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Transmutation reactions in highly loaded hydrides have been reported by a number of research groups. These studies are briefly 
summarized with emphasis on common systematics and key “signatures”. Transmutations divide into two types: heavy 
intermediate compound nucleus reactions yielding an array of products with a large spectrum of masses; direct reactions between 
H/D and the electrode metal or impurity atoms yielding isolated “single” products. Various mechanisms have been proposed to 
explain the products and the ability to overcome the extremely large Columbic repulsion of the high-Z elements involved.  Here 
we briefly consider a model involving orbital mixing and virtual neutron formation associated with charge accumulation and 
hydrogen/deuteron flow at highly loaded interfaces. 

1 Introduction 

A variety of Low Energy Nuclear Reactions (LENRs) in solids have been reported. The original Pons-
Fleishmann (P-F) “cold fusion” reaction involved D-D fusion, but instead of following the normal D-D reaction 
channels, the intermediate product He4 was de-excited by energy transfer to the lattice that results in heat (Table 
1).  Also “transmutation” reactions have been reported that involve an interaction between the D (or H) with 
atoms in the host lattice, typically heavy metals. In some P-F type experiments the tritium branch rates have 
been enhanced [1], but here we concentrate on reactions involving host metal atoms.  
 
Table 1. LENRs differ from “normal” D-D fusion and can be divided into P-F type D-D and D/H-metal reactions. 

Reaction Products Comments 

T + p 

He-3 + n 

Each branch 50% probable  

“Normal” D-D Fusion 

D-D Reaction 

D-D 

He-4 + hυ (heat) “P-F type Cold Fusion” 

Lattice Reaction  

p/D + metal 

Isolated Isotopes or “fission” product 

array 
“Transmutations” 

 

LENR 

 

2 Types of Transmutation Reactions 

Transmutation reactions can be broadly classified according to their characteristic products.  Some experiments 
give a large array of reaction products with mass numbers spanning across the periodic table.  These reactions 
are traced to multi-body events leading to formation of a heavy compound nucleus, which can both decay and 
fission into an array of elements [e.g. see Ref 2].  The second reaction class leads to distinct isolated products 
[e.g. see Ref 3 and 4].  These reactions may or may not involve multi-body interactions but the net result is 
direct formation of the products vs. the disintegration of a compound nucleus.  We will first briefly review 
reactions leading to an array of products and then consider “single” product reactions. 

2.1  Transmutation experiments giving a broad array of products. 

An array of reaction products were reported as early as 1992 by Karabut et al. [5] in experiments using a glow 
discharge to bombard and load various targets such as Pd.  Later experiments leading to product arrays include 
those by Bockris and Minevski [6], Mizuno et al. [7-9], and Miley et al. [2].  These experiments used 
electrolytic methods to load a cathode but others have used different techniques, e.g. a UV laser irradiation of 
deuterated films by Castellano et al. [10].  Here we briefly review the Miley-Patterson work, which is 
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illustrative of this class of transmutation reactions.  They employed multi-layer thin-film Ni/Pd coated on mm 
diameter plastic spheres loaded to a high ratio of H/film-metal atoms using a packed-bed-type electrolytic 
technique. One distinguishing feature of this work was the use of combined SIMS-NAA diagnostics to obtain 
quantitative measurements of selected product yields.  The NAA analysis probed the total sample volume and 
was calibrated against the NIST standards.   

A distinctive characteristic of these product arrays is a yield vs. mass curve with four regions of high yield 
peaks (A~ 22-23, 50-80, 103-120 and 200-210). This pattern is generally consistent with results by Bockris and 
Minevski [6] and Mizuno et al. [7-9]. This product array is illustrated later in Figure 4. Higher yield elements 
occurred in quantities well above maximum impurity limits, which include possible accumulation of isotopes on 
the cathode due to electrolytic field effects. Consistent with a nuclear reaction source, non-natural isotopic 
distributions were found for select elements. In addition, recent CR-39 track detector measurements have 
revealed low-level emission of ~1.6 MeV protons and ~16 MeV alpha particles from similar thin-film 
electrodes [11-12]. Attempts to explain these observations theoretically have expanded the original swimming 
electron layer (SEL) theory that leads to the use of the multi-layer thin-film electrodes [13].  

