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The effects of electronic screening on the cross sections and reactivities for the nuclear reactions between light
nuclei in Pd and Ni is studied. We consider the applicability of the theory of thermonuclear burning in stars
to the D-D nuclear reaction in metals. The screening model based on the mean field potential of the electron
cloud in the metal plasma is used. We discuss the specifics of the screening for the H (D) atoms embedded in
vacancies and divacancies. High concentration of hydrogen isotopes segregated to monovacancies and divacancies in face-centered cubic (fcc) metals such as Ni and Pd with densities of
, makes
the hydrogen cluster a favorable active site for the fusion reaction. Still the observation of a nuclear reaction
requires an accumulation of energy in D nuclei of at least several eV, which is far above what can be achieved
in the thermal heating experiments.
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The existence of nuclear fusion at low temperatures, recognized as
‘cold fusion’, is still at a stage of acquiring sufficient evidence. This
phenomenon is well known to occur in very dense stellar interiors
and astrophysics environments in the form of pycno-nuclear reactions
[1–3]. It is also observed in muon-catalysed fusion [4], where a massive muon replaces an electron in diatomic molecules of hydrogen isotopes allowing them to fuse with greatly enhanced reaction rates of
.
It was suggested that cold fusion might occur in certain metals
at room temperature at a very low excitation energy. In 1989 Fleischmann and Pons [5] reported the discovery of cold fusion of D-D in
palladium using an electrolytic cell with heavy water. The claim was
further rejected by several independent researchers [6,7] due to the
lack of replications and evidence of nuclear reaction products.
New experimental efforts in the cold fusion area are motivated
by the experimental evidence of enhancement of the nuclear fusion
cross section in a number of deuterated fcc metals, and in particular
in Pd, Ti and Ni [8–13]. The cross sections of nuclear reactions between charged particles at low energies strongly depend on the penetration probability through the Coulomb barrier, which decreases very
steeply towards low energies. It was noted that the Coulomb barrier
can be lowered by the presence of surrounding electrons, which will
cause an enhancement in the nuclear cross section. This effect was
experimentally observed in gas targets [14–19], and theoretically explained by Assembaum et al. [16] via estimation of the gain in the
electron binding energy between the initially separated atoms and the
final fused atom. The screening energy was shown to act as an in
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crease of the kinetic energy of the reacted nuclei resulting in the enlarged penetration probability through the barrier.
Furthermore, investigations in the D-D fusion reactions were carried out in metallic environments [8–13]. The determined values of
screening energies were at least one order of magnitude larger than
the values for the gas targets [19] and about four order of magnitude above the theoretical predictions [2]. Large enhancement of the
reaction yields observed by Czerski and Huke et al. [9,11] for the
and
nuclear reactions in metallic targets was
attributed to the contribution arising from quasi-free electrons. The results were confirmed by Raiola et al. [13] and Kasagi et al. [20]. Similar experiments on other targets such as 6Li and 7Li [20–22] showed
very strong enhancement of Li + D fusion reaction.
Some discrepancies between the results of different groups were
attributed to systematic experimental uncertainties connected to the
oxidation of the target surface and also to the high mobility of the
beam-implanted deuterons. These two effects lead to an unstable
deuteron density within the target, and therefore deviations in the
screening enhancements. The experiments showed that contamination
of the target surface inhibit the screening effect. Experiments carried
out with the atomically clean target surfaces under ultra-high vacuum (UHV) [10,23,24], gave the screening potential values remarkably larger than the previous values. E.g., for Zr targets the values
of screening potential of
for high vacuum [9] and
for ultra-high vacuum [23,24], respectively, were
obtained (here and below the number in parentheses shows the uncertainty of the last digits of the results).
The experiments for D-D fusion reactions carried out with deuterated Pt target [17] and also with a 3He ion beam to study the associated
electron screening effect on the d(3He,p)4He reaction, showed that the
value of the screening potential does not depend on the type of fused
ion species, but only on the deuterated metals used.
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from the comparison with the experiments than from calculations.
This approach is assumed in the discussion below.
The calculations of factor for the tunneling probability through
the Coulomb barrier gives [36]
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2.1. Nuclear cross section and reactivities
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2. Theory
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The nuclear fusion reaction cross section for the colliding particles
can be written as a function of energy of the relative motion in form
[35]

