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Abstract

The energy spectra of neutrons in
the cold fusion phenomenon measured
by Bressani et al. in a Ti/D gas loading
system were analyzed using the TNCF
model proposed by us. The result shows
that the data are interpreted consistently
with the value of the adjustable param-
eter n_, the density of the trapped neu-
tron in the model supposed 1o be sup-
plied from the ambient neutron, of a
value 10° ~ 10° cm™, The value of n_is
in the smallest range of values deter-
mined hitherto in more than 40 various
materials used in the cold fusion re-
search where positive results were ob-
tained. A possible cause of the small
value of the parameter n_is discussed,
taking into consideration the character-
istics of the sample.

1. Introduction

Precise measurements of the en-
ergy spectrum of neutrons emitted from
a cold fusion system have been per-
formed by Bressani et al.** soon after
the discovery®and confirmation®* of the
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cold fusion phenomenon. Though the
TNCF model™*® proposed by one of
present authors (H.K.) at ICCF4 has
been applied successfully during the last
four years to various events of the cold
fusion phenomenon in which it pro-
vided an explanation for the large ratio
of numbers of tritium and neutrons
N/N_, up to 107 in experiments by a
theoretical value of 1.1 x 10% It was,
however, postponed to apply the model
for the energy spectrum of neutrons ob-
served in several cold fusion systems
until the model was finally completed
last year. The model was applied'?*?
recently to the first measurement of the
energy spectrum of neutrons and a null
result in electrolytic systems, and we
analyze the precise measurements of the
spectrum in Ti/D systems with gas load-
ing in this paper.

From the trigger reactions to the
energy spectrum of necutrons in the
TNCF model is a long reaction chain
process and the result of the analysis
becomes rather ambiguous compared to
those analyses applied for more than 40
events in experimental results hitherto
and given in the previous papers”®,
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Even so, the analysis given in this pa-
per will show the reality of the cold fu-
sion phenomenon through the appropri-
ate consistent explanation of the precise
measurement with many other data and
also will show the effectiveness of a
phenomenological model.

2. Experimental Results of Bressani
et al.

Bressani et al.? made precise mea-
surements of the energy spectra of neu-
trons emitted from gas loaded Ti/D sys-
tems. Their measurements were done
with the time-of-flight method with a
double scattering technique to measure
the neutron energy and consisted of two
sets of metals with Ti shavings and Ti
sponge.

Set A. Experiment with Ti shaving
sample!

In the first set of their experiment,
hydrogen isotope gas with a pressure
up to 1.5 x 10° Torr was used to load
deuterium or protium into Ti metal
(3g) with a shaving shape. Neutron
emission was measured in thermocycles
between 25 and 540 °C.

A small enhancement of the events
around 2.45 MeV with D, gas was ob-
served but not with H, gas. The back-
ground in the neutron energy spectra
was due totally to noise inherent to the
technique, i.e. the photomultipliers’
noise.

An energy spectrum of neutrons
observed in this Ti/D system is repro-
duced in Fig. 1 (from Fig. 1 of Refer-
ence 1). A clear peak centered at ~ 2.5
MeV was visible with a satisfactory
background subtraction around the peak
compatible with that expected by a
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Fig. 1. Difference of the neutron
energy spectrum measured in the runs
‘down’ and that measured in the runs
‘up’, normalized to the same time. The
errors are the statisticai ones. (Fig. 1 of
Bressani et al.!)

Monte Carlo simulation.

The neutron emission with energies
between 2 and 3 MeV measured in this
experiment was 4.0 +/- 1.5 n/s corre-
sponding to 1.3 +/- 0.5 n/s-gTi without
burst-type emission. The statisticai sig-
nificance of the 2.45 MeV neutron emis-
sion was ~ 2.5 ©.

Set B. Experiment with Ti sponge?

The second set of their experiment
with Ti and Pd metal used a better con-
trol of the pressure and temperature of
both the metal and the gas, which made
the statistical significance larger. For the
Ti experiment, 20 g of high purity Ti
sponge was used. During the repeated
cycles between 25 and 540 °C, the mor-
phology of the Ti sample gradually
changed from sponge to a powder due
to the large strains associated with the
hydrides formation and phase transfor-
mation. As a background measurement,
several cycles were performed by fill-
ing the cell with protium instead of deu-
terinm,

An energy spectrum of neutrons
observed in this Ti/D system with Ti
sponge is reproduced in Fig. 2 (from
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Fig. 2. Energy spectrum of neu-
trons emitted from the Ti/D system cal-
culated by their use of Ti/H system as
background as described in the paper
by Botta et al.2 (Fig. 5a) of the paper.

