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Abstract
The LENR effect was identified 27 years ago by Profs. Fleischmann and Pons as production of extra energy in a normal chemical
structure, in this case PdD. Over a thousand published papers now support the discovery and the energy is shown to result from fusion
of hydrogen isotopes without the need to apply energy and without energetic radiation being produced. By conventional standards,
the claims are impossible. Nevertheless, a new phenomenon has been discovered requiring acceptance and understanding. The
major behaviors and their present understanding are described in this paper and are used to suggest how an effective explanation
might be constructed. Once again, science has been forced to either reject the obvious or accept the impossible. In this case, the
normal skepticism needs to be ignored in order to determine if this promised energy source is real and can provide the ideal energy
so critically needed.
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1. Introduction
Low Energy Nuclear Reaction (LENR) or Cold Fusion was introduced to the world 27 years ago by Fleischmann and
Pons [1], University of Utah, with expectation of great benefit to mankind. Instead, their claim for a new kind of fusion
was quickly rejected [2], an attitude that continues even today. Over the years, several thousand papers addressed the
subject with a large fraction supporting the claim [3]. Mastery of about 1000 papers is now required to understand the
effect. A description of all the known behaviors and all proposed explanations would require much more than a single
review paper. Here, the behaviors the author considers important are examined first and then used to form the major
structure of the proposed explanation.
Limits will be set using this observed behavior in order to evaluate a few proposed explanations including the one
described in this paper. The new kind of nuclear interaction needed to explain LENR is expected to fall within these
limits. In other words, boundaries need to be identified to keep the imagination from running wild. These limits are also
based on the assumption that the LENR effect is consistent with all rules normally applied to conventional chemical and
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nuclear behavior. Nevertheless, a novel mechanism is clearly operating in addition to these well understood behaviors.
In other words, LENR does not conflict with conventional understanding, but instead has revealed a new, overlooked
phenomenon.
Many conditions needing consideration are not quantitative or lend themselves to mathematical analysis. While
frustrating to conventional scientists, these unique behaviors must be made part of a successful explanation. Quantitative behaviors can be used to expand understanding once the basic process is understood.
An effective explanation needs to solve several difficult problems. The Coulomb barrier needs to be overcome
without using more energy than is normally available in a chemical structure at room temperature. Neutron formation,
which has been suggested by several theoreticians [4,5], is prohibited because the required energy of 0.78 MeV and the
required neutrino cannot be expected to be available at the same site at the same time.a Once fusion has occurred, the
mechanism must then dissipate the huge nuclear energy released by the process without producing local destruction
of the chemical structure or energetic radiation. The mechanism must also account for various transmutation reactions
known to occur. Failure to combine these events in a way that is consistent with known chemical and nuclear behavior
dooms most efforts to explain the process. In contrast, a single mechanism is proposed in this paper to cause all
observed behavior while being consistent with known chemical and nuclear behavior.
This paper has two parts, with the first describing the important observations on which an explanation must be
based. The second part uses a few assumptions combined with these chosen behaviors to provide an explanation about
how LENR can be initiated using a proposed mechanism. This mechanism is clearly much different from that causing
the conventional hot fusion process. Ironically, this conflict is used to reject the claims for LENR rather than guiding
a search for the cause of the difference. Consequently, this difference must be clearly understood before the novel
features of LENR can be explored.
Unlike hot fusion, LENR takes place in and requires a chemical structure to operate. The role of this structure
must be understood before physics is applied to understanding subsequent nuclear process. Clearly, a unique and rare
condition must form in the structure in which a nuclear process can function. The nature of this condition is discussed
following the discussion of hot fusion.
1.1. The nature of the hot fusion mechanism
The hot fusion mechanism uses high energy applied to plasma to overcome the Coulomb barrier by brute force. The
resulting energy is dissipated as kinetic energy of the nuclear products, which are 3 He, tritium, proton, and neutron in
equal amounts when deuterium is fused. This large applied energy changes the fusion rate in plasma as shown by the
log-log plot in Fig. 1. The hot fusion rate is essentially zero at room temperature while the cold fusion rate can exceed
1012 events/s under conditions when no more than 1 eV of energy is available.
Hot fusion can also be initiated by bombarding a material by energetic deuterons. In this case, the fusion rate is
slightly greater at low applied energy compared to when the same energy is applied to plasma, as can be seen in Fig.
2. Nevertheless, the fusion rate decreases as applied energy is reduced. In other words, the effective shielding of the
Coulomb barrier does not increase as applied energy is reduced, even when the hot-fusion reaction takes place in a
material.
Apparently the electron charge in a material can slightly lower the Coulomb barrier at the random encounters
between the deuterium in the lattice and the bombarding deuteron when the applied energy is sufficiently low. While
the electrons clearly help lower the barrier to achieve hot fusion, this effect alone would seem too small to explain
aA

neutrino needs to be supplied because neither an electron nor a proton contains a neutrino. Consequently, this particle needs to be supplied at
the time of the reaction so that when the neutron decays later by emitting an electron and neutrino (or antineutrino), the required neutrino would be
available.
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Figure 1. Effect of energy on the fusion rate in plasma for different combinations of hydrogen isotopes as result of the hot fusion process
(Wikipedia).

the LENR process, although it might make a small contribution. In any case, the measured shielding effect applies
only to the hot fusion mechanism. Perhaps more effective shielding during LENR might be expected if the shielding
electrons were contained in a unique nuclear-active environment rather than having a random and low concentration in

Figure 2. Comparison between the fusion rate in plasma (Bare Cross-Section) and when fusion occurs in a solid material as the result of applying
energy to the bombarding D+ ions, as shown by the X-axis. A value of unity occurs when the rate in plasma is equal to the rate using a target
material [6].
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the general structure where hot fusion interaction takes place. Consequently, LENR cannot be viewed as an extension
of hot fusion. Instead, the process requires it own unique condition in the lattice in which a process operates that can
lower the barrier without requiring extra energy.
Once the nuclei of deuterium have fused by hot fusion, the assembly breaks into fragments, which dissipate the
excess mass–energy as kinetic energy. Easily detected energetic neutrons, tritium, protons, and He3 are produced in
equal amounts. This process is understood and is consistent with conventional expectations. A similar result occurs
when muons are used to bring the nuclei close enough to cause fusion. In other words, no matter whether energy is
used to overcome the Coulomb barrier by brute force or the separation is reduced by using the heavy muon [7–10],
the same energy dissipation process results. No other method for energy dissipation as result of a fusion reaction
was known to occur in nature until “cold fusion” was discovered. Clearly, the mechanisms causing hot fusion and
cold fusion are significantly different because LENR does not lead to fragmentation of the nuclear products and the
resulting energetic radiation.
This difference has caused much skepticism about the reality of LENR. After all, experience and teaching deny any
possibility of spontaneous fusion taking place in an ordinary chemical structure without the need to apply significant
energy. This apparent contradiction is resolved by proposing the cold fusion process takes place in a unique structure,
called the nuclear-active-environment (NAE) where a novel mechanism might operate without conflicting with the
laws that apply to the general structure. Questions about how this structure forms, where in the chemical structure this
formation takes place, the nature of the unique conditions at the NAE, and the nuclear mechanism operating therein
are explored later in this paper. But first, the nature of the general chemical structure is examined.
1.2. Role of chemical structure
General concepts will be explored first followed in later sections by detailed evaluation.
Because the LENR process takes place within a chemical structure, it must play by the rules such a structure imposes. This conclusion is critical to understanding the LENR process. These rules include the laws of thermodynamics
and the phase rule. Local energy cannot spontaneously increase without violating the second law of thermodynamics
and the local concentration of ambient energy is limited by how much energy the chemical bonds can tolerate before
melting or decomposition results. Simply stated, energy cannot go up hill and its density cannot exceed the strength of
the container. While these rules can be violated by random events at the quantum level, a process such as cold fusion
that occurs at rates in excess of 1012 times/s must be consistent with the overall average behavior to which the laws
apply.
If a novel mechanism is proposed to concentrate energy in order to cause nuclear fusion, why it is not found
to affect chemical reactions? After all, if such a process were possible, it would be expected to operate in normal
chemicals and cause chemical effects before the local energy had increased enough to cause a nuclear reaction. For
example, the mechanism of energy transfer to electrons proposed by Widom and Larsen [11,12] would be expected
to make many normal chemical compounds unstable. Furthermore, how such a proposed violation of the second law
of thermodynamics can function in PdD needs to be justified. Similar conflicts with the laws of thermodynamics and
normal chemical behavior create a similar weakness in many explanations now being proposed.
Normally, nuclear reactions of any kind are not affected by the chemical environment because the energy states are
too different and local energy density cannot be increased according to the second law of thermodynamics. Apparently,
the Coulomb barrier needs to be overcome by a process that does not require significant energy. This realization directs
attention to the role of electron charge at the site of the fusion process. Nevertheless, the extra electron charge has to
be consistent with limitations imposed by the local chemical conditions at the site.
Once fusion occurs, the structure must convert the excess mass–energy to heat without causing local melting.
After all, local destruction of the active site would stop further heat production and severely limit the amount of energy
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produced by LENR, which is not experienced. Once started, heat production is normally sustained for significant
time. Although local melting is occasionally seen, it is not sufficient to limit the amount of power or its stability over
time. Thus, the generated energy has to be dissipated well away from the fusion event and into the surrounding atomic
structure as low-level heat energy. This requirement limits the form this energy release process takes and the energy of
the emitted radiation.
Several different chemical structures have been found to support LENR, with PdD given the most attention. Consequently, PdD is the focus of further discussion.
1.3. The Nature of PdD
Palladium deuteride has attracted interest for about the last 100 years [13] during which time it has been studied
extensively. Although the beta phase can acquire hydrogen up to about β-PdD0.98±0.02 , nothing about its overall
behavior would suggest an ability to host a fusion reaction. The structure is face-centered-cubic (fcc) and exists in two
slightly different forms having the same crystal structure based on the Pd sublattice. The alpha phase occurs between
pure Pd and about PdD0.05 , and the beta phase forms near PdD0.6 when 1 atm of D2 pressure is applied at 20◦ C. A
two-phase region exists between these two compositions. The beta phase continues to acquire D atoms at random sites
in the fcc sublattice as pressure is increased, finally reaching the upper limit of the fcc phase. Figure 3 shows the
structure when all lattice sites are fully filled by deuterium. Another phase is expected to form and grow in amount
as the overall D/Pd ratio increases beyond the upper limit to the beta phase, similar to the behavior of other metallic
hydrides [14,15]. In other words, any composition in excess of PdD0.98 would be expected to be a two-phase mixture
of the fcc and another phase having a different structure and increased stoichiometry. In the absence of the rare double
occupancy [16,17] of normal lattice sites, the deuterium nuclei are too far apart to fuse. Achieving close approach
without violating the rules of chemistry and without producing the fragmentation typical of hot fusion once fusion
occurs remains a serious challenge.
Identifying where the NAE is located and what form it takes in the material has created a problem for many
proposed explanations. Many explanations assume the fusion process takes place in a modification of the fcc structure
when the D/Pd ratio is large. Formation of such a structure can be identified in the PdD structure because its formation
would cause changes in its various properties. A search for the expected change can be made by examining several
known properties, such as resistivity and lattice parameter as a function of D/Pd. The lattice parameter can be seen to
have a linear [18–21] relationship to composition with no indication of a two-phase region forming within the limits
of the beta phase. Both the pressure and resistivity [22] also show no sign of a change in crystal structure [23] over
the composition range of interest. In every way, all properties are consistent with a normal fcc structure being present
within the composition range in which LENR is found to occur.
On the other hand, Fukai [24]reported formation of a new phase when high pressure is applied at high temperature
to PdH. This structure is proposed to also form under normal conditions during electrodeposition [25]. A similar
structure change is proposed to be caused by deformation induced vacancies [26]. Such structures might also occur
when repeated loading and unloading of PdD causes the structure to expand, producing what Storms [27] calls excess
volume. Nevertheless, this condition does not explain LENR because the presence of excess volume over about 2%
is found to inhibit LENR [28] rather than aid the reaction as would be expected if formation of metal atom vacancies
were required to support LENR. In addition, no evidence for the Fukai phase forming when LENR is detected has been
reported.
When a piece of Pd is found to be nuclear active, most of the entire batch is also found to be nuclear active. In
addition, once the sample is made nuclear active, the LENR process using that piece becomes reproducible and robust.
Obviously, the initial treatment of the entire batch creates stable conditions in which the LENR process can be initiated
and then supported for extended times. Unfortunately, these conditions are seldom produced because their unique
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Figure 3. Crystal structure of the fcc PdD when all deuterium sites (small purple) are filled (Wikipedia).