(1)

where
is called astrophysical factor, is the probability of the
penetration through the repulsive Coulomb potential averaged over
the initial state of the reacting particles, i.e. the probability of the two
nuclei to get to a distance which corresponds to their close contact.
This factor is also called the Coulomb barrier transparency and it is
sensitive to environment, i.e. the media surrounding the interacting
particles. The
is a slowly varying function of energy, and further is replaced by a constant, which can be more reliably obtained

(2)

where is the center of mass kinetic energy, and
is the Gamow
energy. The
is a weakly varying function of
and
. The
Gamow Energy
characterizes the Coulomb Barrier that the nuclide
have to overcome to ignite nuclear fusion. The Gamow energy is equal
to
(3)

where is the reduced mass in atomic units. So
keV for
D-D and
keV for D-T reactions, correspondingly.
The Gamow approximation given by Eqs. (1, 2) works well for reactions which do not exhibit resonances, and in particular, for the D-D
and D-T reactions. For the precise calculations of cross sections for
the D(d,p) T, D(d,n)3He), and T(d,n) reactions the parametrizations
of Bosch and Hale [42] based on R-matrix calculations and experimental data are commonly used.
The nuclear fusion reaction rate
per unit volume and time is
given by
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The properties of H and D atoms absorbed by metals and their interaction with impurities and lattice defects in metals, has been a subject of wide interest and research. Hydrogen dissolves in metals and
segregates at monovacancies, divacancies and interstitial sites [25].
High concentration of monovacancies and divacancies can be generated in metals in equilibrium and non-equilibrium conditions at high
temperature and pressure. Creation of vacancies with segregated hydrogen atoms lowers the overall free energy of the system, therefore it
is energetically favorable [25]. E.g., every hydrogen atom segregated
to the Ni vacancy lowers the cluster’s energy by 0.3 eV. The segregation of hydrogen results in the creation of mH-V and mH-2 V complex clusters (here
). This effect allows the formation of
Superabundant Vacancies (SAV), with concentration as high as 30
at.%. SAV are observed in the hydrides of Pd, Ni, Rh, Pt and other
metals [26–32].
Systematic experimental studies of screening potential in SAV
deuterated metals were not yet performed. Fukai [25] suggested that
for the experimental condition described above, the implanted D
atoms reach the solubility limit at room temperature, and these atoms
remain in the near-surface region in either D-V or D-2 V (clusters with
vacancies and divacancies) or in the form of bubbles with D2 molecules. In the later case, according to Fukai, the screening enhancement
should be similar to the molecular targets.
In a recent study of hydrogen segregation at monovacancies and divacancies and at V-impurity complexes in Nickel using Density Functional Theory (DFT) calculations, Subashiev and Nee [33] show that
mH-V and mH-2 V complex clusters with a total of six and up to
twelve segregated hydrogen atoms respectively have stable configurations with high total binding energy. The hydrogen atoms embedded
in Ni vacancies and divacancies can achieve the densities of
and
, respectively. Similar results were reported
[34] for Pd and some other fcc metals. The impurities such as Lithium
can further increase the binding energy of the mH-vacancy complexes.
These clusters have much higher density than other phases of hydrogen with the exception of the core of the Sun. The high densities of
H isotopes suggest that the mD-V and mD-2 V complexes with high
values of screening potential can provide the enlarged fusion reaction
rates.
Here we discuss the screening effects on the rate of the D-D nuclear fusion reactions in metals based on the screening potential calculations for a highly correlated two component plasma system. We
discuss the conditions at which the fusion can become observable.

D

2

Here and
reaction,
ingly, and
is calculated as

(4)

are the densities of nuclei participating in the fusion
for D-D and
for D-T reactions, correspondis the averaged reactivity. The averaged reactivity

(5)
Here
is the nuclear fusion cross section, is the relative velocity between the nuclei that will fuse, and
is the distribution
function of the relative velocities. At the energies when the fusion becomes observable,
is assumed to be close to the Maxwell–Boltzmann distribution [
].
To obtain the reactivity in the wide range of ion temperature
0.2–100 keV one can use the Bosch and Hale parametrization and the
Eq. (5), taking into account that the temperatures of the ions remains
much smaller than the barrier height. Then, as was shown in Ref. [43]
(see also [44]), the reactivities for the D-D, and D-T reactions can be
approximated by

