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Abstract
The experiment on registration of low-energy electrons which occur after the fusion reaction of two deuterons in the
palladium crystal at very low excitation energies was modeled using Monte Carlo simulations.

1. Introduction
The first two elements of our Universe and their stable isotopes of hydrogen and helium were produced in the
first minutes of the Universe, after the so-called "Big Bang". A small amount of lithium, the third element in the
periodic table, was also made at this time. However, the bulk of the lithium, and beryllium, and boron elements were
formed from heavier elements in the process of disintegration of these elements in interstellar space, under the
influence of cosmic radiation. All the chemical elements that make up the Earth and us from carbon to uranium, as is
commonly believed, originated in nuclear processes inside the “burnt” stars during their long evolution.
Our life on Earth was made possible due to the heating from the nearest star, which we call the Sun. The Sun is
a relatively young star, with a long lifetime. Solar energy is due to the synthesis of helium from hydrogen, the
nuclear process that occurs in the depths of the star and ensures our existence.
At the present time, mankind has come to a stage of development, when the struggle for energy resources has
become particularly urgent. In the next 100-200 years, all known chemical resources will be close to exhaustion,
which has a detrimental effect on our future development. All the known renewable energy resources cannot meet
the needs of human progress. The problem is exacerbated by the fact that the chemical energy is bound by the socalled greenhouse effect, i.e. the excess in the atmosphere of carbon dioxide.
Talk about the transition to the use of nuclear energy has been going on for a long time. As it turned out, nuclear
energy, based on the use of fissionable nuclear material, is not a lasting solution to the problem, as the stocks of
these materials are not infinite. Reactor safety, based on the process of nuclear fission, must be much more reliable,
as has been shown by several recent accidents at nuclear power plants. Disposal of nuclear waste for a very long
time is still a virtually unsolved problem.
For a long time there has been talk about transitioning to a process of controlled nuclear fusion. Initial
expectations that this problem would be solved soon did not materialize. Technical difficulties maintaining superhot
plasmas (107-109 C) and the destructive effect of gigantic neutron fluxes produced by thermonuclear reactions are
pushing the solution of this problem to a more distant and uncertain future.
Recently, the hope, or even assurance, that the problem of nuclear fusion can be solved quite differently has
been aroused.
Calorimetric measurements of samples of palladium saturated with deuterium (a group of McKubre, as well as
several other groups) indicate that, the so-called cold fusion of two deuterium nuclei to form 4He* with the
concurrent release of energy of 24 MeV [1] occurs under these conditions. These experiments have been conducted
for nearly 23 years, and are still either completely rejected by the working community of nuclear physicists, or met
with a large dose of skepticism. Two main objections raised by nuclear physicists against the experiments of the
McKubre group and other similar experiments are clustered around the apparent violation of the second law of
thermodynamics by this process and the fact that in these experiments there are virtually no nuclear reaction
products, except 4He.
It was shown in papers [2, 3] that the results of these experiments are not contrary to the fundamental laws of
physics. We will show below that the experiments at accelerators at low energies directly indicate the need for the
existence of this phenomenon, which was first observed by the unexpected heating during the reaction in palladium
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saturated with deuterium. The virtual absence of nuclear products in the reaction of cold fusion of deuterons can be
explained by the decreasing of the rate of nuclear decay of the intermediate nucleus 4He* with decreasing energy of
its excitation. In this case, the energy of the reaction is released by virtual photons. Thus, this is a new phenomenon,
which may be of great practical importance. In addition, the study of so-called “glow discharge” of the excited 4He*
nucleus may clarify the mechanism of packaging of the nuclear system and suggest a new approach to the study of
the chromo dynamical nature of nuclear forces [3].
2. Fusion reactions in collisions of atoms in crystal environments
In contrast to the collision of bare nuclei, it is necessary to modify the formula for the probability of penetration
through the potential Coulomb barrier for the collision of atoms, because the atomic electrons screen the repulsive
effect of a nuclear charge. In the so-called Born-Oppenheimer approximation, such a modification for the atom-atom
collisions has been performed in Assenbaum and others [4]. Under this approach, it was shown that the so-called
"screening potential" serves as effective additional energy for the collisions of nuclei in the center of mass system.
Experimental data can be well described by the introduction of only one parameter – the screening potential, which
for deuterium in metals is about an order of magnitude greater than is the case for collisions of free atoms.
Apparently, this approach is equivalent to taking into account the thickness of the potential barrier for calculation of
the quantum-mechanical penetration probability through potential barriers developed earlier byYa.B. Zeldovich and
S.S. Gershtein [5]. The Assenbaum approach is presumably valid until this screening potential is much less than the
peak value of the barrier potential.
The experimental results that shed unexpected light on this problem are presented in works by Rolfs [6],
Czerski [7] and Raiola [8]. A survey of papers on this subject is contained in the article by Bogdanova [9]. In these
studies it was shown that sub-barrier cross sections of element synthesis depend very strongly on the physical state
of the matter in which the target atoms are embedded. Figure 1 shows the experimental data [6, 7, 8], demonstrating
the dependence of the astrophysical factor S(E) and cross sections of the synthesis of elements for sub-threshold
nuclear reaction on the aggregate state of matter that contains the target nucleus.

