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Az a cold fusion mechanism we investigated a fracto-fusion by which
reacting particles are accelerated by the electric field generated between
the crack surfaces in a crystal and the beam fusion occurs. By assuming
the possible magnitude of the potential difference we calculated the
fusion rate and energy multiplication factor. These results are consistent
with cold fusion experiments. On the basls of a simple model it is
conjectured that necessary electric potential difference to accelerate
particles can be generated even in a metal crystal with rather low
resistivity, and we conclude that the fracto-fusion mechanism can explain

the cold fusion phenomena successiully.

Keywords: Fracto-Fusion, Cold Fusion, DD~Reaction, DT-Reaction, Metal

Crystal, Crack-Generated Electric Potential
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1. Introduction

Since the claims of discovery of the cold fusion by
Fleischmann & Pons{1] and Jones et al.[2], various kinds of
experiments to reconfirm their results have been carried out by
many groups. The key points for the confirmation of the cold fusion
are observations of excess heat generation, neutron emission due to
the D(d,n)He3 branch of the DD fusion, tritium production due to the
D(d,p)T branch, and y-ray emission from the subsequent reactions
by the produced neutrons. Some of the groups[3-6] reported to
have succeeded in above observations partly, and most groups
could not observe any indication of existence of the cold fusion
phenomena. By taking into account of both the successful and
unsuccessful results the remarkable features of the cold fusion
experiments are summarized as follow: (1)Enormous heat
generation is observed in some experiments but it is difficult to
divide the heat into those of the nuclear origin and the chemical
origin, (2) neutron emission seems a direct proof of ‘the fusion
reactions and from the magnitude of the neutron flux the fusion
rate is conjectured as 8x10-22 fusion/d/s (d: deuteron) at
maximum, (3) neutron emissions are irregular in general, i.e.,
neutrons are emitted at random in time or they are emitted in
bursts, and (4) reproducibility is extremely bad and experimental
results are different each other according to the difference of
samples and difference of the experimentalists or the institutions.

In parallel with the experimental efforts to confirm the cold
fusion there have also been carried out a lot of theoretical studies to
explain the observed phenomena. Negative explanations were that
the origins of the excess heat were energies of chemical reactions[7]

or of stresses in a crystal[8]. Theoretical models from the
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affirmative viewpoints are roughly classified into three groups, i.e.,
(1) fusion reaction due to tunneling effects by screening of the
Coulomb barrier by some unconfirmed effects{9], (2) fusion by high
energy particles produced in a local hot spot[10] or accelerated by
high potential difference produced at a crack in a crystal[11,12], and
(3) completely new fusion reaction unknown up to now. The
possibility to explain the phenomena by the muon catalyzed fusion
induced by muons in cosmic rays was pointed out, but Nagamine et
al.[13] denied it experimentally by using intense muon beam from
an accelerator. In order to construct a theoretical model of the cold
fusion it seems very important to explain the whole cold fusion
phenomena including an explanation why the phenomena were
observed in such a capricious manner. In this letter we investigate
a theoretical model of the cold fusion due to high energy deuterons
accelerated by a crack-generated electric field (a fracto-fusion

mechanism) and conclude that this model is very plausible.

2. Electric potential difference generated at a crack
2.1 Survey of experiments

As is well known, fresh surfaces produced by cracking of a
crystal have capability to emit charged particles. This phenomenon
is usually attributed to the fact that highly concentrated energy is
deposited into a small volume of material during the crack-
formation and then imbalance of electric charges between the two
crack-walls causes an intense electric field with the growth of the
crack. In this intense electric field, electrons and ions are
accelerated to high energy. In the experiments of crack-formation,

one can observe a various kinds of emissions, i.e., positive ion
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emission, photon emission, electron emission, and neutral particle
emission. These phenomena are called the fracto-emission.

There are a lot of experimental evidences of the fracto-
emissions, which could be attributed to generation of high potential
difference at a crack in a crystal. For example, Linke and
Wollbrandt observed electron emission with an energy spectrum
which has a peak at 20 keV and the maximum energy of 120
keV[14]. As for photon emissions Klyuev et al. observed X-ray with
energy of several tens keV[15], and even very high energy y-ray as
4 MeV was observed by Sobolev et al.[16]. Emissions of positive
ions were almost the same as that of electrons in number and
energy[17]. Unfortunately these high energy emissions were
observed only in cases of cracks of insulators as alkali-halide
crystals[14,16,17] or adhesive bonds between a polymer and a
metal plate[15], and the generation of the high electric potential
difference in a metallic crystal such as Pd and Ti has not been
observed quantitatively. Klyuev et al.,, however, reported an
experiment to confirm the possibility of fusion due to the crack-
generated electric field by giving a strong impact on a LiD single
crystal by using a 0.05 kg bullet with speed of 200 m/s[11]. The
authors claimed that about 10 neutrons were emitted per single
shot in the average of 75 shots-experiment, which suggests that
about 20 fusion reactions occurred in the LiD crystal by the high
energy deuterons accelerated by the crack-generated electric field.
2.2 Theoretical consideration

One of the most interesting problems from the viewpoint of
the cold fusion is to determine theoretically whether such a high

electric potential difference can exist or not in metal hydrides as

PdDy or TiDx, and if the potential difference lasts long enough to
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accelerate the deuterons to high energy. Concerning the question
Mayer et al.[18] suggested that sufficient electric potential
difference could be generated if the surface density of unbalanced
electric charge of abdut 0.1 per lattice existed for some reason.

