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ABSTRACT

This article describes evidence for low-energy nuclear reactions (LENRS) in Submitted: July 20, 2025
condensed matter reported by 15 independent laboratories in six countries.
We summarize three types of experimental observations in LENRs
that indicate nuclear reactions: anomalous isotopic abundances, nuclear
transmutations from one element to another, and tritium production.
LENRs are produced under special conditions on the surfaces of metallic
hydrides or deuterides. Methods used include electrolysis, electrolytic
co-deposition, gas-absorption and gas-desorption. The evidence suggests a
new area of science that encompasses condensed-matter physics, nuclear
physics, surface physics, metallurgy, materials science, nanotechnology,
and chemistry. This research was incorrectly labeled by the news media
in 1989 as “cold fusion.” Subsequent experimental results and theoretical
work do not support the fusion hypothesis. Further, these newer insights
help to explain a series of experimental anomalies reported a century
ago. The Widom-Larsen theory, introduced in 2006, based on standard
physics, provides the first reasonable explanation for LENRs. Rather than
fusion, this theory explains the phenomena based on coherent, many-body,
collective effects and neutron-catalyzed electroweak interactions. It
explains how macroscopically low levels of external input energy can lead to
microscopically high levels of localized energy. As such, the theory suggests
that, in some condensed-matter conditions, LENRs may produce effects
analogous to stellar neutronization—the production of neutrons from free
electrons and protons—a phenomenon usually associated with the cores of
dying stars. Neutron-capture and decay mechanisms then lead to nuclear
transmutations and isotopic anomalies resulting in condensed-matter
nucleosynthesis. LENRs have the potential to produce useful energy,
synthesize elements and stable isotopes, and mitigate harmful radioisotopes
from nuclear fission.
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1. Introduction

1.1. Claims of “Cold Fusion”

Many readers will recall that, in 1989, electrochemists Martin Fleischmann (1927-2012) and Stanley
Pons reported claims of excess heat in a tabletop, room-temperature electrolytic cell. They proposed
that, under certain conditions, a heavy-hydrogen and palladium-platinum electrolytic system could
provide a shortcut to deuterium-deuterium (D-D) nuclear fusion. However, the observed reaction
products in these experiments have never been consistent with the product pairs, energies, and
branching ratios expected from D-D nuclear fusion. This was first confirmed in early 1989, when
physicist Michael Salamon set up neutron detectors in the Pons laboratory at the University of Utah
and detected no neutrons associated with fusion [1].

A historical review [2] details the extenuating circumstances that led Fleischmann and Pons to
overlook the inconsistency and hastily assert their claim of “n-fusion.” Fleischmann and Pons never
used the specific phrase “cold fusion” to identify their own research. The news media incorrectly
associated their work with earlier research known as muon-catalyzed fusion, reported in 1956 as “cold
fusion” [3].
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Despite some inaccurate accounts of this history, Fleischmann and Pons did conduct control experi-
ments using platinum cathodes and recorded no excess heat. This null result contrasted with the excess
heat they saw when they used palladium cathodes. However, they did not replace deuterium (heavy
water) with normal hydrogen (light water) as a control experiment until after publicly announcing their
claim of D-D fusion, an oversight that had significant negative consequences. When they eventually
ran experiments with light water, sometime before April 12, 1989, to their great surprise they observed
excess heat. Pons acknowledged this outcome that day at the American Chemical Society meeting
in Dallas, Texas. Historical accounts note that Fleischmann was less forthcoming regarding the
light-water excess-heat results than Pons.

In the following years, there were several reports of successful experiments using light hydrogen
[41-[7]. Within the field, these results were generally dismissed or ignored by other researchers because
they invalidated their D-D “cold fusion’ hypothesis. Two decades later, perspectives began to shift and
the use of light-hydrogen in LENR experiments is now accepted as the norm.

In the last decade, few significant attempts to analyze for helium or tritium have been performed.
However, one finding of helium-3 in a light-hydrogen system was reported in 2025 [8]. Those authors
described the production of helium-3 as “attributable to nuclear fusion of hydrogen atoms.” We do not
consider their interpretation of light-hydrogen fusion at room-temperature credible. For nonscientific
reasons, some people associated with the field continue to identify the research as “cold fusion.”

1.2. LENRs

Subsequent experimental evidence from other researchers, including the results of experiments with
light hydrogen, was also inconsistent with the products expected from D-D fusion. On June 19, 1995,
electrochemists John O’Mara Bockris (1923-2013) and Guang H. Lin convened a scientific meeting
focused on transmutation products that defied explanation by “cold fusion” theories. The conference
proceedings, titled “Low-Energy Nuclear Reactions Conference,” marked the first known formal use
of the LENR term. After sporadic use in the mid-to-late 1990s, the U.S. Department of Energy’s 2004
review of the field identified the research as “low-energy nuclear reactions.” Today, LENR and LENRs
are the prevailing terms, but some researchers and critics still use the outdated label “cold fusion.”

We use the terms “low-energy nuclear reactions (LENRS)” and condensed-matter nucleosynthesis
to describe these phenomena. We use the term “cold fusion” only in the historical sense.

1.3. Beam (Warm) Fusion

Readers should note that experiments using energetic particle beams are sometimes mistakenly
identified as LENR research. They are not the same. LENRS typically apply incident energy in the
eV range, but beam experiments typically apply keV-level incident energy. Furthermore, LENRs do
not yield the expected products of D-D fusion; beam experiments do. Additionally, to the authors’
knowledge, no beam experiment has ever produced excess energy, whereas the LENR literature is
abundant with excess energy reports.

2. Methods

2.1. Experiments Where Tritium Was Reported

In the first week of April 1989, several independent research groups at the Bhabha Atomic Research
Centre (BARC) in Trombay, India, began experiments intended to confirm the University of Utah
results. They performed electrolytic experiments using Pd-Ag alloy tubes as cathodes, Ni for the
anodes, in heavy-water electrolytic solutions. They used the liquid scintillation method to analyze for
tritium production [9].

In April 1989, three independent groups at Texas A&M University—Iled by John O’Mara Bockris,
Anthony John Appleby, and Kevin L. Wolf (1942-1997)—began electrolytic experiments using Pd
cathodes and Ni anodes in heavy-water electrolytic solutions [10]. To analyze for tritium, they used
in situ liquid scintillation counting. For the experiment that produced the highest tritium levels, they
sent samples to four independent laboratories—Battelle, Argonne, Los Alamos, and General Motors
— and received confirmations from each [11].