characteristic is unknown and rarely formed by chance. Even when these required initial conditions are present, an
additional special treatment is required before the nuclear process will start. These observations are important because
they show that a treatment is possible to make large amounts of palladium nuclear active. A suggested combination of
conditions is described later in this paper.
Initially, the LENR reaction was thought to take place anywhere in the PdD structure. Later studies reveal both
helium [29,30] and tritium [31] form only very near the surface and not within the bulk material or on the surface
where nanoparticles might be present. Transmutation products are also detected mainly in the surface region. Based
on the known behavior of helium in PdH [32,33], the nuclear reactions apparently take place within a region perhaps
no more than 10 µm wide, extending from the surface into the bulk. We now need to discover the nature of the unique
condition forming within this narrow band. The condition does not appear to involve a phase change, creation of
vacancies in the hydride structure, creation of nanoparticles on the surface, nor does it require a high concentration of
deuterium. Formation of the NAE would appear to require a unique condition present only within the surface region,
which further limits the proposed nature of the NAE.
2. Important Observed Behavior
2.1. Formation of the NAE
In order for fusion to take place, the reacting nuclei must obviously be in the same place at the same time and with a
critical distance between the nuclei. Normally, the D atoms are located at too great a distance to fuse. For the atoms to
assemble with less distance between them, Gibbs energy must be released while the material achieves a different stable
state. Generally, the atoms in a chemical structure are already close to their equilibrium condition and do not contain
excess energy or have the ability to form another crystal structure unless the conditions are significantly changed.
Simply increasing the D/Pd ratio does not create sufficient energy to change the structure in order to initiate the LENR
process. Furthermore, for the process to be as rare and as difficult to initiate as is observed, the conditions for releasing
this energy must be equally rare and difficult to create. To make the problem even more challenging, once the NAE is
formed, LENR must operate at a significant rate without a further change in conditions. These conditions immediately
place an important limit on any proposed condition in which LENR can take place.
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Most samples of PdD do not host the LENR process regardless of the deuterium content presumably because
the unique NAE is not initially present in the material. This conclusion suggests the NAE is not related to any of the
features normally found in a chemical structure, such as vacancies, dislocations, and occupancy of unusual lattice sites.
After all, if the NAE were related to these common features, the effect would be initiated more easily and more often.
Multiple occupancy of the normal deuterium-atom vacancy must also be rejected based on this conclusion because,
if such occupancy were possible, it would be present in all material under normal conditions and cause LENR with
greater frequency. Nevertheless, a rare condition must form as result of some kind of treatment in order to account for
occasional success. Failure to initiate LENR simply means this treatment was not successful in producing the required
NAE. Once produced, the NAE appears to be stable and relatively constant in amount as indicated by production of
relatively constant power.
Experience reveals another important behavior. When part of a batch of palladium can be made nuclear active, the
remainder of the batch is found to be active. This activation treatment does not simply involve reaction with D but
also requires extended electrolysis and/or repeated deloading and loading with D. This behavior is important because it
reveals that the NAE can be created throughout an entire batch of Pd as result of a common treatment. In other words,
the physical treatment of the palladium metal before reacting with deuterium affects later initiation of LENR.
Once the nuclei are assembled in the NAE, a unique process must reduce the Coulomb barrier, perhaps by a
tunneling mechanism without using energy beyond that which is normally available at room temperature. Immediately,
we are confronted by a problem. Normal chemical structures are known not to support nuclear reactions without
significant energy being applied to bombarding ions. After all, the Coulomb barrier keeps nuclei separated and allows
chemical structures to form in the first place by interaction between the electrons. The energy required to force the
nuclei close enough to fuse is well in excess of the energy holding the atoms in the structure and in excess of the
electron energy. This well-known and accepted behavior suggests a need to form a novel arrangement between the
nuclei in the NAE designed to avoid this limitation.
In summary, two separate processes have to be considered. The first is creation of the NAE. The second is formation
of a structure of H and/or D within the NAE having the ability to fuse. This nuclear process is separate from the
structure of the NAE, but needs to be consistent with it. A description of the fusion process is a job for physics
while identification of the NAE is a job for chemistry. Thus, we are forced to acknowledge an uncomfortable marriage
between two normally independent branches of science, with chemistry being applied first to identify the NAE.
2.2. Nature of the NAE
Two different kinds of NAE have been suggested. Many researchers place the LENR process in the normal crystal
structure where vacancies or dislocations might be present. Other people identify the NAE as being nanoparticles or
other active sites located on the surface of the structure. These structures and flaws are normal variations in a material
that for some reason becomes nuclear active.
In contrast, Storms [34] places the NAE in cracks having a critically small gap, which are separate from and
chemically independent of the crystal structure. Such an environment can have properties much different from a
crystal structure, including a high negative charge. Resolving this fundamental difference in proposed location of the
NAE is critical to understanding the LENR process because the chosen location sets the logic on a particular path. A
choice of the wrong path will result in arriving at the wrong understanding.
In order to contrast these two proposed conditions, the well documented suggestion by Hagelstein et al. [35] is
explored. Hagelstein’s idea is based on formation of a new phase in the normal fcc structure, such as suggested by
Fukai and Okuma [36]. This phase is proposed to form on occasion after the deuterium content has exceeded D/Pd
= 0.95 in a co-deposited material, thereby causing formation of palladium atom vacancies. Deuterium atoms fill the
vacant sites and form a structure in which fusion is proposed to occur. The resulting mass–energy is dissipated by
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phonons. Evidence for this proposed phase change can be obtained by searching for a discontinuity in the various
physical or chemical properties. As noted above, such a search reveals no evidence for a phase change within the
composition range of the beta phase. In addition, X-ray and neutron diffraction studies of the fcc structure reveal no
phase change in this composition range. No evidence supports a co-deposited structure being present on the surface
and helium release is not consistent with its source being so near the surface.
The NAE is apparently a feature outside of the thermodynamic behavior and its presence does not affect the
measured physical properties. This conclusion is important to correctly identify the NAE.
The author, in several previous papers [37–39], identifies the NAE as residing in nano-cracks resulting from stress
relief. As is required, these gaps exist outside of the chemical properties and are not influenced by limitations imposed
by the chemical structure. As long as a gap having a critically small width is created, deuterons are proposed to enter
the gap and to form a structure. This structure then experiences fusion by a novel mechanism. The required gap
width is rarely created because most cracks would quickly become too wide to host the required hydrogen structure.
Consequently, success in creating the NAE involves applying modest stress to a structure containing many weak
regions having a similar ability to form small cracks. This condition might be created by accident as result of various
intended and accidental treatments, thus accounting for occasional success that might even be attributed to other effects.
Although large cracks are often seen when LENR occurs, the cracks having the ability to act as the NAE are too
small to be easily detected and can be overlooked. In fact, unless these structures are sought using high magnification,
they would be impossible to detect. Experience shows the critical initial condition can also be created in an entire
batch of material by a yet to be identified pretreatment. This realization encourages search for such a treatment.
Deciding which explanation should be explored is important because they each propose entirely different treatments
to cause the LENR process. The wrong choice of explanation can lead a researcher down the wrong path with much
wasted effort.
2.3. Power production
The LENR effect was first identified by its ability to produce energy in amounts greater than would be possible by
any chemical reaction. The first reported success resulted when Pd was used as the cathode in an electrolytic cell
containing an electrolyte consisting of D2 O + LiOD. When a Pd cathode is initially subjected to this treatment, the
deuterium concentration in the Pd increases while energy is absorbed by the reaction, as shown in Fig. 4. Energy is
absorbed because the energy used to decompose the D2 O into D2 and O2 is greater than is recovered when the resulting
D2 reacts with Pd, thereby causing an overall endothermic reaction.
The enthalpy of formation for deuterium can be calculated using the data in Fig. 4. For this purpose, the total
amount of D reacted every six minutes is divided by the amount of energy absorbed during this time, from which the
amount of energy used to decompose the D2 O is subtracted. As can be seen in Fig. 5, the electrolytic method applied
to a solid piece of Pd gives values for the partial enthalpy of formation similar to the values obtained when D2 is
reacted directly with Pd nano-powder. Both reactions show that chemical energy is released when Pd reacts with D2
and the amount decreases as the D/Pd ratio increases.
The equilibrium deuterium activity, presented as pressure, is also plotted to show the large range in values being
applied to the material by the electrolytic process. The deviation from ideal behavior, called fugacity, is not taken into
account.
Additional treatment was later required to start the LENR process. No additional phase forms in this composition
range, such as proposed by Fukai, as indicated by the smooth unbroken variation of ∆H and pressure. Also, the
smooth unbroken change in resistivity observed by McKubre et al. [22] while LENR took place is also consistent with
this conclusion.
In summary, no evidence supports the claim for the NAE to result from a phase change or vacancy formation within
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Figure 4. The D/Pd ratio and resulting power when Pd is reacted with D2 O using the electrolytic method. All D made available by the applied current initially reacts with the Pd. The amount reacted is reduced only gradually as the upper limit is reached. No excess energy is produced even after the average D/Pd ratio becomes very large. The total amount of energy/mole Pd absorbed by the process is noted. (Storms,
www.LENRexplained.com).

