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The experimental and theoretical investigations of cold fusion, performed during the year after
the discovery of this phenomenon, are reviewed. The results, obtained by different groups,
concerning the detection of neutrons, ^-rays, and charged products of the reactions as well as
analysis for the content of tritium and helium and calorimetric analysis are summarized.
Information about experiments on the fracture of substances containing deuterium is presented.
Different attempts to understand the mechanism of this phenomenon are discussed. An example
of a substantially nonequilibrium mechanism, connected with the acceleration of ions in strong
local electric fields, generated when hydrides fracture, is studied.

INTRODUCTION

The phenomenon of "cold fusion" or "low-temperature
fusion" is unusual not only by its physical nature but also
with regard to the unordinary and, to a certain extent, scan-
dalous situation that has unfolded around it. The behavior of
the "discoverers" Fleischmann and Pons undoubtedly
played a fatal role in the story of cold fusion. Declining to
perform detailed control experiments and bypassing the ac-
cepted procedure for discussing scientific results they imme-
diately reported in the media their discovery of a simple,
cheap, and ecologically clean method for producing energy
by means of nuclear fusion. [We recall that Fleischmann
and Pons reported on their work at a press conference on
March 23, 1989 at Utah State University (USA). Approxi-
mately one week later S. E. Jones of Brigham Young Univer-
sity, also in the state of Utah, reported that his group had
also discovered cold fusion independently.1'2 ] The general
public and the business community, who usually trust scien-
tific reports, were extremely excited and enthusiastic about
the discovery of promising solutions to the energy problem
confronting mankind. Hundreds of scientific groups all over
the world tried to repeat the experiments of Fleischmann
and Pons. The apparent simplicity of the experiments and
their enormous potential significance attracted to this prob-
lem many people who previously had not thought about fu-
sion. What the newspapers afterwards dubbed the "world-
wide race for cold fusion" started. In the course of this race
many investigations were performed hurriedly, without tak-
ing the necessary care, and the results, which were not prop-
erly checked, were immediately announced on the radio and
television, in the newspapers, etc. Many serious investiga-
tors were, naturally, disgusted by all this. Belief in the reality
of "fusion in a test tube" changed almost daily, depending on
new reports from different laboratories in the world. The
universal confusion during the first two to three months was
aggravated by the virtually complete lack of scientific publi-
cations, which were replaced by teletype reports, telephone
conversations, letters, rumors, etc. (a more detailed account
of this dramatic period of research on cold fusion is given, for
example, in Refs. 1-4).

By fall 1989, i.e., approximately six months after the
first reports, the situation started to change. The uproar sur-
rounding cold fusion quieted down significantly. Many pub-
lications finally started to appear in scientific journals, and
concurrently the true state of affairs with regard to cold fu-
sion started to become more apparent. By the end of 1989 the

literature on the experimental and theoretical aspects of cold
fusion already was so extensive that it was apparent that a
review of the research performed during the previous year
was in order. Reviewing the work on cold fusion at this stage
is unquestionably a very unpleasant problem, first, because
the experimental situation is still unsettled and there are sig-
nificant quantitative and qualitative uncertainties and, sec-
ond, because there is no generally accepted point of view
regarding the mechanism of cold fusion.

However considerations of a different sort can be pre-
sented. A "change of regime" is now occurring in cold-fu-
sion research. After widespread disillusionment and pessi-
mism replaced the initial uproar and uncontrollable
excitement, interest in cold fusion is now reviving, but it is
now channeled in the direction of calm and professional sci-
entific investigations. The period of quick and simple experi-
ments is being replaced by a period of painstaking and care-
ful investigations. For this reason, it may now be useful to
examine the "initial conditions" for this new stage, to sum-
marize what is now known about cold fusion. This pertains
not only to experiments, but also to theory, where it has been
found that many initial directions in the search for the mech-
anism of cold fusion are dead ends, while other directions,
which could still be successful, require further and more de-
tailed investigation and comparison with experiment.

Another reason for discussing different aspects of re-
search on cold fusion is that the problem is a multilevel,
interdisciplinary one that includes questions in electro- and
radiochemistry, the chemistry of solids, thermodynamics,
metallurgy, the physics of hydrogen-induced fracture of
metals, and nuclear physics.

It has been estimated that about 100 experimental in-
vestigations and approximately the same number of theo-
retical papers on cold fusion have now been published. Un-
fortunately, by no means all of these works were available to
me at the time this review was written (January 1990). For
this reason, I apologize at the outset to those authors whose
works are not reflected in this review. But it is quite obvious
that the "massive" character of the research and the contin-
uous publication of new papers concerning the most diverse
directions make a comprehensive review of all the investiga-
tions of cold fusion quite unrealistic. However, even the pub-
lications that will be studied in this review give a quite com-
plete idea of the status of research on cold fusion. This review
is organized as follows.

Experiments on cold fusion are reviewed in Sec. 1. First,
the basic information about the work performed by Fleisch-
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mann and Pons5 and by Jones' group6 is reviewed. Next, the
results reported by different groups concerning the detection
of neutrons, y-rays, and the charged products of cold-fusion
reactions as well as an analysis of the electrodes and the
electrolyte for the content of tritium, 3He, and 4He, and fin-
ally calorimetric measurements are summarized. Informa-
tion about experiments in which mechanical damage to deu-
terium-containing materials together with neutron emission
were recorded is also presented. Although these investiga-
tions fall somewhat outside the mainstream of experiments
in which cold fusion was investigated under conditions of
saturation of transition metals with deuterium, they are, ap-
parently, closely related. It is shown in Sec. 4 that there is
some basis for believing7'8 that the processes occurring when
metals are saturated with deuterium are based on the same
mechanism as in the case when ionic single crystals contain-
ing deuterium fracture. In this sense the work reported by V.
A. Klyuev et a/.,9 who were the first to observe neutron
emission accompanying mechanical fracture of LiD single
crystals, can be regarded as the first experimental observa-
tion of the phenomenon of cold fusion. In concluding this
section, conclusions are drawn regarding the present status
of cold-fusion experiments.

In Sec. 2 some information about metal-hydrogen sys-
tems is presented. This information could be useful in the
theoretical discussion of cold fusion. The structure and
bonds in these systems, the transfer of hydrogen and its iso-
topes in metals, the formation of hydrides, and fracture ac-
companying hydrogen absorption are examined.

Section 3 is devoted to a discussion of different attempts
to understand the mechanism of cold fusion. The fusion of
colliding nuclei and nuclei bound in a molecule are studied.
The degree of "compression" required to achieve fusion at
the level observed in some experiments is estimated. The
results of calculations of the possible screening of the Cou-
lomb barrier in metals are discussed. Models with a "heavy
electron," catalysis by cosmic muons and hypothetical
heavy particles, and a number of other models are examined.
Some effects that can produce spurious signals in cold-fusion
experiments are also discussed. The main conclusion of this
section is that cold fusion cannot be satisfactorily explained
based on the traditional ideas of nuclear physics and the
physics of solids under equilibrium conditions.

An example of a substantially nonuniform "accelera-
tion" mechanism, which, apparently, is the basis for the cur-
rently most promising model of cold fusion, is studied in Sec.
4. It should be noted that in application to electrons the idea
of acceleration in the strong electric fields that are generated
by mechanical fracture of ionic crystals and adhesion layers

was first formulated based on a study of the phenomenon of
mechanoemission (see, for example, Refs. 10 and 11). Later
it was suggested that exoenergetic nuclear reactions can oc-
cur in these fields and the above-mentioned experiment on
the mechanical fracture of LiD single crystals, confirming
this proposition, was performed.9 The next nontrivial step
was taken in Refs. 7 and 8, where it was asserted that the
acceleration mechanism could operate in cold-fusion experi-
ments under conditions when transition metals are saturated
with deuterium and justification for this assertion was pro-
vided. In Sec. 4 a possible scenario of cold fusion is de-
scribed, the conditions required for the "acceleration"
mechanism to be realized in the hydrides of transition metals
(Pd, Ti,...) are discussed, and the efficiency of this mecha-
nism is estimated. An experimental program designed to
check the basic assumptions and consequences of the accel-
eration model is discussed in the last section.

In completing this introductory part, in order to facili-
tate further references we present in Table I a list of fusion
reactions of light nuclei that will be studied in this review in
connection with experiments on cold fusion. Reactions in-
volving Li are possible when an electrolyte containing LiOD
is employed. The numbers in the third column indicate the
energy released (in MeV) and the numbers in parentheses
denote the energy carried away by the final products. The
last column gives the number of fusion reactions of each type
occurring per second and generating 1 W of power (1
MeV =1.602-10 ~ 1 2 J ) .

As one can see from Table I, all reactions are exother-
mal. They do not have thresholds and, generally speaking,
they can occur at arbitrarily low relative energies. However,
the probabilities of these reactions (or the "reaction rates")
will be very low.

1. EXPERIMENTAL INVESTIGATIONS OF COLD FUSION

1.1. The investigations of Fleischmann and Rons5 and of
Jones' group6

The pioneering publications of these two groups are un-
doubtedly quite well known to anyone interested in the prob-
lem of cold fusion. Nonetheless, in order to give a complete
presentation as well as for further reference, it is useful to
review the basic information concerning these experiments.

/. 1.1. In Ref. 5 electrolytic saturation of the cathode with
deuterium was performed in a 0.1 mole/liter solution of
LiOD in the mixture 99.5% D2O + 0.5% H2O. The elec-
trodes consisted of Pd, in the form of foil, rods, and cubes.
The current density j in different experiments ranged over
wide limits from 0.8 mA • cm ~ 2 to 512 mA • cm ~2.

TABLE I.

Reaction

p + D -^ 8He+7 (5,5)
D+D ->8He(0,82)+n(2,45)
D+D -»T(l,01) + p(3,02)
D+D -»*He + r(23,8)
D+T -i.*He(3,5) + n(14,l)
D+«Lt-»4He+*He
D+«Li-»'Li+p
D + «Li-»'Be+n
D+'Li->4He+4He+n

(IB)
(2B)
(3B)
(4B)
(5B)
(6B)
(7B)
(8B)
(9B)

Energy release,
MeV

5,5
3,27
4,03

23,8
17,6
22,4

5,0
3,4

15,1

Number of reactions
in 10'2s~' per watt

1,1
1,9
1,6
0,26
0,36
0,28
1,3
1,8
0,41
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The thermal balance was measured both at low (0.8-1.6
mA • cm 2) and high (up to 512 mA • cm ~ 2 ) current density
in a Dewar flask, placed in a reservoir of water, whose tem-
perature was maintained at 300 K. The temperature in the
cell and the reservoir was monitored with thermometers.
The solution was mixed as necessary.

The spectrum of /-rays, thought to be produced in a
reaction in which the neutrons formed in the process (2B)
are captured

Pd ov Ti,

(2,22) (1.1)

was recorded with a Nal scintillation detector. The correc-
tion for the background was made by subtracting out the
spectrum measured above an identical water reservoir
placed ten meters away from the working cell.

The neutron flux was measured with a standard dosi-
meter based on BF3 counters. The efficiency of the dosi-
meter with respect to 2.5 MeV neutrons was equal to
en x 2.4 • 10 ~ 6 (this estimate includes the geometric factor).
The neutron background was measured 50 m from the work-
ing cell. The measurements were performed in a basement
and usually lasted for 50 h.

In addition, the rate of generation and accumulation of
tritium, presumably via the channel (3B), was measured.
For this, 1 ml samples of the electrolyte were extracted every
two days and their /? activity was determined.

The following results were presented:
1) Heat in excess of the supplied electric energy was

observed. In a number of cases this excess heat exceeded by
several times the energy supplied, and on the average it was
of the order of ~ 10 W per cm3 of Pd and could be main-
tained for a period of ~ 102 h, during which time up to ~4
mJ-cm 3 of energy was released.

2) Gamma rays, with the spectrum shown in Fig. 1,
were recorded. In the opinion of the authors this confirmed
that these 7-rays were produced as a result of neutron cap-
ture.

3) The dosimeter showed the presence of a neutron
flux, whose intensity is in agreement with the intensity of the
/-rays and is equal to Nn~4-I04 sec"1 (approximately
three times higher than the background).

4) The accumulation of tritium in the electrolyte shows
that the reactions (3B), whose rate is 7VT sr (1-2) • 104 sec ~ l ,
comparable to 7Vn, occur.

Since a rate ~ 10"-1014 s~ ' , substantially higher than

Salts- n
12cm

Liquid
scintillator

Photomultiplier
FEU

Glass+ 6Li

FIG. 2. Diagram of the apparatus used in Ref. 6.

follows from Nn, is required in order to explain the calorime-
tric measurements in terms of nuclear fusion (2B) the au-
thors conclude that in their electrolytic cell energy is re-
leased primarily as a result of some other, unknown nuclear
processes.

1.1.2. The arrangement of the experiment of Jones et al.6

is shown in Fig. 2. The neutron spectrometer consists of a
liquid organic scintillator (BC-505), contained in a glass
cylinder, into which three scintillating glass plates with add-
ed 6Li were placed. The neutrons lose energy in the liquid
scintillator as a result of repeated collisions, and the light
generated in the process gives information about the energy
of the neutrons. After moderation, the reaction
n + 6Li -> T + 4He, which causes scintillation in the glass,
occurs. Photomultipliers record two characteristic signals,
and the coincidence of these signals with a delay of 20 //s is
identified as a neutron.

Background measurements, in which D2O was re-
placed in the cells by H2 O, were performed or the measure-
ments were performed with D2 O but with no current. In all
background measurements there was no peak in the region
of 2.5 MeV, and the background counting rate in this region
was equal to 10 ~ 3 s~ ' .

Jones et al. employed an electrolyte with a very compli-
cated composition and cathodes made of Ti and Pd. The
cathodes had different shapes and their mass ranged from
0.05 to ~ 5 g. From four to eight cells with 20 ml of electro-
lyte (U = 3-25 V,j = 10-500 mA) operated simultaneous-
ly.

Figure 3 shows the results of the measurements of the
neutron spectrum, accumulated over 14 series and presented
in the form of the difference between the indications of the

800

600

400

200

2000 2200 2400
Er,keV

FIG. 1. Shape of ^-ray line given in Ref. 5
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FIG. 3. Neutron spectrum after the background is subtracted out.6
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FIG. 4. Signal-to-background ratio in different series.6

detector with the working cell and the background counts. A
characteristic structure in the form of a peak centered on the
channel 100, corresponding to an energy of =;2.5 MeV, can
be seen. Figure 4 shows the results of each series of measure-
ments separately in the form of the ratio of the signal due to
2.5 MeV neutrons to the background in the same series. The
series 6, in which the signal is quite sharp, is especially inter-
esting. In this series the neutron counting rate increased ap-
proximately 1 h after the start of electrolysis and dropped to
the background level after 8 h.

A convenient characteristic of the intensity of the reac-
tions is the counting rate per pair of deuterium nuclei:

A =-
eJV!n'vDD

where Nn is the neutron counting rate in the detector, which
in series No. 6 was equal to (4.1 ±0.8)-10~3 s ~ ' in the
region of 2.5 MeV; en = 1.0 ± 0.3% is the efficiency of the
detector (including the geometric efficiency); and,
NOD ~4-1022 is the number of DD pairs in an electrode hav-
ing a mass of 3 g. Thus in the series No. 6 Jones et al. found
for the rate of cold fusion

(DD)- (1.2)

If, however, the average counting rate for all series is used to
determine A, then we obtain a figure that is approximately
seven times lower than ( 1 . 2 ) . We shall call the rate of fusion
A~ 10~24-10~23 s~ ' (DD) ~ ' the Jones level. The corre-
sponding neutron-emission intensities of a Ti source satu-
rated to the composition TiD2 are equal to

In Sec. 1 below we shall discuss the experiments that
were performed by different groups right after Refs. 5 and 6
appeared and whose purpose was to check the results of
Refs. 5 and 6 and to investigate further the phenomenon of
cold fusion.

1 .2. General arrangement of cold-fusion experiments

In most experiments on cold fusion the metals were sat-
urated with deuterium by means of electrolysis or from the
gas phase under pressure. In some cases ion implantation or
a gas discharge was employed. The transition metals Pd and
Ti, which have a high capacity for dissolving hydrogen and
its isotopes, are, as a rule, used as the deuterium "accumula-
tor." In some experiments other metals (Zr, V, ... ) or alloys
(Pd-Ag, Ti-Al, Pd-Ag-Au, ...) were also used.

Saturation:
electrolysis,
pressure,
implantation,
discharge

Detection
Calorimetry

Neutrons
n(2.45), moderate!
y(2.22) from
n + p—>D +

(ration,

• Charged p, T, 3He

External action:
mechanical deformation,
ultrasound,
thermal shock,
cryogenic shock,
electric shock

.Analysis forT, 3He, "He:
yradiochemistry,
•mass-spectrometry,
.radiography

X-Rays

Radio emission |

Acoustic emission

FIG. 5. General scheme of cold-fusion experiments.

The general arrangement of an experiment in which a
search is made for different manifestations of nuclear reac-
tions is shown in Fig. 5. The experiments can include calori-
metry, the detection of neutrons, f-rays, and charged parti-
cles, radiochemical methods for detecting tritium, mass
spectrometric methods of searching for 3He and 4He, and,
finally, the detection of the x-rays which are produced as a
result of the excitation of atoms of the metal and which, in
the general case, should accompany any nuclear reactions
occurring in a condensed medium.

In addition, under a special assumption about the accel-
eration mechanism of cold fusion (see Sec. 4), electromag-
netic and acoustic radiation sensors as well as various means
by which one can try to affect the flow of cold-fusion pro-
cesses (mechanical action, ultrasound, thermal, cryogenic,
and electric shocks, etc.7'8) can be employed to record the
associated phenomena.