(6)
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2.2. Screening potential for metallic and atomic/molecular
environments at low energy excitation
The atomic or molecular electron clouds surrounding the target
nucleus screen the charges of reacting particles by decreasing the
Coulomb barrier
by a screening potential energy
.
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We note here that the exponential factor in Eq. (6) can be obtained using the saddle point approximation, i.e. calculating the value
of the reactivity logarithm at the energy of a minimum of the function
. With experimentally found coefficients
Eq. (6) takes the form:

(10)

(7)

(8)
and finally for D-T reaction:
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(9)

Therefore an incoming projectile is not influenced by the Coulomb
repulsive force until it penetrates the atomic radius ( ) where
becomes positive. The reduction of the height of the Coulomb barrier is
the same order of magnitude as the ratio of the nuclear to the atomic
radii which is
. This is a negligible effect for high energy reactions. However, at low projectile energies, when the classical turning point
of the incoming projectile for the bare nucleus is
close to the atomic radius,
, the effect of the shielding in the
molecular target becomes significant.
Calculation of the screening potential can be accurately done for a
classical plasma (Debye screening). However, in this case the screening radius is known to be larger than the average distance between
the particles, and the atomic radius. Then the screening effects on
the reactivity should be negligible. The same conclusion applies for a
high-density highly degenerate plasma with Thomas–Fermi screening.
However the electronic system in metals forms highly inhomogeneous
highly correlated plasma, for which only model calculations are possible. Here of main interest is the modification of the Coulomb barrier
at small distances, where the tunneling occurs.
For a homogeneous correlated plasma the mean field potential calculation gives [46]

D

for D-Dp reaction, while for D-Dn reaction has:
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In Eqs. ()(7)–(9)
should be in keV units. A comparison between Eqs. (7, 9) for D-Dn and for D-T reaction and more accurate
parametrization of reactivities by Bosch and Hale [42] is presented in
Fig. 1, indicating good agreement (in log scale). The reactivity for D-T
reaction is approximately two orders of magnitude larger than for both
D-Dn and D-Dp reactions, which differ only by pre-exponential factors. Slightly different but still close to Eq. (6) parametrization for reactivities is given in Ref. [35]; so Eqs. (7)–(9) are sufficient for further
estimates.

Fig. 1. The reactivities D(D,p)3H (blue dot) and for D(t,n)4He (red dot) reactions from
Bosch and Hale [42] as compared to analytical approximation (blue and red dashed
lines) of Refs. [43,44]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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(11)

More sophisticated analysis of the inhomogeneous plasma of metal
with the hydrogen atom located at one of the minima of its potential
energy gave the screened Coulomb potential in the Debye form [2,3]

(12)
where

is a screening length. At small distances Eq. (12) gives

(13)
Numerical calculation using the Density Functional Theory (DFT)
[2] suggest possible values of the parameters of the potential, given
by Eq. (12) for different metals. The unusual result is that while the
value of is close to unity, the value of
could be as small as 0.2
, i.e. substantially smaller than the typical values of the Debye screening length, or the lattice constant. That also implies that the screening
potential can be of about 100 eV, i.e. much larger than expected.
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2.3. Enhancement factor
The reactivity in case of the nuclear fusion reaction in a media can
be evaluated through the averaged transparency of the Coulomb barrier, Eq. (5). One can easily observe that the screening effect is equivalent to the increase of the kinetic energy of the tunneling electron by
the . The evaluation of the average reactivity using the the saddle
point approximation readily gives [2,3]
(14)

neling is shifted to the distances where the screening potential is reduced. For this case more accurate calculations of the enhancement
factor give [46]
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Table 1 shows experimental values of the screening potential
for molecular D2 [19], and for metallic Ni [15,13], Pd [13], Al [15] and
Mo [13,15] for the 2H(d,p)3H fusion reaction evaluated from the data
for the low energy cross-sections. For Ni and Mo the presented values are the average data from Ref. [13,15]. One can notice that while
for the molecular D2 the experimental data are in reasonable agreement with expected values, for all metallic targets the screening potential values are much higher than theoretically predicted and are anomalously high. These values challenge the conventional arguments, rejecting a strong redistribution of electronic charge and its concentration is a small region near the screened ion. Nevertheless, we further
use these experimental values for estimation of reactivities and the nuclear reaction rates.