the composition range in which excess energy production is found to occur.
The effect of temperature on power production for various D/Pd ratios is compared in Fig. 6. Samples having D/Pd
= 0.80 and 0.48 produce the same amount of power at the same temperature. Removal of all deuterium stops power
production. Clearly, power is not as sensitive to the deuterium content as previous studies suggest [42]. Nevertheless,
some D is required for LENR to function.
The Arrhenius plot (Fig. 7), using the data in Fig. 6 (D/Pd = 0.8), shows the activation energy for the LENR
process to be nearly equal to the value for diffusion of D in PdD. In other words, the rate of the fusion process is
sensitive to the rate at which D can get to the site where fusion takes place and it is not sensitive to the concentration
of D in the surrounding lattice. The fusion process can be proposed to rapidly convert deuterium in the NAE to fusion
products, after which new D has to move relatively slowly from the surrounding lattice in order to supply additional
fuel to the active sites. The rate of energy production is determined by the rate at which D can get to the NAE, not
by the rate of the fusion event itself. A buildup of helium around the NAE could slow the reaction, as suggested by
Hagelstein, if the diffusion rate of D+ were reduced by helium occupying sites the D+ needed for diffusion to occur.
By analogy, this is similar to the speed of a car being determined by how fast gas is delivered to the engine and not
related to the amount of gas in the tank or the reaction rate within each cylinder.
The resulting equation allows the power to be predicted when temperature is increased. Clearly, simply increasing
temperature can produce significant power. Removing an active sample from the electrolytic cell and exposing it to D2
gas at increased temperature would be expected to result in significantly more power than can be achieved within the
100◦ C limit imposed by the electrolytic cell.
2.4. Probability of forming the NAE
Figure 8 compares power produced by 157 studies reported before 2007. Notice that most studies produce power
at relative low levels. On a few occasions, a large amount of power is observed with the number of reports rapidly
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Figure 5. Enthalpy of formation calculated using the data shown in Fig. 4 based on the amount of D reacted every 6 min, the amount of power
measured during this time, and the amount of energy used to decompose the D2 O from which the D results. The reaction of D2 with Pd is exothermic.
The Sakamoto et al. [40 line is obtained using their reported linear equation, which is then extrapolated from D/Pd = 0.85 to 0.98, and their reported
D2 pressure. The pressure of D2 is also obtained from the review by Santandrea and Behrens [41] (Storms, www.LENRexplained.com).

decreasing as the reported power increases. Although various size samples are used, the behavior does not seem to
be related to area or volume. The concentration of the NAE seems to be the important variable, which is uniquely
determined by the nature of the Pd and its treatment.
The number of reports, shown in Fig. 8 can be compared to predicted behavior based on an assumed probability of
causing increased power once power production is possible. In other words, the probability of forming additional NAE
once the conditions allow some NAE to form can be estimated and compared to the behavior to see if the assumption
of random formation fits.
If the average power is assumed to be related only to the concentration of NAE, if 300 attempts are made to initiate
LENR and the probability of producing 10 W is 0.3, the probability of producing 20 W would be 0.3 × 0.3, and the
probability of producing 30 W would be 0.3 × 0.3 × 0.3, etc. The dashed line shows the number of predicted successful
observations at each power level. The relatively good fit to the observed behavior suggests the power is caused by an
increasing number of active sites whose creation is caused by a random process, with more power resulting as the
number of NAE sites is increased by a process having low probability. The probability of producing any power at all
would be expected to be much less than production of additional power once conditions allow some NAE to form. The
data do not allow determination of the probability to form the initial NAE.
2.5. Helium production
Helium formation is the main source of power produced by LENR when deuterium is used and provides much information about the nature of the nuclear process. Sixteen measurements of the helium/energy ratio have been published.
These values are compared as a histogram and plotted using log He/energy in Fig. 9. D + D fusion is proposed as the
source because no other nuclear reaction forming helium releases the amount of energy required to be consistent with
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Figure 6. Effect of temperature on power production when three different amounts of deuterium are present in the sample (Storms,
www.LENRexplained.com).

the measurements. Nevertheless, two reactions occurring at the same time with always the same ratio of energy and
helium might account for the value. If so, one might wonder how such a combination of independent reactions just
happened to give a consistent ratio nearly equal to the value produced by the D + D fusion reaction.
For the helium to be detected in the gas produced by electrolysis, the source must be very near the surface. Otherwise, the helium would be retained by the PdD [32,33, 44–46]. The amount of retained He has not been determined.
Nevertheless, when efforts are made to coax helium out of the metal, the total amount of helium is found to be very
near the amount expected to result from the D+D fusion reaction [47,48].
2.6. Tritium production
Tritium is occasionally detected when LENR is initiated by either the electrolytic or gas discharge method. Formation
of this radioactive isotope of hydrogen once again demonstrates the occurrence of a very unusual nuclear process. On
some occasions, the neutron flux produced by the process is also measured, which is shown as the tritium/neutron
(T/n) ratio in Fig. 10. The ratio frequently reported near 106 suggests tritium and neutron production are correlated in
a general way. As an example of possible correlation, Storms [34] suggests the neutrons result from D+e+T fusion,
a reaction that would increase as the concentration of tritium increased in the material, thereby creating an apparent
correlation between tritium and neutron formation. The energy of the resulting neutrons would be predicted to be less
that those known to result from D+T fusion by the hot-fusion mechanism.
In contrast, the conventional hot fusion reaction produces a T/n ratio of 1, or zero when plotted as the log. Clearly,
the ratio resulting from the LENR process does result from the hot fusion-type reaction.
The detected tritium has been shown to result from a nuclear process occurring very near the surface of the cathode
when the electrolytic cell is used [31]. The rate of tritium production is also sensitive to the H/D ratio in the material
[49] and Claytor (private communication) and to the nature of the material in which production takes place. Apparently,
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Figure 7. Comparison between the rate of diffusion of D in PdD and production of LENR power as a function of 1/T . The similar slopes created
by the data suggest both processes are affected by the same mechanism, i.e. diffusion of D though PdD [43].

production of He and tritium occur at the same location in the active material and both reactions appear to involve
isotopes of hydrogen.
2.7. Transmutation production
Transmutation in the context of this paper is a process during which light nuclei, frequently isotopes of hydrogen,
enter the nucleus of a much heavier atom, thereby producing energy and one or more nuclear products. Two kinds of
transmutation are observed. The first is found to add various numbers of 4 He to the target without fragmentation of
final nucleus and the second to result in fragmentation of the target after addition of some protium.
Iwamura et al. [50–52], working at Mitsubishi Heavy Industries Ltd in Japan, have studied the first type of transmutation by allowing D2 to diffuse through a sandwich consisting of alternate layers of Pd and CaO, with the presence
of CaO being important to success. The transmutation reactions occur on the surface of palladium where target nuclei
have been deposited before D2 is applied. Using X-ray florescence to determine the amount of material, they followed the loss of target material from the surface along with increase in the nuclear product. Examples of the various
transmutation reactions are listed in Eqs. (1)–(7).
A successful explanation must show how the considerable Coulomb barrier is overcome, how excess energy resulting from the reaction is dissipated, why transmutation of Pd is not observed, and how more than one helium nucleus
can be added to the target at the same time. The explanation must also show why the CaO layer can have an effect on
a nuclear reaction occurring on the surface when it is separated from the surface by 40 nm of Pd. Equations (1)–(7)
show the summary of the transmutation reactions reported by Iwamura et al. [50].
133
55 Cs

4d(2α) 141
−→ 59 Pr,

(1)
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4d(2α) 96
−→ 42 Mo,

(2)

138
56 Ba

6d(3α) 150
−→ 62 Sm,

(3)

137
56 Ba

6d(3α) 149
−→ 62 Sm,

(4)

2d(α) 48
−→ 22 Ti,

(5)

184
74 W

2d(α) 188
−→ 76 Os,

(6)

182
74 W

4d(2α) 190
−→ 78 Pt.

(7)

88
38 Sr

44
20 Ca

Miley and Patterson [53], Miley [54] as well as Srinivasan [55] report finding fragmentation products resulting from
transmutation of palladium when palladium is used as the cathode in an electrolytic cell containing D2 O and/or H2 O.
As can be seen in Fig 11, the Pd cathode apparently fragments into two parts in addition to experiencing addition of
4
He to the target nucleus. The platinum impurity on the cathode surface also shows evidence for similar transmutation

Figure 8. Histogram of power production vs. the number of reported values. A probability function, shown as the dashed line, is used to fit the
data to bins at 10 W intervals.
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Figure 9. Histogram of reported values as a function of the log He/energy ratio as listed by Storms [30]. Many results showing no power along
with no helium would fall at zero on this plot. The expected ratio produced by the D+D = He fusion reaction is shown by the vertical line. A
Gaussian error function is fit to the values, which gives a center value of 1.5 × 1011 He/J with uncertainty of ±0.9 × 1011 He/J.

reactions. Once again, how the large Coulomb barrier can be overcome must be explained. In this case, explaining the
dissipation of energy is not a problem because it is carried by the fragments, as is expected.
2.8. Radiation production
Production of energetic radiation is a necessary result of nuclear reactions as the resulting energy is dissipated into the
surrounding material. Each type of radiation responds differently to its passage through material. Photons, also called
gamma rays when they are emitted by a nucleus, are reduced in number but their energy does not change as they pass
through matter. Particles, such as electrons (beta rays), 4 He (alpha particles), neutrons, and hydrogen nuclei all change
energy as they pass though matter. In the process, their energy is converted to heat while most of the particles are
quickly stopped by the material. If the energy is large, secondary radiation may be produced as the particles interact
with electrons in the absorber [56–59]. Evidence for each type of radiation has been reported to result from LENR.
The flux ranges from being trivial to being significant, but never sufficient to account for the energy being produced at
the time. Clearly, the methods of energy dissipation are complex and handicapped by being largely hidden by being
absorbed in the material surrounding the process.
In any case, the amount of radiation exposure experienced by a researcher or by commercial application is not a
threat. This advantage is in sharp contrast to the situation when energy is created by hot fusion.
3. Summary of Behavior
Creating an explanation is like doing a jigsaw puzzle with some pieces missing. Nevertheless, the pieces in hand need
to be fit together in the proper way in order to reveal the shape of the missing pieces. The greater the number of
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successful fits, the better the missing pieces can be imagined and the more effective the search becomes. In addition,
limits need to be placed on the imagination when attempts are made to describe the shape of the missing pieces. As
with a jigsaw puzzle, each piece has to be consistent with other pieces and cannot be described in isolation. In other
words, all the observed properties have to show consistency in their interaction and cause. The shape of the pieces now
in hand can be described as follows:
(1) The LENR reaction does not take place in a conventional chemical structure no matter how large the hydrogen
content. Features normally present in conventional structures, such as vacancies of any type, dislocations,
large cracks, nanoparticles, or impurities, do not host the LENR process. Instead, a unique condition called the
nuclear active environment (NAE) must form. The LENR process takes place only in this unique feature and
the rate of the nuclear processes is related to the number of NAE sites present.
(2) PdD does not appear to form phases or structures besides the fcc crystal structure within the temperature,
pressure, and composition range used to cause LENR.
(3) The NAE is not normally present in a material but needs to be created by various treatments. The probability
of forming the initial NAE is presently very small. Once the NAE can form, adding to the amount becomes
increasingly difficult as attempts are made to increase the amount.
(4) When an individual piece of palladium is found to form NAE and host LENR, most of the batch from which

Figure 10. Histogram of the log tritium/neutron ratio resulting from the LENR process. The value for the hot fusion reaction is also shown. The
spread in values is justified by the large error expected to result when the small neutron flux is measured. The source of the values is the book by
Storms [3].
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Figure 11. Spectrum of transmutation products reported by Miley and Patterson [53] and Miley [54] based on samples exposed to H2 O and/or
D2 O during electrolysis. Some of the elements are expected to result from contamination, which can be ignored without changing the basic shape
of the elemental distribution. The atomic number of the two major elements on the surface are noted.

