JOURNAL OF CONDENSED
MATTER NUCLEAR SCIENCE
Experiments and Methods in Cold Fusion

Proceedings of the Conference in Honor of
Dr. Mahadeva Srinivasan January 22–24, 2021

VOLUME 35, March 2022

JOURNAL OF CONDENSED MATTER NUCLEAR SCIENCE
Experiments and Methods in Cold Fusion

Editor-in-Chief
Jean-Paul Biberian
Marseille, France
Editorial Board
Peter Hagelstein
MIT, USA

Xing Zhong Li
Tsinghua University, China

George Miley
Fusion Studies Laboratory,
University of Illinois, USA

Michael McKubre
SRI International, USA

Edmund Storms
KivaLabs, LLC, USA

JOURNAL OF CONDENSED MATTER NUCLEAR SCIENCE
Volume 35, March 2022

© 2022 ISCMNS. All rights reserved. ISSN 2227-3123
This journal and the individual contributions contained in it are protected under copyright by ISCMNS and the following
terms and conditions apply.
Electronic usage or storage of data
JCMNS is an open-access scientific journal and no special permissions or fees are required to download for personal
non-commercial use or for teaching purposes in an educational institution.
All other uses including printing, copying, distribution require the written consent of ISCMNS.
Permission of the ISCMNS and payment of a fee are required for photocopying, including multiple or systematic
copying, copying for advertising or promotional purposes, resale, and all forms of document delivery.
Permissions may be sought directly from ISCMNS, E-mail: CMNSEditor@iscmns.org. For further details you may
also visit our web site: http:/www.iscmns.org/CMNS/
Members of ISCMNS may reproduce the table of contents or prepare lists of articles for internal circulation within their
institutions.
Orders, claims, author inquiries and journal inquiries
Please contact the Editor in Chief, CMNSEditor@iscmns.org or webmaster@iscmns.org

Preface
Dr. Mahadeva Srinivasan was one of the pioneers of LENR research and he passed away on August 31, 2020, at
the age of 83. For over four decades, Dr. Srinivasan worked at the Bhabha Atomic Research Center (BARC), where
he headed the Neutron Physics Division and retired as the Associate Director of the Physics group. In the early days of
cold fusion research, he contributed towards coordinating the efforts of BARC, which are summarized in the monograph
“BARC Studies in Cold Fusion” edited by Dr. P. K. Iyengar and Dr. M. Srinivasan. Dr. Srinivasan was particularly
involved in neutron emissions from heavy water electrolysis and autoradiography of deuterated Ti and Pd.
Dr. Srinivasan was associated with us, a fledgling LENR group at the Indian Institute of Technology Kanpur (IITK),
since 2016. Even in the last stages of his life, he was enthusiastic about discussing various aspects of LENR and one
of us fondly remembers an extensive ninety-minute phone conversation on multiple aspects of co-deposition LENR
experiments. He tried very hard to encourage LENR research in India for the last three decades of his life and, in our
opinion, he successfully kept its flickering flame alive.
As a way of celebrating his cherished goal of fostering LENR research, a workshop in honor of Dr. M. Srinivasan
was hosted by IITK from 22nd-24th January 2021. The workshop was conducted in a fully online mode be-cause of the
COVID restrictions prevalent during the period and perhaps this was the first-ever virtual meet-ing of LENR scientists
from across the globe. All the talks and discussions were recorded and are available at https://www.youtube.com/
channel/UCLG3etcoukO875yoeFaAdcA/videos.
We had luminaries of the LENR field such as Edmund Storms, Michael McKubre, Peter Hagelstein, Vladimir Vysotskii,
Jean-Paul Biberian, Francesco Celani, Jed Rothwell and Frank Gordon attending and participating in the workshop. We
were also lucky to have the LENR historian, Thomas Grimshaw, make a presentation on the life and work of Dr.
Srinivasan and write an article based on the presentation, which appears in this volume. The other articles in this volume
are by Peter Hagelstein, Frank Gordon and Pankaj Jain whose talks were presented at the online workshop.
We want to thank our graduate students, Ankit Kumar and Ram Kumar, who were of great help in organizing the
workshop. We are also very grateful to Prof Biberian for his enthusiasm in bringing out the workshop proceedings as
a JCMNS special issue and active participation in all the discussions during the workshop, which had to be held at
unearthly hours to accommodate the schedule of participants across the globe.
K. P. Rajeev, Raj Ganesh Pala, and Pankaj Jain
IIT Kanpur, India
Organizers of “An LENR workshop in memory of Dr. M. Srinivasan.”
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Abstract
We consider a recently proposed mechanism for low energy nuclear reactions (LENRs). In this mechanism the process is initiated
by an external photon whose contribution is treated perturbatively. In the present paper we consider a related process that is induced
by photon emission rather than absorption. We consider, as an example, fusion of hydrogen and deuterium to form He(3). This
process, at leading order, proceeds by emission of a photon. In the present case we consider two photon emission and hence we
need to go to the second order in perturbation theory. The emission of a high energy photon from the initial D-H system leads to the
formation of an intermediate state which is a superposition of all energy eigenstates of the unperturbed Hamiltonian. We compute
the cross section for such a reaction and show that, for suitable conditions in condensed matter medium, the reaction rate can be
sufficiently large to be observable.
© 2022 ISCMNS. All rights reserved. ISSN 2227-3123
Keywords: Nuclear reactions, nuclear fusion, nuclear electromagnetic transitions

1. Introduction
In a recent paper [1] (Paper I hereafter) the authors proposed a new mechanism which may be applicable to nuclear
reactions at very low energies, on the order of 1 eV or lower. In paper I it was argued that although the standard
two-body nuclear fusion reaction has a very small cross section at low energies, a related process which is induced by
a photon present in the initial state may have a much larger cross section. Although the idea is applicable for a wide
range of reactions, in [1] the authors considered a specific reaction
H (1) + D (2) + γ(ωi ) → He (3) + γ(ωf )
∗ Corresponding

author: pkjain@iitk.ac.in
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Here a H(1) nucleus undergoes fusion with D(2) nucleus in order to form He(3). The process is assisted by the
presence of a photon in the initial state. It was argued that the energy of this photon need not be very large and in [1]
the authors took it to be in the infrared regime. Due to the presence of this photon the leading order contribution to this
process is obtained at the second order in perturbation theory. This is in contrast to the standard fusion reaction [2]–[6]
for these nuclei,
H (1) + D (2) → He (3) + γ (ωf )

(2)

which gets dominant contribution at first order in perturbation theory. In [1] it was argued that the standard process
dominates at energies on the order of 1 keV or higher. However, as the initial state energy becomes very small
E<< 1keV the cross section for Eq. (2) falls very sharply. In contrast the reaction shown in Eq. (1) may have a
relatively mild dependence on energy and hence its cross section at low energies may exceed that of reaction in Eq. (2)
by many orders of magnitude. The enhancement was found to be sufficiently large that it makes the phenomenon of
low energy nuclear reactions observable in the laboratory as claimed by experimentalists over many years [7]–[27].
The photon induced process goes through by a non-resonant mechanism at second order in the perturbation theory. If
the initial state photon has sufficiently high energy, on the order of 1 mega-electron volts, then it can be absorbed by an
initial state nucleus and induce a transition to a high energy state which may facilitate nuclear fusion. However, in [1]
the authors were interested in a low energy photon such that a transition to a high energy state is not possible. As the
initial two particle state absorbs a photon it goes into a state which is not an eigenstate of the unperturbed Hamiltonian.
We can write it as a linear superposition of all these eigenstates. This sum includes eigenstates of very high energy.
For the fusion process we need to include contributions from all such eigenstates. Due to the high energy involved,
the barrier penetration factor is relatively mild in this case. Hence this has the potential to lead to a considerable
enhancement of cross section of these processes. At low energies the cross section is found to be many orders of
magnitude higher in comparison to the leading order process, Eq. (2) [1]. In the current paper we critically examine
this process and address several issues which were not properly resolved in [1]. Ideas somewhat similar to this have
been proposed earlier [28]–[31]. However, the photon induced process was not discussed in these papers. Some other
theoretical ideas which attempt to solve this problem are described in [32]–[37].
In the present paper we also consider the related process of emission of two photons. As we shall show this process
is simpler and dominates over the one considered in [1] for most situations encountered in the laboratory. This is
because it does not require an incident photon flux. In [1] the authors had assumed that the initial state is a free particle
state with kinetic energy of 10 eV when the two nuclei are very far apart. In the present paper we shall also consider a
bound state which is taken to be the ground state of the hydrogen-deuterium system. The formalism is general and can
be applied to either case. This particular state is being considered for a sample calculation. As we shall see the process
works only inside condensed matter medium. In our paper, however, we shall first ignore the medium effect. This will
help us understand why it fails and what features are required in the medium to make it work.
2. Photon induced nuclear reactions
In this section we review the phenomenon of low energy nuclear reactions induced by a real photon [1]. We shall
also generalize the formalism to the case of arbitrary atomic numbers for the nuclei participating in these reactions.
Furthermore, we set up the calculation so that it can be performed directly by starting from a potential model. In [1]
such details were not presented. As explained in [1] the process can also be induced by other particles such as an
electron or a proton which will involve exchange of a virtual photon with the initial state nuclei. Here we consider
only the case of a free photon in the initial state. Let X1 and X2 be two initial state nuclei with atomic numbers Z1 and
Z2 respectively. The corresponding mass numbers are A1 and A2 . The final state nucleus is denoted by X3 and has
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Figure 1. The fusion process initiated by absorption of an incident photon.

Figure 2. The fusion process initiated by emission of a photon from the initial state.

atomic and mass number Z and A respectively. We can express this process as (see Fig. 1)
X1 + X2 + γ(ωi ) → X3 + γ(ωf )

(3)

Here, as in [1], we have assumed the presence of a photon in the final state. Other final states can also be considered
but we will postpone this to future research.
In the present paper we shall also consider a related process which involves emission of two photons, i.e.
X1 + X2 → X3 + +γ (ω1 ) + γ(ω2 )

(4)

This process is illustrated in Fig. 2. Both processes proceed through the formation of an intermediate state, however,
the second process does not require an incident flux of photons. In the rest of this section we shall focus on the process
given in Eq. (3). The other process will be considered in the next subsection.
Let H denote the Hamiltonian of the system. It is given by
H = H0 + HI

(5)

where H0 denotes the unperturbed Hamiltonian and HI is a time dependent perturbation. Let K1 and K2 be the kinetic
energies of the two nuclei and V(r) be the effective potential. Here we will work in the centre of mass coordinate system
and are interested only in the relative motion. The relative coordinate between the two nuclei is given by #r = #r2 − #r1
where #r1 and #r2 are the positions of the two particles. The unperturbed Hamiltonian is given by
H0 = K1 + K2 + V (r)

(6)

The effective potential includes the Coulomb repulsion between nuclei as well as the nuclear attraction. The
screening effects [38]–[40] due to electrons are included by introducing a screening length in the Coulomb potential
which should be sufficiently reliable for our purpose. Hence, we may express it as
Z1 Z2 e2 −r2 /r02
+ Vn + Vm
(7)
e
r
the molecular potential. The nuclear potential, for light nuclei, may be

V (r) =
where Vn is the nuclear potential and Vm
taken as

Vn = −V0 e−r

2

/R2

(8)

4
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where V0 is on the order of 50 MeV and R on the order of 2 fm. The precise values depend on nucleus and may
be adjusted to fit data. In Eq. (7) we have modelled electron screening effects by introducing a screening length r0
which may be taken to be approximately equal to the Bohr radius. Note that we have chosen a different form of the
screening potential in comparison to what is usually chosen in the literature [38]. This is because we also have the
Morse potential, described below, and we need the combination of the two to give the right molecular state. We shall
adjust the parameters of the Morse potential slightly to achieve this. Note that these details have negligible effect on
our results, especially since here we are interested only in demonstrating that low energy fusion is possible and not
in precise numerical values. Hence, we are only interested in order of magnitude estimates for which our potential is
sufficiently reliable.
The potential Vm for molecular bound state may be taken to be the Morse potential,
Vm = D

!

e−2a(r−rm ) − 2e−a(r−rm )

"

(9)

This potential is being used to obtain the molecular bound state. We have verified that it has negligible effect
on the rest of the calculations, such as the computation of the intermediate states (discussed below). Hence for those
calculations it will not be included. As we shall also argue the medium effects play an important role in the computation
of intermediate states and hence the effective potential for these states is much more complex in comparison to the
Morse potential.
The interaction Hamiltonian [41], [42] is given by
HI (t) = −

Z2 e #
e!gp
Z1 e #
# + ...
A (#r1 , t) · p#1 +
A (#r2 , t) · p#2 +
#σ · B
m1 c
m2 c
2mp c

(10)

where #r1 and #r2 are the positions of particle 1 and 2 respectively and the corresponding momenta p#1 = −#
p2 = −#
p.
Here particles 1 and 2 refer to H and D respectively. The third term on the right-hand side corresponds to magnetic
dipole moment of proton and gp is the corresponding g factor. There is an additional contribution in Eq. (10) due to
the deuteron magnetic moment, that we have not included in this expression. We will drop it here since its contribution
is expected to be small. The electromagnetic field may be expressed as [42],
#
# (#r, t) = √1
A
c
!
k,β
V

$

&
! %
!
!
a!k,β #εβ eik·!r−iωt + a!† #εβ e−ik·!r+iωt
k,β
2ω

(11)

Here a!k,β and a!† are the annihilation and creation operators, ω = |#k|/c, c is the speed of light and #εβ the photon
k,β
polarization vector.
The leading order contribution to the process given in Eq. (3) is obtained at second order in the time dependent
perturbation theory. The transition amplitude at this order can be expressed as [41], [42],
'
(2 # ) t
) t!
!!
i
" i(Ef −En )t! /!
"
$f | T (t, t0 ) | i% = −
dt"" ei(En −Ei )t /! $n | HI (t"" ) | i%
dt e
$f | HI (t ) | n%
n
!
t0
t0
(12)
Here for brevity, we have not explicitly shown the photons present in the initial and final states. We point out that
the final state nucleus is He(3) and has spin 1/2. We take the initial state to be also j = 1/2. The intermediate state |n%
can have j = 1/2, 3/2 [1]. This is because it has orbital angular momentum l = 1. We next evaluate the integral over
t"" . The amplitude gets two contributions [42] which are shown in Fig. 1.
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We next compute the amplitude corresponding to the first diagram shown in Fig. 1. We shall work in the dipole
!
!
approximation and set e−ik·!r1 ∼ e−ik·!r2 ∼ 1. The t"" integral gives [41], [42]
$
) t!
!
i!eξ
ei(En −Ei −!ωi )t /! − ei(En −Ei −!ωi )t0 /!
!
"" i(En −Ei )t!! /!
""
$n | #εβ · p# | i%
dt e
$n | HI (t ) | i% = −
µ
2ωi V
En − Ei − !ωi
t0
(13)
where µ = m1 m2 /(m1 + m2 ) is the reduced mass of the two-particle system and ξ is given by,
ξ=

Z 2 m1 − Z 1 m2
m2 + m1

(14)

In our case Z1 = Z2 = 1, m2 and m1 are the masses of hydrogen and deuterium respectively and hence ξ = 1/3.
As explained in [1], the second term in Eq. (13), which depends on t0 →∝, can be neglected [41, 42]. Here we focus
on the first term.
We next evaluate the matrix element $f |HI (t" )|n% and substitute it along with the integral over t"" in Eq. (12). We
then obtain the following results for the transition matrix element [1]:
*
) t
# + $f | #εβ ! · p# | n% $n | #εβ · #p | i% ,
e2 ξ 2
1
" i(Ef −Ei −!ωi +!ωf )t! /!
(15)
dt e
$f | T (t, t0 ) | i% = i 2
n
2µ V ωi ωf t0
En − Ei − !ωi
We point out that the second amplitude in which a photon is first created and later annihilated would involve the
energy denominator (En − Ei + !ωf ) instead of (En − Ei − !ωi ). To proceed further we replace [1] the operator p#
in terms of the commutator of H0 and #r using
$n | #εβ · p# | i% =
We obtain,
i e2 ξ 2
$f | T (t, t0 ) | i% = −
2V !2
where

iµ
(Ef − Ei ) $n | #εβ · #r | i%
!
*

1
ωi ωf

)

t

(16)

!

dt" ei(Ef −Ei −!ωi +!ωf )t /! M

(17)

t0

,
# + $f | #
εβ ! · #r | n% $n | #εβ · #r | i% $f | #εβ · #r | n% $n | #εβ ! · #r | i%
+
(Ef − En ) (En − Ei )
M=
n
En − Ei − !ωi
En − Ei + !ωf

(18)

Here we have also added the second contribution in which the time order of the photons is reversed, as mentioned
earlier.
Using this we obtain the transition rate,
)
dP̃
1
=
dEγf ρf |$f | T (t, t0 ) | i%|2
(19)
dt
∆T
where Eγf = !ωf is the final state photon energy and ρf is the number density of photon states at energy Eγf , given
by [42],
ργ =

V ωf2 dΩ
3
(2π) !c3

(20)

The time integral is proportional to ∆T δ(Ef − Ei − !ωi + !ωf ) where ∆T = t – t0 is the total time. This transition
rate corresponds to incident photon flux density of c/V. Hence, we should divide by this flux density and multiply by

6
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the experimental flux density per unit frequency interval Fγ and integrate over frequency ω I [42]. We should also sum
over the final photon polarizations and average over the initial photon polarizations. This leads to [1]
)
)
1
V
dP
2
=
dωi F
dEγ" ργ |$f | T (t, t0 ) | i%|
dt
∆T
c
)
α2 ξ 4
ωf 1 #
dΩdωi F
= 2 2
|M|2
! c
ωi 2 !

(21)

ββ

We can use this directly to compute the transition rate for the case of an initial bound state. If the initial state is a
free particle state, we can use the procedure described in [1] to obtain the cross section. This essentially summarizes
the basic theoretical structure of [1].
We next point out several problems with the calculation presented in [1]. The calculation involves the following
key concepts:
1. The nuclear matrix element, $f |#εβ ·#r |n%. This can be calculated reliably once the nuclear potential is specified. The
potential is of course uncertain, but simple models exist which are expected to be reliable up to small corrections.
2. The matrix element $n|#εβ ! · #r |i% between the initial state |i% and the intermediate state |n%. We are interested in
an intermediate state of relatively high energy on the order of a few kilo-electron volts while the initial state has
very low energy on the order of 1 eV. Hence this matrix element is expected to be very small and needs careful
computation. In [1] the authors assumed free space wave function for the initial state and simply imposed a sharp
cutoff on the distance scale. A more careful calculation with a bound state reveals that this matrix element is, in
general, much smaller than that obtained in [1].
3. The sum over intermediate state energies in M in Eq. (18). This sum was performed in [1] by going to the continuum
limit. The resulting integral, which has an upper limit of infinity, involves an overlap of a very rapidly varying factor
arising from $n|#εβ ! · #r |i% and a slowly varying factor due to the nuclear matrix element. In [1] this was computed
using a finite upper limit on energy. However, a more detailed calculation involving a much higher upper limit
reveals that this integral was also overestimated in [1].
Besides the problems mentioned above, an important point missed in [1] is that the second amplitude in Eq. (18)
cannot be computed reliably in the dipole approximation. This is because the matrix element $n|#εβ ! · #r |i% involves
emission of a very high energy photon. For the present case, the energy is on the order of 5 MeV. Hence its wavenumber
!
r

!
|#k| is very large compared to the inverse of the atomic length scale and the exponential factor in the photon field, eik·
cannot be set to unity. This factor turns out to be a very rapidly varying function of #rand offers the possibility of a
much better overlap between states |i% and |n% in comparison to what is obtained by setting the exponential factor to
unity. This in fact provides an elegant solution to the problem mentioned in [2] above. This also suggests that we might
just consider the process in which two photons are emitted, one of which has a relatively high energy and a photon in
the initial state is not required. We next turn to the two-photon emission process.