(17)

The coefficient in Eq. (17) is calculated in a homogeneous
Coulomb plasma model, is an average distance between the particles and
is the Bohr radius for the ions. Using
for the D
ion mass we obtain
for Pd and
for
Ni. One can see that the growth of enhancement with the decrease of
temperature is slowed down. So, the enhancement does not reach the
maximum values given by Eq. (16) in eV range of ion energies. We
must also note that the accuracy of the estimate of the coefficient
is limited by the fact that the values of screening potential calculated
in the same model are in strong disagreement with experiment for the
metallic environment.
3. Results and discussion

D
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3.1. Reactivities for the hydrogen isotope bubbles in metals
is the reactivity
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where
is the bare ion reactivity and
enhancement factor given by

(15)

RR

Here
and
are the screening potential and the temperature
of the tunneling particles, respectively. According to Eq. (15) the
screened reactivity grows exponentially at low temperatures. It was
found [3,46] that the Eq. (15) for the enhancement factor remains valid
for correlated plasma untill the inequality for the logarithm of the the
enhancement factor
(16)

CO

holds true. We should note that according to Eq. (16) the enhancement of reactivity by the screening effects can be huge,
. This low-temperature giant enhancement is known to be necessary
for interpretation of nuclear burning in dense matter in astrophysics
[1,46]. However, for the metallic environment the range of achievable energies and densities is much more restricted. At low temperatures and metallic densities of environment the turning point of tun

Reaction/Environment

UN

Table 1
Experimental screening potential
in eV for molecular D2 and metals: Pd, Ni, Pt, Al,
and Mo. The screening potential were determined from cross-sections for the low energy reaction D(d,p) T. The Ni and Mo screening values are the average of the values
given in Ref. [13,15].
Ref.

(eV)

D(d,p) T/D2 (molecular)
D(d,p) T/Pd
D(d,p) T/Ni
D(d,p) T/Pt
D(d,p) T/Al
D(d,p) T/Mo

25(2)
800(70)
394(36)
670 (70)
520(50)
251(19)

[19]
[13]
[13,15]
[13]
[15]
[13,15]

Melting points of all studied metals are below 2000 °K, the value
that corresponds to the thermal energy of
eV. Therefore
to approach the maximum value of the enhancement at this
the
value of
eV is sufficient. However, at that temperature the
reactivity without screening, for e.g. D(d,p) T reaction, is
. So even the huge enhancement of
will
not be able to make the reaction observable at metallic densities of
ions. This estimate rules out the initiation of nuclear reactions in
metallic environments in the experiments with ignition by heating.
The other possibility to achieve the reaction ignition is by the energy supply to the ions embedded in metals from external sources
of energy. One can further estimate the optimal excitation energy to
achieve maximum enhancement for a given value of the screening potential determined experimentally (listed in Table 1). Then, one can
discuss what energy source can provide local optimal excitation energy for D ions. Note that to get the maximum enhancement one
should provide the energy of: 4.7 eV for Pd, 2.3 eV for Ni, and
3.9 eV for Pt.
Reactivity for D-D reactions in Pd and Ni with screening factor given by Eqs. (14, 17)also without screening is depicted in log
scale in Fig. 2. From Eq. (17) it follows that the screening factors
at the optimal energy are
,
. The corresponding
reactivities
are
and
.
We can estimate the nuclear fusion reaction rate in D-V and
D-2 V clusters in Pd and Ni, taking into account the high density of
segregated H isotopes in monovacancies and divacancies, reported
by Subashiev, and Nee [33], and in [34]. The densities reported for
monovacancies and divancies are
and
, respectively. Then, for a single Ni D-V
cluster the reaction rate
.
This high reaction rate would correspond to a very high energy
production for a gram of fuel, far above any chemical sources of energy. However the high burning rate only indicates that the limiting
stage of the energy production will be the H isotope diffusion and
segregation to the vacancies and divacancies. Similar conclusion was
drawn in the Molecular Dynamics studies of fusion processes in binary ionic mixtures in eV temperature range in Ref. [47].
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3.2. Hydrogen-vacancy clusters as nuclear active environments
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One can analyze the enhancement of reactivity for the D-T reaction
in a metal. The reaction rate for the D-D appeared to be higher than
the D-T at low energies, since the enhancement is not big enough to
overcome lower transparency of the Coulomb barrier for heavier particles.

D

Fig. 2. Reactivity for D-D reactions in Pd and Ni (in cm3/s units, log scale) enhanced by
the screening factor given by Eq. (17) as a function of ratio,
; also shown is the
reactivity without screening.

