current density and an automated current step protocol is
initiated. This protocol has a repeat period of 48-96 hours. Table 1 shows a typical current step
protocol for a 1 mm x 30 mm cathode, where positive currents are cathodic and negative currents

anodic.
Table 1
Current Step Protocol
Time (hr) 00524 32 40 48 56 64 72 80 88 96=0
i (mA/cm?) -35 35 50 100 200 300 400 500 750 1000 35 -35

Someunmes the length of time at higher current densities is reduced to minimize deloading.

N

TAY
(]

"v

ad.
AN

)
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Hydrogen Reference Electrode Auxilary Ancde

Figure 1. Degree of Loading Cell Figure 2. Electrochemical Surface Potential Measurement Cell

The Pd cathode rods, either 1, 2, or 3 mm diameter, were 30 mm long. Engelhard 99.9% Pd
was machined from either 3.2 mm diameter to 3.0 mm or from 3.0 mm dia. to 2.8 mm diameter. No
surface machining was applied to the Pd from other sources. Cathodes larger than 2 mm dia. usually
had notches machined near each end to accept Pt wire contacts. The experimental data acquisition
system has been described elsewhere. Cathodes were prepared from Pd supplied by Engelhard
(E#n, where n is our lot number), IMR A Materials (I/M) or Johnson Matthey (J/M). DoL cells were
operated in an air-cooled safety enclosure containing a quartz double-bubbler filled with D,O
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connected to the cell’s gas outlet tube to minimize contamination from moist air. The gas inlet tube
was stoppered with a rubber septum and used to make gas or liquid additions.

Figure 2 shows the three-compartment cell used for electrochemical surface potential
measurements. Two quartz cylindrical cells, 25 mm dia. x 70 mm tall were connected together with a
quartz tube. The reference electrode compartment is a quartz tube, 10 mm dia. x 70 mm tall attached
at right angle to the central electrolysis chamber. The connecting tubes have vertical slopes as shown
in the figure to minimize O, contamination in the reference compartment and the main electrolysis
chamber during the surface potential measurement. The cell was sealed with two H,O-filled double
bubblers. H, was continually bubbled over the Pt reference electrode (5 x 5 x 0.1 mm), which had
been platinized for 20 seconds at 50 mA in a 2% H,PtCl, solution. N, continually flushed O, out of
the central electrolysis chamber. This cell design was chosen as analogous to the method for
reference potential measurement used in the DoL cells which cannot accommodate a Luggin capillary.

Johnson Matthey (J/M) special lot “Z” (low Pt-group metal) 1 mm wire was cut to 10 mm
long and solvent cleaned for this experiment. The cathode was annealed, Pt lead wires attached and
acid etched as described in earlier reports.'” A 24-hour repeating automatic current protocol similar to
that described for the DoL cell was employed. Every hour the cell was set to open circuit for 2
seconds and the potential between the hydrogen electrode and the Pd cathode was recorded at ~ 25 ms
intervals. Fifteen minutes before each open circuit decay the power supply anode connection was
moved from the central anode to the auxiliary anode using a computer controlled 40 A mechanical
relay. This was done to allow the N, to purge the O, from the main electrolysis chamber. The data
acquisition system was similar to that used for the DoL cells.

A DoL cell used for empirical E_ ; measurements had D, bubbled over a platinized Pt
hydrogen reference placed directly below the Pd cathode. The potential was measured without the
use of an auxiliary anode.

3. Results

Since we are unable to design experiments which are guaranteed to yield high loading we
perform replicates of those experiments which we feel are most likely to do so. From these replicates
we choose the cells which best meet our three criteria and transfer them to the calorimeter. This
requires us to load Pd cathodes in the DoL farm using the identical cell used in the calorimeter. We
therefore tested different Pd sources for cathodes that can load well in a closed cell, with a recombiner
catalyst at room temperature.

There are three criteria which must be met to assure the viability of the DoL farm concept: (1)
The cathode must survive extended periods, up to 120 minutes, of open-circuit without degrading
subsequent loading performance. (2) Cathodes must load well at room temperature in a closed cell
with a recombiner catalyst. (3) The cell must survive the physical transfer from the DoL farm into the
calorimeter without degrading its performance.

Testing the first criterion, Figure 3 shows a typical loading curve (R/Rg vs time) for a 3 mm
diameter cathode under three different current protocols designed to test a cathode’s sensitivity to
open-circuit. The three current protocols used are (1) a 5 hour open circuit step; (2) a 4.5 hour open
circuit step immediately before a 0.5 hour anodic strip; and (3) a 0.5 hour anodic strip. The open-
circuit step does not degrade and probably enhances the cathode’s subsequent loading, at least for the
next few cycles.

Although this experiment used E#5 Pd, 3 mm diameter x 30 mm long annealed before use, we
have found this result to hold true for all of the Pd that we have tested. This protocol may allow
surface impurities to desorb slowly without disturbing the Pd near-surface structure. Alternatively,
absorbed D may relax slowly until D:Pdypyx and D:Pdgf are equal, minimizing stress on the Pd grain
structure. We are not yet able to distinguish the effects of these and any other possible mechanism
initiated by an open-circuit step.

Figure 4 shows the results of our attempts to load a cathode of I/M#1 Pd (cast in air with CaB_
added), 1 mm diameter x 30 mm long, with D to D:Pd > 0.95 (R/Ry < 1.6). This experiment verifies
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that we can load a Pd cathode to high loading in the new DoL cell for transfer into the calorimeter.
However, the cathode deloads at extended times and _at higher current densities. It is encouraging that
the loading of ~ 0.95 is maintained at ~ 400 mA-cm™, which implies that other cathodes from this lot
should be able to sustain high loading at moderate current densities for extended periods.

