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PREFACE

This is the tenth volume of the Journal of Condensed Matter Nuclear Science. This volume of JCMNS contains the
second and final set of six papers presented at the ICCF 16 conference held in Chennai during February 2011; these
papers too have been duly peer reviewed before being accepted for publication in this volume. The printed volume of
the ICCF 16 conference proceedings comprises 28 papers of major importance and is currently under preparation and
will be sent to all persons who were registered participants of the Chennai conference.

Mahadeva Srinivasan
Chairman, Organizing Committee for ICCF 16

January 2013
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Research Article

Characteristics and Energetics of Craters
in LENR Experimental Materials

David J. Nagel ∗
The George Washington University, Washington DC, USA

Abstract

Small craters have been observed frequently in the surfaces of cathodes from electrochemical LENR experiments. They are generally
1–100 µm in size. The craters vary widely in shape and areal distribution. Two methods were used to determine the energies needed
to produce such craters. The resulting energies range from nJ to mJ, depending on the crater size. If craters are caused by LENR, then
many nearly simultaneous MeV-level energy releases would have to occur in a very small volume. There are numerous open basic
questions regarding the formation and characteristics of craters in LENR cathodes. It remains to be seen if craters will be helpful
in understanding the origin and nature of LENR. But already, the existence and features of craters seriously challenge theories that
seek to understand LENR.
© 2013 ISCMNS. All rights reserved. ISSN 2227-3123

Keywords: Cathode materials, Craters, Low-energy nuclear reactions, LENR, Transmutations

1. Introduction

The mechanisms and dynamics for the production of energy by Low-energy Nuclear Reactions (LENR) are still not
understood. Hence, it seems reasonable to examine all available information from LENR experiments. Small craters
are commonly observed in solid cathode materials after electrochemical loading of deuterons into Pd. However, while
such craters have frequently been reported, they have not been analyzed significantly. The purpose of this paper is to
provide the beginning of such an analysis.

Section 2 presents examples of craters found after LENR experiments. Both their sizes and their areal densities can
be obtained from published scanning electron micrographs. Craters larger than those from LENR experiments can be
produced in solids by many mechanisms. The scaling of crater sizes with the energies that produced them is discussed
in Section 3. That scaling permits estimates of the energies required to produce craters in LENR materials. Those
estimates compare favorably with simple computations of crater production energies. Crater energies and densities are
used to address the question of what fraction of measured excess energies might be due to events that result in craters.
The question of whether or not crater formation might limit the lifetime of electrochemical LENR generators is also

∗E-mail: nagel@gwu.edu

© 2013 ISCMNS. All rights reserved. ISSN 2227-3123
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confronted. Section 4 summarizes what remain as open questions about LENR craters. It is noted that crater formation
requires high power, albeit very local releases of energies. The implications of high power production by LENR are
noted in Section 4.

2. Crater Characteristics

This section exhibits and discusses a few examples of craters seen after electrochemical LENR experiments. There
seems to be no data published on any craters that might be formed during gas loading experiments.

Figure 1 shows the first reported instance of a crater from an LENR experiment, which was presented at ICCF-2 in
1991 [1]. It also contains an image from an experiment reported at ICCF-12 in 2005 [2]. The latter is accompanied
by an X-ray analysis of the areas on or near some of the craters. It is seen that the concentrations of three elements,
Pd, Pt and Ag, vary widely with location on the cathode. The observation of markedly different chemical compositions
from craters and their surroundings has been reported several times. Figure 2 contains another example of such an
observation from an experiment in which Pd and D were co-deposited [3]. The encircled elements in Fig. 2 cannot
be deposited as elements, so the authors attributed their appearance to transmutations. However, they could have been
impurities deposited in electrochemically permissible complexes.

The images in the first two figures show some of the wide variability in the morphology of craters. Their features
vary from jagged to smooth. Sometimes they are in and below the original surface plane of the cathode, and occasionally
they appear in a raised (blistered) region. The crater diameters in the first two figures range from less than 10 to about
100 µm. Their diameters are similar to the thickness of a human hair.

Figure 3 shows another example of craters, this one with very different characteristics. The formation seen by
Ohmori and his colleagues has a remarkably intricate structure [4,5]. It appears as if multiple energy releases produced
the observed shape. Further, the shapes make it seem that the releases must have been directed, or possibly sequenced, to
make the almost-floral structure. The formation extends well above the cathode surface. The complex structure shows
no evidence of melting. It is important that the material in Fig. 3 is gold, rather than the Pd used in most electrochemical
LENR experiments.

Craters seen in cathodes in Super-wave LENR experiments are shown in Fig. 4 [6]. All of these craters are relatively
small, with structures on the order of 10 µm. They obviously exhibit a variety of morphologies. Some show evidence of
melting and flow, while others have jagged structures, such as are seen in Figs. 1 and 3. The lower right hand micrograph
in Fig. 4 is a crater in which the bottom seems to be influenced by the underlying crystal structure. This could happen
two ways. The first, seeming unlikely, is the fracture along low index crystal planes and ejection of a crystallite. It is
also possible that the flat interior crater walls formed from recrystallization of molten material. But, that process also
seems unlikely because of the very short cooling times of the cathode materials immersed in the electrolyte.

Tsirlin has unpublished images of craters from Super-wave experiments [7]. The morphology of these craters
apparently depends on the underlying crystal structure of the cathode. They are shown in Fig. 5. The craters, like
those in Fig. 4, are relatively small, all about 2 µm wide. The top two craters exhibit four-fold symmetry, possibly
due to (1 0 0) crystal orientations. The bottom two images seem to reflect three-fold symmetry, maybe due to (1 1 1)
orientation, and even approximate six-fold symmetry.

The last examples of craters from LENR experiments are in Fig. 6 [8,9]. These images have two valuable features.
First, there are enough craters to permit estimates of the areal density of the craters. The values are in the caption of
Fig. 6. Second, there is remarkable alignment of many craters with scratches on the surface of the cathodes. Presumably,
the scratches existed before electrolysis. The alignment of craters with scratches suggests some experiments, which
are discussed in Section 4.

Many more examples of craters from electrolytical LENR experiments could be given. However, those shown above
span the range of sizes and morphologies seen in about two dozen papers that have presented or discussed micrographs
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Figure 1. Micrographs reported by Numata et al. (top) and by Zhang, Dash and Wang (center). The concentrations at the two circles are given in
the corresponding two lines of the table.

of craters. A summary of observations follows:

• Craters often appear to be due to high power, but very local, energy releases. The high powers are inferred
because slower, that is, lower power releases would not produce temperatures high enough to cause the observed
effects.

• Part or all of many craters show evidence of melting, i.e., smooth surfaces. But, many craters have sharp
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Figure 2. Micrographs showing a crater and a blister from the work of Szpak et al. The X-ray spectrum of elements near the blister is at the bottom.
See the text regarding the elements within circles.

features that would not have resulted from melting.
• Craters occur in diverse materials, including some that have not exhibited excess power. Hence, the relationship

between craters and excess power is not yet established.
• “New” elements appear near craters, but these may be due to concentration of elements already in the system,

which were below instrument thresholds before experiments. More evidence is needed to determine with high
confidence that the “new” elements are indeed due to nuclear transmutations.
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Figure 3. Stereo micrographs of complex craters, which were provided by Mizuno. They occurred on the surface of a gold cathode, which produced
excess heat.

Figure 4. Craters in Pd cathodes from Pd–D Super-wave experiments.
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Figure 5. Micrographs of craters from Super-wave experiment that appear to be influenced by the cathode crystal structure. Courtesy of M. Tsirlin
(unpublished).

• Crater diameters are generally in the range from about 1 to 100 µm. However, many craters do not have well
defined shapes or diameters.

• The ratio of the depth to the diameter for LENR craters appears to be approximately in the range from less
than 0.5 to more than 5. More measurements of crater depths are needed.

In summary, both the existence and the variety of craters from LENR experiments are worth attention. Their
explanations might assist in the understanding of some of the basic processes occurring during heat generation, and
possibly other processes. In particular, can crater formation explain a significant part of the excess energy measured in
many LENR experiments?

3. Crater Energetics

There are two approaches to estimating energies required for cratering of solid materials. The first is computation of the
energy needed to melt or vaporize a given volume of material. The second is extrapolation of energies from reasonably
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well-characterized large cratering events. Both of these approaches are employed in this section. They yield similar
values for the energy needed to make a small crater on a LENR cathode.

Kim [10,11] used the computational approach shown in Fig. 7. He assumed vapor production during crater for-
mations, and used the heat of vaporization to obtain the cratering energy given in the figure. If a person assumes only
melting, and uses the heat of fusion, a smaller energy value for cratering is obtained, again shown in Fig. 7. These
values will be compared below with cratering energies obtained by scaling the energetics of big craters to the small
sizes of those seen in LENR experiments.

There are several craters of very different energies and sizes in diverse materials that can be used to study the scaling
of craters. The physical basis for such scaling is conceptually simple. For very high power input in local events, the
energy density can be so large that the type of material and its initial form are irrelevant. The energy density needed for
deformation, melting or vaporization of solids is greatly exceeded during the impact or related event. Any solids are
essentially fluidized due to energy deposition. The process seems similar for both solid material breakup and ejection,
and for melting or vaporization followed by material ejection. In these cases, it does not matter how or where the energy
was put into the system, as long as it was on or near the surface of the material that craters.

Photographs of five craters that are used here to form the basis for extrapolation to the sizes and energies of LENR
craters are shown in Fig. 8. The energy needed to form each of these craters was measured or estimated. Hence, it is
possible to fit and then extrapolate the energy and size data to estimate the formation energies of individual craters in
LENR cathodes. In the case of the Arizona impact crater, the energy was delivered by a meteor. That is mechanistically
similar to the explosion of 500 tons of TNT on the surface of an island in Hawaii, and to the hyper velocity projectile
impact. The laser-produced crater is also a case of energy arriving on the surface of a solid from the outside of the target.
The nuclear explosion was different, because it was buried at a depth of almost 200 m. However, all of these craters
involved energy densities that overwhelmed the structural strength of the involved materials. Hence, it is expected that
they are “self-similar” and would obey the same scaling law.

The numerical characteristics of the craters shown in Fig. 8 are summarized in Table 1. The parameters for the
Chixulub crater are also in Table 1. That crater was due to the meteor impact thought to have caused the mass extinction
of dinosaurs about 63 million years ago. The energy estimate for the Arizona crater is available at the indicated web
site. The energy released by the nuclear device was probably measured by seismic means. The energy stored in the
500 tons of TNT was computed from known calibrations. The hypervelocity impact energy was calculated from the

Figure 6. Craters approximately aligned with scratches on Pd cathodes. Left: These data are from Toriyabe et al. at ICCF-12. The crater density
in this image is 1.6×106 per cm2. Right: An image due to Zhang and Dash shown at ICCF-13. The crater density is 6.4×104 per cm2. These
images enable plotting of distributions (histograms) of crater diameters.
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Table 1. Diameters and production energies for craters resulting from
six events

Crater origin Diameter (m) Energy (J) Reference

Chixulub meteor 180,000 4.0 exp (23) [12]
Arizona meteor 1150 1.2 exp (16) [13]
Nuclear device 390 4.4 exp (14) [14]
500 tons of TNT 72 2.1 exp (9) [15]
Hypervelocity Impact 0.033 8.0 exp (3) [16]
Laser focus 0.00075 4 [17]

known projectile size and its measured velocity. The energy in the laser pulse was measured with a calorimeter.
A plot of the energies known or estimated to produce the six large craters as a function of their measured diameters

is given in Fig. 9. It is seen that the expectation of crater size scaling with energy is reasonably well satisfied. The point
for the Chixulub event might be high due to uncertainties in the estimate of energy for that event. The point for the half
kiloton of TNT might be shifted to the right somewhat due to the explosion occurring near a beach with loose rocks,
resulting in a larger crater. However, the plot is sufficient for extrapolation to the size range of craters from LENR
experiments. The energies for crater production scale approximately with the crater volume, independent of material
or mechanism. That is, a prefactor of 3 rather than 2.67 would show exact scaling of the volume with the input energy.
The difference between the value from the fit and 3 might be due to the different crater shapes for the six events. Crater
diameters are a measure of crater volumes. They will be used below to estimate erosion rates in LENR experiments
and devices.

Figure 10 is an extrapolation of the line in Fig. 9 to smaller crater sizes, those appropriate for LENR. The two
computed energies from Fig. 7 for the formation of a conical crater with a diameter of 50 µm nicely bracket the
extrapolated line. It is seen that a 1 µm diameter crater can be formed by 1 nJ of energy. A crater with a diameter of
100 µm requires 1 mJ for its formation

The crater densities from Fig. 6 and the energies per crater from Fig. 10 can now be used to estimate two significant
quantities, the total energy released during crater formation and the total amount of material removed from a cathode
by crater formation. Figure 11 is a parametric plot of these quantities against the areal density of craters. The values of

Figure 7. Geometry and results for calculation of crater formation energies.
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Figure 8. Craters of widely different size scales: From the left, a meteor impact crater about 1.15 km across in Arizona, a crater 390 m in diameter
from a nuclear device test in Nevada, the crater about 72 m across from a TNT explosion in Hawaii, an Al hyper-velocity impact target with a 33 mm
diameter crater, and a crater 0.75 mm across at the focus of a high powered laser.

crater density, energy per crater and crater volume, which are relevant to craters from LENR experiments, are spanned
in that figure.

Many combinations of parameter can be examined readily by use of Fig. 11. For example, if 1 mJ were released
for each crater, and the crater density were 106/cm2, the areal energy would be 1 kJ/cm2, or 10 kJ for a cathode with a
total area of 10 cm2. For these parameters in an experiment running for 24 h, the average power released by cratering
events would be about one quarter of a watt. Hence, the average power generated during cratering events is not large,
but it could be a significant fraction of the excess power production in some electrochemical experiments.

The volume of material removed by cratering can also be estimated from Fig. 11. The conical shape shown in Fig. 7
is assumed. For the same 106/cm2crater density and an intermediate crater diameter of 10 µm, the total material eroded
from the 10 cm2 cathode would be 0.01 cm3. That is a small fraction of the volume of a normal rod-shaped cathode
with 10 cm2 surface area. However, long-term operation could lead to removal of a significant fraction of the cathode,
and the ejection of a volume approaching 1 cm3 into the electrolyte. Hence, it can only be said now that erosion due to
crater formation might be a practical limitation on the operational duration of electrochemical LENR cells designed to
produce energy.

Returning to the energetics of crater formation, one of the most fundamental issues in crater formation by LENR
is the number of nuclear reactions needed to produce a crater. We found that 1 nJ is enough energy to produce a 1 µm

Figure 9. Log-Log plot of the data in Table 1. It is noted that the vertical axis spans 30 orders of magnitude, while the horizontal axis ranges over
12 orders of magnitude. The bar in the lower left-hand corner gives the sizes for craters in LENR cathodes. The straight line was obtained by a least
squares fit using EXCEL.
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Figure 10. Plot of energies for cratering against crater diameter. The line is the extrapolation of the equation in Fig. 9. The two triangles give the
energies for production of a 50 µm diameter crater by melting or vaporization, as given in Fig. 7.

diameter crater and 1 mJ is needed for a crater 100 µm in diameter. An intermediate value of 1 µJ is the energy
associated with a 10 µm diameter crater. That energy of 1 µJ is equivalent to 6.2×105 10 MeV energy releases. Hence
crater formation apparently requires the nearly simultaneous occurrence of many LENR reactions. One million atoms
can fit into a cube approximately 100 mm on an edge. That is the minimum nuclear reaction volume could be much
smaller than the crater size.

The time interval over which energy releases can occur and still make craters is important. If a region of 1 µm3 is
heated to above vaporization or melting temperatures, how long does it take to fall to below the melting point? This
question can be answered by use of software for thermal transport, such as ANSYS [18].

A summary of the energetics and removed volumes due to crater formation follows.

• The energy releases associated with crater formation are in the range of 1 nJ to 1 mJ.
• Many nuclear reactions occurring within a small fraction of a second would be needed to explain the formation

of craters due to LENR.

Figure 11. Erosion volumes (left) and energy releases (right) from crater formation.
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• The fraction of total excess energy measured in past LENR experiments, which is associated with crater
formation, could be significant, depending on the crater density and size, and on the total excess energy.

• The fraction of the volume of the cathode removed during crater formation might be a practical problem in
long-duration experiments, but has not been seen to be that in experiments to date.

4. Conclusion

Important early experimental studies by Srinivasan and his colleagues produced data relevant to the basic questions of
how crater formation requires energy release localized in both space and time [19,20]. They performed long-exposure
autoradiography of Ti targets from plasma focus experiments with deuterium gas. The resulting images, due to low-
intensity decay of tritium, a nuclear reaction product, showed long-lasting activity in generally linear local regions of
the anodes, possibly along grain boundaries. The widths of those regions were less than 200 µm in some areas of the
target. The researchers at the Bhabba Atomic Research Center (BARC) also observed bursts of neutrons, and report “a
rapid cascade of up to 1012 tritium producing nuclear reactions takes place in quick succession in this local site, in a
sort of micro-nuclear explosion”. The BARC data are very important because they indicate the occurrence of nuclear
reactions. The researchers there recognized that craters, as well as their radiographs and neutron bursts, are signatures
of small, fast energy producing phenomena.

