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A new type of experimental apparatus is developed
to induce continuous diffusion of deuterium, in which an
electrochemical cell for calorimetry and a vacuum cham-
ber for nuclear measurement are divided by a Pd sheet.
Continuous X rays ranging from 10 to 100 keV and neu-
tron and excess heat production are observed using the
apparatus. Titanium atoms are detected on the surface
where deuterium atoms pass through on Pd cathodes af-
ter electrolysis. Quantitative discussion shows that the
detected Ti atoms cannot be explained by contamina-
tion. An electron-induced nuclear reaction (EINR) model
for explaining the obtained experimental results is intro-
duced. Experimental support of the EINR model is dem-
onstrated by using multilayer cathodes, in which a layer
containing Ca is placed at the near surface of Pd, based
on the EINR model.

I. INTRODUCTION

Almost 8 yr has passed since the announcement of
“cold fusion” by Fleischmann and Pons.1 Because of the
possibility of cold fusion being a new energy technol-
ogy, considerable effort has been expended to confirm
Fleischmann and Pons’s experimental results, i.e., that
nuclear reactions are electrochemically induced in a D2-Pd

system. However, the nature and reaction mechanism still
remain uncertain, probably because of the lack of exper-
imental reproducibility or the long experimental time nec-
essary to observe cold fusion phenomena.

Beginning in 1993, we have researched cold fusion
to investigate its potentiality as a new energy source. At
first, we performed gas-loading experiments, in which
deuterium-tritium~D-T! gas and neutron emission were
observed.2 We showed that the diffusion process of deu-
terium, in addition to a high D0Pd ratio, is an important
factor for causing nuclear reactions. Based on these ex-
perimental results, we developed a new experimental ap-
paratus for continuous diffusion of deuterium.3–6

In this paper, we explain our new type of experimen-
tal apparatus and the results of simultaneous measure-
ment of excess heat and nuclear products. Anomalous and
unexpected elements detected on Pd cathodes after ex-
periments are also described. In Sec. IV, we propose the
hypothetical Electron-Induced Nuclear Reaction~EINR!
model to explain and investigate cold fusion. Experi-
mental support of the model using multilayer cathodes,
which have been designed based on the EINR model, is
described.

II. EXPERIMENTAL METHOD

II.A. Experimental System

A high D0Pd ratio is recognized as one of the nec-
essary conditions to induce nuclear reactions. However,
it is not sufficient. The other conditions still remain
unclarified at present. As mentioned earlier, the diffusion*E-mail: iwamura@atrc.mhi.co.jp
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process of deuterium atoms is important. Therefore, if
we kept the D2-Pd system undercertain appropriate con-
ditions relating to the D0Pd and diffusion process, it
might be possible to cause nuclear reactions at all times.

The basic idea of our new apparatus is that we might
make nuclear reactions occur always by a method that
makes a continuous flow of deuterium and controls the
diffusion process of deuterium.

Figure 1 shows a cross-sectional view of the contin-
uous diffusion experimental apparatus.6 An electrolyte of
1M LiOD0D2O and a vacuum chamber are separated by
a Pd plate with an O-ring gasket.a Deuterium atoms are
loaded by electrochemical potential into one side of the
Pd sample and released from the other side. A continu-
ous flow of deuterium atoms exits from the electrochem-
ical side. With this composition, it is possible to control
the state of diffusion of deuterium by applied current or
pressure of the vacuum side.

Excess heat is estimated by the flow calorimetry
method.b The electrolyte side of the apparatus consists
of a Pd plate cathode~25 3 25 3 1 mm!,c a circular Pt
mesh anode~f 0.5 mm!,d a recombiner, and a cooling
pipe to measure excess heat generation.

Pressures in the upper part of the electrolyte and vac-
uum chamber are monitored by a pressure gauge and a BA

gauge, respectively.At the beginning of electrolysis,Ar gas
is filled up at 1 atm in the upper space of the electrolyte.

The recombiner is prepared by electroplating the Pt
mesh in a H2PtCl6 solution. In this apparatus, an increase
of pressure at the upper part of the electrolyte corresponds
to absorbed deuterium because D2and O2are generated by
electrolysis, and D2:O252:1. If some D2 is absorbed into
Pd, then all the remaining D2 is recombined by O2 gas on
the recombiner on the condition that recombiner efficiency
is 100%. The O2 gas, which has no partner for recombi-
nation, remains in the upper part of the electrolyte. There-
fore, two times theamountof the remainingO2corresponds
to the amount of absorbed D2.

Recombiner efficiency is calculated by analyzing the
D2 and O2 gases in the upper part of the electrolyte using
a quadrupole mass spectrometer.e Furthermore, the tem-
perature of the recombiner is always monitored to make
sure that the recombiner works. We confirm that the re-
combiner works by temperature and gas analysis. The
usual recombiner efficiency that we measured was
.99%.

The cooling pipe is electroplated with Au~10 mm
thick! becauseAu is resistant to alkaline solution and good
thermal conductivity. The flow rate of the coolant~pure
water! is always measured at two points: at the inlet and
outlet sides. Furthermore, the flow rate is measured by a
mass cylinder.