2 T4.5
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Figure 3. Effect of open-circuit and anodic strip  Figure 4. Typical loading curve for a well
protocols on loading loaded Pd cathode

In another experiment, cathodes identical to those used for the experiment shown in Figure 4
with a 1 M LiOD electrolyte with no additives, yielded significantly different D:Pdmax results.
Occasionally the loading for the poorly-loaded Pd increases with current such that cathodes which had
significantly different loading at lower current densities have the same mediocre, but stable loading, at
some higher current. Loading performance is quite reproducible over several cycles within the same
experiment. The good individual reproducibility allows us to draw conclusions about different
parameters by comparing the best loading performance from each set of replicates or about different
additives by making additions during experiments.

Next, we studied Pd cathodes of a different source and treatment, all performed in 1M LiOD
without electrolyte additives. The results are shown in Table 2. Obviously in this cell design, I/M
#1, /M #2 and J/M “Z” are better than E#5 for initial loading. However I/M #1 holds its loading best
at higher current densities. Also we found earlier that annealing and etching the Engelhard Pd
cathodes in our laboratory was necessary for good loading but similar processing by IMR A Materials
at hhe 'tin;)ei of manufacture made further processing at SRI unnecessary and, in some cases
undesirable.

Having established the baseline performance of different cathodes in pure LiOD we compared
this to the performance found using electrolytes containing 200 ppm Al, shown in Table 3. This Al in
LiOD electrolytes shows no beneficial effect on any of the cathodes tested in the new cell design when
compared with LiOD. Also shown is a comparison of loading results in the old cell designs using
Engelhard cathodes with LiOD and Al, where the E#3 cathode loaded very well. Dissolved Al
usually improved and never diminished the loading in the old cell design.
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Table 2

Different Pd Sources, No Additives

Sample Pd _ D:Pd @ 300 mA-cm™
i D:Pdmax/i (mA-cm?) i
AAS E#5, 3 x 30 m, anneal, etch. 0.93/300 0.93

V4 I/M#1*, 1 x 30 mm, etch > 0.95/100 0.93
X3 I/M#2*,1 x 30 mm > (0.95/200 0.9
Y6 JM (“Z”) 1 x 30 mm, etch 0.95/150 0.94

* Annealed and etched by manufacturer

Table 3
Effect of Al in Electrolyte
Sample| Pd Source [ Additive | D:Pdmax /i mAcm? | D:Pd @ 300 mA cm?
AAS Eng. #5 -- 0.93/300 0.93
U5 Eng. #5 Al 0.92/100 0.88
V4 /M #1 -- > 0.95/100 0.93
U3 /M #1 Al 0.95/100 <0.88
V2 IIM*“7” -- 0.95/150 0.93
V3 IIM 7" Al 0.92/100 0.8
Sat Eng. #3 Al 0.97/160 0.93
S4 Eng. #5 Al - 0.93/80 0.91
0Old Cell Design

Table 4 summarizes the effect of some dissolved species and some in-situ additions on
cathode loading. The Rare Earth elements Sm and Nd were added at the suggestion of Professor
Hagelstein of MIT in hopes of depositing them onto the Pd to yield anomalous radiation or thermal
effects. The presence of these metals, attached to the Pt anode, had no significant effect on loading
performance. Experiments U3 and U2 had ~ 200 ppm Al dissolved in the electrolyte at the outset and
both cathodes had loaded to D:Pdmax = 0.95. On day 21 of the experiment ~ 1000 ppm Si and
~ 2000 ppm Cu were added to cells U3 and U2, respectively. The Si addition had no significant effect
on the loading performance of the U3 experiment while the Cu addition reduced D:Pdmax = 0.91.

Open cells may yield higher loading than those in closed cells due to Cl- and other ion
additions during the D,O top-up which may contain impurities leached from the storage bottle.
Experiment X1 had run with no electrolyte additives until day 50 when 1 ppm LiCl was added,
whereafter the maximum loading increased from D:Pd = 0.9 to ~ 0.93 after the CI- addition, but
diminished back to 0.9 after 3 current-step cycles.

Table 4
Effect of Various Additives
Sample Pd Additive . %
p DiPd /i MA cm D:Pd @ 500 mA cm

72 J/M “Z7” anneal, etch = 0.91/500 0.91
74 JM “Z”, anneal, etch Sm 0.9/500 0.9
75 J/M “Z”, anneal, etch Nd 0.9/500 0.9
U3 I/M #1* Al, Sit 0.95/100 < 0.88
U2 I/M #1* Al, Cuf 0.91/100 < 0.85
X3 I/M #2%* . > 0.95/200 09
X1 I/M #2%* Cl-+ 0.93/200 0.88

*Annealed and etched by manufacturer

TAdded during experiment
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Thermodynamically relevant electrochemical surface potentials (Egyf) can be used to estimate
surface loading (H:Pdgy,t) in this system. A good estimate of H:Pdg,r can be used to estimate
H:Pdpk at steady state cathode loading without intrusive axial resistance measurement. We designed
a cell (see Figure 2) to simultaneously measure Eg,;s and H:Pdyy k. The overpotentials affecting the
measurement have been mathematically eliminated using the current interruption method. We used
H,S04 electrolyte, with no dissolved cations or metals, to minimize interfering reactions on the Pd
surface that could change Eg,f and to assure the attainment of high loading in H,O.