2.2. Experiments Where Transmutations and Isotopic Anomalies Were Reported

In the spring or summer of 1989, researchers J.C. Farmer and R.A. Van Konynenburg, at the
Lawrence Livermore National Laboratory (LLNL) performed electrolytic experiments using what they
called “matched-cells.” In other words, they ran several nearly identical experiments in parallel: one
set with heavy-water electrolyte, the other set with light-water electrolyte. They used Pd cathodes and
Pt anodes [12]. In their analysis, they used a variety of spectroscopic methods to search for elemental
and isotopic anomalies.
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In 1989, Appleby, the director of the Center for Electrochemical Systems and Hydrogen Research
at Texas A&M University led a group that performed electrolysis experiments. The group used Pd
cathodes in heavy-water for their test experiments and Pt cathodes for their control experiments. They
also used Pd cathodes in light-water for control experiments [13]. After one of the experiments, they
sent a used cathode to LLNL for spectroscopic analysis.

In 1993, John Dash (1933-2016) at Portland State University reported electrolysis results that he and
his students performed with titanium and palladium cathodes in heavy water. They used secondary
ion mass spectroscopy (SIMS) to analyze for isotopic anomalies. They also used Energy-Dispersive
X-Ray (EDX) spectroscopy to detect elemental anomalies after the experiments [14].

In 1993, a team of three Russian scientists reported elemental and isotopic anomalies. Irina
Borisovna Savvatimova, Alexander B. Karabut (1945-2015), and Yan Kucherov (1951-2011) worked at
the Federal State Unitarian Enterprise Scientific Research Institute, known as “LUCH.” Rather than
using electrolysis, they performed their experiments with a “glow discharge” tube, which uses the same
concept as a fluorescent lamp. A glass tube with electrodes at each end, filled with deuterium gas, was
subjected to an electric current, which caused the gas to form a plasma and glow. The researchers used
palladium cathodes. Their November 1992 paper in Physics Letters A provides a detailed explanation
of the experimental configuration [15].

In 1996, Tadahiko Mizuno and colleagues working at the University of Hokkaido, Japan, published
results of electrolysis experiments with a Pd cathode and Pt anode in heavy-water electrolyte. Unlike
earlier electrolysis experiments, the Mizuno group used a closed, stainless-steel cell. A 1 cm-thick
Teflon sleeve was built to fit inside the steel chamber. They used what may be the largest cathode—
by volume and by mass—ever used in LENR research: a Pd rod 10 mm in diameter and 100 mm in
length. Electrolytically evolved deuterium and oxygen gases were recombined with a catalyst back into
heavy water. The inside diameter of the cell was 7 cm and the height was 20 cm, with a volume of
770 cm®. The closed cell allowed it to operate at 105°C. The group performed spectroscopic analyses on
samples before and after electrolysis using Energy Dispersive X-Ray analysis (EDX), Auger Electron
Spectroscopy (AES), Electron Probe Microanalyzer Analysis (EPMA), and Secondary lon Mass
Spectrometry (SIMS) [16].

In 1996, George Miley, at the University of lllinois, performed electrolysis experiments with
nickel cathode material in a light-water electrolyte [17]. At the time, the general assumption among
LENR researchers followed the expectation created by Fleischmann and Pons; that experiments
with palladium cathodes and heavy water would produce fusion products. Miley was one of several
outliers who was experimenting with the Ni and light-hydrogen system. Miley also used a unique
apparatus developed by James Patterson. Instead of a single piece of cathode material, they used
1mm microspheres on which they deposited a thin film of Ni. These microspheres were packed into a
cylindrical chamber and it was filled with electrolyte through which they passed a current.

In 1998, Leonid I. Urutskoev and his colleagues at the Kurchatov Institute in Russia had been
studying the phenomenon in which rapid, high-voltage electrical pulses sent through thin wires could
produce explosions sufficient to fracture concrete [18]. Such experiments have been well-known for
many decades and three extensive bibliographies have been written by or for the U.S. government
[19]-[21]. The essence of such experiments is to pass a high current into and through a conductor in a
very short period of time. Rather than simply melting the conductor, this can cause the conductor to
violently explode.

From about 1996 to 2002, nuclear chemist Thomas Passell (1929-2024), a project manager at the
Electric Power Research Institute (EPRI), and in some cases with his colleague Albert Machiels,
managed several projects to study isotopic anomalies in LENR experiments. In one of these studies,
Machiels and Passell commissioned researchers at the University of Texas to analyze a used cathode
with neutron activation analysis (NAA). The cathode had been used in an electrolysis experiment per-
formed by Stanley Pons, Thierry Roulette, and Jeanne Roulette at their Toyota-sponsored laboratory in
France [22]. The Pons group used Pd or Pd-alloys for cathodes, Pt anodes, and heavy-water electrolyte.

In 1996, Yoshiaki Arata (1924-2018) and Yue-Chang Zhang, at Osaka University, Japan, performed
an electrolysis experiment and reported the observation of helium-4 and excess-heat production [23].
Arata had developed what he called a double-structure cathode. The cathode contained a hollow core
into which finely divided palladium, also called palladium black, was inserted before the experiment
began. After insertion, the core was welded closed. The palladium black material was protected from
the electrolyte inside the gas-pressure-tight core of the cathode. Outside the core, as deuterium gas
separated from oxygen in the heavy-water electrolysis, deuterium permeated the cathode wall and
entered the hollow, interior chamber. Passell commissioned University of Texas researchers to perform
NAA analysis on the palladium black from three experiments as well as a fourth sample of unused
palladium black from the same batch.
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In 1994, a group of researchers led by electrochemist Michael McKubre reported the results of an
electrolysis experiment performed at SRI International in Menlo Park, CA that had produced excess
heat [24]. This work was sponsored by EPRI. The SRI International researchers employed a closed
stainless-steel cell, a Pd cathode, and two concentric-cylinder palladium sheet anodes in heavy-water
electrolyte. In 1996, Passell arranged for the isotopic analysis of the cathode by researchers at the
University of Missouri, Columbia. They used their research reactor to perform prompt gamma-ray
activation analysis (PGAA) to determine the elemental composition.

