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Abstract

This paper reviews a theoretical program to understand the field of low energy nuclear reactions (LENR), initially called cold fusion,
which was a puzzle of the last three decades. A series of concepts, which were raised and partly elaborated, are presented. The key
concept is a three-body mechanism, where one of the nuclei serves as a catalyst for the reaction of the other two. In these reactions,
a single fusion product or two outgoing nuclei are created, along with the recoiled catalytic nucleus. They carry off the nuclear
energy released, and heat the surrounding materials by multiple collisions. Importantly, they produce high energy γ radiation with
negligible probability. So, this three-body idea solves the two major riddles of LENR, that nuclear reactions can occur at ordinary
temperatures and without emitting γ radiation. Cross sections and rates are calculated using standard quantum mechanics, and
accepted nuclear and solid-state physics. Their dependence on relevant densities, and on the reacting and catalytic nuclei, are
explicit. The theoretical ideas and the results of their elaboration are compared with diverse data from LENR experiments with
considerable success.
© 2020 ISCMNS. All rights reserved. ISSN 2227-3123
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1. Introduction

It was reported 31 years ago that excess heat [1] and unexpected neutrons [2] appeared during electrolysis experiments
with deuterized palladium hydrides. The experimental results were interpreted as evidence of nuclear fusion. After a
short period of heated debate, skepticism overcame the scientific community. The failure to find the reported neutrons
by others [3], and the published negative theoretical results [4–8], questioned even the credibility of the first reported
results. However, in spite of the prevailing negative attitude of most nuclear physicists, authorities like Lamb [9] and
Schwinger [10,11] asserted that cold fusion is theoretically possible. Researchers became divided on the possibility
of cold fusion, a “schism” that remains. While mainstream physicists ignored the field [12], the research kept going
during the last three decades. Great numbers of papers were published in the field, which is today called low-energy
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nuclear reactions, LENR. However, it seems obvious that the experiments carried out so far are not sufficiently clear to
give precise information on the essential features of LENR. A detailed overview of the 31 years history of LENR goes
beyond the scope of this paper. However, for summaries of laboratory results, see [13–18].

Our theoretical research program (Kálmán and Keszthelyi) over the past 17 years has been guided by the view
that a theory which explains LENR must be consistent with physical knowledge. Theories, which explain some
aspects of LENR but are in conflict with established parts of modern physics cannot be considered as satisfactory.
The approaches of an early summary of attempts at theoretical explanations of LENR [19], and expectations of LENR
theories discussed in [20], are consistent with this viewpoint.

The aim of writing this article was two-fold. One is to show to critical readers that it is possible to explain the
phenomena of LENR within the framework of standard physics. It was also deemed useful to give guide lines to
researchers in LENR. Some less successful initiatives, – along with possible mistakes committed, – are also discussed
in order to spare unnecessary efforts by researchers in LENR. Remarks and notes by critics are also inserted in certain
places, even if we do not agree with them, because they can be useful for the reader. The topic is very complex and
delicate, so it must be stressed that we do not believe that all the problems related to LENR are solved.

Yet, in our opinion the fundamental question in LENR is to find a mechanism that helps nuclei of positive charge
overcome the Coulomb barrier in order to react. In our quest for such a mechanism, it was recently pointed out in
[21] KK that there is a close similarity between the forbidden optical transitions in quantum mechanics, and the way
the cross section of nuclear reactions goes to zero at low energies due to Coulomb repulsion. It was found that any
additional perturbation can resolve this forbidding of nuclear reactions, i.e., the disappearance of the cross section
with decreasing energy. It is necessary for the perturbation theory to be carried out at least up to the second order
according to the rules of quantum mechanics. This fact strongly enlarges the number of potential nuclear reactions.
The significance of applying higher order perturbation calculation in nuclear reactions is also substantiated by the fact
that it enables the explanation of the phenomenon of “Anomalous Internal Pair Creation” [22].

Given all the empirical data on LENR, and the theoretical results of our program, it is a good time to systematically
overview both the experimental results of LENR and their possible explanations. This paper reviews our road to
finding mechanisms, which may be responsible for LENR. Our results are not presented in chronological order. The
major coherent ideas are treated together in sequence, each building on the earlier others. Theoretical findings and
experimental observations are connected in each section and at the end of the paper.

Section 2 is the theoretical starting point. It is followed in Section 3 by the presentation and discussion of two early
results, solid state internal conversion and attraction due to phonon exchange. Section 4 deals with two mechanisms
adopted from quantum optics. The first is boson induced fusion (BIF), which is a laser like effect, and the second is
a new loss mechanism based on a degenerate parametric amplifier mechanism, both of which can occur in crystalline
solids. Section 5 contains the most essential explanations of LENR. Here, forbidden nuclear reactions, the important
role of recoil due to perturbing Coulomb field of the surroundings, and charged particle catalyzed nuclear processes
accompanied by heat production with lack of γ radiation are discussed. As an example, the second order model of
nuclear reactions modified by the surroundings is propounded. The important results due to an approximate solution
of a 3-body problem within the nuclear range and its consequence, the catalysis of nuclear reactions due to impurities,
are also presented. Cross sections, counting rate- and power-densities are given also in this former model. Section
6 includes discussion of resonance-like third and fourth order processes, and Section 7 contains the results obtained
in the case of cooperative processes. In Section 8, the importance of plasma-like states is pointed out. Section 9 is a
summary of theoretical results obtained over 17 years in relation to laboratory data on LENR from the past 31 years.
Section 10 is a summary of the major results of this theoretical program.
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2. Theoretical Starting Point

Our starting point is based on the two major and central experimental facts about LENR, namely nuclear transmutations
[23], which is the strongest evidence for the existence of LENR, and production of heat of nuclear origin, which is
also well established [24]. Both of these effects occur without the emission of energetic γ radiation, which usually
accompanies nuclear reactions. Accepting the existence of the LENR phenomena, i.e., the fact that heavy particles
of low kinetic energy may take part in nuclear reactions, one is faced with the basic problem of how the reacting
particles may overcome the Coulomb repulsion that exists between them. By examining the Coulomb solution ϕCb
(see formulae II. B 40-41 on p. 448 of [25]), which is the wave function in the relative coordinate r of two particles
moving in their repelling Coulomb field, one can see that the contact probability density |ϕCb|2 at r = 0 reads

|ϕCb (r = 0)|2 =
f2
jk

V
(1)

with V the volume of normalization (which disappears from the results of calculations) and

fjk =
∣∣∣e−πηjk/2Γ(1 + iηjk)

∣∣∣ =

√
2πηjk

exp (2πηjk)− 1
, (2)

where Γ(z) denotes the Gamma function and

ηjk = zjzkαf
ajkm0c

! |k|
= zjzkαf

√
ajk

m0c2

2ε
(3)

is the Sommerfeld parameter. k is the wave number vector of particles j and k in their relative motion, and ε is their
kinetic energy in the center of mass system. zj and zk are the charge numbers of particles of rest massesmj = Ajm0

withm0c2 = 931.494MeV the atomic energy unit.

ajk =
AjAk

Aj +Ak
(4)

is the reduced mass number of the two particles. Furthermore, αf is the fine structure constant, ! is the reduced Planck
constant, and c is the velocity of light in vacuum.

In some nuclear calculations, e.g. in the calculation of the alpha decay rate, an approximate solution [26] (the so
called WKB approximation) responsible for the motion in the relative coordinates of the particles is used which results
at r = 0

|ϕWKB (r = 0)|2 =
exp (−GW )

V
, (5)

where exp (−GW ) is the so called Gamow-factor and

GW =

√
8µ

!2

∫ bW

R

dr
√

V (r) − ε. (6)

Here, e.g. in the case of a pd reaction (see the next section), V (r) is the interaction potential between p and d, and µ
is the reduced mass of the two particles. r is their separation distance, R is the radius of the nucleus of higher nucleon
number and bW is the other classical turning point.

With decreasing |k| and ε, the contact probability density (1) at r = 0 also decreases. But, if an attracting potential
well of depthU is also present, then, as a good approximation, the ε→ ε+U substitution may be done in (3) [27]. This
recognition led to the introduction of U as a kinetic energy shift parameter called the screening energy for explanation



62 P.Kálmán et al. / Journal of Condensed Matter Nuclear Science 34 (2021) 59–96

of the enhancement of deuteron-deuteron fusion cross sections at low beam energies as being due to electron screening
[27,28]. However, electron screening seems to be insufficiently strong to compensate for the Coulomb repulsion and
make possible nuclear reactions at low kinetic energy ε # kBT near room temperature, where kB is the Boltzmann
constant and T is the absolute temperature. Since Coulomb repulsion is inevitable, one must find other reasons for the
occurrence of LENR.

Given the above, two ideas were explored: (a) other effects caused by electrons and (b) some other mechanism,
which produces a further attractive potential, in addition to the screened attractive Coulomb potential produced by
electrons. These ideas must be considered in the context of the other problematic finding during LENR experiments,
namely the absence of γ radiation.

3. Two Early Ideas

3.1. Solid state internal conversion

The absence of gamma radiation in LENR experiments, brings to the mind the internal conversion phenomenon, which
has similar characteristics in atoms. In the usual internal conversion process the excitation energy of the nucleus is
taken away by an atomic electron. The process takes place without γ emission [29,30]. In the simplest model of
internal conversion process [29] the Coulomb interaction

VCb =
Z∑

i=1

e2

|R− ri|
(7)

between the electron and the nucleus governs the decay. Here e is the elementary charge, Z is the proton number of
the nucleus,R and ri are the coordinates of the electron and the i-th proton, respectively. The Coulomb potential (7)
is considered to be perturbation which causes the nuclear reaction and the transition probability per unit time of the
process can be described in first order of perturbtion theory of quantum mechanics.

A similar reaction, the µ− meson catalysed p + d → 3He fusion reaction was investigated in 1957 [31] and the
counting rate λf of the process was given in the form

λf = A |Φi (0)|
2 , (8)

where A is called nuclear reaction constant and Φi (0) is the initial wave function of the p and d in their relative
coordinate in the WKB approximation at zero separation, thus |Φi (0)|2 ∼ exp (−GW ) (see (6).

In [32] it was investigated how the (e)+p+d → (e′)+3He reaction can take place due to Coulomb interaction of
an electron with a proton (p) and a deuteron (d). Here, the notation (e) refers to catalysis by an electron. (Our former
terminology ’assistance’ is changed in this work to ‘catalysis’ which expresses better the role of surrounding particles,
both electrons and ions.) This analogue of atomic internal conversion reactions is called solid state internal conversion.
In solid state internal conversion, most of the energy of the nuclear reaction (5.49MeV) is taken away by the electron
instead of the γ photon, which is emitted in the usual p+ d → 3He (5 keV) + γ (5.483MeV) nuclear fusion reaction.
In the calculation [32], the Gamow-factor was used for the description of hindering due to the repelling Coulomb
interaction between p and d. Thus, modification of the initial wavefunction in the nuclear range due to the Coulomb
interaction with the electron was not considered. (It will be discussed in Section 5.)

Our result [32] obtained for the solid state internal conversion process [for the electron catalyzed reaction (e)+p+
d → (e′)+ 3He] was significantly larger than the result obtained in [6] for the case of hydrogen molecules. The solid
state internal conversion calculation was repeated for the case of a lattice [33], where the initial catalyzing particles
and one of the reacting particles were described by a Bloch-function [34]. The results of calculations based on the
concept of solid state internal conversions indicated significant effects compared to molecular calculations. However,
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the obtained counting rates were not high enough and therefore they could not explain the reported extremely high dd
fusion rates and excess heat [1]. Moreover, the solid state internal conversion mechanism would result in energetic
electrons, the traces of which have been found in recent experiments [35] only.

3.2. Attraction due to phonon exchange

The other possibility, already noted, is the appearance of another new attractive potential, which is also present but
not discovered yet. It was found [36] that optical phonon exchange can induce attraction between two deuterons in a
d-filled Pd lattice. This attraction is similar to the attractive potential between electrons created by phonon exchange,
which is known to be responsible for superconductivity [34]. The attraction due to optical phonon exchange seemed to
be strong enough to be able to compensate partly for the Coulomb repulsion between deuterons leading to significant
increase of the Gamow-factor. This mechanism is similar to the ones suggested by Schwinger in 1990 [11] and
developed by Hagelstein from 2000 [37–39]. The idea was extended to the case of two different heavy particles, such
as p− d, 7Li− p and 6Li− d [40].

The essence of our extended model is the following. The interaction potential of two different quasi-free particles
of wave vector k1 and k2 due to phonon exchange in the λth branch inK space reads as [41]

Vph (K,λ) = |g (K,λ)|2 !ωq,λ (D1 (k1) +D2 (k2)) , (9)

where !ωq,λ is the energy of the optical phonon of wave number vector q in the first Brillouin zone andK = q +G

outside the first Brillouin zone with G any vector of the reciprocal lattice. g (K,λ) is the particle-phonon coupling
function, as given in [36]. λ = 4, 5, 6 for the optical branches, and

Dj (kj) =
1

∆Ej (kj ,K)2 − (!ωq,λ)
2 , (10)

for j = 1, 2 with ∆Ej (kj ,K) = Ej (kj) − Ej (kj +K). Here, Ej = !2k2
j/ (2Mj) is the kinetic energy in the

corresponding band andMj is the rest mass of the particle. (For more details see [36] and [40].) It can be seen that the
interaction is attractive if |∆Ej (kj ,K)| < !ωq,λ. For heavier particles, because of their much larger rest mass, the
inequality is fulfilled in a much larger volume of K space. Therefore, the attraction is expected to be much stronger
than in the case of superconductivity of electrons.