Recent studies at the UIUC have converted from microspheres to thin films sputtered onto a flat alumina 
substrate illustrated conceptually in Figure 1.  In this design the electrical current flow is parallel to the thin-film 
interface to provide a high current density and hydrogen flow rate along with a high loading.  Results from this 
work, including calorimetry and charged particle emission measurements, were summarized in [14]. 

Figure 1.  Recent UIUC work uses a unique integrated thin-film plate-type electrode. 

2.2  Single product “direct” type transmutation. 

Early electrolysis based transmutation experiments frequently reported one or more isolated products, i.e. 
“direct transmutations” vs. product arrays [e.g. see Ref 15, 16 and 17]. In several cases radioactive products 
were observed [15].  Most recently Mitsubishi Corp. researchers reported a precision real-time measurement 
using built-in XPS diagnostics. An atomic layer of Sr-88 coated on a thin-film Pd substrate was transmuted into 
Mo-96 over 200 hours (Figure 2). The experiment used 1 atm of deuterium on one side of the thin film to force 
deuterium diffusion through a multi-layer thin-film Pd/CaO substrate [3].  Cs-133 was also transmuted into Pr-
141 in a similar experiment.  
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(b) 

Figure 2. Experimental results obtained by D2 gas permeation through Pd complex (Pd/CaO/Pd) deposited with Cs: (a) Time variation in 
number of Cs and Pr atoms, (b) XPS spectrum of Pr for experiment run #1. 

 
Preferential build up of Mo-96 was observed, representing a significant deviation from natural isotopic 

abundance of Mo. (Pr only has one isotope). In both cases the mass and charge changes by 8 and 4, 
respectively.  In other words, the “single” product reactions involved are: 

A confirmation of this type of experiment was recently reported by Yamada et al. [18], but instead of an 

atomic coating on the film, they studied other transmutations in a thicker Pd foil using both H and D diffusion. 

MoSrD 96
42

88
38

2
14 →+Pr4 141

59
133
55

2
1 →+ CsD

3 Overview of Worldwide Studies 

Transmutation experiments have been studied in some detail by over 14 separate laboratories worldwide. This 
listing is incomplete but hopefully representative. It includes Beijing University, China [19], Tsinghua 
University, China [20], Lab des Sciences Nucleaires, France [21], Frascati Laboratory, Italy [22, 23], University 
of Leece, Italy [24], Hokkaido University, Japan [25, 7], Mitsubishi Corporation, Japan [4], Osaka university, 
Japan [26, 27], Shizuoka University, Japan [28], SIA LUTCH, Russia [29, 30], Tomsk Polytechnical 
University, Russia [31], Portland State University, USA [32], Texas A & M University, USA [6] and UIUC, 
USA [33]. (Most of the references cited represent a recent publication from the lab). Other reviews of 
transmutation studies by Dash [34] and Kozima [28] also confirms the many experimental results reported 
worldwide. The fact that this number of major laboratories report positive results provides further confidence 
that LENR-type transmutation reactions can occur with some predictability in solids. 

Experiments have used a wide variety of conditions, e.g. different electrode materials and loading methods. 
Electrode materials have ranged from carbon [27], nickel [35] to uranium [21]. Various loading methods have 
been used: electrolysis [e.g. see Ref 2], surface plasma electrolysis [e.g. see Ref 7], gas pressure [e.g. see Ref 3], 
plasma discharge [e.g. see Ref 29], ion implantation [e.g. see ref 36], bubble collapse loading [e.g. see ref 37] 

 



and laser initiation [e.g. see Ref 24].  Thus it appears that the basic physics underlying these reactions involves 
obtaining adequate loading and flow of D (or H) in a metallic lattice that can undergo the desired transmutation. 
This can be done using a wide variety of loading methods and electrode designs, as shown by the wide range of 
successful experimental cited here.  

Some indication of the variety of products involved is illustrated in Figure 3, which summarizes the 
frequency of observation reported for various elements, including both array and direct type reactions. 
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Figure 3. Frequency of observation of elements vs mass number for 48 references in the present study (see Appendix A for references 
citation). Also shown are frequencies reported by Kozima [28] from 40 references. 

 
The frequency of observation found here is consistent with that reported independently by Kozima [28], 

also shown in Figure 3. Good agreement between the results from these two independent studies is observed. 
The most commonly reported elements are Calcium, Copper, Zinc and Iron.  They were observed in more than 
20 different experiments.  40% of the least frequently observed elements were rare earth elements from the 
Lanthanide Group. These included: Lutetium, Terbium, Praseodymium, Europium, Samarium, Gadolinium, 
Dysprosium, Holmium, Neodymium and Ytterbium.  The observation of these rare earth elements is particularly 
significant since they are unlikely to enter as impurities.  Some researchers also performed detailed analyses to 
determine possible isotopic deviations from the natural abundance. Results from more detailed measurements of 
this type are tabulated in Table 2.  