2.1. Transition rate for emission of two photons
In this section we determine the transition rate for the process given in Eq. (4). Although the calculation can be applied
to many processes, here we shall focus on the case in which X1 is a hydrogen, X2 a deuterium and X3 is He(3). We
take the initial and final states to have orbital angular momentum, l = 0. The intermediate state has l = 1. Here we
shall consider contribution from the magnetic moment interaction for the matrix element $n, k1 |HI |i%. Other terms
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give similar contributions. We obtain,
ie!gp k1
√
$n, k1 | HI (t ) | i% =
2mp V
""

$

. /
"
!! .
! - .. !
!
n . #σ . k̂1 × #εβ e−ik1 .!r1 +iω1 t . i
2ω1

(22)

where k1 = ω 1 /c is the wave number of the photon created in this process. Here we have used
HI (t) =

e!gp
# + ···
#σ · B
2mp c

since the remaining terms in HI are sub-dominant. We also have,
$
&
#
! %
i
!
!
# (#r , t) = ∇
# ×A
# (#r , t) = √
B
a!k,β #k × #εβ eik·!r−iωt − a!† #k × #εβ e−ik·!r+iωt
c
!
k,β
k,β
2ω
V

Only the second term proportional to the creation operator contributes in Eq. (22). We replace the coordinate #r1 in
terms of the relative coordinate #r in Eq. (22) using,
m2 #
+ Rcm
(23)
#r1 = −#r
M
# cm is the center of mass coordinate. The center of mass coordinate is not relevant for this,
where M = m1 + m2 and R
so we focus on the relative coordinate. The initial and final states have s = 1/2, l = 0 and j = 1/2. We consider the
initial state with $jz % = −!/2. The final state would have s = 1/2, l = 0, j = 1/2 and $jz % = !/2. The initial state
corresponding to $jz % = !/2 will make a transition to a final state $jz % = −!/2 and will lead to the same reaction rate.
The total rate is obtained by averaging over the two.
The intermediate state has orbital angular momentum l = 1 and hence can have j = 1/2 or 3/2. The states that can
contribute are,
.
0 $ .
0 $ .
0
.3 1
1 .. 1 1
2 .. 1 1
. ,
(24)
. 2 2 = 3 . 2 , − 2 ; 1, 1 + 3 . 2 , 2 ; 1, 0
.
0 $ .
0 $ .
0
.1 1
2 .. 1 1
1 .. 1 1
. ,
=
,
−
;
1,
1
−
,
;
1,
0
(25)
.2 2
3 .2 2
3 .2 2

Here on the left-hand side we have used the notation |j, mj % where $jz % = !mj and on the right-hand side the
states are given in notation |s, ms ; l, ml %. We need to add the amplitudes corresponding to both states. We point
out that the unperturbed energies of these two states are the same since both correspond to l = 1. Let us consider a
coordinate system in which the wave vector #k1 points along the z direction. The corresponding photon polarization
vectors can be chosen to point along the x and y axis i.e., #ε1 = x̂ and #ε2 = ŷ. We replace the Pauli matrices in terms
of the spin matrices i.e., #s = #σ !/2. Hence #s · (k̂1 × #ε1 ) = sy . We can now replace this in terms of spin up and spin
down operators, s± . For our case only the spin up operator contributes.
Using this we can compute the amplitude in Eq. (22). Let us consider the contribution from the intermediate state
| 32 , 12 % and polarization vector #ε1 . Only the second state, | 12 , 12 ; 1, 0%, in Eq. (24) contributes. Since this state has lz = 0
the angular part of the wave function is proportional to the spherical harmonic, Y1 0∗ . We obtain,
$ )
$
.
.
0
1
.1 1
!
2
1 1 ..
egp k1
3
∗ 0∗ −i!
k1 .!r1 +iω1 t!!
0
""
.
√
s+ . , −
(26)
d rRn Y1 e
Ri Y0
,
$n, k1 | HI (t ) | i% =
2 2 .
2 2
2mp V 2ω1 3
Here Ri and Rn are the initial and intermediate state radial wave functions that depend only on r. Besides this
term we also get a contribution from the j = 1/2 intermediate state. We now insert the explicit form of the spherical

8
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harmonics and perform the angular integrals. The exponent in Eq. (26) is equal to (−ik1 rm2 cosθ/M ). We define,
m2
k̃1 = k1
M
In our case, m2 /M = 2/3. This leads to
$ )
$
!!
3! 2
iegp k1 !
cosk̃1 r
""
√
Ri eiω1 t
(27)
$n, k1 | HI (t ) | i% =
drr2 Rn∗
2mp V 2ω1 3
k̃1 r
The matrix element in Eq. (27) contains one of the important concepts of this paper. The energy of the emitted
photon E1 can be as high as 5.4 MeV. This leads to a relatively large wave number k1 = E1 /(!c) for the photon. We
are interested in intermediate states with energies on the order of 1 keV or higher. These wave functions also have a
sinusoidal behaviour, i.e. un ∼ cos(kn r). The product of the two cosine functions leads to
" &
%!
" &"
! " 1!
%!
k1 r
(28)
cos (kn r) cos 2
cos kn − 2
k1 r + cos kn + 2
k1 r =
2
Due to its low energy, the initial state wavefunction has a relatively slow dependence on r. Hence it is clear that in
the neighbourhood of kn ∼ 2
k1 the matrix element can get significant contributions from the first term on the right-hand
side of the above equation. The second term, however, contributes negligibly due to very rapid oscillations and can be
dropped
In order to compute the nuclear matrix element, $f, k1 , k2 |HI |n, k1 %, we keep only the first two terms on the
right-hand side of Eq. (10). The remaining magnetic moment term is also expected to contribute. Its contribution is
expected to be smaller but not negligible. For our order of magnitude estimate and for the purpose demonstrating that
this mechanism is possible, we can ignore this contribution. This amplitude involves creation of an additional photon
of wave vector #k2 . We take the direction of this vector to be,
k̂2 = sinθ2 (cosφ2 x̂ + sinφ2 ŷ) + cosθ2 ẑ

(29)

The corresponding polarization vectors can be expressed as
ε#"1 = cosθ2 (cosφ2 x̂ + sinφ2 ŷ) − sinθ2 ẑ

ε"2
#

= −sinφ2 x̂ + cosφ2 ŷ

(30)
(31)

For this matrix element we can use the dipole approximation and set the factor exp(−i#k2 · #r) in the photon field
approximately equal to 1. Furthermore, only the polarization vector #ε"1 contributes. We obtain
$
$
)
!
!
2
ieξ
"
(Ef − En ) sinθ2 dr" r"2 Rf∗ r" Rn eiω1 t
(32)
$f, k1 , k2 | HI (t ) | n, k1 % = √
! V 6ω2 3

where Rf is the final state radial wave function. We also need the3
contribution from j3
= 1/2 intermediate state. This
gives the same results as in Eq. (27) and (31) with the factors 2/3 replaced by 1/3. Hence in the transition
amplitude these two states, j = 3/2 and 1/2 lead to factors 2/3 and 1/3 respectively. Adding their contributions just
leads to a factor of unity.
The transition matrix element, for the photon polarization vectors ε1 , #ε1" can be written as
) t
# (Ef − En )
!
ie2 ξgp k1
sinθ2
dt" ei(Ef −Ei +E1 +E2 )t /!
I2 I1
(33)
$f, k1 , k2 | T | i% = −
√
4V mp ω1 ω2
En − Ei + !ω2
t0
n
Here E1 = !ω1 , E2 = !ω2 ,

I1 =

)

0

∝

drr2 Rn∗

cosk̃1 r
Ri
k̃1 r

(34)
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and
I2 =

)

9

∝

dr" r"2 Rf∗ r" Rn

0

(35)

Furthermore, we have performed an integral over t"" and dropped the term dependent on t0 [1]. A small contribution
due to recoil of the nucleus is ignored in the energy denominator. The limits on the integral over t" has to be taken to
±∝ at the end of the calculation. We also set the total time t − t0 = ∆T. The transition rate can now be computed
inserting the number density of photon states,
ργ =

V ωf2 dΩ
3
(2π) !c3

and integrating over the photon energies. In the present case we have two photons in the final state with frequencies
ω 1 and ω 2 . Hence, we need to insert number densities for both of these. We obtain,
)
1
V ω22 dΩ2 V ω12 dΩ1
dP
2
=
dE1 dE2
(36)
3 !c3
3 !c3 |$f, k1 , k2 | T (t, t0 ) | i%|
dt
∆T
(2π)
(2π)
Here the integral is over the energies E1 , E2 and the solid angles Ω1 and Ω2 . We obtain,
.2
.
)
.
.# (E − E )
α2 ξ 2 gp2
dP
.
.
f
n
2
3
I
I
=
dE
dE
dΩ
dΩ
sin
θ
E
E
.
.
2
1
1
2
2
1
2
2
1
3
2
3
6
.
.
dt
32π mp ! c
En − Ei + !ω2
n

(37)

Performing the angular integrals, we obtain,

α2 ξ 2 gp2
dP
=
dt
6πm2p !3 c6

)

dE1 dE2 E13 E2

(38)

We express the radial wave functions as,
ui (r)
r
un (r)
Rn =
r
uf (r)
Rf =
r
Ri =

The wave function ui is normalized such that,

)

0

(39)
(40)
(41)

∝

dr u∗i ui = 1,

along with a similar equation for uf . The wave function ui is shown in Fig. 3. The parameters chosen in obtaining this
wave function are given in the next section. The intermediate state wave function un (r) behaves as cos(kn r + δ) at
large r. Here δ is an energy and r dependent phase shift. It is a slowly varying function, and the dominant behaviour
is sinusoidal, un ∼sin (kn r) or un ∼cos (kn r), i.e., we can express un in terms of these functions with slowly varying
coefficients. It is normalized over a length scale L, which is taken to infinity at the end of the calculation. In this limit,
the sum over n in Eq. (37) converts into an integral and the factors of L cancel out. We show numerical solution for
un (r) for En = 1 keV in Fig. 4. In this figure the normalization factor has been set to unity.
We also need to sum over the final state photon polarizations, as well as average over initial nuclear spin states.
The two spin states give the same contribution so averaging just leads to unity. For the photon polarizations, both
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Figure 3. The initial state D-H ground state wave function.

Figure 4.

An intermediate state wave function un for En = 1 keV.

polarization vectors contribute equally for photon of energy E1 while only one vector contributes for the second photon.
Hence, we obtain an overall factor 2. We finally obtain,
α2 ξ 2 gp2
dP
=
dt
3π!3 c6 m2p

)

dE 1 E13 E2 |I|

2

(42)
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Figure 5. The final state He(3) nuclear ground state wave function.

where,
I=

#

n

I1 I2

Ef − En
En − Ei + !ω1

(43)

Here the energies satisfy the relationship Ei = Ef + E1 + E2 . We point out that Ef = −5.47 MeV. The sum in I
may be evaluated by using the continuum limit and converting this to an integral.
3. Transition Rate for He(3) production
In this section we compute the transition rate for the process discussed in section 2.1. The calculation needs to be
performed taking the medium effects into account. The medium leads to screening effects which are already incorporated in the potential given in Eq. (7). The medium also modifies the two-body wave functions. This modification of
the intermediate state wave functions un is likely to play a very important role in our calculation, as we shall discuss.
However before including medium effects it is useful to perform a free space calculation which provides useful insights. By free space we mean that the potential simply corresponds to effective potential of the H-D system, including
screening effects.
The parameters of the potential are taken to be:
• Morse Potential: D = 0.2, a = 1.01 and rn = 1.4 in atomic units.
• Nuclear Potential: V0 = 55 MeV, R = 1.81 fm.
• Screened Coulomb potential: Z1 = Z2 = 1, r0 = 0.8 in atomic units.
We point out that the molecular potential is the combination of the Morse potential and the screened Coulomb
potential. A detailed modelling of this potential can be done for precise calculations, which are not relevant for our
order of magnitude estimates. Small changes in this potential play a negligible role in our final estimates. These
parameters produce a D-H molecular ground state (Fig. 3) at energy −4.68 eV and nuclear ground state (Fig. 5) with
binding energy −5.49 MeV, in agreement with data. Furthermore, we verified that the cross section for the standard
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Figure 6. The integral I1 × k̃1 as a function of the intermediate state energy En .

process, given in Eq. (2), obtained using these parameters is in good agreement with data and the standard calculation
at kilo-electron volt energies.
In Fig. 6 we show the integral I1 × k̃1 as a function of the energy En . In this evaluation we have set the energy of
photon E1 = 5 MeV. As expected, we find a large value in the neighbourhood of kn ∼ k̃1 . The integral decays sharply
to zero away from this interval. It also shows rapid oscillations. This implies that unless it is multiplied by another
rapidly varying function the transition rate is likely to be relatively small. The integral I2 indeed shows relatively slow
variation over the narrow range in which I1 takes significant values. Hence, we do expect a significant suppression of
the transition rate. The quantity I which involves the sum over energies En , computed in the continuum approximation,
is shown in Fig. 7 as a function of the upper limit in energy. We find that the total amplitude becomes substantial for
some values of the cut-off but eventually for larger values decays to very small values. It is interesting to determine
exactly what the final value is, since even a contribution many orders of magnitude smaller than the peak value can
lead to observable results. However, this requires us to perform a very detailed numerical calculation extending over an
infinite range of energy eigenfunctions. Furthermore, experimental research suggests that the process requires special
medium properties. Hence, we postpone a detailed energy integral in free space to future research. Here we suggest
some alternatives which lead to a significant contribution directly from the region close to the peak in Fig. 7.
The result above suggests that using free space (including screening effects) wave functions un leads to a relatively
small value of transition amplitude. This is perhaps in agreement in experimental results which indicate that the process
happens only in a medium. Furthermore, it is known that special medium properties are required to boost the process
to an observable rate. In the next section we examine this in detail.
4. Requirements for Increasing the Transition Rate
In the previous section we found that the reaction rate is very small if we use the ‘free space’ wave functions for
the intermediate states. These wave functions are obtained by assuming spherical symmetry and display sinusoidal
behavior at large distances. We found that these lead to a significantly large value of the molecular matrix element,
essentially the integral I1 in Eq. (37), in a narrow range of intermediate state energies En . However, once we sum
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Figure 7. The sum over energies I evaluated in the continuum limit as a function of the upper limit on energy En .

over all energies, i.e., the sum I in Eq. (37), the total contribution adds up to relatively small values. This is shown
in Fig. 7 as a function of the cutoff energy. We see that the integral does acquire significant values for some range of
cutoff energies but eventually decays. The mathematical reason for this is easily understood. The sum (or integral) I
involves a rapidly varying function of energy I1 multiplied by a slowly varying nuclear matrix element I2 . The integral
is essentially controlled by I1 which leads to an oscillatory behavior with small amplitude at large energy cutoffs.
In order to get a contribution near the peak in Fig. 6 we need an additional fast variation with energy, or we need a
modification in the molecular matrix element. We next describe a few situations in which this can arise.
4.1. Resonant Tunnelling through Intermediate state
Let us assume that in the energy interval in which molecular matrix element I1 takes significant values, there exists a
state corresponding to resonant tunnelling with a relatively narrow width. The width may be on the order of 100 eV.
In that case, as can be seen in Fig. 6 the cancellation will no longer arise and the integral I will take substantial values.
For the present example of fusion of hydrogen with deuterium, this is likely to be the case as long as a resonance is
present in the energy interval from 1 keV to about 10 keV. For lower energies the tunnelling barrier is too strong, and
the upper limit is dictated by the maximum energy of the photon that can be emitted. Such a resonant state does not
exist for the process under consideration. However, it is possible that it may exist in other cases. Furthermore, inside
a medium the transition rate can be enhanced even if a narrow resonant state within this energy range is present in the
lattice ion or an impurity ion in the medium. This is because, at that energy, the amplitude for this state will show a
sharp change at the resonant energy.
4.2. Medium Properties
We next describe some situations in which the medium can play a crucial role in enhancing the reaction rate. We point
out that this is indeed what is observed in experiments. The process does require special medium conditions in order
to proceed at observable rates. We first note that the free space wave functions used in the previous section are simply
invalid in medium in which the assumed spherical symmetry is not applicable. We point out that we are interested
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in wave functions of relatively high energy on the order of 1 keV or higher. Nuclei of such high energy inside a
medium are likely to significantly distort the medium itself and hence it may not be possible to reduce the problem to
an effective background potential. Dealing with the full problem is clearly rather complicated, so we will not address
this issue in this paper but will restrict ourselves to an effective potential. The additional effects can perhaps be treated
perturbatively.
An important point is that in the medium the wave functions are likely to decay beyond a certain distance. In
any direction the wave function would decay once it encounters an ion. In a periodic lattice, such wave functions
might lead to a band structure. Here we are referring to band structure of light nuclei and not electrons. While it will
be interesting to investigate this in detail, here we assume that the medium has enough impurities or is amorphous.
Hence the band structure, even if it is present, would be significantly distorted. The main point that we wish to pursue
here is the possible existence of localized states, analogous to Anderson localization [43, 44]. As long as such states
exist with significant energy gaps, the cancellation seen in Fig. 7 would not happen, and we expect to get a significant
contribution. Such states are likely to exist in the presence of disorder. If they exist, we can simply ignore all the other
states and only include the contribution due to them. This requires careful investigation, and we hope to pursue this in
a future publication. The possible existence of isolated states in a different framework has also been suggested in [31].
We also note that at some energies we expect to see threshold effects. This would arise if the energy EN of the
two-body system (D, H in the present case) is such that it can knockout an ion from the lattice or an inner electron
from one of the atoms. At such thresholds we expect to see a sudden change in the nature of wave functions, which
hence may lead to the sharp change as a function of energy required obtain a significant contribution.
An important property of the medium that we wish to exploit is the fact that it does not have the spherical symmetry
of free space. Hence at distances much larger than the nuclear scale, the eigen-functions of the system are simply not
the spherically symmetric states. These are controlled by the boundary conditions imposed by the medium. Given
the right boundary conditions, we find that the reaction rate can be enhanced to very large values. We illustrate this
explicitly in the next subsection by taking a simple example.
4.3. A Toy Model
In this section we present a toy model of medium wave function ψ n which can lead to enhanced rates of the low
energy nuclear reaction under consideration. Here we present only one example and do not attempt an exhaustive
survey of medium properties that may be required. Our example makes use of the breakdown of spherical symmetry
in the medium. Hence the wave function is not spherically symmetric at large distances, while at small nuclear scale
distances this symmetry is maintained. The basic idea can be explained by referring to the molecular matrix element
Eq. (24). If the two wave functions ψ i and ψ n behave essentially as plane waves pointing close to the direction of the
emitted photon, then this matrix element will get a dominant contribution only from a very narrow range of frequencies.
Hence in such a case we would not expect to see the cancellation that arose in the earlier case, and we may get larger
contribution. We accomplish this by assuming cylindrical symmetry around the z direction. We just need a preferred
direction; precise cylindrical symmetry is not really necessary but is convenient for calculations.
Consider a D − H system inside a medium such that, at distances on the order of a few Bohr radii, the medium
displays cylindrical symmetry (Fig. 8). Hence, we assume that the potential at relatively large distances has cylindrical symmetry, while at smaller distances it has the standard spherically symmetric behavior. The potential may be
expressed as
V (z, ρ, φ) = V (ρ, z)