It is worth mentioning that only a small fraction of hydrogenic isotopes dissolved in a Pd lattice may be supposed
to be quasi-free. Moreover, the description of their movement in the intermediate quasi-free state by plane waves needs
refinement [42].

If in (6) bW % R then the well known approximation [26] of GW can be applied that gives

GW = 2πz1z2

√
µ

me

Ry

|U0(0)|
. (11)

Here µ is the reduced mass, z1 and z2 are the charge numbers of the reacting nuclei, Ry is the Rydberg energy andme

is the rest mass of the electron. U0(0) is the value of the spherically symmetric part UO (r) of the attractive potential
Vph created by phonon exchange at r = 0. (The validity of (11) is discussed on p. 787 of [36] and p. 298 of [40].)

The deuteron-density fraction u = nd/nion, i.e. the deuteron number density nd over metal ion number den-
sity nion, is an essential quantity of d filled metals. Numerical investigations resulted that |U0(0)| has significant
u dependence, |U0(0)| increases with increasing u [36,40]. Consequently, the GW (u) function decreases with in-
creasing u which causes a drastic increase of the Gamow-factor exp (−GW ) proportional to the rate. (The UO (r)
and V (r) = VCoul + UO(r) with VCoul the Coulomb potential, were presented for some cases in [36] and [40] too).
However, it was found that the attraction caused by phonon exchange is not strong enough by itself to compensate
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adequately the hindering effect of the repulsive Coulomb potential. Therefore, we searched for other mechanisms to
explain enhanced deuterium fusion cross sections and low energy nuclear reactions.

4. Two Mechanisms from Quantum Optics

The anomalous x-ray transmission phenomenon [43,44] and the observation of fast-atom diffraction at surfaces [45,46]
are well-established cases of the interactions of electromagnetic- and matter-waves with crystals. The production of
bosons (4He) in deuterated Pd during electrolysis inspired us to look at the possibility of the quantum optics of nuclei
in crystalline solids [47,48].

4.1. Laser-like effect: boson induced fusion (BIF) in crystalline solids

Crystals, because of the Bragg law, can work like a resonator which selects the energy eigenstate

Ψ (r) =
1

H

√
2

dj
exp(ik‖j · r) sin (k⊥j · r) (12)

of the 4He boson, which has nodal points on the crystal planes. That distribution makes absorption and scattering
less probable when compared with the cosine-like case. Here, r denotes the coordinate of the 4He particle, k‖j and
k⊥j are the components of wave vector kj= k‖j + k⊥j of 4He parallel with and orthogonal to the j-th crystal plane,(
k‖j · k⊥j = 0

)
. (The symbols ‖ and ⊥ refer to the components of any quantity parallel with and orthogonal to the

j-th crystal plane.) With this notation, the Bragg law has the form 2 |k⊥j | = nB |Gj |, where nB is a positive integer,
Gj is a reciprocal lattice vector with |Gj | = 2π/dj , and dj is the distance between the resonator planes [44]. An open
resonator with lengthH = dj was assumed [47].

The nuclear fusion reaction

e+ dfree + dfree →
4He+ e′ (13)

in a crystal resonator was considered by using results obtained earlier in the case of solid state internal conversion
processes [32,33]. Since 4He in (13) is a boson, induced emission can play an essential role in the reaction mechanism.
Hence, we use the terminology of boson induced fusion (BIF) reactions. The possible BIF reactions may be identified
by the participant particles. So, reaction (13) is called the electron catalyzed

(
4He

)
BIF reaction.

The component of the 4He (bosonic) motion, which is orthogonal to the resonator planes and has energy eigen-
value Ekin,He,⊥(k⊥j) = !2k2

⊥j/ (2mHe 0), is field quantized. The corresponding Hamiltonian is a type of oscillator
with boson creation and annihilation operators (a+(k⊥j) and a(k⊥j), respectively) in the mode with commutator
[a(k⊥i), a+(k⊥j)] = δij . mHe 0c2 is the rest energy of 4He. The part of the state of 4He which describes the motion
orthogonal to the resonator planes was described by number states |n(k⊥j)〉.

The involved motions, namely the motion of the two deuterons, the electron, and 4He parallel with the resonator
planes, were treated quantum mechanically. Their initial (upper) state |a〉 of energy Ea = 2md0c2 +Ekin,1 +Ekin,2 +
Ee,i is

|a〉 = |d1〉 ⊗ |d2〉 ⊗ |ei〉 ⊗ |0〉. (14)

md0c2 denotes the rest energy of the deuteron, Ekin,1, Ekin,2 are the initial kinetic energies of the two deuterons of
states |d1〉, |d2〉, respectively, and Ee,i and |ei〉 are the kinetic energy and the initial state of the electron. The pumping
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mechanism, which prepares the ensemble of states |a〉, is thought to be injection of quasi-free deuterons by electrolysis
or bombardment from hot gases or plasmas. The final (lower) state |b〉 of energy Eb = mHe 0c2 + Ekin,He,‖ + Ee,f is

|b〉 = |0〉 ⊗ |0〉 ⊗ |ef〉 ⊗ |He‖〉. (15)

Ee,f # 23.77MeV and |ef〉 are the kinetic energy and state of the electron in the final state, respectively. Ekin,He,‖ =
!2k2

‖l/ (2mHe0) # 75.7 keV is the kinetic energy of 4 He of state |He‖〉 with motion parallel with the resonator planes
[47]. (The sum Ekin,He,‖ + Ee,f has an uncertainty determined by the actual value of the sum Ekin,1 + Ekin,2 + Ee,i.
Relativistic corrections which may be handled e.g. introducing off-mass-shell particles in variable mass theory of
relativistic quantum mechanics [49–51] result Ekin,He,‖ = 78.6 keV, i.e. the error is 3.7%.) Thus the recoil by 4 He
in the motion parallel with the resonator planes helps to fulfil momentum conservation of the electron-4 He system
fulfilling the k‖l = −kef condition with kef the wave vector of the electron in the final state. The states |b〉 are
degenerate states, as states |ef〉 ⊗ |He‖〉 of different directions of kef may have the same energy. This degeneracy was
taken into account in the cross section calculation by summing up over all the possible final states. One pair of states
|a〉 and |b〉 corresponds to a two-level system.

The interaction of an ensemble of the above two-level systems with the quantized boson field of state |n(k⊥j)〉,
which describes the perpendicular motion, can be treated in a way known in quantum optics [52]. The interaction
Hamiltonian in the rotating wave approximation, which consists in discarding terms of frequency of approximately the
double the basic frequency corresponding to the energy eigenvalueEkin,He,⊥(k⊥j), is

HI =
∑

k⊥j,l

[
Vab,jla

+(k⊥j)σl + V ∗

ab,jla(k⊥j)σ
+
l

]
, (16)

with σl|a〉l = |b〉l, and σ+
l |b〉l = |a〉l . The suffix l relates to one definite k‖l = −kef situation.

The interaction Hamiltonian couples the l -th two-level system to the k⊥j -th mode of the boson field, i.e., the direct
product states |A〉l = |a〉l⊗|n(k⊥j)〉 and |B〉l = |b〉l⊗|n(k⊥j)+1〉with a coupling constant Vab,jl ∼ exp (−GW /2),
where exp (−GW ) is the Gamow-factor and GW is given by (11) with z1 = z2 = 1. GW has u dependence through
U0(0), which is the depth of the attractive interaction potential between two quasi-free deuterons induced by optical
phonon exchange (see Fig. 3 of [40] and Fig. 5 of [36] and remember that u = nd/nion is the deuteron over metal
ion number density.) The exp (−GW ) increases with the increase of the localized deuteron concentration (u) in Pd.
Nuclear fusion due to the transition |A〉l → |B〉l happens as a consequence of the build-up of the boson field and thus,
in appropriate conditions, the fusion rate may significantly increase due to induced emission in the laser-like process.

The coupling constant Vab,jl is calculated similarly to what was done in [32]

Vab,jl =

∫
ϕi (r,R)χi (r3)ϕ

∗

f,jl (r,R)χ∗

f (r3)× (17)
(
VCb[R−

1

2
r− r3] + VCb[R+

1

2
r− r3]

)
dr dR dr3.

Here VCb is the Coulomb potential. r = r1−r2 andR = r1/2+r2/2 are the relative and the center of mass coordinates
of the two deuterons of coordinates r1 and r2 . r3 is the coordinate of the electron. The potential hole, which is created
by the sum of Coulomb and optical phonon exchanged potentials (see e.g., Fig. 6. in [36]), was approximated by
an oscillator-like potential. The initial two-deuteron state, which contains the essential exp (−GW /2) factor, was
determined as an oscillator-like state [53] of that potential. The initial and final electron states are plane waves.

The final state of 4He is

ϕf,jl (r,R) = ΦHe (r)
eik‖l·R

H

√
2

dj
sin (k⊥j ·R) , (18)
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where ΦHe (r) is the r dependent part of the 4He wave function. For the function ΦHe, we applied the Weisskopf
approximation, i.e., ΦHe =

√
3/ (4πR3

0) if r ≤ R0 and ΦHe = 0 if r > R0 with R0 the nuclear radius of 4He.
Our aim was to estimate the threshold current during electrolysis, that is, the pumping mechanism of BIF. There-

fore, the gain that determines the threshold number density na,th of the number density na of the states |a〉l was
determined by the threshold condition of the gain [54]. (For the further technical details, see [47]. A model, which is
partly similar to the one discussed here, can be found in [38].) The numerical estimations were carried out using rather
optimistic parameters since, connecting the problem to diffusion at the determination of threshold, partly quantum
nature of the diffusion [55] was not taken into account.

It was recognized earlier that fast electrons are not found in LENR experiments of electrolysis type. This fact
has led to the elaboration of a new loss mechanism, which may work in crystalline solids and is based on degenerate
amplifier mechanism. It is discussed in the next subsection. Moreover, in view of later results (see V.B ‘Roles of
catalysis and recoil’ below), it seems to be promising to re-examine the BIF problem with the Coulomb-recoil-type
catalysis of an electron or a heavy particle instead of catalysis due to the attraction of phonon exchange. LENR
observations of thermal instabilities [56], bursts, hot spots and crater-like damages [57–59] can be taken to indicate
that BIF processes may sometimes occur. As already noted, the threshold observed in the current of electrolysis [14–
16] may also be due to the laser like (non linear) mechanism. BIF is not restricted to the dd → 4He reaction. The model
may be extended to every nuclear reaction in which nucleus of integer spin is created in the final state. Heavy particles
of integer spin, which act as catalysts for nuclear reactions (see Section 5), may take part in BIF like processes. They
include, for example, isotopes of Pd of even mass numbers.

4.2. New loss mechanism in crystalline solids based on degenerate parametric amplifier

Fast electrons created in reaction (13) and having 23.77 MeV energy were not observed. Their absence may be
explained by the following loss mechanism [48].

Fast particles, the outgoing electron and the 4He particle, of opposite wave vectors kef = −k‖l(≡ −K‖), which
occur in the final state of electron catalyzed BIF, are able to change the occupation numbers of the quantized motion of
4He of BIF by two in a second order Coulomb scattering process with each other [48]. In this situation, the emission
(or the absorption) of two quanta takes place in one step, while the wave vectors of the charged particles, the outgoing
electron and the 4He particle, are changed fromK‖, −K‖ to k‖, −k‖ . This special process can take place repeatedly
if a reaction of BIF of type (13) is also possible. The whole process can be described by the interaction Hamiltonian
(16) : HI,New = HI +HI2 with

HI2 =
∑

k⊥j ,l

[
h+
l (k⊥j)a

+(k⊥j)
2s−l + h−

l (k⊥j)a(k⊥j)
2s+l

]
, (19)

where s−l and s
+
l are defined by the equations s

−

l |a〉l = 0, s+l |a〉l = 0 and s−l |b〉l = |b′〉l′ , s+l′ |b′〉l′ = |b〉l, for |a〉l and
|b〉l of the l-th two-level system (see (14) and (15)). The energy difference of states |b〉l and |b′〉l′ isEb,l−Eb′,l′ = 2E0,
where E0 = Ekin,He,⊥(k⊥j) is the energy of the quantized mode. The quantity h+

l (k⊥j) can be calculated from the
matrix element of the second order Coulomb scattering process of the electron and the 4He particle on each other (as
was described above), in which two quanta are emitted into the quantized mode.