 



 
Table 2. Percentage deviation from natural isotopic abundance for select reaction products. 

Mizuno et al. 
[8] 

Miley et al.a 
[35] 

Ohmori 
et al. 
[38] 

Ohmori 
& 

Mizuno 
[39] 

Chernov 
et al. 
[31] 

Ohmori 
& 

Mizuno 
[40] 

Ohmori 
et al. [41] Isotopes 

1996 1997 1997 1998 1998 2000 2002 
        

K-39       -21.33* 
K-41       21.33* 

Cu-63 30 3.6±1.6   44   
Cu-65 -30 -8.1±3.6   -44   
Fe-54 **  -0.81* -0.8    
Fe-56 -21.75  -16.79* -29.72    
Fe-57 18.88  16.58* 30.8    
Fe-58 **  1.01* **    
Re-185 14.60     11.3  
Re-187 -14.60     -11.3  
Ag-107  3.9±1.2      
Ag-109  -4.3±1.3      
Ti-48     -33.30   
Ti-49     8.60   
Ti-50     17.80   
Cr-50      1.79  
Cr-52      -4.65  
Cr-53      2.85  
Ni-58      -4.98  
Ni-60      4.57  

Pb-206      13.5  
Pb-207      33  
Pb-208      -6.5  

* Averaged value from the reference paper; ** data not provided. aPerformed by NAA such that error bars account for discrepancy in ± 
numbers (equal for two isotopes, sum to zero for multiple isotopes). 

 
Due to the large differences in conditions and uncertainties involved in these experiments, quantitative 

agreement might not be expected. However the fact that the trends (i.e. isotopic percentages 
increasing/decreasing) are similar for elements where overlapping data exists (Cu, Fe, and Re) are consistent 
with a common reaction mechanism, although the data is too sparse to allow firm conclusions. 

There were other associated effects observed along with transmutation products.  These include energetic 
charged-particle, protons and alphas emission [11-12, 36, 42-44] and low level soft X-ray emission [11,12,23].  
While there appears to be a direct relation between the transmutation reactions and the energetic charged 
particles, the reports by Fisher [43,44] that particles originate in the electrolyte raise questions about the 
relationship. Excess heat production was also observed simultaneously with transmutations in various 
experiments [2,7-9].  Thus the production of excess heat using D/H-metal reactions appears feasible with proper 
selection of conditions and materials. Miley [45] has studied the relationship between excess heat production 
and the observed product array in select experiments. Based on a basic binding energy calculation he concludes 
that the product production rate correlates with the excess power measured within the experimental accuracy. 

Dash et al. [46], Mizuno [47] and others have reported finding transmutation products in small regions 
around “volcanic-like” surface structures. Others e.g. Miley et al [35] have not observed this phenomenon 
although such structures have been found on some of their electrode structures [48]. How, or if this phenomena 
is connected to the reaction process, is unclear. Shoulders [49], Fox and Baraboshkin [50] associate it with 
possible eV (electron cluster) formation which they view as driving the reaction. In contrast Miley views the 
volcanoes as reactive regions where reaction conditions are highly favorable (possibly related to the “nuclear 
reactive regions” postulated by Storm [51], causing extremely violent reactions rates that cause local melting 
before being extinguished. If so, the thin-film surface conditions created in the Miley et al. experiments appear 

 



to create a reasonably uniform active region over the surface. This is partially confirmed by SIMS surface scans 
of key products such as Cu, which were generally uniform within ±10% over the surface [35]. 

Surface conditions and the active region thickness clearly play an important role in reactive regions. For 
example Miley et al. report that isotope concentrations typically peak near multi-layer interfaces [35]. The 
electrolyte also plays an important role. Transmutations have been obtained with both light and heavy water 
based solutions. The optimum combination appears to depend on the selection of an appropriate electrode-
electrolyte combination. For example, Castellano et al. [10] observed an increase in the number of transmutation 
products, as a function of the thickness of a solid metal electrode Di Guilio et al. [52] deduced that compared to 
light water electrolysis, heavy water solutions give a larger number of transmutation products for their 
configuration. 