Since the general interest in cold fusion stems primarily
from the hope that it can be used to produce electricity, in-
terest was directed initially toward calorimetric measure-
ments. It is obvious, however, that such measurements make
sense only if the heat effect is large. If it is assumed that the
usual nuclear reactions (2B) and (3B) occur, then the neu-
tron yield at the Jones level corresponds to power produc-
tion levels (~ 10 ~1 2 W) that cannot be measured by direct
calorimetric measurements. In addition, even if the excess
heat released in cold fusion is quite large, the measurement
of this excess heat is a very difficult and delicate problem,
because the heat is released against the thermal background
created by electrochemical processes.

The best signature of cold fusion is obviously the detec-
tion of neutrons (at least, under the assumption that fusion
proceeds in the standard channels at low rates). According
to the well-known properties of the cross sections of the pro-
cesses (2B) and (3B) it is expected that when deuterium
nuclei fuse 2.45-MeV neutrons are produced in approxi-
mately 50% of the events. Such neutrons easily pass through
the material of the electrode, the electrolyte, and the cell
walls, and they can be recorded by the detectors.

Gamma rays can be produced in cold-fusion experi-
ments either as secondary products accompanying the cap-
ture of thermalized neutrons, produced in the reaction (2B)
in the matter surrounding the cell (for example, in the cool-
ant water, in the moderator, etc.) via the reaction (1.1) or as
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primary products effusion in the channels ( IB) and (4B).
The first of these reactions can occur in the presence of a
random or specially introduced impurity either of ordinary
water during electrolysis or hydrogen gas in the case of satu-
ration from the gas phase and results in the emission of y-
rays with energy EYzs5.5 MeV. The rate of this reaction at
very low energies of the fusing nuclei can be higher than the
rate of the reactions (2B) and (3B) (see Sec. 3). In the case
when the acceleration mechanism operates (i.e., under mi-
croscopically hot conditions), however, it proceeds more
slowly than the reactions (2B) and (3B). As regards the
reaction (4B), its probability is five to six orders of magni-
tude lower than that of the reactions (2B) and (3B). These
remarks should be kept in mind when evaluating the experi-
mental data on the detection of 7-rays.

It is extremely difficult to detect directly the charged
particles produced as a result of cold fusion, since at the
expected energies the ranges of p, T, and 3He in the matter of
the electrodes ( Pd, Ti ) or in the electrolyte ( D2 O, H2 O) are
very short. (Thus the ranges of T, 3He, and p from the reac-
tions (2B) and (3B) in Ti are, respectively, 2.5-3 jum and 75

According to the exotic "Mossbauer" mechanism of fu-
sion (see Sec. 3) it is possible that a particles with energy
s;23 MeV could be produced. In principle, such particles
can also be detected by direct methods.

The formation of T, 3He, and 4He in cold-fusion pro-
cesses can be studied by using samples of the electrode mate-
rial or electrolyte and by performing radiochemical or mass-
spectfometric measurements.

Finally, a common signature of any (including un-
known ) nuclear-fusion reactions should be the emission of
x-rays, which are produced when the metal atoms are excit-
ed by the fast products of nuclear reactions. The drawback of
this method, like also the methods of searching for T, 3He,
and "He, is that it is less sensitive that the neutron-detection
method (see Sees. 1.6 and 1.7).

In Sec. 4 we shall discuss a hypothesis according to
which the cold-fusion reactions are generated when deuter-
ium ions are accelerated in the microcracks that are formed
when metals are saturated with deuterium. This mechanism
can be checked with the help of various coincidence experi-
ments, in which the detection of the products of fusion (n, 7,
p, ...) is correlated with the signals produced as a result of
crack formation (electromagnetic radiation at different
wavelengths and acoustic radiation). In addition, the accel-

eration model also indicates the possible mechanisms by
which cold-fusion processes can be affected by the intensifi-
cation of crack formation (mechanical strains, ultrasound,
thermal, cryogenic, and electric shocks, etc.) and with
which the detection of the products of cold fusion can also be
correlated.7'8

The above-mentioned methods of searching for cold-
fusion reactions differ with respect to the degree of complex-
ity, sensitivity, information content, and the specific nature
of the arrangement of the experiments. Different consider-
ations (availability of apparatus, experience, etc.) can dic-
tate in each specific case the choice of one or another channel
of detection. It is obvious, however, that in order to make a
comprehensive study of cold fusion and to determine its na-
ture data must be accumulated in all possible channels.

The last remark concerns the problem of backgrounds.
The first experiments on checking the results reported in
Refs. 5 and 6 already showed that the cold-fusion signal, if it
exists, is quite weak and in different channels it is close to the
background level, determined by cosmic rays, decay of ra-
dioactive isotopes in the surrounding materials, etc. This
means that the background must be carefully analyzed and
suppressed as much as possible. Many sources of spurious
effects have been indicated in a number of studies; some of
them are studied below in Sec. 3. In later experiments, as a
rule, the background was suppressed by some method. Fig-
ure 6 shows the typical schemes, including passive and active
shielding. It was also found that it is best to use pure materi-
als and low-background laboratories. Thus the Bologna12

and Frascati13 groups performed measurements in the Gran
Sasso underground neutron laboratory (h = 3500 m water
thickness equivalent), which made it possible to reduce the
neutron background by a factor of ~ 103, and the y-ray back-
ground by a factor of 50 below the values observed under
typical laboratory conditions.

1.3. Experiments on neutron detection

We shall begin with the largest group of experiments in
which neutron detection was performed. The following
methods were employed:

a) Detection of fast neutrons based on recoil protons, as
a rule, with the help of detectors based on liquid or solid
scintillators (NE 102A, NE 213, stilbene, paraterphenyl,
etc.). Gamma-ray or charged-particle pulses (primarily cos-
mic-ray muons) were discriminated with the help of a meth-
od based on an analysis of the pulse shape and taking into

Liquid
scintillator

Neutron shield (borated polyethylene)?

Cell z
Working volume

BETO

FIG. 6. Examples of apparatus with passive (a) (Ref.
36) (1, 2 are neutron detectors) and active (b) (Ref.
40) shielding.

885 Sov. Phys. Usp. 33 (11), November 1990 V. A. Tsarev 885



account the fact that neutrons give a larger pulse width than
do f-rays and muons. In addition, in Ref. 14 dielectric track
detectors were employed to detect recoil protons.

b) Detection of neutrons, moderated to thermal ener-
gies with the help of hydrogen-containing moderators (wa-
ter, paraffin, polyethylene), with the help of counters based
on BF3,

 3He, etc.
c) In a number of investigations both methods are em-

ployed and the time delay, which typically is equal to lO^isec
and is determined by the moderation process, was taken into
account.

d) Detection of y-rays produced when neutrons are
captured in the material surrounding the cell.

To simplify the discussion we shall divide the experi-
ments in which neutrons are detected into four groups. The
first group (see Sec. 1.3.1) consists of investigations in
which the emission of tens and hundreds of neutrons in

groups over short time intervals (from hundreds of//sec to
several minutes)—so-called neutron bursts—was observed.
The second group (see Sec. 1.3.2) consists of experiments in
which neutron emission, on the average, approximately at
the Jones level or somewhat higher was detected over a long
period of time (hours), but correlations in time either were
not investigated or were not observed. The third group (see
Sec. 1.3.3) consists of studies in which no statistically signif-
icant above-background neutron signal was found. The ac-
curacies of the experiments were sufficient to exclude the
effect at the Fleischmann-Pons level, but they do not permit
checking the effect at the Jones level. If this last level is as-
sumed to be the characteristic level, to be checked, then the
studies in this group do not make it possible to draw definite
conclusions. Finally, in the investigations comprising the
fourth group (see Sec. 1.3.4) a statistically significant signal
also was not observed, but the accuracy of the measurements
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TABLE II.

Refer-
ence

J3]

[15]

[16]

[17]

[13]

Metal

Ti, Pd

Ti

Ti, Pd

Pd(Ag), Ti

Pd, Ti(Al)

Method of
saturation

Electrolysis

D2, 50 atm,
77—300 K

D2, 40 atm,
77—300 K

Electrolysis

D2, 50 atm

Electrolysis

Detectors

'He,
plexiglass
+ ZnS(Ag)

BF3,
G^5*10~*
18x(8He),
£=^34%

Bank of BF,
NE 102A,
24x(»He),

NaT(Tl)!
S~\V«*wl /Q

"He
Plastic

Background in
the detector

_

6,4-10~4 s~'

5* 10~8 s" '

65/300 s

650/300 s

IO-«CM^S-'

<1 s"'
<1 s-'

Signal in the active period

Counter

10"

2800/40 h

180/128 /is

26 000/300 s

3900/40 s

(1— 2)-l<P/Q,Qs

4100/205 s

Source,

(AasKT-s-
(DO)'1)

4

8-103

7.5-101

2.10s

5- 10s

0,75-10'

makes it possible to set an upper limit on the rate of fusion
that is significantly lower than the Jones level.

1.3.1. Observation of neutron bursts. Neutron bursts
were observed in Refs. 3, 13, and 15-17 with both electro-
lytic and gas saturation of Pd, Ti, and some alloys.'' Ther-
mal cycling was employed in the experiments with gas. Thus
in Ref. 16 Ti in the form of shavings, granules, etc. was
placed in a steel cylinder. The cylinder was filled with deu-
terium up to a pressure of =;40 atm and then submerged for
some time in liquid nitrogen. As the liquid nitrogen evapo-
rated the temperature rose from 77 to 300 K. Then liquid
nitrogen was once again poured into the Dewar flask, and
the thermal cycle was repeated. Neutron activity was ob-
served in the cylinders after several thermal cycles, as a rule,
during heating up to the temperature — 30 °C (approxi-
mately one hour after the cycle starts). In general, the ap-
pearance of activity soon after the start of the experiments
(tens of minutes or hours) is characteristic for all experi-
ments in this group. The sharpest results are presented in
Fig. 7, and the basic information about these experiments is
given in Table II.

1.3.2. Uncorrelated emission of neutrons. In Refs. 12,
14, and 18-26 (see Table III) the neutron fluxes averaged

over significant time intervals (typically tens of hours) were
measured. No correlation was observed in narrow time in-
tervals or it was not investigated. We note that uncorrelated
emission was also observed in some publications in the first
group. Thus in Ref. 16, in one series of measurements over a
period of 12 h, the total number of detected neutrons exceed-
ed the background level by 1 la. The results of these mea-
surements are presented in Fig. 8 (the experimental dots
correspond to averaging over time intervals of s; 104 s). Ta-
ble III gives the basic information about experiments from
the second group. We note that it is often difficult to make a
quantitative comparison of the results obtained in different
studies. On the one hand, the experimental conditions can
often differ significantly, while on the other, because the
mechanism of cold fusion is not known, it is not clear how
best to present the results—for 1 g of the metal, 1 cm3 of
volume, or per unit surface area. Also the degree of deuter-
ium saturation of the metal (i.e., the ratio D/Me) is often
unknown. For consistency we shall present the results for 1 g
of the electrode material, though in reality such a scaling
may not be adequate, if the process is significantly of a sur-
face character. At the same time, it is difficult to scale to the
unit surface area of the metal, since material in the form of

TABLE III.

Reference

[3]

[19]

[16]
[12]

[20]
[21]
[22]
[23]
[24]
[25]

[14]
[26]

Metal

Pd,
Ti
Pd

Ti
Ti

Pd
Pd
Pd
Pd
Pd
Pd

Pd-Ag-Au
Pd,

Method of
saturation

Electrolysis

D2, 40 atm
Electrolysis

Ion implantation

Detectors

3He, Plexiglas + ZnS(Ag)

Paraterphenyl Lil(Eu),
LiF (TiO.,)

'He
NE213e~4-10"2,

BFj.e^MS-lO"5

BF,, plastic, stilbene, Nal(Tl)
NE213, Y/n

—
NE213, Y/n

—

Dielectric track detector
SNM-5

Results

Ar f / JV b ~3-5,
A;=10~22 s~ ' (DO)"1

10- 100s -'

Signal stronger than the background by 1 la
875 + 183h~' ( 3 g ) ~ '

50 + 23 s" ' average over 8 h
0,1s"'
102s-'

Signal several times stronger than the background
A ~ 10" " s ~ ' ( DD ) - ' average over 1 8 days

Signal 3 to 4 times stronger than the background;
the active period is 2 h

8 + 4s"1

102s~'
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FIG. 8. Uncorrelated neutron emission."

shavings, granules, spongy tablets, etc. is often used. We also
note that information about some investigations is obtained
from abstracts, the information in which is very incomplete.

As an example, we shall discuss the results of Ref. 26,
where interesting information was obtained about the de-
pendence of the intensity of cold-fusion processes on the ex-
perimental conditions. To saturate the metal with deuterium
the metal sample (thin palladium films, 8 — 0.15-0.6 /nm, or
titanium foil, 8 = 0.3 mm) was irradiated with a monoener-
getie beam of 25-keV D2

+ ions with current density 30-40
fiA-cm""1. The neutrons were detected with SNM-5 slow-
neutron detectors containing boron, a paraffin moderator,
and a cadmium screen (the efficiency en =;2-10 ~ 4 pulses/
neutron). The main results were obtained in experiments in
which, after being saturated with deuterium, the Pd and Ti
samples were heated from 77 to 1300 K at rates of 1.5-3 K/s.
The results of the measurements, in the form of the ratio of
the neutron-detector signal N to the average background Nb

(zz2-10 ~ 2 pulses/s), are shown in Fig. 9 as a function of the
temperature of the sample. For both metals two temperature
ranges in which the signal exceeded the background were
observed: 100-400 and 900-1300 K in the case of Pd and
100-300 and 600-1200 K in the case of Ti. Comparing the
curves ofN/Nb shown in Fig. 9 with the curves of desorp-
tion of the implanted deuterium, presented in Fig. 10, shows
that the two sets of curves are definitely correlated. The au-
thors point out that the counting rate of the neutron detector
was also observed to exceed the background level under the
following circumstances:

—when the Ti samples are repeatedly heated from 77 K
up to temperatures above 1300 K and

—when both Ti and Pd are cooled from the irradiation
temperatures ( x 100 K) to 77 K after irradiation is stopped.

In Fig. 9 the maximum average counting rates of the
detector with respect to the background level are equal to
2...2.3, which, taking into account Nh and the efficiency en,

corresponds to a neutron source with intensity & 102 neu-
trons/s.

It is important to emphasize that neutron emission was
observed only when the samples were heated or cooled, i.e.,
it is associated with a nonequilibrium state of the metal-deu-
terium system.

Another important feature of Ref. 26 is that in it the
yield of all products of DD fusion in the channels (2B) and
(3B) (see Sec. 1.5) was recorded for the first time within the
same experiment and it is shown that the energies of the
charged particles correspond to their expected values (al-
though the yield of charged particles is more than an order of
magnitude lower than the neutron yield).

We note that all papers on neutron detection which we
studied employ, as a rule, electronic methods. Reference 14
is an exception. In Ref. 14 dielectric track detectors (DTDs)
were employed to detect neutrons based on the recoil pro-
tons. Analogous detectors were also employed in Ref. 27 in
order to detect fast a particles (see Sec. 1.5). The DTD
method has a number of interesting features, to which it is
useful to call attention in connection with experiments on
cold fusion. Dielectric track detectors have the following
characteristic features:14 There exists a detection threshold,
spatial correlation of events in the presence of a strong back-
ground due to weakly ionizing particles can be revealed,
there is no delay, information is stored for a long time, there
are no communication lines, the detectors can be placed in
locations that are difficult to reach, the detectors are resis-
tant to radiation, the geometric factor is relatively high, and,
finally, a good record is obtained and even single events are
detected with great reliability.

1.3.3. Experiments with low sensitivity.. Information
about experiments28'35 in which cold fusion was not ob-
served but the sensitivity made it impossible to check the
effect at the Jones level is presented in Table IV.

1.3.4. Experiments with negative results. In a number of
highly accurate experiments,27'36"40 a neutron signal due to
cold fusion was not observed. The errors in the measure-
ments were significantly smaller than in experiments from
the third group, and this made it possible to set an upper
limit on the rate of cold fusion at less than the Jones level.
The characteristics of these experiments are presented in Ta-
ble V. There arises the question of how the negative results
obtained in the investigations in the fourth group should be
interpreted. The explanation of these results could be con-
nected with the sporadic, nonreproducible character of cold
fusion, which is especially obvious in experiments from the
first group. It is important to note the following typical fea-
ture of experiments from the fourth group. In striving to
pack as much deuterium as possible into the volume of the
metal, in these studies, as a rule, prolonged "charging" is
performed and measurements are made only after the charg-

FIG. 9. (N/Nb )nv as a function of the temperature for
Pd (a) andTi (b).26

WOO T, K
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ing is completed. Reference 37, for example, is typical in this
respect. In Ref. 37 the charging was performed, as a rule,
over a period of hundreds of hours (a 24-h charging period
was employed in only one series of experiments). At the
same time, as pointed out in the discussion of the studies
belonging to the first group, the appearance of cold-fusion
signals in fresh samples soon after the onset of saturation is a
characteristic feature of these experiments. Based on the
theoretical considerations presented in Sec. 4, it can be con-
jectured that in the experiments belonging to the first group
the moment at which the cell was in the "active state" was
simply missed.

1.4. Gamma rays

In a number of experiments 2.2, 5.5, and 23.8 MeV j-
rays, which can arise as primary or secondary products of
nuclear fusion in the processes (1.1), ( IB) , and (4B), were
detected in order to search for cold fusion.