Two thermocouples each are provided to measure the
inlet and outlet temperatures of the water. The solution,
gas, recombiner, and environmental temperatures are mea-
sured, and the consistency among these temperatures is
always checked.

The cell of the electrolyte side of the apparatus is
made of Teflon, which is stable material for an alkaline
solution. All experimental parts such as the electric wires
in the electrolyte side are coated with sprayed Teflon.

The apparatus is equipped with three NaI scintilla-
tion countersf for X-ray spectroscopy and a3He neutron
detector.g The X-ray 1 detector, located in the vacuum
chamber, is surrounded by a Pb cylinder~thickness:
2.5 cm! to reduce background X rays. X-ray spectros-
copy and the counting system consist of preamplifiers,h

amplifier and single-channel analyzers,i counters,j and
multichannel analyzers.k As to neutron counting, we use
a preamplifier,l an amplifier and single-channel analyz-
er,m and a counter.n

aBy KALREZ.
bHeavy water~up to 99.9%! and LiOD ~up to 99%! are pro-
vided by ISOTEC, Inc.

c 99.9% Tanaka Kikinzoku Kogyo K.K.
d 99.98% Nilaco Company.

eAQA-360, ANELVA.
fBicron: 1.5XM102B.
gReuter-Stokes: RS-0806-207.
hEG&G Ortec: 276.
iEG&G Ortec: 590A.
jEG&G Ortec: 997.
kSEIKO EG&G: MCA4100, 4200.
lEG&G Ortec: 142PC.

mEG&G Ortec: 590A.
nEG&G Ortec: 997.

Fig. 1. Experimental apparatus.
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The experimental data except for the X-ray energy
spectrum are acquired every 20 s by a data logger and a
personal computer. The energy spectrum of X rays is ob-
tained every 6 h. The apparatus and measuring systems
are located in a clean room, where the temperature and
humidity are always controlled at constant levels~236
18C, 406 5%!. All these electrical instruments are sup-
plied by an isolated power source to prevent electric noise
from the outside of the clean room.

II.B. Palladium Preparation

Palladium preparation is one of the most important
factors to observe anomalous nuclear reactions. It is be-
lieved that the lack of reproducibility is related to the
variation of the metallurgical conditions of the Pd metal.

The procedure for sample preparation is as follows.
Palladium plates were washed with acetone and an-
nealed under vacuum conditions~,1027Torr! at 9008C
for 10 h. The samples were cooled down to room tem-
perature in the furnace and washed with aqua regia~D2O!
to remove impurities on the surface of the Pd samples.
After that, some samples were covered with Al or MgO
by Ar ion beam sputtering, some samples were electro-
plated by Cu or Pt, and the others had no films. The aim
of the surface modification is to reduce the rate of deu-
terium gas release from the vacuum side of the Pd.

II.C. Data Analysis

The following procedure is used to estimate D0Pd.
The equation of state for the upper part of the electrolyte
side is expressed as

pO2
Vcell 5 NO2

kTcell , ~1!

wherecell denotes the upper part of the electrolyte side
andk is the Boltzmann constant. The number of deute-
rium atoms absorbed into the Pd is given by

NDin
5 2ND2

5 4NO2
5

4Vcell pO2

kTcell
. ~2!

As the vacuum chamber is evacuated by the pumping
speed ofS, an equation of mass balance is obtained as
follows:

d

dt
~NvackTvac! 5 Vvac _pvac 1 PvacS , ~3!

wherevac denotes the vacuum side. The major compo-
nent in the vacuum chamber is D2 gas. Therefore, the
time derivative of the number of deuterium atoms is given
by

N̂Dout
5 2

Vvac _pvac 1 pvacS

kTvac
. ~4!

Combining Eqs.~2! and ~4!, we obtain the following
equation:

D0Pd5
MPd

vPdNAB
S4Vcell pO2

kTcell
2 2E

t0

t Vvac _pvac 1 pvacS

kTvac
dtD ,

~5!

where

NAB 5 Avogadro number

mPd 5 mass number of Pd

vPd 5 mass of the Pd sample

t0 5 time that D2 gas begins to release out.

Next, we describe the excess heat analysis. In the fol-
lowing analysis, we consider only the steady state.

The heat balance equation of the apparatus is ex-
pressed as

Pex1 Pin 2 Pout 2 Pdiss2 DĤgas1 DĤabs2 DĤdes5 0 ,

~6!

where

ex5 excess

in 5 input

out 5 output

diss5 dissipation

gas5 gas release

abs5 absorption

des5 desorption.

The terms of the gas release, absorption, and desorption
of deuterium are negligible if we use actual experimen-
tal parameters. For example, the enthalpy change by deu-
terium gas release is calculated as follows:

DHgas5 2
72ND2

kTD2
5 2

72PvacVvac

[DĤgas5 2
72~P̂vacVvac 1 PvacV̂vac! ' 2

72PvacS

Pvac ' 1 3 1022 ~Pa!

S5 50 ~,0s!