The electrochemical surface potential of the Pd cathode, E, is reported relative to the
standard hydrogen electrode (SHE). E,,is positive when H:Pd < 0.7 and negative when H:Pd > 0.8
as shown by Lewis.'® For ease of presentation -E_ is plotted since only the region where
H:Pd > 0.8 is shown. Figure 5 shows -E_, D: Pd and i measured onalJ/M “Z” 1 mm diameter
x 10 mm long, cathode in0.IM HSO,. The relatlvé‘ly reproducible H:Pdpyx reaches a maximum of
~0.93at ~0.9 A cm”. The most negatlve potential obtained at H:Pd . (0.93) wasE, ,=-0.12V vs.
standard hydrogen electrode (SHE). After S cm' of electrolyte was removed and replaced with 5 cm’
of 0.1 M Li SO,, no effect attributed to the Lit ion, including simple Li adsorption, was seen during
the 36 hour remainder of this experiment. However, the addition caused the cathode to load more
poorly during the remaining two current step cycles. Figure 5 shows -E__tracking H:Pd,  at this
lower value.

0.15 4 0.95 1.8 0.9
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Figure 5. Correlation of surface potential with Figure 6. Correlation of surface potential with
H:Pd in 0.1 M H,SO, H:Pd in 0.2 M LiOH

At the experiment’s termination the elecwolyte was replaced with 0.2 M LiOH. The results of
this new experiment are shown in Figure 6. Using the same current-step cycles the maximum
cathode loading is ~ 0.9. The largest negative value of E_ . obtained was -0.4V for the first two
current cycles then alternated between -0.4V and -0.9V, and reached a stable value of -1.3 V when
H:Pd, , =0.89. E_,, varied from -1.15 V to -1.3V tracking H:Pd, , as it varied from ~0.85 to ~ 0.89
after cycle 4. These results suggest a surface film formed during the electrolyte replacement when the
cathode was exposed to air, probably oxide and/or hydroxides of surface lithium. Another surface
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film formed gradually, or replaced the first, starting with the third current cycle. This latter “film”
may be Li absorption into the Pd cathode.

A technically simpler experiment was performed in a modified cell, where in-situ E_
measurements were made in 1 M LiOD. Measuring the potential at the end of each current step to
assure the attainment of the D:Pd, ,, steady state, the maximum loading obtained was ~ 0.91 and most
negative E_ ;= -1.02 V. These raw values of E_ , can be empirically modified to approximate the
potentials predicted for E_ ; versus D:Pd (see below).

4. Conclusions
We have designed, constructed, and run on the bench several cells to measure D:Pd loading

and have successfully transferred these cells to our mass-flow calorimeter system. We have met the
criteria necessary to assure the viability of the DoL farm concept. While testing the effect of open-
circuit we have shown that a combination of open-circuit and anodic strip steps generally yields
improved cathode loading.

We have verified that different types of Pd have different loading characteristics in our new
cell design and that Pd from specific sources load differently in the new cell design when compared to
performance in the original cell design. I/M #1, which was cast in air with CaB, added to the melt,
held its loading to higher current densities than did I/M #2, which was cast in vacuo with no additives
although both were processed from the same high-purity Pd powder. Although vacuum processing
may introduce deleterious impurities, it is more likely that air processing was beneficial. High
temperature air processing may form volatile oxides of deleterious impurities which volatilize. A more
subtle explanation may involve CaBq particles acting as inter-granular or intra-granular stress-relief
facilitators at high D flux (large i ).

We have also shown that high purity Pd (/M #1, I/M #2 and J/M “Z”) loads better than
99.9% pure Pd from Engelhard. Loading performance for the high purity Pd is not enhanced by
further annealing immediately before use. Poor replicability among ostensibly identical experiments
remains an important problem. This may be due to irreproducible metallurgy and/or random surface
contamination along the length of Pd rods or imperceptible differences in cell preparation procedures.

In the series of experiments described here, loading performance in 1 M LiOD electrolyte with
200 ppm (molar) Al was no better and sometimes worse when compared to those performed in pure
LiOD. Of the electrolyte additives tested, either present at the experiment’s commencement or added
in situ, only Cl ion was found to be beneficial, yielding a temporary loading increase. This CI ion
addition may unintentionally take place during top-up of open cells. The addition of Cu ions was
detrimental to loading while Nd, Sm, and Si had no observed effect on performance.

We have measured the electrochemical surface potential (E_, ) and H:Pd, ,, (using axial
resistance measurement) of a Pd cathode electrolyzed in H,SO, and L10H At loadings of H:Pd < 0.8
the potentlal versus loading curve reproduces that reported by Lewis.’® Using recent data from
Baranowski’ for H:Pd vs [H,], hydrogen fugacity (f(H)) versus H:Pd curves have been generated.
Using the Nernst equation the H:Pd/E_, relationship can be estimated and fit to a third order equation:

H:Pdgyrf = 0.727 - 1.78 * Egurr - 0.29 (Esurf)? + 9.814 (Egyee)3

We found H:Pd,, > H:Pd,, during increasing loading and at high loading, but at steady state
loadings of D:Pd < 0. 94the bulk and surface loadings were found to be sensibly the same in the
absence of reducible cations.