As we have already noted above, the first of these reac-
tions occurs when thermalized neutrons are captured, i.e., it
actually indicates that such neutrons were emitted. The effi-
ciency of this method of neutron detection is determined by
the capture cross section, the properties of the materials sur-
rounding the cell, and the efficiency of the y-ray detector,
and it is usually equal to ~ 10 ~4, i.e., lower than the effi-
ciency of typical neutron detectors. The second reaction in
cold-fusion experiments can occur if H2 O or H2 is present as
an impurity in the cell. The rate of this reaction, relative to
the channels (2B) and (3B), depends on the character of the
processes: for cold fusion it is higher and for hot fusion it is
lower than for (2B) and (3B) (see Sec. 3). The last reaction

is suppressed relative to the channels (2B) and (3B) by five
to six orders of magnitude.

As a rule, Nal, BGO, and Ge crystal detectors are em-
ployed to detect y-rays.

We recall that the detection of the 2.2 MeV /-ray line
was presented already in the first paper (Ref. 5) as one proof
of the discovery of cold fusion. Later, however, these results
on 7 (2.2 MeV) were criticized, and Fleischmann and Pons
were ultimately forced to reject them at the Los Angeles
conference. The discussion in this connection28'41"43 is quite
instructive, and therefore we shall briefly recall the basic
arguments of the opponents.

a) The line width, presented by Fleischmann and Pons,
is at least two times smaller than the line width admitted by
the resolution of their apparatus. The MIT group41'43 em-
ployed a Pu/Be neutron source, in which a particles from
949Pu generate neutrons via the reaction (a, n) on Be. The
source was calibrated with an accuracy of 10% and gave
1.5- 106neutrons/s. It was placed in a tank containing water;
the geometry was analogous to that employed in the experi-
ment of Ref. 5. The neutrons from the source were thermal-
ized in the water, and /-rays produced when neutrons are
captured were observed with the help of a Nal spectrometer
similar to that employed in Ref. 5. The measured resolution
at 2.22 MeV was equal to 5%, instead of the 2.5% claimed by
Fleischmann and Pons.

b) The plot of the y-ray line presented in Ref. 5 (see Fig.
1) does not contain the distinct characteristic of a /-ray
spectrum—the so-called Compton edge at 1.99 MeV.

c) The estimate given in Ref. 5 of the neutron yield
based on the intensity of the /-ray signal is approximately 50
times higher than the result obtained by direct neutron

TABLE IV.

Reference

[28]
[29]

[30]
[31]
[32]
[33]

[34]
[35]

Metal Method of saturation Detectors

Pd Electrolysis Li (Eu) I-Dosimeter
Same NE213

6 = 0.025 + 0.008
Plastic
3-NE 213, y/n discrimination, BF3
Li glass
NE 213, 6=2%,
y/n discrimination
NE213, BF3

Pd, Ti Electrolysis, gas phase NE 213

Result

Upper limit not indicated
< l s - '

(average over 5 days)
<1 -2,5s-'-g-'

<5-10-2s-'
<0,01 s- '-g-'

<0,06-0,10s-'-g-'
bursts < 10V20 min

Upper limit not indicated < 0.3 s~ '
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TABLE V.

Reference

[36]

[27]

[37]

[38]

[39]

[40]

Metal

Pd

Ti

Pd, Ti

Pd

Pd,Ti

Pd,Ti

Method of saturation

Electrolysis, D, gas
1-20 atm

Electrolysis, D, gas
50 atm

Electrolysis

Detectors

SNM-14, e = 3-10-'

SNM-14, e=3- 10-'

6NE213,
Y/n discrimination

6=1%

20 'He,
e=15-20%

NE213,
Y/n discrimination

NE320 + 6Li (15%)

Result

<2 ' 10~2 s- ' 'cm~3

<2-10~ 's~ ' -cm- '
<U)-2-3- 10-' s-'-cm-'
A<10-2 6s- ' (DD)-'

<5-10~3 s~ '
A < 2 - 1 0 - 2 5 s ~ ' (DD)- '

< 0.07 s-'-cm-'
A<1.5-10-2 4s- ' (DD)-'

<4-lQ-' s"'

<1.5-10-2s-'

counting, presented by Fleischmann and Pons. This was
shown in Ref. 41 by converting the intensity of the y-ray line
from the calibrated Pu/Be source to the value s4' 104 neu-
trons/s, presented in Ref. 5, and by comparing with the in-
tensity of the y-ray line claimed by Fleischmann and Pons.

Moreover, from analysis of the y-ray background for
typical laboratory conditions it is concluded in Refs. 41 and
43 that the y-ray line in Ref. 5 should indeed correspond to
2.5 MeV and not 2.22 MeV.

Additional considerations indicating a possible source
of errors in the y-ray measurements performed by Fleisch-
mann and Pons are presented in Ref. 28. In Ref. 28 a Nal
detector was employed and peaks at 2.22 MeV and 2.61 MeV
(shown in Fig. 11) were accumulated over a period of 16 h.
It is well known that this energy range contains two peaks
due to decays of the radioactive elements 214Bi (2.204 MeV)
and 208T1 (2.614 MeV). 214Bi is an intermediate product of
the radioactive series U-Ra, containing 222Rn. The latter
element is present in different types of concrete and in air.
The difference between the peaks due to 214Bi (2.204 MeV)
and neutron capture (2.224 MeV) cannot be resolved with
the help of a Nal counter. For this reason, in their further
investigations the authors employed a germanium detector,
which is less efficient but has a much higher energy resolu-
tion. The spectrum obtained during electrolysis of D2 O is
presented in Fig. 12 and shows the presence of a peak due to
214Bi; however, there is no signal at 2.224 MeV. In subse-
quent experiments, the authors detected, as done in Ref. 41,
a peak due to capture of neutrons emitted by a source placed
in a paraffin moderator. The result of the measurements is
shown in Fig. 13. Two peaks are clearly seen: one at 2.204
MeV, due to 214Bi, and one at 2.224 MeV, due to the reaction

p(n, y)D. In addition, the intensity of the background peak
due to 2l4Bi approximately corresponds to that of the y-ray
peak in Ref. 5. Analogous arguments are also given in Ref.
38. The foregoing considerations show that the y-ray line
indicated in Ref. 5 is apparently a result of instrumental er-
ror and is not related with y-rays from cold fusion.

Other y-ray data are presented in Table VI.

1.5. Charged particles

The main information on the experiments19'26'27'38'44'45

on the detection of charged particles is presented in Table
VII. We shall make some remarks regarding Refs. 19, 26,
and 27. As is well known, protons are quite difficult to detect
during electrolysis, because the layer of electrolyte and the
cell walls significantly absorb 3-MeV protons. For this rea-
son, the following technique was employed in Ref. 19 in or-
der to investigate the spectrum of scintillations excited by
protons. A palladium cathode in the form of a thin strip was
removed from the electrolyzer, a fast-neutron detector was
unpacked, and the cathode was wound on the lateral surface
of an n-terphenyl single crystal and coated on top with a
reflecting film. The detector was then placed on a photomul-
tiplier. This problem was solved even more simply in Ref. 26
by the method of ion implantation, in which the space
between the source of charged particles (Pd, Ti) and the
detectors was a vacuum so that absorption could occur only
in the material of the source itself. This made it possible to
detect emission not only of protons, but also of T and 3He.
Measurements of the emission of charged particles were per-
formed, first, as the target was cooled from the irradiation
temperature to T^ll K after irradiation stopped and, sec-
ond, when the target was heated to a high temperature (up to

WO F

2,0 2,4 2,8

FIG. 11. j'-ray spectrum, measured with a Nil detector.28
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FIG. 13. /-ray spectrum measured with a Ge detector behind a parafin
wall irradiated with a neutron source.28

~750-800 K). After irradiation was stopped, three to five
exposures, each with a duration of 103 s, were made. During
the exposures the deuterium-saturated target was exposed in
front of the semiconductor detector and the energy spectrum
of the particles emitted by the target was continuously re-
corded. A quite high value of A was found: 5.5 • 10 ~ 19 and
1.65• 10 ~ " s~ ' (DD) - ' for Pd and Ti, respectively.

The authors note that the intensity of the emission de-
pends strongly on the experimental conditions. In particu-
lar, in the case of exposure directly after irradiation of the
target (no heating) the frequency with which signals appear
is observed to decrease with time, i.e., the effect disappears.
The highest frequency of signals is observed in the period
when the target is heated to a high temperature, as a rule,
accompanying thermal desorption of deuterium. The last re-
mark concerns Ref. 27. The measurements reported in Ref.
27 were performed in order to check the existence of an exot-
ic "Mossbauer" reaction (see Sec. 3)

D + D + Pd-^He + Pd' (23 MeV),

in which momentum is transferred to the Pd lattice and ener-
gy s; 23 MeV is carried off by the a-particle, whose range
should be equal to 90/zm in Pd, ~200/zm in Ti, and 3 50/mi
in the material of the CR-39 track detector, employed in Ref.
27.

1.6. X-ray emission

In contrast to most cold-fusion experiments, in which
the products of the primary radiation from nuclear fusion
(n, p, 7,....) or capture 7-rays were detected, in Refs. 36, 38,
46, and 47 the x-rays produced when charged particles dece-
lerate in a condensed medium were recorded. This method
has the advantage that it is sensitive to all nuclear events, and

for this reason in setting up experiments there is no need to
make any assumptions about which reactions predominate.
In this connection we recall that to explain the discrepancy
in the Fleischmann-Pons experiment between the release of
heat and the neutron flux different exotic neutron-free reac-
tions (the "Mossbauer" type (see Sec. 3),
D + 6Li -> la + 24 MeV, etc. ) were proposed. If such reac-
tions are the predominant channel of energy release in the
crystal lattice, then they are best detected by measuring the
x-ray flux. It should be noted, however, that the sensitivity of
this method is low. Thus in Ref. 46 it is estimated from the
observed values of Nr < 0.1 4 s~ ' that 7Vnuc < 105 nuclear
events per second, which is far from the Jones level.

Information on x-ray-detection experiments is given in
Table VIII.

1 .7. Analysis for tritium and helium

Many authors have pointed out that the results of
Fleischmann and Pons5 on the detection of tritium are un-
convincing, because Fleischmann and Pons give only the fi-
nal content of T in the electrolyte ( s; 1.67 Bq/ml) without
indicating the initial content of tritium or the duration of
electrolysis.

In Ref. 28 several typical samples of heavy water were
analyzed. It was found that they contain T in the following
quantities (in Bq/ml): 9.5 + 0.3, 1.1 ± 0.1, 5.8 + 0.2, and
2. 1 + 0. 1 . If tritium was present in D2 O at the start of elec-
trolysis, then owing to the effect of D/T separation ( which
itself is due to the fact that the activation energy of desorp-
tion of T on a Pd electrode is different from that of D) the
electrode will be enriched with tritium (the enrichment fac-
tor ~ 2-3 ) . The additional formation of tritium owing to
background thermal neutrons in the process

(4,78 MeV )

has been found to be negligible compared with the initial
content of T in D2O. The presence of T is detected using its
jS-decay.

Analysis for the content of helium is performed with the
help of mass spectrometry. Thus in Ref. 33 the mass
spectrometer made it possible to determine 3-104 and
1.5- 109 atoms of 3He and 4He, respectively.

Very interesting positive results with respect to tritium
were obtained in Refs. 17 and 25. In a series of experiments,

TABLE VI.

Reference

[13]

[20]

[21]

[30]
[33]
[36]
[38]

Measured
Energy E

MeV

2,223

2,223

2,223

2,223
5,5
5,5
5,5

23,8

Detector

Nal (Tl) ,e= 1%

Ge, A£=2,2KeV

Nal (TI), NE 213
Y/n discrimination
Ge
BGO, 6 = 0,5%
Ge(Li)
Ge,
Nal(Tl)

Result

Volley ~102s~'
"bursts" 2 -103s-'

<13s-'

Result for y not presented (see Table IV)

<50s-'
<0,02s-'-g-'

<2-10~3 s~ ' -cm~ 3

<0,05s-' (5,5 MeV)
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TABLE VII.

Reference

[44]

[45]

[19]
[27]
[38]
[26]

Metal

Pd

Ti

Pd
>
>

Pd, Ti

Method of saturation

Electrolysis

Implantation
ED = 1,5 KeV
Electrolysis

>.
j>

Implantation

Particle, detector

p, Si

p, surface-barrier

p, paraterphenyl
4He (23 MeV), surface-barrier, track

p, Ge
p, T, 3He, surface-barrier

A<3,MO-2 4s-
A<8-10-2 4s- '

A<4-10-2 7s- '
Signal not found
A(Pd)=5,5-10

Result

174 s~ ' -cm-3

- ' (DD)-'
(DD)"1

5102s-'
(DD)-'

-19S-I

(DD)-1

A(Ti)~l,65-10- | 9s-

performed at BARC (Babha Center for Atomic Research,
India),17 the level of T in the electrolytes after several days
of continuous operation was measured by two independent
groups of experts with the help of the standard technique of
liquid scintillators, but taking special measures to prevent
spurious effects produced by radioactive contaminants and
chemiluminescence. The results obtained by the different
groups are presented in Table IX. The conclusion following
from these experiments is that the predominant product is
tritium, i.e., the cold-fusion reaction can be characterized as
being substantially "neutron-free" and having the yield
n/T~ 10 ~~ 8 . The radiographic investigations performed by
the authors confirm that a significant quantity of tritium is
formed and accumulates in the defects of the crystal lattice
of the hydride. On the whole, as one can see from Table X, in
a number of publications on the search for T and He it is
concluded that cold fusion does indeed exist.

1.8. Calorimetric measurements

As we have already pointed out above, the sensational
interest in the work of Fleischmann and Pons stems primar-
ily from their calorimetric results, which showed significant
excess energy production during electrolysis of D2O. Re-
ports confirming these data soon appeared in many labora-
tories.49'50

Most of these investigations have never been published.
Instead, there appeared numerous publications in which,
based on detailed measurements and careful analysis it is
concluded that there is no positive heat effect at a level many
orders of magnitude lower than that indicated by Fleisch-
mann and Pons.5 Possible sources of error in Ref. 5 have
been indicated and it has been demonstrated that the effects
found by Fleischmann and Pons can be explained by well-

known chemical processes, which have nothing in common
with nuclear fusion.

We emphasize that the phenomena occurring in the cell
comprise a complicated series of different electrochemical
processes and calorimetry requires that many factors be tak-
en into account accurately: polarization effects, shift of the
electrode potential, loss of heat owing to formation and es-
cape of gases, evaporation of D2 O, different types of non-
steady-state phenomena, etc.

Figure 14 (taken from Ref. 51) shows two types of ca-
lorimetric cells that can be employed to measure the produc-
tion of excess heat.

In the cell shown in Fig. 14a, in which the cathode and
anode spaces are separated, the diaphragm does not prevent
the transfer of ions, but it does prevent the movement of gas
bubbles between the anode and the cathode. When the gas
space above the cell is completely separated and the gas
flows are separately directed out of the cell, recombination
in the gas phase is impossible. The transfer of dissolved gases
is not very significant because the solubility of the gases is
low ( < 1 0 ~ 3 moles/liter). To eliminate different non-
steady-state effects electrolyte must be periodically added
and its level must be maintained constant.

In the closed cell (Fig. 14b) the amount and composi-
tion of the electrolyte are constant. The gases formed trans-
form back into water as a result of catalytic recombination.
Under these conditions energy storage in the products of
electrolysis does not occur and the energy supplied is com-
pletely transformed into heat. When additional sources of
energy production are present, the total released power
should exceed the supplied electric power. To eliminate er-
rors associated with the differences in the conditions under
which the measurements are performed the thermal equiva-

TABLE VIII.

Reference

[46]
[47]

136]
[38]

Metal

Pd
Pd

Pd
Pd

Method of
saturation

Electrolysis
»

•

Detector

Si (Li)
Nal (TI), Ge

Ge
Nal (TI), Ge

Result

<10»s-'-cm-3

Small excess above
background
Effecfnot observed
< 102 events-s" ' -cm~3
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TABLE IX.

Metal

Pd— Ag
Pd-Ag

Pd
Ti
Pd
Pd

Volume of
DiO, ml

250
250

1000
135
45
65

Maximum
current A

100
100

65
40

1—2
1—3

Level of T, Bq/ml

Initial

2,6
10,0
2,0
2,0

31,3
18,1

Final

5,6-10*
4,4.10s

7,0-10"
1,8-103

1,7-10*
8.8-103

Formation

Bq

1,4-10'
1,1-10*
7,0-10*
2,4-10B

7,5-lG5

5,7-106

atoms

8-1015

6-1014

4-1015

1,3-1014

4-1014

3-1014

lent of the supplied electric power can be determined in a
completely identical experiment but using ordinary water, in
which case excess heat should not be produced. It should be
kept in mind, however, that the substitution D2O«=tH2O
gives a correct check only if the differences in the properties
of the electrolytes based on D2O and H2O are taken into
account (the difference in the heat capacities, the thermal
conductivities, the masses of the gases released, and the elec-
trical conductivity and the resistance of Pd with respect to
H2O and D2O). This makes the interpretation of difference
measurements in the systems Pd/H and Pd/D very difficult
and delicate.