[DĤgas' 2 3 1023 ~W! ,

where 2 mW is negligible because the input power is
;20 W. Therefore, excess heat is calculated by

Pex 5 _mwcw~Tout 2 Tin! 2 IV 1 E
A

h~Tsol 2 Troom! dA ,

~7!

where

IV 5 input power

mw 5 mass of the water
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cw 5 mass of the specific heat

h 5 heat transfer coefficient

A 5 whole surface of the apparatus.

The term of dissipated heat from the apparatus is esti-
mated by the Pd0H2O system, in which we assume no
excess heat.

III. RESULTS AND DISCUSSION

III.A. Behavior of Deuterium in Pd

Figure 2 shows an example of D0Pd analysis. In this
case, the sample has no surface film. Because the deute-
rium atoms absorbed on the surface of the electrolyte side
of the Pd do not reach the opposite surface, deuterium gas
is not released at the early period of the experiment. D0Pd
increases gradually to 0.8 by 13 105 s. These results in-
dicate that D0Pd reaches;0.8 for even the Pd sample with-
out a surface barrier on the vacuum side of it.

The variation of the deuterium behavior depending
on the Pd samples is shown in Fig. 3. The pressure~elec-
trolyte! lines, which mean the pressures in the upper part
of the electrolyte side, correspond to the quantity of deu-
terium in the Pd@Eq. ~2!#. The pressure~vacuum! lines
mean the pressures in the vacuum side, which are related
to the time derivatives of the number of released deute-
rium atoms@Eq. ~4!#.

These samples, EV29 and EV34, are prepared by the
same procedure; they are derived from the same lot, and
the method of annealing and etching is all the same. How-
ever, it is easy to see that the absorption and desorption
of deuterium are entirely different, which suggests that
the absorption and desorption behavior of deuterium is
greatly influenced by unspecified factors, i.e., metallur-
gical conditions such as impurity and defects in Pd.

III.B. X-Ray and Neutron Emission

An example of a long period of X-ray emission and
its energy spectrum is illustrated in Fig. 4. This sample
has thin Al film ~400 Å!. Figure 4a indicates the time
variation of X-ray 1~see Fig. 1! located in the vacuum
chamber. The X-ray 1 count rate reaches more than 10
times that of the background. The X-ray energy for the
counting ranges from 18.8 to 383 keV. A storage digital
oscilloscope showed that the shapes of the observed elec-
tronic signals were not different from the shapes of true
X-ray signals by241Am. In this case, the detectors of
X-rays 2 and 3 were not installed.

We can see that X-ray emission lasts for a long pe-
riod, i.e., .1 day, which successfully exemplifies that
we could make long-term continuous nuclear reactions
occur in the D2-Pd system.

Energy spectra for the X-ray emission~foreground!
and background are plotted in Fig. 4b. Figure 4c shows
the X-ray energy spectrum with the background sub-
tracted out. The X-ray energy is distributed from;12 to
100 keV continuously as shown in Fig. 4c. Note that a
characteristic X-ray~K-a,b! of Pd ~;21 keV! was not

Fig. 2. D0Pd analysis.

Fig. 3. Variation of absorption and desorption of deuterium.
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observed. One may suppose that low-energy charged par-
ticles less than;100 keV emitted and induced brems-
strahlung, for the low-energy charged particles have a
small cross section for ionizing k-shell electrons of Pd.

The next example shows the simultaneous detection
by the upper side of X-ray NaI counters~Fig. 5!. The
EV23 sample is electroplated with Cu. The coincidence
of X-rays 2 and 3 is very good; on the other hand, the
counts of X-ray 1 are almost equal to those of the back-

ground. We observed this type of X-ray emission many
times ~more than 20!. In these cases, nuclear reactions
must occur on the electrolyte side of the Pd. Because Pd
is 1 mm thick, the reduction rate of X rays through the
Pd is larger than that through the D2O ~4 cm!.

Figure 6 shows the correlation between neutron and
X-ray emission and indicates that the neutron and X-ray
emission do not correspond. However, X-rays 2 and 3
are relatively high when the neutron bursts. It is consid-
ered that certain physical conditions that cause nuclear
reactions were satisfied at about the time of the neutron
bursts.

In our experiments, including gas release2–4 and sim-
ple electrochemical experiments,5 the probability of neu-
tron emission is rather low, i.e., about a few percent or

Fig. 4. Long-term X-ray emission and its energy spectrum.

Fig. 5. Simultaneous detection by upper-side X-ray detectors.

Fig. 6. Correlation between neutron and X-ray emission.
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so. On the other hand, the probability of X-ray emission
is higher than that for neutrons.

Because of the weak correlation between the neu-
trons and X rays, in addition to the low reproducibility
of neutron emission, it is certain that the neutrons and
X rays are produced by different nuclear reactions.

III.C. Excess Heat

Figure 7 illustrates the correlation between excess
heat and the other parameters. In this case~EV39!, we
use a Pd sample covered with thin MgO film. At low cur-
rent, no excess heat can be seen. However, after making
the applied current up to 3A~current density : 1.5A0cm2!,
we can observe clear excess heat generation. The input
power is;40 W when a current of 3 A is applied; there-
fore, excess heat is a few percent of the input power.

