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PREFACE
This is the Proceedings of the 13th Meeting of Japan CF-Research Society
(JCF13), which was held at Winc-Aichi, Nagoya, Japan on December 8 - 9, 2012. In
this meeting were given 20 oral presentations, out of which 17 papers were submitted
for the proceedings to the editorial board, and 3 presentations were left unsubmitted as
the JCF13 proceedings papers to avoid duplication with those submitted to Proc.
ICCF17. The submitted papers have been peer-reviewed by referees, and accepted for
publication either as-is or after some revision.
We publish the Proceedings on our web-site, http://jcfrs.org/proc_jcf.html, as well
as the Abstracts of all the presentations, http://jcfrs.org/JCF13/jcf13-abstracts.pdf. For
almost all meetings after JCF4, we published electronic versions of the Proceedings in
addition to their printed versions. However, in view of efficiency and effectiveness in
distributing information, we decided to discontinue the printed version for the last
meeting, JCF12. Only the electronic version will be published hereafter. Needless to say,
any responses from the world scientists will be welcomed.
We, Japan CF-Research Society members, have started the research of the cold
fusion more than two dozens of years ago. The cold fusion has a potential ability to
establish a small-scale, radiationless nuclear reactor, and hopefully to shorten half-lives
of radioactive wastes by nuclear transmutation. We believe that our approach is one of
the most challenging way not only to realize an environmentally-sound nuclear power
system with zero emission of the greenhouse gases and other harmful oxides, but also to
develop a novel technique for disposal of the nuclear wastes produced mainly by fission
reactors.
Recently, we find a few grandstanding activities based apparently on commercial
purposes on various internet sites. We believe, however, that priority has to be given to
clarification of the underlying physics and development of scientifically firm and sound
technology. It is therefore very important for us to continue and further develop
scientific approach.
Finally, we would like to thank all the participants, and also the people who have
collaborated in organizing this meeting. In particular, we would appreciate the moral
and material support by The Thermal & Electric Energy Technology Inc. Foundation.
Editor-in-Chief
Akira Kitamura, Technova Inc.
May 2013
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Nucleon Halo Model of 8Be*
Akito Takahashi1* and Daniel Rocha2
1

Technova Inc., Tokyo Japan, 2Rio de Janeiro, Brazil
*akito@sutv.zaq.ne.jp

[Abstract]
A model of final state interaction for 8Be* of 4D/TSC fusion is proposed. The 8Be*(Ex=47.6MeV) may
damp its excited energy by major BOLEP (burst of low energy photons) process from <n-h-h-n>
nucleon-helion halo state to 8Be-ground state. Intermediate decay states from the nucleon-halo states are
scaled by number of effective binding PEF values for mean strong field interaction. A complex decay
scheme is proposed. Minor two-alpha break-up channels emit characteristic discrete kinetic energy
alpha-particles, which meets wonderful coincidence with observed data by Roussetski et al. X-ray burst
data observed by Karabut et al may be photons by BOLEP.
Keywords: 4D/TSC, final state interaction, 8Be* decay, nucleon-halo, BOLEP, alpha-particle

1. Introduction
Explanation for heat/4He correlation, without neutron emission, by experimental CF
claims (The first claim was done by M. Miles et al.: The Science of Cold Fusion, Italian
Physical Society, 1991, pp. 363-372, and confirming claims by several other groups) is
of great interest on possible novel nuclear reaction that is peculiar to condensed matter
environments of deuterium-loaded metals. Our 4D/TSC theory predicts the consequence
of 23.8 MeV/4He with very low-level n/t secondary/minor production [1-3]. However,
the final state interaction of 8Be* at highly excited energy is very complex and yet to be
studied in detail. This paper discusses on our new proposal of nucleon-halo model of
8
Be* and possible EM transitions (BOLEP) with 1 - 10 keV burst-photons-emission and
with competing minor hadronic break-up channels, namely mostly going out to two
alpha-particles with specific peaks of kinetic energy.
To make theoretical modeling on possible nuclear effects, we need to theorize the three
steps of nuclear and electro-magnetic field interaction processes, as shown in Fig.1,
rationally and quantitatively. In our past works of TSC theory [1-3], we have intensively
studied on the initial state interactions and intermediate states. The final state interaction
was very briefly speculated. The situation, including the consequence of this work, is
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shown by the simplified scheme of 4 steps in Fig.2.

Three Steps in Nuclear Reaction
should be quantitatively taken into account.
(Virtual) Compound
State (Excited Nucleus)

Initial State
Interaction
(Strong, Weak Int.)
(Electro-Magnetic Int.)

Ex, Jπ,τ
Substructure
Change by
Mass-defect

Final State Interactions
(particles, photons, neutrino, FPs)
(Prompt and Delayed Transitions)
One-Way Process!
N Halo 8Be* AT-DR JCF13 Takahashi Ni+H at Siena WS-2012

2

Fig.1: Three steps to be theoretically treated for condensed matter nuclear reactions
4D/TSC
Condensation
Reactions

Electron Center

e-

Electron

d+

d+

e-

p or d

1.4007 fs

d+

e-

eElectron

4re = 4x2.8 fm

d+

2) Minimum TSC
reaches strong interaction
range for fusion

1) TSC forms

N-Halo
4He

4He

Deuteron

15 fm
3) 8Be* formation

4) Break up to two 4He’s via
complex final states; 0.04-5MeV α
+ BOLEP photons

N Halo 8Be* AT-DR JCF13

AT ICCF17 TSC theory

4

4

Fig.2: Process in four steps for 4D/TSC fusion model by the TSC theory [1-3]
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2. Brief View on Recent Nucleon Halo Theories for Light Nuclei
L. Subshukin and H. Toki wrote a good text book [4] on recent progress of nuclear
physics. They treated mean field-theory components as pionic exchanges and
spin-orbital coupling tensor force based on a relativistic Dirac equation. An example of
their book for nuclear binding energy calculation on light elements is picked up in Fig.3.
After Hiroshi Toki, Osaka U. 2008

AV18: two-body force only, II.2: 2 + 3-body forces

Three-body nucleon interaction, t/h state has non-negligible weight and can be
core Clusters of nucleon halo states .
L. N. Sabshukin, H. Toki: The Atomic Nucleus as a Relativistic System, Springer 2004
N Halo 8Be* AT-DR JCF13

5

Fig.3: Nuclear binding energy calculated for light nuclei [4]
The component of two-body pionic interactions between nucleons (n-p, n-n and p-p) is
the main force as expected by the mean field theory. However, three-body nucleon
interaction, t/h state has non-negligible weight and can be core-clusters of nucleon halo
state. Such helion (h) or triton (t) cluster state is considered to appear at highly excited
states of light nuclei or even at ground states of halo-nuclei as 8He, 8Li, 8B, 10Li, 12Li,
and so forth [5]. At highly excited states of 12C, three-alpha cluster state appears first in
the intermediate excited state range and the chaotic gaseous nucleon states bound
each-others as shown in Fig.4 [5] appears finally at very highly excited state. In a
simple image of understanding, very highly excited states of light nucleus must be
sustained by vibration energies between ‘isolated’ α- or h/t-clusters and also by coupled
rotation energies of ‘halo’ nucleons (neutron-halo state in many cases). When the
excitation energy goes up to extremely high, the QM chaotic energy states must appear
to sustain the very high excited energy. The ground state of 8Be is exceptional among

12
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A=8 nuclides: the recent precise 8-body calculation [6] showed a clear image of
two-alpha-cluster state as shown in Fig.5. The n-halo states of Be isotopes are imaged in
Fig.6 [5].

Fig.4: Cluster and chaotic gaseous states of nucleons at highly excited light nucleus 12C
[5]

Fig.5: Precise 8 body calculation for 8Be ground state [6] showing the tandem two-alpha
clusters; view from top (left) and from side (right)
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Fig.6: Nucleon halo modeling for highly excited states of Be isotopes [5]

3. Modeling for Nucleon-Halo States of 8Be*
The tetrahedral/octahedral configuration of 8Be* nucleons as intermediate compound
state of 4d fusion needs further study. Pion (isospin) exchange between n and p states of
nucleons may suggest 3-dimensional symmetric arrangement as n-p-n-p-n-p-n-p to form
nuclear TSC state, which will have rotation energy level scheme as deformed from an
ideal sphere. However, such non-cluster state should correspond to the QM chaotic
‘gaseous’ state of very high excited energy as shown in Fig.4. 8Be (as well as most of
light nuclei) can be described better as 2 clusters of alpha particles, each cluster being 2
protons and 2 neutrons in the 1s nuclear-shell. Excited states 8Be* are described by
excitations between these 2 clusters. However, at very highly excited state as
8

Be*(Ex=47.6 MeV) after 4D/TSC fusion, the deformed state configuration seems quite
different, as we will discuss and model below.
Now, if we concentrate in a condition of a lot of energy together, maybe the force can
fuse these 2 clusters in one core. The difference would be that this fusion would be
endothermic and would create exotic excited states. For example:
1) Cluster A would lose 2 neutrons to cluster B, so, cluster B would have 2 extra
neutrons, like 6He. 6He has a halo-sate of two satellite neutrons. Maybe this excited
state will have a halo of h-cluster.
2) Cluster A would lose 1 neutron and 1 proton. So, cluster B would have a
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configuration of 6Li, cluster A would be like a deuteron. But, because of the
symmetry, cluster A could be also a 6Li and B is a deuteron. So, there could be 2
alpha-weird mode of excitation: 1 proton and 1 neutron would come and go from
cluster A to B.
3) Cluster A and B could lose 1 neutron and 1 proton at the same time. So, cluster A
and cluster B would both share a deuteron.
Now we are considering a PEF-number-to-effective-spring-potential model, for
formulating a simplified effective Hamiltonian of 8Be* for the final state interactions.
Here PEF (pion exchange force) is a measure of mean charged pion exchange field
based on Yukawa-Wigner force and isopin [1].
The h- and t-cluster are the same nuclear-equivalent state as nucleon is (<n> + <p>)/2
because of very rapid pion-exchange between neutron <n> and proton <p> state of
nucleon inside nucleus.
In Fig.7, 4He*(Ex=23.8MeV) state is imagined as a n-halo state with Ex >
(1/2)K2Rhalo2 (PEF spring potential). This may correspond to a rapid break-up to n + h +
3.25MeV channel. Binding PEF number is 2 there, which is not strong enough to
sustain the 23.8 MeV excitation energy and causes a prompt break-up to n + h or p + t.

Nucleon Halo Model of 4He*(Ex=23.8 MeV: Jπ)
Excitation with 2 PEFs spring:
No concrete alpha-core may enhance prompt hadronic break-ups
Binding PEF

n

Binding PEF = 2
Rhalo

This state breaks up
Promptly in 10-22s
To n + h + 3.25 MeV
Due to no hard alpha-core
And weak binding PEF.

p

p
n

Ex > (1/2)K2Rhalo2
And prompt break-up

N Halo 8Be* AT-DR JCF13

12

Fig.7: n-halo model for 4He (Ex=23.8MeV) after d-d two-body fusion
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Nucleon Halo Model of 8Be*(Ex=47.6 MeV: Jπ): Excitation with 4 PEFs spring
Vibration/Rotation Band Levels are narrow spaced for Long Life
Low Energy EM Transition Photons: a few keV: to 8Be (g.s.), due to hard alpha-core

n

Ex < (1/2)K4Rhalo2
+ (1/2)K6Rah2

Binding PEF

Binding PEF = 10

p

n
p

p

The halo-states
(a) and (a’) are
Equivalent

p

n

n
Rah
Rhalo

N Halo 8Be* AT-DR JCF13
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Fig.8: Nucleon-halo model for 8Be* at highly excited state (Ex= 42 MeV)

8Be*

=α+h+n

Vs.

