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Preface

This new volume 40 includes 5 experimental and theoretical articles. It is always for me a great joy to see that scientists
all around the world are working together to discover the mysteries of Low Energy Nuclear Reactions. After more than
36 years since the announcement by Professors Martin Fleischman and Stanley Pons, we are still trying to find out what
is happening in metals loaded with hydrogen. We need more experimental data so that theoreticians can develop good
models.

After so many years of basic research, we see now several start-up companies in the process of bringing a commercial
product on market. This is of prime importance, since, the scientists world-wide do not accept this new field as genuine.
At this point in time, a demonstrator will be the key to open the door to make Cold Fusion a reality.
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Research Article

On the Exothermic Response Frequencies When PdD Is
Subjected to coherent THz Radiation

J. S. Brown

Abstract

In this paper we identify the three specific frequencies in the 3−25 THz range that have been found to trigger anomalous exothermy
in PdD with low-lying dipole transitions in the spectrum of a single deuteron trapped at the octahedral site. We speculate that the
state phase coherence that characterizes the ground state of the TavisCummings Hamiltonian may give rise to an increase in the rate
of deuteron-deuteron fusion over that of stochastic deuterons.
© 2025 ICCF. All rights reserved. ISSN 2227-3123

Keywords: PdD, Deuteron vibrational spectrum, Dipole-photon coupling Tavis-Cummings, Collective oscillation

1. Introduction

In a series of really quite remarkable experiments, Letts and Hagelstein [1] succeeded in triggering an anomalous 
exothermy in (P dD0.9) by means of laser radiation tuned to three specific infra-red frequencies in the range 3–24 THz. 
The frequency selectivity (Q-value) of the anomalies were in the range of 14–39, suggesting a lightly damped and 
narrow-band resonance response of the target material. Hagelstein has put forward an explanations for the exothermy 
based on the fact that the two lower response frequencies correspond to points of zero group velocity in the optical 
phonon bands, but he has been unable to account for the other (stronger) response at 21 THz. We however question 
his phonon-band interpretation because zero group velocity implies zero propagation of energy along the chain of 
oscillators. Indeed we question whether it is even possible to speak of phonon bands when a significant percentage of 
the sites are vacant.

We are unaware of any other credible attempts to explain this remarkable phenomenon and attribute this to a general 
scepticism regarding the calorimetric data that we certainly do not share. In this paper we draw attention to the 
fact that all of the observed exothermic response frequencies correspond to low-lying dipolar transitions in the 
vibration spectrum of individual noninteracting trapped deuterons. We then point out that when the laser radiation is of 
sufficient intensity, all of the deuterons will cohere in a long-lived Dicke ground state and that this would lead to an 
enhancement of the normally negligible deuteron-fusion rate by a factor equal to the number of deuteron neighbours.

© 2025 ICCF. All rights reserved. ISSN 2227-3123
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2. Laser-Deuteron Interaction Hamiltonian

We are going to make several simplifying assumptions. The first of these is that the laser radiation frequency ω excites
transitions between a single pair of states in the deuteron vibrational spectrum (with |Ei − Ej | = ~ω ) and that the
plane of polarization is along one of the fcc axes, which we will label x.

According to the Drude model [2], the complex refractive index of Pd at THz frequencies is given approximately
by:

ε = 1− ω2
P

γ2 + ω2
+

ω2
P γ

ω (γ2 + ω2)
i (1)

implying
√

2n =
√
|ε|+ Re{ε}+

√
|ε| − Re{ε}i (2)

Using ~ωP = 2.77 eV and ~γ = 0.068 eV as published in [3], n at 10 Thz ≈ 24 + 43i. This means that the laser
radiation only penetrates to a depth of around one micron.

Within this surface layer, we envisage N deuterons occupying an equal number of interstitial sites of octahedral
symmetry. In other words, we assume stoichiometry and translational invariance.

An assembly of non-interacting two-state quasi atoms driven resonantly by a field of coherent radiation is most
simply modelled by the Tavis-Cummings Hamiltonian in which the 2N state space is transformed into that of a single
quasi-spin multiplet. Following [4] and [5] we have

HTC = ~ωa†a+ ~ω
[
N

2
+ S3

]
+ g

(
a†S+ + aS−

)
(3)

The sum of the number of photons and excited sites is a conserved quantity (Nexc) and the energy levels are given
by

Ej = Nexc~ω + 2jg
√
Nexc (4)

where −N/2 ≤ j ≤ N/2.
The lowest energy is clearly E−N/2 = Nexc~ω−Ng

√
Nexc and the gap between levels is ∆E = g

√
Nexc The field

amplitude E0 of a single photon over N sites each of volume Ω is given by

~ω = 2n2ε0E
2
0NΩ (5)

where n is the real part of the refractive index at ω.
In a surface layer of depth λ/2, the coupling to the E-field will vary strongly with position, being greatest for sites

at the centre of the layer, but the mean photon-site coupling is approximately described by

g2ij = e2E2
0 | < i|x|j > |2 =

e2| < i|x|j > |2~ω
2Nn2Ωε0

(6)

3. Palladium Deuteride

Palladium is one of several transition metals that can reversibly absorb hydrogen up to the point of stoichiometry, in
which every available interstitial site of octahedral (O) symmetry is occupied by a hydrogen nucleus. As pointed out
above, the large mass ratio between the hydrogen nucleus and the host atoms, means that the quantum oscillation is
decoupled from the motion of host atoms and the interstitial hydrogen nucleus (p, D) experiences an effective static
potential, with local mimina at the octahedral and tetragonal symmetry points. Furthermore, each deuteron is screened
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by the Fermi gas such that intersite deuteron-deuteron interactions are small. The screened deuterons are effectively
almost neutral particles, resulting in high mobility within the lattice and a very shallow effective potential. As a
consequence, even the ground state has a substantial spatial extent on the order of 0.2Å.

A single deuteron in such an environment exhibits a spectrum of singlet, doublet and triplet state representations
of the local point symmetry group. The ground state is a singlet with even parity about the minimum potential along
each of the symmetry axes. The next level is a triplet of states with odd parity along one of the symmetry axes and
an excitation energy of the order of 0.04 eV(≈ 10 THz). The real and imaginary parts of the refractive index are
comparable in this part of the spectrum, so there is effectively only one internally reflected mode along each of the
x, y and z axes. and a single photon is effectively normalized to a slab volume Aλ/2. We conclude that microlayers of
non-stoichiometric PdD are amenable to the Tavis-Cummings model in which a single photon mode is coupled to N
identical two-level quasi-atoms.

In PdD, each interstitial octahedral site corresponds to a volume Ω = 1
4a

3 ≈ 1.6× 10−29 m3, so

e2

ε0Ω
≈ 1.1× 1021 eVm−2 (7)

and the dipole transition coupling coefficient is given by:

g2ij ≈
~ωij | < i|x|j > |2

Nn2
× 5.5× 1020 eVm−2 (8)

We chose the x axis as our dipole and E-field direction, but exactly the same results would be obtained for y and
z axes by virtue of the fcc point symmetry at the octahedral site. µx dipoles can only be formed by products of states
that have opposite x-parity and equal y and z parities.

We solved the [. + +] deuteron states on a 3-dimensional grid of pitch 0.25Å using the semi-empirical effective
potential published in [6] and were able to substantially confirm the findings of that paper. We checked all dipoles of
states involving [. + −], [. − +], [. − −], but none of these were larger than those involving [. + +] parity states and
they lie at higher energies, so we do not consider them here.

The energy levels Ei (relative to the potential minimum at the octahedral symmetry point) of the ten lowest states
in each of the [+ + +] and [−+ +] subgroups are listed below:

i, j Ei[+++]
× 10−3 eV Ej[−++]

× 10−3 eV

0 47 88
1 138 173
2 190 190
3 217 213
4 148 248
5 148 182
6 233 283
7 233 283
8 283 277
9 284 289

[+++] states {4, 5} and {6, 7} are degenerate doublets. None of lowest 10[−++] states are degenerate The largest µx
dipole elements are tabulated below, together with the dimensionless photon mode coupling constants gij

√
N/(~ω) :
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i[+++] j[+−−] |Ei − Ej | × 10−3 eV = THz Elower 〈i|x|j〉(Å) gij
√
N/(~ω)

0 0 40 9.8 47 0.16 0.08
1 3 74 18.0 138 0.10 0.07
2 8 87 21.1 190 0.08 0.07
3 1 45 10.8 173 0.17 0.09
3 6 66 15.9 217 0.12 0.08

4 + 5 3 65 15.7 148 0.19 0.11
6 5 51 12.4 182 0.14 0.08
6 9 56 13.6 233 0.15 0.09
7 5 51 12.4 182 0.14 0.08
7 9 56 13.6 233 0.15 0.09
9 3 72 17.3 213 0.12 0.09

Because the [+ + +] parity states 4 and 5 are degenerate, we have added their dipole products with [−+ +] state 3 in
quadrature.

3.1. Second Order Effects

It should be understood that the above tabulations are first-order in the photon-dipole interaction. This rotating wave
approximation (RWA) does not allow for the effects of virtual processes that transiently change the nexc. There will also
be second order effects on the transition frequencies arising from mixing with states that are higher up the excitation
ladder. Interstitial hydrogen nuclei have a complex vibrational spectrum. Any correlation with the actual empirical
response frequencies is hence going to be approximate and subject to error bars that are extremely hard to quantify.

4. Tentative Identification of the Response Frequencies

The 0-0 transition corresponds to the Γ point of the optical phonon band.
Comparison with Fig 10b of [1] leads us to make the tentative identifications (shown in bold) of the three responses

observed at 8.3, 15.1 and 20.5 THz with the theoretical dipole transitions at 9.8, 15, 7 and 21.1 THz. Our second
tabulated entry also predicts a strong dipole transition at 18.0 Thz that is not visible in the fitted curve of Fig 10b of
[1]. However the raw data in their Table 1 does indeed show an observed exothermic response at 18.0 Thz, which was
evidently overlooked in the curve fitting.

We can not exclude the possibility that the numerical correspondence noted above is merely a coincidence and that
the actual mechanism for frequency-selective exothermic response has nothing to do with dipole transitions.

5. The Coherent N-Deuteron State

Every eigenstate of (3) comprises contributions from every one of the 2N states of the deuterons. In the absence of
intersite interactions, the lowest singlet eigenstate is the simple product of N one-particle wavefunctions:

Ψ (r1, r2, . . . rk . . . . . . rN ) =

N∏
k=1

[ciψi (rk −Rk) + cjψj (rk −Rk)] ≡
N∏
k=1

ψij (rk −Rk) (9)

c2i =
1

2
− η and c2j =

1

2
+ η where lim

N→∞
η(N) = 0 (10)

The superposition mimics the classical response of charged monopoles oscillating about their equilibrium positions
in synchronism with the applied oscillating E-field. The only other Tavis-Cummings state that is a simple product is
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the highest. This state differs from the lowest state solely in regard to the sign of cj
ci

. It corresponds to a vibration in
counterphase to the E-field.

Realistically, the HTC must be supplemented by an interaction potential U(r) between neighbouring deuterons
at sites with relative separation vectors Rk − Rk′ =

{
0,±a2 ,±

a
2

}
et cycl. This interaction is a modified Weidel-

ThomasFermi potential for separations greater than the nuclear radius and an imaginary optical potential for subnuclear
separation, as shown in Fig. 4 of [7]:

U(r) ≈ e2

4πε0r
e−κr cosκr for r > rdeut (11)

U(r) = iW (r) for r ≤ rdeut (12)

U
(
a√
2

)
≈ 0.005 eV so there is a small first-order energy shift (upwards) per site. The second-order modification

of the pair wavefunction is negligible at the intersite separation. We can represent the perturbation in terms of an
anti-correlation (attenuation) function φ(r) that is 1 at r = a/2 and which falls exponentially at r � a as a result of
the repulsive Coulomb interaction:

ψij (r1, r2) = ψij (r1 −Rk)ψij (r2 −Rk′))φ (|r1 − r2|) (13)

For each pair of neighbours, the fusion rate is proportional to∫
d3r1

∫
|r1−r2|<rdeut

ψ†ij (r1, r2)Wψij (r1, r2) d3r2 (14)

As is well-known and understood, this rate is vanishingly small because U (rdeut ) is on the order of 100 KeV.
The energy gap to the next lowest level (an N-tuplet) of the (interaction modified) HTC is

√
Nexc/2g~ω. In the

experiments [1], Nexc was an unknown quantity because the THz radiation was produced from nonlinear mixing of the
light from two red lasers and the efficiency of that mixing has not yet been ascertained. However we conclude from
(4) that if the laser radiation is sufficiently strong, the thermodynamically favoured state of the N deuterons is one in
which they occupy the lowest energy state described above, for times much longer than the vibrational period.

6. Further Work

State coherence per se should not have any effect on the fusion rate. However, if we consider the time-dependent
Hamiltonian for two neighbouring deuterons in the coherent E-field, the transverse dipole-dipole interaction, which is
intrinsically very small, is magnified by a factor

√
Nexc . This will lead to an effective attractive potential that at least

partially cancels the Coulomb repulsion. I am currently working on an explicit calculation of this.
Fusion events arising out of this mechanism will be intrinsically delocalised over the coherence volume. No high

energy fusion product, such as gamma rays, can emerge from such a volume on account of their tiny wavelength
relative to the region of phase coherence. We conclude that the 24 MeV excitation will relax via a large number of low
energy quanta, such as phonon excitations.
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Research Article

Random Thermal Spikes Observed in 99% Palladium – 1% Uranium
Alloy Foil Electrolytically Charged with Deuterium:

Confirmation of Solid-State Fusion

Douglas A. Pinnow* and Kirk Miller*

Abstract

Random thermal spikes have been experimentally observed at ambient temperature in small palladium metal foils electrolytically
loaded with deuterium. We believe these spikes can be identified with deuterium fusion events triggered by alpha-particle emission
from a small amount of depleted uranium melted into the foils.
© 2025 ICCF. All rights reserved. ISSN 2227-3123

Keywords:

1. Introduction

The objective of this research was to investigate the viability of a patent application of one of the authors, Douglas
Pinnow, namely Patent Application Publication No. U.S. 2016/0314856 A1, dated 2016 October 27 and titled SPON-
TANEOUS ALPHA PARTICLE EMITTING METAL ALLOYS AND METHOD FOR REACTION OF DEUTERIDES.
Our hypothesis is that a radioactive triggering event, either incidental or deliberate, is required to initiate a deuterium-
fusion reaction in the palladium electrode of a Fleischmann and Pons–type electrolytic cell. The results of our ex-
periments show that the spontaneous decay of an alpha particle–emitting isotope (such as uranium-238) in palladium
metal loaded with deuterium will cause very brief and localized heating, which we calculate can raise the temperature
at a microscopic scale in the immediate vicinity of the alpha-emitter to a value comparable to that found inside of the
sun, enough to induce fusion of nearby deuterium ions. Such localized heating has long been known [23] but is not
widely recognized. Since it is essential to the work covered in this paper, it is quantitatively explored in Appendix A.
The heat generated by a deuterium-deuterium fusion reaction along one pathway, D + D→ tritium + proton, produces
4.03 MeV of thermal energy, which may cause additional fusion events and potentially lead to a chain reaction. The
patent application publication cited above proposes that this process may be a viable alternative energy source to fossil
fuels.

*For a virtual tour of the laboratory, click here.

© 2025 ICCF. All rights reserved. ISSN 2227-3123

https://drive.google.com/file/d/12s6Qpy8QrnU4VaNZLfcxBiBPLirJNMcl/view?usp=drive_link
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In our experiments we have consistently observed temperature spikes on a macroscopic scale in an alloy of 99%
palladium and 1% depleted uranium (principally uranium-238). The temperature spikes occur only after the foils have
been loaded with deuterium ions by a rather conventional electrochemical process. This result is consistent with the
results announced by Martin Fleischmann and Stanley Pons in a press conference held at the University of Utah on
March 23, 1989. That conference was broadly covered on national TV and in the press [2]. Their work, dubbed ‘cold
fusion’ by the press, became a cover story of Time Magazine in 1989 [3].

In short order, the story was heavily criticized and ultimately dismissed by most of the scientific community because
it had not been reproduced by others with the consistency necessary to support such a world-changing claim [4]. (See
Appendix F for our evaluation of two failed attempts to replicate their findings.) The major difference between the
present work and that of Fleischmann and Pons is that they never contemplated the addition of alpha-particle emitters
into their palladium cathode to help trigger (initiate) the fusion.