(5)
(6)
(7)
(8)

(9)

(10)
(11)
(12)

the piece is obtained is also found to be nuclear active, thereby revealing the presence of a common condition
and treatment being important to cause the LENR process.
Once the NAE forms, the hydrogen fuel must spontaneously assemble in the NAE by a conventional chemical
process.
When electrolysis is used, the NAE forms in the material near the cathode surface where stress is concentrated
and cracks are observed to form.
A process operating within the NAE lowers the Coulomb barrier and, at the same time, dissipates the excess
mass–energy without fragmentation of the fusion products.
Production of at least helium-4, tritium with T/n ratio of about 106 , and two different types of transmutation
take place in the NAE. Apparently, transmutation can also take place in biological systems [60]. Whether
fusion takes place as part of this transmutation process is unknown but important to consider.
Radiation consisting of neutrons, energetic ions, photons, and electrons are produced. Most radiation has too
little energy to escape from the apparatus. In each case, the detected flux intensity outside the apparatus is not
correlated with energy production and is very small compared to the generated energy.
The effect of temperature on power production appears to be related to the rate of diffusion of deuterium in the
material.
The effect of the D/Pd ratio on power production seems to be small.
LENR can be initiated in several different kinds of chemical structures while using different methods to initiate
the process. This behavior indicates a process having universal characteristics may operate.

Each of these behaviors severely limits how imagination can be applied to finding an explanation. Each general
behavior must be accounted for and be consistent with the proposed NAE and the nuclear mechanism. While many
conditions and mechanisms can be and have been suggested, the search for the correct explanation requires all observed
behavior to be considered, not just behavior that supports the proposed explanation. Likewise, behaviors expected but
not reported also must be considered.
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A theory of LENR, like a successful jigsaw puzzle, requires all the behaviors be used without forcing a fit. The
missing behaviors can be identified only after their correct position in the puzzle is identified. At this stage in the
search, the process is less like physics and more like solving a crime.
4. Creating a Theory
An explanation can be used to guide research and help to understand the resulting behavior. In addition, predictions
can be suggested to test various assumptions. As much as possible, the explanation needs to be made consistent with
all observed behavior and with the laws governing chemical behavior. Nevertheless, some assumptions must be made,
which are best kept as simple as possible.
The LENR effect presents three major problems for an explanation. We need to explain how LENR works based
on its observed behavior; we need to know why it works by using known physics; and we need to know how to
make it work on demand by using the science of metallurgy. Each of these problems requires different kinds of
information to which different approaches are applied. For example, the calculations using quantum physics have
no hope of revealing how to make the effect work using real materials. The metallurgy needed to design a nuclear
active material has no role in showing how the nuclear physics of the process needs to be described. The observed
behavior can be used to guide the physics and metallurgy, but only when the important features are accepted as being
real and meaningful. Somehow, the discussion has to address these issues as independent subjects and then combine
them into a universal process. This paper focuses mainly on the logical consistency between observed behaviors using
conventional chemistry and on physics to which are applied several plausible assumptions. Finally, the conclusions are
applied to suggest a treatment that can cause the LENR effect.
It is important to consider LENR as a new kind of nuclear interaction. Whether a new kind of physics is required is
not clear. Because the conditions and results are not consistent with experience, the LENR process defies understanding
when attempts are made to apply conventional knowledge. This conflict forces consideration of new and completely
novel mechanisms about how hydrogen nuclei can interact in a chemical structure. The conflict does not justify
rejection of LENR.
Rather than using theory and experience based on conventional nuclear interaction or the esoteric concepts common
in physics, this paper adopts a different approach [34,37,38]. No effort is made at this stage to create a mathematical
description based on quantum mechanics, as is common practice. Acceptance or rejection must flow only from the
plausibility of certain assumptions and the logical consequence of their application.
Think of this approach as the creation of a map based on individual reports of various explorers. A few assumptions
are made about the basic topography of the land, but the details come only from a logical interpretation of available
reports. The goal is to provide aid for future explorers in their search for the expected buried gold. The better the
map, the fewer false paths are taken. The details of how the gold got to its location by some complex chemical and
geological process is not initially important to explorers and their map. A map seeks only to show the features present
on the landscape, not why they formed. Once the map is accepted, physics can be applied to understand how the
process works.
5. Assumptions
Assembling the various observed LENR behaviors into a consistent picture requires several assumptions. These assumptions can be justified but not proven. They should be judged only on their plausibility. The assumptions chosen
here address mainly the result, with less emphasis on the cause. Nevertheless, the result shows where the cause might
be sought.
The nuclear mechanism involving LENR is unknown but it can be assumed to have certain characteristics and
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consequences. Listed below are the assumptions on which its overall description is based along with reasons why
these assumptions were chosen.
(1) Creation of the NAE is assumed to follow the rules of conventional chemistry, i.e. the laws of thermodynamics
apply to its formation and action. Nevertheless, its eventual role in causing a nuclear reaction would not be
anticipated based only on its structure. It is important to realize, this later event is a lucky consequence made
possible only because the chemical structure happens to have several unique properties.
Justification: In contrast to hot fusion and other nuclear processes, LENR requires a chemical structure in
which to function. No other nuclear process has this requirement. Any change in a chemical structure, such
as creation of the unique condition required of a NAE, would involve a chemical process, which in turn must
follow the rules known to affect chemical reactions. Therefore, before LENR can occur, chemistry must be
involved, to which the laws of thermodynamics apply. The amount of power produced is critically dependent
on the amount of NAE present in the material, which at the present time is highly variable and caused by an
unknown and seemingly random process (see Fig. 8).
(2) The NAE is assumed to be a gap in the crystal structure created as a crack begins to form as result of stress
relief, with a critical width near 1 nm. The gap stops being a NAE when the gap width grows too large.
Justification: The common conditions normally present in a crystal structure, such as vacancies and
dislocation, are not consistent with the rare nature of LENR and its required unique characteristics. Yet, the
NAE must form under a variety of conditions in a variety of materials. These requirements eliminate most
features known to exist in a normal material. The nano-crack remains as a plausible possibility in which a
linear molecule of hydrogen might form, as described next. Of course, only nano-cracks having access to
hydrogen would become nuclear active, which would be rare under most conditions. In other words, both
the NAE (in the proposed form of a nano-crack) and hydrogen isotopes must be present simultaneously in a
material for the proposed nuclear process to happen.
This gap might form in any material, such as SrCeO3 when it is used as a proton conductor [61],
AlLaO3 [62] or in the chemical support of a chemical catalyst such as when Pd is deposited on carbon
[63]. A particle of Pd, regardless of its size, is not considered able to be made nuclear active when it is too
small to form stress cracks.
(3) The hydrogen atoms prior to fusion are assumed to assemble and form a chemical structure located within
the NAE. The proposed structure is assumed to have the form of a linear molecule called the Hydroton. This
structure has the ability to host fusion of the hydrogen atoms contained therein by a unique and unknown
process.
Justification: The NAE is part of a chemical structure. As such, it must play by the same rules the
surrounding structure obeys. Assembly of hydrogen atoms in the NAE would involve a chemical process. For
this process to be spontaneous, Gibbs energy would have to be released as the hydrogen ions move from
their location in the surrounding lattice and into the NAE. In other words, the formation of a crack creates a
chemical environment in which the hydrogen atom has a lower Gibbs energy than in the surrounding lattice.
For the sake of this discussion, the resulting structure, called a Hydroton, is assumed to have covalent-metallic
bonding in which all the atoms share the bonding electrons. These electrons along with those contributed by
the surrounding Pd atoms are expected to play a role in reducing the Coulomb barrier by electron screening.
(4) Regardless of which hydrogen isotope is present or the nature of the surrounding material, the same mechanism is assumed to cause fusion between hydrogen nuclei and dissipate the resulting excess mass–energy.
Only the nuclear products are different for a different combination of hydrogen isotopes.
Justification: A phenomenon having such unique behavior and rarity would not be expected to have more
than one cause. In addition, Nature is known to use as few causes as possible. For these reasons, search for
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a single universal mechanism and NAE is a safe first step.
(5) The hydrogen nuclei are assumed to fuse with an electron, as proposed by Romodanov et al. [64] This
assumption is applied here to all isotopes of hydrogen. As a result, the following nuclear products and
released energy are created, where d represents the deuteron, p the proton, t the triton, e the electron, and n
the neutron. The amount of energy released by each reaction is noted.
d+e+d → H4 = He4 + beta + 23.8 MeV,
d+e+p → t + 4.9 MeV,
p+e+p → d + 1.9 MeV,
d+e+t → He4 + n + e + 19.2 MeV,
p+e+t → He4 + e + 21.3 MeV.
Justification: Tritium is produced without significant neutron emission. The only fusion reaction able to
produce this behavior requires addition of an electron when d and p fuse. Assumption #4 requires this process
to create all the nuclear products regardless of which isotope of hydrogen is used. Possible involvement of the
neutrino is ignored for the present. The electron (e) is captured because it is present along with the nuclei as
the source of chemical bonding. As such, it is part of the energy state involved in the fusion process.
(6) The extra mass–energy is assumed to leave gradually from each nucleus as photon radiation. This release
process is ongoing and continuous after a group of hydrogen nuclei has assembled in the NAE and continues
until all excess mass–energy has been lost and fusion between all the nuclei in the Hydroton is complete.
While this behavior is listed as an assumption, this important idea is expanded in greater detail in Sections
6.10 and 6.11.
Justification: Somehow the excess mass–energy must be converted to heat energy. This process can be
imagined to happen either before, during, or after the nuclei fuses into the predicted nuclear products. If this
energy-loss process is assumed to take place during or after fusion, absence of the hot fusion products must
be explained. This problem is avoided by assuming the excess mass–energy is converted gradually to heat
by weak photon emission before the nuclei have become a single nucleus. The unique “magic” revealed by
LENR involves this process.
(7) Fusion is assumed to occur between adjacent nuclei when enough nuclear energy is released to form a nuclear
product without additional release of mass–energy being required. This process is explained in Section 6.4.
Justification: To explain the absence of hot fusion and its energetic radiation, enough excess mass–energy
must be lost from the combining nuclei to avoid fragmentation of the final nucleus. To avoid some energy
remaining in the final product, this loss process is assumed to continue until the final nucleus would contain
no excess mass–energy, whereupon the two nuclei would combine to form a single nucleus without release
of additional energy. Failure to follow a strict equal loss from each nucleus would be unacceptable because
some nuclei might end with too little or too much mass energy. Some of the extra energy expected to reside in
the normally unstable 4 H might be lost as photon emission before the 4 H forms, thereby avoiding the expected
decay by neutron emission. The emitted electron is proposed to have too little energy to be easily detected.
(8) Two kinds of transmutations occur during LENR, but at a low rate [55,65]. Both kinds of transmutations are
assumed to result from the fusion process and involve different isotopes of hydrogen. Formation of nuclei
having greater atomic number than the target is assumed to result from fusion of d, during which various
numbers of 4 He nuclei are added to the target [66]. Because this process adds very little energy, the need for
the final nucleus to fragment is avoided. Fusion products having a fraction of the target mass are assumed
to result from fusion of p, during which one or more of the resulting d are added to the target, causing the
nucleus to fragment into two parts to dissipate the resulting large excess mass–energy. This complex process
is explained in detail by Storms in a previous publication [34].
Jusification: Transmutation requires a very large Coulomb barrier to be overcome for the hydrogen to
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enter the target. A chemical lattice does not contain enough energy in any form to cause transmutation.
In addition, reaction with a helium nucleus has an even greater Coulomb barrier. These problems can be
eliminated if transmutation involves the same process and mechanism operating when fusion of hydrogen
nuclei occurs. In this way, fusion and transmutation would both take place in the NAE and involve the
same method for overcoming the Coulomb barrier and release of the excess mass–energy without energetic
radiation. Once again, assumption #4 is applied. In other words, fusion of hydrogen isotopes is proposed to
be coupled to the transmutation reaction so that the two reactions take place in the same NAE at the same
time.
6. Logical Consequences of the Assumptions
By definition, an assumption is a speculation for which justification is provided. The more plausible the justification,
the more useful is the assumption. Generally, assumptions are hidden in a mathematical description, which is not the
case here. Here, all the assumptions are clearly stated and justified so that the reader can decide whether they are
plausible. If the assumption is believed to warrant the effort, a mathematical description favored by physicists can be
used.
An assumption can only be proven by its predictions being correct or rejected if it conflicts will be accepted as
laws or behavior. An effective assumption addresses many critical aspects of the phenomenon, in contrast to ad hoc
assumptions that apply to only a single feature of the explanation; thereby cluttering the discussion with many ideas.
Good housekeeping in theory construction favors using as few assumptions as possible.
In the end, the importance of an assumption must be based on how well it explains a significant part of observed
behavior. With this understanding in mind, the consequence of the eight assumptions identified above is explored next.
6.1. Creation of the NAE
Of greatest importance is creation of the NAE. As described above, nano-cracks are proposed to be the NAE, based
largely on a process of elimination of all other possibilities. Creation of such cracks requires the physical properties of
the surface be exactly matched by the stress generated when the material reacts with hydrogen or with other elements.
For such cracks to be produced in the surface region, the material must be brittle and contain many equally weak
regions near the surface. This condition is apparently created during initial treatment of the entire batch of material.
Reaction with hydrogen creates stress as the lattice expands. The initial expansion does not cause cracks because
loading subjects the surface to compression. Instead, cracks form as hydrogen is removed, which can happen by
chance, if for example the current supply fails as is common during long studies. Or suitable cracks can be caused on
purpose by cycling the applied power or ambient pressure.
This cycling can be initiated during electrolysis simply by stopping the power periodically or by applying a superwave [107,108]. These treatments have all been found to improve success in causing LENR. Cycling applied gas
pressure and/or temperature when gas loading is used would achieve the same result. Control of this process is difficult,
but must be achieved before reliable power can be achieved.
The more difficult problem is the creation of the required initial conditions in the material. Electrolysis deposits
Li, Si, O, and Pt on the surface, which might create the required conditions after an extended electrolysis without
an initial treatment being necessary. As experience has shown, LENR can be caused more quickly if the required
conditions were created during manufacture of the Pd or by its treatment before it is reacted with hydrogen. This
required treatment has yet to be identified. The same consideration applies to the use of powder when it is exposed to
H2 or D2 . The crack might even be generated in the material on which nanoparticles of Pd or Pt are deposited, such
as when a chemical catalyst is created [63]. In this case, the cracks would be present initially in the substrate and only
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need to be populated by H ions formed by the particles of Pd or Pt located nearby. In other words, the NAE is not
located in the nanoparticles of Pd or Pt as is the common belief. Instead, the cracks might be in the carbon or Zeolite
substrates on which Pd is deposited. Consequently, care needs to be used when assumptions are made about the nature
of the NAE.