A comparison of the heat distribution between EV39
~excess heat generation! and EV40~no excess heat! is
shown in Fig. 8. In both cases, the other experimental
conditions are the same except for the Pd sample treat-
ment. Thin MgO film is formed on the vacuum side of
EV39, and thin Fe film is formed on the electrolyte side
of EV40. The thin Fe film was deposited on EV40 to
prevent inducing nuclear reactions.

As described earlier, we obtained experimental data
every 20 s; therefore, excess heat is calculated every
20 s. Excess heat is calculated by a temperature increaseof the coolant, the flow rate of the coolant, and the input

power, which fluctuate within some ranges. Even if there
is no excess heat release, we observe fluctuations of ex-
cess heat within certain ranges. Negative excess heat de-
rives from the fluctuation. We can see that the distribution
of EV40 is similar to a Gaussian distribution, and the
mean value is close to 0. The standard deviation of EV40
~0.62 W! can be regarded as the fluctuation of this ex-
perimental system. It is clear that the average value and
the deviation of the excess heat of EV39 are larger than
those of EV40. It supports the excess heat generation of
EV39.

Up to now, we observed excess heat generation sev-
eral times; however, we could not see any clear relations
between excess heat generation and X-ray emission. If
we assume a few-mega-electron-volt-energy release by
an event, the excess heat obtained corresponds to the or-
der of 1012 events0s. On the other hand, observed X-ray
emissions range from 102 to 104 events0s ~calibrated by
an 241Am source!.

Judging from these results, we might consider that
excess heat and X rays are generated by different nuclear
reactions. In Ref. 5 we suggested that X rays and neu-
trons are generated by different reactions. It seems that
various nuclear reactions occur and produce various nu-
clear ashes. However, we must conduct further investi-
gations to conclude that there is a correlation between
excess heat and nuclear products because it is not clear
whether or not the energy range and the sensitivity of the
detection of nuclear products are appropriate.

Fig. 7. Correlation between excess heat and the other param-
eters.

Fig. 8. Excess heat distribution.
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III.D. Detection of Anomalous Elements on Pd Electrode

The most anomalous feature of the phenomena in the
D2-Pd system is our detection of various elements that
did not exist before electrolysis. In our experiments, we
often detected the unexpected elements on Pd elec-
trodes. As reported in Ref. 5, twice we detected Pb ele-
ments with characteristic X-ray emissions. Some elements
can be explained by certain contamination processes;
however, some elements cannot. There exist some ele-
ments that cannot be attributed to contamination. In the
following, we adopt the detection of Ti.

Figure 9 shows the appearance of a Pd sample~EV27!
after the experiments. Excess heat of;1 W lasted for
1 day in the case of EV27, although X rays and neutrons
were not detected. The total time of the experiment was
3.43 105 s, and the total applied charge was 4.03 105

C. The black circle on the electrolyte side~surface A!
corresponds to the place through which the deuterium at-
oms went; it is the shape of the Pt anode. In most cases,
we see similar black circles corresponding to the shape
of the anode. However, the shades of the black circle are
different every time, although the experimental condi-
tions ~i.e., kind of Pd sample, solution, applied current,
etc.! are almost all the same.

Contrarily, the vacuum side of the Pd looks clean. Its
appearance is the same as before the experiments, inde-
pendent of the deuterium passage. The round shape on
the surface is attributed to the O-ring gasket. The shape
of the O-ring gasket is larger than that of the black circle

on the electrolyte side. All the vacuum sides of the Pd
samples used in the experiments seem clean. In fact, we
did not detect any elements by electron probe microanal-
ysis ~EPMA! except for Pd on the vacuum sides of the
Pd electrodes.

Figures 10a, 10b, and 10c show the wavelength dis-
persive X-ray spectrometry~WDX ! spectrum by EPMA
for surfaces A, B, and C, respectively. We see that Ti,
Ca, and O exist on surface A. Especially, the peak of Ti
is clear. On the other hand, no element except Pd is de-
tected on surfaces B and C.

A most important problem is answering where these
elements come from. Of course, we did not add Ti to the
electrolyte or the Pd and Pt electrodes. A second prob-
lem is whether or not the WDX spectrum is truly reli-
able. First we treat the second problem, and then we
discuss the first problem.

Figure 11 shows the results of energy dispersive X-ray
spectrometry~EDX! for surface A, where Ti, Ca, and O
are detected by WDX. Only titanium is seen in the EDX
spectrum because the sensitivity of EDX is lower than
WDX. It is expected that the main elements are both Pd
and Ti on the surface of the black circle of EV27.

Auger electron spectrometry~AES! is a method that
detects Auger electrons with an electron probe, while de-
tecting characteristic X rays in EPMA. We analyzed two
points on surface A of EV27 by AES~PHI1670!. One is
on the thick Ti layer, and the other is on the thin layer;
they can be observed through a microscope. In the fol-
lowing, we show the results of the thick layer.

Fig. 9. ~a! The electrolyte side of the Pd~EV27! and~b! the vacuum side of the Pd~EV27!.
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The AES differential spectrum is shown in Fig. 12.
The sputter rate is 26 nm0min. Figure 12 is the AES
spectrum when the sputter time is 30 min; it corre-
sponds to an;0.8-mm depth. Clear peaks of Ti and O
can be seen.