(44)

at z and ρ large compared to nuclear scales. Along the z axis the potential is taken to be symmetric under z → −z,
for simplicity. We assume that the wave functions along z display free particle behavior up to a certain distance from
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Figure 8. We assume that the D-H system is in a medium which displays cylindrical symmetry about the z-axis. Here the center of mass (CM)
of the D-H system is taken to be at the origin of the coordinate system. The dominant contribution to the molecular matrix element comes from
the region between ρ0 <ρ<ρc where ρ0 <a0 and ρc ∼ few a0 . In this gap region the potential is relatively weak and the wave functions display
sinusoidal behaviour along the z direction.

the center of mass of the D − H system and then decay due to Coulomb repulsion offered by the medium ions. The
wave function would also decay as the D and H get close to one another. The energy of the initial state is taken to be
on the order of 0.1 eV. Its wave function is assumed to extend from −z0 to +z0 , where z0 is taken to be much larger
than a Bohr radius. The actual value does not matter as long as it is sufficiently large. The higher energy intermediate
state wave functions would extend to larger distances, which we denote by L. The factor L would cancel out of our
calculation.
We can now choose a suitable cylindrically symmetric potential and obtain the corresponding wave function. We
postpone a detailed investigation with potential model to future research. Here we simply assume a reasonable form
of the wave function. We assume that the intermediate wave function at large distances takes the form
ψn (z, ρ, φ) = X1 (ρ) eikz z + X2 (ρ) e−ikz z

(45)

where kz is taken to be a large wave number of the order k1 , the wave number of the emitted photon. This form is
applicable at distances that are large compared to nuclear distances. Hence this applies, as long as the distance between
D and H as well as the distance between either D or H and a lattice ion is large compared to nuclear scales. As we get
close to any ion the wave function would decay to zero.
3
Let the energy eigenvalue be En . Let the wave vector kn =
2µEn /!2 be such that kn ≈ k̃1 . We seek wave
functions for which kz ≈ k̃1 . Physically this means that the wave function varies rapidly along the z-axis and slowly
along the ρ-axis. Substituting either one of the two components in Eq. (45) in the Schrodinger equation, we obtain
'
(
4
5
∂Xi
2µ
1 ∂
ρ
+ kn2 − kz2 Xi − 2 V (ρ) Xi = 0
(46)
ρ ∂ρ
∂ρ
!

for i = 1, 2. Here we have assumed that the z dependence of the potential is negligible over the region of interest.
For simplicity
we also ignore the ρ dependence. Then the solution to this equation is the Bessel function J0 (ρ) where
3
ρ = ρ kn2 − kz2. Here we have assumed kn2 ≈ kz2. For large ρ as we approach some lattice sites the wave function
would decay and deviate from the pure Bessel behavior. Such details, as well as a suitable potential form over the
entire region, can be easily incorporated in a detailed study but should not change our results qualitatively.
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We need to now match this to the short distance solution which is dominated by the spherically symmetric Coulomb
potential. The solution for the case of Coulomb potential is somewhat complicated and would require detailed analysis
perhaps with the help of numerical integration. Here our main purpose is to illustrate that there is no problem in
constructing such a solution. For this purpose, we shall use a square well potential. Hence at short distances, r << a0 ,
where a0 is the Bohr radius, we assume the following form of the potential
V (r) = −V0

r < r0

= V1 r ≥ r0 < r1
= 0 r ≥ r1

(47)

in spherical polar coordinates. Here V0 represents the attractive nuclear potential and V1 is a model which replaces
the repulsive Coulomb potential. Here we shall choose r1 as the distance which corresponds to the turning point of the
Coulomb potential for energy En . For r < r1 we expand the wave function in spherical harmonics, that is,
Ψ (r, θ, ϕ) = Rn,l (r) Ylm (θ, ϕ)

(48)

We need to match this wave function to the large distance wave function at r = r1 . Note that since we have set the
potential equal to zero for r > r1 , the wave function in cylindrical coordinates given earlier is applicable in this entire
range. It is clear that there is no problem in matching the two wave functions at r = r1 . Hence, we expect that solutions
of this kind exist.
Although the desired solution exists, we still need to show that the required l = 1 state gives substantial contribution
at short distances, i.e., whether l = 1 gives significant contribution in Eq. (48). We can address this by considering the
variation of the wave function ψ (r > r1 ) in the vicinity of r1 . In this region J0 (ρ) ≈ 1 and the solution is dominated
by the z dependence. Let us determine the variation of the wave function at r = r1 as we vary z from r1 to 0. This
would be equivalent to the change of polar angle from 0 to π/2. The wave function has the sinusoidal dependence
given in Eq. (45). The wave number kz corresponds to energy on the order of 1 keV to 10 keV. Let us consider the
upper value. In atomic units this leads to a value kz ≈ 900. We next determine r1 by taking this as the turning point of
the Coulomb potential for energy 10 keV. We find this to be roughly 1/300 in atomic units. Hence as z changes from 0
to r1 , kz z changes from 0 to 3. Given the relatively slow change it is clear that the l = 1 component is expected to give
a substantial contribution. Hence it is clear that the desired wave function exists.
In our calculation we shall replace the sum over intermediate energy eigenvalues En by an integral. This energy is
approximately related to the wave3
number kz in the z dependence of the wave function. Hence while computing the
energy integral, we assume En ∼ 2µEn /!2 . We can now replace the sum with an integral over kz by setting
kz L = 2nπ

(49)

As already mentioned, L cancels out of our calculation.
For the initial state wave function, we assume a form similar to that in Eq. (45). In this case the wave number ki
would be relatively small. Hence, we take the form,
Ψi (z, ρ, ϕ) = AF (z)f (ρ)

(50)

where f (ρ) ∼ J0 (2
ρ), ρ2 = k̃i ρ and k̃i is defined below. We will take the z dependence to be sinusoidal far from the
ions. For ρ larger than about 0.5 Bohr radius, the Coulomb repulsion within the D − H system would not be very
effective, and we simply take the z dependence to be
F (z) = sin[kzi z]

(51)

such that F(z) ≈ 0 for z < −z0 and also for z > z0 . The wave function decays rapidly for z < −z0 and z > z0 due to
the Coulomb repulsion from lattice ions. Here for simplicity, we simply set it to zero beyond this range. For smaller
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ρ the z dependence is a little more complicated due to the strong Coulomb repulsion within the D − H system. We
will ignore this region in our integral. This is reasonable for our rough estimate. Let Ei be the energy eigenvalue for
this wave function which is assumed to be on the order of 0.1 eV. Furthermore, we can obtain the value of k̃i in terms
of Ei and kzi from the Schrodinger equation. We emphasize that for ψ i the sinusoidal z dependence is not necessary.
It is being assumed only since it leads to convenient analytic computation. More general forms can be investigated in
numerical analysis.
We next compute the transition rate with the wave function described above. Let us assume that the photon is
emitted in the z direction. It need not be directly along the z-axis but can deviate a little from this direction, such that
the transverse component of its wave vector is comparable to or smaller than k̃i . This will lead to a suppression factor
2
in the angular integration over the emitted photon directions of order (k̃i /k̃1 ) .
With these conditions we compute the molecular matrix given in Eq. (24). Both X1 and X2 are proportional to J0 .
We may take the wave function of the form
Ψn = bg(ρ)sin(kn z + Φ)

(52)

where g(ρ) ∼ J0 (#
ρ), Φ is a phase shift, which for a Coulomb potential depends on k and z. The molecular matrix
element is given by
. / )
- .
. −i!k1 .!rm2 /M .
n.e
(53)
. i = d3 rΨn∗ e−ik̃1 z Ψi

We now express the sin(kn z+Φ) as difference of two exponentials. The term involving exp(ikn z + iΦ) leads to a
very rapidly oscillating function and hence gives negligible contribution. Keeping only the other term we obtain
)
) z0
. /
- .
. −i!k1 ·!rm2 /M .
n.e
dzsin [kiz z] [cos (∆kn z − Φ) − isin (∆kn z − Φ)] (54)
. i = iπAb dρρf (ρ) g (ρ)
−z 0

where ∆kn = kn −k̃1 . The integral over ρ extends from ρ0 ∼ 0.5 a0 , where a0 is the Bohr radius, to ρc ∼ few a0 .
This leads to a term of order unity. Here we ignore the contribution from ρ between 0 and ρ0 . In this region the
wave function ψ i gets significantly modified due to Coulomb repulsion within the D − H system. This can easily
be included by performing a more detailed numerical integral, but this approximation is acceptable for our order of
magnitude estimate. The most interesting part of this is the integral over z. Both the real and imaginary part of this
contributes independently and to demonstrate that this gives substantial contribution, we need to consider only one of
these. Hence, we consider the integral
) z0
I3 =
dzsin [kiz z]sin (∆kn z − Φ)
−z
) z00
=
dz(cos [(∆k − kiz ) z − Φ] − cos[ (∆kn +kiz )z−Φ)])
(55)
−z 0

As expected, this integral takes significant values in the neighborhood of |∆kn | ∼ ki . This works out to be,
+
,
sin(∆kn − kiz )z0
sin(∆kn + kiz )z0
I3 = 2cosΦ
(56)
−
∆kn − kiz
∆kn + kiz
The other cos (∆kn z−Φ) term in Eq. (54) gives a similar result with an overall factor of sinΦ instead of cosΦ. To
get an order of magnitude estimate we drop the Φ dependence.
We can now determine the sum over all energies, i.e., the sum I given in Eq. (37), using the result for molecular
overlap given in Eq. (55). Here we need to replace I1 with I3 . We denote the nuclear matrix element I2 by f(k). The
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two terms in Eq. (55) can be approximated by delta functions in the limit of large z0 , which is applicable in the present
case. Hence the integral over energies simply leads to the result
"
!
"
!
(57)
I∼f k̃1 + kiz − f k̃1 − kiz

Taking all the factors into account, we may compute the transition rate for the process. We find this to be on the
order of 10−16 per second for the process under consideration. The most interesting part of this result is that a large
distance modification in the wave function produces a dramatically different result from that obtained in section 3.
Here, by large distance, we mean distances on the order of the Bohr radius or larger. This clearly demonstrates
the possibility that by suitable medium modifications it is possible to induce nuclear reactions, as often claimed by
scientists working in low energy nuclear reactions.
There are several sources of uncertainty in this. The most important is our assumption of the medium wave
function. In future, it will be useful to make a specific potential model in order to determine this. In particular, it is
very important to study its matching with the short distance wave function where it is expected to display approximate
spherical symmetry.
5. Experimental Test
Our prediction for the D-H fusion can be experimentally tested by observing the emitted photons. The Q value of this
process is roughly 5.4 MeV. Hence, we predict that for each reaction two photons should be emitted in coincidence with
their energy adding up to about 5 MeV, allowing for a small recoil energy of the nucleus. There exists some evidence
that photons of relatively high energy may have been seen in low energy nuclear reactions [45]–[47]. However, a
detailed test of our predictions is missing. Assuming 0.015% deuterium, applicable for naturally occurring hydrogen,
we predict roughly 1000 events per second per cm3 . Here we have assumed a sample consisting of 1023 H atoms
per cm3 . The observed γ ray energies would also need to be corrected for energy loss while propagating in medium.
6. Discussion and Conclusions
In this paper we have demonstrated that the mechanism for nuclear fusion introduced in [1] can be realized physically.
In contrast to [1] we considered the process in which two photons are emitted rather than one being absorbed and
another emitted. The latter process may dominate if the incident photon flux is very high. However, without creating
special conditions in the laboratory, it is found that the process involving two photon emission dominates. The reaction
proceeds by emitting a high energy photon and making a transition to an intermediate state which is not an eigenstate
of the unperturbed Hamiltonian. The process requires either a resonant nuclear fusion transition at some high energy
or a special wave function in the medium. Without this, the amplitude is found to be very small. We have given
one example of the medium wave function that can lead to an observable reaction rate. Our result clearly shows that
it is possible to tune medium properties in order to enhance the nuclear fusion rates by many orders of magnitude.
Essentially, we have given a proof of principle that the phenomenon of low energy nuclear reactions can take place at
observable rates.
The input energies required to initiate a nuclear reaction are on the order of 1 eV. Hence, we solve an important
part of the LENR puzzle as listed, for example, in [48]. The reaction rate also depends on the value of the initial state
energy and hence on the medium temperature, as observed in many LENR experiments. Furthermore, it is likely that
there may exist different medium conditions that may provide a suitable environment for such reactions to occur. In
our paper we have suggested a few possibilities. We have so far focussed only on the fusion in the H-D system due to
its simplicity. In this case, fusion is initiated by electromagnetic perturbation. In order to get a complete picture, it is
necessary to look at other reactions and also consider other possibilities, such as fusion induced by weak interactions.
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The role of phonons may also be considered [36]. Although the energies involved with phonons are much smaller
than the required nuclear energies, they could provide a contribution if the process proceeds through the mechanism
proposed in our paper, i.e., emission of a photon with mega-electron volt energies.
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Abstract
Dr. Mahadeva Srinivasan was one of the earliest and most productive researchers in the LENR field. He took an immediate interest
in the phenomenon and began research within a day or two after the March 23, 1989 announcement – at a time when he already had
more than 30 years of nuclear research experience at India’s Bhabba Atomic Research Center (BARC). He conducted many LENR
investigations using several methods, with emphasis on neutron emission and tritium generation as signatures of the effect.
After he retired from BARC in 1997, he became very active in the field after a 10-year “silent period”. His main emphasis after
2008 was on promoting LENR research in India. Because of his stature in the nuclear field in India, Dr. Srinivasan was able through
his connections and friendships to arrange for LENR research programs and funding at several organizations. He chaired the 16th
International Conference on Cold Fusion (ICCF-16) in Chennai in 2011.
A project was undertaken with Dr. Srinivasan to document his research record under the umbrella of a wider initiative to capture
such records worldwide while they are still available. For the Srinivasan LENR Research Documentation Project, he described six
phases of his career before, during and after his LENR research at BARC. Interviews with him were conducted and trancribed, and
copies of his papers and other relevant documents were also obtained for the Project.
Dr. Srinivasan was highly regarded both inside and outside the LENR community. He made many research, organizational and
promotional contributions to a field whose benefits must be realized for the future of humankind.
© 2022 ISCMNS. All rights reserved. ISSN 2227-3123
Keywords: M. Srinivasan, LENR Research, BARC, LENR in India.

1. Preface
During the ICCF-21 meeting in Fort Collins, Colorado in June 2018, I had the pleasure of getting to know
Dr. Mahadeva (“Srini”) Srinivasana quite well. We had met previously at ICCF meetings but became closer friends,
discussing – in addition to cold fusion and science generally – higher-level topics like philosophy and religion. I had
presented a poster at ICCF-21 on a project to document Dr. Edmund Storms’ 29 years of LENR research [1] That
project became the pilot for a broader initiative for LENR research preservation. Srini and I agreed to preserve his
research as part of the initiative in what became the Srinivasan LENR Research Documentation Project (SLRDP).
∗ E-mail:
a Dr.

thomaswgrimshaw@gmail.com; Ph: 512.784.1078; Website: lenrgyllc.com.
Srinivasan also had the nickname “Chino”, but he informed me that he preferred “Srini” in our reports.
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As I was preparing the third draft of the SLRDP report in June 2020, I contacted Srini asking if he had any more
corrections to make. He answered that he was leaving to join his daughter in Bangalore to get away from a high number
of COVID-19 cases in Chennai. He indicated he would get back to me after he settled in his new location. Knowing
that I could make more changes later if needed, I proceeded with the third draft two days later. Unfortunately, I did not
hear from Srini again before he passed away two months later.
Dr. Srinivasan’s research career is an inspiration to LENR investigators worldwide. He would certainly want the
world to know about his career if that would help achieve LENR. This paper is offered with confidence that he would
approve wide dissemination of his work for the benefit of the field – and of humankind generally. It was a privilege
and a pleasure to work with Srini on documenting his LENR research.

2. Introduction
Dr. Mahadeva Srinivasan was a foremost LENR researcher going back to the time of the March 23, 1989 announcement
by Martin Fleischmann and Stanley Pons. He was then a staff member and manager at India’s Bhabba Atomic Research
Center (BARC), where he had been employed since 1957. When the news of LENR arrived, Dr. Srinivasan was
assigned by the BARC director to an unofficial coordinating role for cold fusion work at the Center.
During the initial period after the 1989 announcement, BARC built up the largest LENR research effort in the
field at the time. However, when cold fusion became marginalized by mainstream science, India generally followed
suit. Dr. Srinivasan nevertheless continued research on LENR at BARC until his retirement in 1997. A photo of
Dr. Srinivasan with Dr. Martin Fleischmann is shown in Figure 1.
After he retired, Dr. Srinivasan continued to monitor developments in the field by attending conferences and staying
in touch with researchers. A decade after his retirement, he renewed his attempts to revive LENR investigations in
India by working with government officials to organize research groups in the field. He also had responsibility for

Figure 1. Dr. Srinivasan (Left) with Dr. Martin Fleischman. (Photo Probably at ICCF-16, Chennai, India, 2011).
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organizing the 16th International Conference on Cold Fusion (ICCF-16), which took place in Chennai in 2011, and he
edited the papers for the conference proceedings.
Dr. Srinivasan was born in Madras (now Chennai), India in about 1937. He received his B.Sc. Degree in Physics
in 1955 and the B.Sc. Degree in Technology in 1957, both at the University of Madras. He subsequently received the
M.Sc. Degree in Physics at the University of Bombay in 1966. In 1984 he received the prestigious honorary D.Sc.
Degree in Physics from the University of Bombay.
In addition to his distinguished career in physics, Dr. Srinivasan had a strong interest in the relationship between
science and spirituality [2]. As a member of the Theosophical Society, Adyar, he was interested in occult chemistry [3],
alchemy [4], distant viewing, collective consciousness, the influence of mind on matter at the quantum physics level,
and zero point energy. He was also a philanthropist who was involved in both environmental work and social service.
A project was undertaken with Dr. Srinivasan to document and describe his contributions to the LENR field. The
Srinivasan LENR Research Documentation Project (SLRDP) began at ICCF-21 in Colorado in 2018 and continued into
2020. The Project encompasses three major parts – a brief LENR autobiography, an interview and copies of his publications and related documents. The SLRDP was performed under the umbrella of the LENR Research Documentation
Initiativeb , whose objective is to document LENR research records while they are still available.
The main components of the SLRDP report [5] are an “autobiographical sketch” authored by Dr. Srinivasan and
a listing and collection of his publications and related works. The autobiography focused on his research and other
contributions to the LENR field and consisted of six phases:
I.
II.
III.
IV.
V.
VI.