The calorimetric cell employed by Fleischmann and
Pons is of a type that falls between the types shown in Figs.
14a and b. Because of this there arise difficulties and ambigu-
ities in the interpretation of their measurements. The first
detailed analysis of these results was performed by Kreysa,
Marx, and Plieth.28 Kreysa etal. repeated the measurements
many times and they did not observe excess heat within the
limits of accuracy of the measurements ( + 5%) in any of
their attempts. In all cases a palladium cathode was com-
pletely submerged in the electrolyte. When the electrode sat-
urated with deuterium or hydrogen was removed from the
electrolyte it was found that its surface heated up. This is a
consequence of the release of D (H) from the electrode and
oxidation of D(H) in the presence of a catalyst. In their
energy calculations Fleischmann and Pons neglected the
contribution of this reaction to catalytic recombination
(CR)

2D2 + O2->- 2D2O, HCR = — 147,3 kJ/moleof D2.

In Ref. 28 the recombination heat was measured. For a
0.1X 1X 2 cm3 Pd electrode the heat flux was equal to 35.9
W, and the flux density of catalytic recombination was equal
to 179.6 W-cm ~ 3 . This is significantly higher than the "ex-

cess" flux density s;10 W-cm 3 presented in Ref. 5. The
authors call attention to the fact that catalytic recombina-
tion of the hydrogen stored in Pd does not always occur and
its appearance and rate depend on the catalytic activity of
the surface of Pd.

In addition to catalytic recombination, heat can also be
released owing to the absorption of H(D) itself by the palla-
dium:

Pd-»Pd.. . D2I H' = — 18,4 kJ/moleof D2

If the equilibrium content of H (D) is achieved in the elec-
trodes, then this effect can be neglected, since the release of
heat owing to absorption of D2 is compensated by the heat
absorbed on desorption. Under non-steady-state conditions,
however, this effect must be taken into account.

Fleischmann and Pons employed a combined cell, con-
taining a mixture of hydrogen and oxygen in the gas phase
above the electrolyte. It can be conjectured28 that part of the
surface of the palladium electrode rose above the level of the
electrolyte and thus came into contact with oxygen through-
out the entire experiment or during a time when the electro-
lyte level decreased owing to the electrolytic decomposition
of water. Catalytic recombination could have appeared on
the exposed parts of the electrode. Because catalytic recom-
bination depends strongly on the catalytic activity of the Pd
surface different non-steady-state phenomena can occur.
Such phenomena can be observed as "bursts of heat." The
tendency of the "excess" heat release to increase as the cur-
rent density y increases, as found in Ref. 5, can also be easily
explained, since the release of heat accompanying catalytic
recombination QCK ~j. Finally, catalytic recombination can
explain the "volume" character of the heat effects indicated
in Ref. 5, since the amount of H(D) entering into the cata-
lytic recombination reaction will increase as V /S increases.

Other possible sources of errors in calorimetric mea-

TABLE X.

Reference

[28]
[48]
[33]

[17]
[18]
[19]
[25]
[35]
[38]

What is recorded, method

T, liquid scintillator
T, 'He, mass spectrometer
T, 3He, 4He, liquid scintillator,

mass spectrometer
T, liquid scintillator, radiography
T, 'He, mass spectrometer
T, 3He, mass spectrometer

T
"He, 4He

T, 3He, "He, liquid scintillator,
mass spectrometer

Result

Effect not found
T, 'He found
<3-10» »Hes ' - g .'
<4-10B 4He s ~ ' - g ~ '
AfT>101«/10»s
JVT>10«s-'
10as-'
10'*s-'-cm-3

Effect not found
(5 + 7) • 10-' T s ~ ' -cm" '.above-background
'He, 4He signal not found
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FIG. 14. Two types of calorimetric cells.

surements have also been identified.38'52

a) A sharp or gradual change in the rate of heat loss
from the cell can arise as a result of a change in the rate of gas
formation. Such effects often result in an increase of the tem-
perature of the cell; this can be interpreted as excess enthal-
py-

b) When the electrolyte is not well mixed, temperature
gradients can appear, and if these temperature gradients are
neglected, errors can arise in the calculations of the heat
balance.

c) The total electrical energy supplied to the cell can
vary in the course of an experiment as a result of changes in
the temperature and concentration, random screening of the
electrodes by gas bubbles, etc. It is difficult to estimate this
energy accurately in the course of a long experiment.

d) In order to determine the amount of electrical energy
that is dissipated into heat it is necessary to know the "in-
stantaneous" value of the resistance of the electrolyte, and it
is by no means trivial to determine this value.

Different types of calorimeters are employed in calori-
metric experiments on cold fusion. These calorimeters are
predominantly used to perform measurements in the equi-
librium state. The sensitivity of the best calorimeters is
+ 100 ,uW.33 On the whole, the typical accuracy of calori-

metric measurements, as a rule, falls in the range 5-7%.
Figure 15 shows, as an example, a diagram of the calori-

metric apparatus employed at the Paul Scherrer Institute
(Switzerland)33 to perform equilibrium measurements of
the heat generated in a cell. Heat is removed with the help of
gas flowing through the cooling jacket on each cell. The heat
generated is measured based on the difference arising in the

temperatures of the gas as the gas flows through the jacket.
This design makes effective mixing unnecessary. The only
deviation from equilibrium in the experiment was connected
with the gradual reduction of the volume of the electrolyte.
This reduction was compensated by periodically adding
D2O into the main cell and H2O into the control cell.

Of all the published calorimetric experiments with
which I am familiar (Refs. 23, 25, 28, 33, 35, 38, 49, 51, 53,
54) an indication of excess heat at a level of 5-15% was
obtained only in Refs. 23, 25, 35, and 49. Based on the re-
marks made above there are no grounds for regarding the
results as confirming the heat effect.5

1.9. Experiments on the mechanical fracture of deuterium-
containing materials

In this section we shall examine Refs. 9 and 55-57, in
which the possibility of the appearance of nuclear fusion re-
actions accompanying mechanical fracture of materials con-
taining deuterium was studied. The first investigation, Ref.
9, was carried out three years before Fleischmann and Pons
performed their work and at the time it did not attract any
appreciable attention. In the light of the ideas on the accel-
eration mechanism of cold fusion7'8 (if they are ultimately
confirmed experimentally) this work can now apparently be
regarded as the first experimental work on cold (more accu-
rately, microscopically hot) nuclear fusion.

The purpose of the work was to check the assumption
that nuclear reactions can be initiated by shock-induced
fracture of LiD single crystals. This material was chosen
because the structure of lithium deuteride is similar to that of
alkali-halide crystals, which become strongly electrified
when they fracture.

A diagram of the experimental apparatus is shown in
Fig. 16. The LiD crystals were fractured with a metal pile
drive with a mass of 50 g (1), which was accelerated in the
barrel of a gas gun (2) to a velocity of about 200 m/s. The
target consisted of a 7 mm thick lead plate (3), on one side of
which a conical pit, 5 mm deep, was made. A LiD single
crystal (4) in the form of a cube with 3 to 4 mm long edges
was placed into this pit. The crystal was covered with a thin
brass cover (5).The target was secured to the vertical wall of
the chamber (10).

Neutrons were detected with the help of a block of seven
NWI-62 proportional counters (6), submerged in a tank con-
taining oil (7); the walls of the tank were covered with a sheet

Cooling
air

FIG. 15. Calorimetric apparatus of Ref. 33.
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FIG. 16. Diagram of experimental apparatus.9

of cadmium (8); and, the tank itself was suspended with the
help of a spring suspension (9). The detector efficiency was
estimated with the help of a Po/Be neutron source with an
intensity of 200 neutrons/s; the neutron source was posi-
tioned at the location of the target. The natural neutron
background was recorded in regular time intervals. For con-
trol, the background with shots on the targets not containing
LiD crystals (the so-called pulsed background) was also
measured.

The measurements are summarized in Fig. 17. They
show that the neutron count in the case when the target con-
tained LiD is higher than the pulsed background count and
is of the order of 10 neutrons per act of fracture of the LiD
single crystal.

Experiments on "rheological explosion" of rocks to
which D2 O was added were performed at approximately the
same time by M. A. Yaroslavskii at the Institute of Terrestri-
al Physics of the Academy of Sciences of the USSR. These
experiments gave a similar result: observation of intense
neutron emission accompanying fracture of deuterium-con-
taining samples. The results of these investigations were
published only in 1989.55

Due to reports of the observation of cold fusion in the

W 15202530

FIG. 17. Histogram of the distribution of pulses over the channels of the
analyzer: neutron source (a), with fracture of lithium deuteride targets
(b), with shots on targets not containing LiD crystals, "pulsed" back-
ground (c), and the result of subtracting the "pulsed" and cosmic-ray
backgrounds from the amplitude spectrum measured with fracture of LiD
targets (d) .

case when Pd and Ti are saturated with deuterium, Derya-
gin's group returned to their investigations and in 1989 they
reported the detection of a neutron flux56 and anomalous 13
activity57 accompanying mechanical action on titanium in
the presence of deuterium-containing substances. In both
experiments titanium shavings, D2 O, and deuterated poly-
propylene PP (D6) were studied, while in Ref. 6 lithium
deuteride (LiD) was also studied. These materials were
ground down and mixed in a laboratory eccentric vibrating
mill. As a control, all components were also ground down
separately; this showed that when only the titanium shav-
ings themselves as well as the deuterium-containing compo-
nents were dispersed separately, no excess above the natural
background (ssO.05 counts/s) is observed. (Note that this
result, as applied to LiD, does not agree with preceding mea-
surements performed by the same group,9 who observed
neutron emission accompanying fracture of LiD.) At the
same time, when the titanium shavings are dispersed togeth-
er with 10% heavy water or 4-5% deuterated polypropylene
(D6) as well as when both components are dispersed togeth-
er the intensity of the neutron count, taking into account the
efficiency of the detector, is five to six times higher than the
intensity of the cosmic-ray background. The largest effect is
observed in the system Ti + 10% D2O + 4% PP (D6) ,
when the working drum is frozen in liquid nitrogen 3 to 6
min after the mechanical action stops, and is equal to
0.40 + 0.14 counts/s. After three or four 3-min cycles of
vibrational dispersing the neutron count drops to the natural
neutron background, and it is not restored by subsequent
mechanical action.

As the authors point out, saturation of Ti with deuter-
ium in this experiment can occur owing to mechanochemical
decomposition of deuterium-containing components and
diffusion of deuterium into the Ti lattice in the presence of
significant contact pressures. The increase in the neutron
count on freezing could be connected with the fact that the
equilibrium phase pressure of H(D) drops as the tempera-
ture decreases; this results in an increase of the absorption of
deuterium. The observed reduction of "neutron generation"
is apparently caused by both strong fragmentation of Ti and
poisoning of its surface, which prevents diffusion of deuter-
ium into the Ti lattice.

When the formation of tritium was investigated, vibra-
tional dispersing of copper with the same deuterium-con-
taining substances, taken in the same proportion to the
weight of the metal, was performed together with a control
procedure under analogous conditions. It was found that in
the system Ti + 10% D2 O + 4% PP (D6 ) an excess of 40 to
50% above the natural background and the backgrounds of
the control samples Cu + 10% D2OandCu + 4% PP (D6)
is observed.

In concluding this section I would like to point out that
in contrast to most work on cold fusion the experiments on
"mechanical fracture" were actually performed only by one
group and require further and more extensive checking.

1.10. Summary of experimental investigations

The following conclusions can be drawn based on the
experimental data studied in this section.

1. The results of calorimetric measurements [excess
heat release at a level of ~ 1 W-cm~ 3 (Ref. 5) ] performed
by Fleischmann and Pons have not been confirmed. No heat

895 Sov. Phys. Usp. 33 (11), November 1990 V. A. Tsarev 895



effect was observed at the level of accuracy of the order of
1%. From the standpoint of possible nuclear reactions, this
imposes quite weak limits on their rate (S1010-10"
s ~ ' -cm ~ 3 ) . For practical applications, however, this result
is critical, because it leaves no hope for the application of
cold fusion for commercial power production.

2. Negative results were also obtained on the detection
of 23.8 MeV and 5.5 MeV j'-rays as well as x-rays. What do
these results mean? As will be shown in Sec. 3 of this review,
the rate of the reaction (4B), leading to 7 (23.8 MeV), is five
orders of magnitude lower than that of the reactions (2B)
and (3B). The rate of the reaction (IB), which gives y (5.5
MeV), depends on the conditions of fusion. For cold fusion
(the characteristic energies of the fusing nuclei ~ 1 eV) it
must be ~ 2 orders of magnitude higher than for the reac-
tions (2B) and (3B), while for hot fusion (energies of 1-10
keV) it must be four to five orders of magnitude lower. As
regards the x-rays, as pointed out above, the detection of x-
rays is not as sensitive as direct detection of neutrons. Thus
the absence of the indicated signals does not contradict the
existence of cold fusion, but the result for y (5.5 MeV) sup-
ports the hot-fusion model.2'

3. The results obtained for all other detection channels
(see Fig. 5) confirm the existence of cold fusion. The average
intensity of the process, in most cases, was close to the Jones
level, though in some cases it can be several orders of magni-
tude higher during short time intervals.

4. An interesting feature, possibly the key feature for
understanding the nature of cold fusion, are the "neutron
bursts"—emission of a large number of neutrons (tens and
hundreds) within short time intervals (fractions of a sec-
ond); these bursts are observed together with temporally
uncorrelated neutron emission.

5. A characteristic feature of successful cold-fusion ex-
periments is that the process is sporadic: the samples become
"active" soon after the onset of saturation or thermal cycling
(tens of minutes to several hours) and the activity decreases
with time. This fact could cast light on the reason for the lack
of success in some experiments in which the activity was
measured tens and hundreds of hours after onset of satura-
tion.

6. Another important observation is that the intensity
of the cold fusion process depends on the conditions of the
experiment (the rate of sorption and desorption, the range
and rate of change of the temperatures, the state of the sur-
face, etc.). There is no doubt that nonequilibrium conditions
in the metal-deuterium system are critical for the appear-
ance of cold fusion.

7. A remarkable characteristic of the experiments per-
formed at BARC17 (and the University of Texas25) is the
finding that cold fusion is predominantly of a neutron-free
character and results in the formation of tritium in the ratio
T/n~108.

The results following from the experimental observa-
tions examined above in order to understand the mechanism
of cold fusion will be discussed in detail below.

In spite of the enormous number of investigations
which, on the whole, confirm the existence of cold fusion,
the experimental investigations of this phenomenon are still
at a stage when the experimenters cannot reliably reproduce
their results and create conditions guaranteeing the observa-
tion of cold-fusion signals. A number of observations need to

be checked in detail. Thus the conclusion that tritium is pre-
dominantly generated in cold-fusion reactions deserves very
careful study. Obviously, this is now the most urgent prob-
lem. It is also very important to obtain confirmation of the,
as yet, few results on the detection of the charged products of
cold fusion. Unfortunately, there are still no data on correla-
tion experiments,3' proposed in Refs. 7 and 8, on simulta-
neous detection of the products of cold fusion and the asso-
ciated signals (radio and acoustic emission). The effect of
different external factors on the course of cold fusion has
also not been studied much.7'8 In some experiments thermal
cycling, which is apparently important for obtaining positive
results, is employed. There are also indications that cold fu-
sion is activated by "electric shock" (strong pulsating cur-
rent). In general, extensive experimental investigations
must still be performed before cold fusion has been ade-
quately studied and understood.

2. HYDRIDES OF TRANSITION METALS

For the purposes of the subsequent discussion, we shall
study in this section (following Ref. 8) some questions con-
cerning the structure, formation, and decomposition of met-
al hydrides. We shall focus our attention on transition met-
als, which can dissolve large amounts of hydrogen and its
isotopes. We shall study primarily palladium and titanium,
in which, according to the publications examined in Sec. 1,
cold-fusion reactions are observed. A more complete exposi-
tion is given in numerous monographs, reviews, and original
papers devoted to metal-hydrogen systems (see, for exam-
ple, Refs. 58-62).

2.1. The structure and bonds in metal-hydrogen systems

Hydrogen forms different types of bonds with metals.
Hydrides of the most active alkali and alkaline-earth metals
have the structure of halides and are characterized by an
ionic bond. In the case of rare-earth metals hydrogen forms
compounds with covalent and metallic bonds, while in the
case of transition metals hydrogen forms predominately
bonds of the metallic type. These latter compounds are often
regarded as interstitial solutions, in which hydrogen atoms,
which are relatively small, occupy voids between the metal
atoms in the lattice. In the process, the properties of both the
metal and hydrogen change significantly, i.e., chemical in-
teraction occurs.

The filling of interstitial positions in the metal lattice by
hydrogen atoms results in deformation of the lattice and the
formation of a displacement field. Hydrogen in a metal can
be in different phase states: gas, liquid, and solid. The first
two states differ only by the hydrogen density and the lattice
constant of the metallic matrix. The solid phase is character-
ized by ordering of the hydrogen interstitials over equivalent
interstices.

In cubic lattices hydrogen can occupy two types of in-
terstices—octahedral, in which the hydrogen atom is sur-
rounded by six metal atoms, and tetrahedral, in which a hy-
drogen atom is surrounded by four metal atoms. In addition,
for every metal atom there are one octahedral and two tetra-
hedral voids, whose size for an undistorted fee lattice is relat-
ed with the atomic radius of the metal by the expression

(2.1)
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The ionic radius of hydrogen depends on the type of bond in
which hydrogen participates: R ̂  zz 0.30-0. 3 5 A for a cova-
lent bond, R [j'sr 1.3-1.5 A for an ionic bond, and
R Hm) srO.41 A for a metallic bond. The radius of electroneg-
ative hydrogen decreases continuously as the electronegati-
vity of the cation increases, and for transition hydrides it is
equal to ^ 1.23 A for Pd, ~ 1.25 A for Ti, and zz 1.33 A for
La. On the average, for transition metals R ̂  =; 1.29 + 0.5
A.58 The effective charge on the hydrogen atom can assume
different values ranging from + 1 to — 1, depending on the
position of the partner element in the periodic system. Ac-
cordingly, the electronic properties of the metal-hydrogen
systems are often described with the help of two alternative
models: anionic, in which hydrogen attracts to itself an elec-
tron from the metal and is transformed into a negative ion
H ~ , and protonic, in which hydrogen gives up its electron to
the conduction band and transforms into a positively
charged proton. In real systems an intermediate situation
can be realized [thus, in palladium hydrogen apparently
has, on the average, a charge of + 0.45e (Ref. 63)]. This
means that in transition metals hydrogen is not found in the
form of a bare proton, but rather each hydrogen atom has
from 0. 1 to 0.6 electrons per atom. The remaining electrons,
not bound in hydrogen, participate in a residual metallic
bond, which determines the electric conductivity of these
compounds.