In stark contrast to many protracted attempts to reproduce Fleischmann and Pons’ work, which mostly ended in
failure, we found that after approximately two hours of electrolytic loading with deuterium, our palladium electrode
consistently produced temperature spikes that were detected by attached thermocouples. We attribute the promptness
and consistency of our results to the addition of a small amount of depleted uranium to the foil (1% by mass), the spon-
taneous decay of which we believe provides sufficient energy to trigger deuterium fusion in the foil. Both deuterium
and a spontaneous radiation source were required to achieve positive results. Temperature spikes were not observed in
test runs where we used a palladium-uranium foil in an electrolyte made from normal water (H2O), nor in runs with an
electrolyte made from heavy water (D2O) but using a palladium foil without uranium – which rules out the possibility
that the observed temperature spikes were merely caused by alpha decay. We found the pattern of temperature spikes
when both heavy water and a triggering source were used to be random over the surface of the foil as well as random
in time. We calculated that the substantial magnitude of the spikes could not possibly be due to a single alpha-particle
emission or a single deuterium-deuterium fusion reaction. Rather, billions of such reactions must have been involved,
closely clustered in time as a chain-reaction (see Appendix C). Others have also suggested the possibility of chain
reactions related to the Fleischmann-Pons effect, including the report of explosive equipment damage in one case [5]
and enhanced neutron emissions in another [6].

Based on these results, we believe that we turned our palladium foils into miniature nuclear fusion reactors that
reached criticality. We have found that their power output can be controlled by adjusting the electrolytic loading current
much like the output of a conventional fission reactor is controlled by moving its control rods.

We identify our results with the broad topic of SOLID-STATE FUSION (SSF), in contrast to the PLASMA FU-
SION that presently dominates the field of fusion research. SSF is being broadly investigated around the world in
government institutions, universities, and industrial companies [22], [8]–[10]. Yet heretofore SSF has not been broadly
accepted as a legitimate science, and the basic physical principles behind it remain elusive. The present work represents
a strong confirmation of SSF.

2. Description of the Experiment

Our experiment was designed around three basic approaches: (1) to take full advantage of the electrochemical methods
reported by Fleischmann and Pons, and those who followed them, for loading palladium with deuterium; (2) to substi-
tute a thin palladium foil, that could be loaded with deuterium relatively quickly, for the more massive cylindrical rod
employed by Fleischmann and Pons; and (3) to calculate the degree of deuterium loading by precisely measuring the
change in mass of the palladium foil.

Further discussion on these three approaches follows to help those who may wish to confirm our results or go
beyond them:

(1) Fleischmann and Pons did not report their work in sufficient detail to easily evaluate it and their claims. A
photograph of Fleischmann and Pons holding their electrochemical cell was shown on the cover of Time Magazine
in 1989 [3]. Their cell consisted of a quart-sized glass dewar with a rod-shaped palladium cathode surrounded by
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a concentric helical coil of platinum-wire anode. The palladium cathode was approximately 6 mm in diameter, and
both the cathode and anode, as well as a thermometer, passed through a rubber stopper at the top of the dewar. The
dewar was filled with an electrolytic solution of lithium ions in heavy water (D2O). A battery connecting the palladium
cathode and the platinum anode drove the electrolytic charging of the palladium with deuterium to some unreported
level. While such a description served as a useful starting point, there were many parameters that needed to be filled
in by later researchers who attempted to verify Fleischmann and Pons’ work.

One significant unknown is the concentration of their electrolytic solution. Following previous researchers, we
decided on a 10-weight-percent solution of lithium deuteroxide (LiOD) in heavy water (D2O). Due to the high price
and extremely long delivery time (over one year) required to acquire LiOD, we decided to make it ourselves by
chemically reacting lithium metal with heavy water. (To see how we made this solution, click here.)

Another decision we made was to gradually increase the loading current, starting with a low 30 milliamperes for
the first 20 minutes, increasing to 60 milliamperes for the next 20 minutes, followed by a further increase to 120
milliamperes. This schedule was chosen to mitigate the possibility of stress-related cracking of the palladium foil
[11]. In some cases, further increases to 240 and 300 milliamperes were explored with the objective of loading the foil
with a higher concentration of deuterium. We found that these higher currents tended to increase the magnitude and
frequency of the temperature spikes we observed in the foils.

Importantly, we calculated (see Appendix B) and subsequently observed that the time required to load our 1.2-gram
palladium foils with an electrical current of 120 milliamperes was approximately 2½ hours. This was short enough to
complete a deuterium-loading run and produce temperature spikes on the same day.

(2) As a practical matter, the price of palladium has substantially increased since Fleischmann and Pons conducted
their research in 1989. It is now comparable to that of gold. We therefore chose to use modest-sized palladium cathodes
to keep costs down for us and for others who might continue our research. Our choice for the shape of the palladium
cathode was also an important decision. We decided on thin flat foils of palladium metal with the objective to reduce
the time required to load the palladium with deuterium, as that time depends on the distance of diffusion into the metal.
We selected palladium foil 125 µm (nominal 0.005 inches) thick. We found that postage stamp–sized cathodes, cut to
2-cm × 2-cm square, were convenient to handle, and we are confident that our results using them reflect the behavior
of bulk palladium (see Appendix D) rather than the behavior of the thin films that have been used in other related
research [12], [13].

Over the years, many attempts have been made to duplicate the positive results of heat production reported by
Fleischmann and Pons in 1989. The main guiding principle for these efforts has been to set up electrochemical cells
like that of Fleischmann and Pons and to wait with great patience for heat production to begin while loading the
palladium electrode with deuterium. Some researchers charged their cells for days, weeks, and even months in hopes
of success – all the while bubbling off expensive heavy water from their electrolyte. Many gave up in frustration.
But Fleischmann and Pons encouraged patience, advising that cell-charging should continue for at least three months
before abandoning a nonperforming cell. Subsequently, McKubre and Tanzella [14] drew the empirical conjecture that
high Pd/D ratios and high current fluxes “must be maintained for hundreds of hours sufficient to produce a new state
or phase which gives rise to an anomalous excess heat. . . ”

Over the past four decades, a limited number of partial successes have been reported, but reproducibility has
remained elusive and the results continue to be clouded in uncertainty and doubt, tainted by the fact that even Fleis-
chmann and Pons were unable to consistently repeat the world-shaking results that they had reported in 1989.

Our work has been guided by a much different strategy than having patience. Quite the opposite. We discovered
that if we could load a palladium foil that contained a small amount of well-dispersed uranium-238 with a sufficient
concentration of deuterium, heat production on a macroscopic scale would quickly follow. We interpret this as localized
fusion triggered by the high temperatures produced at a microscopic scale by the spontaneous alpha decay of the
uranium. There is no need to stress patience or to speculate on the production of a new state or phase of matter.

https://drive.google.com/file/d/1r4C8N-R4mrabGQG6CVPciLuc5vwR0ZlK/view?usp=drive_link
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(3) One of our objectives to facilitate this research was to precisely monitor the deuterium loading in the palla-
dium foil so that we could determine when we had reached the critical deuterium concentration that would support a
deuterium-deuterium fusion chain reaction [24]. It was our premise that a sufficiently high concentration of deuterium
would be required to sustain such a reaction, just as a high concentration of uranium-235 is required to reach criticality
in a conventional fission reactor. Pinnow, who worked at the U.S. Atomic Energy Commission in the 1960’s, knew that
an external triggering event, initiated by a source that produces neutrons, is helpful to begin a chain-reaction when a
fission reactor first starts up operation. By analogy, his 2016 patent application publication, mentioned above, claimed
that alpha-particle decay would be helpful to initiate a chain-reaction in a fusion reactor charged with deuterium. This
research effort was initiated in part to support that patent application.

The technique we settled on to monitor the deuterium-loading level in the palladium was to employ a very sensitive
scale to measure the change in weight of the foil. The scale, a Mettler Model XSR64, has a precision of one ten-
thousandth of a gram. To the best of our knowledge, this is the first time such a sensitive instrument has been used in
conjunction with fusion research.

While all metals are known to absorb a limited amount of hydrogen or deuterium, palladium is unrivaled in its
capacity to absorb large amounts of deuterium in an electrolytic cell. We watched this process taking place in a
transparent borosilicate glass cell 80 mm in diameter, with a capacity of 100 ml. This cylindrical shaped cell of-
fered a 360-degree view of the electrolysis. It is worth mentioning here that we left the top of our cell open during
the deuterium-loading runs. This provided extra visibility of the palladium foil and facilitated its quick removal for
weighing. (In most cases, it is prudent during electrolysis to use a closed cell that is well ventilated to avoid possible
explosions when the effluent oxygen and hydrogen gases are released. However, due to the small size of our test
samples, the total amount of hydrogen (deuterium) gas generated during a charging run was very low, in the range of
0.01 grams. Adequate ventilation was accomplished simply by opening a nearby window.)

3. Sample Preparation

Our preparation procedure started with a one-gram sample of highly purified depleted uranium. We used a file with
a fine pitch to file off approximately 5% of the uranium metal. This was done inside of a sealed glove box and we
carefully monitored the radiation level with a hand-held Geiger counter. The filings were guided to fall onto the surface
of a 2-cm × 4-cm foil of 99.9%-pure palladium [15]. This foil was then folded in half to make a 2-cm × 2-cm foil
with the uranium sandwiched between two layers of palladium. The sandwich was then run through a small rolling
mill to secure the filings in place.

Next, the sandwich was placed onto a refractory block of ceramic alumina and heated above the melting point
of palladium (1,552 ◦C) and well above the melting point of uranium (1,132 ◦C) using a small oxy-hydrogen torch.
Uranium is miscible in palladium.

During heating, the palladium melted and surface tension caused it to form into a smooth button shape that was
smaller and thicker than the original foil. We turned this button over and continued heating for several additional
minutes with the objective of providing time for the uranium to disperse into the melted palladium matrix. After
cooling, the palladium/uranium bead was rolled back into a foil in the rolling mill, using many small thickness-
reduction steps to reduce the possibility of fracture. This rolling process took approximately one hour. (Sample
preparation can be viewed by clicking here).

4. Setup

The center of the experiment was a simple electrolytic cell. This consisted of an open borosilicate dish filled with a
concentrated electrolyte, a 10 weight-percent solution of LiOD in D2O. For the cathode, we submerged the palladium-
uranium alloy foil fully into the electrolyte and attached it to an insulated platinum wire that connected it to the power

https://drive.google.com/file/d/1L1w-wbGeLisGeovf1XTF8OEJ4ZdpHzT_/view?usp=drive_link
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Figure 1. Compressed view of the entire deuterium-loading run. Note the changing lab temperature (red trace) and electrolyte temperature (blue
trace). The green, violet, ocher and pink traces are the four thermocouples. The main events in this figure are indicated by Roman numerals: (I) Start
of run. (II) Region of sub-critical electrical charging of the palladium foil. (III) First temperature spikes (shown in expanded detail in Figs. 2)
as regions of the palladium cathode go critical and heat production starts at three of the thermocouples; the temperature of the electrolyte drops
gradually toward ambient air temperature in (II), but after (III) starts rising again. (IV) Moment when the fourth channel goes critical, as signaled
by the large temperature spike and subsequent drop in temperature in all channels, as shown in detail in Fig. 3. (V) Region of critical operation of
the palladium foil fusion reactor. (VI) End of the run. The loading current was increased at (III), again between (III) and (IV) just after 4 pm, and
again at (IV). Between (IV) and (VI) there was a temporary reduction in charging current and a corresponding reduction in power output due to a
problem with a wiring connection. The problem was corrected before the end of the run.

source. For the anode we used a plain platinum wire. K-type (nickel-alumel) thermocouples were clamped to the
palladium foil; the more thermocouples were used, the more temperature spikes were detected. For the run illustrated
in the figures, four thermocouples were used, attached with a pair of spring-loaded clips spaced approximately 1 cm
apart. One thermocouple under each clip was in contact with the front surface of the foil, the other directly behind it on
the back surface. Leads from the thermocouples were run through a multi-channel data logger (Pico Technology USB
TC-08). The locations of these thermocouples on the foil, and the corresponding numbers of the data-logger channels
and colors of the traces of each channel in the figures are as follows:

Left front: Channel 3 (Green),
Left back: Channel 4 (Ocher),
Right front: Channel 5 (Pink),
Right back: Channel 6 (Violet).

We used two additional thermocouples to measure the ambient temperature of the cell and of the palladium foil:

Channel 1 (Red) Air temperature in the lab
Channel 2 (Blue) Electrolyte temperature in the cell

The list of channels is displayed in Fig. 2B.
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Figure 2A. Simultaneous temperature spikes on three thermocouples at 1 hour and 43 minutes after starting the deuterium-loading run. This event
is marked (III) in Fig. 1.

5. Results

We started our first deuterium-loading run using a palladium-uranium foil with only a single thermocouple attached.
We began with an electrolytic charging current of 30 mA. No gas bubbled off the palladium foil, indicating that the
deuterium produced by the electrolysis was being fully absorbed. We increased the current to 60 mA half an hour in,
and to 120 mA at 45 minutes. At 2 hours 14 minutes into the run – approaching the time we calculated it would take to
fully load the palladium with deuterium (see Appendix B) we saw what appeared to be a temperature spike of 1.2 ◦C.
By the end of the four-hour run we observed three more apparent temperature spikes.

The following table shows the times after the start of the run that the four apparent temperature spikes occurred,
their peak changes in temperature and the loading current at the time of each spike:

Spike Number Time after Start Loading Current Delta Temp.
1 2 hr, 15 min 180 mA +1.1 ◦C
2 3 hr, 18 min 240 mA +0.2 ◦C
3 3 hr, 23 min 240 mA +0.2 ◦C
4 3 hr, 24 min 240 mA +0.1 ◦C

All of the spikes returned to baseline temperature within 1 second.
After observing these apparent temperature spikes, we decided to halt the run to investigate their cause. Initially,

we were unsure if they were due to fusion events or were simply glitches caused by some defect in our monitoring
equipment. We eventually ruled out the latter by making several subsequent deuterium-loading runs that consistently
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Figure 2B. Expanded scale of the event seen in Fig. 2A. The three spikes are simultaneous to within the measurement resolution of our equipment:
Their widths are limited to 1/10 second by the response time of the low-mass thermocouples that were used.

produced multiple temperature spikes with similar time signatures. For these runs we decided to use a total of four
fast-responding thermocouples (one tenth-second response time) so that we could better observe the temporal and
spatial distribution of the temperature spikes over the surface of the foil. We also refreshed our electrolyte solution to
eliminate the possibility of cross-contamination from earlier charging runs.

During our final run using a palladium-uranium foil with these equipment changes (Fig. 1), we observed multiple
temperature spikes, shown in Fig. 2, 3, and 4. How exciting it was to see the multitude of random temperature spikes
recorded in Fig. 4!

The traces in Fig. 2A show that three of the four thermocouples (Channels 3, 4, and 6) recorded reaching criti-
cality simultaneously, with temperature spikes of 0.8 ◦C, 1.0 ◦C and 1.2 ◦C, respectively. The fourth thermocouple
(Channel 5) remained unaffected. Fig. 2B shows the same event with an expanded time scale. One can see that the
temperature spikes occurred at the same time in all three active channels. This implies that wherever the fusion event
was first triggered in the palladium foil, it propagated so fast that we could not resolve its advance. This indicates a
propagation speed greater than 10 cm per second, as the thermocouples on Channels 3 and 6 were placed approximately
1 cm apart and our minimum sampling-time interval was 0.1 sec. One gets a picture of a macroscopic deuterium fusion
event that quickly filled the space between thermocouples 3, 4, and 6 and then, almost as quickly, died out – likely due
to depleting the deuterium that had been maintaining criticality in this region. During the following 10 seconds, the
temperature built up at thermocouples 3, 4, and 6 and more temperature-spiking continued at a somewhat lower level
and persisted long after.

As the electrolytic charging of the foil continued, it is reasonable to assume that the concentration of unreacted
deuterium near the quiescent thermocouple 5 continued to increase until it also ‘fired off’ 38 minutes later with the
largest temperature spike that we observed (5.7 ◦C). This extraordinary temperature spike is shown in Fig. 3. It should
also be noted in this figure that there were simultaneous temperature reductions in thermocouple channels 3, 4, and
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Figure 3. The largest temperature spike observed, at 5.7 ◦C (pink). This event is marked (IV) in Fig. 1. It was followed by immediate temperature
drops on all channels. These drops were unexpected but are now believed to be understood, as discussed in the text.