6.2. Role of probability in the successful production of energy
Production of excess power first requires formation of a special condition in the material by a random process, described in general terms as the NAE. Not only does the explanation described here rests on this assumption, but the
author believes this assumption is essential to understanding LENR regardless of any other assumptions that might be
adopted.
We can describe this event using a probability for its formation. Obviously, the probability of creating the condition is small but the value cannot be determined using available information. On the other hand, the probability of
generating various levels of power once the NAE forms can be calculated using the data in Fig. 8.
The amount of NAE determines the amount of power being produced. Therefore, the measured power can be used
as a stand-in for the number of active sites. The greater the amount of power, the less likely the required number of
NAE would form in a particular sample. In other words, the number of samples producing energy can be expected to be
smaller the greater the amount of power because the required larger number of NAE would have a reduced probability
of forming. For this limitation to be reduced the exact nature of the NAE needs to be determined and ways need to
be found to create it in large amount. Thus, a critical requirement for eventual application of LENR as a commercial
source of power is identified. Next, how to accomplish this goal needs to be explored.

6.3. LENR initiation first as a chemical reaction
The following description is so important; repeating the idea in different words is necessary to make sure the concept
is clearly understood. No progress can be made in understanding LENR until this conclusion is accepted.
To be initiated, LENR first requires a chemical process to take place during which the ambient chemical structure
is modified. After all, the LENR process is not found to take place in a large number of chemical structures when
exposed to a wide range of conditions. It is rarely produced even when efforts are made to produce it on purpose.
Something very rare and unusual must change in a material for the process to occur. This change must involve the
chemical conditions in the structure and take place only at certain special locations in order to agree with observed
behavior. In other words, a unique NAE must form.
This important conclusion leads directly to another conclusion. The laws of thermodynamics would apply to how
the nuclear-active condition forms and to the process of assembling the hydrogen nuclei in the NAE prior to fusion.
In other words, the rules of chemistry must be applied first before the nuclear process starts, after which the rules of
nuclear physics come into play. This conclusion severely limits how and where in the material the NAE can form. A
spontaneous change must involve release of Gibbs energy.
In keeping with this limitation, the NAE chosen here is assumed to be nano-cracks formed by normal stress relief.
Normally, cracks have a range of gap width and random length. Larger cracks are able to pass D2 gas from the interior
of the material to the surface, thereby reducing the local deuterium content. Such wide gaps are not thought to be the
NAE. On the other hand, very small gaps perhaps as small as 1 nm, are proposed to form a structure in which hydrogen
atoms can fuse. The rarity of LENR results because formation of this critical gap dimension is rare and difficult to
control. Conditions in the original Pd and the rate at which stress is applied as the Pd reacts with D and other elements
would determine the number of cracks and their gap width. Further complexity is produced by how the stress interacts
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with the crystallites in the material.b
A linear molecule of hydrogen grows in the crack as Gibbs energy is lost, called here a Hydroton. The Hydroton
is unique and not a chemical structure formed in normal material, although it can be described as a form of metallic
hydrogen. It can also be described as a classic Rydberg molecule [67]. Details of how this kind of structure can form
in a crack will be explored in future papers.

6.4. The nuclear process operating during LENR
Moving on to the nuclear process, we are confronted by several important questions. For example, how can helium
and tritium form without large amounts of applied energy being available and without generating significant radiation?
After all, both of these requirements are characteristic of conventional nuclear reactions without exception. Clearly,
LENR demonstrates the need to provide unconventional answers. In this paper, the answers are based on the abovedescribed assumptions.
During LENR, helium production clearly provides the bulk of measured energy when deuterium is used; but what
role does the commonly observed tritium play? Is tritium produced by the same mechanism as helium or is it produced
by a side reaction? If it is produced by the same mechanism, why is the amount so small? The additional question
of how energy is produced when pure protium is used has yet to be answered by experiment. To be consistent with
Assumption # 4, the reaction product would be deuterium.
According to Assumption #4, a single mechanism is proposed to operate in the Hydroton during LENR. This
single mechanism is assumed to involve fusion of two nuclei of hydrogen along with an electron (Assumption #5).
Consequently, tritium results from fusion between p, d, and e. How this happens is not the issue just yet. We are
only exploring the consequence of these two assumptions to see how far they can take us toward an explanation of all
observed behavior. Figure 12 shows the series of events expected to flow from these assumptions, as explained below.
The concentration of p and d in the initial mixture of hydrogen isotopes determines the amount of energy produced
and the amount of each nuclear product. The role of transmutation is not discussed here.
The initial Hydroton structure is assumed to consist of a large collection of d and p arranged in a random linear
sequence. First, two of the p next to each other fuse to produce d as soon as 0.95 MeV has been lost from each nucleus
by process not described here. Further energy loss allows tritium to form where a p and d are next to each other after
each nucleus has lost 2.45 MeV. Finally, loss of 11.8 MeV allows the remaining d to fuse to produce H4 . In this way,
each fusion reaction takes place in sequence with the reaction requiring the smallest loss of energy occurring first. The
resulting d or t might leave the Hydroton or remain to experience further fusion. The final nuclear product of H4 is
radioactive and loses additional energy by emission of beta radiation to form helium, shown as the final event in the
sequence, and as described below.
As the hydrogen in a Hydroton fuse, new hydrogen nuclei assemble in the same site and repeat the process as the
hydrogen fuel diffuses to the active sites. Millions of Hydrotons are proposed to be in various stages of this process
during LENR, with the measured energy being the sum of the energy contributed by each fusion event. Because the
concentration of NAE is very non-uniform, some sites at the surface are hotter than others. In fact, most of the energy
might result from only a few sites. A search for the NAE on the surface must consider this expectation.
Of course, if only d is present in the Hydroton, only helium can form. In contrast, a Hydroton containing only p
will form only d until enough d has accumulated to produce helium and tritium. This logic predicts the use of p would

b Various

conditions including metal and nonmetal atom vacancies, nano-particles, dislocations, and the cage in the Zeolite structure have been
proposed as the NAE by other writers, each with different advantages and deficiencies. The reader can decide which is more plausible compared to
the nano-crack proposed here. Regardless of the conclusion, a NAE is required and must be identified before LENR can be understood.