We shall now study titanium and palladium in greater
detail. The hydrides of these metals are among the best stud-
ied hydrides. The capability of palladium to absorb large
quantities of hydrogen has now been known for more than
1 50 years. The systematic study of the diffusion of gases in
metals started with Graham's investigations of Pd in 1866.64

As regards the hydrides of Ti, their detailed study has led to
wide applications of this metal in technology and has opened
up the possibility of storing hydrogen in the hydride phase.

Palladium hydride has the structure of an isotropically
expanded fee lattice of the metal. Below 300 °C the uniform
solid solution decomposes into the a phase with a low con-
tent of hydrogen (c«ax = 0.008) and /? phase with a high
concentration of H (c™n = 0.607) and a larger lattice con-
stant. At room temperature the values of the lattice constant
for pure Pd and coexisting a and /? phases are apd = 3.890
A, a(crx) =3.894 A, a ( c f n ) =4.025 A. The transition
a— /? is accompanied by an increase in the volume of the
hydride A V= 1.57cmVg-atom-H.62 As the hydrogen con-
centration increases above c™ the homogeneous phase ex-
pands smoothly. Since the atomic radius of Pd is equal to
RPd = 1.34 A, we find from Eq. (2.1) for the sizes of the
octahedral and tetrahedral voids

One can see that for R^ =0.41 A hydrogen can be easily
distributed in the octahedral voids of the Pd matrix and does
not "climb into" the tetrahedral voids. The formation of the
a- and/?-hydride phases occurs precisely owing to the filling
of octahedral positions whose complete filling corresponds
to the limit c— 1.

Thus far we have neglected the differences between hy-
drogen and its isotopes — deuterium and tritium. It should be
noted that palladium hydrides containing D and T exhibit
the inverse isotopic effect, i.e., the equilibrium pressure of D

and T in them is higher than that of H at the same tempera-
ture and with the same composition. Thus it is more advan-
tageous for deuterium, than hydrogen, to be in a gas while it
is more advantageous for hydrogen to be in a metal.62 How-
ever, for the further discussion these differences are not sig-
nificant and, unless otherwise stated, we shall not distin-
guish below between H, D, and T in metals.

The compound TiH2 is the most interesting, from the
standpoint of cold fusion, hydride phase of titanium with the
highest concentration. The 7 phase, which exists at tempera-
tures T< 310 K, has an fct lattice with a = 4.528 A and
c = 4.279 A while the 7 ' phase (T> 310 K) has an fee lat-
tice with a = 4.454 A in the case of TiH, 99 and a = 4.440 A
in the case TiD, 99,58 We note that the atomic radius of titan-
ium RTi = 1.46 A, so that the sizes of the voids in the fee
lattice are R0 -0.64 A, Rr -0.32 A <R <f> = 0.41 A. Nev-
ertheless, structural investigations show that in both or-
dered 7 and 7' phases of titanium hydride hydrogen fills
tetrahedral voids. Thus the possibility of hydrogen absorp-
tion in titanium (and its analogs) is limited to two hydrogen
atoms per metal atom, in spite of the fact that, generally
speaking, three interstitial positions are accessible. (We note
that an analogous situation also occurs for group-V metals:
V, Nb, and Ta.) We shall return to this question below.

2.2. Transfer of hydrogen in a metal and formation of a
hydride layer

In the investigation of metal-hydrogen systems satura-
tion with hydrogen (or its isotopes) is conducted by differ-
ent methods: from a gaseous medium under pressure, elec-
trolysis, ion implantation, and gas or spark discharge. In
many experiments on cold fusion the first two methods have
been most popular; these methods are quite simple and make
it possible to achieve high deuterium concentrations. We
shall briefly discuss the basic characteristics of diffusion of
hydrogen in metals. It is well known that the penetration of
hydrogen into a metal is preceded by adsorption of hydrogen
molecules on the surface of the metal and a transition into
the chemisorbed state, close to an atomic state but with some
nonzero effective charge on the hydrogen atoms. Diffusion
of hydrogen atoms into the crystal lattice starts after the
hydrogen has interacted with the surface layer of the metal
and the metal dissociates. Hydrogen is highly mobile in the
metal, and its diffusion coefficient in transition metals is
close to that in liquids. In describing diffusion it can be as-
sumed that the matrix atoms are stationary and form a crys-
talline basis in which the hydrogen "lattice gas" spreads.
Diffusion can be regarded as a process in which hydrogen
atoms hop from one interstitial position to another, over-
coming in the process the energy barrier produced by the
compression of the interstitial atom by the surrounding met-
al atoms. Neglecting quantum effects, it can be assumed that
the diffusion is caused by the thermal vibrations of the inter-
stitial atom and the height of the barrier e depends on the
elastic energy of the matrix and the size of the interstitial
atom. The diffusion coefficient satisfies Arrhenius' law

D = D0e-e'KT. (2.2)

For the a-hydride of Pd D0~6-10 ~ 3 cm2-s~' and e~25
kJ-mole ', for the a phase of the hydride of Ti D0 ~ 10 ~ 2

cm2-sec"1 and £^52 kJ-mole"1, while for the phase
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TiH2 _ x the value of D0 is approximately an order of magni-
tude lower.65

In the presence of a concentration gradient and external
forces F, acting on the interstitial atoms, the total hydrogen
flux through the sample can be represented in the form

i=Uf+jdrin =—nD gradC+nCMF; (2.3)

here n is the number of atoms of the lattice per unit volume
and M is the mobility of the interstitial atoms. The electric
current, produced by an electric field E = grad <I>, results in
the appearance of a force F, whose value can be expressed in
terms of the phenomenological effective charge Z * of the
interstitial atom: F = — eZ *E. The fact that two force com-
ponents act on the interstitial atom is taken into account in
this relation. One component is determined directly by the
force field and includes static screening and polarization ef-
fects. The second component (the "electron wind") appears
as a result of the interaction of the interstitial atom with the
conduction electrons drifting in the external field.

Similarly, when a temperature gradient is present there
arises a force F — — (Q* grad T)T ~\ where Q * is the heat
of transfer. The time dependence of the local concentration
C(r, t) is described by the equation

— =DAC —MF gradC, (2.4)

where it is assumed that D, M, and F do not depend on r. The
main features of hydrogen transfer in cold-fusion experi-
ments can be easily understood by studying a very simple
and quite typical example of diffusion with F = 0 in a flat
plate ( l y , /z >/x). In this case the diffusion flux depends only
on x and is determined by the concentration gradient. As-
suming that the hydrogen concentration at x = 0 and t >0 is
constant and equal to C0 and that the diffusion coefficient D
does not depend on C, we obtain the well-known solution of
the problem with a constant source:

C(x, t) =

The time over which diffusion stops is equal to

(2.5)

(2.6)

where L is the characteristic distance over which C varies.
Note that when the drift term MF-grad C predominates the
time required to complete the transfer process is determined
by the relation

*-*»*xb- (2-7)

The process is diffusive, if

LF<kT.

In our case the situation is complicated by the fact that
when the metal is saturated with hydrogen (deuterium) dif-
ferent hydride phases, whose diffusion coefficients Z>hi are,
generally speaking, different from the diffusion coefficient
Dm of the metal, form. The dynamics of these processes is
studied in Ref. 67. The solution can be easily found, if it is
assumed that hydride forms around a point x immediately
after a certain hydrogen concentration C = Ch is reached.
We shall assume that the concentration C0 is constant in the

entry surface layer and that the diffusion coefficients Dm and
Dh are independent of C.

FromEq. (2.5) we find the time dependence of the pen-
etration depth of the hydride:

(2.8)

and the concentration at the exit surface of the metallic plate

4An)-'], (2.9)

where / is the thickness of the plate.
If several hydride phases with different values of the

diffusion coefficients can coexist, the solutions of the type
(2.8) and (2.9) must be joined at the boundaries of the
phases. Expansion of the lattice in the transverse plane (y, z)
and especially along the x axis can change the character of
the diffusion somewhat. For us, however, in what follows it
is more important that an increase in the dimensions of the
lattice in the hydride layer results in the appearance of
stresses, which for some critical thickness of the hydride lay-
er lead to cracking of the material. Because the cracks
formed are filled with hydrogen, the hydrogen flow along
the x axis drops sharply, after which it is gradually restored
as the cracks are filled. After a new layer of hydride grows up
to the critical thickness, a new cycle of cracking occurs. Such
"wavelike" phenomena have been observed experimentally,
for example, in the case of diffusion of hydrogen in titanium
in a gas-discharge plasma.67

2.3. Fracture accompanying absorption of hydrogen

We shall now study some questions connected with the
fracture of metals accompanying absorption of hydrogen. In
any method of hydrogen absorption the energy of the hydro-
gen atoms is of the order of several electron volts, which is
sufficient to overcome the surface potential barrier. Further
penetration of hydrogen into the material under the action of
diffusion and external fields is accompanied by deformation
of the lattice and, in some cases, fracture of the material. We
stress that the possibility of fracture in the absence of an
external mechanical load is not obvious; it is determined by
the chemical interaction of hydrogen with the material, the
properties of the crystalline phases arising, the rate of diffu-
sion, the kinetics of the formation of microcracks, etc. In this
respect our problem is substantially different from the prob-
lem of fracture of materials under irradiation, when energet-
ic external particles directly create defects in the lattice as a
result of the development of a cascade, the formation of
strongly ionizing recoil nuclei, "heat peaks," etc.68'69

As a result of diffusion and the formation of hydride
phases the distribution of hydrogen atoms as well as stresses
and strains that are established in the material are highly
nonuniform. Since the lattice constants of the hydride phase
are different, stresses arise not only within the phases but
also at the boundaries between them. Further, after the onset
of fracture hydrogen is intensively packed into the cracks,
and this generates an additional rupturing stress. In poly-
crystalline samples, in addition, the intense diffusion of hy-
drogen along grain boundaries and in dislocations and other
defects is very significant. On the whole, there arises a very
complicated dynamic picture of the interacting processes of
diffusion and formation of hydrides and cracks. This picture
is also complicated by the fact that hydrogen changes the
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properties of the materials (this is especially important in
the region of the tip of a crack). For sufficiently plastic mate-
rials, hydrogen increases the hardness and embrittlement.70

The general conditions for hydrogen-induced fracture
of a brittle material are formulated in Ref. 71.

First, hydrogen absorption should occur up to concen-
trations sufficient to produce significant "swelling" of the
entire lattice. These concentrations are usually close to those
at which a hydride forms.

Second, the local stresses generated by hydrogen ab-
sorption must be close to the fracture stresses.

Third, the material must be saturated with hydrogen
under conditions when the relaxation of the local stresses
can be neglected (i.e., at sufficiently low temperatures).

The characteristic relative strains accompanying satu-
ration with hydrogen e = (a2 — a, )/a2, where a, and <z2

are lattice parameters in different phases. Then, according to
the kinetic theory of fracture, the fracture time (longevity)
of the material is given by

rfrac = TO exp [Ca (e" — xe) (ak (2.10)

where Ca is the atomic heat capacity, a is the linear expan-
sion coefficient, T is the temperature, e* is the maximum
fracture strain, and x is the local-overload factor, which
takes into account the fact that the local stresses in the mate-
rial can be significantly higher than the average stresses.
Here it is conjectured that from the standpoint of fracture
(its starting stage—at the level when microcracks form) the
internal expansion stresses play the same role as external
stresses. Unfortunately the longevity estimated from the for-
mula (2.10) is very uncertain, since the parameter r0 is ex-
tremely small and the exponential is large. For example, for
parameters characteristic for intermetallides of the type
FeTi (r0 = 10-13 s, C = 3fc, a = 10 5 K'1, e* = 0.2,
£ = 0.083, T= 300 K) we obtain71

10-13C-exp|"200('l — !~ (2.11)

The uncertainty in the parameter x (\<,K<,2A) results in a
very large uncertainty inr (T~ 1038-1013 s). It is thus neces-
sary to appeal to experiment, making the assumption that
the fracture time is determined by diffusion of hydrogen and
the formation of hydride, which fractures virtually immedi-
ately. Then, according to Eq. (2.6) with L = 10 2 cm and
D = 10 8 cm 2 -s~ ' (at room temperature) we obtain the
characteristic fracture time r~ 104 s. As regards the cracks
that are formed, their size, according to diverse experimen-
tal data, is approximately 104-105 A. This is indicated, in
particular, by the fact that under prolonged hydrogen ab-
sorption (~1 h) some materials (of the intermetallides
type) decompose into a powder with these characteristic
particle sizes.

There are many theoretical and experimental studies on
the fracture of materials accompanying hydrogen absorp-
tion. Most of them are concerned with the technical prob-
lems of storing hydrogen in metals or fatigue fracture of ma-
terials under a load in a hydrogen atmosphere. However a
complete quantitative theory of this process still does not
exist. For purposes of further discussion it is sufficient to
make the following assumptions, which are in agreement
with the experimental data:

1) The characteristic fracture depths L and fracture
times T of a material are related by the diffusion relation
L 2~Dr. This means that the lifetime of the hydride phase is
neglected compared with the diffusion time.

2) As a result of fracture cracks with the characteristic
sizes /~ 104-105 A and d~ 103-104 A in the longitudinal and
transverse directions, respectively, form.

3) We shall assume that the number of cracks nc per
unit volume is sufficient to give the observed swelling of the
material accompanying hydrogen absorption A V/ V~ 0.1. If
the average volume of a crack is y0, then nc ~ A V/ Vv0. A
microcrack is usually assumed to be close to a flat disk, and
then u0~/V~0.1/3~10-13-10-'° cm~3, «c~1012-109

cm-3.
We stress the fact that the cracks under study should

not be given too literal a meaning. In reality the fracturing of
a material is a much more complicated process, and the
quantities /, d, v0, and nc describe only its average character-
istics. For example, the total area of the surfaces formed on
cracking (per unit volume) is of the order of ~/2«c, while
the width of cracks having a complicated shape is ~d.

3. THEORETICAL ASPECTS OF COLD FUSION

The most important question in the theoretical inter-
pretation of experiments on cold fusion is: What is the mech-
anism by which under the conditions of "low-temperature
experiments" the Coulomb repulsion is overcome with ade-
quate efficiency so that nuclei can approach one another to
distances /Jnuc ~ 10 13-1Q- 12 cm at which nuclear forces
giving rise to fusion operate? Based on the foregoing discus-
sion of cold-fusion experiments, "adequate efficiency"
means that the rate of fusion reactions at the Jones level is
achieved, i.e., A~ 10 ~ 24-10 ~2 3 fusions per second per DD
pair; this corresponds to a neutron yield in the channel
(2B) ~ 10 - 2-10 ~ ' neutrons per second per gram of cath-
ode matter.

3.1. Coulomb barrier. Fusion in nuclear collisions

Curve 1 in Fig. 18 depicts schematically the internu-
clear Coulomb repulsion potential

jj _ ZiZ2e
2 C 3 11

Con! — \^' l /

between two nuclei, having charges Z, e and Z2e of the same
sign and separated by a distance R. If the energy of the rela-
tive motion of the nuclei is equal to E and Z, = Z2 = l,then
the minimum "classical" separation R0 of the nuclei is equal

FIG. 18. Schematic diagram of the Coulomb repulsion potential of two
deuterium nuclei without screening (1), with electronic screening (2),
and with muonic screening (3).
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TABLE XI.

Reaction

D+D-»»He + n, T+p
p+D-*3He + v
D+T^ 4 He+n

So, MeV-b

0,11
2,5-lCT7

11,5

A.cm3-T-'

1,5-lU-'8
5,2-nr22

1,3-itr14

A ,s ' • molec

3-10-«io-»
10-68

A/A(DD)

1
10-6 (102)
10" (10~2)

to
HA

'£(eV) '
(3.2)

At energies of the order of 1 eV, corresponding to chemical
reactions, R0 is equal to several angstroms. Nuclear forces,
which lead to fusion, operate at significantly shorter dis-
tances Rnuc -5-10 fm = (5-10)-10~ 13 cm. Quantum me-
chanics makes it possible for nuclei to approach one another
to such distances by means of tunneling. The fusion cross
section a is determined by the product of the nuclear cross
section crnuc and the tunneling probability P:

o=<TmitP. (3.3)

For low energies ( S 102 keV) <rnuc,can be parameterized in
the form

(3.4)

whereS(E) is a slowly varying function: S(E) ~ const = S0 .
The values of S0 for the reactions ( IB) , (2B), (3B), and
(5B) are presented in Table XI.72 The Gamow factor P at
low energies can be written in the form

«0

= e-« a=2 f
i/

(3.5)

where &(/•) = [2/i(F(r) — E)]1/2 is the local wave number.
Substituting (3.2) we find

(3.6)

here // is the reduced mass, a0 =^2//nee
2~0.51 A is the

Bohr radius, and the last expression was written for the
(DD) reaction.