3.1 Reaction Systematics 

Until a theoretical model is completely worked out, only some generalities can be said about reaction 
systematics. “Direct” reaction systematics are more easily envisioned than for compound nucleus reactions. 
Once the light element (D or H) multiple involved is determined, the reaction immediately follows, e.g. as 
reported by Bush and Eagleton for a single H reaction [16].  
or multiple (four) D reactions provided the Pr or Mo products reported by Iwamura et al. [3], as cited earlier. 

)()( 88
38

86
38

87
37

85
37

1
1 SrSrRbRbH →+

In contrast in the case of the compound nucleus reaction, there is no simple prediction of either the product 
array or degree of deviation from natural isotopic abundance. Hora et al. [53] have discussed some guiding 
principles related to magic numbers and point out some similarities to the r-process occurring in astrophysical 
reactions. This is illustrated in Figure 4 where the Miley-Patterson product array [2] is compared to r-process 
calculations for astrophysical reactions [54]. As pointed out by Hora et al. [53,55-58], the magic number 
sequence and high density lattice conditions suggest a relationship between the reactions involved in compound 
nucleus formation and the r-process. While there are some differences, the similarity in trends is striking.  

Other predictions of product distributions have generally involved adaptation of a fission model (e.g. liquid 
drop model) to the compound nucleus [26, 59]. However, these theories differ greatly in the mechanisms 
assumed in the formation of the compound nucleus, hence the characteristic A, Z and excitation energy of the 
intermediate state leads to the products.  

Kozima [28] has pointed out the similarities between the frequency of observation of elements and element 
abundance in nature. Thus he concludes LENR reactions for a path similar to the creation of natural elements. 
However this raises the issue of the relationship between observation frequency over disparte experiments and 
actual yields in a given experiment. As it turns out, the composite observation frequency roughly follows the 
trend of the experiment yield curve in Figure 4. Hence Kozima’s comparison ends up roughly resembling 
Figure 4, but the basis remains quite different. 

 



 
Figure 4. Comparison of yield vs. mass number in Miley-Patterson [2] to r-process predictions. 

4 Theory 
An obvious key issue for transmutation theories is how the reactants can overcome the extremely large 
Coulombic barrier.  The same issue applies to P-F type D-D reactions, but here the atomic number of the metal 
atom involved is over an order of magnitude greater. Thus the theories have tended to focus on neutral-like 
particles (e.g. poly- neutrons of Fisher [59], Kozima [28], hydrex catalyzed rx of Dufour et al. [60], electron 
capture of Stoppini [61], lattice condensation of Takahashi et al. [26]). 

One approach recently studied by G. Miley et al. extends SEL concepts to include orbital mixing associated 
with charge accumulation and hydrogen/deuteron flow at highly loaded interfaces [62,63].  These phenomena 
result in formation of virtual neutrons, overcoming the columbic repulsion barrier restriction.  The flow path for 
the resulting reaction is very complicated, leading through a compound nucleus and subsequent decay or 
fission.      

Negative H formation is thought to play an initiating role in this process [14,62,63-65]. The issue of the 
charge state of H diffusing in Pd was originally motivated by our attempt to reconcile the static picture of a 
negative charge accumulation around H in Pd with the fractionally charged positive H ion found in drift 
experiments [65]. The effect is now attributed to the dynamic nature of the hydrogen hopping process. When an 
electric field is applied to the Hδ- at the octahedral site (δ- is the fractional electronic charge), the hydrogen 
hopping (tunneling) process is driven in the direction of the field. Therefore, the hydrogen drift (or in other 
words, an electric field assisted tunneling process) is characterized as that of a proton, i.e., a +1 charge, at the 
octahedral site. However, in hopping from one octahedral site to another, the hydrogen must follow a path 
through either the tetrahedral site or the bridging site, and the charge state at these two locations will modify the 
time average charge measured in a drift experiment. The path through the bridge site is the shortest of the two 
available. The charge density as calculated from a density functional method is summarized in Table 3. The H is 
roughly charged with 0.6 more electrons at the bridging site than at the octahedral site. This implies that the H 
carries an effective (time-averaged) electron cloud of -0.6 as it “hops” through the bridging region. Hence the 
net charge manifested in this process is (1 - 0.6) or ~ 0.4, roughly matching the typical value of 0.5 found in 
drift measurements.  