In 1998, Passell also arranged for isotopic analysis of cathodes used in heat-producing electrolysis
experiments performed by Mizuno and other cathodes from Daniele Gozzi at the University of Rome.
Mizuno and Gozzi used Pd cathodes in heavy-water electrolysis experiments. Passell again arranged
for PGAA isotopic analyses at the University of Missouri, Columbia.

In 1998, Xing Zhong Li, in the Department of Physics at Tsinghua University in Beijing, China,
reported experiments in which deuterium or hydrogen gas was loaded into palladium wire. They
observed excess heat in the palladium deuteride [25]. Their colleagues at Tsinghua University
performed NAA analysis to look for isotopic anomalies [26].

In the 1990s, when Yasuhiro Iwamura and his colleagues were working at Mitsubishi Heavy
Industries, they performed LENR experiments and analyzed for nuclear transmutation products. Over
time, the lwamura group improved their experimental methods and designs. They eventually arrived at
a system that offered superb isolation from potential contaminants and also offered excellent options
for characterization of samples. Their system was composed of a multi-layer thin-film application
of CaO and Pd layers on a substrate. The substrate was placed inside an evacuated chamber and
subjected to deuterium gas permeation. During the experiments, they used X-ray photoelectron
spectroscopy to measure changes of elemental abundances in situ. After the experiments, they used
various spectroscopic instruments to analyze for elemental changes and isotope shifts [27].

3. Results

3.1. Selection Criteria

Heat production in LENR experiments—often exceeding what is attainable through known chemical
pathways—is frequently cited as a signature of nuclear reactions. However, heat is not direct nuclear
evidence. As such, the focus of this review paper is on anomalous isotopic abundances, nuclear
transmutations, and tritium production.

The production of tritium, given its relatively short 12.32-year half-life and lack of alternative
sources, in quantities well above ambient background levels, provides direct evidence of nuclear
reactions. In addition, measured isotopic shifts and carefully controlled experiments that detect
elements that were not present before the experiments (transmutations) also provide direct evidence of
nuclear reactions. For reasons that are not entirely clear at present, LENR reactions tend to terminate
with stable nuclides. This facilitates independent, redundant, and third-party verification, unlike the
fleeting nature of excess heat.

In nature, isotopic abundances of stable elements are remarkably constant—typically varying by only
a few tenths of a percent [28]. Therefore, deviations exceeding a few percent in experimental samples
strongly indicate that nuclear reactions are altering the isotopic abundances.

In some LENR experiments, elements previously below detection limits in the materials before
the experiments were observed afterward. Other experiments revealed an increase in abundance of
elements initially present in the reactants only at trace levels. Many electrolytic LENR experiments
that reported transmuted elements in the early 1990s were easily criticized for their vulnerability
from contamination in the electrolyte. This was a reasonable concern for “wet” experiments. Later
“dry” experiments performed with other experimental methods increased confidence in the apparent
elemental transmutations. The most careful of such transmutation results, performed at Mitsubishi
Heavy Industries with deuterium gas in an evacuated chamber (cited below), has shown the increase
in the abundances of specific elements and simultaneous decrease in the starting elements. To the
authors’ knowledge, no peer-reviewed critique has ever identified any contamination scenario in these
experiments at Mitsubishi. Moreover, any putative contamination scenario, whether in the context
of wet or dry experiments, cannot explain the reports of decreasing abundances of elements in these
experiments.

Ideally, this paper would provide more recent citations of direct nuclear evidence in LENR exper-
iments. However, properly performed isotopic and elemental analyses require significant funding. In
earlier decades, more financial and institutional support for this research was available than in recent
years. Therefore, the best work in these topics is from the 1990s. To our knowledge, this is the first time
these groups of experimental results have been reviewed jointly in the peer-reviewed literature. Also,
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in earlier years, researchers had a stronger interest in exploring the basic science. More recently, the
primary interest of LENR researchers has been the development of a practical energy source.

3.2. Tritium
3.2.1. Bhabha Atomic Research Centre (1989)

InJuly 1989, P.K. lyengar (1931-2011), the director of the Bhabha Atomic Research Centre (BARC),
presented tritium results at the 5th International Conference on Emerging Nuclear Energy Systems
(ICENES) as shown in Table | [9]. Four independent groups at BARC had measured tritium in six
electrolytic experiments. They also published a compendium of their results in December 1989 in the
“BARC 1500 Report” [29].

3.2.2. Texas A&M University (1989)

Table 11 displays the tritium results measured at Texas A&M University. These results were presented
at an Oct. 16-18, 1989, workshop sponsored by the National Science Foundation and the Electric
Power Research Institute (NSF/EPRI) in Washington D.C. and published in its proceedings [10].

3.3. Nuclear Transmutations and Isotopic Shifts
3.3.1. Lawrence Livermore National Laboratory (1989)

In the first years of this research, few researchers looked for nuclear transmutations and isotopic
shifts because these were not the expected products of the assumed deuterium-deuterium fusion. On or
about Aug. 15, 1989, Farmer and Van Konynenburg at the Lawrence Livermore National Laboratory
(LLNL) sent an internal report to the panel tasked by the Department of Energy (DOE) to objectively
evaluate “cold fusion” research. Farmer et al. reported results from their “matched-cell” electrolytic
experiments at LLNL [30].

The authors analyzed the composition of the cathode material before the experiment by Energy-
Dispersive X-Ray (EDX) spectroscopy and found only Pd in the starting material. After the
experiment, they analyzed the cathode with Auger Electron Spectroscopy (AES), Secondary lon Mass
Spectrometry (SIMS), and X-ray Photoelectron Spectroscopy (XPS). With AES, they detected Si, S,
Cl, C, Ca, Pd, O, Fe, and possibly Cu and Mg. With SIMS, they detected H, Li, C, Na, Al, K, Ca,
Fe, Pd, and possibly Ti, Cr, and Cu. With XPS, they detected Fe, O, Ca, Pd, C, Si, and a trace of Al.
Because the researchers did not detect the expected products of fusion—helium, tritium, or neutrons—
they concluded and wrote to the DOE that their experiment demonstrated “no evidence for fusion.”
The LLNL researchers made no further comment in their report about the wide array of detected
elements and, indeed, they may have had no context from which to do so.

