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Abstract

The enhancement of electromagnetic field energy density around planar metal/oxide interfaces and metal nanoparticles in oxide ma-
trices has been quantitatively investigated, to analyze the experiments reported so far, as well as to provide a design guide for future
experimental systems. We have found that a certain degree of enhancement is available for commonly used material combinations
in the field of condensed-matter nuclear fusion, and use of Ag, Al, Au, and Cu would particularly provide significantly larger en-
hancement. This electromagnetic boosting effect may have unknowingly benefited the experiments reported so far, particularly for
the electrolysis-type ones, and its active utilization by proper material and structure choices can improve condensed-matter fusion
systems further.
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1. Introduction

The power density supplied to deuterium—metal systems may be one of the key factors to activate the condensed-matter
nuclear fusion reaction. Free electrons in metals, particularly around metallic surfaces or interfaces with dielectric
media, exhibit strong interaction with electromagnetic fields or light in a form of collective oscillation, named sur-
face plasmons [1-6]. We previously proposed and analyzed the electromagnetic energy focusing effect around metal
nanoparticles and nanoshells [7] and planar metal surfaces [8] to significantly increase the reaction probability. How-
ever, a number of experimental studies of condensed-matter fusion have also been conducted with oxide materials,
not only with metals [9-18]. Such oxides have also been experimentally adopted mainly as mechanical support-
ing media for micro/nano metal particulate aggregates [14,18], as proton/deuteron-diffusion-barrier layers [15,17], or
as proton/deuteron-conducting electrolytes [9—-13,16]. The first and second categories consist of heterostructures of
deuterium-absorbing metals, such as Pd, Ni, and Ti, and oxides, such as CaO [15,17] and ZrO- [14,18]. The third
category comprises oxide electrolytes, such as S-alumina [9], BaCeOs3 [10,16], LaAlOg [13], and SrCeOg3 [10-12],
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and deuterium-absorbing metals or metal electrodes attached to the electrolytes. It is therefore important to analyze
the field enhancement effects not only at metal/gas (D2, Ho, or vacuum) and metal / liquid (D2O or HyO) interfaces as
we previously investigated [7,8], but also at metal/oxide interfaces. In the present work, we calculated the plasmonic
field enhancement at planar metal/oxide interfaces and around metal nanoparticles embedded in oxides.

2. Calculation Methods

We calculate the field enhancement factors, which are the intensity ratios of the fields around the object to those in
the absence of the object (metals in this case), or the original incident fields, for planar metal/oxide interfaces and for
spherical metal nanoparticles in oxide media. These calculations, which are based on the classical electromagnetic
field theory, show quantitatively how much energy can be concentrated from the incident optical or electric power. The
methods used to calculate the field enhancement factors are described in Refs. [7,8,19]. See these references for the
assumptions used for the calculations and the validity range of the system for the calculation results.

For the planar-interface calculation, let £; and €5 be the frequency-dependent complex permittivities or dielectric
functions of the surrounding medium and the metal, respectively. 6 is the incident angle. We assume an incidence of a
p-polarized plane wave as the original electromagnetic field and its coupling into a surface-plasmon mode to determine
the maximum field enhancement factors. Following the procedure described in [20], the energy flux towards the x
direction per unit length in the y direction (i.e., the Poynting vector) can be formulated as
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H,, is the amplitude of the magnetic field of the mode. Egp (07) is the electric field at the metal surface. w is the
frequency of the field. ¢; and g2 are the complex wave vectors in the z-direction in the surrounding medium and the
metal, respectively. ksp is the complex wave vector of the surface-plasmon mode in the z-direction. The wave vectors

are calculated by
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The real and imaginary parts of complex quantities are indicated by primes and double primes, respectively. The
energy dissipation flux of the surface plasmon mode is then
_, 2
= aPgp = 2k, Psp = we1 o ‘ESP (0 )‘
87 |qu|” + [ksp|?
where « is the absorption constant. On the other hand, the energy flux provided into the metal surface by the coupling
of the external field into the surface-plasmon mode can be written as
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where Ej is the electric field of the incident wave, or namely the external field. R is the reflectivity at the metal surface.
In the steady state, those two energy fluxes are equal to each other based on the conservation of energy, and therefore
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We come to derive the field enhancement factor this way:
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Note that this field enhancement factor is defined as the ratio of field intensities and not field magnitudes. Weber and
Ford used an approximation ) < —e&),. They rationalized this approximation by the non-lossy nature of the noble
metals, which were the only materials they dealt with in [20], so they ended up with a much simpler formula. In
contrast, we fully calculate the enhancement factors as Eq. (9) removing the approximation to properly deal with the
relatively lossy metals in this study.

For the spherical-particle calculation, the method used in this study is described in [19]. In short, the field enhance-
ment factor is calculated as

€1 —Em
€1+ 2¢ep,

=N

2
) (10)
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where E is the maximum static electric field around the metal nanoparticle, Ejy is the original uniform electric field
in the absence of the nanoparticle, and €; and ¢, are the frequency-dependent complex permittivities or dielectric
functions of the sphere and the surrounding medium, respectively.