We analyzed this problem by assuming that a crack of wedge
shape with the vertex angle of 8 (6<<l) propagates with the velocity
of U(m/s)(Fig.1). If the crack is modelled by a parallel plate
condenser with a gap width of &(m), the potential difference of V(V)

is calculated from the charge density, o(C/mz), at the crack-walls as

v=00
&, (1)

where ep is the dielectric constant of the vacuum. The electric
charge originates from the charge imbalance at the propagation
vertex of the crack, which is apt to disappear due to the current
flow to the vertex along the crack surface. We should, therefore,
find a condition by which the unbalanced electric charges are
sustained on the surfaces and the high potential difference is
generated with the increasing gap width. We consider the ohmic

law at the point X of Fig.1, as

E = pj = pen,v, , (2)

where E = V/Il is the electric field strength along the surface, j the
current density, [ the length between the vertex and the point X,

and p, ne, and ve are the resistivity, electron density, and the

average electron speed along the surface, respectively. From Eq.(2)
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we can obtain the condition that the unbalanced charge does not

flow away to the vertex as

ve-—-—Vl = V8 U
€nglp eneap ' (3)

If the crack propagation speed is sufficiently large and the above
condition is satisfied, the charge density distribution on the crack-
walls is sustained almost constant in time during the growth of the
crack(Fig.2) and the potential difference obtained by the parallel
plate condenser model gives a good approximation,

To give an idea of magnitude of the parameters several
examples of potential difference and average electron speed are
shown in Table 1. In this Table the charge density is represented
by a number density of electrons, X (= o/e)(m-2), and resistivity of
pure Ti (p = 4.0x10-7 Qm), 6 = 10-2, and Ne = 1029m=-3 are
employed. If the gap width, §(m), of the crack is large enough, high
potential difference can be attained by rather small number of
unbalanced charges as X~ 1014 ~ 1015 m-2. For these conditions
the average electron speed, ve(m/s), can also become smaller in
comparison with crack propagation speed, which assures the

formation and sustainment of the high electric potential difference.

3. Number of fusion reactions per deuteron

Taking into account of the above data and investigations we
can presume that the high electric potential difference can be
generated at cracks in Pd or Ti crystals used in the present cold
fusion experiments. These cracks can be formed easily by packing

the deuterons strongly into the crystal lattice in the case of the



JAERI-M 85-—-093

we can obtain the condition that the unbalanced charge does not

flow away to the vertex as

V£=—VI--:._.K,9_<< U
Enip eneép ] (3)

If the crack propagation speed is sufficiently large and the above
condition is satisfied, the charge density distribution on the crack-
walls is sustained almost constant in time during the growth of the
crack(Fig.2) and the potential difference obtained by the parallel
plate condenser model gives a good approximation.

To give an idea of magnitude of the parameters several
examples of potential difference and average electron speed are
shown in Table 1. In this Table the charge density is represented
by a number density of electrons, X (= o/e)(m-2), and resistivity of
pure Ti (p = 4.0x10-7 Qm), 8 = 10-2, and ne = 1029m -3 are
employed. If the gap width, 8(m), of the crack is large enough, high
potential difference can be attained by rather small number of
unbalanced charges as X~ 1014 ~ 1015 m-2, For these conditions
the average electron speed, ve(m/s), can also become smaller in
comparison with crack propagation speed, which assures the

formation and sustainment of the high electric potential difference.

3. Number of fusion reactions per deuteron

Taking into account of the above data and investigations we
can presume that the high electric potential difference can be
generated at cracks in Pd or Ti crystals used in the present cold
fusion experiments. These cracks can be formed easily by packing

the deuterons strongly into the crystal lattice in the case of the



JAERI-M 89-093

electrolytic cold fusion, or by rapidly cooling/heating the crystal in
the case of the high pressure cold fusion. On the basis of this
consideration, we estimate the number of fusion events in a crystal
by assuming the maghitude of the potential difference between the
crack walls or the energy of an accelerated deuteron. In the
following investigation we consider only the DD and DT fusion

reactions which are represented as

D+D->T+P+40MeV (4)
D+D-->He3+n+33MeV (5)
D+T->Het+n+17.6 MeV (6)

First we have to calculate the fusion cross sections

corresponding to the above reactions, oDDp: °DDn> and opT in

respective order. These are generally expressed[19] as

o(E)-z%cx --4_-)’

