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Power units using Low Energy Nuclear Reactions (LENRs) potentially offer a radical new
approach to power units that could provide distributed power units in the 1-50 kW range. As
described in an ICONE-8 paper (Miley, et al. 2000c), these cells employ thin metallic film
cathodes (order of 500 A, using variously Ni, Pd and Ti) with electrolytes such as 0.5-1 molar
lithium sulfate in light water. Power densities exceeding 10 W/cc in the films have been
achieved. An ultimate goal is to incorporate this thin-film technology into a "tightly packed" cell
design where the film material occupies ~ 20% of the total volume. If this is achieved, power
densities of ~20 W/cm3 appear feasible, opening the way to a number of potential applications
involving distributed power. In the present paper, prior work is briefly reviewed, and the design
of a cell employing integrated electrode and solid-state electrical-conversion systems is
described along with some recent experimental results.

Introduction

Radical new power sources are needed to provide distributed power requirements in the 10's of
kW range. Power cells based on Low Energy Nuclear Reactions (LENRs) potentially could be
very attractive for this purpose if the physics involved can be scaled. The research described here
demonstrates the potential for excess heat production via the LENR process that involves
anomalous nuclear processes in solids. As seen from the references cited in Miley et al. (1999b,
2000a, 2000c), related phenomena have also been observed in a number of laboratories
worldwide. However, the present approach employing multi-layer thin-films is unique and offers
three very important practical advantages: reasonable reproducibility, a very high excess power
density in the electrode metal, and negligible high-energy radiation emission.

Recent work reviewed here involved basic studies underlying the development of such cells.
This includes studies of hydrogen isotope loading dynamics using thin Pd wires along with
excess heat studies using unique thin-film electrodes coated on a glass plate. The wire results
demonstrate a distinctive time correlation between the onset of excess heat production and
loading. The thin-film research has focused on techniques to achieve high loading with
hydrogen isotopes (>0.95 protons or deuterons per host metal atom). We have successfully used
nickel, palladium, and titanium films, the most concentrated reactions occurring with use of
alternating films of different metals such as nickel/palladium. Evidence strongly suggests that the
observed energy release has a nuclear origin; e.g. the total energy produced over three to four
week runs far exceeds any chemical source and apparent nuclear reaction products have been
observed. These thin-film electrodes achieved 100-200 W/cm3 power production in the films.
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This result provides a significant step towards a practical power unit using a design with a high
film "packing fraction" (volume of thin-film material per cell volume) of about 10-20%,
projected to give an overall cell power output ~20 W/cm3.

Background

The present thin-film cell is related to, but is a radical departure from the original Fleischmann-
Pons "cold fusion" experiment (Fleischmann-Pons, 1989). Their goal was to create D-D
reactions by loading deuterium (D) into a palladium lattice by electrolytic technique. In sharp
contrast, the present LENR involve proton reactions with the electrode material itself. Such
reactions were initially postulated after Hora, Miley, et al. introduced the concept of enhancing
reactions in solids via the Swimming Electron Layer (SEL) effect (i.e. creating a high electron
density) at interfaces between multi-layer thin films composed of metals with differing Fermi
levels (Hora, et al., 1993). After initial experiments to demonstrate the SEL effect failed when
the films "flaked" off of the substrate (Miley, et al., 1994), Miley and collaborators (Miley and
Patterson, 1996, Miley, et al., 1996, Miley, 1997, Miley, 1998) used improved thin-film
electrode technology to improve film bonding. They also adapted precision analysis techniques
to obtain quantitative data on reaction products created by the proton-metal reaction. These
experiments documented absolute isotope production rates and provided insight into reaction
"signatures" such as the "four peak" yield curve in mass number. They also documented
emission of soft x-rays and betas (vs. high, energy radiation) without emission of high-energy
gammas or neutrons. While this result is quite unexpected, as noted later, several plausible
theories have been developed to explain the lack of hard radiation. Concurrently, various
transmutation observations have been reported by others, further supporting the hypothesis of a p
(or D) reaction with electrode materials (e.g. see Iwamura et al., 1998; Mo et al., 1998; Notoya,
et al. 1998; and Ohmori and Mizuno, 1998). Most recently Miley (2000b) showed that the
observed isotopes that occur during LENR operation can be roughly correlated with heat
production via a rather straightforward binding energy and nucleon balance analysis.

