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It isnow two yearssince thefirst reports of the occurrence of nuclear reactions at
ambient temperaturesin deuterated metals such asPd or Ti were published. ‘Cold
fusion’, asthis phenomenon has now cometo be known, has, however, become
embroiled in intense controver sy with the scientific community becoming shar ply
polarized into ‘believers and ‘non-believers of this novel phenomenon. This
ambivalenceis primarily because of the non-reproducibility of the claimed results by
many reputed research groupsthat have often used sophisticated experimental
equipment. However, asthe present review clearly shows, a large number of
laboratoriesin many different countries have now obtained very reliable experimental
evidence confirming the generation of 2.45-MeV neutrons, tritium, charged particles,
X-rays, etc., both in electrolysis experiments and in a variety of other D,-/plasma-/ion-
beam-loading experiments, thereby confirming the nuclear origin of the phenomenon.
These experimental results are such that they cannot be dismissed as being
‘experimental artefacts any more. It isunder standable that the scientific community
findsit difficult to accept a phenomenon that is not repeatable at will as‘science’. It
would seem that the sporadicity of the resultsis dueto some asyet unknown
parameter sthat seem to be controlling the onset of nuclear phenomenain solid
deuterated matrices. It has now become appar ent that the phenomenon of cold fusion is
highly complex. Although simple (d-d) reactions leading to the production of 2.45-MeV
neutrons do seem to take place, that appearsto be only one manifestation of the
phenomenon. The excess-heat measurements of Fleischmann et al. have also been
confirmed now. The main indication at hand that it isof nuclear origin isthe detection
of "Hein the off-gases from an electrolytic cell producing ‘excess power’ aswell asin
some ‘spent’ Pd rodswhich had produced ‘excess heat’. Besides, the enor mous
magnitude of the energy released, up to a GJ mol™ of Pd, is very difficult to explain by
any chemical mechanism. Theor eticians have come up with models that are beginning
to explain many of the ‘puzzles raised by the experimental observations. The
fascinating new field of cold fusion hasthus opened up new vistasin physics and
technology.

EVER since the startling announcement in March 1989, by Utah scientists Fleischmann et al .2,
and shortly thereafter by Jolieset al 2, of the experimental observation of anomal ous excess heat
and/or fusion reaction products during the electrolysis of heavy water by means of Pd cathodes,
there have been frantic attempts the world over to confirm this unbelievable phenomenon of
‘fusion in abottle’ or ‘cold fusion’ asit has come to be known. Several laboratories, such as the
Texas A&M University>*, Stanford University®, Case Western Reserve University®, Moscow



State University’, and University of Florida®, reported obtaining positive results within weeks of
the first announcement. The initial euphoria however soon turned sour when many other leading
institutions, such as Caltech’, Lawrence Livermore National Lab™, Sandia National Lab™, Chalk
River?, Harwell ™3, and Max Planck Institute at Munich™ failed to reproduce the * claimed’
results of the original authors. In spite of many groups reporting neutrons, tritium and excess
heat production at the Santa Fe Workshop on Cold Fusion Phenomena (23-25 May 1989)™°, the
overall impression which began to be formed in scientific circles was that cold fusion does not
exist and the reported ‘ evidence' was some peculiar ‘artefact’ of the experiments. Thiswas
reflected in the final report™ of the US Department of Energy’s 22-member Cold Fusion Panel
submitted in November 1989, which concluded that ‘the present evidence for the discovery of a
new nuclear process termed cold fusion is not persuasive’. They went on to surmise: ‘Nuclear
fusion at room temperature of the type discussed in this report would be contrary to all
understanding gained of nuclear reactionsin the last half a century; it would require the
invention of an entirely new nuclear process'.

Meanwhile more ‘positive’ results continued to pour in from laboratories such as Los
Alamos!’, Texas A&M University’®, University of Minnesotat®, Universidad Autonoma de
Madrid?, Manne Sieghbahn Institute of Physics?* in Stockholm, and several different groupsin
Japan. Besides electrolysis, deuterium gas-loaded Ti (ref. 23) and Pd (ref. 24) targets, both
with® and without®® application of electric fields, have also indicated the occurrence of cold-
fusion reactions, charting a new route for the exploration of the phenomenon of cold fusion. It
was the National Science Foundation (NSF) and Electric Power Research Inditute (EPRI)
sponsored meeting?’ on * Anomal ous effects in deuterated materials held at Washington, DC
during October 1989, in the presence of Edward Teller, that perhaps served as aturning point in
the acceptance of cold fusion as afact to be faced by the physics community, although the
number of firm ‘believers was small at that point of time.