TABLE I: BARC Tritium Results as of July 1989 [9]

Group # Activity (Bg/ml) before Activity (Bg/ml) after
1 2.6 55,600
1 10.0 4,400
2 2.0 7,000
2 2.0 1,800
3 31.3 16,600
4 18.1 8,800

TABLE II: Partial List of Texas A&M Tritium Results [10]

Tritium activity (decays/min/ml) before Tritium activity (decays/min/ml) after
65 4.9x 10°
65 3.7 x 108
65 5x 10°
65 1.2 x 10°
65 5x 10°
65 1.5x 108
65 2.5 10°
65 1.9x 10°
65 2.4 % 10°
65 4% 10°
65 1.3x 108
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Fig. 1. Changes to lithium isotope percentages in 1989 LLNL LENR experiment [12].

s

H Zil _pdlol H
Fig. 2. Dash et al., SIMS profile of palladium isotopes for a sample that was not electrolyzed (left) and a sample that
was electrolyzed (right) [14].

On Sept. 14, 1989, LLNL researchers sent another report to the DOE-appointed panel [12]. In
Appendix F of that report, in the section “Surface Analysis of Palladium Wire,” the LLNL authors
discussed the “matched-cell” results in greater detail. The discussion also mentioned an abnormal Li-
6/Li-7 ratio in the post-experiment cathode: “SIMS showed the lithium to be greatly enriched in the
amu 6 isotope; normal isotopic abundances are 7.52% (amu 6) and 92.5% (amu 7); the SIMS data
showed the amu 6 peak to be 2-10 times that of the amu 7 peak” (Fig. 1). In nature, the Li-7 abundance
is about 13 times that of Li-6.

3.3.2. Appleby Group: Texas A&M University (1989)

In the same report, the LLNL researchers described their spectrometric analysis of a cathode
used in a LENR electrolysis experiment led by Anthony John Appleby, the director of the Center
for Electrochemical Systems and Hydrogen Research at Texas A&M University. The Appleby group
reported seeing excess heat and sent the cathode to LLNL for analysis.

The LLNL report contains a SIMS survey of the Appleby group experiment. It shows a wide spec-
trum of detected elements. Furthermore, the lithium peaks, although limited by the poor resolution,
show a distinct anomaly. The Li-6 peak is higher than the Li-7 peak, which indicates an enhancement
of the natural Li-6 isotopic abundance by at least 13 times.

3.3.3. Dash Group: Portland State University (1993)

In afinal report of LENR experiments [14] sponsored by the U.S. Army Research Office, John Dash
reported that, with a 10 mg titanium cathode, the cell produced 83 megajoules of excess thermal energy.
In a palladium sample that had not been electrolyzed, the six stable isotopes appeared in their expected
relative ratios. After six minutes of electrolysis in heavy water, a palladium cathode made from the
same batch showed anomalies with Pd-108, Pd-106, Pd-110, and Pd-104 (Fig. 2). Pd-108 and Pd-106
are inverted, as well as Pd-110 and Pd-104. Dash also reported a 4% to 13% reduction of Ti-50 with
respect to each of the other stable isotopes after electrolysis.

In that same work for the Army, Dash reported the production of unexpected elements sulfur (atomic
number 16), potassium (19), calcium (20), vanadium (23), chromium (24), iron (26), and nickel (28).
All are within six atomic numbers of titanium (22).

The impurities listed by the supplier of the titanium used to make the cathode, according to Dash’s
U.S. patent application US 2005/0276366, included 0.910 ppm vanadium and 1.150 ppm chromium.
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Dash wrote that the “EDX spectra of the cathode following electrolysis showed concentrations of these
metals that were more than four orders of magnitude higher.”

Mathieu Valat, a graduate student working under Dash, reported in his master’s thesis a significant
decrease in Pd-106 and a significant increase in Pd-110. When Dash and Valat were analyzing post-
electrolysis cathodes for anomalies, they often noticed unusual topographical features on the surface
of the cathodes following electrolysis. They described these as craters or cones [31].

Wu-Shou Zhang, a visiting scholar working in Dash’s lab, also reported the observation of crater-like
deformities in the post-electrolysis cathodes in his experiments [32]. Zhang saw localized concen-
trations of unexpected elements in these topological deformities. Zhang observed that anomalous
elements were concentrated toward the center of such craters (Fig. 3, Table I11). This implies that
transmutations and surface defects were caused by the same energetic activity.

3.3.4. Savvatimova Group: LUCH (1994)

In 1994, Savvatimova, Kucherov, and Karabut reported the first credible evidence for LENR
transmutations: a wide range of anomalous isotopic shifts and the presence of elements that were not
detected before the experiment. They also observed significant isotopic changes to lithium-6 and -7,
boron-11, vanadium-51, chromium-53, iron-54, -56 and -57, nickel-60 and -61, copper-63, strontium-
87 and -88, and zirconium-90 and -91. For some isotopic ratios, they saw an increase of up to 20 times.
They also measured an increase in helium-4 in the cathodes by up to 100 times the starting value [33].

The researchers did not use the word “transmutation.” Instead, they cautiously identified their
observations as “impurities.” They observed significant increases in the concentrations of lithium,
boron, aluminum, titanium, rubidium, zirconium, molybdenum, niobium, silver, and indium. For some
elements, they saw an increase in concentration of up to 10,000 times. The glow-discharge system—
performed in a “dry” experimental apparatus—provided a cleaner experimental environment than
that available in electrolytic experiments. Therefore, the possibility of unrecognized contamination was
significantly reduced.

3.3.5. Mizuno Group: University of Hokkaido (1996)

In 1996, Mizuno et al. reported evidence of isotopic anomalies from closed-cell electrolysis exper-
iments [16]. The paper contained two sections. The first was a graph of elemental abundances in a
palladium cathode. The second was an analysis of isotopic shifts.

The Mizuno group reported the results of a set of five experiments performed in a closed stainless-
steel cell. They obtained essentially the same results each time: synthesizing elements across the periodic
table as well as noting an equally diverse set of isotopic shifts.

The greatest source of concern in such an experiment is the possibility of contamination. Neverthe-
less, the aggregate mass of newly produced elements they detected was 10 to 100 times more than what
could have pre-existed in the cathode. Whereas natural copper is 70% Cu-63 and 30% Cu-65, after the
experiment the researchers found copper in the cathode that was 100 percent Cu-63 and no detectable

Fig. 3. Zhang et al., SEM picture of crater after electrolysis [32].