Based on these observations, especially the "four peak" mass distributions, a semi-empirical
theory that assumes proton-metal reactions, termed RIFEX, (Miley, 1997, 1998, 1999) has been
proposed to explain these reaction characteristics while the overall energetics of the process are
examined in a related paper (Miley 2000b). The nuclear basis was further elaborated via a magic
number correlation (Hora et al., 1998) and the connection to astrophysical processes has been
elucidated (Hora et al., 2000). Alternate theories to explain the "four peak" distribution and the
lack of hard radiation have recently been proposed by Stoppini, 1998; Fisher, 1998; Li, 2000;
Dufour, et al. 2000, Chubb, 2000; and Takahashi, et al. 2000.

Development of Thin-Film Electrodes

The University of Illinois LENR cells utilize multiple-layer thin films laid down on the substrate
via a unique sputtering process (Miley and Williams 1998). Other researchers have generally
employed "thick" electrodes which are notoriously non-reproducible, probably due
microcracking of the electrode, combined with subtle differences in crystalline structure induced
in the manufacturing process. Sputtering the thin films offers better control and consistency in
the crystalline structure of the electrode. Further, the flexibility of the film facilitates stress



OGO©
release, helping prevent microcracking. Films can be loaded with protons quickly (within 30-60
min.) in an electrolytic cell (vs. weeks for solid electrodes). This in turn makes a controlled
loading program feasible, e.g. starting with low-loading rates and gradually increasing the rate.

In the following section, recent experiments are reviewed that a) use a thin palladium wire
electrode to study loading dynamics and b) a unique thin-film electrode designed for heat
production studies

Spiral-Wire Electrode Loading-Dynamic Experiments

In support of the thin-film electrode studies, a basic hydrogen isotope loading experiment was
performed using a 50-|im diameter Pd wire, 1-m long, as the cathode. This wire was spiraled
around a 30-cm long Teflon support to form the cathode. This experiment clearly demonstrates
the role of a high loading in these cells, and also provides further insight into the basic
phenomena. The selection of a very long wire length provides a relatively large potential drop
along the wire, enhancing electro-migration effects, hence maximize the loading (Celani et al.,
1998, 1999). A thicker platinum wire, also spiraled around the support, served as the anode.
This unusual configuration provides electrode-loading properties similar to a thin-film, but also
allows for easy measurement of loading dynamics using a resistance technique. The wire was
carefully pre-conditioned by pre-stressing and annealing to provide reconstruction of the
crystalline structure. An identical second cell with a non-reacting platinum wire cathode was
constructed to provide reference ("Blank") calorimetric data. Both cells used the same power
supply with an applied voltage of ~5 V and current of 5-50 mA. The electrolyte was a 10"5 M/l
CaSO4 in D2O, cf. Celani et al., 1998. Integrated circuit temperature transducers were used for
the calorimetric measurements. The various data channels were connected through a multiplexer
switch unit, allowing real-time on-line data acquisition. This circuitry included super-position of
AC current superimposed on the steady-state DC current to provide continuous monitoring of the
wire's electrical resistivity during the run. The Pd resistivity is in turn directly correlated with
the deuterium loading (McKubre, 1992). A further detailed description of the experiment and
results are given in Miley, et al., 1999 and Selvaggi, 2000.

The loading process started with a low input power which was gradually stepped up to ~ 150
mW over several weeks, allowing time for natural annealing so as to prevent microcracking.
The measured resistivity ratio, R/Ro (Ro = initial resistivity), increased up to 1.87, then reversed
in slope drastically dropping down to 1.54. This behavior indicates the loading passed through
0.75 atoms D/Pd at the maximum resistivity and then continued to 0.97-0.98 atom D/Pd. At that
point, cf. Fig. 1, the resistance ratio suddenly underwent a violent oscillation for 5-7 sec. and
then dropped back to a lower steady-state value. The initiation of this oscillation occurred
naturally during the loading process without application of any external stimulus.

Earlier, Celani et al. (1999) observed a related loading oscillation with some similar
characteristics. They speculated that it was caused by the rapid onset of anomalous heating in
the wire, but they did not observe such heating directly. Celani et al. also suggested that the
effect could be caused by formation of the 'so-called', D-Pd "y phase". In related work, Tripodi
et al. (2000) proposed a fluctuation process due to a super conducting state which occurs in the
"y phase" associated with a simultaneous H (D) diffusion from octagonal to tetrahedral sites with
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near saturation of the latter, cf. Oriani (1994). A prime objective of the present work was to
observe the time correlation with excess heat released during this process. Thus the experiment
was run in a calibrated calorimeter as described later.
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FIGURE 1. Plot of the Ratio of the Wire Resistance to its Initial Value.