The addition of Li* ions to an acid electrolyte yielded poorer cathode hydrogen loading,
possibly due to disruption of a beneficial film already formed on the Pd surface, but did not otherwise
affect E .. Exposing the cathode to air during electrolyte transfer caused a significant change (-300
mV) to the Pd surface potential, possibly due to the formation of a stable oxide or hydroxide of
lithium. Continued cathodic electrolysis yields the slow (72-hour) formation of a new surface state
which changed the potential by -1.2V relative to that measured in acid. Assuming that Li has diffused
in the Pd cathode this new potential may be due to a Pd Lix/H surface reaction or a mixed potential of
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the Pd/H and Li/H reactions in OH". We hope to identify the species and/or surface states which
correspond to this measured E_; in future studies.

We have also measured E_, in 1 M LiOD in a modified version of our DoL cell. The stable
measured potential E__, (- 1V @ D:Pd = 0.91) after several loading cycles was 900 mV more
negative than the E_ ; predicted in the absence of reducing cations. Also, since at high current
densities the D, bubbling does not completely flush the O, from the cathodes electrolyte environment,
E, .. contains a reproducible current-dependent voltage offset. The equation

Esurf = Emeas + 089 + 0.05 (1) (D:deu]_k > 0.88)

where i is the positive cathodic current in A, yields values of E  ,comparable to those measured in
H,SO,. These can be used to compare D:Pd_, to D:Pd,,,, in order to predict which Pd cathodes are
capable of achieving high bulk loading with a chemically clean surface. We hope to also identify the
reactions and/or surface states from which these surface potential arise. In sum, we have been able to
correlate measured electrochemical surface potentials with bulk loading in the Pd electrolysis system
in H,SO,, LiOH and LiOD electrolytes.
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Abstract

Higher deuterium loading and its sustentation are considered to be a key issue
for generating excess heat on “cold fusion”. In our previous works, several
conditions to achieve a high deuterium loading ratio of palladium were found. It1is,
however, often observed that the deuterium loading ratio starts decreasing after
reaching a maximum value under a same electrolytic condition, and the maximum
loading ratio could not be sustained for a necessary period of time to come up to
observe any excess heat.

To maintain such achieved high loading ratio, we have devised and confirmed a
new technique based on a finding that a cell voltage during the electrolysis is one of
the most important key factors to control such deloading.

As the result of our new method, when the cell voltage is kept constant,
accordingly electrolytic currents increase at a certain rate, the maximum deuterium
loading can be maintained for more than 200 hours. It is found that the decrease
in cell voltages is mostly due to the decrease in the deuterium overpotential, by
measuring the deuterium overpotential on a palladium cathode.

1. Introduction

M. McKubre and coworkers of SRI [1] reported necessary conditions for the
reproducibility of excess heat with their empirical formula. In our previous works
[2], two kinds of palladium surface treatments were found to be effective to increase
the deuterium loading ratio. One is by etching a palladium rod with aqua regia,
and the other is by annealing it under a vacuum. After either/both of these
conditionings, a loading ratio as high as D/Pd = 0.95 was achieved by our “step-up
current” electrolysis method.
It is, however, often observed that the loaded deuterium start deloading after
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reaching a maximum loading ratio if the
same current density is kept. Figure 1
shows a typical example. Therefore, the
higher loading ratio could not be sustained
for a necessary period of time to come up
to observe any excess heat generation.

The present paper reports on studies
on new techniques that make it possible to
maintain the achieved high loading ratio 12
and on the primary factors of which lead e
to such deloading. 10} I + 00
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2.1 Method to Suppress Deloading Fig. 1. Changes of the resistance ratio of a
Figure 2 shows changes of a cell palladium cathode and the step-up current
voltage (the voltage between the anode density during the electrolysis of 1IM-LiOD at
and the cathode), and the electric 298 K.
resistance ratio of the palladium rod Pd cathode: 2 mm dia. and 50 mm length
cathode during the electrolysis. As Etched in HCI/HNO; (4:1)
already mentioned, the cell voltage is
observed to decrease, after reaching a
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maximum cell voltage with each current
density which is kept constant. And the
deuterium loading ratio is observed to
decrease in accordance with the cell
voltage. Itis consider that the cell
voltage during the electrolysis is one of the
key factors to control the deloading, and
two kinds of new technique to hold the cell
voltage constant have been devised. The 12
schematic figures to explain our new i 25
methods are shown in Fig.3. 10} J ]
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Fig.2. Changes of a cell voltage during the
electrolysis of IM-LiOD.
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Fig. 3. Schematic figures to explain our new methods:

(@) Full constant cell voltage electrolysis and (b) Step-up and ramp current electrolysis

Method 1: Full constant cell voltage electrolysis
The predesigned cell voltage is applied at the start of the electrolysis and is
kept constant.
Method 2: Step-up and ramp current electrolysis
After the maximum loading ratio is attained by the “step-up” current
electrolysis, the cell voltage is kept constant, and accordingly the electrolytic
currents increase at a certain rate under the constant cell voltage.

2.2 Experimental Confirmation
Deuterium loading into a palladium rod was performed by electrolysisin an

open cell. Figures 4 and 5 show the electrolytic cell and the detailed configuration
of electrodes used in the loading experiments detail, respectively.

