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EDITORS’ FOREWORD

The 1idea to keep open a fundamental channel of
scientific information for people interested in Cold Fusion,
came to us while visiting the now defunct National Cold
Fusion Institute (N.C.F.I.), in Salt Lake City (utah) in the
Fall of 1990.

For those, like ourselves, who wished to keep the Cold
Fusion file open those were very hard times. We were in the
middle of a press (and otherwise) attack on the occasion of
a scientific review of the N.C.F.I., that was alleged to
have been deviously avoided by the two scientists, Martin
Fleischmann and Stanley Pons, that made it all happen.

Naturally things went differently from what announced
and reported in the press; the review was basically
positive, the scientific interest of Cold Fusion was
established, but the world, scientific and otherwise, seemed
to take no notice and continued in the deep rooted
conviction that Cold Fusion, like many other pretended
scientific discoveries, permanently belonged to the Museum
of Errors.

In organizing the II Annual Conference on Cold Fusion,
after the first held in Salt Lake City at the end of March
1990, our main concern and effort has been to keep this
event within the strict confines of a scientific meeting. As
the more than 200 participants have had the opportunity to
witness, the meeting has proceeded with a rather stern and
exhausting program for 5 full days, undisturbed,
uninterfered by the press or any other external source of
perturbation. The discussion has never touched the political
aspects (even though some of them are rather interesting),
but it has always been focussed on the really burning
issues, both experimental and theoretical. For us it has
been a most rewarding experience, and we have evidence that
such has been the general feeling. And in view of this we
have thought it appropriate to give these Proceedings a
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title: "The Science of Cold Fusion", which emphasizes what
has been the main characteristic of the Conference.

Getting to the contents of the Proceedings, we have
decided that the book should give a faithful image of what
went on in the 5 days of the Conference. Thus we submitted
the papers received to a refereeing process which was kept
at a rather 1lenient level, mitigated by some "Editorial
Notes", where some of the basic objections of the Referees
were reported, with the aim to correctly represent the
points where the disagreement among the interested
scientists is more acute.

Following the structure of the Conference, we have
organized the book in three main points: one containing the
Contributed papers, the second the Invited papers, while the
third comprises two summaries, one by Heinz Gerischer and
the other by Martin Fleischmann, that actually was not
delivered at the Conference, but we thought it worthwhile to
include in these Proceedings. Finally in an Appendix, due to
its importance in the 1light of nasty allegations that were
made in the press in the last year, we have included the
full Report that Wilford Hansen, one of the speakers that
most stirred the Conference audience, recently presented to
the Utah State Council on Energy/Fusion.

Finally we should like to thank most warmly the Members
of the International Advisory Committee who have given their
precious advice on the program of the Conference with
solicitude and intelligence.

The Local Organizing Committee also performed in an
impeccable way, and we take this occasion to gratefully
acknowledge their work. We have highly appreciated the very
effective collaboration of the "A. Volta" Centre for
Scientific Culture in whose premises the Conference took
place. The Secretariat carried out 1its tasks in a very
effective and dedicated manner: for this we thank Miss F. De
Zan, Miss F. Gandino, Mrs. C. Nuncibello and Miss P.
Pistochini.
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The Conference could not have taken place without the
generous and enthusiastic support of our sponsors; for this
we thank them all most deeply.

Tullio Bressani

Emilio Del Giudice

Giuliano Preparata
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«The Science of Cold Fusion»

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

ANALYSIS OF TRITIUM AND HEAT EXCESS IN ELECTROCHEMICAL
CELLS WITH Pd CATHODES

L. Bertalot, L. Bettinali, F. De Marco, V. Violante
Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 -00044 Frascati, Rome, Italy

P. De Logu, T. Dikonimos Makris, A. La Barbera
ENEA, Dipartimento INN-PCM, Centro Ricerche Energia Casaccia, Rome, Italy

INTRODUCTION

The origin of the excess heat [1,2] developed during the electrolysis of heavy
water in "Coﬁl1 Fusion" cells is up to now open to question. The necessary presence
of deuterium suggests that fusion reactions can be partially or totally responsible
for the generation of excess heat.

Experience has shown neutron emission to be sporadic and very weak; on the
other hand tritium was found in small but detectable amounts [3,4]. Moreover if
tritium accumulates in the solution it can be comfortably measured postmortem.

Two experimental campaigns were performed:

The first one in Frascati having as main objective the detection of tritium
excess. Particular care was exerted to avoid any tritium and hydrogen
contamination.

The second one at the Texas A & M University in the framework of a
scientific collaboration, having as objective the excess of heat and tritium
measurement.

EXPERIMENTAL

Electrochemical cells

Two type of cells were used. )

The first one was used in Frascati for nine tests (named C1 to C9) and is
shown in Fig.1a. The vessel is made of glass and the lid of teflon. The lid is screwed
on the top of the cell. The connector for the Pd cathode is a nickel tube containing a
thermocouple to detect the cathode head temperature. The tube is insulated from
the solution by means of a glass tube sealed with araldite. Different anodes and
dimensions were used. Some details are reported in Table I.

The second type of cells was used at TAMU for three experiments (named
C10 to C12) and it is shown in Fig 1b. It was made of stainless steel with a teflon
lid. The lid is screwed on the top of the cell and it has two connectors and a valve to
permit a free gas evolution. The connector for the Pd wire is a Pt wire spot welded
and insulated from the solution by using a teflon tape wrapped around it.

All the Pd cathodes were annealed under vacuum before use. In the Frascati
experiments they were treated at 1000 °C for 10 h. In the calorimetric tests the
cathodes were treated at 950 °C for 1 h. In every case the Pd cathodes were washed
in ethanol, rinsed in water and in heavy water just before the cell assembling. Pd
wires from Engelhard 99.95% were used for the cells C1 to C4, from Johnson &
Matthey 99.9997% for the cells C5 to C9 and from Alpha Product 99.997% for the
cells C10 to C12. Platinum and Nickel from Carlo Erba 99.5% were used as anodes
for the cells C1 to C9 and platinum from Alpha Product 99.9995% for the cells C10
to C12. Heavy water from Fluorochem Limited 99.9% atomic in deuterium for the
cells C1 to C9 and from Aldrich with 99.8% atomic in deuterium for the cells C10
to C12 was used. Both had similar activity of about 185 dpm/ml. Lithium from
Carlo Erba 99.9% for the cells C1 to C9 and from Aldrich 99.9% for the cells C10 to
C12 was used. Deionized water for the cell C11 and Sodium deuteroxide from MSD
Isotopic 99.8% atomic in deuterium for the cell C12 were used.
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Diagnostics

The neutron detection equipment consists of three 3He neutron counters and
a BF3 counter, all embedded in polyethylene. One of the 3He detectors is used to
monitor the noise/background signal. The overall efficiency of the counters are in
the order of 5 10-5-10-4 cts/n. The minimum detectable neutron emission rate is
30 n/s at the source. No significant neutron emission rate above the minimum
detectable rate has been observed in all the experiments.

The tritium measurements, within +3% error, have been carried out by
means of a BETA counter 2560 XL Packard, having a 33% efficiency for tritium.
The background level was 4 CPM. The tritium measurements have been
performed by taking into account the radiation energy spectrum emitted by the
liquid scintillator.

Chemical and microstructural characterization of the cathodes was

performed by using an high resolution scanning Auger spectrometer Perkin
Elmer model 600.

Calorimetry

A commercial available 4 cells Hart Scientific Model 8244 heat conduction
calorimeter was used to measure the heat output from the electrochemical cells. It
was possible to operate with 4 cells at the same time in a power range up to 2 W



Table | - Synopsis of the Cells.

Cells | Anodes Cathodes Current Time
Pd wire density

(mm) (mA/cm?2) (day)
Cl1 Ptla) 1X37td) 100-700 46
C2 Ni@) 0.5x82td) 100-700 36
C3 Nita) as C2(d) 100-700 34
C4 Ni(a) as C2(d) 100-1200 33
C5 Ni(a) tube = 6.3(e) 100 16

xX82X0.15

Cé6 Pt(b) as C5te) 60 84
C7 Pt(b) as C2te) 100-650 66
C8 Pt(b) as C2te) 100-650 82
C9 Pt(b) as C2le) 100-650 82
C10 Pt(c 0.5x10H 500-950 62
Cl1 Pt(c) asC10tH 600-800 60
C12 Pttc) as C10h 600 48

(a) Gauze and b) Coil from Carlo

Erba. (¢) Coil and  from

Alpha Product. @ from Engelhard (¢) from Johnson and
Matthey

400 (- +
DPM/mI |-

360 |-

320 |- +

280 |- &

240

200 = - 1 i ] A 'S 1 )
0 10 20 30 40
Time (days)

Fig.2 - Tritium enrichment vs time in C3

per cell. The calorimeter is based on the Seebeck effect. A potential proportional to
a difference of temperature is generated. Such a potential is then directly
proportional to the heat flow coming from the cell. . All the four cells have a twin
cell. The system is mounted in a large aluminum block that is submerged in a
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Fig. 3b - End of the excess heat production

constant temperature water bath. When a temperature change occurs in the
working cell, a potential is generated and registered. The twin cell design has the
advantage of canceling external thermic effect. The signals of the twin cells are
connected in a differential way. This connection results in a long-term stability
and reproducibility of the base line. The system can easily be calibrated by means
of internal resistors and 5 mW is the maximum error estimated.

RESULTS AND DISCUSSION

Tritium measurement

The tritium measurement relative to the cell C3 is shown in Fig. 2. The
continuous line shows the isotopic tritium enrichment by assuming 2 as
separation factor. The content of tritium in all the experiments is in agreement



with the expected isotopic enrichment even if the behaviour of the single cells is
different on a day to day basis. In two of them sharp, short (< 12h) increases
occurred a few times, that can be fitted with a separation factor larger than 5.

Heat Measurement

One cell out of three gave an excess of heat (cell C10). In Fig.3a and 3b two
diagrams relative to heat versus time are shown. The cell was first operated for
about 23 days by imposing different current densities and applying current pulses
up to 1.4 A/cm2 (for a maximum time of 30 min). During the following five days
the cell was maintained at 600 mA/cm2. Then the current density was enhanced
up to 950 mA/cm2 for three hours (i.e. the relaxation time of the calorimeter) and
then decreased at 850 mA/cm2. After three hours an excess of heat generation rate
of about 50 mW was detected.

To verify if the system were working well 111 mW were superimposed by
means of the internal resistor and after three hours exactly 111 mW more were
measured (see Fig. 3a). The excess of heat generation rate lasted about 10 days, at
that moment the current density was again increased up to 950 mA/cm2 for a time
and then decreased at 750 mA/cm2: the excess of heat generation rate disappeared
(see Fig. 3b). During the 10 days such an excess ranged between 50 and 80 mW,
that means 12-20% of the power input. The total energy produced was about 57 kJ
(>200 MJ/molPd). During the last three days of excess of heat generation rate, the
gas evolution was several times measured by means of a flow meter to verify if any
recombination took place. The result was 100% * 5% of the expected flow rate.
To produce an excess of heat of about 50-80 mW a recombination of 25-40% should
be considered, which is rather far from the gas evolution measured.

Auger analysis

Semiquantitative Auger analysis performed on cathodes has shown a thick
scale of about 200-300 A mainly constituted of Oxygen, Iron and Calcium and
lesser quantity of Copper, Platinum, Silicon and Carbon. Similar contaminants
have been found on cathodes used at TAMU and at Frascati.

CONCLUSIONS

- Nine cells were set up in Frascati aimed to detect tritium as the indicator for
D-D fusion trying to avoid contaminations.

- No tritium above the electrochemical isotopic enrichment was found.

. Three cells were set up at Appleby's laboratory at TAMU inside a
commercial calorimeter.

- One cell gave an excess power ranging between 12 and 20% (25-40 W/cm3)
for about 10 days producing about 57 kJ. _

- Post mortem Auger analysis on cathodes revealed similar contaminants.
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ABSTRACT

The possible generation of tririum in the electrolyte
and the incorporation of species such as tririum, lithium and
platinum to cathodes during the electrolysis of 0.1M LiOD so-
lutions with Pd and Ti cathodes and Pt anodes at low and high
current densities have been studied by means of different tech-

niques.
INTRODUCTION

During D20 electrolysis, large amounts of deuterium are
absorbed by Pd and Ti cathodes to yield the respective Pd+D
and Ti+D phases. However, less is known about other species
either incorporated or possibly generated in cathodes. 1In this
way, Ch€ne and Brass . reported a small tritium production in-
to Pd during the electrolysis of 0.1M LiOD in open cells at
high current densities. Several authorsz'3
slow diffusion of Li* ions into the bulk of Pd.

have proposed a

In this communication, we present results of a study
on the electrolysis products of 0.1M LiOD solutions with Pd
and Ti cathodes or produced in them, such as tritium, lithium
and platinum, as well as to investigate the tritium enrichment

of the electrolyte.



EXPERIMENTAL

0.1M LiOD solutions were prepared by addition of Li
metal to 99.95% D20 and 0.1 M LiOH solutions by adding LiOH
to bidistilled light water. All chemicals were of analytical
grade. A 0.1M LiOD solution with a tritium content 3 times
higher than that of pure DZO was prepared by addition of stan
darized tritium labelled water, supplied by Amersham.

Pd and Pt sheets of 99.9% purity (SEMP) with respecti-
ve dimensions of 0.lcmxl.5cm and 0.25mm x 1.5cm x 3cm, and
1.4 cm diameter x 3cm Ti rods of 99.9% purity (Inagasa), were
employed as cathodes in the electrolyses at low current den-
sity. In the experiments at high current density, Pd and
electrolytic Ti (99.9% purity) sheet cathodes of 0.lcm x 0.5
cm were used.

DZO electrolyses_gere carried out either at a low cur-
rent density of 5 mA cm for periods up to 30 days or at
high current densities of 100 and 300 mA cm-2 for 15 to 16
days. Experiments were conducted in thermostatted cylindri-
cal glass cells containing 20 ml of electrolyte. The catho-
des were placed in the center of cells, being surrounded by
spiral anodes (Pt) of 4 cm diameter x 4cm height. The volume
of the electrolyte was maintained constant by addition of con-
trolled amounts of solution after sampling for tritium analy-
sis. The temperature was always kept constant at 25 °C. Ga-
ses evolved during electrolyses were vented through a glass
rod placed in the top of the cells.

Tritium especific activity on samples of the electro-
lyte was determined using a Wallac Quantulus 1220 liquid scin-
tillation. A 1 ml aliguot was periodically withdrawn from
the cell and thoroughly mixed with 9 ml of a hich efficiency
water soluble scintillation cocktail (Optiphase Hisafe 3,LKB).
Samples were left to stabilize in the chamber for at least
24h and counted for a 60 min period. The tritium efficiency
of the system was found to be 0.38. No chemiluminiscence nor
significant quenching was observed in any of the samples.

The products accumulated near to the surface of catho-

des used in D20 and H20 electrolysis experiments were analy-
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sed from SIMS spectra obtained with an Atomika A-DIDA 3000
+
2
ry ion beam. A Jeol JSM 840 scanning electron microscope

secondary ion microscope, using O, with 6kV energy as prima-
(SEM) with 20kV accelerating voltage was used to determine
the depth of the 0; attack by SIMS. The overall Li and Pt
contents for Pd and Ti sheets of 0.25 cm2 area and for Ti rods
of 0.5 cm height, before and after electrolysis, were respec-
tively obtained with a Varian 875 atomic absorption spectros-
cope and a Jobin Yvon JY38VHR inductively coupled argon plas-

ma spectroscope, after solving the metals with HCl acid.

RESULTS AND DISCUSSION

A mean tritium specific activity of 0.077+0.008Bq m1~t

was obtained for all H20 solutions before and during their
electrolyses with Pd, Ti and Pt cathodes at 5 mA cm-z. The
mean tritium specific activity, ags for the two 0.1M LiOD so-
lutions studied was of 280t5 and 817+12(after addition of tri-
tium) Bg ml-l. In all D20 electrolyses carried out with Pd,
Ti and Pt cathodes, at low and high current densities, a gra-
dual increase of the tritium specific activity of the elect-
trolyte at constant volume, ai,v’ was always found. The in-
crease in this parameter with time for all cathodes was ex-
plained from the expected tritium enrichment in open cell, ac-

cording to the equation?
ai’v/ao=l/s{l—(1-S)exp[—Srt/@U

where S denotes the observed tritium-deuterium separation fac-
tor of the cathode, r the rate of electrolysis, t the electro-
lysis time and N the number of deuterium atoms in the solution
Using this equation, S values of 0.4 to 0.6 for Pd and Ti and
0.55 to 0.75 for Pt were obtained from experimental data.
Several Pd and Ti cathodes previously charged either
at low or at high current densities were thorougly rinsed with
bidistilled water and further introduced in cells containing
20 ml of 0.1 M LiOH, which were then run at 100 mA cm-2 for
24h. After this, all species (D and T) previously contained
in cathodes were completely displaced by hydrogen and trans-

11



ferred to the electrolyte, as confirmed by SIMS. Electrolytes
proceeding from Ti cells did not show any increase in tritium
activity, as expected if this species is not accumulated into
Ti during D20 electrolysis. Electrolytes of Pd cells, however
showed increases of 40 to 60 Bg in tritium activity, indica-
ting the presence of small amount of T into Pd cathodes.

From comparison with blank determinations, it can be
established that small quantities of Li are incorporated into
both Pd and Ti cathodes after prolonged electrolyses. The Li
accumulated in Ti cathodes is higher than the accumulated in
Pd cathodes. Also small amounts of Pt from anode are electro-
deposited on both Pd and Ti cathodes.

SIMS depth profiles in the form intensity (counts s-l)
vs. sputter time (proportional to the depth) were simultane-
ously recorded for the positive and negative secondary ions
Z attack on Pd and

Ti cathodes. Positive and negative secondary ions with m/e

generated until a m/e ratio of 7 from the O

ratio of 1 (H+ and H ) were always detected. Positive m/e=6
and 7 ions (Li isotopes 6 and 7) were also recorded. High in-
creases of ca. 20 and 500 times in intensity with respect to
that of virgin electrodes were found for spectra of Li* ions
recorded for Pd and Ti cathodes, respectively. This indicates
that a preferential accumulation of Li near to the electrode
surface takes place 1in electrolyses of both DZO and H20.
All cathodes used in DZO electrolysis showed SIMS spectra for
positive and negative secondary ions with m/e values of 2,
which can be ascribed to D+ and D ions.

Inspection of the data obtained from SIMS analysis con-
firms that tritium is not accumulated into Ti. All Pd catho-

des after DZO electrolysis showed positive ions with m/e va-

lues of 3, 4 and 5. Since T is absorbed by Pd and H; and Hg
ions are detected for Pd cathodes saturated with hydrogen, T

+
and DH+ ions can be ascribed to m/e=3, TH+, D2 and DH; ions to

m/e=4 and TD+, D2H+ and TH; ions to m/e=5.

Pd and Ti cathodes previously charged with deuterium
and further electrolysed in 0.1M LiOH solutions at 100 mA cm"2
for 24h showed the same SIMS spectra obtained for cathodes on-

ly used in HZO electrolysis, as expected if all species pre-

12



viously contained in them are displaced by hydrogen and trans-

ferred to the electrolyte.
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I.Introduction

Attempts to reproduce cold fusion results/experiments follow, at least,
two possible directions:
a) Improvements of characteristics (efficiency and so on) of
detectors and reductions of background signals and noises.
b) Better knowledge of the system (electrolytic cell) i.e. of the

cathode material and of the electrolysis itself.

We have been running several electrolytic experiments along all the past
year (results will be reported elsewhere) and investigating on some
electrochemical and solid state phenomena which could be related to the
lack of reproducibility of cold fusion experiments. In this communication
we will deal with one of them: the role played by the polycristalline

grains during the charging of Ti cathodes with Deuterium by electrolytic

means.

I. Distribution of Deuterium in Titanium cathodes

It has been pointed out by several authors that a heavy deuteration of
the cathode is necessary if cold fusion is to be produced. Unfortunately we
have concluded that high Deuterium concentrations in the bulk of Ti

cathodes are hardly obtained in current and regular electrolytic
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experiments. This conclusion is, in fact, suggested in experiments by
Brauer et al. (1) who determined the Hydrogen profile in Ti pieces
electrolytically loaded. The profile shows a plateau of thickness ~0.25 pm,
where Hydrogen concentration is about 62 atoms per cent (TiHx x=2),
followed by a rapid decrease of the Hydrogen content up to thicknesses of
about 0.7 um where one finds only metallic Ti. This type of profile clearly
suggests the existence of a barrier which prevents a full propagation of
the Hydrogen atoms. If no barrier is present in the cathodes, and by
considering that Hydrogen goes into Ti by electrolytic pressure and then
diffuses into its volume, the calculated Hydrogen profile shows that
Hydrogen concentration continuously decreases from a value of x=2 at the
surface to x=0 at a thickness as large as 4 um, seven times larger than the

one found in the real experiment.
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Fig.l. Accumulated pressure versus Fig.2. Distribution of grain size in
heating temperature during thermal commercial Ti plates. Number of
desorption of Deuterium from one grains is plotted against its size.

of the Ti cathodes used in
electrolytic cold fusion

experiments.

We have tested this point of view with all the Ti cathodes used through
about twenty electrolytic cold fusion experiments. By using Thermal
Desorption (TD) of the absorbed Deuterium and by applying Differential
Scanning Calorimetry (DSC) to the same cathodes, we have concluded (2) that
full deuteration of the cathodes is only produced in a layer close to the

surface of thickness between 5-10 um. Results of Thermal Desorption of one
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of our samples are shown in Fig.l, where the Deuterium accumulated pressure
is plotted against the sample temperature during its heating up to ~800°C
where the Hydrogen pressure reaches a plateau. Same results have been
obtained with all the others samples used in our electrolytic experiments.

The electrolyte was in ten experiments acid and in three of them basic
and the electrolysis charge in Ah ranged from about 290 Ah to 2080 Ah. All
the results confirm that deuteration of our Ti cathodes takes place in a
layer of thickness between S-20 um with Deuterium concentrations ranging
between x=] and x=2. Some authors apply X-ray diffraction to confirm that
they have produced TiD2. But this is a misleading tool because it gives
only information on the structure of a layer equal to the penetration of
the X-rays. In fact, some of our cathodes have been examined by XRD and
Deuterium concentrations between x=1.5 to x=1.8 have been obtained, in
agreement with the former conclusion because the penetration depth of the

CuKoe X-ray line is smaller than ~10 um.
III. Role played by polycristalline grains

By using Optical and Electron Microscope Microphotographs we have
determined the grain size of the different Ti cathodes used in our
experiments before doing electrolysis. Results are shown in Fig.2 where
the number of grains (in %) 1is shown against its size in um. Although
there is a grain size distribution between ~5 um and ~70 pm, the peak of
the distribution is for all the plates in grain sizes of 20-30 um. This
predominant grain size corresponds quite well to the thickness of the
deuterated layer of the cathode we have found by other techniques. We
therefore may draw the following picture of the deuteration process of
commercial Ti used as cathode in electrolytic cold fusion experiments.
Deuterium diffusion is limited by the grain boundaries of the
polycristalline pieces which act as barriers for the Deuterium propagation.
Therefore, the first layer of grains appears with high Deuterium
concentration, often close to x=2, and the rest of the cathode with
practically no Deuterium.

The proposed deuteration process of Ti has been further confirmed in the
case of Ti cathodes electrolyzed in basic electrolytes. Microphotographs
from the SEM show the existence of wide cracks between grains after

prolonged electrolysis. These cracks appear as a consequence of the
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Fig.3. Scanning Electron Microscope photographs of: a) Surface of a Ti
where elevations due to grain dilatations can be seen. b) A crack
appearing on the top of "mountains" like the one in a) is shown. c) Surface
of a Ti cathode where part of the grains have already dropped. d) Facets of

clean [fi grains appearing after the first layer of deuterated grains

released from the cathode.
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dilatation of the grains induced by Deuterium absorption. Grains press one
against each other forming elevations like mountains (photo a) of Fig.3)
and on the crests of those mountains, where the grain boundary is, a crack
appears (photo b)). Once the cracks are large enough, the grain releases
from the cathode and drops to the bottom of the cell. This is shown in
photograph c) where some grains have been already released. Finally, when a
high enough number of grains have dropped from the cathode, a new and clean
surface of it has to be deuterated, as can be seen in photograph d), where
the facets of clean grains of the Ti cathode are visible. A qualitative
picture of this mechanism is shown in Fig.4. This mechanism seems to be no
operative in cathodes deuterated in acid electrolytes. At least, the
morphology of the cathode surface after the experiments is very different.

It resembles a spongy surface with many cavities and a large effective

area.
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Fig.4. A qualitative picture of Fig.5. Distribution of grain size
in the deuteration mechanism of a in quenched commercial Ti ( to be
polycristalline Ti cathode. compared with Fig.2).

The reason why the grain boundaries act as a barrier for Deuterium
diffusion seems to be the gettering effect of Oxygen, Nitrogen, etc. atoms
adsorbed there. Many authors anneal their samples in vacuum before the
experiment in order to eliminate the gases adsorbed on the surface of the
boundaries. However, the success of this pretreatment is not guaranteed at
least a mass spectrometer be connected to the annealing camera to measure
the desorbed gases.

We are trying in our experiments another approach to increase the
deuterated volume of our Ti cathodes: to enlarge the grains by a thermal
quenching. Some results are shown in Fig.5. Some samples quenched in water

from different furnace temperatures show grain size distributions whose
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peak increases with the furnace temperature. In fact, samples quenched
from 10° °C are formed by grains with volumes 30 times larger than those of
the untreated samples what means that the deuterated volume will be 3 times
larger. In these cases and, if the surface cathode has been conveniently
cleaned, the grains must be fully deuterated in a matter of hours with

conventional current densities.
IV.Conclusions
We therefore can conclude from the content of this communication that:

Deuteration of Ti cathodes in electrolytic cold fusion experiments seems
to take place in only the first grain layer. Grain boundaries seem to be

barriers for the propagation of Deuterium in the next grain layer.

Differences in behavior are found between the hydrides formed in acid and
basic electrolytes. In basic media, used by most of the authors, the
deuterated grains release from the cathode and a new and clean surface of

Ti appears periodically.
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Abstract

A new ten-electrochemical cell experiment has been carried out in order to confirm the
previous results and try to understand the key role of some experimental parameters in
triggering the cold fusion events. The experiment was designed to detect: a) excess heat; b)
loading factor by in situ measurement of the cathode displacement; c) nuclear products:
neutrons, tritium in the electrolytic solution and in the recombined heavy water, y-ray; d)
effect of the palladium electrode preparation. To measure the excess heat, a calibration curve
of the input power vs temperature of the LiOD + D,0 solution was obtained for cells equal in
shape, materials and operating in the same experimental condition in which the experiment
was actually performed. The unique difference was on the cathode. The cathode used in the
calibration measurements was made of palladium rod gold-plated by electrochemical
deposition. Neutron detector is a SHe proportional counter, the same used in the previous
experiments, but the data acquisition is now implemented by a fast pulse-shape storage and
off-line discrimination for a very accurate counting. The findings of the experiment, lasted
about 50 days, are: i) dependent on the type of the cathode, specific excess power values up
to 96 W/cm3 was found; ii) specific excess power showed linear dependence from the current
density with a threshold at around 150 mA/cm?2; iii) the cathode swelling was dependent from
the type of the cathode and in the case of rods it increased with the current density; iv) no
evidence of nuclear products statistically significant was detected.

*CNR- Centro di Termodinamica Chimica alle Alte Temperature, c/o Dipartimento di
Chimica, Universita "La Sapienza”, Roma

*Dipartimento di Scienze e Tecnologie Chimiche, Universita' di Roma II "Tor Vergata",
00100 Roma

In this paper the texts of the separate communications given by S. Frullani and D. Gozzi at
the 2nd Annual Conference on Cold Fusion are jointly reported.
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1. Introduction

The aim of the present paper is to report recent results obtained in a new ten-
electrochemical cell experiment carried out in order to confirm the previous results (1-2) and
try to understand the key role of some experimental parameters, if any, in triggering the cold
fusion events.

Our approach to the cold fusion experimentation was and still is to search time-
correlation among independent measured parameters, both to give a stronger evidence that we
are not dealing with instrumental artifacts and to obtain useful information on the related
mechanisms. Due to a permanent skepticism of a part of the scientific community, we believe
useful that the people still working on this field must continue to show that a big amount of
reliable experimental data give results which are not explained with conventional theoretical
approaches and therefore we are concerned in a new frontier of the scientific knowledge.

The experiment was designed to detect: a) excess heat; b) loading factor by in situ
measurement of the cathode displacement; c) nuclear products: neutrons, tritium in the
electrolytic solution and in the recombined heavy water, y-ray; d) effect of the palladium
electrode preparation. The main difference between the present experiment and the previous
one (2), is constituted by excess heat measurements, a more efficient neutron counting system
based on the pulse shape discrimination and in situ measurement of the cathode swelling due
to the absorption of the electrochemically generated deuterium.

2. Experimental

We shall only report those parts of the our experimental set-up and procedures which
have been added with respect to the previous experiments which can be found in the literature
(2). Just to facilitate the understanding, we can summarize the features of the experiment as
follows:

* Ten equal cells connected in series operating in galvanostatic conditions;

« The only difference among them is in the preparation and/or shape and/or dimensions of the
Pd cathode;

« All the cells are placed in a torus-shaped thermostated bath at (24.5 + 0.1) °C. They are
simmetrically located in the bath. Five K-type thermocouples are placed along the torus.
Room temperature is kept constant at (20 +1) °C;

« Before to fill the cells with the solution, a D, stream was maintained for some time;

» All the celis have a separate gas recombiner for tritium (T) monitoring in the gases;
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« All the cells are provided with a device to maintain a constant level of solution by adding
D70 when consumed;

» Each cell is monitored for:

- Temperature of the cathode

- Temperature of the solution

- Voltage of the cell

- T in solution and in gas phase externally recombined

» Two cells out of ten have a displacement transducer to monitor the cathode swelling during
D-loading;

» One 3He proportional counter for neutron detection is placed in the centre of the torus and
two Y-ray detectors (Nal and HPGe) are properly located around the bath.

2.1 Excess heat Measurements

Because our torus-shaped multicell apparatus is not a calorimeter, but it is an
isothermal device, accurately thermostated, which allows to keep at constant temperature the
external wall of each of the ten electrochemical cells, the variation cell to cell of the heat flux
crossing each glass tube only depends from the temperature of the electrolyte solution since
all the parameters influencing the heat transport (electrolytic solution and its volume,
geometry of the cell and materials by which it is made of, exchange surface area, etc.) are
equal for all the cells. Thus, at a fixed input power imposed to the cell, a stationary thermal
gradient will be established between the inner solution and the thermostated bath. If the
stationary values of the temperature of the electrolyte solution are reported as a function of the
respective input power applied to the cell, we have a calibration curve which provides the
excess heat data when well-defined deviations from it occur during the real experiment.

2.1.1 Calibration procedure

Few points are necessary to explain the procedure we adopted in making the
calibration curves :

- Two cells (by dimensions, shape, materials, etc.) equal to those used in the experiment
have been calibrated in the same experimental arrangement previously described;

- Two types of calibration for each cell were carried out both in LiOD + DO solution:

» Thermal (by an electric heater);

* Electrochemical (as in the experiment) by using gold plated Pd cathodes. Each electrode
was carefully controlled by SEM microprobe mapping of Pd to be sure that Pd was not
detected;

* In both the cases each stationary temperature of LiOD solution at fixed input power was kept
as a point of the respective calibration curve;
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» It can be shown that the stationary temperature at constant input power does not depend on
the electrode mass. This can influence the time constant only. Thus, the calibration curve
obtained is valid throughout our system.

The choice of this procedure was based on the fundamental concept that, in absence of
processes other than the D70 electrolysis, the two calibration curves must be found
superimposed due to equality:

(VI x I = [(VI-V) x Tlg » (1)

where VI, I and V° are, respectively, the voltage at Joule heater or electrode leads, the current
crossing the respective systems and the thermoneutral voltage given by -AH°f(D20,1)/21F

being AH°(D,0,l) and F, respectively, the enthalpy of formation of liquid D20 and the

Faraday's constant. V° has been taken equal to 1.5367 V(3). The subscripts h and e stand for,
respectively, by-heater and electrochemical calibrations. Furthermore, we used as blank for
the calibrations heavy water solutions and Pd gold-plated cathodes because we believe that
both these conditions allow to be closer to the real experimental situation. In fact, the use of
light water solution instead of the heavy water solution as blank, though so widely adopted to
guarantee the reliability of the cold fusion findings, is quite imprecise from the calorimetric
point of view because heat capacity and thermal conductivity of the solution, enthalpy of
vaporization of D20 as well as thermal conductivity of Hz and D; are all appreciably
different. The gold-plating of Pd cathode avoids the process:
Dads — Dpulk (Pd) (2)
while the processes
Dads + Dads = D2(g)
and/or (3)
Dyds + D20 + 2e(Au/Pd) — 20D + 1/2 Dy(g)

remain the same as in the case of Pd only. The ads subscript stands for the chemisorbed
status of the deuterium atom onto the cathode surface. Obviously, if the process 2 is
completely forbidden, we can be sure that neither cold fusion phenomena nor chemical
process occur.

Figure 1 shows some stationary steps used to build the calibration curves by making
use of both an electric heater (Fig. 1A and 1B) and the electrolysis (Fig. 1C and 1D). Figures
1B and 1D display a portion corresponding to a single step of the respective A and C curves.
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2.1.2 Electrodes and cells

Gold-plated Pd cathodes were prepared starting from Johnson & Mattey 6 mm
diameter rod, cut in 25 mm long pieces, machined at one end for encasing the thermocouple
and then accurately polished before the electrochemical plating. The gold layer thickness was
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Figure 1. Typical trends of the temperature of the LiOD solution vs input power in the
thermochemical and electrochemical calibration mode

about 4 um. To improve the electrical contact also the shield of the all K-type thermocouples
used in this experiment was gold plated. Since the shields are electrically insulated from the
inner thermoelements, they also work as current leads for the cathodes. To obtain this, the
shields were soldered on the top of each cathode. The space around the junction
cathode/thermocouple were filled with epoxy resin and then covered by a piece of
thermoplastic tube to avoid the direct contact with the alkaline solution. All the materials used
were tested for long time to be inert in LiOD alkaline solutions.

Anode and cell geometry and dimensions were given elsewhere (2). Here it is just sufficient
to mention the characteristic of the heater. This was a 50 W resistor obtained by winding
Kantal wire on a capillary alumina tube. The whole diameter was 3.2 mm. It was placed in a
NMR-type test tube filled with silicon oil and inserted in the proper hole of the cell teflon cap.

2.2 Furher details on the electrolytic cells

2.2.1 Cathode swelling measurement
Two cells out of ten were modified in the bottom part to allow the insertion of a LVDT

(Linear Voltage Displacement Transducer) by Penny+Gilles, U.K. mod.1354. This kind of

25



transducers have an infinite resolution and -the sensitivity is given better than 1 mV/um
practically depending on both the electronics of the d.c. power supply and voltmeter used for
the readings. By our apparatuses, we can measure displacements greater than 0.1 pm and up
to S mm in both the directions. The LVDT was placed in a tefloncylinder fitted to the bottom
of the glass cell. To seal the LVDT from the alkaline solution and to allow the spring loaded
probe to move free, a very thin plastic membrane was used. Due to the type of assembly, we
can measure the electrode swelling only in the z-axis (major dimension) direction. The
voltages were read by two of the 60 analogic input channels of the data logger and directly
converted in pm according to the linear calibration curves previously found. LVDT data as
well as the other ones coming from the entire apparatus are transferred through the data logger
to a Macintosh II fx running on a home-made acquisition program written on LabVIEW 2.1
(National Instruments, Austin, TX).

2.2.2 Cathodes

The ten Pd cathodes used were prepared in different ways as reported in Table I
below. The cathode and thermocouple assembly was done by the same procedure as reported
in section 2.1.2.

TABLE I

# Type Treatment ' Dimensions (mm) Remark

1 rod HVLHT D 6x25

2 powder sponge pressed 5.3x4.3x25.7 300 MPa

3 rod as received D6x25 LVDT

4 powder sponge HVSS 5.2x4.4x25 LVDT

5 rod as received D6x25

6 rod RFHQ D6x25

7 amorphous lamina as received D 4.1x16 Teflon supported*
8 31 wires CSD D 0.5x22 Au welded one end
9 rod RFHQ D 3x22

10 powder sponge  HVLS 4.7x3.9x23

HVLHT = High Vacuum Long Heat Treatment (10 h at 1250°C and cooled at 6°C/h)

RFHQ = Radio Frequency Heated at 1350 °C for 10 min under Ar and Quenched in LN

HVSS = High Vacuum Short Sintering (5 min at 1250 °C)

CSD = Cold Screw Dislocated

HVLS = High Vacuum Long Sintering (10 h at 1250°C and cooled at 6°C/h)

*The Pd content was 32.35% in weight. The lamina thickness was 0.05 mm.
Amorphous lamina samples were supplied by Prof. P.H. Fang, Institute for Space
Research, Boston College, MA
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2.2.3 Electrolytic solution

It was a 0.2 M LiOD solution prepared in the usual way by using DO (Fluorochem
Ltd., England) at 99.91 wt% in the isotopic content. The nominal T activity was 60 nCi/kg
corresponding to 147 dpm/ml. In the first part of the experiment DO at higher T content (254
dpm/ml) was used.

The Li concentration in the electrolytic solution of each cell was systematically
analysed during the experiment by plasma absorption spectroscopy. If the Li concentration
was found less than the initial value, this was restored by a proper addition of a more
concentrated LiOD solution. Li concentration generally decreases much more at high current
densities due to the increased action of the evolving gases in carrying microbubbles of
solution out of the cell and, as it will show in the results section, it decreases also because of
the absorption by the Pd cathode.

2.3 Nuclear measurements
2.3.1 Neutron detection

With respect to the previous experiments (1-2), we improved our counting system by
storing the analog signals from 3He proportional counter and off-line discrimination based on
the characteristic pulse shape produced by a thermalized neutron interacting with 3He gas.

According to the scheme reported in Fig. 2, the logic signal from the neutron counter,
through the look-at-me channel of the data logger, drew the computer to read the digitized
pulse shape produced by the oscilloscope in 1024 byte string. The minimum interval of time
between two acquired shapes was determined by the time resolution of the look-at-me channel
which was 2 ms. Each stored shape was written together the event date in the format dd-mm-
yy:hh-mm-ss.sss. The whole stored file of each run was constituted by an appended binary
text file which can be segmented and converted in the voltage vs time original curves by a
suitable home-made LabVIEW program.
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Figure 2. Scheme of the dated pulse shape acquisition from the 3He neutron counter

The pulse shape associated to a thermalized neutron displays a negative voltage value
without any positive component all along its length (see Fig 3A of ref.2) while a pulse
produced by spurious electromagnetic signals picked-up by the counter shows both positive
and negative values (see Fig. 3B of ref.2). Due to the characteristics of the signals, a suitable
filter has been put in the off-line analysis. The program labels as neutrons only the events that
go through the filter. Further check of the reliability of the adopted procedure was done. We
calculated by integration of each filtered pulse the corresponding collected charge and, for
each run, a spectrum was obtained (see Fig.3) which was always in agreement with the
spectrum obtained by the calibration with an Am-Be source.
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Figure 3. Pulse charge spectrum as given by the filtered newtron signals in a typical run. The
peak value is at = 765 keV as obtained when calibrating with Am-Be source

For each run the total counting and the counting rate were given only by filtered
signals. The dating of the signals allowed to perform the counting choosing the proper time
gate.

The signals which did not pass through the filter were stored in a separate file for
further analyses. In fact, there are scattered evidences (2,4) that the electrochemical system
itself could be source of electromagnetic signals. We are looking for some correlations, for
instance, between the frequency of those spurious signals and applied current density.

2.3.2 Tritium measurements

The sampling for the triium analysis both in the solution and in recombined gases was
done at fixed values of the electrical charge passed through the cells. This is necessary to
facilitate the control of the tritium mass balance. The external catalytic recombiner is
constituted by porous Pt supported on alumina tube and heated at 400 °C. The D,O
recombined vapours are condensed on a water-cooled glass surface.

The tritium measurements were carried out by the procedure already reported (2).