On the other hand, as it is known from quantum optics [60] the Hamiltonian of form (19) describes the de-
generate parametric amplification process which may be responsible for creating short laser pulses of huge inten-
sities. Therfore (19) was reshaped into the form which is applied in quantum optics. The calculation results in
HI2 = i!χ

2

[
a+(k⊥j)2 − a(k⊥j)2

]
with χ = χ0Npair, where Npair is the instantaneous number of counter propagat-

ing 4He− e pairs created. (χ0 and other details can be found in [48].)
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The initial state of the parametric amplification process is supplied by the laser-like BIF process [47], which creates
the counter propagating 4He−e pairs. The parametric amplification process recreates the counter propagating 4He−e
pairs, maintaining the possibility of parametric amplification process until one party of the pair scatters out from the
repeatedly produced counter propagating state. Moreover, the 4He mode of the parametric amplification process is
the same as the 4He mode of BIF. Thus the parametric amplification process reacts upon the BIF process, helping to
increase the intensity of the quantized mode, and robustly amplifies the laser-like mode (the coherent state). The result
is a very rapid increase of the rate of fusion. The coupling of BIF and parametric amplifier processes makes it difficult
to give a thorough theoretical description of the whole process.

As a rough approximation, the degenerate parametric amplification process was treated separately from BIF.
Like an initial state of the quantized motion of 4He⊥, that is built up in the BIF process, the coherent state
|α4He,⊥〉 with α4He,⊥ = αeiΘ was used. If the coherent state |α4He,⊥〉 is perturbed with a Hamiltonian of type
(19), then the mean value of its occupation number

〈
n4He,⊥(k⊥j)

〉
evolves in time [60] as

〈
n4He,⊥(k⊥j)

〉
=

α2 [cosh (2χt) + cos (2Θ) sinh (2χt)] + sinh2(χt).
It was shown in [48] that, in the above approximation, the process can take place during a time interval of order

of magnitude of the very short life time of state |b〉
(
τb # 4× 10−18 s [47]

)
. This leads to a huge pulse formation

in the quantized mode during this time interval, which is accompanied with a very great number of successive boson
creations. Thus, the loss mechanism described above may cause considerable decrease in the energy of fast charged
particles created in BIF by converting a large part of the unquantized motion parallel with planes into the coherent
motion perpendicular to lattice planes. (This mechanism may correspond to the loss term Γ (E) introduced in the
basic model of [39]) So, this mechanism might partially explain the discrepancies between the measured and expected
energies of charged particles, especially fast electrons and their effects, as well as the conversion of nuclear energy
into heat.

In [61] the constraints on energetic (especially α ) particles in the Fleischmann–Pons experiment was studied and
it was concluded ‘that only a small fraction of the reaction energy can be present in the alpha particle at the end of
the reaction.’ It was also stated that, the alpha particle must be born with an energy less than 6.3–20.3 keV in order to
be consistent with the absence of neutrons between 0.008 and 0.8 n/J as measured in Fleischmann–Pons experiments
where excess heat is produced. These theoretical findings fit together well with the loss (dissipation) mechanism
described above. The initial energy value of the created alpha particle is 75.7 keV which decreases abruptly (within
10−18−10−17 s ) into a small fraction of it in the degenerate amplifier mechanism. This indicates again that it is worth
carrying out the coupled BIF and loss mechanism calculation with the aid of Coulomb recoil catalisation.

It is stated in [39] that the coupling between vibrations (optical phonon modes) and internal nuclear degrees of
freedom is possible (mainly in deuterized metal systems, such as e.g. PdD). Furthermore, this theory is based on the
generalization of the Dicke [62] and Jaynes-Cummings [63] models ([39] and references in it). In the case of optical
phonons, it can produce a phenomenon, which is similar to superradiance, well known in quantum optics [64]. Further,
the model is stated to be able to produce in itself valuable and promising results for explaining LENR observations.

However, the crystal resonator and our special loss mechanism based on it, are not applied in the above theory. One,
who knows this theory, might think that there is no need to introduce a crystal resonator and the Coulomb-recoil-type
catalysis at all. However, we are of the opinion that their (crystal resonator and Coulomb-recoil-type catalysis) action,
which was proposed earlier, can significantly increase the effectiveness of conversion of nuclear energy to vibration
(phonon modes).

5. Importance of Perturbation caused by Surroundings: the Three-body Mechanism

The mechanisms discussed above (solid state internal conversion, attraction due to phonon exchange, BIF and the loss
mechanism) only produced partial understanding of LENR and can not explain satisfactorily the general phenomenon
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of nuclear transmutations. So, it became obvious that, if one wants to account for nuclear transmutations, a new basic
mechanism must be found. That mechanism must considerably alter the contact probability density (1) due to the
presence of the surroundings in order to explain LENR. Although it was shown only recently [21] that the effect of
any perturbation provides the fundamental understanding of LENR, several studies were done in which this general
statement was implicitly used, before full recognition of its importance. The concepts and results from these studies
are reviewed in this section, along with our current understanding.

First, it was considered that if one of the reacting nuclei enters into solids, particularly into metals where free
electrons are present, nuclei also interact with electrons by the usual Coulomb potential. That means the Hamiltonian
governing the state of the nuclei must also contain the interaction Hamiltonian with the electrons [65]. It is a perturba-
tion for the ingoing nucleus. The lowest order process, which must be taken into account, is a 2nd order process from
the point of view of perturbation theory of quantum mechanics. Closely related to the study of 2nd order effects [65],
the importance of the higher (3rd and 4th) order processes was also considered [66].

The electron-nucleus interaction led to electron catalyzed neutron exchange [67] and cooperative internal conver-
sion [68] processes, as well. Those reactions are detailed below. They might be generalized by extending the Coulomb
interaction to any charged particles of the surroundings. Such considerations lead to consideration of charged particle
catalyzed nuclear reactions [69]. The investigations revealed that recoil [65] and, in particular the f2

jk factor (see (1)
and (2) ) have a crucial role for understanding LENR [70]. Recently, the investigation of the effect of impurities on
nuclear reactions in plasma-like systems [71] led to the general understanding of forbidden nuclear reactions [21]. The
discussion of these seemingly sporadic investigations is ordered systematically now.

5.1. Forbidden nuclear reactions

The cross section (σ) of nuclear reactions between charged particles j and k of charge numbers zj and zk has the form
[72]

σ (ε) = S (ε) exp [−2πηjk (ε)] /ε, (20)

where ε is the kinetic energy taken in the center of mass coordinate system, S (ε) is the astrophysical factor and ηjk (ε)
is the Sommerfeld parameter. (We note that (20) is the definition of S (ε) which can be determined from the measured
cross section σ (ε) with the aid of (20). S (ε) and S (0) are generally used in astrophysics.) The limε→0 σ (ε) = 0
feature of the cross section indicates a disappearing rate of nuclear reactions in the ε → 0 limit. This is analogous to
the case of forbidden optical transitions in atomic physics (such as the hydrogen 2s1/2 − 1s1/2 transition, which is a
forbidden electric dipole transition [73]). Hence, cross sections which have the form of (20) describe what are called
forbidden nuclear reactions [21]. The forbiddenness is connected to the disappearing contact probability density of the
two charged particles due to the Coulomb repulsion between them. The repulsion is manifested in the disappearance
of the Coulomb solution at r = 0 in the ε → 0 limit, as was discussed above. Following the path used for the case of
forbidden optical transitions [73], processes, which are second or higher orders from the point of view of perturbation
theory, illuminate the case of forbidden nuclear reactions [21,74]. This general statement further strengthens the results
of all the processes discussed below.

5.2. Roles of catalysis and recoil

If one wants to describe the interaction of a nucleuswith another nucleus, while taking into consideration the interaction
of the two nuclei with their surroundings (e.g., within an electrolyte, hot gas, plasma or solid), then the strongest
perturbation is the Coulomb interaction. It must be taken into account. The lowest order process is the 2nd order
one, which appears in perturbation theory, the graph of which can be seen in Fig. 1. The basic idea of recoil can be
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Figure 1. The graphs of Coulomb catalyzed nuclear reactions. The simple lines represent the initial (1) and final (1’) states of the catalyzing
particle. The doubled lines represent heavy, charged initial (2) particles (such as p, d), their intermediate state (2’), target nuclei (3) and reaction
products (4, 5, 6). The filled dot denotes Coulomb-interaction and the open circle denotes nuclear (strong) interaction. Figure 1(a) is a capture
(fusion) process and Fig. 1(b) is a reaction with two final fragments. Although the process in which particle 3 interacts first with particle 1 by
Coulomb interaction is also possible, but the corresponding graphs are not drawn here.

demonstrated with the aid of Fig. 1(a), in which a Coulomb scattering is followed by a capture process governed by
strong interaction.

As an example, let us consider the catalyzed p+ A3

z3 X → A4

z4 Y reaction, especially the catalyzed p + d → 3
2He

model-process (A4 = A3 + 1, z4 = z3 + 1 ). It is thought that slow initial protons enter a solid (e.g., Pd ) while
quasi-free A3

z3
X particles (e.g., deuterons) are also present within the Pd lattice. In this case, one of the slow protons

(as particle 2 in Fig. 1(a) ) can experience Coulomb interaction with a lattice constituent (Pd atom) of the solid (as
particle 1), knocking out it from the lattice before reacting with an A3

z3
X particle (e.g., a deuteron). Coulomb interaction
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is followed by strong interaction, which induces the nuclear capture process. The energy∆ of the nuclear reaction is
divided between the heavy constituent (Pd atom) and the heavy nuclear product A4

z4
Y (e.g., 32He). (The terminology

‘before’ and ‘followed’ are used according to time ordering of perturbation theory of quantum mechanics [75]) This
process is a second order process in terms of standard perturbation theory. The rest masses of the participants are:
m1 = A1m0, m2 = m0, m3 = A3m0 (e.g., m3 = 2m0 ) and m4 = A4m0 (e.g., m4 = 3m0 ) corresponding to the
lattice constituent, the proton, the other nucleus (e.g., deuteron) and the nuclear product A4

z4
Y (e.g., 32He), respectively.

The states of the lattice constituent, the proton, the other nucleus and the nuclear product must fulfill energy and
momentum conservation in the initial and final states, i.e.,Ei = Ef, ki = kf, whereEi andEf are the total energies, and
ki and kf are the total wave number vectors in the initial and final states, respectively. If initially (before the Coulomb
interaction) protons and A3

z3
X particles (e.g., deuterons) move relatively slowly, and the lattice constituent has only

vibration energy of thermal origin, then Ei = 0 and ki = 0 can be assumed. Therefore, in the final state k1′ + k4 = 0,
where k1′ and k4 are the wave vectors of the lattice constituent, knocked out from the lattice, and the nuclear product
resulting k1′ = −k4(= k). From energy conservation, it follows that in the final state Ekin,1 + Ekin,4 = ∆ namely
!2k2/ (2m1) + !2k2/ (2m4) = ∆, which determines ! |k| = !k =

√
2m0a14∆ with ∆ the nuclear reaction energy

(a14 is determined by (4) ). (If m1 > m4 then the nuclear product (particle 4) will take away the larger part of ∆ .)
If the Coulomb interaction preserves the momentum (as was the case in the models used), then the Coulomb scattered
proton (particle 2’) also has wave vector k2′ = k4 = −k. That means its energy is E2′ =

!
2k2

2m2
= a14∆/A2 in the

intermediate state (e.g. E2′ =
3A1

A1+3∆ in the case of p + d → 3
2He reaction. A1 is the nucleon number of the heavy

constituent (Pd atom) and A2 = 1 in the case of proton capture discussed.)
For calculating nuclear matrix element (see Fig. 1(a)), the f2

2′3 factor comes in via |ϕCb (r = 0)|2 (see (1) ), which
must be calculated in the center of mass (c.m.) system of particles 2’ and 3. E2′(lab) = a14∆/A2 is valid in the
laboratory frame of reference (lab), the reference frame where the kinetic energy of the initial particles is negligible.
Thus,

E2′(c.m.) =
m3

m2 +m3
E2′(lab) =

A3

A2 (A2 +A3)
a14∆

must be substituted in (3), which gives

η2′3 = z2z3αfA2

√
m0c2

2a14∆
(21)

Then, η2′3 = z3αf
√
m0c2/ (2a14∆) with z2 = 1 and A2 = 1 corresponding to proton capture. In the case of the

catalyzed p + d → 3
2He reaction, ∆ = 5.493 MeV [76], which is the reaction energy. If A1 = 106 corresponding

to one of the Pd isotopes, then 2a14∆ = 32.05 MeV, η2′3 = 0.039 and f2
2′3 = 0.88. This must be compared to

f2
23 = 1.06× 10−348 obtained with ε = 1 eV (producing 2πη23 = 807.9 ) in the case of the usual p+ d → 3

2He+ γ
reaction.

Moreover, in a proton capture process with particle 3 of mass numberA3 , the mass number of particle 4 becomes
A4 = A3 + 1 and the reduced mass number a14 = A1 (A3 + 1) / (A1 +A3 + 1). If A1 # A3 = Â, then a14 = Â/2
and 2a14∆ = Â∆ = 572MeV at Â = 100 with a typical (averaged) value of ∆ = 5.72MeV (see Table I. of [70] ).
If z3 = 46 then η2′3 = 0.428 and f2

2′3 = 0.196. In this case, f2
23 of usual p capture process is much smaller than the

one obtained above (f2
23 = 1.06× 10−348 ) in the case of p+ d → 3

2He+ γ reaction.
Thus, the Coulomb scattered proton will have virtual momentum (and kinetic energy) in the intermediate state,

which is large enough to make a drastic increase of the factor f2
2′3, as illustrated in the two numerical examples above.