L_Tcﬂon(ETFE)
cap
Electrolyte: IM-LiOD) |_
Temperature:298K
Teflon(FEP)
casing
(28.5® x160) L |
- = El g
Pd cathode - . /Pt anode S| 5
Qox50) -] - T
: '5-_ Thermocouple
Ni lead wire — e
(covered with teflon)\ Teflon(PTFE)
(0.5 x230) fixer L

Fig. 4. Electrolytic cell for the palladium resistance Fig. 5. Detailed configuration of the electrodes.

measurement.
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Raw material Purity of palladium: 99.95% up
D,gas

Casting Melted under vacuum to form v

| arod of 16mm in dia. UL U

Homogenizing  Annealed under vacuum . 3'”!’”;Eﬁ'm‘>'l""%m i
at 750°C for 1 hour

Swaging Cold-worked to 10mm in dia.

|

!
Annealing Annealed under vacuum Ref Jectrod J

l at 750 °C for 1 hour Skl s 4ol

: RHE:Pt black) ~

Swaging Cold-worked to 2mm in dia. g ) ™M
Cutting Size: 2mm in dia. and 50mm

| in length ”
Annealing Annealed under vacuum =

) at 850°C for 4 hour -
Polishing Polished with diamond slurry .

| for 30 min. .
Etching Etched in HCI/HNO, (4:1) -

| for 10 min. at 20°C
Degassing Degassed in furnace

for 24 hours at 200°C
Fig. 6. \Working processes of palladium cathodes. Fig. 7. Schematic clectrolvtic cell for measuring the

electrode potential on the palladium.

Working processes of palladium cathodes are shown in Fig. 6. The
experiments were carried out with palladium rods etched with aqua regia for 10
min. at 293K under a cathodic condition, because the rods could reach higher
loading ratios above 0.90. The rods were 2 mm in diameter and 50 mm in length.
The deuterium loading ratios were determined by the resistance method, whose
details were given in reference [2].

The full constant cell voltage electrolysis was accomplished by employing a
potentiostat/galvanostat (Hokuto Denko Co., Ltd. , HA-301). For the step-up and
ramp current electrolysis a function generator (Hokuto Denko Co., Ltd. , HB-105)
was employed. The ramp rate was determined in reference to the constant cell
voltage during the electrolysis.

2.3 Measuring Ohmic Drop and Deuterium Overpotential

"~ The ohmic drop between the anode and the cathode was measured by the
current interruption method. To measure the electrode potential, RD(H)E was
installed as a reference electrode in the cell without any structural change as shown
in Fig. 7. A platinum black electrode with bubbling D2 gas in a Luggin capillary as
an RDE located near by the palladium cathode. The deuteriuin overpotential on the
palladium cathode was approximately determined by subtracting the ohmic drop
from the electrode potential.

3. Results and Discussion
3.1 Full Constant Cell Voltage Electrolysis
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Fig. 8. Changes of the resistance. ratios (R/Rp) with Fig. 9. Changes of the resistance ratio of a palladium

various fixed cell voltages.

cathode with the full constant cell voltage (3.1V).

Changes of the resistance ratios (&/Fo) with various fixed cell voltage are shown
in Fig. 8. From these results, the deuterium loading rate was observed to increase,
as the cell voltage increased. With the cell voltage above 3.5 V, the maximum
loading ratios over 0.90 could not be obtained. With the cell voltage less than 2.8 V,
the time to reach the maximum loading ratios was too long and the value of the
maximum loading ratios was lower than those obtained with the cell voltage
between 3.0 Vand 3.2 V. Therefore, the optimal constant cell voltage is estimated
to locate between 3.0 V and 3.2 V in our cell.

One of the results with our full constant cell voltage electrolysis 1s shown Fig. 9.
The constant cell voltage i1s chosen at 3.1 V. The maximum loading ratio exceeding
0.92 is attained, but the loaded deuterium is observed to decrease gradually. The
decrease rate, however, was smaller than some of those constant current
electrolysises followed by a step-up current electrolysis. Therefore full constant cell
voltage electrolysis is effective in a loading enhancement, but not perfect with
regard to the deloading.

Observation of the electrolytic current revealed, current spikes were generated
at the start of electrolysis. Then, until the resistance ratio went up to (”/ ) = 2.0,
the small electrolytic current flew. Subsequently, the electrolytic current rapidly
increased with the decrease of the resistance ratio. And then the electrolytic
current increased gradually with the decrease of the loading ratio after the loading
ratio reached the maximum value.

3.2 Step-up and Ramp Current Electrolysis
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Figure 10 shows the variation in
time of the resistance ratio of a
palladium cathode rod with a step-up
and ramp current electrolysis, as
compared with that with a step-up
and constant current electrolysis.
The rump rate was chosen as 0.625
A-cm2-hrl.

At the conventional step-up and
constant current electrolysis, after the
maximum loading ratio, D/Pd = 0.92
was obtained at the maMimum cell
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deuterium loading ratios were
observed to decrease in association
with a decreasing cell voltage with the
constant current still maintained.

On the other hand, at the step-up
and ramp current electrolysis, the cell
voltage was kept constant at about 3.6
V by slowly increasing the current, and, as expected, the maximum loading ratio as
high as 0.93 could be maintained for more than 200 hours.  This satisfactory
result can be obtained only by the step-up and ramp-up current electrolysis.

Concerning the difference between these two methods, the sustentation of
higher loading ratios were considered to be affected by electrolytic procedures before
attaining to the maximum loading.

Time of Electrolysis, T (hours)
Fig. 10.

palladium cathode rod with a step-up and ramp current

Variation in time of the resistance ratio of a

electrolysis (R), as compared with that with a step-up an

constant current electrolysis (C).