Pre-Cold Fusion Era (1958 to 1988)
Cold Fusion Era Prior to My Retirement (1989 to 1997)
“Silent Decade” following Retirement from BARC (1997 to 2007)
Fresh Attempts to Revive CF/LENR Research in India (2008 to 2011)
The Emergence of the Ni-H Based Rossi Reactor and Its Impact (2011 to 2016)
Appeal to the Politicians in Power for Intervention for LENR (2014 to 2018)

The autobiography has been supplemented with information from three interviews, a list of his publications and
related works completed for the SLRDP and two other primary sources [6, 7] for this integrated description of his
LENR career. The first interview was by Russ George in 1994 [8], and the second was by Marianne Macy in 2011 [9].
The third was for the SLRDP by the author; it took place in 2019 at ICCF-22 in Italy.
3. Phase I. Pre Cold Fusion Era (1958 to 1988)
After completing his graduate studies in 1957, Dr. Srinivasan entered a year-long training program at BARC. At the
end of the program, he became a BARC Science Officer and joined its nuclear power research program. BARC has
its origins in 1948 when Homi Bhabba, under the sponsorship of Jawarhal Nehru, initiated India’s nuclear program
with the formation of the Atomic Energy Commission. The AEC formed the Atomic Energy Establishment Trombay
in 1954, which was renamed to BARC in 1967 after Bhabba was killed in a plane crash the year before.
Dr. Srinivasan was promoted to head of Experimental Reactor Physics in 1963 and the Nuclear Physics Division
in 1974. During this time, BARC was supporting India’s “three-stage nuclear power program” which consisted of
Pressurized Heavy Water Reactors, Plutonium and Uranium Fast Breeder Reactors, and Thorium-U233 Fuel Cycle
Reactors. The final stage was important to the country because of its abundant thorium resources. Nuclear fusion
research was also underway at BARC by a plasma physics group in Dr. Srinivasan’s organization. The objective of
b LENR

Research Documentation Initiative, LRDI. http://lenr-documentation.org/.
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this research was to improve understanding of the basic physics of fusioning plasma. The method used was plasma
focus, which is a variety of the Z-pinch research approach.
Dr. Srinivasan’s specific BARC assignments began as Science Officer in the Nuclear Physics Division followed
by the Reactor Engineering Division, where he headed the experimental Reactor Physics Section. This Section was in
charge of experimental work at the Zero Energy Reactor Zerlina. He was then a leading researcher in the Pulsed Fast
Reactor Project, which designed, constructed and commissioned the Plutonium-Fueled Purnima Small Fast Reactor.
Subsequently, he worked on three U233 fueled research reactors – the Purnima II, Purnima III and Kamini Reactors.
Dr. Srinivasan also initiated fusion and related experiments, including the Z-pinch, Plasma Focus and 500 MJ Capacitor
Bank Project.
During the 1960s, Dr. Srinivasan had two leaves of absence of about two years each, one at Argonne National
Laboratory (US) and the other at Chalk River Nuclear Laboratories (Canada). Also during this phase, he developed the
Trombay Criticality Formula [10], which enabled predictions to be made of the neutron leakage from fusion reactor
assemblies based on its geometrical and physical characteristics.
4. Phase II. Cold Fusion Era Prior to My Retirement (3/1989 to 2/1997)
BARC responded quickly and forcefully to the 1989 LENR announcement. The Director, Dr. P.K. Iyengar, was very
open-minded and assembled about a dozen representatives of various research units to launch an investigation program.
Dr. Srinivasan served as informal coordinator of the efforts and was co-author with Dr. Iyengar of a comprehensive
progress report of the first six months of research. Dr. Srinivasan was at the time an experienced nuclear researcher
with some 32 years at BARC, and he held a senior position as Head of the Nuclear Physics Division. Within a year or
so, BARC had the largest LENR research program in the world underway.
BARC’s primary interest in LENR initially was as a potential source of neutrons for India’s thorium-U233 Fuel
Cycle Reactor Program. As noted above, a neutron source was needed to convert thorium to U233 as a critical step
for the country’s nuclear power program. Dr. Srinivasan stated that he was “in the right place at the right time” when
BARC learned of the 1989 LENR announcement.
An electrolytic cell was used initially to verify the Fleischmann and Pons’ claim. A commercial Milton Roy cell
was on hand for producing hydrogen (and deuterium) gas and was quickly modified for LENR experiments. Investigations began within a day or so after the March 23 announcement. The Milton Roy cell produced positive results
as neutron bursts and production of tritium, but two similar additional cells obtained afterward were not successful,
which was Dr. Srinivasan’s first experience with LENR’s continuing problem of lack of reproducibility. Subsequent
BARC LENR research included deuterated titanium chips, nickel-hydrogen setups and transmutation studies.
Dr. Srinivasan believed the neutron and tritium signatures were definitive [11] and indicated that the tritium channel
of the branching ratio was predominant, in which tritium production was far greater than neutron emissions. This
“branching ratio anomaly” is based on observation that the tritium to neutron ratio is 1 million or more rather than
unity. The anomaly was observed at BARC in the electrolytic cell [12] and other LENR methods employed [13].
Dr. Srinivasan’s LENR experiments with titanium were done in full cognizance of similar work by Francesco
Scaramuzzi and Howard Menlove. The initial experiments involved exposing X-ray film to samples of titanium deuteride in a technique called autoradiography [14]. The exposed film showed many bright spots caused by emissions
from tritium, indicating that LENR occurs in isolated locations [15]. Subsequent experiments were performed with
deuterated titanium chips that were shock-treated by immersion in liquid nitrogen [16]. Four of the 1000 chips tested
showed evidence of tritium as a clear signature of LENR, thus confirming the findings of Scaramuzzi and Menlove.
Dr. Srinivasan’s nickel-hydrogen work was inspired by the reported findings of Randell Mills. After meeting Mills,
he conducted experiments with electrolytic cells having a nickel electrode and light-water electrolyte. However, when
positive results were reported by Srinivasan, potential errors in calorimetry were pointed out by Michael McKubre
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of SRI. This resulted in Dr. Srinivasan spending six months at SRI working with McKubre using the two-balance
method [17], which clarified the calorimetry error.
Dr. Srinivasan was also interested in elemental transmutation occurring in LENR [18], [19], [20]. Iron was observed in BARC transmutation experiments and by a BARC post-graduate student working with John Bockris at Texas
A&M. Both sets of experiments were conducted using the carbon arc method.
During this period of his LENR work, Dr. Srinivasan did an important statistical analysis of neutron emissions [21].
He had conducted similar analysis of neutron emissions previously for his masters thesis. The neutron emissions from
LENR were shown to occur in short bursts. Along with the autoradiography findings of localization in spots [22], Dr.
Srinivasan concluded that the LENR phenomenon is isolated both in space and in time. This discovery, and that of the
branching ratio anomaly (Tr/n > 106 ) are two of his most important contributions to the LENR field.
Although LENR proved to be a disappointment as a source of neutrons for conversion of thorium to U233, research
at BARC nevertheless continued in order to pursue other benefits, particularly energy production. As noted, the
results of the first six months of BARC’s LENR research were summarized in an unpublished report (“BARC 1500”).
About 10 of the BARC groups investigating LENR confirmed the phenomenon with tritium production and/or neutron
emissions.
When in 1990 Dr. Iyengar was promoted from Director of BARC to Chairman of India’s Atomic Energy Commission, a new Director was appointed who was not supportive of LENR research. Most of the work therefore came
to an end. Dr. Srinivasan was able to continue his research because of researcher independence in India, but without
institutional support and at a major cost to his professional career. For example, his nomination to Fellow of the Indian National Science Academy was rejected, even though it was supported by two former BARC Directors and the
Chairman of the AEC, because of pro-LENR stance. Dr. Srinivasan’s research continued until he retired at age 60, as
was customary for government employees, in 1997. All LENR research at BARC came to an end when Dr. Srinivasan
retired.
Dr. Srinivasan prepared two internal BARC documents regarding the importance of LENR to the future of the
organization. In the first document, written in 1991 after the new Director was in charge, was in entitled “Whither Cold
Fusion?” [23] It made reference to the ill fate of LENR and identified five “levels of response” to the phenomenon,
from the most skeptical to the most supportive level. He then set forth his understanding of the reasons for LENR
skepticism.
The second document, “Paradigm Shifts Which Can Drastically Affect Our Extrapolations/Projections” [24], was
prepared in 1995 and made the case for LENR research based on avoiding technological surprise for power production
in India. Dr. Srinivasan noted that fast breeder technology (the second stage of India’s three-stage nuclear power
program) was extremely unlikely to become reality because of international nuclear non-proliferation concerns. He
emphasized the fortuitous emergence of LENR at the same time as the decline of the prospects of fast reader reactors.
Dr. Srinivasan believed that BARC made three major contributions to the LENR field – the discovery of the
branching ratio (Tr/n) anomaly, statistical analysis of neutron emissions (showing emission bursts) and the use of
autoradiography showing the localized nature of the LENR in materials.
5. Phase III. “Silent Decade” following Retirement from BARC (3/1997 to 11/2007)
For 10 years after his retirement, Dr. Srinivasan deliberately kept a low profile regarding his interest in LENR. As
noted, when he left BARC all LENR investigations came to a halt. Although there was no official order, the message
was loud and clear. The Director who was antagonistic to the field was subsequently promoted to India’s Principal
Scientific Advisor, a position he held for 20 years, which meant that there was little chance of LENR research anywhere
in India. Despite his low profile, Dr. Srinivasan maintained his contacts in the field and regularly attended the ICCF
conferences. His reticence came to an end in 2007, when he attended ICCF-13 in Sochi, Russia.
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6. Phase IV. Fresh Attempts to Revive CF/LENR Research in India (2008 to 2011)
The concluding session of ICCF-13 was very positive, including talk of imminent commercialization of LENR. As a
consequence, Dr. Srinivasan was motivated to take a more active role in the field. In 2008 he was able to arrange a
one-day brainstorming session, “Energy Concepts of the 21st Century” [25] at India’s National Institute of Advanced
Studies. He invited Michael McKubre and Steven Krivit to participate.
Later, while attending ICCF-15, Dr. Srinivasan accepted responsibility for ICCF-16 in Chennai, India in 2011.
He was able to engage many of his colleagues and contacts in the country, including the former BARC Director, P.K.
Iyengar, in arranging and securing funding for the conference. He then edited the conference proceedings [26], [27]. In
addition to the conference, Dr. Srinivasan made arrangements for a pre-conference and two post-conference meetings.
The pre-conference event was a LENR tutorial. One of the post-conference meetings was on “Materials Science
Aspects of Hydrogen Loaded Metals”, and the other was a one-day session on biological transmutation [28].
7. Phase V. The Emergence of the Ni-H Based Rossi Reactor and Its Impact (2011 to 2016)
Dr. Srinivasan invested a great deal of time and other resources in responding to Andrea Rossi’s E-cat demonstrations
in 2011 [29]. The E-cats were based on a nickel-hydrogen system for LENR, which resonated strongly with Dr.
Srinivasan because of his earlier nickel-hydrogen experiments at BARC in response to the work of Randell Mills.
Rossi’s January 2011 demonstration was just three weeks before ICCF-16, so Dr. Srinivasan changed the program
to accommodate presentations and discussions on the development of the E-cat. Rossi’s demonstration of his 1-MW
reactor in October 2011, as well as the apparent verification by the Lugano test [30], increased Dr. Srinivasan’s interest
in supporting E-cat development. The reported Parkhomov confirmation [31] and publication of Mats Lewan’s book
“Impossible Invention” also contributed to Dr. Srinivasan’s belief that “LENR had turned the corner” as he put it.
In the period 2012 to 2015 he lobbied three multinational power companies in India to be prepared to manufacture
Rossi’s LENR reactors. When Industrial Heat began working with Rossi, Dr. Srinivasan persuaded that organization,
as well as Defkalion Green Technologies [32] whose approach was apparently similar to Rossi’s) that companies in
India would be excellent candidates for manufacturing and marketing decentralized LENR power units. Like many
others in the LENR field, Dr. Srinivasan was deeply disappointed in the negative outcome of the relationship between
Rossi and Industrial Heat [33].
During 2014 Dr. Srinivasan took the initiative to convince the chief editor of India’s Current Science Journal to
bring out a special issue on LENR. The issue, for which he invited Andrew Muhlenberg to be a co-author, came out in
February 2015.
8. Phase VI. Appeal to the Politicians in Power for Intervention for LENR (2014 to 2018)
During the final phase of his autobiographical sketch, which overlaps the previous phase by a couple of years,
Dr. Srinivasan again worked to revive interest in LENR in India. His work started in 2014 with organization of a
session on cold fusion at a mini-conference that was held on the use of Nb-Ta alloys in particle accelerators. He
took this opportunity to work with the host of the conference to arrange a meeting with the Prime Minister of India
about cold fusion. Although the meeting was scheduled, the PM failed to attend because of competing priorities at
Parliament.
However, a subsequent meeting with the Minister for Power was much more productive. The Minister made
arrangements for funding a LENR brainstorming session at India’s National Institute for Advanced Studies. The
meeting was attended by more than 15 heads of leading scientific laboratories. In a second meeting almost a dozen
team leaders from their respective labs pledged to initiate LENR experimental programs. Subsequent efforts to secure
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funding for this work led to four active research groups – at the Indian Institute of Technology (IIT) Bombay, IIT
Kanpur, S-Vyasa University and Dr. Srinivasan’s former home laboratory, BARC.
Dr. Srinivasan continued to be active in LENR afterward, including attending ICCF-22 in Italy in 2019, which
is when the interview was accomplished for the SLRDP. The third draft of the SLRDP report was completed in June
2020, just two months before his death in August.
9. LENR Publications and Related Works
During his nearly 30 years of LENR research, Dr. Srinivasan prepared (or was a party to) at least 45 papers and other
documents related to the phenomenon. These papers were identified and collected for the SLRDP. He was careful to
note that, while he was often a lead author or was responsible for synthesizing LENR results, the investigations were
actually done by many researchers.
About 22 LENR papers by Dr. Srinivasan as author or co-author were found for Phase II, while he researched
LENR at BARC from 1989 to 1997. The topics reflect the course of his LENR research and include overviews of
the research [34], autoradiography, deuterated palladium and titanium, tritium detection, neutron emissions, statistical
analysis, liquid nitrogen treatment, gas loading, electrolysis and gas absorption with nickel and hydrogen, and the twobalance method (at SRI).
As noted above, one of the earliest and most significant works was the BARC report [35] (“BARC 1500”) that he
co-authored with Dr. Iyengar in 1989. The report included 19 papers by 37 authors in three parts: electrolytic cell
investigations, deuterium gas loading experiments and theoretical papers. No papers were prepared during Phase III,
the “silent period”. Approximately 23 papers and related materials were prepared by Dr. Srinivasan in Phases IV, V
and VI (2008 to 2017). The ICCF-16 proceedings he edited (published in 2011) had 67 papers in six categories: gas
loading, electrolysis, theory, nuclear particle measurements, transmutation and hotspots, materials, and engineering
technology. The Current Science Journal special edition he co-edited with Dr. Andrew Muehlenberg was published in
February 2015 and included 35 papers by many of the most senior figures in the LENR field [36].
10. Summary: A Sterling Career in an Essential Field for the Future of Humankind
Dr. Srinivasan was responsible for a number of advances in understanding of the LENR phenomenon, and he reported results of his investigations in many publications and reports. As noted above, he stressed three main LENR
accomplishments at BARC in his autobiographical sketch – the tritium to neutron ratio anomaly, the demonstration by
statistical analysis that neutrons are emitted in bursts, and the use of autoradiography to show that LENR occurs in
isolated spots. He thus concluded that the phenomenon takes place in spots that are isolated in space and time.
Dr. Srinivasan made substantial contributions to the LENR field, which has major potential to meet the need of
humankind for a clean and inexpensive source of energy. He was one of the earliest researchers to respond to the LENR
announcement and led one of the largest research efforts in the world in the first two years afterward. He enjoyed a
sterling career both in his research contributions and his effective advocacy for LENR. He was very personable and
easy to work with, and he became an international presence in the field.
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Abstract
Multiple implementations of a Lattice Energy Converter (LEC) have demonstrated the ability to self-initiate and self-sustain the
production of a voltage and current over extended periods of time. A LEC converts the internal energy within the lattice of some
materials, such as palladium, or of gases occluded within the lattice, such as hydrogen or deuterium, into ionizing radiation and electrical energy. Experiments include tests where the current-voltage (I-V) characteristics of the LEC were measured when an external
voltage/current was applied, as well as other I-V tests where the spontaneous LEC voltage was measured as a function of temperature and resistance. LEC voltage and current has been shown to increase with increased temperature. The electrical power produced
by a LEC is similar to that produced by a nuclear battery however, a LEC does not require radioactive materials. While the energy
levels produced to date are several orders of magnitude below those required for most power sources, the calculated flux of ionizing
radiation necessary to produce the experimentally measured voltage and current would require the equivalent of several curies of radiation. These results have been independently replicated by two individuals. A video of the Lattice Energy Converter presentation,
from the 2021 LENR workshop in honor of Dr. Srinivasan, is available at: https://www.youtube.com/watch?v=J4dzTWY_aWM
This paper expands on the YouTube video presentation with additional analysis that supports the observed experimental results.
© 2022 ISCMNS. All rights reserved. ISSN 2227-3123
Keywords: Direct energy conversion, Ionizing radiation electricity generation

1. Introduction
A Lattice Energy Converter (LEC) is a direct energy conversion device that converts the thermal energy of lattice
vibration into ionizing radiation and electrical energy. The direct conversion of heat into electricity without the use
of radioactive materials or mechanical means is a challenging yet promising method for the production of electrical
energy. Figure 1 shows a Pd-H LEC cell that self-initiates and self-sustains the spontaneous production of a voltage
and current into a load impedance. In its simplest implementation a LEC achieves direct conversion using a pair
of electrodes separated by a gas at normal temperature and pressure (NTP). One electrode, designated the working
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Figure 1.
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Self-initiating and self-sustaining Pd-H LEC cell under load.

electrode (WE), is comprised in part of a hydrogen host material, such as iron (Fe), nickel (Ni), or palladium (Pd),
occluded with hydrogen or deuterium gas. The other electrode, designated the counter electrode (CE), may be a
common metal, such as copper (Cu), zinc (Zn), or brass an alloy of Cu and Zn.
Experiments have established that when hydrogen host material is electrodeposited from an aqueous solution
the WE will become ‘active’ and produce ionizing radiation. WE activity can be verified in air by placing the
WE in close proximity to a CE and connecting a digital voltmeter (DVM) between the two electrodes. If no
spontaneous voltage is observed the WE is returned to the plating bath and more hydrogen host material is codeposited on the WE. Multiple LEC configurations have been tested including tests where an external electrical
voltage was applied between the working electrode and the counter electrode as well as tests where the LEC selfinitiates and self-sustains the production of a voltage and current in the absence of an applied external voltage and
current.