Figure 13 shows the depth profile of surface A. It is
made by summing up AES spectra for each sputter time.
Titanium is the major element from the surface to 3mm.
The thickness of the Ti layer on the other point~the thin
layer! is ;0.2mm. Therefore, the thickness of the Ti layer

depends on the place on surface A. The Ti layer is thick:
It can be called the “bulk” of Ti.

The last method of surface analysis is X-ray Photo-
electron Spectrometryo ~XPS!. With XPS, photoelectron
spectroscopy is performed with an X-ray probe. We ap-
plied XPS to surface A of EV27. The result of the XPS
analysis after sputter~at a 4-nm depth! is plotted in

oESCA-300, SCIENTA and SEIKO Instruments.

Fig. 10a. The WDX spectrum for the surface of the electrolyte side where deuterium atoms passed through~surface A of EV27!.

Fig. 10b. The WDX spectrum for the surface of the electrolyte side where no deuterium atoms passed through~surface B of
EV27!.
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Fig. 14. The elements Ti, Ca, O, and Cu are detected, as
shown in Fig. 14. The peak of Ti is clear.

According to the results by EPMA~WDX and EDX!,
AES, and XPS, Ti exists absolutely on surface A of EV27.
Because Ca and O are also considered to be on surface
A, we must ask where do these elements come from.

Table Ip shows impurity analysis of an electrolyte, a
Pt anode, and a Pd cathode. The LiOD0D2O solution was
kept for 3 days in the cell without electrolysis. The LiOD0
D2O solution and Pt were analyzed by inductively cou-
pled plasma~ICP! mass spectroscopy~MS!, ICP emission
spectroscopy, and atomic photon absorption. Note that
the LiOD solution and Pt wire contain small amounts of
Ti. The maximum quantity of Ti contained in the LiOD0
D2O solution and Pt wire can be estimated at 3.3mg.

The Pd sample was also analyzed by the same pro-
cedure, i.e., half the quantitative method.q Then, major
and necessary impurities are reanalyzed by quantitative
ICP-MSr at Takasogo Development and Research Cen-
ter of Mitsubishi Heavy Industries, Ltd. Table II summa-
rizes the results of the quantitative analysis.

An annealed Pd sample, a sample as received, EV27,
EV34, and EV36 were analyzed. EV27 is the excess heat–
producing sample on which Ti elements were detected.
EV34 is the sample where X-ray and neutron emission
was observed. For EV36, we did not observe any nuclear
products: Any elements can be detected without Pd after
electrolysis.

The quantity of Ti ranges from 2.2 to 2.5mg0g ex-
cept for EV27, as shown in Table II. The Ti concentration

pThe Table I data were obtained by Toray Research Center, Inc.
The LiOD solution was analyzed by SPQ9000~SEIKO In-
struments!, SPS4000~SEIKO Electronic Instruments!, and
Z8270~Hitachi, Ltd.!. The Pt wire was analyzed by SPQ6500
~SEIKO Instruments!, SPS1200VR~SEIKO Electronic Instru-
ments!, and Z8270~Hitachi, Ltd!.

qBy Toray Research Center, Inc.
rSPQ9000~SEIKO Instruments!.

Fig. 11. The EDX spectrum for surface A.

Fig. 10c. The WDX spectrum for the surface of the vacuum side~surface C of EV27!.
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of EV27 is 18mg0g, which is clearly high. These con-
centrations contain not only the surface but also the bulk
of Pd: They are average values. We can estimate the in-
creased mass of Ti on surface A of EV27. As the radius
of the black circle is;0.6 cm, then the estimated in-
creased Ti mass is;21 mg, which corresponds to 2.63
1017 atoms.

On the other hand, the mass of Ti in a whole Pd sam-
ple before electrolysis is;19mg ~the Ti concentration is

2.5 mg0g, and the Pd size is 253 25 3 1 mm!. There-
fore, the maximum total mass of Ti in a Pd sample, LiOD0
D2O solution, and Pt wire is 22.3mg, which is the same
order of the increased mass of Ti on surface A.

It is very difficult to consider that only Ti elements
were concentrated on the electrolyte surface, where deu-
terium atoms passed through by an ordinary physico-
chemical process, while it is certain that an electric field
was applied on the surface. Although concentrations of

Fig. 12. The differential Auger electron spectrum for surface A.

Fig. 13. The depth profile for surface A obtained by AES.
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many other impurities such as Pt or Cu are nearly equal
to the concentrations of the other samples~as received,
annealed, EV34, and EV36!, why do only Ti atoms be-
have anomalously?

There is much more Pt than Ti because Pt is used as
an anode and a Pd sample contains 200mg0g. The con-
centration of Cu atoms is higher than Ti atoms, as can be
seen in Table I. Why are Pt and Cu not concentrated on

the Pd surface? We think that a selective concentration
of Ti is unlikely.

There are no instruments that can contaminate the Ti
in the LiOD0D2O solution.After the experiments, we keep
the Pd samples in a desiccator in the clean room. The
possibility of Ti being contaminated after an experiment
is considered to be extremely low.