3.3 Cause of Cell Voltage Decrease

A possible mechanism to cause the cell voltage decrease under a constant
current electrolysis was considered. In general, the cell voltage, Ve, can be
expressed by Eq. (1).

(1)

where Vi, mp, noand IR are thoretical decomposition voltage, deuterium
overpotential, oxygen overpotential, and ohmic drop, respectively. The
decomposition voltage, V4, is an invariant under a constant condition, and it is
specifically 1.26 V at 293 K under 0.1 MPa.

Veen=Vat 77D+ 770+.[R,

184
ICCF-6 October 13-18, 1996 [apan




Fundamental Session

Material Science Studies

1.0

Our deuterium loading was carried out in a

O

open cell, where the electrolysis always
concentrates the electrolyte. Consequently, the
ohmic drop between the anode and the cathode
lowers due to a decrease in the electrolyte
resistance, and the deuterium and oxygen
overpotentials will change also as the
concentration changes.

It is conceivable that the deuterium and os. — : - :
oxygen overpotentials should change as well, since Total electric charge, Q (X105 C)
the electrode surface will be modified with the Fig. 11.  Changes of the obmic resistance
electrolysis. between the anode and the cathode in our

The Changes of ohmic drop and overpotentials electrolytic cell against the total electric
are considered as follows: charge.

a) Ohmic Drop

Changes of the ohmic resistance between the anode and the cathode in our
electrolytic cell against the total electric charge is shown in Fig. 11. The cell ohmic
resistance is observed to decrease linearly with the total electric charge. The
decrease of the ohmic drop was estimated to be approximately 0.1 V for the
electrolysis with 0.125 A/cm? (electrolytic current 0.4 A) for 200 hours (the total
electric charge @ =2.9X10% C). Therefore, the cell voltage decrease in excess of 0.6
V cannot be accounted for only by the ohmic drop.

b) Deuterium and Oxygen Overpotential

Changes of the deuterium overpotential with electrolysis time at the constant
current density 0.125 A/cm? followed by step-up current electrolysis are shown in
Fig. 12. The deuterium overpotential is observed rapidly to decrease with the
electrolysis, despite with the constant current. Furthermore, relationship between
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Fig. 12. Change of the deuterium overpotential Fig. 13. Relationship between the cell voltage
on the palladium cathode with electrolysis time and the deuterium overpotential during
at the constant current density 0.125 A/cm?, electrolysis at the constant current density

0.125 AJem®.
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the cell voltage and the deuterium overpotential is shown in Fig. 13, which
indicates an approximately linear relation between the cell voltage and the
deuterium overpotential. The rate of decrease in the deuterium overpotential, Ao,
can be estimated to be approximately 0.3 V for the corresponding cell voltage
decrease of 0.7 V.

In Eq. (1), the decrease of the oxygen overpotential, Arno, will be considered
almost equal to the one of the deuterium overpotential, Aznp.

Concerning the deuterium overpotential, K. Ota et al. claim that it is higher
with a higher concentration of LiOD electrolyte, which leads to the conclusion that
the decrease of the deuterium overpotential cannot be ascribed to the concentration
change of LiOD. Consequently, it is clear that the decrease of the cell voltage is
mostly due to the decrease in the deuterium and oxygen overpotentials.

Judging from these, it is concluded that those changes in deuterium loading
ratios are attributed mainly to the changes in the deuterium overpotential, and that
it is necessary to control the deuterium overpotential to suppress the deloading.

4. Conclusions

(1) The maximum deuterium laoding ratio of the palladium cathode can be
maintained for more than a week by using the palladium cathode etched by
aqua regia and by electrolytic loading with the increasing electrolytic currents.

(2) During a long term electrolysis, the deuterium overpotential on a palladium
cathode is observed to decrease, which will cause the deloading.

(3) It is confirmed that when the deuterium overpotential is controlled not to
decrease by our method of increased current electrolysis, the deloading can be
suppressed.

(4) Higher deuterium loading ratios can be maintained by our method for a
substantially long period of time.
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Abstract

Using the tungsten wire, the deuterium gas is loaded into a palladium wire with the loading ratio
higher than 0.75 under the pressure less than 1 atm. at the room temperature. The metallography
shows that its grain size is greater than 100 micra. This study facilitates the combination of a gas-
loading system with a calorimetric system.

1. Introduction
The « heat after death”[1] phenomena revealed an important point that the “ excess heat” might
appear in a gas-loading system as well. This is important for both the practical and academic

<

purposes. As a practical energy source, the “ excess heat” should be released under a higher
temperature in order to enhance the heat efficiency; thus, the electrolyte in an electrolytic cell is an
undesirable factor which may limit the temperature to a value less than its boiling point. On the
other hand, we would like to study the loading process in a simple environment. The electrolytic
cell might contaminate the palladium sample with various impurities from both the electrolyte and
the electrodes. The gas-loading system is a desirable system for this academic purpose also.
Particularly, Oates and Flanagan [2] showed that the gas-loading system was able to load hydrogen
into the palladium to a high loading ratio with the highest reproducibility than that in any other
experiments. This attracts us to study the gas-loading system in combination with a calorimetric
system. A such system has been constructed to show that the high loading ratio is feasible, and the
grain size in palladium wire may be greater than 100 micra. Hence, it is possible to study the

(13

excess heat” in this gas-loading system[3].