2. Background
2.1. Hydrogen-Metal interactions
The metal-hydrogen system [1] and in particular the palladium-hydrogen system [2], [3] have been studied for more
than 150 years since H. Sainte-Claire Deville and E Troost [4] reported that hydrogen diffused rapidly through homogeneous plates of fused iron (Fe) and platinum (Pt). These surprising results led Thomas Graham, Master of the Royal
Mint, to conduct a similar series of experiments with palladium (Pd). Three years later, Graham [5] was the first to report the high rate at which hydrogen would diffuse through heated Pd. Additionally, Graham found that Pd could absorb
over 600 times its volume of hydrogen. More recently, the diffusion of hydrogen in the palladium-hydrogen (Pd-H)
system as well as the nickel-hydrogen (Ni-H) and iron-hydrogen (Fe-H) systems has been documented by Mehrer [6].
Fukai [1], when discussing the role that lattice vacancies and in particular superabundant vacancies (SAVs) have in
determining the properties of materials, points out:
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The real equilibrium phase diagrams including M-atoms vacancies have not been obtained so far. This recognition brought us to the expectation that SAVs should be formed in the process of electrodeposition of metals
from aqueous solutions. There M and H atoms are deposited simultaneously, and in this process appropriate
numbers of vacancies can be incorporated.
Experimentally, WE’s have been produced by the electrodeposition of hydrogen host material from an aqueous PdCl2
and LiCl solution as well as by the co-deposition of Pd from an aqueous solution of PdBr2 without LiBr, which was
used by J. P. Biberian [7] to produce an active WE and replicate the LEC results. WE’s have also been produced by
codeposition of iron from an aqueous solution of FeCl2 4H2 O, and other materials or alloys are expected to produce
active WE’s.

2.2. Electrical properties of gases
Similarly, the electrical properties of gases have been studied for more than 130 years. In 1896, J.J. Thomson and E
Rutherford [8] published an important paper ‘On the Passage of Electricity through Gases exposed to Röntgen (X-)
Rays.’ In the same year, Thomson [9] gave a series of lectures on The Discharge of Electricity through Gases at
Princeton University in New Jersey. This was followed in 1899 [10] by his definitive paper ‘On the theory of the
conduction of electricity through gases by charged ions’ where he developed a mathematical theory that would predict
the ionization rate per unit volume of gas from a measurement of the current density per unit area of the conduction
path. In 1903 he published the 1st edition of his treatise Conduction of Electricity Through Gases [11]. In 1906 he
published the 2nd edition [12] of his treatise, the same year he was awarded the Nobel Prize in Physics
in recognition of the great merits of his theoretical and experimental investigations on the conduction of
electricity by gases,
This was then followed in 1928 [13] and 1933 [14] by the expanded two volume 3rd edition coauthored with his son
G.P. Thomson, soon to be Nobel Laureate (1937).
The theory of the conduction of electricity through gases can be used to analyze the performance of a LEC with the
objective of both understanding the phenomenon and of optimizing its performance in order to realize implementations
of practical application. Toward this goal the following works by J.S.E Townsend [15], K.K Darrow [16], and L.B.
Loeb [17], are of particular interest. Townsend was a research assistant to J.J. Thomson and although he is remembered
for his work on gas discharges, i.e., the Townsend avalanche discharge, his discussion in his book [15] of ‘The Motion
of Ions in Gases’ is instructive. Darrow was a Research Physicist at Bell Laboratories in New Jersey and his discussion
of the diffusion of ions to the measurement of the current density per unit area in his book titled Electrical Phenomena
in Gases is of particular importance and will be discussed in detail in a following section. Loeb was a professor of
physics at the University of California at Berkeley for many years and his book titled Basic Processes of Gaseous
Electronics [18] includes advances in understanding made during WWII.
The important observation from the above references is that there are several properties of the gas that need to be
carefully considered in order to analyze the performance of a LEC: the rate of generation of the ions; the attachment
of ionized electrons to neutral molecules; the recombination rate of ions back into neutral molecules; the density of
ions in the gas; the mobility of the ions in the gas; the space charge within the gas due to the difference in the number
of positive and negative ions; the electric field strength in the gas; the diffusion of ions due to concentration gradients
in the gas; as well as, the current density produced per unit cross-sectional area of the conduction path which is cell
geometry dependent.
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LEC cell configured with a variable external voltage supply to measure current vs. voltage (I-V) characteristic.

3. Experimental results
3.1. Experimental setup and tests with external variable voltage supply
Initial LEC experimentation began with the objective to conduct electrolysis in a gas in order to produce fugacity and
thus electrically load hydrogen into a palladium working electrode at temperatures above 100 ◦ C. Experimental evidence by multiple LENR scientists indicated that LENR output increased with increasing temperature and loading but
experiments that use liquid electrolysis and are limited to temperatures below the boiling point of the liquid electrolyte.
Figure 2 illustrates the initial test cell that was designed with the objective to greatly increase the operating temperature and thus increase LENR output. This cell includes a working electrode composed of a 1/4 inch copper tube
that had been codeposited with palladium from an aqueous solution of 0.03 M PdCl2 and 0.3 molar LiCl. The working
electrode was positioned inside a 3/4 inch brass pipe which served as the counter electrode and the cell was assembled
using standard pipe fittings, including a non-conducting bushing to electrically isolate the working electrode from the
counter electrode.
After assembly, a vacuum was pulled and the cell filled with deuterium gas. Since gas is a non-conductor unless
it contains ions, six 1 µCi sources of Am-241 were placed in the cell to ionize the gas during initial tests. Also
shown in Figure 2 is a high voltage DC power supply in series with a 1 MΩ current limiting resistor for personnel
and instrumentation safety. A Labjack U6 Pro with capability to record up to 14 channels of data is connected to the
working electrode (WE) and the counter electrode (CE) in order to measure the voltages to ground. A resistor voltage
divider was placed in the CE circuit in parallel with the Labjack input to limit the voltage to no larger than ± 10 volts.
Initial tests using this Pd-D LEC cell configuration produced more conduction through the gas, i.e., more ions in the
gas, than what 6 µCi of Am-241 would produce if there were no Pd codeposited on the WE. When the Am-241 sources
were removed, the LEC cell still conducted a current.
A second important observation was that the LabJackTM instrumentation system with a sample rate of 512 samples
per second detected voltage spikes and short-term excursions that occurred on time scales of less than 2 ms. Figure 3
is a screen shot showing the LabJack real-time display of the LEC amplitude. The sample rate used during this test
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Figure 3. Typical real-time display of the LEC amplitude in volts with 8 seconds of data continuously scrolling across the screen.

was 128 samples per second. The vertical axis displays the Amplitude in volts and the horizontal axis displays Time in
seconds. Since the LabJack instrumentation system is limited to ± 10 volts, a scale factor is used to correct the voltage
in real-time during concurrent processing with data logging.
In order for data processing to keep up with data collection, software was developed to run concurrently with
LabJack using a combination of Microsoft Excel and Visual Basic so that as soon as a file was recorded, it was
processed and displayed. At a minimum, data processing for each channel includes: scaling the data; file averages;
one second averages; and maximum and minimum voltages for each second. Additional processing has included the
use of a Ludlum proton recoil scintillation detector (PRESCILA) to detect neutrons and sodium iodide detectors to
detect gamma including energy levels, as well as signal processing of various environmental channels such as ambient
test stand temperature, LabJack laboratory temperature, and the high-voltage power supply voltage. Typically, up to
four LEC cells are simultaneously recorded and processed along with temperatures with the 14 channels available.
Multiple tests have been conducted to characterize the LEC performance such as changing the polarity of external voltage applied, changes in cell temperature and gas pressure, changes in cell dimensions, and changes in load
resistance. LEC cells have also been tested using deuterium gas, hydrogen gas, and even atmospheric air which has
approximately 0.5 parts per million of hydrogen. When exposed to air, the activity decayed over several hours which
suggests that the activity was in part the result of outgassing of the hydrogen, but some activity was observed even
after several days.
One example is shown in Figure 4 where the temperature in the cell was reduced to approximately minus 55 ◦ C
to reduce the number of water vapor ion clusters in the gas [19] and thereby eliminate them as the source of ions
contributing to cell conduction. For this test, after the cell temperature had stabilized, the voltage was reduced in
steps of 100 volts from a high of 800 volts down to 100 volts where the step size was reduced to 10 volts. Although
the high-voltage supply was initially at 800 volts, the voltage across the LEC was approximately 275 volts due to cell
conduction and the current limiting resistor. As the voltage is reduced, the current also is reduced and a current-voltage
(I-V) characterization of the conduction is produced.
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Figure 4. Measured I-V characteristic of a LEC cell tested at -55 ◦ C conducted over a 2 minute time period.

Figure 4. I-V relationship between current and voltage at -55◦ C.

The lower plot (fig. 4b) is current vs. voltage (I-V). Surprisingly however, on closer examination of the raw data
it appears that the current goes to zero before the voltage goes to zero. Figure 5 is a semilog plot of the current vs.
voltage (I-V) data which shows a change in the slope that started occurring at about 28 volts and the measured voltage
does not go zero to as the current tends toward zero.
Figure 6 shows that as V approaches zero with slope m ≈ 0.0241, the current, Ie (V ), does not extrapolate to
1/3
zero as the term Ie (0)3 ≈ 1.3 remains. However, the Thomsons’ [13] write V (i) as a polynomial in current density
2
i, i.e., V = Ai + Bi. This is a significant difference since the LEC curve is convex up while the Thomsons’
curve is concave down. This difference may be attributed to fugacity loading of the Pd with increased voltage and a
commensurate increase in the ionization flux.
3.2. Experiments without external voltage supply
These surprising results could easily be checked by removing all external voltage and current from the LEC cell. As
shown in Figure 1, to eliminate any possibility of a sneak circuit from the LabJack instrumentation system, the only
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Figure 5.

Semilog plot of data from the LEC cell test of figure 4 showing that the current goes to zero before the cell voltage goes to zero.

!
"
1/3
Figure 6. Plot of the cube root of the current vs the potential – Blue: Experimental data – Red: polynomial data fit: I (V )1/3 = mV + Ie (0)
1/3

where m ≈ 0.0241 (33) and Ie

(0) ≈ 1.3.

instrumentation attached to the LEC was a DVM (Digital Voltmeter) with a 10 MΩ internal impedance in parallel with
a variable load resistor R resulting in an effective resistance of 936 kΩ.
When the codeposited Pd WE cell was assembled and filled with hydrogen, it self-initiated and self-sustained the
production of both an ‘open circuit (10 MΩ)’ a voltage and a ‘short-circuit’ (680 Ω) current. To properly characterize
a LEC cell both ‘open-circuit’ and ‘closed-circuit’ measurements are needed. An even better characterization can be
made if multiple I-V(R) values can be obtained. LEC output as a function of temperature is plotted in Figure 7, where
the ‘open-circuit (RL ∼936 kΩ)’ voltage increased from approximately 10 µV at 28 ◦ C to more than 525 mV at a
temperature of 185 ◦ C, an increase in voltage of over 50,000:1.
Self-sustaining LECs such as shown in Figure 1 are load tested by changing the variable load resistor that is in
parallel with the DVM as shown in Figure 1. The variable R resistor box has 24 resistance values ranging from 1 MΩ
down to 10 Ω where the voltage produced at each resistance used, about 17 descending resistance values, is plotted in
Figure 8.
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Figure 7. Plot of LEC cell temperature and ‘open-circuit (∼936 kΩ)’ voltage vs. time.

Figure 8.

Plot of LEC cell voltage as a function of resistance at room temperature.

The resistance load was changed at approximately 12 second intervals in order to avoid deloading hydrogen from
the palladium hydrogen-host-material. When the resistance value was switched from 680 Ω back to 1 M Ω, a time
constant of voltage recovery is observed which may be related to the diffusion and mobility of hydrogen ions in the
gas due to the change in electric field strength in the gas.
Figure 9 is a plot of LEC cell load testing of the cell performance shown in Figure 7 at three temperatures of
80, 140, and 185 ◦ C. The three curves at the top of the figure plot the LEC voltage versus resistance for each temperature and the lower curves plot the calculated load current using Ohms law as well as the calculated shunt current that
depends on cell voltage.
Of particular note is the relatively constant current observed for low values of load resistance when the voltage
across the cell is small. Two possible mechanisms to produce a constant current include the direct charge method
that can take place in a vacuum wherein particles or ions emitted by radioactive decay, thermionic emission, or the
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Figure 9. Plot of voltage and currents of a LEC cell as a function of load resistance at three different temperatures. See text for explanations of
ILoad , IShunt , and IRadiation .

photoelectric effect and the diffusion of ions in a gas due to a concentration gradient. This constant current behavior
is in contrast to the predicted I-V behavior reported by Thomson and others at higher values of cell voltage. By
neglecting diffusion in their analysis, they report that for small values of the voltage, the current increases linearly
with voltage until asymptotically approaching a constant value that they called the saturation current at high values
of voltage. This linear behavior at low voltage is observed for a LEC when calculating its shunt current. However,
when evaluating LEC performance, care should be taken to collect voltage data for low resistance values to quantify
the diffusion current conduction behavior of LEC cells.
The power curves peak at the point where the LEC cell internal impedance matches the external load impedance
which is predicted by electrical engineering theory and is typical of conventional power supplies. Of note, the opencircuit voltage and the short-circuit current of a LEC which does not require radioactive material is comparable to a
commercial P100 NanoTritiumTM nuclear battery that uses 225 mCi of radiation.
Figure 11 illustrates a possible combined phenomenological, physical, and electrical representation to explain the
electrical behavior of the experimental palladium-hydrogen (Pd-H), palladium-deuterium (Pd-D), and iron-hydrogen
(Fe-H) LEC cells that have been measured experimentally.
This is similar to a Norton equivalent circuit of a two-terminal linear electrical device where the current source
and the cell impedance are the Norton circuit elements, however, in this LEC cell equivalent circuit the impedance
ZC depends upon the voltage. Inspection of the LEC cell’s current behavior indicates that the cells behave as if the
observed current originates from a current source. Thus, in the schematic representation, the cell’s radiation generated

F.E. Gordon and H.J. Whitehouse / Journal of Condensed Matter Nuclear Science 35 (2022) 30–48

39

Figure 10. Plots the LEC cell load power as a function of load resistance at the three temperature of the cell in figure 9.

Figure 11. Combined phenomenological and physical schematic based on a Norton equivalent circuit.

gradient of ion density is shown as a current source. The working electrode and counter electrode are shown as having
work functions (WFs) that might possibly be different for the working electrode and the counter electrode due to the
different materials that might be used for these electrodes. For the LEC cell the hydrogen (1 H2 ) or deuterium (2 H2 )
gas and its associated ions also are indicated. The internal ion-ion plasma conduction current I Shunt and cell voltage
V LEC characterize a variable voltage conduction impedance Z C . The electrical capacitance of the cell is represented
by CCell . The external variable load impedance is represented by Z L and the load current I Load is represented by an
arrow.
The changes in the cell’s load currents at higher cell voltages can be explained by an increasing internal cell current
I Shunt that shunts some of the thermally generated spontaneous radiation generated current, I Radiation , away from the
load impedance Z L and through the voltage variable internal cell impedance Z C The changes in the cell’s ‘short-circuit’
current and ‘open-circuit’ voltage capability and performance at higher temperatures can be explained by hypothesizing that IRadiation = I0 exp(−Ea /kB T ) where Ea is an activation energy associated with the WE, kB is Boltzmann’s
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Figure 12.

Example of complex spontaneous LEC cell behavior as a function of time and temperature.

constant, and kB T is the thermal energy associated with the hydrogen-host-material’s lattice and its occluded hydrogen. This hypothesis is supported by the fact that when an Arrhenius plot, ln(IRadiation ) = −(Ea /kB )(1/T )+ ln(I0),
of the radiation current at the three temperatures 80, 140 and 185 ◦ C was made it resulted in a straight line of slope
–(Ea /kB ) resulting in a calculated activation energy of 0.601 eV. The formation of vacancies in metals also is of the
form Nvacancies = N0 exp(−Ea /kB T ) and this suggests that vacancies may play a significant role in the performance
of a LEC. The activation energy of vacancies in Pd is between 1.41 and 1.52 eV [20].
Figure 12 is included as an example of a self-initiating and self-sustaining LEC cell that changed polarity three
times over a 4-day period. The LEC voltage was initially negative and it became positive as the temperature was
increased. When the temperature decreased, the LEC voltage went back negative and then it gradually increased to
positive even though the temperature remained relatively constant. Load tests conducted when the voltage was negative
and when it was positive are similar to load tests for cells that maintain a relatively steady voltage. Similar behavior
has been observed in multiple LEC cells. The cause is not known although one possibility might be a change in work
function of the materials as hydrogen loading changes and as the electrode surfaces are subjected to ionizing radiation.
This behavior is another example of the complex nature of what appears to be a simple device.