Figure 4. Numerous temperature spikes observed after reaching criticality. The time starts 30 seconds after the large spike seen in Fig. 3, with an
expanded vertical scale.
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6. At first, we were puzzled by these unexpected temperature reductions. Eventually we realized that the very large
temperature spike in the region of thermocouple 5 may have reduced (burned out) quite a lot of deuterium in this
location and this may, in turn, have caused deuterium ions in regions 3, 4, and 6 to quickly move to fill the void in
region 5. On the short term, this would tend to reduce power production in regions 3, 4, and 6, as observed, followed
by a return to temperature-spiking in these regions, but at a somewhat lower level than before the 5.7 ◦C temperature
spike in region 5. Subsequent temperature-spiking at a reduced level continued in all four thermocouple channels until
the end of the deuterium-loading run.

Fig. 1 provides a compressed overview of the data we collected during this electrolysis run. There one can see that
the thermocouple monitoring the ambient air temperature in our laboratory (Red) showed a slow but monotonic decline
as the afternoon sun was setting, and that the thermocouple monitoring the temperature of the electrolytic bath (Blue)
began showing a slow increase after the temperature spikes began (region V on the plot). By the end of the run, the
temperature of the electrolytic bath had increased by approximately 1.5 ◦C relative to the minimum value measured
at the first temperature spike, while the ambient air temperature continued to decrease. While some of this increase
relative to the electrolyte bath might be attributed to electrical heating associated with electrolysis, we saw no such
effect in an immediately prior run using a palladium foil that did not contain any added uranium. We concluded that
most of the temperature increase was caused by nuclear fusion.

6. Conclusion

After considering many improbable alternatives, we believe that the extensive thermal spiking we observed confirms
Solid State Fusion. The substantial magnitude of the spikes seen in the figures could not be due to single alpha-particle
emissions or to single deuterium-deuterium fusion events. Rather, many reactions must have been clustered closely
together in time. Specifically, we calculate in Appendix C that 3 × 109 fusion events would be required to produce
enough energy to raise the temperature of our thermocouple by 1 ◦C.

We find it helpful to think of the palladium foil in its electrolytic cell as analogous to a conventional fission-reactor
core inside its reactor vessel, and believe that the temperature spikes we observed were due to transient nuclear-fusion
chain reactions triggered by alpha decay of the uranium mixed into the foil, similar to what happens during the cold
startup of a fission reactor when control rods are pulled and a chain reaction begins. If this is the case, the fact that
the power output is in the form of spikes, rather than sustained at a continuous level, suggests that the palladium foil
must have been operating just above the critical level. As calculated in Appendix C, each alpha-decay triggering event
would have to be multiplied by a factor of at least 3 × 109.

We calculate that an alpha decay produces extraordinarily high, albeit extremely localized, temperatures within
the palladium crystal lattice (see Appendix A), temperatures sufficient to initiate a fusion chain reaction among the
deuterium ions dispersed in the lattice. This means that ‘cold fusion’ is not actually a cold process. Rather, ‘cold
fusion’ is a misnomer for a process better defined as ‘solid-state fusion,’ which occurs at temperatures comparable to
those inside the sun.

This explanation goes a long way to account for the mysteries surrounding Fleischmann and Pon’s inconsistent
results, as well as the many frustrating attempts to replicate them. The likely explanation for some previously claimed
successes in achieving ‘cold fusion’ by very patient researchers who waited weeks and months for heat production
to begin, is that these results were likely due to fortuitous fusion reactions triggered either by a random cosmic ray
or by the spontaneous decay of a trace radioactive contaminant in their palladium. Other researchers were not so
lucky. Appendix F describes two major projects that were started in 1990s to replicate the work of Fleischmann and
Pons, and why they may have failed.

Try to think of the possibilities for a solid-state fusion reactor the size of a postage-stamp!
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APPENDIX A: Temperature of an Alpha-Particle Decay

When any atom undergoes a nuclear reaction, fission or fusion, in a solid material, nuclear energy is released in the
form of rapidly moving subatomic byproducts that can impact neighboring atoms so vigorously that localized melting,
quickly followed by refreezing, occurs on a microscopic scale. This effect is known to cause a substantial increase in
the total number of atomic voids in metals [23]. This discovery was made by researchers who were recruited in the
1940s to 1960s to direct programs that would investigate the cumulative effects of radiation on the materials used to
build nuclear fission reactors. One of their most significant findings is that metals tend to swell (typically by 2% to
5%) and distort under continual neutron bombardment, due to the accumulation, over the lifetime of a typical nuclear
reactor, of these atomic voids.

The focus of these researchers was on the mechanical strength and durability of materials under irradiation, not on
the local temperatures that occurred during these events. If one asked a mainstream physicist how high the temperature
goes within such a submicroscopic burst of heat produced by a fission or fusion event, they would likely be reluctant
to give a definitive answer because temperature is defined by the average kinetic energy of a group of particles in
thermodynamic equilibrium. The physicist would tell you that the atoms involved in such submicroscopic bursts heat
up and cool down so quickly that there is not sufficient time to establish thermodynamic equilibrium. But if pressed,
the physicist would likely agree with Wigner and Seitz that shortly after the peak of the burst the total released nuclear
energy would be shared by, say, ten thousand or so neighboring atoms [23]. Since the fusion of two deuterium atoms
releases 4.03 million electron volts (MeV) of energy, each atom within such a burst region would on average acquire
roughly 403 electron volts of thermal energy. As the kinetic energy is proportional to temperature, and the average
thermal kinetic energy of an atom at room temperature (20 ◦C = 293 K) is 1/40 eV, one can very approximately
estimate the temperature in the neighborhood of a nuclear event to be T = (403 eV)(293 K)/(1/40 eV) = 4.7 million
kelvin. Such a high temperature is typical of most spontaneous nuclear reactions, both fission and fusion. The kinetic
energy would be much higher for atoms that are closer to the fission or fusion event, likely approaching or exceeding
the energies associated with the 15 million-K temperature in the fusing core of the sun.

APPENDIX B: Foil-Charging Time

Many researchers who have attempted to reproduce Fleischmann and Pons’ 1989 results believe it is essential to load
the palladium with an extremely high concentration of deuterium for heat to be produced. Michael McKubre, a former
student of Fleischmann’s and subsequently Director of the Energy Research Center at the Stanford Research Institute
(SRI International) in Palo Alto, California (now retired), reported that the ratio of deuterium ions to palladium atoms
should be 0.875 or greater – that is, a ratio of PdD0.875 or greater [24]. To reach this level requires high-quality
palladium and considerable care in loading.

Although some researchers observed excess heat-generation only after days or weeks of electrolysis, the deuterium-
loading time should not be nearly that long. Faraday’s Law of Electrolysis can be used for a rough estimate. The
following calculation finds the minimum time to achieve a deuterium/palladium ratio of 1.0, in the ideal case that all
deuterium dissociated at the palladium cathode is absorbed by it.
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One can estimate the time, t, to load a palladium cathode with deuterium by equating the electrical charge, Q,
delivered by a current, I, to produce a number of deuterium ions equal to the number of palladium atoms in the
cathode, in a 1:1 ratio. Specifically:

Q = I × t = number of palladium atoms in the cathode × charge per deuteron
= (moles of palladium, n)(Avogadro’s number, NA)(electron charge, e)

Solving for t results in:

t = nNAe/I = nF/I (1)

where F = NA e is the Faraday constant and t = nF/I is Faraday’s second law [17].
Setting these to the mass of our cathode and a moderate current,

n = (1.2 g of Pd)/(106.4 g/mole) = 1.13 × 10−2 moles
F = 9.05 × 104 Amp-sec/mole
I = 0.120 Amp,

results in a time of 2.5 hours (2 hours per gram of palladium) for full deuterium-loading of our cathode using our
default loading current of 120 mA under ideal conditions. This result is in the range of the time we needed to run the
electrolytic cell before observing temperature spikes in the palladium-uranium foil.

APPENDIX C: Number of Fusion Events Required for a Moderate Temperature Spike

The number of fusion events required to produce a temperature spike of 1 ◦C can be approximated by equating the
thermal energy necessary to heat the mass of the thermocouple tip by 1 ◦C to the number of 4.03-MeV fusion events
required to produce the same amount of energy. This assumes that the region of heating is in direct contact with the
thermocouple and that all heat produced is transferred to the thermocouple, and as such is a lower bound.

The fast-responding nickel-alumel thermocouples that we used had a spherical tip of diameter D = 0.9 mm, for a
volume of V = πD3/6 = 3.8 × 10−5 cm3. The heat capacity, HC, for this bead can be calculated from the density, ρ
(8.60 g/cm3), and specific heat, SH (0.125 cal/g·◦C), of nickel-alumel [18].

HC = V × ρ × SH
HC (in MeV)

= (3.8 × 10−5 cm3)(8.60 g/cm3)(0.125 cal/g·◦C)(4.184 J/cal)(6.2 × 1012 MeV/J)
= 1.06 × 1010 MeV/◦C.

Since each deuterium-deuterium fusion event produces 4.03 MeV of energy, a total of (1.06× 1010 MeV/◦C)/(4.03
MeV/event) = 2.6 × 109 deuterium-fusing events are required to heat the thermocouple tip by 1 ◦C. Based on the half
life of uranium-238 relative to alpha particle decay of 4.468 × 109 years, we expect 200 alpha decays per second from
the 18 mg of uranium in the foil.

APPENDIX D: Palladium Foil Behaves as Bulk Material

Palladium foil 125 µm thick behaves as bulk metal rather than as a thin film (such as those employed by Gordon et al.
[12], [13]) because it requires approximately 32,000 palladium atoms to span the 125 µm thickness of the foil (125
µm / 3.89 angstroms between palladium atoms in their close-packed cubic lattice [22] = 32,000 atoms).
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APPENDIX E: Pre-Polarized Oppenheimer-Phillips Effect

Early critics of Fleischmann and Pons’ 1989 work on ‘cold fusion’ were quick to point out that the fusion reaction D
+ D→ 4He produces the helium in an excited state that quickly decays with equal probabilities along two pathways
(branches):

(1) tritium + proton (3H + p), and
(2) helium-3 + neutron (3He + n).

These critics predicted that the neutrons produced by the second branch would have been lethal to Fleischmann and
Pons if they had actually observed fusion. However, there may be situations in which the second branch is not compa-
rable in strength to the first. One possibility is related to the Oppenheimer-Phillips effect, which was first investigated
by Robert Oppenheimer and Melba Phillips in 1935 [19], though critics have claimed that this effect is too small to
explain the lack of irradiation [20]. Based on the considerable amount of experimental evidence accumulated since
1989, it would seem that the deadly neutron-producing branch is not significant inside of metals such as palladium.
But why? One possibility that may be viable is a low-temperature variant of the Oppenheimer-Phillips effect. Since
this possibility is preliminary yet potentially significant, it is introduced here in an appendix rather than in the text.
(Several other fusion alternatives have been explored; one that was proposed by Edmund Storms, a reaction of D + e
+ D→ 4H→ 4He + e + neutrino, is also consistent with the survival of Fleischmann and Pons [21].)

We believe that a modification of the Oppenheimer-Phillips Effect can explain the lack of lethal neutron radiation
generated by Solid-State Fusion.

By way of background, here is a description of the Oppenheimer-Phillips effect given by Robert B. Leighton [19]:

There are a few special situations which deserve special attention. One of these is that (deuteron, proton)
reactions are much more commonly observed than would be expected . . . The reason for this was deduced by
Oppenheimer and Phillips (1935). When a deuteron approaches a nucleus, the repulsion between the nucleus
and the proton causes the deuteron to become polarized with its proton end farther from the nucleus. The
proton-neutron bond distance for the neutron is of such a size (approximately 5 × 10−15 m) that the neutron
can be inside the nucleus before the proton has surmounted the Coulomb barrier. The weak bond (2 MeV) of
the deuteron is easily broken, so that the proton can be ejected and the neutron retained.

Applying this effect to two deuterons on a collision course that might lead to a fusion event, one would expect that
the more likely outcome would be the formation of tritium + proton rather than 3helium + neutron. However, Koonin
and Mukerjee argue that there is insufficient time in a hot-fusion reactor for the incident deuterons to rotate into a
polarized orientation before they collide [20]. This would mean that the Oppenheimer-Phillips effect should be small
to negligible.

While this does appear to be the case in a hot fusion plasma, the situation may be entirely different under the
conditions inside the solid-state palladium lattice. It is possible that under normal room-temperature conditions, the
deuterium ions dispersed in palladium may rotate to a polarized orientation, and thus no additional time would be
required for polarization when an alpha-particle emission or other triggering event occurs, even with the high transient
temperatures estimated in Appendix A for such an event. In effect, the deuterium ions may exist as pre-polarized pairs
in the PdD lattice – much as they do in molecular deuterium gas (D2) – so that the reaction branch D + D→ tritium
+ proton is favored over the production of neutrons. Under such conditions, the Oppenheimer-Phillips effect would
dominate.

We realized that this pre-polarization in palladium metal may be a possibility after recognizing the high mobility
of deuterium across the foil. The deuterium ions appear to move through the palladium lattice almost like a gas, as
demonstrated by Fig. 3. Analogy to polarized di-atomic gas gave rise to the idea of pre-polarized deuterium ions in the
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palladium host. X-ray and neutron-diffraction studies show that the hydrogen ions in palladium hydride occupy the
center of the metal’s face-centered cubic lattice structure [22]; palladium deuteride should be similar. Measurements of
the magnetic properties of palladium hydride indicate that when the hydrogen concentration passes 62% of the palla-
dium atom concentration, PdH0.62, the material becomes diamagnetic [25]. This suggests anti-parallel spin alignment
of nearest neighboring palladium ions at the higher concentrations required for fusion. If the magnetic moments of
adjacent deuterium ions tend to align by spin-spin coupling, one would expect a substantially enhanced Oppenheimer-
Phillips effect: When a localized compression wave from an alpha decay or other energetic event propagates through
the lattice, the half of adjacent deuterium ions that are oriented so that the neutrons are closest will selectively react,
favoring the D + D → tritium + proton pathway, while the half oriented so that the protons are closest will resist
approaching one another, damping the helium-3 + neutron pathway. The net result is strongly biased towards the first
pathway. We have chosen to name this behavior in palladium hydride the Pre-polarized Oppenheimer-Phillips effect.

APPENDIX F: Case Histories of Cold Fusion Failures

Two case studies are particularly worth mentioning because they highlight the need for a triggering source.
When Fleischmann and Pons had difficulty reproducing their cold fusion experiments in 1990, their institution, the

University of Utah, decided to establish a substantial new facility, named the National Cold Fusion Institute (NCFI),
to carry out cold fusion research on a scale beyond what had been possible in their chemistry lab. Initial funding for
the institute was five million dollars. A seasoned scientific manager with considerable industrial experience was hired
to direct the Institute’s efforts. Early on in this assignment, he decided to eliminate as many experimental variables
as practical. Critically, he decided to use very high-purity palladium to eliminate the possibility that some unknown
contaminant might influence the results. Eventually more than one hundred experiments were conducted, and all failed
to produce any substantial excess heat – the work of the Institute was a total failure. When funding ran out in 1991,
the institute was shut down, the director lost his job, and the careers of Fleischmann and Pons were destroyed. No one
at the time had any idea of what had gone wrong. (Note: While the NCFI did not report any positive replication of
Fleischmann and Pons’ results, they did report positive results for tritium production [27] and observation of minor
bursts of excess heat bursts [28].)

Considerably later, Pinnow had an opportunity to review many of the results at the Institute and elsewhere. He
realized that the decision to use high-purity palladium was likely a fatal mistake. That decision eliminated the use of
radio-frequency induction furnaces for the purification of the palladium that they used. It turns out that thorium (an
alpha-particle emitter) is a typical trace contaminant in materials processed in these furnaces, which are used in many
laboratories [26]. A low-density thorium oxide material, called thorium frit, is often used for support structures inside
these furnaces. Some spalling of this frit occurs when the furnace temperature reaches high temperatures such as the
melting point of palladium (1552 ◦C) [26]. It is necessary to exceed this temperature so that heavy impurities in the
palladium will sink to the bottom of the melt and lighter impurities will float to the top, where they can be removed. The
spalling at such temperatures can cause minor thorium-oxide contamination of the material being processed. Without
some radioactive contamination of this nature in the palladium electrode to serve as a trigger for deuterium fusion, the
experiments at the Institute were likely doomed.