2. High Loading Ratio under the Normal Pressure and Temperature

The early study on the hydrogen-palladium system showed that the high pressure or low
temperature is necessary to reach a high loading ratio (i.e. the atomic ratio of hydrogen to
palladium, H/Pd or D/Pd.) For example, at the room temperature (20 ~ 25 °C), in order to reach the
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loading ratio of D/Pd=0.70, the deuterium gas
pressure is supposed to be higher than 100 atm.[4],
or 70 ~ 150 psia[S]. In order to use the thin wall
stainless steel vacuum dewar system for gas-loading,
it is desirable to operate under the pressure less than
1 atm.. Hence, the first step is to check whether a
piece of incandescent tungsten filament will load the
deuterium gas into the palladium wire under the
pressure less than 1 atm.. Fig. 1 1s a schematic
of the apparatus. A piece of tungsten filament
(¢ 0.1mm ) is set at the center of a quartz frame,
upon which the palladium wire (¢ 0.34mmx250cm)
is wound. The Pt thermometer and the manometer
are used for monitoring the temperature and the
pressure. The loading ratio can be measured by the
gas pressure, P, and temperature, 7;. If the volume

Fig.1 A Schematic of Gas-loading System

of the gas-loading system is V, , which is filled to pressure, Py, at the temperature, 7}, initially; then,

the loading ratio is
RELYA A A
TWuNA LT

Here, W,, and M, are the weight of the palladium

X

(1)

wire, and atomic weight of the palladium,
respectively, (N k) is the universal gas constant

(8.31x10"  erg/(K-mole)). The absorption of

deuterium in the stainless steel wall is assumed to be
negligible. On the other hand, Mckubre[6] and
Kunimatsu[7] have shown that the resistance of the
palladium wire, R, is a function of this loading ratio,
which might be described by a fifth order polynomial
as

R 5 4 3 2
== = ~50216x% +14416x" +53328x° - 33145x
0

+1.7948x + 0.9993 (2)

2.2

2

1.8 ¢

1.6

1.4

1.2 1

0 0.5 1
o/Pd

R/Ro(Kunimatsu) O R/Ro(Gas-Loading)

Fig.2 Gas-Loading Feature of a D/Pd
System

Here, R, is the resistance of the palladium wire before loading at the same temperature. This

polynomial is valid in the range of 0<x<1 for deuterium with the correlation coefficient higher than

0.998. In comparison with the experimental observation this resistance ratio is expressed as a

function of loading ratio in Fig.2 (solid line). The open circles are the experimental results in our

gas-loading experiments.[8] The good agreement between the expectation and the experimental

observation confirms that the loading ratio, D/Pd, has reached the value of 0.78 under the pressure
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less than 660 Torr (P;) at the room
temperature (75=14 °C ~ 34 °C). This high
loading ratio has been kept for more than
one month [8]

3. Metallographic Examination

The theory [9] of “ resonance penetration of
the coulomb barrier via lattice confined ions”
anticipates that the grain size in the
palladium crystal should be greater than 50 ~
100u in order to have enough density of
state in the lattice energy band. The
experimental observation [10] also tells us
that annealing process is important to get the
high reproducibility in the electrolytic cell.
We would like to check the importance of
annealing process in the gas-loading system
also. Two annealing procedures have been
tried. The first is to anneal palladium wire in
a big oven, then, shift the palladium wire into
the dewar system. The second is to anneal

palladium wire in situ using an electrical

) : : 50 micra
Fig3. Palladium Metallographic Photo before
Annealing

Fig.4 Palladium Metallographic Photo after
Annealing

current in the palladium wire. The second annealing procedure is particularly useful for the thin wire

and is desirable in a combination of the calorimetric system with the gas-loading system. Fig.3 and

Fig.4 show the metallographic photos for the palladium wire before and after the annealing,

respectively. The palladium wire (¢ 340u) was wound on a quartz frame, and was put into an

electrical oven to be heated to 900 °C for 3
hours in 10° Torr, then, it was cooling
down in the oven for more than S hours.
The photos are taken across the longitudinal
cross-section. The largest grain size is
greater than 100u , which is suitable for the
“ excess heat” experiment.

In order to try the second annealing
procedure, a long thin palladium wire
(¢ 80p x 300 cm) is wound on a quartz
frame. A piece of tungsten filament (¢ 80
x 40cm) is fixed at the center of the quartz
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Fig.5 Resistivity of Palladium versus Temperature
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frame. Using the electrical current
through the palladium wire, it was
heated to 800 °C, in the vacuum (~ 4
Pa) and kept at this temperature for 3

\

hours. Then, the electrical current was

88888383

reduced gradually as follows: 800 °C-

700 °C (53min.), 700 °C-600 °C (47

min.), 600 °C-500 °C (30 min.), 500 0 | [ |

°C—400 °C (40 min.), 400 °C-300 °C 3 8 13 T8 3
. . Temperature (100 Deg.C)

(30 min.), 300 °C-200 °C (60 min.),

then, the current was shut off. The

Resistivity (10*-8 Ohm-M)