In this study, we have advanced the knowledge and understanding of LENR craters somewhat, but many more basic
questions about crater formation remain. They are now presented and discussed:

• The most fundamental question about observed craters from LENR experiments is whether, indeed, they are due
to energy released by nuclear reactions. Hard evidence for such craters appearing only in LENR experiments,
or only in LENR experiments that produce excess energy, is not yet available. It will be necessary to be able
to run identical cells in which there is no excess energy and in which there is energy production at various
levels, and then examine the cathodes from all cells, in order to quantitatively correlate the appearance, number
and size of craters with the measured excess energy. The reproducibility and control needed to perform the
experiments and correlations are still very challenging to achieve.

• The diversity of observed craters raises different questions. Can variations in the amount, timing and depth of
energy releases account for all the different topologies, as shown above in Section 2? Why are some craters
very irregular and rough in shape, while others are quite round and often smooth, similar to those shown
in Fig. 8? Can localized and simultaneous gas evolution and electrochemical deposition, sometimes along
scratches, account for any of the observed crater morphologies without energetic releases?

• Another foundational question is whether or not all craters are due to energy releases, whatever the origin of
the energy. It might be that some craters with shapes apparently reflecting the orientation of the crystal in
which a crater occurs are due to strains or other energy concentrations having no association with LENR.

• Do the energy releases that cause craters occur exclusively on the surface of materials or also at various depths
within the cathode? It is not known if the observed variations in crater size, such as in Fig. 6, are due to (a)
variations in the amount of energy released per event, (b) variations in the depth of release, or (c) both of these
possibilities. If energy releases, which are sufficiently close in space and time to form craters when they are
near the surface, actually occur deep in a cathode material, they will lead to heating, but no surface craters.
So, it is asked if there are any post-experimental artifacts within a cathode material that might be observed
by use of metallurgical techniques of sectioning and polishing. If so, could such artifacts be related to rapid
energy releases, such as those which produce craters, when they are near or on the surface?

• Of the energy that is released during crater formation, what fraction of it goes into electromagnetic and acoustic
emissions? Diagnostics of co-deposition experiments have shown the emission of both infrared radiation [21]
and of sound [22] during LENR experiments. It is possible that those observations have nothing to do with
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crater formation. But, it is also possible that the emissions occurred during crater formation. If the latter is the
case, might infrared or acoustic time radiations be diagnostically useful? Could the time history of events be
correlated with observed areal densities of craters on cathode materials? Might infrared or acoustic spectral
information shed light on the mechanisms and dynamics of rapid energy releases? Could the amplitudes of
sonic pulses indicate the relative size of energy releases and associated crater sizes, or even energy releases
without crater formation?

• Because a large number of nuclear reactions in nearby locations and short times appear to be needed for crater
formation, there is the question of whether they happen coincidentally by accident, or else is there some kind
of a sequence in which reactions quickly lead to other reactions? The appearance of craters during some,
but maybe not all energy release events, might constitute evidence of something resembling a chain reaction
in LENR experiments. Experiments at modestly elevated temperatures have shown that higher temperatures
favor production of excess energy. The temperatures that occur during the earliest times of a crater forming
event might be very high, far in excess of vaporization temperatures. Otherwise, they would not lead to the
observed effects shown in Section 2.

• There follow questions about the purposeful production of craters. For example, since surface scratches lead to
craters forming in lines along the scratches, as in Fig. 6, would scoring the surface of LENR cathodes prior to
experiments lead to more crater production. Might the production of excess energy, or the emission of infrared
radiation, or the occurrence of shorts bursts of sound, correlate with the density of scratches in cm/cm2? Would
the frequency of crater production in space and time relate to the shape and size of the surface structures? If the
energy releases due to crater formation constitute a significant fraction of the excess energy, could the willful
introduction of surface morphology improve the reproducibility or output of LENR experiments? Would it
matter if the surface scratches intersected each other? If so, would the angle between scratches be a significant
parameter?

• Many LENR experiments are driven much harder and with unusual time profiles compared to more usual
electrochemical experiments. McKubre wondered if the appearance of craters might correlate with the input
power to electrochemical experiments. Violante similarly asked if craters might correlate with the protocol
used to load a cathode or the use of applied voltage modulations in an experiment.

Finally, we speculate on the potential relationship between small craters on cathode surfaces and a singular event
described in a paper by Fleishchmann and Pons in 1989 [23]. They were conducting an electrolytic LENR experiment in
which the cathode was a cube of Pd 1 cm on a side. During the night, the experiment suffered a thermal runaway, which
lead to the following statement in their paper: “WARNING! IGNTION! We have to report here that under the conditions
of the last experiment, even using D2O alone, a substantial portion of the cathode fused (melting point 1554oC), part of
it vaporized, and the cell and contents and a part of the fume cupboard housing the experiment were destroyed.” There
are two remarkable aspects of the event. First, it was not documented in detail after the occurrence. And, reportedly, it
caused Fleischmann and Pons subsequently to use much smaller cathode volumes, generally in cylindrical geometries.
Apparently, they were concerned about safety and the danger of large high-power events.

The point is that both the small craters on cathode surfaces and the extraordinary event observed by Fleishmann and
Pons have in common the achievement of very high LENR power densities. Could it be that the conditions, which occur
with significant frequency on cathode surfaces in some LENR experiments, also happened in a much larger volume
within the big cubic cathode? Might large-scale and high-power releases be produced willfully, maybe on demand?
Could their power levels be controlled? If so, what are the implications? Could they be used beneficially in practical
LENR power devices? Might they be used to augment existing weapons, or even enable new weapons? Historically,
new sources of energy were commonly used for military purposes.

There are certainly many basic scientific and practical questions about craters and high-power releases due to
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LENR, whatever their size. Clearly, what is already known experimentally, and the many open questions, both serve
to challenge theoreticians to provide needed understanding of the diverse phenomena related to craters and high-power
releases in LENR materials.
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Abstract

An electron pair (lochon) in a deep hydrogen ‘naught’ orbit (n = 0) has similarities to muonic hydrogen in that it has a small
orbital radius that allows the protons in molecular hydrogen to be very much closer together than is possible in a normal molecule.
There are also significant differences between lochon- and muon-catalyzed fusion (e.g., one leads to ‘cold’ fusion and the other the
‘hot’ fusion). However, since muon-catalyzed fusion is an accepted phenomenon and Lattice-assisted Nuclear Reaction (LANR)
or Low-energy Nuclear Reaction ( LENR) is not, we will examine the similarities and differences in various mechanisms with the
fusion of deuterons in mind. We start with the assumption that both solutions of the Klein–Gordon equation are actually real and
the one that has here-to-for been rejected correctly identifies a single deep orbit below the n = 1 ground state. (It is generally
accepted that, at least for spinless bosons such as the lochon, this solution of the Klein–Gordon equation holds.) We then compare
the creation model and characteristics of these two naught orbits with those of the muonic orbits (both atomic and molecular). The
similarities lead both naught-orbit and muonic-orbit molecules to fusion. The differences lead the non-relativistic (but >100 MeV
excess energy) muon-induced fusion of deuterons to the fragmentation of excited helium nuclei and the relativistic (but <10 eV
excess energy) lochon-induced D–D fusion to an excited helium 4He* state that is below these fragmentation levels. The reason for
this different response to the respective “tight” orbits is described along with some of the consequences, e.g., electron capture. In
addition, internal conversion, a known physical process involving nucleon interaction with atomic electrons, is compared with the
Extended Lochon Model to provide a means of de-exciting 4He* without production of energetic particles or radiation.
© 2013 ISCMNS. All rights reserved. ISSN 2227-3123

Keywords: Electron-capture, Internal-conversion, LENR, Lochon, Muon-catalysis, Naught-orbit

1. Introduction

Loaded palladium deuteride, PdDx (with x = ∼1), has a high number of deuterons located in close proximity to one
another. Under certain circumstances, these deuterons are cyclically brought still closer together and some of them fuse.
Many models have been proposed to identify these circumstances. None has had more than a small group of adherents,
and, all of the earlier models had weaknesses identified in a 1994 review [1]. Nevertheless, with experimental evidence
proving that at least some of the fusion processes proceed from lattice site to the 4He ground state with release of more
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heat than can be accounted for by accepted pathways, it is clear that conventional atomic and nuclear physics must be
extended beyond their present realms.

Assuming the reality of measured end products (heat and 4He), we have developed a model over the last decade
that provides a pathway to these products as well as to the other observed effects and byproducts of this system [2–6].
The individual steps along this path have not yet been validated. However, none of them violates known experimental
or theoretical physics. In fact, recent experimental and theoretical work within the mainstream of astrophysics [7,8]
and physics [9] supports some hypotheses of the model.

An assumption of our Lochon Modela is that the n = 1, hydrogen-ground-state energy level is briefly and periodically
occupied by a pair of zero-angular momentum,l = 0, s-orbit electrons that can lose sufficient energy in doing work
to move deeply into a deepening Coulomb potential well so that their orbital radius (wave function) is confined more
closely about the nucleus. The pairing of electrons, shared in the hydrogen 1s orbital and the Pd 4d orbitals, depends
on the local Fermi level and therefore on the local electric fields. This pair of s electrons, the lochon, will form from,
and respond to, the local phonon field and cyclically (at 1013 to 1014 Hz) move deep into the nuclear-Coulomb potential
well, accelerating to high kinetic energies in the process. This modeled action of s electrons is not new; lattice-induced
pair formation is standard physics and happens continually in the solid state as a result of phonon or polariton action.

Normally, in the lattice-atom oscillation, the kinetic energy of bound electrons increases to a point and then returns
to the initial condition (maintaining constant total energy). If the electrons are in an excited atomic state and are able
to radiate energy away as one or more photons or phonons, then the total electron energy drops to a lower level. The
n = 1 level is the lowest such radiation-accessible level, because electrons in that level do not have sufficient angular
momentum to form a photon. However, under the proper nuclear conditions, while the electrons are close to their
nucleus, they can be captured by the nucleus. Or, if they can do work that does not require angular momentum,
they may be able to drop to a lower potential and total energy. At the atomic level and below, systems are generally
conservative. Therefore, the work done goes into stored energy and the process is fully reversible. The electron energy
changes are ‘done’ and ‘undone’ in a cyclic manner and no violation of accepted physics and chemistry is observed.

When this process occurs during the collision portion of the longitudinal optical-phonon cycle for deuteron pairs
bound in the sub-lattice of a PdD crystal, work is performed. If the colliding deuterons do not get close enough for
their nuclear forces to overcome the lattice or nuclear Coulomb barriers, they are subsequently drawn back into the
sub-lattice sites and the cycle, at about 1014 Hz, begins again. If the collision is close enough for fusion to occur, then,
the deep-well electrons absorb energy from the accelerating protons and reradiate it. One or both of the electrons can
be ejected. The now tightly bound and relativistic electron or pair participates in a nuclear ‘dance’ that leads the excited
4He* to its ground state(s). This latter process is described by the Extended Lochon Model [10].

The Extended Model provides all of the observed effects in low-energy nuclear reactions (LENR). It has been
recently reinforced by (and, in turn supports) a theoretical quantum mechanics work of Jan Naudts identifying a deep-
level atomic orbital [9,11]. This deep level is not within the normal range of detectability (energy and intensity), is not
generally occupied, here-to-fore has not been sought, and therefore has not had any experimental support. (However,
actual experimental data for the Halo nucleons [12] can be interpreted to support this model.) The prior deep-orbit
theoretical work, while neither fundamental nor essential to the lochon model, may provide a valuable basis for
explaining some parts of the model that had been postulated, based on accepted solid-state models and mathematically
derived, but not proven rigorously. Similarity of portions of the lochon model to accepted physical processes might
be considered as support for the model, just as experimental evidence of much higher fusion cross sections observed
in keV deuteron–deuteron collisions [7,8] over the last two decades has supported the hypothesis of nuclear fusion in
LENR in general. Nevertheless, these portions are only stepping stones; and they must be properly connected before

aThe lochon (a “local-charged boson”) is a pair of s electrons tightly coupled by the phonon field to a deuteron (in this case) during the longitudinal
optical-phonon collision mode of the hydrogen sub-lattice in a PdD crystal.
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the pathway is complete.
Some of the Extended Lochon Model mimics or has similarities with known physical processes, such as proximity-

coupling, internal conversion, muon catalysis, electron capture, and cyclical, deep, electron orbitals. This present paper
explores the new deep atomic level and then compares this model with some accepted nuclear physics mechanisms to
determine the similarities and differences leading to each and the applicability of the known phenomena to the new
LENR data and environment.

2. Naudts’ Orbits

A deep atomic orbital at a binding energy of about mc2 is predicted from one solution of the Klein–Gordon (KG)
equation [9]. Earlier studies of the relativistic 1-dimensional hydrogen atom [13], of a normally rejected solution to the
Schrodinger equation [14], and in an independent development [15], had predicted a similar deep orbit (in some cases
infinitely deep [13]). The deep-orbit solution of the KG equation has been rejected by other authors [16,17], as: being
from an equation that is not applicable to particles with spin, being non-square integrable, and being singular at the
origin. Therefore, by their definition, it cannot be applied to an electron and it could not be real even if it did pertain.
Nevertheless, the same KG model predicts two sets of energy levels. One set is ‘acceptable’ (even without considering
spin) because it provides levels consistent with known values for bosons (e.g., pions) and is not singular. The other
set is ‘unacceptable’ because, along with the known levels, it predicts a level that has not been observed. However, in
both sets of solutions (neither including spin), the upper atomic-hydrogen levels are predicted to be within parts per 10
thousand of each other and of the normally calculated results.

The values for the deep accepted energy levels (e.g., n = 1 and 2), calculated by the ‘unacceptable’ path, are slightly
further from experimental results than those predicted by the basic ‘standard’ model; but, they converge to those of the
‘accepted’ Dirac model at the higher energy levels (e.g., n > 2). The reason for this deviation at the deeper levels (for
both solutions) is that the KG equation does not include the spin of an electron. At higher energies, the electrons are
further from the nucleus and each other, so that spin-spin and spin–orbit interactions become less important. A more
recent paper [18] has established theoretical criteria for accepting the deep orbit solution in the KG equation, but not in
the Dirac equation for which such a solution had been claimed earlier (1993) [19]. This same deep orbit solution for
the Dirac equation, in a physical argument, has been rejected based on a low probability (∼ 2×10−9) of the solution
in the region of the nucleus [20]. Nevertheless, such an orbit is admitted, even in this earlier critical paper, based on a
modified Coulomb potential that permits a non-singular origin (at r = 0).

If the energy-level data are extended from Naudts’ paper and rewritten in more convenient notation (Table 1), then
some interesting conclusions can be drawn when they are compared with ‘standard’ [21] calculations. The solutions
to the KG equation provide two sets of levels identified by a parameter s (slightly modifying Naudts’ notation for the
wave function, in Eq. (1)).

!(q) = exp−i Eot/h̄r−sexp−r/ro. (1)

The KG values for s ≥ 0 correspond to the standard orbital energy levels. The KG values for s ≤ 1, with a much
more centrally concentrated probability distribution, are the ‘unacceptable’ levels. The n values in the table are chosen
to agree with conventional notation and neither the standard nor the KG sets contains a correction for the finite nuclear
mass. It can be seen that the KG results ‘straddle’ the standard values and converge toward it (in parts-per-million, the
differences in the last two columns) for the higher n values.

What does this all mean? If the KG equation can predict energy levels within milli-electron volts of the measured
and calculated values for the observed results, then it should be reasonable to expect it to predict all levels to some
degree of accuracy. In this case, the deepest (s ≤ 1) level is predicted to have a binding energy of about 507 keV. Even
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Table 1. Hydrogen energy level calculations for Standard and Klein–Gordon solutions

Hydrogen Standard (‘S’) Klein–Gordon (KG) ‘S’ minus KG
atomic orbit calculated E levels (eV) E (eV) for s ≥ 0 E (eV) for s ≤ 1 Delta (∼0) ×

10−6
Delta (∼1) ×
10−6

n = 0 – – ∼ 507, 000 – –
n = 1 13.605698 13.606600 13.603702 –902 1996
n = 2 3.401424 3.401571 3.401208 –147 216
n = 3 1.511744 1.511791 1.511683 –47 61
n = 4 0.850354 0.850376 0.850331 –22 23

if the corrections from spin, spin coupling, finite nucleus and electron size, relativistic effects, etc., were of the order
of 90% (they were less than 100 PPM for the ‘normal’ calculations and should be within several hundred keV for the
more spin-sensitive n = 0 level), there is a deep energy level that has been predicted. But, it has not been observed (has
it been sought?) nor wanted in the quantum-mechanical description of the atom. With the accuracy of these predictions
and modern measurement capabilities, it would appear to be worth looking for and trying to understand what it means
to physics today.

The deep level predicted by the KG equation is alone (no other deep levels are predicted in the approximation) and
far below the n = 1 levels, so we will call it interchangeably the n = 0, or ‘nought’, or ‘naught’ level. What are some of
its properties and problems? Assuming a single electron (without spin), the KG equation (giving Eqs. (2) and (3), with
the fine-structure constant α = ∼ 1/137) predicts a binding-energy level of about 507 keV and a characteristic orbit with
ro = 390 fm. The total nought-orbit energy, TEo, equals the mass energy plus the binding energy (this latter is also the
potential energy – a negative value – plus the kinetic energy). Therefore, the binding energy of the orbit (a negative
value for an attractive potential) is Eo–moc2 and the proposed nought-orbit values from the KG equation are:

TEo ∼= moc2α ∼= 3.7 keV '⇒ binding energy = Eb = TEo − moc2 ∼= −507.3 keV, (2)

ro ∼= h̄/moc2 ∼= 390 fm. (3)

Classically, the nought-orbit electron can have angular momentum. However, it will be much lower than Planck’s
constant divided by 2π (where h/2π = h̄). Therefore, as 0 < l ) h and the uncertainty in angular momentum is h̄/2,
it would be classified as an l = 0 orbit. The nought orbit is thus both n = 0 and l = 0 orbit. (The Dirac nought-orbit
gives a nuclear Coulomb repulsive radius as <4 fm [22].)