The proposed hydrogen lattice confinement by vacancies in a
metallic lattice may apparently explain the observed common features
of so called ‘cold fusion’ or ‘Low Energy Nuclear Reactions (LENR)’
phenomena. For example, the long electrolysis time (several weeks)
required for McKubre et al., [54] to observe any anomalous excess
heat by applying voltage to a Pd electrode in deuterated water is possibly because the diffusion rate is too low to generate vacancies with hydrogen atoms in them at near 100 °C. Indeed, generation of the Superabundant vacancies (SAV) reported by Fukai [26] in Pd or Ni requires
1 h at
at an external hydrogen gas pressure of 3 GPa.
However, in the experiments by Mosier-Boss, et al. [55] on the
electrolysis of Pd and D, an electroplated Pd film made in deuterated
PdCl2 solution was used. They claimed that no incubation period or
long electrolysis time was required to detect emission of neutrons and/
or excess heat. In our opinion, this is because the hydrogen-vacancy
clusters were codeposited with Pd in the electroplating process due to
its extremely high current density and low cathode efficiency.
Furthermore, in a paper by Takahashi [56], the cold fusion reaction sites were speculated to be “Sub Nano Holes (SNH)” on the surface of nanoparticles with sizes in the 10–20 nm range. In our view the
SNHs in his work are vacancies in Ni or Ni-Cu alloys with hydrogen
atoms in them which are created during the gas charging process. In
this process the system is going to a state with lower free energy via
formation of H-V clusters with high binding energy and lower surface
energy.

UN

CO

Fig. 3. Charge transfer for H interstitial in octahedral site (left panel) and tetrahedral sites (right panel) of Ni. Blue contours indicate the electron charge depletion, pink and red
indicate charge accumulation. Charge density contours are drawn from −0.1, to 0.1 with the interval of 0.001 electrons/Å3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Charge transfer for 2 H atoms segregated to octahedral sites shared by the pair in a divacancy (left panel) and the same for 10 H atoms segregated to a divacancy (right panel)
of Ni. Shown is the divacancy plane; the scale is the same as in Fig. 3.
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In a paper by E. Storms [57] the current experimental data were
summarized introducing the notion of “Nuclear Active Environments
(NAE)” that have to be created for cold fusion to occur. Because these
NAE are ill characterized and defined, the attempts to create NAE is
a random hit or miss process with very little chance for success. This
is consistent with the mostly phenomenological approach to cold fusion in the past 20 + years. The segregation of the hydrogen isotopes
to vacancies and divacancies leads to the formation of atomic clusters
with unprecedented atomic densities. In conjunction with high screening potential this makes these clusters the most probable candidates to
be the Nuclear Active Environment sites.
Note that the H isotope binding energy is larger for divacancies,
which makes H-2 V centers more plausible NAEs. Finally, we remark that DFT calculations [33] show substantial redistribution of
electronic charges in the lattice charged with H isotopes, which depend mostly on the creation energy (or the adsorption energy) of the
defect. Therefore it is maximal for the H atoms in the shared position in the divacancy, and is minimal for the H atoms in the interstitial tetrahedral positions in Ni lattice. The results of the calculations
are presented in the Appendix. One can observe that the charge redistribution is almost spherical, in contrast with the model suggested by
Tsyganov et al. [58]. These DFT calculations show that the expected
charge transfer is rather small (
e per H atom) and therefore can
not explain anomalously high values of the screening potential.
More encouraging are results of Molecular Dynamics calculations
applied to a binary atomic mixture for the temperatures in the eV range
[47]. They showed that at these temperatures the heavy ion component
(e.g. Ni) is crystallized while the screening potential
for the light
component (H) will be enhanced by a factor
. Apparently, only 10
valence electrons of Pd or Ni can participate in this mechanism, so the
expected increase of the screening factor is 46, making the screening potential close to the range of experimental values.
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4. Conclusions
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We have estimated the possibility of nuclear reactions at low energies, using experimentally determined values of the screening potential for the fusion reactions in Pd and Ni and estimated the maximal
values of the enhancement factor for the reactivity. We show that with
optimal excitation energy of H isotopes in the metal lattice these reactions can be detected and the energy output for the reactions can exceed that for the chemical reactions. Though the optimal ion energy at
these conditions is quite small, in the range of several eV, it requires a
special excitation mechanism that can not be provided by the thermal
excitation of metal.
The high density clusters in the form of monovacancies and divacancies in fcc metals such as Pd or Ni with the atomic densities of
segregated Hydrogen isotopes of
, suggest an exceptional environment for nuclear fusion reactions.
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