ANOMALOUS PHENOMENON IN SOLIDS
DESCRIBED BY THE TNCF MODEL

ANSF——
Repring
IN SOLIDS

KEYWORDS: excess heat. nu-
clear transmutation, TNCF mode/

HIDEO KOZIMA,* KAORI KAKI, and MASAYUKI OHTA

Shizuoka University, Department of Physics, Faculry of Science
836 Oya, Shizuoka 422, Japan

Received August 9, 1996
Accepted for Publication June 21, 1997

More than 25 typical experimental data sets of the
cold fusion phenomenon have been analyzed phenom-
enologically by the TNCF (trapped neutron catalvzed fu-
sion) model based on an assumption of the quasi-stable
existence of the thermal neutrons in solids with special
characteristics, giving a consistent explanation of the
whole data set. The densities of the assumed thermal neu-
tron in solids have been determined in the analyses from
various experimental data and were in a range of 10° 1o
10"? cm ™. The success of the analyses verifies the va-
lidity of the assumption of the trapped thermal neutron.
Physical bases of the model were speculated, facilitating
the quasi-stable existence of the thermal neutron in the
crystals, thereby satisfving definite conditions.

I. INTRODUCTION

In 1989, Fleischmann et al.' published a paper de-
scribing the discovery of so-called cold fusion, i.e., gen-
erations of excess heat and nuclear products (tritium f,
“He, neutron n, and gamma v) in solids that seemed to
be impossible to explain by the conventional physics. Af-
ter the discovery of cold fusion, it has been recognized
that the cold fusion phenomenon includes not only the
generation of excess heat, small nuclei, neutrons, and pho-
tons but also nuclear transmutation, including heavy nu-
clei in metals occluding and in compounds including
hydrogen isotopes (deuterium and/or hydrogen). Cold fu-
sion is used as such in this paper.

To explain the cold fusion phenomenon, the first pro-
posal** of a phenomenological model was made in the
fall of 1993 based on an assumption of trapped thermal
neutron catalyzing fusion (TNCF) reactions in crystals
(the TNCF modei). The idea of fusing a neutron as an
agent to realize nuclear reactions in solids generated a
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companion trial using neutronlike stable particles® ” with
some physical verifications for their existence. The
trapped neutron model assumes simply an existence of
quasi-stable neutrons moving in solid with thermal ve-
locity and some other properties, which will be ex-
plained in Sec. II.

The model was developed® ! in 3 yr to fit the vari-
ous phases of the phenomenon. The electrolytic experi-
ments, including the first one by Fleischmann et al..' were
analyzed, and the results'? showed that the experimental
results on the relations between the excess heat, tritium,
and neutron were explained consistently by the model.
The questions solved by the model included the poor
reproducibility of the events, large N,/N, (= t/n) ratio,
large Ny/N, ratio, and also the large value of Ny, com-
parable to Ny, where N,, N,,, Ny, and Ny, are the number
of events generating tritium, neutrons, excess heat, and
*He, respectively.

In this paper, we show that 28 typical experimental
data sets of the electrochemical and the discharge exper-
iments obtained in the ~8 yr after the discovery' of the
cold fusion phenomenon were explained by the TNCF
model consistently, and therefore, physics of the cold fu-
sion phenomenon can be depicted on the model.

In Sec. I, we explain the basic concepts of the TNCF
model. In Sec. IlI, we give results of analyses of the ex-
perimental data on the basic premise of the model (the
quasi-stable existence of the trapped thermal neutrons
in the solid) and also the assumed fusion reactions be-
tween the neutron and nuclei causing perturbation on the
neutron to destabilize it. In Sec. I'V, we discuss the physics
of the cold fusion phenomenon envisaged by the TNCF
model based on the success of the analyses given in
Sec. I11.

Il. THE TNCF MODEL

The TNCF model is a phenomenological one, and
the basic premises (assumptions) are summarized as
follows'*:
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1. We assume a priori existence of the trapped neu-
tron with a density n, in solids with special characteris-
tics, to which the neutron is supplied essentially by the
ambient neutron.

The density n, is an adjustable parameter in the TNCF
model that will be determined by experimental data using
the supplementary assumptions that will be explained later
concerning reactions of the neutron with other particles
in the solids. The special characteristics of the solids to
trap the thermal neutron were supposed to be realized by
stochastic processes in the solids.