There are other interesting points about this orbit relative to the normal atomic orbitals. While ‘circumferences’
of the Bohr orbits are integer multiples of the electrons’ deBroglie wavelength (λdB = h/p, where h is Plancks’
constant and p is the magnitude of the electron momentum). The naught orbit in one development [9] has a predicted
circumference close to that of the electron’s Compton wavelength (λC = h/mc). As such, the nought electron still fits
within the wave mechanics regime and is consistent with the Heisenberg Uncertainty Relation, %x %p ≥ h/4π (e.g.,
if λdB = h/p = λC = h/mc, with %x = ∼ 2 (λdB /2πp, and %p = 2|pmax|, see below).

The deep-orbit solution for the Dirac equation has more than a single deep level [22]. It has higher angular-
momentum orbitals. These additional orbits have higher binding energy than the n = 0 level, (507.3 < Eb < 511, as
distinct from the conventional orbits that have lower binding energies as n increases). A point not mentioned in the
nought-orbit papers is the need for the electron orbit to be in the fermi range, not the picometer range, to attain the
0.5–1 MeV energies required for the solution. This important concept, addressed in [22] and briefly addressed below,
must be explored further in a later paper.
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The proposed electron naught orbit (radial or circular motion?) is of the same order as that of the muon orbit
(rn = 0 = ∼ 390 fm vs rµ = ∼250 fm) and therefore, a naught-orbit electron should be able to catalyze fusion in a similar
manner. If we assume that the predicted naught orbit is approximately valid, then, if it can be attained, it would become
a natural bridge to hydrogen fusion, just as is the muon. Moreover, electrons are plentiful (and cheap) and muons are
not. But, electrons do not naturally migrate to the nought orbits (as they do to the n = 1 orbits) or our universe would
not exist in its present form.

Given that this deep orbit exists, then the Quantum Mechanics (QM) argument that the hydrogen ground state is
the lowest orbit has only limited validity. However, a hydrogen atom with an electron in a nought orbit, Hˆ, would
not last long in the presence of other hydrogen atoms before they fuse; therefore a statement of the hydrogen ground
state as the lowest stable orbit may still be valid. Nevertheless, one should not reject the nought orbit based on this
QM claim. Perhaps, there is a reason that the QM claim could be rejected based on the naught orbit, but the accurate
QM orbit-energy predictions could still be valid, since they are based on probabilities and the lifetime of this orbit is
probably very short. On the other hand, since the QM-orbit equations (Klein–Gordon and Dirac) do not include the
nuclear-capture probability and do not address the difficulty in reaching this orbit, the orbit should be real and might
even be stable in that limited calculation.

The non-relativistic QM predictions are based on the deBroglie wavelengths and associated resonances of the bound
electron. The addition of a (perhaps) single Compton wavelength for the electron could give a new orbit (a solution
or resonance) and still not violate the old QM models (they may just not include the most general solution). Since the
strict Coulomb potential has no minimum, and nothing except the perceived singularity at r = 0 prevents the electron
from passing through the nucleus, the normal ground state is a minimum only as a result of ‘mechanical’ resonance
states of the electrons in a potential well. The photon and its requirements for E = hν and l = 1, which are critical to a
proper understanding of the atom, do not directly enter the standard Schrodinger equation picture.

This resonance of an electron in a Coulomb potential is a consequence of the deBroglie relation (λdB = h/mv) that is
often used, but seldom explained. Alternatively, it is answered in the form of a mathematical solution of the Schrodinger
equation with ‘no further discussion required (allowed?).’ The relativistic addition of the Compton relation (λC = h/mc)
does not alter the former solutions. However, instead of multiple resonances possible because of the variable v (the
electron velocity) in the deBroglie wavelength, there may be only a single KG resonance for the single Compton
wavelength (v ≤ c). On the other hand, just as there are beat frequencies when two frequencies are combined, it is
possible that there are multiple resonances that can be associated with the relativistic (near-nuclear) regime [22]. This
possibility needs exploration.

If we convert the wavelengths to frequencies, we get νC = mc2/h for the Compton frequency and a coupled frequency
for the deBroglie wavelength. This new frequency is related to E = hνdB = ∼ (γ − 1)mc2, where γ is (1 − ν2/c2)−1/2.
Thus, as the electron orbit shrinks and the velocity approaches that of the speed of light, its gamma, γ , and effective
frequency increases and the effective wavelength of the electron (λdB = h/γ mv) decreases further. Is there another
resonance at an even deeper level? Approximate solution to the KG equation says no! The neutron could be a candidate
for the deep orbit of known stability; however, it takes more energy to get there than the Coulomb potential can provide
at even the classical electron radius. On the other hand, the KG equation does not include the nuclear potential, mass,
or particle spin; and the approximate solution does not even allow angular momentum. With these inclusions, a more
detailed equation could convert mass energy of the proton, assumed to be infinite in the simple case, into electron
mass or kinetic energy and produce a two-level ‘neutron’ or a heavier charged particle. Since there are a number of
approximations in the KG equation and its solution(s), particularly as the nucleus is approached, the neutron could
provide the deep relativistic orbit that we are addressing and we might not recognize it as such. Some known physics
could be violated that was not included as appropriate boundary conditions in the mathematical equations. Therefore,
that possibility becomes a different story. The nought-orbit solution of the Dirac equation needs to be explored further.

We have given a logical basis for the existence of very-deep energy level for atomic electrons that is predicted by a
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relativistic correction to the Schrodinger equation. What keeps electrons from filling it and precipitating high rates of
fusion in, for example, water? A possible key is in the inability to transfer energy between one or more bound electrons,
between a bound electron and a photon/phonon, between a bound electron and a proton, or between the Coulomb field
and the relativistic electron without transferring angular momentum. Both photons and phonons are bosons and have
angular momentum of 1 (h). Therefore, they are not candidates for energy transfer in this l = 0 case. However, to fit
the model results, all Coulomb potential energy must be converted into the electron’s relativistic kinetic energy.

A potentially more important answer to the question of why the nought orbit is not observed comes from the standard
solutions of the Dirac equations in 1-D vs 3-D. While the 1-D equation predicts a nought orbit, the 3-D version does not
[13]. I had attributed this difference to the singular Coulomb potential. However, even when using a truncated potential
without singularity, this difference remains. There is a piece of information here that pertains directly to the present
development. An atom in free, or semi-free, space is essentially in three dimensions. However, when in a very-strong
electric field, a single dimension dominates. The lochon model describes that very situation. If the standard model
of the Dirac equation is correct, the very act of bringing two nuclei into close proximity, creates a nought orbit. The
nought orbit would almost never be observed, or recognized if observed, because it has such a transitory existence.
Only if the orbit(s) can be populated by one or more electrons, and the nuclei stabilized in a femto molecule, would the
nought orbit’s existence be demonstrable. We will explore the other options and implications below.

3. Naught Orbits as Applied to the Lochon Model

There are several differences between Naudts’ model and the Lochon Model of a nought orbit. First, the lochon model
predicts two electrons in the orbit rather than one. This complicates matters and yet, being a boson, the electron pair
also counters some arguments against the naught orbit. As a first-order approximation, we ignore the fact that the
electron pair is two electrons with a mutually repulsive nature and not a single doubly charged boson. Assuming a
boson with charge of 2e and mass of M = 2mo, Eqs. (2) and (3) give new values for energy and orbit radius. The energy
depends on both mass and potential. The mass and charge are both doubled so that the lochon nought-orbit radius r ′

o
will be twice cut in half (hence, r ′

o = ∼100 fm). The potential V for a single electron, given as proportional to the
fine structure constant over the radius, will quadruple because of the reduced radius and double again because of the
double charge. However, the r dependence cancels out in the calculation for the energy. Therefore, the lochon energy
level is E ′

o = 2moc2(2α) = 4Eo. (Inclusion of the electrons’ repulsion may reduce this energy to 1/2 to 3/3 of that for a
single-bodied doubly charged boson. However, the near-field relativistic magnetic attraction – spin–spin, orbit–orbit,
and spin–orbit – may counter this effect.) On the other hand, the binding energy (a negative value) for the pair, being E ′

o
minus the rest mass energy, is still going to be close to twice that for the single electron (in our present approximation).

The actual value of E ′
o does not change the binding energy much. That is dominated by the mass energy and

Compton-wavelength resonance. Therefore, the internal energy of the lochon, which can reduce the Coulomb attraction
of the nucleus for the paired electrons by 25– 50%, has little impact on the nought-orbit lochon binding energy that is
∼1 MeV. However, it could increase the field radius, r ′

o, so that it exceeds the Compton radius of a single particle with
the same mass.

The binding energy for the nought-orbit lochon is: ∼ 1 MeV
The kinetic energy of the nought-orbit lochon is: ∼ 1 MeV
The potential energy of the nought-orbit lochon is: ∼ -2 MeV
The suggested nought-orbit lochon radius, r ′

o, is: ∼ 100–200 fm
To achieve this high magnitude of potential energy, the average electron-charge orbital radius is only on the order

of a Fermi, which is near to the classical-electron radius. The electron has shed most of its identify in fusing with the
nuclear proton(s) field. The Zitterbewegung is of the order of 390 fm. However, from Eq. (1), the strong 3-D focusing
of the electron motion about the nucleus of r−1exp(-r/ro) allows dimensions of the average field concentration to be
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this small. Therefore, the Heisenberg Uncertainty Principle is not violated by the small confinement for a low-mass
charged particle.

4. Muon Catalysis

Muons catalyze D–D fusion by filling a deep ground-state level in hydrogen atoms that is roughly 200 times smaller
in radius than that of the electron [23,24]. This means that they first form pseudo-neutrons (pico-atoms) and then tiny
hydrogenic molecular ions (pico-molecules of p–P, p–D, p–T, d–D, d–T, or t–T). These pico-molecules are bound by a
muon and would be much smaller than the corresponding molecular ion bound by an atomic-orbit electron. In the d–D
case, the proximity is sufficient to allow fusion to occur within 10s of picoseconds [25]. On fusion, the muon generally
flies off to restart the cycle.

Before we get into the muon-catalyzed fusion of nuclei, it is useful to mention muon fusion with a nucleus and
how it would differ from nought-orbit electron fusion with a nucleus. This comparison is important because it provides
information, from a well-studied system, on the effects of a tightly bound negative charge for its capture by different
nuclei. “We shall also assume that lepton universality holds better than we need, so that the many lessons learned from
µ decay can be transferred over to muon capture, which thus can be considered as an extension of electron capture,
though perhaps with many more states available” [26]. Except for very light nuclei, muon capture is more likely
than muon atomic decay through the many available states to the lowest orbit. We are interested in both the very-light
nuclei and a system with no states between the lowest Bohr orbit (n = 1) and the nought orbit (n = 0). Some other
differences exist. The muon has sufficient energy to form a neutron from a proton; the nought-orbit electron alone
does not. “When muon capture occurs in any nucleus, the energy release of about 100 MeV is mainly donated to the
neutrino,…’ and “… for muon capture from a µ–p atom, the recoiling neutron takes only 5.2 MeV of kinetic energy,
whilst the neutrino takes away 99.1 MeV.” This means that any fusion reaction with muons falls into the high-energy
nuclear-physics regime. There can be no question about the non-existence of a nought orbit for the muon. The high
muon mass means that its nought orbit would be much smaller than that for an electron and therefore capture/fusion
would be nearly instantaneous. Can the same point be made for an electron in a nought orbit about a high-Z nucleus?
Another point, which may become important for electron decay to the nought orbit about a proton, is that the muon
capture rate from a singlet state is more than 50 times that from the triplet state.

How does this picture compare with that of the Lochon Model? The muon starts out being massive and independent.
The Lochon starts out as a bound electron pair in an s orbital about a nucleus (generally hydrogenic in our usage).
The muon, on ‘atomically’ binding to a ‘proton’ subsequently finds another hydrogen atom or molecule and forms
a very small (pm-size) molecule. The lochon in a special lattice matrix does work on a colliding hydrogen pair and
in the process gains kinetic energy as it slides deeper into the Coulomb potential well. The muon resides in a deep
‘Bohr’ orbit (∼ 250 fm) and the separation of the muonic molecule nuclei is about twice that radius. If attained,
the nought-orbit-bound lochon will have become relativistic and, being doubly charged in the n = 0 orbit (at 100–
200 fm,by one interpretation of the KG equation), will bind another proton or deuteron at about that distance, forming
a ‘pico-molecule’.

The muonic molecular ion (e.g., HµH+) and the nought-orbit molecular ion (e.g., HˆH+) are of nearly the same size
(both less than a pm in diameter). The major differences are in the location of the energies and the energy levels. The
excess energy of the muonic molecule (relative to standard molecular hydrogen) is in the muon mass. In the nought-orbit
molecule, much energy is tied up in electron and nucleon kinetic energy and in the concentrated, fluctuating, EM fields
about the relativistic electron pair. This ‘AC’ EM-field energy, resulting from the extreme electron acceleration, has
been subtracted almost entirely from the proton field-energy (mass) in the nought-orbit molecule (not so in the muonic
molecule). From the fusion perspective, this reduced nuclear mass means that there might not be fragmentation in
the former case and there is confirmed fragmentation in the latter case. This is a major difference in the conventional
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muon-catalyzed D–D fusion story and in the lochon-catalyzed cold-fusion story.
If the nought-orbits were accepted, there is little doubt that fusion, with different or reduced fragmentation ratios,

would be expected. It would be understood as a natural consequence of the reduced energy of the combined nuclei.
There is still the problem of how to populate these orbits. It is not a given that this orbit must be filled with the assistance
of paired hydrogenic atoms under just the right circumstances. It is possible that the nought-orbit atom, and therefore
the nought-orbit molecule or molecular ion, could be created in another manner.

Another difference in the fusion processes of the two molecules is a consequence of the relative muon or lochon
ability to radiate or otherwise couple the fusion energy away from the excited helium nucleus. The muon is fat and slow
relative to the relativistic electrons or lochon. Therefore, it has little ability to radiate much acquired nuclear energy
in the fusion process. Because it cannot readily dissipate nuclear energy, the fragmentation process is still dominant.
In the case of the 0.5–1 MeV tightly-bound electrons, they have the ability to couple closely to both the accelerating
nucleons and to the adjacent Pd electrons. With this proximity to, and energy flow from, the fusing deuterons, they
may drop below the fragmentation levels before that becomes a real event.

Fragmentation is a feature of energetic nucleons in an excited nucleus when that energy exceeds the binding of the
potential well. Both the muon and the lochon, as tightly bound negative charges, will be able to reduce the proton
Coulomb forces that will try to force the nucleons out of the nucleus. However, the lochon has twice the charge and,
particularly in a fermi-sized nought orbit, will therefore raise the fragmentation levels much more than can a muon.

5. Electron Capture

We can talk of muon capture from a deep orbit by the nucleus, but we also have information about orbital-electron
capture by the nucleus [27]. This process, equivalent to positron (β+) emission in terms of change in nuclear charge, is
a major contributor in nuclear decay. By 1977, it was found to contribute to the decay of nearly 500 different nuclides.
Electron capture from a nought orbit may become as important to transmutation processes [28] in LENR as is the actual
fusion of nuclei.

Two principle observations are made that will pertain to the comparison of electron capture from an atomic orbit to
that from a nought orbit. First, the nuclear weak interaction converts nuclear energy, an orbital electron, and a nuclear
proton into a neutron and neutrino. Second, EM radiation may be involved in the collapse of the electron from an atomic
orbit into the nuclear region during the capture. The weak interaction has a very small range defined by the overlap of
the atomic electron and nuclear wave functions. This latter is of the same order as the classical electron radius. The
range for generation of EM radiation (called internal Bremsstrahlung in this case), is much larger. It is defined by the
range of the Green’s function and is of the order of the Compton wavelength (except for energies near the electron
binding energy, where the Green’s function range expands greatly).

While the interaction cross section of an EM interaction is much greater at the binding energy, the total interaction
is still reduced by about four orders-of-magnitude because the weak interaction must still take place. In this case, the
nuclear decay energy is shared between the electron, the neutrino, and the photon. While we may normally consider
Bremsstrahlung to be a continuous process with many photons coming out from an accelerating electron with an energy
continuum, the probability of even a second photon being emitted in this single-event process of electron capture is
much less than that for a single photon. Here is a case, of an electron changing energy levels (greatly) and not generally
radiating photons. This apparent violation of both Maxwell’s equations and QM explanations must be addressed
elsewhere. (While quantum electrodynamics mathematically treats it accurately, the physical mechanism of radiation,
or its inhibition, is not developed therein.)