There is another instance where the use of very high purity palladium did not produce hoped-for results: A program
sponsored by the Japanese Ministry of International Trade and Industry (MITI) in the 1990s supported attempts to
replicate the Stanford Research Institute’s (SRI) version of the Fleischmann-Pons experiment, but with 0.99999-pure
palladium in an effort to eliminate sources of inconsistency, including background contamination, between experiments
conducted at different laboratories. Several hundred experiments were done around the world under this initiative. At
the end, no one had positive results to show for years’ worth of effort. This further supports our position that very high
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purity palladium may not contain a sufficient content of nuclides capable of spontaneous alpha-particle decay and thus
serving as fusion-triggering sources.

APPENDIX G: Hazard Analysis

Anyone undertaking experimental work in solid-state fusion is encouraged to conduct a diligent hazard analysis before
proceeding. The consequences are potentially serious [5]. Our analysis revealed that if even a one-gram, postage-
stamp-sized palladium foil were fully loaded with deuterium, and a single fusion chain-reaction were to somehow
consume all of that deuterium, the resulting explosive release of energy would be in excess of 100 sticks of dynamite!
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Abstract

Thermodynamics studies energy and is requisite to better understand the pathway to more reproducible cold fusion (LANR) systems
with higher incremental power gain. As a theoretical model, it has a few problems but they are very well defined.
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1.1 Introduction - Key to understanding Physical and LANR systems

Thermodynamics is the study of the relationships and conversions between heat and several types of energy: me-
chanical, electrical, radiant, nuclear, and chemical [1,2,3]. It is critical to understanding physical systems including
lattice assisted nuclear reactions (LANR) systems. It also impacts and is the key to better understanding electrodes,
diagnostics, and emissions.

Etymology - The word root ‘thermo’ derives from the ancient Greek word θέρµη (pronounced ‘therme’) which
means heat, and θερµóς (pronounced ‘thermos’) means hot, glowing, and boiling. The word root ‘dynamics’ shares
use with dynamite and dynamo and dynamic [4]. “Dyne” comes from the Greek word dunamis [δύναµις] which
means ‘power’ and was derived from the Greek translation of “koach” [ ], the Hebrew word used in the Bible to
describe the miraculous deliverance of Israel at the Sea of Reeds [Exodus 15.6]. The word ‘energy’, itself, comes from
ancient Greek: ὲνέργεια (pronounced ‘energeia’) which means activity or a moving, working system. The word was
used in Aristotle’s writings, 2351 years ago. Aristotle wrote of two outcomes when dealing with energy:

“there is some difference between ends: some ends are energeia [energy], while others are products which
are additional to the energeia.”

1.2 Problems of Thermodynamics

However, there are several problems with thermodynamics. The first one is that the actual origin of, and applications
for, thermodynamics arise from observations and real complex systems involving matter and energy, and the analyses
are really only close approximations. As discussed below, the second problem is that some of the “Laws” are not really
Laws after all. Some are sometimes not even true, and one (the Third) is disproven by aqueous cold fusion (LANR)

© 2025 ICCF. All rights reserved. ISSN 2227-3123
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systems. On the other hand, the first and second Thermodynamic Laws are linked fully both to our LANR systems
and to all our measurements of their properties. In fact, from the measurements alone, thermodynamics is absolutely
necessary, relevant, and critical for accurate energy accounting in experiments.

The bottom line is that one can better understand the scope, origin and applications of CF/LANR systems using
these thermodynamic teachings. Therefore, the following review will discuss some of the origins and, most impor-
tantly, limitations.

2.1 Zeroth Law of Thermo - Required for “Temperature equilibration”

The Zeroth law of thermodynamics has been recently added to introduce the concept and property of matter known as
“temperature equilibration”, which is needed for the subsequent Laws. It simply states that at equilibrium, two objects
touching will eventually achieve the same temperature.

3.1 First Law of Thermodynamics - Conservation of Energy

The first law of thermodynamics involves both the conservation of energy theorem and the requisite need to consider
energy balance. The First Law’s Origin begins with observations which were made by a physician looking at biological
systems, then by an engineer trying to improve steam engines and finally by an electrochemist toiling in the laboratory.
It was first elucidated and stated by Dr. Julius Robert Mayer (11/25/1814) [5,6]. During his teen age youth, as he
grew up by a river in Germany, and tried repeatedly to use an Archimedean screw to pump water back up to the village
homes. But, there was not enough energy for that.

In fact, as every experimenter before or since looking for ‘excess energy’ has found (except with CF/LANR), one
cannot even recover the energy that is put in: there is no ‘free energy’. This failure of repeated effort would come
back later to make Dr. Mayer “discover” the First Law of Thermodynamics. Later, Mayer trained as a physician, at the
Eberhard-Karls University graduating in May 1832. But Mayer and his friends (un)fortunately took a “wrong” political
side in Europe in 1837 and exposed it openly by wearing forbidden colors (“couleurs”). He was arrested, found guilty,
incarcerated, and Mayer was banished for one year. During this time, he voyaged to the Dutch East Indies where he
practiced surgery/medicine aboard a Dutch ship. At the time, blood-letting was the state-of-the-art for many medical
problems, and something caught Dr. Mayer’s eyes. What he saw in the venous blood was very different in Jakarta
compared to the color of the venous blood which he had seen in Paris. The color of his patients’ venous blood was
always darker in Europe than Jakarta. He reasoned that this was because less energy was exerted, and, therefore, less
oxygen was extracted from the venous blood [5]. Therefore, there is less of an expected color change. This can be seen
in Figure 4 where hemoglobin (encased in a polymer by the author) changes color as oxygen is removed; changing
from orange-red to purple red [7,8]. Mayer therefore concluded that Europeans used more energy, extracting more
oxygen. This energy control and conservation impregnated his thinking as had his failures with the Archimedes screw.

Soon thereafter, Julius Robert Mayer examined both energy and plants more closely. He noted that biological
photosynthesis and oxidation as the primary sources of energy for living systems involved the plants converting light
energy into chemical energy and work. He articulated the law of the conservation of energy, the First Law of Thermo-
dynamics. In 1841, he wrote “On the Quantitative and Qualitative Determination of Forces” [9] and stated that “energy
can be neither created nor destroyed”. One of his first reviewer/referees, Tübingen physics professor Johann Gottlieb
Nörremberg rejected Mayer’s hypothesis and noted that if Mayer was right then kinetic energy, such as by vibration,
would heat water. Mayer did that experiment, and showed by public demonstration these were connected. This paper
was published in May 1842 in Annalen der Chemie und Pharmacie which have the value of the equivalent of heat very
close to what is measured today [9]. Mayer was spot on. He then derived the relation between the specific heat at
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Figure 1. A Classic Philosopher, a Physician, an Engineer, and an Electrochemist Deconvolved the “Laws” of Thermodynamics - (from left and
clockwise): Aristotle, Dr. Julius Robert Mayer; Engineer Nicolas Léonard Sadi Carnot; Prof. Walther Nernst.

constant pressure and the specific heat at constant volume for an ideal gas. The relation is:

CP,m − CV,m = R (1)

where CP,m is the specific heat at constant pressure, CV,m is the specific heat at constant volume and R is the gas
constant [10]. This important relation was needed to derive accurately the First Law. However, in response for his
clear understanding and explanation of physics (while being a Doctor of Medicine, presumably), Mayer was viciously
attacked by many including James Joule and Hermann Helmholtz.

This was shortly followed by attempted plagiarism of his idea by Joule, and finally acceptance of his idea by
everyone [11]. Energy was conserved, and Mayer nailed its revelation and its understanding.

Standard Hemoglobin Optical Signatures - These are the colors, and the locations of the optical peaks of
hemoglobin, and the optical signatures clearly showing the color change from increasing removal of ambient oxy-
gen [7]. Shown are the optical signatures of d6electronic deoxy-hemoglobin (#1, pH 7.2), d6-oxyhemoglobin
(#2, pH 7.2), and d5methemoclobin. Chemical reduction was achieved, and assayed by, sodium dithionite.

3.2 Definition of, and Origin of, the Concept of Energy

Now we must focus on an important, often ignored, matter. Exactly what is this thing called “energy”, that is conserved.
The origin, mathematically, of energy conservation is the homogeneity of time which requires that the Lagrangian in
a closed system must not depend upon time. Therefore, when the time derivative is taken, with manipulation, a term
-defined as the energy - remains a constant [12].
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Figure 2. Colors of the Human Hemoglobin Species [after Swartz [ref. 7] ]

Table 1. Colors of Hemoglobin (these are dependent on the oxygenation)

Species Macroscopic color Peak Absorptions [7,8]
deoxyhemoglobin purple-red 429 555 650 nm
oxyhemoglobin red-orange 413 540 577
carbonmonoxyhemoglobin bright red 418 538 570
sulfhemoglobin green 540 620
methemoglobin -acid pH brown 404 500 615
methemoglobin -neutral pH brown 404 500 630
methemoglobin -alkaline pH orange-brown 440 540 576 632
cyanmethemoglobin yellow 418 541

The relevant equations are thus, where E is the energy:

d

dt

(∑
i

q̇i
∂L

∂q̇i
− L

)
= 0. (2)

E ≡
∑
i

q̇i
∂L

∂q̇i
− L (3)

In summary, what is taught today in elementary physics courses is conservation of energy -claimed by the First
Law of Thermodynamics- and that means that energy can neither be created nor destroyed in a completely isolated
system – but can only be changed to other forms. Therefore, as a corollary, the important notion of “energy balance”
is also claimed by the First Law of Thermodynamics.

As Mayer noted, this relationship equalizes quantities, and their changes, in mechanical kinetic and potential
energy systems, and chemical potential systems, and also their relationship to work. The First Law of Thermodynamics
specifically states that the change in internal energy of a system is equal to the difference between the heat added to the
system, the heat flow out through any barriers, and the work done by the system [1]. Some systems also have different
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ways to do work including a mechanical spring, a pulley to raise a weight, or an electric motor. And the work may also
include chemical reactions, loading palladium, magnetic strains in a material, and changes in surface energy. Thus, a
more general form of energy balance includes the effects of heat transfer and internal energy changes. Therefore the
relationship to CF also includes that we as scientists must actually use an even more general form which includes other
forms of energy including electrostatic, magnetic, strain, and surface energy [13].

3.3 Classical Thermodynamic Equilibrium Parameters

Classically, thermodynamics is built upon knowledge of the equilibrium parameters involving temperature (T), pressure
(P), volume (V), internal energy of the system (U), entropy (S), heat (Q) and work (W). They are related in several
ways, and some combinations are important [1]. Most are known to all who studied physics. However, few actually
are ever used for calculations, such as in calorimetry, electrochemistry, and electrical engineering. The Internal energy
(U) is the kinetic energy of all of the molecules and electromagnetic energy in a system. Q is some of the internal
energy which is involved in thermal energy transfer (heat).

The Enthalpy (H) is

H = U + P ∗V (4)

The Gibbs Free Energy (G) is

G = H− TS (5)

The Helmholtz Free Energy is

A = U− TS (6)

which has “A” which is the work function (Arbeit means work in German).
Today, there are also non-Classical energy parameters. And one of the most important of these in LANR material

science is the critical impact of phonons [4]. Some critics incorrectly purport without evidence that quasiparticles and
coherent and collective excitations are not real. However, they are quite real and they actually produce many new
properties of matter which are quite measurable, such as specific heat, as but one example. The heat capacity of a solid
crystal has contributions to energy storage from the phonons, and the excitons, and the plasmons, proving they are
quite real, and not imaginary. Furthermore, the phonons are associated with both the metallic lattice, PdDx, and the
aqueous hydrogen lattice, D2O.

3.4 Energy Transport in Free Space, Vacuum, and Components

Energy can enter a system as work, as heat, and as electromagnetic radiation. The latter is described by the Poynting
Vector [15,16,17]. Here, for simplicity and to first order, just the electrostatic contribution is considered. When elec-
trically driving, either the CF/LANR component or system, and/or the ohmic control, both respond with an electrical
current across them. As a result, when an electric current passes through an ohmic control (linear time-invariant heater)
there is work being done.

With components, assume that the electrical current is constant, and that the component is homogeneous and
isotropic so that Ohm’s law is present. Therefore, the electrical current depends upon the electrical conductivity and
the applied electric field intensity.

J = σE (7)

The electrical current being constant means that the electric field intensity is constant, to the degree that there is
minimal polarization, so that

curl E = 0 (8)
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It is also assumed that there is no charge buildup so that

div J = 0. (9)

Hence, the E field intensity produces work by the E-field’s interaction upon the charges. Therefore, the induced work
dissipates power (work over time), and so, according to Joule’s Law.

Power dissipated W = J ∗ E = σ ∗ E/2 (10)

This is added to the Navier-Stokes equations by differential considerations, and this gives a differential amount of
power, in the differential volume, predicated on the mass and specific heat capacity.

dW = J ∗ EdV (11)

which in full form must be integrated over the volume, and over time. Many more complications arise from the lattice
[18,19] and many are important to successful CF/LANR.

Energy and Power Losses in Hot and Cold Fusion Systems

As initially discussed by Prof. George Miley [20], power loss in fusion systems can involve other losses. The literature
cites many components. Power loss from fusion systems (PLOSS ) has the usual components of radiation (PRAD ),
conduction (PCOND ) and convection (PCONv). The power loss from radiation (PRAD) as usually considered in hot
fusion systems to consist of radiation components secondary to Bremsstrahlung (PBREM ), cyclotron radiation (PCYC),
and optical emissions (POP). Furthermore, in cold fusion systems, these must augmented by three additional terms,
which represent additional effects of conduction and convection. As George Miley has shown these include blackbody
power emission (PBB), heat (enthalpy) conduction (PENTH), and the power loss which results through the exit gas
stream (PGAS).

The heat conduction in hot fusion is usually handled through its implicit incorporation in the energy confinement
time. Here, in LANR, it is included explicitly in equation 1 because the excess enthalpy of cold fusion is the major
signal of the desired reactions where phonons play a significant role in hyrided lattices and their electronic behavior.

PLOSS = PRAD + PCOND + PCONV ECT = PBREM + PCY C + POP + PBB + PENTH + PGAS (12)

3.5 Bremsstrahlung in Fusion Systems

Bremsstrahlung [13, 21, 22] is most important to LANR since 1989 especially given the alleged ‘graduate student
problem’ [23]. Bremsstrahlung radiant power from cold fusion differs from hot fusion in being markedly lower in
intensity, with an output spectrum in the near infra-red. In hot fusion, significant levels of Bremsstrahlung occur at hot
temperatures characteristic of plasmas. Because of the energies involved, the Bremsstrahlung radiation is penetrating
and cannot be contained.

This is important because at relativistic energies, the energy loss by Bremsstrahlung may exceed that secondary
to all collision interactions with matter surrounding and within the reactor. In hot fusion systems, the energetic ions
and electrons of the plasma radiate so much ionizing (x-ray) power by Bremsstrahlung that this radiation leakage
challenges reactor planning. To explain this much more clearly, the following goes into this physics in detail.

Bremsstrahlung [Breaking Radiation]

Bremsstrahlung, described by a theoretical energy spectrum and angular distribution [22,23], has an observed power
output spectrum as a function of the emitted photon energy. The output spectral curves are continuous, and also
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contain characteristic material-specific photon peaks (lines) superimposed. The latter occurs from the displacement of
lower-lying electrons in the target and the subsequent refilling of those orbitals.

There are two well-known types of Bremsstrahlung - outer and inner. Outer Bremsstrahlung is the release of
ionizing radiant energy from highly energetic moving charged particles upon their deceleration [20,21]. This form of
Bremsstrahlung was first observed when it produced secondary x-radiation from fast moving electrons hitting thick
metallic targets. Inner Bremsstrahlung occurs in β-decay and results in the emission of photons in energy between
zero and the maximum energy available for that transition. Inner Bremsstrahlung, double Bremsstrahlung [26]–[28],
polarization Bremsstrahlung, solar Bremsstrahlung [29] and the relativistic Bremsstrahlung associated with hadronic
showers including solutions by the Weizsacker-Williams method of virtual quanta will not be discussed in this paper.