122

E. Storms / Journal of Condensed Matter Nuclear Science 20 (2016) 100–138

produce an unstable amount of power and product considerable tritium, a potentially dangerous radioactive product,
as explained below.
6.5. Role of 4 H formation
Formation of the 4 H isotope would not be expected because it is unstable [68] and is proposed to emit a neutron when
it is created using high energy. Beta decay has not been detected when it is formed under these conditions. Even if beta
emission did occur, the lower limit to the beta energy, estimated as 17.06 MeV, would produce secondary radiation
that is not detected during LENR.
For the assumptions used in this paper to be valid, the 4 H would have to form during LENR with a lower mass–
energy than expected, decay with a short half-life by beta emission, and then emit the electron with much less energy
than given by the above estimate. These requirements might be realized if the 4 H created by LENR had less mass than
when it is created using high-applied energy. In other words, the process proposed to dissipate excess mass–energy
prior to fusion is proposed to carry away some mass–energy from the H4 , leaving less for later beta decay and with no
need to emit a neutron.
6.6. Consequence of LENR using a mixture of d and p
Figure 13 shows how the reaction rates for d, He, and t formation are predicted to change as the relative amounts of
d and p in the NAE change. The rate of each fusion reaction is assumed influenced only by the atom fraction of d
and p in the NAE. Of course, the intrinsic reaction rate of each hydrogen isotope and especially the mixture might be
different. In addition, the concentration of the isotopic ratio in the NAE will be different from that in the surrounding
gas, but these details are not important at this level of analysis.
Starting first on the right-hand side of Fig. 13, the figure shows production of only helium as long as no p is
present. When a small amount of p is added, some tritium and additional deuterium are proposed to form. The rate
of tritium formation would be initially proportional to the atom fraction of p and then follow the dotted line in Fig.
13 until formation of deuterium becomes important. However, as the relative amount of p increases, two p would be

Figure 12. Sequence of events as energy is lost from the Hydroton by photon emission. The final reaction produces 4 H that rapidly decays
by electron emission to 4 He. The process causing transmutation is not shown. The bonding electrons captured into the fusion product and any
involvement of the neutrino are not shown. Once fusion occurs, the product might leave the Hydroton structure and join atoms in the surrounding
lattice or it might remain and be fused with other hydrogen isotopes when the nuclear product is an isotope of hydrogen.
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Figure 13. Relative rates of formation for deuterium, helium, and tritium as a function of d/(p+d) in the NAE. The figure approximates ideal
behavior when the concentration of NAE and temperature are constant. Unknown influences are expected to slightly modify the relationship. The
concentration of p is 100% in the metal on the left side of the figure and d has a concentration of 100% on the right side.

increasingly found adjacent to each other, whereupon deuterium can form instead of tritium. This additional reaction
would reduce the rate at which tritium forms as the d/p ratio in the NAE approaches 1.
Because fusion between two p requires loss of only 0.95 MeV from each nucleus, this fusion reaction will be
completed before enough energy has been lost from the adjacent d and p for them to form tritium. Thus, the rate of
formation of tritium first increases as p is added, then is reduced as the atom fraction of p in the hydrogen mixture
approaches 0.5 where the deuterium and helium formation reactions dominate.
Once tritium forms, some of it would fuse with d or p (Assumption #5). When fusion takes place between t and
d, a neutron is emitted, thereby accounting for the occasional detected neutron when tritium forms. This reaction will
reduce the net amount of tritium, as has been occasionally claimed.
As noted previously, the resulting power is not expected to be stable when protium is used. Power will change as
the deuterium concentration in the NAE builds up, allowing tritium to form followed by helium. Total power results
from the sum of energy from each reaction, with formation of each He releasing 27.8 MeVc , each tritium generating
4.9 MeV and finally each deuterium adding 1.9 MeV. The number of each nuclear reaction taking place at any time
depends the amount of each hydrogen isotope present in the NAE, which is determined by how much total energy was
produced up to that time by the generator. In other words, the observed behavior is expected to be influenced by the
previous experience of the material.
Of the nuclear products, only tritium poses a danger, which grows as the generator continues to produce excess
energy. A generator making 1 MW for one year is predicted to make as much as 20 g of tritium. This large amount
would be dangerous if released into the environment, would be illegal to produce without a permit, and would have
great value if captured and sold. The LENR effect would appear to be the easiest and cheapest way to make tritium for
civilian and military use while also making useful energy.
This model predicts the total amount of power is influenced by the amount of NAE present, the amount of energy
applied to the NAE in any form including temperature, and the isotopic composition of the hydrogen in the NAE.
Further change in observed power would result if the amount of NAE and applied energy did not remain constant.
Consequently, control of the process in order to generate constant and reliable energy is expected to involve significant
c For

example, helium forms by a series of reactions that combine 4 p with 2 e. This overall process involves a mass change of 0.02979 that is
equivalent to 27.75 MeV. Tritium production combines 3 p + 2e that produce a mass change of 0.00852 and 7.94 MeV.
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difficulties, especially when light hydrogen is used.
6.7. Transmutation
Transmutation is the black sheep of the LENR family of nuclear products. This process involves adding one or more
isotopes of hydrogen to a large target nucleus. Because transmutation is difficult to explain, the mechanism is generally
ignored. Claims by Miley using PdH and Rossi [69,70] using Ni+ H2 have focused attention on the transmutation
reaction between protium and various isotopes of Pd, Ni, and lithium. Studies reported by Iwamura et al. have directed
attention to transmutation when PdD is used. Two different kinds of transmutation are reported to result from use of
the different hydrogen isotopes.
Normally, transmutation cannot be initiated without applying a great deal of energy in order to overcome the very
high Coulomb barrier. For example, the barrier between 4 He and Pd is 92 charge units and addition of a proton
to Ni involves a barrier of 28 charge units. In contrast, fusion between hydrogen only involves a barrier of 1 unit.
Even this single charge unit requires application of many keV to cause significant nuclear interaction under ordinary
conditions. To add further difficulty to our understanding, we would expect a mechanism that is able to reduce the
barrier would first operate to cause hydrogen fusion long before it would reach a level required to cause the more
difficult transmutation. In fact as expected, when LENR occurs in PdD, fusion products are the major result with only
a small amount of transmutation being detected. In contrast, Rossi has claimed the opposite behavior when NiH is
used, with transmutation being the major source of energy production. This conflict points to a potential flaw in the
understanding of the two systems.
A further challenge is created by having to dissipate the excess mass energy to avoid emitting energetic radiation,
which is not detected. The simplest assumption to explain how the barrier is overcome, how the energy is dissipated,
and how two different kinds of transmutation take place involves using the same mechanism proposed to produce
fusion of hydrogen. In other words, transmutation is proposed to be a consequence of fusion and takes place as result
of the fusion process. This assumption solves both problems by using the mechanism and energy involved in the
fusion process to overcome the large Coulomb barrier while the same process dissipates the excess mass energy. In
this way, both kinds of transmutation as well as the observed fusion products can form at the same time in the NAE.
This proposed process is explained in detail by Storms in previous publications [34,37,71].
6.8. How does the fusion process work?
Now that the general landscape has been described, the next challenge is to examine the details of the fusion process.
We have two problems to solve. The Coulomb barrier has to be overcome at a significant rate even though very little
energy is available in the material to do the job. The second problem is to dissipate the resulting excess energy without
fragmenting the resulting nucleus and without producing significant energetic radiation. These two processes have to
work together in the NAE to produce all the observed nuclear products. This is a lot to ask of any known process. To
simplify the description below, fusion of two D to create helium is used as an example of how the proposed process
might operate, starting with the fusion mechanism.
6.9. Reduction of Coulomb barrier
Even though high energy can overcome the Coulomb barrier without any help from electron screening, the screening
electrons come increasingly into play as applied energy is reduced, as can be concluded from the behavior shown in
Fig 14. As applied
energy is reduced, the fusion rate increases above that measured using plasma where extra electron charge is not
present. The presence of lithium [72,73] in the metal has an especially large effect on this type of enhanced fusion.
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Extrapolation of the values in Fig. 14 to the amount of energy available during a typical LENR event (<0.1 eV) reveals
that significant electron screening might be possible in a metal environment at low applied energy. This screening
process is examined mathematically by Sinha and Hagelstein [74,75] following the work of Ichimaru [76].
How can this behavior be applied to LENR? A high electron concentration can be imagined to exist in a nanocrack, with the resulting negative charge allowing two deuterium nuclei to get close enough to fuse. Unfortunately, the
fusion process is expected to quickly go to completion and release the nuclear energy by fragmentation (hot fusion) of
the combined nucleus, as bombardment by the D+ ions demonstrates [72, 77–82]. Why does this fragmentation not
happen during LENR?
Ion bombardment is not like LENR because the fusion reaction is triggered at random locations in the lattice
structure when the energetic ion happens to encounter a stationary ion in the lattice. In contrast, LENR takes place in
rare and isolated sites where the conditions are much different from the general lattice. These sites are expected to have
a much larger amount of potential electron screening along with the ability to dissipate energy in unusual ways. Such
conditions would be very different from those affecting fusion during ion bombardment. Consequently, the behavior
during ion bombardment only gives a hint about how electrons might reduce the barrier, but not the full story. The full
story requires the NAE be identified so that its unique characteristics can be included in the description. Nevertheless,
these ion bombardment studies provide evidence for significant and unexpected electron screening being available in
an ordinary chemical environment.
After electron enhanced tunneling has reduced the Coulomb barrier, how can the resulting energy be dissipated
without involving the normal fragmentation process?
6.10. Dissipation of excess mass energy
To answer this question, the kind of radiation carrying the excess energy needs to be identified, along with limits to
its energy, and the time duration for its release. Normal nuclear reactions release the excess nuclear energy by photon
emission, with a delay determined by the half-life of the process. A single photon then carries away all the excess
energy stored in single a nucleus as a single event, sometimes combined with other kinds of emissions.
The LENR process is different from normal behavior. The excess energy in the nuclear product can be as high as
23.8 MeV and measurements show that the emitted photons have much less energy than this value. Consequently, we
have to assume the energy is released gradually rather than being emitted as a single event after fusion has occurred.
Apparently, small quanta of energy are emitted while the fusion process is underway. In other words, the LENR
process can be viewed as slow fusion while the hot fusion process can be called fast fusion. This is an important
conclusion that contrasts sharply with how energy is released from the hot fusion process and with the energy release
process used by other kinds of nuclear reactions. A mechanism proposed to explain cold fusion needs include this slow
energy release process and show how the 23.8 MeV can be broken into energy quanta that are generally too small to
escape the apparatus, yet do not result in the heat energy being so concentrated to cause local melting.
This concept is so unique and important to understanding cold fusion; a more detailed description is worth considering. Apparently, a new kind of nuclear interaction can dissipate energy while the nuclear process is underway. The
process can be visualized as emission of energy from a gradually forming product nucleus in which the nuclear energy
states are mixed, but have not yet become characteristic of the final nuclear product. This process would normally not
be detected because it would be overwhelmed when high-energy is used to initiate the nuclear process, which is the
conventional method. In this case, the fusion process would be so rapid that the small window of time during which
energy can be released would be too small to result in detectable energy as fractions of the main emitted energy.
The condition has been described in part by Hagelstein and Chaudhary [84] as a Lossy Spin–boson unstable state.
It can also be described as an assembly of overlapping wave functions from which energy is gradually emitted as the
wave function approaches that of helium. In any case, a new way for nuclei to interact has been revealed to occur in a
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material when high energy is not used to cause the nuclear interaction.
Release of energy from LENR can only involve three possible methods. These are creation of phonons, coupling
of energy to the surrounding electrons, or emission of photons. Only these mechanisms can carry energy from the
reactants without changing the number of contained neutrons or protons. Energy would then be converted to heat
as the phonons or as photons interacted with atoms in nearby material. The exact mechanism by which each of
these transport methods does its job does not have to be identified just yet. We first need to understand the general
consequence of each idea. Regardless of the method, when energy is released and converted to heat energy, two
significant requirements have to be considered. First, the energy has to be distributed into a sufficient number of atoms
to avoid causing local melting at the NAE and its subsequent destruction. Second, the energy must not be detectable
as energetic radiation, either in the form of primary radiation or as secondary radiation produced when the primary
radiation interacts with atoms in the material. These requirements place limits on the energy contained in each quanta
of energy. Quanta with too little energy would release energy in the local material too near the source and cause local
melting. When too much energy is contained in each released quanta, the radiation would escape the apparatus and be
detected as energetic radiation. If too much energy were to leave the apparatus, the amount of measured heat energy
would be less than expected. These limits define an energy range into which the quanta must fall.
The source of energy can be visualized as being located at the center of a sphere in which the mass–energy is
converted to heat-energy. The goal is to determine the size of the sphere containing enough atoms to prevent the local
temperature from rising to a destructive level when the fusion energy is deposited as heat-energy. Figure 15 shows
how the number of atoms of PdD0.8 would change as the radius of the sphere is changed. Next, the number of atoms
that would be melted by a single fusion event and by 25 such events is determined. The values are placed in Fig. 15
to show the radius of a sphere containing this number of atoms. This shows the lower limit to the sphere size above
which melting would not be expected as result of this number of fusion reactions. Since the Hydroton can contain an
unknown number of deuterons, the true number of fusion events taking place in each of many the Hydrotons is not
known. Nevertheless, a useful estimate can be proposed that places a limit of about 0.2 µm on the sphere radius to
avoid destruction of the NAE for a plausible number of reactions. This estimate can be used to identify a minimum
distance of about 0.4 µm between the NAE in a material hosting d–d–e fusion to avoid destruction of the NAE. If
the NAE sites were too close so that the spheres overlap, local melting might occur, as has been observed [85–87]
on occasion, which would cause these Hydrotons to be immediately destroyed after which no further energy could be
produced at this site. As result, an active material would quickly eliminate sites having too high a concentration of
NAE and eventually achieve stable power production.
Because the diameter of the sphere required to acquire energy from d–d–e fusion is much larger than that required
when p–p–e fusion occurs, use of light hydrogen would allow a much greater concentration of NAE sites to remain
active. If deuterium were added to a material making energy by the p–p–e fusion process, many spheres would now
overlap and cause destruction of some energy-producing locations. The reduction in power might be interpreted as
poisoning of the process by deuterium. Instead, the reduction might result only from reduction in the number of NAE
sites by local melting. Perhaps this is why PdD is found to make less power than the same amount of NiH even
though each d–e–d fission event makes more energy than each p–e–p fusion event. Also, a generator using p would
be expected to experience increased power as d is formed and increasing amounts of He and tritium are made near the
end of its lifetime. A reduction in power would result when this extra energy destroyed some NAE by local melting.
Clearly, the process is complex and cannot be interpreted simply by using a constant value for the energy/event
The resulting temperature in the sphere not only depends on the rate at which energy enters the sphere but also on
how fast heat-energy can leave. The leaving process takes time and is affected by the temperature of the surrounding
material. As observed by Szpak et al. [88], this heating–cooling process occurs in cycles with sudden heat production
followed by relatively slow local cooling as the site recharges with hydrogen. During recharging, the local temperature
drops as heat energy leaves the site by normal thermal conduction. This process would result in a smaller sphere
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Figure 14. Enhanced fusion resulting from enhanced tunneling as the energy of the D+ ion used to bombard the indicated metal is reduced. A
value of γ = 1.0 means the effect is identical to that produced when plasma is used instead of the solid metal. The rate of fusion decreases as applied
energy is reduced, with the enhanced effect causing only a slight increase in the fusion rate within the studied energy range [83]. Nevertheless, the
effect of electrons would expected to be significant at the energy present during LENR. The fusion rate is obtained from the measured neutron flux.