2.3.3 y_measurements

Seven energy windows of the HPGe 7y detector spectrum spanning between 350 keV
and 2.8 MeV were monitored during the experiment. Lower energy windows were centered
in the region where the emissions from the Pd nuclei levels occur due to the Coulomb
excitation induced by 3.0 MeV protons generated in the d + d reaction. Energy window
around 2.204 MeV was used to monitor the natural background due to 214Bi. A window
around 2.224 MeV was used to monitor the y emitted in the radiative capture of neutron by

proton.
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Seven energy windows of the Nal y detector spectrum spanning between 2.1 and 27.0
MeV were at the same time monitored. The lower energy window was again used to detect
the radiative capture reaction, an energy window around 2.6 MeV was set to measure the
natural background, an energy window around 23.8 MeV to monitor the d(d,y) 4He reaction.

3. RESULTS and DISCUSSION

3.1 Excess heat
3.1.1 Calibration curves

Figure 4 shows sequences of steady-states of the solution temperature when the
heating occurred by the heater (h) or electrolysis (¢) mode. The input power values, Ip, were
calculated in both the cases according to the left and right side, respectively, of Eqn. 1. The
calibrations were made at the same time on two identical cells containing, as shown before,
gold-plated cathodes likely prepared in the same way. After each calibration the LiOD solution
was analysed for the Li content and replaced in the cells by a fresh one having same volume
and concentration. Figure 4 clearly shows that the calibration curve obtained in the
electrolysis mode on cell #2 is quite anomalous with respect to the other calibrations which
are satisfactorily represented by the best fitting line:

Ts = (25.3 £0.1) + (0.477 £ 0.002) Ip (@)

which was then assumed to evaluate the behaviour of all the cells during the ten-cells
experiment.

To try for an explanation, at the end of the calibration measurements, we examined by
SEM microprobe mapping the surfaces of both the cathodes to check the status of the gold
layer. In the cathode of cell #2, we found two zones along the lateral surface of the cylinder
clearly not covered by gold. The molar Li concentration, [Li], was found 0.184 and 0.075,
respectively, for the cells labeled #1 and #2. If we compare these values with the initial value
of 0.187 (equal for both the cells), changes are found in the Li concentration equal to -1.6%
and -59.9%, respectively. Assuming that all the Li concentration change, A[Li] depends on
the reduction and bulk-diffusion into the cathode, the final composition of the cathode has to
be considered equal to A[Li]VoMpy/1000W . = 0.05, i.e., PdLig s, being Vg = volume of
LiOD solution = 35 ml, Mp, = atomic weight of Pd and W = weight of the cathode of cell #2
= 8.55 g. Therefore, the decrease of [Li] is consistent both with the surface microprobe
analysis and with the well-known fact that at high current densities, that is, high cathodic
overvoltages, alkaline metals can be reduced in acqueous solution, even if, in an unstable
state, except for in the case where a concurrent process does exist.
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By interstitial diffusion and a favourable chemical potential gradient, as in the case of
hydrogen and its isotopes, Li penetrates into the Pd bulk producing solid solutions without
going back into the aqueous solution because of the reaction with water. The difference
observed in the case of cell #2 roughly means that the solution can be, for instance, heated at
40 °C by using an input power equal to =77% of that one necessary if the Pd cathode did not
absorbe deuterium (cell #1). In terms of speciﬁc excess power, this means 10 W/cm3 about if
we consider all the volume of the cathode #2 subjected to deuterium absorption.

If we consider the right term of eqn.1, we realize that this is representative of a
particular aspect of a more general treatment. In fact, only one electrochemical process was
there considered (D,0 electrolysis) and no chemical process. In general, we would have to

write the eqn. 1 in the form:

[IVI x Tl = [(VI-2V;°) x T]e - SAH,v; (5)

where the summations run over the all possible electrochemical and chemical processes. In
eqn. 5, v; is the reaction rate of the i-th chemical reaction which could be also current
dependent. Obviously, if the input power axis of the calibration plot is recalculated by taking
into account the right-side of eqn. S, the slope of the curve can change and, in principle, the
equality with the left-side term should be satisfied. All the tentatives made so far to lower,
through eqn. 5, the slope of the electrochemical calibration curve of cell #2, plotted on Fig. 4,
were unsuccessful. Work is still in progress to improve this calculation.
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3.1.2 Ten-cell experiment

Conceming the experiment which started on May 6, 1991 and lasted 50 days
approximately, we show on Figure 5 two quite different trends of the excess heat as recorded
throughout the experiment.
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Figure 5. Specific heat power excess for cells #1 and #9 and applied current profile
throughout the experiment

To compare correctly the excess heat data for all the electrodes, we used to normalize
the excess heat power with respect to the cathode weight instead of its volume being this, for
cenain electrodes, difficult to measure due to their irregular shape. The applied current (all the
cells are connected in series) is reported on the right ordinate of fig. 5. We can see that cell #1
does not show throughout the experiment appreciable excess heat values and they are not
current dependent. A very different behaviour is shown by cell #9 where the excess heat has
been found above any reasonable experimental error and the correlation with the current
seems to be very close.

Figure 6 gives a bird-view, for all the cells, of the specific excess power results as function
of the applied current density. We divided the curves of figure 6 in three categories chosen
according to the preparation of the cathodes, as reported in Table I. We can focus our
attention to some points emerging from inspection of fig. 6. These are:

- Except for cells #1, #3 and, for opposite reasons (see below), #8, all the cells show a
threshold in the current density which is located around 100 mA/cm?;

- While cell #1 and #3, as already mentioned, did not give any excess heat whichever was the
current density, cell #8 started to produce excess heat at a lower current density value,
below 50 mA/cm2. This could be consistent with the fact that the whole cathodic surface
area was not equal to the calculated value, given by nn@(h + @/4), but, reasonably, it was

less than that value because of the partial shielding of the innermost wires toward the

32



electrolytic solution, caused by the outermost wires. n, @ and h are, respectively, the
number of the wires, their diameter and length (see Table I). A similar reasoning could be

done for cell #7 due to a
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Figure 6. Trend of the specific excess power vs current density as found for the ten cells. Cell
#3 has not be reported because its trend is very similar to cell #1 (see Table II)

possible not precise evaluation of the whole cathodic surface area;

- The cathodes, in categories SINTERED and @ 6mm RODS, can be considered sufficiently
comparable among them since at least the shape, dimensions and starting materials are in
common for the cathodes belonging to the same category;

- By comparing the categories, it clearly appears that the cathodes made of 6 mm diameter
rods show the lowest power excess but there is not a significant difference between as
received and quenched cathodes ;

- On going from the cathode #1 to cathode #8, we pass from a practically undislocated
material to highly dislocated one, whereas, in the SINTERED category, the concentration
and distribution of dislocations probably remains unaffected by the type of preparation. In
fact, it is reasonable that the cathodes maintain the same properties of the grains of the
starting powder of the Pd sponge which s highly dislocated, as expected by itself nature;

- It is interesting to observe the very unlike behaviour between the two RFHQ cathodes (#6
and #9) which were different only by diameter. We believe that this has to be connected to
the dynamics of the high compressive stress which is established in the rod in the direction
from the surface toward the bulk when fast cooling occurs. Because the rate at which
cooling proceeds into the bulk, all the other conditions fixed, depends on the diameter, the

33



magnitude of the compressive stress, which can dislocate the rod in an ordered way,

becomes consequently a function of the diameter.
In Table II below it is reported the specific integral excess heat as calculated for all the

cells.

TABLE 1I

Cell # Category Weight Specific Integral
(g) Excess heat (MJ/g)

8.2954
@6 mm RODS 8.3403
8.1150
8.5263

4.2158

SINTERED 3.5654
3.8545
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Figure 7 shows the comparison with the F.&P. (5) data and those of cell #8, for
instance, concerning the specific power excess dependency from the current density.
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Figure 7. Specific power excess dependence on the current density compared with data in
Ref. 5
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Though our slope is less steep than the slope found by F.&P., it is important to observe that
both the trends are linear and the difference in the slope and intercept can be reasonably

attributed to the nature of the cathode.

3.2 Cathode swelling measurements

Before to show some preliminary results of cathode swelling measurements,
performed in order to obtain in situ the loading factor [D/Pd], let us consider briefly some
basic points related to this kind of measurements. According to the literature (6-7), in an
unstrained Pd specimen, D, absorption produces a relative swelling, AV/V, given by:

AV/V =3 AL/L = (0.20 £ 0.01)[D/Pd] (6)

Due to the fcc structure of Pd, the swelling is an isotropic process producing the same relative
elongation, AL/L, along each of the x,y,z axis. Probably, only cathode #1 is in this quite-
ideal situation due to the particular heat treatment that allowed it to loose all the internal
stresses of the material reaching the state of internal thermodynamic equilibrium. In a cold-
drawn rod having diameter @:

AV/V = (Ax/x) + (Ayly) + (Az/z) = 2(AD/D) + (Az/z) )

due to the fact that there is a tensile strain along z-axis and compressive strain on the x,y
plane. In this case, we cannot use the above relationship 6 for determining [D/Pd). In a
sintered specimen, eqn. 6 is still approximately satisfied but it is necessary to consider that the
expected expansion, due to the deuterium absorption, occurs for a certain fraction, J, in the
free volume,V,, of the pores. Thus, the eqn. 6 becomes:

(AV-8VpI/V = 3 ALpeadL (8)

where V, = Ws(ppq - Ps)/psppg- Ws and pg are, respectively, the weight and density of the
sample s. In this case, the measured expansion, ALpc,s, allows to measure & by eqn. 8
through eqn . 6 as:

3 = (0.20 [D/Pd] - 3 ALpeag/L}[1/(1 - £)] €)
if at least one [D/Pd] value is known and f = ps / ppq -

In our experiment, we measure the expansion along the major axis of the cathode, that
is, ALpeas/L (#4-sintered) and Az/z (#3-@6mm rod as received). In figure 8, we report the
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recordings of the cathode swelling and the electrode temperature for the two cells equipped
with the LVDT at the beginning of the experiment when, before to fill the cells with the
electrolyte solution, a stream of Dy(g) was allowed to circulate in the cells for conditioning the
Pd cathodes. As it was already found (2,8), the response to the Dj(g) exposure of the
sintered cathode was completely different with respect to the rod and, as it will be shown, this
difference will continue throughout the experiment.
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Figure 8. Behaviour of the cathodes monitored by the LVDTs when exposed both to D,
stream, at atmospheric pressure, and D, electrochemically generated. Temperature
of the cathodes is also shown

As shown in fig. 8, in the same experimental conditions, the swelling of the sintered cathode
#4 was about 70 times greater than the swelling of the cathode #3. This could be easily
explained by considering the respective porosity of the two materials which allows to the gas,
in the case of the sintered cathode, to be in contact with a larger surface. Thermogravimetric
measurements (9), carried out on sintered specimens, like #4, showed that at 101.3 kPa of
Dy(g) and at room temperature, the weight gain was such that an equilibrium [D/Pd] value of
0.67, as expected, was reached in a time interval of about 20 min which is comparable with
that reported on fig. 8. Therefore, we can associate the AL ,..;/L to [D/Pd] and, through eqn.
9, we can calculate d = 0.114. This means that at least 11% of the expected swelling does not
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contribute to expand the cathode, provided that its density is assumed isotropic. Due to the
unidirectional pressing applied in the preparation and subsequent short sintering, the density
could be higher along the z-direction increasing f in the eqn. 9 and, accordingly, the value of
d. Previous calculations (8) made on the integration of the temperature vs time curve were and
still are in satisfactory agreement with the heat expected to be produced by the exothermic
reaction which yields [D/Pd] = 0.67 producing.

In fig. 8 the behaviour of the cathode just after the beginning of the electrolysis at 10
mA/cm? is also reported. The LVDT of cathode #4 did not detect any appreciable variation
while cathode #3 LVDT showed a well-defined increasing trend which continued as shown in
figure 9 below.
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Figure 9. Behaviour of cathodes #3 and #4 observed in a long step-changing current density

profile

If we take into account the different AL ordinates of the two plots above, we realize
that the cathode #4 swelling was practically independent from the current density, maintaining
quite constant the value which was reached during the exposure to D2(g) stream. For cathode
#3, AL was found to be strictly current density dependent. We observed that to maintain a
certain swelling value it was necessary to continue to increase the current density otherwise a
contraction of the cathode occurred.

Though the dilatation measurements did not allow us to obtain an absolute value of
[D/Pd], we believe the relative changes with respect to the current density are very interesting,
when compared with the very low changes observed, simultaneously, on the sintered
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cathode. In fact, these findings go in the direction of our precedent work (10), based on the
assumption that [D/Pd] values out far from the thermodynamic equilibrium can be achieved if
some structural and morphological conditions are present in the material. Particular structured
domains, where the continuity of the chemical potential does exist, could be sites where high
[D/Pd] values might be reached because of the effect of high local current densities on the
low-ionic conductor PdDy. This effect, as shown in literature (10), increases with the ionic
transport number. To make this phenomenon macroscopically evident, it is necessary to have
in the material a high concentration of large ionic-conductor domains satisfying particular
structural arrangements able to set, locally, very high current densities. Due to the above
considerations, we can only evaluate the lowest values of [D/Pd] for both the cathodes #3 and
#4 which are, respectively, 0.26 (if eqn. 6 is calculated at the maximum measured value of
AL, see Fig. 9) and 0.67. In this context, the respective excess heat data of Table II could be

considered consistent.

3.3 Nuclear Measurements
3.3.1 Tritium_measurements

As mentioned in the experimental section, we carried out systematically (roughly at
fixed electrical charge passed through the ten-cell system) tritum measurements by 1 ml
sampling both in each cell and in the respective catalytic recombinator. In figure 10, the trends
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Figure 10. Typical tritium activity as found in solution and in recombined gases for three

cells. Abscissa is quoted as ([I dt)/F where F is the Faraday's constant. Arrows
show the heavy water refilling from a new batch at lower T content
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vs the integral charge passed both for tritium in solution and in recombined heavy water are
given. The plots reported are considered typical and they refer to cells #1, #10 and #8,
respectively, one for each category of cathodes. Detailed information on the procedure used to
evaluate the triium mass balance is reported elesewhere (2). Here it is sufficient to point out

that the shape of the trends is due to the mixing, at the point marked by the arrow, of a new
heavy water feed, at lower T content, [T]°£ , with the solution at higher T content, [T]OW In

fact, the final T enrichment was always within the expected enrichments from = 2[T]°L to =
Z[T]Oh , roughly. As a consequence of this, the trends for the recombined gases were

influenced accordingly. However, no significant evidence of T excess was found throughout
the experiment in any of the ten cells.

From data like those reported in fig. 10, it is possible to calculate the enrichment factor
defined as the ratio, at a certain charge passed, between the tritium concentration in the
solution and tritium concentration in the gas phase, i.e., @g = [Tlso)/[Tlgas- The knowledge
of this term is important to evaluate, after prolonged electrolysis, the final content of T, [T]g,
in a D;0 electrolytic solution having an initial concentration of tritium [T]°. In fact, as it can
be shown (11), [T]¢= ag [T]°.

Figure 11 shows a typical trend of the enrichment factor for cell #9 throughout the
experiment.
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Figure 11. Typical trend of the enrichment factor. Here cell #9 is reported

It is important to observe that throughout this long experiment, ag was found
practically constant. Some authors reported (13) different results and explained the variations
of the enrichment factor as due to co-deposition onto the cathode surface of impurities which
change the nature of the electrode/electrolyte interface and, consequently, the relative rate of
the charge transfer of the hydrogen isotopes.
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The sensitivity of our measurements to detect an anomalous tritium content on the
sample can be estimated to be of the order of 100 dpm/ml (effective value was 30 dpm/ml)
that means a content of tritium of 109 atoms in one milliliter. By analysing the excess heat
reported in table II, we can compute that all the cathodes, except to #1 and #3, have shown an
integral excess heat of the order of 10 MJ. If this excess heatis to be attributed only to fusion
reactions having tritium as final product, the number of reactions needed is of the order of
1019. Even considering that the process lasted for all the length of the experiment (50 days)
one would expect in the solution + gas phase a production of =10!7 tritium atoms every day
and, by taking into account the volume of the solution, 1015-1016 atoms of tritium would
have been in 1 ml solution sampled. This number is 106-107 higher than the level of
sensitivity of our measurements and it is hard to think an artifact responsible for a negative

result.

3.3.2._Neutron_measurements

The frequency of neutron counting was analysed using variable time integration
intervals. In figure 12 the frequency as counts per hour is reported for all the runs. No
evidence of any neutron signal different from background was found.

5.0 ++—+—+—++—+—+—+—+——+———F—+——+
+ ; neutron measurements +
£ T : from May 6 G
c’e 40 _-.‘:._ .......................... to June 22I 1991 e
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o 30 :: ............................................. I
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Number of Runs

Figure 12. Average neutron counts per hour measured in all the acquisitdon runs

The analysis has been repeated for each run with several choices of time integration
intervals (from 10 minutes to 1 hour) by comparing each of the obtained distributions with the
reladve Poisson distribution expected according to the measured count mean value. In figure
13 the result of this analysis is shown for one particular run which is representative of the
results obtained in all the runs. The experimental data are shown as well as the expected
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values. These are reported with an error bar indicating their possible variability when the
mean value of the Poisson distribution is changed within the measured value of the standard
deviation. In all the cases the mean value is compatible with the background value and the
count distributions follow the statistics expected proving, in this way, the background nature
of the neutrons detected.
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Figure 13. Frequency count of neutrons as observed in 542 intervals of ten minutes
acquisitions and as expected in a Poisson distribution. The variability of the

expected values obtained allowing the measured mean value to vary between 4—C
=0.32 and p+0=0.37 counts/10 min. is also reported.

Being one cell (#3) operated for a certain time with pulsed current, a special test has
been made by analysing the time sequence of neutron counts with respect to the current value.
No correlation has been found, being the count distributions during the I=IMax and I1=0 time
intervals described by the same Poisson distribution with an acceptable statistical significance.

According to the discussion at the end of the previous section 3.3.1 on the comparison
between excess heat and nuclear products, a number of 10!9 reactions is needed again to
explain the heat found with the only fusion reaction having neutron and 3He as final products.

Under the same assumptions already made and taking into account the efficiency of
the neutron counter a counting rate greater than 1010 times the normal background would
have been detected.

3.3.3 y measurements
Gamma spectra from HPGe and Nal (T1) counters, respectively, in the energy ranges

of 0.30 - 2.83 MeV and 2.0 - 27.0 MeV, were sequentially acquired for living time intervals
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of eight minutes. For each measurement the integral count of selected energy windows
reported in tables III and IV were stored. For the spectra of both counters an energy window
was reserved to monitor natural background, being the e channel of the Ge counter centered
on the energy of a y emitted by the 214Bi (a daughter radioisotope of 238U) and the b channel
of the Nal counter centered on the energy of y emitted by 208T1 (a daughter radioisotope of
232Th).

TABLE III
Ge_detector
channel wind?':v;‘:e)nergy motivation
a 349.9 - 450.7 de-excitation of Pd isotopes
b 4759 - 561.7 de-excitation of Pd isotopes
c 986.9 - 1074.4
d 21949 - 2211.5 radiative capture
Bi-214 (natural background)
Tl-208 (natwral background)
f 2605.6 - 2622.1 (Th-232 daughter
g 2770.6 - 2825.7
Table IV
Nal detector
channel wmd(()lv(ve‘f)nergy motivation
2124 - 2328.2 radianve capture
) Ti-208(natural background)
b 2455.1 - 2750.8 (Th-232 daughter)
c 18007.1 - 19992.5
d 20013.6 - 21998.9
e 22010.1 - 23998.4 d +d — “He + ¥(23.8 MeV)
f 24019.6 - 27004.6

For each run the analysis of the measurements was made by checking the fluctuation of the
ratio of the counts in a given channel against that of the background channel. In figures 14

and 15 we report an example of measurements with Ge and Nal counters, respectively. The
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counting ratios fluctuate around the mean value. The upper dotted lines indicate the deviations
from the mean of three times the maximum value of the error of the ratio on a single
integration interval within the run. These levels can be considered as the threshold that
indicates a statistically significant deviation. In all the measurements no significant deviation
from background has been detected.
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Figure 14. Ratio of the counts of different energy windows over natural background. Ge
detector. g, b, c, etc. are the energy windows (see table III)

The sensitivity of the different channels to detect a possible fusion reaction is very different
due to the several factors that affect the possibility to detect gammas of given energy coming
from a fusion channel. Gammas of low energy 0.35 - 0.55 MeV are expected to be a signal of

the reaction chain:
d+d - 3H+p , p+Pd — p+Pd* , Pd* — y+Pd

Taking into account the reaction yield and the counter efficiency the threshold sensitivity was
about 1017 fusion reaction in 3H+p channel in the time integration of eight minutes.

43



Photons coming from the radiative capture of neutrons by protons of materials containing
hydrogen are expected in the energy window centered around 2.22 MeV.
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Figure 15. Ratio of the counts of different energy windows over natural background. Nal
detector. a, b, c, etc. arethe energy windows (see table IV)

This spectrum channel is a monitor of the reaction chain

d+d = 3He+n , n+p — d+y

The threshold sensitivity both for Ge and Nal counters was about 109 fusion reactions in the
3He+n channel in a time interval of eight minutes.

From the results shown in figure 6, by computing the power excess of different
cathodes and taking into account the palladium mass, a maximum value of about 13 W is
found. Considering fusion reactions in the two classical channels (p + T and n + 3He) as
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source of the power excess measured, a number of 1012 reactions per second are needed, that
is 5x1014 if we consider that the phenomena lasted along all the eight minutes of the time
interval integration. By comparing this value with the sensitivity threshold, we conclude that
in the low energy window the sensitivity was not sufficient to detect the p + T channel
through the Yy measurements. On the contrary, in the windows selected to monitor the 7y
emitted by the radiative capture, the expected signal from n + 3He reaction was 108 times
higher than the sensitivity.

Gammas in the upper windows of the Nal spectrum would monitor the fusion channel

d+d ->4He+Y (23.8 MeV)

This reaction, on the contrary to the case in which the energy (and not only the momentum) is
absorbed by the crystal lattice, does not release locally heat and should not give contribution
to an observed excess heat generated in the cathode. The threshold sensitivity for this fusion
channel was about 107 fusion reactions in the used integration time. To explain the heat
excess measured in this experiment as generated by nuclear phenomena, a reaction not
monitored by our instrumentation (for instance the 4He production with the energy absorbed
locally by the lattice) must be called.

4. Conclusions

The following conclusions can be drawn:

- Excess heat and cathode swelling were found strongly dependent from the preparation of
the Pd cathodes;

- Sintered and bulk cathodes behave in different way with respect to the absorption of
deuterium as shown by the displacement measurements. In the case of bulk cathode, the
D/Pd ratio seems to be greatly influenced by the applied current density showing a real non-
equilibrium condition. The sintered cathode absorbs deuterium without any correlation with
the current density like in a state of thermodynamic equilibrium;

- The highest specific excess heat and power were found to be, respectively, 130 MJ/cm3 and
96 W/cm3;

- Specific power excess displays a linear dependence on the applied current density with a
possible threshold effect according to the literature;

- From the double calibration procedure adopted (thermal and electrochemical) an intriguing
evidence arises which is, by itself, the most important feature of the cold fusion nature to
which a clear answer is still lacking;
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- Though neutron, tritium and gamma measurements were taken throughout the experiment,
no statistically significant evidence of release of these nuclear products was found;

- Evaluation of the sensitivity of the respective nuclear measurements gives confidence thac if
the energy were released through channels involving the generation of the monitored
nuclear products they would be detected at a statistically significant level;

- To explain the heat excess measured in this experiment as generated by nuclear phenomena,
a reaction not monitored by our instrumentation (for instance the 4He production with the
energy absorbed locally by the lattice) must be called;

- Also the findings here reported go into the direction of the scattered results still coming from
cold fusion experiments which even more require a complete set of independent parameters
to be controlled and nuclear products to be measured (4He for instance) both to exclude the
chemical nature of the heat generated and possible other sources of error.
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Abstract: Anomalous nuclear effects in Pd+Ti+D2 system were
investigated by means of a double liquid scintillator
system. A recoil proton spectrum of 2.45 MeV neutrons was
obtained from heavy water electrolysis experiment using Pd
as cathode. Burst neutrons and random neutron emissions were
observed in discharge experiments and temperature cycle
experiments for Pd+Ti+D2 system.

1. A double liquid scintillator system

Since Fleischmann and Pons announced that d-d fusion
reactions in room temperature were found!!), some neutron
Physicists have being focused their attentions on searching
2.45 MeV neutrons produced by D(d,n)3He reactionst2-6),
Comparing with other neutron detectors, liquid scintillator
have some clear advantages: a). it can give neutron energy
spectrum. b). it has excellent neutron-gamma discrimination
ability, and the results with higher effect to background
ratio can be expected. c). it can give fast signal with
nanosecond order, and can record burst neutron events.

We have used a bouble liquid scintillator system for
detecting the neutrons in discharge experiments,
electrolysis experiments and temperature cycle experiments.
It was shown in Fig. 1. LSD1 and LSD2 are the same liquid
scintillation detectors. Every detector both is used as a
single detector to analyse and record incident neutron
number with time-variation (RECORDER1 and RECORDER2) and
energy spectrum (ADCl.1 and ADC2.1) and operates in
coincidence mode to analyse and record neutron burst nember
(RECORDER12) and burst neutron enrgy spectrum (ADCl1.2 and
ADC2.2). The background count rate from the anode signals,
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Fig. 1 The set-up and the double liquid scintillator measurement

system used in the discharge activation experiment

which pass throuth the pulse shape analysis circuit, only is
about 60 counts/hour. When the resolution time of the
coincident circuit is 150 ps, the accidental coincident
count rate is 0.001/hour, it is negligible. The efficiency
of this system for 2.45 MeV neutrons is about 0.001. Maximum
neutron count rate may reach 107 counts/sec. Some
experiment results are following.

2. Results of discharge activation experiments

The set-up of discharge activation experiments are shown
in Fig. 1. together with the double liquid scintillator
system. The principle and set-up are similar to Nubuhiko
Wada’s(4), Gl is a glass jar, it is about 500 ml in content
and has 5 pairs of electrodes. The electrodes are the Pd-Ag
tube of 2 mm diameter, wall thickness 0.1 mm, which is made
from about 80% Pd and 20% Ag. J1 is used for storing high
pressure D2 gas. In the experiment Dz gas of 0.9 atm. was
filled into G1, and 6000-12000V voltage was applied to
between the electrodes for 3-10 minutes for every discharge.
Every run experiment lasted for 3-8 days, and discharge was
repeated many times.

We have completed 40 runs of discharge activation
experiments, in about 20 runs of which Clear anomalous
neutron counts were observed. A result is shown in Fig. 3,
in which only counts recorded by recorderl (including random
neutron counts and burst neutron counts) and coincident
counts recorded by the recorderl12 (neutron burst number)
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Fig. 2 Time-variation of count rate of the double liquid
scintillator system in the discharge activation experiment

were shown. Clear anomalous neutron counts occur in the
period of last four days, even seven neutron bursts occur in
the period of one hour.

3. Results of electrolysis experiments

Our electrolysis experiment set-up was similar to
Fleischmann’s. The experiment was carried out in a glass
jar, approximately 10 cm high x 10 cm diameter, held about
200 ml of 99.8 D20 plus o0.2% H20 containing o.5 mol/L LiOD.
A Pd tube of 10 cm long was used as cathode, a platinum wire
as an anode. A DC power supplies of 0-30 volts provided
electrolysis current of 100-150 ma.

After about 20 hours of beginning electrolysis neutron
counts increased rapidly, and lasted for one hour. The
maximum counting rate reach 447 n/minute. Luckily, before 20
minutes of producing high neutron counts integral background
counts in the period of 20 hours were cleaned. 3142 counts
were collected in the period of 70 minutes. The background

51



(a) Presont cxperiment

(b) The Neutrons from b(d, n)sl‘e reactions

(c) Background spoctrum

(Ve
o
]

1

Courts per chennel ( for a )
o
o
T

W
(=]
T

L \‘\MAMW/’WAI\«"JM.A.A Az hun e bsana e Ay an&w
256 12

Channel number

Fig. 3 A recoil proton spectrum measured by a liquid scintillator
in the electrolysis experiment

counts only is about 70. Effect to background ratio reached
40:1. The recoil proton spctrum recorded by LSD1 is shown in
Fig.3. This spectrum is basically coincident with the recoil
proton spectrum caused by the neutrons from D(d,n)3He
reactions, which were produced in 400 KV high voltage
accelerator in Beijing normal University. This shows that
D(d,n)3He reactions have occurred in the electrolytic cell.

4. Results of temperature cycle experiments

After having a steel jar S1 instead of the glass jar Gl
in Fig. 1, Fig. 1 becomes the set-up used in temperature
cycle experiments. When beginning experiment, a Pd sheet of
thickness o.1lmm and weight 0.1g. Ti chip of thickness O0.1lmm
and weight 50g and two CR-39 plastic sheets were put into S1
together. CR-39 was used for detecting energitic charged
particles. S1 was sealed, evacuated and put into A Dewar
filled with liquid nitrogen. In liquid nitrogen temperature
S1 was filled with ten atm. of D2 gas. Then the liquid
nitrogen in the Dewar was evaporated in room temperature and
S1 was warmed to room temperature. Then next temperature
cycle was started. One run of temperature cycle experiment
lasted for 6-12 days.

Fig. 4 shows a neutron measurement result. In the period
of eighth temperature cycle 184 neutron bursts were
recorded. It means that about 200000 reaction events
occurred in the samples. Two CR-39 sheets recorded also
charged particle signals in the same experiment.

52



BTy MOTE
- N e s
L
—— L |y
T
Le
3

L

gso U —— e —
il 37 21 mn:gm . w0 , 77 A1 38
i |
| : 1 I [
ok RECORDDNL2
iuo
?loot H
§50M J——ﬁ"‘!_zf—

‘B o8 120 i42 Isr 168 1R0 192

REQRDEM T ('n::‘m)

- N W .
1T

RICORDIN12

QOM‘W‘——;‘

i i i i —
192 Z04 FId 2R 740 252 761 218 e
ALOADER T (mouR)

Fig. 4 Time-variation of count rate of the double liqu
scintillator system in a temperature cycle experiment

Reference:

1) M. Fleischmann, S. Pons, J. Electroanal. Chem., 261,
301(1989)

) S. E. Jones et al., Nature 338, 737(1989)

) Nubuhiko Wada and Kunihide Nishizawa, Japanese Journal
of Applied Physics, Vol. 28, No. 11, 2017(1989)

w N

4) A. Takahasi et al., submitted to conference on anomalous
effects in deuterium/solid systems (1990)
5) A. De Ninno et al., 'Evidence of Emission of Neutrons

from a Titanium-Deuterium system’, submitted to:
Europphysics Letter (1989)

6) H. O. Meulove et al., ’'Measurement of neutron emission
from Ti and Pd in Pressurized D2 gas and D20 electrolysis
cells’, submitted to: Nature (1989)

53



EDITORIAL NOTE TO THE PAPER " SOME RESULTS ON COLD FUSION
RESEARCH" BY Z. HONGYU ET AL.

The decision to publish these Proceedings as soon as
possible did not allow any revision of the English
presentation of the text originally submitted. This paper is
particularly lacking in this respect, however due to the
interest of the results presented we have decided to include
it in the original form, asking the readers’ forbearance.
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A novel elevated-temperature molten salt technique has been demonstrated
for generating high-level excess heat. More than 4 MJ mol D, of excess heat, at
least 600% over the input power, was measured in two incidents using a torched
Pd anode and an Al alloy cathode in a eutectic LiCl-KCl mixture saturated with
excess LiD above 350° C. No thermochemical explanation can account for this
excess heat. Measurements on the hydrogen-based system showed the expected
endothermic behavior.

The Pd samples were later examined for their morphology and for helium
analysis. A porous microstructure of the samples was found. The electrolysis and
deuteriding processes changed the morphology substantially. Enhancement of a-
particles in the deuterided sample was detected, while the hydrided sample
showed an opposite effect. The amount of the a-particles in the sample, however,
was not commensurate with the measured excess heat.

Reproducibility of the experiments has been poor to date.

INTRODUCTION

The origin of excess heat found in the Pd-D electrolysis system at ambient
temperatures, as reported by Fleischmann et al. [1], has not yet been conclusively
identified. Despite the confusion over whether it was nuclear in nature, this
phenomenon offered a potentially inexhaustible, clean, source of energy.

A novel molten salt approach [2], using a Pd | eutectic LiCl-KCI molten salt
saturated with excess LiD | Al electrochemical cell, has recently been demonstrated

55



to generate excess heat above 350° C. This approach offers considerable merits,
such as high-grade heat, faster rates, high efficiencies, and a strong reducing
environment permitting use of less expensive materials for utility applications.

The high deuterium activity at high loading seems critical to reproducing
excess heat, as suggested by Fleischmann et al. [1] and reported by others [3]. The
molten salt approach can achieve high deuterium activities at a much lower
loading at elevated temperatures, as depicted in the Pd-H phase diagram [4].

Using molten salt techniques to study metal-hydrogen reactions has been
reported [5-8], and the principles were explicitly described by Deublein and
Huggins [9]. Liaw et al. [10] employed a eutectic LiCl-KCI mixture saturated with
excess LiH to study the thermodynamic and kinetic aspects of the Ti-H system. A
similar approach using LiD to generate excess heat in the Pd-D system is the focus
of this work. Due to the similar chemical properties between deuterium and
hydrogen, we often describe the deuterium system with no distinction from its
hydrogen analog in this context, except the anomaly in excess heat.

ELECTROCHEMICAL BEHAVIORS

Hydrogen-transparent metal surfaces can be prepared in situ using a eutectic
LiCl-KCl molten salt saturated with LiH [9]. In Figure 1, the stability window of
some base metals, such as Ti or V, is shown to explain their immunity to corrosion
in the molten salt environment. The presence of excess alkali hydride imposes a
very strongly reducing environment of extremely low oxygen and water activities,
as Figure 2 shows. Thus, most metal oxides are unstable and can be readily
removed from metal surfaces, facilitating deuterium reaction with metals in a
controllable fashion in electrochemical cells.

Dissociation of the alkali hydride in the electrolyte results in an alkali cation
and a hydride anion, which can be readily transported, exhibiting a conductivity

v 1383V 0, 700 K
1140V
Ti »
Li/LiCl V/VCly )
K/KCI  LiH/Hy  Ti/Ticl, IeH
LiH ——
370 mV Py [1.255] | [1.086]
LiC] b= 4 )
Li,O LiOH H;0
. . . . g
Figure 1. Immunity of Ti and V in the
chloride melt at 700 K (-0.370) 7
Li LiH H;

Figure 2. Ternary phase diagram of the Li- (Nurmbers are EMFs in volts vs. H, /H")
O-H system {Numbers are EMF's in volts vs. Hy /H' ]
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typically of 10! Q'an’! [7]. Therefore, the excess heat effect can be tested using a
cell, as described previously [2] (Figure 3). The cell half reactions are:

LiD = Li*+ D (1)

At the anode: Pd+xD = PdD_+xe (2)

At the cathode: Al +Li*+ e = “LiAl” 3)
which give the total cell reaction:

Pd +x Al + xLiD = PdD_+ x “LiAl” 4)

with an endothermic reaction enthalpy, AH , approximately 3 k] mol™ at 700 K
[11]. At this temperature, the palladium hydride and deuteride are above the -8
two-phase immiscibility regime [4]. The reaction of Li with Al in similar molten
salts is very fast and the phase transformation proceeds at high rates [12-14].

The AG, for LiH is -40.25 k] mol™ at 648 K (375° C) [15]. This corresponds to
the reverse reaction of:

LiH = Li+1/2H, (5)
with an electrochemical stability window of 417.1 mV. A standard hydrogen
reversible electrode (SHE) in the hydride electrolyte environment is thus 417.1 mV
above a standard reversible lithium electrode (SLE). The “LiAl” | Al mixture has a
constant potential, 308.4 mV above the SLE [13], over a'wide composition range
(Li=5.7-45.2 at.% [14]) at 375° C, and can be used as a reference electrode. The
hydrogen evolution reaction therefore occurs at 108.7 mV above the reference
electrode, which is the reversible cell potential for a PdH, (at a,, = 1) | eutectic LiCl-
KCl with excess LiH | “LiAl” | Al cell. The potential for the deuterium system
should be slightly higher, as shown in Figure 4, where a cyclic voltammetry was
performed on a Mo I D, | eutectic LiCl-KCl with excess LiD | “LiAl” | Al cell.

Al m&:‘ - ﬁdﬁﬁnﬂe
re——— 4 ; —
Teflon electrode ™ Thermocouple 1 ¥ ! )
assembly .‘
08+ .
< g
AN E- 0.6 4+ .o
Al . l lati g .‘
container > matenals a 041 ©
/ [ ° .’
«f— Dewar cell "E 02+ .. o
. ° ° 9-
\ P .g 0 J. RS 2300009000000
[ [ 8
| Hesting tpe 02+ o
b q f :
Farmation of \. L . dertrode -04 T t
TR L AR T N 05 0 05 1
Al oytinder q I Potential versus a "LiAl" | Al reference, V
\ asturated with
LD
\ J

Figure 4. Polarization behavior of a

Figure 3. Schematic drawing of the molten Mo | D,, | eut. LiCl-KCl w/excess
salt cell LiD | "LiAl"| Al cell at 375° C
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EXPERIMENTAL ASPECTS

Experimental details regarding this experiment were described previously
[2] and will not be elaborated here. Figure 5 shows some modifications of the
recent cell design. This configuration allows on-line gas collection for quantitative
analysis. Stainless steel dewar flasks show less degradation and are easier to
handle than glass. Boron nitride can withstand the melt’s reducing vapor and
provide good electrical insulation. Inserted into the cathode holder were
thermocouples to assure consistent readings without local hot spots. The use of
steel crucibles avoids the shape changes found with Al crucibles. However, Li
activity is less controllable and may cause excessive electronicleakage and
reactions with anode or current leads.

Gas outlet

Lead to T

od { m
anode - @
— 1 Lead to cathode

Thermocouples
with ungrounded
stainless steel
sheath

Fiberglass insulation

Figure 5. Schematic drawing
of the new cell configuration

BN ceramic
insulation

Brass cathode Stainless steel
holder dewar flask
Steel crucible Brass contai
Aluminium
cathode

Pd anode
Heating tape LiQ-KCl molten

salt saturated
with excess LiD

The heat balance of the cell was periodically monitored by thermocouples in
an isoperibol-like calorimeter [2]. Calibration was conducted with an internal
heater adapted from a standard Pt-resistance temperature detector from Omega
Engineering, Inc., with its heating zone dimensions similar to the anode.

He analysis was performed by Rockwell International Corp. using a high-
sensitivity mass spectrometer system that operates in the static mode and can
measure as low as 107" atom fraction of *He and *He in solid metals.

RESULTS

Figure 6 shows the power excursions of a PdD_|eutectic LiCl-KCl molten
salt saturated with excess LiD | Al cell when subjected to high-current-density
charging conditions. Significant excess power was measured above the input
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power. Table 1 lists experimental variables and interpretations, in which excess
heat is calculated under a pseudo-steady-state condition of a constant deuterium
consumption rate. Figure 7 provides the calibration data for temperature-power
conversion in Figure 6 and illustrates the marked power-temperature deviations in
excess heat events. In this figure, other experimental data are also shown.

Integration of the difference between the two power curves in Figure 6
yields an excess energy of 5.02 M]J for this particular experiment, which was
limited by the amount of LiD present in the melt. The charge applied to the cell
during the charging period corresponded to 0.801 moles of D, gas. Thus, an excess
heat of 6.26 MJ mol’ D,, or 1096 MJ mol ' Pd, was obtained, similar to those shown
in Table 1. In a particular case, where the charging current was 692 mA cm? the
resulting excess power gain was 1512%, in the range of 627 W cm Pd.

Preliminary experiments based on LiH have been performed and no excess
heat has been measured to date. A calorimetry result from the Pd-H system is
shown in Figure 8, which agrees with thermochemical reactions, illustrating the
correct response from the calorimetry technique.

The surface morphologies of the Pd samples are shown in Figures 9a and 9b.