Fig. 1. Upper panel: left - experimental data [6], showing
the energy dependence of the S-factor for sub-threshold
nuclear reaction on the aggregate state of matter that
contains the nucleus 7Li. Right - similar data [7] for the
reaction DD, when the target is placed in a crystal of
zirconium. The data are well described by the introduction
of the screening potential of about 300 eV. Lower panel –
the data for the reaction DD [8], when the target is
implanted in a crystal of platinum. The data are well
described by the introduction of the screening potential of
about 675 eV.

2

The distance of convergence of the two deuterium atoms in one crystalline cell under these circumstances is an
order of magnitude smaller than the size of a deuterium atom. It must be noted that the physical nature of the
phenomenon of increasing fusion cross section of elements placed in the crystal lattice of conductive crystals is not
yet fully elucidated.
As we mentioned earlier, the effect of electron screening in the fusion process was quite careful considered by
H.J. Assenbaum, K. Langanke and C. Rolfs [4]. Figure 2 illustrate the physics of the process.

F
ig. 2. Left panel – sketch from the paper of Assenbaum and others [4], illustrating electron
screening in a fusion process. Until the distance Ra, the projectile particle is not repelled by the
target nucleus. If the electron orbit of the target could be (hypothetically) moved toward the target
nucleus, the strength of the Coulomb barrier could be drastically lowered.
In 1960 Ya.B. Zeldovich and S.S. Gershtein [5] considered the permeability of the Coulomb barrier and found
that it is strongly depended on the orbit radius of the screening electron.

They considered the possibility of reducing the radius of the electron orbits of fusing atoms using deuterium under
very high pressure (“dreams” of piezo-fusion). Unfortunately, the necessary pressure happens to be so high, that it
was completely impractical.
Figure 3 is a sketch of the Gran Sasso experiments. A beam of several keV deuterons bombards deuteron atoms
previously implanted in the matrix of a crystal or of an amorphous material. At these low energies the naked
deuterons, when entering the crystalline matter, acquire orbital electrons and move inside the crystal as whole atoms,
and an atom-atom interaction takes place in the cell of the host material. The process of acquiring an orbital electron
happens when the velocity of the deuteron in the matter is lower than the Bohr velocity of an electron in a hydrogen
atom. For deuterons this threshold is 50 keV.
Cross-section of this reaction manifests that so-called electron screening potential is high in metallic crystals, of
the order of 300-700 eV. This means that before the fusion reaction has taken place, both deuteron atoms are
approaching each other without repulsion to a distance less than one
tenth of the size of the free deuterium atoms. In other words, before
the fusion reaction has take place, both electron orbits of interacting
deuterium atoms in the crystalline cell have elongated shapes, as
shown schematically in Fig. 3. This reaction is still the fusion-inflight, a single encounter of two atoms. These fusion reactions were
identified in the Gran Sasso experiments by the normal radiation
products of the hot DD fusion [d(d, p)t)].

Fig. 3. Sketch of the Gran Sasso experiments of fusion
elements when the target is embedded in a conductive
crystal.
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In the explanation of the cold fusion process presented in paper [3] it was reasonably supposed that two
deuterium atoms, when they implanted in the same crystalline niche, have the same elongated electron orbits, which
are strictly oriented in the crystalline cell. In paper [3], parameters of the electron screening potentials from the Gran
Sasso and following experiments were applied to the McKubre experiments. The reasonable assumption was made
that the changes of shape of an electron orbit of a bullet deuterium atom in Gran Sasso experiments are quite fast
during their travel in the crystalline cell. We do believe so, because the speed of the bullet deuterium atoms in Gran
Sasso experiments is much slower than the electronic processes in the crystal. If it is not completely true, even larger
screening potential should be applied for cold fusion.

Fig. 4. Sketch of the niches in metallic crystalline cells. A shadow area schematically represents
free electron clouds. Left – an empty crystalline niche, the middle – a niche, filled with one
contaminant deuterium atom. Right – a niche, filled with two deuterium atoms. The fusion process
is only possible when two deuterium atoms met in the same crystalline niche. A simple cubic
structure is used in the sketch just for didactical purposes.
Figure 5 shows a graph of permeability of the potential Coulomb barrier for the D+D→ 4He* reaction on the
electron screening potential (effective energy of interaction).