8Li

=α+t+n

8Be*

Life-time is as long as 8Li?!
As h and t are nuclear-equivalent
N Halo 8Be* AT-DR JCF13

14

Fig.9: Nuclide chart for light elements and A=8 nuclides for comparison
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8Be*
8Be*

and 8Li are similar n-halo states

= n + h + h + n Halo

8Li

Binding PEF = 8 + 4 = 12

Binding PEF = 6 + 5 = 11

n

p

= n + h + t + n Halo

n

Binding PEF

p

p

np

n

p

p

n

p

np

n

n

p

n
N Halo 8Be* AT-DR JCF13
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Fig.10: The proposed <n-h-h-n> halo-state of 8Be*(Ex=47.6MeV) compared with 8Li
halo-state

(c)
8Be*

(b)
=α+α

8Be*

Binding PEF = 8

n
p

p
n

Binding PEF = 6

p
np

= d + 6Li

n

p
n

p

N Halo 8Be* AT-DR JCF13

pn p
n
np n
p
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Fig.11: PEF model for cluster states of 8Be* at lower excited states Ex ≦ 34 MeV
Similarly, when we consider the inter-nuclear configuration of ‘virtual’ 4H nucleus, we
may model it as a n-halo with a t-cluster, which has only 1 binding PEF and therefore
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weak enough to break up to n + t channels very promptly in 10-23 s.
In Fig. 8, 8Be*(Ex=47.6MeV) state is speculated as a n-halo state with Ex < (spring
potential of n-halo) + (alpha-h vibration potential). Excess inertia by the rotation of
n-halo will make the 8Be* state more meta-stable to generate narrow-spaced
rotation-vibration energy-eigen-values. It also seems that 8B is also a halo nucleus, but
with protons. Similarly 8Li has a halo state with halo neutrons. So, it seems that A=8 is a
magical number for halos. We will also try to test the idea with 4He, considering it that t
and 3He (h: helion) are nuclear-symmetrical, as discussed above already. To this respect
it is interesting to see Fig.9, which compares life-times and decay-schemes of A=8
nuclei. Most A=8 nuclei have long life times as several hundred ms at their ground
states, except for 8Be that decays to two-alphas with 0.067 fs life time. As seen by
Figs.8, 10 and 11, 8Be* (excited state) may have very similar nucleon-halo states to that
of 8Li, with similar binding PEF numbers. Such analogous states suggest us that the life
time of 8Be*(Ex=47.6 MeV) may be ‘rather’ long as a few ms or more.
The 4He-cluster has a very powerful binding (PEF=4 in inside binding) for keeping its
rest mass because of the symmetry between h- and t-cluster inside it. We can think of a
pair of t and h sharing a deuteron there. Also, we may consider the coincident
completion of the shell model.
The 6Li-cluster can be split to a pair of h and t clusters. These clusters are weakly
bound (binding PEF = 5, as seen in Fig.10, compared with binding PEF = 6 for h-h
coupling) which explains the experimentally verified very low average nuclear binding.
This configuration should be more stable than the shell model, which may let a deuteron
alone around the alpha core. Next, we consider that 8Be* can be 2-alpha clusters. It
should be h and t clusters with 2 halo neutrons, also, at higher excitation energy than the
threshold of two-alpha cluster state (see Table-1). Note that the evidence of a cluster of
h and t can be seen considering the reactions: 6Li + n → 4He + 3T and 7Li + p →
8

Be → 24He, as evaluated in TUNL Library [7].
Possible maximum excitation energy (Ex) states of 8Be* can be scaled by the measure
of binding pion-exchange-force number (Binding PEF) as shown in Table-1. This
evaluation was deduced by comparing the TUNL level scheme [7] of 8Be and
nucleon-halo status shown in Figs.8, 10 and 11, as we know the threshold-energies of
two-body reactions as p + 7Li (Binding PEF = 4 and maximum excitation energy 17
MeV) and d + 6Li and their binding PEF numbers (see Table-1). From this speculative
extrapolation assuming the proportionality of maximum excitation energy versus
binding PEF number, we can define the maximum excited energy of two-alpha cluster
state (binding PEF =8) of 8Be* is ca. 34 MeV, over which 8Be* should be ‘dissociated’
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to the <α-t-n> halo state (binding PEF =10) or the <n-h-h-n> halo state (binding PEF
=12) for sustaining definite life-time of such highly excited states.

Table-1: Speculated maximum excitation energies for various cluster/halo states of 8Be*

Possible Maximum Excitation Energy (Ex) States of 8Be*
can be scaled by Binding Pion-Exchange-Force Number.
Cluster/Halo
State
(e) p + 7Li (n + 7Be)

Binding PEF Maximum Ex Dominance
4

17 MeV

Minor

(c) 6Li + d

6

25 MeV

Minor

(b) α + α

8

34 MeV

Minor

(a) h + α + n (a’) t + α + p

10

42 MeV

2nd

(d) n +h + h + n
(p+t+t+p)
(f) 4p + 4n chaotic
admixture

12

50 MeV

Main for
4D/TSC

16

ca. 66 MeV

N Halo 8Be* AT-DR JCF13

None
17

Consequently, the 8Be*(Ex=47.6MeV) state is defined as the <n-h-h-n> halo state to
sustain the very high excitation energy of 47.6 MeV and might have a few ms life time.
From such an evaluation, we can draw the decay scheme of 8Be* as shown in Fig.12.
See also Fig.13, for understanding relations between A=8 nuclei. The ground state of
Be is peculiar in comparison with 8He, 8Li and 8B ground states which have very long
life-times to allow beta- and positron decay. The ground state 8Be has a definite
life-time but as short as 0.067fs and decays to two alpha-particles. However, the highly
excited states 8Be* may behave somewhat similarly to 8Li due to possible nucleon-halo
states and may have prolonged life time (maybe on the order of a few ms or more).
8
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Predicted Final State Interactions of 8Be*(Ex=47.6MeV):
BOLEP: burst of Low Energy Photons: will be dominant channels

Ex
47.6
MeV

4D/TSC to 8Be*(47.6MeV) = <n + h + h + n> halo: Life time > a few ms
BOLEP

40

<α + h + n> halo: Life time > a few ms
BOLEP
1keV
Per
photon

34

25

BOLEP
<α + α> vibration/rotation: Life time ?
BOLEP
1-10keV
Per
photon

BOLEP

Fragmentations: α, t, p

<d + 6Li> vibration/rotation: Life time ?

Decay to
two 5.65 MeV α –particles

11.3
3

Decay to
two 1.5 MeV α –particles

0.0
8Be*(gs:

0+) : decay to two α –particles (46 keV; 0.067 fs)
N Halo 8Be* AT-DR JCF13
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Fig.12: Proposed final state decay scheme of 8Be*(Ex=47.6MeV) by 4D/TSC fusion;
There are several even spin-parity states (see Table-2) between 34 and 11.3 MeV,
which are not drawn here to avoid complexity of scheme-figure.

After TUNL: D. Tilley, et al: Nucl. Phys., A745 (2004) 155

N Halo 8Be* AT-DR JCF13

Fig.13: Level scheme of A=8 nuclides from TUNL library [7]
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After: RIKEN Nishina Center talk0707 2007

Rotation modes by various deformed nuclei

Beta/gamma Deformation
Vibration/Rotation couple

Banana Deformation

Tetrahedral Deformation

N Halo 8Be* AT-DR JCF13

20

Fig.14: Rotation mode of typical deformed nuclei [8]

After: RIKEN Nishina Center talk 0707 2007
Er 158, high spin sates rotation/vibration levels

N Halo 8Be* AT-DR JCF13

21

Fig.15: Very high spin state rotation-vibration coupled modes for Er-158 excitation [8]
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4. Discussions on the Burst of Low Energy Photons (BOLEP) and
Minor Alpha-Emitting Channels
It is possible for 8Be* to exist a large multi-pole momentum for the <n-h-h-n> halo
state. We consider, as a rough example: 2^((2(incoming tetrahedral)+2(recoil
tetrahedral))*2(at least 1 extra transverse node between each incoming and outgoing
components)=216 (=65,536) pole momentum. Considering that it is possible to describe
~15,000 or more independent waves, and each of those carry a quantum of high
deformation. The high deformation state could share 47.6 MeV of 8Be* nuclear
excitation energy between many 1.5 KeV wave-packets (Low Energy photons), and
burst of low energy photons (BOLEP) will happen like as thermal black-body radiation.
See Fig.16 for imagined deformed state for 8Be*(Ex=47.6MeV) as very high spherical
harmonics mode [9].

L = 16 mode I Vibration –modes by complex deformation, which couple with high
spin-state rotation-modes. (m = -16, -15, -14, -13, -12, -11, -10, -9, -8, -7, -6, -5, -4,
-3, -2, -1, 0, 1, 2, 3, 4, 5, 6,7, 8, 9, 10, 11, 12, 13, 14, 15,16)
At least 18 (m) spherical harmonics Ylm solutions:
Tetrahedral symmetry plus point-inversion symmetry; many nodes

Model Image
for
8Be*(47.6MeV)
By deformation
Due to
Nucleon-halo
States
Red: higher
altitude
Blue: lower
altitude

After Paul
Matthews: PR E 67, 036202 (2003)
N Halo 8Be* AT-DR JCF13

Fig.16: Highly deformed
8
Be*(Ex=47.6MeV) [9]

spherical

harmonics

state

(l=16)

23

imagined

for

A rotation-vibration coupled high spin state of nucleon-halo 8Be* will make such a
highly deformed state in 3-dim image. Concerning the deformed nuclei, we did
mention about very high deformation modes, which we think is an important point as an
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example. If 4 nuclei coalesce like liquid drops, the deformation will be higher than a
tetrahedral deformation (see Figs. 14 and 16), since the collision shock waves can have
radial inward and outward (recoil) components and also transverse modes since each
incoming proton collides with 3 other protons. We thought that it is possible to
enhance existence of a large multi-pole momentum. Also, note that the number of
node deformation in the picture is small, but we think there is need to see the
superposition with longer wavelength nodes that are not present in the picture. We
probably have to think more:
1. The surface of the excited nucleus is deformed in a sea wavelike fashion, extending
the liquid drop idea to a more literal vision, which is partially classical.
2. Individually, the undulation carries small energy relative to the ground state. All of
them together carry highly excited energy.
3. The n-pole momentum is not necessarily a solution to a quantum problem, but of a
classical equation wave equation of a surface.
4. Every node of the excitation of the n-pole momentum corresponds to a wave which
caries a quantum of energy of the BOLEP.
5. Radial excitations are suppressed exponentially, also in analogy with classical waves.
6. Every wave has about the same order of magnitude in energy, due to the equipartition
theorem. So, all the ~214 nodes share about the same energy at a given excitation.
7. The sum of the amplitudes waves should give a similar picture to the colorful picture
of a ball which is presented in Fig.16, since it has about the symmetries of a
collapsing tetrahedron impact.
In the basis of alpha-cluster model we shall do modeling. The n-, p-, d-halo state of
highly (Ex=47.6 MeV) excited state of 8Be*, as very deformed nuclei has been
considered above. A nucleon-halo admixture will have rotation-vibration combined
level states with small level-gap band structure (See a case of collision experiment for
high mass nucleus Er*, in Fig.15). As 8Li n-halo state has ‘very’ long life (ca. 0.8 s),
8
Be* halo-state may have long life time, due to h/t cluster’s nuclear equivalence, which
allow cascade-EM-transitions dominant (see Fig.12, accordingly).
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Fragmentation from 8Be*(Ex=34 MeV)
• 8Be* → 4He (20.2MeV) + 4He(gs,0+) + 13.8MeV
(KE=6.9MeV) (KE=6.9MeV)
4He(20.2MeV) → p +
t
( + 6.9MeV)
(1.7MeV) (5.2MeV)
D + t(5.2MeV) → α + n(9-19MeV) + 22.8MeV: cf. SPAWAR high E neutron

• 8Be* → 4He (gs,0+)) + 4He(gs,0+) + 34MeV
(KE=17MeV) (KE=17MeV)
Αlpha-peaks by Lipson et al by CR39 spectroscopy
N Halo 8Be* AT-DR JCF13
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Fig.17: fragmentations from the highest excited state of two-alpha cluster of 8Be*

To extend quantitative analysis, we need to define effective Hamiltonians for various
types in Figs. 8,10, 11 and 16. Core oscillator (α-h or α-t ) plus n-(or p-) halo rotator
makes band structure of energy-eigen-values: so called rotation/vibration coupled band
(see standard nuclear physics text book). Coupled Schroedinger equations for rotation
and vibration, for so many modes should be solved. Competition with CP (charged
particle) fragmentation channels should be studied. These are difficult task for future.
Possible hadronic break-ups of 8Be* via symmetric fragmentation or
asymmetric fragmentation should be considered (See Fig.17). Cascade break-ups via
lower excited states of 8Be* to two α-particles after the BOLEP transition should be
considered. These states are in competition with main EM transitions (BOLEP:
black-body radiation-like mechanism) of nucleon-halo rotation/vibration states,
damping nuclear excited energy by burst photons to transit to the ground state
8

Be(gs:0+) which decays to two 46 keV alpha-particles.
Emitted alpha-particle energies are predicted as follows (see Table-2 also):

Major channel: 46 keV from 8Be(gs:0+) break-up after BOLEP transitions
(Secondary neutron yield by 46 keV alpha may be negligible, cf. Hagelstein
limit[17], by heterogeneous matter for 4D/TSC generation without other local Ds.)
Minor channels: 1.55MeV, 5.65 MeV, 6.9 MeV, 8.3 MeV, 10 MeV, 11 MeV, 11.5 MeV,
13.8 MeV, 17 MeV (cf. Lipson and Roussetski exp.)
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Minor triton emission: 5.2 MeV (cf. SPAWAR exp. and Fig.17.)
A lot of works are needed for knowing branching ratios, by experiments and theories.
Fig.18 is added for Roussetski’s alpha-spectrum data (beautiful) [10], which is
compared with the prediction of this work (Table-2). We find wonderful coincidence for
discrete energies (KE) of alpha-particles between Roussetski experiment and the present
prediction. This coincidence of alpha-spectrum between our theoretical prediction and
other group experiment is a convincing result for the present nucleon halo 8Be* model.
Table-2: Predicted alpha emission channels and their kinetic energies

4D → 8Be*(47.6MeV) → BOLEP + 8Be*(34MeV)
and possible intermediate states which decay to 2α
(Note: only 11.4 and 3.04 MeV states are drawn in Fig.12)

Ex (MeV)

SpinParity

Isospin
(T)

KE of α-particle
(MeV)

34
27.5
22.98
22.0
20.1
16.6
11.4
3.04
-0.092(gs)

(0+)
0+
(0+)
2+
2+
2+
(2+)
2+
0+

(0)
2
(0)
0
0
0
(0)
0
0

17
13.8
11.5
11
10
8.3
5.7
1.55
0.046

N Halo 8Be* AT-DR JCF13
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Alpha particle energy spectra (fine structure)
demonstrates few bands in the range 10 – 17 MeV
After A. Roussetski et al, Siena WS 2012: for TiDx system under e-X beam stimulation
JETP Vol.112 (2011) 952
det. T1-10, TiDx + X-ray
25