When electron capture from an atomic orbit is discussed, that from a molecule is often referred to in a side note
indicating that capture from ‘outer’ electron shells can be influenced by the chemical environment. In a nought-orbit
molecule (a femto-molecule?), the nought orbit can be considered the outer orbit and it is very much affected by the
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neighboring nucleus (and vice versa). This effect could greatly enhance or retard electron capture. One means of
explaining this has to do with an altering of the nature of the transitions. Electron capture has ‘allowed’ transitions
(%J = 0, πiπ f = +1, if L = 1 and %J = 1, πiπ f = +1) and various levels of ‘forbidden’ transitions %J = 0,1 πiπ f = -1;
and %J = n > 1 πiπ f = (-1)n ; or %J = n > 1 πiπ f = (-1)n−1, where L , J , and πgre the radiation multipolarity and the
spin and parity of the various states Forbidden transitions could be many orders of magnitude less likely than allowed
ones. The probability of electron capture relative to fusion of the nuclei in a femto-molecule could depend as much on
parity as on the energy levels of the product nuclei.

As a competition to nought-orbit catalyzed fusion, the well-known electron capture from an atomic orbit should be
compared with that proposed from a nought orbit. Some similarities include:

(1) Both atomic- and nought-orbit electron capture probabilities are proportional to their wave function overlap
probability with that of the nucleus (e.g. the electron density at the nucleus).

(2) Both may emit EM radiation in the process.
(3) The assumed nuclear-charge distribution affects the capture probability calculation. However, for light elements,

the electron, during a transit, may have a greater effect on nuclear charge distribution than the model used.
(4) Relativistic effects are important (s orbitals transit the nuclear region).
(5) Capture probability depends on parity and change in angular momentum (spin and orbital) during the transition.

Forbidden transitions are many orders-of-magnitude less probable.

Some differences are as follows.

(1) The electron density for a nought-orbit electron is orders of magnitude larger than that for an atomic-orbital
electron. Thus, nought-electron-capture probability can become orders of magnitude higher than the probability
of positron decay (or some other decay paths) from many radioactive nuclei. This mechanism alone provides a
basis for the observed LENR reduction of radioactive waste materials as seen in the transmutation studies that
show strong trends toward stable nuclear isotopes.

(2) Effects of orbital-electron screening is large for orbital-electron capture, but negligible for nought-orbit electron
capture - where the orbit is far inside that of the atomic electrons and the nought-electron capture probability is
so much higher.

(3) For the nought-orbit electron, distortion of the nuclear charge density is significant most of the time, not just
during a transit.

(4) Relativistic effects are important mainly for high-Z (Z > 70) atoms (where low-n orbital electrons are rela-
tivisitic and transit the nucleus).

(5) Introduction of another ‘coupled’ nucleus can alter the transition probability of the nought orbit by changing the
parity, spin, or angular momentum of the final nuclear state. Thus, a forbidden transition can become allowed,
and vice versa. This cannot happen with an atomic electron capture.

(6) The lack of energetically nearby atomic levels, makes more difficult any transfer of energy from a nought-orbit
electron in its descent into the nucleus.

(7) The possibility of a lochon in a nought orbit, rather than a single electron, can change the spin and parity of
both the initial and final states to increase the probability of either nuclear fusion or of electron(s) capture.

(8) A lochon in a nought orbit does have high proximity and enough energy to create a neutron from a proton
(but not the one it is orbiting until the nuclear potential is available). Therefore, the fusion of a hydrogenic
femto-molecule (p–2eˆ—p ≥ d+ + e) is very rapid.
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6. Internal Conversion

The details of nuclear de-excitation, once a nought-orbit electron, lochon, atom, or even a nought-orbit molecule have
been captured by a nucleus, must be explored. There are similarities and differences between these systems and that
of normal nuclear decay. In electron capture, the formation of a neutron allows decay to a lower, or ground, state with
the excess nuclear energy leaving via the neutrino, and perhaps a gamma ray. Electron capture from the nought-orbit
is not greatly different. However, the electron binding energy and kinetic energy are much greater. Therefore, the
energy requirements for the process are much less. Nevertheless, neutron formation is a weak interaction and there are
competing processes for converting the nought-orbit or nuclear fusion energy to lower levels. Internal conversion, IC,
is one of them.

IC is a radioactive decay process whereby an excited nucleus interacts with an electron in one of the deepest atomic
orbitals, causing the electron to be emitted from the atom. However, the high-speed selectrons from internal conversion
are not beta particles (β particles) since they have a well-specified discrete energy and have no associated neutrinos.
The kinetic energy of the emitted electron is given as E = hgωg= (Ei − Ef) − EB, where Ei and Ef are the energies
of the atom in its initial and final states (including excited nucleus), respectively, while EB is the binding energy of
the electron [29] and ω is the frequency of the electric dipole moment of the nucleus [32]. Since the probability of
IC is proportional to (2mc2/hωp7vy, energetic conversion electrons are much less common than low-energy ones (keV
range). The high binding energy of a nought-orbit electron (EB = ∼ 0.5 MeV) prevents ejection of such electrons for
too small energy transfers (%E = (Ei − E f ) < EB). On the other hand, in the case of d–Dˆ fusion, the energy of
fusion is so high (E = ∼20 MeV) that, as the fusion energy is converted into nucleon kinetic energy, internal conversion
could be a major pathway for ejecting the nought-orbit electron as the nucleons approach within keVs of ground state.
This event occurs by reducing the nuclear energy in a single energy step close to the electron binding energy. Another
difference between d–Dˆ fusion and normal IC has to do with the stability of the nuclear states. If Ei is not fixed (not
a stationary orbit), then the conversion electron will not have a fixed energy. What values of the energies (Ei and E f )

should be used for an actively decaying nucleus in the equation above? The final energy of such IC is not necessarily
the ground state. How do the dynamics of this process affect the IC-like decay probability relative to the other decay
mechanisms?

In the internal-conversion process, the wavefunction of an inner-shell electron penetrates the nucleus and may
couple to the excited state and take the energy of the nuclear transition directly, without an intermediate gamma ray
being produced first. The process of imparting energy to the electron may be seen as taking place by means of a virtual
photon, which never appears - except as a feature of an equation rather than as a directly measurable particle.

The importance of IC to our discussion of the nought-orbit electrons and the lochon is the known direct transfer
of excess nuclear energy to transiting electrons. Whether an electron or lochon is in a nought orbit of an atom, a
femto-molecule, or in a fusing pair, because of the proximity to an adjacent accelerating charge [30,31], it is able to
draw energy from any excited-state protons (and perhaps the neutrons?). In the same ‘manner’ as a photon can form
from the EM field about an excited atomic electron, energy can concentrate in a resonant state or flow into or through
an ‘absorber’, e.g., the bound electron (this ‘manner’ is the topic of another paper) from Ref. [32]:

“In a semiclassical picture of internal conversion, the atomic electron is perturbed by an electromagnetic field that
contains near- as well as far-zone components. The former corresponds to the instantaneous electromagnetic field,
the latter contains components due to retardation which transport energy off to, in principle, infinity, that is, radiation
components.”

A deep-orbit electron, being relativistic most of the time, provides (and can receive) a much higher level of both
near- and far-field EM energy from the nucleus than does an atomic electron. Thus, both IC and the nuclear-induced
photo-effect are greatly enhanced. Sorenson continues,

“… contributions to internal conversion primarily come from distances from the nucleus of the order of the Compton
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Figure 1. K-shell internal conversion. The E1 conversion coefficient divided by Z3 is shown as a function of atomic number Z at a transition energy
of 1 MeV. The upper curve is the full coefficient; the lower curve is the photoeffect contribution only. ([32]Sorenson, by permission ...)

wavelength of the electron or shorter.”
This statement of proximity coupling indicates why an IC-like process may be important for the deexcitation process

in the fusing of deuterons into a sub-fragmentation level 4He* [11].
Normal internal conversion is favored when the energy gap between nuclear levels is small and there is insufficient

energy to decay by pair production. It is slower when the nuclear-energy gap is large and therefore other processes may
dominate. It is the primary mode of de-excitation for the forbidden 0+→ 0+ (i.e. E0, or photonless) transitions.

“The total angular momentum carried by virtual photons can be zero, and therefore the process is not restricted.
The process of the exchange by virtual photons without changing the total angular momentum, called E0, is known in

Figure 2. (a) Electric potential between, and (b) EM mass-energy distribution of, an electron (assuming a classical radius) and proton separated by
60, 10, and 0.5 fm. Note change in “size” of both particles, as they approach each other, and the change in vertical scale between (a) and (b).
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nuclear spectroscopy and is sometimes called photonless exchange” [33]¸ my emphasis.
In this process, the excited nuclei are able to rid themselves of energy (donating it to relativistic electrons) without

changing electric and magnetic moments.
Compared to many competitive processes such as radiation or the photoelectric effect, IC is a dominant decay

mode for low-Z nuclei, even when angular momentum is available (for allowed photo-transitions). The upper curve
in Fig. 1 (Sorenson fig get permission), for the total dipole-conversion coefficient (αI C = IC + photo effect) divided by
Z3 as a function of Z , shows this increasing internal conversion coefficient relative to the photoeffect with decreasing
atomic number. Since both effects are related to the number density of electrons in the vicinity of the excited nucleus,
can the photoeffect be enhanced by the near presence of adjacent lattice-atom electrons? (For example, as the s–d
hybrid electrons are shared by the Pd and D atoms.) If so, it would be a major means of dissipating excess nuclear
energy resulting from fusion of deuterons in condensed matter. In the case of femto-hydrides with a high-Z partner,
the photoeffect would likely be the dominant de-excitation mode.

Internal conversion for forbidden optical transitions is greater for small nuclear-energy gaps. Therefore, MeV
naught-orbit electrons are not likely to be ejected from the nuclear region, via IC, until the nuclear energy has dropped
to much lower levels or, via photoemission, until the electrons or protons have acquired angular momentum during the
decay process to the 4He ground state.

What are the similarities between internal conversion in the solid state [34]and the proposed nought-orbit electron
or lochon-induced de-excitation of the excited 4He* nucleus?

(1) Both are an exchange of energy between nucleons and electrons transiting the nucleus.
(2) Energy is directly transferred from protons to electrons within an electron Compton radius of the nucleus
(3) Angular momentum is not necessarily transferred between nucleons and nought-orbit or internal-conversion

electrons
(4) Both are competing with other nuclear decay modes.
(5) Both take place when other, faster, decay processes are not possible or are suppressed, e.g., the forbidden

0+ →0+ transitions.
(6) Both may result in the exit from the atom of an energetic electron.

How does internal conversion differ from the proposed lochon-induced deexcitation of the excited 4He* nucleus?

(1) IC is important in unstable or metastable nuclear states. Nought-orbit electrons, and a lack of any stable states
beneath the energy level of an excited nucleus (e.g., in lochon-mediated deuterium fusion) prevents the relative
nuclear stability required for consistent energy transfer to photons and atomic-orbit electrons.

(2) Internal conversion for forbidden transitions dominates in small-energy-gap transitions; the 4He* to 4He ground-
state energy difference is very large (at least initially).

(3) Energies in the excited 4He* nucleus are sufficient to make real electron-positron pair production a competitive
process. IC for high-energy forbidden optical transitions is generally low and generally cannot compete with
pair production. However, this characteristic radiation has not been observed in LENR – why not? See 1 above.

(4) Internal-conversion electrons exit the nucleus with fixed energy; in LENR, energetic electrons have not been
observed to exit the nucleus; and, in the present model, they will not do so until they have already transferred
most of the excess nuclear energy to the surrounding electrons.

(5) Internal-conversion electrons have binding and average kinetic energies in the atomic-orbital range. Lochons
have binding and average kinetic energies in the MeV range. This difference in energies means that:

(a) The much greater binding energy of the lochon, makes it more difficult to be ejected from the nucleus
Coulomb potential. Therefore, it can accumulate and reradiate large amounts of energy without being
ejected itself.



A. Meulenberg / Journal of Condensed Matter Nuclear Science 10 (2013) 15–29 27

(b) The deBroglie frequencies of the Mev lochon is greater than that of the multi-Mev nucleons and therefore
can accumulate (and reradiate) energy from the 4He* protons. This competitive decay path (and the
forbidden photo transition) accounts for the low observed electron–positron pair production.

(c) The deBroglie frequency of a low-Z atomic electron (multi-eV) is less than that of the nucleons and
therefore cannot gain resonant energy from such a source.

(d) The energy transfer from energetic nuclear protons to lattice electrons via proximity coupling is orders-
of-magnitude less for the lower energy internal-conversion electrons.

(6) The possibility of an electron pair (lochon) rather than a single electron interacting with the nucleons permits
some additional decay processes. For instance, actual photon exchange might occur for paired electrons so that
no net change in nucleon angular momentum results.

The net result of these two lists is to show that there exists a process that allows transiting energetic electrons
to de-excite a nucleus, via direct energy coupling and an internal-conversion-like process, without violating known
physics. Also, the differences between internal conversion and the proposed lochon-induced deexcitation processes all
point to a much greater efficiency in the energetic LENR process. This direct energy-coupling process improves the
LENR competition with other decay modes. Therefore, even with fragmentation energetically possible, the ‘internal-
conversion’ energy-transfer process involving tightly bound (and paired?) electrons could be important pathways to
the 4He ground state.

7. Summary

The Extended Lochon Model, in seeking to explain the observed phenomena of LENR, has begun to provide an
understanding of bound electrons in relativistic quantum mechanics that has been available from the mathematics (KG
and Dirac equations) for many decades. This important application of the ‘naught’ orbit may lend credence to a here-
to-for rejected solution in the Quantum Mechanics formalism. The mathematical wave-mechanics model may not be
the reality. However, if not, it still reflects reality very well in most cases and is a very useful tool. We may not know
exactly how it works; and as a consequence we may not interpret it correctly. Nevertheless, with a new set of data
from LENR, we may now be able to provide new insights into the physical nature of elementary particles and their
interactions and benefit from some work that has gone before, but has not necessarily been accepted.

The naught orbit, defined by both the nature of an electron and its relativisitic interaction with charged nucleons,
now becomes a powerful tool for physically explaining some accepted mathematical physics as well as a here-to-fore
available, but unaccepted, physics model. It provides a mechanism for understanding how nature has avoided the
contradiction of an apparent singularity at the center of a Coulomb potential about a charge. More details of this new
understanding, as it rapidly evolves, will be provided elsewhere. LENR may be providing the data needed to open up
the mystery of the nuclear interaction and to combine both nuclear and atomic physics in a smooth manner.
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Abstract

This paper reports a protocol that consists of applying concurrent electronic and photonic stimuli in a cell with two or more electrodes
at or near the boiling point of the liquid. The liquid in the cell is a solution including a silicate, a lithium salt, and a surfactant. The
electrical stimuli are RF signals and, optionally, a direct current. The protocol generates an exothermic reaction characterized by
sharp temperature transients. We have successfully used three different silicates and four different metals for electrodes. We believe
the exothermic reaction is nuclear in nature. The evidence supporting that statement includes:

• Data logs show brief, intense temperature transients.
• Electron diffraction scattering (EDS) analyses show elements to be present after the reaction that could be transmutation

products of several elements in the ingredients of the protocol, specifically including silver, a possible transmutation
product of palladium.

• Auger analysis of one experiment also shows evidence of transmutation of the elements in the reaction cell.
• SEM photos show “volcanic sites” and other evidence of metal migration.
• Other SEM photos show large areas where electrodes have spalled during experiments.

© 2013 ISCMNS. All rights reserved. ISSN 2227-3123

Keywords: Gold, Heat transients, LENR, Lithium silicate, Palladium

1. Background

We hypothesized that using a lower surface tension electrolyte in the Fleischman–Pons experiment would better wet
the Pd electrode, leading to more efficient reaction and possibly greater excess heat. Anionic silica hydride was chosen
because it is a soluble silicate known to have surfactant properties, but not to have a surfactant tail, which we wanted to
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avoid. Anionic silica hydride is commercially marketed for human consumption as an alternative health care product
in both a liquid and crystalline form. The liquid is called Super Hydrate and the crystalline is called Mega H− [1]. It
is reported to lower surface tension of water from 72 to 48 dynes/cm [2].

Dr. Michael McKubre told one of the authors in a conversation at SRI International that three things have been
demonstrated to stimulate LENRs: electricity, light, and vibration. We chose to apply all three at once, with the vibratory
stimulation introduced as a pulse-modulated RF sine wave. That latter technique is used to simulate percussion signals
in electronic circuit simulations.

Our experiments required two hours or more gestation time before bursts of heat occurred. We suspected that
something must be changing either with the solution or the electrodes in that period that facilitated the observed
reaction. To the best of our knowledge, all of the successful LENR experiments conducted either by us or other
experimenters have included lithium in the reaction, so lithium appears to be an essential ingredient. Reasoning that
both silica and lithium are needed in the reaction and that the reaction does not occur immediately, we suspected that
the anionic silica hydride and the lithium in our protocol might form a compound (coordination or stronger) before
the reaction occurs. To test that hypothesis, we substituted two other silicates for the anionic silica hydride–lithium
metasilicate, Li2SiO3, and sodium metasilicate, Na2SiO3.

2. Experimental Setup

The reactor used was a stainless steel cylinder with a central well 5.08 cm deep and 5.08 cm in diameter, having a closed
bottom and a removable top. A photograph of the vessel is shown in Fig. 1. It was dimensioned to accommodate
a glass beaker capped with a quartz top. Electrodes and thermocouples passed through holes in the top.

Four “ultrabright” white LEDs, capable of generating 15,000 mcd each, were spaced equally around the vessel
below the surface of the liquid as photonic stimuli. These stimuli were provided through sealed glass ports in the vessel
wall.