4. Analysis of experimental results
4.1. Theory
Although the physical processes that give rise to the ionizing radiation in a LEC are not understood, there is a welldeveloped theory for the conduction of electricity through gases. In his lectures on The Discharge of Electricity
Through Gases [9] Thomson writes:
We shall find that the analogy between a dilute solution of an electrolyte and gas exposed to Röntgen rays
holds through a wide range of phenomena, and we have found it of great use in explaining many of the
characteristic properties of the conduction through gases.
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Although their electrical instrumentation was limited by today’s standards, and the analysis of the conduction of
electricity did not initially include the effects of ion diffusion or space-charge in the gas, Thomson and Rutherford’s
[8] experiments demonstrated:
The fact that the passage of a current of electricity through a gas destroys its conductivity explains a very
characteristic property of the leakage of electricity through gases exposed to Röntgen rays; that is, for a given
intensity of radiation the current through the gas does not exceed a certain maximum value whatever the
electromotive force may be. the gas gets, as it were, ‘saturated.’
A few years later, Thomson [10] gave a more mathematically detailed analysis of the conduction including the effect
of space-charge in the gas but sill without considering diffusion.
The electrical conductivity possessed by gases under certain circumstances—as for example when Röntgen
or uranium rays pass through the gas, or when the gas is in a vacuum-tube or in the neighbourhood of a piece
of metal · · · illuminated by ultra-violet light—can be regarded as due to the presence in the gas of charged
ions, the motion of these ions in the electric field constituting the current.
Unfortunately, Thomson was not able to integrate the differential equation for the electric field as a function of position
within the gas for the general case of a finite rate of ionization, q, and where the positive and negative ions have different
mobilities, i.e., have different drift velocities under the influence of the electric field. Thomson gives an approximate
method for finding the electric field in the gas when the number of positive ions is equal to the number of negative
ions. For the case of the electric field between plane-parallel electrodes in air, he estimates that the electric field at the
point between the electrodes where d2 E/dx2 = 0 as 1/2.51 of the electric field at the same point assuming that there
is no space-charge. Also, he gives a formula for finding this ratio for any gas whose mobility values are known and
this evaluates to ∼1/4.67 for hydrogen. A few years later, E. Riecke [21] and G. Mie [22] found approximate solutions
to the electric field distribution in the gas for various ratios of current density to saturation current density.
In the latter part of the 19th century and the beginning of the 20th century the emphasis of researchers was to
understand the physics of conduction of electricity through gases. To this end most researchers took precautions to
ensure that their Röntgen (X-) rays or emissions from uranium salts did not fall on the electrodes of their experiments
which would produce additional ions due to the photoelectric effect.
With Townsend [15], a research student of Thomson, the emphasis shifted from experiments at low values of
electric field to pressure, e.g., E/p < 2 where E has units of [V·cm−1 ] and p is measured in [mm Hg] or [Torr], to
experiments at high E/p > 2 where the influence of the impact of gas ions on the electrodes now became important
[23]. Since the discharges were self-sustaining at high E/p > 2, the role of external ionizing radiation became
less important. Other material that may be useful is Thomson’s Encyclopædia Britannica article [24] that includes an
analysis of the conduction when all of the ions are of the same sign and thus carry the same charge. Also, to understand
some of the electrical engineering issues that are important at high E/p it is instructive to review Peek’s [25] ‘Dielectric
Phenomena in High Voltage Engineering.’ In this book there are discussions of corona discharge and of gas breakdown
or arcing in cylindrical coordinates when E/p is high. Since a LEC operates at E/p <2, these phenomena as possible
explanations of LEC conduction can be eliminated and the more difficult question of what is causing the conduction
can be undertaken.
It wasn’t until the work of the research physicist KK Darrow [16], while working at the Bell Telephone Laboratories, that the emphasis on the analysis of the conduction of electricity through gases changed and he wrote:
It is the condition of the conductive gas which matters first and most; we have to analyze it, to identify the
various kinds of particles charged and chargeless which make it up, determine their numbers and their speeds,
and then (if possible) discover how the applied potential-difference and the other agencies of the environment
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bring this state into being. As for the current, that may well be regarded as a minor perturbation of the
conducting system.
In his analysis of the conducting system of three equations, following Riecke [21], Darrow includes both the effect
of the electric field and of the diffusion of the ions in the gas. He finds that diffusion of ions due to positive and
negative ion concentration gradients, –D1 dn1 /dx and –D2 dn2 /dx respectively, has the same effect as the drift of
ions due to the electric field. Thus, when he writes the equation for the current density per unit area, i, one term
involves the product of the density of ions, n, times the electric field, E, and the ions mobility, µ, while the other term
involves the gradient of ion density, dn/dx, times the diffusion-coefficient, D, which is by Einstein’s relationship for
gases, the ion mobility times Boltzmann’s constant times the ion temperature in Kelvin, i.e., D = µkeV T cm2 /s where
keV = kB /e[eV · K −1 ] may be substituted in place of kB so that the conduction equations now become:
q − αn1 n2 + D1 d2 n1 /dx2 − µ1 d (En1 ) dx = 0

(1)

q − αn1 n2 + D2 d2 n2 /dx2 + µ2 d (En2 ) dx = 0

(2)

Where q is the ionization rate, n is the number of ion-pairs ionized per second per cubic centimeter, and α the recombination rate which is approximately 1.4 × 10−6 cm3 /s for H2 and 1.6 × 10−6 cm3 /s for air.
i = e[(n1 µ1 + n2 µ1 )E + (D2 dn2 /dx − D1 dn1 /dx)]

(3)

Darrow in chapter V on the “Elementary Theory of Drift” further notes in equations 66, on page 193, reproduced here
as (4), that if n1 ≈ n2 then:
by making n1 and n2 equal and denoting each of them by n, we get:
i/e = n(µ1 + µ2 )E + (D2 − D1 ) dn/dx

(4)

an equation easy to integrate when the mobilities and the diffusion coefficients are assumed independent of x.
What is peculiarly interesting is that E and i do not necessarily vanish together [emphasis added].
Darrow’s equation (4) now explains the surprising inferences that can be drawn from LEC experimental results as
shown in Fig. 5 and Fig. 6. In the case of Fig. 5 the current went to zero as the impressed test voltage was approaching
zero because the LEC cell was producing a current flowing in the opposite direction to the impressed current as a result
of diffusion of the ions due to an ion concentration gradient within the cell. In the case of Fig. 6, i.e., the extrapolation
of the current to zero, the cell current effectively goes to zero when a high value of resistance such as a DVM is
connected to the cell.
Darrow comments that this result can be interpreted as follows: [emphasis added]
Suppose the ions of the two signs are spread identically through a gas between two walls—by ‘identically’
I mean that everywhere the concentrations of the two kinds are equal, though their common value varies
from place to place—and that this state of affairs is stationary. Then there must be ionizing rays acting
continually on the gas, and also there must be a potential-difference between the walls. For if there
were no field, the negatives would diffuse along the concentration-gradient more rapidly than the positives;
there would be a net current; this would result in a depletion of negatives, and an excess of positive charge
would arise in the gas, in contradiction with the assumption. But suppose there is a P.D. [Potential Difference]
between the walls, in such a sense as to oppose the negatives and pull the positives forward as they stream
together down the gradient. A value for this potential-difference can be found, such that the field strength will
retard the negatives and encourage the positives just sufficiently to annul the net current aforesaid;
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This potential-difference is just the voltage that the DVM measures and thus the ‘peculiar’ behavior of a LEC is
explained, including the increase in LEC voltage with temperature since, by the Einstein relationship for gases, the
diffusion coefficient, D = µkB T , increases with temperature. There could also be a contribution to potential difference. due to different work functions of the electrodes but this is not required as Darrow has shown. In summary: the
gas in a LEC must contain ions because it conducts electricity; there are approximately an equal number of positive
and negative ions since the cell’s conduction remains essentially the same when the polarity of the applied potential
reverses; there must be an ion concentration gradient since the cell generates a current when the electric field, E, tends
to zero as the load resistance RL tends to zero.
Thus, Darrow’s inclusion of the drift term in the conduction equation explains the ‘peculiar’ I-V characteristics
that were experimentally observed and also indicates that diffusion is one of the processes occurring within a LEC.
Not explained is the cause of the spontaneous ionizing radiation or why the ion density in the cell appears to be
non-uniform. One possible explanation for the later is that the WE emits ionizing radiation that produces energetic
photo-electrons at the CE and these in turn ionize the gas in proximity to the CE thus producing an ion concentration
gradient.
There are limitations with the above analysis since assuming in (4) that n1 = n2 = n implies that there is no
space-charge. This is equivalent to assuming that the electric field, E, is given by the relationships E(x) = V /L
for plane-parallel geometry or E(r) = V /[rln(b/a)] for cylindrical geometry where a ≤ r ≤ b and where V is the
potential-difference between the electrodes, L is their separation for plane-parallel geometry, and a and b are the inner
radius and outer radius of the electrodes respectively with cylindrical electrode geometry.
Darrow writes:
Space-charge would play no part, of course, if n1 and n2 were equal; but this is a condition which the
difference in the mobility of the two kinds of ions makes difficult to approach—one easily sees that if carriers
of both signs are generated at an equal rate, and the negatives drift faster than the positives, there will be fewer
negatives than positives at any moment between the plates. However it is interesting to simplify the equations
in the way that would be permissible were n1 and n2 sufficiently nearly the same.
Experience has shown that this type of approximation is useful since the dominant term in the calculation of
radiation-induced current, Irad , is the term (i/e) where i = (I/Sm ) which in SI or CGSA units is ∼ 6.2415 × 1018
(I/Sm ) where Irad is the short-circuit cell current, typically about 10−6 A and Sm is the cross sectional area near
the middle of the conduction path where d2 E(x)/dx2 = 0. L.B. Loeb [18] includes information learned up to and
including WWII and suggests that there is a “. . . rejuvenation of the field of study previously called The Discharge of
Electricity in Gases, and now more properly called Gaseous Electronics.” Of particular importance to the understanding
of LEC performance was the development of ionization chambers [26]. An ionization chamber such as a Gerdien
Condenser [27] that is designed to measure the number of ions in the gas as it flows through the device, measures
the saturation current produced by the radiation flux in a fixed volume of gas when exposed to ionizing radiation.
Rossi and Staub [26] calculate the densities of positive and negative ions due to ionization for both the case where
recombination and diffusion are neglected and when they are included. A particular type of ionization chamber, i.e.,
a reentrant well-type or 4pi ionization chamber, is similar to a LEC in that the radiation source to be measured is
internal to the chamber in much the same way that the WE of a LEC is internal to the device. Thus, the question of
the distribution of the electric field within the gas is important, however, modern computers have made the numerical
evaluation of the field due to space charge possible. Several papers [28] [29] [30] [31] describe these recent results
for plane-parallel, cylindrical, and spherical electrode geometries. While they also neglect the diffusion terms, they
are good at predicting the shunt term. However, even this analysis does not predict I-V characteristics of the LEC
experimental measurements which indicate that LEC results are driven by the diffusion of the ions within the gas.
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4.2. Estimating LEC cell performance
The estimation of a LEC cell’s performance depends on whether the measurements are external voltage induced conduction or spontaneous conduction. For voltage induced conduction, start with a measurement of the I-V characteristics
of the cell using the instrumentation configuration shown in Fig. 2 for a number of different supply voltages. A typical
value of cathode resistance, Rcat, is 10 kΩ and a typical value of the supply voltage current limiting resistance, Rsup
is 1 MΩ. This ratio of resistances ensures that the maximum voltage presented to the instrumentation system is limited
to 10 volts and the maximum current is limited to 1 microampere. The current through the cell is Icell and the voltage
across the cell, Vcell, is Vcell = Vanode – Vcathode. The cell may be installed with either the working electrode (WE)
or the counter electrode (CE) as the anode.
An initial estimate of the cell’s performance may be made by assuming plane-parallel electrode geometry with
separation L and no space-charge in the gas. Then, the electric field is E = Vcell/L and the current density is i = Icell/S
where S is the cross-sectional area of the conduction path between the electrodes. Let the density of positive ions, n1 ,
and negative ions, n2 , each be equal to n(x) a function of position where x is measured from the anode. This assumption
is equivalent to assuming the ionized gas is an ion-ion plasma. Let U = (µ1 + µ2 ) where µ1 is the mobility of the
positive ions and µ2 is the mobility of the negative ions with µ2 > µ1 . Let U21 = (µ2 − µ1 ) and denote Boltzmann’s
constant as keV ≈ 8.6173x10−5eV · K −1 , so that the difference in diffusion coefficients is D2 − D1 = U21 keV T .
Then equation (4) may be rewritten as
i/e = U n (x) E + U21 keV T n# (x)

(5)

with solution
n (x) = (i/e) /U E + Cexp (−U Ex/U21 keV T )

(6)
18

−1

−1

where C is a constant of integration, T is the cell’s temperature in kelvin, 1/e ≈ 6.2415 × 10 A · s is the
reciprocal of the elementary charge, e := 1.602 176 634 A · s, and dn(x)/dx = n# (x).
An estimate of the magnitude of the ratio of ions at the cathode to ions at the anode can be found by solving eq
(5) when i ≈ 0. After integration ln(nL /n0 ) = −U n(L)V |I ≈0 /U21 so that when V |I ≈0 > 0 as in Fig. 5, then
ln(nL /n0 ) < 0 and 0 < nL /n0 < 1 and the maximum ion density occurs at the anode which is the CE for the Pd-D
cell of Fig. 2. Additionally, let x = 0 then the constant C is found to be C = n(0)|I ≈0 = n0 .
For the case of spontaneous LEC conduction, only the LEC voltage, VLEC (R, T ), is measured as a function of
effective load resistance, R = RLoad RDVM /(RLoad + RDVM ) and ILoad is calculated using Ohm’s Law as ILoad =
VLEC /R. From the phenomenological description of a LEC in Fig. 11, I Load = I Radiation – I Shunt . Since iShunt is
the internal current through the gas caused by the drift of the ions due to the electric field, E(x), so that iShunt may
be estimated as neU E(x). A general analytic expression for the electric field is not known. However, as is shown by
Thomson [10], [12], and Thomson and Thomson [13], n1 ≈ n2 ≈ n is correct only when dE/dx ≈ 0 which occurs
away from the electrodes. In a cylindrical electrode geometry LEC with close electrode spacing, the approximation
dE/dx ≈ d(rE)/dr = 0 may not be valid. Thus E(x) &= VLEC /L and iRadiation must be estimated first since
iShunt = iRadiation – iLoad .
Since the magnitude of drift velocity of the ions is |v1 (x)| = µ1 E(x) and |v2 (x)| = µ2 E(x), as R is reduced,
V LEC and E(x) are also reduced which results in a decrease in drift velocity. This in turn leads to an increase in the
time that the positive and negative ions have to recombine and no longer contribute to the cell’s conduction. This
is shown in Fig. 9 as a reduction of the measured IRadiation (R, T ) for small R. Observe that I(R, T ) may vary
for small R so select its maximum value I max . Assume that there is no space charge, i.e., from Gauss’ law, div
E(x) = ρ/ε = e(n1 − n2 )/ε = 0, where E is the electric field, ε is the permittivity of the gas and ρ is the volume
charge density or charge per unit volume. Rewrite the left-hand side of equation (4) in terms of iRadiation as
(iRadiation /e) = (Imax + epsilon)/Se = nAverage

(7)
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Figure 13. Plot of the predicted shunt current by Thompson (Red) which does not include the diffusion terms and experimental data which includes
diffusion.

where in CGSA units 6.2415 × 1018 ≈ 1/e, e := 1.602176634 × 10−19 A ·A s is the elementary charge, I max [A] is
the measured LEC cell’s load current when VLEC [V ] ≈ 0, epsilon is a small number, S [cm2 ] is the cross-sectional
area of the conduction path, n [ip · cm−3 ] is the average ion-pair density nAverage = ∫0L n(x)dx/L. The geometry is
assumed to be plane-parallel electrodes since this last assumption can be corrected by a change of variables [32] and
usually is a small error even if not corrected.
The cell’s internal shunt current density, ishunt (R) may be found by subtracting iload (R) from irad = I max /S after
adding a small number, epsilon, to irad in order to be able to make a semilog plot of ishunt (R) versus R without
encountering a zero value of ishunt (R). An estimate of the error made in assuming that there is no space charge can be
made by calculating a hypothetical ihypot (R) = nhypot ·U·V LEC (R) and varying nhypot until it overlays ishunt (R). This
is shown in Fig. 13. That the ion density n &= nhypot is different in the two calculation is the result of Thomson’s [12]
and Mie’s [22] finding that when there is space charge E &= V /L.
The LEC’s power, P(R, T), delivered to the effective load resistance, R = RLoad RDVM /(RLoad + RDVM ), at
temperature T is just P (R, T ) = VLEC 2 /R. Figure 10 experimentally illustrates this behavior, and the value of
maximum power occurs at an intermediate value of load resistance.