Nα, a.u.
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17

alpha energy, Eα0, MeV

Prediction by N-Halo Model: 17, 13.8, 11.5, 11, 10, 8.3, 5.7, 1.55
and 0.046 (in MeV): Good Agreement with Roussetski Exp.
N Halo 8Be* AT-DR JCF13
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Fig.18: Discrete alpha-particle energies observed by Roussetski et al are all agreed with
the prediction of minor channels by the 4D/TSC to n-halo 8Be* model

X-ray (0.6-6keV: peak around 1.5 keV)bursts observed by
Karabut et al for D-Glow Discharge Experiment with various
metals, JCMNS Vol.6, 2012

N Halo 8Be* AT-DR JCF13

34

Fig.19: Low energy X-ray burst observed by Karabut et al.[14]; BOLEP may explain it.
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Now the story of TSC theory [1-3] looks more rational and more fitting to main
experimental observations: Miles et al [10] for the original heat-4He correlation which
have been followed by McKubre et al and others[15,16], Lipson [11] for ca.15MeV
alpha-particle peak (probably a bunched peak of 17 and 13.8 MeV) from PdDx system,
Boss[12] for 12C(n,n’)3α reaction by En>14MeV neutrons – see also Fig.4.
We know what Hagelstein spoke and wrote at ICCF17. One of authors questioned him
at the Meeting that he did not treat yet nuclear (strong interaction/intermediate/final
state) process properly. His ‘going-forth and -back oscillation model’ is wrong in the
nuclear physics view, as pointed out by Fig.1, of one-way stochastic process flow from
the initial state to the final state interactions. However, it seems that the
Karabut-Karabut- Hagelstein work [14] might see the very BOLEP in their observed hot
spots, although they interpreted as those were being from the radiation from electrons of
each kind of metal in Hagelstein's theory of collective atoms, as referred in [14], or
downloadable at:
http://www.iscmns.org/CMNS/JCMNS-Vol6.pdf :
"Experimental results on Excess Heat Power, Impurity Nuclides and X-ray Production in Experiments
with a High-Voltage Electric Discharge System", A.B. Karabut, E.A. Karabut. See page 223(214 in
journal), figure 15. Where we see black-body radiation type spectrum that peaks at 1.5KeV. The high
nucleon momentum should have an emission that would look like a black body since its distribution is
similar to the gas of photons in a box. Compare: downloadable at:
http://en.wikipedia.org/wiki/Bose-Einstein_statistics#A_derivation_of_the_Bose.E2.80.93Einstein_distrib
ution
with http://en.wikipedia.org/wiki/Spherical_harmonics#Spherical_harmonics_expansion
:"Spectral and Temporal Characteristics of X-ray Emission from Metal Electrodes in a High-current Glow
Discharge" A.B. Karabut, E.A. Karabut, P.L. Hagelstein. See page See page 231(264 in journal), figure 6,
the time between bursts, BOLEP, is around 0.1 to 1ms. Compatible to what we would expect from halo
orbits.

We saw the beautiful alpha-particle data by Roussetski et al at the last Siena Workshop,
with great impression. We are now studying a nucleon-halo model of 8Be* by 4D/TSC
fusion. We have compared our consequence of alpha-particle energies (discrete) and his
Siena data:
http://www.iscmns.org/work10/program.htm

Although the predicted alpha discrete energies are from minor channels of the final
state interaction of 8Be*(47.6MeV), no other models than that could find such beautiful

27

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

coincidence with several alpha-peak-energies (see Fig.18).
Why do we not include the blackbody radiation from the Karabut-Karabut-Hagelstein
work in conclusion? They tried to explain it with the Hagelstein’s collective theory, but
the theory is too high for that. They say they still cannot explain it properly. The 1.5KeV
peak is however within the range of the BOLEP. We think it would be good to include it
due to BOLEP in our conclusion.
Mean photon energy by BOLEP was speculated on the order of 1-2 keV, albeit not
precise QM calculations done. We shall reserve ‘coincident agreement issue’ for future
quantitative QM analysis. We think it is possible to do a reasonable approximation to
relate BOLEP and the thermal black body radiation, using similarities between the
photon gas in a box and the photons from the rotation/vibration of spherical harmonics
modes/nodes. We will think about it more. The mere division by the number of states to
get 1.5KeV assumes the equivalent-partition theorem as valid. While this might be
reasonable because of the relatively large number of states, it is about the peak energy
of the black body radiation, as seen in the Karabut-Karabut-Hagelstein spectrum. So,
that treating this problem as a classical problem is not enough.
The n-halo state of 8Be*(47.6MeV) may be close to quantum-chaos (4n + 4p chaotic
admixture to sustain that very high excitation energy) but still keeping order of helion
(h) clusters. So we need QM study for the complexity. Comparing it with Fig.13 for
A=8 nuclides and Table-1, we may imagine ‘rather long life time’ of
8
Be*(Ex=47.6MeV) as imagined as more than a few ms. The equilibrium time should
be much shorter than the wavelength of the emission time, that is, the wavelength of the
outgoing radiation. Since we are thinking about radiation with energies below 10KeV,
which is 2 orders of magnitude less than typical nuclear reactions, this is a likely
explanation. "Broadening due to local conditions is due to effects which hold in a small
region around the emitting element, usually small enough to assure local
thermodynamic equilibrium".
We may imagine a burst of low energy photons from a highly excited nucleus with
high spin rotation/vibration mixture of isolated/clustered nucleons, since that has no
paths to direct fragmentations like 8Be*(47.6MeV) to two 23.8MeV alphas but the
multi-photon EM transition (BOLEP) down to lower excited states where alpha-alpha
cluster states of excitation (with Ex less than 34 MeV, see Table-1) are of possible
sub-structure of excited nucleus.
The ground state of 8Li decays by beta emission, weak interaction, to 8Be*(3MeV:2+),
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more than 90 % branch, (then breaks up to two alphas), since 8Li is at ground state and
cannot have any EM paths to change nuclear substructure. Decays by weak interactions
for 8Be*(47.6MeV) are however defeated by the BOLEP EM transition, in contrast,
because of its excited state having freedom going to lower states.
However, the BOLEP transition is not a photon emission process with such
continuous wave length distribution as the thermal black-body radiation, since it has
discrete wave length structure of distribution reflecting QM states of near ‘chaotic’
rotation/vibration sates of the <n-h-h-n> halo nucleus.
We may have intuition that the BOLEP state can be ‘approximately’ treated as classical
black-body radiation. To prove it we need however some precise QM studies on discrete
energy levels structure, maybe strongly coupled mutually as bosonic states (nuclear
phonons) of discrete energies, of the <n-h-h-n> halo nucleus under 47.6MeV excited
energy. The strong bosonic coupling between ‘excitons’ will lead to a
catastrophic/spontaneous-avalanche of burst-photons (BOLEP) dominantly damping
directly to the ground state 8Be(gs:0+).
We may however consider that we are talking about trillions of photons detected by the
Karabut-Karabut-Hagelstein work [14]. Also, the interval they detected was small, from
~0.5KeV to 10KeV. That means less than 1eV for every level. We may consider
variations due to large recoil, since H/D is light, and the non linear variation of the
levels. So, trillions of detections would form a continuous spectrum. Yes it may be so,
but we have to take it into account that first BOLEP photons with 1.5keV mean discrete
energies may be emitted from the 8Be*(Ex=47.6MeV) state and they ionized
surrounding metals outer electron-orbits. The recombination of ionized metal atoms
emits a few eV photons as is usual process. We observe EM radiations by all possible
primary and secondary reactions. So far distinction or direct observation of BOLEP
from deformed (excited) nuclei is not easy. It is not easy. So, we may be proposing that
the Karabut-Karabut-Hagelstein spectra was due to BOLEPs, as a conjecture of direct
observation. Secondary radiation could be related to hot spots.

5. Summary and Conclusion
A model of final state interaction for 8Be* of 4D/TSC fusion is proposed. The
8
Be*(Ex=47.6MeV) may damp its excited energy by major BOLEP (burst of low energy
photons) process from <n-h-h-n> nucleon-helion halo state to the 8Be-ground state.
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Intermediate decay states from the nucleon-halo states are scaled by number of effective
binding PEF values for mean strong field interaction. Analogous states to A=8 ground
state nuclei as 8He, 8Li and 8B which are typical neutron-halo states with rather long life
times as 838 ms for 8Li are discussed, to speculate that the life time of <n-h-h-n> halo
sate of 8Be*(Ex=47.6 MeV) may be as long as a few ms or more and the dominant
BOLEP electro-magnetic transition will be sustained. More quantitative QM analysis is
to be done to know the detail of discrete energy states for the very deformed halo state.
A complex decay scheme is proposed. Major decay channel is modeled as an
electro-magnetic transition of BOLEP to the 8Be-ground state which breaks up to two
46 keV alpha-particles with 0.067fs life time. BOLEP is modeled as emission of rather
slow (in a few ms) and stochastic burst events of ca. 1.5 keV averaged energy photons
due to strongly coupled bosonic (nuclear phonon) states of many high spin quanta by
the rotation-vibration coupled motion of very deformed <n-h-h-n> halo state of
8
Be*(Ex=47.6 MeV). Minor channels are modeled as BOLEP transitions to lower even
spin-parity excited states (Ex = 34, 27.5, 22.98, 22.0, 20.1, 16.6, 11.4 and 3.04 MeV),
from where two-alpha break-up channels open. Minor two-alpha break-up channels
emit characteristic discrete kinetic energy alpha-particles at 17, 13.8, 11.5, 11, 10, 8.3,
6.9, 5.7 and 1.55 MeV, which meets wonderful coincidence with observed data by
Roussetski et al. The asymmetric break-up from the Ex = 34 MeV state has a branch to
emit 5.2 MeV triton, which will induce secondary D-t reaction in deuterium contained
metal to emit 9-19 MeV (En) neutrons that would have 3-alpha tracks of CR39 detector
by 12C(n,n’)3α reaction as observed by Boss et al. X-ray burst data observed by Karabut
et al may be photons by BOLEP. Further confirmation data by experiments for checking
such consequences of the present work is expected.
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Abstract
The basic ideas underlying a quantitative theory of nuclear structure, i.e., quantum nucleodynamics (QND), are
introduced. The replacement of the fictitious “mean-field” approximation of the nuclear force with the
empirically-known nuclear potential-well is the essential first step. From there, calculation of short-range
nucleon-nucleon effects can be achieved on the basis of the lattice representation of nuclear space, as
introduced by Wigner in 1937.

I. Introduction
“Quantum nucleodynamics” (QND) is a phrase that was used in the 1950s to describe the
formalization of nuclear structure theory along the lines of quantum electrodynamics (QED).
Unfortunately, despite the early development of a quantum mechanical foundation for
nuclear theory (the independent-particle model, IPM), the nuclear version of QED turned out
to be “so difficult that no one has ever been able to figure out what the consequences of the
theory are” (Feynman, 1963, p. 39) and the promise of a unified, quantitative explanation of
the atomic nucleus has not been realized.
The principal problem still lies in our understanding of the “strong” nuclear force.
Unlike classical electromagnetic theory, from which charge interactions can be calculated, a
fundamental theory of nucleon-nucleon interactions has not been established. In the hope of
such a discovery, most theorists in the 1960s turned their attention to particle physics and,
jumping over the chronic problems of nuclear structure, engaged in the development of the
high-energy theory known as quantum chromodynamics (QCD). Meanwhile, the enticing
QND phrase has been effectively abandoned and is rarely even mentioned in the physics
literature (Feynman, 1963; Karastoyanov, 2000). Here, I argue that: (i) the foundational
concepts of a quantitative QND are already known, and (ii) its development awaits a focused
research effort.

II. Quantum Electrodynamics
At the very beginnings of quantum theory, several profound and still-unresolved
philosophical debates concerning its interpretation were initiated. Bizarre and untested
arguments (concerning parallel universes, time travel, parapsychology, and so on) continue
to be made on the basis of those non-classical interpretations, but, as a matter of fact,
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practicing physicists can rely on the mathematical formalism of quantum mechanics to
predict a broad range of atomic, molecular and solid-state phenomena. In that respect – and
regardless of philosophical arguments – there is no doubt that (i) quantum theory is
fundamentally correct and, moreover, that (ii) its most precise applications are currently
found in QED. Notably, unlike the debates concerning the interpretation of quantum
mechanics (the collapse of the wave function, the implications of the uncertainty principle,
the wave-particle duality, the stochastic nature of reality, etc.), there are today virtually no
dissenting opinions concerning the unprecedented precision of QED – “the jewel of physics”
(Feynman, 1985, p. 6). As a quantitative theory that allows for an understanding of the
absorption and emission of photons in terms of the transitions of electrons from one quantal
state to another, QED remains unchallenged.
Despite the technical complexity of quantum mechanics, in general, and QED, in
particular, the conceptual simplicity of atomic theory can be illustrated as in Figure 1. As
first understood by Niels Bohr in the 1920s, for a hydrogen-like atom in which there is one
electron orbiting around a central nucleus containing Z-charges, the entire set of excited
states, their transitions and light spectra can be calculated on the basis of quantum theory
(Figure 1A). Adding a second electron introduces electron-electron effects that can be
computed, and further electrons introduce screening effects that must be handled on an ad
hoc basis, but the fully developed theory of atomic structure remains qualitatively accurate
and, with suitable parameter adjustments, quantitatively precise (Figure 1B).