The energy dependence of the cross sections of the reac-
tions (IB), (2B), (3B), and (4B) in the energy range
£;slO-103 keV, corresponding to "hot" conditions
(7~ 108-10'° K), is shown in Fig. 19." One can see that in
this region the cross section of the reaction (5B) has the
highest value; this is caused by the existence of the 'He reso-
nance. The cross section of the process ( IB) has the lowest
value; this is connected with the smallness of crnuc, deter-
mined by the emission of y-rays.

As E decreases the Coulomb barrier becomes increas-
ingly more important. The tunneling probability is deter-
mined primarily by the width of the barrier (i.e., R0

— Rnuc), which increases as E decreases, which causes the
exponent a in Eq. (3.5) to increase. As a result P is very
sensitive to the value of the reduced mass/i: reactions with
small values of p. become preferable. Correspondingly, the
ratio of the reaction probabilities changes. Thus for "bare"
nuclei (i.e., no screening by electrons)74

a(DT)<a(DD) for E<40 eV,
0(pD)><j(DD) for £<200eV.

This means that the relative rates of different reactions will
be completely different for cold and hot fusion.75 We shall
return to this question somewhat later, after we discuss the
effects of screening.

With the help of the relations (3.3) and (3.6) it is possi-
ble to estimate the energy of a collision of bare deuterium
nuclei that could result in fusion at the Jones level. The ex-
perimental conditions can be modeled by assuming that a
flux of deuterons with energy E and strength 1 A strikes a
target containing deuterons with density p = 4-1022 cm ~5.
Then

cLV /
= OtKT,

At /„
(3.7)

and the result of Jones et a/.6 corresponds to £^0.35-0.4
keV.76 Thus the energies that are required to explain cold-
fusion experiments based on the standard "collisional"
mechanism (neglecting screening) are of the order of

It should be kept in mind that the estimates of Ref. 76
are very arbitrary, because in these estimates the fact that the
target contains, apart from deuterium, metal atoms, which
make up the crystal lattice, is neglected. The presence of
these atoms imposes a significant restriction on the effi-
ciency of fusion in crystalline targets. The energy of the inci-
dent deuterons is expended primarily on electromagnetic in-
teractions (excitation and ionization of atoms), whose cross
section cre] is significantly larger than the nuclear cross sec-
tion anuc :crnuc /ad ~ 10 ~ 8. Since in each collision the energy
of the incident deuteron decreases by hE~E,on-exc ~1-10

E
q

>cT
w -28 .

W
E, keV

FIG. 19. The energy dependence of the cross sections of the reactions DD
(2B), DT (5B), and pD ( IB) .
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eV, the range of deuterons with energy Ed ~ 1-10 keV is
8~ (ED/&E)a0 ~ (3-4) • 103 A.

The question of the possibility of energetically favor-
able nuclear fusion under conditions when crystalline tar-
gets are irradiated with a beam of accelerated particles was
investigated by Kuz'min and Vysotskii77'78 long before the
experiments of Fleischmann and Pons. Kuz'min and Vy-
sotskii noted that the quantum and thermal fluctuations of
the atoms in the crystalline matrix result in deformation of
the matrix and can lower the Coulomb barrier and thereby
increase the probability of tunneling through the barrier.
The same idea was later stated in Ref. 79.

3.2. Bound-state fusion

The probability of fusion can be increased if the separa-
tion of the nuclei is decreased or the width of the barrier is
lowered in some manner.

3.2.1. Fusion in a D2 molecule. We shall first study the
D2 molecule. The electronic bond results in modification of
the Coulomb barrier and the appearance of a bound state, as
shown schematically by curve 2 in Fig. 18. The minimum of
V(r) corresponds to an equilibrium distance RD2 ;=0.74 A
between the deuterium nuclei. The "equivalent" energy,
which could lead to such a separation of the nuclei without
electronic screening is Eeqv ̂  20 eV. The rate of fusion is
determined by the probability that the nuclei approach one
another to a distance /Jnuc:

here ̂  is the normalized wave function, describing the rela-
tive motion of the nuclei, and the constant A is expressed in
terms of S0:

c
~aa rax he

(3.9)

The wave function ^ = i[>/47rr can be found by solving the
Schrodinger equation

oo

), (>(r)dr=l . (3.10)

The electronic screening at short distances makes it
necessary to replace Eq. (3.1) by

V(r) = -V0. (3.11)

The electronic energy of the D2 molecule is very close to that
of an isolated 4He atom [^("He) = - 79.0 eV]. The quan-
tity V0 is therefore determined by the difference of E(4He)
and the binding energy (27.2 eV) of two D atoms, i.e.,
F0 = — 51.8 eV. At large distances the potential for a di-
atomic molecule can be employed.80'81 Solving Eq. (3.10)
numerically gives72 the values of A and A in the third and
fourth columns of Table XL I call attention to two facts.
First, the values of A(DD) found in Refs. 72 and 82 are
approximately ten orders of magnitude larger than the val-
ues obtained in earlier calculations,83'84 where the "shift" of
the potential V0 at short distances was neglected. Second,
owing to the smaller reduced mass A(pD) is eight orders of
magnitude larger than A(DD).

3.2.2. "Compression. " As one can see, the probability
that the D nuclei in a D2 molecule fuse is negligibly small for

/JD2;s0.74 A. One attempt to understand cold fusion is
based on the assumption that in a crystal the nuclei approach
closer to one another. How close should they approach in
order for cold fusion to be significantly accelerated? This
was estimated first in Ref. 83 and recently in Refs. 75 and 76.
For example, two nuclei and an electron can be placed into a
sphere of radius R, outside which the wave functions are
required to vanish;76 as/? decreases the internuclear separa-
tion decreases, the energy of the ground state increases, and
the amplitude of the wave function at the origin increases.
For a rough estimate, however, the expression (3.6), which
takes into account explicitly the dependence of P on the
width of the barrier R0, is adequate. Then it is easy to prove
that A can be increased from 3 • 10 ~64 s ~ ' , corresponding to
a D2 molecule with RDi = 0.74 A, up to ~10-24-10^23s~'
(the Jones level) by decreasing RD2 by approximately a fac-
tor of five. The valueRx =0.3a0 -0.125 A (Refs. 75 and 76)
gives the order of magnitude of the internuclear separation
required to explain cold fusion.

3.2.3 Ratio of the rates of different reactions in cold and
hot fusion. It is interesting to compare the relative rates of
different reactions in the hot and cold fusion regimes. As the
typical hot conditions we shall study the collision of bare
nuclei with the relative energy £-10 keV ( T~ 108 K). At
this energy, as one can see from Eq. (3.2), the width of the
Coulomb barrier is R0 zs 144 fm. For cold fusion we shall
assume that some specific screening conditions allow deuter-
ium nuclei, placed in a crystal, to approach one another to
the distance R0 ̂  Rxx 0.125 A>jR0 (E = lOkeV). In this
case the rate of fusion is determined by the expression75

(3.12)

here v is the vibrational frequency, which determines the
collision frequency; Re is the equilibrium distance; k(Re) is
the wave number of zero-point vibrations; and,
fi2k 2(RL, )/2mc, ~hv. The relative rates of the reactions pD
and DT with respect to the reaction DD, which were calcu-
lated in Ref. 75, are presented in the last column of Table XI.
The first numbers correspond to hot fusion and the second
numbers (in parentheses) correspond to cold fusion.

3.3. Screening in metals

We shall now discuss the question of whether electro-
static screening in crystals can increase the rate of nuclear
fusion. This question has been analyzed in a number of stud-
ies.82'85'89 The general conclusion to which the authors of
these papers arrive is that there are no grounds for assuming
that the crystal lattice of Pd, Ti, ... contains positions at
which there exist strong electric fields, capable of holding
deuterium nuclei at distances significantly shorter than in a
normal diatomic molecule D2. We recall that the shortest
distance between neighboring deuterium atoms at octahe-
dral interstices in PdD is equal to ~2.9 A. For this reason it
is obvious that the question of the required internuclear sep-
aration is relevant only if a pair of deuterons is placed at one
and the same interstitial position. The electrostatic field,
necessary for holding pairs of positive charges at a distance
of, for example, 0.6 A (i.e., somewhat shorter than
RD2 sO.74 A), is equal to 0.78 a.u. At the same time, as the
calculations of Refs. 86 and 87 show, for example, for an

901 Sov. Phys. Usp. 33 (11), November 1990 V. A. Tsarev 901



octahedral cluster P ̂  , the electrostatic potential at a local
minimum, corresponding to the center of an octahedral
void, is 0.17 a.u. while at a distance of 0.5 A away from the
center it is equal to 0.14 a.u.

Moreover, as shown in Ref. 88, placing a D2 molecule
into a Pd cluster results not in compression of the cluster, but
rather expansion by approximately ~0.2 A.

It is interesting to estimate the electronic density yo, that
could create the required screening. The value of px can be
found88 with the help of a simple model of screening in a
metal, in which the electron sea is described in the Thomas-
Fermi approximation. In the linear approximation, for a
uniform electron density p the bare Coulomb potential (3.1)
is screened to the value

-20

#_
r

where

(3.13)

As we saw above, the required rate of fusion can be obtained
by decreasing the characteristic size of the D2 molecule by a
factor of ?z5, or (see Sec. 3.4) me->m*zz5me, i.e.,
a0 -»aJ;=a0/5. It is obvious that the same effect can be ob-
tained by increasing p, but this time by a factor of (5)3 com-
pared with the molecular density
/omo,~2e[(4/3)^(0.74)-']-1~1.2e (A)-3 , i.e., ,?,-125
/3m0i x\50e (A) ~3. This value is completely unrealistic, be-
cause, for example, the electron density in an octahedral
void in Pd is90 pxt ^0.8e (A) ~3.

High electron densities can exist only within Pd atoms,
but D + nuclei should be strongly repelled from these re-
gions by the repulsive core of Pd, whose charge is equal to
+ 46e.

We recall, finally, the very stringent and quite general
restrictions, derived in Ref. 89, on the possible intensifica-
tion of the screening of the DD Coulomb barrier in metals in
the equilibrium state. The authors showed that if the effec-
tive repulsion of two D atoms at short distances were indeed
significantly weakened by some solid-state effects, then the
same effects should significantly intensify the binding of 4He
with metals, which is not observed experimentally. Thus,
though screening in metals undoubtedly affects the probabil-
ity of fusion of the nuclei, it cannot completely explain the
experimentally observed rate of cold fusion. In attempting to
find a way out of this difficult situation Rafelski et a I.76 and
Garel et c/.gi suggest that some dynamic effects, owing to
the combined effect of screening and the motion of the deu-
terium nuclei within the metallic lattice in the process of
sorption or desorption, could be at play.

3.4. Screening and catalysis by heavy particles

It is obvious that electronic screening becomes more
effective if the electron distribution is localized in a smaller
region around the positively charged nucleus. This, how-
ever, should at the same time increase the kinetic energy.
This fact limits the effectiveness of screening, since
•Ekin ~ (wr2) ~ ' and the (negative) potential energy is
~ (r) ~ '. The kinetic energy could be reduced, if the mass of
the electron could be increased. In other words, a negatively
charged particle with mass m* > me can form with the nu-

•̂
o

r->

-BO

7 3 5 7 9

m*/me

FIG. 20. The rate effusion as a function of the mass m*.76-82

cleus an atom whose Bohr radius is ~m*/me times smaller
than that of a standard atom. This cuts off the Coulomb
potential at short distances R * <Re and thus increases the
probability of tunneling. Figure 20 shows the results of a
calculation of the rate of fusion in a (DDe*) molecule as a
function of the mass m*.76'82 One can see that even if m*
increases moderately, A increases very rapidly. In particu-
lar, A at the Jones level can be obtained with m*/me?z4
_5.72,76,82 thiS) by the waV( ig also obvjous from Eq (3 6 )

Based on similar considerations, attempts were made in
Refs. 92-94 to approach the problem of screening in a metal,
making the assumption that it is caused by "heavy elec-
trons"—quasiparticles, which are introduced in the theory
of metals. If such particles are localized between some pairs
of deuterium nuclei, then this could result in the screening of
the DD repulsion. However, as was pointed out, for exam-
ple, in Ref. 74, the concept of a "heavy electron" is connect-
ed with nonlocal electron-lattice interactions. At distances
R ~/?nuc < 1 A these quasiparticles cannot give the required
screening, because they have a spatially extended structure
and at short distances their effective mass reduces to the bare
electron mass.

Another possibility is connected with the proposition
made in Ref. 95 that cold-fusion reactions are initiated by
cosmic muons (we recall that mM~207/ne), which "get
stuck" in the hydride and catalyze fusion. The idea of
muonic catalysis has a long history. F. C. Frank noted back
in 1947 that Coulomb repulsion can be screened by a negati-
vely charged muon captured in an atomic orbital. Soon after
this, Sakharov and Zel'dovich97"99 proposed using this phe-
nomenon for muonic catalysis of nuclear fusion, since a
muon, hopping from one nucleus to another during its life-
time (rM ~2.2-10 ̂ 6 s~ ' ) , can play the role of a catalyzer.
(We note that «DD/J~4-10"3 A and ADD,,~10" s~ ' ) .
Muonic catalysis is now one of the promising paths for solv-
ing the problem of generating electricity based on nuclear
fusion.100

More detailed estimates74 show, however, that cataly-
sis by cosmic muons can hardly explain the experiments on
cold fusion. Since the flux of stopped muons (=;0.1
g ~ ' -h ') is small, the relative fraction of muons captured
by the deuterons is small, and the muon lifetime T^ is short,
and taking into account the losses owing to "attachment" to
helium, it turns out that one muon can catalyze only a small
number (~20) of DD fusions. Even for the most favorable
conditions this results in Nnuc < 1 0 ~ 3 s ^ ' - g " 1 . This is sig-
nificantly lower than the Jones level ~ 10 ~ ' s ~ ' • g ~ ' . As far
as we know, experiments performed in the mountains also do
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not confirm this hypothesis.4' Of course, if fusion were to be
catalyzed by some stable particles, then the limitations asso-
ciated with the lifetime would not arise.

The existence of stable heavy charged particles is indeed
predicted in some theoretical models, though as yet there is
no experimental evidence for them. The possibility of using
in practice such hypothetical particles, which could be pro-
duced in accelerators and then used for catalyzing nuclear
fusion, has been discussed in a number of articles.101'103

However it was shown in Ref. 104 that existing models of
acceleration, even under the most favorable conditions, do
not permit solving this problem. Catalysis of cold fusion
with the help of stable heavy particles requires either the
development of new methods for producing such particles or
using them in "ready form," if they exist and can be accumu-
lated under natural conditions. This last possibility is dis-
cussed in Ref. 105. It is conjectured that there exist free sta-
ble antiquarks Q = uu (they have an electric charge of 4/3
and a mass of several GeV and they interact with hadrons via
a short-range strong repulsive interaction), which, similarly
to muons, could catalyze DD fusion:

(QDD)-molecule ->-4He + Q + 23.9MeV, (3.14a)
-> 3He + n + Q + 3,3 MeV, (3.14b)
-^T + p + Q + 4.0 MeV. (3.14c)

In contrast to muons, ZQ = — 4/3 (Z^ = — 1) and MQ is
of the order of several GeV (m^ sslOO MeV). As a conse-
quence of this difference, DDQ molecules should form and
fusion processes should proceed significantly more rapidly
than in muonic catalysis. The charge of the system (DQ) is
equal to — 1/3 [while the system (D/i) is neutral]. For this
reason the molecule D + (D/u) can form as a result of Cou-
lomb attraction. If the rate of fusion is not limited by the
density of D, the fusion cycle time is very short 2; 10 ~ 10 s.
Another feature of the model—the fact that the channel
(3.14a) is ~104-105 times stronger than the channels
(3.14b) and (3.14c)—follows from phase-space consider-
ations, the massiveness of the particles, and the postulated
character of the interaction of the particles with the nuclei.
This enabled the authors to explain the predominantly neu-
tron-free character of cold fusion. The released energy ~ 1
W corresponds to ~1012 reactions (3.14a) (or 107-108 neu-
trons per second) and requires ~ 102 "active" Q. The con-
centration «Q/«Pd ~10~28, necessary to explain experi-
ments on cold fusion at the Jones level (and even at the
Fleischmann-Pons level), is consistent with the experimen-
tal data on free quarks. However, this model is obviously
quite exotic, and the existence of the particles Q with the
required properties does not follow from any currently exist-
ing experimental data.

3.5. Nuclear effects

Another direction in the search for the mechanism of
cold fusion involves attempts to explain it by some charac-
teristic features of the nuclear interaction at extremely low
energies. Thus a number of authors94'106'107 have called at-
tention to a possible connection between cold fusion and the
"looseness" of the deuteron, whose size, RD s4-10 ~ 12 cm,
is much greater than the range of nuclear forces in the triplet
state R,r ~ 1.7-10 ~ 13 cm.94 As a result, fusion reactions at
low energies could proceed primarily by means of the pene-

tration of a neutron into the nucleus, for which process there
is no Coulomb repulsion (the Oppenheimer-Phillips ef-
fect108 ), thereby making the neutron-free channel (3B) the
dominant channel. Simple estimates show, however, that
this effect is hardly capable of substantially increasing the
rate of fusion, since the characteristic "separation" of n and
p in D /?D~10 12 cm<^7?£F~10 8 cm and the binding
energy of the deuteron ( ~2.2 MeV) is significantly higher
than the energy characteristic for cold fusion.