Fig. 5a of Reference 2). An cstimate of
the neutron emission between 2 and 3
MeV per unit mass and time was made
assuming that the neutron production
rate was independent of time and gave
0.11 +/- 0.03 n/s-gTi. There was no neu-
tron burst at all. The statistical signifi-
cance was 5 0.

For Pd/D instead of Ti/D system,
they observed 2.45 MeV neutron emis-
sion rate of 0.02 +/- 0.01 n/s-gPd with-
out any burst.

Comparison of two sets of mea-
surements A (with Ti shaving) and B
{(with Ti sponge) with the Ti/D system
has given following facts: 2.5 MeV ncu-
trons are emitted from a Ti/D system
with the statistical significance of 2.5 o,
(A) and 5 o, (B). The shape of the neu-
tron spectrum was slightly different in
two sets. The mass emission rate in two
sets was different by one order of mag-
nitude; 1.3 +/- 0.5 n/s-gTi (A) and 0.11
+0.03 n/s-gTi (B).

The difference of ncutron emis-
sions in the two sets was interpreted by
the authors to indicate that the cold
fusion phenomenon in this system is
essentially a bulk and not a surface pro-
cess because the surface-to-volume
ratio S/Vis larger for Ti sponge (B) than

for Ti shaving (A).
We analyze above data using the
TNCF model in the next section.

3. Analysis of the Data using the
TNCF Model

In the cold fusion system with gas
loading of hydrogen isotopes, there is
no metal layer on the surface of the solid
sample and the important role of trig-
ger reactions played in the metal layer
in electrolytic systems® is missing. The
relevant reactions in this case using the
TNCF model are written down as fol-
lows with cross sections given by data
books'*!5, The trigger reaction in the
Ti/D system is that between a trapped
neutron and the occluded deuteron;

n+d=1¢(6.98keV)+ 7(6.25 MeV).(1)

The cross section of this reaction
is 5.5 x 10~ barn.

The triton with £= 6,98 keV gen-
erated in this trigger reaction can induce
a succeeding breeding reaction with a
deuteron, the cross section of which is
3.0x 10 bam in a path of alength ~ 1 um:

HE)+d="He(3.5MeV)+n(14.1 MeV).(2)

The photon with an energy 6.25
MeV generated in the trigger reaction
can induce photodisintegration of a deu-
teron (the threshold energy ~ 2.2 MeV)
giving the neutron with an energy about
2 MeV:

y(6.25MeV)+d=n+p. 3)
The cross section of this reaction
is about 2 mbarn (2 x 103 barn) and the

neutron generated in this reaction has
an energy of — 2 MeV.
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Neutrons with 14.1 MeV generated
in the reaction (3) can accelerate or dis-
sociate deuterons to generate neutrons:

n(l14.1MeV)+d=n' +d,
n(141MeV)+d=n+p+n.

)
&)

The cross sections of the elastic
collision (4) and the disintegration (3)
are 0.62 and (.18 barn, respectively.

The accelerated deuteron up to an
energy € (the maximum value is 12.5
MeV) in the reaction (5) can induce di-
rect d-d reactions:

d(eMeV)+d="He+n(245MeV)+£(6)
=t+p. )

The cross sections of the reactions
(6) and (7) for a deuteron with 12.5
MeV are8.9 x 10 and 3.1 x 10-? barn,
respectively.

Thus, the neutrons with energies of
between 2 and 3 MeV can be generated
in several reactions in the chain from
(2) to (6) in the TNCF model. From our
point of view, therefore, to analyze the
energy spectrum of neutrons, it is nec-
essary to calculate number of neutrons
generated in reactions (3), (5) and (6).

The rate P, of the reaction (1) per
unit time is expressed by the following
relation:

P =0.35ny,nVs 5 ®)
where 0.35n v, is the flow density of the
thermal neutrons per unit area and time,
n, is the density of the deuteron in the
reaction region with volume V and o,
is the cross section of the reaction. The
factor € expresses an order of stability
of the trapped neutron in the trapping
region; we take & = 0.01 for reactions
which occur in volume (and & =1 for

reactions in surface layer) according to
the recipe of the TNCF model*.