It was found that the resistivity oscillations were accompanied by a sudden burst (several kW for
~ 5 sec.) of high excess power ("excess" power, or heat, is defined as the difference between the
power output and the power input). A resistivity oscillation occurred simultaneously with the
burst of excess heat. After the end of this recording, the oscillation damped out but R/Ro
remained in the 1.65-1.70 range for the remainder of the run. Following this initial burst, an
"excess" power of ~1 W (input power of ~ 150 mW) was obtained for several hours before
damage to the cell wiring forced shutdown of the run. The continual production of excess power
suggests that an exothermic phase transition can be ruled out as the heat source since the total
energy release is too large. Likewise, the dynamics of the excess heat burst rule out possible
chemical energy sources. Thus, this result provides added evidence the nuclear source of energy
results under certain conditions of high loading. A next step planned to verify this hypothesis
involves the analysis of the wire cathode for reaction products.

The "excess" heat results and resistivity measurements are well beyond the respective
uncertainty limits. An uncertainty of ± 0.1 is associated with each R/Ro point based on a random
resistivity measurement error of 2 Ohms. An uncertainty of ± 45 mW for the calorimetric
measurement is inferred from an error propagation analysis of temperature measurements.
However, the five-second power burst was not accurately recorded since the calorimeter which
calibrated for quasi-static operation as opposed to fast transients. However, if adiabatic
conditions are assumed over the burst period (a reasonable assumption) it is easily estimated that
the instantaneous power exceeded 1 kW. Subsequently, following this short burst, the power
quickly returned to equilibrium at ~ 1 W excess with about 150 mW input.

In summary, this wire experiment demonstrates the close connection between a high deuterium
(or proton) loading and the "excess power" phenomena. In addition to the unique electrode
configuration, the pre-conditioning and controlled set-up programs were also important factors
that enabled this dynamic loading measurement. The success of this experiment has helped the
understanding and design of the thin-film electrodes intended for future power cell applications.
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Recent Excess Power and Loading Experiments

Recently, the LENR group at the University of Illinois initiated work to develop a small,
inexpensive demonstration heat cell (Miley et al., 1999). Initial results are summarized briefly
here.

THEN H I M CATHODE

FIGURE 2. Sketch of the Multi-Layer Thin-Film Electrode on Glass or Quartz Substrate.

For compactness, these new experiments employed a unique electrode configuration where the
thin-film cathode is sputtered onto a small glass plate the size of a microscope slide (Fig. 2). The
anode can be sputtered onto a separate region of the slide (or may be a separate wire). This
electrode assembly is then inserted in a small, insulated Dewar along with appropriate
temperature sensors to perform calorimetry. Basically the experiment employed carefully
calibrated isoparabolic-type calorimetry in an open system (A. Tate, 2000). As stressed earlier, a
major issue is survival of the thin-film during the harsh conditions encountered in a run.
Methods were developed to enhance bonding by pre-sputtering surface preparation, by use of
substrate bonding materials, and by annealing.

These cells were purposefully designed to operate at relatively low powers and temperatures
(few 100 mW and <30° C) to simplify the experiment. To date, 14 runs have been carried out
with a variety of thin-film and foil coatings for the cathodes. Further details about the operating
conditions, calibration, error analysis and data reduction are presented in Miley et al. (1999a) and
Tate (2000). These exploratory runs involved variations in the electrode coating, the electrolyte
and the run conditions; thus, some differences in excess power were observed as expected.
Typical coatings included Ni, Pd and Ti and electrolytes ranged from 1-molar Li2SC>4 in H2O or
D2O. While the H2O based runs with Pd-Ni films produced somewhat higher excess heat than
D2O, more experiments are needed to quantify the differences. Some typical results are
summarized in Table I along with a typical excess power histograph in Fig. 3 for Li2SC>4 - H2O
and layered Pd-Ni films (5 alternating ~ 1000 °A layers ending with Pd on the outer surface).
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TABLE 1. Typical Thin-Film Electrode Results.