The electrical stimuli were provided via three electrodes of 0.63 mm diameter: a common cathode, an anode for the
RF stimulus, and a second optional anode for the DC stimulus. The electrodes formed a triangle with sides 2.3, 3.7,
and 3.7 cm long. The shortest side lay between the RF anode and the common cathode. The electronic stimulus was
a signal generated by an arbitrary waveform generator (AWG). The RF sine wave had a frequency of 3.1 MHz and the
modulating pulse waveform was 48 MHz with a 50% duty cycle. Those frequencies were chosen for purely intuitive
reasons.

All three electrodes were isolated from the steel vessel and sheathed in glass tubing to the surface of the liquid in order
to keep them straight and to concentrate the RF stimulus in the liquid. The electrodes passed through the vessel’s top
via Teflon® seals compressed with Swagelok® fittings. We have used palladium, silver, gold, and platinum electrodes
and observed similar temperature transients. All experiments were performed with electrodes of similar metals rather
than dissimilar ones.

The temperature of the liquid was monitored via thermocouple wells projecting into the liquid. The wells were
made of stainless steel or glass, and the reaction was more robust when glass wells were substituted for the steel ones.
The thermocouple wells also passed through the vessel’s cap via Teflon® seals compressed with Swagelok® fittings.
The electrodes and the thermocouple wells were equally spaced on a bolt circle, so thermocouples would be 2.3 and
3.7 cm away from the cathode.

The headspace above the liquid in the vessel consisted of a static blanket of hydrogen and helium, in approximately
equal percentages.

The majority of our experiments used 30 ml. of either H2O or D2O in the cell with 1.4 g. of lithium sulfate (Li2SO4),
100 mg. of Mega H−, and 0.8 ml. of Super Hydrate. The solution was buffered with citric acid to keep it in the range
of 6.5–8.9 at the beginning of the experiments.
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Figure 1. Reaction cell, showing LEDs and ports on the side. Electrodes and thermocouple wells can be seen on the top, along with relief valves
and gas valves.

When Li2SiO3 and Na2SiO3 were used, they were mixed with EDTA to dissolve and/or suspend the silicates in the
D2O. The electrodes used in those experiments were palladium. In the experiments using either lithium metasilicate or
calcium metasilicate, the solution was buffered, using sodium bicarbonate, to keep 6.5 <pH< 8.9.

The input heater power was determined by measuring the voltage and current applied to a heating coil, located in
a cavity in the bottom of the vessel. The temperature of the vessel was initially raised to 101˚C ± 1˚C. After the
temperature of the liquid had remained stable within that range for at least two hours, we applied the photonic and RF
stimuli. Temperature was controlled by manually adjusting the input power to the heating coil. We did not attempt to
deliberately raise the temperature of the solution above the boiling point or to measure pressure.

In latter experiments we applied a signal consisting of a 3.1 MHz fundamental sine wave modulated by a smaller
43.4 MHz sine wave. After reaching equilibrium near the boiling point of the solution, the applied stimuli add less than
100mW of incremental power to initiate the reaction [3,4].

As a safety practice appropriate when working with exothermic reactions in a sealed vessel at or near the boiling
point of water, our vessel was equipped with two relief valves set to lift sequentially at different pressures. We strongly
recommend that others replicating this protocol do the same thing.

3. Results

Figure 2 shows a datalog from Experiment No. 1, where the horizontal axis is two minutes per division and the vertical
axis is either 1˚C or 1 V, as appropriate for the variable measured. Data was logged at 10-second intervals. The
experiment was conducted with palladium electrodes in heavy water. The electrolyte was lithium sulfate and the silica
reagent was anionic silica hydride. The time-varying electrical stimulus was the sinusoidally modulated pulse stream
described above.

• The data was logged with an Agilent 34970A Data Acquisition Unit, which uses a proprietary database system,
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Figure 2. Experiment No. 1 data log showing temperature spikes. Experiment used Pd electrodes, anionic silica hydride, and lithium sulfate as an
electrolyte in predominately heavy water.

preventing modification of the raw data. All data logs shown are cropped screen prints from Agilent’s Data
Logger 3 software.

• The temperatures of the solution are shown with traces 104 and 105, with a centerline of 102˚C. The data log
shows at least four distinct bursts of heat that had notable periodicity, occurring at intervals of approximately
13 min. The data was logged at ten-second intervals, so the largest burst rises more than 1.4˚C in 10 s.

• Note that the temperatures of the heating coil (trace 102) and the vessel wall (trace 103) drop after each burst,
possibly caused by the vessel leaking some steam or venting through the relief valves. (We consistently noted
the loss of approximately one-third of the liquid in the vessel during our experiments when the temperature
transients occurred, and that would consistent with steam leaking or venting. Such losses were not observed
when the transients were not observed and the reaction presumably did not occur.)

• Note also that the DC stimulus current (trace 109) spikes concurrent with or slightly before the bursts occur.
Those current spikes suggest that the resistance between the DC anode and the common cathode decreased at
approximately the same time the temperature spikes were occurring.

• After treatment, portions of the wire were coated with a deposit that resembled a field of bubbles when viewed
in a SEM. However, they were solid rather than hollow.

• We do not claim that this particular data log is representative of all of our experiments. It shows the pattern
of the thermal behavior more distinctly than was typical and also shows the current spikes in the DC stimulus
better than our other experiments did.
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Figure 3. Experiment No. 3 data log showing temperature spikes. Experiment used Pd electrodes, anionic silica hydride, and lithium sulfate as an
electrolyte in predominately heavy water.

Glass beads purchased from a craft store were threaded onto the palladium wire for Experiment No. 2, whose
results are shown in Fig. 3.

• The electrodes for this experiment were palladium in a solution of heavy water. The electrolyte was lithium sul-
fate and the silica reagent was anionic silica hydride. The time-varying electrical stimulus was the sinusoidally
modulated pulse stream described above.

• The reaction kicked in at a relatively low temperature, just above 100˚C, and showed some sustained bursts
lasting as long as 5 min. The temperature of the solution (traces 104 and 105) peaked at 102.4˚C. Note that
the temperature spikes last longer than the ones seen in the experiment shown in Fig. 2, presumably meaning
more heat was generated with the presence of glass beads.

• There is a strong reaction before the DC stimulus voltage (trace 107) was applied. For that reason, we only
used two electrodes, the RF anode and the cathode, in most of our later experiments.

• When viewed in the SEM with the glass beads removed, there were no deposits on this wire and significant
portions of the wire had spalled and peeled away. Spalling is caused by stress and could suggest local high
temperatures. Figure 4 is a micrograph of a piece of electrode that spalled and became twisted during the
experiment.

The data log for Experiment No. 3 using lithium metasilicate instead of anionic silica hydride is shown in Fig. 5.
The boiling point of this solution was higher than that in the standard protocol, so the centerline of the two traces (104
and 105) for the thermocouples is 104◦C. There were some bursts of heat, but they were not periodic. The data log
from one thermocouple showed one of those bursts rose approximately 1.8◦C in 20 s.



Brian P. Roarty and Carol J. Walker / Journal of Condensed Matter Nuclear Science 10 (2013) 30–39 35

 

Figure 4. Spalled portion of Pd cathode after treatment with protocol. This experiment included glass beads on the cathode. Such spalling was
only seen when glass beads were used.

The data logs from the experiment with sodium metasilicate showed a temperature transient, albeit a small one.
Figure 6 shows a “volcanic site” observed during SEM analysis of a gold electrode after treatment with the protocol.

Interestingly, gold does not form a hydride at or near the boiling point of water, so that means its metal lattice is not
being loaded with either hydrogen or deuterium atoms during the protocol. That suggests that the reaction is not driven
by the interaction of those atoms while they are immobilized in the metal lattice and allowed to interact in ways that
are stochastically impossible as gases, as was postulated by Fleischman and Pons to cause “cold fusion”. Something
else is going on with this protocol besides that reaction.

We have performed three experiments where the BES analyses of the electrodes show the presence of silver,
a possible transmutation product of palladium. We have also observed in SEM examinations that the apparently
transmuted material is often associated with different morphologies than the surrounding palladium. Figure 7 shows
a SEM photo and its accompanying BES spectra of the treated surface of a palladium cathode; silver is shown to be
present on the surface. A similar BES analysis of the interior of the untreated interior of the wire did not show the
presence of silver.

BES analysis also detected the presence of nitrogen, fluorine, aluminum, and chlorine during various experiments,
which could be transmutation products of elements added to the reactor, assuming these elements undergo Beta decay.

The cathode from one of those three experiments was also analyzed using Auger spectroscopy. That analysis showed
the presence of nitrogen, aluminum, chlorine, calcium, and zinc. Each of these also could be a transmutation product
of one of the elements added to the reactor, again assuming those elements undergo Beta decay

The results of the BES and Auger analysis are summarized in Table 1. The left-hand column shows the elements
added to the reactor. The next column shows the possible transmutation products of those initial elements. Both BES
and Auger analysis have detection limits of 1%, and both kinds of analysis show five possible transmutation products
to be present. Magnesium is both an ingredient and a possible transmutation product, so its presence is not indicative
of a transmutation. The fields that are labeled “NA” indicate that the respective method does not detect the presence of
those elements with lower atomic numbers. Na and Cu are shown in red because they were not listed as ingredients in
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Figure 5. Experiment #3 used Pd electrodes, lithium metasilicate, and lithium sulfate as an electrolyte in predominately heavy water. Glass beads
were strung onto the cathode.

the anionic silica hydride; they were presumably contaminants (Table 1).

Table 1. Shows the ingredient elements in the proto-
col, the possible transmutation products if the transmu-
tation consists of a neutron converting to a proton, and
which elements were detected in EDS and Auger analyses

Ingredient Transmutation EDS Auger
1H 2He NA NA
3Li 4Be NA
6C 7N Available Available
8O 9F Available
11Na 12Mg Available Available
12Mg 13Al Available Available
14Si 15P
16S 17Cl Available Available
19K 20Ca Available
29Cu 30Zn Available
46Pd 47Ag Available
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Figure 6. SEM photo showing a “volcanic site” on a gold electrode.

It is important to note that we only saw temperature transients when the solution was within 6◦C of the solution’s
boiling point, and more typically when it was within 2◦C of it. We suspect the reaction we are reporting either only
takes place at or near the boiling point or only takes place robustly enough to generate the temperature transients

Also, interestingly, experiments conducted with red and blue LEDs instead of white ones did not result in a reaction.
Finally, three things were found to inhibit the reaction: (1) rubber in the reactor, (2) direct contact with Teflon®,

and (3) using ultra-pure palladium (99.999%) for electrodes.

4. Conclusion

We conclude that the experimental results above show an exothermic reaction can be generated when a solution including
a lithium salt and a silicate is stimulated with modulated electrical and photonic stimuli provided by white LEDs. The
reaction presents sharp temperature transients. Examination of the electrodes after the experiments showed evidence
of thermal stress in spalling and of material flow in volcanic sites.

Anomalous temperature excursions were observed when using soluble anionic silica hydride, silica (glass or quartz)
containers and not when using stainless steel or Teflon®. The reaction was also more robust when glass beads were
threaded onto one of the electrodes and when glass thermocouple wells were substituted for steel ones. Hence, the
presence of silica in the reactor proved to be a critical to yielding anomalous heat.

The experiments demonstrated similar heat signatures when conducted with lithium metasilicate, anionic silica
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Figure 7. SEM photo of treated surface of a Pd electrode and accompanying EDS analysis showing the presence of Ag, a possible transmutation
product of Pd.

hydride, and sodium metasilicate, with the reactions showing a stronger reaction with the silicates in that order. We
believe those results support the reasoning that silica is critical to the reaction and that lithium silicate promotes a
stronger reaction.

We detected evidence of possible transmutation products of as many as six different elements using two different
analytic techniques, EDS and Auger analysis. Taken together, the data suggest that our protocol may have induced
nuclear reactions on numerous occasions.
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Abstract

The nuclear signatures that can be expected when contacting hydrogen with nickel were derived from thermal results recently obtained
(Rossi energy amplifier), using the type of reaction paths proposed as the explanation of the energy produced. The consequences
of either proton or neutron capture have been studied. It was shown that these consequences are not in line with the experimental
observations. A novel tentative explanation is thus described. Should this explanation be true? It is proposed to call pico-chemistry
the novel field thus opened.
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Keywords: Enthalpie of formation, Hydrogen, Nickel, Nickel hydride, Nickel pico-hydride

1. Introduction

This paper is an improved version of the paper “Is the Rossi energy amplifier the first pico-chemical reactor" published
July 18TH 2010 in the “Journal of Nuclear Physics"

In a recent paper [1], it was shown that, if the reaction path occurring in a Rossi energy amplifier [2] was mainly
proton capture, the lead thickness required to completely suppress the gamma flux produced would be of the order
of tens of centimeters. The lead screen used (2 cm) should thus have resulted in a lethal gamma dose emitted in the
surroundings. Another explanation different from either proton or neutron capture is to be found. In [3], the concept
of pico-chemistry was presented which could explain the generation of photons in the range of tens of keVs, thus
compatible with the lead screening used in the energy amplifier.

In chemistry, compounds are formed by the binding of the components through their outer electronic shells. Ionic,
metallic and covalent hydrides of metals are known. Thus, nickel hydride NiH can be viewed as hydrogen and nickel
atoms maintained at few angstroms distance from a metallic bound.

In contrast, in a pico-nickel hydride, a (shrunken) hydrogen atom would be inside the electronic shells of nickel and
bound to the nickel at close proximity of its nucleus. In [3], a tentative explanation was given to the possibility of such
an exotic hydride. A different approach is presented in this paper.

∗E-mail: 3jdufour@laposte.net

© 2013 ISCMNS. All rights reserved. ISSN 2227-3123
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2. Possible Existence of a Small Hydrogen-like Dipole and Reaction with a Nickel Nucleus

Various concepts of shrunken hydrogen atom have been presented. In [4], the possibility of having bound states of a
proton and an electron with lower radius and higher ionization energy than the usual Bohr values is claimed. These
bound states were called hydrinos and attributed to the possibility of having fractional values for the main quantum
number of the hydrogen atom. In [5] a metastable state is justified by the electron spin/proton nuclear spin interaction
being first order in the environment of a lattice (it is third order in vacuum). This state was called hydrex and proposed
as an explanation for fission-like reaction occurring in metallic lattices. Finally, the interaction of a proton and an
electron could result in a virtual neutron [6], that could be captured by and react with the Ni nucleus.

In this paper, the evolution of an electrical dipole formed between a proton adsorbed at the surface of a nickel (metal)
particle in contact with a low work function substance and of an electron extracted from this substance is examined.

At the surface of various materials (metals, metal oxides, metal hydrides…), electrons are more or less easily
extracted from this material. This is described by the work function of the material which is the minimum energy
required to extract the electron from it. When a metallic particle is supported on a low work function substance, the
amount of electrons able to be extracted from the supporting material by a positive charge is considerably increased,
for a given temperature. In an hydrogen environment, were protons are trapped in the lattice of the metallic particle in
surface sites, it is conceivable that from time to time such an electron of the low work function compound in contact with
the metal, can be attracted by such a proton. Because this electron starts at rest from the low work function substance,
which is at a distance of a few Angstrom from the metal in which the proton is adsorbed, it can go beyond the proton and
penetrate deeply into the outer electronic shell of the metal atom. An electrical dipole with a sizeable charge separation
(a small fraction of Angström depending upon the metal) is thus formed and is attracted by the nucleus of the atom. The
overall electrical neutrality of the system metal/low work function substance is maintained because the metal having
now a net negative charge, the metal electron in excess can neutralize the now positive low work function substance.
It is a kind of electrical circuit as can be found for instance in Edison experiment. The formation of this type of dipole
should be understood as a conjecture (working hypothesis): no such example can be found in the mainstream literature
and most solid state physicists would not expect it to form.

One can wonder if the resulting effect of the action of the positive charge of the nucleus will ultimately end up in
the destruction of the dipole, the proton being rejected to infinite and the electron bound to the nucleus of the metal.
This would certainly be the case if the nucleus were not surrounded by its electronic shell (Z time ionized nucleus). In
the case of an atom with its electrons it is possible that the electron starts oscillating round the proton, resulting in a
polarized ellipsoidal hydrogen like atom, the center of gravity of the electron cloud thus formed being at a distance d

Figure 1. Description of the hypole.
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from the proton, between the nucleus of the metal and the proton. This could result from the alternative repulsion by
the inner electrons of the metal when the electron is between the proton and the metal nucleus and the attraction by the
proton when it is on the other side. To demonstrate the possibility of such a bound state, the complete Hamiltonian
of the system would have to be solved, which is not possible. A semi-empirical approach has thus been developed,
to evaluate the orders of magnitude of the characteristics of such a polarized hydrogen like atom when it reaches the
vicinity of the k electrons layer of the metal nucleus. This layer is likely to be a strong barrier, preventing the electron
and thus the polarized hydrogen like atom, to further progress towards the metal nucleus. The orders of magnitude of
these characteristics have been accessed by determining the dimensions of the object for which the potential and the
kinetic energy are balanced (Bohr radius). They could be used as a guide when looking at the experimental results
expected in case of an excess energy measured in systems hydrogen/metal (energy of radiations emitted, characteristics
of the by-products…). In order to distinguish this concept of shrunken hydrogen atom from others, it is proposed to
call it Hypole (Deupole and Tripole being the two other isotopes).