Another point to consider is that Ti atoms are not
always detected. Sometimes, other elements are found,
such as Si, Au, Pb, Cr, Cu, Fe, and so on; and sometimes,
no elements except Pd are detected even though the ex-
perimental conditions are almost the same. In addition,
the quantities of the detected elements vary. As is visible
to the naked eye, the shades of the black circle are dif-
ferent every time; sometimes the circle corresponding to
the shape of the Pt anode looks brown or metallic. We
use the same experimental apparatus, solution and Pt an-
ode, and Pd samples of the same batch of Tanaka Kikin-
zoku K.K. If these elements are deposited on the Pd
surface by a certain contamination process, is it possible
that the deposited elements and their quantities change?

In fact, thequantitiesofAuandCuofEV34seemlarger
than the others, and the impurities of EV36 are nearly equal
to those of annealed Pd, according to Table II. The WDX
spectra for thecentersurfacesofEV34andEV36areshown
in Figs. 15 and 16. For EV34, peaks of Au and Cu can be
noticed, whereas for EV36 only Fe and Pd peaks are no-
ticed. These results can be realized by considering thatAu
and Cu exist on the surface of EV34. However,Au and Cu

Fig. 14. The XPS spectrum for surface A.

Fig. 15. The WDX spectrum of the EV34 spectrum~X-ray and neutron emission!.
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can be sources of contamination~Au: a cooling pipe, which
is coated byAu, and Cu: an electric terminal located on the
top of the apparatus upper LiOD0D2O solution!.Although
the possibility of contamination cannot be excluded in the
case of Au and Cu, it is certain that elements on the sur-
faces of the Pd cathodes depend on an unspecified factor.

The last example of surface analysis is shown in
Fig. 17. EV8 is the sample that emitted continuous long-
term X rays. The elements Ca, Cr, Fe, Pt, Ti, and O are de-

tected on the black circle on the surface of the electrolyte
side.As these results indicate, a correlation between these
elements detected on the Pd and nuclear products or ex-
cess heat is not clear at present.

One problem is that we can observe only small spots
~;10 mm 3 10 mm! by EPMA, which we usually use in
our laboratory.At present, we analyzed a few spots, and we
assure that the results of the analysis are consistent. How-
ever, it is better to analyze the total quantity by ICP mass.

TABLE I

Impurity Analysis of LiOD0D2O Solution and Pt Wire*

Pt Wire Pt Wire Pt Wire
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The other problem is that some elements can be dis-
solved in the LiOD0D2O solution. Because of this, we
should analyze the solution after the experiment.

Another approach7–9 is to observe isotope shifts of
these elements detected on the Pd. It must be an effective
way of considering the deposition mechanism of these
elements. In any case, it is necessary to use several meth-
ods to investigate the origin of these elements on Pd
electrodes.

Let us summarize the results and discussion of this
section:

1. A Ti element of 21mg ~2.6 3 1017 atoms! was
detected on the black circle of EV27.

2. The Ti element was confirmed by WDX, EDX,
AES, XPS, and ICP-MS. The results are consistent with
each other.

3. Considering the impurities contained in the ex-
perimental apparatus, one finds it difficult to assume that
Ti is formed by any contamination process.

4. Other elements such as Ca, Cr, Fe, Cu, O, Au, or
Pt were also detected, and the possibility of their being
contaminants could not be excluded. However, if we as-
sume that they are deposited by a certain contamination
process, explaining the variation of the elements on Pd
electrodes is difficult.

5. The correlation between the detected elements on
the Pd electrodes and nuclear products or excess heat is
not clear. Further investigation is needed by an im-
proved method of analysis.

IV. CONSIDERATIONS ON REACTION MECHANISM

IV.A. Interpretation of Experimental Results
by the EINR Model

According to our experimental results and the other
many papers of this field, it is strongly suggested that
certain nuclear reactions occur in the D2-Pd system.

TABLE II

ICP Mass Analysis of Pd Sample

Elements
Received
~mg0g!

Annealed
~mg0g!

EV27
~mg0g!

EV34
~mg0g!

EV36
~mg0g!

Ca 20 21 26 19 17
Ti 2.3 2.5 18 2.4 2.2
Cr 2.3 1.0 2.0 1.2 1.0
Fe 650 35 260 210 30

Ni 1.2 1.1 1.3 1.1 1.0
Cu 20 19 17 30 21
Pt 200 200 190 200 180
Au 5.7 5.6 4.9 7.5 5.3

Fig. 16. The WDX spectrum of the EV36 surface~no emission!.
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Chemical reactions cannot explain the X-ray and neu-
tron emissions and the detection of the anomalous
elements. Excess heat generation up to 10 keV0atom also
cannot be produced by the known chemical reactions.

Then, what kind of nuclear reaction occurs? As is
well known, D-D fusion was one of the candidates for
explaining this phenomenon. However, at present, we can
exclude the normal D-D fusion~D 1 D 5 p 1 T, D 1
D 5 n 1 3He! model for the following reasons:

1. The amount of excess heat is larger than the excess
heat from nuclear products such as neutrons or tritium.

2. The emission rate of the neutrons is extremely low.
Reproducibility of neutron emission is poor.

3. There is no clear correlation between neutron
emissions and X-ray or excess heat generation.

From this discussion, we may say that D-D fusion can-
not explain the phenomena; we may at least say that D-D
fusion cannot play an important role.