Fig6 Resistivity of Tungsten versus Temperature
palladium wire reached the room

temperature after 10 hour cooling in

the dewar. The temperature of the T

palladium wire was determined by its L7

resistance according to Fig.5[11]. - 16

After this annealing procedure, the 5 LI

tungsten filament is heated to 1800K 14+

in vacuum (4 Pa). Its temperature 13 1

was determined by its resistance 1.2 I % !
according to Fig.6[12]. The hydrogen o &4l 5 2
is then introduced into the dewar at Time(hour)

low pressure (~ 0.8 atm). The Fig.7 Tungsten Wire Effect on the Gas-loading in
temperature of tungsten filament a D/Pd System

drops quickly to 750K due to the
high heat conductivity of hydrogen gas. Meanwhile the dewar temperature increases gradually.
After 2.5 hours, the dewar temperature reaches 156 °C. Then, the heating current in tungsten wire
is reduced gradually. At the same time the resistance of the palladium wire increases gradually as
shown in the Fig.7. The highest resistance ratio, R/R, , reaches 1.79+0.02. This corresponds to a
loading ratio of H/Pd=0.69 ~ 0.78. 3
Fig.8 and Fig.9 are the metallographic photos

for the wire before and after the loading
process. In order to obtain the clear image of
the grain boundary, careful etching is

necessary after polishing the samples which = ; 30 micra
were embedded in an epoxy substrate. Nitric Fig.8 Metallographic Photo of Palladium Wire
acid or the mixture of nitric acid and (80 micra in diameter) before Annealing

chlorhydric acid is used for chemical etching
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(1 ~ S minutes). It is evident that the largest grain size is almost as the diameter of the palladium
wire (¢ 80pL).

4. Conclusion

Gas loading system can be realized in a low
pressure (<1 atm.) dewar vessel. The annealing
process in situ is feasible in such a system. The
highest loading ratio observed is 0.78. It seems

that even higher loading ratio is attainable as well .
(see Fig.7). The grain size can be of the order of #58 50 micra

50 ~100u. Therefore, the ™ excess heat ”  rig g Metallographic Photo of Palladium Wire

measurement in such a gas-loading system is (80 micra in diameter) after Annealing
very desirable[3], [13]. in situ
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Abstract

It has been extensively proved that a threshold in D/Pd concentration must be overcome to observe
the heat excess production phenomenon. However, it is very difficult to obtain Pd samples with an
high loading ratio in a reproducible way, then the actual reproducibility of the cold fusion
experiments is critical.

We will show that strong concentration gradients arise in the material during the loading
procedure so that permanent deformation can be produced. Loading dynamic and metallurgical
parameters will both affect strongly the ultimate loading ratio achievable.

Thus a loading procedure has been selected such as to avoid the anaelastic strains of the -
phase, and its consequence in terms of elastic parameters has been evaluated. We studied, both
experimentally and theoretically, the influence of Pd microstructure and dislocations on the
loading ratio in order to select the material that better matches the cold fusion experiments
requirements.

1. Introduction
In presence of a force F the Hydrogen flux in the lattice (as a continuum) is well described by the
law:

J = —nDgradc + ncMF (1)

where c is the H atomic concentration, D is the diffusion coefficient, M is the H mobility and n
is the number of lattice atoms per unit volume.
Stress gradients within a sample cause an additional force on the Hydrogen interstitials:

F= Pgrad(s,-jkldkl) (2)

where P is the trace of the dipole-moment tensor and sjjk] and ok| are tensor components of the
elastic coefficient and of the stresses respectively.

The stress induced by Hydrogen diffusive flux will cause an inhomogeneous distribution of the
solute. The eq. (1) will be in this case:
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=—-D(V __C_lv
J D(Vc o) 3)

where 7 is the molar volume of Hydrogen into the metal. Kandasamy [1] showed that a suitable
strain can stop the diffusion of Hydrogen driven by the concentration gradient.

If internal stresses can be removed either by plastic deformation or by dislocation slipping, such
stress-free strained crystal can be defined “incoherent". In the opposite case a deformation field
will be associated to the strain and the crystal can be defined "coherent". The "real" crystal will
be a mixture of the two cases depending on the initial metallurgical state.

From (3) it follows that the diffusive flux can be blocked if

Vo= eV @)

cV

assuming Ve =¢—0, o =140 MPa (V = 1.68 cm3/mol, c= 0.7) that is a typical value of yield
strees for Palladium [2]. This means that the stress produced by loading Hydrogen (and its
isotopes) in Palladium can induce plastic deformations into the lattice.

Thus the loading dynamic it is very important in order to avoid the dislocation growth related to a
strong concentration gradient.

2. Dynamic influence on loading process

Starting a diffusive process can produce very high strain field just under the surface thus making
the further Hydrogen uptake very difficult.

We can overcome the problem essentially in two ways. Firstly avoiding the growth of strong
concentration gradient either with a very slow loading or with a suitable loading procedure. The
second approach is to relieve the stresses generated in the metal through dislocation slipping.

The adsorption isotherms for Hydrogen in Palladium show that, at room temperature and for a
concentration above ¢=0.008 H/Pd atoms, an o phase with low Hydrogen content and an expanded,
Hydrogen-rich, B phase coexist in the solid solution up to a concentration of ¢=0.607. It is well
known that during the loading expanded J areas grow near the o areas, so that, during the
coexistence phase, very strong deformation fields are generated at the border of the two phases,
due to the different lattice parameters.

Coexistence of o+ § phases can be avoided during the loading process by selecting an appropriate
path on the p-c¢(D)-T diagram (see fig.1). Increasing the isothermal temperature over the critical
point (T=310°C, p=34 atm) it is possible to reduce the percentage of non-relaxed stresses by
skipping the coexistance phase.
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Figure | - Hydrogen-Palladium phase diagram. The gas loading experimental
path is the line ABC. A thermodinamic quasi-reversible process must be
obtained with a slow loading. At the end of the loading sequence the loading
ratio is evaluated by weighting the sample.

3. Experimental details
