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Recent progress in understanding the screening effects of core level atomic electrons is summarized in this paper. Some 
preliminary results on core electron screening were reported before [1]. The studies focus on two types of nuclear reactions in 
some metal lattices: fusion between deuterons and also proton capture by medium and heavy lattice nuclei. In both reactions the 
energy of the light nuclear species, proton or deuteron, is on the KeV (1000 electron volts) scale, while that of heavy nuclei is 
essentially zero. A standard atomic code is used to obtain the core electron charge density and the potential profile in the metal 
atom. This Hartree-Fock-Slater type code was originally written by Herman and Skillman [2] and later modified by others and 
available online [3]. For the D-D reaction, the charge density obtained then gives an estimate on the screening length. The 
corresponding enhancement in Coulomb barrier tunneling can be obtained from this data.  For the proton capture reaction, an ion 
dynamic code [4] written to simulate the motion of KeV protons in Pd/Ni lattice, CLAIRE, was modified to take into account the 
realistic atomic potential, including core electron contributions. In both cases, our result shows a significant nuclear reaction 
enhancement. The reaction rate calculated roughly matches the scale of excess heat observed in some metal hydride/deuteride [5] 
experiments. 
 

1 Introduction  

The nuclear fusion probability of two hydrogen isotopes is known to be limited by the 
repulsive Coulomb barrier. This is especially true in the ordinary hot plasma condition where 
the hydrogen isotopes are fully ionized. Each isotopic H+ (including D+ and T+ ) feels the full 
Coulomb potential of another,  which gives rise to the well-known Gamow exponential factor 
[1], and strongly reduces the nuclear fusion reaction rate.  

In a solid state environment, the situation could be quite different. The Coulomb 
screening of electrons has to be considered in this case. In general, when a positive charge is 
immersed in a Fermi sea of electrons (with negative charge of course), the electrons respond 
by accumulating around the positive charge and therefore partially screen out its positive 
Coulomb potential. The enormous effect of electron screening on nuclear reaction rate has 
recently been firmly established [6-8]. It is notable to see these efforts come from diverse 
disciplines, covering fields from nuclear engineering to astrophysics. This diverse nature of 
the research adds further credibility to their results.  

Although the experiments have proved the significance of electron screening, a 
theoretical explanation is still far from satisfactory: the screening effect is far beyond that 
expected from the band electrons along.  The authors think that the difference may be due to 
the contribution of core electrons. In a suitable condensed matter system, such as a metal, the 
electrons may come either from the valence levels or from the core levels, depending upon 



the energy state of H nucleus: only those with enough energy of over a few hundred electron 
volts will be able to reach the core level. It is therefore rather intuitive that a higher electron 
density will result in better screening effect.  Therefore, the screening effect of core level 
electrons, generally neglected in the literature of fusion research, is focus of the present 
study. In fact, in experiments such as LUNA [6-8], the metal targets are bombarded by D 
beams of a few thousand electron volts, and there should be no problem for deuterons of such 
an energy scale to reach the core level. Indeed those experiments have demonstrated a 
significant enhancement in D-D fusion rate at those low bombarding energies.    

In this paper, a realistic atomic potential and charge density of a typical metal, palladium, 
are obtained by using a numerical atomic-structure calculation method. This charge density is 
then used to calculate the screening effect, which in turn determines the fusion reaction rate. 

2 Model and Calculation 

To the first order approximation, the Thomas-Fermi screening wave-vector [9] is given by  
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where N is the volume density of electron and the Ef the Fermi energy
including valence electrons and core electrons up to L-shell, which i
on the order of a few eV.  

When a positive charge ec is placed in an electron sea with den
potential felt by a test charge is no longer a pure Coulomb potential b
as given by the following Yukawa form, 
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The exponential factor in Eq. (2) strongly damps the potential to v
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A Hartree-Fock-Slater (HFS) code [3] is used to calculate the re

and density. There are a few different ways to deal with atomic struc
the simplest. HFS basically utilizes a local density approximation (L
of modern density functional theory (DFT) atomic codes. Strictly s
codes or the Multi-Configuration Hartree-Fock (MCHF) atomic pa
accuracy, but here our main objective is for illustration and an e
magnitude. In this regard the HFS code should be adequate, and it wa
The calculated atomic charge density for Pd is plotted in Fig. 1, from
screening length is readily calculated and shown in Fig. 2. The atom
Fig. 3 
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Figure 1. Electron charge density in Pd atom. 
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Figure 2. Electron screening length in Pd atom. 
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Figure 3. Atomic potential distribution in Pd atom. 

3 Application to D-D and proton capture reaction 

Now that the atomic potential and screening length are obtained versus the distance from the 
Pd nucleus, the enhancement of nuclear reaction can be addressed for both the D-D and the 
proton capture reactions. 