Run#

1-1
1-2

Thermal Input
Power

(W)
0.138
0.074

Output Power
(W)

0.408
0.195

Excess Power
(W)

0.266 ±0.036
0.121 ±0.016

Total Excess
Energy (kJ)

113
61

All of the various types of thin-film electrodes produced some excess power, six giving >80%
excess, a goal for these experiments. The estimated uncertainty in the measurements of excess
power levels is about ± 20 mW, so the results reported are thought to be quite definitive despite
the relatively low absolute power levels. Factors included in this error estimate involve random
errors in thermocouple readings/calibrations plus possible temperature gradients in the
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FIGURE 3. Percent of Excess Power vs. Time for Run 1-1 of Table 1.

electrolyte, gas recombination, and effects associated with variations in room temperature. A
reference experiment was also performed with a non-loading electrode that indicated a negative
excess power of ~lmW, well within the uncertainty limits.

While the absolute excess powers were low, when computed on the basis of power-per-unit-
volume (or weight) of metal film, very high excess power densities of ~ 10-20 W/gram of metal
(Pd, Ni, etc) are obtained. For comparison, note power densities of 0.1-0.4 W/g reported by
Miles, 1995, using solid Pd electrodes or ~0.006 W/g reported from "Case catalyst" type
experiments (McKubre, 1999). The high power densities achieved in the present experiments is
encouraging relative to the possibility of developing a practical power source. As cited earlier,
the overall cell power density could be increased to order of 20 W/cm3 by a design with active
metal films filling 20% or more of the total cell volume. Such a cell design is briefly considered
next.
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Power Cell Design Issues

While the excess power obtained in these preliminary experiments is encouraging, higher total
powers are desirable for a practical power unit. Such a scale-up in power would involve two
basic steps: further optimization of the electrode design, and incorporation of multiple electrodes
to increase the "packing fraction" of film material. The first step requires further advances in
research, while the second represents a reasonably straightforward "mechanical-type"
modification. With the present compact design which has both the anode and cathode plated on
a single glass plate, insertion of multiple electrodes in the calorimeter is readily achievable.
Consider, for example, a cell of the same volume, but with 100 glass plates that have electrodes
sputtered on both sides (vs. present single-sided plates). Assuming each film behaved the same
as in the single electrode experiments reported here, the cell would produce ~ 38 W excess
power with ~40 W input. In addition, based on the higher excess heat percentages achieved in
earlier thin-film bead experiments (Miley, 1999), there is reason to believe that improvements in
this simple plate-type electrode design could achieve excess power gains approaching 500% or
more. If so, the excess power in the preceding example would approach 190 W. With further
advances, especially increases in power gain, such a unit could be the basis for a quite attractive
practical "battery-type" unit. Then scale-up to a multi-kW unit for distributed power cells would
follow the same lines, adding yet more electrodes. A key added technology would involve
incorporation of a heat-electrical conversion system. Assuming higher temperature operation is
achieved, the present electrode design lends itself nicely to use of an integrated electrode and
energy converter. A possible integrated cell arrangement is illustrated in Fig 4.

Electrolyte

Thermoelectric
Element

Typical electrode

FIGURE 4. Sketch of Integrated LENR Electrode and Solid-State Energy Converter.

Here a solid-state heat-electrical converter such as thermoelectric material or a "quantum well"
layer is directly sputtered on the electrode on the side not bonded to the LENR thin-films.
Channels between these plates alternate with coolant and electrolyte, electricity being extract
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directly from the thermoelectric or quantum well layers. Such an arrangement would provide the
desired compactness while offering a simple arrangement for handling electrode maintenance

Since the thin-film electrodes could be mass-produced using semi-conductor-manufacturing
techniques, a cost effective power cell can be envisioned. While this design concept appears
attractive, increasing the power level is only part of the developmental challenge. A number of
added technological issues must also be resolved, e.g. materials suitable for high temperature
operation, electrode designs to provide long extended electrode lifetimes, incorporation of a
power-level control system, etc. Still, the present results represent a first step in this direction.

CONCLUSIONS

The research described here demonstrates the potential for excess heat production via anomalous
reactions termed LENRs in solids. While these results are quite unexpected, as seen from the
citations, related phenomena have also been observed worldwide. In contrast to these other
experiments, however, the present approach with multi-layer thin-films offers several very
important practical advantages: fast loading with minimal micro-cracking, a very high excess
power density in the electrode metal, and negligible high-energy radiation emission. Also the
thin-film design, combined with an integral solid-state thermoelectric energy converter,
potentially offers a compact, high-power density electrical unit.
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