In summary, the state of an incoming heavy, charged particle may be changed by a nucleus of the environment in such
a way that (a) must not be neglected in rate calculations of nuclear processes and (b) makes possible dramatic increases
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in the probability of nuclear reactions. The nucleus of the environment, Pd in the illustration above, acts like a catalyst
in enabling the nuclear reaction without participating in it.

5.3. Charged particle catalyzed nuclear processes: heat production and lack of γ radiation

As a consequence of the perturbations by atoms in the surroundings, two types of processes, which are called catalyzed
processes, may become possible. The first

A1

z1
V + A2

z2
w + A3

z3
X → A1

z1
V ′ + A3+A2

z3+z2
Y +∆ (22)

is a capture of particle A2

z2
w (e.g., proton (p) , deuteron (d), triton (t), 3He, 4He, etc.) catalyzed by A1

z1
V (and A1

z1
V ′ ).

The second
A1

z1
V + A2

z2
w + A3

z3
X → A1

z1
V ′ + A4

z4
Y + A5

z5
W +∆ (23)

is a reaction with two final fragments (A2 + A3 = A4 + A5 and z2 + z3 = z4 + z5). The reaction energy ∆ is the
difference between the sum of the initial and final rest masses, that can be expressed with the aid of mass excesses as
∆ = ∆A2,z2 +∆A3,z3 − ∆A3+A2,z3+z2 in case of (22), and ∆ = ∆A2,z2 + ∆A3,z3 − ∆A4,z4 − ∆A5,z5 in case of
(23), where∆Aj ,zj and∆A3+A2,z3+z2 are the corresponding mass excesses [76]. The rest mass of particle 1 does not
change since it only catalyzes the nuclear reaction. In case of catalysis by an electron, A1

z1 V and A1

z1 V
′ must be changed

to e and e′ in (22) and (23).
Usually, capture of particle A2

z2 w may happen in the
A2

z2 w+
A3

z3 X →
A3+A2

z3+z2
Y + γ (with ∆ > 0 ) reaction, where γ

emission is required by energy and momentum conservation. Accordingly, (22) describes a new type of A2

z2 w -capture.
In the usual A2

z2
w -capture reaction, particles A3+A2

z3+z2
Y and the γ take away the reaction energy, and the reaction is

governed by the electromagnetic interaction. In reaction (22), the reaction energy is taken away by particles A1

z1 V
′ and

A3+A2

z3+z2 Y , while the reaction is governed by Coulomb as well as strong interactions. Importantly, the γ emission is
missing.

It is essential to speak about what can be measured. In (22) and (23), the reaction energy is taken away by
particles A1

z1
V ′, A3+A2

z3+z2
Y and A1

z1
V ′, A4

z4
Y , A5

z5
W , respectively, as their kinetic energy. Since the catalyzing particle and

the reaction product(s) are heavy (except the case of electron catalysis) and charged, they lose their energy in a very
short distance through multiple collisions with the surroundings, if the matter of the environment is dense [77]. So,
they convert the reaction energy efficiently into heat. Direct observation of the kinetic reaction products is difficult
because they rapidly lose energy to and heat the lattice. That means the usual detection methods for products of
nuclear reactions are generally not applicable. However, we note that some reaction particles occasionally escape and
are measured by the use of CR-39, a solid state nuclear track detector [78,79].

The three-body interaction reviewed above explains the twomain empirical observations of LENR, their occurrence
and the absence of energetic radiation. It also shows that both protons and deuterons can experience LENR. And, as
will be discussed more below, diverse nuclei can serve as catalysts for the reactions of light and other nuclei. We will
show that heavy nuclei can also experience low energy nuclear reactions with light nuclei.

5.4. Second order model of nuclear reactions modified by a solid state environment

The change of state of heavy charged particles induced by solid state environments was modelled first in the following
way [65]. Let us take two independent systems A and B, where A is a solid and B is an ensemble of free, heavy
charged particles (e.g., free deuterons or protons entering the solid). The corresponding Hamiltonians areHA andHB.
It is supposed that their eigenvalue problems are solved, and the complete set of the eigenvectors of the two independent
systems are known. Let us extend the state vectors of systems A and B to the nuclear bound states, which are initially
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empty, under the assumption that the two systems do not interact at the beginning. The interaction between them,
which is to be switched on adiabatically is described by the interaction Hamiltonian VAB = VCb (xAB) + Vst (xAB),
where VCb and Vst stand for the Coulomb and the strong interaction potentials, respectively. The suffixes A and B in
their argument symbolize that one party of the interaction comes from system A and the other from system B.

In the process investigated, first a heavy, charged particle of system B takes part in a Coulomb scattering with any
charged particle of system A. That interaction is followed by a strong interaction with some nucleus of system A,
which leads to their final bound states. The graphs of the process can be seen in Fig. 1. The process of Fig. 1(a) is a
nuclear capture process and the process of Fig. 1(b) is a nuclear reaction. (The processes, where the nuclear interaction
is followed by the Coulomb interaction, can be neglected since the contact probability density (1) disappears in the
ε → 0 limit investigated.) Particles 1 and 3, belonging to system A are: electrons (e.g., free electrons in the case
of a metal) or nuclei of the atoms forming the crystal and localized heavy, charged particles (bound, localized and
quasi-free p, d and other nuclei) as nuclear targets. Particle 2 belongs to system B, that is a charged, heavy particle
(e.g., proton (p) or deuteron (d) ), which is supposed to move freely in a solid (e.g., in a metal). Since the aim was
to show the fundamentals of the main effect, the core problem in LENR, the simplest description was chosen. That
there may be identical, indistinguishable particles in systems A and B, and the dynamic evolution of the number N2

of particles 2 of system B, were not investigated.
According to the rules of perturbation theory [74], the transition probability per unit time

(
W (2)

fi

)
of the capture

process (see Fig. 1(a)) can be written as [21]

W (2)
fi =

2π

!

∫ ∫ ∣∣∣T (2)fi
∣∣∣
2
δ(Ef −∆)

V 2

(2π)6
dk1′ dk4 (24)

with

T (2)fi =

∫ ∫ ∑

s=2,3

Vst, fνVCb(1, s)νi
Eν − Ei

V 2

(2π)6
dK dk, (25)

where Ei, Eν and Ef are the kinetic energies in the initial, intermediate and final states, respectively,∆ is the reaction
energy, i.e., the difference between the rest energies of the initial and final states, V is the volume of normalization.
VCb(1, s)νi, s = 2, 3 is the matrix element of the Coulomb potential between the initial and intermediate states
and Vst, fν is the matrix element of the potential of the strong interaction between intermediate and final states. The
intermediate states of particles 2 and 3 are determined by the wave number vectors K and k of their center of mass
and relative motions, respectively.

Ef = E1′ + E4, (26)

Eν = E1′ (k1′) + E2′ (k2′) , (27)

where E1′ is the kinetic energy and k1′ is the wave vector of the catalyzing particle 1’ in the final state. Ej (kj) =
!2k2j / (2mj) is the kinetic energy of the j -th particle in the intermediate (particles1’ and 2’) and final (particles 1’
and 4) states. If particle 1 is an electron [65] then

E1′ =
√
(!c)2 k21′ +m2

ec
4 −mec

2 (28)

withmec2 denoting the rest energy of the electron.
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For the Coulomb potential we use its screened form

VCb (x) =
e2zjzk
2π2

∫
1

q2 + q2sc,jk
exp (iq · x) dq (29)

with e2 = αf!c and qsc,jk the screening parameter in the case of particles j and k. For the strong interaction we
adopted in [65] the interaction potential

Vst (r) = −2f2 exp (−s |r|)

|r|
, (30)

where the strong coupling strength f2 = 0.08!c [80] and 1/s is the range of the strong interaction.
In [21] Vst (2, 3) = −V0 if |r| ≤ b and Vst (2, 3) = 0 if |r| > b with r the relative coordinate of particles 2 and 3.

This form is used in the case of the reaction A1

z1
V + p+ d → A1

z1
V ′+ 3

2He+ 5.493 with b = 2 × 10−13 cm [21]. (For
the calculation of catalyzed process with two final fragments, Fig. 1(b), see [21].)

The initial wavefunction ψ1i (r1) of particle 1, if it is heavy and localized, is given by [65]

ψ1i (r1) =

(
β2
1

π

)3/4

e−
β2
1
2
r2
1 (31)

or as a Bloch-function of the form [34]

ϕk1,i(r1) = N−1/2
1

∑

L

eik1,i·La(r1 − L) (32)

with r1 the coordinate of particle 1. ψ1i (r1) is the wave function of the ground state of a 3-dimensional harmonic
oscillator of angular frequency ω1 with β1 =

√
m1ω1/! [53], where m1 is the rest mass of particle 1. In the Bloch-

function, k1,i is wave number vector of the first Brillouin zone (BZ ) of the reciprocal lattice. a(r1 − L) is the
Wannier-function, which is independent of k1,i within the BZ , and is well localized around lattice site L. N1 is the
number of lattice points of the lattice of particles 1 [21].

It was found in the first calculation using this model [65] that, contrary to the commonly accepted opinion, nuclear
reactions in a solid metal environment can happen between heavy, charged particles of like (positive) charge of low
initial energy. It was found that the electron catalyzed d+d → 4He process has the largest rate among possible electron
catalyzed dd processes. The first calculation of the total rates of the heavy charged particle catalyzed nuclear processes
can also be found in [65].

In two subsequent papers, [69,70], the actual theoretical status of charge particle catalyzed reactions were sum-
marized. Those papers contain the developments found up to 2015 and 2017. They included (a) the phenomenon of
anomalous screening effect [27,28], (b) critical analysis of experiments of Fleischmann–Pons type, (c) possible charge
particle catalyzed reactions in a Rossi-type reactor (E-cat) and (d) the possibility of nuclear transmutations due to
charge particle catalyzed reactions.

5.5. Results due to an approximate solution of three-body problem in the nuclear range: catalysis by impurity
nuclei

The connection between charge particle catalyzed reactions and LENR showed the importance of nuclear transmutation
and recoil, as was emphasized in [70]. It was recognized that recoil by the catalyzing nucleus is the necessary condition
for nuclear transmutations free of gamma radiation.

Inspired by this recognition, an approximate solution of the 3-body problem, which is valid in the nuclear range for
two of the three particles that take part in the overall reaction, was constructed for the case of three free heavy charged
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particles, which interact via the screened Coulomb potential [21,71]. This model corresponds to the case when the
environment consists of free particles, and can describe a gas of atoms, and plasmas.

The modification δϕ = ϕ−ϕCb of the wave function ϕ in relative coordinate r caused by the Coulomb interaction
of particle 1 of coordinate r1 with the two other particles (particles 2 and 3 of coordinates r2 and r3 ) was determined
in the |r| ! R2 + R3 range where r = r2 − r3, R2 and R3 are nuclear radii of particles 2 and 3, and where the
ϕCb(r) = 0 approximation holds. It reads as

δϕ (r) =
∑

s=2,3

δϕ (s, r) (33)

where

δϕ (s, r) = z1zsαf
4π!c

V 5/2

ei(k1r1−k1R)

k2
1 + q2sc,1s

× (34)

×
2m0a1s
!2k2

1

[
f23 (|k|) eikr

]
k=a(s)k1

.

Here, k1 is the wave number vector of particle 1 and k is the wave number vector of particles 2 and 3 in their
relative motion. f23 comes from the Coulomb solution [25] and has the form given by (2). Finally, a(s) =
(−A3δs,2 +A2δs,3) / (A2 +A3) and s = 2, 3.

If the wavefunction does not vanish in the nuclear range, then nuclear processes are allowed to take place. That
can be seen from the arguments |k| = |a(s)k1| of f23 (|k|) that are

A3

A2 +A3
k1 and

A2

A2 +A3
k1

with s = 2, 3, respectively, where k1 = |k1|. In the case of a capture reaction, e.g., k2
1 = 2m0a14∆!−2 where∆ (> 0)

is the energy of the reaction and A4 in a14 is the mass number of the final nucleus in the capture reaction. ( f23 (|k|)
with |k| = A3

A2+A3
k1 is the same as the one given in subsection ’Roles of Catalysis and Recoil’ with η2′3 determined

by (21).) Consequently, if particle 1 obtains large kinetic energy due to nuclear reaction, then the factors f23 (|k|) and
the rate of the process will have considerable magnitude. In this case k2

1 % q2sc,1s and one can neglect q2sc,jk in the
denominator of (34), i.e., the shielding of the Coulomb potential has no effect on the mechanisms discussed. Further
numerical investigations of

f23 (|k|) with |k| =
A3

A2 +A3
k1 and |k| =

A3

A2 +A3
k1

(the s = 2, 3 cases, respectively, see above) show that nuclear reactions with proton (p ), deuteron (d), triton (t), 3He,
4He, etc. may have increased transition probability per unit time.