3. Semi-empiric Description of the Hypole

Figure 1 gives a description of the Hypole, which is proposed to be written
−→
H Ni when the host atom A is nickel and

its (possible) bound state with the Ni atom, a nickel pico-hydride Ni
−→
H Ni. The electron is moving around the proton at

a mean distance r and the center of gravity of the resulting electron cloud is close to the center of the proton, creating
an electrical dipole. d is the distance between the center of gravity of the electron cloud and the center of the proton. r
is the distance between the proton and the electron of the hypole. R is the distance between the center of the nucleus
of the atom A and the electrical center of gravity of the hypole. Z is the charge number of the atom A .

The potential that the dipole proton/electron feels from the nucleus of A is at first order (when d/R is small):

V= − Ze2
(

1
R

− 1
R + d

)
∼= −Ze2 d

R2 .

The condition for the dipole to be stable is that the repulsive potential between the nickel nucleus and the proton is
lower than the sum of the attractive potentials between the nickel nucleus and the electrical center of gravity of the
hypole and between this center of gravity and the proton:

Z
R

≤ Z
r

+ 1
d

.

This condition is met when d is small compared to R, with can be written d = kR (k small and constant). The stability
condition is then:

Z
R

≤ Z
r

+ 1
k R

or
k Z − 1

kr
≤ 1

k R

This condition is thus met for k ≤ 1
/

Z .

During its attraction by A, the spatial extension of the dipole is limited by the repulsion of the inner layers of
the electrons of A, resulting in a shrinking of this hydrogen-like object and in a limitation of its polarization, when it
cascades down towards the nucleus of A through its various electronic layers. In the vicinity of the k layer of A, the
2 s k electrons of A are a strong obstacle for further progression towards the nucleus. In order to get first estimated
values of the size and energy of the final state of the hypole and of the bound state it might form with A, following
assumptions are made.

(1) The action of the k electronic shell of A on the dipole and the presence at short distance of the Z protons of A
are equivalent to the attraction of the electron by the proton in the hypole being multiplied by a factor K. The
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electron oscillates round the proton and feels a strong repulsive potential of the k electrons of the nickel (Pauli
exclusion principle resulting in a kind of Lennard-Jones potential) when between the proton and the nickel
nucleus and the strong attraction of the proton and the nickel nucleus when on the other side. The object formed
can be viewed as a reduced and ellipsoidal hydrogen like atom, the electrically negative electron cloud having
a charge center of gravity slightly closer to the Nickel nucleus than the proton, at a small distance d from the
proton. Hence, the (pseudo) coulomb interaction between the electron and the proton in the dipole is taken as:
v = K e2/r .

(2) d is small and proportional to R. Hence, d = kR with k small (note that the electron is not at this small distance,
which would imply MeV energy levels). The parameter d describes the polarization of the hydrogen like hypole.
The dimension of this hypole will be shown to be in the order of picometer thus implying keV energy levels for
the localization of the electron involved in its formation.

(3) The electron of the hypole
−→
H A cannot be found in the nucleus of the atom A (competition with the k layer s

electrons of A resulting in a Lennard–Jones type of repulsive potential). Hence, r ≤ R.

With assumption (1), the Bohr radius of
−→
H A would be r−→

H A
= h̄2/meK e2 and its energy of formation E−→

H A
=

meK 2e4/2h̄2.With assumption (2), the potential between the dipole and A is

V = − Ze2
(

1
R

− 1
R + d

)
∼= −Ze2 d

R2
∼= −Ze2 k

R

and thus Coulombic: the Bohr radius of A
−→
H A attracted by A would then be RA

−→
H A

= h̄2/mHK Ze2 and its energy

of formation EA
−→
H A

= mHK 2 Z2e4/2h̄2 with mH being the mass of the hydrogen atom.

Under assumption (3), the smallest possible bound object A
−→
H A is obtained for R = r . In that case me K = mH K Z .

Expressing the energies as a function of the unknown k, one gets:

E−→
H A

= e4

2h̄2
mH

me
mHk2 Z2 and EA

−→
H A

= e4

2h̄2 mHk2 Z2

finally yielding the following value for the total energy given by the hypole formation followed by its binding with A: .

ET = E−→
H A

+ E−→
H A

= e4

2h̄2

(
mek2 + mHk2 Z2

)
= e4

2h̄2 mHk2 Z2
(

1 + mH

me

)
.

The bulk of the energy is coming from the formation of the Hypole. E−→
H A

is likely to be of the order of magnitude of
the energies that can be found close to the A nucleus, that is the K layer selectrons energy E sK

A as a first approximation.
A guesstimated value of the order of magnitude of k is thus:

k = 1
Z

√

E sK
A

2h̄2

mHe4
me

mH
.

In the case of nickel and taking for E sK
A the average value 10.5 keV , the the following guesstimated description of

−→
H Ni

and Ni
−→
H Ni is obtained (Table 1).

It should be noted that a charge separation (1 fm) for a dipole formed by a proton and an electron, would involve
several hundred MeV of localization energy and this point will need to be addressed at some point in the future.

It should also be noted that solving the radial Schrödinger equation for the 1
/

r2 interaction for a dipole (i.e. not
Coulombic as proposed) would give an hypole energy of formation of some 55 keV, not in very good agreement with the
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Table 1. Nickel hypole and nickel pico-hydride energies of formation.

Hypole
dimension
R = r (fm)

Hypole
charges
separation d
(fm)

Hypole
energy
o formation
(eV)

Ni
pico-hydride
energy of for-
mation (eV)

Apparent
Coulomb in-
teraction K

Charges sep-
aration
factor k

1906 1.03 10500 5.7 27.8 5.4 × 10−4

energy found (10,5 keV) and a proton localization much closer to the nickel nucleus than obtained above (this resulting
in an even more localized electron).

4. Properties of the Hypole

The hypole is a picometer size hydrogen-like object. It can only exist when embedded in the electronic shell of an atom
A, where its equilibrium position is very close to the nucleus of A. Its size and energy of formation depends upon A.
In the case of nickel, the size is some 2 pm and the energy of formation round 10 keV. Hence the names and notations
proposed.

The best way for characterizing a hypole is to measure the mass of the corresponding A/pico-hydride. In the case
of nickel, following masses are expected, that take into account the energy of formation (Table 2):

The mass differences given by Table 2 could be easily detected using a high-resolution TOF Mass Spectrometer
on an acidic solution of the nickel pico-hydride (probably possible see below, chemical properties). SIMS TOF Mass
Spectrometry is not adapted, since the primary ions energies are of the order of the energy of formation of the hypole.
An ICP TOF Mass Spectrometer would be adapted. The modifications of the electronic shell of the atom A (nickel in
that case) could be evidenced using EDS-X analysis. X-ray emission during the formation of the hypole should also
be observed (energy lower or equal to 10.3 keV in the case of nickel).

As regards the chemical properties of Ni
−→
H Ni, they should be close to the nickel ones. The outer electronic layers

of Ni
−→
H Ni indeed see the positive charge of the nickel atom, the effect of the hypole

−→
H Ni being second order in that

respect. A shift of the characteristic rays given by nickel in ICP-AOS could be observed. Finally the radiations emitted
during the hypole formation, would be photons in the 10 keV range, thus completely suppressed by the 2 cm layer of
lead in the energy amplifier. Faint signals of higher energy photons (annihilation radiation) could anyhow be detected.
They might be the signature of an inherent instability of the hypole and of the corresponding pico-hydride, which is
discussed now.

Table 2. Nickel pico-hydrides masses.

Ni parent
composi-
tion (xi )

Ni parent
nucleus

Mass of
parent Ni
nucleus

Mass of
Ni pico-
hydride

Mass of
the closest
stable
atom

The clos-
est stable
atom

Mass dif-
ference
(ppm)

0.68007 58Ni 57.935346 58.943152 58.933198 59Co 169
0.26223 60Ni 59.930788 60.938594 60.931058 61Ni 124
0.0114 61Ni 60.931058 61.938864 61.928346 62Ni 170
0.03634 62Ni 61.928346 62.936152 62.929598 63Cu 104
0.0926 64Ni 63.927968 64.935774 64.927793 65Cu 123
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5. Stability of the (Nickel) Hypole

The nickel hypole is a small object of picometer dimension and at picometer distance from the nickel nucleus. Its
virtual neutron state may have a non-zero probability to penetrate the nickel nucleus and react with it according to the
neutron capture route developed in [6,1]. Most of the gamma photons resulting from the stabilization of the primary
excited nickel nuclei are of energy higher than 1 MeV [1]. They mainly interact with the lead shield by producing
electron/positron pairs, ultimately yielding the annihilation radiation. From the experimental observations, the rate of
virtual neutron capture should be very low (some 10−10 s−1, in the experiment 2009 (3–5/4–26) presented in [2]).

6. Discussion

The model described in this paper should be viewed as a working hypothesis aimed at guiding the experiments. It could
be validated by the above-predicted characteristics of the reaction products.

Finally, one might wonder what would be the impact, if true, of the pico-chemistry on other known NiH system.
Indeed, abnormal heat release could already have been observed in catalysis for instance. But commercial catalysts are
very seldom prepared with carriers having a low work function and according to the pico-chemistry no abnormal heat
production should be observed when using them.

7. Conclusions

In this paper, a rough description is given, of a possible novel chemical interaction. Orders of magnitudes of the main
characteristics of this still hypothetical interaction are given. It is hoped that this approach will be of help when trying
to understand the thermal results obtained in certain Ni/H (or other metal/H) systems. Should the experimental results
and their interpretation be true, the pico-chemistry working hypothesis could be accepted as an explanation of the
experimental data.
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Abstract

Deuterium and protium gas absorption/adsorption by 0.1-µmφ Pd powder (PP), Pd-black (PB), Pd nano-particles (∼10 nmφ) admixed
with ZrO2 (PZ) and Pd·Ni binary nano-particles (∼2 nmφ) dispersed in ZrO2 holder-flakes (PNZ2B) has been examined. For the
PP, the PB and the PZ samples, both the deoxidized samples and those reused without baking process showed essentially the same
values of the loading ratio D(H)/Pd, the specific output energy E1 and the hydridation energy QD(H) which are consistent with
the published values for bulky samples. For the as-received and oxidized samples both D(H)/Pd and E1 are increasing functions
of fineness of the Pd surface, and exceeds 2.0 and 1.5 eV/atom-Pd, respectively, for the PZ sample, giving the hydridation energy
larger than the published value of the surface adsorption energy of 0.5 eV for bulky Pd samples. A rather large isotope effect in the
differential heat of sorption, ηD(H), has sometimes been observed in the 1a-phase characteristic of the oxygen-treated samples. The
Pd0.04Ni0.29Zr0.67 oxide composite sample, PNZ2B, has unique properties: Both D(H)/[Pd·Ni] ≈ 3.0 and E1 ≈ 1.4 eV/atom-
[Pd·Ni] for the as-received, the oxidized and deoxidized sample runs are very large, while QD(H) = 0.50± 0.1 eV/atom-D(H) for
all cases is modest. It is inferred that the Pd atoms act as a catalyst for the hydrogen isotope absorption/adsorption of Ni at room
temperature. From the fact that the No. 2 run after the forced deoxidation has essentially the same values of the absorption parameters
as those of the No. 1 and No. 3 runs, it is inferred that the surface adsorption potential is made shallower in the PNZ2B sample
than in Pd-based samples. The ratio ηD/ηH is sometimes greater than 1.5, which appears to be suggesting the existence of heat
component of nuclear origin.
© 2013 ISCMNS. All rights reserved. ISSN 2227-3123
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Loading ratio, Pd·Ni·Zr nano-composite

1. Introduction

Palladium has been one of the most interesting and important elements for catalysis, hydrogen storage and purification
for many years, and extensive works have been done. Among them, the most important researches are those on the
isotope effect of absorption by 10-µm-thick Pd film [1] and on the particle size effect on the absorption characteristics
[2,3].

Palladium has also been the key element for condensed matter nuclear phenomena, the so-called cold fusion [4].
Arata and Zhang [5] reported that highly pure D2 gas charging of Pd nano-powders in the form of Pd/ZrO2 induced
significantly higher temperatures inside the reactor vessel than at the outside wall continuing for more than 50 h, while
runs with H2 gas showed almost no temperature difference. To verify that the excess heat originated in a nuclear process,
a quadrupole mass spectrometer was employed to show the existence of significant amount of 4He as nuclear ash in
the vessel and in the powder after the charging. The charging system is a sophisticated, yet simplified, version of the
previous-generation DS reactor [6].

Since then, the gas-phase charging systems have been another important method to induce possible anomaly in
heat generation. Successful replications using systems similar to the DS reactor with Pd-black have been reported by
Kirkinski et al. [7], Biberian et al. [8] and Celani et al. [9]. On the other hand, Kidwell et al. [10], Hioki et al.
[11,12], and Dmitriyeva et al. [13] have also developed independently gas absorption systems with precise calorimetry
equipments for samples of Pd-loaded zeolites and/or alumina.

A more sophisticated system has been developed also in our laboratory [14–18]. Our system is a twin absorption
system, which enables simultaneous mass-flow-calorimetry for D2 and H2 gas absorption. We have used commercially
available powder samples and those supplied by Santoku Corporation.

On the other hand, B. Ahern (BA), Vibronic Energy Technologies Corporation, fabricated his own samples of
Pd·Ni·Zr oxide compounds by melt-spinning method to perform gas absorption and temperature measurement. He
reported very large loading ratio of hydrogen and heat evolution [19]. He offered us the sample to perform precise
calorimetry in our twin-absorption system. The present paper describes the comprehensive results of time-dependent
measurements of hydrogen isotope gas absorption/adsorption (sorption) at room temperature and associated heat evo-
lution from a variety of micron sized powders of Pd; the Pd·Ni·Zr oxide nano-compounds supplied by BA and other
samples containing Pd examined so far in our laboratory [14–17]. Special emphasis is laid on the time-resolved
characteristics as well as effect of oxidation of the samples on the sorption characteristics.

2. Experimental Apparatus

The twin absorption system for hydrogen isotope absorption experiments is composed of two identical parts, A1 and
A2, one of which is as shown in Fig. 1. Palladium nano-particles are put in the reaction chamber, and the outer chamber
is evacuated for thermal insulation during hydrogen isotope sorption. The reservoir tank is filled with D2 (H2) gas at a
pressure of 0.4 MPa, typically, before an absorption run starts. The flow rate of D2 (or H2) gas is adjusted and regulated
with a “Super Needle” valve.

∗Note: This paper is prepared for the Proceeding of ICCF16, Chennai, India, 2011.
†E-mail: kitamuraakira3@gmail.com
‡Also at: Technova Inc., Uchisaiwaicho 1-1-1, Chiyodaku, Tokyo 100-0011, Japan.
§Also at: Osaka University, Suita 5650871, Japan.
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Table 1. Sample characteristics.

Composition (molar ratio)
Sample name Supplier Pd Ni Zr Averaged

particle
size (nm)

Specific
surface area
(m2/g)

Weight of Pd· Ni
(g) in the sample

PP Nilaco 1 – – 100 10
PB Nilaco 1 – – 10
PZ Santoku Corp. 0.321 – 0.679 41.3 8.3 2.78
PNZ2B B. Ahern 0.04 0.29 0.67 0.5 2–5 0.39+1.56

Sheath heaters with resistance of 110.0 # in A1 and 36.1 # in A2 are used for sample baking, and also for sample
heating in the cases of forced deoxidation and forced oxidation. Alumel–chromel thermo-couples are used to measure
temperatures.

For calorimetry, the coolant water is maintained constant (±0.1˚C) at near-room temperature with a chiller, and the
flow rate is controlled with a digital coolant transmitter at a rate of 6 cm3/min, which recovers heat with an efficiency
of 82.5±8.1%. There is a delay in the response of the temperature difference due to the indicial response with a time
constant (τ ) of 5.2 min. Calorific power is calculated from temperature difference between the exit and the entrance of
the water-coolant. The calibrated conversion factor is 0.51 W/K.

The samples used in the present work include the 0.1-µm-diam. Pd powder “PP” (Nilaco Corporation), 300-mesh
Pd-black powder “PB” (Nilaco Corp.), a Pd·Zr oxide composite “PZ” (Santoku Corporation), a Ni·Zr oxide composite
“NZ” (Santoku Corp.), a Pd·Ni·Zr oxide composite “PNZ” (Santoku Corp.), and another Pd·Ni·Zr oxide composite
“PNZ2B” provided by BA with the melt-spinning method. Composition and particle size of these samples are compared
in Table 1. One of the most important parameters is the particle fineness or “fractality”.

Figure 1. Schematic of one part of the twin system.
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3. Experimental Procedure and Data Processing

Figure 2 shows the experimental procedure. The as-received sample containing PdO (and NiO) is baked at 440 K for
2 h in vacuum, and subjected to the D2 (H2) absorption run (No. 1 run). The sample is reused either without any
treatment (A or B run) or after the specified treatment; forced deoxidation (No. 2 run) or forced oxidation (No. 3 run).
In the case of the forced deoxidation, the sample is heated after filling the reaction chamber with the hydrogen isotope
gas at a pressure of 0.3 MPa, and kept at 570 K for 24 h. On the other hand, in the case of the forced oxidation, the
sample is treated in the similar manner using oxygen gas at a pressure of 0.4 MPa kept at 470 K or 570 K for 30 h. The
fraction xof the oxidized atoms, [PdO·NiO]/[Pd·Ni], is calculated from the pressure drop during this procedure.