Table 1. Experimental parameters and interpretation of data in excess heat events

Cell Current Heater Electrochem. Total  Output Excess  Gain  Excess

i input measured wer heat
vol\t/age "(‘125 églr’ po‘;vver povver I &J w poW % M]mol'D,
3.230 606 71.91 1.94 73.85 86.76 12.91 665 -4.15
2.188 290 69.25 0.63 69.88 79.24 9.36 1486 -6.27
2.270 420 69.30 0.94 70.24 82.81 12.57 1337 -5.83
2.453 692 69.25 1.68 70.93 96.34 25.41 1512 -7.16
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EDX results on the deuterided sample showed Fe and Zn contamination (Figure
10b) in contrast to the blank (Figure 10a).
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238 - '
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The polarization of a Mo | eutectic LiCl-KC] molten salt with excess LiD | Al
cell at 375° C (Figure 4) shows a reversible Li deposition reaction occurred at -300
mV and a deuterium gas evolution at ~200 mV versus a “LiAl” | Al reference.

Figures 11a and 11b show the ‘He analysis results for the deuteride and
hydride systems, respectively. The enhancement of ‘He in all four deuteride
specimens, in one case 12 ¢, is shown above the background level. By contrast, the
hydrogen specimens show a decrease in ‘He content after electrolysis, as severe
cracking and embrittlement were observed in the hydride sample.

DISCUSSION

Thermochemical Aspects

Most thermodynamic data, such as enthalpies that represent heat associated
with the reactions in the system, can be found in the literature (e.g., [15]). Table 2
lists possible chemical reactions and their corresponding enthalpies. All
enthalpies are positive, indicating these reactions are endothermic in nature and
should not contribute to any excess power or heat measured. This is verified by
the work performed on the hydrogen system, as shown in Figure 8. Thus, the
results from the deuterium system strongly suggest that the anomaly effect is non-
chemical. The origin of the excess heat generation can only be attributed to a
nuclear process or, perhaps, several processes that have yet to be identified.

Nuclear Evidence

The He analysis results indicate ‘He was enriched in the deuteride sample.
An opposite effect was observed in the hydride sample. Bush et al. [17] recently
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Figure 9a. SEM micrograph shows
surface morphology of the as-prepared
blank sample
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Figure 11a. *He analysis for the deuteride
system. Four specimens all show signals
above background level.

Figure 9b. SEM micrograph of the
deuteride sample surface
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Table 2. Enthalpies of reaction in the Pd-H(D)/ molten salt systems

Reactions AH , k] mol™
298K ' 700K
0.56 LiH + Pd + 0.56 Al = 056 "LiAl" + PdHg s¢ 1213
(hydride formation)
0.56 LiD + Pd + 0.56 Al = 0.56 "LiAl" + PdDyg ¢ 13.68
(deuteride formation)
S LiH + PdH, + 8 Al =8 "LiAl" + PdHx+5 23.05 2.13 éx=0 35;
(hydrogen dissolution) 29.74 (x=0.65
LiH + Al = "LiAl" +1/2 H, 41.66 4145
LiD + Al = "LiAl"+1/2 D, 41.95
2LiA +PdH +2 Al =2"LiAl"+ PdCl; + 1/2 H, 556.55
2LiA + PdD +2 Al =2 "LiAl" + PdCl; +1/2 D, 555.17

reported the detection of ‘He in the effluent gas from electrolysis cells producing
excess heat. This evidence suggested a nuclear scenario with *He being the major
product of the excess heat. The majority of ‘He was not retained in the electrode
but escaped to the effluent gas, possibly through microcracks or pore channels.
This suggests the ‘He was most likely produced near the surface region.

The mechanism of the *He production has yet to be identified. While a large
amount of heat was expected to be released, energetic nuclear debris or secondary
reaction products have not been detected to date, which is difficult to explain by
the conventional theory. The d-d(*He, y) channel is less favorable than the CHe, n)
and (H, p) branches in conventional plasma fusion. No 23.8 MeV y-ray has ever
been reported, implying that “He production, if any, is untraditional. The to-be-
released 23.8 MeV energy represents the difference between the excited ‘He* and
‘He ground state. An explanation of heat release through interactions with the
lattice (phonons) or electrons seems to lack of a plausible theoretical justification.

Assuming the 23.8 MeV was released by a pair of deuterium to ‘He reaction,
6 MJ of excess heat combined from two experiments should result in 1.6 x 10" *He
atoms. The ‘He remaining in the electrode was estimated to be 2.9 x 10" atoms,
indicating that only 1.8 x 10 of the *‘He atoms produced by the reaction were
retained in the electrode. Accordingly, the excess heat reaction consumed 1.6 x
10*® D, molecules. Compared to the total 1.036 moles, or 6.24 x 108 D, molecules
used, the excess heat episode occurred every 2.6 x 10 events — indeed a small
fraction. However, the fusion rate, if the assumption is true, was 8 x 10" sec’ d-d
pair' — many orders of magnitude above that calculated by the conventional
coulomb-barrier model.
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Morphological Aspects

SEM micrographs show a large number of small pores and a grain structure
on the as-prepared Pd surface (Figures 9a). These "ruffle-like" porous features
were introduced by torch melting. The deuterided sample (Figures 9b) showed no
evidence of any grain structure and a quite different texture on the surface.

The drastic morphology change by electrolysis is evidenced by “cauliflower-
like” microstructures (Figure 9b). This new surface is still predominantly Pd,
according to the EDX result (Figure 10b). We suspect the deuteriding process at
high current density and potential had a parallel process that caused substantial
Pd dissolution, possibly by chloriding as PdCl,*, and co-deposited with D- to the
anode as a new Pd layer. Some needle-like Pd whiskers were identified by EDX,
as shown in Figure 9b. The recent work of co-depositing Pd and D onto metal
substrates, as demonstrated by Szpak et al. [17], suggests further investigation of
this process in molten salts.

The Fe and Zn contaminants cannot be quantified by EDX (Figure 10b). The
Fe contaminant likely came from the steel current collectors. The Zn contaminant
was probably from the Al electrode (since 6061 Al alloys contain 0.25% Zn) or the
brass container. The influence of these contaminants on the production of excess
heat and morphology is not known. However, their presence and associated
chemical reactions or the Pd co-deposition process cannot be the source of excess
heat, because the amounts involved are far too small to be accounted for by the
energy that was measured.

Reproducibility

Our present difficulties in reproducing the excess heat event stemmed from
failures of the cell components due to uncontrolled high lithium activity and
hydrogen embrittlement, improper Pd sample preparation that led to severe
cracking and dissemination, uncontrollable chloriding corrosion behavior, and
limited LiD solubility in the melt. Understanding the cell reactions at high current
density and potential is the key to controlling reproducibility.

CONCLUSION

Employing molten salt electrochemical techniques, we found excess heat in
the Pd-D system. In one case, a large amount of excess heat, 6.26 MJ mol™ D,, was
measured. Evidence suggests that ‘He might be the prominent nuclear product.
A Pd, D co-deposition process changed the anode morphology significantly.
Reproducing excess heat was hampered by various uncontrollable parameters.
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We recently found that the level of 3H in DO / 0.1 M LiOD solutions electrolyzed at Pd
sheet cathodes increased, although sporadically (<20%), till a order of magnitude over
background, we indeed used DO with very low background 1.

The surface of a Pd sheet cathode (1 x 1x 0.05 cm?) which gave apparent generation of 3H
had developed localized swelling with deep pitting undemeath; if this phenomenon was relating
with 3H, the latter was likely formed by means of a near-surface process, which might be easier
to reproduce if electrodes of relatively larger dimensions are utilized.

The experimental design adopted for the four conventional electrolytic runs hereafter
described was mostly in agreement with the above consideration.

We are also reporting on contact glow discharge electrolyses (CGDE) aimed at inducing
critical conditions at/in the metal deuteride cathode.

Detection of nuclear particles

Tritium in both the electrolyte and D2O from recombined gas was determined by counting
the B-decay of solutions with LSC by the procedure and instrumentation already described <1>.

With respect to our previous conditions the B-energy windows of the spectrometer was
reduced: although this compromise decreased the background fluctuations, efficiency fell from
40 to 11.5%.

A neutron spectrometer based on a NE 213 liquid scintillator was developed at the Dept. of

Physics the University of Padova. The detector basically consists of 4500 cm2 scintillator

* Work performed in collaboration with ENEA - Frascati

1 G. Mengoli, M. Fabrizio, C. Manduchi, G. Zannoni, L. Riccardi, F. Veronesi, A. Buffa; J. Electroanal. Chem., 304 (1991)
279.
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The upper end of the cylinder is sealed to a stainless steel container (internal ¢ = 10 cm, h = 12
cm) which composed the cavity for placing 1-2 electrolytic cells. The scintillator is seen by three
XP 2020 photo-multipliers through optical contact with 3 windows at the bottom of the cylinder.
Threefold coincidence is required with resolving time of less than 10 ns.

The usual technique of pulse shape discrimination was adopted to reduce <y-ray
contamination: in one set of runs (normal electrolyses) a high energy threshold (1.7 MeV) was
set to the proton recoil spectra and thus y-ray contribution can be estimated at about 5%;
conversely, in a subsequent set of runs (C.G.D.E.), the energy threshold was lowered to 0.75
MeV but a much more severe n / ytemporal discrimination was adopted.

With these arrangements the spectrometer was set at an effective n-efficiency in the range
0.3 - 0.35%, as determined by a weak 252Cf source.

According to one acquisition line, the neutron frequency of pulses and the corresponding
pulse amplitude distribution (proton recoil energy spectra) were stored in a Labview program in
a Macintosh Il PC linked to the detector by a Crate-Camac interface. Thus the computer at any
given moment sampled a set of 100 pulses providing its neutron average frequency and pulse
energy distribution.

The other parallel acquisition line was operated directly from the detector with a
multichannel scaling analyzer with 6 or 2 s time steps for 16384 channels. In this way the
proper frequency could be determined for each pulse with a temporal resolution of 1us, as
against 25 us of the Labview system.

Conventional electrolyses

The electrolytic cells were assembled using centrifuge tubes having internal dimensions ¢ =
3.3 cm, h = 11 cm. The cathodes were: Ti rod (cells 1 and 2), ¢ =1 cm, h = 3.5 cm, area = 10
cme ; Pd sealed tube (cell 3), ¢ = 0.2 cm, h = 2.5 cm, thickness = 0.02 cm, area = 1.6 cmz; Ti
plate (cell 4) 3 x 2.5 x 0.1 cm3. The anodes were: Ni coil (cells 1-3) spiral-wound around the
cathode; Pt sheet (cell 4) 3 x 2 x 0.01 cm3 facing the cathode.

Current till 1 A were supplied by an AMEL mod. 551 galvanostat; higher intensities were

obtained by a dc constant voltage generator. The experiment of cell 1 was carried out using
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D20 with 3H background = 88 + 25 dpm ml-, whereas D,O used for the other experiments had

3H background = 260 + 25 dpm ml+. During electrolyses the volume of solution was kept

constant by periodical refilling; D. and O, gases were conveyed through the lid of the cell to a

trap condensing D.O vapour and taken to recombinate as D,O (Pd catalyst).
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Cell 1 containing 45 ml of 5 M NaOD in
DO was fed with i = 0.05-0.75 A cm2 from
18/10/90 to 7/12;90. Systematic 3H assays
outlined that: no efectrolytic separation between
liquid and gas took place; 3H tested in both
phases was mostly above the background
level. Although the excess in a single sample
may be within statistical error (o) limits, the
general trend was definitely positive.

Cell 2 was running from 21/12/90 to
25/1/91 at about the same conditions of cell 1,
but for D.O which had higher 3H content.
Electrolytic 3H separation did occur, as the
liquid was here seen to be progressively
enriched at the gas cost, but the overall 3H
balance was negative. The apparent loss of 3H
must be imputed to evaporation as a negligible
D20 / TDO separation is likely to occur in the
vapour phase.

Cell 4, containing 40 ml of 1M Li.SQO., was
running from 19/2/91 to 19/3/91. A sharp

increase of 3H level in the electrolyte did
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occur after the first week; see figure 1 where experiment (full dots) is compared with theoretical
prevision S = 2 (empty dots), the upper part refers to electrolyte, the lower to the gas. The
major 3H increase occurred within 1-2 days with i = 0.6 A; the subsequent decline was probably
caused by the rise of the current to 1 A, whereby 3H production apparently ceased and more
frequent refillings of DO (at low 3H) were necessary also to compensate significant evaporation

loss. We note that figure 1 cannot be explained by any separation factor.

2 ron r

Neutron data were collected in continuous from November 90 to the end of March 91:
periods during which the electrolytic cells were working inside the detector alternated with
periods of blank determinations.

The background frequency corrected for the efficiency was above 100 neutron s-' + 15%.
In these conditions, although the frequency during the electrolytic runs was something higher,
any attempt of determining a net neutron flux based on subtraction of background measured in
different periods can be questioned.

However statistical analysis of neutron frequency distribution as obtained from the
multichannel scaler analyzer, revealed some significant differences between blank and
experiments. Thus the rate of pulse frequency measured during a background period outlines
about a Gauss curve; in other words, a Poisson distribution of the frequency can be predicted.
Such distribution does not hold any longer for pulses recorded during the electrolytic runs. It
appears that during electrolysis the background was overlapped by a phenomenon of higher
frequency.

Contact glow discharge electrolysis

In conventional electrolysis performed with two electrodes of different sizes, conditions
may be attained whereby the lines of current converging on the smaller electrode cause local
vaporization of the solvent, creating a gas sheath around it. If the applied voltage is increased
enough, normal electrolysis is then converted to contact glow discharge electrolysis: a bright

steady discharge takes place between electrode and solution through ions forming in the
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gaseous sheath.

Our experimental design consisted of: one Pd rod

cathode, ¢ =0.1cmh =0.5-0.7 cm; one Pt coil anode, ¢ =
0.05 cm | = 20 cm, wound around the cathode at 1 cm
distance; and 42 ml of 1.5 - 10-2 M LiOD (or 102 M Li,SO,)

solution. The gas exit of the cell was equipped with a cooler

which refluxed vaporizing D20 in the cell (figure 2).

The Pd electrode was generally charged for 2-3 days at

50-100 mA cm-2, then potential current characteristics were

varied to induce CGDE. The cell was operated inside the

cavity of the n-spectrometer: particular care was taken to

see the discharges did not induce electric noise inthe

detector. Oscillating currents, sparks and lightning are generated when trying to achieve the
much more stable conditions of a steady-glow discharge.
To avoid possible electronic artefacts, we adopted the following:
- when setting up the right conditions, the electronics of the n-spectrometer were
disconnected from the recorder. The operation required from a few to some tens of seconds
before attaining a smooth discharge with 350 V applied and <0.1 A of current flow;
- an oscilloscope continuously monitored the signal and the occurrence of noise could be
detected at any time;
- some control experiments were carried out in light water in the same CGDE conditions.
Besults
Figure 3 shows how the pulse frequency increased remarkably over the background during
the periods of CGDE (see the arrows). At this electrode the phenomenon could be reproduced
over a few days, although with decreasing intensity, and eventually ceased. A maximum of 50 n

s1 excess over the background can be estimated.
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Figure 4 shows histograms recorded under CGDE with two different electrodes for the

same conditions but using light water. No increase over background frequency was observed.
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The results presented so far are preliminary and need to be studied further. We have
programmed more conclusive experiments by using thicker electrodes, a dc generator of higher
power, and careful shielding of the electronics.

We also note that, with CGDE, the most critical non-equilibrium conditions are created at/in
the metal deuteride:

many types of positive ions including deuterons and possibly charged DO clusters occur in

the discharge;

the temperature may reach the melting point of the metal.
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Long-term electrolysis for well annealed thick Pd
in 0.1M LiOD have been per-

rods (9.0 and 21.2 mm g)
formed to examine anormalous phenomena;

sion and heat bursts.

neutron emis-

The count rate of neutron (CRN)

bunched for 3 h showed no significant increase at low

current densities.

High CRN appeared a fecw days
after the current increased to 102.4 mA/cm
the temperature was raised to 50°C.

later
and
In two experi-

ments CRN and neutron energy spectrum of 2.45 MeV was

reproduced.

Metallographic observation

ters,

showed two faults, blis-

cross slips and holes on Pd surface and a raw
of defects in a recrystallized grain.

Microstructural

changes of Pd electrode during long-term electrolysis

is discussed.
INTRODUCTION

Fleischmann and Pons(l) and Jones et al.(z)
recently reported the evidence of a nuclear
fusion in condenced matter which undergoes
unusual deuterium loading by means of elec-

trolysis in heavy water system or deuterium
gas equilibration and intense desorption
induced by changing physical

porapgLgye

i.e.temperature in a gas tight chamber
Although many studies are aimed to duplicate
the precausor’s results, they did not obtain
their purpose. A few reports, however claimed
that 1low level neutron emission was obsngs?
with respect to 2.45 MeV energy spectrum'®”
and on%{o?ne group reported F&P type huge heat
bursts 5 An important aspect of these
reports is that either neutron or heat bursts
was observed sporadically, as such effect
sustained for microseconds or several days.
It is suggested that the characterization of
materials is important to improve reproduci-
bility of an experiment, consequently approach
shortly the mechanism.

In our preliminary experiment(ll),where an
annealed Pd cathode (9 mm g x 10 cm long) was

used, high neutron count rate and neutron
energy spectrum of 2.45 MeV were observed.
Afterwards, the second experiment have been
performed to test reproducibility using the
same experimental set-up except twice in
diameter of Pd electrode. During a long-term
electrolysis initially no significant count

rate of neutron was observed, while high count
rate of neutron appeared for several hours or

days after increasing current density and
temperature.

In this study, the evidence of neutron
emission is further discussed in connection

with an electrode potential, temperature and
metallographic observation during a long-term
electrolysis.

EXPERIMENTAL

Electrolyte-0.1MLiOD-D,0 solution was prepared
by addition of Li O(Héio pure chemicals:95 %)
into D,0(Merk:99.8 %, CEA:99.8 %X, Isotec:99.9
%). The concentration of LiOD alkaline solu-
tion was substantially increased in the course
of electrolysis since small amount of
0.1MLiOD was poured into the cell every day to
replenish the exhausted one. During a long-
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term electrolysis incremental fills were made
with °~ pure heavy water to minimize the effect
of electrolyte concentration on the eletro-
chemical system.

Electrolytic cell-The experimental cell(con-
tent is about 130 ml) was made out of trans-
parent quartz, which has a water jacket. The
temperature of circulating water in the Jjacket
was controlled at 40 and 50°C by
Coolnics(Komatsu-Yamato Co Ltd.). The upper
part of the cell was plugged by a silicone
rubber stopper where working, reference and
counter electrodes and the assemblies (addi-
tion tube and the guides of thermocouples)
were mounted. The electrode potential was
refered to the potential of dynamic type (a+B)
PdD reference electrode. The guide of the
counter electrode was served as for gas outlet
port. Once adjusting geometrical position of
these electrodes, it was fixed to the cell and
the gap was throughly sealed with a silicone
rubber resin. The working electrode was a
thick Pd rod (Nilaco Co Ltd. 99.95 %) . _Pd
material was cast into a high purity alumina
tube in a flow of Ar. The as-cast Pd rod was
out gassed for 20 h in a 10 Torr vacuum at
800°C.

Ti rod (3 mm g) gold plated was served as an
electrical leading. It is screwed into the
upper end of the Pd electrode as shown in
Fig.l1. The working electrode was set reason-
ably centrally in the cylindrical space cir-
cumscribed by the counter electrode (mixed
oxides of Pd and Rh). Details of the elec-

trode treatment before loading are shown in
Table 1.
Microscopic observation after electrolysis-

Surface appearance of a specimen was observed
by an optical microscope and SEM (JOEL model
T-330 20 kvVv). Microstructure observation
inside the electrodc was madc by sectioning
the rod with traverse and radial directions.
The crosssectional arca was polished using
6p diamond paste. Then, it was lightly etched
by dilute hydrochloric acid for optical micro-
scopic observation.
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Table 1 Experimental conditions of Exp.l and Exp.2;
electrode dimention, prectreatment, current density.

Exp.l ' Dimension of electrode 0.§ﬁ(5.3lcm Pd

Current
density Fretreatments Time/days
Run No. mA cm-2
lst 0.05~40 Cast,800°C annealing(l0~°Torr)
40~500 acid treatment ?;§%6~Deq20
Znd 40 Polishing, acid treatment
evacuation, Deuterium charge {8336~Mar.1
Evacuation, polishing
3rd = acid treatment Mar. 1~Mar. 6
Evacuation, polishing
L Gl anodization Marld
Exp.2 : Dimension of electrode Z.fpx3.21cm Pd
0.05~ Cast,800°C annealing(10-6Torr)
1st 102.4 Deuterium charge, Jul20 1990
acid treatment ~ Feb., 1991
RESULTS AND DISCUSSIONS rent density was raised step by step from
0.05~102 mA/cm“. The initial content of

We have performed two experiments (Exp.l and
Exp.2). In Exp.l the Pd electrode was sub-
Jjected to deuterium loading for two months,
then the dilation of the electrode was ecx-silu

measured. The electrode was again pretreated

(abrasion, degassing, DZ loading and acid
etching) before electrolysis and the above
processcs were repeated 4 times. The amount

of adsorbed DZ can be cstimated by the varia-
cion of D, gas pressure. In Exp.2 deuterium
loading has completed for 8 months without any
interruption of electrolysis. The possibility

of large ncutron bursts has been examined in
detail by monitoring the temperature and the
overpotential (OP), so as to check a coinci-
dental occurrence of neutron bursts and the
increase of the temperature. Although the
mcchanism is still obscure, we wused twice
thicker

rd E?d in Exp.2 considering Arata's
suggcstiun(] .

OP and CRN of Exp.1
The galvanostatic
applied on the

current was
in which a cur-

cathodic
Pd electrode,
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deuterium before electrolysis was estimated to

be 0.36 in atomic ratio. At onset of a ca-
thodic current the OP showed an irregular
shift to noble direction, then it was reached

at steady state value.
it obeys the Tafel relation,
the cathodic OP is a linear relation

logarithm of a current density(la).

At low current density
which shows that
with the

Wwhep the current density was increased to 40
mA/cm®, significant count rate of neutron
(CRN) above background was observed. However,
this CRN did not last for a long time since it
abruptly falled down to the background level
somcwhat later the current increase. This
intermittent fluctuation of CRN was observed
for several times ; 2nd~4th run followed by a
current perturvation. This behavior of CRN
was reproduced in Exp.2, as is ShOTB below
(see also Fig.5(c)). Menlove at alld) re-
ported two different types of neutron emission
from dueterium loaded Ti chips. It has become
apparent that the bursts (200 ps) was occurred
shortly during increasing temperature and the



intermittent weak neutron emission lasted for
12h after the temperature recovered. The
latter intermittent CRN corresponds to our CRN
fluctuation. On the other hands, large neu-
tron bursts were not measured in Exp.1l, which
is sporadically appeared during intense de-
sorption induced by discharge activation or
temperature cycling. Interestingly the inter-
mittent CRN (see also Fig.5 (c) and (d)) seems
respond to the current on or temperature
cycling, which suggests that cold fusion is
induced by intense adsorption or desorption by
electrochemical reaction or temperature cy-
cling.

Energy spectrum during the period of high
CRN in 1st run show the characteristic of 2.45
MeV neutron. We had carefully checked data
with regards to the statistics, effect of
cosmic ray, temperaure of the detector. The
energytic neutron counted by an NE213 scintil-
lator is believed to be strong evidence of d-d
fusion reaction. Details on neutron measure-
ment system and the results are given in the
previous papers(7

Now we must descrlbe the results with at-
tempting to distingush between the phenomena
occurred by cold fusion and those of usual
metal hydride system. It is obviously diffi-
cult to catch the evidence of d-d fusion
except neutron data but comprehensive grasp of
the experimental facts leads us understanding
the phenomenon.

Dilation of Exp.1l

A sample for microscopic observation was
removed from the apex of the electrode after
interruption of electrolysis and demantling
the electrode from the cell. The diameter of

the electrode was measured at three positions
in height(top, middle and bottom as shown in
Fig.2 ). Then, the electrode was carefully
re-installed. Table 1 shows details of the
procedures of each run. In Fig.2 the dila-
tion of Pd electrode was plotted against the

run number. For 1st run the dilation at
bottom end shows the maximum 7 %, while those
in the upper regions exhibited the lesser

extent than that at bottom. During 2nd~4th
run the values at these positions approached
asymptotically to 7.8~8.3 %.

€ (%)

O L A L A

I st 2nd 3rd 4th
Pd D(o.36+2)

It is noted that high CRN and energy spec-
trum of 2.45 MeV were appeared in the period
of 1st run, where the most large dilatation
occurred especially during 1lst run. Although
we have found no explanation about the rela-

tion between a neutron emission and large
expansion of a material, it is helpful in
understanding anormaly to inspect the inside

in an aspect of metallography.

The microstructure obtained from the apex is
shown in Fig.1 In metallographic aspect the
specimen as a whole is consisted of columnar
crystals, which are gradually grown inside
from a crucible wall during cooling. The
picture of the specimen exhibits a peculiar
grain structure, quadrified by two straight
grain boundaries. Long prisms grow longitudi-
nally along the electrode center. However,
these results are unexpected, since tempera-
tures of the electrode and that out side of
the counter electrode showed no significant
change corresponding to heat bursts. Hence,
this is well acceptable, only when the small
heat evolution in the interior lasts long time
so as to promote abnormal grain growth.
Coupland et al. (14 found the recrystalline
grain near the areas of electrical connection.
However, there has not been hitherto reported
such kind of anomalous grain structure. This
suggests that during emission of neutron, the
heat evolution in the interior occurred slowly
showing the symmetrical crystal structure.
However, there 1is no experimental evidence
that relates neutron emission to the increase
of temperature assuming such huge heat bursts
introduced by F&P.

OP and CRN of Exp.2

The experimental set-up and measurement
system were the same as those of Exp.l, where-
as twice thicker Pd electrode underwent a
deuterium loading during a longer period was
used. In spite that the electrode was sub-
jected to high cathodic OP for a 1long time,

the surface sustained the initial metallic
gloss. The gloss of the electrode surface 1n
Exp.2 was changed less than that in Exp.1,

because the latter electrode had been treated
with mechanical abrasion and chemical etching

several times. Table 2 shows experimental
results for the OP of the Pd electrode, which
was deuterium charged galvanostatically. A

current densit§ was raised step by step
0.05~120.4 mA/cm then two temperature cycle
experiments: 50° C after cooling at 40°C for
several hours and 50°C after cooling at 30°C
for several hours, were performed to stimu-
late the transportation of adsorbed deuterium.

<« 7.8~
83 %

Fig.2 Radial dilation: €% of post clectrolysis

Pd electrode at three positions
during Ist run.

(A, B and C)
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Temperature Temperature
or Current Current Palladium of Circulating
Density Density Overpotential Water
Changed at | (mA/cm?) ) (°C)
(dh
1990 T T T
July IO3 ‘/__ ’
14 0.05 -0.92 40 B S ras 2=
19 0.10 -0.94 40 (50°C) ~<
26 0.20 -0.99 40
August iz (C)
3 0.40 -1.02 40 e
10 0.80 | —1.0710 —1.04® 40 = (b)
17 1.60 —1.12t0 —1.08* 40 ":ioz - = =
24 3.20 -1.2210 ~1.18* 40 -
September >:
) 6.40 —1.31 40 -
10 12.8 —0.72 to —0.68° 40 2
19 25.6 —0.83 10 —0.79, 40 .8
—1.44¢
: -1.00 10 —0.97° 40 €10 | .
26 51.2 [ < (a)
October |
17 102.4 -2.55 40 3
25 102.4 -2.44 50
November
1 102.4 —2.44 50°
) 102.4 —-2.44 s0° 1 +
11 102.4 -2.44 50°
21 102.4 —-2.44 50°
Table 2 Conditiow; of electrolysis; & Periodi-
cally changing, Frequently changing, € See
text, After cooling at 40°C for several 1 1 il 1 il
hours, € after cooling at 30°C for several -25 -20 -5 -10 -05
hours. Over potential 7/ Vvs.(a+8)PdD
Fig.3 Current-potential curve for pre-loaded
Pd in O.IMLiOD at 40 and 50°C, each point
shows a average value during long-term elec-
trolysis, where (a)~(d) indicate the condi-
tions in Table 2.
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In Fig.3 current-potential curve exhibits
the Tafel line with the slope of 0.21 V/dec-
ade. The value of the slope is well consist-
ent g;th that reported _by Augustynski et
al.(13) At 102.4 mA/cm2 the OP rises to
almost -2.5 V; (d) in Fig.5, which is associ-
ated with poisoning of impurities of the elec-
trolyte such as Zn and Pb or an underpotential
deposition of Li".

Early state of electrolysis the OP changed
periogically for 0.4 to 1.6 mA/cmz. At 25.6
mA/cm® the OP drastically decreased from -1.31
to -0.7 V, then increased to -1.44 V 4 days
later and then again decreased to -0.73 V lday

later. Afer then, the OP showed strange
behavior, which is shown in Fig.4. Thus2 when
the current was increased to 25.6 mA/cm“, the

abrupt decrease of the OP (4% =0.6 V) was
observed as is shown in the transition (a) to
(b) in Fi%h%' Mengoli et al. reported similar
OP shift . This kind of OP shift is far
beyond the knowledge of ordinary electrochemi-

cal reactions. Hence, the other physical or
chemical origin is asked for the strange
behavior, which seems to be attributable to

surface composition change or possibly heat
effect by cold fusion. The latter case is not
reasonable for our results because Bigh CRN
appeared over -2.55 V at 102.4 mA/cm (refer
Fig.5 (d)). This behavior may be explained in
terms of an underpotential deposition of Li",
which increases the OP due to change of sur-
face condition of the cathode. There was no
corresponding change of the OP to the high
CRN, which may show that the cold fusion does

not ta place at the surface of the
cathode 5
o ,j w0 | 40 i 40 ’ »
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The neutron measurement was interrupted
three times during the long-term electrolysis

because the printer brokedown. Since the
multichannel analysers (MCAs) malfunctioned
during the long time experiment, the fore-
ground results was compared with that of low
count rate which was assumed to be equivalent
to the background. Figure 5 shows the count
rate of neutron (CRN) bunched into 3 h inter-
vals against time. Although during low count
rate (Aug.5~Sep.5) no significant energy
spectra of neutron was observed, here ap-
peared a difference at 51.2 mA/cm®. In
Fig.5(c) gradual increase and decrease of CRN
was appeared apparently coincident to in-
crease of either current density or tempera-

ture. Thus, this CRN fluctuation was fairly
reproduced in Exp.2. In Fig.5 (d) high CRN,
which is three times higher values than that

of background CRN bunched into 10 min. ap-
peared a few days after changing the current
density or the temperature of the circulating
water. Appropriate three energy spectra were
averaged during the periods of high CRN ob-

served. The spectrum obtained by substracting
the background spectrum (scaled counts per
minute) is shown in Fig.6 , together with

that of monochoromatic 2.45 MeV neutron
(dotted 1line). The significant signal above
the background strongly supports the occur-
rence of d-d fusion in Pd/D system.
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0.02 - 1 T 1 Microscopic mechanism of dilation
Visual observation of the electrode surface
is characterized by three different morpholo-
gy, which is schematically drawn in Fig.7. We
found no surface crack, but two faults (Fig.7
(c)), marked blisters (a) and blisters like a
feather pattern to arrange each other in two
arrays (b). These morphologies locate at 120°
% left turn and 120° and 150° right turns from
L o the reference position: (b). Thus, there
{"; W‘%%(&N"T appearcd two line imperfections; a long fault
and a center line of the feather pattern all
over the surface. It is verified that the
traverse grain boundary on the crosssectional
area of Pd electrode (Fig.12) thrusts out one
side at the fault and the other side at the
center of the feather. Without chemical
etching SEM photographs show partly a plain
terrace exposed (Fig.8) , partly covered by a
-002 H i gray overlayer along a long fault. Figure 9
0 100 200 300 shows another picture of the surface; a cross
slip, which is attributable to a heavy local

channel plastic deformation.

Fig.6 Difference in neutron energy
spectrum.

cpm
(@)

D)
L claatiiaies

(a) (b) (c)
Blister  Feather pattern Long and short

Fig.7 Surface appearance of post electrolysis fOU”S
Pd electrode showing (a) Blister, (b) Feather
pattern, center line 1is reference position,

and (c) Two, long and short faults.

20KV X3,5080

Fig.8 Scanning electron micrograph of Pd Fig.9 Scanning electron micrograph of Pd
electrode surface showing exposed terrace electrode surface showing cross slips by local
along the long fault. plastic deformation.
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On the other hands, the long fault gathers

holes. The morphology of holes is shown in
Fig.10 The density of these holes decreased
with increasing the distance from the fault
line. Figure 11 shows the distribution

profile of holes at three positiions (A 6.0, B
3.5, C 8.0 mm apart from the bottom side).
Thus, it is considered that both morphologies;
faults and holes are relevant. The micro-
structure of deuterium loaded Pd as a whole
shows inhomogeneous structure, the core struc-
ture and a blanket as is illustrated in Fig.l12
from optical microscopic observation. It
consists of two big columnar grains in the
interior and columnar grains with randam
orientations near the surface. It seems that
the .latter grain structure was remained un-
changed throughout the process, while the core
was recrystallized resulting a grain growth.
During a long term deuterization, the lattice
of big two crystals expands different direc-

micrograph of
electrode surface showing the holes.

Fig.1l0 Scanning electron

tion aligned in the figure, which cause a
fault and/or a regular arrayed blister on a
surface. Then, holes were formed around a
fault, whereupon the deuterium gas including
the reaction products of the inside gushed.
It is useful to compare the formation process
of a long fault and blisters with those found
in a crater, fault and the behavior of mantle
movement inside the earth. The earth evolves
heat constantly. In the interior mantle be-
haves like the mis-oriented Pd grains Its
movement causes a fault and a crater on a
crust where a volcano erupts gushing volcano
gas, which is consistent with the process of
the hole formation around the fault. Thus,
several similarities are found between the
behavior of deuterium loaded Pd electrode and
geological features on the earth. Hence, we
can support that the microstructure of Pd
electrode is attributable to the heat evolu-
tion and plastic deformation in the interior.

AB60mm

B 3.5mm

04 0.2 o
@
°
F=
S
e
2
5 Bottom
Z 20t
10F
f N 1
04 0.2 (o} 0.2 o4
Distance from long foult (mm)
Fig.11 Distribution profile of the holes

around the long fault.
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Further, the microstructure of crosssection- REFERENCES
al area of post electrolysis Pd was carefully

observed by SEM because it is verified that (1) M. Fleischmann and S. Pons; J. Electroan-
the neutron emission is not concerned with the al. Chem., 261,301 (1989) ; see also Errata;
surface conditions. As is shown in Fig.12, J. Electroanal.Chem.,263,187(1989).
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Fig.12 Mechanism of surface faults formed
along the fault of Pd rod during a long-term
discharging in 0.1 M LiOD.

78



Fig.13 Scanning electron micrograph of cross-
sectional area in the midle position of Pd
rod, lightly etched. (a) Row of defects (b)
Defect
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EDITORIAL NOTE TO THE PAPER " NEUTRON EMISSION AND ,.."
BY H. NUMATA ET AL.

The decision to publish these Proceedings as soon as
possible did not allow any revision of the English
presentation of the text originally submitted. This paper
contains a few misprints and improprieties, for which we
apologize with the readers.
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ANOMALOUS NEUTRON BURST IN HEAVY WATER ELECROLYSIS

Y. FUJII, M. TAKAHASHI, M. NAKADA, T. KUSUNOKI AND M. OKAMOTO

Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology,
Ookayama, Meguro-ku, Tokyo 152 Japan

Abstract: Anomalous neutron burst has been detected in heavy water electrolysis
using a Pd cathode. The burst events occurred five times periodically for ca.
140 hours. The numbers of the burst neutrons increased gradualy from 5.3 ¢ (the
1st event/10min.) to 1350 (the 5th event/10min.) and the last event continued
for 50 min. and gave 1779 neutrons to the five 3He neutron countors of 1% detec-
tion efficiency. The reproducibility has been examined three times, but any
further event did not occurred.

INTRODUCTION

We have tried to find the reaction system which has strong neutron emission
with adequate reproducibility using many shapes of Pd electrode in the heavy
water electrolysis. Till today, more than 30 Pd electrodes of different shapes
have been examined under the almost same electrolysis conditions, under which
we have detected appreciable neutron bursts using thin Pd plates as the cathode
in three times with good reproducibility. Including these, only 6 cases gave
neutrons including large neutron burst with more than 100 from a spiral Pd wire
electrode. Recently, we detected an anomalous neutron bursts occurred five times
periodically in a 140 hours operation with strong neutron emissions. In the
present paper, the details of the neutron burst are described.

EXPERIMENTAL

The Pd electrodes used for the experiments were treated before the electro-
lysis as reviously reported.® The electrolytic cell was same as the previous one
in principle, but modified as shown in Fig.l. The electrode of size 5 mm ¢ and
40 mm long Pd lod which absorbed D. gas under 10 atm for 24 hours prior to the
electrolysis was placed in the electrolytic cell imediately after the gas
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loading, and the electrolysis was performed in the constant current manner. The
electrolyte was 250 ml of heavy water:99.7% and in which Li metal was dissolved
to contain 0.1 mole/dm® of LiOD. The conditions of electrolysis were as
follows; the current density is 0.24 ~ 0.27 mA/cm?, voltage ~ 3V, in ambient
temperature of an airconditioned room.

Bor 1t c a c i d

a Qq ue ous s ©o !l ut f on

Polyethylen Blocks

| Cd
of o
ol L. lo
ol | |

Detection Efficinecy 51 %

Fig. 2 Crossectional view of
neutron detecting system

Fig. 1 The electrolytic cell

The sectional view of the neutron detecting system is shown in Fig.2. The
system has 1 % detection efficiency of thermal neutron which was calibrated by
use of a ?°2Cf source. The frontal part of the system is oppened for the access.
The fresh heavy water was added into the cell during the electrolysis to keep
the level of the heavy water.

RESULTS AND DISCUSSION

The neutron counts detected from the present electrolytic cell are shown in
Fig.3. The first neutron burst event happened 22 h 40 min. after the start of
electrolysis operation and gave 59 neutron/10 min. which corresponds 4.7 o to
the standard deviation of the background neutron. After this, four neutron burst
events were detected alomost periodically in each 20 hours. All of the neutron
burst events gave appreciable neutron counts more than 5 o. In these events,
the second event continued for 40 min. and the last (fifth) event continued for
50 min. The number of the evaluated source neutron are 30800/40 min. and 177900/
50 min. for the second event and fifth event, respectively. The details of the
neutron burst in the fifth event are shown in Fig.4
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Fig. 3 The neutron counts in the peridical neutron bursts
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1

neutron burst data are summarized in Table 1. Here, we used the average

counts detected in 10 hours before and after the events as the back-

Fig. 4

Operation time / h

The details of neutron

ground for each event.
The fifth event had occurred from 136 hours after start of electrolyis and

continued for 50 min. with the many neutrons detected. The most strong neutron
burst observed in the second 10 min. and give 811 neutrons which correspond

135 o standard deviation. The number of the source neutron evaluated from the
detection efficiency (ca. 1%) of the *He neutron countors is
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Table 1 The details of the periodical neutron burst

Event No. Time after Detected Deviation Number of source
start neutron from BG. neutron / event
n / 10 min g
1 22:49 59 4, 70 5900
2 — 1 44 :50 97 11. 81
2 75 8. 01 30800
3 75 8. 01
4 61 5. 60
3 70:30 59 5. 25 5900
4 90:10 291 45, 32 29100
5 — 1 136:00 589 96. 78
2 811 135. 13
3 148 20. 62 177900
4 126 16, 82
5 105 13.19

The present meutron bursts show an anomously even as the cold fusion evidence
in preodically occurring of the events in relatively short operation time,
gradual increase of the number of neutrons and very strong evidence as seen in
the 5th event.

The reproducibility of the present event has been tested three times using
the same electrolytic system, however, any further event could not be found as
same as the other previous experiences of our group since 1989. We have carried
out more than 18 runs experiments by the same experimental procedures with 12
different shapes of Pd electrodes in the recent 10 months including
some cases of the reproducibility tests, only two runs gave the appreciable
neutron burst but no reproducibility. Thus, we concluded that the shapes of Pd
electrode is not essencial point for the neutron burst phenomenon, rather some
kind of irregurality caused by the electrolytic process in the homogenity of the
Pd electrodes seems to be essencial point.