Figure 1: (A) The energy states of hydrogen – all of which can be calculated in quantum
mechanics. (B) Related energy levels and allowed one-electron transitions of the sodium atom.
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Quantum mechanical results concerning the light spectra are the most spectacular,
because theoretical predictions can be compared directly with experimental data. The central
idea that makes prediction possible is that there is an underlying quantal “texture” of all
possible electron states. As illustrated in Figure 1, any atomic state is a specific
configuration of electrons with known n, l and m quantum numbers that are used in the
calculation of photon energies and of the allowed and forbidden transitions. The wavefunction for electrons specifies the relationships among the quantum numbers as:

Ψn,l,m = R n,l (r) Ym,l (θ, φ)

Eq. 1

The permutations of n, l and m – and their dual occupancy with spin-up and spin-down
electrons (s) provides the entire theoretical framework for determining the energy states of
electrons (Eqs. 2-5, Table 1), and consequently light spectra. As stated in all textbooks on
atomic theory, n, l, ml and ms can take certain integer or half-integer values:
n =1, 2, 3, 4, …
l = 0, 1, 2, …, n-1
ml = -l, …, -2, -1, 0, 1, 2, …, l
ms =s = 1/2, -1/2

Eq. 2
Eq. 3
Eq. 4
Eq. 5

Based on the occupancy of the shells and subshells of Eqs. 1-5, it was possible to explain the
length of the periods in the Periodic Table of the elements. That theoretical achievement was
a decisive factor in establishing quantum theory as the core explanation of atomic structure.
Today, it can be said that the pattern of electron states, as shown in Table 1, is: (i) the
bedrock of atomic theory, (ii) the foundation upon which an understanding of the Periodic
Table is built, and (iii) the conceptual framework for essentially all of modern chemistry.

Table 1: The full set of n-, l-, ml- and ms-quantal states of the first 86 electrons (after Herzberg,
1937). The “spherical harmonics” of electron orbitals (expressed by r, θ and φ) make atomic
structure geometrically complex, but the underlying simplicity is due to the integer relationships
among the quantum numbers.

III. The Road Toward Quantum Nucleodynamics
Although QED techniques were adapted to the problems of nuclear theory in the 1940s and
1950s, they did not lead to a rigorous QND, primarily because the fundamental force
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holding nuclei together remained uncertain. As a consequence, theorists did not produce a
quantitative explanation of the properties of nuclear ground- and excited-states. Instead,
nuclear structure theory has remained a field where many mutually-contradictory “models”
were employed – interesting, but imperfect analogies with macroscopic objects, all of which
have known problems and only limited applications.
The atomic and nuclear systems are remarkably different in that the atom is a lowdensity “gas,” whereas the nucleus is an extremely high-density liquid whose macroscopic
properties are accurately described in the liquid-drop model (LDM). Remarkably, although
different forces hold these systems together, the atom and the nucleus are strikingly similar
in terms of the quantal states of their constituent fermions. Their similarity can be described
most clearly in terms of the wave-functions used in both realms.
The nuclear version of the wave-function is shown in Eq. 6. In comparison to atomic
theory, there are two factors that increase the complexity of the nuclear equation. The first is
that the nucleus contains two types of nucleon, protons and neutrons, that are distinguished
in terms of the so-called isospin quantum number, i. The second is the notion of the coupling
of orbital angular momentum (l) with intrinsic angular momentum (s) – giving each nucleon
a total angular momentum quantum value (j=l+s). As a consequence, the nuclear waveequation has two additional subscripts and a slightly more complex pattern of shell/subshell
occupancy (Table 2).

Ψn,j (l+s),m,i = R n,j (l+s),i (r) Y m,j (l+s),i (θ, φ)

Eq. 6

Table 2: The quantum states of the first 100 nucleons in the nuclear independent-particle model.
As in atomic physics the sequential filling of the theoretical shells and subshells can be adjusted
to explain the existence of closed shells at the “magic” numbers.

The theoretical foundation of the nuclear IPM (Eq. 6) is remarkably similar to that of
atomic structure (Eq. 1). Moreover, the range of values that the quantum numbers in the
nucleus can take (Eqs. 7-12) was found to be similar to those of electron states (Eqs. 2-5):
n =0, 1, 2, 3, …
l = 0, 1, 2, …, (2n)/2
j =1/2, 3/2, 5/2, …, (2n+1)/2
m = -j, …, -5/2, -3/2, -1/2, 1/2, 3/2, 5/2, …, j
s =1/2, -1/2
i =1, -1
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Eq. 11
Eq. 12

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

While many questions with regard to the nuclear force remain unanswered, these
equations are a concise statement of the established quantum mechanical behavior of the
nucleus. Moreover, similar to the prediction of electron-shell closure, the “magic” numbers
of the nuclear shell model can be obtained by manipulations of the occupancy of the n-shells
and j-subshells (Table 2). The achievement of a theoretical framework within which the
regularities of both atomic and nuclear structure could be explained was understood as
demonstration that quantum mechanics lies at the heart of both systems. That argument –
acknowledged by virtually every theorist involved in atomic or nuclear physics – remains a
remarkable triumph of quantum theory.
The main merit of the nuclear IPM lies in the fact that each nucleon in the model has
a unique set of quantum numbers (n, j, m, l, s, i), as summarized in Table 2. Using that
foundation for describing individual nucleons, the IPM made it possible to explain all
nuclear states as the simple summation of the properties of its “independent” nucleons (e.g.,
Figure 2). In fact, the predictions of total angular momentum and parity states (Jπ) were
great successes in the early 1950s, but a rigorous, quantitative QND theory of nuclear
structure did not emerge.

Figure 2: An example of the level of experimental detail known from nuclear spectroscopy
(Firestone, 1996). The J-values, parities, lifetimes, relative transition probabilities and energies
of low-lying excited states have been measured for 2800+ isotopes. Although the J-values and
parities (far left) for 15N are consistent with the IPM, the complex pattern of excitation energies,
transition probabilities and lifetimes (center and far right) remains to be explained.

The development of the nuclear IPM began soon after the discovery of the neutron in
1932 and, in the late 1930s, Wigner noted that the quantal symmetries of the nucleus
correspond to the symmetries of a face-centered lattice (1937). That theoretical work was
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immediately recognized as important – and eventually led to his sharing the Nobel Prize in
physics, together with the inventors of the shell model. Wigner’s lattice representation of
nuclear states was unfortunately ignored. In its modern form (including both spin-orbit
coupling and isospin), the lattice representation means that nucleon quantum numbers can be
used to deduce the fcc coordinates (x, y, z) of the nucleons (Eqs. 13-15):
x = |2m|(-1)^(m-1/2)
y = (2j+1-|x|)(-1)^(i/2+j+m+1/2)
z = (2n+3-|x|-|y|)(-1)^(i/2+n-j+1)

Eq. 13
Eq. 14
Eq. 15

And, vice versa, the unique Cartesian coordinates for each nucleon can be used to define
their quantal characteristics (Eqs. 16-22):
n = (|x| + |y| + |z| - 3) / 2
l = (|x| + |y| -2) / 2
j = (|x| + |y| -1) / 2
m =|x| *(-1)^((x-1)/2)/ 2
s = (-1)^((x-1)/2)/ 2
i = (-1)^((z-1)/2)
parity = π = sign(x*y*z)

Eq. 16
Eq. 17
Eq. 18
Eq. 19
Eq. 20
Eq. 21
Eq. 22

The significance of Eqs.13~22 lies in the fact that: if we know the IPM structure of a
nucleus, then we also know its lattice structure, and vice versa. The known pattern of
quantum numbers and the known occupancy of protons and neutrons in the n-shells and in
the j- and m-subshells are identical in both descriptions, but, in coordinate space, the
abstract symmetries of the wave-function exhibit macroscopic geometrical symmetries, as
well. The n-shells and, j- and m-subshells have spherical, cylindrical and conical symmetries,
respectively, while s- and i-values produce orthogonal layering. Numerical examination of
the symmetries in relation to the Cartesian coordinates shows the validity of Eqs. 13-22 (see
the Appendix) and the quantal texture of even the large nuclei can be easily visualized and
verified using software designed for that purpose (Cook et al., 1999). The mathematically
unambiguous isomorphism between quantum space and lattice space has been elaborated on
in many publications over the past three decades, but the potential implications for the
establishment of QND are new, and are outlined below.
The foundations of the solid-phase model were laid in Eugene Wigner’s Nobel Prize
winning publications from the 1930s, and later developed by Everling (1958, 1988, 2008),
Lezuo (1974, 1975a, b), Cook (1976-2011), Dallacasa (1981, 1987, 2010), DasGupta (1996,
1997, 1998), Musulmanbekov (2003, 2008), Pan (1995, 1998) and various others. The key
insight, explicitly stated by Wigner in 1937, is that the quantal symmetries of nucleon
eigenvalues correspond to the symmetries of a face-centered cubic (fcc) lattice: “the
quantum numbers are all half-integers [whose] combinations form a face centered lattice…”
(p. 106). Wigner himself discussed nuclear states in terms of an abstract, multidimensional
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“momentum space,” but all subsequent developments of the lattice model of nuclear
structure have been in relation to coordinate space, i.e., 3D geometry.
From the perspective of the traditional, gaseous-phase nuclear IPM that has
dominated nuclear structure theory since 1949, the lattice representation of nuclear
symmetries might be dismissed as a “lucky coincidence” between the known quantal
symmetries of the nucleus and the inevitable arithmetic regularities of crystal symmetries,
but the opposite view is worth considering: Could the low-density nuclear IPM fortuitously
mimic the symmetries of a lattice of nucleons, rather than vice versa? In terms of the known
spatial dimensions of nucleons and nuclei, the high-density lattice is a far more realistic
approximation of the nuclear texture than a Fermi gas and essentially reproduces all of the
macroscopic nuclear properties for which the LDM is justifiably famous. Moreover, the
development of a theory of nuclear structure on the basis of the known short-range nuclear
force is far more straight-forward than creating de novo a theoretical “mean-field” that is
required to justify a gaseous model.
The identity between the IPM and the lattice (outlined above) implies that every
known nuclear state in the IPM has an analog in 3D coordinate space. Every transition of
nucleons from one quantal state to another – explicable in terms of integral changes in the
quantum numbers in the wave-equation – necessarily corresponds to a specific vector in the
nuclear lattice space. From a computational perspective, the most significant aspect of the
lattice is that its geometry can be used in the development of a realistic, local-interaction
version of the IPM, i.e., what might be considered as the structural foundations of QND.
At an abstract level, the conventional IPM and the lattice IPM are similar insofar as
quantitative results that could be compared directly with experimental data require a full
explication of the interactions of all nucleon pairs. Noteworthy is the fact that the lattice
geometry provides important constraints on permutations due to the fixed spatial dimensions
of the lattice. That implies a “parameter adjustment” procedure not unlike the gaseous IPM,
but the lattice IPM makes it theoretically possible to insert a model of the nuclear force
directly into the lattice to obtain quantitative nuclear binding energies (etc.) without post hoc
adjustments. In principle, all possible permutations of n, l, j, m, s and i for each of the
relevant distances between lattice sites can be tabulated and the strength of each solved
using a simultaneous equations technique. Currently, lattice QND is still semi-quantitative.
Specifically, although a first-order description of nuclear ground-states in the lattice was
achieved in the 1980s, attempts at a more detailed specification of nuclear force effects have
begun only recently. It is noteworthy that, as of today, calculation of all permutations of n, l,
j, m, s and i at various (1st~3rd nearest-neighbor) internucleon distances within the lattice
IPM can be calculated and parameter sets for nucleon-nucleon interactions can be explored.
However, in order for the lattice model to evolve into a rigorously quantitative QND (on a
par with quantitative QED), it will be necessary to implement a realistic nuclear force within
the lattice. In principle, that is already possible, but fine-tuning will require the efforts of
many researchers.
Preliminary results on nuclear binding energies have been obtained using multiple
regression techniques and the results of four such analyses are shown in Tables 3-6. In all
four analyses, a y-intercept of zero was chosen. In effect, forcing the regression line through
the origin implicitly assumes that, in each analysis, there are no other relevant factors (that
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normally lead to a non-zero intercept). Such an assumption is of course physically
unrealistic, but it allows for an evaluation of the overall ability of the assumed parameters in
each analysis to account for nuclear binding energies.
The first analysis was done to determine the mean binding energy among nearestneighbor nucleons in a close-packed lattice. For that purpose, 273 representative (stable and
meta-stable) nuclei (A=16~209) were built following the lattice definitions in Eqs. 13-22.
Lattice structures were optimized only in the sense that the lattice structure for each isotope
had total spin and parity values (Jπ) that were consistent with experimental values and,
under that constraint, had (i) maximal nearest-neighbor nucleon-nucleon bonds and (ii)
minimal Coulomb repulsion among protons. Note that the total Coulomb repulsion in the fcc
lattice was also calculated, and added to the experimental total binding energy before
solving for the mean binding energy per bond. Table 3 shows that a surprisingly-small mean
value of 2.733 MeV per nearest-neighbor nucleon-nucleon bond accounts for the total
binding energy of nuclei.
Needless to say, this analysis is not a realistic view of nuclear binding because a onefactor design ignores all possible higher-order effects on binding due to spin, isospin, etc.
Nonetheless, it is of interest that 2.6~2.8 MeV is found to be the mean value per nearestneighbor bond for nuclei ranging from 40Ca (2.779 MeV) to 104Pd (2.790 MeV) to 170Yt
(2.693 MeV) to 209Bi (2.676 MeV). This theoretical result indicates that the lattice model has
properties similar to the LDM, and exhibits saturation of the nuclear binding force solely as
a consequence of the binding energy among nearest-neighbors.
Table 3: Multiple Regression with 1 Factor
Multiple Regression
R
0.999947
R2
0.999894
Corr. R2
0.996217
Std Dev
15.10207
No. Obs.
273
Coeff.
Std Dev
1st Neighbors
2.733
0.002