2. The trapped neutron reacts with another nucleus
in the surface layer of the solids as if they are in vacuum.
We express this property by taking the parameter ¢ de-
fined in relation (1) as & = 1.

3. The trapped neutron reacts with another perturb-
ing nucleus in volume by relation (1) with ¢ = 0.01 due
to its stability in the volume (except in a special situation
such as very high temperature as 3000 K).

The following additional premises on the measured
quantities are then used to calculate reaction rates, for
simplicity.

4. Products of a reaction lose all their kinetic energy
in the sample except they go out without energy loss.

5. Anuclear product observed outside of the sample
has the same energy as its initial one.

This means that if a gamma or neutron spectrum is
observed outside, it directly reflects nuclear reactions in
the solid sample. The same is for the distribution of the
transmuted nucleus in the sample. Those spectra and the
distribution of the transmuted nuclei are the direct infor-
mation of the individual events of the nuclear reaction in
the sample.

The amounts of the excess heat, tritium, and helium
are accumulated quantities reflecting nuclear reactions
in the sample indirectly and are the indirect information
of the individual events.

6. The amount of the excess heat is the total liber-
ated energy in nuclear reactions dissipated in the sample
except that brought out by nuclear products observed
outside.

7. Tritium and helium measured in a system are ac-
cepted as all of them generated in the sample.

Premises about structure of the sample are expressed as
follows:

8. In electrolytic experiments, the thickness of the
alkali metal layer on the cathode surface will be taken as
1 pum.

9. The mean free path of the triton with an energy
2.7 MeV generated by the n + °Li fusion reaction will
be taken as 1 um irrespective of material of the solid.
FUSION TECHNOLOGY
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Collision and fusion cross sections of the triton with nu-
clei in the sample will be taken as the same as those in
vacuum.

10. Efficiency of detectors will be assumed as 100%
except as otherwise described; i.e., the observed quanti-
ties are the same as those generated in the sample and
observed by the detector.

A premise will be made to calculate the number of events
Ny producing the excess heat Q:

11. In the calculations of a number of events (nu-
clear reactions) producing the excess heat N, the av-

erage energy liberated in the reactions is assumed as
S MeV:

Ny = excess heat 0 (MeV)/5 (MeV) .

The following relation combines the energy units of
mega-electron-volts and joules:

1MeV=16%xX10""], 1]J=624X10">MeV .

The origin of the trapped neutron can be considered as
(a) the ambient background neutrons, the existence of
which have been recognized widely in public, and (b)
the neutrons breeded in the sample by nuclear reactions
between the trapped neutron and perturbing nuclei pro-
posed in the TNCF model.

There are some experimental bases of these prem-
ises. Premise 1, the possible existence of trapped neu-
tron: Cerofolini et al.'* and Lipson et al.'> observed
temporal changes of neutron intensity irradiated to sam-
ple without change of total number. Premises 2 and 3,
nuclear products induced by thermal neutrons: Shani
et al.,'® Yuhimchuk et al.,'” Celani et al.,'® Stellaet al., ¢
and Lipson and Sakov? observed effects of artificial ther-
mal neutron on neutron emission in various materials.
Premises 2 and 8, neutron reactions in the surface layer:
Morrey et al.,”' Okamoto et al.,?> Oya et al.,>* and Ya-
mada et al.** showed helium production and nuclear trans-
mutation in the surface layer of the palladium cathode
with a thickness of =25 um, ~1 um, and 3 nm, respec-
tively. Premise 3, low reactivity of volume nuclei up to
~1% of the value in vacuum: Notoya et al.?* observed
nuclear transmutation and positron annihilation gamma
in a porous nickel sample that showed a low reactivity of
nucleus in volume at most 1% of the value in vacuum.

An exception to the reaction rate in volume is illus-
trated in an experiment of molybdenum cathode at 3000 K
where a high production rate of tritium is observed.**?’

If the stability of the trapped neutron is lost by a large
perturbation in the surface layer or in volume, the reac-
tion probability between a thermal neutron and a nucleus
may be calculated by the same formula to the usuat col-
lision process but with a numerical factor ¢:

Pfk = 0.357’1,,U,1’1NV0-11N§ ’ (1)
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where

0.35n,v, = flow density of the neutron per unit area
and time

ny = density of the nucleus
V = volume where the reaction occurs
o,y = cross section for the reaction.

