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A palladium-deuterium system subject to different exper-
imental thermodynamic conditions was studied ta look for
low-temperature d-d fusion reactions. Neutrons, light charged
particles, and energetic gamma rays were detected. No signifi-
cant effects were observed in the neutron and gamma-ray
megsurements. From the analysis of the light charged parti-
cles, a fusion rate A= 1072 event (D, x s} was deduced.

INTRGDUCTION

it has been suggested recently'? that deuterium in hydride-
forming metals {i.e., paliadivm and t#tanium) can undergo
nuclear reaction at room temperature. Such a fascinating sup-
position has stimulated a variety of experimental and theo-
retical investigations in the scientific community, But, so far,
the experimental mformation is incomplete, and z clear pic-
ture of the phenomenon does not yet exist. Furthermore, if
we consider the matter from the experimental point of view,
the actual controversy seems to be refated to arguments con-
cerning such fundamental questions as the reproducibility of
the observations and the adopted experimental procedure.’

in our case, the metal-deuterium system was obtained by
a gas absorption method similar to the one emploved by De
Ninno et al.* However, we investigated different dynamic
conditions by changing temperature and pressure of a palia-
dium-deuterium (Pd-D) system. In fact, an enhancement in
the d-d fusion process rate is expected in hydrogenated metals
during gas absorption in nonequilibrium states, as suggested
by Cassandro et al.’

Assuming that d- nuclear fusion could occur during
phase transitions, we focused on studying the nuclear prod-
ucts of the following reactions:

d+d—3He+n, )

d+d-*H+p, 2)
and

d+d—*He+v . 3

Fusion reactions (1) and (2} have remarkably the same
rate, as measured® in the energy range from 3 to 160 keV
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and deduced by semiempirical estimations at fower energies,’
On the contrary, the rate of reaction (3} can be assumed to
be four to five orders of magnitude stower, as suggested in
Ref. 8.

EXPERIMENTAL APPARATUS AND PROCEDURE

Pd-D System

A schematic of the experimental apparatus is shown in
Fig. 1. A thick sample of palladium (99.8%) in a rectangular
sheet €1 x | cm? of surface arca and 1 mm thick) was placed
inside a stainless steel cell ~§5 om in diameter.

The cell was coanected to a deuterium gas cylinder
through a valve and a pressure regulator. The mechanical ar-
rangement was tested for vacuum and high pressure at both
room temperature and liquid nitrogen temperature,

The palladium sample was attached Lo a proper copper
support to ensure good thermal contact during & temperature
change in the system. The copper support was surrounded by
a speciat dewar during the cooling phase up fo the liquid ni-
frogen temperature and by an electric heater during the heat-
ing phase up 10 ~300°C. An auxiliary jine allowed us to
evacuate the cell up to 107! Torr. Both the pressure inside
the cell and the temperature of the copper support were con-
tinuously monitored.

The Pd-i> system was prepared in the following way:

1. The paiiadium sample was kept at 77 K under D, pres-
sure of 190 bars for =15 h,

Z. Successively, the system was subject to dynamic tran-
sitions for =22 h, as shown in Fig. 2. Puring this period the
Pd-1 system was expected to change the stoichiometry from
Pd-Dy 3 to Pd-Dy ; and then {o pure pailadium. The compo-
sitions were tested on various palladium targets prepared in
the same way and measured by Nuclear Reaction Analysis.®

3. Finally, the system was left at room temperature gn-
der vacuum for =9 h,
Getectors

The neutron counting rate was monitored by a liquid
NE-213 scintiflator (2 X 2 in.) placed outside the cell. The
scintilator was optically coupled with a photomultiplier, To
identify neutron counts, the shape of the anodic signal was
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Fig. 1. Schematic of the experimental apparatus.
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Fig. 2. Temperature of the Pd-D system versus ¢lapsed time, The
. stoichiometry of the Pd-D sampie and the pressure of deu-
terium gas are also indicated.

properly analvzed. A typical bidimensiona! matrix of the
neutron-gamma discrimination established by a standard
20§ source is shown in Fig. 3. The bidimensional matrix
was obtained at room temperature at both the beginning and
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end of the experimeni. In addition, the matrix was verified
at both low and high temperatures of the cefl.

The overall detection efficiency of the neutron counter
(inciudingﬂthe geometric efficiency) was estimated to be
=3 x 107,

The gamma rays with energy higher than 10 MeV were
monitored by a S-cm-diam x 10-cm-long BaF, scintillator
crystal placed guite close and external to the cell, For this de-
tector, we estimated an overall detection efficiency (includ-
ing the geometric efficiency) of =9 x 107 in the energy
gamma-ray range between 10 and 39 MeV. Due 1o this effi-
ciency and to the very low contribution to the fusion rate
from reaction (3}, only a possible anomalous enhancemnent of
high-energy photons coming {rom the reaction {3) could be
observed by the Bal, detector.

Finally, the charged particles were measured by a large
450-mm? % 100-pm-deep silicon surface barrier (SSB) detec-
tor. To prevent damages to the S5B detector during the
change of pressurg and/or temperature in the Pd-D sample,
the detector was located in a separate vacuum chamber con-
nected with the cell by a valve. The detector was placed in
front of the palladium sheet, at a distance of =20 mm, only
when the pressure in the cell was <10~ Torr. We estimated
a vatue of 2.3 x 1077 for the detector efficiency, taking into
account the effects of the actual geometry and assuming an
intrinsic lght charged particle efficiency equal to unity for
energies above the electronic threshold.
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Fig. 3. The obtatned neatron-gamma discrimination using a stan-
dard ***Cf source, The bidimensional array shows the an-
odic pulse versus the neutron-gamma discrimination signal.