The energetic particles generated
by the trigger reactions react with par-
ticles in the lattice and cause breeding
reactions (2) to (7). The rate per unit
time of a reaction between an energetic
particle with an energy ¢ and one of
stable nuclei in the solid is given by a
similar formula as that in vacuum:

Pr = NtnNoNI’

where N is the number of the particle
with an energy ¢ generated in the sample
per unit time, [ is the path length of the
energetic particle, n,, is the density of
the nucleus, o, is the cross section of
the reaction.

Applying these relations (with
£ = 0.01) to the experimental data ex-
plained in Section 2 as done in a previ-
ous paper*, we obtain the following
values of n_for the sets A and B;

®

n (A)=12x10°cm?,
n (B)=5.5x10*cm>,

(10)
(11)

In this calculation, the experimen-
tal value of neutron with energies be-
tween 2 and 3 MeV was assumed as the
number of neutrons generated in the
overwhelmingly predominant reaction
(3) (because contribution of the reac-
tions (5) and (6) is negligible).

These values of n_determined with
those assumptions explained above are
in the range of experimental values and
not inconsistent with them®*®,

A result of numerical calculation®?
of energy spectrum of neutrons gener-
atcd in Pd/D/Li system is shown in
Fig. 3 for an illustration. Essentially the
same figure is obtained for Ti/D system
with a larger value of n_ than that used
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Fig. 3. Numerical result of the energy spectrum of neutrons generated in PdD/Li
(PdH/Li) layers (1 pm thick each) on a Pd metal surface, including trapped neu-
trons of n_= 10" cm™ using the TNCF model.

in this calculation. This figure repro-
duces clearly a characteristic of the
spectrum observed in the experiments'*
in Ti/D system as shown in Figs. 1 and
2. The comparison is effective because
the two systems are essentially the same
in the TNCF model except the rigger
rcactions which influence the value of n .

4. Discussion

The parameters n_ determined
above for the data sets A and B are rather
small compared with those determined
before of 10° ~ 10 cm3, As a cause of
this difference, it is possible to consider
that the parameter & is smaller in TiD,
system than 0.01 assumed in this cal-
culation determined according 10 a re-
sult of analysis of data obtained in an
Ni/H/K system. The small number of
data analysis for samples without sur-
face layer of alkali metal makes some

uncertainty in the value of C and the
final determination cf its value and its
dependence upon the material should be
considered as pending.

The formation of necessary condi-
tions for neutron trapping by stochastic
atomic processes in the sample is related
with the problem of the poor reproduc-
ibility of the cold fusion phenomenon.
In the paper? by Bressani et al., the
authors cited a paper reporting a null
result in a similar Ti/D system to theirs
and commented the probable origin of
the difference due to the difference of
the thermal cycles used in one and other
experiments. From our point of view,
the differences of shape and quality of
sample and of experimental processes
(temperature range and temporal period
of thermal cycles, and so on) influence
the condition for neutron trapping and
trigger and breeding reaction rates
through the difference in deuteron dis-
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tribution and surface structure. In the
gas loading system, these processes
surely influence on the distribution of
hydrogen isotopes in the metal which
is sensitive to the trapping of neutrons
and the reactions between particles in
the sample.

One of fundamental questions
about possibility of d — d reactions in a
solid is overcome by the existence of
energetic deuterons accelerated by
energetic particles generated in trigger
and breeding reactions in the TNCF
model. A numerical estimation of the
energy spectrum of neutrons to be ob-
served outside has been shown in Fig. 3
by a computer simulation with a sim-
plified structure of deuterium distribu-
tion and continuum approximation of
lattice structure. This result compared
with the experimental results Figs. 1 and
2 shows strong resemblance and effec-
tiveness of the phenomenological ap-
proach.

The authors would like to express
their thanks to Dr. K. Kaki for her valu-
able discussions through this work.
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The next time you are near Boston please allow
some time to visit Wayne in Peterborough, just
two hours away. Bring gossip. NH is a vacation
state summer, fall, and winter. We’ve got a great
Chinese lunch buffet nearby, and fabulous scen-
ery. Be prepared to talk a lot. Call: 603-525-4747.
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