The factor ¢ in relation (1) expresses an order of the sta-
bility of the trapped neutron in a region where it is. Vol-
ume V will be taken as /S in the electrolytic experiments,
where [y and S are the thickness and area of the surface
layer on the cathode, respectively.

In the electrolytic experiments, we took £ = 1 in the
surface layer and £ = 0 in the volume except as other-
wise stated (premises 2 and 3). The value of ¢ = 0.01
instead of £ = O in relation (1) will result in lower n,, in
the electrolytic data by a factor of more than 2 than that
determined with a value ¢ = 0 as had been used in our
former analyses. (In this paper, we cite previous data with
¢ = 0 as they were.)

In the case of a sample with a definite boundary layer
surrounding a trapping region where the thermal neutron
exists, volume V should be that of the boundary region
where the nucleus reacts with the thermal neutron (as in
electrolytic experiments). On the other hand, in a sample
without a definite boundary layer but with a disordered
array of minor species of lattice nuclei in the sample, the
volume should be the whole volume of the sample (as in
discharge experiments).

If a nuclear reaction occurs between a trapped ther-
mal neutron and one of lattice nuclei 4M with a mass
number A and an atomic number Z, there appears an ex-
cess energy @ and nuclear products as follows:

n+sM=2"1M + M+ Q (2)
where
M=y
‘M=n
iM=p
iM=d
iM=1
iM = “He

and so forth.

The excess energy Q may be measured as the excess
heat by the attenuation of the nuclear products y and
charged particles generated in reaction (2). Otherwise,
the nuclear products may be observed outside with an
energy (we assume it as the original one hereafter) or
may induce succeeding nuclear reactions with one of other
nuclei in the sample.
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Typical reactions related to the TNCF model are writ-
ten down as follows.

The trapped thermal neutron can fuse with °Li nu-
cleus in the surface layer formed on the cathode by elec-
trolysis of D,O (H,0) + LiOD (LiOH) with a large cross
section of ~1 X 10* b (at 300 K):

n + °Li = *He (2.1 MeV) + 1 (2.7 MeV) . (3)

The thickness of the surface layer will be assumed as
I um throughout the following analysis (premise 8), al-
though it has been determined as 1 to 10 um in experi-
ments (allowing one order of magnitude uncertainty in
the determined value of n,). Also, the abundance of the
isotope °Li will be assumed as the natural one, i.e., 7.4%,
except as otherwise described.

The triton with an energy of 2.7 MeV generated in
this reaction can pass through the crystal along the chan-
neling axis on which is located an array of occluded deu-
terons, or it can proceed a finite path with a length (=1
to 10 pum) determined by the interaction with charged
particles in the crystal. In the process of triton penetra-
tion through a crystal, the triton can fuse with a deuteron
on the path with a length (take as 1 wm) with a cross
section of ~1.4 X 107" b (premise 9):

1(2.7MeV) + d = *He (3.5 MeV)
+ n(14.1 MeV) . 4)

It has been a defe<t in experimental research to not try to
detect the higher energy neutrons (from 10 to 15 MeV)
expected to be generated in this reaction.

The neutron with 14.1 MeV generated in this reac-
tion can interact with particles in the crystal, especially
with a deuteron elastically giving a large amount of en-
ergy to it or inelastically dissociating it:

n(141MeV)+d=n"+d' 5)
=n"+p+n". (6)

The threshold energy of the latter reaction is 2.2 MeV
with a cross section of 0.2 b. In these reactions, the orig-
inal high-energy neutron will be thermalized or generate
another low-energy neutron to be trapped in the sample
(breeding process).

When the neutron becomes thermal, it can fuse ef-
fectively with a deuteron in volume or with the 'Li nu-
cleus in the surface layer:

ntd=t+vy+ 625MeV (7)
and
n+'Li=%i+y=2%He+e + 7,
+16.2MeV + vy . 8)

Reaction (7) for a thermal neutron has a cross section of
5.5 X 107%, and reaction (8) has 4 X 102 b, which will
be used in the estimation given in the following section.
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The deuteron having an energy up to 12.5 MeV ac-
celerated elastically in the scattering (5) by the neutron
with 14.1 MeV can fuse with another deuteron in two
modes with a fairly large cross section of the order of
0.1 b:

d+d=1(1.01MeV)+ p (3.02MeV) 9)
= 'He (0.82 MeV) + n(2.45MeV) . (10)

Depending on the situation in a cold fusion system, the
trapped thermal neutron can induce such trigger reac-
tions as reactions (3) and (7), and the generated ener-
getic particles can sustain breeding chain reactions,
producing much of the excess heat and nuclear products.