5. LEC performance observations
Although both the origin as well as the nature of the LEC radiation that ionizes the gas and provides the measured
spontaneous voltage and current is unknown, certain observations about the performance of a LEC can be made. Some
observations about LEC performance include:
(a) a necessary but not sufficient condition for sustained LEC operation is that the working electrode must be comprised in part of hydrogen-occluded hydrogen host material that is in fluidic contact with a gas containing hydrogen;
(b) hydrogen host material lattice vacancies, superabundant vacancies, and other defects such as those produced
during co-deposition of Pd or Fe from an aqueous solution have been shown to produce ionizing radiation from an
active working electrode;
(c) a necessary condition is that the gas be comprised in part of hydrogen, or its non-radioactive isotope deuterium,
although sustained conduction at a low level has been observed in air indicating that the amount of hydrogen may not
need to be large;
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(d) reconnecting the electrodes from that shown in Figure 2 to reverse the polarity of the electrical potential,
e.g. high voltage supply connected to the working electrode and load resistance connected to the counter electrode, causes a temporary increase in conductivity but does not appreciably change the long term steady state
conductivity;
(e) voltage induced conduction experiments using deuterium gas at T ≈ −55 ◦ C show that ions in the gas due to
relative humidity are not causing the conduction since at this temperature the number of water (D2 O) ions is completely
negligible;
(f) corona discharge cannot be responsible for the conduction since both the electric field due to the spontaneous
voltage is too low to produce corona discharge [Peek 1929] and the gas pressures, typically ∼500 Torr to ∼3 bar is too
great for a discharge;
(g) thermal ionization of the gas is not responsible for the LEC conduction since both reported data [34] and Saha’s
equation [35] shows that temperatures greater that approximately 2000 K would be needed;
(h) natural ionizing radiation from cosmic rays, the environment, or from the small amount of radioactive isotopes
in the hydrogen host material or from tritium in the hydrogen gas cannot be the source of the ionization of the gas since
an experiment where the working electrode was bare but contained approximately 6 µCi (∼ 90 % α and ∼10 % γ) of
radiation did not produce measurable conduction from the ions produced by the α-particles or from the photoelectric
effect due to the γ-radiation produced by the WE;
(i) after extensive testing, Rout, et al. [36] were unable to identify the specific ionization that was fogging the
film and ultimately, “proposed that some new, unknown agency emitted from the loaded palladium is responsible for
fogging.”
Possible physical mechanisms that might produce the initial ionizing radiation at the working electrode include:
(a) thermally induced vibration of the hydrogen host material’s lattice enhanced by nonlinear wave-wave mixing
in conjunction with the presence of hydrogen occluded in lattice vacancies near the surface of the hydrogen host
material;
(b) thermally induced interaction between multiple occluded hydrogen atoms contained within a vacancy particularly when different nuclear spin orientations are present or between an occluded hydrogen atom in the vacancy and a
hydrogen host material’s atom.
6. Conclusions
A number of LEC devices have been constructed including independent replications which produce spontaneous voltage and current. Although the measurements only consist of the voltage as a function of time and temperature produced
across various load resistances the following conclusions can be drawn from an extended mathematical analysis of the
measurements:
(a) the spontaneous current produced by a LEC is essentially constant and is primarily due to the diffusion of ions.
This diffusion induced current can be measured when the LEC voltage is minimized by resistance loading of the cell
and the corresponding ion concentration can be estimated using an induced conduction test and measuring the voltage
at which the induced current goes to zero as shown in Fig. 5;
(b) From the theory of the Conduction of Electricity through Gases it is known that in the absence of emitted
particles, e.g., radioactive decay particles, thermal electrons, or photo-electric effect electrons, the gas must be ionized
and the average ionization density can be calculated. This historical theory may also be used to estimate the shunt
current in the cell due to the ion mobility and the electric field and can be estimated, as a function of temperature,
based on the measured current-voltage (I-V) characteristics as shown in Fig 9;
(c) for a Pd-H LEC at 185 ◦ C ion average densities greater than 1010 ion-pairs (ip) per cubic centimeter have been
calculated from experimental measurements;
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(d) at a fixed temperature the magnitude of the spontaneous current flowing in an attached load resistance decreases
at the same time that the shunt current increases due to a voltage increase with increasing load resistance value. Thus,
the maximum power that can be drawn from a LEC occurs at some intermediate resistance value as shown in Fig 10.
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Abstract
Excess heat in the Fleischmann-Pons experiment implies the possibility of small-scale source of clean nuclear energy, with the
potential to address climate change, finite oil supply, and clean water problems. Following the announcement on March 23, 1989, it
took on the order of 40 days for the effect to be rejected, which has led to a bifurcation in which researchers in the field has studied
the effect, and mainstream science general does not accept the existence of it. We consider the theoretical picture long studied in
our group, and connections with experiment. The model involves many steps, and we have made an effort to connect as many of
the theoretical steps as possible to experiments that seem to be closely related.
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1. Introduction
At the LENR Workshop in honor of my friend Srini, I submitted a video presentation that focused on a variety of experiments in connection with theoretical issues and mechanisms [1]. This presentation might form the basis of a review
article at some point in the future, which might discuss a variety of experiments along with proposed interpretations
that might be helpful in providing a consistent picture and help point out connections between them. The development
of such a review at the moment is hindered due to the realities of the ongoing pandemic (I do not have approval to go to
my office where my books and papers are). Instead it may be that a more workable project involving a brief discussion
of thoughts on experiment and theory might be useful to the community.
2. Significance of the Fleischmann-Pons experiment
Fleischmann and Pons described an electrochemical experiment in their March 23, 1989 announcement in which large
amounts of thermal energy was observed in the absence of commensurate chemical products. It was conjectured
that the source of the energy produced was nuclear, in spite of the absence of commensurate energetic nuclear products [2], [3]. If real, this significance of this claim cannot be overstated. A correlation between the energy produced
and 4 He detected as a product is discussed below, but this helium appears to be born with very little energy.
∗ E-mail:
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In conventional nuclear fission and nuclear fusion processes, when significant nuclear energy is released, it is
expressed in terms of energetic nuclear particles. In the case of nuclear fission there are observed energetic MeV
fission products, and for nuclear fusion there are observed energetic MeV fusion products. In the Fleischmann-Pons
experiment as is presently understood, the claim is that nuclear energy is produced without commensurate energetic MeV products. From a scientific perspective this implies a fundamentally different process is involved, in contrast
to conventional (quantum mechanically incoherent) fission and fusion.
From a societal perspective this experiment suggests the possibility of a new small scale clean nuclear energy
source. Although still not conclusively proven, many think that the source of the energy in PdD experiments is the
mass difference energy between D2 and 4 He, which would suggest a potentially inexhaustible and inexpensive fuel
source. New energy technology taking advantage of this effect could potentially provide solutions to some of the major
problems humanity currently faces, including energy supply, clean water, and global warming. The extremely high
energy density associated with a small scale clean nuclear energy source would have the potential to impact home
heating and cooling, industrial energy, transportation, robotics, and space travel.
3. Fleischmann-Pons in the media after the announcement
Substantial public interest in the Fleischmann-Pons experiment followed the initial announcement, with daily coverage
in the media. This was viewed by some as problematic at the time. In the US much scientific research is supported
by government funding, which places a premium on maintaining public support for science. Because of this there
has been an interest by some scientists in maintaining an appropriate public image of scientists and of the scientific
endeavor, resulting in a steady diet of largely positive news reports, documentaries, and science-related programs in
the media. There was concern about the increasing public focus on the Fleischmann-Pons experiment, which many
physicists thought involved a claim inconsistent with the laws of physics.
One possible scenario might have been to take the time to study and to understand the experiment, which with
substantial support from the government funding agencies might have been done over the course of perhaps five years.
If at the end of some years of investigation the result was negative, science itself would likely not have been perceived
as positively by the public as a result of the associated disappointment.
The expectation among some senior physicists was that it would be found that the basic claim was a result of
errors made in carrying out the experiment, largely since the dramatic claim was at odds with previous experience with
nuclear energy generation. This suggested a “fail-fast” strategy for cold fusion which would remove it from the center
of public attention sooner rather than later.
4. The Baltimore APS meeting
At the Baltimore APS meeting roughly 40 days after the initial announcement, skeptical scientists had their day, and
also carried the day. The excess heat experiment could not be reproduced [4]. A theoretical model was presented which
suggested that, because of the Coulomb barrier, fusion would not be expected to occur at a rate needed to be relevant
to experiment [5]. The impact of this meeting on scientific discourse cannot be overstated. Prior to this meeting,
there were frequent discussions about the experiment, the claimed results, the significance, and on how it might work.
After this meeting, this stopped (except when cold fusion enthusiasts gathered). The Fleischmann-Pons experiment
had effectively been knocked out of science.
In light of this pivotal event, there are some questions which might be asked.
As a technical description of the Fleischmann-Pons experiment and the associated experimental protocol used by
Fleischmann and Pons had not been made public, exactly what experiments were being done that carried such weight?
Could it really be argued that an experiment was not reproducible, prior to anyone other than those immediately
associated with Fleischmann and Pons having relevant technical details about the experiment?
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Figure 1. Histogram of the 217 experimental papers with negative results for excess heat in the Britz bibliography.

Subsequently it was understood that the Fleischmann and Pons experiment of that era typically lasted on the order
of two months, so that there was not sufficient time between the announcement and the Baltimore APS meeting for a
single experiment of theirs to be completed.
There was a focus on a model for the fusion rate for molecular D2 , which would result in p+t and n+3 He as primary
fusion products. Due to the difficulty in tunneling through the Coulomb barrier, the associated fusion rate per molecule
was on the order of 10−64 sec−1 . This fusion rate was sufficiently slow that there emerged confidence that the many
orders of magnitude required to account for the Fleischmann-Pons experiment could not be made up in any scenario.
In retrospect it might be pointed out that the claim made by Fleischmann-Pons was for excess heat of nuclear
origin without commensurate neutron production. As the mechanism under discussion at the Baltimore APS meeting
would have produced neutrons had it occurred at substantial rates, it would seem that ruling it out could be argued to
be in agreement with the Fleischmann-Pons experiment. At this point the experimental evidence suggests that neutron
emission is not correlated with excess heat in the Fleischmann-Pons experiment, with an upper limit near 1 neutron
per 100 Joules of energy generated. There is no reason to believe that the incoherent fusion decay of molecular D2
occurs at any significant rate in a Fleischmann-Pons experiment operating in a regime where substantial excess heat is
produced.
A better theoretical argument might have involved rate estimates for a theory that actually had something to do
with the experimental claim. If no commensurate neutron production was observed in connection with the thermal
energy measured, then presumably it would be appropriate to make arguments involving a model that did not involve
neutron production. In light of subsequent work, arguments made based on any model that predicted commensurate
energetic MeV nuclear particles would not have been relevant.
5. Preponderance of the evidence
There were subsequently hundreds of publications of experiments in which negative results were reported. In 2014 I
downloaded the extensive bibliography that had been posted by Dieter Britz [6], which included references for many
journal publications of experimental results that were negative. A histogram of publications by year with negative
experimental results for excess heat is shown in Figure 1. With so many experiments having been done, it could be
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Figure 2. Histogram of the 39 experimental papers with negative results for excess heat in the Britz bibliography, where an electrochemical
experiment involving Pd was done and a temperature measured.

argued that independent of whatever shortcomings there may have been with the early dismissal of the FleischmannPons experiment at the Baltimore APS meeting, the experiment had gotten looked at and found wanting.
I recall discussions with some physicists at MIT in the early 1990s in which the Fleischmann-Pons experiment was
discussed. It was explained to me that there were hundreds of experiments done at reputable labs, and that nobody
was seeing anything. Moreover, that if I wanted to convince anyone that there was anything to the Fleischmann-Pons
experiment, that what would be required would be for every one of these negative experiments to be looked at to
identify what what done wrong.
One approach to this might be to work with the body of papers included by Britz. As the issue under discussion
is whether the Fleischmann-Pons experiment produces excess heat, as a restriction we might include only papers in
which an electrochemical experiment involving Pd was done and a temperature measured. A histogram of this subset
(including 39 papers) is shown in Figure 2.
In the early meetings on excess heat in the Fleischmann-Pons experiment there was discussion of the importance of
achieving high D/Pd loading. An oblique reference to this is apparent in retrospect in their first paper [2] in the second
paragraph, where a high value 0.8 eV for the chemical potential of D in Pd. The connection between D/Pd loading in
the SRI experiments and in other experiments is discussed briefly below, and is oft mentioned in the early papers in
our field.
This provides motivation to examine the early negative results to see whether the researchers were aware that a
high D/Pd loading was important. An initial restriction to include papers where D/Pd loading is mentioned reduces the
total to 22 papers. In only 7 of these papers describing negative experimental results was the D/Pd loading reported to
have reached 0.83.
At SRI two different loading requirements were found – that if a cathode did not reach a D/Pd loading near 0.95 or
higher while being charged, then it did not show excess heat; and that when excess heat was observed, a threshold for
excess heat production in the vicinity of a loading of 0.83 was seen. In only 3 of the negative experimental papers was
a loading as high as 0.90 reported.
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From our perspective, the best of these papers was the publication of Green and Quickenden (1995) [7], in which a
maximum D/Pd loading of 0.96 (as determined from the same resistance ratio measurements used at SRI) was reported,
and no excess heat was seen with an experimental error at the level of ±1.5%. We note that in the SRI experiments
it was found that current ramps were often effective at stimulating an excess heat burst (and that excess heat appeared
infrequently under constant current conditions) [9]. In the Green and Quickenden experiments, a protocol was used
in which the current was switched suddenly from low to high current and held constant at high loading – no current
ramps were employed.
In subsequent years there was an expansion of the types of cathodes studied. A drawback of a “large” rod cathode
is that it takes a long time to load at low current density, where a thin foil cathode can be loaded much more quickly.
Very high loading can be achieved in these cathodes. The Energetics/SRI/ENEA/NRL collaboration saw excess heat
in many such thin foil cathodes, in some cases exploiting the “superwave” current protocol [10]. However, no excess
heat was seen in experiments at Coolescence where similar thin Pd foil cathodes were used.
6. Is it real?
It is astonishing that in 2021 the question of whether excess heat in the Fleischmann-Pons experiment is real or not
remains an issue.
In the same Britz bibliography mentioned above, one can find 49 positive excess heat results in Fleischmann-Pons
experiments which could reasonably be compared to the 39 negative results restricted as discussed above. Yet this
appears to have had no impact on mainstream science. By now there have been hundreds of positive excess heat results
reported within our community. While there is disagreement on nearly every important point in our field (such as how
it works), one thing that most everyone agrees on is that the excess heat effect is real (and worthy of study). This view
is not shared in mainstream science. The large body of research carried out, reported on at conferences, written up and
in many cases published, simply appears to carry no weight.
There have been many discussions in our field at conferences and in private, as to what would be needed to change
the situation. One line of argument has it that what is needed is a “lab rat” experiment that anyone can do, with kits to
be developed and shared with mainstream labs. Another line of argument is that things will change when a commercial
product becomes available. In the past I have opined that if we managed to figure out how it worked in detail, then
things would change.
In retrospect I am wondering whether the problem lies elsewhere. For example, the initial onslaught involved
scientific arguments shaky at best, and over-reaching. It was argued confidently, forcefully, and repeatedly that the
excess heat effect was not reproducible. This was at a time when Fleischmann and Pons were reproducing their own
results. And later on many others observed excess heat. In fact the excess heat effect can be observed, now, as was
the case in 1989. Yet this very loud and confident opinion has saturated mainstream science for decades, and there has
been no practical way to respond so as to have a significant impact.
The problem in my view is a political and sociological one. A question of science can presumably be answered
making use of science. But making use of science in connection with excess heat in Fleischmann-Pons experiments
has demonstrably had no effect for three decades and more, largely because the issue was never a scientific one.
The excess heat effect is real. Mainstream science is convinced otherwise, and officially has no interest in the
problem. And this has been the case for more than three decades, and could easily remain the status quo for a great
many more decades.
7. How does it work?
One should be interested in the question of how it works. An experiment which produces large amounts of thermal
energy from clean nuclear reactions suggests the possibility of new commercial technologies that would revolutionize
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modern society, along with solving quite a few of the biggest problems facing humanity. This would seem to provide
motivation for wanting to understand what is going on under the hood.
Although there have been hundreds of theory papers in our field, there is no agreement as to what is going on
microscopically.
It seemed clear (to me) back in 1989 that the only kind of theoretical approach that could have anything to do
with the experimental claim was if there were a way for fusion to occur as a coherent process. In quantum mechanics,
the decay of one state to a continuum leads to a model studied first by Dirac [8] (the Golden Rule) which in most
cases leads to (incoherent) exponential decay. The dynamics of a single state coupled to another single state at the
same energy leads to coherent dynamics (Rabi oscillations). An issue is that coherent dynamics can be much faster
than incoherent dynamics, especially if the coupling matrix element is weak (as is the case when tunneling through a
Coulomb barrier is involved).
A coherent model is needed which starts with a molecular D2 species somewhere in the lattice, and ends with a
4
He nucleus at the same place, with the energy split up into little pieces and deposited elsewhere. Over the years a very
large number of models fitting this description have been studied, leading to an evolution to ever more complicated
versions.
In the most recent versions of the scheme, the first step involves the transfer of the large D2 /4 He (24 MeV) quantum
to a reasonably stable highly excited state in a nucleus in the lattice (either host lattice or impurity). This first step
would undergo collective enhancement if there were a lot of D2 /4 He transitions coupling to a common highly excited
THz vibrational mode, with the excitation coupled to many identical excitations in the host lattice all interacting with
the same highly excited mode. A second step might involve a subdivision, in which the excitation was split in half
and transferred to reasonably stable states of nuclei in the lattice at roughly half the energy of the D2 /4 He transition.
Once again there are collective enhancements if all of the excitation of many D2 /4 He transitions proceed through a
small number of common reasonably stable states of identical nuclei in the host lattice. If this subdivision continues
the original large quantum is ultimately split among a large number of nuclei in low-lying reasonably stable states in
the keV or 10s of keV range. In the models under discussion, the energy gets transferred to vibrations through massive
multi-quantum down-conversion.
A reviewer has asked about how the D2 /4 He transition works. In the simplest picture, molecular D2 can be viewed
as an excited state of 4 He. In this case single phonon exchange can mediate a transition, as long as the selection rules
are satisfied. Photon-mediated exchange is known in the case of accelerator experiments in which two deuterons collide
leading to gamma emission [11], and back in 1989 this was recognized as implying that radiative decay of molecular
D2 to 4 He is expected. Phonon exchange is conceptually similar [12], except that phonon modes are restricted to
vibrational energies below about 400 meV, so that a single-phonon decay process is not possible. Instead one would
expect higher-order processes to occur, such as excitation transfer [13].
8. Excitation transfer of the 24 MeV quantum
In the model outlined above, excitation transfer of the large 24 MeV quantum from the D2 /4 He transition to produce
a highly excited and reasonably stable state in a Pd nucleus is proposed as the first step in the excess heat process.
When things work properly this excitation is quickly transferred elsewhere via subdivision, rendering it essentially
unobservable. However, in experiments below threshold for excess heat production, the subsequent excitation transfer
is not fast, allowing for the possibility of seeing the decay products.
Some of our earliest speculations about mechanism focused on an experimental observation by Chambers et al in
which ion bombardment of Pd with deuterons led to a few counts (possibly alphas) near 20 MeV [14]. This would be
consistent with an excitation transfer process that we might write as
D2 + Pd

←→

4

He + Pd∗ (24 MeV)

−→

4

He + Ru + α + Q
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Table 1. Alpha and neutron energies resulting
from the stable Pd isotopes.
isotope

Eα (MeV)

En (MeV)

102 Pd

20.86
20.43
20.16
19.84
19.25
18.71

13.14
13.73
16.59
14.15
14.49
14.91

104 Pd
105 Pd
106 Pd
108 Pd
110 Pd

with the alpha energy Q listed in Table 1. In subsequent experiments the group was not able to replicate the effect,
casting doubt on the initial observations. In our lab we are working with a deuteron beam seeking this reaction among
others.
The highly excited state in Pd would presumably have proton and neutron decay channels, leading to energetic neutrons. Low-level energetic neutron emission has been reported in the co-dep experiments of Mosier-Boss and coworkers [15], which may be consistent with this reaction. Energetic protons and alphas above 10 MeV were described by
Lipson and coworkers [16], which also may be consistent with this kind of process. A discussion of phonon-mediated
nuclear excitation transfer and incoherent decays is given in [13].
Phonon-mediated nuclear excitation transfer is fundamental to this first step in the model, as well as to subsequent
steps. Consequently it is important in connection with the discussion to understand whether it occurs in nature. In our
lab we are working on basic excitation transfer experiments involving excited nuclear states of 57 Fe produced by the
decay of 57 Co [17]-[19], where preliminary results suggest that under non-optimized conditions individual transfers
can occur on a picosecond time scale.
9. Excitation transfer of the 5.5 MeV quantum
The HD/3 He transition energy is much lower (5.5 MeV), with the potential to produce alpha emission only in a few
low-A nuclei. We have drawn attention to
HD + 6 Li

←→

3

He + 6 Li∗ (5.5 MeV)

−→

3

He + 5 He + p + Q

as a candidate for the proton signal reported by Lipinski and Lipinski [20].
We consider briefly the situation for excitation transfer of the 5.5 MeV quantum to nearby levels in the nickel
isotopes in a NiH excess heat experiment. Known energy levels for the nickel isotopes are available in the NUDAT2
database which can be compared with the 5.493478 MeV mass difference energy, as shown in Figure 3. We see that
the density of states is highest for 61 Ni, and that there are states in the general vicinity of the HD/3 He transition energy.
A close-up plot of the states between 5400-5600 keV are shown in Figure 4, which shows that the closest levels are
within about 5 keV, which seems not to be particularly close.
Whether any of these levels might be candidates for the first transition depends on whether single phonon exchange
can occur with energy transfer substantially different than a phonon quantum. If excess heat is being produced and if
the down-conversion models are relevant, then the transfer of a few keV seems possible. If the system is starting from
scratch, then there would be no extra energy available in the case of single phonon exchange, in which case none of the
nearby levels would be candidates. We would need levels (presumably in impurity nuclei) much more nearly resonant.
This motivates a search of the database to seek levels more nearly resonant. Results are given in Table 2. The
closest level listed in the database is 116 Sn at 5493.2 keV, which looks to be within a few hundred eV of the HD/3 He
transition energy.
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Figure 3. Energy levels of the stable Ni isotopes compared with the HD/3 He transition energy.

Figure 4. Close up of energy levels of the stable Ni isotopes compared with the HD/3 He transition energy.