Using this approximate 3-body solution in the case of nuclear fusion in a gas of atoms or a plasma, it was found
that Coulomb scattering of fusionable nuclei on the screened Coulomb potential of the impurity nucleus, which only
catalyzes the process, can diminish the hindering Coulomb repulsion between them and drastically increase the proba-
bility of nuclear fusion. Since the second order process does not demand the matter to be in ionized state, the catalysis
of impurities can allow the plasma temperature required for nuclear reactions (such as fusion) to decrease signifi-
cantly. The only requirement is that all components must be in atomic or ionic states. However, the quantitative results
suggest that the density of the reactants and impurities must be considerably increased. The effective influence of wall-
gas interaction, which was also discussed [21,71], brings up the possible importance of gas-metal surface processes.
Promising new fuel mixes were also put forward. Based on these results, it may be expected that searches for new
approaches to energy production by nuclear fusion are possible [71]. Impurity catalysis in an atomic or ionic gas, and
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their interactions with wall of the equipment, may be connected to LENR observations, which were reported in gas
discharges [81].

5.6. Cross sections, counting rate- and power-densities

The transition probability per unit time of charged particle catalyzed processes can be determined in accordance with
the rules of quantum mechanics (see e.g., (24) ) [74]. Having the transition probability per unit time, the cross section
can also be deduced in standard fashion. It was shown in [24,74] that the cross sections σ(2)

23 of reactions (22) and (23)
have the form

σ(2)
23 =

n1S′reaction′

v23
, (35)

where n1 is the number density of particle 1, and v23 is the relative velocity of particles 2 and 3. This is a general
result. The σ(2)

23 ∼ 1/v23, similar to thermal neutron capture cross sections [29]. S′reaction′ was determined in the
case of the catalyzed p + d → 3He reaction and the reaction family (23) in [21,71]. In the case of (23) S′reaction′ was
deduced from the astrophysical factor S(0) (see (20) and [72]) at ε = 0. S′reaction′ is temperature independent and
S′reaction′ ∼ z21S(0) [21].

As a numerical example, we take the d(d, t)p reaction investigated in [28,82]. In [21], the cross section of the
catalyzed, second order process σ(2)

23 was compared to the cross section σ(1)
23 of the usual reaction in a d filled Pd.

For the cross sections σ(2)
23 = n1Sd(d, t)p/v23 = 7.77 × 10−11/

√
ε(in MeV) b with n1(Pd) = 1.36 × 1023 cm−3

and σ(1)
23 = 0.0571 exp(−0.990/

√
ε(in MeV))/ε( in MeV) b were obtained. If σ(2)

23 > σ(1)
23 , then the second order

process dominates, which is the case if ε < 0.001762 MeV. This result fits well with the experimental data of [82].
Consequently, the anomalous screening phenomenon in the case of d(d, t)p reaction may be connected to the Pd
catalyzed process discussed here. Similar results were obtained in the case of electron catalyzed d(d, t)p reaction [83].

The above numerical example shows that the cross section σ(2)
23 of heavy particle catalyzed processes, which can

become the dominant among the processes discussed here at appropriately high value of n1, can become comparable
with the very small cross section of the direct process if the number density n1 of the catalyzing particle becomes large
(e.g. 1023 cm−3, see above). However, the reaction products, which are heavy charge particles, decelerate in a very
short distance of about µm order of magnitude [77] which fact strongly hinders their observation (as is said in Section
V.C too). This fact is the reason for most experimental problems of LENR, it obstructs direct, quantitative comparison
of theoretical results with experimental data and it makes very difficult to carry out the recently proposed experiment
of coincidence type [21].

The counting rate density (r′reaction′ ) and power density (p′reaction′ ) are

r′reaction′ = n3n2n1S′reaction′ (36)

and

p′reaction′ = r′reaction′∆ = n1n2n3S′reaction′∆, (37)

where n2 and n3 are the number densities of particles 2 and 3. The counting rate- and power-densities are temperature
independent. It was also shown that if one of the three particles comes from within a solid (metal) that contains atoms
with nuclei of charge and mass numbers zj and Aj then nj = Njc/vc, where vc is the volume of elementary cell of
the solid andNjc is the number of particles j in the elementary cell [21]. The model may also be applied if at least one
of reacting particles is in a highly mobile, quasi-free state in or on solids, e.g., in the case of highly mobile, quasi-free
protons and deuterons. Thus, the model is valid in the cases of electrolysis cells, gas-solid surfaces and gas discharges.
Many numerical results for counting rate- and power-densities for 28 specific nuclear reactions can be found in [21]
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and [84]. 4He was produced in 19 of the cases, which had two final fragments. In general, we have found many
reactions for the production of 4He by different mechanisms.

Some results of our Sreaction and counting rate density calculations can be found in Tables 1 and 2. The energies
(spinparities ) of the considered excited states are: 12C, 4.439 MeV (2+) ; 20Ne, 1.634 MeV (2+) and 23Na, 0.4400
MeV (5/2+). S(ε) is taken from [85], S(0) = 3.5 × 107 MeVb and S(0) = 100 MeVb are taken from [72, 86],
respectively. Note that the S(0) = 1.0× 1016 MeVb [87] value seems to be an under-estimation of S(0) [88].

It is worth mentioning, as further numerical examples, a few cases of power and counting rate densities. In an
atomic or ionic environment, Xe catalyzed d(t, n)42He and 11

5 B(p,α)84Be reactions can produce power densities of
5570W cm−3 and 13.2W cm−3, respectively, if the product n1n2n3 = 1.861× 1061 cm−9, which is the case, e.g.,
if n1 = n2 = n3 = 2.65 × 1020 cm−3. In similar circumstances, the d(d, n)32He and d(d, p)t reactions can produce
9.82W cm−3 and 13.2W cm−3, respectively [21,71]. Moreover, the 58Ni catalyzed 15N(p,α)12C, 14N(6Li,α)16O,
14N(7Li,α)17O and 12C(12C,α)20Ne reactions have counting rate densities 1.61× 1011 cm−3 s−1, 9.64× 1010 cm−3

s−1, 1.90 × 1010 cm−3 s−1 , and 4390 cm−3 s−1, respectively, with n1n2n3 = 1.861 × 1061 cm−9 [84]. These
results indicate that dd reactions have lost their unique role in LENR. They can be important both scientifically and
practically. However, it is now clear that “cold fusion” is simply a sub-case of the much more general and numerous
LENR.

The result (34) indicates that the most significant increase of the cross section caused by Coulomb interaction of
reacting particles (2 and 3) with A1

z1
V originates from factors f23 derived from the Coulomb solutions of particles 2, 3

of high ε. According to perturbation calculation [21] these Coulomb states are mixed to the state of ε = 0 and factors
f23, which come from these Coulomb solutions, are defined as

f2
23(s,∆) =

2πη23(s,∆)

exp [2πη23 (s,∆)]− 1
(38)

with

η23 (s,∆) = z2z3αf
a23
a(s)

√
m0c2

2a14∆
, (39)

where a(s) = |−A3δs,2 +A2δs,3| / (A2 +A3) with s = 2, 3 and ajk = AjAk/ (Aj +Ak) is the reduced mass num-
ber of particles j and k of mass numbers Aj and Ak. The cross section and the counting rate density are proportional
to a sum of terms proportional to f23(s,∆)f23(s′,∆).

In the case of proton capture (z2 = 1, A2 = 1 ) the s = 2 case with a(2) = A3/ (1 +A3) gives the largest f23
value therefore only the leading f2

23(2,∆) will be studied on. (One should remember that f2
23(2,∆)must be compared

to exp [−2πη23 (ε)] which comes from the cross section σ (ε) of usual nuclear reactions between charged particles 2
and 3 of charge numbers z2 and z3 (see (20) and [72] where η23 (ε) is the Sommerfeld parameter given by (3) and ε
is the kinetic energy taken in the center of mass coordinate system. If ε→ 0 then σ (ε) disappears.)

Capture reactions of type (22) will have cross section σ(2)
23 of considerable magnitude if η23 < 1 (if η23 = 1 then

f2
23 = 0.012 ). In the case of proton capture using η23(2,∆) the η23 < 1 leads to the condition

z3 !
[
2a14∆/

(
α2
fm0c

2
)]1/2

. (40)

In the case of heavy 1, 3 and 4 particles, A1 # A3 # A4 and a14 # A4/2 " z4 # z3 one has

z3 ! 2∆/
(
α2
fm0c

2
)
= 40.30×∆(in MeV). (41)

For d -capture this condition modifies as

z3 ! ∆/
(
2α2

fm0c
2
)
= 10.08×∆(in MeV). (42)
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Table 1. Sreaction(in cm6s−1) and counting rate density rreaction(in cm−3s−1) of Ni (of
mass number 58) assisted reactions with two final fragments. ∆(in MeV) is the energy of
the reaction. S(0)(in MeVb) is the astrophysical factor at ε = 0, where ε is the center of
mass kinetic energy. rreaction = n1n2n3Sreaction is the counting rate density (called rate in
astrophysics) that is calculated with n1n2n3 = 1.861 × 1061 cm−9. The subscripts 0 and
1 refer to ground and first excited final nuclear states. The energies (spinparities) of the
considered excited states are: 12C, 4.439 MeV (2+); 20Ne, 1.634 MeV (2+) and 23Na,
0.4400 MeV(5/2+). S(ε) is taken from [85], S(0) = 3.5 × 107 MeVb, S(0) = 100
MeVb are taken from [72], [86], respectively. Furthermore, the S(0) = 1.0 × 1016 MeVb
[87] value seems to be an under-estimation of S(0) [88].

Reaction Sreaction ∆ rreaction

S(ε)

15 N(p, α0)12 C 8.20× 10−51 4.965 1.61× 1011
15 N(p, α1)12 C 1.63× 10−51 0.526 3.19× 1010

S(0) = 100

23 Na(p, α0)20 Ne 5.59×10−52 2.377 1.10× 1010
23 Na(p, α1)20 Ne 4.43× 10−52 0.743 8.68× 109

S(0) = 3.5× 107

14 N(7 Li, α0)17 O 9.71× 10−52 16.155 1.90× 1010
14 N(6 Li, α0)16 O 4.92× 10−51 19.262 9.64× 1010
16 O(7 Li, α0)19 F 2.43× 10−53 9.233 4.76× 108
16 O(6 Li, α0)18 F 2.13× 10−53 6.051 4.18× 108
17 O(α0, n)20 Ne 3.46× 10−54 0.587 6.79× 107

S(0)=1.0×1016

12 C(12 C, α0)20 Ne 2.24× 10−58 4.617 4390
12 C(12 C, α1)20 Ne 4.43× 10−63 2.983 0.087
12 C(12C, p0)23 Na 8.11× 10−67 2.241 1.60× 10−5

12 C(12C, p1)23 Na 4.39× 10−70 1.801 8.61× 10−9

All these mean that e.g. even the 238U+ d+ 235U → 238U′+ 237Np + 9.182 MeV d-capture reaction can happen
with a non-negligible probability (counting rate density). As a result we are faced with plenty of possible p - and
d-capture reactions of type (22). Obviously the A1

z1 V+ d+ d → A1

z1 V
′+ 4He+ 23.845MeV reaction may also happen.

An essential consequence of the possibility of p - and d -capture reactions of type (22) is the possibility of nuclear
transmutation of all the elements of the periodic table.

It was found that not only in the case of the earlier investigated reactions (the reactions from d(d, n)3He up to
11B(p,α)8Be, see Table 1 of [21]) but in view of the results of reactions discussed here (reactions from 15N(p,α0)12C
up to 12C(12C,α1)20Ne, see Table I here and the reactions of Table 2) the counting rate density of reaction can have
considerable magnitude if the number densities nj (j = 1, 2, 3) of the initial particles reach appropriately high values.

6. Other Processes due to Coulomb Field of Surroundings: Resonance-Like third and fourth Order
Processes

In [65,21,71,84], only processes of second order were discussed. In [66], the family of double nuclear processes,
which has special interest from the point of view of LENR, were considered. The 3rd- and 4th-order double nuclear
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Table 2. Sreaction (in cm6 s−1) and counting rate density rreaction (in cm−3s−1) of Pt (of
mass number 195) assisted reactions with two final fragments. ∆ (in MeV) is the energy of the
reaction. rreaction = n1n2n3Sreaction is the counting rate density (called rate in astrophysics)
that is calculated with n1n2n3 = 1.861× 1061 cm−9. S(0) (in MeVb) is the astrophysical
factor at ε = 0, where ε is the center of mass kinetic energy. S(0) = 3.5 × 107 MeVb,
S(0) = 100MeVb are taken from [72], [86], respectively.

Reaction Sreaction ∆ rreaction

S(0)=100

16 O(d, α0)14 N 1.86× 10−51 3.011 3.66× 1010
17 O(d, α0)15 N 2.11× 10−51 9.800 4.15× 1010
18 O(d, α0)16 N 1.96× 10−51 4.245 3.85× 1010

S(0)=3.5× 107

16 O(d, α0)14 N 6.52×10−46 3.011 1.28× 1016
17 O(d, α0)15 N 7.40×10−46 9.800 1.45× 1016
18 O(d, α0)16 N 6.86×10−46 4.245 1.35× 1016

processes were investigated, the graphs of which can be seen in Figs. 2 and 3. It must be emphasized at the outset
that resonances may occur in both double nuclear processes. The reason for the possibility of resonance is that the
continuum of the kinetic energy of an intermediate state is shifted down by the energy of the (first) nuclear transition,
and therefore one of the denominators in the perturbation theory can be equal to zero. The occurrence of resonances
increases the counting rate significantly. In this section, we discuss a few resonant processes.