What type of nuclear reaction could we assume? To
discuss the reaction mechanism of the phenomena, we
need to summarize our experimental results. Note that
the following comments indicate just some aspects of the
phenomena; experimental results depend on the experi-
mental method and conditions such as the sensitivity lim-
its of the detectors, the treatment of the Pd electrodes, or
the applied current.

1. Titanium elements must be formed by certain nu-
clear reactions. Although it is not easy to introduce a new
type of low-radiating nuclear reaction, it seems to be more

difficult to use contamination to explain the obtained ex-
perimental results.

2. If Ti elements are formed by a new type of nuclear
reaction, the detected elements such as Ca, Cr, Fe, Cu, or
Au may also be synthesized by a similar nuclear process.
However, note that the possibility of contamination is not
completely excluded for these elements except Ti.

3. The detected X-ray spectrum looks continuous.
If the continuous X ray was due to bremsstrahlung, one
could consider that the X ray was generated by low-
energy charged particles,100 keV.

4. The production rates of the neutrons, X rays, ex-
cess heat, and detected elements on the Pd electrodes are
as follows:

Neutrons~n0s! 10 to 104

X rays ~X ray0s! 102 to 104

Excess heat~event0s! 1012 ~assuming that an event
corresponds to few mega-
electron-volts!

Ti ~atom0s! 1012 ~average rate: 2.63 1017

atoms03.43 1050s!

These figures seem to suggest that Ti and excess heat are
produced by primary nuclear reactions and neutrons and
X rays are generated by secondary reactions.

5. The correlation between excess heat and nuclear
products is unclear at present. Therefore, we may ac-
knowledge the possibility that various and complicated
nuclear reactions occur on the surface of Pd.

Fig. 17. The EDX and WDX spectra of the EV8 surface~long-term X-ray emission!.
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The foregoing discussions make it extremely diffi-
cult to understand the experimental results within the or-
dinary physicochemical knowledge. Therefore, we should
introduce some hypotheses or a reaction model to ex-
plain the experimental results.

We introduce the EINR model. The outline of the
model is as follows. If deuterons in Pd capture surround-
ing electrons, di-neutrons are formed. Then, the di-
neutrons react to the surrounding nuclei and produce heat
and other elements. Both nuclear reactions occur
simultaneously.

One feature of the model is that electrons in deuter-
ated Pd play important roles to trigger nuclear reactions.
A second feature is that a neutron capture reaction chain
produces anomalous elements on Pd electrodes.

Following facts provide the background for the
model:

1. The existence of a di-neutron is accepted as a real
substance in unstable nuclei such as11Li ~Ref. 10!.

2. An electron capture reaction is influenced by the
states of orbital electrons; for example, the disintegra-
tion constantl of the metal7Be is larger than that of
BeF2 ~Ref. 11!. The rate of orbital electron capture by a
nucleus depends on the chemical bonding of the nucleus.

3. The cross section of the neutron capture reaction
is large at low energies and small at high energies.

4. The deuteron has a weakly bonded nucleus. The
binding energy of a deuteron is only 2.2 MeV.

Considering all the backgrounds, we propose the
EINR model as one of the guiding models to investigate
this new phenomenon. Needless to say, it is just an as-
sumption to explain observed experimental results, which
contain many problems to be solved and should be im-
proved.

First, the electron capture by a deuteron occurs in
deuterated Pd:

d 1 e2 r 2n 1 n . ~8!

Simultaneously, further neutron capture reactions oc-
cur. In the following reactions, only exothermic nuclear
reactions are assumed. Basically one di-neutron created
at electron capture reacts with surrounding nucleusX, as
expressed in the following equation:

XZ
A 1 2n r XZ

A12 b2

s YZ11
A12 . ~9!

The tritium production reaction is an example of the equa-
tion, which is observed in our experiments2,3,5:

p 1 2n r t
b2

s He2
3 . ~10!

Helium-4 production, noticed as an important nuclear
product, is also explained by this EINR model:

d 1 2n r H1
4 b2

s He2
4 . ~11!

It seems that a pair of di-neutrons also reacts with the
surrounding nucleus. This type of reaction is expressed
as follows:

XZ
A 1 22n r XZ

A14 b2

s YZ11
A14 b2

s ZZ12
A14~stable! .

~12!

The elements Ti, Cr, and Fe detected on Pd can be ex-
plained in principle using the foregoing model as follows:

Ca20
44 1 22n r Ca20

*48 b2

s Sc21
*48 b2

s Ti22
48 ~13!

Ti22
48 1 22n r Ti22

*52 b2

s V23
*52 b2

s Cr24
52 ~14!

Cr24
52 1 22n r Cr24

*56 b2

s Mn25
*56 b2

s Fe26
56 . ~15!

Calcium is selected as the origin of them. The Pd metal
and D2O0LiOD solution contain sufficient Ca, as shown
in Tables I and II, to explain the elements obtained.