t
1599.216

P-value
0.000

A slightly more realistic analysis was then done on the same set of nuclei, with
consideration of the factor of distance among nucleons up to third nearest-neighbors. Table
4 shows that, on average, first-nearest neighbor interactions are attractive (2.697 MeV),
second-nearest neighbors are repulsive (-1.172 MeV) and third-nearest neighbors are, on
average, weakly attractive (0.592 MeV). Note that this analysis does not include the factor
of isospin; all nucleons are treated as identical, with only the distance among lattice sites
taken into consideration. It is noteworthy that the antiferromagnetic array of nucleons with
alternating isospin layering implies attractive nearest-neighbors and repulsive second
nearest-neighbors, due to magnetic effects, while third-nearest neighbors are weakly
attractive. In other words, the raw data obtained from the lattice build-up is consistent with
the antiferromagnetic ordering of nucleons.
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Table 4: Multiple Regression with 3 Factors
Multiple Regression
R
0.99997
R2
0.99995
Corr. R2
0.99624
Std. Dev.
10.6808
No. Obs.
273
Coeff.
Std. Dev.
t
1st Neighbors
2.697
0.034 78.226
2nd Neighbors
-1.172
0.072 -16.236
3rd Neighbors
0.592
0.047 12.505

P-value
0.000
0.000
0.000

The third analysis (Table 5) takes isospin and distance among the nucleons into
consideration. Note that, in the antiferromagnetic fcc lattice with alternating isospin layers,
first-neighbor and third-neighbor like-isospin combinations (PP1, NN1, PP3, NN3) are
necessarily singlet pairs and second-neighbor like-isospin pairs (PP2 and NN2) are
necessarily triplet pairs. There are no PN-pairs (PN2) at a distance of the second nearestneighbor PP2 and NN2 pairs in the fcc lattice, while proton-neutron pairs (PN1 and PN3)
include both singlet and triplet pairs. The relatively large coefficients for the first-neighbor
bonds (and the correspondingly high-t and low-P values) are indication that nearestneighbors have the strongest influence on nuclear binding, while second and third nearestneighbors have weaker effects. All eight factors in this analysis were, however, statistically
significant (p<0.009) – again indicating that the raw data on bonding within the lattice are
consistent with the known binding energies.
Note that, typical of multiple regression analysis in general, R-values soon approach
unity (1.0) in all the analyses. The large R-values cannot be interpreted as indicating a high
statistical likelihood that the values obtained for the nuclear force coefficients accurately
reflect the character of the nuclear force, but R~1.0 and relatively low standard deviations do
indicate that there are few anomalies in the raw data (i.e., the data on the numbers of
different types of nucleon-nucleon bonds within the lattice structures are self-consistent).
Table 5: Multiple Regression with 8 Factors
Multiple Regression
R
0.99999
R2
0.99998
Corr. R2
0.99620
Std Dev
7.48748
No. Obs.
273
Coeff.
PP1
2.596
PP2
-0.867
PP3
1.363
NN1
1.762
NN2
-0.380
NN3
-0.605
PN1
2.681
PN3
0.796

Std. Dev.
0.298
0.226
0.168
0.217
0.142
0.117
0.125
0.072

t
8.723
-3.828
8.113
8.133
-2.677
-5.191
21.437
11.046
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Finally, a regression analysis that includes spin effects among the proton-neutron
pairs is shown in Table 6. Note that first and third nearest-neighbor, like-isospin
combinations are necessarily singlet-pairs (“s”) in the lattice (PP1s, PP3s, NN1s, NN3s)
and second nearest-neighbor pairs are triplets (“t”). In contrast, first and third nearestneighbor PN pairs include both singlet and triplet combinations (PN1s, PN1t, PN3s,
PN3t). There are no second nearest-neighbor singlet or triplet PN2 pairs in the
antiferromagnetic fcc lattice with alternating isospin layers.
Table 6: Multiple Regression with 10 Factors
Multiple Regression
R
0.99999
R2
0.99998
Corr. R2
0.99620
Std Dev
7.44021
No. Obs.
273
Coeff.
PP1s
2.715
PP2t
-0.918
PP3s
1.436
NN1s
1.804
NN2t
-0.332
NN3s
-0.615
PN1t
3.025
PN1s
2.258
PN3t
1.208
PN3s
0.338

Std. Dev.
0.301
0.226
0.170
0.217
0.145
0.116
0.447
0.470
0.195
0.210

t
9.035
-4.054
8.449
8.306
-2.284
-5.298
6.772
4.807
6.209
1.607

P-value
0.000
0.000
0.000
0.000
0.020
0.000
0.000
0.000
0.000
0.109

As is typical of regression analysis, in general, an increase in the number of
regression coefficients leads to greater R-values and lower standard deviations. Although
those statistics indicate increasingly better “fits” between the data and the model, the
statistical strength of the individual coefficients gradually weakens, and confidence in the
physical validity of the model can be strengthened only by increasing the data set. Note
that the standard deviation of ~7.44 MeV for the predictions of 273 nuclei with binding
energies ranging from 127 to 1640 MeV is comparable to the conventional LDM.
Moreover, it is noteworthy that all of the nuclear coefficients lend themselves to
physically realistic interpretations in terms of a short-range nuclear force, and there is no
need to append shell-correction terms or to include adjustable parameters associated with
the nuclear volume, deformation or surface area.
A similar analysis using the full set of permutations of nucleon states is the next
obvious step to take. Unfortunately, the large number of permutations of nucleon
combinations – each with distinct spin, isospin, j- and m-quantum values (Table 7) –
makes statistical analysis impossible until the data from many thousands of lattice
structures are included. Such analysis is, in principle, possible, but will require a largescale team research effort, as was indeed undertaken for the development of the shell
model in the 1950s.
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Table 7: Nuclear force coefficients for the 80 permutations (j, m, s, i) among 1st (PP1, NN1,
PN1), 2nd (PP2, NN2) and 3rd (PP3, NN3, PN3) nearest-neighbor nucleon-nucleon combinations,
up to j=5/2 and m=5/2. All nearest-neighbor PP and NN combinations are singlet pairs (s), all
2nd nearest-neighbor PP and NN combinations are triplet pairs (t), whereas PN1 and PN3 pairs
include both singlet and triplet combinations. These coefficients correspond to a subset of the
Clebsch-Gordon coefficients used in the conventional IPM.

Lattice Definitions

Force Coeffs.

Lattice Definitions

Force Coeffs.

PP1(j1/2-1/2)(m1/2-1/2)s
PP1(j1/2-3/2)(m1/2-1/2)s
PP1(j1/2-3/2)(m1/2-3/2)s
PP1(j1/2-5/2)(m1/2-1/2)s
PP1(j1/2-5/2)(m1/2-3/2)s
PP1(j3/2-3/2)(m1/2-1/2)s
PP1(j3/2-3/2)(m1/2-3/2)s
PP1(j3/2-3/2)(m3/2-5/2)s

-

NN1(j1/2-1/2)(m1/2-1/2)s
NN1(j1/2-1/2)(m1/2-1/2)s
NN1(j1/2-1/2)(m1/2-1/2)s
NN1(j1/2-5/2)(m1/2-1/2)s
NN1(j1/2-5/2)(m1/2-3/2)s
NN1(j3/2-3/2)(m1/2-1/2)s
NN1(j3/2-3/2)(m1/2-3/2)s
NN1(j3/2-3/2)(m3/2-5/2)s

-

PP2(j1/2-1/2)(m1/2-1/2)t
PP2(j1/2-3/2)(m1/2-1/2)t
PP2(j1/2-3/2)(m1/2-3/2)t
PP2(j1/2-5/2)(m1/2-1/2)t
PP2(j1/2-5/2)(m1/2-3/2)t
PP2(j3/2-3/2)(m1/2-1/2)t
PP2(j3/2-3/2)(m1/2-3/2)t
PP2(j3/2-3/2)(m3/2-5/2)t

-

NN2(j1/2-1/2)(m1/2-1/2)t
NN2(j1/2-1/2)(m1/2-1/2)t
NN2(j1/2-1/2)(m1/2-1/2)t
NN2(j1/2-5/2)(m1/2-1/2)t
NN2(j1/2-5/2)(m1/2-3/2)t
NN2(j3/2-3/2)(m1/2-1/2)t
NN2(j3/2-3/2)(m1/2-3/2)t
NN2(j3/2-3/2)(m3/2-5/2)t

-

PP3(j1/2-1/2)(m1/2-1/2)s
PP3(j1/2-3/2)(m1/2-1/2)s
PP3(j1/2-3/2)(m1/2-3/2)s
PP3(j1/2-5/2)(m1/2-1/2)s
PP3(j1/2-5/2)(m1/2-3/2)s
PP3(j3/2-3/2)(m1/2-1/2)s
PP3(j3/2-3/2)(m1/2-3/2)s
PP3(j3/2-3/2)(m3/2-5/2)s

-

NN3(j1/2-1/2)(m1/2-1/2)s
NN3(j1/2-1/2)(m1/2-1/2)s
NN3(j1/2-1/2)(m1/2-1/2)s
NN3(j1/2-5/2)(m1/2-1/2)s
NN3(j1/2-5/2)(m1/2-3/2)s
NN3(j3/2-3/2)(m1/2-1/2)s
NN3(j3/2-3/2)(m1/2-3/2)s
NN3(j3/2-3/2)(m3/2-5/2)s

-

PN1(j1/2-1/2)(m1/2-1/2)s,t
PN1(j1/2-3/2)(m1/2-1/2)s,t
PN1(j1/2-3/2)(m1/2-3/2)s,t
PN1(j1/2-5/2)(m1/2-1/2)s,t
PN1(j1/2-5/2)(m1/2-3/2)s,t
PN1(j3/2-3/2)(m1/2-1/2)s,t
PN1(j3/2-3/2)(m1/2-3/2)s,t
PN1(j3/2-3/2)(m3/2-5/2)s,t

-

PN3(j1/2-1/2)(m1/2-1/2)s,t
PN3(j1/2-3/2)(m1/2-1/2)s,t
PN3(j1/2-3/2)(m1/2-3/2)s,t
PN3(j1/2-5/2)(m1/2-1/2)s,t
PN3(j1/2-5/2)(m1/2-3/2)s,t
PN3(j3/2-3/2)(m1/2-1/2)s,t
PN3(j3/2-3/2)(m1/2-3/2)s,t
PN3(j3/2-3/2)(m3/2-5/2)s,t

-
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Whatever the final outcome of such statistical analysis, the essential merit of the
lattice version of the IPM is that all two-body nucleon-nucleon interactions in a given
nucleus can be specified in terms of nucleon quantum numbers (known from the
conventional IPM) and distances/orientations within the lattice. By discarding the
assumption of “intranuclear orbiting” of nucleons, each nucleon has a relatively small
number of neighbors that can be expected to influence nuclear binding. Specifically, each
nucleon in the close-packed lattice has a maximum of 12 nearest-neighbors, 6 second
nearest-neighbors and 24 third nearest-neighbors. The effects among even further neighbors
can of course be calculated, but would likely be a small correction on total binding energies.
In either case, the fixed dimensions of a lattice of nucleons with a core density of 0.17
nucleons/fm3 mean that any realistic model of the nuclear force (Paris, Bonn, Argonne,
Idaho, etc.) that makes use of those same parameters (internucleon distance, spin, isospin, j
and m) should plug directly into the lattice, and allow for quantitative predictions
concerning both ground-state binding energies and excited states.