of influence with a highly variable value determined by how easily the heat could leave and how many other active
Hydrotons were nearby. This observed behavior clearly demonstrates existence of local regions in which LENR creates
energy by a cycling process. The total power results from the average of many cycles.
The average energy limit for each quantum released from the fusion process can be estimated from the radius of
the sphere using the known absorption behavior of the energy carrier. This calculation is described next.
6.11. Photons as the energy dissipation method
Several methods can be proposed to dissipate the mass–energy. Emission of photons is described first, starting with
how they are generated. Photon emission, called gamma, is the normal way energy is lost by all energetic nuclei. Even
helium formed by the hot fusion process emits a 23 MeV gamma on a few occasions rather than fragmenting. Because
this very energetic gamma is not detected during LENR, we are forced to consider any photon emitted during LENR

128

E. Storms / Journal of Condensed Matter Nuclear Science 20 (2016) 100–138

Figure 15. Estimation of the sphere of influence based on a unit cell dimension of 4.06 Åwith 7.2 atoms/unit cell for PdD0.8 . The energy to melt
is estimated as 1 × 10−19 J/atom when each fusion releases 23.8 MeV/event.

to result from a different process. What process might be the source?
When a photon is emitted from a nucleus, spin and momentum must be conserved. With this requirement in
mind, the process is proposed to involve simultaneous emission of two photons, one from each fusing deuteron with
opposite spin and momentum. Because the two nuclei are coupled or entangled by the interaction, the two photons
can be thought of as being emitted from the same entity. A continuous series of such pairs would be emitted until
all the excess mass energy has been lost from the entity and the resulting 4 H nuclei could form with very little extra
mass energy [34]. Eventual decay would result in formation of 4 He. This proposed behavior is based on applying
Assumption #4 consistently and does not affect the proposed mechanism for dissipation of the nuclear energy. The
proposed mechanism for energy release would be worth considering even if 4 He were formed directly without 4 H
being produced. Nevertheless, search for beta radiation resulting from 4 H decay would be worth undertaking.
Photons can never be completely stopped by absorption. Instead, added absorber reduces the number of photons
until the number becomes too small to measure. Thus, success in detecting photons requires use of a sensitive detector.
For example, X-ray film would have a much higher sensitivity than would a GM detector, hence would be able to
detect a much lower emission rate. In fact, numerous studies have detected photon emission using film placed within
the apparatus [89–93]. Gozzi et al. [92] detected photon emission from small spots and placed the energy near 89
keV. Violante et al. [93] detected photon radiation between 2 and 12 keV emitted from thin films of Pd and Ni during
electrolysis by using a HPGe detector. An upper limit to the photon energy of about 50 keV can be estimated based on
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significant radiation not being normally detected outside the apparatus when significant energy is produced.
If each photon had energy of 50 keV, the flux of photons when 1 W was released by d–d–e fusion would be
about 1014 photons/s at the source. Absorption by the surrounding Pyrex and the D2 O contained in the electrolytic
cell combined with low efficiency of the detector would normally reduce detection to a few photons/s. The distance
between the source and detector would further reduce the detectable flux. Lower photon energy would result in higher
flux and greater heating at the source but fewer photons being detected outside the apparatus. These two effects place
upper and lower limits on the predicted energy of any photon resulting from the nuclear process.
Because of these limitations in measuring emitted photons, we must not conclude that the LENR process produces
no radiation. The process might generate considerable radiation, but at too low energy to detect using the present
methods.
6.12. Electrons as the energy dissipation method
The electrons that promote tunneling through the Coulomb barrier can be proposed to acquire kinetic energy from the
fusing atoms and leave the local region at high velocity. These energetic electrons carry the energy from the fusion
process to the surround lattice where it is converted to heat energy. This process would generate Bremsstrahlung and
X-rays. In this case, we again have to evaluate two different energy limits in order to satisfy two different requirements.
Once again, the energy dissipation process has to result in a local temperature below the melting point of the
material in which the NAE is formed, resulting in a lower limit to the deposited energy density. In addition, the
generated secondary photon radiation has to have an energy below a critical value to avoid being detected, resulting
in upper limit to the electron energy. In other words, electron energy has to fall between two critical values to be
consistent with the requirements.
The estimated radius of 0.2 µm, as discussed above, has the stopping power of 0.3 mg/cm2 when the absorber
is PdD. Based on range measurements, electrons with energy of about 10 keV would be completely stopped by this
amount of material. To avoid melting the local NAE, the energy-carrying electrons would have to have energy greater
than this amount.
The upper limit to electron energy is related to secondary photon production. As electrons lose energy, they
generate photon emission called Bremsstrahlung. The photon energy ranges in values below the electron energy and
has a maximum flux at about 1/3 this value. These X-rays would have to have an average energy below about 50 keV
to avoid being detected outside the apparatus. This requirement places an upper limit to the electron energy of about
150 keV. Consequently, to satisfy the requirements, the average energy of the energy dissipating electrons would have
to fall between about 10 and 150 keV. Explaining how the electron energy of proposed electron emission would remain
in this range is a challenge for any explanation.
In addition, if each electron carried 10 keV of energy, 2.4 × 106 electrons would be required to carry energy from
each fusion event. Given that production of 1 W requires 2 × 1011 fusion/s, an increasing large number of electrons
would be affected as power production continued. These electrons would create a current flow between the region
in which the NAE is located and the surrounding lattice of about 4 × 1017 electrons/s when one watt is produced.
This total current of 0.07 A would produce a small local voltage gradient and magnetic field, both of which might be
detected if this proposed process were to actually occur. If the energy were generated in individual particles, such as
in a powder, the local charge on individual grains would increase and become obvious.
6.13. Phonons as the energy dissipation method
The term “phonon” is used to identify coherent energy carried by the vibration of atoms and electrons in a physical
structure. This energy becomes heat when the vibrations become random. When molecules or crystals acquire enough
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phonon energy, the bonds holding them together break and melting occurs. This process limits the amount of energy
carried by a phonon as it transports energy from the fusion process. This limit can be estimated as about 1 eV, based
on the energy known to hold the PdD lattice together. Thus, at least 23.8 × 106 phonons having no more than 1 eV
each would have to be generated over a short period of time as two fusing deuterons approach each other and release
their excess mass–energy. Even though each individual phonon would not destroy the structure, the total of so many
phonons generated in a very small space would surely cause melting in a local region, thereby stopping the process
at this site after a single fusion event. Consequently, this method for energy dissipation would not be consistent with
observed behavior. This expectation forces rejection of the proposal by Hagelstein [94], during which the energy is
proposed to be dissipated by phonon production.
6.14. Effect of laser radiation
Application of laser radiation has been reported by Letts to stimulate energy production, while the effect is sensitive
to the wavelength, to the polarization angle, and perhaps to a magnetic field. A coating of gold on the cathode surface
seems to be required in some cases [95–98]. Other success using laser stimulation has also been reported without the
need for a gold coating [99–102].
The laser effect is explained here by assuming the light energy enters the active gap and stimulates the reaction
by increasing the local temperature in each active gap. The angle of polarization is important because the wave front
has to align with the gap in order for it to enter. Because stress relief caused the cracks, they are generally aligned in
the same direction within the surface. The frequency is important because the wave-length must match a multiple of
the gap width for the energy to enter a gap with maximum efficiency. Otherwise, the energy causes local heating in
proportion to the energy being applied to the surface. An especially large effect might be produced when a location
containing a high concentration of NAE is heated. In other words, because the concentration of NAE is not uniform,
the exact location of the laser spot is important. Indeed, the laser spot might be used to locate where the largest amount
of NAE is located, which would allow the nature of the NAE to be explored using analytical methods applied to the
identified spot.
The required coating of gold is proposed to contain the active nano-cracks that are generated as the underlying PdD
expands as it reacts with deuterium. In this case, the NAE is not proposed to be in the PdD.
Energy entering the gap is expected to be more effective in causing increased energy production than when energy
is applied only to the surface. This is why a single laser [95,96,103] can increase energy production while a laser
tuned to a gap width can cause a greater effect, thus producing the peaks in power found by Letts [98] and Letts et
al. [104,105] In other words, the peaks result when the gap width and a whole fraction of the wave-length match. In
this case, the matching wave-length result from a beat frequency generated as the two frequencies interact. A larger
effect would be predicted when a match is achieved with the primary frequency. Consequently, use of a tunable laser
is recommended as a way to determine the gap width and to explore where the NAE is located on the surface.
7. Testable Predictions
The eight assumptions described in Section 5 can be tested by the following predictions.
(1) As shown in Fig. 13, the relative amount of deuterium, tritium, and helium produced by the LENR process
is sensitive to the ratio of d/p in the material. The predicted shape of this relationship can be tested. This test
must take into account the molecular form assumed by each of these reaction products in the gas phase where
they are measured. Molecules of D2 , DH, H2 , DT, or TH can form and appear in the gas phase. The amount
of each can be predicted to depend on the relative concentration of each isotope on the surface where the gas
molecule forms.
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Because formation of the gas is not an equilibrium process, a random probability exists for an atom finding
another atom with which to combine on the surface of the material. As result, the molecular form can be highly
variable and not directly related to the isotope concentration.
Because the amount of tritium is also related to the total amount of fusion taking place and to the resulting
amount of energy produced, a large amount of tritium is predicted to be present after a large amount of energy
is produced using protium. This tritium can be used to test the predictions while being potentially dangerous
if it is not properly handled.
Addition of H2 O to D2 O is predicted to reduce the amount of power because p–p–e fusion produces much less
energy than d–d–e fusion. This prediction can be tested by measuring the change in power while using various
mixtures of d and p. The local concentration of p in the material will be higher than in the electrolyte or gas,
which adds complexity to the measurement.
Use of protium initially is expected to result in the least amount of potential power compared to any other
isotope of hydrogen or combination thereof. As the LENR process continues, deuterium forms and fuses with
the p to produce tritium and increased power. Eventually, enough deuterium will form to produce helium and
more power. Consequently, use of protium can be expected to result in a steady increase in power production
as tritium and helium accumulate and generate some neutrons. This prediction can be tested using the behavior
of the Ni–H2 system.
When deuterium is used, the few transmutation products are expected to have a greater mass than the nuclei
present in the material. When protium is used, each transmutation product will have a mass equal to only a
fraction of the target nucleus because the nucleus will fragment. A mixture of p and d is predicted to produce
a combination of these two kinds of transmutation products. In no case is transmutation expected to be rapid
enough to generate significant energy. This prediction conflicts with the claims now being made about the
behavior of NiH by Rossi.
A small amount of slightly lighter than normal proton and deuteron is predicted to exist in nature. The
potential for such variable mass being possible is discussed by Davidson [106].
Successful replication requires gaining control over the stress in the material. Gaps formed by stress relief
typically have a V shape with the gap widening as the surface of the material is approached. The dimension
proposed to be nuclear active is close to the tip of the V. The nuclear active region is expected to be located at
an unknown but small distance from the surface. Removal of increasing depths of material from the surface
until the LENR process stops could be used to identify the location of the nuclear process and be used to test
this description of the required condition.
A magnetic field is expected to change the rate of LENR by changing the frequency of resonance in the
Hydroton. Application of laser energy is predicted to change the reaction rate of LENR by adding energy
to the Hydroton in proportion to the laser frequency and to its effectiveness in being able to couple to the
dimension of the nano-crack. Neither of these changes is expected to initiate the LENR effect.