Fig. 5. Permeability of the Coulomb barrier for
DD fusion vs electron screening potential
(“effective energy of interaction”).
The possibility of a process analogous to the well-known process of muon catalysis, when instead of -meson
exchange catalysis the rapprochement of two deuterons is the effect of conduction electrons and the lattice of the
metal crystal, was considered in [3], where the calculation of DD fusion reaction rate in the crystals of palladium
and platinum was done. In the case of palladium [7], the screening potential was taken to be 300 eV, the same as in
the case of zirconium. For platinum the screening potential is 675 eV [8]. A screening potential of 3 - 6 keV
approximately corresponds to -catalysis for DD.
It is very clear from the graph in Fig. 5 that the dependence of the DD fusion reaction rate, which is
proportional to the probability of penetration of the deuterons through the barrier, increases drastically with
increasing electron screening potential. The resulting rate of DD fusion located in a single niche of a
crystallographic cell of Palladium and Platinum is presented in Table 1.
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Table 1

It is usually accepted, that at the ground state of the hydrogen atom the shape of the electron orbit is round.
However, the free electron cloud in a metallic crystal could distort the electron orbit of a contaminant atom with the
application of very small excitation energy, of the order of several eV. Well known chemical catalysis processes are
based on this phenomenon. Spectra of hydrogen atoms, containing elliptical atomic orbits, were first proposed by
Rydberg with his famous formula in 1888: 1/λ = R [(1/n12) – (1/n22)]. Table 2 presents a series of hydrogen spectra
based on Rydberg formula.
Table 2
n1
1
2
3
4
5
6

n2
2→∞
3→∞
4→∞
5→∞
6→∞
7→∞

name
Lyman series
Balmer series
Paschen series
Brackett series
Pfund series
Humphreys series

Converge toward
91.13 nm (UV)
364.51 nm (Visible)
820.14 nm (IR)
1458.03 nm (Far IR)
2278.17 nm (Far IR)
3280.56 nm (Far IR)

Figure 6 illustrates most common crystalline structures – simple cubic, body centered cubic, face centered
cubic, hexagonal. There are no metallic crystals with simple cubic structure, and in our considerations we used it just
for didactical purposes. In such structure the only potential niche for contaminants is placed in the center of cube.
Palladium and Platinum both have the FCC structure.

Fig. 6. Common metallic crystalline
structures. Cubic structure is used for
didactical purposes.
3. The experiment
In this study, we examined the possibility of detecting the reaction of cold fusion in crystals, based on the
hypothesis [3] that with decreasing excitation energy of the compound nucleus, the 4He* decay rate of this nucleus
with the emission of nuclear products is inversely proportional to the excitation energy. In this case, the main
mechanisms for the transfer of the difference of the binding energy of the nucleons in two deuterium nuclei and in
4
He (24 MeV) are processes involving virtual photons which start to play the major role. Figure 7 shows one of
these processes.

Fig. 7. Diagram of the processes that ensure thermalization of DDfusion reactions in crystals. Virtual photon is emitted by compound
nucleus 4He*.
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In this process, the energy of the transition of a compound nucleus 4He* to the ground state of 4He is released
through a series of virtual photons which transfer their energy to the surrounding electrons of the crystalline lattice.
Unfortunately, the calorimetric approach does not come close to providing a clear understanding of the DD cold
fusion process. Additional experiments that can explain the mechanism of energy transfer of DD fusion to the
crystal lattice without the nuclear decay of the composite system 4He* are required.
Figures 8 and 9 below provide an overview of the experimental geometry, which would give additional
information about the process of DD cold fusion in the crystals.
As noted above, the metallic crystals with the conduction electrons and the effect of their lattice can strongly
modify the potential barrier effect. The effective screening radius in this case can be an order of magnitude smaller
than the radius of the orbital electrons of the colliding nuclei. Accordingly, the energy of the electrons from the
"discharge" of an excited compound nucleus via virtual photons [2, 3] may be an order of magnitude greater than in
the case of a collision of free atoms. We have performed calculations for two energies of emission of electrons, 6
keV and 60 keV. This corresponds to two values of the screening potential in the DD interaction for free atoms (27
eV) and for the atoms in the conducting crystal lattice (about 300 eV for palladium crystals).