In the case of solids with hydrogen but deuterium,
the following reaction should be taken up in the analysis:

n+p=d(133keV) + v (2.22 MeV)
(11)

and

d (1.33keV) + p = *He (5.35keV) + y (5.49 MeV) .
(12)

The fusion cross section of reaction (11) for a thermal
neutron is 3.5 X 107" b.

The photons generated in reactions (7), (8), (11), and
(12) can induce photodisintegrations of deuterons and nu-
clei if they have more energy than the threshold energies
of the following reactions [2.22 MeV for reaction (13)]:

vy+d=p+n (13)
and
y+aM =" M+n. (14)

In samples with deuterons, reaction (13) with a cross sec-
tion ~2.5 X 10~ b works as a neutron breeder.

In the analysis of experimental data on the TNCF
model, we make the situation simple and tractable using
premises 4 through 11 explained earlier.

tIl. EXPERIMENTAL DATA AND THEIR ANALYSIS
ON THE TNCF MODEL

In the experiments of cold fusion phenomenon, there
are many data sets reflecting nuclear reactions occurring
in the solid sample. Among the data sets, there is direct
and indirect evidence of the nuclear reaction in solids.
The direct evidence includes gamma and neutron spectra
and distribution of transmuted nuclei in the sample. The
gamma and neutron with high energy scarcely loose their
energy in a small sample usually used in the experiments
and are observed as its original forms outside. The in-
direct evidence includes the excess heat; amounts of
tritium, “He, neutrons, and gamma and X rays; and trans-
FUSION TECHNOLOGY
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muted nuclei that are impossible to explain without nu-
clear reactions.

We pick up typical experimental data of each event
and explain the characteristics by the TNCF model. The
TNCF model assumes nuclear reactions between the
trapped neutron and another nucleus in the sample as trig-
ger reactions, and it is expected that there are several ef-
fects occurring in conjunction with the reactions. In the
analysis of experimental data, we assume the existence
of all expected events together even though some are de-
tected in the experiment.

The detailed process of the analysis is given only for
some cases to illustrate the process of analysis, and only
the resulting parameter n, is given for others taken up
by us.

HI.A. Null Result and Effect of Thermal Neutrons

There are many results of unsuccessful experiments
and some experimental data showing effects of back-
ground neutrons on the cold fusion phenomenon.

HI.A. 1. Null Result

Several experimental data sets have been published
that failed to detect the cold fusion phenomenon as well
as many unpublished sets. There is also a general ten-
dency to believe that the cold fusion phenomenon occurs
less frequently in careful conditions that reduce back-
ground neutrons to improve the S/N ratio. In the pub-
lished data, one fundamental set was that by Jones
et al.,”® and the one by Ishida®® was reliable. Although
the number of unsuccessful experiments overwhelms that
of successful ones, it is ridiculous to discuss the reality
of the cold fusion phenomenon with a statistical average
of the results.

Those cited earlier and many uncited data sets have
shown that the cold fusion phenomenon did not occur in
a situation where there is a very low density of the am-
bient background neutrons. This is negative evidence of
the decisive role of thermal neutrons in the cold fusion
phenomenon.

II1.A.2. Effect of Thermal Neutrons

There are several experimental data sets showing the
effect of an artificial irradiation of thermal neutrons un-
der low ambient background neutron density: Shani
et al.,'d Yuhimchuk et al.,'” Celani et al.,'® Stellaet al.,'®
Lipson and Sakov,? and Oyaet al.>* These data have shown
clearly that the thermal neutron induces the cold fusion
phenomenon. This is positive evidence of the decisive role
of thermal neutrons in the cold fusion phenomenon.