In India experimental studies to verify the authenticity of the cold-fusion phenomenon
commenced immediately after the Flei schmann-Pons announcement with groups from the
Bhabha Atomic Research Centre (BARC)®, Tata Institute of Fundamental Research (TIFR),
Indira Gandhi Centre for Atomic Research (IGCAR)®, and Variable Energy Cyclotron Centre
(VECC)* reporting positive results. By December 1989 a detailed description of the impressive
work carried out at BARC during the first six months of the ‘ cold fusion era’ had been rel eased™
as report BARC-1500. The experimenta papers of this collection of notes have since been
published in Fusion Technol ogy33. Since the early BARC results are by now well documented
and publicized, in the present review they will only be commented upon very briefly.

During the year 1990 there were two magjor international conferences devoted entirely to the
subject of cold fusion which have helped to take stock of the progress of research in thisfield.
Thefirst* was held at Salt Lake City, Utah, latein March 1990 under the patronage of
Fleischmann and Pons to coincide with the first anniversary of their epoch-making
announcement and emphasized calorimetry and excess-heat studies. The other meeting, which
was hosted by Jones' group in October 1990 at the Brigham Y oung University in Provo, Utah,
concentrated on measurement of nuclear effects in deuterium/solid systems®. The present review
draws mainly from the proceedings of these meetings which together account for over a hundred
papers, besides the very significant work reported during the last year from Japan. It islearnt that
there are presently over 50 groups involving over 250 scientists engaged in cold-fusion research
in Japan alone. In the USSR too, significant results were obtained early on®. The status of cold-



fusion research in Chinawas reviewed at a national-level meeting held at Beijing in May 1990.

Bockris et al.*"*® have presented a good summary of the status of cold-fusion research as of
mid-1990. Tibor Braun of Budapest has compiled a consolidated list of papers published in the
area of cold fusion since the beginni ng39. Another good source of information is Fusion Facts™,
amonthly digest of the latest reports on cold fusion. It is not the purpose of this articleto give an
exhaustive and thorough analysis of each and every published paper in thisfield so far but rather
to give abroad overview of the cold-fusion scene asit stands today, two years after it all began,
and to highlight the major new results published during 1990.

1. Calorimetry/excess-heat studiesin D,0 electrolysis

The simple el ectrolytic cell used by Fleischmann et al to demonstrate the production of
excess power comprised a Pd-rod cathode and a Pt-wire anode wound loosely around the cathode
as shown in Figure 1. The electrol yte was a solution of 0.1 M LiOD dissolved in D,O. The cdll,
made of a double-walled vacuum-jacketed dewar-type glass vessel, wasimmersed in alarge
constant-temperature water bath. Thermistor probes located both inside the cell and in the water
bath helped monitor the cell thermal power output. A built-in immersion-type electrical
resistance heater was used to calibrate the thermd -response characteristics of the system under
steady conditions. The input joule power dissipation rate was computed as (E-1.54)] watts, where
E isthe applied voltage to the cell and | the cell current in amperes. The number 1.54 accounts
for the energy consumed in splitting DO into deuterium and oxygen and is referred to as the
‘thermoneutral potential’ for this system.

Asiswell known by now, theinitia pioneering paper of Fleischmann et al. met with
considerable criticism™ 2. Some of the points raised by his critics were: (i) excess heat was due
to recombination of electrolytically generated D, and O,; (ii) inadequate mixing of the
electrolyte gave rise to errors in temperature measurements; (iii) inadequate control of water-bath
temperature could have produced erroneous results; (iv) Fleischmann and Pons' heat-transfer
computations were subject to both random and systematic errors; (v) no blank or control
experiments were done; (vi) the gammaray spectrum presented by the authors as evidence of
neutron production was spurious. All these have now been systematically answered by
Fleischmann and Pons in three different papers™™. It is by now clear that their calorimetric
measurements were in fact quite reliable and that they (along with more than adozen other
groups in the world) have indeed obtained excess power levels of about 25 to 30% over and
above the input joule power dissipation rate.
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Figure 1. Dewar-type electrolytic cell used for excess-heat measurements. (From Bockriset al.*)

Table 1. Summary of results of excess-enthalpy measurements of Fleischmann et al.*