Bremsstrahlung Radiation Cross section

The energy in the Bremsstrahlung output spectrum is expressed for incident beam or gendanken experiments as a
cross section of photon emission [13]. This enables the determination of the beam energy loss as a function of dis-
tance [dEraddx ]. The radiation cross section of Bremsstrahlung has been considered several ways including classical,
semiclassical quantum, and the Bethe-Heitler quantum mechanical Born approximation (done in 1934). Calculations
usually begin with the kinetic energy of the moving particle considered, relativistically if necessary [30, 16, 31]. The
emission of Bremsstrahlung radiation is most important for low mass (m) particles impinging upon high atomic number
materials (ZM), and therefore for electrons impinging upon palladium (Z = 46) or nickel (Z = 28).

If N is the number of fixed charges in a unit thickness, the energy loss per unit distance becomes

dE rad
dx

= N

∫
χ(ω)dω (13)

Equation 13 is solved by use of conversion to a new variable of integration, x =≥ hω
2πE . The radiative loss per unit

distance by Bremsstrahlung is thus
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Screening Effects for sufficient relativistic energies

Screening effects due to the target atomic electrons have not been considered above, but are typically included through
their relationship to the impact parameter [13]. There is a critical energy (ES) beyond which the impinging relativis-
tic particles are said thereafter to have “complete” screening. The important result from screening considerations,
discussed elsewhere, is that for all E > Es, the Bremsstrahlung radiation cross section changes and, thereafter for
increasing frequencies, becomes constant. Where does this occur for the materials used in cold fusion? For beam
systems where this has been experimentally confirmed, for electrons in aluminum (Z = 13) this critical energy, Es, is
about ∼ 42MeV, and for lead (Z = 82), the relevant relativistic energy Es is ∼ 23MeV. This is characterized by

Es =

(
192M

z
1
3

M m

)
Mc2 (15)
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Equation 15 was used to calculate the expected critical energy (Es) for the hydrided materials associated with cold
fusion. For electrons in palladium (Z = 46), this calculation is Es =∼ 28MeV. For nickel (Z = 28), it Es ∼ 33MeV,
and titanium (Z = 22), Es ∼ 35MeV. The important relevant conclusion is that the Bremsstrahlung screening effect
is unimportant in this analysis of cold fusion systems.

Calculation of λmin

By inspection, conservation of energy requires that the maximum wavelength of Bremsstrahlung emission be limited
to, under non-relativistic conditions, the kinetic energy of the incident particle, and so hc

λmin

∼= 1
2Mv2. This has great

impact upon radiation behavior[13]. The upper limit for photon energy emission occurs at the shortest wavelength
[Angstroms] which is inversely dependent upon the voltage (V) used.

λmin =
hc

eV
=

12, 396

V
(16)

The Bremsstrahlung of cold fusion differs from hot fusion due to the lower temperature. At cold fusion temper-
atures, circa 300 K implying equivalent energies of 1/40 electron volt, the maximum energy (minimum wavelength)
output of Bremsstrahlung emission is in the near infra-red. Given this result, the most important implication is that cold
fusion Bremsstrahlung would have insignificant penetration of the electrode or even aqueous medium. The penetration
depth, and its implications, will be calculated after first considering the relative role of Bremsstrahlung radiation to all
collision related energy losses.

Final Bremsstrahlung Output Power Calculation

The standard calculation for plasma and hot fusion Bremsstrahlung requires determinations of both ion density and
excitation energy [13,32]. The Bremsstrahlung power equation becomes

PBR = 5.35× 10−31f
∑
j

kjZ
2
j ∗
(
n2
)
∗ Te

1
2 (17)

where f =
∑
j kj ∗ Zj the electron temperature is Te (in keV), and there are n ions/cm3, containing j nuclear species,

of charge Zj and of fraction density (sum = 1) of kj ∗ n. Here, Z is the nuclear charge, ni and ne are ion and electron
densities (number of particles /cm3) and T is the electron temperature [keV].

Important Metric of Radiant X-ray Power

First, the Bremsstrahlung radiant x-ray power volume is much less at cold fusion (CF) temperatures (∼ 300 K) than
at thermonuclear temperatures. However, the determination as to whether Bremsstrahlung is important for CF (as
it is for thermonuclear fusion) also depends upon the ratio of Bremsstrahlung power to fusion power. In kinetic
beam experiments as discussed above, it is also important to consider the radiant x-ray power in comparison to input
electrical beam power. In the sense that cold fusion experiments also have central electrical input power distributions
as the etiology of the fusion mechanism, this factor was also examined for the case of cold fusion.

η =
x-ray power
beam power

= 0.0007 ∗ Z ∗ V (18)

The ratio of x-ray power to beam power falls from 0.05–0.28 (hot fusion, characterized by aluminum and lead
targets, Table 1) to 1.4 − 8.1 × 10−10 for cold fusion [palladium Z = 42, and water (average Z = 8)]. This marked
decrease in the exit of ionizing Bremsstrahlung radiation is directly reflected in the irradiation dose delivered. This
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can be calculated [13] from the x-ray beam dose equation [32], here modified as the x-ray dose in Grays (at 1 meter)
delivered per coulomb of electrical input.

D/Q = 1.50 ∗ Vmax
2.8∗Z1/2 [Grays/Coulomb] (19)

Vmax here is dominated by kBT because the applied electrical field intensity, assuming homogeneous distribution
over the system is insignificant by comparison. This most important result from equations 18 and 19 is the correct
calculation that the derived value of the Bremsstrahlung delivered dose at a distance of 1 meter is some 11 to 18 orders
of magnitude less than that expected for conventional fusion systems.

Most importantly, the irradiation dose (Grays) per coulomb at 1 meter drops from 3.1 × 1019 Grays (hot
fusion) to 1.4-3.3 ×10−4 Grays for cold fusion [13].

[embolden for emphasis below it.]

This result is consistent with experimental findings over more than three decades. Again there is no reason for the
experimenters in cold fusion laboratories to have easily seen any ionizing radiation because, like neutrons, there are
theoretical reasons for x-radiation to be absent. Some recent experiments are consistent with cold fusion (using the
codepositional method) producing very low levels of ionizing energy release in the range of ∼ 6 to 30 keV [33,35];
and for emissions from NANOR-type components [34,36].

3.5.2 Implication of Shift to Nonionizing IR Output

We have closely examined the impact of the fact that Bremsstrahlung radiant power exists, in cold fusion systems, in
the near-infrared [13]. The shift of the cold fusion Bremsstrahlung output power spectrum to non-penetrating radiant
energies has great implications. The first implication of the maximum energy with cold fusion is the increase in the
role of self-attenuation. As an example of how significant this effect might be, consider that small amount of even
low-Z filtration produces the well-known effects of beam hardening widely used by radiologists for a century. For
example, when 65 keV electrons are bombarded into tungsten targets, the filtering of 1 mm aluminum alone cause all
radiation below about 10 keV to drop to virtually zero.

The second implication is effective containment of the radiant Bremsstrahlung power, and its overlap with thermal
and phonon processes[13]. With cold fusion, could the impact of this present serious and interesting physics because
of the extremely limited skin depth? It must be true that the final boundary condition will be the StefanBoltzmann
distribution of blackbody radiation characterizing the system.

However, in this case, there is the additional, albeit small, localized input from the cold fusion Bremsstrahlung
radiation which may act to supplement the local phonon field.

IMPACT OF SKIN DEPTH

The loss of potential fusion energy through Bremsstrahlung radiation is very low for cold fusion systems because the
radiation is in the near infrared and, therefore, is trapped by the skin depth effect to remain vicinal to the reactions[13].
The infrared radiation is essentially locked into the materials, as opposed to the penetrating, uncontained, ionizing
radiation of hot fusion. The energy transfer in cold fusion through Bremsstrahlung is limited by the skin depth which
is relatively small. The skin depth is defined, in continuum terms, where σ is the conductivity, and µ the permeability,
by

δskindepth =
2

√
ω ∗ µ ∗ σ

(20)
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For palladium (9.25×106 mhos/meter), at 1 Megahertz this is 0.066 mm , but in the infrared [1013−6×1014 Hz],
the skin depth ranges from 2.7 to 20.9 nanometers. This must be compared to the hot fusion Bremsstrahlung which is
very penetrating with tenth value thicknesses of lead ranging from 0.2 to 65 millimeters.

The result of equation 20 is that because of the skin depth, the energy of the Bremsstrahlung radiation is trapped
inside the metal, possibly in thermodynamic equilibrium, and can only exit by blackbody radiation, exit gas stream (or
possibly monatomic gases, or ions, through catastrophic desorption) or further phonon conduction.

Possible Secondary Effects

Most importantly, the lock-in effect means that there may be additional post-fusion contributions to the optical and
acoustic phonons. These lattice vibrations have coupling in the infrared, which itself is linked with molecular vibra-
tions. Given the lattice, additional phonons would thereafter develop. To the degree that these phonons are needed to
continue further CF reactions, the cold fusion Bremsstrahlung might accelerate the desired reactions.

3.5.3 Summary Analysis of Bremsstrahlung

It is important to summarize these very important results.
We have examined the role of Bremsstrahlung in cold fusion systems [13]. The results show why those figurative

cold fusion graduate students never died, unlike hot fusion or plasma systems. The reason the graduate students,
and CF/LANR researchers were saved. The reason why is that we calculate that there is a VERY marked shift in
Bremsstrahlung power density compared to beam power, from 0.05-0.28 (hot fusion) to 1.4 − 8.1 × 10−10 for cold
fusion [palladium Z = 42, and water (average Z = 8)].

As a result, the delivered x-ray beam dose (at 1 meter) decreases by 11 to 18 orders of magnitude as the irradiation
dose (Grays) per coulomb drops from 3.1× 1019 Grays (hot fusion) to 1.4-3.3 ×10−4 Grays for cold fusion.

Attention is directed to the fact that these calculations, based upon temperature, are consistent with the relative
absence of apparent ionizing emissions from cold fusion systems except for a few reports looking in the∼ 6 to 20 keV
region.

Most importantly, the Bremsstrahlung radiant power from cold fusion differs from hot fusion in that - because of the
markedly lower temperature - most of the Bremsstrahlung radiant power in cold fusion systems is in the near-infrared
region.

This occurs because the energy transfer in cold fusion systems via Bremsstrahlung radiation is limited by the skin
depth which for palladium (9.25106mhos/ meter), in the near infrared [1013 − 6 × 1014 Hz] ranges from 2.7 to 20.9
nanometers. This is important because the lock-in of cold fusion Bremsstrahlung has important secondary effects upon
the rates of the desired fusion reactions. One very important implication for CF/LANR is that the effective containment
of the radiant Bremsstrahlung power, and its overlap with thermal and phonon processes [37-39].

3.6.1 Application of First Law: Energy Conservation in Calorimetry

Now we come to the role of energy conservation in calorimetry. Until the development of LANR detection systems like
coherent antiStokes CMORE spectroscopy [37-3] and Deuterium-line RF emissions [40–42], CF/LANR investigators
have had to rely solely upon calorimetry (and occasional mass spectroscopy when very lucky to look for de novo 4He).
Calorimetry will remain the mainstay for a long while.

In calorimetry, there are several important types [43–50]. When pressure remains constant, it is an isobaric process.
When temperature remains constant, it is an isothermal process. When there is no exchange of heat between the gas
and the environment, it is an adiabatic process. More commonly in this field, there is a constant volume while the
pressure is free to change. This is an isovolumetric or isochoric process.

An isoperibolic system is a system in which the controlling external temperature is kept constant.
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Calorimetry by Conservation of Energy and Mass

For analysis, for each type we must consider the specific heat of water, and use NavierStokes analysis to examine the
flow of matter and energy [50]. Another advantage of using this method is that it is valid always. By contrast, the
Nernst equation is not even valid unless there is equilibrium which is why the very successful quasi-1-dimensional
model of loading was developed [14].

3.6.2 Derivation of Navier-Stokes Equation

The Navier-Stokes equation is derived from F = ma, which is conservation of momentum and from the equations for
conservation of mass and energy. Conservation of mass requires the continuity equation [50].

• Conservation of momentum

(21)

• Conservation of mass (continuity equation)

∇ ·~ı = 0 (22)

• Conservation of Energy

(23)

Navier Stokes equation

(24)

The increment in internal energy (enthalpy) per unit mass is cνdT for an ideal gas where cν is the specific heat at
constant volume. cpdT is the incremental change in enthalpy per unit mass at constant pressure.

The desired equations add the forces on the right-hand side of Equation 24, here being force(s) which arise from a
pressure gradient, from gravity, and diffusion. Finally, because this is a Euler equation (a flow though a volume) rather
than a Lagrangian [such as where the ball is thrown, as a f(x, y, z)], the convective derivative is needed and used on
the left-hand side of Eq. 24 .

3.6.3 Benard Instability, and the Boussinesq Approximation

In some cases of flow calorimetry, the thermal expansion of the involved fluids must next be addressed. The key
problem is that water and air and other fluids used in flow calorimetry suffer from thermal expansion. Their density is
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a function of temperature. Thus, water when it freezes floats on top, as one example, thereby fortunately saving all of
the life below in the pond during the Winter.

For simplicity, the Boussinesq approximation is used, which only considers the thermal expansion in any term of
Eq. 4 involving gravity (such as on the right hand side). Solution leads to Benard instability, the Rayleigh Taylor
wavelength, and what is universally observed in continuum electromechanics [51]. This equation is generally ignored
in simplistic flow calorimetric systems/calculations.

ηB Evaluates Impact of Buoyancy Effect

We derived a non-dimensional number (= ηB) which can determine if flow calorimetry is defective when it is signifi-
cantly greater than zero, and can be used to correct the flow calorimetry to the first order [52-56].

ηB is the ratio of heat transported by the buoyant forces to the heat transported by the applied solution convection.
ηB is also derivable from other non-dimensional factors including the Archimedes non-dimensional number (which

is the ratio of the buoyant force to the viscous force), and the Rayleigh non-dimensional number (which is the ratio of
gravity to thermal conductivity).

3.6.4 First Order Correction for Buoyancy Factor

To zeroth order one can write using the specific heat capacity, the temperature differential, and the rate of mass transfer
caused by both the expected convection and the buoyancy movement secondary to the temperature inhomogeneity
[56].

Pobserved = Pout + Perror = Cp ∗∆T ∗ Vtotal ∼= Cp ∗∆T ∗ (Vconvection + Vbuoyancy ) (25)

The chain rule in calculus and consideration of coolant redistribution reveal the higher order terms from the impact
of the buoyant flow.

δPerror

δηB
= (Cp ∗∆T ∗ Vconvection ) +

(
Cp ∗ Vconvection ∗ ηB ∗

δ∆T

δηB

)
(26)

The term containing δ∆T
δηB

depends upon many factors including the total tank volume just outside the reactor (or
thermal control) and the actual input temperature boundary condition. However, that term appears to be higher order,
and so the linear correction to the observed power becomes

Pcorrected = Pobserved − (Cp ∗∆T ∗ Vconvection ∗ ηB) (27)

An improved estimate of the purported gain (or over-unity gain) then becomes, corrected to first order [56],

Pcorrected = Pobserved ∗ (1− ηB) (28)

This important result means that the semiquantitative corrected Incremental Power Gain of these experiments is
equal to the indicated Incremental Power Gain times (1− ηB).

3.7 Limitation of the First Law

That said, there are limitations of First Law. They are VERY important for cold fusion by any name
(CF/LANR/LENR). First, the First law cannot even indicate if a reaction(s) is spontaneous, or its rate, or the direction
of heat or deuteron flow, nor will it provide information about final temperatures or concentrations or distributions,
or information on the entropy. Electrical engineering of applied fields and Navier-Stokes models with convective
derivatives are far more useful.
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Second, in addition, the first law of thermodynamics cannot determine or distinguish which direction heat flows
between a cold object and a hot object. Yet we observe the heat flows in one direction only - heat only flows from a
hot body to a cold body.

4.1 Second Law of Thermodynamics - Entropy Always Increases

The Second Law of Thermodynamics declares that entropy will always increase, which for most things of large number
is quite reasonable [1]. Entropy is a thermodynamic parameter, symbol S, describing disorder in a system or in a
material. Entropy is disorder but it heralds more. The availability and accessibility of energy depends on entropy. It
is more difficult to access energy as the entropy increases. The origin, limitations, and other issues of the Second Law
are described in detail below.