VE (7)

where E is the deuteron energy, § and A are the constants given in

Table 2, and the total cross section of the DD fusion reaction opp is

expressed as a sum of oDDyp and opDn-

Next, it is necessary to calculate the energy loss of an
accelerated deuteron. There are many possibilities of the energy
losses and among them we evaluate the magnitude of the losses due
to the following important processes, i.e., the large angle elastic
scattering by which the fast ion is back-scattered from the crystal,
the ionization-excitation collision, and the small angle scattering
Coulomb collision. Since the energy loss by an ionization-excitation

collision, E*, is several eV, the energy decay rate of a fast ion with
gy y

_6_
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energy E becomes smaller by (E*/E) times than the ionization-
excitation collision frequency. The result of the evaluation is
summarized in Table 3. In this Table we can easily see that the
Coulomb collision. with electrons is the dominant process for the
energy loss in the parameter range of our concern, and, hereafter,
we consider only the Coulomb collision as the energy loss process in

the crystal. The energy loss due to this process is represented by

using the slowing down time 75 of the accelerated deuteron as

a T, (8)

dE _ _E

5 1.5
=14 x10B3E _ L)
Ts 1.4 %10 n, ({E(} - (9)

where ne is the electron density in unit of m-3, E is the deuteron
energy in keV, and the Coulomb logarithm is assumed to be 10.
Subscript 0 denotes the state with maximum energy just before
entering the crack surface.

Using the above equations we can calculate the number of the

fusion reactions per single deuteron, f, as

f=f nov dt
0 (10)

where ny is the density of the target particles (D or T) of order of
1029m-3 and v 3-1X10%E m/s) 5 e velocity of the accelerated
deuteron. Since ov is approximately expressed as a power of the
incident particle energy, ov ~[ovIo(E/Eo)” , the integration of Eq.(10) is

carried out analytically as
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f=nfovlp®

(11)

As for the energy multiplication factor, Q, input energy is rather
difficult to determine, but by employing the deuteron acceleration
energy E( as the input energy we can define the maximum limit of
the Q-values. Figure 3 shows the number of the fusion reactions
per deuteron, fpp, and the Q-values, Qp D, as functions of the
accelerated deuteron energy, where the ratio of ne and nyg is

assumed to be ng/ni=2. Figure 4 shows the case of DT fusion. The

attainable Q-values for both cases are found to be much smaller

than unity. In order to estimate the fusion rate we need the time

scale, tf, of the overall process governed by the characteristic time
of the crack-formation, and the ratio, £ of the deuterons usable for
the acceleration. We assume as #f~ 1 month = 3x100 s and £ ~ 10-3.
Then the rate for the DD fusion is derived as 1x10-23 ~ 6x10-20
fusion/d/s for the crack voltage of 10 ~ 30 keV. Under this
condition energy loss of a deuteron is calculated as 0.03 ~ 0.1
MWm-3, which is larger than the fusion output energy by more
than the factor of 108. These values as well as the irreproducibility

of the crack-formation are consistent with experiments.

4, Conclusions and discussion

In the present investigation we assumed the existence of the

high electric field in a crack of the metal deuterides such as PdDy
and TiDyx. And we also assumed a sufficiently long life time of the
electric field for the fusion process as about 10-10 second. These

assumptions are not confirmed experimentally up to now. But the
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existence of the high electric potential difference is consistent with
the theoretical analysis based on a simple model of the crack
propagation even in a metal crystal with rather low resistivity. We
can conclude, (1) the fracto-fusion mechanism seems consistent
with the cold fusion experiments so far carried out, and (2) the

fracto-fusion reactor does not seem promising as an €nergy SOurce.
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Table 1 Examples of dependence of electric potential difference,

V, at a crack, and electron flow speed, ve, along the crack

surface, on the gap width, 6, and the charge density, Z,

on the crack-wall.

Resistivity, p, vertex angle, 8, and

electron density, ne, are assumed as 4.0x10-7 Qm, 10-2,

and 1029 m-3, respectively.

V(V) §(m) F(m-2) ve(ms-1)
104 10-3 5.5x1014 1.7x101
104 10-4 5.5x1015 1.7x102
102 10-3 5.5x1013 1.7x102
105 10-4 5.5x1016 1.7x103

Table 2 Coefficients S and A in the formula of the fusion cross
sections.
ODDp SDDn opT
S(m2keV) 1.5x10-26 2.0x10-26 2.3x10-24
A(keV1/2) 46 48 46




Table 3

JAERI-M 89-093

losses of accelerated deuteron.

Comparison of collision frequencies relating the energy

Large-angle
elastic scattering

Ionization-
excitation collision

Small-angle
scaitering
Coulomb collision

VR~Tcry OV veff<(E*/Eg)v/de v=1/1g
o ~10-28m2 E*~10eV Eg~10keV
v ~106ms-1 Ep~10keV v ~8x10145-1
nery~1029m-3 de-nel/3~10-10m
Eg~100keV
vR ~107s"1 Veff~10135-1 v ~2.5x10135-1
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Fig.1 Crack propagation process.
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Fig.2 Motion of unbalanced charges during the growth of the crack.
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Fig.3 Number of DD fusions per deuteron, fpp. and energy

multiplication factor, Qpp, versus energy, E, of a deuteron

accelerated by the crack-generated electric field.
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