TABLE I1l: Relative Atomic Percent Concentrations of Silver in Areas and Spots Shown in Fig. 3 [32]

Spot” Areal Area 21 Spot 1 Spot 2 Spot 3 Spot 4 Spot 5
%Ag/(Pd+ Ag) 1.2+ 05 56+ 0.4 6.8+ 0.4 56+ 0.3 6.3+ 0.4 3.6+ 0.6 1.2+ 05

Note: Area 1: Entire area of image
Note: TArea 2: Area in the white box
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levels of Cu-65. According to the authors, natural isotopic distribution of Cu varies by less than 0.001
percent.

The Mizuno group also found evidence of xenon. They thought that it was highly unlikely to be
a contaminant because metals do not absorb noble gases and because the cathode was degassed in
a vacuum before the experiment. In Fig. 4, the dotted black line in the semilog graph represents the
elements detected before electrolysis. The only distinct peak on that line before electrolysis is palladium.
The solid red line represents the detected elements after electrolysis and includes newly synthesized
tin, titanium, chromium, iron, copper, and lead. In an English-language version of that paper, the
Mizuno group also included a semilog graph that showed quantitative measurements of a wide variety
of elements synthesized in the cell. Mizuno published a more detailed version of that graph in 2008
[34]. In 2025, Mizuno provided us with an editable version of that 1996 graph, and our newer software
permitted a more-detailed illustration of the same data (Fig. 5).

The group reported that, relative to abundance of palladium, several of the elements—boron, silicon,
chromium, iron, and gold—had increased three-to-four orders of magnitude from the pre-existing trace
(10-50 ppm) levels. Of note, silver, which was at 44 ppm before the experiment, was undetectable after
the experiment by EDX or AES, and it was only marginally detectable by SIMS [35].

In Fig. 5, the before and after values for Pd occupy the same location. They have been separated in
this graph for better visibility. A similar separation was also made for all the baseline values. Because
the quantitative difference between Pd before and after electrolysis is not known, the shifts in the other
elements are relative rather than absolute measurements. For example, before the experiment, O was
detected at trace abundance relative to Pd. After the experiment, O was detected at equal abundance
relative to Pd.
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Fig. 6. Natural isotopic abundances vs. abundances after electrolysis (lower mass number range) [35].

Fig. 7. Pd isotopic profiles of surface by SIMS of excess-heat producing Pd rod in LiOD from 1991 [36].

Fig. 8. Cr isotopic profiles of surface by SIMS of excess-heat producing Pd rod in LiOD from 1991 [36].

Although the Russian researchers at LUCH had preceded the Mizuno group with evidence of
isotopic shifts, Mizuno and his colleagues were the first researchers to show such results graphically
and over a broad range of the periodic table. Fig. 6 shows changes in the lower-mass range. The Mizuno
paper also provides similar graphs for the middle-mass and higher-mass ranges.

After measuring and recording an array of isotopic shifts, the Mizuno group noticed that the
abundances of newly formed elements followed a distinct distribution pattern. They noted that “the
mass numbers of the evolved elements were distributed roughly into three groups: 20 to 28, 46 to 54,
and 72 to 82.”

In 2009, Mizuno presented more diagrams from that set of experiments: shifts in Pd isotopes on a
Pd cathode, as well as shifts of Cr on that same cathode (Figs. 7 and 8) [36].

3.3.6. Miley Group: University of Illinois (1996)

In 1996, the Miley group analyzed microspheres from their experiments using a combination
of Neutron Activation Analysis (NAA), SIMS, EDX and AES [17]. The Miley group plotted the
abundances of elements it detected after the experiments (Fig. 9). The plot revealed a distinct four-
peak pattern. Like Mizuno, the Miley group reported significant isotopic shifts across the periodic
table (Fig. 10).

Miley also noticed that his spectrum of abundances in light water showed similar peaks to the
abundances produced in heavy-water experiments by the Mizuno group [37]. In 1997, Lewis G. Larsen
(1946-2019) recognized a similarity of these abundances to ones he had seen years earlier in a graduate
course in theoretical astrophysics taught by Subrahmanyan Chandrasekhar. Larsen hypothesized that
somehow LENRs were caused by nucleosynthesis taking place on Earth. The Widom-Larsen theory
predicts (without fitting) this unique multi-peak distribution (Fig. 11) [38].
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Fig. 9. Transmutation product yields from six Ni-H LENR experimental runs [17].

Fig. 10. Isotopic shifts from six Ni-H LENR experimental runs [17].

Fig. 11. Distribution of LENR transmutation products, without fitting, based on the
Widom-Larsen optical potential model [38].

Larsen wrote that LENR nucleosynthesis “is similar to both the s- and r-process that astrophysicists
believe are responsible for creating elements heavier than iron (Fe, A = 56). Unlike the s-/r-processes,
however, experiments show that LENRs can also operate from A = 1 - 56 [39]-[40].

3.3.7. Urutskoev Group: Kurchatov Institute (1998)

In 1998, the Urutskoev group performed exploding-wire experiments reporting that “new chemical
elements [were] detected both by spectroscopic measurements during the electric discharge and by
a mass-spectrometer analysis of sediments after the discharge.” After one such exploding conductor
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TABLE IV: Passell et al Results of Neutron Activation Analysis on Arata-Zhang LENR
Material [42]

Item Change
Zinc-64 7-15 times the zinc-64 by weight
Iridium 8 times the iridium content by weight from sample A
Iridium 0.4 times (decrease) the iridium content by weight from sample B
Iridium 6 times the iridium content by weight from sample C
Gold 5.5 times the gold content by weight from sample A
Gold 0.1 times the gold content by weight from sample B
Gold 0.7 times the gold content by weight from sample C
Pd-110/Pd-102 24% increase in Pd-110/Pd-102 ratio over unused palladium from sample A
Pd-110/Pd-102 6% increase in Pd-110/Pd-102 ratio over unused palladium from sample B
Pd-110/Pd-102 21% increase in Pd-110/Pd-102 ratio over unused palladium from sample C

experiment with a titanium wire, they performed a mass spectrometric analysis of the titanium powder
and noticed unusual changes in the isotopic composition of the titanium [18].