The fusion rate is estimated to be 1072' fusion/d-d/sec. for the 5th. event
from the d/Pd ratio of ca. 0.2, the source neutron number and the weight of
original Pd electrode.
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FUTURE WORK

After this finding, we employed a NE-213 (5 X 5 inch) liquid scintilation
detector with n-v pulse shape discrimination to check the energy of neutrons in
the neutron detecting system. Four other ®He detectors were also equipped to the
neutron detecting system to set up the two channels of the neutron detction, one
channel consists of 6 °He detectors and the other of 3 3He detectors. The total
neutron detecting efficiency become 1.6 %. The NE-213 detector has been examined
to have adequate sensitivity for high energy neutrons and the resolution power
to n-7v discrimination for 2.45 MeV neutron. Tritium monitoring system has been
alos examined to show the perfect recovery of tirtium with enough sensitivity.

Further experiments shall be carried out to elucidate the anomalous nuclear
phenomena occurred in d-Pd systems. [ IL DADO E TRATTO : ALEA IACTA EST ]

Reference: T. Sato, M. Okamoto, P. Kim, 0. Aizawa and Y. Fujii, Fusion Technol.
19, 357-363, (1991).
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Abstract

Statistics on the initiation of the Fleischmann-Pons effect are rather poor. Reports presented at
the First Annual Conference on Cold Fusion have indicated that, at best, only ca 1/10 of all
attempts were successful in either producing excess enthalpy or yielding products associated with
nuclear reactions. Here, we show that the Fleischmann-Pons effect can be reproducibly and rapidly
initiated by employing electrodes prepared by electrodeposition from Pd?** salts in the presence of
evolving deuterium. The effectiveness of this procedure is examined in terms of tritium production.
1.0 Introduction.

On 23 March 1989, the TV audience, worldwide, learned that substantial amounts of energy can
be generated by nuclear events in an electrochemical cell(1). Of many attempts to reproduce
reported results, few succeeded and often irreproducibly. Reasons for a low success rate are not
known. A generally held opinion is as follows: the Fleischmann - Pons (F.-P.) effect is a threshold
phenomenon of a non-steady state character. It is believed that a number of conditions must be met
to "switch-on” an electrode with the degree of loading being of paramount importance. The electrode
loading, in turn, is governed by processes occurring within the electrode/electrolyte interphase(2). It
is generally believed that the F.-P. effect is caused by non-steady state processes which appear as
steady-state because of an averaging of small perturbations. The nature of these perturbations is not
known but, most likely, they can be expressed in terms of localised gradients of the chemical poten-
tial.

In this communication, we report on an experimental procedure to initiate the F.-P. effect, viz.,
the Pd/D co-deposition(3). This approach takes advantage of the existence of localised, time
dependent gradients generated by an ever expanding electrode surface, i.e., one that is created
under non-steady state conditions. More importantly, it eliminates long charging times. In what fol-
lows, we describe the procedure required, provide the evidence for the occurrence of nuclear events
via tritium production, discuss the morphology of the electrodeposited palladium as well as examine

some of the structural aspects of the Pd electrode prepared by co-deposition.
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2.0 The Pd electrode.

Palladium is very unique in its ability to absorb large quantities of hydrogen isotopes. Basic con-
siderations of the electrochemical charging of the Pd rods have led to a model in which the inter-
phase region plays a dominant role and the elementary processes govern the transport into the bulk.
In particular, we adapted a model where the interphase is not an autonomous entity, 1.e., its struc-
ture as well as the operating driving forces are determined by participating processes occurring in
the bulk phases in contact with each other. In addition to purely electrochemical considerations, the
operating forces are subject to mechanical constraints arising from lattice expansion following the

absorption of the interstitial, " H ; n=1,2,3 . This model assumes a position independent surface
coverage of the reactive species - a rather unrealistic assumption, as demonstrated by the existence

of a region in which there is preferred penetration of " H.

Regions of preferred penetration can be displayed using the Nomarski optics where very small
dimensional changes can be observed and recorded on a video tape. An example of the changes of
the electrode surface obtained by electronically subtracted images recorded on the tape, are shown in
Fig. 1. Evidently, even within a single grain, there are preferred sites of absorption. Clearly, an
assumption of uniform surface coverage of the Pd rod cannot be justified in modeling exercises. An
even more serious deficiency is the employment of the simplest interphase when, in fact, a super-

charged region exists as indicated by the X — ray diffraction spectra.

Fig. 1 - Evolution of surface morphology after 2 min. charging. Subtracted image is shown;

individual grain is outlined

2.2 In situ X-ray diffraction spectrometry

The diffraction spectrum for the palladium foil immersed in an electrolyte at the rest potential is
shown in Fig. 2. After two hours of charging at 1.5 V cathodic overpotential, while the electrode
appearence has not changed, its structure has, namely, the formation of f—PdD is in evidence
(peaks at 39.048° and 42.245°; 20 ), Fig. 2b. With prolonged charging, the silvery color of metallic
palladium has changed to black and, after 24 hours of charging, the recorded spectrum was that of
the f— PdD phase only. With continued charging at somewhat higher overpotentials, a broadening
of peaks is observed with no shift in their location, 1.e., indicating the presence of a supercharged

layer. It is of interest to note that, upon termination of the current flow, escape of large quantities of

absorbed deuterium occurs.
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Fig. 2 - Progress in electrode loading by in situ X - ray diffraction.
left - electrode at rest potential; right - after charging for 3 hrsat n = 1.5 V

2.3 Preparation of Pd electrode by process of co-deposition.

Based on the above discussion, a rational approach to construct a Pd electrode suitable for rapid
initiation of the F.-P. effect is by electrodeposition of palladium in the presence of evolving deu-
terium(3). In practice this can be done by deposition from a nearly saturated solution of PdCl,,
(approx. 0.05 M), in D50 containing 0.3 N LiCl. The rate of deposition is potentiostatically con-
trolled with the cell potential selected so as to promote vigorous deuterium evolution. Our present
practice has been to begin the electrodeposition at a cathodic overpotential of 0.8 V and gradually
increasing it to ca 3.0 V. The preferred substrate is a copper foil, although nickel has also been
used. The evolving deuterium is co-deposited with Pd forming the 8 phase or, perhaps, containing
even higher deuterium content. The Pd samples, electrodeposited in the presence of evolving deu-
terium were characterized by X — ray photoelectron microscopy. Resulting spectra were those of
extremely pure palladium without traces of Pt, Ag, Rh, St, Cl, i.e., elements that could have
been deposited in the course of electrolysis(4).

3.0 Tritium production

One way to demonstrate the initiation of the F.-P. effect is vta the tritium enrichment in the elec-
trolyte phase. In an open system and in the absence of nuclear events, the time rate of change of the
tritium concentration arises from two sources, viz., the isotopic enrichment and the addition of the
tritium containing heavy water needed to maintain a constant electrolyte volume. Typical progress
in the codeposition and the onset of tritium production, together with the applied overpotentials, is

illustrated in Fig. 3. According to these results, the codeposition process is completed within the first
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Fig. 3 - Early period in the co-deposition process.
Left - Pd?* concentration as a function of time; right - 3H as a function of time; point A indicates
addition of SC(NH,), ; dashed line - calculated isotopic enrichment
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six to eight hours. The onset of tritium production, measured as an increase in dpm in the electro-
lyte phase, occurs somewhat later, e.g., within hours after completion of co-deposition. The differ-
ence between the calculated enrichment, lower curve, and measured tritium concentration in the
electrolyte phase indicates tritium production during the process of electrolysis.

3.1 Tritium distribution: electrolyte/electrode/gas phase.

Nuclear events producing tritium can occur at one or more locations, viz., at the electrode sur-
face, within the interphase or within the bulk electrode. Our experimental evidence seems to rule out
the existence of dendrite assisted processes. Consequently, we adopt the view that these events occur
within the Pd lattice, inclusive of the metal side of the interphase region. The location of the
nuclear events might have a bearing on the distribution of tritium.

Examples of tritium production in cells employing Pd electrodes prepared by co-deposition during
the electrolysis of DO containing dissolved LiCl and Li,SO, ( 0.3 N ) are shown in Fig. 4. The
increase in tritium concentration in the electrolyte phase is far greater than that due to the isotopic
effect. The same applies to the composition of the gas phase. Most of the tritium generated by the
electrochemical compression of deuterium appears to enter the gaseous phase. A cursory examination
reveals that the rate of generation is not constant. We cannot ascertain, at this time, whether the

change in the rate of production is smooth, or occurs in bursts as in cells using a conventional elec-

trode design.
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Fig. 4 - Distribution of SH generated by electrochemical compression of ’H.
Electrolyte: a- 0.3 N LiCl in 2H,0 b-03 N Li,S0, in 2H20; 1 - electrolte phase, g - gas phase
4.0 Electrode: its structure and behavior

The reproducibility of the F.-P. effect in cells employing electrodes prepared by the co-deposition
process may be attributed to their morphology and purity. The growth form of the electrodeposited
Pd is affected by processes occurring within the ever-changing interphase, primarily by the surface
processes and mass transport. It can be assumed that the electrocrystallization of palladium in the
presence of evolving deuterium must accomodate as well as be affected by the presence of deu-
terium.

The SEM photograph is typical of a three-dimensional nucleation. The co-deposited palladium
consists of submicron spherical particles, Fig. 5. Such a morphology provides a large surface to
volume ratio and, if a porous structure can be maintained, substantial amounts of deuterium can be

absorbed. The remarkable feature of the deposit is its relatively high mechanical strength which can
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Fig. 5 - SEM photograph of co-deposited Pd

be attributed to the fact that the palladium is saturated with deuterium while being deposited so
that further lattice expansion is not necessary. Dandapani and Fleischmann(5) concluded that the
slow step is the discharge of D;O7 ions in acid solutions and D,0 molecules in alkaline electro-
lytes, 1.e., the charge transfer reaction is followed by a rapid absorption and a — [ phase transfor-
mation, followed by a rapid recombination, when the electrode charging has been completed. By
charging we mean an accumulation of deuterium on the electrode surface, within the interphase, and
within the bulk. Transport of deuterium in the bulk is by diffusion and governed by the time-
dependent concentration at the plane separating the interphase from the bulk. Whether or not the
electrode charging is controlled by the interphase or the bulk depends on the rate constants of the
elementary processes involved in the charge transfer, and to a much lesser degree, by the thickness

of the electrode(2).
4.0 Conclusions

(i) Predictions based on the modeling of the electrochemical charging of Pd rods are not reliable
because of the lack of revelant input data and the existence of preferred absorption sites. Specifica-
tion of surface coverage and electrode active areas is questionable.

(i) At least three periods in the course of electrode charging can be identified. First, initially the 3
phase is dispersed throughout the Pd metallic phase. (The absence of the « phase indicates a rapid
a — 3 phase transition.) Second, total conversion to the B phase can be recognized by viewing the
color of the electrode surface. (Transition from silvery to black). Third, a supercharged layer is
formed. (When the §— Pd phase is further charged at high overpotentials).

(i) Electrodes prepared by the co-deposition process reliably initiate the F.-P. effect, at least in

terms of tritium production.
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Abstract: Neutron spectra with two components (2.45 and 3-7 MeV) have been repeat-
edly observed by pulse electrolysis of D20-Pd cell. Tritium production with (T/n)
ratio 10° was also confirmed with low-high current operation. These results are
consistently explained with the products and byproducts in competing process of
d-d and d-d-d fusions in PdD lattice.

INTRODUCT ION

Major results obtained upto now in cold fusion studies can be summarized' as
follows; a) weak neutron emission, b) tritium production with anomalously large
T/n ratio, c) excess heat and d) very poor reproducibility. Trying to solve the
puzzle of these anomalous nuclear effects, the authors have proposed a model of
competing process between d-d and muliti-body deuteron fusions in PdDx FCC lattice
with circumstantial evidences by experiments® 3. This paper describes the results
of our further experiments and the detailed analysis based on the competing process,
so as to solve the mechanism of "cold fusion” and to find a way to control the
sporadic phenomena.

MODEL ING

We are conceiving a competing process of d-d, d-d-d and d-d-d-d fusions in
PdDx FCC lattice with high D-loading (x>0.85; when all octahedral sites are occupi-
ed with D, x=0.857) under non-stationary conditions like the vibrationally excited

2:4_ Occurrence of this kind of nuclear process seems very

state of D-in-lattice
hard within known knowledge of physics. However, it could occur in non-stationary

condition of PdDx FCC lattice when there existed a mechanism strongly enhancing the

93



Coulomb barrier penetration for the two-body (d-d) reaction to reach a detectable
reaction rate (10722 f/s/cc, for example). The barrier penetration is anyway hard
problem yet to be solved, but the super-radient plasma oscillation model by Prepa-
rata® may be an idea. To explain the present experimental results shown later, we
restrict the model to the competing process of d-d and d-d-d fusions. The symbol D
denotes deuteron in lattice and the symbol d does free (high energy) deuteron, in
the following. Major decay channels and fusion products of D-D-D fusion are as
follows:

1)D+D+D=>d (15.9 MeV) + “He (7.9 MeV)

2) D+ D+ D=t (4.75 MeV) + 3He (4.75 MeV)
The branch 1) may be a major channel because of high Q-value, but we do not know
the branching ratio of the branch 2).

Produced charged particles with high kinetic energies generate the fol lowing

byproducts in their slowing down processes in PdDx lattice:

3) d(15.9 MeV to slow down) + D =» n (mainly 3-7 MeV) + 3He ; (n/d) ratio = 107
=t+p ; (t/d) ratio = 107®

4) “He(7.9 MeV to slow down) + D =» n (0-1.8 MeV) + p + “He ; (n/“He) ratio =10"%

5) t(4.75 MeV to slow down) + D = n (>14.1 MeV) + “He ; (n/t) ratio = 1077

When D-D-D fusion becomes predominant®, the 3-7 MeV neutrons become a major
component of neutron yield assuming the branching ratio of the branch 2) to be
about 0.1. The overall (T/n) yield ratio would then be about 10°, and the overall
(“He/n) yield ratio would be 10°. When we observe particle spectra in experiment,
there should be monochromatic peaks at 15.9 MeV by deuteron, 7.9 MeV by alpha-
particle, 4.75 MeV by triton and 4.75 MeV by 3He. (There would be 23.8 MeV alpha-
particle, if D-D-D-D fusion occurred.) To confirm this competing model, spectro-
scopies of neutron and charged particles and observations of (T/n) and (“He/n)
ratios are therefore key issues.

EXPERIMENTAL

Detail of pulse electrolysis and measuring system is written elsewhere®™“. In
the present experiment, we used a cubic (10x10x10 cm®) cell with 1000 ml of D20 +
0.3 mol/1 LiOD, 20 mm diam. 30 mm long Pd cathode (cold worked), Pt anode and ex-
ternal cooling channel (spiral glass pipe) of light water flow, contained within
an organic glass case with 10 mm thick wall. We tried various function modes for
pulse electrolysis; sawtooth, square wave (on-off) and low-high current pulse.
For 35 days from the beginning of D-loading, we used sawtooth current (max.=1.4A,
min.=0.1A) with 1050 sec period (Exp.79 and Exp.80). For next 8 days, we increased
maximum current to 3A (Exp.81). For a next week, we changed repetition periods;
5200 sec (Exp.83, 2 days), 270 sec (Exp.84, 2 days) and 1050 sec (Exp.85, 4 days).
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For next 21 days, we tried a low-high current operation with 12 hr period (Exp.86)

; 6 hr low current (0.1A) and 6 hr high current (2.8A). Variations of current,
voltage and cell temperature are shown in Fig.l for typical cycles. For next 9 days,
we ran the cell with 1050 sec period sawtooth of 5A maximum current (Exp.87).

In the following 8 days, two background runs were made; 1) taking out Pd cathode

and stopping electrolysis, and 2) using Pt cathode (instead of Pd) with the saw-

tooth operation of Exp.87. No differences were found in neutron count rates and

spectra by NE213 detector for these two BG runs.

To monitor nuclear products, we measured neutron count rates and spectra by a
5-inch diam. 2-inch thick NE213 liquid scintillation detector with n-gamma pulse
shape discrimination. A He-3 detector was also used for relative monitorinsg.
Variation of tritium activity in the cell was monitored by sampling 1 ml of ele-
ctrolyte every week, chemical processing, solving it in a 10 ml AQUASOL-2 liquid
scintillator and measuring beta-activity using standard LSC systems.

NEUTRONS AND THEIR SPECTRA

Evolutions of neutron count rates and spectra were compared with BG count
rates and spectra, for Exp.79 through Exp.87. In the beginning period of D-loading
(Exp.79), we observed slight excess neutrons (about 20 % over BG level) after 15
days from the start and for 3 days. After this,. no excess neutrons were found until
Exp.82 which was the start of long-time excess neutron emission. This trend is
similar to our previous experiments®™*. By changing the period of sawtooth pulse
in Exps.83-85, we had largest excess neutrons for 1050 sec period in these three
runs. Evolution of neutron counts in Exp.86 is shown in Fig.2 (see also Fig.1). In
almost every sweep, higher excess neutrons are given for the high current interval
than the low current interval. As the sweep number increases, neutron counts in-
crease for both current intervals. Decrease in neutron counts after the sweep
number 35 may be attributed to the contamination of SS-constituents which were
dissolved in electrolyte when we inserted a SS-tubed thermocouple at the 35th sweep
(electrolyte color changed to brown). This result of Exp.86 may give us a hint for
how-to-control "cold fusion”; 1) low-high current pulse operation with long (e.s.,
12 hr) period, after sufficient D-loading, is effective, 2) metal ion impurity is
poisonous. In Exp.87, we came back to the sawtooth operation with 1050 sec period
and observed maximum excess neutrons (1.6 times the BG level in average) in this
series of experiments. Unfortunately, the cell was once broken after Exp.87 by
accident.

To compare measured neutron spectra with model calculations, we employed the
folding technique, instead of the unfolding, because of poorer statistics. Measured
pulse height distributions by NE213 were converted to recoil proton spectra using
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experimentally determined light efficiency curve. For model calculations, assumed
source neutron spectra were an evaporation spectrum by spallation reaction of cos-
mic rays for background runs, and a combined spectrum of 2.45 MeV (d-d) and higher
energy broad component (see Fig.4 lower curve) (d-d-d). Effect of neutron modera-
tion by the cell, the detector and the polyethylene shield was estimated by MCNP.
Response functions of the NE213 detector were calculated by 05S. MCNP and 05S are
well known codes in neutron physics. Then, recoil proton spectra were calculated
by the folding method. We observed that background spectra were the same all the
time, as shown in Fig.3 and agreed well with the calculated evaporation spectrum
using nuclear temperature 1.2 MeV. We observed similar excess neutron spectra in
Exp.82, Exp.86 and Exp.87, having two energy components. As shown in Fig.4, calcul-
ation with the competing model of d-d and d-d-d fusions agreed very well with the
measured spectra, except the low energy range less than 1.7 MeV where the deuteron
dissociation by 7.9 MeV alpha-particles was not included in calculation.

TRITIUM

Results of tritium measurement are shown in Fig.5 which includes our previous
experiments. Activities are constant and in averaged BG level before Exp.86, for
about 7 months, and significantly increase in Exp.86. We re-measured some of sampl-
es (2, 3 in Fig.5) after about 1 month using a low background LSC system. Measured
pulse height distributions of the samples 2 and 3 agreed completely with that of
standard tritiated water sample. We found the activity in sample-3 was about 5
times the BG (D.0 before usage) level. We estimated total T-atoms accumulated in
the electrolyte to be 4.2x10'' t-atoms. We conceive that accumulated tritium in the
Pd cathode diffused into electrolyte by the thermal cycle in Exp.86 and therefore
the origin of tritium production should be all fusion reactions occurred in the
series experiment with the present Pd cathode. Thus, estimation of the correspond-
ing neutron yield is given by integrating excess neutrons in Exp.79 through Exp.86,
to be 6.3x10° neutrons. We obtain the (T/n) ratio 6.7x10%. Some of tritium atoms
still remain in the Pd cathode and some would escape in gas phase, so that the
ratio will be somewhat greater than that value. The competing model of d-d and
d-d-d gives 10° with considerable agreement with the experiment.

References: 1) J. Bockris, Fusion Tech., 18, 11-31, (1990), 2) A. Takahashi, et al,
Fusion Tech., 19, 380-390, (1991), 3) A. Takahashi, et al., J. Nucl. Sci. Tech.,
27, 663-666, (1990), 4) A. Takahashi, et al., ”Neutron Spectra from D-0-Pd Cells
with Pulse Electrolysis”, Proc. Provo Meet. Anomalous Nuclear Effects in D/Solid
Systems, Oct. 1990, Procvo USA, 5) G. Preparata, Fusion Tech., 20, 82-92, (1991)
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EDITORIAL NOTE TO THE PAPER "NEUTRON SPECTRA AND ..."
BY A. TAKAHASHI ET AL.

The decision to publish these Proceedings as soon as
possible did not allow any revision of the English
presentation of the text originally submitted. This paper
contains a few misprints and improprieties, for which we
apologize with the readers.
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Following our recently reported! observation of intense bursts of charged
particles from deuterium gas load thin Titanium foils, we conducted a relatively
exhaustive analysis of the samples involved in this study in order to better
understand the gas loading process, to characterize the elemental and structural
properties of the samples, and to ascertain, if possible, any differences between
those samples which evinced particle bursts and those which did not.

Our samples consisted of Ti662 (6%V, 6%Al, 2%SN)? lathe turnings of
nominal thickness about 100 £m and of surface dimension about 1 cm. by 2 cm. The
D gas was introduced by first annealing the samples at 700° C for three hours under
vacuum and then introducing 1 Atm of D, and allowing the samples cool slowly. An
important dimension of the present work is to document the various techniques
employed to measure the deuterium-metal ratio and its depth profile. These
techniques included gravimetric analyses, X-ray diffractometry (XRD), and
secondary ion mass spectrometry (SIMS).

The gravimetric analyses consisted of careful weighing of the samples before
and after the gas loading for both the deuterium samples as well as the hydrogen
control samples. The results of these weighings are given in Table 1. The D to metal
ratio was found to be generally less than unity for the D, samples and typically
greater than unity for the H samples. Since identical preparation procedures were
followed in both sets of samples, the observed loading increase in the case of the Hy
samples suggest greater mobility of the Hy. The one D, sample with D-metal ratio
significantly greater than unity (D-IV) consisted of much thinner ( about 30 gm)
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turnings. This would suggest that the thicker samples were not uniformly loaded with
depth and that, in fact, the near surface regions consisted of D-metal ratios
somewhat greater than unity.

Table 1. Gravimetric Analyses of H and D Samples

Trial Y% mass increase Gas-metal atom ratio
HII 1.86 0.86
HIV 3.02 1.39
HV 3.08 1.42
DI 3.70 0.85
DII 3.12 0.72
D III 4.70 1.09
DIV 5.57 1.29
DV 2,45 0.57
D VI 2.49 0.58
D VII 2.84 0.66
D VII 2.14 0.49
DIX 3.22 0.74

An expected consequence of the gas loading would be an increase in the
inter-atomic spacing in the metal. This was verified by XRD in which the Ti662
beta-phase lattice parameter was compared to the deuteron-metal atomic ratio as
determined from the gravimetric analyses described above. This comparison is
shown in Figure 1 where a definite positive correlation in noted.

This expected swelling was likewise noted in a series of scanning electron
micrographs of the samples. One such micrograph is shown in Figure 2. Not shown
are the pre-loading micrographs of the sample which indicated surfaces flat at the
sub-micron level, featureless except for the lathe tool markings. The rumpled nature
of the surface in Figure 2 is qualitatively consistent with the results of the XRD
investigation noted above.
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IFigure 1. Comparison of Ti662 g lattice parameter versus D-metal ratio.
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A semiquantitative elemental analysis of the near surface region of the samples
was afforded by the SIMS study. One such depth profile, for one of the Dy samples,
is shown in Figure 3. The maximum sputtering time of 100 minutes corresponds to a
depth of about 2 um. In addition to the Ti, Sn, V, and Al, the presence of the H and
D are noted. The low level of H in the D sample is consistent with the nominal
abundance of hydrogen in our deuterium gas bottle. Not surprisingly, a surface layer
of C appears. Because the primary ion beam in the SIMS facility was O, any surface
or near surface oxidation of the sample could not be identified. There was no
noticeable difference, again down to the 2 pum level, between the SIMS profiles for
those D samples which produced charged particle bursts versus those which did not.

The neutron activation analysis afforded a more detailed and quantitative
analysis of the samples although this technique was insensitive to any spatial
inhomogeneities. The results of this analysis are given in Table 2. Again the
dominance of Ti, Al, V, and Sn are noted. Certain light elements such as H, D, Li, C
or O cannot be detected with reactor activation analysis and are consequently not
tabulated. In this table the elemental analysis for a typical sample which produced
one of the charged particle bursts described in Ref. 1 is compared to a sample which
produced no bursts. There is no compelling evidence suggesting that a given element
or elements might be responsible for the production of the charged particle bursts.

Figure 2. Scanning electron micrograph of D-loaded Ti662 surface.
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Table 2. S (N o lusi

Element No burst (ppm) Burst (ppm)

Ti 760800 713200

Al 68860 58640

\Y 49700 46230

Sn 15760 15160

Fe 4697 4603

Cu 4611 3624

Dy 136 139

N1 103 135

Mn 77 127

Cr 81 89

Tm 24 22

Mo 19 2

Na 40 19

As 19 17

Ga 10 11

Sb 7 6

Sc 4 4

Co 3 3
1E6 E T T T B T 3

' 1
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Figure 3. SIMS Elemental depth profile of one of the Ti-D samples.
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In conclusion, the studies which we have carried out on the hydrogen and
deuterium gas loaded Titanium foils indicate that we employed a reliable and
reproducible gas loading technique, capable of achieving gas-metal ratios of order
unity to depths of at least several microns and probably more. No differences,
however, were noted between those sample from which charged particle bursts were
observed versus those which did not.

We would like to thank S. Mateusic at the reactor facility at the University
of Wisconsin in Madison for carrying the neutron activation analysis reported in this
work and Don Williamson at CSM for his assistance in the XRD studies. We would
also like to thank Steve Jones (BYU) for his originally suggesting the gas loading
technique discussed in this work. This work has been supported by the Electric
Power Research Institute.
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ABSTRACT

The final results of an experiment carried out in order to detect and measure the
energy of the neutrons emitted from Ti metal loaded with D in gas phase are reported. A
neutron spectrometer based on the time-of-flight and double scattering technique was
used. We observed a 2.5 o signal for the emission of 2.45 MeV neutrons, corresponding
to 1.3 + 0.5 neutrons s-1 g-1.

1. INTRODUCTION

In this paper we report the final results of an experiment performed in order to
detect and measure the energy of the neutrons emitted from Ti metal loaded with D in
the gas phase. It became rather evident, following the first announcements of the Cold
Fusion phenomena and the virulent debate that immediately grown up, that a clear-cut
positive answer on the nuclear origin of the reported unusual phenomena could be
given by an unambiguous detection of 2.45 MeV neutrons, the signature of the D-D
fusion. For this reason we started in 1989 to design, assembly and finally calibrate a
rather sophisticated neutron detector. In June-July 1990 we performed a series of
measurements with a cell containing Ti, filled with D, or H> (for blank
measurements) and whose temperature was cyclically varied. Preliminary results
were already presented '). A careful analysis of all the runs was subsequently
performed, and a positive result was observed.

2. EXPERIMENTAL APPARATUS AND TECHNIQUES

It is well known from more than thirty years 2) that the most reliable technique
for detecting neutrons and in particular for measuring their energy is that of the
Time-of-Flight (TOF). However, for the 2.45 MeV neutrons emitted from a Cold
Fusion device, the method looks very hard to be adopted, mostly due to the absence of a
"Start” timing signal. We overcame this difficulty by means of a double scattering
technique, in which a neutron, in order to be detected, had 1o be scattered by two
arrays of plastic scintillators, the first giving the "Start" signal and the impact
position, the second one the "Stop” signal and again the impact position. The price to be
paid to this technique is a quite low efficiency, but we estimated that the advantages
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(energy resolution, complete insensitivily to environment and cosmic rays
background, complete control of each "neutron” event by several parameters) were
largely superior.
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T
s START
[ ] I | COUNTER
CELL
Fig. 1 Scheme of the neutron spectrometer based on the double scattering technique.

Fig. 1 shows a scheme of the spectrometer which is installed at the Laboratorio
Tecnologico of I.N.F.N., Sezione di Torino. It consists of two blocks, a START array made
of three plastic scintillators (NE 110) 28x4x9 cm3 each, and a STOP hodoscope made
of two arrays of 25 slabs of NE 110 plastic scintillators, 120x2x5 cm3; each
scintillator is viewed by two Philips XP 2020 Photomultipliers (PMs). The PMs'
signals are sent to Constant Fraction Discriminators, whose threshold was set to detect
a proton (scattered by the neutron) energy loss of 100 KeV. The instrumental time
resolution on the TOF was measured to be 1ns fwhm. The apparatus is controlled on-
line by a Micro-Vax Il computer, and the data are recorded on 6250 bpi magnetic
tapes. More detailed descriptions of the spectrometer, the electronics and the
calibration procedures are reported in previous papers 3. 4). The only difference is
that in the measurements, reported in the following, the number of elements in the
START hodoscope was three instead of nine. We found in fact that the energy resolution
was better by using only one layer of scintillators, instead of three.
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Fig. 2 Difference between the simulated and reconstructed neutron energy as obtained
by the Monte Carlo simulation.
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The energy resolution of the spectrometer was evaluated by means of a Monte
Carlo simulation. For 2.45 MeV neutrons it is of ~ 40% fwhm, as shown by Fig. 2.

The overall efficiency of detection (including the solid angle) depends obviously
from the distance of the cell to the START array. For the measurements reported here
it was ~3x10-4.

We decided to start the experiments on Cold Fusion by a cell designed to study the
absorption of deuterium gas in metals as a function of the temperature. We believed
that this Cold Fusion device was better suited in order to exploit the performances of
our sophisticated, energy-measuring, neutron array instead of an electrolytic cell,
possibly surrounded by a thermostatic bath. In this case practically all the neutrons
would be moderated and then not detected by our spectrometer.

The Cold Fusion device consisted of a stainless steel cell of cylindrical shape (3
mm thickness, 20 cm3 total volume), containing 3 gr of metallic Ti shavings, that
could be filled with D, or H, (for blank measurements). The pressure in the cell could
be controlled between 10-5 and 1.5 103 Torr, and the temperature from 25 OC 1o
540 0C, by means of a small heater put under the cell, in contact with the lower basis.
The temperature was controlled by means of a thermocouple inserted into a copper
ring surrounding the basis of the cell. We estimated that the temperature of the Ti
shavings in the cell could be ~ 40 0C lower (500 OC instead of 540 OC). Fig. 3 shows a
scheme of our Cold Fusion set-up.

Manometer Pirani 2 Pirani 1 Pressure Gauge

? i

Cell with Penning Valve 5 Valve 6
Titanium Valve 4
shavings Valve 7
Heater '
Térmocouple Valve 3 Pump
. Valve | Rotary peyterium
Crg"%eu”r:,‘; Pireni 3 Pump — Bottle

Fig. 3 Scheme of the vacuum system and of the gas loading circuit for the Cold Fusion
set-up.

3. MEASUREMENTS AND ANALYSIS OF THE DATA

Before starting the runs, the cell was degased in vacuum for 24 hours at 5400 C.
Two sets of measurements have then been performed filling the cell with D, and H,
respectively; each set consisted in a sequence of measurements with the cell heated and
cooled alternatively. During the heating phase the heater was kept on for a period of ~
2 hours (~ 1 hour in a temperature ramp up from ~ 25 OC up to ~ 540 0C and ~1
hour at steady temperature); during the cooling phase the heater was kept off for a
period of ~ 22 hours (~ 4 hours in a temperature ramp-down from ~ 540 0C down to
~ 25 0C, ~ 18 hours at steady room temperature). In the cycle up, the Ti reached the
conditions of complete degasing, while in the cycles down it was filled again by D, or
H>. The number of complete cycles was 9 with D, and 6 with Ha.
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Fig. 4

Time sequence of the growing of the neutron energy spectra during a cooling down
run, as observed in the on-line monitor.
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During the cycles down with the D5 filling we observed in the on-line monitors
some abnormal behaviors of the neutron energy spectra, namely a small enhancement
of the events around 2.45 MeV in the first hours. Fig. 4 shows the spectra of the
detected neutrons at different times in a cycle down. No such enhancement was observed
with the Hy filling. At the end of the cycle down the enhancement is hardly visible in
the spectrum, which closely resembles to that measured in a blank run (see Fig. 5).
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Fig. 5 "Neutron" energy spectra obtained in a blank run.

The first, obvious, trial to make more evident such an effect was that of
subtracting the spectra obtained in all the runs with Hp, properly normalized to the
total rurining times, from those obtained in all the runs with Dp. The resulting
difference spectrum, was not completely satisfactory. Another approach, based on the
normalization of the total number of events contained in the Dz spectra to that
contained in the Ha spectrum, with the exception of those falling in the energy range
from 2.0 to 2.8 MeV is shown in Fig. 6.
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Fig. 6 Difference of the neutron energy spectrum measured in the runs D(down)and
that measured in the runs H(down), normalized at the total number of events
with the exception of those falling in the energy range from 2.0 to 2.8 MeV.
The errors are the statistical ones.
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A rather clear signal around 2.45 MeV was observed, but the overall behavior of
the event distribution around the signal was not consistent with a statistical analysis,
showing some systematic effect.

A careful inspection of the runs, in particular of the spectra and of the
correlation plots showed the most likely reason of this unsatisfying behavior. The
background in our "neutron energy” spectra (see Fig. 5) is not due to physical events
(cosmic rays, natural radioactivity), but is totally instrumental, inherent to our
technique. In order to detect with the maximum of efficiency the recoil protons
scattered by the neutron in the first and second hodoscope, respectively, we kept in
fact the threshold on each of the 26 photomultipliers of the detector at a very low
value, close to the peak due to the single electron emission from the photocathode. We
had then a certain amount of random coincidences, about 260/hour in the full
spectrum, corresponding to ~ 20/hour reconstructed in the channels around 2.45
MeV. The shape of the background spectrum (no cell) is fully consistent with this
hypothesis (see Fig. 5). On the other hand, the spectra corresponding to the D and Hp
filling were taken at about 3 weeks of delay and the "average" room temperature was
then different. As a result the photomultiplier's noise was different, slightly larger in
the runs with the H, filling. Consequently the background spectra were slightly
different too.
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Fig. 7 Difference of the neutron energy spectrum measured in the runs D(down) and
that measured in the runs D(up)., normalized to the same time. The errors are
the statistical ones.

A better, daily, control on the background was obtained by comparing directly the
runs "down" with those "up" even if statistically quite different. Fig. 7 shows the
spectrum obtained by subtracting the sum of the runs "up" normalized in time to the
sum of the runs "down". A clear peak centered at ~ 2.45 MeV is visible with a
satisfactory background subtraction around the peak. The resolution of the peak is
fully compatible with that expected by a Monte Carlo simulation. The same procedure
of subtraction, applied to the runs in which the cell was filled with Hy, gave a
spectrum statistically compatible with zero everywhere.
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4. DISCUSSION OF THE RESULTS AND CONCLUSIONS

The neutron emission measured in this experiment is 4.0 + 1.5 n s-1,
corresponding to 1.3 + 0.5 n s-1 g-1. It must be noticed that this value has to be
considered as a lower limit for these measurements, just due to our subtraction
technique. In fact, if the neutron emission would be the same for the runs "up" and
"down", we should observe a null effect. If some neutron emission would be present
even in the runs "up”, this should lower the neutron emission reported for the runs
"down".

It appears that the neutron emission seems not concentrated in a few bursts of
short duration, as reported by several authors 5. 6), but perhaps distributed along the
runs. Attempts to correlate the neutron emission to particular temperature conditions
were in fact unsuccessful.

A final remark is that, from the volume and pressure measurements, we
estimated that the D/Ti ratio in this experiment was 0.32. On the other hand, this
value is totally inconsistent with the Ti-H Phase Diagram 7). In the range of
temperatures and pressures scanned in this experiment we would expect in fact a D/Ti
ratio of ~ 1.8. A possible explanation is that the surface condition of the Ti shavings
was such to avoid a complete filling of Ti with D near the value expected from the Phase
Diagram and that only a reduced portion of the sample could reach the equilibrium
conditions expected from the Phase Diagram. Our results are also in qualitative
agreement with those reported by Seeliger et al. 8), with a less sophisticated neutron
detection device.

In conclusion we report a ~ 2.5 o evidence for 2.45 MeV neutron emission
following absorption of D» from a Ti sample. The main source of background was the
photomultiplier's noise, which gave the main contribution to the experimental error.
The experiments will be continued with a more carefully monitored cell, already
built 9), and with electrolytic cells. Finally, a system for cooling the photomultiplier's
photocathodes is under design. This would decrease the instrumental background by at
least an order of magnitude.

We are indebted to Prof A. Zecchina for enlightening discussion on the Ti/D
system and to Prof. G. Preparata for his continuous encouragement.
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ABSTRACT

Following the experiments performed with deuterided High Temperature SuperConductors
(HTSC) at underground Gran Sasso Laboratory, we have learnt the capacity to absorb
Deuterium (D) by these materials and the role played by non-equilibrium conditions to get
neutron burst emissions in the framework of Cold Fusion.

So far, some YBapCu307.§ (YBCO) pellets and high pressure D7 gas were enclosed in a
stainless steal vessel and a charging-up procedure was performed. The vessel was put in a
thermal neutrons field and some thermal cycles (300-> 77-> 300 K) were performed,;
moreover, for comparison, background and blank runs were performed. A specific
acquisition system, able to detect multiple neutron signals in defined time-windows ("time-
correlated events"), was set-up.

One thermal cycle run showed a large increase of time-correlated events in respect to the
blanks; one other run, although with no relevant mean-value increase of events detected,
showed, on the other hand, one interesting multiple neutron signal (triple); other similar runs
produced no relevant values.

One-other kind of experiment, at constant temperature (300 K), characterized by a heavy
D7 gas refill, showed both some increase of time-correlated events and few 'triple’ neutron

signals.
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MOTIVATIONS

According both to our opinions [1], mainly based on some similarities between the
behaviour of H or D doped Pd and Re | BaCu307 (RBCO) in the superconducting state, and
to some theoretical suggestions and considerations [2,3], we found some interests in
studying compounds of deuterated rare-earths. Moreover our first tests were independently
confirmed by S.E.Jones at BYU [4] who operated with deuterided YBCO in thermal cycles
and mechanical stresses.

There are several similarities between the behaviour of heavily hydrogenated Palladium [1]
and heavily oxygenated RelBa2Cu3O(6.5+5) compounds (Re is any trivalent rare-earth

apart yttrium). Among these we note:

1) As indicated in an our previous paper [1] and experimentally found in (5], the
absorption of H in RBCO occurs only if the RBCO is a superconductor material
otherwise the H degrades the RBCO giving CuO, Cup0, Cu and BaO as final
products.

2) The RBCO are superconducting only when Oxygen content is larger than 6.5. The
critical temperature (Tc) depends steeply on Oxygen content (e.g. Y] BayCu307

Tc=92 K, Y BapCu30g 5 Tc~60 K).

3) The HTSC are easy to loose the Oxygen in excess of 6.5, i.e. these are intrinsically
not stable.

4) It is possible to add H or D (nobody tried T) to superconductors even increasing Tc
despite initial content of Oxygen (but at least larger the 6.5) [6].

S) There is no clear evidence for the usual isotopic effect.

6) Several authors found the rare property of inverse pressure coefficient in
Y1BayCu307.g,

7)By NMR measurements [7] has been found that H in  Y(BapCu30(7.§)Hq.2

occupies sites in the Cu-O planes and that it diffuses or moves dynamically in the
crystal above 170 K but below 150 K it is trapped. In other words, after cooling to
77 K, during warming up we might have a moving of trapped H. Similar effects can
be expected with D at similar temperatures.

8) There exist a particular value of H doping that increases [6] the critical temperature.
The particular value seems to depend on sample preparation and H loading
procedure [8,9].

Moreover, we note that the HTSC have perovskite structure, the same structure of most

abundant minerals of the Earth's lower mantle (Mg,Fe)SiO3; the pressure of the core-mantle

boundary is as large as 1.4*106 Bar [10]. Then, we can suppose that a proper perovskite
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structure can be efficient like the "Mother-Earth-Soup" used by S.E.Jones [11] to search for
geological-like Nuclear Fusions.

In other words, among the large unusual properties of HTSC there is their ability to absorb
a large amount of hydrogen [6,7,12,13,14]. The possible sites, where the H or D are
located, can be identified by Mossbauer spectroscopy as recently suggested by E.Kuzmann
et al. [15,16].