 



 
Table 3.  The charge in the Muffin-Tin Sphere around the H is much larger for edge (bridging) site than for other sites (corresponding to 
fractional loadings). The radius of the muffin-tin sphere is taken as 1.5 Bohr. 

 Case PdH PdH0.25 PdH0.5 PdH (Edge) 

Charge 1.22 1.13 1.18 1.81 
 
 
 
Due to the high local charge density that forms during this hopping process, orbital mixing can occur, 

facilitating virtual neutron formation. Virtual neutrons in turn enable a reaction with one or more neighboring 
Pd-H sites. At high density, a cluster of neighboring sites can undergo formation of a large mass compound 
nucleus. The concept has also been extended to the case of an atomic layer of Cs on a Pd surface undergoing D 
diffusion as in the Iwamura et al. experiment [3] based on the lattice configuration shown in Figure 5. The 
hypothesis is that during flow through the constricted path between the Pd and Cs, the highly negatively 
charged H (D) at the four “edge sites” condensates into a virtual neutron and then reacts with the large Cs.   A 
“direct” reaction occurs in this case due to the combination of the edge site location and the size and 
electronegatively of the Cs which partly fills the hoping site passages. In this case, flow is more important than 
a high D/H loading. The Cs blocking plays the role of a high loading. In contrast, if, in a more open Pd (or Ni, 
etc.) lattice (Figure 5b), the loading is sufficiently high, the diffusing H (D) causes passage blocking (a “self-
blocking”) and allows entire clusters of virtual neutron Pd cells to condense into a heavy compound nucleus. 
This heavy nucleus can either decay directly or fission into a broad array of reaction products.  

In summary, this model predicts direct reactions in cases where appropriate heavy elements tend to 
compress flow channels during H (D) diffusion while heavy compound nucleus formation occurs where the H 
(D) loading is so large as to compress flow during diffusion. 

 

                                                                                                                      (a)               
                                                                                                                 (b)                   
Figure 5. Figure (a) shows two surface unit cells to represent the case of an atomic layer of Cs on the Pd surface. It is seen that each Cs is 
surrounded by 4 H (D). Figure (b) contrasts the more open lattice formed by H/D loading in Pd. 

5 Summary 

Several dozen laboratories worldwide are actively pursuing the study of transmutations in low energy nuclear 
reactions. Their methodology and choice of electrode material are quite varied but still their results demonstrate 
many related trends. Products are either found to occur in arrays covering a wide range of masses or in a few 
isolated elements, depending on experimental conditions. The most commonly reported elements are Calcium, 
Copper, Zinc and Iron, while 40% of the least frequently observed elements are from the Lanthanide group. 
Some studies also identify products with a significant deviation from the natural abundance. 

Various associated effects such as radiation emission have been observed in some experiments, but a direct 
relationship to specific nuclear reactions causing transmutation has yet to be established. Also, in some 
experiments excess heat production has been reported, confirming that in these cases the overall transmutation 
reaction is exothermic. Correlation of the reaction energy (i.e. the transmutation product array reaction rates) 
with calorimetric measurements of excess heat is difficult. However, several cases indicate a correlation within 
experimental error bars [45]. This result is analogous to the correlation of He-4 production and excess heat 
production in D-D cold fusion studies [66]. 

Various theories have been proposed to explain how the high-Z reactants in transmutations can overcome 
the gigantic Coulombic barrier involved and why isolated product reactions occur in some cases and arrays of 

 



products in others. A preliminary model that considers orbital mixing associated with charge accumulation and 
hydrogen/deuteron flow at highly loaded interfaces was reviewed as providing one possible explanation. The 
subsequent formation of a virtual neutron, overcomes the Columbic repulsion barrier restriction.  Depending on 
the lattice structure and the species that restricts the hopping passages during diffusion of the H (D), either an 
array of products or single element products is predicted. Other theories cited were also address these issues but 
in quite different ways. As more data and study is preformed, it should be possible to sort out a theory or 
combination of theories that best reproduce experimental signatures.  

In conclusion, numerous observations of transmutation reactions have been reported by a variety of 
laboratories internationally, lending much strength to the conclusion that transmutation reactions can take place 
in solids under select conditions. A key question remains on how it is possible to design a specific experiment 
that would emphasize one of these reaction product channels over the others. Steps along these lines include the 
technique demonstrated by Iwamura et al. [3] to use atomic surface layers on top of a thin-film complex and the 
technique of Miley et al [14] of using selective multiple layers of thin-films with directed current flow along the 
interface direction. 
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