IV. Conclusion
The hypothesis of lattice-based QND clearly remains an unfinished task and will require the
efforts of many researchers to complete. The strongest argument in favor of lattice QND is
the remarkable (but largely overlooked) identity of IPM symmetries and the fcc lattice
(together with the widely acknowledged failure of conventional nuclear structure modeling
since the 1930s). Arguments against lattice QND, on the other hand, rest on inherently
controversial ideas concerning the various interpretations of quantum theory – ideas that
have been debated without resolution by the “giants” of quantum theory: Bohr, Einstein,
Schrödinger, Heisenberg, Pauli, Bohm, Born, deBroglie and others. In this regard, it is of
interest that the successful completion of lattice QND would arguably resolve the centuryold debate about the correct interpretation of QM in favor of Bohm’s interpretation, insofar
as Bohmian mechanics does not insist on the indeterminist, Copenhagen interpretation of the
uncertainty relations (Cushing, 1994; Dürr et al., 2013).
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Figure 3: Snapshot of an Excel spreadsheet in which nucleon quantum values (Columns
F~L) are calculated from the lattice coordinates (Columns C~E). Conversely, Columns M~O
are the lattice coordinates calculated from the nucleon quantum numbers, and Column P is a
check on the equivalence between Columns C~E and M~O. Their identity (“ok”) means that
there is a one-to-one mapping of lattice coordinates of each nucleon to its quantum numbers.
Columns A and B are lists of the approximate empirical sequence of protons and
neutrons. In detail, the build-up sequence is known to vary substantially, isotope-by-isotope.
Not only does the proton or neutron sequence differ by isotope, but the addition of further
neutrons can affect the proton sequence, and vice versa. This known variability
(“configuration-mixing,” “intruder states,” etc.) implies that nuclear properties cannot be
calculated (in either the conventional IPM or lattice QND) using an inflexible nucleon buildup sequence. Instead, the locations of the nucleons in each isotope must be shuffled to
positions that reproduce the known J-value and parity, π, while minimizing Coulomb
repulsion among the protons and maximizing the total number of nucleon-nucleon bonds.
The good news is that appropriate J(π) lattice structures can always be constructed (if the
conventional IPM can describe the quantal state of a nucleus, so can lattice QND). The bad
news is that the full set of lattice coordinates that reproduce the experimental J(π) is only
rarely unique, and “optimal” structures must be determined on the basis of the summation of
nuclear binding effects. The encircled region lists all of the quantum characteristics of the
first 40 nucleons. Just as there are no two nucleons with identical Cartesian coordinates,
there are no two nucleons with the same set of quantum numbers. All further nucleon shells
can be similarly defined in the lattice.
Clearly, the interpretation of the mathematical identity between nuclear “quantum
space” and the 3D geometry of the fcc lattice leads into controversy, but it can be said that
much of science is concerned with the search for patterns and mathematical regularities. The
match between the fcc lattice and the QM regularities of nuclear structure theory is selfevident, but the interpretation of the identity inevitably raises questions about the meaning
of nucleons as particle/waves, and about the character of the nuclear force. On the one hand,
the existence of the (sub)shells of the shell model and alpha cluster configurations within a
“frozen” liquid-drop suggests an easy “unification” of the diverse models of traditional
nuclear structure theory. On the other hand, although the extremely short-range of the
nuclear force within the nucleon lattice is similar to the Paris, Bonn, Argonne and Idaho
potentials, the implementation of those kinds of realistic nuclear forces in lattice QND
implies the rejection of several decades of theoretical work on the “mean-field”
approximation of the nuclear force as a fundamentally unrealistic approach to nuclear
binding energies.
The spreadsheet and related computer algorithms (using Excel functions and the Clanguage, respectively) for calculating nuclear lattice properties can be downloaded at:
www.res.kutc.kansai-u.ac.jp/~cook/. They provide unambiguous, numerical demonstration
of the identity between the lattice and the well-established nuclear IPM. In order to formally
give this approach to nuclear structure the “QND” label, however, it will be necessary to
confront the numerical and, inevitably, the political problems of the long-standing enigma of
nuclear physics, i.e., the nuclear force.
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Narrowing down the candidate of the nuclear active
environment (NAE)
Tetsuo Sawada
Institute of Quantum Science, Nihon University, Tokyo, 1018308, Japan
[ Abstract ]
We search for the underlying mechanism of the nuclear cold fusion reaction in this article. In the
search, we use the fact that open channels of the d+d reaction change from d + d → t + p and
d + d →3He + n in vacuum to d + d → 4He in the cold nuclear fusion. This change of the open
channel is sufficient to narrow down the candidates of the underlying mechanism of the nuclear cold
fusion uniquely.

1. Introduction
In the separate paper "Proposal to extend the nuclear physics to include the
magnetic monopole as an additional ingredient (T. Sawada) ", we showed the existence
of the bound states of the nucleon and the magnetic monopole, by solving the
Schrödinger equation. The magnetic moment of the nucleon in the magnetic Coulomb
field produced by the magnetic monopole is responsible for the appearance of large
attractive force, whenever the orientation of the magnetic dipole moment of the nucleon
is outward (hedgehog solution). The orbital radius of the ground state is around several
fm. The situation of the system of the small nuclei with non-zero spin and magnetic
monopole ( *e ) is nearly the same and so it has the bound states. On the other hand,
since alpha-particle does not have spin, the bound state with *e does not exist.
When two deuterons are trapped by the same magnetic monopole, the system
becomes unstable because the two deuterons can transit to the much more stable state
alpha-particle, namely the alpha particle must be emitted from the monopole (*e).
There remains the fresh magnetic monopole, and it starts to attract the surrounding
deuterons again. In this way the magnetic monopole plays the role as the catalyst of the
nuclear cold fusion: namely (magnetic monopole → cold nuclear fusion).
In the present article, we shall consider whether the reversed statement that ( cold
nuclear fusion → magnetic monopole) is correct. In general, when the nuclear cold
fusion exists, there are many candidates of the underlying mechanism. Our problem is
to narrow down the candidates of the underlying mechanism by using the phenomena
which are characteristic to the nuclear cold fusion and which are completely different
from the ordinary nuclear reactions in vacuum. In Section 2, such phenomena of the
nuclear fusion are listed. In Section 3, the energy-momentum conservation law is
applied to such phenomena, and which serves to narrow down the candidate of the
underlying mechanism uniquely.
In Section 4, the change of the open channels of the final states of the d+d
reaction is considered. In Section 5, we consider how the smallness of the penetration
factor P of the zero-incident energy d+d reaction is modified when we add the term of
the magnetic dipole in the magnetic Coulomb field to the ordinary (electric) Coulomb
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repulsion term. In Section 6, experiments are proposed to check the underlying
mechanism. Comments and conclusion are given in Section 7.

2. Three important properties of the nuclear cold fusion
In addition to the large extra heat production, there are phenomena which are
characteristic to the nuclear cold fusion although they do not occur in the ordinary
nuclear reaction in vacuum. They are:
(1) Opening of the channel d + d → 4He at zero incident energy.
(2) Closing of the channels d + d → t + p and d + d →3He + n , which are the main
channels of the low energy d+d reaction in vacuum.
(3) Drastic lowering of the repulsive (electric) Coulomb potential between deuterons,
which prevent for the two deuterons to come close and to fuse.
We shall see that the first property is sufficient to narrow down the candidate of the
NAE (nuclear active environment) of the nuclear cold fusion uniquely, and so the
second and the third properties will be derived from the first one.

3. Implications of the energy-momentum conservation
(A) Energy-momentum conservation in vacuum
As an example, let us start by considering d + d → t + p reaction in vacuum with
very low incident energy (fig.1). The energy Q of the final state is shared by the two
particles of mass m1 and m2 as


Q = p '2 / 2m1 + (− p ' ) 2 / 2m2
in the center of mass system. Namely the triton
p’
gets 25% whereas the proton gets 75% of Q.
However when the mass is zero, we must
use the relativistic form of the energy
E = p 2c 2 + m 2c 4
instead. So the equation of the energy balance
of d + d → α + γ is:

-p ’

Fig.1. The momentum is conserved
Q = p ' c + p '2 / 2 M 4
where Q is the Q-value and is 23.9 MeV, and in vacuum.
M 4 is the mass of the alpha particle, whose
value is 3732 MeV.
So the sharing of Q is
p ' c / Q = 1 − (1 − 1 + 2Q / M 4 ) /(1 + 1 + 2Q / M 4 )
for the gamma-ray, whose value is 0.99682. Therefore only 0.318% of Q becomes the
kinetic energy of the alpha-particle.
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(B) Energy-momentum conservation of
the nuclear cold fusion
Let us examine the conservation
law of d + d → 4He of the nuclear cold
fusion, or generally (two body) → (one
body) type reaction. It will be shown that
the conservations of the energy and the
momentum are not compatible (fig.2)
(Proof): In the center of mass system, the

momentum p ' of the final state particle is
zero from the momentum conservation,
whereas from the energy conservation the

magnitude of p ' must satisfy

| p' |2 = (2 MQ) .
(QED.)
Therefore the reaction of the nuclear cold
fusion indicates the existence of the
external potential outside of the nuclear
system, which receives the momentum
transfer (fig.3).

Fig. 2. Violation of the Conservation law.

Fig.3. External potential helps to recover the
law of the momentum conservation.

(C) Narrowing down the candidate of the external potential
For our d + d → 4He reaction, the momentum transfer is as large as q = 422
MeV./c, whose De Broglie wave length is λ / 2π =  / q = 0.56 fm. So we expect that the
external potential cannot be soft and spread but it must be sharply localized in order to
do the job to receive such large q .
More precisely, the probability of the momentum transfer q by the external
potential Vext (r ) is the square of the scattering amplitude f(q) given by:
 
f ( q) = −(2m / 4π )  d 3 r exp[iq ⋅ r ] Vext (r ) ,
which is essentially the Fourier transformation of the external potential. When the
variations of the exponential factor and the potential Vext coincides, f(q) becomes
reasonably large. The following example will help to understand the situations.
When the electric charge distribution ρ (r ) is exponential form of
ρ (r ) = C exp[−b r ] , the external potential has the form:
C
bR 
ϕ ( R) = 1 − e −bR (1 + )
R
2 
which reduces to the Coulomb potential at large R. The Fourier transformation ϕ~ (q ) of
the potential is:
C
1
ϕ~ (q ) = 2
2
q (1 + q / b 2 ) 2
in which b and < r 2 > relate by < r 2 >= 12 / b 2 . Since the size of the wave packet of
the electron cloud is the order of 1Å, and  / q of the nuclear reaction is 0.56 fm. In our
case, the ratio q/b becomes ~ 60000. Therefore the probability of the occurrence of the
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momentum transfer | f (q ) |2 becomes extremely small. So the electron cloud cannot do
the job to absorb such a large momentum transfer q of the nuclear reaction d + d → 4He .
(D) Unique candidate of the external field
There are two candidates of the external fields, to which the nucleus can responds.
They are the electric field E and the magnetic field B, because the nucleus has two

attributes, namely the (positive) electric charge Ze and the magnetic dipole moment μ .
 
The interaction energy V of these attributes and the external fields are Zeϕ and − μ ⋅ B


respectively, where ϕ is the scalar potential of the electric field: E = −∇ϕ . Among
them, we already observed that E produced by the electron cloud cannot do the job.
On the other hand, since the magnetic Coulomb field produced by the

magnetically charged particle (magnetic monopole) is B = *e rˆ / r 2 , the external
potential of the nucleon Vm is:

Vm (r ) = −κ tot (e / 2m p )(*e / r 2 )σ ⋅ rˆ F (r ) ,
where
F (r ) = 1 − e − ar (1 + ar + a 2 r 2 / 2) , with a = 6.04 μπ ,
in which F(r) is the form factor of the nucleon.
The Fourier transformation of the external potential Vm (r ) is
(a / q ) 5

σ ⋅ qˆ
2
2 2
(1 + a / q )
4
However since, in our d + d → He reaction q=422 MeV./c =3.02 μπ and , a = 6.04 μπ ,
the ratio becomes (a/q)=2.0. Therefore the Fourier transformation of Vm (r ) stays
reasonably large. Contrarily to the case of the electric field produced by the electron
cloud, the momentum transfer q from the nuclear system goes smoothly when the
external field is the magnetic field produced by the magnetic monopole. In this way, the
first mystery of the nuclear cold fusion is solved if the fusion reaction proceeds under
the influence of the magnetic monopole. Therefore the NAE (nuclear active
environment) is the magnetic Coulomb field produced by the magnetic monopole.
~
Vm (q ) = −iκ tot (*ee / 2m p )(2π / a )

(E) Charge quantization condition of Dirac
Before we consider the mechanism to close the channels d + d → t + p and
d + d →3He + n , which are the main channels of the nuclear reaction in vacuum, it is
important to know the strength of the magnetic Coulomb field. Since the momentum
 
density of the electro-magnetic field is ( E × H ) / c , the angular momentum density is
 

r ' × ( E × H ) / c . Let us consider a system where the electric charge Q and the
magnetically charged particle *Q coexist. When the magnetic charged particle is fixed
at the origin ( r'= 0) and the electric charge is fixed at ( r'= r), we can compute total
angular momentum M of such a system by making the integration of r' in whole the

space. The result of such integration is M = −(*QQ / c) rˆ , in which r̂ is the unit vector

connecting both charges: rˆ = r / r . [1]
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If we remember that in the quantum theory a component of the angular
momentum can assume only the integer multiple of  /2 , we obtain the charge
quantization condition of Dirac (*QQ / c) = ( D / 2)n with n = 0, ± 1, ± 2 . D is 1 and
2 for Dirac monopole and Schwinger monopole respectively, and D is the magnetic
counterpart of the electric charge number Z.
If we substitute the charges *Q and Q by the smallest non-zero *e and e, then we
get the relation between the fine structure constant and its magnetic counterpart:
(*e 2 / c)(e 2 / c) = D 2 / 4
.
Since
(e 2 / c) = 1 / 137.04
,
we
obtain
2
2
(*e / c) = 137.04 D / 4 which is super-strong. Finally we must point out that the
strength of the interaction of the magnetic dipole moment of the nucleon and the
magnetic monopole is the order of the strong interaction because of (*ee / c) = D / 2 .
Another important role of the super-strong monopole is that the deuterons are
trapped by the monopole deeply enough to be prevented to transit to the continuous t+p
or 3 He + n channels. We shall see this in the next section.