Using the premises given in Sec. I, we could deter-
mine the density 7, of the trapped thermal neutrons™ in
the samples used in the experiments by Oya et al.?* as
follows: n,, = 3.0 X 10° cm .
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111.A.3. Qualitative Reproducibility

It is normal that the cold fusion phenomenon occurs
with poor reproducibility. The first premise of the TNCF
model is supposed to be fulfilled in crystals with special
characteristics to trap thermal neutrons from ambient and
to breed them inside. The characteristics were supposed
to be realized only when there was a structure formed by
atomic processes in the multicomponent solid sample that
was essentially stochastic. This point will be discussed
later in Sec. IV.

Therefore, the realization of the characteristics for
the cold fusion phenomenon has only qualitative repro-
ducibility but not quantitative.

Hi.B. Direct Evidence of the Nuclear Reaction in Solids

In the experimental data of the cold fusion phenom-
enon, there is some evidence of nuclear reactions in the
solids, including energy spectra of gamma-ray and neu-
tron and spatial distributions of transmuted nuclei in the
sample. These data could be considered as direct evi-
dence of the nuclear reactions because the gamma and
neutron could be observed with a negligible energy loss
and because the transmuted nuclei could be observed
where the transmutation occurred.

HI.B.1. Gamma Spectrum

Experimental results on the gamma were rare until
1996. The data sets until 1996 were without clear spec-
tra, including those by Flcischmann et al.,' Long et al.,*'
and Jorne. ** Recent data were with gamma spectra, which
include Lipson et al.,"" Notoya et al.,** and Oya et al.?}
It should be emphasized that the positron annihilation
gamma with energy of 0.511 MeV was measured in the
latter two measurements. An analysis of the data by No-
toya et al.”* showed that the interaction between the
trapped neutron and lattice nuclei in volume was at most
1% of that in vacuum and justified neglect of the inter-
action in the analyses of the indirect evidence of cold
fusion such as excess heat and the amounts of tritium
and helium atoms. This is the basis of premise 3.

The data by Lipson et al.,” Notoya et al.,>* and Oya
et al.”’ were analyzed on the TNCF model, and the pa-
rameter n, was determined as n,, = 4 X 10°, 1.4 X 10°,
and ~10'" ecm ™, respectively.

HI.B.2. Neutron Spectrum

The first neutron spectrum was measured by Jones
etal.”® Several data sets by Takahashi et al.** and Nakada
et al.”® were then presented. They have shown that there
are neutrons with energies ~2.45 MeV and with ener-
gies up to 10 MeV, and the number of the latter are ex-
ceeding the former by several factors. This result shows
that reaction (10) is occurring in the cold fusion materi-
als but is not the main reaction. There are few data sets
of the neutron spectrum above 10 MeV, and it is difficult
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to verify the occurrence of reaction (4), but the broad
peaks above 3 MeV could be a result of deceleration of
the neutron in the matter.

The data by Takahashi et al.** were analyzed on the
TNCF model, and the parameter n, was determined as
n,=1X10cm °.

H1.B.3. Distribution of Transmuted Nuclei

Distribution of transmuted nuclei, including *He, was
measured by several scientists. The first were Morrey
et al,,*’ who analyzed samples used by Fleischmann
et al.' From then, several data sets were obtained that
showed local distribution of the transmuted nuclei, in-
cluding Okamoto et al.,”* Savvatimova et al.,*® Savvati-
mova and Karabut,"” and Yamada et al.>*

These data have shown that the nuclear reactions in
electrolytic materials occurred in surface layers with thick-
ness of several microns. This is the basis of premise 2.

The data by Okamoto et al.,** Savvatimova et al.,*
Savvatimova and Karabut,"’ and Yamada et al.%* were
analyzed on the TNCF model and the parameter n,
was determined as n, = 1 X 10'°, 9 X 10", and
~10" em 7, respectively.

IlII.B.4. Miscellaneous

Kasagi et al.™ observed a small but sharp peak of
protons with 14.1 MeV in an experiment with 150-keV
deuteron irradiation on the TiD sample. This proton could
be interpreted as a recoil proton by a 14.1-MeV neutron
generated in the ¢ + d reaction (4).

I11.C. Indirect Evidence of the Nuciear
Reaction in Solids

In the experimental data sets of the cold fusion phe-
nomenon, there is evidence that quantitatively shows the
occurrence of nuclear reactions in the solids. The excess
heat too large to be explained by chemical reactions is
the first example. The appearances of enough tritium and
helium in the experimental system are the second and
third examples. To the goal of a new energy source, the
excess heat is the most important quantity and has been
examined extensively.