Each of these predictions can be easily tested and used to evaluate the assumptions and conclusions made in this paper.
In the process, this description of the LENR process can be used to guide research from which other insights can be
expected to result.
8. Discussion
The LENR process consists of several unique behaviors all combined to produce a result in conflict with how nuclear
reactions are normally observed to function. Eventually, each of these behaviors needs to be described using conventional mathematical methods based on quantum mechanics. Meanwhile, a model in which each process operates in
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harmony with the others is required. This paper proposes such a model to which mathematical analysis will be applied
in later papers.
The well documented and accepted fact that nuclear reactions cannot be initiated in a chemical environment at
ambient energy needs to be acknowledged. This conflict between well-accepted expectation and observed behavior
requires a unique condition be identified within the material where the observed nuclear reactions can occur, called here
the NAE. Such a rare and unique site must exist outside of the normal limitations created by the chemical structure.
Nevertheless, this site must form by a normal process in which a collection of hydrogen nuclei can assemble by normal
chemical processes. Once assembled, these nuclei fuse without creating easily detected radiation. The unique “magic”
of LENR takes place during this final phase of the process. The many observed behaviors can then be used to create a
logically consistent description of the process based on these restrictions, as this paper attempts to accomplish.
The rare success in initiating LENR is consistent with there being a small probability for formation of the NAE.
Experience reveals that once such sites are formed, LENR can be initiated without restrictions at high rate. This small
probability makes a failed attempt the most likely outcome of a study. Success can only be improved by increasing the
probability of NAE formation.
A model must start with the unique conditions in which LENR takes place. Regardless of how the NAE is proposed
to form and function, its chemical characteristics would have a large effect on how the nuclear process proceeds.
Consequently, LENR forces a marriage between chemistry and physics, with chemistry leading the way to understand
the initial condition. This initial condition must obey the rules governing chemical behavior and be consistent with
observed behavior. Only later does physics need to be applied to explain the nuclear process. Too many proposed
theories start with the nuclear process and ignore the environment in which the fusion process must function. This
approach has failed to help make the LENR process more reproducible.
A chemical lattice restricts the localized energy to an amount less than would break chemical bonds. This condition
is not like plasma in which the energy can be increased without limit. In addition, if super heavy electrons are proposed
to form [5,109,110] or if electrons were proposed to seek an orbit closer to the nucleus [111–113] as a way to reduce
the Coulomb barrier, these processes would be expected to first produce changes in the chemical structure, which are
not detected. Consequently, we are forced to consider only processes that would not interact with the surrounding
structure, a requirement that places severe limits on a proposed process for causing LENR.
Ordinary nuclear reactions dissipate the excess mass–energy either at the time the nuclear product is formed or
when extra energy is released by radioactive decay after the initial nuclear event. Apparently, the LENR process
uses neither method. The nuclear product does not fragment, as is the case during hot fusion. Because the 4 H and
tritium retain very little of the initial nuclear energy, they do not need to be considered as part of the main dissipation
process. Instead, we are encouraged to explore a dissipation process that takes place before the fusion process is fully
completed. For this unique dissipation process to be understood, the assembly of hydrogen proceeding fusion must
be described in a special way. For this purpose, the assembly of nuclei is called a Hydroton. This structure might
also be described as involving a Lossy Spin-boson according to Hagelstein and Chaudhary [84], a Rydberg molecule
as suggested by Holmlid [67], coherent correlated states proposed to Vysotskii [114], metallic hydrogen according to
Storms [34], discrete breathers suggested by Dubinko [115], Bose–Einstein Condensates as favored by Kim [116], or
nuclear threads as proposed by Ivlev [117]. In addition, the hydrogen nuclei might be said to be entangled or be in a
super nucleus that is gradually losing energy by complex radioactive decay, the result of which would eventually be a
stable nucleus of helium, tritium, or deuterium.
Each of these descriptions, while plausible, addresses only one aspect of the problem. These proposals need to
be combined and applied to the entire LENR process. Regardless of how the assembly is described at this time, a
collection of nuclei must first form at a unique location in the material. The combination must experience a unique
process that can lower the Coulomb barrier while dissipating the excess mass–energy as weak photon radiation. An
effective theory must combine these basic requirements into a logically consistent explanation. The problem can be
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reduced to two basic choices; reject the obvious or accept what appears to be impossible.
The description provided here uses the well-known behaviors of LENR to create a logically consistent mechanism
based on eight assumptions. This combination of assumptions and logical consequences is like a finely tuned machine;
with each assumption playing a role without which the machine could not function. The purpose is to provide a
platform from which to interpret future behavior and guide research. Only lacking are the mathematical descriptions
from which quantitative predictions can be obtained and from which the relationship to conventional physics can be
derived. The next step requires the novel process to be explored using the mathematical tools of modern physics and
for the phenomenon to take its place among the great discoveries.
When these behaviors are combined to form a unified and logical relationship, a proposed mechanism based on
the behavior is forced to have only a small number of possibilities. The challenge is to identify the boundaries of this
parameter space and focus on what is consistent with conventional knowledge about chemical systems and nuclear
physics. Use of imagination and ad hoc explanation are only useful when all else fails.
In view of the obvious potential of LENR to produce clean, cheap, and easily available energy, the usual skepticism
is best put aside until the claims are further explored. Energy of this kind is desperately needed to reduce CO2
emissions, to purify water, and to remove the role of oil in causing international conflict. The promise can only be
tested by obtaining more information about the process and by using this knowledge to create commercial energy
generators. Humankind cannot afford to reject such an important gift just because it is not easy to explain or cause.
9. Summary
The LENR process produces energy as result of several nuclear reactions, all taking place in what appear to be ordinary
materials under ordinary conditions. The process occurs only after a rarely formed and unique condition is created in
the material. Although the process can be initiated under ambient conditions, application of additional energy, such as
by increased temperature, application of laser radiation, or electric discharge can increase the rate even though these
conditions do not initiate the process. All isotopes of hydrogen appear to be able to produce energy by a fusion process
in a variety of materials. Transmutation also occurs and results in nuclear products that depend on the target nucleus
and the hydrogen isotope present.
Once the mechanisms is understood, LENR has the potential to be the ideal source of energy required to save the
world from the effects of excess CO2 , from the dangers of nuclear fission, and from the uncertain supply inherent in
the other sources of energy. LENR also would be the required source of energy to make extended manned space travel
possible. Let us hope these many advantages will stimulate interest in solving the difficult problems to understand and
apply this source of energy.
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