6.1. Resonance-like heavy charged particle catalyzed double nuclear processes

First, the resonance-like heavy charged particle catalyzed double nuclear processes (see Fig. 2) are discussed. The
particles in Fig. 2 are all heavy, and positively charged. The ingoing particle is particle 2, which belongs to system
B (the ensemble of incoming particles constitutes system B ). It was supposed that it has moderately low energy
(of about keV order of magnitude, as in low-energy dd fusion experiments). Although in [66] it was supposed that
particle 2 is created in the second order processes discussed in [65] or after it during the decelerating process, it was
pointed out in [21] that it may have very low kinetic energy.

In the resonance-like process, particle 2 scatters by Coulomb interaction with particle 1 of initial state ψ1i (x) of
the form (31). Particle 1 is localized in the solid (system A ). Particles 3 and 4 are the nuclear targets of system A.
The particles in the intermediate states 1’ and 2’ may pick up a large enough wave vector to overcome the Coulomb
repulsion due to particles 3 and 4. Particles 5 and 6 are products of the process. The nuclear processes 1′ + 4 → 5 and
2′ +3 → 6 can take place as the consequence of the Coulomb scattering of particles 1 and 2 on each other. Here, both
nuclear processes are thought to be nuclear captures. With the aid of the graphs of Fig. 2 one can see that the processes

A2

z2 w+ A3

z3 X →
A2+A3

z2+z3 Y +∆23 (43)

and

A1

z1
V+ A4

z4
v −→ A1+A4

z1+z4
y +∆14 (44)
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are coupled to the
A1

z1
V+ A4

z4
v+ A2

z2
w+ A3

z3
X →

A2+A3

z2+z3
Y+ A1+A4

z1+z4
y+∆ (45)

double nuclear capture process due to Coulomb interaction of particles A1

z1
V and A2

z2
w. Here ∆ = ∆23 + ∆14 is the

energy of the double reaction. Naturally, if the particles are all free, then Coulomb interactions between particles 2,
3 and 1, 4 must be taken into account too. Correspondingly, contributions due to Coulomb interaction of particles
(1, 3), (2, 4) and (3, 4) must also be considered in calculating T (3)

fi [66]. It can be shown that the process may have
resonance-like character [66], if the masses of particles 5 and 6 differ significantly. Therefore, when calculating the
counting rate, it is enough to calculate the dominant contribution resulting from the leading graph, which is Fig. 2(a)
in the casem5 % m6, discussed in [66].

Not only capture reactions may couple. Coupling may also happen between reactions with two final fragments,
and between a capture reaction and a reaction with two final fragments, as well. Such reactions are not discussed
here. Moreover, one can conclude that there may be a great variety of possible quasi-resonant heavy charged particle
catalyzed double nuclear reactions.

6.2. Electron catalyzed double nuclear processes

From the processes discussed up till now, one can conclude the following: (a) it is advantageous if the wave vector
(momentum) transferred through the intermediate state by Coulomb interaction has the maximum possible value, and
(b) the appearance of resonance significantly increases the nuclear reaction rate. These conclusions led to a 4th-order,
electron catalyzed double nuclear process, the graphs of which can be seen in Fig. 3. For a particular choice of the
participants [66], resonances can be found in the processes of Fig. 3 (a) and (b). The resonance arises in line 4’.
Moreover, the details of the calculation show that a large contribution to the counting rate is obtained if the energy of
the electron in the final state is negligible compared with the energy of the total reaction. In other words, the main
contribution to the counting rate is produced by final states in which particles 6 and 7 share the reaction energy.

It is supposed that particle 1 (1’ and 1”) is a quasi-free electron of the solid (a metal). Particle 2 is an ingoing free,
heavy, positively charged particle of system B. Particles 3, 4, and 5 are heavy particles of positive charge that are
localized in the solid. If processes of Fig. 3 (a) and (b) have resonance-like character [66], then the process of Fig. 3
(c) does not, and so its contribution to Tfi may be neglected. In that case, particle 4 is localized and its state is given by
(31). Generally, in the electron catalyzed double nuclear reactions, two reactions are coupled, both of which may be
capture reactions or reactions with two final fragments.

6.3. Nuclear power in Ni–H systems due to double proton capture

Extra heat production was observed in the Ni–H system by use of hot hydrogen gas [89,90]. The nuclear origin of the
heat was proven with neutron detection [91]. It was shown in [66], that in gaseous Ni–H systems, the quasi-resonant
electron catalyzed (double) proton capture of the Ni isotopes (the processes in Fig. 3) may have a high rate. The power
generated by such nuclear processes, as calculated from our theory, is also considerable from a practical viewpoint.
For the numerical details see [66]. The chemical-catalytic process producing atomic hydrogen [92] is not considered
in [66]. It was supposed that the entire gas is atomic at the Ni surface. The obtained nuclear powers were consistent
with observations [89,90].

6.4. Other results of third and fourth order reactions

In addition to the reactions just discussed, it is found that the coupled d+ d → 4 third order deuteron and fourth order
electron catalyzed double nuclear processes have extremely large counting rates. The potential nuclear power has
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Figure 2. Graphs of quasi-resonant heavy charged particle Coulomb-catalyzed nuclear reactions. The filled dots denote Coulomb-interactions and
the open circles denote nuclear (strong) interactions. The free particle 2 (e.g., p or d) belongs to system B. Localized particles 1, 3 and 4 belong to
system A. All the particles are heavy and positively charged. From the point of view of the nuclear process, particles 1’ and 2’ are ingoing, particles
3 and 4 are targets, and particles 5 and 6 are reaction products. For the case discussed in [66], there is a resonance in process (a). Therefore its
contribution to the rate is dominant, and the contribution of the process (b) is neglected.
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Figure 3. The graphs of quasi-resonant, electron catalyzed nuclear processes. The simple lines represent free (initial (1), intermediate (1’) and final
(1")) electrons. The doubled lines represent heavy, charged initial (free 2, bound 4) particles (such as p, d), their intermediate states (2’, 4’), target
nuclei (3, 5) and reaction products (6, 7). The filled dots denote Coulomb-interactions and the open circles denote nuclear (strong) interactions.
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Figure 4. The graph of cooperative exchange processes (46). Particle 1 (q) and 1’(q’) correspond to catalyzing charged particle, particle 2 is the
nucleus which loses A3

z3 w and becomes particle 2’. Particle 3 is the intermediate A3
z3 w. Particle 4 is the nucleus which absorbs A3

z3 w and becomes
particle 5. The filled dot denotes Coulomb-interaction and the open circle denotes nuclear (strong) interaction.

considerable magnitude from the point of view of practical applications [66]. The 4
2He production with 34.7MeV/He

obtained in 3rd order deuteron and 4th order electron catalyzed coupled d+d → 4
2He and A

46Pd+d → A+1
47 Ag processes

seem to fit well with the observed 32± 13MeV/He value from LENR experiments [16]. However, it was pointed out
in Section 5. that adequately large enough numbers of possible catalyzed nuclear reactions (e.g., p - and d-capture
reactions in the case of all elements of the periodic table [84]) may happen and produce energy without emitting 4

2He.
This possibility can explain the uncertainty in the emitted energy of 42He particles.

7. Cooperative Exchange Processes

Up to this point, the modification of the nuclear structure due to surroundings was not considered. However, Coulomb
interactions and electromagnetic radiation may change the nuclear structure, e.g., they may break up (virtually) nuclei
such as deuterons. Now these processes will be briefly considered. The treated processes have the following general
form

q + A1

Z1
X + A2

Z2
Y → q′ + A1−A3

Z1−z3
V+ A2+A3

Z2+z3
W+∆ . (46)

Here q and q′ denote any charged particle of the surroundings (e.g., bound and free electrons) and ∆ is the en-
ergy of the reaction, i.e., the difference between the rest energies of the nuclei in initial

(
A1

Z1
X +A2

Z2
Y
)
and final

(
A1−A3

Z1−z3
V+ A2+A3

Z2+z3
W
)
states. The intermediate particle (particle 3 in Fig. 4), which is exchanged, is A3

z3
w.

In process (46), the initial particle q (particle 1 ) Coulomb interacts with the nucleus A1

Z1
X (particle 2 ). A recoiled

particle q′ (particle 1′ ), the intermediate particle A3

z3
w (particle 3 ) and the nucleus A1−A3

Z1−z3
V (particle 2′ ) are created

due to this interaction. The intermediate particle A3

z3 w (particle 3 ) is captured by the nucleus
A2

Z2
Y (particle 4 ) due to

the strong interaction, forming the nucleus A2+A3

Z2+z3
W (particle 5 ). Hence, in process (46), the nucleus A1

Z1
X (particle 2 )

loses the particle A3

z3 w, which is taken up by the nucleus
A2

Z2
Y (particle 4 ). The overall process is energetically allowed

if ∆ > 0.
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If particle A3

z3
w is a neutron, then the physical explanation of the virtual neutron stripping due to the Coulomb

interaction is the following. The Coulomb interaction acts between the Z protons and particle q (e.g., an electron). The
neutrons do not feel the Coulomb interaction. So one can say that the nucleus A1−1

Z X is in fact stripped of the neutron
due to the Coulomb interaction. In electric dipole coupling, the neutron has effective charge qn = −Z1e/A1 [93].

7.1. Cooperative internal conversion processes

If q in the initial state of (46) is a bound electron, then the reactions are called cooperative internal conversion processes
(CICP). They were studied in [68], where the case of noble gases and, in particular Ne, was numerically investigated.

The cross section σbf (A1, A2) of the bound-free (bf) electron transitions of CICP was determined with the aid of
standard second order perturbation theory of quantum mechanics in the spherical shell model [94]. For the details, see
[68]. In the numerical calculation, V0 = 50 MeV was used [93] for the depth of a rectangular potential well which
described the strong interaction. In the case of Ne, only the e+ 21

10Ne+ 21
10Ne → e′+ 20

10Ne+ 22
10Ne + ∆ reaction is

allowed with ∆ = 3.603 MeV. The transition probability per unit time was estimated as λ1 > λ1(K) taking into
account the transition from the K shell of Ne. A cross section of σ0bf,sh(K) = 8.25 × 10−45 cm−2 was obtained.
Taking this for the half-life τ1/2,1 associated with the process, τ1/2,1 < 3.8 × 1016 s (1.2 × 109 y ) was obtained for
a gas of normal state

(
n = 2.652× 1019cm−3, T = 273.15 K, p = 100 kPa

)
. The estimated half-life is so long that

the decay through CICP does not alter natural abundance of Ne to an observable degree. However, the rate is high
enough to be measurable. 2010Ne and 22

10Ne are mostly formed with energy near below E10 = A1+1
A1+A2

∆Bi = 1.97MeV
and E10 = A1−1

A1+A2
∆Bi = 1.63MeV with wave vectors of opposite direction. Therefore, it is plausible to observe their

creation by a coincidence measurement.
Cooperative internal conversion processes with proton and triton exchanges were also investigated [68]. There are

other possibilities for realizing cooperative exchanges, when the exchanged heavy particle is d, 32He and 4
2He, but they

were not investigated.

7.2. Results of electron catalyzed neutron exchange

In [67], two families of electron catalyzed reactions were investigated numerically:

e+ A1

28 Ni+
A2

28 Ni→ e′ + A1−1
28 Ni+ A2+1

28 Ni+∆ (47)

and

e+ A1

46 Pd+
A2

46 Pd→ e′ + A1−1
46 Pd+ A2+1

46 Pd+∆. (48)

With neutrons in the uppermost energy level of A28Ni and A
46Pd isotopes, we used the 1p shell model states in the cases

of A = 58 − 60 and the 0f shell model states in the cases of A = 61− 64 of the Ni isotopes and the 0g shell model
states in the cases of A = 102− 104 and the 1d shell model states in the cases of A = 105 − 108 of the Pd isotopes
[94].

It was found that in the spherical shell model the processes

e+ 61
28Ni+ 58

28Ni→ e′ + 60
28Ni+ 59

28Ni+ 1.179MeV (49)

and

e + 108
46 Pd+ 105

46 Pd→ e′ + 107
46 Pd+ 106

46 Pd+ 0.342MeV (50)

have the largest cross section σSh = 0.088/Eie µb and σSh = 0.26/Eie µb, respectively, with Eie the energy of the
electron initially given in MeV. In this case, the 60

28Ni and the 59
28Ni isotopes take away 0.585MeV and 0.594MeV, and

the 107
46 Pd and the 106

46 Pd isotopes take away 0.170 and 0.172MeV, respectively.
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Reactions (48), and especially (50), may be connected to the results of an unusual LENR experiment [95] in which
the cathode was a wire of Pd 50 µm in diameter. It was configured to have a current flowing along its length of 250
cm, as well as between it and the anode. In that experiment, a large power density of 50 kW/cm3 was observed but
that experiment has not been repeated [13]. However, the origin of the obtained large power density in that and similar
experiments is open to question. Perhaps it is due to electron catalyzed reactions caused by the electron current in the
cathode, or it may be due to the increased quasi-free deuteron number density caused by electromigration [96].