The Ti-48 isotope had dropped significantly—by 5%—compared to a measurement error of +/S
0.4%. None of the other titanium isotopes increased significantly. Instead, simultaneously with the
disappearance of the Ti-48, they measured a sharp (10-fold) increase in other elements detected in the
samples. The net percentage increase of the new elements corresponded to the fraction of lost Ti-48.
According to the authors, the results were independently verified by another Russian research group,
at the Dubna Joint Institute for Nuclear Research [41].

3.3.8. Passell Group Analysis of Pons Group Cathode (1999)

In 1999, Passell and Machiels reported the results of a spectroscopic analysis of a cathode used in an
electrolysis experiment by the Pons group [42]. Pons had reported that the experiment had produced
high levels of excess heat [43]. The unused counterpart of the cathode material was also analyzed.

The University of Texas group which performed the neutron activation analysis (NAA) on the
Pons’ group materials measured a 7% depletion of Pd-110 atoms. They also observed a variety of
transmutations on the Pons cathode. Compared with the unused material, they measured increases in
six elements, including 56 times the amount of iron and 11 times the amount of zinc. The amount of
heat produced in the experiment, according to Passell’s calculation of nuclear binding energy released
by the isotope change, was in agreement with the excess heat Pons measured. However, without the
theoretical framework later provided by the Widom-Larsen theory, Passell based his speculative energy
release values on the unlikely assumption that strong-force reactions produced the observed changes.

3.3.9. Passell Group Analysis of Arata and Zhang Samples (2000)

In 2000, Passell commissioned researchers at the University of Texas, Austin, to perform NAA on
palladium black samples from three experiments and one unused sample provided by Arata and Zhang.
Each sample of the Arata-Zhang material revealed significant isotopic increases in zinc-64 and in
palladium-110 [42]. The samples also revealed significant changes in the amount of gold and iridium.
Table 1V shows the full list of changes measured.

3.3.10. Passell Group Analysis of Additional Samples (1996-2002)

In 1996, Passell reported the results of prompt gamma-ray activation analysis (PGAA) performed
at the University of Missouri, Columbia, on a cathode used in an SRI International electrolysis
experiment. He reported an 18% depletion of boron-10 [44]. Passell explained that the cathode
produced, “over its 356-hour lifetime in the electrochemical cell, about 0.56 megajoules of excess heat.”
He speculated that “some reaction other than D+ D is the likely heat and helium-4-producing nuclear
reaction.” Passell tried to estimate the associated energy releases based on the only reaction mechanism
he could imagine: fusion. Such a mechanism between boron and deuterium would be even more
unlikely than D-D fusion at room-temperature, but Passell did not consider neutron-based reactions.

In 1998, after Passell arranged for PGAA isotopic analyses of cathodes from Mizuno and Gozzi, he
again reported significant reductions of boron-10 [45].

D.W. Mo and colleagues at the Institute of Nuclear and New Energy Technology at Tsinghua
University in Beijing, China, performed NAA to look for isotopic anomalies in Pd samples that had
been subjected to deuterium gas flux [26]. They found an unusually high concentration of zinc in the
post-experiment samples as well as non-natural isotopic ratios. One month later, when measuring the
samples subjected to NAA, they found that the decay pattern of the gamma-peak intensity was
the same as that of activated zinc. In 2002, Passell took some of the same samples from Tsinghua
University and commissioned Charles Evans & Associates to analyze the samples with Time-of-Flight
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Fig. 12. Temporally correlated increase of Mo with reduction of Sr [27].

Fig. 13. Shifts in Mo isotopes after deuterium gas permeation [27].

Fig. 14. Transmutations observed by Iwamura group at Mitsubishi Heavy Industries [47].

Secondary lon Mass Spectrometry (TOF-SIMS). One of those samples gave a Li-7/Li-6 ratio almost
twice the natural value [46].

3.3.11. Iwamura Group: Mitsubishi Heavy Industries (2002)

The design of the Iwamura group’s gas-permeation system at Mitsubishi Heavy Industries allowed
the group to achieve far greater materials control to reduce risk of contamination compared to the
relatively messy electrolytic systems. The lwamura group started each experiment in this series with a
specific element, observed a gradual decrease in the abundance of that element, and at the same time
observed a gradual increase of a newly transmuted element.

Fig. 12 shows an example of the typical increase and decrease of element pairs, changing Sr to Mo.
Fig. 13 shows the isotopic changes of Mo from one of those experiments. Fig. 14 shows a summary
of the transmutations the lwamura group reported while working at Mitsubishi Heavy Industries [47].
Mitsubishi, a manufacturer of nuclear fission plants, was specifically interested in the possibility of
transmuting radioactive strontium and cesium into stable nuclides.
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A year after the Iwamura group published its seminal paper, researchers at Osaka University
reported that they independently confirmed the Iwamura group’s results [48]. In 2013, researchers
at Toyota Central Research and Development Laboratories reported a replication of the cesium-to-
praseodymium transmutation [49]. lwamura’s more recent work has focused on light-hydrogen gas
experiments where he has been reporting excess heat results [50].

4. Discussion

4.1. First Viable Theory

In the history of the field, a dozen scientists had proposed that LENR reactions are caused by
neutron interactions rather than some form of D-D nuclear fusion. Yet none of the neutron-based
theories offered a plausible explanation of how physical neutrons could be formed in LENRS. In
2006, theorists Allan Widom (1941-2023) and Lewis G. Larsen published the first viable theory
capable of doing so. Their theory explains observations made using light-hydrogen fuel as well as with
heavy-hydrogen fuel. Further, in the field of LENRs, the Widom-Larsen theory currently offers the
most comprehensive theoretical framework for explaining observed results including transmutations,
isotopic changes and excess heat. A full exposition of the theory, including its quantitative comparison
to experimentally observed reaction rates can be found in the cited literature [38], [51]-[57].

The Widom-Larsen model does not invoke room-temperature fusion, new physics, or virtual
neutrons. Instead, it explains how physical neutrons can be produced in LENR systems. More
specifically, the theory shows how sufficiently high energies in highly localized, microscopic conditions
in LENRS, coupled with many-body collective effects on the surfaces of metal hydride or deuterides,
can trigger neutronization. The neutrons in their model are produced with ultra-low momentum and
correspondingly long de Broglie wavelengths, thereby leading to nucleosynthesis in the immediate
vicinity of the reaction sites. As such, these neutrons are rarely emitted beyond the apparatus or
detected.