Most of these properties have induced us to use high quality HTSC like YBCO in a gaseous
system, instead of "standard" Ti or Pd, to research for Cold Fusion anomalous phenomena.

APPARATUS AND ACQUISITION SYSTEM

The apparatus is shown in (fig. 1). It consists of two 3He tubes surrounded by paraffin and
lead bricks to detect neutrons and a lead well where a weak (2200 n/s of .4 Mev and 1500

Y/s of 4.43 MeV) Am-Be neutron source is located; the source is covered by 8 cm of water,
in a plastic container, in order to moderate the neutrons. We put 6 YBCO pellets (disk
shaped: diameter .19 mm, thickness 4-6 mm, density 5.5-5.9 g/cm3, total weight .50 g) in a
PTFE coil (about 1 mH) enclosed in a cylindric stainless-steal vessel for high pressure gas.
The acquisition system (fig. 1) was based on digital counter and analog acquisition by a
fast digital scope (TEK 2430) of the signals coming from the 3He detectors; moreover the
independent detector's signals were acquired by a MCA. All neutron signals are
independently counted by proper counters (scalers), some of these were gated. Each signal
from the proper detector is charge-amplified, shaped (6-8 ps of duration) and discriminated.
From the discriminator one output is straightforward counted by a scaler, a second output,
throw a specific circuitry that inhibits any other signal arriving within 10 ps, is counted by an
other scaler. These last signals are used to get the "time correlated events” as below detailed.
Each single signal coming from any detector opens for a defined time window the gate to the
proper scaler which counts all the other signals (except the first) arriving during this time
window.
The counts in a time window come from the logic OR pulses of the 2 detectors. We used 3
different contiguous and separated time windows:
a) from 0 tol0 s
b) from 10 to110 ps
c¢) from 110 to1110pus
The time window in 10-110 s was used as trigger to the digital scope in order to acquire
and visualize the analog signals from both detectors (to check for the correct neutron signal
shape). We consider the events in the time window b) the most significant events because the
expected 2.45 MeV extra-neutrons, due to deuteron-deuteron reactions, have an expected
thermalization time of the order of few tenth of ps in our experimental set-up.
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[Fig. 1] Experimental set-up. The total neutron detection efficiency, in respect to the
Am-Be source, is 0.4%. The underground Laboratory neutron flux is about

106 n cm2 51, At the bottom of the figure is shown schematically the
electronics set-up.

EXPERIMENTAL PROCEDURES AND MEASUREMENTS PERFORMED

The experimental procedure adopted to deuteride the superconductor material is summarized

as following:
1) We put the superconductor inside the coil in the stainless steel vessel and we

measured the inductance variation of the sample vs temperature (300-> 77-> 300 K)

with a AC magnetic field of about 1 Gauss at 1 KHz.
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2) We filled with deuterium gas the vessel at a typical pressure of 35 Bar at room
temperature.

3) The vessel was warmed-up to about 370 K and hold at this temperature for about 1
hour, after the temperature was decreased to about 360 K and held for 3 hours.

4) We cooled, in few minutes, the vessel from 360 K to about 300 K.

5) We refilled the D7 gas to the vessel up-to 36 Bar.

6) We started the neutron detection performing thermal cycles (300->77->300 K). In
order to check for the D absorption, because the low accuracy of manometer, we
measured at 77 K the inductance value due to the diamagnetism of the sample [1]
and the value of superconducting transition temperature during the warming up.

We estimated a upper limit loading factor of 0.5 in D/YBCO ratio.

In this specific measurements we further investigated [1] the eventual neutron emission
enhancement due to stimulation of the sample by a neutron source in order to detect time-
correlated events; thermal cycles were performed during the stimulation in order to induce
further non equilibrium states of the material.

We define the different kinds of measurements performed according to the following:
A - Background: measurement with neutron source but no vessel.
B - Blank: measurements with neutron source and vessel filled with HTSC samples in
this sequence:
B1) no D2, T=300 K
B2)D2at40bar, T=300K
B3) D2 at 36 bar, T= 300 K after the deuteration procedure.

C - Thermal cycle: measurements after the deuteration procedure with n-source, vessel

filled with D5 at 36 Bar (300K) and thermal cycles (300->77->300 K) operations.

RESULTS

As shown in fig. 2, we made different tests, as above defined, performed in sequential
independent runs. Typical Background (1,2,5,10) and Blank (3,4,6) runs ranged from 0.5
to 10 hours of acquisition time, while the Thermal cycle (7,8,9,11) runs ranged from 0.5 to
1 hours. As it results from fig. 2, no significant statistic differences come out from
Background and Blank runs (we adopt Gauss statistic for errors calculation).

The Thermal cycle runs showed different cases: the runs 8 and 11 had no significant
statistic differences in respect to Blank runs while the runs 7,9 presented different
peculiarities. In the run 7, although we did not record large excess counts, anyway we
recorded, on the digital scope (fig. 3), one “three neutron signal" (triple event). This triple
event, recorded from both detectors, occurred in the 10->110 ps time window during a

superconductive temperature transition. By statistic considerations, we expect such event is

117



occurring once in about 80 hours and we have to consider that all Thermal cycle runs lasted
only about 2.4 hours.

We like to note that one other triple event occurred in further thermal cycles performed (3
cycles 150->77->150 K performed in 30 min of measurement).
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(Fig. 2 ] Time correlated events vs run type. Run type symbols:
B = Background;
b (1,2,3) = Blanks in three different conditions;
T = Thermal cycles.

[-a)] counting rate (Log) in time window 10->110 ps

[.b) ] counting rate (Log) in time window 110->1110 ps
[.c) ] rato (Lin) between a) and b) counting rates.

In the run 9, a large excess of time-correlated events occurred, over 7 times larger in respect
to the blank and corresponding to over 30 standard deviations. Most of them were observed
at the scope and they look like 2 neutrons in 10->110 ps; no spurious signals were observed.
This excess was recorded, with different relative intensity, as in 10->110 ps as in 110->
1110 ps time windows (fig. 2.a,b).

In fig. 2.c we put in evidence that in the run 9 the ratio between 10-110 ps time-window
and 110-1110 ps time-window is about 4 times larger than the Blank runs. This can be

consistent with several neutron bursts (separated in time much more than 1 ms) having burst
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intrinsic time duraton << 110 ps. We recall that the expected thermalization time of 2.45
MeV neutrons lies in the 10-110 ps time-window.

It is quite improbable that some persistent disturbances can reproduce this kind of
behaviour.

In an other test performed at room temperature (one month later, at about 20 Bar D3 gas
pressure) we increased the pressure to 42 Bar and after about 10 hours we put the vessel into
the source well. The measurement, starting a few second later, gave immediately a large
excess in 0-110 ps time correlated events (fig. 4) for few minutes. Moreover, we observed at
the scope at least 3 "triple events"” (similar to fig. 4) occurring in a time window of 200 ps

during the excess counts.
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[Fig. 3 ] The triple event occurred in run 7 of fig.2.and acquired by digital scope. X-

scale = 20 ps/div, Y-scale = 100 mV/div. The event occurred in
correspondence of superconducting transition temperature, around 95 K.

CONCLUSIONS

Taking in account that HTSC materials (only "high quality" and perovskite structure) as
YBCO are able to absorb Deuterium, without destroying the crystalline structure, we put
deuterated YBCO pellets in a neutron radiation field and we operated thermal cycles. In this
double non-equilibrium condition we looked for a neutron rate enhancement selecting “time-

correlated" events, burst-like.
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In one thermal cycle we recorded a large increase, in respect to blank runs, of these events.
Not all thermal cycle runs gave excess counts results although in some of them we visualized
multiple neutrons (triple event) in a very short time-window. These multiple events were
sporadic (typically during the superconductive temperature transition), although the
probability that these events were simulated by the background was quite low.

In an other particular test, after a D9 gas refilling at room temperature, we measured an
increase of "time-correlated” events and we recorded some triple neutron events lasting to
some minutes.

We have to conclude that HTSC materials can be used with a lot of interest in the Cold
Fusion experiments and that non-equilibrium conditions are required to stimulate eventual
neutron bursts. A full reproducibility of the phenomena detected until now is not under

complete control.
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[Fig. 4 ] Time correlated events occurred after long time D, low pressure loading and
10 hours high pressure refilling. The abscissa indicates the time elapsed from
the initial irradiation. Several triple events were observed during this
measurement.
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I. Introduction

After two years the puzzle of nuclear phenomena in a metal lattice (cold fu-
sion) is still with us. Excess heat " | or anomalous neutron emission ‘® was
the goal being searched in most of the “cold fusion” experiments, however, we
switched to search the precursor and the energetic charged particles in stead of ex-
cess heat or anomalous neutron emission. In fact, we started the electrolysis cell
experiment early in April, 1989; the neutron bursts were detected by
BF, detector, and the tritium was measured by liquid scintillation detector ¢ .
The sporadic nature of the signals and the difficulties in reproducing these signals
forced us to look for a new approach in identifying this anomalous nuclear effect.

We suggested ‘*’ that the energetic charged particles are necessary products
for any anomalous nuclear effect, since after the reaction of any two charged
nuclei there must be at least one charged product. In contrary, the neutron may
not be the necessary product. '

Besides, we believe that there must be some precursors before the anomalous
nuclear effects. Once the precursor is identified, the difficulty in reproducing these
sporadic signals would be reduced. We suggested that the electromagnetic radia-
tion is a possible candidate for precursor, since the charged particles must change
their states before the penetration of the coulomb barrier becomes feasible. The
energy of this electromagnetic radiation has been estimated to be the order of
keV; therefore, it is quite different from the electromagnetic radiation caused by
fusion product, which is in the range of hard X ray or Gamma radiation. The

(Institute of High Energy Physics, Beijing 100039 CHINA
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Frascati type experiment ) led by Prof. Scaramuzzi, is particularly suitable for
the detection of energetic charged particles and the low energy electromagnetic
radiation, since there is no electrolyte to hinder the measurements. The plastic
track detector (CR—39) and thermoluminescence detector (TLD) were proposed
to detect the energetic charged particle and the low energy electromagnetic
radiation ¥’ . The preliminary run of experiments showed positive results ¢ ;

however, the abovementioned detectors are of integrated nature. It is desirable
to measure the signals in real time sequence, then it would be more confident to
identify the “precursor”.

Au-Si surface barrier detector is suggested to do this real time measurement,
because it is sensitive to both energetic charged particles and electromagnetic ra-
diations, and it has comparable sensitivity as CR—39 does. In this note the prelim-
inary results of measurement will be presented.

II. Experimental Arrangement

Fig.1 is a schematic diagram of the experiment system. The degassed
palladium and titanium foils were sealed in a stainless steel vessel, facing the
Au-Si surface barrier detector in a close—up way. This vessel was connected to a
pressurized deuterium storage of 2 atm. Before this connection the vessel was
pumped out by a mechanical pump for half an hour. After the connection the ves-
sel was immersed in a liquid nitrogen dewar to let deuterium absorbed into
palladium and titanium foils. When the system was cooled down and reached
steady state, the valve was closed and the liquid nitrogen dewar was taken away.
The system warmed up to room temperature, then this temperature cycle ran
again.

Fig.2 shows the block diagram for electronic circuits, which was designed
particularly for detection of both electromagnetic radiation and energetic charged
particles, for detection of both single signal and the burst of signals. The low en-
ergy channels in the multiple channel analyzer (MCA) correspond to the electron-
ic noise and the electromagnetic radiations. With careful setting of discriminator
we could still detect part of the electromagnetic radiation in the vicinity of noisy
background. The high energy channels in MCA could detect the single signal up
to 12.5 MeV. If a burst of high energy charged particle came in a very shot period,
the single channel analyzer (SCA) would definitely record it although the MCA
mightlose it.

Particular attention was paid to avoid any false signals due to the moisture
near the cryostat system, and it was successful.

II. Results
Fig.3 shows the result of the measurement of background using MCA, we
could not see any signals there except in the low energy channels (dotted line).
Fig.4 is the result of calibration using a ***Pu a—source (E,=5.1 MeV). Fig.5 is
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the result for a typical run in the warming up period. The high energy peak corre-
sponds to energy greater than 5 MeV, and the peak accumulated slowly in one
hour. In contrast, the signals in the low energy channels, which is just above the
electronic noise channel (dotted line), appeared in a very shot period ( the rate is
about hundred counts in one second). It might be caused by some electromagnetic
radiations, since we reproduced similar signals in the similar channels by simply
shinning visible light on the same Au—Si detector.

These phenomena were reproduced once and once again in the temperature
cycles. Some times the single channel analyzer obtained more than 20—90 counts
as well.

The titanium foil was from the titanium shaving, and the palladium foil was
cut from the product of Johnson and Matthey Inc. (thickness 25u). Both of them
were friendly given by American scientist.

IV. Discussion

It is clear that the energy of charged particle has a peak above the 5 MeV. It
does not fit with any conventional binary D—D reaction. Although the extraordi-
nary branch, D+D— *He+23.8 MeV, might give more energy, we had to assume
an anomalous branching ratio. It is suggestive to use dE / dx detector for identifi-
cation of the charged particles.

If we assume that the low energy signals were caused by electromagnetic ra-
diation, this was a good manifestation of precursor. We planned to use
photo—electric diode for confirmation of this observation. Was there any mistake
which might cause the fault signals? We were worried about this also. A good ver-
ification was that we did not detected any signals as before when the vessel sealing
failed in one of the experiments.
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INTRODUCTION

The search for neutron emission due to the interaction between deuterium gas
and titanium in non-equilibrium thermodynamic conditions was first proposed by the
Frascati Group of ENEA, and preliminary results, obtained in April 1989, were
published (1). The same results, enriched with new data, were presented at the Santa

Fé Workshop on Cold Fusion Phenomena in May (2)

and at the Workshop Understanding
Cold Fusion Phenomena, held in Varenna in September 1989 (3). These data, as well as
all the others in the field, were characterized by lack of reproducibility.

The first results were obtained by having titanium chips (produced with a lathe)
to interact with deuterium gas at pressures up to 60 bars. The system was then cycled
between liquid nitrogen temperature (77 K) and room temperature. The neutrons were
detected, during warm-up, by a single BF3 moderated neutron detector, having a very
low efficiency (in the order of 10_4). The time structure of the neutron emission
appeared to be in "bursts", by burst meaning the emission of many neutrons in a time

comparable with the die-away time of the neutrons in the detector-moderator system
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(typically a few tens of microseconds). We will refer to these first measurements as
to the first generation measurements.

At the Santa Fé Meeting similar results were presented by a Los Alamos Group,
led by H. Menlove (4), with two main improvements in the detection system. A much
higher efficiency was obtained (up to 45%) by using many 3He tubes in a cylindrical
geometry, and a peculiar technique was used to analyse the time structure of the
neutron emission. The latter can be shortly summarized (in a simplified way) as
follows: when a neutron is detected by the system, it is added in a register called
totals; at the same time, a time window (typically 128 us) is opened, and the neutrons
detected in this window are summed up in a register called reals. The reals detected
give information about the neutrons emitted all together in a short time interval, i.e.,
the bursts. It can be easily shown that there is a simple relation between the number

of reals, R, and the corresponding number of neutrons detected in the burst, n:
R = kn(n-1)/2

where k is an instrumental parameter of order 1.

In the Autumn of 1989, in the light of the many contradictory results presented
at the Santa Fé Meeting, we faced the dilemma of whether to try to measure the
energy of the neutrons, or to concentrate our efforts on the study of the time
structure of the neutron emission, and possibly of the correlation between the neutron
emission and the thermodynamic parameters of the system. The first route would
have made impractical to study these two features. We decided to follow the second
route, adopting the improvements to the instrumentation suggested by the Los
Alamos Group. We ordered an ad hoc detector from Jomar (5), and in the meanwhile
we were able to borrow a standard Jomar detector (normally used for nuclear
safeguard activities), with 15 active 3He tubes and an efficiency of about 15%. With
this instrument we performed a series of experiments, still in the Frascati Laboratory
(FL), in the period November 1989-February 1990. In addition, in collaboration with
the Ispra Center of Euratom, we started to look for tritium in titanium samples that
had been treated with deuterium. The positive and encouraging results obtained in
both types of measurements (neutron and tritium) were presented at the First Annual
Conference on Cold Fusion (6) in March 1990. We will refer to these measurements as to
the second generation experiments.

In the Autumn 1990 we received our new detector. Furthermore we had become
aware of the importance of reducing the neutron background in our measurements.
Thus we had asked, and obtained, the hospitality of the INFN (Istituto Nazionale di

Fisica Nucleare) in its underground laboratory under the Gran Sasso massif near
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L'Aquila [Laboratorio Nazionale del Gran Sasso (LNGS)). After the first calibrations
at Frascati, we moved at LNGS in Autumn, and started our measurements towards
the end of the year. Preliminary data about the system and its calibration, and about
the neutron background at LNGS, were presented at the Workshop on Anomalous Nuclear
Effects in Deuterium-Solid Systems (7), held in Provo, Utah, USA in October 1990. Here
we are presenting the results of the first months of measurements performed with the
new detector at LNGS, up to June 1991. We will refer to them as to the third
generation experiments. We want to point out that the difficulties connected with the
logistics of the experiment (LNGS is about 150 km from FL) had as a consequence a
limited number of runs, meaning by runs the thermal cycles of deuterium gas-
titanium samples. Furthermore the first three to four months were dedicated to the
search for a reproducible pretreatment of the samples, trying also procedures
suggested (at the Provo Meeting) by other groups, in particular by the Los Alamos
Group (M. Paciotti) (@) and a Beijing group (Prof. Zhu) (9), All the data referring to
these measurements will be reported here. We continued also the search for tritium in

titanium-deuterium samples, with some positive results.

THE NEUTRON MEASUREMENTS

We refer to the communication presented at the Provo Meeting () for the
details on the detector and its calibration, both at FL and at LNGS. Here we want
only to remember that the detector is composed of an inner ring (IR) with 20 3He
tubes (efficiency 27%) and an outer ring (OR) with 8 3He tubes, all the tubes being
immersed in high density polyethylene; a veto counter (VC), permits to discard signals
due to noise in the electric feed line. Another feature that we want to remember is
the background of reals, which was about one per hour at FL, with values of R
centred about 6; at LNGS, it was of one r=al, with R = 1, per week.

Table 1 shows the list of tests on 18 samples, starting November 1990 and
ending June 1991. After trying the Zhu's and the Paciotti's methods for pretreating
the samples, without positive results, a method devised by us was chosen and used
starting February 1991. We used the titanium alloy called 662 (6% vanadium, 6%
aluminium, 2% tin), worked at the lathe in long threads 50 ym thick and 1 mm large.
During the lathe cutting a flow of pure 4He gas was sent onto the contact point
between the tool and the metal, in order to favour the cooling down of the thread
with as low as possible oxidation. The sample (=120 g) was then put into the
experimental cell, and heated under vacuum up to about 100 °C for a couple of hours,
and then let under vacuum while cooling down. Next day the cell was brought to
LNGS. Here it was charged with D, gas up to 20 bars, and then closed. The cell was

then heated in an oven, while controlling pressure and temperature, until D, gas was
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Table 1
Data on the tests performed on 18 samples,starting November 1990
till June 1991

Sample Date Pretreatment | Material Absorption [ Notes

1 11/11 Frascati meth. Ti

c2 5/12 Zhu method Ti

c3 12/12 Zhu method Ti

ca 19/12 Zhu method Ti

cs mn Zhu method Ti

Cc6 10/1 Paciotti meth. Ti

c7 171 Paciotti meth. Ti

c8 28/1 Frascati (new) Ti662 none

c10 21/2 Frascati (new) Ti662 correct burst
ci12 3/3 Frascati (new) Ti662 correct burst
Cc13 14/3 Frascati (new) Ti662 low P

c14 19/3 Frascati (new) Ti662 little

ci1s 27/3 Frascati (new) Ti662 too much

c16 4/4 Frascati (new) Ti662 little

c18 2/5 Frascati (new) Ti662 too much

c19 6/5 Frascati (new) Ti662 little
Cc20 27/5 Frascati (new) Ti662 correct

21 6/6 Frascati (new) Ti662 correct burst

- The pretreatment called Frascati (new) is the procedure described
in this paper; for the Zhu method see Ref. (9), for the Paciotti
method see Ref. (8); for sample Cl the procedure described in
Ref. (1) was used.

- The date indicates the beginning of the run.

- The expressions little, too much and correct for the absorption are
referred to the curves shown in Fig.l

absorbed, with a controlled rate of absorption, up to an average stoichiometric
composition of the order of a few percent D atoms per Ti atom. Figure 1 shows the
behaviour of a parameter indicating the absorption of deuterium as a function of time
during this phase for samples C10, C12, C20 and C21, which were the only four for
which the D,-charging procedure was rather comparable. The parameter is the ratio
between temperature (absolute) and pressure (in bars), normalized to the starting

point. The steep part of the curves represents the absorption phase. When the desired
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Fig.1 The ratio between temperature (in K) and pressure (in bars), normalized to the starting
point (room temperature, 20 bars), in the cell, as a function of time, during the D, absorption
procedure. D, is absorbed during the steep part of the curves; then the sample is taken out of the
oven, and the ratio decreases. Only samples C10, C12, C20 and C21, for which the absorbing
procedure was similar, are considered.

amount of D, had been absorbed, the cell was taken out of the oven, and the
parameter started to decrease. The maximum temperatures reached were between
180 and 300 °C. At this point the sample was let to cool down to room temperature;
then more D, gas was added, bringing up the pressure typically to 30 bars, and the
cell, closed, was immersed in liquid nitrogen, bringing it in a few minutes at 77 K.
The last step was to put the cell immersed in a dewar full of liquid nitrogen in the
sample well of the detector, leaving it alone for the next days, while the nitrogen
evaporated and the sample's temperature increased; the neutron emission and the
temperature were recorded. In order to reduce the dead time due to the transmission
of data from the Jomar system to the memory of the computer, we decided to use a
quite long measurement time interval, 1000 s. On Table 1 it is indicated that in three
out of these four runs, and precisely for the samples C10, Cl12 and C21, a big burst
was seen on the IR: the values of R are respectively 994, 2032 and 1134. The

corresponding values of the totals were coherent with the equation quoted before; for
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Fig.2  The time evolution of the neutron countings (upper curve) and of the cell temperature
(in °C), during warm up. The counts reported are the totals recorded in each 1000 s time interval,
for the samples quoted in Fig.1. For samples C10, C12 and C21 a burst could be detected, both on
the totals and on the reals: the value of R is reported.

sample C12 the value of 2032 could be better explained with two bursts of R = 1000
taking place in the same time interval. The veto counter showed no anomalies in
these measurement intervals, confirming thus that the bursts could not be attributed
to electric disturbance in the electric feed line. The only incoherent feature is the
absence of corresponding reals in the OR; taking for good the calibration performed
with the 232Cf source (see (7)), one should have expected a value of R in the order of
10, but the value measured in correspondence with the IR bursts was always zero. In
Fig. 2 the time evolution of the neutron emission (totals) and of the temperature of
the sample is shown. The values of the reals for the three bursts are written close to
the totals' bursts. The two changes in slope of the temperature curves presumably
represent the instant in which the cell is no more in contact with liquid nitrogen, and

then the moment in which all liquid nitrogen is evaporated.
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Concluding, we have presented an experiment performed in particularly clean
conditions, both for the good quality of the detector and for the particularly low level
of the neutron background (note that in the LNGS the ambient conditions are
outstanding: temperature is constant at about 20 °C and humidity is quite low, less
than 40%). We have found three events (bursts) in four runs which were characterized
by quite similar procedures in preparing the sample. The bursts corresponded to about
200 source neutrons, but the absence of countings on the OR sets a doubt on this
evidence. In order to explain it, one should imagine that the neutrons detected are of
energy much lower than the 2.5 MeV expected from a D-D fusion reaction: in this
case the calibration with 292Cf would be no more valid. On the other side it is
striking that the three bursts are characterized by very similar experimental
features, such as:

- similar pretreatment of the sample

- similar temperature range of the event (-160 to -120 °C, while warming up)
- coherent relation between totals and reals

- negative signature of the VC, excluding electric noise.

Experiments on this line will continue, trying to optimize the pretreatment of
the sample, and to increase the frequency of the runs.

Another improvement will consist in adding, in parallel to the Jomar shift-register,
another system for collecting the countings, which will record each of them with its
date, i.e., the indication of the absolute time of arrival of the detected neutron, with
the accuracy of 0.5 us (10). The comparison between the two registrations will permit

a more thorough comprehension of the events (reals).

SEARCH FOR TRITIUM

The technique used to look for tritium absorbed in the titanium samples has
been described elsewhere (11). Here we will recall the main features. The titanium
sample, on which deuterium, and presumably tritium, is absorbed, is put in an oven at
1000 °C under a flow of 4He gas, so that all the hydrogen isotopes are desorbed. The
flowing gas passes through a CuO catalyst at 400 °C, where the hydrogen isotopes are
transformed in water vapours. Then it passes through two water scrubbers (containers
with distilled water), set in series and kept at the temperature of 4 °C, where the
vapours are condensed and mixed up with the water of the scrubbers. Part of the
content of the scrubbers is then examined with a scintillation spectrometer, and the
presence of tritium is detected.

Part of the samples of the third generation of experiments have been partially
examined (not all the =120 g of titanium used for the neutron experiments have been

subjected to the procedure described above). The amount of tritium contained
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Table 2

The amount of tritium found in titanium samples Cl-
C13, expressed in Bq/g (becquerel per gram of
deuterium desorbed from the sample). The amount of
tritium contained in the original deuterium gas (9.3
Bq/g) has been subtracted. Only part of each sample
has been subjected to this measurement. The error in
the measurement is 0.5 Bq/g.

Sample Amount of tritium
c2 1.9
cs 29
c7 23
c10 5.4
c13 26

originally in the D, gas was accurately measured, and, for the two bottles used in the
measurements quoted, it was = 9 Bq/g of deuterium. The results of the third
generation measurements are reported in Table 2 (the value of the tritium contained
originally in the gas has been subtracted). The values are not high, but the accuracy

of the measurements is quite good; thus they can be considered meaningful.

OTHER EXPERIMENTS

The experiments described here, from the first to the third generation, show
clearly the difficulty of defining accurately the parameters that characterize the
material used and its treatment, including D, absorption. The need for a better
characterized system is strongly felt. Thus, while still continuing the measurements
described here, we decided to start a new line, inspired by the work of Zelensky,
Rybalko et al. (12), i.e., the study of titanium thin layers on which deuterium has been
implanted at low temperature (typically 77 °K), thus creating locally a very high
concentration of deuterium, then heating up the sample, in order to create non-
equilibrium conditions, while looking for the emission of neutrons and charged
particles. We hope to perform this experiment at LNGS, where the very low neutron
background should permit quite favourable experimental conditions for neutron
detection. The main aim of such an experiment is to be able to obtain an
experimental procedure with a much better reproducibility. Preliminary tests for this

kind of experiment have been started.
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ABSTRACT

A target, titannium sheet laden with deuterium, is immersed in the deuterium
plasma confined in MM-2U magnetic mirror and it is biased at about -10 kv. The
deuterium nuclei-deutrons are infused into the crystal structure of titannium
target. After having implanted deuterium for several hours, random neutron
emissions are observed and neutron bursts are measured by using two identical
BF-3 neutron detectors No.l and No.2 located at different positions and a
neutron dosemeter.The neutron count rates are up to 100 times higher than the
background count rate of 0.8 count/sec. It is corresponding to neutron flux of
(2-8)E+5 neutron/sec. No gamma-ray counts bevond background are detected in our
experiments. It is suggested that random neutron bursts may be from cold nuclear
fusion reactions related to the propagation of microcracks of the metal lattice.

I INTRODUCTION

The "COLD FUSION" announced by professors Martin Fleischmann and Stanley
Pons on March 23,1989 (1] evoked great excitement and stimulated many scientists
to repeat their results. The cold fusion phenomenon has been demonstrated in
collaborative experiments al Brigham Young University and at other laboratories.
Current efforts focus on trying to understand and control (or repeat) this cold
fusion phenomenon.

Just as pointed out by S.E.Jones[2], non-equilibrium states of the
deuterium-metal (D-Ti or D-Pd) system are essential conditions for creating cold
fusion reaction. As we know, electrolysis is one way to produce states which are
far from equilibrium. The other ways, such as varying external parameters of a
system, temperature, pressure and contact potential, etc. will also generate
non--equilibrium states of a system. Implantation of deuterium ions into the
metals is one of the effective methods for generating a non-equilibrium
state. Based on this idea we started our experiments since April,1989. The
recent results of fusion neutron emission induced by infusion of deuterium into
a titannium target in a simple mirror machine MM-2U are presented here.

IT  EXPERIMENTAL APPARATUS AND ARRANGEMENT
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MM-20 is simple mirror device, mirror ratio is 2:1, spacing between two
mirrors is 0.8 M andcentral magneti¢ field strength is 500 G. After pumping to
pressure of 1E-4 Pa the pure deuterium is poured into the device to ambient
pressure of 5E-2 Pa. An electron beam with current of 6mA and energy of 1 kev is
injected into the device along the axis.The deuterium plasma parameters obtained
are : electron density Ne=5E+9 cm-3 and ion temperature Ti=1 ev.

A titannium plateof 2*4 cm+2 as a target is inserted into the deuterium
plasma at the central plane of the device and is perpendicular to the magnetic
field lines. A high negative voltage ahout 10-20 kv is exerted on the target to
obtain the infusion of deuterium. As the target is at the negative potential,
an ion sheath around it must be formed.The deuterium ions entered into the
sheath will be accellerated to bombard the Ti-target and to be implanted into it
at once (see Fig.l1).

1 2 3
r // ]
J——
I —— luv
A 1

I

Fig.1l The diagram of the experimental device
l1--coil 2--vacuum vessel
3--electron gun 4--Ti-target

e use two identical BF-3 :eutron detectors No.l and No.2 located at
different positions and a neutron dosemeter to detect the fusion neutrons and a
Nal(T1) crystal scintillation counter to monitor the gamma--ray emission (see
Fig.2). The detectors are calibrated by a Ra--Be neutron source and Cs-137
radiation source, respectively. The calibration curve is shown in Fig.3.

210
Gamma-ray !
counter \
= - - 3
No.1l BF-3 4
detector | 520

1140 :
| 720 No.2 BF-3
1 detector

Fig.2 Arrangement of the detectors

IT1 THE EXPERIMENTAL RESULTS
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The experiments last for 30 days and some results obtained are as follows:

(1) The electron beam current is 3 mA, electron energy is 1 kev, negative
voltage on the target is 8-10 kv. After having implanted deuterium for nine
hours, the burst neutron emission is observed and lasts for 2-3 min.. The
neutron count rate is corresponding to 9.5E+4 neutron/sec (see Fig.4-1).

(2) The implanting deuterium conditions are ditto. Three hours later, the
burst neutron signal appears and its count rate is corresponding to 6.5E+5
neutron/sec. The duration of neutron emission is about 10 min. (see Fig.4-2).
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Fig.4 Variation of neutron count rates with the time of
deuterium injection
The dashed line indicates the average background
rateg, it’s about 0.8 count/sec
(a) and (b) show the results measured by the No.1
and No.2 detectors, respectively.

(3) Implanting erium ions for three hours, the count rates of No.1 and
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No.2 detectors are corresponding to 5E+5 and (1-5)E+5 neutron/sec, respectively.

They are shown in Fig.4-3
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are corresponding to 5E+5 and 8E+5 neutron/sec. respectively.

(5) In above mentioned experiments, we have never detected gamma--ray count
beyond background level.

During the experiments, we change parameters of electron beam, target voltage
and ambient pressure etc. to observe the variation of neutron emission. As a
result, the higher the parameters the more easily the neutron emission is
induced. Once the neutron bursts, its count rate will be very high and then will
come back to the background level immediately no matter whether the parameters
of operation are still to be maintained at the original value.

IV DISCUSSION AND CONCLUSION

The neutron signals obtained in our observation are different from the neutron
sighals obtained by beam--target intereactions.

The discussion is as follows:

When the high negative voltage is held at the target the backgroound count
rate is 0.8 neutron/sec which is corresponding to (1-5)E+4 neutron/sec. But when
the high negative voltage is removed from the target, the background count rate
decreases to 0.5 neutron/sec. So we can consider the neutron count coming from
beam-target reaction. The beam--target intereaction has certain relation between
neutron signals and beam current and energy. In our measurements, the neutron
bursts are uncertain in creating time and count rate. The neutron burst can only
be observed after deuterium is injected for several hours,i.e. deuterium infused
into the Ti-target is accumulated to a certain level. Thus a conclusion can be
drawn that "fusion" can be induced only at the deuterium (or deutron) in the
lattice reaches a certain level. Then the neutron emission characteristic of
existance of nuclear fusion can be detected.

REFERENCE
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ABSTRACT

Intense bursts of charged particles far larger than background have been reproducibly
detected for the first time by using CR-39 solid state nuclear track detector during ether
a high voltage discharge between deuterated palladium electrodes or a non-equilibrium out-
diffusion of deuterons in palladium. No any anomalous effects were found in the control
ezperiments of Pd-H system under the same ezperimental conditions. This indicates that

some anomalous nuclear effects were definately produced in the Pd-D system under certain

conditions.

Since Fleischman and Pons! and Jones et al? reported
that nuclear fusion of deuterium occurred at room temperat-
ure in Pd or Ti cathodes during the electrolysis of heavy
water(Dy0) much effort has been made to replicate or reinv-

estigate the possibility of cold fusion in solid matter3,
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Our calculation showed4 that D-D fusion rate in the
equilibrium P4d/D system at normal temperature will never
reach the level that can be measured experimentally. 1It,
however, is possible to produce a measurable nuclear fusion
if some non-equilibrium processes were occurred in the P4a/D

system spontaneously or externally.

1). One of the way to produce nonequilibrium process
in PAd/D system is a high voltage discharge between deutera-
ted Pd rods. It has been reported5 that spontaneous neutron
emissions were intermittently detected from activated P4
rods well soaked with deuterium gas by stimulasion of the
Pd rods with a high voltage discharge., Here, we report a
new evidence of anomalous nuclear effects in Pd/D system.
A large number of nuclear tracks has been reproducibly det-
ected for the first time by using CR=39 so0lid state track
etch detector during the discharge experiments.,

The schematic arrangement of the experimental system
is shown in Fig. 1. The discharge tube is a glass tube of
35mm diameter and 400ml volume with a pair of Cu electrodes
stems. The palladium(99.9%) rods of 2.5mm x 30mm were fix-
ed to the Cu electrode stems, The purity of deuterium gas
was 99.9%. The CR-39 track-etch detectors which were used
to detect charged particles and neutrons were stuck to inn-
er and outer wall of the glass tube, In order to activate
the P4 rods, 5-10Kv,DC or AC,50Hz was applied between the
electrodes in the vacuum of 10'4 torr, After the activati«
on, the tube was filled with D2 of 1 atm,

The activated Pd rods began to absorb the deuterium
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gradually with time and the inner pressure of the tube dec-
reased. A typical time variation of D, pressure in the dis-
charge tube is shown in Fig.2. The pressure showed a few
Plateau region at different pressures., No obvious charged
particle or neutrons were detected during the absorption

process,

1 234567 8
/ 1

=
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P(10Pa)
© N~ O ®O
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Fig.1. Schematic diagram Fig.2.Time variation of
of the experimental arr- D, pressure in the tube
angement, during the absorption
1-AC and DC high voltage process.,

supply,2-Cu stem,3-Glass
tube,4-P4d rod,5-CR=39
6-Vacuum gage,7-Valves
8-Diffusion pump,9-Rota-
ry pump,i0-=D2 tank.

Stimulation of Pd rods with high voltage discharge
was applied when the inner pressure of the tube was in the
second plateau region after 2 to 3 days absorption. The CR-
39 were then taken out and etched(6.8 mol NaOH + 4% alcohol
60°C)for 13 hours and observed in the microscope.

A photo of the nuclear tracks on the CR=39 stuck to

inner wall of the tube in a typical discharge experiment is

shown in Fig.3. The average number of the tracks on this CR
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-39 is~2x103/cm2 and >105/cm2 in the dense region. The nu-
umber density of the tracks on the CR=39 stuck to outer wa-
11 of the tube isrv3x102/cm2, far less than one detected at
the inner wall. This indicates that a large number of char-
ged particles were produced during the discharge. In order
to check the reproducibility, we conducted approximately 10
experiments with the same procedure and all showed similar
results

The same experiments were performed with hydrogen gas
instead of deuterium and no anomalous effects were observed
. Also no any anomalous phenomina were found in the control
experiments of D=Cu and D-Pd(no soaked with deuterium) sys-

tems.
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Fig.3. Micrographs of the tracks of charged
particles on the CR-39 in one of the typical
discharge experiment of the Pd/D system.

2). The other way to induce non-equilibrium process
in PA/D system is a controlled out-diffusion of deuterons
in palladium developed by Yamaguchi and Nishioka. They rep-
orted that® a gigantic neutron burst of (1-2)x106/s had be-
en detected from deuterated Pd plates with hetrostructures
set in a vacuum chamber. We attempted to look for charged
particle reaction products in the similar experiment and a
large number of nuclear tracks have been reproducibly dete-
cted by using CR-39,.

In our experiment, a 10nm layer of Mn and O was depo-
sited on one of surface of a pure Pd £ilm(10mm x 10mm,thi=-
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ckness=,09mm) and the film was loaded with Do gas(99.9%,105
Pa) for 24 to 48 hours. A 100nm thick of Au film eas then
deposited on the other surface of the Pd film. A CR-39 det-
ector was stuck to Mn-O film side and the sample was then
placed in a stainless-steel chamber and evacuated to 10"3
Pa. After about two hours, the sample was taken out and et-
ched. A photo of nuclear tracks on the CR-39 1is shown in
Fig.4. The average number density of the tracks i34v3x103/
/cm2 and:>5x105/cm2 in the dense region. No any anomalous
effects were found in the control experiment of Pd-H system,

x100 x400

Fig.4. Micrographs of the tracks of charged
particles on the CR-39 in one of the noneq-
uilibrium out-diffusion experiment.

We coclude that some anomalous nuclear effects were
definately occurred in the Pd/D systems during a high volt-
age discharge or a non-equilibrium out-diffusion processes.,
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Abstract

Previous experiments have shown that tritium is produced in deuterated
titanium. To define better the phenomenon a series of tests have been
performed using various metals and alloys and different deuterating
conditions. Sheets and shavings of titanium, zirconium, hafnium,
tantalum, Zircaloy 2 and Ti-Zr 50% alloy have been tested.

A statistical analysis of the tritium production shows that significant
differences are obtained varying the type of metal used. Using pure
metals the tritium production increases with the increase of the atomic
number of the metal. Moreover higher productions of tritium have been
obtained using materials of technical purity as tantalum, Zircaloy 2 and

Ti-Zr alloy.

1. Introduction

A possibility of obtaining a cold fusion phenomena was suggested by
Scaramuzzi (1) which detected, during a low temperature treatment of gas
deuterated titanium shavings, emission of neutrons in bursts of high
intensity. A successive analysis performed on the deuterated titanium
shavings (2) has allowed to detect in some cases a production of
significant amounts of tritium. Also in, a study conducted at BARC (3)
tritium production has been detected after deuteration of titanium sheets
and chips.

In fact it appears that (4) tritium production represents today the
strongest evidence of cold fusion events even if reproducibility is
always lacking. In order to try to understand the causes of

non-reproducibility of the tests we have performed a systematic analysis
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of tritium production varying the type of metals and the deuteration
conditions.

Up to now tests have been performed only on palladium and titanium.
Titanium belongs to the group IVb which comprises also zirconium and
hafnium. ALL the three metals forms hydrides having the same
crystallographic habit. In view of the similarity existing between these
three metals it appears reasonable to extend the investigations also to
zirconium and hafnium. Titanium and zirconium having a purity 99.997%
has been used while hafnium has a purity of 97% containing also 2.7% of
zirconium. In addition it was decided to test also tantalum which
presents a large deuterium solubility (5) and do not form hydrides at
temperatures higher than 42°C. The tantalum was of technical purity.
Finally some tests on Ti-Zr S50 at.% alloy and on Zircaloy 2 were also
performed.

A parameter which appears to be important is the deuterium stoichiometry.
For the tests performed using heavy water electrolysis it is wusually
assumed that a high deuterium content is needed to obtain positive
results. The influence of stoichiometry has been investigated on
zirconium and tantalum in order to cover the case of deuterides formation
and pure solubility.