HI.C.1. Excess Heat

There are many data sets on the excess heat gen-
eration in a Pd/D, Ni/D(H) system but with qualitative
reproducibility. Those data sets include Fleischmann
etal,' Roulette et al.,* Miles et al.,* Okamoto et al_,*2
Oya et al.,”" Arata and Zhang,*' McKubre et al.,*2 Cra-
vens,*! Dufour,* Focardi et al.,* Gozzi et al.,* Cellucci
etal.,*’ Celani et al.,***° Oriani,*° and Iwamura et al_ >’

We show here a detailed analysis of the data ob-
tained by Fleischmann et al.! First, their data in a sample
with a dimension of 0.1-cm diameter X 10 ¢m generated
an excess heat of 0.079 J/s (= 4.9 X 10'' MeV/s) by
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reaction (3), which determines the density of the trapped
neutron

n,=13x10"cm™?

by relation (1). In this calculation, we assumed that all
the liberated energy in the reaction was thermalized in
the system. On the other hand, a sample with the same
size generated tritium of 4 X 10'' s~! by reaction (3),
which also determines the density

n,=5x%x10cm™?

by relation (1). These two values of the density n,, seem
consistent with a difference of a factor of 4.

Second, their data set in a sample with a dimension
of 0.4-cm diameter X 10 cm generated neutron 4 X 10*
s "', which corresponds to the number of tritium of 2.5 X
105! (= 4 X 10* X 6.25 X 10°) by reaction (4). This
value determines the density of the trapped neutron

n,=31%X108cm * .

On the other hand, the excess energy of 1.75 J/s (=
1.1 X 10'* MeV/s) observed in the sample determines
the density

n,=71x10%cm * .

The difference in this case is by a factor of 20, and co-
incidence is qualitative.

We can see that all these values of the density n,, are
fairly similar. We may assume that although the data of
the excess heat, trittum, and neutron are not measured
with the same cathode, there should be tritium in the case
of neutron measurement and in the case of heat measure-
ment, etc. This might be the truth of the phenomenon in
the Pd/D/Li system. This means that it might be more
reasonable to consider that both reactions (3) and (4) were
together in the samples generating the excess heat, tri-
tium, and neutron, as assumed at the end of the introduc-
tion to Sec. II1, than to consider that those events occurred
independently. We take this point of view in the analysis
of the cold fusion data.

We can now calculate the ratios of the number of
events N, N,, and N,, for the same density of »,,. [NQ =
0 (MeV)/5 (MeV).] Theoretical values of N,/N, and
No/N, are 5.3 X 10° and 1.0, respectively. On the other
hand, experimental values reduced to the same n, and
the same sample size are 4 X 107 and 5.5, respectively.

The data by Roulette et al.,* Miles et al.,** Arata
and Zhang,*' McKubre et al.,** Cravens,* Dufour,* Fo-
cardi et al.,*’ Gozzi et al.,*® Cellucci et al.,*” Celani
et al.,**® and Oriani*® were analyzed on the TNCF model,
and the parameter n, was determined as n,, = 10'' t0 102,
10° t0 10'%, ~10'%, 10° to 10'°, 8.5 X 10°,9.2 X 10",
3.0 X 102,22 X 10°, 1.0 X 10'2, and 4.0 X 10" em 7,
respectively.
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In the analysis of the data by Arata and Zhang,*!
it was assumed that reaction (3) occurred in the surface
of the palladium cylinder and the generated triton in
the reaction penetrated into its inside where there was
palladium-black, in which *He was detected.