In Nos. 1 and 3 runs for the sample containing oxygen, the released heat might include energy of oxygen pickup reac-
tion, Qred [eV/atom-O], and that of hydrogen isotope absorption/adsorption, the ‘hydridation’energy, QD(H)[eV/atom-
D(H)];

Pd(Ni)Ox +
(
x + y

2

)
D2 = xD2O + Pd(Ni)Dy + xQred + yQD, (1)

Pd(Ni)Ox +
(
x + y

2

)
H2 = xH2O + Pd(Ni)Hy + xQred + yQH,

(2)

where x is the fraction of Pd (Ni) atoms oxidized, and y is the fraction of Pd (Ni) atoms hydrogenated. We have assumed
here that all of the Pd(Ni)Ox atoms are deoxidized under exposure of hydrogen based on an observation that the Nos.
3A and 3B runs gave almost the same absorption parameters as those for No. 2 run.

The total chemical energy released might include the energy of adsorption onto the surface of the ZrO2 supporter
as a result of a possible spill-over effect. Since it is difficult to distinguish experimentally the contribution of the
spilled-over hydrogen atoms from y, we assume here that both y and QD(H)could include the contributions not only

Figure 2. Flowchart of the experimental procedure.
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from the absorption into the Pd/Pd·Ni bulk lattice but also adsorption onto the surfaces of the Pd/Pd·Ni nano-particle
and the supporter. Thus the total chemical output energy, which is observed as the first-phase output energy E1, as will
be seen in the following paragraphs, is expressed as

E1 = xQred + yQD(H).
(3)

The energies of formation of oxides associated in the present phenomena for the bulk samples not under influence of
nano-structure are as follows:

Pd + 1
2 O2 → PdO + QPdO(QPdO = 0.886 eV),

(4)

Ni + 1
2 O2 → NiO + QNiO(QNiO = 2.478 eV),

(5)

D2 + 1
2 O2 → D2O + QD2O(QD2O = 2.654 eV),

(6)

H2 + 1
2

O2 → H2O + QH2O(QH2O = 2.511 eV). (7)

The energies of the oxygen pickup reactions, Qred , are calculated by combining the above equations;

PdO + D2 → Pd + D2O + QPd,D
red , QPd,D

red = QD2O − QPdO = 1.768 eV,
(8)

PdO + H2 → Pd + H2O + QPd,H
red , QPd,H

red = QH2O − QPdO = 1.6 25eV,
(9)

NiO + D2 → Ni + D2O + QNi,D
red , QNi,D

red = QD2O − QNiO = 0.176 eV,
(10)

NiO + H2 → Ni + H2O + QNi,H
red , QNi,H

red = QH2O − QNiO = 0.033 eV.
(11)

We note that the energies of the oxygen pickup reactions for PdO, in Eqs. (??) and (??), are of the order of magnitude
larger than those for NiO, in Eqs. (??) and (??).

We have to use Eq. (??) to know the value of yQD(H) by subtracting the first term xQred from the value of E1 obtained
experimentally. However, in the case of No. 1 run we do not know x, the fractions of PdO and NiO, independently
from y. We want to determine (x + y/2) in Eqs. (??) and (??) from decrease in the number of gas-phase atoms, %N ,
calculated by changes in the pressure of the reservoir and the reaction chambers. If the water, D2O or H2O, remains in
the gas phase with the same volume as D2/H2, then the decrease %N is due solely to y/2, the absorption/adsorption.
On the other hand, if the water atoms condensate into the liquid phase or adsorbed not only on the sample surfaces but
also on the inner surface of the reaction chamber and pipes, the water formation is also responsible to the decrease %N .
We have no means to experimentally determine the fraction of x to be subtracted from the decrease %N to determine y.

In the case of No. 3 run, we know x. However, we have found a problem: if we assume that all the oxygen atoms
which would give a pressure in excess of the vapor pressure of 4 kPa at room temperature are condensed, we have
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too small, sometimes negative, values of yQD(H). In the present work, we therefore calculate yQD(H) by assuming that
xQred = 0 first, and evaluate the error when the proper values of x and the cited values of Qred for bulky samples are
assumed. The assumption that Qredis negligible, or equivalently that the values of the oxidation energy QPdO and QNiO
are very much enhanced for the nano-particle samples, could be reasonable, just by the same reason as the assumption
that the hydridation energy QD(H) is enhanced significantly for the nano-particle samples, which, as will be seen later,
we want to make one of the most important conclusion of the present work.

Another important parameter is the differential heat of hydrogen uptake [3], which is calculated in the present work
as the time-resolved sorption energy per one hydrogen atom absorbed/adsorbed [18,20]

η (t) ≈
∫ t+%t
t W(t,τ ) dt

L(t+%t)−L(t) ,

(12)

where L(t) is the time-resolved loading ratio, and

W (t, τ ) =
∫ t+τ
t Wmeas (t) dt

τ
(13)

is the measured output power per one Pd atom, Wmeas(t), averaged over the time constant τ of the calorimetry system.
The averaging was necessary, since the measured power has an indicial response of exponential delay with the time
constant of τ = 5.2 min. The numerator of Eq. (??) is the output energy per one Pd atom during a time interval of %t ,
and the denominator is the number of the hydrogen atom absorbed/adsorbed per one Pd atom during the same interval.
The value of η(t) is averaged over the time interval of %t , which is arbitrarily chosen here to be the time constant of
the calorimetry;%t = τ . The averaging was necessary, since the scattering in the data of L(t) was rather large.

4. Results and Discussion

4.1. Characteristics of the PZ sample

It was shown in Refs. [16,17] that the absorption characteristics of the Pd particles are strongly dependent on the particle
size. Here the results are briefly summarized. The PZ sample showed much larger loading ratio, D/Pd and H/Pd, and the
first-phase specific absorption/adsorption energy, E1, than those for the PP sample and the PB sample. Figure 3 shows
(a) typical variation of the heat evolution, WD and WH, pressure in the reaction chamber, PD and PH, the loading ratio,
LD and LH, and the time-resolved specific sorption energy, ηD, and ηH, and (b) the L(t)–P(t) diagram in the hydrogen
isotope absorption runs after forced oxidation, D-PZ13# 3 and H-PZ14# 3, for the PZ samples containing 2.78 g of
Pd. The first phase is defined as the duration of the run during which absorption of hydrogen (deuterium/protium) is
terminated, or the loading ratio LD/LH reaches a steady-state value. In the second phase, there were observed sometimes
anomalous temperature hump possibly suggesting an anomalous heat evolution in the deuterium absorption runs [16],
however with poor reproducibility. In the following, we pay attention only to the first-phase parameters in the present
paper.

The first-phase-integrated parameters for the samples PZ#1 through PZ#14 are shown as histograms in Fig. 4. To
evaluate QD(H) in No. 3 runs with use of Eq. (??), as has been explained above, we have ignored the contribution of
the oxygen pickup reaction to the output energy, i.e., xQred = 0. This is because yQD(H) was calculated to be negative,
if we used the cited values of Qred, Eqs. (??) and (??), for bulky samples. Later in this paper we will find other bases
to assume that xQred should be negligible for the nano-particle samples.

The first-phase was found to be divided into two sub-phases, the 1a-phase and the 1b-phase [18]. In the 1a-phase,
rapid absorption/adsorption occurred with high heat output, η1a ∼ 1.0 eV/atom-D(H), probably in the near-surface
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region.Treatment of the sample by oxygen or oxygen incorporation into the sample was necessary for this phase to
appear.The η1aD value was larger than η1aHusually by up to 20%, but by several times in some periods of time. However,
no isotope effect was observed in the L(t)–P(t) diagram in the 1a-phase [18].

The 1b-phase had a lower heat output nearly equal to the published value for the bulky Pd sample, η1b ∼ 0.2–
0.3 eV/atom-D(H) with little isotopic difference. On the other hand, a significant isotope effect was observed in the
L(t)–P(t) diagram. The H2 pressure in the 1b-phase was P1bH ∼ 2–6 kPa, while the D2 pressure was about P1bD ∼
10 kPa [18]. The isotope effect is of the same nature as that observed by Laesser and Klatt [1]. The difference could
be accounted for by a difference in the velocity-dependent probability of tunneling penetration through the periodic
potential well in the bulk lattice.

A possible interpretation of the absence of the 1a-phase in No. 2 run might be simply that the baking condition was
not sufficient to purge the adsorbed hydrogen out of the surface adsorption sites that could have become deeper due to a
nano-size effect. On the other hand, it could also be possible to assume an active role of oxygen in Nos. 1 and 3 runs to
make strong absorption sites with significantly attracting dangling bonds to enhance the 1a-phase sorption parameters.
The consequence might be a concentration of hydrogen atoms to form the 4D-TSC [20].

4.2. Similar effect of oxidation observed in the PP and PB sample runs

The distinguished effect of oxidation has been examined also for the PP and the PB samples. Figure 5(a) shows typical
variation of WD(H), PD(H), LD(H) and ηD(H) in the hydrogen-isotope absorption runs for the PP samples containing 10 g
of Pd after forced oxidation (O/Pd ∼ 0.019), D-PP3#3 and H-PP4#3, whose L(t)–P(t) diagrams are shown in Fig. 5(b).

We notice the presence of the 1a-phase and the 1b-phase similarly to the PZ sample. The 1a-phase, appearing only
in Nos. 1 and 3 runs containing oxygen, has a saturation pressure of P1a ∼ 10 kPa, which is about twice as high as that

Figure 3. (a) Typical traces of output power W(t), pressure P(t), time-resolved loading ratio L(t) and time-resolved specific sorption energy η(t),
(b) L(t) − P(t) diagram of the PZ13(14)# 3 runs.



A. Kitamura et al. / Journal of Condensed Matter Nuclear Science 10 (2013) 46–62 53

Figure 4. First-phase absorption parameters of the PZ sample; (a) first-phase specific output energy, E1, (b) the loading ratio, D(H)/Pd, and (c) the
hydridation energy, QD(H).
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in the case of the PZ sample, and even higher than the saturated water vapor pressure of 4 kPa at room temperature.
The 1a-phase is followed by the 1b-phase with a plateau pressure of P1bD ∼ 12 kPa and P1bH ∼ 18 kPa in the D and
H run, respectively. Water, if any, appears to have been in unsaturated or supersaturated vapor state. If condensation of
water vapor occurred, there should have been a significant pressure hump, as will be seen in the PNZ2B runs.

The first-phase parameters for the PP sample are summarized in Fig. 6. The PP#1, PP#2 and PP#3A runs have
almost the same values of the first-phase specific output energy E1, the loading ratio D(H)/Pd and the hydridation
energy QD(H) as those for the PZ#1A, PZ#1B, PZ#2, PZ#3A and PZ#3B runs, which are considered to be characteristic
of the bulk Pd sample with no oxygen.

The PP samples have the oxidation effect similar, but modest, to that for the PZ samples. The PP#3 runs after forced
oxidation have about 50% larger values of E1 and QD(H). What is important is that the difference cannot be explained
only by a contribution of the oxygen pickup reaction, xQred, which is indicated by the arrow in Fig. 6(c), if any. We
recognize that the effect of oxygen incorporation is not only through the simple oxygen pickup reaction but also by
some active function to deepen the potential well for the hydrogen isotopes.

The PB samples also showed absorption characteristics similar to the PP and the PZ samples. Typical traces of
E1, P(t), L(t) and η(t) of the D-PB5#3 and the H-PZ6#3 runs are shown in Fig. 7(a), with the L(t)–P(t) diagram
in Fig. 7(b), and the first-phase absorption parameters in Fig. 8. We see the absorption parameters have the medium
values compared to the PP and the PZ samples. The effect of oxygen treatment/incorporation is universal for the Pd
nano-particles, and becomes more significant as the particle fineness increases; i.e., in the order of the PP-sample, the
PB-sample and the PZ-sample.

Figure 5. (a) Output power W(t), pressure P(t), time-resolved loading ratio L(t) and time-resolved specific sorption energy η(t), (b) L(t) − P(t)

diagram of the PP3(4) #3 runs.
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4.3. Peculiar effects observed in the PNZ2B sample runs

The PNZ2B sample contains Pd·Ni binary nano-particles dispersed in ZrO2 matrix [19] with an atomic ratio of about
Pd4Ni29. Typical traces of the absorption parameters are shown in Fig. 9-(1a), (2a) and (3a) for the Nos. 1–3 runs of
the 10-g aliquots of D-PNZ2B4 and the H-PNZ2B3 samples each containing 0.39 g of Pd and 1.56 g of Ni. Here we
notice that the PNZ2B samples have significantly large values of the output power as well as of the loading ratio. Since
we know that pure Ni samples absorb very little amount of hydrogen isotopes at room temperature, the large values

Figure 6. First-phase parameters of the D-PP3#3 and the H-PP4#3 runs.
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of the absorption parameters are ascribed to the existence of a small amount of Pd added to Ni and/or to the dispersed
structure itself of the PNZ2B sample prepared by the melt-spinning method.

The PNZ2B samples showed peculiar pressure changes. Figure 9-(1b), (2b) and (3b) shows the L(t)–P(t) diagram
for the D-PNZ2B4 and H-PNZ2B3runs. One of the distinctive features is that Nos. 1 and 3 runs have pressure humps
in the early stage of the first phase. The gas sorption became significant after the pressure increased to several tens of
kPa.

This behavior, never observed in the runs usingthe samples other than PNZ2B, could be ascribed to possible existence
of NiO layers covering the surface of the Pd·Ni nano-particles. The surface NiO layer is relatively hard to be deoxidized.
However, once the deoxidation reaction (??) or (??) with a small reaction energy occurs at a point on the surface and
a pit with a dangling bond on the surface of the Pd·Ni nano-particle is exposed to ambient D2 / H2 atmosphere, rapid
dissociation to D/H atoms could be initiated at the pit, and rushing of the hydrogen atoms into the bulk would follow,
which results in the rapid decrease in the pressure. This could be possible, since the hydrogen adsorption and absorption
of Ni are as easy as those of Pd having almost the same values of adsorption and absorption energies [21]. However,
we know that the samples had very little amount of oxygen atoms after each absorption run. Complete deoxidation
during No. 1 run and No. 3 run should therefore be concluded. So the above story seems to be not probable.

Another interpretation of the pressure behavior could be condensation of supersaturated water vapor produced from
the hydrogen and oxygen in/on the sample contained in the as-received (No. 1) and the oxidized (No. 3) samples. If
this is the case, the assumption could be justified that there occurred no water condensation in the PP, PB and PZ runs,
which had no humps in the pressure traces.

Figure 10 shows the absorption parameters E1, D(H)/[Pd·Ni] and QD(H) as histograms. In evaluating QD(H) using
Eq. (??), no contribution of the term xQred has also been assumed here. The most remarkable feature of the PNZ2B

Figure 7. (a) Output power W(t), pressure P(t), time-resolved loading ratio L(t) and time-resolved specific sorption energy η(t), (b) L(t) − P(t)

diagram of the PB5(6)#3 runs.
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sample is that No. 2 runs have almost the same values of the absorption parameters as those for the No. 1 and the
No. 3 runs. This is exactly the reason why we neglected xQred in evaluating yQD(H). Otherwise, we have values of
yQD(H)=0.6–0.7 eV/atom-Pd·Ni, the first term in Eq. (??). This is a contradiction, since the value is much smaller than
the values of E1 = yQD(H) = 1.0–1.8 eV/atom-Pd·Ni in No. 2 runs having no contribution of xQred. We have to exclude
the possibility that substantial amount of xQred should be subtracted from E1 in Nos. 3 and 1 runs, or in other words,
we have to conclude that Qred ≈ 0 for our nano-particle samples, as is discussed later in this section.

We also neglected x in evaluating y from a similar reason. If we subtract x = 1.4–1.7 indicated by the oxidation
fraction in No. 3 runs, then we have D(H)/[Pd·Ni] = 1.4–1.5 which is much smaller than those in No. 2 runs. Since the
pressure humps in the P(t) traces and L(t)–P(t) diagrams are thought to be due to condensation of water vapor, we
certainly have nonzero contribution from water.

Figure 8. First-phase parameters of the D-PB5#3 and the H-PB6#3 runs.
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Figure 9. (1a,2a,3a) Output power W(t), pressure P(t), time-resolved loading ratio L(t) and time-resolved specific sorption energy η(t), (1b,2b,3b)
L(t)–P(t) diagram of the H(D)-PNZ2B3(??)#1, H(D)-PNZ2B3(??)#2 and H(D)-PNZ2B3(??)#3 runs.
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Figure 10. First-phase absorption parameters of the samples PNZ2B1 through PNZ2B4.
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We have to have an additional diagnostic tool to measure x independently, e.g., a residual gas mass analyzer.
The finally saturated value of the loading ratio, D(H)/[Pd·Ni], is extraordinarily large; 2.1 or larger not only in Nos.

1 and 3 runs but also in No. 2 run for the sample containing no oxygen. The large values of the loading ratio could
be explained by adsorption on the supporter (ZrO2) surface and/or in the grain boundaries via the so-called spill-over
effect catalyzed by small amount of Pd atoms on the Ni nano-particle surface. An assumption that hydrogen isotopes
are loaded both into the tetrahedral and octahedral sites seems to be too bold.