Specific
|Qexcess from
Rod Current Approximate regression
diameter® densi ty Eoell | Qi nput Qexcess SpGCI fic Qexcess anal ySl S
(cm) Electrolyte® (mAcm?) (V) (W) (W) (W cm™) (W cmd)
0.1 D 64 3.637 0419 0.042 0.53 0.581 £0.003
0.1* S 64 2.811 0.032 0.001 0.140 0.1442 +0.0002
0.1 D 128 4.000 0.984 0.160 2.04 2.043 £0.003
0.1* S 128 3.325 0.089 0.005 0.486 0.5131 +0.0006
0.1 D 256 5201 293 0.313 399 4.078 +0.007
0.1* D 512 908 151 0.17 17.3 18.19 +0.02
0.1 D 512 6.085 7.27 1.05 134 13.77 +0.02
0.1* D 1024 11.640 404 103 105.0 112.8 +0.1
0.2 D 64 4,139 1.040 0.123 0.39 0.419 +0.003
0.2 S 64 4780 130 0.006 0.019 0.021 +0.001
0.2 M 64 3930 0.956 0.024 0.077 0.077 +0.001
0.2 D 128 8438 552 1.65 5.25 5.68 +0.01
0.2* S 128 4.044 0.250 0.028 0.713 0.714 £0.001
0.2* M 256 6.032 0.898 0.056 142 1498 +0.002
0.2* D 512 825 268 0.66 16.8 17.02 +0.04
0.2* M 512 9.042 300 0.603 153 16.03 +0.01
0.2* S 1024 7.953 513 2.80 71.2 75.42 +0.08
04 D 64 5137 288 0.502 0.40 0411 £0.001
04 D 64 5419 310 0.263 0.209 0.214 +0.003
0.4t D 64 4745 224 0117 0.106 0.145 +0.002
0.4* M 64 3.519 0.198 0.0005 0.002 0.0023 +0.0002
04 D 128 6.852 850 1.05 0.84 0.842 +0.009
0.4* D 256 7502 238 0311 1.98 1999 +0.003
0.4* D 512 866 570 218 13.9 14.41 +0.05
0.4* D 512 10580 7.23 1.65 10.5 11.09 +0.02

All rod lengths 10 cm or *1.25 cm or 18.75 cm.

’D: 0.1 M LiOD; S: 0.5 M Li,SO,; M: 0.1 M LiOD + 0.45M Li,30,. All measurements were made in the same
batch of D,O of 99.9% isotopic purity. Measurements using electrolytes labelled S and M have been made since 23
March 1989.



Fleischmann et al. have carried out an exhaustive and systematic study of the excess power
generated as a function of Pd-cathode diameter (1, 2, 4 and 8 mm) and current density (8 to 1024
mA cm'z) (see Table 1). In generd, they find that excess power scales near-quadratically with
current density, with the 1-mm-diameter cathodes generating more specific excess power (W cm’
%) than the higher-diameter cathodes at a given current density. In their experiments 8-mm rods,
for example, did not generate any excess power. At ~ 1 A cm? the 1-mm rods produced an
excess power of ~1 W for an input power of ~4 W. This corresponds to a specific excess power
of over 100 W cm”® (or ~ 8 W per g of Pd). Kainthla et al.”® have examined eight possible
chemical mechanisms which can in principle contribute to ‘ excess heat’ and have pointed out
that, even if all these mechanisms were to operate simultaneously, not more than 3 Wem™ can be
generated. An important conclusion to emerge from the pioneering work of Fleischmann and
Ponsis that there seems to be a threshold current density of about a 100 mA cm2, below which
the excess heat production becomes negligible, at least in the case of D2O electrolysis.

A new phenomenon noticed by Fleischmann and Pons since their first publication is that,
superimposed on the ‘baseline’ excess heat, sometimes large ‘bursts’ of excess enthalpy, 20 to 40
times the input power values (see Figure 2), are observed™. The event depicted in Figure 2 lasted
for aduration of amost afortnight.” This tg/pe of sporadic heat excursions has however been
seen only by afew other workers so far*”*. But the baseline excess heat, which is directl
correlated with the current density, has been observed by many laboratories now®*2%%*°
including two independent groups from the Oak Ridge National Laboratory®®>’. The impressive
work of Appleby et al.>*® of Texas A&M University was carried out using a very sensitive
‘microcalorimeter’ and tiny Pd cathodes of only 0.01 cm® volume. It is noteworthy that several
groups49’ 20.%.5" have now confirmed the production of excess heat using ‘closed cells', wherein
the electrolytic gases are recombined in situ using a suitable catalyst, in contrast to the ‘ open
cells' used by many early workers including Fleischmann and Pons. Thisis relevant because
doubts had been raised that perhaps the excess heat may have arisen from recombination of D,
and O, in the case of open-cell experiments.
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The integrated energy generated during baseline-excess-heat runsis found to be ashigh as 0.1
GJem®and in ‘heat bursts', 16 MJ cm™. While Fleischmann and Pons have conjectured that
these phenomena must be a ‘ volume effect’ occurring over the whole bulk of the cathode,
Appleby et al., Bockris and others have provided many strong arguments in favour of its being a
‘surface phenomenon’.
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Figure 2. Heat bur st event lasting several days during which electrolyte temper atur e approached boiling
point. (From Fleischmann et al.*°)