It should be noted that our calculations are only based on the Maxwell equations and involve nothing exotic or
physically novel. The empirical complex dielectric functions of metals and of the most common, representative oxides
SiO, and Al;O3 on frequencies listed in [19,21] are used for the computation in this paper. For dielectric functions
of other oxides, we use polynomial fitting to the data in [22] for BaCeOg, [23,24] for CaO, [25] for LaAlOs, [26] for
SrCeQs, and [24,27] for ZrO, in this work, as summarized in Appendix A. Incidentally, S-alumina was used in [9],
but their material’s details such as the composition including dopants are not available. Also, the dielectric function
of 5-alumina measured in [28] were close to the values of pure AloO3 we previously formulated in [19]. For these
reasons, we in this work adopted the dielectric function of pure Al;Og3 (in [19]) as that of 5-alumina.
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3. Results and Discussion

Figure 1 shows the calculated spectra of field enhancement factors at planar metal/oxide interfaces. For the reader’s
benefit in comparison, the same series of calculation results are organized by oxide in Appendix B. Local energy
enhancement of a certain degree is seen in the spectra. The metal surfaces can this way concentrate optical or electro-
magnetic energy in their vicinity. Basically, oxides with smaller dielectric constants exhibit larger field enhancement,
as understood with Eq. (9). Among all metal elements, Al and the noble metals Ag, Au, and Cu are known to exhibit
distinctively higher field enhancement factors than other metals, due to their high conductivity [19,29]. A certain level
of field enhancement, however, is still attainable even for the metals of Pd [9,10,13-15,17,30-32], Ni [18,33,34], and
Ti [31,32,35], which have been conventionally used for deuterium-containing fuel materials in the field of condensed-
matter nuclear fusion, as seen in Figs. 1 (a)-(c). Figure 1 (a) includes the material combinations corresponding to the
experimental systems of [9,10,13]. Figure 1 (d) has the cases of [10-13,16]. Previous experimental studies with oxide
electrolytes used sandwich-like double heterostructures of (Pd or Pt)/oxide/(Pd or Pt) [9-13,16]. Therefore, a certain
number of the electrolysis-type condensed-matter nuclear fusion experiments reported so far may actually have un-
knowingly benefited from this plasmonic local energy enhancement effect. Such a plasmonic enhancement effect may
be one of the multiple factors not yet understood for the energy supplied to overcome the gigantic Coulomb barrier to
produce the fusion reaction observed with visible rates, as we discussed in [7,8].

Figure 2 shows the calculated spectra of field enhancement factors around metal nanoparticles in oxide matrices.
For a comparison, the same series of calculation results are organized by oxide in Appendix C. The peaks seen in
these spectra are associated with the resonance or surface mode, characterized by internal electric fields with no radial
nodes [19]. Local energy enhancement over 10 times is seen for a wide range of optical frequencies, through visible to
near infrared and beyond. These nanoparticles thus concentrate optical or electromagnetic energy in their vicinity like
antennae. Similar to the case of planar metal/oxide interfaces above, Ag, Al, Au, and Cu exhibit distinctively higher
field enhancement factors than other metals due to their high conductivities [19,29]. Particularly Ag has the highest
electrical conductivity among the whole metal elements and therefore exhibits the highest field enhancement both for
its planar interfaces and nanoparticles [19,29]. We can therefore take advantage of this high energy concentration, for
instance by simply coating the conventional Pd-based fuel materials with noble metal nanoparticles. It is incidentally
counterintuitive that for Ag, Au, and Cu nanoparticles the oxide electrolytes such as BaCeOgs, SrCeOs, and ZrO»
exhibit significantly higher peak enhancement factors rather than the representative low-index oxide SiOs and AlyOs.
This is due to matching in dispersion, as seen in Figs. 2 (e), (g), and (h), and it is unlikely to be the case with the planar
metal/oxide interfaces shown in Fig. 1. For Fig. 2 (f), Al is known to have plasmon resonance particularly in the shorter
wavelength region [19], and therefore we unfortunately cannot produce the resonance for BaCeO3 and CaO, whose
dielectric-constant data in such a short-wavelength region was not acquired in this work, but their plots are buried in
the long-wavelength region. However, it is thought that these oxides in fact also have sharp plasmon-resonance peaks
in the short-wavelength region as other oxides do. A certain degree of field enhancement is still attainable even for
the common metals used for condensed-matter fusion, as seen in Figs. 2 (a)-(c). Figure 2 (a) includes the material
combination corresponding to the experimental system of metal nanoparticles embedded in oxide for [14]. Figure 2
(b) has the case of [18], for example. Again, a certain number of the condensed-matter fusion experiments reported
so far may have unknowingly benefited from this plasmonic local energy enhancement effect. As mentioned in [7],
the field-enhancement-factor spectra (peak positions, intensities) are independent of particle size under the quasistatic
limit but are valid for particle diameters of 10—100 nm in this calculation [19]. Metal particles both smaller and larger
than these limits exhibit broader plasmon resonances and smaller field enhancements due to surface scattering losses
and radiative losses or electrodynamic damping, respectively [36,37].