In another hypothesis cold fusion is connected with a
possible increase in the rate of fusion as a result of a hypo-
thetical narrow nuclear resonance (4He)* near the thresh-
old of the decay of 4He into two deuterons (23.8
MeV).107'109 The significant enhancement of the cross sec-
tions for some fusion reactions as a result of the existence of
narrow resonances at low energies is well known; in particu-
lar, it plays an important role in astrophysical nucleosynthe-
sis. If the width of the hypothetical resonance (4He) * is very
small (lO^lO2 eV), then the relative variation of the fusion
cross section as a function of the energy near threshold can
be large. If, however, such a resonance has the typical nu-
clear width F ~ 0 (MeV), then the lifetime of the DD system
in the resonance state (F) ~ ' is significantly shorter than the
time required for tunneling through the Coulomb barrier
and the resonance effect is insignificant.'07

3.6. "MOssbauer fusion"

In studying the different nuclear reactions that could
occur during electrolysis (see Table I), Christos110 came to
the conclusion that none of these reactions can explain the
energy release unaccompanied by the emission of neutrons
or y-rays. Consider, for example, the reactions (3B) and
(6B), which do not give neutrons and /-rays. The range of
protons with Ep ~3 MeV is equal to ~ 0.005 cm in Pd and
~ 0.02 cm in water. The range of 1 MeV tritium is an order of
magnitude shorter. For this reason, these particles could at
the same time bring about, without leaving the cell, the re-
lease of heat in the cell. However the Coulomb excitation of
Pd nuclei by 3-MeV protons should result in the emission of
~ 104 7-rays with energy ~0.5 MeV per second per 1 W via
the channel (3B).1" In addition, the channel (2B), whose
probability should be comparable, would also give ~ 1012

neutrons per 1 W. Energetic tritons from (3B) should lead
to generation of fast neutrons with Ea =; 14 MeV in the chan-
nel (5B) (~ 108 neutrons per second per 1 W). Finally, the
reaction (6B) should lead to the formation of energetic neu-
trons accompanying the interaction of a particles with
Ea = 11 MeV with Pd nuclei (~2-104 neutrons per second
per watt).

To resolve this inconsistency, Walling and Simons92

and Hagelstein112 proposed the so-called "Mossbauer" re-
action

D + D+(Me)-*-'He+(Me)' MeV; (3.15)

here (Me) designates the "metallic environment," in which
the fusion reaction occurs and which absorbs the momentum
transferred in the reaction (3.15). In the process the a parti-
cle carries off the released energy ~23 MeV. Since the range
of a particles in a metal is very short (~ 90 ftm in Pd and 200
fim in Ti), the entire energy of the « particle is transformed
into heat. The suppression of the channels (2B) and (3B) in
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this model is explained as follows. When two deuterons fuse
an intermediate 4He nucleus forms first. Under ordinary
conditions this nucleus decays into 3He + n or T + p, which
ensures that energy and momentum are conserved. In the
electrode the momentum is transferred to the lattice. Since
4He is stable, there is no reason for it to decay into 3He + n or
T + p. It is obvious, however, that in order for the cross
section of the reaction (3.15) to be higher than the cross
sections of the reactions (2B) and (3B) the 4He-lattice bond
must be unexplainably strong. In addition, the model does
not explain the mechanism by which fusion is initiated. In
attempting to solve both problems at the same time Walling
and Simons92 proposed that "heavy electrons" play the key
role in cold fusion. These electrons, accumulating around
deuterons, not only screen the Coulomb repulsion, but they
also carry off the energy released in the reaction (3.15). We
already spoke about the inconsistency of the model with
"heavy electrons" for screening. Unfortunately, it also can-
not explain "nonradiative relaxation." Indeed, for energies
of ~20 MeV electrons in a solid give up virtually all of their
kinetic energy to high-energy bremsstrahlung, a large part of
which should escape from the cell and be detected by detec-
tors. As the estimates of Ref. I l l show, in the process (3.15)
there should arise ~ 106 y-rays with an energy of ~ 0.5 MeV
per joule of energy from the interaction of 4He with Pd
atoms. Thus the enormous difference between the energy
released in the reaction (3.15) (of the order of MeV) and the
characteristic excitation energy of the lattice (of the order of
eV) makes the proposition of "Mossbauer fusion" in the
channel (3.15) completely implausible.

3.7. Possible sources of spurious effects

We have already mentioned some studies in which at-
tempts were made to explain the results of cold-fusion ex-
periments in terms of effects that are unrelated to cold fusion
(catalytic recombination, isotopic separation of T/D, and
catalysis by cosmic muons). We shall now discuss some sug-
gestions of this kind. Although these phenomena cannot ex-
plain entirely all experimentally observed features of cold
fusion, they must be kept in mind when analyzing the possi-
ble spurious effects and backgrounds.

a) In Ref. 113 J. M. Carpenter calls attention to the
possible contribution of neutrons produced by cosmic-ray
particles (primarily protons) in the atmosphere or in the
material surrounding the detectors. The main contribution
comes from the evaporation of neutrons from nuclei under-
going collisions with cosmic-ray particles and having ener-
gies En s; 1-3 MeV. In addition, there are thermal neutrons,
which are produced as a result of moderation in the sur-
rounding space to energies En~0.l eV, as well as "epither-
mal" neutrons, having the spectrum Nn ~E ~ ' at energies in
the range En ~ 1 eV-1 MeV. The flux of each such compo-
nent is of the order of 10 ~ 2 neutrons • cm ~ 2 • s ~ ' at sea level
and varies with altitude [~exp( — /r/1.5 km)] and time,
primarily owing to the change in the density of the atmo-
sphere, solar activity, and the geomagnetic field
(~exp[ - P/( 150 g/cm2)]); for example, AP = + 13mm
Hg gives A/n of ± 10%. In such a flux the shielding and the
materials of the detector can be sources of neutrons, whose
flux is comparable in magnitude to the signal in cold-fusion
experiments. In addition, it should be kept in mind that the

energy of the peak due to evaporated neutrons is close to that
of the neutrons in the reaction (2B).

b) Another source of spurious neutron signals in cold-
fusion experiments could be dissociation reactions of deuter-
ons caused by a particles arising in the decays of radioiso-
topes in the U, Th, and radon chains.114 Alpha particles
from 2UPo (8.8 MeV, Th chain, r(212Po) = 0.3^s) and 214Po
(7.8 MeV, U chain, r(214Po) = 150^s) can make the largest
contribution. These a particles give rise to the reaction (the
threshold is equal to 6.6 MeV)

a+D-xz + n + p. (3.16)

Radon, which is present in air, is also a danger. The materi-
als used in buildings contain radionuclides and continuously
emit radon. Similarly to other gases, radon is easily adsorbed
in different materials and leads to the formation of 214Po or
212Po(rRn =3.82 days).

The variations observed in the neutron counting rate in
cold-fusion experiments could be caused by intermittent re-
lease of Rn together with gases from the cell. Analogously,
when Ti is saturated with deuterium from the gas phase the
cold titanium adsorbs Rn several orders of magnitude better.
The reactions (3.16) can proceed intensively in the presence
of compressed deuterium. The subsequent vanishing of the
neutron signal could be due to the decay of Rn. In electroly-
sis using LiOH the lithium also can give fast neutrons owing
to the reaction (a, n).

c) The surrounding y-rays could also cause photodisin-
tegration of deuterons or other nuclei, resulting in neutron
emission. In this respect (like also for the sources studied
above) simple removal of the cell is not an adequate method
for monitoring the neutron background, just like the substi-
tution of H2 O for D2 O.'] 5

I stress once again the fact that the signal observed in
most cold-fusion experiments is weak, as a rule at the level of
the background. For this reason, the experiment must be
performed carefully in order to eliminate spurious sources of
fast and slow neutrons and y-rays, careful decontamination
must be performed, materials with low levels of radioactive
impurities must be used, and the background conditions of
the experiment must be studied in detail.

3.8. Conclusions

The analysis performed in this section shows that for
steady-state systems there is no mechanism based on the
standard ideas of nuclear and solid-state physics that can
explain the results of experiments on cold fusion, even at the
Jones level. In the next section we shall study a possible ver-
sion of a substantially nonequilibrium "acceleration" mech-
anism that, being quite simple and natural, is capable of ex-
plaining the basic features of cold fusion.

4. ACCELERATION MECHANISM OF NUCLEAR FUSION

4.1 .The acceleration mechanism and the properties of
hydrides

In this section we shall examine scenarios of the "accel-
eration mechanism" of cold fusion in transition-metal hy-
drides. This model, which was proposed in Ref. 7, has been
analyzed in detail in Ref. 8. Here we shall follow the presen-
tation given in Ref. 8. The idea that the phenomenon of cold
fusion is based on an acceleration mechanism has also been
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posited in a number of other papers [Refs. 74,107,116-
120].5) In Refs. 9, 56, and 57 it was posited in connection
with mechanical fracture of crystals.

The acceleration mechanism of cold fusion7 has been
posited based on two experimental observations: a) the ap-
pearance of microcracks when hydrogen is absorbed in met-
als (Pd, Ti, ...) that strongly absorb hydrogen and its iso-
topes and b) mechanoemission, accompanied by the fracture
of different crystalline materials and adhesion layers. The
first of these phenomena has already been discussed in Sec. 2.
It is well known from work with hydrides, and it is caused by
the increase in the dimensions of the starting metallic lattice
when hydrogen (or its isotopes) is dissolved in it, by the
appearance of mechanical stresses, and by the loss of plasti-
city of the hydride phase.

The mechanoemission of electromagnetic waves, ac-
companied by fracture of crystals and adhesion layers, has
also been investigated in many experiments (see, for exam-
ple, Ref. 11). These phenomena are usually interpreted
based on the idea that charges, which generate an electro-
static field, appear on the edges of the cracks. It is conjec-
tured that the electrostatic field generated in this manner is
capable of accelerating electrons and ions present in the gap
up to energies of ~ 1-102 keV and can also give rise to field
emission of electrons, which is what produces the experi-
mentally observed bremsstrahlung and characteristic emis-
sion.

Thus one would think that when metals are saturated
with deuterium up to high deuterium concentrations condi-
tions that are favorable for the occurrence of cold-fusion
reactions can be created. In reality, numerous microcavities
form in deuterium-rich hydride, and these microcavities are
also filled with deuterium ions. If it is assumed that as cracks
open up strong electric fields are generated, as happens when
ionic crystals fracture, then these fields can accelerate the
deuterium ions and impart to them the energy necessary to
overcome the Coulomb barrier. However, a number of ques-
tions arise in any attempt to transfer the acceleration mecha-
nism in this manner directly to transition-metal hydrides. As
we have already mentioned in Sec. 2, the properties of stable
hydrides of the type PdH, TiH2, etc., which have been stud-
ied, point to the fact that they form bonds of the metallic
type. In this case the answer to the basic question of how the
surfaces of the cracks are charged becomes unclear. In ionic
crystals charges appear when ionic bonds break as cracks
form along crystalline planes, as a result of which the oppo-
site edges of cracks acquire charges having different signs.
The picture is not so obvious for crystals with a metallic
bond. In addition, the "microcapacitor" that is formed in
this manner should rapidly discharge through the surround-
ing hydride mass, since at room temperature the resistivity
of the hydrides PdH, TiH2,... is virtually identical to that of
the corresponding metal (numerical estimates will be given
below in Sec. 4.2). Finally, field emission from the metal
should occur in the presence of the strong fields (up to
E~ 108 V/cm) that can arise in cracks, and it should result
in discharging of the "microcapacitor." Over this period of
time a heavy particle (deuteron) can acquire only a small
energy WD ~ (me/mD ) WD ~ (1-102) eV, which is not high
enough to overcome the Coulomb barrier with the required
efficiency.

We shall study below, following Ref. 8, some physical

phenomena which nonetheless can also give rise to the accel-
eration mechanism for the case of the transition-metal hy-
drides of interest to us.

In Ref. 8 it is posited that in the course of the nonequi-
librium process in which transition metals are saturated with
hydrogen (D, T) there arises an unstable hydride phase, in
which the metal is transformed into an insulator (or semi-
conductor). In reality, such phenomena, in which dielectric
properties are enhanced, are well known for the hydrides of
rare-earth metals (see, for example, Ref. 61) and can be ex-
plained by the presence of an effective negative charge on the
hydrogen atoms in these hydrides; this charge is produced by
the removal of some valence electrons of the metal atoms
from the conduction band and localization of these electrons
on the hydrogen atoms. From this standpoint, as the content
of H(D, T) in the hydride MeHc increases, its metallic prop-
erties, for example, its electric conductivity, should be di-
minished and, conversely, the properties corresponding to
the ionic compound Me + Hc~ should be enhanced. This ef-
fect is indeed observed, for example, in the series of lanth-
anum hydrides LaH2 -^LaH2, , 0 , which, like PdH and
TiH2, has an fee lattice. As the concentration increases from
C = 2 up to C = 3 the conductivity of the hydride LaHc

decreases by approximately a factor of 100 and the phase
with the maximum concentration approaches the ionic com-
pound La + + + H 3 . When the hydride LaH2 is formed all
tetrahedral voids are filled, and when the trihydride is
formed the octahedral voids are filled, right up to the compo-
sition LaH3. An analogous behavior is also exhibited by hy-
drides of other rare-earth metals, where the first hydride
MeH2 is characterized by metallic conduction (metallic hy-
dride) and the more highly saturated hydride MeH3 is a
semiconductor (ionic or ionic-covalent hydride).

Can an analogous enhancement of the dielectric proper-
ties be expected for transition-metal hydrides when the con-
centration of H(D, T) in them increases? To answer this
question, we shall examine in greater detail the coordination
of hydrogen atoms in a metal. As we have already mentioned
above, the fee and hep structures typical for metals contain
one octahedral and two tetrahedral voids per metal atom,
while a bcc lattice contains three and six voids, respectively,
per metal atom. From a geometrical criterion, based on the
consideration of stability of the packing of hard spheres, it
should be expected that for hydrides octahedral coordina-
tion is advantageous for 0.41</?H/^Me<0.73 and tetrahe-
dral coordination is favored for 0.22</?H /RMe <0.41.61 For
transition metals the ratio RH /RMs. falls in the range 0.22-
0.41, and hydrogen atoms in hep and fee metals should occu-
py tetrahedral positions. In most cases this does in fact hap-
pen, but, for example, in Ni and Pd, in contradistinction to
what was said above, hydrogen occupies octahedral voids.

Analysis of data on transition-metal hydrides61 points
to a definite regularity in the change in the coordination of
hydrogen (of the type of interstices) as a function of the
radius of the metal atoms. For small atoms octahedral co-
ordination is characteristic, while for large atoms tetrahe-
dral coordination is characteristic, with the coordination
changing at RMe = 1.34-1.37 A.

It is important to emphasize that this behavior pertains
precisely to stable hydrides, which can exist after the condi-
tions for nonequilibrium saturation are no longer satisfied.
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In order for such hydrides to form, the voids cannot be too
small so that hydrogen atoms could occupy them, but they
also should not be too large—otherwise the hydrogen will
escape from them after the conditions of nonequilibrium sat-
uration are no longer satisfied.

In the light of the considerations presented above, it is
natural to conjecture that under the conditions of nonequi-
librium saturation in a layer near the surface, through which
H(D, T) penetrates into the metal, unstable phases with
high concentration of H(D, T), possibly, right up to the
maximum concentration for a lattice of a given type or a
modification of it, can form. This, in turn, can result in en-
hancement of the dielectric properties in the unstable phase
either as a result of the removal of some of the electrons from
the conduction band (as for hydrides of rare-earth ele-
ments) or owing to the expansion of the crystal lattice.

Consider, for example, the y' phase of TiH2 with the
highest hydrogen concentration. It has an fee lattice with
tetrahedral voids, occupied by H atoms. An estimate of the
sizes of the octahedral voids gives

#™' = 0.5 (ay — 2#Ti) «0.77A,

which is much greater than the size of the hydrogen atom
(R Hs;0.53 A). This means that in the hypothetical (unsta-
ble) phase TiH3 the excess hydrogen atoms can remove
some of the electrons from the conduction band, and this
should enhance the dielectric properties. (The electronega-
tivities of H and Ti are XH = 2.1 and XT* = 1-5.)

The situation is different for palladium hydride. Since
XVA = 2.2 is higher than XH > m this case hydrogen is now a
donor and gives up its electrons to the Pd atoms. Recent
cluster-model calculations, performed by Sun and To-
manek,88 have indeed shown that the assumptions made in
Ref. 8 is confirmed, and that on saturation to the state PdH2

palladium hydride goes over into a semimetallic state. It
should be noted, however, that the closeness of the electron-
egativitiesofPd (2.2) andH (2.1) can make this effect quite
weak. It is possible that in the case of Pd the main mecha-
nism of the enhancement of the nonmetallic properties is
connected with the expansion of the crystal lattice.

For palladium hydride, in which the octahedral posi-
tions are filled (R £dH = 0.5(ap - 2RVA) srO.705 A), the in-
crease in concentration owing to filling of the remaining un-
filled tetrahedral positions by individual deuterons or
octahedral positions by DD pairs can result in either restruc-
turing or strong deformation of the lattice (and subsequent
fracture).

In this respect the results of Ref. 121 are of great inter-
est. In Ref. 121 a new palladium hydride, having the chemi-
cal composition PdH, 33, was discovered. It was found that
this hydride has a tetragonal lattice with cell parameters
a = 2.896 A and c = 3.330 A. A remarkable feature of this
phase is that hydrogen is distributed in an ordered fashion in
the tetrahedral voids of the body-centered lattice and, at the
same time, the metallic lattice contains an enormous number
of vacancies (25% or 2- 1022cm 3). The phase found is sta-
bilized with the help of very rapid deposition of a thin palla-
dium film ( ~ 103 A), saturated with hydrogen from the gas
phase at high temperature, or by the method of ion implanta-
tion.