Finally another parameters that will be taken into consideration is the

isotopic enrichment of the deuterium gas.

2. Experimental

To verify if in an experiment tritium has been really produced it is
necessary to analyse not only the deuterated metal samples but also the
starting deuterium gas and possibly the residual gas which is present in
the autoclave after the deuteration. A system has been set up which
allows to determine the tritium content in the gas and in the deuterated
metals (6).

The analysis of deuterium in the metals is performed degassing the
hydrides at 16U0°C for six hours in a flow of pure helium. The gas
mixture is sent through a tube filled with Cu0 held at 420°C where the
hydrogen species are oxidized to water vapor. The hetium, acting as a
carrier, transports the water vapor to a trap, cooled by liquid nitrogen.
The collected water 1is then counted in a Lliquid scintillation
spectrometer. The liquid scintillator used is the Tricarb 1400 produced

by Packard Instrument Co. The cocktail Pico Fluor LLT, specific for
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measurement of low levels of tritium in pure water, has been used. The
counting efficiency has been obtained using a tritium standard. The
analysis of the tritium contained in the deuterium gas is conducted in a
similar way.

The tests were conducted using a selected deuterium having a mean tritium
content of 9.5 Bq/g.

An attempt has been made to measure also the possible neutrons emission.
The detection system was composed by 16 detectors 1 meter long filled
with 3He acting as proportional counters. The detectors were situated in
six polyethylene slabs 10 cm thick which act as a neutrons moderators.
Only the pulses corresponding to the peak around 764 Kev has been counted
in order to minimize the influence of the electrical disturbances.

The six slabs are surrounding the deuteration furnace. In this
configuration, wusing a 252Cf source, the total efficiency measured is
13%.

The deuteration system consists of an autoclave which is connected to one
side to a vacuum system and to the other to the deuterium gas bottle and
to a calibrated gas reservoir. A tritium analysis on the deuterium
collected in the gas reservoir was performed every deuteration in order
to compare directly the tritium contained in the feed gas to that
contained in the metal. For each type of metals or alloy a blank test
using hydrogen was performed. The details of the deuteration procedure
are given in ref. (7).

The influence of isotopic composition was examined performing some
additional tests with a series of deuterium bottles, produced by C.I.L.,
having a deuterium enrichment of 99.8, 99.9 and 99.98%. Their tritium
content was also around 10 Bqg/g. Some tests were performed using

deuterium-hydrogen mixture containing 5 and 10 vol.% of hydrogen.

3. Results and discussion

The blank tests performed using hydrogen to impregnate the different
metals and alloys above mentioned did not show any tritium production. In
the test performed using deuterium the amount of tritium produced was low
and the scattering of the data rather high.

0f the different variables investigated the nature of the metal matrix
seems to be predominant. A statistical analysis of the tritium produced
in the different matrix has been performed. We will consider the tritium

production indicative when it is higher than three times the
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corresponding standard deviation (o) and significant when it is higher
than five times the o . In table I are given, for the different metals,
the number of tests which comply to these criteria together with the
total number of tests.

A further analysis has been performed evaluating the mean value and the
standard deviation of the tritium produced in all the tests performed
using the same metal or alloy. In table II are shown the obtained values.
On the same table is also given a significance factor corresponding to
the ratio of the mean value to the standard deviation.

Observing the data of the two tables it appears that both comparisons
give the same indications which is a signal that possible accidental

errors do not play an important role.

TABLE I: Tests showing indicative and significant tritium production

Material T>30 T>50 N® of tests
Titanium 2 (29%) = I4
Zirconium 3 (274 1 C 9% 11
Hafnium 4 (44%) 1 A11% 9
Tantalum 9 (75%) 4 (377 12
Ti=-Zr 50 at% 11 (79%) 4 (29%) 14
Zircaloy 2 3 (100% 1 (337 3

TABLE IL: Tritium content: statistical evaluation

System mean value Bg/g sign. fact. | N° of tests
Titanium 0.26 + 0.161 1.61 7
Zirconium 0.55 + 0.125 4.40 11
Hafnium 0.72 + 0.147 4.90 9
Tantalum 2.13 + 0.154 13.83 12
Ti-Zr 50 at% 1.64 + 0.105 15.61 14
Zircaloy 2 1.78 + 0.263 6.77 3

The comparison between pure metals show that the tritium production
increases with the increase of the atomic number. This is valid also for

hafnium even if the metal used contained 2.7% of zirconium.
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The materials of technical purity, tantalum and the two zirconium alloys,
show a tritium production which is significantly higher than that
obtained using pure metals. If we compare the tritium produced in our
tests using pure titanium with those reported by Scaramuzzi (9) which
uses a titanium alloy, the same effect appears. It has to be noted
however that even for technical metal the data are largely scattered. It
cannot be excluded that such a high scatter is due to the different
distribution of impurities in the different metal sheets.

The samples treated with deuterium of high isotopic purity did not show a
significant difference in the tritium production. On the contrary tests
performed with 5 and 10% hydrogen-deuterium mixture showed no tritium
production.

Stoichiometry did not appear to have any influence.

Neutron counts, during and after deuteration, did not show any difference
in respect to background. Assuming that the possible neutron production
is equal or lower than the standard deviation of the background and that
tritium production arrives during deuteration we obtain a detection Llimit

for the neutron to tritium ratio which is 3*10-6.
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Abstract:  Significant neutron bursts and good time-correlation between
two independent neutron detection systems were observed in two kinds of
experiments on cold fusion. One employed two palladium rods of 2 mm
diameter and 5 cm length, deuterated under 1 atm for 30 days, and plasma
discharge was applied as a trigger. The other was palladium shavings of 10 g
deuterated under 11 atm for 40 days. The averaged background level was
5-6 counts/dwell time (100 s). In both cases, significant neutron emission of
successive bursts of 13-60 counts/100 s were observed for several hours and
repeated several times during 2-11 days in some cases.

INTRODUCTION

Since firstly reported on cold fusion[1,2], most of gas phase experiments
employed titanium[3,4] and not much is reported on neutron emission due to
the cold fusion from deuterium gas loaded palladium. In the case without
any shielding of cosmic ray background, studies were made to generate large
neutron bursts from deuterium gas loaded palladium.

It is widely believed that the reduction of neutron background levels is
critical, however as shown in the present paper, one can observe large
neutron bursts if a dwell time is properly chosen. In a too long case, those
rare bursts are buried in the background level, which may lead to conclude
lower background level. In a too short case, those bursts are decomposed
into frequent one- or two- neutron events like random emission.

EXPERIMENTAL SET-UP

Figure 1 shows an experimental set-up. We tested two kinds of
experiments. One(Exp.I) employed two palladium rods of 2 mm diameter
and 3 cm length facing each other located in a glass chamber of 500 cc
volume. The chamber was initially filled with deuterium gas of 1 atm
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pressure which was reduced down to 0.54 atm after 30 days with absorption
of deuterium into palladium. The estimated ratio of deuterium atoms to
palladium atoms was 0.92. We applied AC plasma discharge two times for 5
min.(60 Hz, max.15 kV, max.20 mA) as a trigger for the cold fusion([5].
The other(Exp.II) employed palladium shavings of 10 g weight in a small
ss chamber, of which thickness, width, and length were =0.3 mm , =1. 3
mm, and 3-6 cm, respectively. Deuterium gas of 11 atm pressure was mainly
filled but many thermal cycles were tried to activate palladium surface for
40 days. The typical cycle after activation was as follows, i.e.
11 atm -> evacuation(le‘2 Torr) -> 11 atm(max.40 °C up)
-> 5.7 atm after 2 hrs -> 11 atm -> 9.3 atm after 10 hrs
-> evacuation(le'2 Torr)
We thought above final evacuation was the trigger for the cold fusion.

In order to confirm that signals are originated from the deuterated
palladium, two independent sets of neutron counter employing 3He tubes,
were located to check time-correlation between the bursts detected by these
counters. We called these as Sys.A and Sys.B. The tube of Sys.A had 5 cm
diameter, 40 cm length, and 8 atm pressure, and that of Sys.B had 2.5 cm
diameter, 30 cm length, and 9.9 atm pressure. Both were housed in paraffin
moderators. The respective distances from the center of the chamber were
25 cm and 22 cm, so that efficiencies were approximately 1 % and 0.5 %
when calibrated by 252Cf. The pulse height windows were set at best to
eliminate spurious signals. The dwell time was 100 sec in most of the cases.
The counts were recorded in each multi-channel analyzer.

EXPERIMENTAL RESULTS

Figure 2 shows neutron counts in Exp.I. No neutron burst had been
observed during deuterium loading and discharge phase, but first group of
neutron burst was observed 2 days after the discharge. Three groups of
successive bursts appeared during 11 days after the discharge.

We can see good time-correlation between the neutron bursts detected by
Sys.A and Sys.B. Since the ratio of signal levels of Sys.A to those of Sys.B
corresponds to that of each efficiency, signal should be originated from
deutrated palldium.
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In Exp.II first group of the neutron bursts appeared within one hour after
evacuating started as shown in Figure 3(a). The neutron bursts of 24
channels had been observed among 2000 channels of MCS(i.e. 54 hours).
The maximum count was 42 when an average count n was 5.6 and n+3c
=12.7.

Figure 3(b) shows a typical PHA at the time of the maximum count of -
MCS. Most of pulses was caused by neutrons thermalized in the paraffin
moderators surrounding the 3He tube.

Two days after the experiment, we checked the background level as shown
in Fig.4. The average count n was 5.3 and Ti+36 =12.1.

CONCLUSIONS

(1) Even in the case of no shielding to reduce the background of which level
was 5-6 counts/100 s, large neutron bursts of 13-60 counts/100 s from
deuterium gas loaded palladium were detected when the neutron detector
of 1 % efficiency was employed.

(2) The neutron bursts were composed of many short time bursts, so that
MCS spectrum will change drastically with the chosen dwell time.

(3) Although many groups of the bursts lasting for 2-11 days were observed,
no burst had been observed during triggering (plasma discharge or
evacuating) and gas loading phases.

(4) The neutron bursts were reasonably time-correlated between the two
independent detection systems, so that it is hardly conceivable that those
signals were originated from some spurious sources.

(5) Mechanism of the cold fusion and major parameters to produce neutron
are still open question, but in our case high deuterium concentration
might be needed, for example the ratio of deuterium atoms to palladium
ones should be higher than 0.9, and cold-worked palladium might be
essential to attain such high ratio.
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I . Introduction

It was noticed that most of the “cold fusion” experiments were using
palladium or titanium just based on the first set of experiments ¢ * . Howev-
er, based on our own experience ©’ the results of experiments depend heavily on
each material. Even if for the same material, it seems that the performances of the
materials from different manufactories are different. For example, the palladium
film from Russia produced the greatest density of energetic charged particle
wracks.

It was also noticed that some surface processes might affect the performance
as well. For example, the cleaning by aqua regia might introduce a deep layer of
chlorine on the palladium surface and deteriorate the performance.

It is natural to raise two questions: whether there is any better material for
the “cold fusion” experiment? whether there is any surface process which may en-
hance the effect of cold fusion phenomenon?

In our first set of experiments the plastic track detector (CR—39) was proved
to be a good tool to make a scrutiny of the materials and surface processes.
CR-39 is very sensitive and efficient, we need only a little sample (several square
centimeters of foil with thickness of 20~ 30u) for the test. Therefore, in a small
pressurized vessel (volume of 10 cubic centimeters) we might put 10 samples in it.
This makes the scrutiny quicker and guarantees the same condition for a batch of

Institute of High Energy Physics, Beijing 100039, CHINA
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materials; hence, the comparison between different materials and different surface
processes is easier. More than 200 samples were tested in about 20 runs of
Frascati—type b2 experiments.

II. Experimental Arrangement

As described in Ref.[3], CR—39 plastic track detector were combined with
Frascati—type gas—loading experiment to detect the energetic charged particles,
which were supposed to be the token of the anomalous nuclear effect (cold fusion
phenomenon). Preetching of CR—39 was done to distinguish the background
tracks which were produced between the time it was manufactured and the time it
was used in experiment. The control run was done to discriminate the effects due
to radioactive impurities in the samples (e.g. uranium 238, radon’s daughter et
al.), or due to air borne radon, or due to cosmic rays. Dozens of different materi-
als were tested. Most of them were palladium and titanium from various sources.
We tested titanium alloys (e.g. V6—Al6—Sn2), silver, zirconium, nickel,
lanthanum, cerium, niobium, rhenium, ceramic and hydrogen—storage materials
(e.g. LaNis, TiFe) also. The palladium were from Russia, USA, Northeast China
and Southwest China. They were in the shape of tube, foil, wire, powder, sponge,
chips turnings and vapour deposit film.

Many kinds of processing were used to induce any possible effect. For exam-
ple, we tried (1) annealing under high vacuum (500C —15007C ); (2) irradiation by
laser beam; (3) irradiation by neutron source; (4) irradiation by protons, or
helium using tandem accelerator; (5) mechanical cold work; (6) surface cleaning
by hydrofluoric acid.

II. Primary Results

The Russian palladium foil imported in 1950’s gave the highest yield of char-
ged particles. In average it is higher than 1000 particles per cm? per day. The
Ti—662 alloy was not as good as Russian palladium; its yield was about several
hundred particles per cm? per day. However, Ti—662 alloy had high repetition
rate. Other materials did not give evident signals distinct from background, which
was less than 100 particles per cm? per day.

The highest yield from Russian palladium foil was more than
10° particles/ cm?. Table 1 gives the results of 11 runs of experiments using
Russian palladium foils.
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Fig.3  Tracks from American Palladium Foil

Fig.4  Tracks from Ti—662 Alloy Shaving
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TABLE 1 Tracks in CR—39 ( for Russian Palladium )

Run No. Tracks ( particles / cm?)

1 10°
1.1x10°
1.6x 10°
104
3x10°
100 (cleaned by aqua regia)
2x10*
>10°
3.5 % 10*(average)
2.7 x 10*(average) (2—4 x 10%)
11 6.5 % 10*(average) (Maximum 7.5 x 10%)

O 00 9 O L »h W IN

—
(=]

The palladium foil from America (Johnson Matthey Inc.) produced similar
charged particle density as that from Ti—662 alloy. The Chinese palladium wire
gave a positive result of 2x 10° particles / cm? The palladium foils from both
Northeast China and Southwest China did not give any positive result.

The Russian palladium foil became worse after the first usage. It exhibited a
decaying behavior. Fig.1 is a photo for CR—39 taken by microscope with a
magnification of 150x. This CR—39 recorded the charged particles from the
Russian palladium foil. Fig.2 is a similar photo, but the Russian palladium had
experienced once in the previous D, gas—loading experiment. The density of
charged particles reduced by an order of magnitude. Fig.3 is the similar photo for
American palladium foil. Fig.4 is the photo for Ti—662 alloy foil. The contrast is
very clear.

Using vapour deposit technique to plate the Russian palladium on another
substrate did not give positive result. In fact we did not find any processing, which
might enhance the positive result.
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I Introduction

Since observation of “cold fusion” was claimed in 1989, a great number of
experiments have been done for verifying these claims () Most of laboratories
were not able to reproduce the observations and among the results of experiments
there are obvious inconsistencies. It has been realized that even if the “cold
fusion” happened, its signals would be quite weak. Thus for sake of confirming
the presence of “cold fusion”, it is desirable to use detection techniques which
have high collecting power, low background and can stably work for long time.
CR-39 plastic track detector is able to work in passive and time—integrated
modes and has a number of unique merits in comparison with electronic
detectors. In gas—loading experiment, if a piece of CR—39 film is clamped on the
surface of a metal foil of Pd or Ti, charged particles emitted by deuterated metal
can be collected by the CR—39 foil with 2xn solid angle. The information on
charge, energy, location and direction of the emitted particles can be determined
from track parameters.

In the present work, CR—39 plastic films (Track Analysis Systems Inc.
Bristol, United Kingdom) have been used for searching for charged particles from
deuterized Pd and Ti foils. The effects of high pressure D, gas and low tempera-
ture on response of CR—39 have been studied and background levels of charged
particles from several sources have been estimated. A procedure for identification
of nuclear charge of particles has been developed and preliminary result of charge
identification was given.
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II The response of CR—39 to light charged—particles

The nuclear charge and incident kinetic energy can be determined for parti-
cles which come to rest in CR—39 by measuring two parameters, range and sensi-
tivity ( S ). To identify a charged particle, one needs relating the two parameters
to the charge Z and energy E of the particle. We define S=V,/ V., where V| is
etch rate along the track. V, is general etch rate. By means of calibration with «
particles at known energies, the relation between S and dE / dx for a given
CR-39 film and etching conditions can be obtained. A 2*2Cf source and
an *'Am source were used for the calibration, « particles from the sources were
slowed by Al foils to following energies: 6.1, 5.5, 4.5, 3.5, 3.0 and 2.0 MeV.
CR-39 films were irradiated in 1072 torr. vacuum and 25°C with the « particles.
Then CR-39 films were etched in 6.8N NaOH solution at 70C for 5 hours. The
diameters of « tracks and fission fragment tracks from a BICf source were meas-
ured at magnification of 1500x. The sensitivity S for a particle registration is given
by:

s 1+(D, /D)’

1-(,/D,)’ ¥ cosd &
where

& is the incident zenith angle of a particles.

D, is minor mouth diameter of the surface ellipse of « track.

Dg is the diameter of etch pit of vertically incident 22Cf fission fragment.

The range of a particles in CR—39 were calculated by the range—energy rela-
tion, given by Benton and Henke “* . The result of a calibration of CR—39 film
under condition of room temperature and 1072 torr vacuum was shown in Fig.1

In D, gas loading experiment CR—39 detector is put in a cell filled with high
pressure D, gas and then subjected to temperature cycles from 25C to —196C .
The response of CR—39 detector may change with the environment. To mimic ex-
perimental condition as closely as possible, CR—39 films were also calibrated in
following environmental condition. D, gas was filled into the high pressure cell to
a pressure of 15 bar and immersed the cell in liquid nitrogen for 1 hour to allow
sufficient time to cool the cell, and then removed it from the liquid nitrogen to al-
low it to warm up to room temperature in several hours. The cooling and warm-
ing cycle was repeated twice a day for 4 days.

CR-39 films were divided into two groups: one group was irradiated with a
particles first, then was subjected to loading D, gas and temperature cycle. The
another group was at first subjected to loading D, gas and temperature cycle,
then irradiated with o« particles. The relationship between S—1 and R for these two
groups are given in Fig.1.
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Fig.1 Response curves of CR—39 to a particles under three environmental
conditions as well as the data of two runs of gas—loading experiment.
The curves labelled “P”, “T”, "*He” and ”]Li” were scaled from o par-
ticle curve.

A D, gas—loading and temperature cycle first, then a irradiation

X  airradiation first, then D, gas—loading and temperature cycle

+ airradiationin 25 ° and 107 torr vacuum.

» charged particles detected by CR—39 film on the surface of Pd or Ti foil.

The results show that for post—irradiation group the environmental condi-
tion of D, gas loading experiment has little effect on response of CR—-39; in con-
trast, for pre—irradiation group, the environmental condition makes the S of
CR-39 decreasing. Fortunately, the decrease of S is so small that identification of
nuclear charge is still possible.

The restricted energy—loss model of track formation has been successfully
used to describe etching behavior of charged particles in plastic track detectors.
We used the expression in ref.6 to compute restricted energy loss (REL) for a par-
ticles used in this experiment. The relationship between S—1 and REL obtained
with least—squares fit is

S—1=136 REL"” ()

Equation (2) can then be used to interpolate response for energies and for
other light particles not specifically determined from our calibration. The pre-
dicted relations between S—1 and R for P, «, *He and ;Li were given in Fig.1. The
results show that the calibration curves for Z=1, 2 and 3 are wide apart
separated. Thus it is possible to identify charge Z of light particles by measuring S
and R in CR—39. The charge resolution depends on the error of measuring range
R and sensitivity S.
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I Estimation of background from several sources

Since signals of charged particles from deuterized Pd and Ti foil are very
weak, it is important to know charged particle background. There are three types
of charged particle backgrounds in CR—39, which are relevant to the present ex-
periment. 1) a particle tracks emitted by nuclides such as 2*U and 2*’Th series,
present as impurities in CR—39 and Pd or Ti foils; 2) cosmic—ray spoliation
tracks; 3) a—decay tracks due to airborne radon.

CR-39 film itself has accumulated background tracks from above—men-
tioned sources between the time it was made and the time it is used. A CR—39 film
was etched in 6.8N NaOH solution at 70C for 8 hours. All tracks were counted.
The density of tracks was found to be 114 tracks / cm?®. These kinds of back-
ground tracks can be reduced by preetching the CR—39 for 1 hour in 6.8N NaoH
solution at 98 C and by protecting the CR—39 film from airborne radon during
the experiment.

Tablel Charged particle background measured by preetched CR—39 film

The rate of production of background

Place or material tracks(track / cm2.day)

high pressure cell
open air in lab
Pd foil (30um)
Pd foil (25um)
Ti foil

_—— N N W

By using preached CR—39 films, we have estimated the background levels in
metal materials, high—pressure cell and laboratory environment. The results are
given at Table 1. It is shown from Table 1 that, the background level from all pos-
sible sources should be less than about 20 tracks / cm’day.

IV Identification of charged particle tracks from dcuterized Pd and Ti foils

Pd or Ti foils and CR—39 film were stacked together in a sandwich—like
structure and put in a stainless—steel cell attached to a source of D, gas. The cell
was subjected to the same temperature cycle as above mentioned. Then, we etched
the CR-39 films in 70C 6.8N NaOH solution in an interrupted way. After each
etching process, we scanned CR—39 films at magnification of 150x to search for
charged particle tracks and measured the track parameters at magnification of
1500x. For a track etched to the end of its range as in Fig.2, the quantities D,,
D, and R (and a knowledge of G) provide a pair of Sand R ¢ .

Etch pits of about 10 tracks / cm? density were found in 2 runs of 4 runs.



They are from a Pd foil and a Ti foil made in U.S.A. After etching for 8 hours
we measured track parameters of 40 tracks. Their data of S and R are drawn in
Fig.1. The data pointslocate between curves of Z=2 and Z=3.
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Fig.2 Etch pit of a normally incident particle of range R after removing a
layer of thickness G. After a certain etch time, from the measurement
of D, and D, and depth we calculate S and R.

V  Discussion

The calibration using pre and past irradiation treatments of gas—loading ex-
periments mimics the actual experimental condition only in some extents. In fact,
the effect of environment takes place just during irradiation. So in order to identi-
fy charge Z more accurately, the response of CR—39 should be calibrated using o
particle irradiation under the condition of high—pressure D, gas and temperature
cycle.

Since a contamination of a particles occurs not very seldom, more experi-
ments are under way to obtain more reliable results.
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INTRODUCTION

Recently, a considerable number of experimental investiga-
tions have been carried out in different 1laboratories to
determine, whether a possible catalysis of deuterium-deute-
rium fusion processes in condensed matter takes place or
not. In some papers evidence was found for a weak neutron
production, similar as it was announced by Jones et al. [1]
for the electrolysic of heavy water using Titanium cathodes.
Some-what later the observation of neutron emission during
the absorption of Deuterium gas in Titanium and other metals
was announced, too [2,3].

The present paper describes experiments aimed at the replica-
tion of the results obtained in [2,3] for charging of Titani-

um with deuterons from the gas phase.

EXPERIMENT

The experimental arrangement was similar to that of De Ninno
et al. [2]: In a sealed stainless steel vessel (length 75 mm,
diameter 45 mm) 58 g of Titanium turnings are contained. The
container can be evacuated by a vacuum pump and filled with
definite portions of Deuterium gas through valves and pres-
sure regulator. It can be heated up to about 400 degree

Celsius by an electrical heater located outside of the vessel
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and also cooled down to liquid Nitrogen temperature. Both the
temperature and the gas pressure in the container can be
measured during the experiment by means of sensors located
inside of the vessel.

The neutron production is observed using the fast neutron
spectrometer, described in the publications [4]. It consists
of a NE 213 liquid scintillator (diameter 5 inch, height 1.5
inch) coupled to an XP2040 photomultiplier. The proton recoil
signals are stored in 5 broad channel ranges ChR N1 .... N5
for getting an improved counting statistics of the very small
effects. The channel ranges have the following proton recoil

energy (PRE) bounds:

ChR N1: threshold . . . 0.85 MeV PRE
ChR N2: 0.85 Mev . . . 1.7 MeV PRE
ChR N3: 1.7 Mev . . . 2.95 MeV PRE
ChR N4: 2.95 MevV . . . 4.5 MeV PRE
ChR N5: 4.5 MeV . . . 6.0 MeV PRE,

Signals from registration of single dd-neutrons are expected
to occur in N2 and N3, the efficiency of registration of dd-
neutrons is about 1.7% and 0.8% for the first and a second
run, respectively.

The background can be determined before and after the effect
measurements, but also in between of them, putting absorber
materials between the vessel and the detector. In the present
experiment all effect measurements were taken within equal
10 min. time-intervals.

The change of both temperature and pressure in the course of
the first experimental run are shown on Fig. 1, together with
the detector counting rates in the ChR's N2 ... N5. Dz—gas
was added in small portions. Fig. 1 shows, that this Deuteri-
um was absorbed by the Titanium turnings very fast and after
every adding portions of gas the pressure falled down rapidly
to an effective saturation pressure, which increases with
increasing the total ammount of already absorbed Deuterium.
The counting rates are shown in the lower part of Fig. 1. Of

special interest are the counting rates in ChR’'s N2+N3.
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Fig. 1. Temperature, Pressure and Counting rates during the

course of the first run.
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Fig. 2. Correlation analysis between the N2+N3 counting rates

and the product p-dp.

We investigated, whether there is a correlation between the
counting rate N2+N3 and the average gas pressure p, its
decrease dp during the 10 min measuring interval or their
product pdp. We found practically no correlation between the
counting rate N2+N3 and the pressure p (correlation coeffi-
cient 0.018). The correlation with the pressure change dp is
more pronounced (correlation coefficient 0.565). The most

pronounced correlation appears between counting rates and the
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product pdp. On Fig. 2 the corresponding analyses for re-
stricted areas p 2 0.8 bar and 0 £ dp £ 0.6 bar are shown,
giving a correlation coefficient of 0.742.

Both "effect" and "background" spectra are transformed in a
counting rate difference versus proton recoil energy spec-
trum, averaged over 250 KeV PRE bins, see Fig. 3. The PRE
spectrum obtained is in accordance with the expectation,
that the origin of registrated difference counts could be
signals from dd-neutrons having 2.45 MeV energy: The energy
determined from the slope of the PRE can be estimated with
En = (2.65+0.25) MeV. There is also a weak, but statistically
not significant indication for events with nearly the double
dd-neutron energy.

In a second run using the same Titanium turnings but some-
what different geometry and procedures of changing both tem-
perature and pressure the regression analysis of the measure-
ments again shows, that there is no correlation of the count-
ing rate with the pressure p (correlation coefficient -0.019)
but a weak correlation with dp (correlation coefficient
+0.239). The largest correlation coefficient is between the
counting rate and pdp, however, it is only 0.363. This means,
that correlations where less pronounced than it was observed

for the first run.
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DISCUSSION AND CONCLUSIONS

In both experimental runs we have observed definite signs for
a weak neutron production with a PRE spectrum, which corre-
sponds to the assumption, that dd-neutrons have been detect-
ed. Following the paper of Jones et al. (1], the reaction
rates should be expressed in terms of the fusion rate de per
dd-pair and second. If we assume a full loading of the Tita-
nium, corresponding to Tli with x = 2, the number of dd-
pairs in the Titanium probe is equal to the number of Titani-
um atoms in it, which is equal to 7.28°1023., The fusion rate
obtained is 6.6°1072%s71 or 2.67:1072%4s71, for the average
and maximum effect, respectively.

However, we have seen, that there is no correlation between
the reaction rate N44d and the pressure p. This means that
there is also no simple proportionality between Ndd and the
number of deuterons absorbed in the sample! In opposite, the
present experiment gives some indication, that the dd-reac-
tion rate is gouverned by dp, that means by the particle flow
into the metal per second. May be even more pronounced is the
dependence on p+*dp, that means to the product of already
absorbed deuterons and the additional flow of particles
through the surface. This would be qualitatively in accord-
ane with a simple plasma model of dd-fusion processes in
condensed matter, published recently [5]. However, direct
quantitative application of this model in the present case
is difficult, due-to the complicated surface-to-volume geome-

try of the titanium turnings.
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INTRODUCTION

Many experiments on charging palladium with deuterium,
either electrolytically or by gas absorption, indicate a
production of fast neutrons or other products of d-d fusion
reactions accompanying the charging process under special,
hitherto not fully understood conditions, see e. g. Ref. [1].
These results need further work towards experimental confir-
mation and understanding of underlying physical processes.

At the Dresden University of Technology after a first
experiment confirming a very small neutron production during
electrolytic charging of palladium cathodes with deuterium
[2] further studies on the phenomenon of nuclear fusion in
condensed matter are carried out, which systematically hint
at a weak neutron production as a typical function of the
period of charging [3].

The experiments described in this paper are designed to
search for neutron events during the degassing of palladium
samples charged with deuterium. Of special interest is the
search for neutrons with an energy of 2.45 MeV, originated

by the fusion reaction
d +d—>n + SHe + 3.27 MeV.
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EXPERIMENT

In the present experiment two massive palladium samples are
used, in which deuterium was stored. These samples are heated
up on an electrical heating device in front of two neutron
detectors. The measurements are carried out by short time
runs of 10 minutes and alternating the sample under investi-
gation between positions in front of both detectors. While
with one detector the sample is observed, with the other
detector the background counting rate for the empty position
is registered. In this manner with two detectors the effect
and the background counting rate are measured quasi-simulta-
neously for the whole period of the experiment.

For neutron detection and spectrometry two recoil proton
detectors with 5-in.-diam.x1.5-in.-high NE-213 1liquid scin-
tillator coupled to XP 2040 photomultipliers are used. The
pulse high spectra of these detectors are recorded by multi-
channel analysers. In some more detail the spectrometer is
explained in a previous paper [3]. For an additional back-
ground reduction the experimental setup is surrounded by a
shielding consisting of polyethylene and water of about 50 cm
thickness.

The two cylindrical palladium samples Z6 (86.3 g) and Z8
(518.2 g) had been loaded cathodically with deuterium by
heavy water electrolysis before the degassing experiment. The
electrolyte was a solution of 1 M LiOD in heavy water en-
riched to 90 per cent in D20. The deuterium inventory in the
samples is determined by weighing. From this follows an
average ratio of D to Pd atoms of 0.74+0.05 (Z6) and
0.80+0.01 (Z8) after the electrochemical charging. Practical-
ly all deuterium leaved the samples during the degassing
experiments.

The sample Z8 was degassed putting it on the already heated
plate. The temperature measured after degassing on surface of
the heating plate and on the top of sample Z8 was 375°C and
205°C, respectively. In a second experiment sample Z6 was
degassed. But, this time starting at room temperature with

switching on the heating device.
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RESULTS

In Fig. 1 the counting rates during the periode of degas-
sing sample Z8 are shown for two recoil proton energy inter-
vals and both detectors. The hatched sections of the histo-
grams indicate measurements with sample Z8 being in front of
the detector, whereas the clear sections are counting rates
for measurements with empty position in front of the detec-
tor. Both detectors indicate after starting the degassing in
the energy range 1.9-3.3 MeV counting rates, which are sig-
nificantly above the background . Later on, after the 13th
run no difference between measurements with and without
sample would be found. In the higher energy range 3.3-5.2 MeV
no measurements indicate any difference between effect and
background outside +the statistical uncertainties. These
results for sample Z8 give rise to the assumption, that
neutrons occur within the sample for about 100 minutes after

starting the degassing.
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Fig. 1. Counting rates for the experiment with sample Z8
within the recoil proton energy intervals 1.9-3.3 MeV and
3.3-5.2 MeV from both detectors. The hatched sections of
the histograms are measurements with sample, the clear
sections without sample.
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Fig. 2 shows the recoil proton spectrum within the time
interval between the fourth and ninth measurement, when the
counting rate difference for sample Z8 is at maximum. For the
determination of the background all the other 38 measurements
are used. For comparison in Fig. 2 also a recoil proton
spectrum measured with good statistics for 2.48 MeV neutrons
from the d-d reaction at a neutron generator is included. The
agreement between both spectra is very well. From this can be
concluded, that the energy of neutrons detected during degas-
sing of sample Z8 is about 2.5 MeV. This confirms the assump-
tion, that these neutrons are originated by d-d fusion.

The results for the sample Z6 are different from those of
Z8. There are no results coming out of the background meas-
urements. Both samples are distinguished mainly by their
different masses, which is assumed to be the reason of the
different behaviour observed.

For comparison the experimental data should be expressed in
terms of nuclear reactions events per deuteron pair and
second as done in many papers, following the deuteron pair
fusion model from Ref. [4]. From measurements number 4 to 9

with sample Z8, when the effect is near to its maximum, this
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Fig. 2. Proton recoil spectrum during degassing of sample Z8
with 0.5 MeV energy bins and spectrum for 2.48 MeV neu-
trons from d-d reaction at a neutron generator (curve).
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gives nd_d=(3tl)x10—25 per deuteron pair and second. This
value is in the same order as our results from previous
experiments on neutron production at electrochemically load-
ing of palladium samples with deuterium [2,3,5]. As in our
previous analysis a d-d neutron production becomes observable
during non-equilibrium conditions only.

From measurements with Z6 an estimate of an upper limit for
Ad—d could be obtained. Starting from the 1lo-statistical
error of one single short time run as an minimal observable
effect, this yields ﬂd_d < 10-24 per deuteron pair and sec-
ond. From this point of view, the results from Z8 and Z6 are
not incompatible. A more detailled analysis of these experi-

ments will be published elsewhere [6].

CONCLUSION

The present experiment with a 0.5 kg palladium sample shows
a definite excess neutron counting rate for an period of
about 1 h. This period is just the time interval during which
the deuterium is expulsed from the massive palladium sample.
The energy of detected neutrons is near to 2.5 MeV, as ex-
pected for d-d fusion neutrons. Therefore the conclusion is
obvious, that these neutrons are caused by the d-d fusion
reaction. The neutron excess counting rate, which is time
dependent, corresponds in its maximum to a d-d reaction rate

of (311)-10_25 per second and deuteron pair.
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After the claimed experimental evidence of deuteron cold fusion reported in the
literature!, a large amount of theoretical work has been done, either to support the
possibility of this unexpected phenomenon, either to present arguments against it.
The paper by Legget and Baym? appears of fundamental relevance to this respect. In
that work a rigorous upper bound is given for the fusion rate of deuterons embedded
in a crystal, which is too small to be compatible with the claimed experimental values.
The upper bound is expressed mainly in terms of the chemical potential of neutral
helium atoms and deuteron molecules with respect to a crystal of Palladium, or in
general of the absorbing material. The smallness of this upper bound is a consequence
of the small value of the chemical potential of neutral helium atoms. The latter has
been taken to be close to zero, according to the experimental evidence. Thus the
result appears unavoidable, and in agreement with this finding some authors have
suggested unconventional phenomena to give support to the anomalous fusion rate.
However, within the conventional solid state theory, there is still a possibility. One
can in fact postulate that the interaction energy between helium atoms and the Pd
crystal possesses a second minimum, separated from the till now observed one by
a large potential barrier, and at lower energy. This minimum could be practically
unreachable by the usual experiments with neutral helium atoms interacting with
the crystal, because of the large potential barrier, but it could be easily reached
along the rather different path followed by the deuteron—deuteron fusion process. In
this contribution we explore this possibility in detail, by studying the interaction
of a positive charge with the electrons of a crystal of Pd. The response function
of an electron gas can be described in terms of its possible excitations. A positive
charge of mass comparable with the mass of the deuteron can be considered as a fixed
charge, since its recoil energy is negligible with respect to the energy of the electron
excitations. Let us consider the coupling of the charge with one of the excitation
mode. We schematize the latter with a simple bosonic branch of energy hw(q), with
q < gc- The cutoff ¢, is of the order of 27 /a, a being the average lattice spacing.
Then the system is described by the hamiltonian

H =Y holg)ala, + Y v(q)a] +ap) (1)

q
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The ezact ground state of the hamiltonian (1) is the product of coherent states |og >,

one for each mode ¢, with energy E

Wy >=IIg |ag > : ag = —v(q)/hw(q) (2)
Joh e Z v(g)? (3)
e hw(q)

The same result can be obtained by using perturbation theory for the charge particle
energy, in the limit of large mass. The first non—-vanishing contribution is the second
order term, which gives £ = — Zquc v(q)?/q¢*/2M + hw(q).For M — oo one regets
the result of eq. (3). This also shows that the perturbation theory actually has zero
radius of convergence, as one can verify directly by considering higher order terms
of the energy expansion. It has to be noticed, however, that the second order wave
function can be quite different from the exact one. A third way of getting the result
of eq. (3) for the ground state energy is to use the expansion of the self-energy of
a particle in the framework of the dielectric formulation of many-body theory. The
dielectric function €(q,w) of the system of bosons can be written

1 _ Wi(g)

€ (qw) = T —wi(q) (4)
The self-energy 3(q,w) of a particle moving in the system can be expanded in powers
of the dielectric function. Again, to lowest order, one regets eq. (3), provided one
regards ¥(q,w) as the energy of the particle and take the limit M — oo and con-
sistently the unperturbed particle energy £ = 0 ( Raleigh—Schrédinger perturbation
theory ). This last formulation of the problem is quite useful, because it can be gen-
eralized to more realistic case, where the collective excitations are not schematized
by simple bosons, but properly described within the many-body theory of the elec-
tron system. In this case the dielectric function of eq. (4) is substituted by more
microscopic expressions. In view of the above discussion, however, it is likely that
also in this microscopic formulation the perturbation expansion is divergent, and it is
apparent that the best strategy to adopt is to calculate, also in this case, the energy
to lowest order, since it should give a result rather close to the exact one. The main
feature of the result of eq. (3) is the dependence of the energy on the square of the
coupling v(q). It follows that a particle of charge @ has an energy E proportional to
Q?*, E = BQ?, B < 0. Consequently two separated particles, each one of charge Q,
have a total interaction energy E,,; = 26Q2, which is a factor two smaller in absolute
value with respect to the case they are close to each other to form essentially a single
particle of charge 2Q, E; = 43Q?. The decrease in energy is E; — E1 4+, = 28Q?%. Thus
the coupling with the electron collective excitations produces an attractive potential
between two charged particles. This is well known in the theory of charge screening
in solids®, but it has to be noticed that it is a more general phenomenon. For instance
the phonon exchange, which produces the Cooper pairs in ordinary superconductors,
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has a similar origin. For an electron system the dielectric function can be parametrize

-1 Si
€ (qw) = Z T wiq) (5)

as

where the strengths {S;}, one for each mode i, are constrained to fulfil the f—sum

rule (or "oscillator sum rule”)

+ o0
212e2n

dwIm (7! (q,w)) w = gZSi =

: = (6)

where n is the electron density and m the electron mass. For a purely collective
excitation S; = w?. In general one can assume S; = s;w?, with 0 < s5; < 1, and the

sum rule reads

4me’n
. _ 2

Zs,wi = T “p (7)

1

Once the frequencies {w;} are given, this relationship constrains the possible values
of the weights {s;}, as it will be discussed later on. In general the momentum ¢ of
each excitation has a cut-off value, above which the excitation become overdamped.
For simplicity one can assume the same cut-off ¢, for all the excitations. According

to eq. (3) the energy of a particle of charge Ze is given by

Ey = —Z9) w3 s (8)

™

and the corresponding gain in energy AFE for ”fusion” of two particles, each of charge
Z, is twice this value (for d — d fusion Z =1). From the constraint (7) one gets

Zsi = w;‘:/cﬁz ;. @ = Zsiw?/z.si (9)

1 1

It follows that the total strength ). s; is larger if the average energy @ of the electron
excitations is smaller. This result has a simple physical interpretation : a smaller
w implies a larger polarizability and thus a stronger interaction energy of a charged
particle with the medium. If one assumes a dispertionless frequency w;, it is possible
to get an analytical expression for the potential energy between two particles of charge
Ze at a distance R, due to their coupling with the electron system. Following ref.*

one gets

vir) = 2L S srer) ot = L [(BWe o

Before discussing the implications of this result for the specific case of Pd, let us
consider some possible criticisms to the validity of eqs. (10) First of all the dielectric
function of eq. (5) does not display the zero at w = 0, ¢ — 0, which characterizes
the dielectric function of a metal, the so called ”complete screening”. This is due to
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the fact that eq. (5) does not include the single particle conduction band transitions,
which are responsible for the static screening in a metal. Their inclusion should
affect only a range of momenta around ¢ = 0 of the static inverse dielectric function
¢ '(g,0) and the result (8) should be essentially unaffected. Another warning about
the dielectric function of eq. (5) comes from the observation that, as a function of ¢
and for w = 0, it is negative in the relevant momentum range. This fact could cast
some doubts on its validity, since it could be in contrast with the stability condition
of the crystal. For a deformable jellium model, in fact, negative values of ¢~1(g,0)
indicate that the system is unstable to density fluctuations®, which are not observed in
transition metals. It has to be kept in mind however that the dominant contribution
to the crystal stability is due to the Ewald energy®, which originates from the non-
jellium structure of the crystal. Eq. (5) has to be considered as an average of the
dielectric function on orientation of the wave vector ¢q. The instability coming from
the negative values of ¢7!(¢,0) can be counter-balanced by the stabilization due to
the Ewald static energy from the crystal structure. The experimental data on inelastic
electron scattering on Pd of ref.” are reported in fig. 1, where the second derivative
spectrum is shown as a function of the excitation energy.
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Fig. 1 Electron energy loss spectrum (full
line) from ref. 7.
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Several peaks are observed. Even if some of them could be simple atomic transitions,
nevertheless they are associated with transitions in the sd valence band. According to
ref.7 the two peaks at w; = 7.5 eV and wy; = 26.5 eV correspond to plasmon excitations
mainly of the s and d band respectively. Accordingly the broad peak observed at w =
33.8 eV, quite close to w; +w;, must be interpreted as due to the simultaneous (second
order) electron excitation of both the s and d plasmons. Therefore the bump does not
correspond to an independent excitation, and its energy has not to be included in the
sum of eq. (7). The theoretical justification of the two independent plasma excitations
of the s and d bands can be the smallness of the particle—-hole matrix elements between
the two bands, which involve different orbitals with a small overlap. Using the Pd
electron density n ~ 0.4A~%, one gets 3. s;w? ~ 10® eV2, and, according to the
preceeding discussion, eqs. (7) gives > ..s; ~6. The corresponding d — d potential
of egs. (10) is depicted in fig. 2. The value of ¢ = 2.2A~! has been assumed. In
ref.® the branch at w = 7.5¢V has been observed up to q &~ 1 A~! with essentially no
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dispersion. No data on the other excitations are available in the literature.
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The large interaction energy is a consequence of the large charge electron dis-
placement around the positive charge. The latter can be calculated from the dielectric
function of eq. (5) and is reported in fig. 3 as a function of the distance from the
positive charge. The total polarization charge concentrated in the first large peak
depends only on the strength >, s;, and it exceeds largely the positive charge in this
case. In that sense one can speak of "overscreening” of the positive charge. The
phenomenon is possible due to the collectivity of the excitations, which prevents the
electron kinetic energy to increase too much as the electron charge is localized, since
the collective excitations have a large “"mass”. It must be stressed that the above
discussed correction of the dielectric function near ¢ = 0 modifies the large distance
behaviour of the polarization charge, and it is necessary in order to ensures that total
displaced charge, obtained integrating up to infinity, is equal to the positive charge,
according to a general property of the electron gas °. The fusion rate R can be cal-
culated by considering a deuteron gas interacting through the potential of egs. (10),
following the same line of ref. 3. The result gives

R = 1fusion/sec./mole (11)

The rate R is of course sensitive to g.. The assumed value g. = 2.2A~! appears real-
istic. The ”delocalized” configuration described here of a positive charge interacting
with the electron collective excitations is quite different from the one corresponding to
an atom-like configuration where the positive charge is surrounded by its electrons,
essentially as in its free configuration. For helium the delocalized configuration is
largely favourable in energy with respect to the atom-like one. However an helium
atom inside the crystal cannot decay spontaneously to the delocalized configuration.
Suppose in fact to polarize the helium atom to bring it to the decolized configuration.
On one hand this requires some energy, and on the other hand the interaction, with
the electron gas, of the so formed dipole produces a gain in energy, according to the
above described model. Which one of the two energy changes actually dominates is
determined by the curvature of the energy surface. The latter can be estimated as
Eg/a?, where Ep is the binding energy and a the size of the system. It turns out that
for helium atom the curvature is much larger, because of its small size, despite the
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smaller binding energy. This is the physical origin of the potential barrier between

the two configurations.
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The same reasoning can of course be followed for the deuteron (or hydrogen)

atoms. In this case however the size of the atom is larger, and the two curvatures

may be comparable. Thus, according to the model, the second minimum might be

reachable under favourable conditions. The experimental observation of this second

minimum for deuteron (or hydrogen) atoms would strongly support the model. In

conclusion the model presented here explains a fusion rate of the order given by

eq.(11). Furthermore it predicts the formation of deuteron-like molecules inside the

crystal, sitting at the minimum of the potential of fig. 2. This implies additional

heat production (for both hydrogen and deuteron atoms), whose rate, however, is

determined by the approach to equilibrium (towards the bottom of the potential). A

first attempt to describe the dynamics towards equilibrium was presented in ref.!?,

but it requires further investigations.
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ABSTRACT

Deuteron-deuteron fusions were claimed by a Brookhaven group to result from the impact
on deuterated surfaces of clusters of 25 - 1350 D, O molecules with energy up to 300 keV.
The collective motion in the impact region is tentatively assumed to be responsible for these
fusion events. The number of involved atoms is of the order of 104, with a mean energy
of some electronvolts. The model is able to reproduce qualitatively the Brookhaven data ac-
cording to an Arrhenius plot, with an activation energy E* ~ 2 Ejy, where Ej is the hydrogen
ionization energy. At this energy an activated precursor is postulated to be synthesized; it can
tentatively be identified as the binuclear atom (D* — D*)2e~.