7.3. Photo-induced nuclear cooperation: the cooperation factor

Finally, still considering cooperative processes, photo-induced nuclear cooperation is worth mentioning. In a recent re-
port [97], observations of nuclear activity in deuterated materials subjected to a low-energy photon beam was reported.
Importantly, the photon energy was less than the deuteron binding energyB = 2.225MeV.

The results of [97] indicate that to induce nuclear activity the simultaneous presence of deuterons and a photon
flux is necessary. In control experiments with samples made from H , nuclear activity did not appear [97]. So the
observed phenomenon may be ascribed to ‘virtual’ photo-disintegration of deuteron, i.e., the process responsible for
nuclear activity may be one in which electromagnetic radiation virtually breaks up deuterons, and then the virtually-
free neutron is captured by another nucleus [98]. The overall reaction is

nγγ + d+ A2

z2 X → (nγ ± 1)γ + p+ A2+1
z2 X +Dj , (51)

which was called photo-induced nuclear cooperation with neutron exchange. (The term ‘virtual’ refers to the inter-
mediate state in standard second order perturbation theory.) Here γ denotes photon, nγ is the number of γ photons
initially present, d is deuteron which is ‘virtually’ broken up due to electromagnetic interaction, A2

z2
X stands for the

cooperating (target) nucleus which absorbs the ‘virtual’ free neutron, A2+1
z2 X denotes final nucleus (of A3 = A2 + 1 )

andDj is the energy of the reaction.
A special case of (51) is when nγ = 0, i.e., when initially photons are not present. In this case, (51) reads

d+A2

z2
X → γ + p+A2+1

z2
X +Dj . (52)

This reaction was called cooperative spontaneous γ emission with neutron exchange.
The transition probability per unit time and the cross section calculation for processes (51) and (52) were based on

theoretical results obtained during cross section calculations of real photo-disintegration of the deuteron [29,99,100].
They were carried out with the aid of standard second order perturbation theory of quantum mechanics [74]. It was
found [98] that the full rate of cooperative spontaneous γ emission is many orders of magnitude larger than the rate of
photo-induced nuclear cooperation, which could produce a γ source. Investigating the observations [97], it was found
that the observed activity cannot be achieved by irradiation of samples by a γ flux. Perhaps, cooperative spontaneous
γ emission may be responsible for the observed nuclear activity.

In [98], an important quantity, the cooperation factor Fcoop, was introduced. It takes into account contributions to
the counting rate, which come from cooperating nuclei located at different distances. It was found that cooperation
factor may considerably decrease rates and cross sections of cooperative processes between localized participants. So,
in this case it must be taken into account.

8. Importance of Plasma-Like States

Plasmas have been mentioned a few times earlier in this review. However, we have yet to make clear either their rela-
tionship to LENR in general, or the role they play in our theoretical work. This section starts with a very brief summary
of how plasmas have been involved in past LENR experiments. Then, we review why plasmas are a significant part of
our theoretical work.
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8.1. LENR experiments involving plasmas

Both conventional high temperature plasmas and plasmas in condensed matter have been part of many LENR ex-
periments. Plasmas consisting of electrons and positive ions exist at a wide range of temperatures. The use of
ultrasonically-induced cavitation bubbles to introduce protons and deuterons onto and into metal targets involved hot
plasmas. Such experiments produced evidence of heat generation, which was attributed to LENR [101]. More com-
mon low temperature glow discharge plasmas have also caused interactions between hydrogen isotopes and metals.
Such experiments produced strong evidence of tritium generation [102]. The experiments just noted involved low and
high density media.

Most LENR experiments have involved condensed matter of some type, many in plasma-like states with mobile
charges of both signs. Molten salts can be thought of as plasmas of mobile negative anions and positive cations.
Early experiments with electrolytes of molten salts resulted in reports of significant LENR heat [103]. Ordinary liquid
electrolytes, with salts dissolved in light or heavy water, share a significant characteristic with conventional plasmas
because they consist of mobile negative and positive charges. Although shielded by hydration, they respond to fields
between the electrodes. Such electrolytes have been used in hundreds of LENR experiments, which produced LENR
heat and evidence of transmutations.

Solid-state plasmas have been involved in LENR experiments. Mobile conduction electrons in metals and alloys are
inevitably part of the cathodes and other metallic components in LENR experiments. They have high densities. Simi-
larly, electrons and holes in semiconductors share many characteristics with low density hot plasmas. Their density can
vary widely from low to high values, depending on the doping. Semiconductors have been part of only a few LENR ex-
periments. One involved a graded mixture of semiconductor and metallic particles, which give some evidence of volt-
age production [104]. Proton conductors are insulating compounds with relatively open structures, through which hy-
drogen isotopes can move due to fields. Some experimentswith proton conductors have given evidence of LENR [105].

It is possible to consider protons and deuterons on and within metals and alloys as a type of plasma due to their
high mobility. Such isotopes on the surface are subject to applied fields, as well as to diffusion. In the interior of
metals, where fields are usually shielded, diffusion can still produce relatively rapid motion of hydrogen isotopes.

Ordinarily, the ions on or in a lattice are not thought of as analogous to the ions in gaseous plasmas, because they
are localized in position in a lattice. However, we view the hydrogen isotopes within solids similar to the ions in
gaseous plasmas, due to their high mobility. That mobility has a clear foundation. Hydrogen isotopes in metals do not
have bound electrons, as do all other elements in the periodic table in a lattice. They are transiently screened by the
free electrons of the conduction band, again much as in a gaseous plasma. The lack of bonding electrons on hydrogen
isotopes in metals gives them sizes on the scale of femtometers, the normal nuclear size scale, since they are only
nuclei. Their diameters are not on the scale of the size of other ions, that is about one-tenth of a nanometer. The small
size is at the root of their very high diffusion coefficients [106] and the behavior of proton conductors [107. Protons
and deuterons in materials that exhibit LENR are much like the positive ions in ordinary plasmas with a significant
exception. Their motions are not random in all directions, but are constrained by the directions available in a lattice.
However, they are still very mobile.

8.2. Roles of plasmas in the theoretical work

The mobility of nuclei is fundamental to the occurrence of the key mechanisms discussed in earlier sections of this
paper. Since we desire two important conditions, (a) the mobility, which is often called a quasi-free state, and also
(b) high densities to achieve high reaction rates, we have primarily considered plasmas in low temperature condensed
matter.

The mechanisms we have developed and elaborated do not have to involve high speed, that is, energetic or hot,
nuclei. Importantly, they are active in and explain low temperature nuclear reactions. However, some nuclear mobility
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is still required, such as exists in plasmas. Our key mechanism, the three-body catalytic reaction, requires reactants of
quasi-free state. There is no requirement for the initial motion of the catalyzing nucleus, however, its quasi-free motion
is allowed. The high mobility of protons and deuterons on and in metals and alloys is critical to production of LENR
and to our explanation of LENR. Our view of the collection of hydrogen isotopes on or within lattices as a plasma of
mobile nuclei is not common, but is fundamental to our developments and results.

However, some of our calculations have shown that the impurities, if they are present in conventional hot plasmas
of fusion power experiments, might also catalyze nuclear reactions. We dealt with the case of such a dense and
hot plasma, which is very similar to the plasmas created in inertial confinement fusion experiments [108,109]. Our
theoretical results [71,21] indicate that the presence of impurities of high charge number and of large number density,
which are strongly prohibited now since they induce high radiation losses, may be advantageous. It is because the
mechanism we considered might drastically reduce the temperature needed to induce and maintain nuclear (mainly
fusion) reactions in such plasmas. This possibility is not on a par with our fundamental explanation of the root causes
of LENR. It is introduced because of the potential positive role of impurities within high temperature fusion plasmas,
andmore importantly, the positive effect of possible interactions of ions from hot plasmas with the walls of containment
systems, if they are possible.

9. Comparisons with LENR and dd Fusion Data

The earlier parts of this paper sought to explain the concepts, and results based on them, as obtained from the research
program of two of us. Empirical data on LENR and on the enhanced deuteron fusion cross sections at low beam
energies were introduced occasionally, as appropriate. The main features of LENR, which seem to be explained and
are mentioned above, are the followings:

(a) Nuclear reactions may occur at low energy.
(b) Nuclear transmutations may occur across periodic table in LENR experiments.
(c) Heat production without considerable emission of γ radiation is possible.
(d) Excess heat goes hand in hand with helium production in LENR experiments.
(e) A current density threshold may appear in electrolytic-LENR experiments.
(f) Energy production in Ni–H experiments may be explained.
(g) Connection of accidental processes (bursts, explosions and craters) with Boson Induced Fusion and

parametric-like loss mechanism may be made.
Now, we deal with some of LENR data in more detail, but we invert the approach to focus on the experimental

side, i.e., on the many characteristics of laboratory data on LENR, and also on the low energy deuteron fusion cross
sections. The theoretical works are reintroduced where they fit. It is hoped that this section will enable readers to see
that we have made substantial and successful contact between the results of our theoretical work and the large amount
of empirical information from laboratory research on LENR. We begin by focusing on LENR. Then, we turn to the
enhanced cross sections, which were also considered theoretically with some success.

9.1. Low Energy Nuclear Reactions

The voluminous empirical experience for and about LENR can be sorted into different categories of varying strength.
The widely and well established ability to cause nuclear reactions on or in solids by using chemical energies, without
emission of intense energetic gamma and neutron radiations, is in the top category. Those two observations were
referred to as “miracles” by the earlies critics of cold fusion. The subsequent three decades of LENR experiments
have shown both the absence of radioactive products after LENR, and the high variability of LENR measurements.
Those two observations are strongly supported by thousands of experiments, hundreds of which have given evidence
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for LENR. They involve different solids, notably palladium and nickel, and both protons and deuterons. In the second
category are observations that have been reproduced at multiple laboratories, notably heat generation and transmuta-
tions, including some parametric variations. The last category includes observations that have yet to be reproduced
properly, but are still worth attention, sometimes because of the reputation of the scientists involved. We discuss each
of the groups in turn.

The occurrence of LENR in experiments with solid components, without emission of significant intensities of
neutrons or gamma rays, is well established [14]. The observations cannot be explained by chemistry. The three-
body mechanism we conceived and explored offers explanations for both the production of LENR in low energy
circumstances and the absence of γ radiation [21,65]. This mechanism requires adequately high densities of all three
of the involved nuclei, the two reactants and the catalyzing particle. This explains the need for solid components,
such as electrodes in electrolytic LENR experiments, which usually provides the largest number density of the three
involved nuclei. The theoretical work reviewed above shows that it is possible for LENR to occur in both palladium
and nickel [69,70] (and other metals), and that both protons and deuterons can enter into LENR [21,84].

The absence of radioactive products after LENR experiments, is not absolute, because tritium is produced in some
experiments, probably by catalyzed d(d, t)p reactions. However, the amount of the radioactivity in LENR products
is vastly smaller than in the products of fission reactions, and that expected in fusion reactors due to activation of
materials near the hot plasmas. In a recent paper [84], we computed nickel-catalyzed LENR rates for the formation
of product nuclei in both their ground and first excited states. The probability of formation of a nucleus in the excited
states was found to be substantially less than the formation in the ground state. This occurs because the reaction energy
decreases with the excitation energy, and therefore, the possibility of recoil decreases. The calculations did not take
into account angular momentum conservation, which may account for further decrease in the production of excited
states. This is a topic that needs much further exploration.

The three-body mechanism also provides one of the rationales for the inconsistency of LENR experiments. If the
necessarily high triple number density product is not achieved on or in some parts of the involved solids, LENR will
not be seen. The establishment and maintenance of the right local conditions, what Storms calls the Nuclear Active
Environment, is necessary, but not easy. It depends on experimental details, including the composition and structure
of the materials, and also on the protocols used.

Diversity of the results of seemingly similar electrolysis experimentmay have a further reason. Important quantities
like, e.g., the pH value and its distribution in the case of electrolysis, and also detailed chemical composition of all parts
of the experimental arrangement, are generally not measured or reported. However, they influence or determine the
local rate of LENR. The wide variety of possible reactions means that the outcomes of experiments can vary widely,
when LENR are produced [21, 84].

The second category of LENR evidence includes the correlation of heat and helium production in many experi-
ments. Some of the best work indicates that approximately 32 MeV of energy are released for each helium nucleus
produced [110]. The theoretical work reviewed in earlier sections shows that there are several exothermic nuclear
reactions that produce helium [21, 84]. Some of the reactions would produce 34.7 MeV/He [66]. Moreover, (p,α) and
(d,α) reactions are energetically allowed with many isotopes of the periodic table. Altogether, the proportionality of
excess heat with 4He production is clarified. Hence, it is not necessary to focus on dd fusion reactions to understand
helium production and its relation to heat generation.