When a free neutron is created in situ and that neutron is captured by a local nucleus, it increases
the atomic mass of that nucleus. If that nucleus is unstable, it will undergo radioactive decay, and its
atomic number will also change depending on the type of decay. A deuteron that captures a neutron
will produce a triton (tritium). A triton will undergo spontaneous beta-minus decay to form helium-3.
Helium-3 that captures a neutron will produce helium-4. As such, the production of helium-3, helium-
4, and tritium, which only superficially could be identified as nuclear fusion products, can be better
understood as LENR transmutations.

According to the Widom-Larsen theory, local neutron-captures by nuclei that are present at the
reaction sites can trigger extensive transmutation cascades, shifting nuclei to higher atomic numbers.
This phenomenon is consistent with many LENR experiments that have detected byproducts with
atomic numbers exceeding those of the original reactants.

4.2. Artificial Distinction

To date, most researchers in the field operate under the assumption that production of helium-3,
helium-4, and tritium are the products of nuclear fusion and that production of heavier-mass elements,
for example, Cr, Fe, Pb, and Cu, are products of transmutations. They assume that one type of LENR
experiment produces the light-element gases and that other types of LENR experiments produce the
heavier-element solid products. This is likely to be an artificial distinction. The reason is simple. Most
LENR researchers who assumed a fusion mechanism were looking for the expected products of D-
D nuclear fusion. They used noble gas spectrometers to search for helium or scintillation counters
to search for tritium. These researchers did not look for or use instruments to detect heavier-element
products. On the other hand, LENR researchers who approached their experiments without the fusion
assumption did not use instruments to analyze for gaseous helium or tritium. Rather, they used a
variety of spectroscopic tools designed for solid-material samples to specifically analyze for qualitative
and quantitative differences in detected elements and isotopes. Thus, the LENR literature is affected by
an underlying bias that production of helium and tritium in LENRS originate from a different process
than the production of heavier elements in LENRS.

4.3. LENRs From 100 Years Ago

Let us now look to the past. LENRSs, as we now identify the science, did not originate in the 1980s
with Fleischmann and Pons. In the early 20th century, when many well-known and groundbreaking
discoveries in physics and chemistry took place, a parallel line of forgotten experiments, often described
as “transmutation of elements” occurred. From at least 1912 to 1927, and likely earlier, several scientists
attempted man-made transmutations using low-energy electrical stimuli rather than high-energy alpha
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emitters. They passed high-voltage electrical discharges through a vacuum or through various gases,
using cathode-ray techniques. A historical review by S. Krivit provides an in-depth account of this
overlooked research [58].

4.3.1. Thomson Experiment (1913)

An unambiguous experimental result from this period comes from British physicist Joseph John
Thomson (1856-1940), who discovered the electron in 1897, earned the Nobel Prize in physics in 1906,
and invented the mass spectrometer.

In a 1913 paper, Thomson reported that he had conducted cathode-ray-tube experiments that, like
studies from earlier scientists, yielded traces of helium-4 and neon [59]. However, rather than attributing
this to transmutation, he concluded that the noble gases were simply embedded (“occluded™) in the
experimental cell materials and were released by the electrical discharge.

Nevertheless, Thomson also detected a third gas that he could not explain or identify. It had an
atomic weight of 3, and he called it “X3.” In retrospect, we can appreciate what Thomson could
not have known. There were three possibilities. It could have been the extremely rare, stable helium-
3 isotope, or tritium, the unstable hydrogen-3 isotope. The third possibility was triatomic hydrogen,
which decays in about 10°8 seconds and can thus be ruled out.

The existence in nature of helium-3 was not even suggested until Australian nuclear physicist Mark
Oliphant (1901-2000) proposed it in 1934. It was then experimentally confirmed in 1939. Tritium was
experimentally discovered in 1934. Thomson did not discuss spectroscopic analysis of the gas, but the
spectrum of helium-3 would have been qualitatively distinct from that of hydrogen-3 (tritium).

4.3.2. Wendt and Irion Experiment (1922)

As readers of the New York Times learned on March 12, 1922, American scientists Gerald L. Wendt
(1891-1973) and Clarence E. Irion (1896-1976) at the University of Chicago reported synthesizing
helium-4 in exploding electrical conductor experiments [60]. Although doubts and speculative criticism
emerged, no one precisely identified an error in any of their 21 successful experiments. Notably, 80
years later, the Urutskoev group at Kurchatov, as mentioned earlier, confirmed evidence of nuclear
reactions from exploding conductor experiments.

4.3.3. Paneth and Peters Experiment (1926)

Last, we offer a fresh look at an old but incomplete story in science history. In 1926, German chemists
Friedrich (Fritz) Paneth (1887-1958) and Kurt Peters (1897-1978) pumped hydrogen gas into glass
tubes filled with finely divided palladium powder. By September that year, they reported that hydrogen
had transmuted into helium [61].

On Feb. 9, 1927, the chemists began retracting portions of their initial claims [62]. They analyzed for
possible errors and wrong assumptions and suggested guesses that might explain most of their positive
results. However, they were unable to suggest any explanations for the remainder of their positive data.
They assumed that a rational explanation for the rest would eventually present itself: “For the rest of
the positive tests, even today, we cannot give an explanation. But since the majority of our experiments
have explained themselves in a “natural” way, we think it probable that it will also happen for our
outstanding (unexplained up to now) experiments.”

Ultimately, no natural explanation emerged for their outstanding anomalous results.

On March 2, 1927, Paneth, without Peters, submitted an English synopsis of a partial retraction to
Nature [63]. This paper, consistent with the German retraction, stressed that helium formation occurred
only when the palladium-filled glass tubes were exposed to hydrogen gas. No helium was detected
in vacuum or oxygen control experiments. Paneth explained: “Thus, glass tubes which gave off no
detectable quantities of helium when they were heated in a vacuum or in oxygen were found to yield
helium in quantities on the order of 10°° cc when they were heated in an atmosphere of hydrogen.”

Interpreted literally, Paneth’s comment implies that helium-4 was produced by the experiment or
that the presence of hydrogen (rather than a vacuum or the presence of oxygen) uniquely enabled
atmospheric helium-4 to be drawn through the glass.

Although Paneth and Peters implied a retraction, the written record shows that they could not refute
all of their own data. Seventy years later, modern experiments by Arata and Zhang (referenced earlier)
confirmed and replicated the Paneth and Peters findings.