4. How the channels d + d → t + p and d + d →3He + n are closed.
Since the binding energies of the deuteron, triton and 3 He are B d = 2.2MeV ,
Bt = 8.5MeV and B He (3) = 7.7 MeV , respectively, for zero incident energy d+d reaction,

the kinetic energies of the final states are 4.1MeV and 3.3MeV, respectively for t+p
and He(3)+n channels. However if the d+d reaction proceeds after the two deuterons are
trapped by the magnetic monopole *e with the binding energy B*e − d , then the kinetic
energies of the final states change to ( Bt − 2( Bd + B*e − d ) ) and ( BHe ( 3) − 2( Bd + B*e − d ) )
respectively for t+p and He(3)+n channels. Or numerically they are (4.1MeV . − 2 B*e − d )
and (3.3MeV . − 2 B*e − d ) respectively for t+p and He(3)+n channels. As the binding
energy B*e − d increases the kinetic energies become negative, which mean the channels
are closed. The critical values of the d-*e binding energies are 2.05 MeV. and 1.65 MeV.
respectively for t+p and He(3)+n channel.
We shall see that the binding energy of the ground state of the *e-d system is
around 2.3 MeV., so the channels of t+p and He(3)+n must be closed. We know the
hamiltonian of the (magnetic monopole)-nuclear system which is for the deuteronmonopole: [3]
H = H 0( p ) + H 0( n ) + VN with


1

H0 =
(−i∇ − ZeA) 2 + κ tot (*eDe / 2m p )(σ ⋅ rˆ) F (r ) / r 2 ,
2m
where A is the vector potential of the magnetic Coulomb field and Z=1 for the proton
and Z=0 for the neutron. κ tot is 2.79 and - 1.91 for p and n respectively. VN is the
nuclear potential whose parameters are chosen to reproduce the binding energy of the
deuteron Bd =2.2 MeV. well. By making the variational calculation we can determine
the binding energy of the ground state B*e − d . In the calculation the trial functions are the
chosen as the sum of the Gaussian functions whose range parameters are the geometric
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series. The result is B*e − d = 2.3 MeV . If we remember that in general the variational
calculation gives the upper bound of the energy levels, the true binding energy can be a
little larger compared to our value 2.3MeV. However we need not alter our conclusion
that the t + p and 3 He + n channels are closed, because the fact that B*e − d exceeds the
critical values, which are 2.05 and 1.65 MeV for t + p and for 3 He + n respectively as
mentioned above, is not changed.
Figure 4 is the energy levels of various channels of Z=2 and A=4 states, in which
the energy level where all the nucleons are separated infinitely is chosen as the origin
of E (E=0).

5. Penetration of the repulsive Coulomb barrier
The nuclear cold
fusion proceeds when
the two deuterons are
trapped by the same
magnetic monopole *e,
the orbital size of the
bound state is several
fm.. The trapping of the
first deuteron goes
rather
smoothly.
However the potential
V1 ( x) felt by the
second deuteron is the
sum of the repulsive
Coulomb
and
the
Fig. 4. Energy levels of four channels of Z=2 and A=4, in the
attractive
potential
magnetic Coulomb field produced by the magnetic monopole of
between the magnetic
D=1. The blue belts are the continuous states of the scattering.
monopole and the
If we start from the ground state of (d-*e-d) of E= - 9.0 MeV, it
magnetic
dipole
cannot reach to the continuous states of t+p and 3 He + n by the
moment of the nucleus
energy conservation. On the other hand, it can transit to He(4)
when
the
spin
state as long as the momentum conservation is recovered by the
orientates properly. The
external field.
explicit form of V1 ( x)
is:
V1 ( x) = +e 2 / x − (κ tot / 4m p ) / x 2
in which the charge quantization condition of Dirac, *ee=1/2, is used. Here and
hereafter we shall adopt the natural units (  = c = 1 ) .
Because of the attractive second term, the peak value of V1 ( x) deceases to
17keV., which should be compared with the peak value 1MeV. of the pure Coulomb
potential VC (x) .
Further help to increase the penetration factor P comes, when we consider the
electron wave function in the magnetic Coulomb potential produced by the magnetic

52

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

monopole. Since the binding energy is the order of magnitude of the electron mass me ,
the relativistic treatment is necessary, so we must solve the Dirac equation in the
external magnetic Coulomb field produced by the magnetic monopole. This is explained
in the separate paper. Here we shall only use the result [4]. In the electron rich
circumstance, the magnetic monopole is shielded by the electron cloud and the
penetration potential becomes:
V2 ( x) = +(e 2 / r ) exp[−2me x] − (κ tot / 4m p ) / x 2 .
If we substitute V2 ( x) to the formula of the penetration factor P for E=0:
b

P = exp[−2τ ] with τ = 2 μ red  V ( x) dx /  ,
a

−9

we obtain P = 6.2 ×10 which should be compared with P = 5 ×10 −106 of the case of
VC (x) . Thus the third mystery (3) of the cold fusion is solved.
We saw that the d + d → 4He reaction occurs when two deuterons form a bound
state with the same magnetic monopole *e. Since such a state is unstable and transits to
more stable alpha-particle. Because the spin of the alpha particle is zero, it is not
attracted by *e. The magnetic monopole simply emit the alpha particle, and there
remains fresh monopole *e, and which starts to attract surrounding fuel deuterons again.
In this way the magnetic monopole plays the roll of the "one-particle catalyst " of the
nuclear cold fusion.
At present, since we rely on the floating magnetic monopole in nature and it is a
very rare particle, we must wait for long time before the magnetic monopole *e comes
into and stops in the region where the deuteron density is sufficiently high. Therefore
the starting of the nuclear cold fusion is governed by the probability. We may facilitate
the nuclear cold fusion, if we succeed to gather the floating magnetic monopole to the
region where the deuteron density is high. In the next section we shall consider this
possibility.

6. Proposal of experiments and the devices for the monopole *e
In this section we shall consider three devices necessary to handle the magnetic
monopole *e. They are:
(A) Trapper : necessary to store the magnetic monopole *e.
(B) Detector: super-conducting ring can do the job.
(C) Collector: magnetic dipole can collect the floating magnetic monopole.
(A) Magnetic monopole *e is trapped in the lattice
In order to learn the process of trapping of
the magnetic monopole *e by a lattice, by a rare
earth for example, let us compute the trapping
energy ΔE by using a simple model. We consider
a lattice of atoms with large magnetic moment
κ ⋅ (e / 2me ) whose directions are random (Fig. 5)
When a magnetic monopole *eD comes in,
the magnetic moment align spherically (Fig. 6).
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Because of the thermal agitation, the directions of
the spins are random outside of the blue sphere of
radius R, and R is determined by:
e * eD 1
κ
= k BT ,
2me R 2
2
where k B is the Boltzmann constant.
The trapping energy ΔE is the sum of the
contributions of the magnetic moment κ
measured by the unit of the Bohr magneton e / 2me
in the magnetic Coulomb field * eD / r 2 .
R
4π
κe *eD π D R
Fig. 6. After *e moves in, spins are
,
ΔE = 3  r 2 dr
= 3
a 0
a me
2me r 2
aligned spherically.
where a is the lattice constant.
When the lattice constant a is 1Å, the numerical value of ΔE and R are:

κD 2.97 × 10 −6 cm
 κD  14.24 keV .
.
ΔE = 
and R =

2
T
T
 2 
It is remarkable that ΔE and R are proportional to 1 / T . Since at room temperature
T=300˚ ΔE is order of 1keV. And R is few nm.
It is interesting that the trapping potential ΔE decreases when the temperature
goes up. If we remember that the track length of the alpha-particle of our energy region
(20MeV.) is around 0.1mm, the kinetic energy of the alpha-particles emitted from the
monopole is stored in the small neighborhood of the magnetic monopole. Therefore the
temperature goes up, and the ability of the trapping the magnetic monopole is lost. It
must hop to neighboring cooler place. In fact such a phenomenon is known when we
observe the surface of the cathode by using the infrared camera.
3/ 2

(B) Detector of the magnetic monopole
*e
Total magnetic flux Δφ
produced by the magnetic charge *eD
is
Δφ = 4π *eD .
Therefore when the magnetic charge
*eD passes through the superconducting ring of the torus shape as
indicated by the figure, the magnetic
flux trapped by the ring must increase
by Δφ .
Since the super-conducting
current I circulating the inner surface
of the super-conducting ring is
proportional to the total magnetic flux
trap by the ring, we can determine the

*eD

Fig. 7. When a magnetic charge *eD passes
through the torus hole, the permanent current of
the inner surface changes.
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change of the flux by observing the change of the surface current ΔI .
In order to obtain the relation between the change of the current and the magnetic
charge *eD, which passes the ring, let us change the equation


rot H = 4π i / c
to the integral form, in which the red line of
the figure is the contour C of the Stokes
theorem. Because of the Meisner effect that
magnetic field inside of the super-conductor is
Δφ
zero, we get the relation between the surface
current I and the magnetic field strength φ / S ,
C
where S is the area of the inner hole of the
torus. Therefore the change of the current ΔI
Fig.8. The cross section of the torus
on the inner surface becomes:
of the super-conductor.
c 2φ0 D
D
ΔI =
= 0.328
μ A / cm,
4π S
S (cm 2 )
where φ0 is the quantum unit of the magnetic flux: φ0 = πc / e and numerically it is

φ0 = 2.07 × 10 −11 Wb (in MKS )

or

φ0 = 2.07 × 10 −7 G cm 2 (in CGS )
By using the SQUID we can observe the change of the surface current I.
(C) Collector of the magnetic monopole *e
The magnetic dipole or the solenoid of the electric current can serve as the
collector of the magnetic monopole, because the magnetically charged particle *e with
very slow velocity moves on the line of force of the magnetic field.
After Gilbert, we may regard the earth as a huge magnetic dipole, then we can
expect to find the magnetic monopole with better probability in the neighborhood of the
magnetic north (or south) pole of the earth. In the next part, we shall consider how to
slow down the speed of the monopole more to make it be trapped by the potential of the
order of 1keV in depth.
In general, the charged particle losses its energy in the form of the radiation, when
it enters into the region of the potential. − dE / dt = −(2 / 3)e 2 a 2 is Larmor's formula of
the radiation loss, in which a is the acceleration. For the case of the magnetic monopole,
formula of the radiation loss must become
dE
2

= − (*eD) 2 | a |2 .
dt
3
Therefore the energy loss occurs at the surface of
the metals of the high magnetic permeability, and
so in order to slow down *e particle effectively,
use of the powder of nm size is desirable. In the
figure, the green points are the place where the
Fig.9. Location of the Larmor
radiation is emitted.
radiation when *e goes through
the powder.
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7. Comments and Conclusion
In the separate paper, we saw that if we consider the system of nucleons and
magnetic monopole *e, the nuclear fusion reaction at zero incident energy can proceed,
namely ( magnetic monopole *e → nuclear cold fusion). In the present article we tried
to reverse the statement, namely to (nuclear cold fusion → existence of the magnetic
monopole). We found that if the conservation law of the energy-momentum is to be
satisfied, and d + d → 4 He is the main channel of the cold nuclear fusion reaction, then
there must exist an external field, which absorbs the momentum of q=422 MeV./c
released from the nuclear system. Since the De Broglie wave length of such a large
momentum transfer q is λ / 2π =  / q = 0.56 fm. , the size of the source of the external
field must be sharply localized ( size is order of 1 fm.). The nucleons have two
attributes other than the strong nuclear interactions, they are electric charge and the
magnetic dipole moment. Therefore the required external fields are the electric or the
magnetic fields. However the electric field cannot do the job, since the source of the
electric field is the electron cloud whose size is the order of 1Å. On the other hand the
magnetic field can do the job, because the size of the source is order of 1fm..
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Abstract
Since Silk and Barnes observed the tracks of uranium fission fragments on the mica films, the
formation of latent tracks by heavy charged particles in solids has been recognized as one of fundamental
phenomena of the radiation damage. And then, the investigation of the latent tracks became an important
device for detection of charged particles by the success of etch-pit technique developed by Price and
Walker.
The technique to identify incident charged particles using their latent tracks in target solid-state
detectors, especially CR-39, has been developed enthusiastically and used widely in many fields of
science. While the application of this technique is in progress prosperously, the mechanisms of the latent
track formation in the target solids have been under investigation and several proposals have been given
for them. The “ion explosion mechanism” and the “electron thermal spike mechanism” are two main
mechanisms considered as fundamental even if there remain many unknown factors in the relation
between the characteristics of incident particles and their latent tracks in solids.
The technique to use the particle track detector in identification of charged particles is not an
accomplished and completed one but is developing rapidly at present as introduced in our paper presented
at this Conference for the identification of particles generated in the cold fusion phenomenon (CFP). We
have to consider that the immediate and visible scientific problems of the particle track field are solid
state physics questions not completely solved yet: How does a track form? What atomic processes take
place? What is the ultimate atomic configuration along and around a track? Investigation of these
problems is in progress and new knowledge about the mechanism of latent track formation and its
investigation has been obtained, especially for organic detectors.
The proposed mechanisms of nuclear track formation are summarized and problems in visualization
of the tracks by chemical etchings and possible application to identify charged particles and to determine
their energies are reviewed in intimate relation to the CFP.