There are other observations of the correlation of excess heat with two of the parameters in LENR experiments,
which date from the earliest days of the field and which have been reproduced in other experiments. The first is
a requirement for high loading of deuterons into palladium. It was reported by two laboratories in 1992 that the
production of LENR heat scales quadratically with the fraction of octahedral sites in palladium that are occupied by
deuterons, above a threshold of about u = 0.85 with u the deuteron over metal ion number density [111]. This feature
may be easily explained by the rate and power density equations of the three-body mechanism. Since deuterons are
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targets and reactants as well, their number density enters twice (quadratically) in the triple product [21,71]. The second
well-established empirical requirement was also found in electrochemical experiments. LENR production requires an
electrolysis current density at the cathode surface of at least 100 mA/cm2 [1,111,112]. This observation was obtained
in d filled Pd. The threshold in the current density of electrolysis may be explained by the threshold condition of the
BIF mechanism [47].

Other systematic laboratory LENR experiments involved variation of the temperature of electrochemical cells and
gas reaction chambers. It was found in six experiments with palladium or nickel, and protons or deuterons in various
combinations that the generation of LENR energy depended exponentially on the inverse of the temperature [115].

This so-called Arrhenius behavior of the generation of excess power Pexc is certainly due to nuclear reactions. The
observed lnPexc ∼ 1/T temperature dependence in the case of electrolysis of deuterized materials [113,114], where
T is the absolute temperature, may partly be attributed to the numberN3 of quasi-free deuterons, which is temperature
dependent [70]

N3 (T ) = N1ue−
E
kT e−

ε
kT , (53)

where the number of filled lattice points of the d sub-lattice is N1u with N1 the number of possible host-lattice sites,
E is the activation energy of the deuteron necessary for it to be quasi-free in the host lattice, and ε is its quasi-kinetic
energy. So, N3(T ) gives the number of deuterons, which are within the lattice but are delocalized, so that they can
move quasi-freely within the lattice, and take part in the processes discussed. The movement of deuterons in a lattice
is a problem of diffusion, as it was pointed out recently [114].

The top evidence for LENR is the occurrence of nuclear transmutations, which cannot happen without nuclear
reactions. Many LENR experiments have shown the production of elements, which were not present at the start of the
experiments [116]. Changes in isotope ratios have also been measured [117]. Our theoretical work already reviewed
offers an explanation for such transmutations. A mechanism for participation of elements across the periodic table
in LENR was offered [84]. Changes in isotope ratios in specific experiments were also rationalized [69]. Some
LENR research has involved the measurement of the abundance of elements across the periodic table before and after
experiments. Two very different experiments showed that the production rate of the created new elements varies with
atomic mass in the same fashion [23, 118]. We note that a recent paper, which described diverse experimental efforts
to produce LENR, neglected the topic of nuclear transmutation [119].

The third category of LENR evidence lacks reproduction in multiple laboratories. However, there is no reason
to dismiss all such reports. We cite a few of them to illustrate work that needs more experimentation and further
theoretical consideration.

In one LENR experiment, the cathode was examined with an infrared video camera, which permitted recording of
the spatial locations of the appearance and disappearance of hot spots [120]. Although the measurements were near the
limit of sensitivity of the instrument, they showed twinkling on and off of small hot regions distributed over much of the
cathode surface. Hence, the temperatures obtained from the infrared data indicated very high power densities, which
could only be explained by nuclear energy releases [58]. The same group that did the infrared imaging experiment,
also deposited Pd -d on a microphone. They recorded bursts of sound, again indicative of rapid energy releases [121].

Hot spots and accidental processes (bursts, explosions and craters) have been reported in many LENR experiments
[122, 123]. Theymay be connected not only to BIF reactions, but to a published speculation on the possibility of LENR
chain reactions [124]. As was shown in [21] and [84], a very huge number of catalyzed nuclear reactions can occur
as a consequence of the three-body mechanism and its associated recoil. The products of such reactions have kinetic
energy in the MeV range. These energetic products can take place in further regular nuclear reactions, establishing the
possibility of nuclear chain reactions. Moreover, the successive operations within the BIF and parametric amplification
mechanisms are unlike a conventional fission chain reaction, but they share a common feature of amplification.
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The results just noted focus attention to BIF processes again. In view of the above perhaps BIF may have more
general role in excess heat production. It was clarified that a great number of nuclear reactions can take place in
catalytic manner. Calculations also indicate that the coupling due to catalyzed processes in the laser-like mechanism
(the recalculated Vab,jl and V ∗

ab,jl in (16) ) are expected to be much stronger than the coupling used in [47]. The much
stronger coupling may drastically reduce the threshold conditions for BIF. Consequently, they may take place more
frequently, and with moderated amplitude too. The amplitude of the BIF process is proportional to generated heat.
Thus, BIF may have importance not only in burst like processes. Returning to the infrared and acoustic experiments,
where the cathode was composed of very small crystallites of Pd -d produced in place by co-deposition, many different
possible orientations of crystal planes were created. These would offer many possibilities for building up natural
resonators for BIF. The occasional appearance of heat production, if it is connected to BIF, may be understood as due
to fluctuations of pumping, which is the current density at the surface of the cathode. In experiments in which BIF
plays central role the depressed production rate of γ, t , n and 3He may be expected.

Rapid energy release in bursts has been noted already in calorimetric experiments, and in the formation of craters
in materials, which are evident after LENR experiments. They have also happened in some noteworthy experiments.
Pulses of heat measured in one calorimeter experiment occurred at seemingly random times, with highly variable
amplitudes [125]. However, the authors found that a plot of the number of pulses with specific excess powers (less
than 0.5 W) had a 1/f character, where f is the frequency of their occurrence. Such a behavior may be expected if the
pulses are due to BIF. In this case, if a pulse of large excess power is produced, then a large number of the localized
deuterons, which take place in the formation of the pulse, is utilized. Then, the system needs longer waiting time to be
filled up compared to the case of a pulse of smaller excess power. The system needs time after each pulse to build up
the population inversion (the necessary number density of localized deuterons), which is needed for the next pulse. The
other crucial quantity is the pumping intensity, which is the current density of the electrolysis, the flux of the ingoing
deuterons. It may happen that, if the local current density becomes an appropriately large value due to fluctuation, then
BIF may start at a lower localized deuteron number density, producing lower excess power.

9.2. Enhanced low-energy dd fusion cross sections

In addition to the two core and related problems raised by LENR experiments, there was the unsolved riddle of the
well-established enhancement of dd fusion cross sections at low (keV) beam energies [28]. Figure 2 of [82] gives
examples of such data for a few different target materials. Such enhancements, which sometimes approach a factor of
100, have been part of the literature on LENR for many years [126-132]. However, the relationship between the larger
cross sections and LENR has never been clarified. We found [21, 83, 69] that the mechanisms, which were studied for
the understanding of LENR, are also able to explain the fusion cross section enhancements, the cause of which was
unclear. This strengthens the case for the viability of our mechanisms, as well as enabling a basic understanding of the
enhanced cross sections.

10. Summary

We have reviewed 17 years of theoretical research aimed at understanding 31 years of empirical data on LENR. Along
the way, several mechanisms were explored, among which the most important is a three-body mechanism. It gives
the clearest explanation of the two main features of LENR. The first is how LENR can occur at all, that is, how it
is possible to cause nuclear reactions by use of chemical energies. The second is the absence of energetic radiation
during LENR. The three-body mechanism can be viewed as a form of nuclear catalysis, where one nucleus of the
surroundings enables LENR, and it and the nuclear product(s) carry off the nuclear reaction energy to heat the lattice
by numerous inelastic collisions. Diverse nuclei can play the catalytic role. The work has shown how both protons
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and deuterons can participate in LENR, not only with light nuclei, but with elements across the periodic table. This
explains some of the voluminous LENR data on transmutations. In this section, we summarize some of the highlights,
starting with the reason why LENR is thought to be possible.

The very small cross sections, essentially the forbiddenness of nuclear reactions of heavy particles with like
charges, originates from the limε→0 σ (ε) = 0 variation of the cross sections. It determines the disappearing rate
of nuclear reactions in the ε → 0 limit. However, by the analogy with forbidden optical transitions of atomic physics,
the forbiddenness of nuclear reactions led to a general statement. It asserts that any perturbation may resolve the for-
biddenness, and the cross section modified by a perturbationmust be calculated at least up to second order according to
the rules of quantum mechanics [21]. This statement is valid for all nuclear reactions having vanishing cross sections
in the ε→ 0 limit. Importantly, it applies to low-energy nuclear reactions of charged particles, in general.

The strongest perturbation, which must be taken into account, is the Coulomb potential, which is created by any
charged particle (mainly a nucleus) of the surroundings. As a consequence, a huge number of forbidden nuclear
reactions (see (22) and (23) with F Fig. 1 and (46) with Fig. 4) and also their coupling (see Figs. 2 and 3) may have
considerable cross section because of Coulomb-catalysis of a charged particle within the surroundings. In all of the
above reactions, heavy charged particles of nuclear energy (MeV order of magnitude) are created, which are potentially
able to take part in subsequent ordinary nuclear reactions. The wide variety of possible nuclear reactions means that
the emphasis on dd fusion reactions in the literature on LENR is no longer needed or desirable. We have shown that
what was, and sometimes still is called “cold fusion” is a sub-case of the broader field of low energy nuclear reactions.

Moreover, as a consequence of Coulomb perturbation, nuclear reaction cross sections are proportional to n1 and
z21 , as in (35). Hence, increases of the density of the Coulomb catalyzing material and its charge number z1 are
advantageous, if one wants to reach the possible maximum nuclear reaction cross sections and power densities for
LENR. This result explains the efficacy of using condensed matter, that is, why low energy nuclear reactions in solids
and liquids, such as in aqueous solutions during electrolysis, are qualitatively different than nuclear reactions at high
energies in anymedia. It makes clear why high average or local loadings of deuterons into Pd are so favorable to LENR,
when both the deuteron and catalyzing metal number densities have large values. However, it can be emphasized that
dense plasma states may also be advantageous, if one desires to achieve high power densities.

We have shown that p - and d-capture reactions (22) are possible with all the elements of the periodic table [84] ,
which explains the observations of diverse nuclear transmutation products after LENR experiments.

The proposed laser-like BIF process of nuclear fusion in deuterized Pd [47], the loss mechanism similar to a
parametric oscillator, and the possibility of favorable deuteron concentrations [48] were all obtained as a consequence
of the quantized modes selected by a crystal resonator. Collectively, they call the attention to the importance of the
boson character of the initial and final participants of nuclear fusion reaction in deuterized Pd, and the potential value
of adaptation of methods from quantum electronics. BIF processes and the new loss mechanism may be formed
accidentally, e.g., due to the fluctuation of the current density during electrolysis, resulting in uncontrollable and
accidental appearance of bursts of LENR.

We have achieved substantial understanding of the primary characteristics of LENR by consideration of the
three-body and other nuclear mechanisms. It is thought that these mechanisms mostly contribute to resolution of the
main puzzles of LENR observations, the basis of which is part of nuclear physics. What happens in LENR experiments
includes the joint actions of diverse kinds of chemical and solid-state processes, as well as nuclear mechanisms. It is
clear that LENR are very complex, so what is measured during and after LENR experiments depends on details of the
experiments, many of which are not known. For example, nuclear transmutations and changes in isotope abundances
may depend on the spatial distributions of constituent impurities within experimental materials. And, the distribution
of materials and variations in conditions, which influence LENR, are time dependent. So, there remain numerous
problems connected to electrochemistry, hot gases, plasmas, solid state and surface physics, and materials science,
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which need clarification. There is still much research to be done to quantitatively understand what happens in concrete
LENR experiments.

Turning from LENR to astrophysics, we note that the phenomenon, which we developed and examined to under-
stand LENR, and discussed above, may have significant astrophysical impacts [133]. The evolution of the abundance
of particular nuclei in both cosmological and stellar processes is determined by a system of coupled, nonlinear ordi-
nary differential equations (called the network) [134]. Thorough determination and development of the network of
equations requires taking into account every process that produces or destroys nuclei with considerable counting rate
density (called the rate in [134]). However, reactions with non-zero counting rate densities have been omitted from
earlier nuclear reaction network calculations. Such reactions include Coulomb catalyzed forbidden reactions ((22),
(23), and in the case of catalysis by an electron, A1

z1
V and A1

z1
V ′ is changed to e and e’ in them), which have high

counting rate densities. The counting rate densities for such reactions, which are proportional to the product of the
number densities n3n2n1 of the initial particles (see (36) ), can have considerable magnitude if the product n3n2n1

reaches appropriately high values, as in the early stages of the universe and in stellar environments. Therefore, the
Coulomb catalyzed versions of forbidden nuclear reactions must not be omitted from astrophysical calculations, since
they can drastically change some of the time scales in astrophysics.

The number of reactions in question, and the number of processes which can be modified by them, are both
enormous. Catalyzed capture reactions, and catalyzed reactions with two and three final fragments, can have cross
section of considerable magnitude. Beside the catalyzed p(p, e+ν)d, 3He(3He, 2p)α and p + d → 3He reactions,
which are important for cosmological models, almost all the basic reactions in every burning chain important to stellar
evolution have catalyzed versions. Therefore, it is thought that the ideas reviewed in this paper might have two effects:
(a) they require reconsideration of quantitative evaluations of cosmological and stellar networks of equations, and (b)
they may help with finding solutions to problems remaining in determination of the age of some stars, for example, the
recent observations of HD 140283 [135].
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