It is obvious that the existence of such a large number of
statistically distributed vacancies should result in a sharp
reduction of the electric conductivity of this phase.

Another factor, which in the general case can reduce
the electric conductivity and the associated discharging of
the "microcapacitors" through the surrounding hydride
mass, is connected with the character of the fracturing, to
which the surface layer of the hydride is subjected. It is well
known that this fracturing can result in the formation of a
"hydride sponge" and subsequent fragmentation of the sur-
face layer. As a result the surface layer of the material be-
comes discontinuous, and this sharply reduces the electric
contact between the separate particles into which the surface
layer decomposes.

With regard to the expansion of the crystal lattice of the
hydride phase, it is known that it increases approximately
linearly as a function of the concentration. It can be expected
that at the high concentrations characteristic for unstable
phases the deformation becomes very large; this ultimately
results in fracturing of the hydride layer. At the same time,
as is well known from the band theory of solids (see, for
example, Ref. 122), the increase in the interatomic distance
in the crystal should result in narrowing of the allowed
bands and broadening of the forbidden bands. This means
that, in the general case, it can be expected that for unstable
phases with high H (D) concentration the dielectric proper-
ties of the material will be enhanced.

In concluding this section we stress that the foregoing
analysis does not prove that the dielectric properties are en-
hanced in the unstable hydride phase of transition metals.
However, based on the hypothesis that the nuclei overcome
the Coulomb barrier as a result of being accelerated in local
electric fields in the microcracks, it is necessary to make the
additional (and very strong) assumption that the properties
of the disintegrating deuteride are close to those of an ionic
crystal. (We note, in passing, that in application to fusion of
this type the term cold is very arbitrary. It merely reflects the
fact that the crystal in which the reaction occurs is at room
temperature, while the energy of the deuterium ions pene-
trating into it is low (eV). As regards the microscopic condi-
tions for fusion of accelerated deuterons, they, of course,
correspond to high effective temperatures ~ 107 K.)

I wish to make two additional remarks.
1) In Ref. 116 the appearance of excess charges accom-

panying cracking of hydrides is attributed to the expansion
of the crystal lattice, as a result of which different surface
charge density can arise at the boundary between phases
with different H concentration. In the case of a metallic
bond, however, the fact that charges appear on the surface is
itself not explained.

2) In Refs. 51 and 74 the cold-fusion phenomenon is
thought to be associated with neutron emission, observed in
Ref. 9, accompanying mechanical fracture of (ionic) LiD
crystals. It is conjectured that in the course of electrolysis,
when LiOD is present in the electrolyte, regions containing
LiD form in the electrode. Cracking of the hydride results in
fracture of LiD and neutron emission. This explanation,
however, is hardly correct for electrolysis, because it pre-
sumes that Li is strongly dissolved in the metal (this is not
confirmed experimentally) and is not applicable at all to
experiments in which Li is not employed, for example, when
metals are saturated with deuterium from the gas phase.
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4.2. Acceleration mechanism under conditions of cracking

As we have already pointed out, the mechanoemission
of electromagnetic waves accompanying fracture is usually
interpreted with the help of the idea that charges arise on the
sides of the cracks and generate a strong field.

We shall give some estimates for the simplest model, in
which a crack is regarded as a flat capacitor with area ~ / 2

and gap d = O.I I.
Since the lattice constant of hydrides is typically equal

to 3-4 A, we obtain the following estimate for the maximum
surface charge density:

where J is the density of hydrogen or deuterium ions. In
many cases, because some ions are neutralized at the surface
the charge density can be greatly reduced; thus, in Ref. 10
the estimate /~ 1010-1014 cm ~ 2 is given for adhesion layers.

The electric field in such a capacitor is £"~2~108

V/cm, and the potential difference with d~ 10 ~~ 5-10 ~ 4 cm
is U~Ed~ 103-104 V. Therefore, in such a capacitor an ion
can acquire energy W~ 1-10 keV.

However acceleration up to such energies will occur
only if the time required for acceleration
racc ~d(m0/W)}/2~ (0.7-2) 10- n s is much shorter than
the lifetime of the charge on the capacitor. The time over
which the capacitor is discharged through the surrounding
matter depends on the resistance and structure of this mat-
ter. If it is assumed that the resistivity of the hydride is close
to metallic resistivity, then f f r a c <10~ 1 5 s<facc.8 For this
reason, in order that the discharge through the hydride be
insignificant, either the hydride must be strongly fragment-
ed or conduction of nonmetallic type must arise in the hy-
dride.

The second possible reason for discharging is electron
field-emission. In order that electron field-emission not im-
pede the acceleration of deuterium ions, the condition that
the hydride transform into a dielectric state is also signifi-
cant, since in this case the field-emission time
rfe ~ 2//f.e ~ 10 - 10 s > racc , where jt e - 106 A • cm - 2 is the
density of the field-emission current from dielectrics.123 For
metals ?fe is several orders of magnitude lower.6'

Therefore, in order for the acceleration mechanism of
cold fusion to be efficient it is critically important that the
conditions discussed in Sec. 4.1 be satisfied, i.e., the dielec-
tric properties of the hydride must be enhanced or the hy-
dride must be fragmented; this results in significant degrada-
tion of the electric contact between separate charged parts of
microcracks, so that tacc < t (

f ^ c
) .

In order to estimate the neutron yield we shall assume
that cold fusion occurs by means of the fusion of deuterium
ions accelerated in this manner with the deuterium ions on
the opposite side of a crack; the effective thickness of this
layer is determined by the range of deuterium ions at which a
fusion reaction is still possible.

We shall first study the least favorable situation, in
which the target consists of a single layer of deuterium atoms
on the surface of a crack, and the cross section for DD fusion
is determined by the fusion of "bare" deuterium nuclei neg-
lecting screening effects. Assuming that the surface density
of deuterium in the target is equal to J, we obtain for the
number of neutrons from a single "accelerator" crack

where a is the cross section for the reaction
D + D -> 3He + n. In the region W~ 1-10 keV the cross sec-
tion a grows very rapidly with W; for estimates, we shall use
the characteristic value a~10~32 cm2.7' Assuming that
A V/V= 0.1 and «T ~ 10I2-109 cm "3 we obtain the follow-
ing estimate of the neutron yield of a unit volume of material
that has absorbed hydrogen:

nn ~ JV(1)«T~ 10a—10cm-1.

This estimate can be compared with the experimental
results of Ref. 6. For an electrode density of ~ 1022 Ti
atoms/cm3 and hydrogen-absorption time ~ 104 s (several
hours) we obtain nj,exp' ~ 103 neutrons/cm3. A neutron yield
of the same order of magnitude was obtained in the experi-
ment of Ref. 9, in which about 10 neutrons were observed to
accompany fracture of a LiD crystal with a volume of 0.04
cm3, i.e., n"p~250 neutrons/cm3.

In the more general form

"~ acc Car <z0 V

where /acc, /tar, and /are the surface densities of the acceler-
ated ions, the target atoms, and the charges generating the
accelerating field. Taking into account the range of deuter-
ons in the material S/a0 ~E0/k.E~ 102-104, as well as the
energy dependence of the DD fusion cross section
a(C) ~a(l) can increase the above estimate by several or-
ders of magnitude and thereby explain the experimentally
observed strong neutron bursts.7'

We stress once again that in the acceleration model cold
fusion is regarded as "microscopically hot" fusion, in which
the Coulomb barrier is overcome owing to the energy stored
in the hydride. It is entirely possible that, together with this,
other effects, such as screening, which should also be includ-
ed in this case in scenarios of cold fusion, should play an
important role in cold-fusion processes. We note that the
predominant formation of tritium, as observed in Ref. 17,
cannot be explained on the basis of a purely acceleration
mechanism.

4.3. Conclusions for experiments

The assumptions on which the acceleration model is
based and the conclusions following from this model can be
directly checked experimentally. We shall once again formu-
late the basic assumptions.

a) When nonequilibrium saturation of transition met-
als with hydrogen (D, T) occurs unstable hydride phases
with a high concentration of hydrogen, higher than in the
stable phases, can arise.

b) The properties of hydrides in these phase states can
be close to those of dielectrics or semiconductors.

c) The expansion of the crystal lattice and the concen-
tration-induced stresses and embrittlement, which accom-
pany the growth of the hydride layer, result in fracture of the
hydride and its saturation with a network of microcracks.

d) The appearance of cracks is accompanied by the ap-
pearance of electric charges. The fields generated by these
charges can accelerate deuterium ions and initiate cold-fu-
sion reactions with adequate efficiency. From here there fol-
low a number of conclusions and predictions.
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1. Cold fusion is primarily of a surface process, i.e., it
develops in the surface layer of the hydride, which in this
time interval is subject to fracture. As the process progresses
deeper into the material it encompasses new layers of the
hydride.

2. Nonequilibrium conditions of saturation of the metal
with deuterium or desorption are important for the process
to proceed.

3. To create favorable conditions it is necessary to use
metals that are capable of dissolving large quantities of deu-
terium (hydrogen). (Owing to the extensive development of
hydrogen-storage technology a large number of such metals
and alloys are now known.)

4. The conditions of saturation must provide an ade-
quate concentration gradient, capable of generating internal
concentration stresses which locally exceed the fracture
stress of the material.

5. The hydride formed should have a low plasticity.
6. The temperature and rate of saturation must be cho-

sen so as to eliminate any effects due to stress relaxation.
7. Since the fracture of the hydride occurs in a stochas-

tic manner with some possible quasiperiodic modulation in
time the cold-fusion reactions proceed in an analogous man-
ner.

Based on the foregoing conclusions we can make quite
obvious recommendations in order to check the proposed
mechanism experimentally.

a) Since an important part of the model is the assump-
tion that there exist unstable phases with a high concentra-
tion of hydrogen, it is important to analyze the structure and
composition in situ, i.e., directly in the course of nonequilib-
rium absorption of hydrogen. This can be done, in particu-
lar, by means of x-ray structural analysis, neutron-diffrac-
tion analysis, and electron-microscopic analysis of the
surface and surface layer.

b) Information about the enhancement of dielectric
properties in the unstable phase can be obtained from mea-
surements of the electrical conductivity (also in situ). Such
measurements are obviously best performed with the help of
thin films, whose thickness is close, in order of magnitude, to
the characteristic critical (for fracture) thickness of the hy-
dride layer (~ 103-105 A). Another possibility is to use hy-
drides in which the bonding is known to be ionic or varies
with the concentration, as in the case of hydrides of rare-
earth metals.

c) The conjecture that cold-fusion reactions are con-
nected with the appearance of cracks can be checked by
studying the correlation between the detected products of
cold fusion (neutrons and protons) and the acoustic emis-
sion generated when cracks form. Another possibility is to
study the correlations with initiation of crack formation, for
example, with the help of mechanical strains, ultrasonic
pulses, thermal, cryogenic, and electric shocks, etc.7'8

d) The role of acceleration in electric fields can be stud-
ied with the help of correlations of the products of cold fu-
sion and the electromagnetic emission at different wave-
lengths.7-8

Obvious recommendations can also be made for check-
ing the consequences 1-7) given above:

1) The surface character of the phenomenon can be
checked by comparing results for samples with different sur-
face to volume ratios.

2) The great importance of nonequilibrium saturation
can be checked by varying the experimental conditions. The
items 3-6) can also be easily checked by changing the experi-
mental conditions and the materials employed. We note that
different metals and alloys can have a very different suscepti-
bility to hydrogen-induced fracture and this makes it possi-
ble to vary this property of a material over wide limits.

7) Finally, the stochastic and quasiperiodic nature7'8 of
the cold-fusion signals has actually already been confirmed
in the analysis of events as a function of time with narrow
time bins.

CONCLUSIONS

We shall now summarize our discussion and formulate
the main results.

1. Evidence for the existence of cold-fusion phenomena,
i.e., the appearance of reactions in which deuterons, injected
into the crystal lattice of metals, fuse at room temperature,
has been obtained in a number of experimental investiga-
tions.

2. The rates and character of cold-fusion reactions can
be different. The reactions can be manifested either in the
form of chaotic emission of single neutrons, which can con-
tinue for several hours at an average rate of
A~ 10 24-10 ~2 2 s ~ ' (DD) -' or in the form of separate
"neutron bursts," in which up to 103-105 neutrons can be
emitted in short time intervals (seconds, minutes). The
emission induced by the charged products of DD fusion (p,
T, 3He) has also been recorded.

3. The characteristic features of experiments on cold
fusion are that the results are not consistently reproducible,
the signals are sporadic, and signals appear only if nonequi-
librium conditions are created in the metal-deuterium sys-
tem.

4. In spite of the significant efforts made by many tens of
scientific groups throughout the world cold-fusion has been
studied only at the "preliminary," qualitative level. Many
results require further checking. This primarily concerns the
question of the relationship of different channels and the
possibility that cold fusion occurs with a high rate primarily
in the neutron-free channel (n/T~ 10"8).17 More detailed
experiments on the direct detection of charged particles and
the study effusion in pD and DT systems as well as correla-
tion experiments in several detection channels must be per-
formed, and the effect of different factors on the character of
the flow of cold-fusion processes must be investigated.

5. At the present time there is no generally accepted
viewpoint regarding the mechanism of cold fusion. The ex-
perimentally observed results cannot be explained on the ba-
sis of the standard ideas of nuclear physics and solid-state
physics for equilibrium systems. The most promising model
is apparently the acceleration model, in which it is posited
that cold fusion is brought about by the acceleration of deu-
terons in strong electric fields generated in microcracks. Ac-
tually, "microscopically hot fusion" (reqv ~107 K) rather
than "cold fusion" occurs. The sporadic character of cold
fusion, the observation of "neutron bursts," and in many
cases the quasiperiodicity of the bursts and the absence of the
5.5 MeV y-ray line (see footnote 2) are the evidence for such
a model. More definitive evaluations, however, require cor-
relation experiments (see footnote 3), in which the "asso-
ciated" signals (radio and acoustic emission, etc.)8' are de-
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tected, and detailed theoretical calculations, in which
different solid-state effects (screening, enhancement of di-
electric properties, etc.) are taken into account, must be per-
formed.

6. The energy released in cold-fusion reactions corre-
sponding to the observed neutron fluxes is too low to be of
interest from the standpoint of the production of electricity.
The situation could become more interesting, if the possibil-
ity of a substantially higher rate of cold fusion in the neu-
tron-free channel is confirmed. Irrespective of this, the study
of cold fusion is certainly of interest for a number of disci-
plines, such as solid-state physics, geophysics, geochemistry,
radiation chemistry, radiation acoustics, etc.
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the Physics Institute of the Academy of Sciences, the Joint
Institute of Nuclear Research, the Institute of Atomic Ener-
gy, the Institute of High-Energy Physics, the Institute of
Theoretical and Experimental Physics, and the Winter
School of 1990 on Physics in Bakuriani for many helpful
discussions.

"After this review was written, there appeared new studies'24'125 in
which it is likewise reported that neutron bursts were observed to ac-
company electrolytic saturation of palladium with deuterium.

2) Further evidence for hot fusion is provided by the results of Ref. 126,
where it is shown that in the process of electrolysis with D,O and a
tritium-saturated titanium cathode the rate of the cold-fusion reaction
T + D^4He(3.5 MeV) + n( 14.1 MeV) is approximately two orders
of magnitude higher than that found in Ref. 6 for DD fusion.

"P. I. Golubnichii et a/.127 recently reported that, using palladium elec-
trolytically saturated with deuterium, over an observational period of
11 h they recorded two events with strong (within 10,us) correlation of
nuclear, acoustic, and radio emissions and they measured the ampli-
tudes of the acoustic and radio signals. The expected number of random
triple coincidences over the measurement time was equal to 10' 7

events.
4> Negative results on muonic catalysis of cold fusion were likewise ob-

tained with deuterated palladium and titanium samples irradiated in an
accelerator with a beam of 1.9-3.0 MeV muons.128

5' See also the recent work of S. E. Segre et al.'" In addition, I also learned
that the possibility of the acceleration mechanism of cold fusion was
also mentioned by S. S. Gershtein and L. I. Ponomarev at a conference
on cold fusion in Erice (Italy) in April 1989.

6) Electron field-emission can also be suppressed owing to the properties
of the juvenile surface of a crack. In this connection we recall that appro-
priately treated surfaces of metallic resonators in accelerators can with-
stand fields of up to 10* V/cm without the appearance of an appreciable
field-emission current.

7'More accurate estimates, taking into account the energy dependence
°m,c (£) ~cr,m<: (')• are presented in Ref. 130.

8) In Ref. 130 it is shown that mutual consistency between the number of
events recorded in Ref. 127 and the measured pulse amplitudes can be
achieved on the basis of the acceleration model. It should be kept in
mind, however, that none of the current evidence supporting the accel-
eration model in microcracks can be regarded as unequivocal confirma-
tion of the model. This is primarily because the evidence admits an
alternative interpretation. Thus the fracture of hydride under the condi-
tions of nonequilibrium in the metal-hydrogen system can be only an
associated phenomenon and not the reason for cold fusion. In exactly
the same way hot fusion need not occur in cracks, but, for example,
result from acceleration in electric fields of the surface layer. In addi-
tion, it should not be forgotten that the indicated observations are of a
preliminary character and must be checked further. Nonetheless the
fact that all observations are consistent with the acceleration model
cannot be ignored. In this connection it is also of interest to check other
predictions of the acceleration model.7-8

P.I. Golubnichnii et al.''' recently reported on measurements performed
in the low-background laboratory of the Baksan Neutrino Observatory of
the Institute of Nuclear Research of the Academy of Sciences of the
USSR. Forty-two events were recorded in which neutrons were emitted
and which were correlated with acoustic pulses (the expected number of
random coincidences was ~6).
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