3.1 D-D Fusion Reaction 

D-D fusion proceeds mainly through the following routes, with a roughly equal branching 
ratio: 
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As a rule-of-thumb, the D-D nuclear fusion has a reasonable probability of occuring when 
the distance between two isotopic H nuclei is reduced to the picometer scale. Judging from 
Fig. 2, such a condition is readily satisfied by the high electron density of L-shell electrons in 
Pd: If a deuteron is 2.4 picometer away from a Pd nucleus, the screening length is already 
reduced to below 1 picometer. 

Of course a penalty occurs in energy in order to gain screening: It takes some extra 
energy for H nuclei to reach the Pd L-level because of the Coulomb repulsion between Pd 
and D. However this does not require large amount of energy as manifested in Fig. 3. Only ~ 
3 KeV is required to reach the picometer-scale radius of L-shell.  

 Now we consider the fusion cross-section between two deuterons of 1 KeV each, when 
both are subject to core electron screening. From Fig. 3 a deuteron can reach 0.1 angstrom 
within the Pd nucleus.  The corresponding screening length at that distance is roughly 0.04 
angstrom. Using this screened potential, the tunneling rate can be calculated by the following 
WKB approximation:  
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Note that this formula is only for one dimension. For thre
underestimates the tunneling rate and can serve as a lower bound
section. From (4) the screened D-D fusion cross-section is bound belo
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3.2 Proton Capture Reaction 
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and the host metals such as Pd [11]. Next we want to investigate th
interaction.  

Of course here a much higher Coulomb barrier, which comes 
present. Fortunately, the increase in the Coulomb barrier is partly offs
electrons: the realistic atomic potential seen around a Pd nucleu
otherwise with a pure nuclear Coulomb potential.   

The CLAIRE code [4] was written to simulate collision events be
lattice atom. Of course under equilibrium and static situations the co
rare or of very small energy; so nuclear events of any sort would be h
therefore assumes that crucial non-equilibrium conditions are 
excitations such as electrolysis, and such conditions induce a cohere
oscillations observed in solid state plasma. The protons in the presen
undergo acceleration and gain an energy up to a few thousand electro
(4)
e-dimension, it always 
 for the reaction cross-
w by 1×10-4 Barns. The 

-9 Barns [10]. Therefore 
s-section once the core 

ons between the proton 
e possibility of such an 

from the Pd nucleus, is 
et by the presence of 46 

s is much weaker than 

tween a proton and a Pd 
llisions would be fairly 
ighly unlikely. CLAIRE 
established by outside 
nt oscillation, similar to 
ce of such a plasma can 
n volts.  



CLAIRE was initially written with only a pure Coulomb potential in mind. Therefore it is 
easy to understand that the result would underestimate the penetration power of protons. In 
fact the previous simulation never shows that the proton can reach under 0.1 angstroms of the 
Pd nucleus. Now that a realistic atomic Pd potential has been obtained, a modification of 
CLAIRE was carried out to include this potential in the current study. This atomic potential is 
fit by an analytical formula and used in CLAIRE in place of the pure Pd nuclear Coulomb 
one. The modification significantly changes the result. Fig. 4 shows results of a typical 
simulation. Now protons routinely reach the Pd nuclei at a picometer scale. Fig. 4 is a result 
of a typical simulation.  

 
Figure 4. Proton-Pd distance versus time in a typical collision. 

 
As mentioned before, a closest distance on the picometer scale signifies a Coulomb 

barrier tunneling rate significant to observe nuclear reactions, matching that that needed to 
explain prior excess heat observation [5]. Therefore the acceleration mechanism embedded in 
CLAIRE’s physics, combined with a realistic consideration of the atomic charge density and 
potential distribution, offer a possible explanation for the proton-metal nuclear reaction 
suggested by various LENR experiments.   

4 Discussion 

Our calculations show unambiguously that various nuclear reactions ensue in a solid state 
environment as long as either deuterons or protons attain a kinetic energy of KeV level. A 
question then naturally arises: how could the hydrogen isotopes gain such a large energy (in 
ordinary solid state scale) in the first place?  

The required oscillation could originate from a solid-state plasma effect when PdH is 
driven by external non-equilibrium forces, such as for example, an electric current. It is 
known that electrolytic process is prone to some sorts of electromagnetic instability and 
oscillation [12]. This actually is not a surprise at all considering the following effects: 1) the 
metal-liquid interface is well know to be a capacitive double layer. 2) the metal-electrolyte 
interface could work as a heavy-doped tunneling diode when the electrolyte is highly 
concentrated, or as a Schottcky diode when the electrolyte is dilute. In either case a nonlinear 
device is present. 3) PdD(H) has well-known decreasing resistivity when the D(H) loading is 
beyond a certain range. This resembles a negative differential resistivity effect [13]. These 
three effects combined make possible an oscillator, just as those widely used in various 
electromagnetic radiation sources. As long as the oscillation happens, an energetic, non-
equilibrium solid-state plasma becomes possible.  



5 Conclusions 

The atomic charge distribution is shown to play an important role in low energy nuclear 
reactions in solid state environment, as verified by the model calculation results presented 
here. Further studies using more sophisticated atomic structure methods, such as the MCHF 
code, are highly desired in the future. 
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