Unexpectedly, we see that 137 Cs has an excited state that is on the order of 700 eV above the HD/3 He transition
energy. The immediate thought is in connection with the Piantelli experiment, where a modest gamma signal at 661
keV was seen correlated with excess heat production in their gas loaded NiH experiment [21]. Perhaps there was a
small amount of 137 Cs contamination in the Ni, so that when excess heat is produced much of the energy mismatch
could be made up, resulting in near-resonant mixing that results in a much accelerated beta decay resulting in a gamma
at 661.7 keV.
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Table 2. Isotopes with excited states near 5493.5 keV.
AZ

E(keV)

208 Pb

5490
5490.68
5490.77
5491
5491
5491.2
5493
5493.1
5493.2
5494
5494.2
5495
5495.5
5495.6
5495.91
5496
5496
5496

37 Cl
42 Ca
50 V
87 Rb
74 Se
206 Pb
74 Ge
116 Sn
140 Ce
137 Cs
64 Zn
186 Os
91 Zr
116 Sn
51 V
91 Zr
142 Nd

One wonders about a potential connection with the accelerated decay of 137 Cs in the experiments of Vysotskii,
Kornilova and coworkers [22]. The associated picture would have the HD/3 He transition indirectly coupling with the
5494.2 keV state in 137 Cs to produce a modest (at most 35×) increase in the beta decay rate, where in the Piantelli
experiment the energy mismatch could be made up leading to a more nearly resonant coupling with a decay rate larger
by orders of magnitude.

10. First subdivision
From a theoretical perspective the down-conversion of the large 24 MeV quantum through subdivision seems compelling. However, we would like support from experiment to gain confidence in the theoretical picture. The first step
in the proposal for excess heat is excitation transfer from the D2 /4 He transition to a highly-excited reasonably stable
excited state near 24 MeV in a host lattice nuclei (or impurity nucleus), and the connection to experiment was discussed
above. The second step would involve a subdivision in which excitation transfer processes leads to two highly-excited
nuclei with roughly 12 MeV excitation. We might expect a minor advantage for the associated coherent rate under
conditions where the energy is split exactly in half; but it may probably be asking too much to have a reasonably stable
state in just the right place. So more likely there are a few reasonably stable states near the half-energy that split the
total.
The neutron energies that would result from a subdivision into two excited nuclei with exactly the same energy is
shown in Table 3. It might be hard to distinguish neutrons with 2.34 MeV and 2.67 MeV energy from the 2.45 MeV
dd-fusion neutrons in an experiment. However, neutrons near 4.78 MeV would be sufficiently separated as to be
resolved as different. If we turn our attention back to an old conference proceedings paper by Takahashi and coworkers [23], we see excess neutron counts between 4 and 6 MeV, as well as counts below 2.45 MeV.
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Table 3. Neutron energies for
equal subdivision near 12 MeV.
isotope

En (MeV)

102 Pd

1.34
1.92
4.78
2.34
2.67
3.10

104 Pd
105 Pd
106 Pd
108 Pd
110 Pd

11. Further subdivision and the Gozzi experiment
Further subdivision in the scheme is proposed to down-convert the roughly 12 MeV quanta further down to the keV
or 10s of keV level. The relative lack of metastable low-energy states in the Pd isotopes suggests that impurity nuclei
may be important to get to low-lying nuclear excited states. One interpretation of collimated gamma emission in the
Gozzi experiment [24] as a result of many subdivision processes, in which some of the large 24 MeV quantum ends
up in metastable states in impurity silver isotopes. These include the 88.034 keV metastable state in 109 Ag, and the
93.125 keV metastable state in 107 Ag, as candidates. Collimated emission in this picture is a consequence of resonant
excitation transfer among the different Ag nuclei in grains.

12. Down-conversion into vibrations
Once subdivision has reduced the large 24 MeV quantum into much smaller quanta associated with nuclear excited
states in the keV and 10 keV range, the proposal is that (massive) down-conversion into THz phonons occurs. We
have discussed previously models in which loss disrupts the destructive interference associated with down-conversion
in spin-boson type of models [25], as well as the impact that off-resonant nuclear state energy shifts would have on
the process [26]. The up-conversion and down-conversion effects under consideration would involve a great many
individual non-resonant excitation transfer processes while maintaining coherence.
There are a variety of experiments in which collimated x-ray emission has been reported [27]-[30]. We have
proposed the possibility of the inverse process up-conversion of THz phonons [31] as an explanation for such effects.
This is also possible in the case of collimated gamma emission in the Gozzi experiment mentioned above. We have
also proposed that massive up-conversion in fracture experiments may be responsible for elemental anomalies that
have been reported (see [32] and references therein).

13. Phonon gain
According to the models the strongest effects should involve THz vibrations. Given the relatively small coherence
volume for THz phonon modes (a few hundred Angstroms)3 , this would limit the number of D2 /4 He transitions that
interact, and the number of host metal nuclei that could interact. A much larger collective enhancement is possible
in the event that there is phonon gain, which is consistent with the models. We have remarked previously that the
Letts 2-laser experiment [33] provides indirect support for the notion of phonon gain (excess heat persists after the two
lasers are turned off, where in 1-laser experiments the excess heat turns off when the laser turns off, consistent with a
picture in which some of the nuclear energy goes into the vibrational modes to sustain them). More direct support for
the proposal comes from the Raman experiments in which strong anti-Stokes lines are claimed [34].
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14. Helium
According to Miles, Fleischmann was the first to observe helium in connection with cold fusion [35]. A nice review of
the correlation of excess heat and helium production is given in [36]. In the model under discussion the source for the
energy is the mass difference between D2 and 4 He, which suggests that there should be a relation between the energy
produced and the number of 4 He atoms created
Exs = N [4 He] ∆M c2
where the mass difference ∆M c2 is near 24 MeV. There are numerous experiments in which efforts to measure both
energy and 4 He in the same experiment to test this. A problem associated with this kind of measurement is that when
made, the helium becomes trapped in the metal, which in many experiments results in an under-estimate of the amount
of 4 He produced.
There have so far been two measurements in which an effort was made to scrub out the 4 He. One was in the M4
experiment run at SRI in the 1990s [37], and the other was done at ENEA Frascati (see the Laser-3 point in Figure 22
in [39]). In both cases the results were consistent with a 24 MeV mass energy to within experimental error. However,
given the importance of this issue, more study of this relation is needed.
There has at this point been no equivalent result for the correlation between 3 He and excess heat in the NiH system
involving an appropriate quadrupole mass spectrometer.
15. 4 He energy at birth
In an accelerator experiment when nuclei fuse, or more generally interact in some way, one can learn much about the
reaction based on measurements of the reaction products. Energy and momentum conservation place strong constraints
on the final state products. For example, in the case of the dd-fusion reaction for molecular D2 at rest, energy and
momentum conservation would require the 3.27 MeV released in the case of the n+3 He channel to be divided in a 3-1
ratio among the final state products, so that the neutron energy is 2.45 MeV and the 3 He energy is 0.82 MeV. For the
new reaction process leading to 4 He production in the Fleischmann-Pons experiment, much could be learned about
how the reaction works from measurements of the alpha energy when created.
Unfortunately a direct measurement of this energy with a conventional silicon surface barrier detector is problematic, for a number of reasons. Such detectors are not compatible with a typical Fleischmann-Pons electrochemical cell,
and a detector placed close to the cathode would likely impact the D/Pd loading, hindering excess heat production.
This is not to say that it is impossible to develop such an experiment, but to date it has not been done.
A potential solution to this problem is to view the PdD itself (and also the D2 O) as an alpha detector [38]. Energetic
alphas with sufficient energy have the potential to disintegrate nearby deuterons, which would lead to neutrons that
could be detected outside of the electrochemical cell. Alphas with less energy can collide with deuterons, transferring
energy, and these deuterons can undergo dd-fusion reactions with other deuterons if sufficient energy is transferred. A
number of experiments were described in the literature in which excess power was observed in experiments monitored
by neutron detectors. Excess power was observed to be uncorrelated with neutron signals in most cases, and anticorrelated in the case of experiments using a high-low current protocol. The upper limit was found to be on the order
of 1 neutron per 100 joules of energy produced, which implies that the 4 He nucleus has a very low kinetic energy
(under 10-20 keV) when created. Due to the large energy quantum involved (24 MeV), this implies a severe constraint
on the reaction kinetics. In essence, there are no few-body incoherent reaction mechanisms that can be consistent.
The first step in the reaction process under discussion in this work is a phonon-mediated D2 /4 He transition which
is part of an excitation transfer process. The 4 He produced in such a process is born stationary, which is consistent
with experiment.
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16. Null reaction and 4 He
In our early work we recognized that the null reaction
D2 + 4 He

←→

4

He + D2

involving the transfer of (24 MeV) excitation from one site to another was possible [40]. While this excitation transfer
reaction as indicated here seems to involve a single D2 molecule and single 4 He atom, the thought is that there would
be a great many D2 dideuterium species and a great many 4 He atoms interacting with common highly-excited THz
vibrational mode (which would maximize the excitation transfer rate). As originally proposed it was thought that this
kind of reaction was important theoretically, but would not be observable.
Recently it has become clear that the null reaction may be quite significant. If the null reaction occurs at a substantial rate, it would impact the radial D2 wave function, potentially producing a substantial increase in the probability that
the two deuterons are localized at the fermi scale. Although the Coulomb barrier is not affected, and the Gamow factor
is not impacted, the null exchange process will lead to an increase in the probability amplitude at small separation due
to the local transition 4 He → D2 . The proposal is that this effect is responsible for the observations of 3-body fusion
reactions reported in [41], [42].
It has also become clear that if the null reaction occurs that one would expect associated occasional incoherent
decays due to
D2 + 4 He ←→
D2 + 4 He ←→

4
4

He + p+t
He + n+3 He

It is possible that this ultimately may be the origin of the dd-fusion products in cold fusion experiments, and contribute
to dd-fusion products in deuteron beam experiments at low energy [43].
This suggests that 4 He may be more important in experiments involved metal deuterides than we had been thinking
in previous years. In may be that excess heat experiments in which the ease of starting up should be correlated with
4
He content. Similarly, 4 He content may be a parameter to monitor in experiments where low-level dd-fusion products
are measured might.
In principle the same issues would apply in the case of HD and 3 He for NiH excess heat experiments. It may be
that excess heat in the NiH system would start up more easily if some 3 He were present initially in the lattice. It may
be that a 3-body reaction involving an HD to 3 He transition could be seen in a sample containing H, D and 3 He, with
either H or D bombardment.
17. Vacancies
The issue of where the reactions occur has been of interest since the early days of cold fusion in 1989 [44], [45].
Deuterium occupies octahedral sites in bulk Pd, but the double occupancy of two deuterium atoms in an octahedral
site is energetically unfavorable and does not lead to a smaller separation than in molecular D2 . Our focus has been
on monovacancies, in which the O-sites and T-sites energies are nearly degenerate, so that all of the 6 O-sites and 8
T-sites are potentially available for occupation. Due to an energy penalty for occupation of neighboring O-site and
T-sites, we might expect there to be a constraint on the monovacancy loading where 9 or more D atoms are required
in a vacancy before neighboring O-sites and T-sites are occupied. There is no advantage in tunneling for neighboring
O-site and T-site occupation; instead, the thought is that this would allow for isomerization with dideuterium states
(for which the D-D separation will likely be in the vicinity of 0.9-1.0 Angstroms, which is more separation than occurs
in molecular D2 ). The key issue here is not so much a potential increase in the tunneling probability, but instead that a
significant coupling with extended vibrational modes seems possible.
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In connection with this proposal is the observation of superabundant vacancies by Fukai and Okuma [46], [47]. The
issue is that the vacancy formation energy is near 1.7 eV in bulk Pd, which means that it is energetically unfavorable for
vacancies to form (and if large numbers of vacancies are produced by ion bombardment, most anneal spontaneously
at room temperature within a day). If H or D atoms are in O-sites near a Pd atom, the binding energy for that atom is
lowered, since the resulting monovacancy is a trap for H or D atoms. This leads to a reduction of the Pd removal energy
by about 0.22 eV per H/D neighbor, so that PdH or PdD at high loading becomes thermodynamically unstable to decay
to configurations with large numbers (25%) of vacancies. Since vacancy diffusion is slow at room temperature, in
general one does not see massive vacancy formation in highly loaded PdD. In the experiments of Fukai and Okuma
the associated lattice contraction at elevated temperature (700–800 C), where the vacancy diffusion rate is much faster,
was observed in 2–3 hours.
In the Letts co-deposition protocol [48] excess heat is seen promptly when co-deposition is carried out at high
current density (and low Pd ion concentration in the electrolyte), which is thought to lead to large numbers of monovacancies since new Pd layers are deposited under conditions where the D/Pd loading is high. This appears to be
supportive of the notion that the active sites are monovacancies. In the Staker excess heat experiment [49] a protocol
is used in which repeated loading of the Pd cathode through the miscibility gap, which would be expected to cause defects. From our perspective this would likely lead to a disordered lattice with a moderate (few per cent) monovacancy
concentration, where Staker proposes that an order superabundant vacancy phase forms.
Note that Storms has advocated for micro-cracks as where the reactions occur [50]. In our view the sites next to
the Pd surface in a micro-crack are similar to those in the interior of a monovacancy, so are candidates for reactions
through the mechanism under discussion. The associated theoretical issue concerns how many sites are available. The
associated experimental issue is the development and testing of well-characterized samples which have micro-cracks,
and which have monovacancies.
There is the question of what happens in nano-Pd and nano-Ni particles. A proposal is that due to the considerable
surface stress, and nearby surface from which vacancies can diffuse, that it is much easier for monovacancies to form
in nano-particles. Possible support for this comes from x-ray measurements of PdD of [51] showing Fm3m symmetry
(consistent with the Fukai superabundant vacancy phase), and neutron diffraction measurements of [52] also showing
Fm3m symmetry. An interpretation of these measurements as indicating an ordered superabundant vacancy phase is
possible, but this was not the conclusion in either paper.
18. D/Pd loading
In light of the discussion above an interpretation for the D/Pd maximum loading requirement of 0.95 in the SRI
experiments may be connected with the stabilization of monovacancies. The idea is that if inadvertent co-deposition
of Pd (or other metal atoms) occurs, then new layers formed would have many monovacancies. There are issues with
this proposal. For example, Pd(+2) ions can be present in an acid electrolyte normally used for co-deposition, but
not in base. Pd co-deposition in base either occurs much more slowly or not at all [53]. The surface of cathodes
that have produced excess heat have been analyzed, and generally have all kinds of elements other than Pd on the
surface. An alternate mechanism may be a combination of mechanical work and deuterium flux near the surface
allows monovacancy formation at high D/Pd loading.
We would also expect a requirement that the D/Pd loading be sufficiently high to ensure sufficient occupation of
the monovacancies. One thought was that this might be the origin of the early D/Pd threshold near 0.83. However, in
light of observations of excess heat at much lower D/Pd loading by Storms [54], this interpretation needs revision. As
the models suggest an analogy with laser gain, a proposal is that a high D/Pd loading of a relatively small number of
monovacancies is needed the reach threshold in the old SRI experiments, which occurred near 0.83. And that if there
are many more monovacancies present, then a suitable occupation can be reached at a much lower D/Pd loading.
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19. Phonons and flux
As the models for excess heat production under consideration are analogous to laser models, and light is needed
initially (even if spontaneous) for amplification in a laser, phonons are needed initially for excess heat production. But
where would THz phonons come from? In the early Fleischmann-Pons experiments it was noticed that excess heat
was proportional to the deuterium flux above threshold [55] which suggested that the THz phonons resulting from D
hopping in the lattice were driving the process. This is thought to be relevant for the Swartz phusor experiment, where
the asymmetric anode arrangement would favor net deuterium flux into the cathode region close to the anode [56].
We have commented previously on the Letts 2-laser experiment [33], in which excess heat is stimulated by two laser
beams when the difference frequency is matched to phonon modes with zero group velocity.
Of interest is how this might work in excess heat experiments with nano-particles [57]. One might expect excess
heat to be triggered initially through a loading or deloading cycle, in which D/H generates THz phonons through
diffusion (for which evidence is described in [57]). We recall this is how excess heat is stimulated in the Piantelli NiH
experiment [58] with a macroscopic Ni bar in hydrogen gas. How D or H in a nano-particle is exchanged with the gas
phase under quiescent conditions is of interest. It may be that once excess heat is initiated that the nuclear energy goes
into the vibrations maintaining the excess heat process.

20. Discussion
The prospect of a clean small scale nuclear energy source has been in front of us at this point for more than 32 years.
Meanwhile the CO2 concentration in the atmosphere continues to rise and temperatures continue to rise. The lack of
acceptance of the field by mainstream science persists, almost the same now as in 1989. And each year there are fewer
researchers available that have a long experience in the field (Srini will be sorely missed). The relatively recent interest
on the part of industrial efforts has led to an increase in effort level, but an associated decrease in publicly available
research results as we learn that industry does not seem interested in presenting or publishing.
Due to the hurdles faced by the field over the years progress in sorting out the associated physical mechanisms has
been slow. In the end, how the excess heat process works is an experimental issue. Theory can provide some guidance,
but experiments are needed to sort things out and to be sure of what is going on.
In view of the discussion above there are potentially a very large number of issues needing to be addressed and
hopefully resolved. A theoretical construct exists which has the potential to provide a roadmap. Work continues on
the models, and progress continues to be made (an examination of the discussion of the model in this work will reveal
numerous additions and modifications from earlier versions [59], [26]). The biggest headache is that the theoretical
picture is complicated with lots of parts. In the end there will need to be experimental tests of every piece (which is
going to require elaboration of the models to provide quantitative predictions in each case, and new experiments that
will allow quantitative comparison with theory).
So, what is to become of the field? My younger colleagues inform me that things are changing, and that a new
generation is coming into their own that did not experience the trauma that was 1989. The words of Max Planck seem
relevant in this connection [60]:
A new scientific truth does not triumph by convincing its opponents and making them see the light, but rather
because its opponents eventually die and a new generation grows up that is familiar with it. . . An important
scientific innovation rarely makes its way by gradually winning over and converting its opponents: it rarely
happens that Saul becomes Paul. What does happen is that its opponents gradually die out, and that the
growing generation is familiarized with the ideas from the beginning: another instance of the fact that the
future lies with the youth.
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I recall a conversation that I had in 1989 with a well-known skeptic, who explained to me that it would be really nice if
the excess heat in the Fleischmann-Pons experiment was real. The key problem, he said, was that he just didn’t believe
measurements done with isoperibolic calorimetry. If there were even one measurement done with a better calorimetric
technique, such as flow calorimetry, then he assured me that he would become a believer in the effect. Some time later
I informed him that some very nice positive excess heat results had been obtained at SRI in a flow calorimeter. He
immediately became angry. He explained that the only way he would believe that energy had been produced would be
if a commensurate number of neutrons were measured.
Unfortunately we do not have an abundance of young people in the field. And we do not have good teaching
materials with which to pass on what we have learned to a next generation.
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