To have 2 rough identification of the detected particies,
the SSB detector was covered by an aluminum absorber suffi-
ciently thick (=35 um) to stop protons of ~1 MeV of kinetic
energy.

During the experiment, both the external temperature and
the electronic threshold of the detectors were continuously
modnitored.

A connection of the detection apparatus with a personal
computer acquisition systemn aliowed us to store the experi-
mental data in an event-by-event mode,

RESULTS AND DISCUSSION

The response of the BaF; sciatillator for a total time of
7 days is reported in Fig, 4. The garnma-ray counts were ob-
tained by integrating the spectrum from 10 to 30 MeV &t
20-min intervals.

No change in the counting rate was observed during the
fusion experiment indicated as {a) in Fig. 4. Within the exper-
imental sensitivity of the used detector, any anomalous con-
tribution of reaction (3) was not evidenced.

The SSB detector spectrum {energy calibrated} was ob-
tained by sumeming the counts of four runs for a total expo-
sure time of 16 h. The spectra of the different runs showed
similar shapes within the statistical errors. In particular, we
noted the presence of an exponentially decreasing fail in the
energy region between 330 keV {the electronic 8SB threshold)
and 650 keV. This component of the spectrum was also pres-
ent during various background runs performed by putting the
S88 detector in an = 107 -Torr atmosphere of hydrogen at
room temperature. Figure 5 shows the SSB spectrum where
the low-energy noise contribution was subtracted. In the spec-
trum, ¥ can be observed that a broad compounent peaked at
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Fig. 4. Time evolution of the counting rates of the BaF, scintilia-
tor. Region a indivates the resulty obtained during the fu-
sion experiment.
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Fig. 5. Energy spectrum of the 5SB detector. The background con-
tribution to the spectrum was subtracted. The silicon spec-
trim time was 16 k.

~1.8 MeV with 106 total counts. Taking into account both
the efectronic threshoid and the energy loss in the aluminum
absorber covering the 85B detector, that bump is consistent
with the detection of 3-MeV protons coming from reaction
{2), being excluded by the detection of tritons (1.01 MeV).

Fo test this hypothesis, a sitnple Monte Carlo caleulation
was performed. We assumed that 3-MeV protons of energy
were emitted isotropically from an internal point of the pai-
ladium sample and that, after the particles crossed both the
palladium layer and the aluminum absorber (where energy
ioss was properly calculated by using tabulated energy loss in
the materials), they were detected into the SSB. In the calcy-
lation, the deuterium was assumed uniformly distributed in
a fixed layer of the paltadium lattice. In Fig. 5, the calculated
spectrum obtained for a 15-um layer of palladium and 35 um
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of aluminum absorber is shown. We note that the experimen-
tal and calculated spectra are in good agreement, However,
in the frame of these calculations, we observed that palladium
layers =15 pmn were also compatible with the data. In fact,
the increase of the palladium layer strongly modifies only the
spectrum shape with an energy less thap =400 keV, near the
SSB electronic threshoid. So we can estimate only the lower
limit of the effective paliadium layer.

By assuming a deuterium-to-paliadium ratio equal to
unity, we could estimate the fusion rate from reaction (1)
equal to =10~ event/(D, X s), which agrees with the value
deduced by Ref. 10.

The results on the neutron emission are reported in
Figs. 6 and 7. The counting rate of newirons, as deduced
from the neutron-gamma discrimination matrix during the
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Fig. 6. Meutron counts obtained during the background noise mea-
surements.
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Fig. 7. Neutron counts obtained during the paliadium experiment.
The three different regions are described in the text. The ar-
rows correspond to the three phase transitions of the Pg-D
system,

118

background measurements and the fusion experiment, is
shown as a function of time in Figs. 6 and 7, respectively.
Each value represents the couats integrated over a 30-min
period.

Background measurements {Fig, 6) were performed for
41 h and 2785 total neutron counts were collected. The mean
value and the variance results were {m) = 34.4 + 0.2 and
¢ = 8.0 (count/30 min), respectivety, This variance could be
imputed in part to the method used in order to exiract the
neutron counts from the neutron-gamma discrimination ma-
trix and in part to the background day-by-day changes.

The fusion experiment was performed for 45 h where
3018 wotal neutron counts were collected (Fig. 7). The mean
value and the variance were {(m) = 319 . 0.1 and o = 6.6
{count /30 min), respectively.

The three phases of the cold fusion experiment, as de-
seribed in the text and shown in Fig. 7, are indicated by 1, 2,
and 3. in region 2, the arrows show the time interval where
phase wransitions of the Pd-D system are expected.

The neuiron counts obtained during the evolution of the
palladium system do pot show any significant differences
{rom the background measurements. However, if we suppose
that in the conditions of our experiment fusion reactions (1)
and {2} have the same rate A ,, one can estimate the number
of neutrons expected. By knowing the detector efficiency and
by assuming an cmission from the whole of the palladium
sample, we calculated that the excess of the number of neu-
trons coming from the fusion 4-d reaction over the one from
the background could be equal to =12 count/4¢ h. This
counting rate obviously remains hidden in our background
signal, [n this hypothesis, our agutron measurements do not
contradict the result obtained for the proton data.

in conclusion, the obtained fusion rate per deuterium pair
Asis in good agreement with the upper limit values reported
in Refs. i and 1], but it is four orders of magnitude smalley
than that deduced from Ref. 4. Our experimental apparatus
is insensitive 1o the values of A, quoted in Ref. .

The results presented stress the imporiance of perform.-
ing measurements by improving both the light charged-pas-
ticle identification system and the sensitivity of the neutyon
detection'? with respect to the background in order to obtain
more definitive conclusions on the exisience of the investi-
gated processes,
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