The change in entropy during a thermodynamic process is defined as:

∆S =

∫
dQ/T (29)

Thus, going back to electrical heating, the total entropy increase is defined as

dS/dt =

∫
(J∗E) /T dV (30)

4.2 Origin of the Second Law of Thermodynamics

The Second Law of Thermodynamics was derived by the French physicist Nicolas Léonard Sadi Carnot in 1824 [57].
He was a French engineer trained at the École Polytechnique in Paris by Joseph Louis Gay-Lussac, and André-Marie
AmpÃĺre. His classmates were Claude-Louis Navier and Gaspard-Gustave Coriolis, and with them Carnot studied
steam engines. Carnot died of cholera at 36, and his writings were buried alongside him.

In those days, heat was viewed as an invisible flowing liquid. In 1824, Carnot published Reflections on the Motive
Power of Fire [58, 59] postulating the Carnot cycle and first discussed the idea of “reversibility” where work would
give a temperature rise. Carnot’s work showed there are losses in work, from entropy, and only its absence yielded the
upper limit of efficiency of converting heat to work [60–63]. He demonstrated that the maximum thermal efficiency
of a heat engine occurred when all the heat supplied was at a constant temperature (T1), and when all the work was
conducted at a constant temperature (T2). The maximum thermal efficiency was related to both and is

ηmax = 1− ((T1) ∗ ( T2)) (31)

This is an alternate equation from the second law of thermodynamics. The equation was very useful since the
efficiency of steam engines was 3%.

4.3 Limitation of the Second Law

The Second Law of Thermodynamics is not a “Law” as much as it is a statement of probability. The Second Law of
Thermodynamics purports that the state of entropy of an isolated system will increase over time, but there are many
limits to it. Two examples are shown below.

First, entropy involves large numbers of particles/systems, so this cannot refer to Lagrangian single particle. Co-
horts must be used, resulting in probabilities. Thus, sometime small numbers of particles can break the Second Law,
but large numbers make breaking the Second “law” extremely unlikely.

Second, another weakness of the “law”, is that the Second Law states that the time rate of change of the entropy can
never be negative over the Universe, but locally, over a small volume, biology, and artificial intelligence and advanced
materials demonstrate that THAT “law” may not be always true.
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4.5 Entropy in Language [Including Discussions of CMNS]

Entropy from the Second Law is relevant to CF/LANR even when we and our colleagues speak about it. This is why:
Entropy is the metric used to measure uncertainty in both physics and in languages (“communication”). In the latter,
entropy refers to the amount of randomness of speech or text, and failure to communicate.

To understand this quantitatively, consider that the goal of any language is to transmit information. The amount of
information in a message is denoted by the “entropy”, as proposed by Claude Shannon [64,65]:

“The entropy is a statistical parameter which measures, in a certain sense, how much information is produced
on the average for each letter of a text in the language.”

[“Prediction and Entropy of Printed English”].

Shannon’s entropy is a measure of uncertainty. The higher the entropy, the more frequent are communication errors.
This is how it is related to speech and text. Language performance is measured by perplexity, cross entropy, and bits-
per-character (BPC), and accuracy. Perplexity reflects the uncertainty. Perplexity as metric shows if a probability
distribution or probability model actually will predict an accurate result. The actual crossentropy is greater than the
calculated entropy because it involves an additional loss from coding and/or recognition for logistic regressions and
artificial neural networks.

Bits-per-character and bits-per-word are the metrics used which enable determination of Shannon’s definition of
entropy. Entropy is also directly proportional, to first order, to the maximum attainable data speed transmission rate [in
bps (bits per second)]. Entropy is also the average number of binary digits required per letter of the original language
to translate each letter in a most efficient way.

“If the language is translated into binary digits (0 or 1) in the most efficient way, the entropy is the average
number of binary digits required per letter of the original language.”

[“Prediction and Entropy of Printed English”].

The entropy of a language is an estimation of the probabilistic information content of each letter in that language
and so is also a measure of its predictability and redundancy. Entropy of a language thus becomes a statistical parameter
which measures, in a certain sense, how much information is produced on the average for each letter of a text in
a language. In language, some words always are linked with others, and this effects the entropy. This additional
relationship/linkage is important because the probability is linked to the preceding word/symbol.

5.1 The Third Law of Thermodynamics

The Third Law of Thermodynamics was formulated by the German chemist Walther Nernst in 1906 [66-69]. The
Third Law of Thermodynamics purports that the entropy of a system approaches a constant value as the temperature
approaches absolute zero, and that value for all perfectly crystalline solids is zero at the absolute zero temperature
[“perfect order in a crystalline solid”].

Many problems in electrochemistry and CF/LANR in particular have arisen from the Nernst equation. These have
been discussed by Herbert Uhlig [70], and there are major differences with other electrochemists who relied only on
the Nernst equations [70,71]. The issues are beyond this paper and have been covered elsewhere [14]. The most
important point is that these things are known and the Nernst equation is only relevant at equilibrium whereas active
CF/LANR systems and components are definitely not at equilibrium [14].
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5.2 Limitation of the Third Law

There are limitations of Third Law of Thermodynamics. They may be important for cold fusion. Several things do
not fit this including glassy solids, mixtures of isotopes of a single element, and some simple molecules including
CO,N2O,NO,H2O, and probably heavy water. Each has an entropy greater than zero at absolute zero. This will be
shown by way of water, and heavy water. Water is described here because of its entropy, and how it demonstrates that
the Third “Law” fails. First, a thermodynamic review of water, and its lattices [72,73].

5.2 Water - Critical to LANR and many Calorimeters

Water has a great heat capacity with a negligible increase in temperature [72]. It is the deuterogen bonds, and the
diversity of structures available to water, which accounts for this important phenomenon [72-78]. High boiling point
is another corollary. The origin of the heat capacity is the entropy discussed below.

There are Two Lattices in Water and Ice

Water has a three dimensional stereoconstellation, and surprisingly it has both order (the oxygen atoms) and disorder
(the protons or deuterons) [73]. Water’s atoms of oxygen and hydrogen (or deuterons) are arranged in structures with
definite physical rules and it is best understood as a complicated three-dimensional structure comprised of two lattices.
The lattice of the protons and/or deuterons is located within a second lattice (the oxygen atoms). The most important
point is that there are two lattices and that the proton lattice is often totally ignored. Much has been learned by studying
the protons, their electric dipole moments, and their entropy, which results from their distribution and decoration upon
the organized oxygen lattice [73].

The fact that water has a second proton lattice within it means that water has not only singular properties, but has an
incredible impact upon both the properties of materials dissolved within it (including clathrates, hydrates, biological
systems, etc.) and the operation of systems using it. Additional complexities occur because the hydrogen in water
could be the rarer heavy hydrogen, deuterium, which is the desired fuel in CF/LANR and is used at 99 to 99.95%
purity levels in the best CF/LANR systems.

Hydrogen/Deuteron Bond

The immersion of a hydrogen, actually the proton, into an electronic cloud of a neighboring water molecule begins the
process toward understanding water/ ice structure. The H -bond process consists of that immersion of one proton into
the electronic cloud of a neighboring oxygen acceptor. A wide range of angles are possible for the lone electron-pair ac-
ceptor. The coulombic neutralization yields an energy decrease in the order of 4.5kcal/mole (kBT = 0.6kcal/mole).
What occurs when the hydrogen bond is formed is that a thermally-stable structure results and an electric dipole mo-
ment is formed [72-76]. The bridge dipole is a simplification, because it is actually a superposition of individual dipole
moments. Each bridge consists of two dipoles. The vector sum can be associated with each bridge.

The deuteron bond, similar to the “hydrogen bonds” of light water, decisively controls this materials aggregation
properties. This occurs because of the ratio of the energy involved in a deuterogen bond (∼ 4.5 kilocalories per mole)
versus the lesser, albeit omnipresent, thermal energy [kBT] which is only 0.6 kilocalories per mole. The result is that
thermal energy [kBT] is insufficient to disrupt more than a statistically few deuterogen bonds at any given time [73].

5.3 Deuteron/Proton Disorder in the Condensed Phase

The oxygen lattice is strictly ordered, but it is important to know that the proton sublattice is disordered. The proton
disorder of water’s hydrogen sublattice leads to the unusual electric conduction and polarization properties of water.
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Figure 3. (left) Ordinary ice (Ice lh) lattice showing the oxygen nuclei in hexagonal arrangement. The Wurtzite-type structure of Ice 1 h showing
the lattice which creates an open optical (c-axis) axis, viewed best using crossed polarizers, consisting of tetrahedral H2O molecules held in a proton-
disorder stereoconstellation [72–78]. Contained within the ordered oxygen tetrahedral lattice is the disordered proton sublattice. The disordered
results from the fact that every oxygen bridge has two (2) nearly equivalent proton positions. (right) Possible arrangements of protons in water.
Shown are the six possible arrangements of protons in a Wurtzite-like (eclipsed) Ice 1h structure composed of eight water molecules.

Most importantly, the proton disorder creates the large dielectric constant of water that enables water to dissolve so
many materials. Furthermore, the proton disorder of water/ice contributes to the great heat capacity of water {the
ability to absorb heat with a negligible increase in temperature}.

Figure 3 shows 6 possible configurations which can exist for two oxygen nuclei. Because these are indistinguish-
able, there are only 3 such configurations [72,73-75]. Furthermore because each layer eliminates randomness from the
next layer there are 3/2 = 1.5 arrangements. The calculated entropy, therefore is

S = kB ∗ ln (Number of states) (32)

Examining the form of ice, thus the entropy S is:

S = R ∗ ln(1.5) = .81

Note that this calculated value is indeed very close to the measured value of .82 calories/gram-mole.
This entropy for water-ice, calculated here to high accuracy, does not follow the Third “Law” at absolute zero

temperature, but lessons remain none-the-less.

6. Conclusion

Thermodynamics is our best, constantly developing, engineering method to study the inter-relationships and multiple
(re)-conversions between heat and several types of energy; both in the world around us, and in the local version within
our CF/LANR experiments. Thermodynamics is fundamental, but as shown here, it must be tempered and considered
alongside both actual engineering and material science realities. Together, their science is the proven way to excellently
understand it better toward our goal(s) of achieving better working, more reproducible cold fusion (LANR) systems
with higher incremental power gain and power density.

In lattice assisted nuclear reactions (LANR) systems, thermodynamics controls electrodes, explains diagnostics,
and limits emissions. Although thermodynamics has several problems, as all limited first-order guess-work analyses
do, they are now very well defined, and therefore, discussing its scope, its origins, and its many roles in our measure-
ments will continue to improve the development and engineering of CF/LANR systems.
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Abstract

The problem of optimizing nuclear reactions at low energy of moving particle based on accelerator nuclear fusion is considered.
It is shown that the optimization process may be linked to the formation of coherent correlated states of moving particles and ac-
companying fluctuations of transverse energy (30–100 keV). These phenomena occur when particles traverse a crystalline graphene
channel (graphene nanotube) with an optimal energy of longitudinal motion around 500 eV. Furthermore, the study establishes that
the most efficient method for implementing such systems is the use of a negative corona discharge in hydrogen or deuterium gas near
the surface of conductive graphene nanotubes, in the presence of lithium or other fusion-optimal isotopes inside these nanotubes.
© 2025 ICCF. All rights reserved. ISSN 2227-3123
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1. Introduction

Traditional “accelerator nuclear fusion” methods rely on the need to use high kinetic energy particles that interact with
remote unoriented targets possessing optimal isotopic composition for fusion. The efficiency of such fusion remains
quite low (3 . . . 5%) due to the substantial non-nuclear deceleration of moving particles upon interaction with atomic
electrons of the target [1]. While employing the channeling motion of accelerated particles in oriented crystal targets
significantly reduces the rate of non-nuclear deceleration, the probability of nuclear fusion decreases even more rapidly.
Such interaction modes necessitate intricate and costly accelerator systems. It has been shown that the combination
of these methods using thin layers of graphene leads to the possibility of a simple alternative implementation of low-
energy, self-sustaining and self-regulating fusion.

2. Application of Coherent Correlated State of Moving Particles for LENR

In our previous investigations [2]–[5], we have demonstrated the feasibility of accelerator p + Li7 = 2He4 fusion
utilizing moving protons with an optimal low velocity vz,opt = 2d < ω(z) > and low kinetic energy Ez,opt =

© 2025 ICCF. All rights reserved. ISSN 2227-3123
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Figure 1. Dependence of the intensity of Li7(p, α)He4 fusion reaction versus proton energy Ez [6].

Mv2
z,opt/2 ≈ 500eV, corresponding to longitudinal motion within the periodic interplanar potential

V (r⊥, r‖) = V (r⊥, r‖ + nd) = M{ω(z)}2x2/2, r⊥ = x, r‖ = z (1)

of Li crystal. These conditions align well with the experimental date [6] (see Fig. 1) and correspond to the formation
of a coherent correlated state (CCS) of the moving particle upon traversing a crystalline channel [2]–[5].

It should also be noted that the optimal energy Ez,opt for different isotopes of the same chemical element (e.g., p
and d) will be identical. This follows directly from the formulas for vz,opt and Ez,opt , taking into account that for
different isotopes ω(z) ∼ 1/M1/2.

This CCS is characterized by significant fluctuations δEx in transverse energy at low energy Topt of longitudinal
motion, leading to subsequent nuclear fusion within the volume of the same Li crystal. This process is associated
with the formation of an optimal coherent superposition of eigenfunctions of each particle, satisfying the criteria for
realizing Schrödinger-Robertson uncertainty relations for various pairs of dynamic variables (e.g., px, x and Ex, t
[2]–[4], [7]–[22]):

δpxδx ≥
}

2
√

1− r2
pxx

≡ Gpxt}/2 ≡ }eff/2, δExδt ≥
}

2
√

1− r2
Txt
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{<tEx>+<Ext>}

2
√
<E2

x><t
2>

;

G = 1/
√

1− r2; 0 ≤ |r| < 1; 1 ≤ G <∞.

Here r is the coefficient of correlation, and G is the coefficient of correlation efficiency, characterizing the increase
in amplitudes of dynamic variables fluctuations. It is noteworthy that during the formation of a coherent correlated
state based on, for example, an excited oscillator, the Schrödinger-Robertson uncertainty relation is an obvious gener-
alization of (2) and takes the form [10], [11]

(δpx)2(δx)2 ≥ G2(2n+ 1)}2/4. (3)

The value n corresponds to the number of the energy level in the transverse potential well, associated with the
transverse energy of the particle upon entering the interatomic channel. From these equations, a simple estimate for
the lower limit (minimum value) of the kinetic energy fluctuation of a particle with mass M localized within the spatial
interval δq⊥ can be derived:

δE
(min)
⊥ = (δp⊥)2/2M = G2(2n+ 1)}2/8M(δq⊥)2 (4)
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Figure 2. Adaptive channeling of low-energy proton in 3D crystal.

In particular, when a moving proton with mass M is localized in an interatomic region with size about 1.5Å (δq⊥ ≤
0.75Å), typical for condensed matter, the minimum fluctuation of kinetic energy for a particle in CCS with realistic
coefficient of correlation efficiency G = (1...3) · 103 corresponds to the value δE(min)

⊥ ≈ (1...10) · (2n + 1) keV.

Actual fluctuations δE of transverse kinetic energy (2) can significantly exceed this minimum value δE(min)
⊥ .

Notably, these fluctuations exhibit a considerably extended duration δt [21], [22] compared to the duration of
quantum fluctuations associated with the conventional Heisenberg uncertainty relation δE⊥δt ≥ }/2 for uncorrelated
states with r = 0. The emergence of such states is linked to the physical mechanism of the formation of a mutually
phased coherent superposition of particle eigenfunctions inside a nonstationary potential well. This potential well
corresponds to the particle’s state in the comoving coordinate system, linked to the moving particle within the periodic
field of the interplanar channel of the crystal. This state corresponds to adaptive channeling within the actual periodic
transverse electric field of the crystal (Fig. 2).

At the proton kinetic energy Ez,opt = Mv2
z,opt/2 , the coefficient of correlation efficiency increased up toGmax ≈

(2...3) ·104 over three lattice periods [2]–[4]. This augmentation results in substantial fluctuations in transverse kinetic
energy δE⊥ ≥ 30...100keV and a pronounced increase in the transparency of the Coulomb barrier from an initial
small value D(Ez,opt) ≤10−80 to D(δE⊥) ≈ 0.01.

A comparable, albeit less intense, effect transpires when a charged particle traverses a single lattice period, as may
occur when a particle moves through a single-layer crystalline film of the graphene type (Fig. 3).