I1.C.2. Tritium Generation

Tritium generation was observed more frequently than
neutron generation, and the amount was very large with
a factor up to 107 compared with that of neutron gener-
ation. The data include that by Fleischmann et al.,' Romo-
danov et al.,”’ Takahashi et al.,** Storms and Talcott,*?
Srinivasan et al.,>* Rout et al.,* Bockris et al.,>* Claytor
et al.,”® Will et al.,”” and De Ninno et al.>8

The data by Storms and Talcott®? (°Li: 0.018%),
Bockris et al.,” Romodanov et al.,?’ Claytor et al.,*® Will
et al.,”’ Srinivasan et al.,>* Rout et al.,’* and De Ninno
et al.*® were analyzed with the TNCF model, and the pa-
rameter n,, was determined as n,, = 2.2 X 105, 1.1 X 109,
1.8 X 107, 1.4 X 107,3.5 X 107, 1.9 X 10% and 1.2 X
10° cm ™%, respectively. In the analysis of the data by Ro-
modanov et al.,?” the volume V was taken as the volume
of the sample where the temperature was ~3000 K and
the reaction was supposed to occur in volume.

I11.C.3. Helium-4 Generation

The observation of helium was also rather frequent
and the amount very large compared with that of neutron
generation. Miles et al.,** Arata and Zhang,*' and Yama-
guchi and Nishioka®® were several of the many data sets
reporting the detection of helium.

The data by Miles et al.* and Arata and Zhang*' were
analyzed with the TNCF model, and the results were given
in Sec. II1.C.1.

II1.C. 4. Neutron Generation

Neutron generation without energy spectrum was ob-
served many times. The first one was by De Ninno
et al.** followed by Menlove et al.,*' and Iyengar and
Srinivasan. %’

HI.C.5. Gamma and X-Ray Generation

Gamma generation without its energy spectrum was
first measured by Fleischmann et al.! and then by Long
et al.*' and others. The observed energy spectrum was
discussed in Sec. I11.B.1.

HI1.C.6. Transmuted Nuclei

Transmuted nuclei without spatial distribution have
been measured very often in electrolytic and discharge
experiments, which include data sets by Savvatimova
et al.,* Savvatimova and Karabut,*” Bockris et al.,>
Ohmori and Enyo,** Mizuno et al.,** Bush and Eagle-
ton,* Passel,®® and Miley et al.®’
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The data by Bush and Eagleton® and by Passel® were
analyzed with the TNCF model, and the parameter n,

was determined as n,, = 1.6 X 107 and 3.7 X 10'"° ¢m ~*
respectively.

’

H1.C.7. Miscellaneous

Reifenschweiler® measured the resulting X rays
induced by beta-decay of tritium sorbed by titanium
(TiTg.003s = Ti/T system). The sample was in the shape
of extremely small monocrystalline particles with a di-

ameter of ¢ = 15 nm. In the heating process of the sam-
ple between 0 and 450°C, he observed a decrease in
radioactivity (i.e., an intensity of the X ray) from the sam-
ple Ti/T up to 40% in a definite temperature range of
115 to 275°C. From the experimental result, he con-
cluded that there was a reduction of radioactivity of tri-
tium sorbed by titanium.

This data set about a curious temperature depen-
dence of radioactivity from TiTg g5 sample was ana-
lyzed with the TNCF model, assuming an existence of
the trapped neutron in the sample and stabilization of the

TABLE 1

Neutron Density n,, and Relations Between the Numbers N, of Event x Obtained by Theoretical Analysts

of Experimental Data on the TNCF Model [N,, = Q(MeV)/5(MeV)]