1. INTRODUCTION

A Brookhaven collaboration has recently preserted surprising results concerning the detec-
tion of D - D fusion products in TiD targets following bombardment with (D,0O),, clusters
(25 < n < 1350) [1]. The evidence of fusion events was successively extended using
perdeuteriopolyethylene £ CD, — CD; }-,;, and ZrD; ¢s targets [2].

The experimental arrangement utilized in the first work [1], though apparently simple,
was subjected to criticisms, since in-flight fragmentation or evaporation after mass separation
or poor mass separation of the clusters may reproduce the observed fusion rate and its energy
dependence [3]. Indeed, a single D* ion per cluster, accelerated at a few kiloelectronvolts,
can reproduce the Brookhaven results without advocating any new phenomenon.

In order to identify a possible fragmentation of the cluster in light fragments, the use of
a pulsed beam and the detection, by a coincidence technique, of the time of emission of the
reaction products was proposed. The fragmentation of the cluster into light ionized fragments
is indeed characterized by the arrival on the target of these fast fragments some microseconds
before the cluster arrival [4]. A coincidence set-up in the microsecond range should detect
these early events, if any, and attribute them to a trivial fragmentation process and not to a
new, at the moment unexplained, phenomenon.

A cluster-impact experiment in the pulse mode with a repetition frequency in the hertz
range was executed by another group [5]. No protons were revealed following the impact
of 100 — 150 keV pure deuterium clusters, constituted by 200 - 300 D atoms, on TiD, 7
and € CD, — CD; ), targets. Though this part of the experiment does not confirm the
Brookhaven results, the Brookhaven collaboration has very recently obtained positive results
in the pulsed mode too [6].

Another possible source of experimental error in the Brookhaven set-up is due to deu-
terium atoms backstreaming from the target under cluster bombardment. Backstreamed atoms
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could successively be ionized and accelerated in the column onto the target [7].

However, already in the reply to this criticism [8] and mostly in the second work [2],
the Brookhaven group produced a lot of evidence which seems to exclude fragmentation
or evaporation, poor mass separation, or backstreaming. In the following we assume the
unrestricted validity of the Brookhaven results.

We note that artifacts, if any, are due to the presence in the beam of fast atoms and that
in the fusion events originated by, say, 10 keV D* impinging onto the target, the energy of
the protons emitted toward a detector placed at a scattering angle around 125° is about 70
keV less than the energy, 3.02 MeV, of protons emitted in fusions promoted by low energy
deuterons. This shift in the proton energy spectrum should easily be detected if the detector is
properly placed and if its resolution in the experimental set-up is sufficient — these consid-
erations should be able to rule out, or to confirm the presence of, all hypothesized artifacts.

2. DISCUSSION OF BROOKHAVEN RESULTS

The Brookhaven results are particularly surprising if plotted as a function of the kinetic en-
ergy Ep of a deuterium atom in the cluster, Ep = (Mp/nMp,0)E ~ 0.1 E/n, where E
is the cluster energy and My is the mass of the molecule X. Indeed, the comparison of the
data collected at constant E and variable n with the data taken at given n and variable E
shows that the fusion yield per deuteron y is not a single-valued function of Ep, but depends
also on cluster composition [9]; this fact is completely inconsistent with the view of fusions
produced by independent collisions of 2 nimpinging deuterons.

In order to remove this contradiction, we are led to consider in greater detail the impact
of the cluster on the target using a model which describes the collective motion of the atoms
in terms of hot cloud formation. If the number of atoms in a cluster is high enough, the
collisional cascades produced by single atoms superimpose and form a unique cascade so
dense to be treated as a hot cloud; the duration At of this phenomenon and the number N
of involved target atoms is much larger than the values estimated by Beuhler et al. [1], i.e.
At~ 107" svs 10~ s,and N ~ 10* vs 102 [10,11]. A much larger number of deuterons
can therefore interact for a much longer time At, however with a lower mean kinetic energy
Eyi, than assumed by Beuhler et al. If a phenomenon able to activate fusion at low energy
exits indeed, it is plausible that the relevant parameter for the description of the phenomenon
is no longer Ep, but the cloud temperature T, assumed to be related to Eyi, by the usual
formula Eyi, = %—kaT, where kg is the Boltzmann constant [12].

If we assume for the moment that only deuterium atoms are able to inject useful energy
into the cloud, the average kinetic energy in the cascade is given by

Ek'm=7)(4/20)E/(2'n+ N), ¢))

where 7 is the fraction of the impinging energy which is not lost in electronic collision. Sim-
ulations carried out with the MARLOWE code give 7 in the range 0.6 — 0.8 (tentatively we
assume 711 = 0.7) and suggest that most of the useful energy in the cascade is indeed injected
by the deuterium atoms, owing to their identical mass with the target atoms [13]. By contrast,
the oxygen imparts most of its energy to titanium, so that this energy deposition seems to be
decoupled from the deuterium cloud energy. In a way, the particular choice of projectile and
target of the Brookhaven group, though scarcely efficient in terms of deposition of useful
energy, gives rise to a very simple situation to be modeled, in which only deuterium atoms
or ions are involved. The small fraction (>~ 4 /20) of incoming energy useful to promote
fusion events delineates a framework very different from the one presented by Echenique et
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al. [14] in which the deposition to deuterium atoms in the target of the whole cluster en-
ergy is assumed, so that some high energy deuterons in the upper tail of the resulting energy
distribution could promote fusion events according to conventional nuclear physics.

From eq. (1) Ey;, can be considered independent of n only for 2n < N. Since the
data of Beuhler et al. are nearly constant from n = 102 ton = 5 x 102, a first under-
estimate of N, N > 103, results. In order to take into account the data at variable E for
fixed n, we note that an assigned value of N in eq. (1) combined with the variation with E
which results from the experimental data allows the corresponding theoretical fusion yield
y(n, N; E) to be calculated. The value N = 10* fits adequately the experimental data and
is in accordance with the results of molecular dynamics simulations [10] and with evidence
from silicon amorphization [15].

While the two curves are able to describe in a satisfactory manner the data for high =,
they cannot be extended in the low nregion. In this region Ejp is responsible for a projected
range R, of the deuterium atoms larger than the diameter L of the collisional cascade; this
suggests that N should vary as

N = No(1+ Ry/L) = No(1+ BE/n) @)

where Rp/L has been assumed proportional to E /n through the coefficient 8. The descrip-
tion of the cascade can be further refined taking into account the increase of the electronic en-
ergy loss at deuterium energy higher than 0.5 keV and the sparse collisional cascades formed
by small clusters. These phenomena can in a first approximation be described with a reduced
increase of Ej, for increasing E and decreasing n. The global effect is similar to the one
described by eq. (2),

Eiin = 1(4/20) E/[2n+ No(1 + «E/n)] 3)

where o (which includes ) is now a parameter to be estimated by fitting the experimental
data.

Using this formula, all the data may be reported in an Arrhenius plot [9]. The best fit of
all data gives: Nop = (10 £0.5)103, @ = 1.8 x 102 keV~!, and E*/n = (33 £ 2.5)
eV. Interestingly enough, the estimate Np ~ 10 is in a satisfactory agreement with those of
ref.s [10,11,15], thus underlining an intrinsic coherence in the developed picture.

Though the hot cloud model explains the behaviour of fusion rate vs T" and therefore vs
nand E, showing that with a good approximation this rate is a function of E/[2n+ No(1+
aE/n)], however, it cannot explain the extremely high values obtained by the Brookhaven
group. Indeed, taking n = 0.6 — 0.8, E* results in the interval 20 — 26 eV, i.e. a value too
low to be associated with the overcoming of the internuclear Coulomb barrier. However, the
fairly accurate description of all data obtained with the hot cloud model makes us confident
in the search of a physical significance of E*. In this respect it is interesting to note that the
value of E* is approximately twice the ionization energy Ey of the deuterium atom, so that
an atomic, rather than nuclear, phenomenon seems to drive the fusion events. We therefore
assume that at the energy E* a metastable precursor in a favorable situation to fuse is formed.

Further considerations must be taken into account for the development of the model.
First of all, in the considered energy range the deuterium atoms move in the target in an
atomic rather than in an ionic form, thus allowing, for an assigned kinetic energy, closer
nucleus-nucleus encounter and hence higher fusion yield. This consideration is based on the
formula of ref. [16] giving the effective charge on hydrogen and deuterium at various kinetic
energies; for instance the effective charge is 0.18e at 2 keV and 0.13e at 1 keV (e is the
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unitary charge). Secondly, the interaction -potential of two deuterium atoms must take into
account the screening effect of the orbiting electrons; we assume that screening is described
by the Debye potential

U(r) = (e?/r) exp(—7/a) 4)

where a is a screening length. Historically, potential (4) was used in the description of most
of screening problems concerning the penetration of atomic particles through matter [17];
this description is accurate enough at separations of the order of the Bohr radius ag. For
hydrogen a = ag, and for two interacting atoms with atomic numbers Z; and Z, the Firsov
composition rule, a = ag/(Z,/* + Z3/*)2/3, holds true [18]. This rule is routinely used in
the calculation of the stopping powers and of the damage effects for practically all projectiles
in solids [16].

In the description of the interaction of two deuterium atoms, large and small separations
must be independently considered.

Large separation. For large D - D separation, only electrostatic effects are important and
the random relative spin orientation is mute in the description of the system. The total energy
of two separate repelling atoms is therefore:

E(D‘)e'+(D‘)e‘(T) = (62/7‘) exp(—'r/a) - 2Eo [E( OO) =2 Eo] (5)

Small separation. At kinetic energy higher than 27 eV the nuclei can approach at dis-
tances lower than 0 .5 ag, so that the D - D system can no longer be treated as formed by two
moderately perturbed atoms. In a way, the nuclear separation admits a stationary electronic
configuration resembling that of the helium atom so that the system can be regarded as a
(D*D*)2e~ binuclear heliumlike atom. Its total energy can be estimated by the formula

E(p*p*)2-(7) = € /1 — (B + E; —2 Ep) exp(—0.467/a) — 2 Ep (6)

where E) and E, are the first and the second ionization energies of the helium atom; the term
exp(—0.467/ag), which spans from 1 to O for r ranging from 0 to oo, is derived by a least
square procedure from the curve which describes the electronic energy of the molecular ion
H; , for which an exact theory exists. It must also be noted that eq. (6) matches within 1 eV
in the interval 0 4 — 0.7 ap the most accurate calculations available [19] for H;.

In the paraheliumlike case (antiparallel spins), Ey = 24.58 ¢V and E; = 54 .40 eV,
for the orthoheliumlike case E)| + E; = 59 eV. These situations corresponds to the two
stationary states of the system. Because of the random spin orientation, however, the state of
the system is generally a non-stationary linear combination of orthohelium and parahelium
states; correspondingly the electronic energy of the system will assume an intermediate, spin-
dependent, value.

Calculating the total energy of the system by means of eq. (5) for r > 0.6a¢ and of
eq. (6) for r < 0.5ap, the energy of the system must have a minimum in the interval
0.4a09 < 7 < 0.5a0 (the system is unstable with respect to dissociation in all its components
for r < 0.4 ap) provided that the relative spin orientation is not too far from the antiparallel
one, so that a metastable configuration must exists in this separation range. Hence, the D
- D collision in a suitable energy range and with an appropriate impact parameter leads to
a nuclear configuration for which the total energy has a relative minimum. If a third body
is able to absorb a small fraction of the original kinetic energy, then the colliding deuterium
atoms can be bound in a binuclear heliumlike atom. This metastable state can decay either by
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dissociation or by fusion. The stability of the heliumlike configuration, the metastable pre-
cursor, is higher the higher the activation energy for its dissociation; to estimate this energy
a knowledge of the spin orientation distribution and a detailed calculation around r = 0.5ag
is necessary. In any case, in the most favourable conditions the binuclear atom allows much
longer interaction times for the two deuterium nuclei than an ordinary collision, so that ex-
traordinarily fusion rates are no more surprising.

A possible consequence of the existence of the metastable precursor concerns the sugges-
tion to utilize coincidence techniques in the microsecond range as a signature of the arrival
of the different projectiles. However, if the observed extraordinarily high fusion rates are
indeed due the formation of a metastable precursor, the fusions are no more prompt and de-
cay exponentially with time according to the mean life of the precursor. The most recent
Brookhaven result with pulsed beam does not totally clarify this point.

General semiquantitative considerations based on the structure of the collisional cascade
allow the identification of classes of projectiles and target materials to be used in order to
enhance the hot cloud temperature and hence the fusion rate. The best choice is obtained by
combining as light as possible targets with very heavy projectile not containing light atoms.
Volatile heavy molecules allow the preparation of very simple sources, surely useful when
they are maintained at high potential as it happens in ion implanters. These sources prevent
from artifacts originating from in-flight fragmentation or evaporation of ionized deuterium
fragments from the cluster; as far as the experimental set-up is concerned, an ion implanter
with mass selection after ion acceleration also protects the ex_periment from in-flight frag-
mentation. An activity in this field is in its preliminary stage.
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In this paper, first we re-examine the assumptions associated with
applying the fundamental "scientific paradigm"[1] of hot fusion to the
problem of cold fusion and then explain how much of the cold fusion
controversy can be reconciled once an alternative paradigm, based on solid
state physics, is adopted. The new world-view that results from this
different perspective is the basis of our "Lattice Induced Nuclear
Chemistry" (LINC) theory[2] of cold fusion. We conclude the paper by
summarizing some of the more important results of LINC. These include our
predictions (prior to the experimental work by Bush et al[3]) that 1) it
is to be expected that the primary cold fusion by-products in the
electrolytic experiments involving Pd and D probably are heat and low-
energy ‘He, 2) the *He should remain largely untrapped within the bulk
electrode and be found primarily in the surface region and outgases, and
3) there is a need to satisfy a critical loading condition (of x~1 in PdD,)
in the electrolytic experiments.

The conventional paradigm of nuclear fusion is that two, clearly
identifiable deuterium nuclei "collide" at a specific location and give off
energy as a result of the ensuing decrement in mass. Three critical
assumptions of this paradigm are: 1) the participants of the reaction are
"particles" (of nuclear dimension), 2) the particles are readily
identifiable, and 3) the reaction occurs at a specific (readily
identifiable) location of nuclear size.
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Preparata[4], in particular, has emphasized that as a result of these
three assumptions most "normal" physicists consider nuclear processes in
cold fusion to be impossible because of a single fundamental idea: "how is
it possible to ‘penetrate’ the Coulomb barrier." He has also suggested
that a second important idea must be reconciled: "how is it possible to

evade Asymptotic Freedom," where Asymptotic Freedom refers to the notion
that on the length scale associated with nuclear interactions, individual
"particles" must behave as if they are free particles.

There is a third issue that "normal" physicists raise as an objection
to cold fusion being the result of nuclear reactions: "the lack of
discernible high-energy particle nuclear ash" that Jones[5] has recently
suggested is important. The basis of this issue is that "normal" fusion
reactions result when nuclear particles collide at a specific location.
Then, if cold fusion is the result of "normal" fusion reactions, energetic
by-products not only must be produced but released from the solid because
the energy from nuclear reactions is so large that none of the known,
"normal" electrostatic processes that occur within a solid is capable of
"trapping" the energy inside the solid without violating energy or momentum
conservation.

In our theory, we reconcile this final issue in a manner consistent
with the way we reconcile all the issues: we simply replace the three
initial assumptions of the fusion paradigm with a set of new assumptions.
The new assumptions, in fact, arguably are more suitable at low temperature
because they are based on the single, established "paradigm" of physics,
"solid state physics", and the remaining laws of quantum mechanics.

As we explain elsewhere in this Proceedings[6], the reason that solid
state physics allows us to reconcile the three "problems" of cold fusion
is that through the solid state physics paradigm, to minimize the energy
of the system, a solid may alter the corpuscular nature of the potentially
reacting "particles" in important ways. As a consequence, 1) the locations
of the participating "particles" need not be clearly defined, 2) each of
the resulting nuclear reactions may occur at all periodically equivalent
locations, and 3) only a small fraction of a particle need be found and
reaction take place at an individual location. In other words, "just
because a deuteron looks like a particle, and it acts like a particle in
one place, it does not have to look like or act like a particle somewhere
else; just because the energy from nuclear fusion is released entirely in
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one place in one case, fusion energy does not have to be released all in
one place in a different case; where the energy is released, and whether
or not the deuterons behave 1like particles are both dictated by the known
laws of solid state physics, quantum mechanics, and the requirement that
the energy of the system be minimized."

As we have shown[2,7], consistent with the experimental conditions of
cold fusion, this alternative paradigm provides a means of altering the
spatial distribution and physical make-up of nucleons in a manner that
completely invalidates the underlying premises associated with conventional
Gamow theory, the very concept of a huge Coulombic barrier (that must be
penetrated for fusion to occur) and the expectation that "conventional"
fusion products are to be expected. Also, because the new world-view
begins with the idealization of the solid state physics paradigm, the
prerequisite boundary condition of the resulting description is that the
system is periodic in the low temperature 1imit and system energy be
minimized. Thus, the wave function of each reactive deuteron must solve
the Schroedinger equation of a bound particle, interacting with a periodic,
electrostatic potential. As a consequence, the wave function does not
asymptotically approach the wave function of a free particle at short
length scales, and asymptotic freedom "can be evaded" simply because it
does not apply.

The starting point for understanding LINC is the idealization in which
a macroscopically infinitesimal number of deuterons attempt to bond to a
fully loaded, stoichiometric, periodic PdD host. A very important aspect
of this problem is that it applies to PdD, where it is known that the
loading is dominated by the bonding effects associated with hybridization
of s-electrons from the injected deuterons with 5s and 4d states provided
by the Pd. As a consequence, near x=1 in PdD,, as has been shown in several
ab initio electronic structure calculations[8,9], only a very small (- 0.1
e), predominantly isotropically distributed (and s-1ike) electronic charge
occupies the region in the vicinity where the deuteron cores bind to the
solid. (For this reason, the D are only weakly bound to [and undergo large
zero-point-motion fluctuations about] their equilibrium positions.)

In order to minimize energy with respect to further injection of D
atoms beyond the value x=1, four important effects then may come into play.
1) Because system energy must be minimized with respect to changes in the
electronic structure, in the 1limit in which only a macroscopically
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infinitesimal number (~107 e/unit cell) of electrons are added (as a
consequence of injecting additional deuterium atoms), the additional
electronic charge will be distributed among the unoccupied 5s-1ike states
immediately above the Fermi level, which are associated with electrons
which are found predominantly (i.e., more than 90 percent of the time) in
regions away from the locations where the D-nuclei preferentially bind in
the stoichiometric (x=1) compound. 2) Because only an infinitesimal number
of D atoms are added, again to minimize the electrostatic energy of the
system, each additional D-nucleus "attempts" to bind to an octahedral site,
where D-nuclei do bind in the limit that x=1. 3) As a consequence of the
first two factors, each added D-nucleus behaves as if it is a D' ion that
interacts with a time-independent, periodic potential over time scales
that are short with respect to times associated with the disruptions of
periodic order that result from interactions with phonons, finite-size
effects, etc. 4) Then, because the potential is periodic, the deuterons,
which effectively are ions, may occupy energy band states, and, provided
the number of deuterons that are injected is sufficiently small (< ~ 107
x N, where N is the total number of unit cells[7]), it becomes
energetically favorable, as a means of minimizing strain energy, for them
to do so.

The key points are that the additional deuterons will occupy energy
band states near the limit x=1 as a means of minimizing energy, and they
effectively behave like ions as a consequence of the known electronic
structure of PdD. Because each ion occupies an energy band state, only a
very small fraction (1/N)) of each ion is located in each unit cell.
Because each of these band state deuterons behaves like an ion, each of
them is indistinguishable from the others. Then, they all must share a
common, many-body wave function. The result of these effects is that small
fractions of a deuteron may interact, without the prerequisite Coulombic
tunnelling requirement[7]. Reaction occurs as a consequence of the
implicit algebraic properities of the many-body wave function provided the
zero-point-motion broadening of the deuteron wave function is sufficiently
large.

Because only a small fraction of each excess deuteron is present at
any site, only a small fraction of each reaction (and reaction energy), on
the average, occurs at each site. Energy release occurs only through
processes which preserve the quasi-equilibrium conditions which give rise
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to the occupation of the initial state many-body, ion band state wave
function. This requirement leads to a selection rule that final state by-
products in the primary reaction channels be formed from integer numbers
of proton-neutron pairs. (3H and 3He, protons and neutrons are explicitly
excluded.) Also, high energy radiation is forbidden, and the dominant low
temperature processes approximately preserve periodic order. As a
consequence, at Tlow temperature, in agreement with the experimental
findings of Bush et al[3], LINC predicts that the dominant interactions
involve the production of ‘He through occupation of ionic “He energy band
states with subsequent energy release through coupling to phonons or
coherent motion (in which the Tattice moves as a whole), accompanied by the
expulsion of "untrapped", low-energy ‘He (from ionic energy band states)
into the surface and outgasing regions. Release of high energy alpha
particles at isolated sites is allowed and is promoted by sudden disruption
of crystalline order (which may occur, for example, when the electrolytic
overpotential is suddenly reduced).

(1] T. S. Whn, The Structure of Scientific Revolutions, Vol II, 10, (Univ.
of Chicago Press, Chicago, 1962).

(2] S. R. Chubb and T. A. Chubb, in Anomalous Nuclear Effects in
Deuterium/Solid Systems, AIP Conference Praeedirgs 228, 691, ( Amer. Inst.
Phys. (New York), 1991).

(3] B. F. Bush, J. J. Lagowski, M. Miles and G. S. Ostram, J. Electroanal.
Chem. 304, 271, (1991). Also, talk presented by M. Miles during this
meeting.

(4] G. A. Preparata, Fusion Technology, 20, 82, (1991).

(5] S. E. Jones, private cammmication (1991).

(6] T. A. Chubb and S. R. Chuhb, "Cold Fusion and a Non-Corpuscular View
of Matter," in this eraeedirgs.

(7] T. A. Chubb and S. R. Chubb , Fusion Technology, 20, 93, (1991).

(8] A. C. Switendick, in Hydrogen in Metals I, 101, (Springer, Berlin,
1978) .

(9] D. A. Papaconstantopoulos, B. M. Klein, J. S. Faulkner, and L. L.
Boyer, Phys. Rev. B 18, 2784 (1978).
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EDITORIAL NOTE TO THE PAPER "AN EXPLANATION OF COLD
FUSION..." BY S.R. CHUBB AND T.A. CHUBB

In spite of strong objections of the Referees, we
publish this paper, for we wish that all attempts of
explanation of a new phenomenon be brought to the attention
of the readership, provided they are not trivially wrong or
pointless.

The Referees’ objection focus on the low credibility of
an approach that tries to avoid the difficulties of the
existence of a Coulomb barrier between deuterons, by
assuming that deuterium 1is in fact spread out on a large
region,.

In quantum physics it is the probability amplitude, not
the matter distribution, that 1is spread out. Thus the view
presented is in fact in disagreement with quantum mechanics.
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Coherent and Semi-Coherent Neutron Transfer Reactions

Peter L. Hagelstein
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Abstract

The novel process of coherent neutron transfer in the presence of a lattice is
proposed to be the basis of a number of anomalous phenomena which have recently

been reported in investigations of the Pons-Fleischmann effect.

1. INTRODUCTION

We have examined mechanisms for the coherent neutron capture onto, and the
coherent neutron removal, from nuclei in the presence of a lattice. Under fairly
restrictive circumstances, it appears to be possible to satisfy both energy and mo-
mentum conservation requirements between the microscopic nuclear system and the
macroscopic lattice such that coherent nuclear energy transfer to and from the lattice
occurs.

This mechanism enables coherent neutron donor and acceptor reactions to oc-
cur, with deuterium as the optimum donor nucleus. Coherent reaction pathways
leading to heat, tritium, and helium generation are proposed: Heat generation in
Pons-Fleischmann cells would result from coherent neutron capture onto ®Li in the
lattice; tritium generation would result from coherent neutron capture onto deu-
terium; coherent neutron capture onto "Li would lead to 8Li, which would beta

decay to ®Be, and ultimately alpha decay to form two *He nuclei.
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Semi-coherent reactions, in which the neutron capture part of the reaction would
yield energetic products, are also proposed to account for fast triton production and
secondary fast neutron generation.

The present conference proceedings contains a very abreviated version of re-
sults and discussions that will appear elsewhere. For detailed references, extended

discussions, further comments about notation, etc., the reader is referred to Ref. 1.

2. Coherent Neutron Capture in the Presence of a Lattice

The coherent transfer of a neutron to or from a nucleus in the presence of a lattice
in our model is mediated by an electromagnetic transition as depicted in Figure 1.
The initial state for coherent neutron removal would include a donor nucleus X and
an initial lattice Ly ; the final state would include a product nucleus Y, a Bragg state
neutron, and a final state lattice Ly. The transition between the initial state and
final state is mediated through near-field d-E or g-B hamiltonians, with the electric
or magnetic fields being long wavelength macroscopic fields imposed externally, or

in the case of electric fields, perhaps arising internally.

(L)Y

(Ly) X

Figure 1. Feynmann-like diagram for a single coherent neutron transfer reaction.

The transition hamiltonian which corresponds to the magnetic version of this
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process is described in second quantization through f{_,,.B, which is

[dry- [y [Bh(rr, o onaa) A B (en)] [- S5 05 Brs)] Ix(ryy -, ow)

+fdry - [ Prendl(en, o en) [= 5 B(r)] [Br (e, ooy enven) A Wa(en)]
(2.1)

where the nucleon field operators are defined elsewhere!; for example

\i’X(rla" » T Zszox(z (I)X (1'1 R,,"',PN—R;) (22)

1 ax

The center of mass position is determined as a function of the phonon mode ampli-
tudes through Ri = R? + ¥ GmUm(?)
Upon substituting in our expressions for the various operators which occur in

the transition operator we obtain

Houp = EX TS 0 ibhay (bxay () [-usn5eex (RX,RY) - By

i an ax ay k

DRI INOL .an.k?»y,ay(i) [~u55ron (RX,RY) - B]

i an ax ay k

where the first magnetic dipole operator appearing in this equation is defined by

pnseex (RXRY) =/,_./[¢-Y (r1 = RF, - v = RY) A 0 i (rw)] [E,,J}
dx (rl ~RX ... )ry— R,X‘) d®ry - - dry

(2.4)
Some brief discussion of the physical content of this model is in order; the model
describes a transfer of a neutron from X whose center of mass is located “at” R,X,
resulting in the product nucleus Y whose center of mass is located “at” R,Y The
positions of the initial and final state nuclei are determined by the degree of lattice
excitation and by the lattice displacement vectors, both of which will differ between
the initial and final states due to the neutron transfer. The spatial overlap integral
given in equation (2.4) ensures that a transfer occurs only when the initial and final
center of mass coincide to within fermis; no transfer occurs for large separation.

Hence, the magnetic dipole operator is a highly nonlinear function of the lattice
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phonon mode amplitudes; we have found an approximate Gaussian dependence on

relative separation (g ~ e‘%BIR-X‘R-YV, with B on the order of fermi~?) .

3. Energy and Momentum Transfer Between Nuclei and a Lattice

The fundamental theoretical dilemma that presents itself is: how can a large
MeV nuclear energy quanta can be transferred to a lattice whose energy levels
are quantized on the meV scale? Our initial efforts were focussed on transferring
the energy one phonon quanta at a time; this approach, however, appears to be
unproductive. The only alternative is to transfer the nuclear quanta in a single
step, which requires a large nonperturbative nonlinearity on the part of the lattice
in order to accept the energy.

We may view the neutron transfer process as involving a collision between a

lattice and a nucleus; the hamiltonian for the lattice may be taken to be of the form

2
Pm 1 Y Dt Amm
H= ZQM +Z§Mw?nq?n + V(f)e™ % Lomipt “m.mtimd (3.1)

The lattice is composed of a large set of oscillators, each with mode amplitude ¢, and
momentum p,,. We may construct a large dimensional vector q from the individual
mode amplitudes q = 3, 2mgm which would represent the position of the lattice in
a N-dimensional space where N is the total number og phonon modes. The nucleus
exists in 3-space, but since the center of mass position coordinates are functions
of the phonon mode amplitudes, the nuclear scattering potential is mapped into
the N-dimensional space as indicated in the above hamiltonian. As a result, the
problem that we are interested in analyzing is basically of simple inelastic collisions
in ¢-space between the lattice and nucleus.

We know from an analysis of kinematics in 3-D that energy and momentum must
be separately conserved, and that the constraints imposed through conservation
determine the essential features of the reaction. We would like to understand how
energy and momentum conservation works in this case, especially since it is generally
believed that the low energy phonon modes of the lattice cannot accept a nuclear
energy quantum; the arguments against this ultimately have to do with whether

energy and momentum can be conserved simultaneously.
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We may formulate the problem simply: we require that

E;+ AEN = Ef (32)

and

pi + Ap = py (3.3)
be satisfied at the same time, where E; and E; are the total initial and final lattice
energies, and where p; and p; are the total N-dimensional lattice momenta. The
nuclear energy transfer is AEy. The lattice may be thought of for the purposes of
the present argument as a wave incident on a time-dependent perturbation localized
around the origin in ¢-space; diffraction effects give rise to Ap. We find that energy
and momentum can be matched simultaneously since
|apP _ B

== (3.4)

AEN ~
N=ToM T oM

&

by the uncertainty principle.

The diffraction of the lattice off of the localized nuclear potential in g-space is re-
sponsible for the momentum transfer, and we have argued here that this momentum
transfer can be consistent with the large energy transfer since the phonon mode am-
plitudes must be localized to within fermis for a coherent neutron transfer reaction
to take place. The effect is purely quantum mechanical, since it is diffractive, with
no classical analog. The arguments given above can also give constraints on lattice
size and total lattice energy required for transitions to occur: these constraints entail
the requirement that many modes must be present so that the momentum transfer
to each is small, and that sufficient energy be present in each mode so that in an
endothermic reaction the energy is available for extraction. We shall discuss these

issues further elsewhere.

References

1. P. L. Hagelstein, “Coherent and Semi-Coherent Neutron Transfer reactions.
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SUMMARY OF PROGRESS IN HYDRON PHYSICS
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Abstract: Electromagnetic scattering resonances in the ep*, e'd*, e't*
systems produce short-lived, charge-neutral, particles called hydrons. These
particles provide the screening of repulsive Coulomb forces so that nuclear
reactions between a hydron nucleus and a reaction partner are possible. Hydron
formation, reactions, and applications to anomalous nuclear observations in the
laboratory and geophysics are summarized.

Introduction: Many researchers are now aware that, in recent years, there
have been numerous experiments which appear to be associated with nuclear
reactions, but in an energy regime so low as to make them, in effect, impossible.
The so-called "cold fusion" observations are but one class of such seemingly
impossible nuclear reactions. These experiments, and others such as "cluster
impact fusion" and some quite anomalous geophysical observations of the
earth, all point to new physical processes that allow nuclear reactions to be
accessed by a mechanism other than by overcoming the Coulomb barrier by
highly energetic particles.

We have suggested“'Z) that the new process is the creation of compact,
unstable, hydrogenic particles that we have called hydrons. They are of three
types: the m, the §, and the 1, corresponding to the three hydrogen isotopes. We
expect that hydrons and their reactions will play a role in the understanding of a
number of astrophysical problems. These range from the geophysical modeling
of the earth's interior to the "missing neutrino problem" in solar physics.

Hydron Formation: Hydrons are small, charge-neutral, urstable particles

formed in resonant scattering of an electron and a hydrogen nucleus. An
electron with just the right energy may be "captured” for a relatively long time
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in a deep, attractive potential well, but because it is a scattering process, the
electron is released after its natural lifetime or sooner if other forces, for
example due to collisions, perturb the system to disassemble. We have
suggestedm that the potential providing the scattering resonance between the
two particles is the magnetic dipole-dipole (MDD) interaction, going as

V= - 2U1U2/r3- At large distances (= A), the Coulomb potential, V. =- e2/r
dominates, whereas at very short distances (=<fm), the MDD potential
dominates. We have made a simple square-well model of the scattering
calculation to determine the well-depth and radius for the scattering resonances
to exist. The radius of the charge-neutral object is estimated to be of the order
aj,) = [(32/n)u]u2/(«hc)]1/2. For the e’e” resonance, this gives a, = [(8/1t)re?uc]1/2

()

=53 fm. Spence™” and Vary, from a quantum electrodynamics model, find a,, =

30 fm. In the mn-hydron case, we find a,, = 2 fm, whereas Benesh®, Spence and

P
Vary find a value of "a few fermis", adequate agreement given the simplicity of

our model. Figure 1 shows the results from the square-well calculations
including the V_ and V_ potentials for the e’e* and e'p* cases. &- and t-hydrons
have comparably small sizes. Being neutral, the hydron penetrates close to the
nucleus of a reaction partner, with quantum tunneling penetrating the
"residual” barrier to allow nuclear reactions to proceed.

e+e- Figure. 1

%‘102 Square-well Plot of the interaction potentials
g ! (evaluated at a/2) as a function
E'O : of a, along with the square-
100 3 well potential required for the
107! first scattering resonance.

10° 23 Coulomb

10- 0 '1 e Iz 3
10 10 10 10
a (fm)

Nuclear Reaction Rates and Cluster Impact Fusion: Hydrons may
participate in both fusion and resonant direct nuclear reactions(!’ (RDNRs). In

RDNRs, the hydron's electron may, due to it's close proximity, carry away some
reaction energy. We have examined® cluster impact fusion data with hydron
generation. The notation is specialized to the case of a 8-hydron reacting with a
deuteron, but generalization of the formulae for the n- and t-hydrons and
reactions are straightforward. Averaging over a Maxwell-Boltzmann energy
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distribution (at temperature T), the reaction rate for the "screened" d-d rate is
given by,

<OV>g = 1.5x10 T V250) P em3/s (1)
with S(0) in keV-barns, T in eV, and P is the "residual" Coulomb barrier factor.
The usual "unscreened" d-d rate is given by,

<ov>, =7.2x10-19 { 2 exp(-{ )S(0) cm3/s )
with { =197 T'/3, The total reaction rate (per cm3) of a mixture of 8 and d
particles is then given by,

I = ngng<ov>g + (ngng/2)<cov>, (3)

where n is the deuteron number density. An example of the effect of the
d-hydrons upon the total d-d nuclear reaction rate is shown in Figure 2 where
we have taken, P = 1 (complete screening), and S(0) = 55 keV-b. These curves
show that substantial reaction rates are possible even with relatively small
numbers of d-hydrons.
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Figure 2 The normalized total reaction rate (r1019/ ndz) as a function of
temperature. The parameter is Loglo[ns/nd].