4.4. Excess-Heat Correction

In 1989, Fleischmann and Pons reported heat production in their electrolytic cells far exceeding
the levels possible by known chemical reactions [64]. During the American Physical Society annual
meeting on May 1, 1989, Nathan Lewis claimed that the Fleischmann-Pons experiments, according to
his calculations, produced a cooling effect rather than a heating effect. However, Lewis never published
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his calculations. In 2023, Krivit and Miles identified the raw data that Lewis used and subsequently
found that Lewis’ recalculations contained fundamental errors [65]. Krivit and Miles calculated the
heat values using the same raw data and their results precisely matched those originally reported by
Fleischmann and Pons. The incorrect claim by Lewis created the immediate, worldwide, and decades-
long impression that Fleischmann and Pons’ energy measurements were nothing but experimental
error. For example, Lewis’ unrecognized error isembedded in a University of California science tutorial
[66]. That information, in turn, was embedded in a U.S. government briefing [67].

4.5. Roadmap for Research

Some of the references cited in this article are older and may lack the detailed metrics such as error
margins and detection limits that today’s research demands, but they do offer intriguing evidence of
novel nuclear phenomena in these systems. We propose further investigations into these phenomena
using modern techniques, as such efforts could lead to scientific advances. We expect that advances in
this area will emerge from nanotechnology fabrication, thin-film codeposition, high-frequency lasers,
and lithography methods such as photolithography. In addition, metamaterials could play a key role
in contributing to the surface geometries and properties required to create the conditions necessary for
LENRs. The necessary multi-disciplinary talent and technologies needed to develop LENRS may exist
in the microchip industry.

Widom and Larsen provided a more-technical outline of such a roadmap: “Net excess energy,
actually released and observed at the physical device level, is the result of a complex interplay between
the percentage of total surface area having [high] micron-scale E and B field strengths. [...] Successful
fabrication and operation of long-lasting energy-producing devices with high percentages of nuclear-
active surface areas will require nanoscale control over surface composition, [surface] geometry and
local field strength [53].”

4.6. Emissions and End-Products

Experimental results throughout the history of this field have consistently demonstrated the absence
of harmful levels of neutron emissions or gamma radiation. The Widom-Larsen theory explains why
neutrons are rarely detected outside of the immediate vicinity of the reaction site. The theory also
explains why gamma radiation, starting at about 0.75 MeV and going up to roughly 11 MeV, is
converted locally into infrared radiation and not emitted beyond the local reaction site. Their U.S.
patent 7,893,414 [57] provides extensive details about their gamma conversion hypothesis. More than
three decades of experimental LENR research also indicate that the reported transmutations usually
terminate with stable nuclides.

4.7. Socio-Scientific Challenges

Despite the evidence presented here, mainstream acceptance has been slow, public funding has been
scarce, and widespread interest has been limited. The reasons for this are abundant. Chief among these
are that, in 100 years of chemistry and physics, most scientists thought nuclear reactions could occur
only in high-energy physics experiments and in massive nuclear reactors. LENRS show otherwise. The
current era of present LENR research—1989 to now—as well as the atomic transmutation research
from a century ago, have elicited and illustrated myriad and often intense socio-scientific conflicts and
debate. Some of the reasons are natural to any new paradigm that challenges orthodoxy. Some of the
reasons are the troublesome manner in which this research was announced in 1989. Another major
reason is that, after the initial rapid rise and rapid decline of interest in 1989, the normal communication
channels of science—the formal peer-reviewed channel as well as informal science news reporting—
were largely uninterested in the topic. Yet another major reason is the philosophical fixation on a fusion
hypothesis long past and far beyond support of the empirical evidence. Readers wishing a “deep dive”
into these matters are encouraged to read the books Fusion Fiasco [2] and Hacking the Atom.

5. Conclusion

Tritium production, isotopic anomalies, and transmutations provide direct evidence of actual nuclear
reactions in LENR phenomena. The use of a variety of analytical spectrometric techniques reduces
the possibility that these results could be artifacts of a specific type of instrument. Furthermore, the
commonality of results from diverse experimental systems including electrolysis, glow discharge, gas
permeation, and exploding conductors reduces the possibility that these results could be artifacts of a
specific type of experiment or apparatus. None of these systems has employed any known mechanical
separation or chemical fractionation to enrich isotopic abundances. Many of the authors cited here
have noted significant differences between impurity concentration before and after experiments,
reducing the possibility that the apparent transmutations could be the result of preferential migration
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and concentration of specific atomic species. The seven sets of transmutation experiments conducted
by the lwamura group, specifically where increasing concentrations of newly-transmuted elements are
concurrently observed with decreasing concentrations of starting elements, are extremely difficult to
dismiss as error.

During the 1990s, some LENR researchers conducted in-depth studies to detect isotopic shifts and
heavy-element transmutations in an effort to understand the potential mechanisms behind LENRs.
At that time, many of them incorrectly assumed that heavy hydrogen was essential. Starting in 2008,
more researchers became interested in light-hydrogen LENR experiments [68], [69]. These researchers
were primarily interested in heat production for commercial energy generation. Consequently, these
two research paths bypassed each other. We encourage further investigations into isotopic changes
and heavy-element transmutations in light-hydrogen LENR systems to better evaluate the underlying
nuclear processes and their operational parameters.

Many of the transmutation results discussed in this paper are qualitatively correlated with the release
of system-wide net energy production. A quantitative correlation analysis, however, is beyond the scope
of this article. Last, a forensic examination [58] of scientific articles (and news archives) from a century
ago reveals that at least some of these older results defy ordinary explanation and do fit within the
framework of LENRS.

We conclude that macroscopic externally applied low-energy stimuli can lead to microscopic
conditions in which sufficiently high energies are present to induce nuclear reactions. If better
controlled, LENRs could provide a pathway for decentralized nuclear energy generation without
harmful radiation or toxic waste. LENRs also could be used to synthesize valuable elements and stable
isotopes from abundant elements. Experimental research at Mitsubishi Heavy Industries suggests
that LENRs may also mitigate harmful radioisotopes from nuclear fission [70]. LENR research has
consistently indicated that raw materials such as ordinary hydrogen, along with inexpensive metals
such as nickel, can produce useful net energy, and do so with abundant fuel supplies.
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