We assume that the conditions needed to cause the
reaction are as follows:

1. a high concentration of deuterium

2. a high diffusion velocity of deuterium

3. the existence of a third element except Pd and
deuterium.

Condition 1 means high D0Pd, which is widely recog-
nized as an important factor in the field of cold fusion
research. We demonstrate condition 2 in our previous
papers. As to condition 3, it is experimentally shown
that Ca is one of the third elements, as is described in
Sec. IV.B.

Many problems should be solved using the EINR
model. Both the stability of a di-neutron and a large en-
hancement of the cross section of the neutron capture are
necessary. A certain mechanism for low-radiation tran-
sition from excited to bottom states of nuclei is also nec-
essary. Nevertheless, it seems that the reactions of the
participating electrons play an essential role in explain-
ing the feature of the phenomenon: chemically affected
nuclear reactions.

IV.B. Experimental Support of the EINR Model Using
Multilayer Cathode (Pd/CaO/Pd)

The foregoing discussion reminds us of the follow-
ing question: If enough Ca is given on the Pd surface,
what will happen?

Figure 18 shows the structure of a multilayer cath-
ode. The cathode was prepared by the following pro-
cedure. A Pd plate was etched with aqua regia~D2O!
to remove any impurity after washing by acetone and
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annealing, as described earlier. Enough annealing in a vac-
uum and sufficient etching with aqua regia~D2O! cleans
the surface of Pd. The sample was covered with a com-
plex layer that consisted of CaO and Pd. It was formed
by simultaneously sputtering of CaO and Pd with an Ar
ion beam. The thickness of the layer was set from 1000
to 3000 Å. A thin Pd layer~400 Å! was formed on it by
ion beam sputtering to prevent the dissolution of CaO
into the D2O0LiOD solution.

Features of the multilayer cathode are as follows:

1. The CaO0Pd complex layer is introduced to cause
a nuclear reaction based on the EINR model.

2. The complex layer is put at the near surface of
the electrolyte side because we assume that nuclear re-
actions occur at the near surface.

The experimental results using the multilayer cath-
odes are summarized in Table III. All the samples except
EV56 belonged to the multilayer cathodes, although the
thicknesses of the CaO0Pd layers were different. A thick
Pd surface layer~1 mm! was chosen for EV56 so that no
nuclear reactions might occur.

Both excess heat generation and X-ray emission were
observed for all the multilayer cathodes, as shown in
Table III. Maximum excess heat is shown in each col-
umn. Input power ranges from 20 to 40 W. X-ray emis-
sions were simultaneously detected by X2 and X3
counters located at the upper side of the Pd. The maxi-
mum deviations from the mean values of X2 and X3
are shown in Table III. Neutron emission was observed
only in the case of EV50;s is the standard deviation of
the background for each detector.

We observed excess heat generation and X-ray emis-
sions for all the cases that we tried by using multilayer
cathodes. It is suggested by our experimental results that
Ca is one of the elements that can induce nuclear reac-
tions. It is also suggested that Ca must exist at the near
surface of Pd. These results are consistent with the EINR
model in which Ca is the origin of nuclear reactions.

V. CONCLUDING REMARKS

We developed a new type of experimental apparatus
to simultaneously measure excess heat and nuclear prod-
ucts to induce the continuous diffusion of deuterium.

Fig. 18. The structure of the multilayer cathode~Pd0CaO0
Pd!.

TABLE III

Summary of Multilayer Cathode Experiments

Sample Structure of Cathode Excess Heat X Ray Neutron

EV50 Pd 400 Å Generation X1: Background Burst
CaO0Pd 1000 Å ~maximum 3.2 W! X2,X3: Simultaneous detection 22sn

X2~6.6sX2!, X3~6.2sX3!

EV51 Pd 400 Å Generation X1: Background Background
CaO0Pd 3000 Å ~maximum 1.5 W! X2,X3: Simultaneous detection

X2~6.4sX2!, X3~7.8sX3!

EV52 Pd 400 Å Generation X1: Background Background
CaO0Pd 1000 Å ~maximum 1.9 W! X2,X3: Simultaneous detection

X2~7.6sX2!, X3~8.8sX3!

EV53 Pd 400 Å Generation X1: Background Background
CaO0Pd 3000 Å ~maximum 1.8 W! X2,X3: Simultaneous detection

X2~14.4sX2!, X3~16.6sX3!

EV56 Pd 1mm None X1,X2,X3: Background Background
CaO0Pd 1000 Å

EV61 Pd 400 Å Generation X1: Background Background
CaO0Pd 1000 Å ~maximum 2.3 W! X2,X3: Simultaneous detection

X2~6.4sX2!, X3~6.7sX3!
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Continuous X rays ranging from 10 to 100 keV and neu-
tron and excess heat production were observed. Tita-
nium atoms were detected on the surface where deuterium
atoms passed through on Pd cathodes after electrolysis.
Quantitative discussion shows that the detected Ti atoms
cannot be explained by contamination. An EINR model
to explain the experimental results is introduced. Exper-
imental support of the EINR model is shown by using a
multilayer cathode containing Ca at the near surface of
Pd. However, much work is needed to clarify this new
phenomenon.
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