The motion of a proton through a unit cell of a single-layer graphene corresponds to a two-dimensional non-
stationary harmonic oscillator with similar Schrödinger-Robertson uncertainty relations (1) for the corresponding vari-
ables px, x and Ex, t. The results of the numerical calculation of CCS for a single-layer graphene [2]–[4] are shown
in Fig. 4.

These calculations demonstrate that the optimal particle velocity giving the maximum correlation coefficients cor-
responds to the energy Ez,opt ≈ 500 eV of longitudinal motion.

3. LENR on Targets Connected With Graphene Nanotubes During Corona Discharge In H or D Gas

The practical realization of this straightforward method for stimulating LENR can be achieved through two alternative
approaches:

• utilizing a high-current proton accelerator with specific energy in vacuum system;
• employing the method of directed accelerating ions in a dense gaseous environment across the entire space

between two electrodes with an optimal potential difference.
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Figure 3. Adaptive channeling of protons in a single-layer crystalline film.

Figure 4. Dependence of the coefficients r and G on the velocity v = vz in the center of the longitudinal potential well of single-layer graphene
with width dx (left) and on the longitudinal coordinate z at the optimal longitudinal velocity vz,opt of the particle (right).

The first method demands specialized and rather intricate systems. Conversely, the second method faces challenges
in maintaining a constant speed of protons due to multiple collisions between accelerated ions and other ions and atoms
within the gaseous medium.

Simultaneous fulfilment of the conditions necessary for CCS creation and LENR realization (formation of quasi-
monochromatic beams of particles with optimal energy and ensuring the optimal direction of their movement) can be
attained by employing conductive single-walled graphene nanotubes and employing a corona discharge mode at the
applied voltage U in a gaseous environment with an optimal isotopic composition.

It is well known that the primary characteristic of a corona discharge is the acceleration of positively charged ions
occurring directly near the cathode surface with a small radius R. In this region, a very high radial electric field strength

Er = U/rln(r/R), r ≥ R (5)

is present and a maximum rate of ion acceleration towards the surface of cylindrical cathode is realized.
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Figure 5. Setup scheme for CCS formation and LENR stimulation during negative corona p (or d) discharge near thin fusion active wires with
optimal isotopic composition (e.g. Li), coated with single-layer conducting graphene tubes. Left: motion of protons or deuterons near wire cathode;
right: motion of electrons near wire anode.

The schematic of a setup that meets all these requirements and can be used to implement nuclear fusion inside a
target is shown in Fig. 5.

This system utilizes cathodes and anodes in the form of thin conductive wires with a small radius and optimal
isotope composition for fusion (e.g., Li). They are coated with single-layer graphene tubes to enable a negative corona
discharge mode.

The automatic provision of these conditions is associated with the features of the corona discharge near the surface
of a cylindrical cathode with radius R. When the conditions for the existence of such a discharge are met, the entire
process of ion acceleration occurs within a limited space interval ∆r ≤ 10R near the cathode surface. The diminutive
size of the acceleration path ∆r for corona discharge results in a substantial suppression of the process of scattering
and deceleration of accelerated ions by other ions or gas atoms. This is attributed to the fact that the average path length
of the accelerated ion < l >= 1/σscatna,i is significantly greater than the size ∆r of the ion acceleration region near
the cathode surface composed of a graphene nanotube. Moreover, the movement of accelerated particles transpires
in a direction perpendicular to the surface of a thin cylindrical cathode, ensuring the necessary orientation of particle
movement. These conditions automatically ensure a high degree of monochromaticity for accelerated particles in a
gas medium with an atom or heavy-ion concentration na,i < 1/(10σscatR). In particular, at R = 1–100 nm and a typical
value of σscat = 10−16 cm2, we obtain the critical condition na,i < 1023–1021 cm−3.

In this setup, the initial acceleration of particles (p or d) to the optimal energyEr,opt ≈ eU transpires radially within
a small region near the cathode wires. As particles possessing the optimal energy traverse through a monocrystalline
graphene film in a short-range channeling regime, a CCS of these particles is formed [2]–[4].

An important fact is that in close proximity to the surface of a graphene nanotube, the direction of the accelerated
particles will typically deviate slightly from the strictly radial direction. This results in the occupation of quantum
states with n ≥ 3− 5 within the space between graphene atoms and, consequently (as per equation (4)), an increase in
transverse energy fluctuation δE⊥ ∼ (2n + 1) up to 30. . . 100 keV and more. This angular deviation in the direction
of movement arises from the influence of the electric field immediately before the particle enters the space between
atoms on the graphene surface.
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Figure 6. Schematic diagram of the motion of a proton with the optimal initial radial energy Er,opt and large transverse energy fluctuations δE⊥
in the presence of CCS inside a nanotube filled with unstructured lithium.

The interaction of these particles in CCS with an adjacent unstructured Li cathode, proximate to the film, leads to
effective Li7 + p = 2He4 nuclear fusion (see Fig. 6).

This corona discharge mode, with a voltage of U ≈ 450...500 V , can persist (in accordance with Peek’s law
[23], [24]) for an extended duration within hydrogen gas with a concentration up to na ≈ 1020...1021cm−3 at R ≈
1...10 nm . For cathode surface self-cleaning and removal of space charge near the cathode surface, it is imperative to
periodically interchange the anode and cathode by changing the voltage U polarity.

An important factor in implementing this self-acceleration method is the energy loss that accelerated ions experi-
ence while passing through the surface of the graphene nanotube.

This issue is addressed in [25]. The authors conducted a detailed theoretical and experimental study of the pa-
rameters of such losses in the case of an oriented proton beam moving perpendicular to the surface of single-layer
graphene. They showed that in this mode of motion, the energy loss increases linearly with the velocity of the incident
particle. This finding is in good agreement with the Lindhard–Scharf theory of electronic stopping [26]. In partic-
ular, for single-layer graphene, the energy loss for protons with an energy of 500 eV is about 10 eV, which does not
significantly affect the efficiency of nuclear fusion.

4. Conclusions

The method of self-controlled formation of coherent correlated states of particles passing through an optimal single-
or double-layer graphene-type nanotubes enables the generation of giant fluctuations in transverse momentum and
energy. The optimal longitudinal energy for protons or deuteron is in the range of 450. . . 500 eV. Such fluctuations
are generated and exist not only during particle passage through a thin graphene surface, but also in the space beyond
this surface (inside the graphene nanotube [20]). The most optimal approach to creating such a system with controlled
particle energy is through a corona electric discharge in hydrogen or deuterium gas, involving conducting graphene
nanotubes as both cathode and anode.
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This configuration involves the interaction of protons accelerated to the optimal for CCS energy Eopt with an
unstructured fusion-active target (e.g., p + Li7 = 2He4) made of Li-type isotope material. This target is situated
inside the conducting nanotube.

The use of nanotubes with different internal isotopic compositions allows a significant increase in the number
of nuclear fusion reaction types, facilitating the search for the most optimal configurations. When empty graphene
nanotubes are used, only a single optimal reaction C12 + d = N14 can be implemented via the direct interaction of
accelerated deuterons with the nanotube wall [27].

It is particularly important that the feasibility and high efficiency of implementing a corona discharge in a graphene
nanotube system have been confirmed in successful experiments [28], [29]. These experiments did not involve nuclear
physics studies but demonstrated the high efficiency of this electric discharge mode.

Another challenge in implementing such LENR technology concerns the formation of complex targets consisting
of a graphene nanotube containing an isotope optimal for this fusion. At first glance, introducing such a nuclear-active
core into a very thin graphene nanotube appears to be a highly complex and expensive technological task.

In practice, however, similar problems have already been successfully solved in applied electronics. One approach
involves first forming thin nanowires from an optimal conductive material enriched with the required isotope using
the electrospinning method, followed by a corona discharge in an atmosphere containing carbon. This process results
in the deposition of a thin carbon layer in the form of graphene on the nanowire surface [30]. Another method for
forming such systems involves introducing lithium into an existing graphene nanotube with a diameter of 1.5–5 nm via
the thermocapillary effect at temperatures above 200◦C [31].
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Abstract

This study investigates the implementation of (dd) low-energy nuclear reactions (LENR) under the influence of an undamped weak
thermal (temperature) wave on a remote TiD target. These waves are generated in the air during the cavitation of a water jet in a
closed chamber. The research reveals that the rate of tritium fusion is approximately 108 times greater than the rate of helium fusion
in these (dd) reactions.
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1. Introduction

It is widely acknowledged that current methods and projects aimed at achieving nuclear fusion are fraught with sig-
nificant technological challenges. This paper explores a potential mechanism for stimulating LENR involving the
generation, propagation, and distant influence of thermal waves. Contrary to the conventional understanding that such
waves rapidly dampen, transforming into an unstructured thermal field, our investigation challenges this notion. The
classical thermodynamic perspective assumes that the non-equilibrium system under study can be represented as nu-
merous small local equilibrium subsystems. The mathematical description of this process relies on the simultaneous
application of two fundamental equations:
the Fourier law for nonstationary heat flux ~q(~r, t)

~q(~r, t) = −λ · grad(T (~r, t)) (1)

© 2025 ICCF. All rights reserved. ISSN 2227-3123



Vysotskii et al. / Journal of Condensed Matter Nuclear Science 40 (2025) 48–58 49

and the equation of continuity

ρcv
∂T (~r, t)

∂t
= div~q(~r, t). (2)

Here λ, ρ and cv are coefficients of heat transfer, density, and specific heat.
From (1) and (2) follows the usual wave equation for the temperature field and thermal waves

ρcv
∂T (~r, t)

∂t
= div {λgrad [T (~r, t)]} . (3)

The solutions of this equation in 1D case are two colliding plane thermal (temperature) waves

T (ω, x, t) = Aωe−κxei(ωt−κx) +Bωeκxei(ωt+κx) (4)

with a significant damping coefficient equal to the wave number κ:

δ ≡ κ =
√
ω/2G. (5)

Here G = λ/ρcv is a coefficient of thermal diffusivity.
Notably, the conventional “standard” thermal wave (4) demonstrates attenuation over a spatial distance equivalent

to the wavelength, and we have δ ≈ 104 cm−1 and attenuation length of δ−1 ≈ 1 µm for air at ω = 80 MHz .
However, it becomes apparent that the standard classical equations of thermodynamics (1–3) were derived under
inaccurate assumptions, failing to consider relaxation processes. The solution (4) for thermal waves is valid solely for
low-frequency heat waves.

2. Fundamental Concepts of Undamped Thermal Waves Theory

Equations (1–3) are founded on the approximate assumption that the energy thermal flow ~q(~r, t) and temperature
T (~r, t) change synchronously within any small area along the wave propagation trajectory. This traditional yet erro-
neous assumption is rectified through a detailed analysis, revealing that a formal decrease in microvolume does not
correspond to a decrease in relaxation time. The latter necessitates a substantial number (approximately ∼10) of col-
lisions between atoms and molecules. For accurate analysis, the continuity equation (1) must be modified with a time
shift τ and considering the portion of the equation influenced by thermal action - whether it involves the change in
temperature T (~r, t) over time within the microvolume due to introduced energy

div~q(~r, t)⇒ −ρcv
∂T (~r, t+ τ)

∂t
, (6)

or the change in the flow ~q(~r, t) in space resulting from temperature changes

ρcv
∂T (~r, t− τ)

∂t
⇒ −div~q(~r, t). (7)

The time shifts in both equations, determined by identical relaxation processes, can be assumed with high accuracy
to be identical and equal to the thermodynamic relaxation time τ . As heat waves propagate, these processes remain in-
terconnected, compelling the consideration of both equation variants. Consequently, a joint analysis of these equations,
along with Fourier’s law (1) for nonstationary heat flow ~q(~r, t), yields a modified equation of thermal conductivity that
incorporates the time delay (relaxation time τ ) [1]–[5]:

∂T (~r, t± τ)

∂t
= G∇2T (~r, t) (8)
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The solution of the corrected equation (8) in 1D case can be presented as a superposition of colliding waves:

T (ω, x, t) = Aωe−δxei(ωt−k
′x) +Bωeδxei(ωt+kx)

≡ Aω exp
(
−κ
∣∣∣cos

ωτ

2
± sin

ωτ

2

∣∣∣x) exp
{
i
(
ωt− κ

∣∣∣cos
ωτ

2
∓ sin

ωτ

2

∣∣∣x)}
+Bω exp

(
κ
∣∣∣cos

ωτ

2
± sin

ωτ

2

∣∣∣x) exp
{
i
(
ωt+ κ

∣∣∣cos
ωτ

2
∓ sin

ωτ

2

∣∣∣x)} . (9)

These waves correspond to the wave number and absorption coefficient

k = κ| cos(ωτ/2)± sin(ωτ/2)|, (10)

δ = κ| cos(ωτ/2)∓ sin(ωτ/2)|, κ =
√
ω/2G. (11)

Temperature waves with characteristic frequencies

ωn = (2n+ 1)π/2τ, n = 0, 1, 2, . . . (12)

are undamped temperature waves (δ = 0) and they have wave number κeff = κ(ωn)
√

2:

T (ωn, x, t) = Aωn exp
{
i
(
ωnt− κ

√
2x
)}

+Bωn exp
{
i
(
ωnt+ κ

√
2x
)}

. (13)

The frequencies of these waves, under typical air parameters, are determined by

ωn ≈ 80 · (2n+ 1) MHz , n = 0, 1, 2, . . . (14)

These waves, characterized by their ability to propagate over long distances without attenuation, act effectively on
distant targets. Their short wavelength results in a minimal diffraction expansion of their flow. Undamped waves are not
only generated during precisely periodic heating with frequencies ωn (12) applied to a layer of air or a surface bordering
air but also during pulsed short-term heating with a duration ∆t shorter than the relaxation time τ in air (during such
pulses the spectrum of generated thermal waves will contain spectral components with a frequency ωn (12)).

In our experiments, a pulsed method was employed, utilizing short shock waves generated during cavitation of a
water jet emerging from a narrow channel into the closed volume of the cavitation chamber (Fig. 1). These exper-
iments used ordinary drinking water (not distilled). In this system, cavitation was formed when a water jet exited
through a steel channel with a diameter of about 2 mm into the closed chamber. The working pressure of water in this
system corresponded to 150 atmospheres. The cavitation target was made from a steel plate approximately 2.5 mm
thick.Thermal waves were generated by excitation or ionization and subsequent rapid decay or recombination of atoms
on the outer surface of a flat cavitation target under the influence of acoustic shock waves formed by the interaction
of water with cavitation bubbles with the inner surface of the target. Soft X-ray radiation with an energy of approx-
imately }ωX ≈ 1.5 keV , produced during decay or recombination, was absorbed rapidly in the air, heating it and
leading to the excitation of thermal waves. The emitted X-ray radiation was effectively detected by an X-spectrometer
or photographic plates near the outer surface [3]–[5].

Thermal waves were generated by excitation or ionization and subsequent rapid decay or recombination of atoms
on the outer surface of a flat cavitation target under the influence of acoustic shock waves formed by the interaction of
water with cavitation bubbles with the inner surface of the target.

The study of these undamped thermal waves involved their interaction, entailing rapid heating and cooling, with the
surface of a piezocrystal in a remote acoustic detector. The resultant rapid temperature changes induced acoustic waves
in the piezocrystal, recorded by the detector. These waves, recorded [4], [5] at distances of up to 2 m at frequencies
corresponding to ωn (12), with a maximum frequency reaching 1 GHz. The registration range was constrained by the
size of the laboratory.
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3.1. Prerequisites of stimulating fusion by heat wave 
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distant stimulation of nuclear dd-fusion
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Figure 1. Scheme of experiments on the generation of undamped temperature waves and stimulation of nuclear fusion in a distant target and
general view of the experimental setup.

It is necessary to take into account the structural features of the thermal wave at a relatively short distance from its
source. Such a wave is a set of harmonics within the spectral interval |ω−ωn| ≤ ∆ω, close to optimal frequencies ωn.
These harmonics exhibited weak attenuation in air, forming a pulsed wave packet of short duration ∆t ≈ 1/∆ω. Our
calculations [1]–[5] and conducted experiments demonstrate that the action of these waves on a distant nuclear active
target leads to the effective stimulation of nuclear reactions.