Fig. 8. The scheme of the two-side experiment is
presented. Several semiconductor silicon detectors
are located on both sides of the palladium crystal and
are included in the coincidence.
In the case shown in Figure 8, several semiconductor silicon detectors are mounted on both sides of a palladium
crystal. To reduce the accidentals, they are included in coincidence with a certain minimal threshold, and in the case
of the coincidence their signals are summed. Detectors are placed with the n-side toward the radiation source and the
thickness of the passive part (n-implantation) is not more than 0.02 micrometers. To reduce the absorption of
emission electrons in the material, the air is pumped out from the surrounding volume. The estimated energy
resolution of the detectors is 10 keV, with time resolution of about 2 nanoseconds [10].
To reduce the thickness of palladium, which is not a detecting element, a working sample of palladium foil is
thinned by etching. The thickness of the thin wall is 1  5 micrometers. The thick part of the palladium element is
covered by the filter.
It must be noted that from a single DD fusion event a few hundred electrons are emitted, their total energy is 24
MeV, and the identification of such an event will not present much difficulty. For further study of this phenomenon,
we propose using pixelated detectors with high spatial resolution.
At the preliminary stage of the experiment, it is planned to carry out measurements by recording the emission
electrons from only one side of the palladium. A schematic of the experiment in this formulation is shown in Figure
9. 16 semiconductor silicon detectors are located on one side of the palladium and included in the coincidences.
We have to clarify here that for the all proposed measurements the density of deuterium contamination in
palladium foil must be by many orders of magnitude lower than in experiments [1], where fusion effect was detected
by a heat deposition. In our approach the rate measurements will be performed by detecting fusion events one by
one. We plan to increase deuterium-in-palladium contamination gradually, until the counting rate will reach some
suitable level.
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Fig. 9. The one-sided scheme of the experiment is presented. Several semiconductor silicon
detectors located on one side of the palladium and included in the coincidences. Left - side view,
right - the relative position of the aperture and detectors.
4. The results of simulation
The total energy, to be recorded by the detectors, was calculated by the Monte Carlo model (GEANT4) [11].
For a detailed simulation of low-energy electromagnetic interactions the Livermore Physics models [12]
(G4EmLivermorePhysics) from the package GEANT4 were used. These models use the databases Livermore EPDL
and EEDL.
It is assumed that a fusion event produces up to several hundred
electrons of 60 keV (or up to several thousand electrons of 6 keV) with
the total energy of 24 MeV in a relatively short time (about 1015
seconds). Palladium foil is not an active detecting element, so the
energy of the electrons resulting from DD fusion absorbed in the foil
disappears from the measurement process. The calculations optimize
the thickness of the palladium foil and the geometry of the detectors.
The results of simulations are presented in Figures 10-17.

Fig. 10. Example trajectories of 10 emitted electrons with
energy of 60 keV. Electrons emitted isotropically from a single
point in palladium (in the plane XY). Dimensions are in
micrometers.

Fig. 11. Left – the energy released by 60 keV electrons in detectors on the left and the right of a
palladium foil with a thickness of 0.1 micrometers. Right - the total energy released in this case.
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Fig. 12. Left – the energy released by 60 keV electrons in detectors on the left and the right of a
palladium foil with a thickness of 1 micrometer. Right - the total energy release.

Fig. 13. Left – the energy released by 60 keV electrons in detectors on the left and the right of a
palladium foil with a thickness of 5 micrometers. Right - the total energy release.

Fig. 14. Left - the energy released by 6 keV electrons in detectors on the left and the right of a
palladium foil with a thickness of 1 micrometer. Right - the total energy release.

8

Fig. 15. The release of energy by 60 keV
electrons in the detectors located on one side of
the palladium (palladium foil thickness was
taken equal to 20 micrometers). About 75% of
the events that have been simulated are
completely absorbed in the palladium. The
spectrum is cut off by about 14 MeV due to rescattering of a certain fraction of electrons in the
palladium for 180 degrees.

Fig. 16. The distribution of events by the
number of triggered detectors for the one-side
option of the detectors. The threshold of the
detectors was set at 100 keV.
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Fig. 17. The distribution of the total energy released by 60 keV electrons for the case when the
detectors are located on one side of a palladium foil with a thickness of 20 micrometers. The
different histograms correspond to the different coincidence multiplicity of the detectors. The
threshold of the detectors was set at 100 keV.
5. Discussion
In the case of 60 keV electron emissions and a thickness of the palladium foil of 5 micrometers, recording
events in left-right coincidence, apparently, does not present much difficulty. Thus, when a single detector threshold
is placed at 100 keV, the probability of right-left coincidence in the proposed geometry is about 97%. In the case of
electrons with energy of 6 keV, the probability of right-left coincidence virtually disappears, even for a thickness of
1 micron palladium. Nevertheless, reliable event detection can be made by multiple coincidences of detectors placed
on one side. In the proposed geometry for the case of energy of 6 keV and the thickness of 1 micron palladium, two
or more detectors will be triggered with a frequency of only about 7%. In this case, finer partitioning of the detectors
will increase the frequency of operation and reliable recording of a one-sided ("surface") of the reaction.
For an easier case where the detectors are located on one side of the palladium (in the case of a thick palladium
sample), the maximum detected energy is approximately half the energy of a 4He* discharge. In our opinion, this
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will be conclusive evidence of the transfer of energy of an excited compound nucleus 4He* to the lattice crystal by
virtual photons.
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