Figure 3 The proton yield data (points) produced in the experiments of
BCFFK (with E| = 300 keV) vs. the number of water molecules in
a cluster. The solid & dashed curves are the model results.

In our plasma model® for the "cluster impact fusion" experiments of
Buehler, Chu, Friedlander, Friedman, and Kunnmann(S)(BCFFK), the cluster
kinetic energy is shared between the cluster neutrals, electrons, and ions and a
larger amount of target material (= f times the cluster mass). The cluster kinetic
energy deposited is then equated to the thermal energy given by,

Edep = Nal(3/2)B +x, )T +E;+9]f 4)
where N is the number of heavy water molecules in the cluster (= 200), x, is

the number of electrons per heavy water molecule at the self-consistent electron
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temperature T, E; is the ionization energy supplied per D,O molecule, and 9 eV
for each dissociated D,0O molecule.
Figure 3 shows a plot of Np (the proton yield) versus N, for three

different values for the maximum electron thermal conduction (usually about
0.32) and where the lifetime T, has been adjusted for a "best fit". Also shown is

the self-consistent temperature for the experiments. The "best fit" -hydron
lifetime extracted from these data is 1.5x10°8 seconds.
Other Experiments: The most controversial of these has been the

"excess" heat, tritium, and neutrons in "cold fusion" experiments. We have
suggested(D) that production of 8- and t-hydrons, in a metal lattice, may remove
the conflicts between theory and experiments in deuterated metals. The new
class of nuclear reactions (RDNRs) is a resonant analogue of the direct nuclear
reactions in which a neutron is transfered (with positive Q) between a projectile
and target nuclei. These resonant reactions are also analogous to low-energy,
neutron absorption resonances. Both (d,t) and (t,d) reactions may be operable in
cold fusion experiments, allowing for both tritium production and/or
consumption but with little or no neutrons or high-energy gamma rays being
released. There is some evidence in experiments(]) that RDNRs are responsible
for the "excess" heat, tritium, and possibly MeV particle production.

In the experiment of Klyuev(®), et al, a crystal of LiD was fractured by a
shock wave produced by the impact of a 0.2 km/s projectile, producing both
ionization and dislodged deuterons. These conditions are favorable to the
production of a small number of 8-hydrons which can react with deuterons,
producing a small number of d-d neutrons.

Arzhannikov and Kezerashvili(7) report small, but statistically significant
numbers of d-d neutrons were produced when LiD pellets were dropped into a
test-tube of "heavy" water. In this case, some 8-hydrons could have been
produced from the slight ionization in the chemical reaction, with the hydrons
then producing d-d neutrons.

Implications for Astrophysics and Geophysics: Hydrons may play a role

in astrophysical situations. One case is the heat generated in Jupiter, about twice
as much as it receives from the sun. We have developed(S) a model calculation
based upon hydron generation which may account for this "excess heat".
Another well-known astrophysical paradox is that of the "missing" solar
neutrinos. n-hydrons in the sun may allow the "burning" of protons in n-p
reactions at much lower energy, thereby providing the same nuclear energy at a
lower average temperature. With the sun's central temperature slightly lower,
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many of the higher energy neutrinos expected from the "standard" solar model
would be much reduced if not eliminated altogether(S).

The third example is that of the Earth's heat and helium flux. Jones et
al, have suggested that fusion reactions may be occuring inside the Earth given
the observation that tritium is released from active volcanoes. Geologists
believe that the radiogenic nuclides can account for only about five percent(m)
of the heat flow out of the earth. Although mostly iron, the Earth's core
contains lower density components including, perhaps, some hydrogen(“). We
consider the possibility of hydron-mediated fusion reactions as the source of the
observed heat and helium fluxes“z); the reactions are: d(p,y)I—Ie3, ddd,pit,
d(d,n)He3, and d(He3,p)I-Ie4 . The total nuclear power generated/ cm? is obtained
from the appropriate rate equations. We find the surface fluxes of He3, He*, and
heat to be 1.6x10° / sec-mz, 2.4x10'0/ sec-mz, and 87 mW/ mz, respectively, in
reasonable agreement with the measured values1?,

Discussion and Conclusions: The existence of relatively long-lived

scattering resonance states in electron-hydrogen nuclei systems allows nuclear
reactions in metals and plasmas with sufficiently high hydrogen densities and
temperatures. Both fusion reactions and a new type of reaction, RDNRs, have
been identified in various experiments. The RDNRs have a unique
characteristic -- they do not release neutrons, potentially important for the
development of these reactions in nuclear reactors.

* Mayer Applied Research Inc., 1417 Dicken Drive, Ann Arbor, MI 48103
1+ 2260 Chaucer, Ann Arbor, MI 48103
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EDITORIAL NOTE TO THE PAPER "SUMMARY OF PROGRESS IN HYDRON
PHYSICS" BY F.J. MAYER AND J.R. REITZ

Some grave flaws can be pointed out in the assumptions
of this article. See the following contribution of Prof. Mc
Neil, and Preparata’s report.
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Introduction

Spence and Vary!'2 have reported a resonance in calculations of positronium and hydrogen in
the “axion” (07) channel. The energy and lifetime of the positronium resonances have led these
authors to suggest this new state as an explanation for the anomalous e*e™ peaks seen at GSI3.
They and others* speculate that similar states in hydrogen may explain anomalous nuclear reactions
reported in metal lattices at low temperatures (“cold fusion”).

Spence and Vary calculate the Bethe-Salpeter four-leg amplitude using a Blankenbechler-Sugar
reduction. They use single photon exchange in Coulomb gauge for the kernel of their equations.
Their results seem to depend critically on the use of this gauge. Attempts by others® to reproduce
their result in Feynman gauge have not been successful. The starting point in either calculation is
gauge invariant so the reduction formalism must introduce spurious gauge dependence. Whether
the results of Spence and Vary are spurious is not known at this time.

In an attempt to address this question in a qualitative yet gauge-invariant way, we have stud-
ied the two fermion system using the Breit equation. The wavefunctions explicitly obey current
conservation so the Coulomb gauge terms can have no effect on the results. For the purposes of
obtaining qualitative features of the affect of the hyperfine interaction at short distances we ap-
proximate the relative coordinate Breit equation by the equivalent Schrédinger-form equation for
hydrogen (m, >> m,, for applications to positronium we use the reduced mass). We examine the
hyperfine interaction in the axion channel and solve the equation in the energy range of interest
(0 — 2 MeV). We find the hyperfine interaction introduces an effective attractive interaction at very
short distances (~10 fm for positronium), but find no evidence for a resonance in the energy range
of interest.

Description of Calculation

The Breit equation assumes an additive hamiltonian in the space of the two interacting Dirac
particles. This cannot be exact, but provides a reasonable and tractable model for examining qual-
itative relativistic features and provides quantitatively accurate results for weak interactions. The
resulting equation separates into relative and center-of-mass coordinates®. The relative coordinate
Breit equation with single photon exchange interaction is

2
(81 = &) - 7= Bimy — Byma — =(1 = &1 - &)]¥ = EY (1)

We use Feynman gauge for the interaction but note that since the wavefunction explicitly obeys
current conservation the calculation is independent of gauge. This equation can be solved in the
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16x16 matrix product space using the Fermi-Yang” representation. For the purpose of qualitatively
studying a possible resonance, it is sufficient to consider the hydrogen atom limit (m; 3> mj). This

allows one to reduce the Breit equation to an effective Schrédinger equation®:
-V?2
5 H V() | () = By(7). @)
m
where
- 2 _ et 2 .
VA= Ee* l(l+1)-e 1 28( d—2§-L)
m r 2mr? 2m(E+m+ <€) 3" dr
e 2 e? . § 757
- Zanl (2 —
2m(E+m+é)r3” (r r3 ) (3)
e = L-5 377 s
+ —2ul - ( ot~ 4n8°(7))
62 ”2 2 2 P
+ ET_“(I —-I-7I-7)

and where [ is the spin of the ‘heavy’ particle and p is its magnetic moment. Equation (3) differs from
the corresponding expression in Ref. (8) because no assumptions regarding the relative magnitudes
of E and e?/r have been made. This expression is appropriate for hydrogen and should provide
qualitative results applied to positronium using a reduced mass.

For the axion resonance (0~) the spin-dependent operators are diagonal in the |[[s1,{]71,1]J >
representation.

25 L=+ 1) =1+ 1) - 3/4)([s1, 2, I}T > (4)
T 55 # sy 1y, 11T >=2E 1)8]71{]‘.1(’;“1“)” =3/ T > (5)
I Sllsalljs, 1)) >= 20D WA D +34IT+ D) = Wb+ D=3y 35 nys (g

21(h +1) 2

The resulting effective potential for positronium is shown in Fig. 1. Note the four regions where
the various terms in V dominate. For r greater than about one angstrom the familiar coulomb at-
traction dominates. Between about 10 fermis and 1 angstrom the centrifugal repulsion dominates.
The hyperfine interaction dominates the effective interaction below about 10 fermis. In the axion
channel for positronium the hyperfine interaction is attractive down to about 1 fermi below which
the repulsive 1/7* hyperfine term dominates. Note, especially, the large scale of the effective inter-
action at these short distances. For any hope of quantitative accuracy, one should include vacuum
polarization effects. At short distances such corrections will be large on the scale of the electron
rest mass, but still small on the scale of the main effective interaction term, and as such should not
affect the qualitative features found by neglecting them.

The effective Schrédinger equation is solved numerically using Numerov with regular boundary
conditions near the origin. To provide numerical stability over the enormous range of distance scales
we use a dynamically rescaled (exponentially) grid spacing. These solutions may be matched onto
asymptotic Coulomb wavefunctions and the hyperfine part of the phase shift extracted. We find
that the relativistic hyperfine phase shift is small (~ .01 radians) and slowly varying over the range
of energies near the reported resonance. In this range the attractive hyperfine interaction puts a
node in the wavefunction at around 10 fermis (see Fig. 2). The phase shift is given approximately
by this distance times the asymptotic wave number. The behavior of the wavefunction in the short
distance region is quite stable in this energy range. In conclusion we have presented an approximate,
but gauge invariant, calculation of the relativistic hyperfine phase shift. The calculation, while not
quantitatively accurate, should reveal qualitative features such as scattering resonances. We find no
evidence for a resonance in the energy range of that reported by Spence and Vary.
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Abstract

A hypothesis is presented to explain the anomalous D/H
ratio observed in samples from the site of the naturally
occurring fission reaction at Oklo. The experimentally
observed D/H ratio of 127 ppm exceeds the naturally
occurring value of 150 ppm. Further, using a multicomponent
system consisting of hydrogen, deuterium, tritium and helium
nuclei to model the Oklo reaction phenomenon and assuming a
thermal fission process term, we calculate a D/H ratio of
445 ppm in the presence of the thermal neutron fluence
attributed to Oklo. However, solving the same rate
equations with a deuterium sink term to represent the
hypothesis of deuteron disintegration, we find a deuteron
disintegration constant of 7.47x10" 14571 yields the observed
D/H ratio. 1Indeed, deuteron disintegration would provide a
neutron source (in addition to the fission neutrons) that
could have driven the Oklo system as a subcritical (vs. a
critical) reactor over the extended period attributed to it.
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Introduction

The historic phenomenon where a naturally occurring
fission chain-reaction took place is located at the Oklo
mining site in Gabon, Africa.[1,2] Geological
characteristics at Oklo allowed the formation of soluble
uranium salts in water. Since fission products have been
found in samples from the site, it was determined that a
fission process had taken place in this ore. Based on the

U235 and the concentrations of the

measured depletion of
fission products, the reaction is estimated to have lasted
for a period between 600,000 to 3,500,000 years [3]). The
fluence of neutrons required to account for these
observations has been estimated by various investigators to

be about 1021 n/cm2[1—4].

The D/H Anomalogy

Samples from the Oklo site have been analyzed for water
and hydrogen content by heating them to about 1200°c. The
D/H ratio in natural water is close to 150 ppm. In
contrast, when water from minerals at the Oklo site was
analyzed, the D/H ratio was found to range around 127
ppm(5])]. This discrepancy is even more serious when it is
realized that, as we show later, for the neutron fluence
estimated for Oklo, the D/H ratio should have increased to
about 450 ppm because of neutron capture in hydrogen. To
our knowledge this discrepancy, namely the low D/H ratio
measured at Oklo, has not previously been discussed in the
literature nor has any explanation been proposed prior to
this.

Analysis
Figure la depicts a multicomponent system that
describes the major isotopic transitions for elements
(Hydrogen, Deuterium, Tritium and He-3) undergoing a neutron

irradiation. Assuming that all of the He3 produced escapes
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Figure 1. Multicomponent System Consisting of Hydrogen,
Deuterium, Tritium, and Helium-3 and Isotopic
Transitions of Elements in a Neutron Flux.

from the site so that it doesn’t contribute further to the
isotopic changes, the chain is simplified to the one shown
in Fig. 1-b. (If He3 did not escape from the reaction site,
it could either undergo an (n,p) or an (n,y) reaction).
Then, in this multicomponent system, hydrogen can be
produced from two sources: 1) the He3 (n,p) reaction, and
2) postulated deuteron disintegration according to: 1D2--->
on1 + 1H1. Deuterons are produced from neutron capture in
hydrogen and are provided with two sinks: disintegration
into hydrogen [6,7], and capture of a neutron with
production of tritium. Tritium decays by B~ emission to He3

with a half life of 12.3 years.
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Because of the presence of water, we are justified to
assume that the Oklo neutron energy spectrum was basically
thermal with a Maxwellian shape at temperature T,. Table I
shows the thermal neutron cross sections for the various
reactions in this chain.

The rate equations for the multicomponent system shown
in Fig. 1, assuming a pure fission process but with the
added hypothesis of deuteron disintegration (decay constant

Ap) into H + n, can be written as:

dH/dt = - gyH + BpHe + ApD (1)
dp/dt = pyH - (Bp + Ap)D (2)
dT/dt = BpD - ApT + BgHe (3)
dHe/dt = ApT - ﬂpHe (4)

Here H, D, T, and He are the concentrations in atoms/cm3 of
hydrogen, deuterium, tritium, and helium-3, respectively.

We have defined:

By = oé,  (s7hH (5a)
Bp = oypt, (s71) (5b)
Bp = opHed (s71) (5¢)

where we made the approximation:

pHe = ZaHe (6)

Table I. Thermal Cross Sections for H, D, T, and
He3 Neutron Reactions

Reaction Thermal Neutron Cross Section (Barns)
H (n,y) D 0.333

D (n,y) T 0.51x1073

T (n,y) H* < 6x1073

He3 (n,p) T 5330

He3 (n,vy) He4 0.05
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This assumption implies that absorption in He-3 mainly cause
the (n,p) reaction which has a large cross-section value as
shown in Table I.

As a first step, we are interested in the H and D
concentrations without deuterium disintegration (ap = 0).
Solving the corresponding set of coupled differential
equations, we find the ratio R=D/H in this case is:

g ag
= +y — H D Fon
R = (R e y el%H™ %D o t—"yn‘ = Yy (7))

where the reference (starting) ratio is taken as the natural
value, i.e., Ry=Dy/H,=150 ppm.

We note that R is function of the fluence only, since
all other parameters are constants. Using the estimated
value of the fluence for Oklo, ¢ = 1021 n/cmz, we find that
R = 445 ppm. This then is the R ratio expected under the
natural thermal reactor assumption without deuteron
disintegration.

Figure 2 shows the variation of the ratio R = D/H as a
function of the fluence. We notice that R remains as a
constant (Ro) up to a value of the fluence ¢ = 1020, after
which it rises sharply with increasing fluence.

The fact that the D/H ratio observed in the Oklo
samples (127 ppm) is reduced below the natural value Ry (150
ppm), when it should have risen to around 445 ppm as
calculated above, is in direct contradiction with the
expectations based on the natural reactor assumption alone.
This anomaly is the focus of our study.

We next consider the case with postulated deuterium
disintegration. This is a tempting assumption since, as
seen from Table II, compared to other low-Z elements,
deuterium has a uniquely low binding energy. Here we have
assumed that the anomaly is due to a nuclear process since

we are unaware of any chemical or other physical process
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Figure 2. D/H Ratio for Different Fluences in Case of no
Deuteron Disintegration (ip = 0).

Table II. Binding Energy (BE) of Typical Nuclides [5]

Nuclide BE/A (MeV/nucleon) BE (MeV)
D-2 1.12 2.23
T-3 2.83 8.48
He-3 2.57 7.72
He-4 7.08 28.30
Li-6 5.33 32.00
Li-7 5.60 39.20
Be-9 6.47 58.19

Average per nucleon ~ 8.50 -
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which could have depleted the deuterium and/or enriched the
hydrogen content of the ore mineral. Thus we propose that
the deuterons have undergone a process involving disinte-
gration. Then, regardless of the mechanism involved, the
following reaction would have, in principle, taken place:

1

2 ___ 1
1D > jH" + gn (8)

For an Oklo reaction that has lasted for a time
duration ty, the final D/H ratio, Ry, is then given by:

R 1 (s1 Ry + By) eS1%a - (s,R, + py) eS2ta
kK= Xp [ (s1Ro + By) sty _ (SaR5 + By) oSotg ] (9a)
(s + By) (s = By)

where both s; and s, are functions of ip, i.e.
S1,S3 = 1/2 (=(Bg+Bp*tvp) * [(By+Bp+ip) % - 4Bypl/2) (9b
1:52 ytPptip) * HtPptip wfpl ™ ") (9b)

Results

We have calculated the value of the deuteron disinte-
gration constant ) under the conditions of the Oklo
phenomenon for three values of & around 1021, namely:
0.5x1021, 1.0x1021, 1.5x1021, and for different time
durations in the range: 3%10°-1.2x10° years. Although the
variation of the estimated time duration is large, the value
of \p calculated for the same fluence and limiting time
periods is not very large. Similarly, for the same time
duration, the variation of )p for fluence values of 0.5x1021
and 1.5x10%1 is also not large. Thus, we adopt as a
reference case values of & = 1021 and tg = 106 years. In
Fig. 3 we show the D/H ratio, R, for the range of ) values
between 10°20 and 107¢ s~1 for the three fluence cases for

tg = 10° years.
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Figure 3. Deuteron to Hydrogen (D/H) Ratio Versus the
Deuteron Disintegration Constant for Different
Fluences.

One can compute Apy, i.e., the value of Ap that will
lead to a D/H ratio R=Ry=127.3 (from the Oklo sample #310)
for a reaction where the fluence ¢ has lasted for time td.

For the reference case, this turns out to be 7.47x10"14g71,

COMMENTS ABOUT PROCESSES
Up to this point the results are independent of the

specific deuteron disintegration process assumed. Now it is
interesting to consider several possible processes and the
consequences implied. We assume that deuteron
disintegration is not a single particle reaction but rather
a multiple particle interaction, i.e., unlike natural decay,
the deuteron disintegrates under the unique system created
by the collection of the deuteron itself and the surrounding
atoms under the thermodynamic conditions present. Then the
deuteron disintegration reaction may proceed in one of two
ways. First, postulating a free neutron reaction, we have:

2 A 1 1 A
1D% + N%  ———=> H' 4+ _n' + N . (10)
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Here the nucleus ZNA acts as a catalyst for the deuteron
disintegration process, and does not undergo any isotopic
changes.

A second way for the reaction to proceed involves
isotopic changes in the medium that involve a "neutron
swapping" type reaction(6,7]. Then the deuteron gives up
its neutron to the neighboring nucleus ZNA according to:

102 + ZNA ——— lHl + ZNA+1 . (11)
An example of this kind of reaction for Oklo would be:
D% + D% ———-> 73 + Hl (12a)
1T3 —==-> _je® + ,He3 . (12b)
Provided that the reaction time is long enough to allow for

the complete decay of the tritium to helium-3, we can write

the net reaction as:

1D? + ;D% ——-> _,e® + H! + ,He3 . (13)
It is instructive to compare this result to the

deuterium transformation driven by neutron capture:

10?2 + ont ———> 13 (14a)

Again, if the reaction proceeds for a long enough time, then

the net reaction is:

1D2 + onl ——-—3> _1eo + 2He3 - (15)

Both reactions involve the depletion of deuterons with the

production of tritium and He3. However, the first reaction
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involves the depletion of twice as many deuterons and also
leads to the production of protons. If an experiment is
performed in which the Oklo conditions are reproduced, the
neutron swapping hypothesis could be tested based on
reactions 12-13 vs. 14-15.

According to the preceding disintegration assumption,
we can state, in general, that the rate of disintegration of
deuterons is proportional to the product of the deuteron
concentration and to the concentration of host atoms N,

i.e.:
Ap Da DN . (16)

We further assume that the concentation of the host atom,
corresponding to uranium in the Oklo case, is constant.

This assumption is reasonable since the fractional uranium
depletion in the estimated fluence will be only ~1073. Then
denoting the proportionality constant in Egn. 16 by pp, we

obtain:
or
pp = Ap/N  cmd/s . (17b)

Note that pp has the same units as <ov>, the reaction
parameter used in plasma physics and fusion studies.

If the reaction is a D-U disintegration reaction, i.e.,
deuterons disintegrating while present in the Uranium
lattice, assuming that the mineral was in the form of UO,,
we find for the Oklo sample #310 data:

ppy = Mp/U = 2.24x1073° cmi/s (18)

3 was used.

where a U concentration of 3.33x10%1 u atoms/cm
The above result is not valid for D-D disintegration,

however, since then the term describing deuteron
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disintegration rate should be AD2. We have accounted for
that situation in the numerical calculation scheme. Then
the D-D disintegration constant needed to account for the
D/H ratio Ry is found to be ~10'31cm3/s. Further, if the
reaction involved was a D-D disintegration such that it can
be described by the term ApD, then the reaction constant is
~ 7.47x10714 (D disintegrations/D.sec] as noted earlier.
Tritium and Helium-3 Concentrations

As shown in Fig. 1, the Oklo reaction will lead to the
production of T and He3. To obtain their concentrations,
the rate Equations 3 and 4 are solved with D(t) given by the
solution of Equations 1 & 2. It is possible to obtain a
solution in the case where the initial concentrations of T

and He3

are not zero. However, there is no reason to assume
that T or He3 existed in the ore initially, and hence we

will not show the solution in that case. 1Interestingly, an
examination of these equations shows thdt the concentrations
of T and He3

in the rock. For the typical case of & = 1021, td=106 so

are proportional to the initial water content

that AD=7.47X10-14 and the final concentrations in this case
are T(ty) = 3.8x107 and He(td)=3.78x1011. The corresponding

rate of He3 production would be He(tgy)/ty=0.012 He3

atom/cm3.s.

Uranium Anomaly

Earlier Vlasov([8] pointed out that the U238/U235 ratio
was anomalously low. This seems to imply that fast neutron
fission of U238 occurred. Thus, Vlasov suggests that an
annihilation explosion of an antimatter meteorite caused the
formation of free fast neutrons(8]. He further estimates
the yield of such an explosion to be from 3-5 neutrons per
antinucleon annihilation depending on the conditions.
However, if our deuterium disintegration hypothesis is
employed under the assumption of neutron swapping, the
postulate of an antimatter explosion is not necessary. This
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can be understood by considering the various reactions that
may have occurred. According to the proposed neutron

swapping model, U238 can undergo the following reactions:
2 238 - 1 1
1D + g,U -===>F, + F5 + 1H- + v on (19)
or
. 238 ____ 1 239
1D% + g,U > HT + g5U (20)

where F, and F, are fission products. The y239 decay chain

239

eventually produces Pu which could undergo thermal

fission. This process could possibly explain the low

U238/U235 ratio.

COMPARISON WITH EARTH CORE HYPOTHESIS

Jones et al.[9] have suggested that cold fusion takes
place in the earth interior. Based on an estimated He3 flow
of 2x1019 He3 atom/s out of the earth’s mantle, and using a
mantle water reservoir of 1.4x102%% g, they estimate a value
for the cold fusion D-D fusion constant of 10724 fusions/
deuteron-s. The value which we calculated for a D-D
disintegration reaction in the Oklo medium is 7.57x10"14
disintegrations/deuteron-sec, which is about ten orders of
magnitude higher than the Jones, et al. value.

We can estimate, according to our hypothesis, the He3
flow out of the earth’s mantle. We have calculated that
under the localized conditions of the Oklo deposit, the rate

3 at/cm3.sec.

of He3 escape out of the deposit is 0.012 He
If we assume that the same conditions that existed at Oklo
prevail in the mantle of the earth, then we find a total He3
flow out of the earth’s mantle due to an Oklo-type reaction
is ~ 1.7x1022 He3 atm/sec. This is to be compared to the
Jones, et al. value of 2x1019, keeping in mind that the
conditions of the Oklo reaction may have been more favorable
than the earth’s mantle for the deuteron disintegration

reaction.
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Conclusion

The anomalously low D/H ratio found in samples from
Oklo strongly suggest that a deuterium disintegration
process occurred. If so, for Oklo conditions, the rate is
shown to be about 7.5x10”14p disintegrations/deuteron-sec.
The exact mechanism involved is open to debate and study.
We favor a neutron swapping type reaction which would be
enabled by the unique Oklo conditions of thermodynamic
parameters and D-U mixture. If so, this reaction could
offer an alternate explanation to the anomalously low
U238/U235 ratio cited earlier by Vlasov. While the results
show higher rates than those found by Jones, et al., for
earth mantle reactions, the difference could be due to the
specific conditions present at Oklo, e.g., the relatively

high uranium concentration.
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1. The shadow model.
A determined value of the fusion cross section 5fcan be obtained
by using the Rutherford differential cross section OR(ﬂ). in fact for

a fixed value of af there exist a value 3{ of ¥ such that:

14
(1) o, = 2nJ oR(ﬁ) sin(d) 4¢

Nj
f

Eq. (1) could be considered a merely numerical result, however this is
not true if we assume that the subbarrier fusion process is the shadow
of fhe elastic scattering(i). so that the particles which fuse are
those which in the Rutherford scattering are detected in the shadow
region. In fact, by assuming the "shadow" point of view there exist a
value 3{ of the scattering angle ¢ such that the particles which fuse
are those that in Rutherford scattering are detected in the angular

range
(2) 1?{58511

i.e. the "shadow" region, see fig.l, so that eq.(1) follows from the

"shadow" assumption. Now we remind that in Rutherford scattering it is

(3) R =n1/k [ 1 + 1/sin(3f/2) ]
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where Rf is the distance of closest approach of the Rutherford
trajectory with 9= ?, N is the Coulomb parameter and k is the wave

number. By using eq.(3), eq.(2) becomes:

(4) 2n/k S R < R

so that in the "shadow" approach the particles which fuse are those

having a distance of closest approach R that satisfies inequality

(4).

O E— CE—  C— C— CE— E— CE— E— E— SE— G—O e—

Fig.1 Rutherford trajectories for different values of the impact

parameters. The dashed line shows the range of strong interaction.
By using eq.(3), eq.(1) can be rewritten as:
(5) o =mnr®> |1 - 2n/kR
r - r - ER f
where Rr must be determined.From eq.(5) it follows that
R o

¢ ¢ k2 1/2
(6) -1 = -1/2 +1/2[ 1+ —2]
TN
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ex

and by putting in eq.(6) G _=0] 0*" being the experime:..al

fusion cross section, we have:

R?x o:xkz
(7) o/ T 1=-1/2 +1/2[ 1+ _nﬁz_

Now we consider the function ¥ (E) defined as follows:

@ X R:'
(8) y (E) = 1m 1ln| -1n| — -1
2n /k

and we remember that the energy of the Coulomb Barrier VB can be

obtained approximately by using the following expression:

21 Z2 e2

(9) ., MeV
®o107a)7 4 A;13)+2.72

so that if we report y  (E) versus (VB- E) we obtain that y° (E) is a

linear function of E(i‘a)

. In tables 1,2 some systems investigated 1in
refs. 1 and 3 respectively, are reported.From the above arguments it

follows that Rf can be rewritten as

(10) R.= 2n/k { 1 + exp [ -exp [ exp(y) ] ] }

where
(11) y = (EB-E)/Es

and EB and ES are two parameters, expressed in MeV, to be
determined.By using eq.(10). eq.(5) can be rewritten:

(12) 6, = n(2n/k)? [ 1 + G(y) ] G(y)

where

(13) G(y) = exp [ -exp [ exp(y) ) ]

and the parameters EB and ES can be determined by comparing the

expesimental values of fusion cross section with those obtained by

using eqs.(11-13).
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Now we remind that egqs.(11-13) are not able to reproduce the

experimental values of fusion cross section for light systems at very

4,5) 4,5)

( .
low energy( so that we suggested to modify eq.(12) as follows:

(14) o =0, [ 1 - gly) ] [ 1 - g (y) ]

where
(y) = a -y )" 2.789
g (y) =exp| - | g v, ‘
(15) e (v) = [ d—‘—L)yz 2 739]
g,(y) = exp| - | 3= Y, .
d = EB /Es y,= (EB-Em )/Es y, = (EB-E1 )/Es

the values of EB ,Es , Em , E1 |, ¥ v can be determined by

1 2 '
fitting the experimental data.The values of EB ,Es , Em , E1 | 71. 72
for the reactions 2H(d.p)3H + 2H(d,n)aﬂe are reported in table { .
Table 4
System 2H + 2H
EB(MeV) ES (MeV) Em(MeV) E1(MeV) v, 7,
0.18919 0.21250 0.00944 0.03660 4.48091 3.64950

A comparison between the experimental values of fusion cross
(?7)

section and those obtained by using eqgs.(11),(14),(15) for the

above reactions is shown in fig.2.

(4-6)
2. The cross section factor .

The reaction rate rizin a thermal equilibrium distribution is given by
weighting the «cross section by the Maxwell-Boltzmann velocity

distribution

(16) rlss n1n2<0v)/(1+512)
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with
®

1/2
(17) {Ov) = j [ 8/n Miz(KT)3 ] 0(E) exp(-E/KT) E dE
0

where M12 is the reduced mass of particles 1 and 2 n, and n,are the
number densities of particles 1 and 2, v is the relative velocity, E
is the center of mass energy, K is the Boltzmann constant,and T is the

temperature.

T 11""]

11 ||unI

TT lll|l|| T lllllll

L1 lllllll

o, (barn)
)

Y
Tl"TI"

L lnunl I |||||n|

T T 17T

111 uml

0 0.05 0.1 0.15
EC.N. (M eV)

Fig.2 Comparison between the experimental values of fusion cross
. (6) . .
section and those obtained by using eaqs. (14) and (15)

For non resonant reactions the cross section O(E) is

) (8)
written usually

A(E) = S(E)/E exp(-271)
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with

2
21 22 e 172
onn = 2n — = (EG/E)

v
where EG is the Gamow energy, N is the Coulomb parameter , Z1 and Z2
are the nuclear charges of the two particles, S(E) is the nuclear
astrophysical factor. By assuming for the cross section O(E) the
expression obtained in the framework of the "shadow"” model, see

eqs.(11),(14),(15), the cross section factor <Ov)> can be rewritten

© d

(18) (0v)=[ [B/n Miz(x'rﬁ]“;r(lz) exp(-E/KT) E dE = J M(T) I13(y) dy
0 -®
with
(8n)1/2 ( 212262 )2
M(T) = == M:;z _&T)alz
and

- EB-yES
Lty =[1/(d-y7JG(y) [1 + G(y)] exp[ = —] [1-3(3’)] [l-g,(y)]
KT

so that by using a numerical integration code we can obtain the values
of <ov> at different temperatures.

A comparison between the values of NA<Ov> obtained by using our
approach and those reported in the literature(g‘is shown in table & .NA

is the Avogadro's number.
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Table A

System 2H + 2H
T(K) NA(OV)‘a)(cmas—1mol_1) NA(0v>(b)(cm35-1mol—1)

0.500 102 1.061 103 1.043 10/
0.300 10, 0.455 10, 0.473 10,
0.150 10, 0.118 10, 0.125 10"
0.100 10, 0.461 10, 0.485 10°
0.500 10, 0.611 10, 0.660 10°
0.250 10, 0.477 10, 0.496 103
0.150 10, 0.473 10, 0.456 10,
0.500 10, 0.525 10 0.443 10
0.300 10, 0.283 10 .

0.300 10, 0.646 10,

0.300 10, 0.151 10 ¢

0.300 10 0.353 10

a)present work results b)ref.(9) data
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EDITORIAL NOTE TO THE PAPER "THE CROSS SECTION FACTOR ..."
BY A. SCALIA AND P. FIGUERA

The authors assume that the fusion cross section is the
shadow of the elastic scattering cross section. This
assumption is plausible when energy is not small. At E=0 the
assumption becomes implausible, for the Rutherford formula
cannot disagree with the Gamow barrier factor, which
emerges from the solution of the problem of the quantum
electro-static interaction between charged particles.
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AN IMPROVED ZERO GRADIENT CALORIMETER FOR THE INVESTIGATION OF COLD FUSION PHENOMENA
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ABSTRACT

A second generation null balance calniimeter has been constructed for measuring anomalous
heat in electrolytic cells. This calorimeter 1is similar in concept to an 1isothermal
calorimeter except that 1t 1s operated with zero temperature differential. The
calorimeter accuracy 1s 4 milliwatts when operated at a total power of 12 watts.
Calibration 1s performed in situ by operating the cells under test reversed or at zero
current.

APPARATUS

Introduction

The first version of this calorimeter was hurriedly assembled after the initial
announcement of Fleischmann and Pons [1]. Work with this design suggested interesting
phenomena which were just beyond its sensitivity and stability. After a years operation,
experience has guided an improved design.

Calorimeter

Thermo Electric Devices (TED) (Melcor Corp., Trenton, NJ) are used as 1in the earlier
design [2] to pump and measure heat flow. The new design is built from machined parts
around a 2 liter stainless steel dewar, Figure 1. A puck shaped plug of aluminum fills
the mouth of the dewar and is sealed to it with an "0" ring. The dewar is mounted over a
copper plate with the gap between the puck and the plate filled with two sets of three
TEDs arranged symmetrically to provide uniform heat distribution. A high power set is
driven at constant current in the Peltier mode and pumps heat from the dewar. The second
set, with fewer thermoelectric Jjunctions, 1s operated in the Seebeck mode and measures
the temperature difference between the puck and the plate. The plate is mounted through
another set of six high power, 30 watt, TEDs to a water cooled base plate.

A spool shaped aluminum block with thick walls to evenly distribute the heat is bolted to
the puck. The spool contains a cavity to hold the test cell. Several sets of heaters are
contained in holes drilled in the spool wall. Milled slots in the puck allow the routing
of wiring from the thermal stabilization entry pipe to terminal strips for connection to a
cell.

The arrangement of the temperature servos has been improved over the earlier design. A
high power, high speed servo amplifier uses the puck-plate seebeck devices as error
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Figure 1. The new calorimeter. The mouth of a stainless steel dewar is filled with the
aluminum puck. Two sets of thermoelectric devices (TED) couple the puck to the plate.
One set pumps heat from the dewar to the plate. The second set measures the temperature
difference between the puck and the plate. The plate makes thermal contact with the
outside of the dewar. A high power set of six thermal electric devices uses the puck-
plate sensor TEDs to hold the plate to the same temperature as the puck. This holds the
inside and outside of the dewar to the same temperature. A copper heat shield inside the
dewar reduces thermal gradients which cause radiation losses. A servo TED driven outer
heat shell provides a second“-ievel of radiation loss protection. A heavy spool shaped
aluminum block holds the test cell. Heaters in the spool balance the internal heat load
to the refrigeration provided by the puck-plate TEDs. The heater power required to hold
the dewar inside to the set temperature plus the measured cell power are balanced against
the refrigerator calibration. Any difference is a measure of anomalous heat.
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detectors and drives the plate-base TED’'s to hold the plate and connected outer wall of
the dewar to the same temperature as the puck and inner wall. The purpose of this servo
is to hold the outer wall of the dewar to the same temperature as the inside of the dewar
without concern as to what the temperature might be. To the extent that this 1s done,
there will be no heat lost from the dewar except that due to transient thermal gradients
which cause radiation losses. To further reduce thermal gradients, the spool 1s connected
to a heavy copper heat shield which is insulated from the inner wall of the dewar.

The plate cooling water 1s pumped through a 30 gallon garbage can which exhausts heat to
the environment. This provides a large thermal mass so that the relatively fast plate-
base servo can easily track changes.

A slower response servo is controlled by a temperature sensor mounted in the puck. This
servo drives the spool heaters to hold the experiment to the desired temperature. If the
experiment 1s set up so that the cell power i1s less than the refrigerator power, then the
spool heaters will always require some power and control will be possible. The system
fails 1f the cell power rises above the anticipated maximum value whence 1t 1s no longer
possible to maintain a balance.

The outer wall of the dewar i1s insulated with foam, which 1s 1in turn covered by an
aluminum shell heat shield. This shield 1s driven by another set of TEDs which are
connected to an air cooled heat sink. A servo amplifier drives the TEDs to hold the shell
heat shield at the same temperature as the inside of the dewar providing a second level
reduction of radiation.

Electrical leads and gas tubes necessary for operating an experiment are brought out
through a double walled copper pipe thermally connected to the plate, Figure 2. The
arrangement provides good thermal contact between the leads and the pipe. By making this
pipe relatively 1long, the leads will be brought to the uniform temperature of the
experiment by the time that they reach the puck-plate interface. To the extent that both
sides of the 1interface are at the same temperature, there will not be any heat transfer
through the leads. In practice, the thermal conduction of the puck-plate TEDs is much
greater than the lead conduction and so is the primary concern of the design.

Great care 1s taken to assure that the energy supplied to the 1inside of the dewar is
accurately measured. All sensitive electronics 1s 1located in a temperature controlled
case. The dewar is treated as a multi-terminal black box. Each lead i1s provided with a
temperature controlled shunt. A separate potential lead measures the voltage as each lead
transits the puck-plate (see Figure 2.) interface to assure that only the lead heat loss
that occurs 1in the calorimeter i1s included in the energy balance.

Heat supplied to the dewar is determined by computing the a]ggbra1c sum of the volt-ampere
product of the various leads. Because all leads contain-a shunt, which 1s one more than

needed, a consistency check requires that the currents add to zero.

Experiments are performed by installing a test cell in the spool, Figure 1. Any heat
released by the cell will result in an unbalance in the heater servo since the puck will
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attempt to become warmer than the set point. The servomechanism acts to prevent this by
reducing the power applied to the spool heaters. Anomalous heat 1s indicated when the
total power supplied to the cell and heaters is less than the heat removed by the
refrigerator.

Access to the test space is provided by 1lifting off the dewar, the attached foam shells,
and the convection cooler. This exposes the spool which can then be approached from all
sides for experimental changes. Machined surfaces and bolts inserted from underneath
allow clamping the plate to the ring to provide good heat transfer between the plate and
the dewar outer wall. A milled groove in the plate reduces the effect of the temperature
gradient through the plate.

Instrumentation

Closed loop control of the experiment is performed by analog techniques. A 16 bit high
speed digital system collects data under the control of a 80286 based computer. An

extended version of this paper contains some details relating to system accuracy.
CALIBRATION

For calibration it 1is first necessary to determine the refrigeration constant at the
selected calorimeter power and temperature. A first level calibration can be made by
setting a temperature and noting the power in the balancing heater. With a closed loop
time constant of 13 minutes, the system settles to 0.01% in 2 hours. By integrating the
difference between the balance power and the determined calorimeter constant over time,
the energy drift of the calorimeter can be measured.

Figure 3 was made with a Pt-Pd cell in the calorimeter operating with the Pd electrode as
the anode so as to not introduce anomalous heat. The 3.39 cm sq electrode was operated at
60 ma per sq cm. The refrigerator was operating at 8 watts. The maximum indicated drift
rate of 50 joules in 5 hours during the first part of the run represents 3 mw. At ten
hours and at each hour thereafter, an impulse was added through a second heater which was
not included in the computed power balance. Pulses were 5, 10, 20, 40, and 80 joules.
Since the computer does not know the pulses have been inserted, the heat is detected as a
positive net energy balance. With heaters only, the calorimeter noise is 10 milliwatts
rms. Operating cells are noisy, 15 milliwatts rms at 50 ma per sq cm and 40 mw rms at 500
ma per sq cm are typical measurements made with 1 sq cm cathodes. The impulse sensitivity
is a function of the calorimeter time constant. We estimate that a practical sensitivity
is close to 20 joules (1 sigma) at a high current operating point.

While standard calibration curves have been performed, we believe that a dynamic test is a
better measure of the calorimeter under operating conditions. We have pe