A very significant experimental finding regarding “He production in electrolytic experiments
has been reported in early 1991 by Bush and his collaborators®®. These investigators carried out a
mass-spectrometric analysis of the effluent gases issuing from the electrolytic cell of Miles et
al.>>, which was earlier found to be generating excess power. Rather than ook for helium in the
spent Pd rods like most other groups, these investigators analysed the effluent gases. They
collected the off-gases in 500-ml gas flasks, taking great pains to eliminate possible
contamination by air which would have given rise to false helium signals. For this purpose they
flushed all flasks with ‘boil-off nitrogen’ for at least 10 min prior to connecting them to the
electrolytic cell. They had earlier satisfied themselves that boil-off N, did not contain any He
within the detection threshold of their mass spectrometer. The electrolytic gases collected in the

flasks’ were first passed through an activated charcoal cryofilter system to remove al gases
except helium prior to mass-spectrometric analysis.

Severa blanks from H,O electrolysis were run to optimize the procedure and ensure that no
inadvertent air leaks occurred. Their “He detection limit was established to be 8 x 10™ atomsin
the gaseous contents of a 500-ml flask. This corresponded to an excess power of 0.14 W or 8%
of input joule power in their case. They observed large “He peaks at four different excess power
levelsin the 0.22-W to 0.52-W region and at detection limit on two occasions, when excess
power was 0.14 W and 0.17 W respectively. Their experiments have demonstrated a clear
correlation between the generation of excess power and production of *He. The concentration of
*Heinthe gaseous products maintained an approximate correspondence to the amount of excess
power measured in the electrochemical cell. They have also concluded that the *He is produced
at or near the surface of the Pd electrode rather than deeper in the bulk metal and that the
preponderance of “He escapes along with the effluent gases. Significantly they found no ®Hein
any of the electrolytic effluent-gas samples. Ref. 58 details the arguments of the authors asto
why the *He could not have come from the Pd cathode as prior contamination.



2. Molten-salt electrolysis experiment

At the cold fusion symposium organized during the 8th World Hydrogen Energy Conference
held in Honolulu in July 1990, Liaw et al. of the University of Hawaii presented some very
spectacular excess-heat measurements obtained with a molten-salt el ectrolytic cell. Drawing
upon severa years of experimental experience at Stanford University with asimilar system for
loading hydrogen into Pd (in the context of hydrogen-storage studies), they carried out
electrolysis at temperatures of about 350 to 400°C with a eutectic salt comprising LiCl and KC1
in which asmall amount of LiD was dissolved to act as the main current carrier. Since LiD
dissociatesinto Li* and D', in this cell Pd or Ti was deployed as anode. An electrical heating tape
of 100-W capacity wound outside the A1 vessel containing the electrolyte served to keep the salt
molten. The entire set-up was housed inside a glove box in an oxygen-free dry argon
atmosphere. Using a 0.5-g button of Pd as anode and a consumable Al cathode they measured,
after several days of precharging at very low currents, excess power levels as high as 25 W for
an input cell power of just 1.68 W, representing a power gain by afactor of ~ 15 (see Table 2).
The excess power in this experiment increased near-linearly with current density. At three
current densitiesin the range 290 to 692 mA cm’?, the excess-power episode lasted for almost 4
days generating in al ~5 MJ of energy (see Figure 3). The experiment was terminated only
because the LiD was exhausted in the electrolyte. The authors have cited the total absence of
oxygen in the electrolyte (‘reducing environment’) as the prime cause for its superior
performance. This helps eliminate formation of hydrogen-impeding oxide layers on the surface
of the electrodes.

Table 2. Summary of results of molten-salt electrolysis experiment with Pd anode (capital Liaw et al .59)

Power to  Electro- Total Power Excess
Current heating  chemical input output Excess  power
Cell voltage density tape, Py power power measured  power gain Excess heat
V) (mA cmi?) (W) (W) (W) (W) (W) (%) (MJ per mole D,)
3.230 606 71.91 194 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

2453 692 69.25 168 70.93 96.34 2541 1512 -7.16