n, Other Results
Authors System Measured Quantities {em™%) (Remarks)
Lipson et al.** Pd/PdO/D,Na | y (E, = 6.25 MeV) 4 % 10° (If efficiency = 1%)
Notoya et al.?* Ni/H(D)/K NT (*K — **K) 1.4 x 10°
Oya et al.?? Pd/D/Li @, vy spectrum 3.0 x 10° (with 2Cf source)
Takahashi et al.** Pd/D/Li tLn 10¢ N,/N, ~ 53 X 10°
N,/N, ~ 6.7 X 10*
Okamoto et al. 2 Pd/D/Li Q. NT (P7Al - 8i) ~10'° No/Nnt ~ 1.4
Savvatimova and Karabut*’ Pd/D, NT ('*Pd — "7Ag) 9 X 10'°
Yamada et al.?* Pd/D, n, NT ('O — '*C) 2.0 X 102 '*C not confirmed
Fleischmann et al.’ Pd/D/Li Q. t,n ~10° N,/N, ~ 53 X 10°
N,/N, ~ 107 No/N, ~ 8.6 X 107
}VQ/IV,7 ~ 5.6 X 107 NQ/N, ~ 1.0
Roulette et al.*® Pd/D/Li 0 10'" ~ 102
Miles et al.*° Pd/D/Li 0, *He 10° ~ 10'°
(NQ/NHC =1to ]O) NQ/NHc ~5
Arata and Zhang*' Pd/D/Li 0, *He ~10" Ng/Nye ~ 6
(10" to 10%! cm?) (assume 7 channeling
in cathode wall)
McKubre et al.*? Pd/D/Li Q (formula) 10° ~ 10" | Qualitative explanation
Cravens* (Patterson Power Cell) | Pd/H/Li 0 (Quu/Qin = 3.8) 8.5 x 10° (If PdD exists)
Dufour** (88 is for P4,SS/D, o.tn 9.2 x 10" [D(H)/Pd ~ 1is
stainless steel) Pd,SS/H, 4.0 % 10° assumed]
Focardi et al.*’ Ni/H, 0 3.0 X 10*2 (N, = 10*' was used)
Gozzi et al . *® Pd/D/Li Q. *He 2.2 X 10° (Assume Q = 5 W)
IVQ/IVHe =1to$ NQ/NHc =1
Celani et al.* Pd/D/Li Ol = TW (200%)] | 1.0 X 10" | (At Q,00)
Oriani’’ SrCeO,/D> Q ~ 0.7 W (400°C) 4.0 X 10%° V=031 cm?®
Storms and Talcott>> Pd/D/Li t(~1.8 x 10° Bq/ml) 2.2 X 108 (r =250 h, V = 60 ml)
Bockris et al.?® Pd/D/Li t(~3.8 X 10"/cm?-s) 1.1 X 10° N,/Ny. ~ 1
Romodanov et al.”’ Mo/D, 1 (~107/s) 1.8 X 107 (If sample is MoD)
Claytor et al.*® Pd/D, t(0.15 nCi/h) 1.4 X 107 (If D/Pd ~ 1)
Will et al. ¥’ Pd/D,S0O, 1 (~1.8 X 10°/cm?-s) 3.5 X 107 (If Iy ~ 10 pm)
Srinivasan et al.>’ Ti/D, t(t/d ~ 107%) 1.9 x 108
DeNinno et al.*® Ti/D, 1 (5.4 Bq/g Dy) 1.2 X 10° (D/Ti = 1,7 = 1 week)
Bush and Eagleton®® Ni/H/Rb NT (%Rb — ®¢Sr) 1.6 X 107 No/Nnt ~ 3
Passell % Pd/D/Li NT ("B — "Li + “He) 1.1 X 10° Nn1/No =2
Reifenschweiler®® TiTo.0035 Reduction of 8 decay 3.7 x 10" (T = 0 to 450°C)
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neutron in the temperature range where the radioactivity
decreased. The parameter n, was determined to be 3.7 X
10'% cm % if the whole trapped neutron was stabilized in
the temperature range.

The results of the analyses of all the experimental
data sets are tabulated in Table T with brief comments in
the last column.

IV. CONCLUSION

In measurements of some cold fusion events, it is
possible to obtain several quantities simultaneously. A lack
of general understanding of relations between physical
quantities made description of the results vague or some-
times even chaotic. Generally speaking, there were too
many data sets observed without definite relations be-
tween them.

Theresore, it is usually impossible to explain whole
data sets obtained in an experiment, including intricately
interrelated physical variables. It should be necessary to
select data from a certain point of view while neglecting
others for a while, leaving them for a future program to
explain in relation with known factors.

To apply the TNCF model, we took up only 28 data
sets, including some with quantitative relations between
several quantities, from the excellent experimental re-
sults obtained to this point. The results of this analysis
show that the phenomenological model is effective to ob-
tain an overview of the characteristic behavior of crys-
tals containing hydrogen isotopes with or without a
surface layer of alkali metal. The basic premise of the
modei—the existence of quasi-stable trapped neutrons in
the crystal and reactions between the trapped neutron and
another nucleus—is supported by the success of the anal-
ysis given in Sec. III. The reality of the premises has not
been verified by microscopic theory though, and the prem-
ises could be replaced by a more reasonable one if some
new phases of the cold fusion phenomenon tested the old
and discarded it. The progress of the scientific idea should
go like that. £fforts to develop theoretical investigation
along this line have been continued also by the authors.
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