3. Stimulation of D-D Reactions in Distant Targets by Undamped Thermal Waves

3.1. Prerequisites of stimulating fusion by heat wave

One of the possible application of undamped thermal ways [5]–[7] is connected with direct distant stimulation of
nuclear dd-fusion

d+ d = He3(0, 82 MeV ) + n(2, 45 MeV ),

d+ d = H3(1, 01 MeV ) + p(3, 02 MeV ),

d+ d = He4(76 keV ) + γ(23.1 MeV ) (15)

The mutual redistribution of the energy of each of these reactions between the products of these reactions at low
energies of their collisions corresponds to the laws of conservation of energy and momentum. Very short-term energy
fluctuations associated with the uncertainty relation allow the Coulomb barrier to be overcome, but do not affect the
final energy distribution among the products of these reactions.

The first two reactions correspond to the direct reaction, and in the third reaction a compound nucleus is formed.
In standard thermonuclear fusion physics using really (not virtually) accelerated particles, the probabilities of the first
two channels of fusion are approximately equal and the probability of the third channel of fusion (15) is very small.
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For the initial deuterons, with low average real (not virtual) energy, the probability of the first reaction, with a proton
being captured by a moving H2 nucleus, is very small compared to the second reaction, due to the Oppenheimer-
Phillips effect (the mutual reorientation of two interacting H2 nuclei, resulting in the capture of a neutron and the
formation of a nucleus H3 and a free proton). At the same time, it should be recalled that the total probability of both
of these reactions at low real energy will be very small due to the low probability of the tunnel effect.

For particles with high real energy, the duration of both direct reactions (in fact, the duration of the mutual counter-
flight) is very small, which leads to the impossibility of mutual reorientation of these nuclei and to the same probability
of the capture of a proton or neutron by a moving deuteron.

For the case of direct reactions with low average energy in the presence of a short time δt and large energy
fluctuation δE , the third (alternative) option should be realized - a high probability of reaction and the fulfillment of
the condition of selective neutron capture with the formation of He3 nucleus.

For the third reaction (15) at a low average temperature of the material environment, a very low energy of the
formed alpha particle is characteristic. The mean free path in air of alpha particles from the third reaction with such
energy 76 keV does not exceed 0.01 cm and cannot be registered by a distant (5 mm) track detector.

For this reason, the most likely reactions observed in these experiments involve the formation of He3 and H3

particles. Stimulation of these reactions occurs through several successive stages. Initially, rapid temperature changes
on the surface of the target result in the generation of shock waves within the target volume. These shock waves, in
turn, influence the state of deuterium localized in the nanocracks of the TiD target or in the spaces between Ti atoms in
the TiD lattice. The modulation of parameters of these potential wells at the nanoscale, as revealed by direct analysis
[10]–[17], leads to the formation of a coherent correlated state (CCS) of deuterons. The potential existence of such
quantum states was initially contemplated by Schrödinger and Robertson [18], [19]. The creation of CCS is intricately
tied to the optimal phase synchronization of quantum states of a particle in a superposition state within a nonstationary
potential well.

When a deuteron is localized within a typical interatomic interval a ≈ 2 Å or within a nanocrack of size a ≈
10− 20 Å, the energy fluctuation in CCS surpasses the value

δE ≥ G2}2(2N + 1)/8M(δx)2 ≥ 10− 30 keV . (16)

Here, δx ≈ a/2, G ≡ 1/
√

1− r2 ≈ 103 − 104 is the realistic coefficient of correlation efficiency, and N =
0, 1, 2, . . . is the number of the energy level of the deuteron in this potential well before the impact of the shock wave.
At room temperature of the target N ≈ 5− 50 for interatomic potential wells or nanocracks in titanium, respectively.

The substantial increase in particle energy fluctuation δE during CCS formation is linked to the Schrödinger-
Robertson uncertainty relation [18], [19] and is associated with the further development of this method applied to
nuclear physics problems [11]–[17].

It is very important that in CCS formed during modulation of a potential well, both the amplitude δE of kinetic
energy fluctuations and the duration δt of these fluctuations increase very significantly compared to the “usual” Heisen-
berg uncertainty relation δt ≥ }/δE . It was shown [16], [17] that without such increase of δt , no nuclear reactions
would be possible.

Our experiments [20] have unveiled a significant impact of thermal waves on the structure of distant crystalline
targets. In this study, we have examine the phase composition and structure of one titanium (Ti) sample and two Ti
samples saturated with deuterium (D) at 150%, both before and after irradiation with thermal waves. The investigation
was conducted using an X-ray diffractometer with a rotating copper anode. Notably, a five-minute irradiation of two
identical TiD1.5 samples and one pure Ti sample with thermal waves at a distance of 20 cm resulted in a substantial
compression of their crystal lattices, as detailed in Table 1.
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Table 1. Deformation (compression) of a crystalline target after irradiation by a thermal wave

Test sample Crystal lattice period, Å
(before irradiation)

Crystal lattice period, Å
(after irradiation for 5 minutes)

Ti 2.939 and 4.691 2.927 and 4.669
T iD1.5(1) 4.404 4.396
T iD1.5(2) 4.403 4.399

It is evident that local and instantaneous (with subsequent return) deformations of the crystal lattice at the locations
of nanocracks and impurity deuterium nuclei could exceed these values. These findings affirm the significant influence
of the irradiation process on the dynamic microstructure of the irradiated targets.

3.2. Stimulation of He3 Fusion in a Remote TiD Target

Experiments were conducted to implement the d + d = He3 + p channel of the (dd)-reaction (15), leading to the
formation of He3 nuclei. The experimental setup, as illustrated in Fig. 1, utilized a TiD target (length – L = 10 mm,
diameter – D = 7 mm, saturation ∼150%) and track detectors. The titanium sample was saturated using a standard
method in a special closed chamber at a high pressure of about 1 atm of gaseous deuterium and a temperature of
300–3500C. Repeat studies using an X-ray diffractometer after 0.5 year, 1 year and 3 years showed that the original
high density of deuterium in the target remained unchanged.

The TiD target was positioned approximately 20 cm away from the cavitation chamber.
For He3 track analysis, a plastic CR-39 type detector made of polycarbonate (polyallyl diglycol) with a density

of 1.3 g/cm3 and a thickness of 1 mm (“TASTRAKtm” detector from Track Analysis Systems Ltd, Bristol, UK) was
employed. Standard experimental conditions involved placing the detector 5 mm away from the surface of the target,
subject to the thermal wave for specific durations (20 and 40 minutes). Post-irradiation, the detector underwent 6.25-M
etching using a NaOH solution for 3.5 hours at a temperature of 80◦C.

The image of tracks was photographed using an Olympus BX-51 optical microscope with the Image Scope M
program.

In Fig. 2a, a photograph of a track detector is presented, positioned 5 mm behind the reverse end surface (relative
to the thermal wave source) of the cylindrical TiD target.

Fig. 2b shows a photograph of a fragment of a similar flat track detector located parallel to the side surface of the
same cylindrical TiD target at a distance of 5 mm.

Both detectors were exposed for the same time (40 minutes). In Fig. 2a and 2b, the directions of movement of
heavy charged particles (nuclei 3) when they hit the surface of the track detector are indicated by arrows. There were
no traces of tracks on the back of the track detector.

For control purposes, Fig. 2c presents a segment of a comparable track detector irradiated with a reference “triplet”
alpha radiation mixed source: U233, Pu238, and Pu239. The energies of alpha particles He4 emitted during the decay
of these isotopes are respectively equal to 4.679 MeV, 5.593 MeV and 5.157 MeV [21].

Another proof of the reliability of the implemented nuclear fusion ofHe3 nuclei is the axial symmetry of the tracks
on Fig. 2b, which corresponds to the cylindrical shape of the TiD target and the spatial symmetry of the thermal waves
that irradiate this target. In the hypothetical presence of background alpha-like radiation (for example, in the presence
of radon gas), the orientation of these tracks would be completely random. In addition, similar track detectors stored
in the same laboratory, in the absence of such irradiation by a thermal wave, remain without any tracks on both its
surfaces even during long-term storage.

A detailed analysis of the experiment on the fusion ofHe3 nuclei in a remote target under the influence of a thermal
wave is presented in Table 2.
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Figure 2. a) Track analysis showing the movement of heavy charged particles produced in a distant TiD target the opposite end surface of which
was irradiated with thermal radiation for 40 minutes. b) Photograph of a fragment of a similar flat track detector located parallel to the side surface
of the same cylindrical TiD target. c) Photograph of a similar track detector irradiated with a reference alpha emitter based on a three radionuclides:
U233, Pu238, Pu239. The directions of movement of nuclei 3 when they hit the surface of the track detector are indicated by arrows.

Table 2. Measured and estimated parameters of alpha particle fusion stimulated thermal wave

Thermal wave
irradiation of the TiD

target

Number of registered
alpha-tracks

Full flux of alpha
particles on the reverse
surface S of the target

The total number of
d(d, p)He3 reactions in

target volume upon
irradiation with a thermal

wave

The rate of stimulated
nuclear alpha particle
fusion during thermal
wave irradiation of the

target

T0 = 40 minutes N0 = 52 Ns ≈ 1000 (taking into
account absorption in air
and in near-surface layer

of TiD target)

N0 ≈ 2NsL
<l
He3

>
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(estimation)

ηH3 = N0
LSn

H2T0
≈

2.2 · 10−19created He3

nuclei/s·H2 nucleus

Here <lHe3> ≈ 1.25 µm is He3 nucleus free path in Ti; nH2 = 1.5 · nTi ≈ 8.2 · 1022cm−3 is the concentrations
of D atoms in TiD target; S = 0.38 cm2 is the surface of the target’s back end.

3.3. Stimulation of Tritium Fusion in a Remote TiD Target

An evaluation of the efficiency of the alternative (dd)-reaction d + d → H3 + p was conducted on the same samples
after a period of t0 = 6 months following irradiation with a temperature wave for 20 or 40 minutes. This delay
in measurement was chosen to ensure the presence of long-lived synthesized H3 nuclei. This analysis utilized a
radioluminescence method, accounting for the spatial position and beta activity of the resulting H3 nuclei with a
half-life T1/2 = τT ln2 = 12.3 years in irradiated TiD targets.
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Figure 3. Photographs of radioluminograms formed upon irradiation of radioluminogram plate with electrons created during the beta decay of
tritium, which was synthesized by the action of a temperature wave on distant TiD targets for 40 minutes (a) and 20 minutes (b).

Table 3. β− activity of TiD targets irradiated 6 monthes ago by the thermal waves

Thermal wave
irradiation time

Duration of rendering
by HeNe laser beam

Surface of active
radioluminogram,

Total surface directonal β− activity
Qs, Bk (toward detector)

T0 = 40 min 65 hours 1.05 cm2 163.5
T0 = 20 min 65 hours 0.88 cm2 40.5

Fig. 3 presents photographs of two radioluminograms illustrating the spatial distribution and concentration of syn-
thesized tritium in the TiD target area near the rear (end) surface.

Fig. 3a corresponds to the target irradiated for 40 minutes, and Fig. 3b corresponds to 20 minutes.
The absence of radioactive background in the laboratory is also confirmed by the result that the concentration of

registered active centers on the back side of the TiD targets increases approximately proportionally to the duration of
irradiation with a thermal wave (20 and 40 min).

These radioluminograms result from HeNe laser imaging (photostimulated luminescence) of latent images formed
in irradiated phosphor plates by β− during H3 = He3 + β− + ν̃ decay. The radioluminogram plate consists of a
50 µm thick luminescent layer and a 410 µm thick substrate. The luminescent layer comprises a mixture of phosphor
BaFBrEu2+ and crystal-binding phosphor polymer (C/H/N/O = 8/12/2/1) in a composition ratio of 20:1 by weight.
The substrate consists of a layer of polyethylene terephthalate with a thickness of 250 µm, covering the base of ferrite
160 µm thick. Specific radiation dose determination is achieved by comparison with a special standard Amershan
reference plate containing 16 known levels of tritium activity. Upon exposure to beta particles emitted by tritium,
electronic F centers and hole centers (Eu2+→ Eu3+) are formed. This system of centers creates a latent distribution
image of tritium on the imaging plate.

After contact with the radioactive sample under study, the plate is placed in the reader, where, under the action of
a focused laser beam, photostimulated luminescence occurs sequentially at each point. Under the influence of HeNe
laser radiation in the red range (λ ≈ 633 nm), electrons are released from F-centers and annihilate with Eu3+ hole
centers, forming Eu2+ ions in the excited state, which, in less than one millisecond, return to the ground state. During
this process, radiation quanta are emitted with a wavelength belonging to the blue-violet range of the visible spectrum
(λ ≈ 390 nm). These quanta enter a photomultiplier through a light guide and are recorded as an analog electrical
signal, subsequently converted into a digital signal.

The β− activity parameters recorded from these radioluminograms are presented in Table 3.
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Table 4. Parameters of tritium fusion in TiD target irradiated with a thermal wave

Thermal wave
irradiation time

Total volume beta activity
(estimated value), Bk/TiD

target

Total concentration of created tritium
nuclei (estimated value), cm−3

The rate of total tritium fusion by
thermal wave in d+d=H3+p

reaction, cm−3 s−1

T0 = 40 min Qtotal ≈ 2QSL
<lb>

≈ 107 ntotal =
Qtotal τT

L Se−T0/τT
≈ 4 · 1015 α = ntotal

T0
≈ 1.7 · 1012cm−3s−1

T0 = 20 min Qtotal ≈ 2.5 · 106 ntotal = 1015 α ≈ 0.43 · 1012cm−3s−1

The distinctive non-uniform distribution of activity on the surface of the investigated TiD was observed during both
intermediate analyses of the radioluminographic plate after 19 hours (control) and after 65 hours. This observation
validates the stable distribution of fusion regions and beta activity in the same locations, aligning with the microstruc-
ture of the target. It has been demonstrated that the mean free path of electrons formed during beta decay of tritium in
a flat layer of titanium crystal corresponds to <lβ > ≈ 0.4 − 0.5 µm.

The final parameters of tritium fusion stimulated by a thermal wave are presented in Table 4.
These data correspond to the rate of stimulated nuclear tritium fusion

ηH3 =

{
T0 = 40min, α40/nH2 ≈ 2.1 · 10−11

T0 = 20min, α20/nH2 ≈ 0.52 · 10−11 created H3 nuclei/sec·H2 nucleus. (17)

A significant nonlinear (quadratic) increase in the total concentration ntotal of LENR and a linear increase in
the rate of these reactions with an extended duration of the temperature wave action indicates an active nonlinear
influence of this wave on the conditions for LENR implementation. Such irradiation not only stimulates LENR but
also establishes conditions for more efficient LENR, potentially due to the formation of additional nanocracks in the
titanium matrix with deuterium or deformation of existing nanocracks (see section 2.1 above).

4. Conclusions

The results obtained demonstrate that undamped temperature waves with frequencies (12), formed during cavitation
of a water jet, can propagate over long distances without absorption. These frequencies are determined by the local
thermal relaxation time τ in the material medium through which these waves travel.

These waves can effectively stimulate LENR in distant targets. The experiments conducted to stimulate dd-fusion
in a distant TiD target using such waves reveal that the probability and rate ηH3 of tritium fusion in the d + d = H3 + p
reaction are approximately 108 times higher than the probability and rate ηHe4 of He3 fusion and neutron generation
in the alternative d + d = He3+n reaction. These findings illustrate a fundamental distinction between LENR and
similar reactions involving particles with high real (not virtual) energy. Additional differences between LENR and hot
fusion were discussed in [13], [14], [22]–[24].

The reliability of the experimental results obtained is confirmed by several factors. In particular, plastic CR-39
type detectors are stored in the laboratory for a fairly long time, and they remain completely clean. The absence of
radioactive background in the laboratory is also confirmed by the result that the concentration of registered active
centers on the back side of the TiD targets increases approximately proportionally to the duration of irradiation with a
thermal wave (20 and 40 min). This is clearly seen when comparing Fig. 3a and 3b.

The same effect of direct dependence of the total number of registered particles on the surface of the track detector
on the time of irradiation by a thermal wave occurs when studying the reaction with the formation of nuclei He3. Also
convincing confirmation of the reliability of the results is the complete axial symmetry of the orientations of the tracks
from He3 nuclei (Fig. 2a), which is associated with the axial symmetry of both the source of thermal waves and the
TiD target when recording tracks behind the rear surface of this target.
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The results of additional studies of the nuclear fusion under consideration (including the possibility of alpha par-
ticle He4 formation in the process of implementing the third reaction (15)) will be discussed in the future after the
completion of additional experiments.
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