A potential picture of the condensed-matter fusion phenomena supported by the plasmonic field enhancement
effect is as follows. Once an initial nuclear fusion reaction occurs in the energetic highly concentrated “hot spot”
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Figure 1. Electromagnetic field enhancement factors on planar metal/oxide interfaces, organized by metal: (a) Pd, (b) Ni, (c) Ti, (d) Pt, (e) Ag, (f)
Al, (g) Au, and (h) Cu.

region around a metallic nanoparticulate, a gigantic amount of heat locally generated by the nuclear reaction induces
subsequent reactions around the region by supplying the activation energy, and thus effectively initiates heat-mediated
chain reactions to spread throughout the fuel material. The local energy focusing effect studied in this paper thus
significantly increases the probability of the initial nuclear reaction even if the total power irradiated into the fuel
material is the same, and therefore may effectively reduce the threshold input power. Note that the plasmonic energy
focusing scheme we studied in this paper is applicable not only for the conventional electrolysis-type condensed-matter
fusion but also with additional optical excitation sources such as lasers, since the electromagnetic field enhancement
is equivalent for both systems. Although we dealt with stand-alone, spherical metal nanoparticles for simplicity in
this paper, ellipsoidal ones would provide even higher field enhancement factors around their tips, because the sharper
curvature of the metal/dielectric interfaces allows the electromagnetic field to concentrate further. This is known as
the “lightning-rod effect” [38,39]. Also, surface plasmons located in between multiple metal nanostructures, or so-
called “gap plasmons,” are known to have distinctive characteristics [40,41]. The size, shape, and structure aspects,
as discussed in [7], should therefore be also accounted for the optimizing design of the deuterium-containing metal
composite materials for condensed-matter fusion. In this work, we calculated the field enhancement factors for a
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Figure 2. Electromagnetic field enhancement factors around metal nanoparticles in oxide matrices, organized by metal: (a) Pd, (b) Ni, (c¢) Ti, (d)
Pt, (e) Ag, (f) AL, (g) Au, and (h) Cu.

certain range of frequencies, but extrapolations to longer wavelengths provide estimates for the cases of DC field
or continuous-wave power application. While some of the calculation results presented in this paper correspond to
the material combinations used in the experiments so far, many do not, and can be used as a guide to design future
experimental systems. It should be noted that Biberian et al. reviewed a number of experimental reports using oxide
materials, correlating the samples’ structures with their output results, and his analysis suggests that it may be more
preferable for the realization of nuclear reaction to have oxides around metal surfaces rather than inside bulk regions

of metals [42]. Thus, metal/oxide interfaces can certainly play important roles in condensed-matter nuclear fusion
reactions, and highly deserve further investigations.

4. Conclusion

In this work, we have quantitatively investigated the enhancement of electromagnetic field energy density around pla-
nar metal/oxide interfaces and metal nanoparticles in oxide matrices. We have shown that the metals of Pd, Ni, and Ti
commonly used in the community of condensed-matter fusion intrinsically exhibit a certain degree of field enhance-
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ment in the metal-oxide systems. We have also found that use of Ag, Al, Au, and Cu would particularly provide
further enhancement. Our results indicate that this electromagnetic boosting effect may have been unknowingly pro-
duced in the experiments reported so far, particularly for the electrolysis-type ones, as one of the multiple factors not
yet understood for the energy supplied to overcome the gigantic Coulomb barrier to produce the fusion reaction at
macroscopic rates. Importantly, this plasmonic enhancement occurs in the case of an optical-power incidence as well
as an electric-bias application. It is therefore desirable to design and optimize the experimental systems, including
the choice of materials, structures, and operating conditions, while accounting for the plasmonic energy enhancement
effect around the metal/oxide interfaces.
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Appendix A. Appendix A: Functional Fits to Dielectric Constant Data

¢’: real part of dielectric function, ”: imaginary part of dielectric function and \: free space wavelength in nanometer.
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Appendix B.

Electromagnetic field enhancement factors on planar metal/oxide interfaces, organized by oxide: Fig. 3: (a) AlyOs,
(b) BaCeOg3, (c) CaO, (d) LaAlOs, (e) SiOq, (f) SrCeOs, and (g) ZrOs.

Appendix C.

Electromagnetic field enhancement factors around metal nanoparticles in oxide matrices, organized by oxide, orga-
nized by oxide: Fig. 4: (a) Al,Og3, (b) BaCeOs, (c) CaO, (d) LaAlOs, (e) SiOq, (f) SrCeOs, and (g) ZrO-
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Figure 3. (a) Al203, (b) BaCeO3, (c) CaO, (d) LaAlOs, (e) SiO2, (f) SrCeOs, and (g) ZrO2.
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