The No. 2 samples absorb/adsorb almost the same amount of hydrogen with almost the same sorption energy as
those in Nos. 1 and 3 runs. This fact can be explained by an assumption that the baking condition of 0.5 h at 570 K
was sufficient to purge almost all the hydrogen atoms adsorbed and absorbed in the preceding runs and the forced
deoxidation process. This is consistent with the relatively small values of QD(H) ≈ 0.4 eV/atom-D(H) shown in
Fig. 10 (c) compared with those for the PP, the PB and the PZ samples.

From this fact, we can be confident about the assumption of neglecting the term xQred in evaluating yQD(H) using
Eq. (??). Since x is not negligible at least for the PNZ2B sample, we may conclude that the oxygen pickup energy
Qredin Eqs. (??)–(??) is reduced to small values as a result of a nano-size effect. This is equivalent to a deduction
that oxidation energies, QPdO and QNiO, are significantly increased for the nano-particle samples due to the nano-size
effect.

Another distinctive feature is that the pressure in the first-phase of No. 2 run is too low to notice the isotope effect
in the L(t)–P(t) diagram. This could be due to an unknown effect of the nano-particle-dispersed structure, or to that
of the Ni nano-particle itself. At the moment, we have no further information to determine what the case is.

Next, we notice that ηD(H) is relatively constant throughout a run with the mean value lying between 0.4 and
0.6 eV/atom-D(H), in accordance with the absence of the sub-phase transition. This is in contrast to the PZ, PP and PB
samples whose first-phases were divided into the 1a- and the 1b-phases. The mean values for the PNZ2B samples are
rather modest compared with those (∼1 eV/atom-D(H))in the 1a-phase of other sample runs.This is a consequence of
large LD(H)(t) for the PNZ2B sample.

Finally it should be pointed out that in all cases of Nos. 1–3 runs, the averaged value of ηDfor deuterium is larger
than that of ηH for protium, sometimes by a factor of 1.5 or more. This might indicate that some nuclear effects including
nuclear reactions could contribute to the heat evolution.

5. Summary

Deuterium and protium gas absorption/adsorption by a variety of Pd nano-powders has been examined using a twin
absorption system. The powders include ∼0.1-µmφPd powder (PP), Pd-black (PB), Pd nano-particles (∼10 nmφ)
admixed with ZrO2 (PZ) and Pd·Ni binary nano-particles (∼2 nmφ) dispersed in ZrO2 holder-flakes (PNZ2B). The
first-phase parameters of the absorption runs for the PP, the PB and the PZ samples are summarized as follows:

(1) Both the deoxidized samples and those reused without baking process showed essentially the same values
of 0.62 ± 0.04 (0.70 ± 0.06) for the loading ratio D(H)/Pd, and 0.14 ± 0.03 (0.16 ± 0.01) eV/atom-Pd for
the specific output energy E1D(H). The resultant hydridation energy QD(H) = 0.23 ± 0.05 (0.23 ± 0.01)
eV/atom-D(H) is consistent with the published value of the inter-lattice absorption energy for bulky samples.

(2) For the as-received and oxidized samples the values of D(H)/Pd and E1 are both increasing functions of fineness
of the Pd surface, and exceeds 2.0 and 1.5 eV/atom-Pd, respectively, for the PZ sample. The hydridation
energy QD(H) = 0.83 ± 0.06 (0.72 ± 0.05) eV/atom-D(H) is substantially larger than the published value of
0.5 eV/atom-D(H) for the surface adsorption energy.

(3) Time-resolved measurements of pressure and heat output revealed sub-phase (1a to 1b) transition in the first-
phase for the as-received and the oxidized samples. The 1a-phase, characterized by rapid absorption/adsorption
and high heat output, is found to be characteristic of nano-particles containing oxygen, probably caused by the
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process occurring in the near-surface region. A rather large isotope effect in the differential heat of sorption,
ηD(H), has sometimes been observed in the 1a-phase. The 1b-phase, on the other hand, is thought to be due to
absorption into the bulk with significant isotope effect on the loading-pressure relation, L(t)–P(t).

The Pd0.04Ni0.29Zr0.67 oxide composite sample, PNZ2B, has unique properties summarized as follows:

(1) The observed loading ratio, D(H)/[Pd·Ni] ≈ 3.2 ± 0.3 (3.4 ± 0.1), and the specific heat release, E1 ≈ 1.4 ± 0.3
(1.2 ± 0.3) eV/atom-[Pd·Ni], in the first-phase of the as-received and the oxidized sample runs are both very
large, while the hydridation energy QD(H) = 0.45 ± 0.12 (0.33 ± 0.09) eV/atom-D(H) is nearly equal to the
mean value of the surface hydrogen adsorption energy and the absorption energy of bulky Pd. It is inferred that
the Pd atoms act as a catalyst for the hydrogen isotope absorption/adsorption of Ni at room temperature.

(2) An important difference between the PNZ2B sample and other Pd samples is that the No. 2 run after the forced
deoxidation has essentially the same values of the absorption parameters as those of Nos. 1 and 3 runs. It is
inferred that the surface adsorption potential is shall-ower for the PNZ2B sample than for the Pd-based samples.

(3) The as-received and the oxidized PNZ2B samples show anomalous change of gas pressure in the beginning of
the first-phase, which is thought to be due to condensation of water.

(4) The time-dependent sorption energy is rather constant atηD(H) ≈ 0.60 (0.53) eV/atom-D(H) with no 1a–
1b sub-phase transition. The ratio ηD/ηH is sometimes greater than 1.5, which appears to be suggesting the
existence of heat component of nuclear origin.
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Abstract

We have been investigating low-energy nuclear transmutation reactions observed in the nano-structured Pd/CaO multilayer complex
induced by deuterium permeation through it. A micro-beam Nuclear Reaction Analysis (NRA) system, by means of a resonant
nuclear reaction 1H(15N,αγ )12C, has been developed for the purpose of the 3D mapping of the hydrogen distribution in the Pd
multilayer complex. Using this system, we observed hydrogen density of Pd/CaO multilayer is higher than that of normal Pd.
Preliminary experimental results were obtained, which suggested that implanted W was transmuted into Os or Pt.
© 2013 ISCMNS. All rights reserved. ISSN 2227-3123
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1. Introduction

Low-energy nuclear transmutation reactions have been observed in the nano-structured Pd multilayer complex, which
are composed of Pd and CaO thin film and Pd substrate, induced by deuterium permeation through the Pd multilayer
complex [1–5]. Transmutation reactions of Cs into Pr, Ba into Sm and Sr into Mo were observed. Especially,
transmutation of Cs into Pr has been confirmed by “in-situ” measurements using X-ray fluorescence spectrometry
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Figure 1. Experimental method for permeation-induced nuclear transmutation.

(XRF) at SPring-8 in Japan [2,3]. Experimental data that indicates the presence of transmutation has been accumulated
and experimental conditions for inducing low-energy transmutation reactions are gradually becoming clear, although
systematic experimental study is still insufficient. Similar experiments have been performed by some researchers and
positive results have been obtained [5–7].

Figure 1 shows schematic of our experimental method. Our approach can be characterized by the permeation of D2
gas through the nano-structured Pd complex and the addition of an element that is specifically targeted to be transmuted.
Permeation of deuterium is attained by exposing one side of the Pd multilayer thin film to D2 gas while maintaining
the other side under vacuum conditions. The sample is a Pd complex composed of bulk Pd on the bottom, alternating
CaO and Pd layers, and a Pd thin film on top. After fabricating a Pd complex, Cs, Ba, W or other element is deposited
on the surface of the top thin Pd layer. The added elements can be transmuted. From a different point of view, we can
provide a deuterium flux through the Pd multilayer thin film on which an element is placed as a target to be transmuted.

Reactions observed so far in our group are shown in Fig. 2. Based on these experimental results, alkali elements
seem to be transmutable by our method. In other words, chemically active elements that can easily emit electrons
might be transmutable. And the obtained experimental results so far suggest that a certain rule seems to exist. We
can notice that 2d, 4d or 6d looks like reacting with deposited elements. Multi-body reactions like 2d, 4d and 6d
require sufficient number of d. Therefore, we can see that sufficient deuterium density would be important to induce
transmutation reactions.

Table1 shows the correlation between intermediate material in Pd multilayer film and transmutation results. If we
replaced CaO with MgO, we did not obtain any positive transmutation products; we could not observe any transmutation
reactions. It means that MgO cannot work instead of CaO. Three cases out of the three experiments using MgO show no
Pr by ICP-MS measurements, although D2 gas Flow rates were enough (2–3 sccm) in all cases. However, if we replaced
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Figure 2. Typical nuclear transmutation reactions observed so far at Mitsubishi Heavy Industries (MHI).

CaO with Y2O3, we could observe transmutation reactions from Cs to Pr. Y2O3 works like CaO. Work functions for
MgO, Y2O3 and CaO are shown in Table 1. Although it is difficult to make conclusive results, the existence of low
work function of intermediate material might have some effects to induce transmutation.

The permeation induced transmutation technology would be expected as an innovative nuclear transmutation method
for radioactive waste and a new energy source. However, it is necessary to increase the amount of transmutation products
for commercialization.

The author is now assuming that the following two conditions are important to increase up transmutation products
based on the above considerations.

(1) Local deuterium density is sufficiently high.
(2) A characteristic electronic structure for inducing nuclear transmutation should be formed.

Based on these assumptions, we performed local hydrogen density measurement using resonant nuclear reaction and
first principal calculation for investigation electronic structure of the Pd–H cluster.

Table 1. Correlation between intermediate material in Pd multi-layer film and transmutation
results.

Intermediate material Work function (eV) Results for analysis after permeation
MgO 3.3 No Pr (3 cases)
Y2O3 2.2 Pr detected (>10 cases)
CaO 1.2 Pr detected (>100 cases)
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Figure 3. Principle of the resonant nuclear reaction for the analysis of hydrogen density depth profile.

2. Hydrogen Density Measurement using a Resonant Nuclear Reactions

The resonant nuclear reaction 1H(15N, αγ )12C is widely used for hydrogen distribution analysis [9–11]. This reaction
has a very narrow resonance of 1.8 keV at 15N energy of 6.385 MeV, which allows for high-resolution depth profiling
shown in Fig. 3. In order to obtain depth profile of hydrogen, energy of 15N and its stopping power in the sample has to
be known. The energetic emitted γ -ray is proportional to the concentration at the respective depth of hydrogen in the
sample. The H concentration profile is then obtained by scanning the 15N incident beam energy. No resonant nuclear
reaction for deuteron is known that have a narrow resonance width equal to 1.8 keV. Then we are trying to measure
hydrogen distribution instead of deuterium in our Pd/CaO multilayer thin film during permeation.

Usually hydrogen distribution analysis can be performed under vacuum condition because a 15N beam interacts
with air and attenuates. However, it is necessary to measure hydrogen distribution under H2 gas environment for our
case. The authors have developed 3D hydrogen mapping technique in solids under atmospheric environment using a
CREST program of Japan Science Technology Agency (JST).

The experiments were performed at the Van de Graaff Tandem accelerator in Micro-Analysis Laboratory of the
University of Tokyo. Figure 4 shows schematic of the experimental set-up and photograph of the experimental set-up is
shown in Fig. 5. The 15N beam coming from the vacuum side irradiates the Pd/CaO multilayer sample through the SiN
membrane, which separates the vacuum from the gas atmosphere of the sample chamber. While the upstream chamber
is kept at a vacuum of 10−6 Pa, the downstream chamber can be filled with hydrogen or other gases of up to 2×105 Pa.

The right side of Fig. 4 is the enlarged figure of the sample holder of the left side. H2 gas is filled outside of the



Y. Iwamura et al. / Journal of Condensed Matter Nuclear Science 10 (2013) 63–71 67

permeation unit. The permeation unit can be heated by the heater since transmutation experiments are conducted at
60–80oC.

Two 4-inch-BGO scintillators mounted 30 mm from the sample outside the vacuum are used for γ -ray detection.
The yield of γ -ray at 4.4 MeV due to the nuclear reaction is normalized to the Rutherford backscattering spectroscopy
(RBS) signal from the gold layer on the SiN membrane, which is proportional to the 15N beam current. The accelerator
set-up, i.e. the beam energy and lens/deflector parameters, and data acquisition, i.e. γ -ray detection, RBS measurement,
beam current reading and sample positioning, are computer-controlled by a Labview-based software, which enables us
to perform automatic beam-energy scan and NRA measurements and detector geometry.

Typical size and current of the 15N beam at the target were 200 µm in diameter and 20 nA, respectively. A SiN
membrane grown by low-pressure chemical vapor deposition with a size of 1.1 mm2 and a thickness of 100 nm
(Silson Ltd., UK) were used for beam extraction into an ambient condition.

Several depth profiles of hydrogen density during H2 gas permeation have been taken by our groups. However, due
to the limitation of the 15N beam time and the time for experiments, we cannot obtain reasonable and consistent depth
profiles up to now. I would like to stress that the all the depth profiles of Pd/CaO/Pd and pure Pd were different from
each other. We could not arrange the experimental condition (pressure and temperature) similar to the transmutation
experimental condition (1 atm and 70oC) due to the lack of heater capacity or strength of SiN membrane.We are improv-
ing the permeation unit and have plans to measure hydrogen density distribution under various conditions(temperature,
time, layer, pressure, etc.) to understand hydrogen behavior in our nano-structured Pd multilayer thin film in the near
future.

Figure 4. Schematic of the experimental setup for measurement of hydrogen density distribution during permeation.
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Figure 5. Photograph of the experimental set-up.

3. Experimental Results on W Transmutation

Recently, W (tungsten) transmutation experiments were tried using our permeation technique aiming production of Pt
or Os. Experimental procedure for a W transmutation experiment is shown in Fig. 6.

Preparation of the multilayer Pd thin film is as follows. A Pd plate (with purity up to 99.99%; Tanaka Kikinzoku
Kogyo K.K.) was washed with acetone and annealed in vacuum. A Pd was washed with acetone and annealed in vacuum
(<10−5 Pa) at 900˚C for 10 h. It was then cooled to room temperature in furnace and washed with aqua regia to remove
impurities on the surface of the Pd plate. The surface of the plate was covered by layers of CaO and Pd, which were
obtained by five times alternately sputtering 2-nm-thick CaO and 20-nm-thick Pd layers. Then a 40-nm-thick Pd layer
was sputtered on the surface. These processes are basically same as before [1,2].

Tungsten (W) ion implantation (63 kV, 2.5×1014/cm2) was applied to the fabricated Pd/CaO multilayer films and
then permeation experiments were performed several times. D2gas is supplied at 1–1.5 atm on the Pd film side of
the test piece and dissolves in D atoms at the surface. The D atoms intrude into the Pd thin film and diffuse through
the Pd complex and then reach the surface of the bulk side, where they combine and are released as D2 molecules.
The Pd multilayer thin film is heated to 70˚C. After one or two week deuterium diffusion through the Pd complex,
the D2 is evacuated. The sample is removed from the chamber and its surface is analyzed by secondary ion mass
spectrometry (SIMS). In this study, we analyzed the Pd complex after an experiment using SIMS to investigate the
isotopic compositions of the detected elements. Only surface isotopic compositions were analyzed; we did not measure
their depth profiles. SIMS analysis was performed by Probion Analysis Inc., France.

Figure 7 shows the SIMS analysis using Cs+ ions, in which mass spectra were compared between permeated
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Figure 6. Experimental procedure of W transmutation experiment.

samples and no permeated one. No permeated sample has implanted W and Pt mass numbers. Pt is the major impurity
in Pd. Observed spectra have natural W and Pt mass distributions. On the contrary, mass distributions for permeated
samples are anomalous. Significant increases for mass 190 should be noticed, although no mass counts of 190 for the
No permeated sample. The increase for the two permeated samples cannot be attributed to natural contaminants from
Os or Pt. We cannot see any mass 189 in Fig. 7 and then expect no contribution to mass 190 by natural Os. Contribution
to mass 190 by impurity Pt should be smaller than mass 192 based on the natural mass distribution of Pt. Effects of
compound species were also considered intensively as shown in Table 2. However, the increase of mass 190 could not
be explained consistently with isotope distributions of each element.

Based on these discussions, we consider that the observed increase of mass 190 for permeated samples must be
explained by the transmutation of implanted W. However, addition of evidences using elemental analysis such as XRF
is desirable as a next step research.

Table 2. Possible compounds for mass 190.
186W (28.6%) D2

160Gd (21.9%) 28 Si D
188 Os D 110Pd 78Se (23.8%) D
176Yb (12.7%) 12CD 108Pd 80Se (49.6%) D
172Yb (21.9% )16OD 106Pd 82Se (8.73%) D
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Figure 7. SIMS spectra for D2 permeated samples and no permeated sample.

4. Concluding Remarks

We assume that the following two conditions are important to induce nuclear transmutation reactions in the permeation
experiments.

(1) Local deuterium density is sufficiently high.
(2) A characteristic electronic structure for inducing nuclear transmutation should be formed.

Based on these assumptions, we performed local hydrogen density measurement using resonant nuclear reaction and
first principal calculation for investigation electronic structure of the Pd–H cluster. The hydrogen density measurement
experiments suggested that hydrogen density of Pd/CaO multilayer seems higher than that of pure Pd. The first-
principles computation suggested that high hydrogen density state (H/Pd = 1) in Pd–Cs–H cluster was more stable than
low hydrogen density state (H/Pd = 0.33).

Tungsten transmutation experiments were tried using our permeation transmutation method.Significant increases
for mass 190 in SIMS were observed, which suggested that W was transmuted into Os or Pt.
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