1. Introduction
Since Silk and Barnes [Silk 1959] observed the tracks of uranium fission fragments
on the mica films, the formation of latent tracks by heavy charged particles in solids has
been recognized as one of fundamental phenomena of the radiation damage. The
formation of the latent tracks became an important device for detection of charged
particles by the success of the etch-pit technique developed by Price and Walker [Price
1962].
The technique to identify incident charged particles using their latent tracks in target
solid-state detectors, especially CR-39, has been developed enthusiastically and used
widely in nuclear physics, nuclear chemistry, nuclear energy, space science and
archeology. While the application of this technique is prosperous, the mechanism of the
latent track formation in the target solids has been investigated actively and several
proposals have been given. The “ion explosion mechanism” by Fleischer, Price and
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Walker [Fleischer 1959] and the “electron thermal spike mechanism” developed by
Merkle [Merkle 1963], Chadderton [Chadderton 1966] and others are two mechanisms
considered as fundamental even if there remain many unknown factors in the relation
between the characteristics of incident particles and their latent tracks in solids.
The technique to use the particle track detector in identification of charged particles
should not be considered as a completed one due to the complexity of materials used as
the detector but as a developing one rapidly at present. We have to remember that the
words expressed by pioneering researchers in this field are true even now; “The first,
most immediate and visible scientific problems of the particle track field were solid
state physics questions: How does a track form? What atomic processes take place?
What is the ultimate atomic configuration along and around a track? Curiously enough
these problems remain as some of the least studied, presumably because of the intense
interest in the many applications of track etching that has directed attention to the
assortment of fields considered in Chapter 4 through 10.” [Fleischer 1975].
The situation around this field has been improved largely while there remain many
problems to be solved to use the solid-state particle detectors for determination of
characteristics of incident charged particles. One of recent works related to these
problems is the investigation of nuclear tracks in CF-39 by Yamauchi et al. [Yamauchi
2005].
In this paper, we would like to summarize the mechanism of nuclear track formation
and discuss its possible application to identify charged particles emitted in the cold
fusion (CF) reactions. An interesting use of CR-39 to determine high energy neutrons
[Mosier-Boss 2008] is introduced. The latent track formations by false causes
(environmental radiation, surface defects in handling process etc.) will give uncertainty
in the measurements but is not considered in this paper.

2. Stopping Powers of and Radiation Damages in Target Materials
Interaction of a charged particle and a target material has several facets depending
on the point of view to observe the effect caused by the interaction. From a point
looking into the behavior of the incident particle, we are interested in the behavior of the
particle in the target in temporal sequence. How the particle decelerated and how far the
particle reaches in the material. Stopping power of the target material is the title of the
investigation in this case.
On the other hand, from a point looking into the effect in the target made by the
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particle, we are interested in the radiation damages induced by the particle in the
material. While the two phenomena are closely related each other, there are
characteristic factors in each and their investigation has been developed to form two big
research fields neighboring each other. It is useful to survey essential points of these
fields for investigation of solid-state particle detectors belonging to the field of radiation
damage.
2.1 Stopping Powers of Target Material for Incident Heavy Charged Particles
Particle interaction of an incident charged particle with a target material is treated as
a stopping power of the material for the particle on one side and as a radiation damage
in the material given by the particle on the other. The two effects are of course closely
related each other and the knowledge in each problem is useful to understand another
problem.
The interaction of an incident charged particle and a target solid is not so simple
with variety of interactions between component particles of the both incident and target
agents explained below. Furthermore, the latent tracks remaining after the interaction
contain many information in a part of which can be read out using the etching technique
having been developed day by day.
As shown below, stopping power of and therefore radiation damage of a target
material for an incident particle depends on the charge Z1 of the incident particle and
atomic number Z2 of atoms in the target, on the velocity v1 (or the ratio of the energy E1
and the mass M1 , E1/M1) of the incident particle. On the other hand, the structure of
radiation damages or latent nuclear tracks in the target is a statistical result of individual
atomic processes and depends on detailed dynamics of particles excited by the
interaction between the incident particle and atoms in the target and it is necessary to
take into consideration new factors not considered in the calculation of the stopping
power.
We summarize the physics of stopping power in this section [Doke 1970] and that of
radiation damage, especially nuclear tracks [Doke 1969] in next section.
2.1.1 Three Energy Regions of Incident Particles Characteristic for the Stopping
Power
As Doke explains in his review article [Doke 1969], trajectory formation by heavy ions
in solids has been investigated as a fundamental phenomenon in the radiation damage
and also investigated widely as a characteristic detector of radiation in recent years after
the development of the etch pit method by Price and Walker [Price 1962].
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Due to the different effects of the interaction between the incident charged particles
and the nuclei on the lattice of the target material, there are three regions of the incident
particle energy, high, intermediate and low energy regions, in formulation of the
stopping power for an incident charged particle in a target material. It should be noticed
that the radiation damage from the initial to the final parts of the latent track relates to
the energy regions as a whole while the stopping power has to be investigated in these
energy regions separately,.
2.1.1a Theory for High Energy Region (v ≫ v0Z1)
The Bethe’s formula of the energy dissipation rate for a high energy incident particle
is written down as follows;
‒dE/dx = (4πZ12e4/mev12) N2B,
(1)
2
B = Z2 ln (2mev1 /I),
(2)
where Z1 and v1 are the nuclear charge and the velocity of the incident heavy charged
particle, respectively, N2 and Z2 are the number density and the atomic number of the
atom in the target material, respectively, and e and me are the charge and the mass of an
electron, respectively. The symbol I is the average excitation energy (potential) of the
material and B given in Eq. (2) is the so-called “stopping number.” The average
excitation energy I is only calculated for simple nuclei such as proton and alpha. In
general, the value of I is most questionable and gives ambiguity in the calculation of
stopping powers.
In the non-relativistic approximation, the velocity v1 is related to the energy of the
particle by
E1 = (1/2)M1v12, or v1 = (2E1/M1)1/2
The equation (1) shows a dependence of the stopping power on the charge Z1, the
velocity v1 (or the ratio of energy E1 and mass M1, E1/M1) of the incident particle and on
the charge Z2 of the target atom.
1) Stopping number B and its inner-shell correction
The Bethe’s formula is deduced using the Born approximation and applicable to
high energy particles with velocity v1 satisfying the following two conditions;
v1 ≫ Z1e2/ħ ≡ v0 Z1 (v0 ≡ e2/ħ)
(3)
related to the ionization of the incident particle and
v1 ≫ v0 Z2
(4)
related to the ionization of the inner shell electrons of the target atom.
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For light incident particles proton p (Z1 = 1) and deuteron d (Z1 = 2), usually appear
in the cold fusion phenomenon (CFP), the equation (4) is the more severe condition to
satisfy.
The condition (3) with the value of v0 ≡ e2/ħ = 2.2 × 108 cm/s demands the energies
of proton, deuteron and alpha to be Ep ≫ 25 keV, Ed ≫ 50 keV and Eα ≫ 100 keV:
Ep ≫ 25 keV, Ed ≫ 50 keV and Eα ≫ 100 keV
The condition (4) should be remedied by the so-called the “inner-shell correction” B’
instead of the stopping number B for an incident particle with energies not so large but
satisfying the condition (3),
B’ = Z2 ln (2mv2/I) – ∑i Ci
(5)
where Ci is the correction for the i-th shell of the target nucleus and I is the average
excitation potential already appeared in Eq. (2).
2) Average excitation energy of a compound material and Bragg’s additivity law
The average excitation energy (AEE) Ic of a compound material is given by
ln Ic = ∑i NiZi ln Ii/∑i NiZi
(6)
where Ni, Zi and Ii are the number density, the atomic number and the AEE of the i-th
component of the compound material, respectively. This additivity is applicable to the
compound material where the change of valence electrons by chemical bonds is
ignored.
3) Organic material
There is an important question for organic materials how much the Bragg’s
additivity law is applicable especially at low energy region. The work by Sauter and
Zimmermann [Sauter 1965] has shown that the Bragg’s additivity law is not applicable
below 150 keV for the stopping power of organic material for protons by experiments
using (CH2)n, (C8H8)n, (C9H10), (C3H6)n, (C8H8 + C4H6)n, (C2H4), and (C3H8).
Recently, Yamauchi et al. [Yamauchi 2005] investigated yields of CO2 formation
and scissions at ether bonds along nuclear tracks in CR-39. More details of their work
will be given in Sec. 2.2.3.
2.1.1b Theory for Low Energy Region (v ≪ v0Z1)
The stopping power for heavy charged particles increases with the incident energy E
until the velocity v becomes near v0Z12/3 and then decreases gradually. For the region
where v ≫ v0Z1 , the theory given above is applicable. On the other hand, for the low
energy region where v ≪ v0Z1 , there are several theories applicable to this region.
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When the velocity of heavy incident charged particles becomes less than v0Z1, we
can use a classical theory for the calculation of the stopping power. In this low energy
region, the incident particles lose energy by i) excitation and ionization of atoms in the
target and also by ii) elastic collisions with nuclei in the target. Therefore, the total
stopping power (dE/dx)T is expressed as a sum of two terms, (dE/dx)e by the process i)
and (dE/dx)n by the process ii);
(dE/dx)T = (dE/dx)e + (dE/dx)n.
(7)
1) LSS theory for low energy particles
Lindhard et al. [Lindhard 1963] have given a formula (7) written in dimensionless
parameters which is sometimes called “unified range-theory” for heavy ions.
The two terms on the right-hand side of the equation (7) applicable for 0 < v < v0Z12/3
are given as follows:
‒ (dE/dx)e = ξe 8πe2 a0 N (Z1Z2/Z)(v/v0),
(8)
‒ (dE/dx)n = (2π/e)(Z1Z2 e2 a0/S)M1/(M1+ M2), (2Z1S e4/ ħv2 ≥ 1)
where S = (Z12/3 + Z22/3) 1/2, v0 = e2/ħ, a0 = ħ2/me e2.
Or
(dε/dρ)e = kε1/2,
(dε/dρ)n = (1/2ε) ln (1.294ε),
where
ξe = Z11/6,
Z2/3 = Z12/3 + Z22/3,
ε = EaM2/ Z1Z2e2(M1 + M2),
ρ = RNM2 4πa2 M1/(M1 + M2)2,
a = 0.8853 a0 /(Z12/3 + Z22/3) –1/2
k = ξe ☓0.0793Z11/2 Z21/2 (M1 + M2)3/2 /[(Z12/3 + Z22/3) 3/4 M13/2 M21/2],

(8’)

(9)
(10)

(11)
(12)
(13)
(14)

2) Firsov’s theory for low energy particles.
Because the formula (8) in the LSS’s theory given without deduction process is
inconvenient to use in analyses of experimental results, Firsov [Firsov 1959] has given a
formula based on a model using a potential of the Thomas-Fermi type. The stopping
power for Z2/Z1 < 4 is given as follows;
‒ (1/N) (dE/dx)e = 5.15 ☓ 10–15 (Z1 + Z2)(v/v0).

[eV• cm2/atom]

(15)

2.1.1c Theory for the Intermediate Energy Region (v ~ v0Z12/3)
At the intermediate energy region where v ~ v0Z12/3 and the charge exchange is not
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negligible, theoretical treatment of stopping power of heavy ions (Z1 ≥ 15) is difficult
and we have to use semi-empirical formulae. Sometimes, formulae deduced in high or
low energy regions have been extended into this region.
2.2 Radiation Damages and Latent Tracks – Formation of Nuclear Tracks in Solids
The radiation damage depends sensitively on the energy of the incident particle. The
latent track in a target material induced by an incident charged particle is determined by
the whole process from the initial to the final (at rest) stage of the interaction between
the particle and the target. Therefore, formation of a latent track is characterized by
properties of the target material in relation to its interaction with the particle during
deceleration to the stop.
Detection of an energetic charged particle is realized by using any recording
medium which register the interaction of the particle and the medium. The first and
simplest medium we used to register the charged particle is the cloud chamber invented
by C.T.R. Wilson in 1911 which has been used in physics over the century.
Any detector of the charged particle is composed of three factors. (1) The first factor
is the stopping power of the medium for the incident particle which we want to identify
its characteristics; mass, charge and energy. (2) The second factor is the radiation
damage or latent track of the passing particle in the medium induced by the incident
particle. (3) The third factor is the visualization of the latent track.
The first factor was discussed in the previous section and showed its complexity
already.
As is explained below, the second factor includes also complex atomic and
sometimes nuclear processes and identification of the charged particle by the solid-state
detector is not a simple and easy method if we use it alone. It is recommended to use it
with other methods supplementing each other. The third factor depends strongly on the
property of the target material and is considered in papers on practical application of the
detector.
2.2.1 Formation of Nuclear Tracks in Solids
Silk and Barnes [Silk 1959] observed nuclear tracks of fission fragments of uranium
in mica as a fundamental event of the radiation damage. Then, the etch pit method
developed by Price and Walker [Price 1962a – c] has made the nuclear tracks a powerful
method to detect charged particles and the mechanism of nuclear track formation had
been investigated intensively.
Several mechanisms were proposed to explain experimentally observed nuclear
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tracks by heavy charged particles in solids. It is not easy to determine the mechanism
that made the observed tracks. This situation means inevitably existence of ambiguity in
determination of the characteristics of the incident particle generating the nuclear track.
We have to remember the fundamental properties of the interaction between incident
particle and the target resulting in the nuclear track.
There have been proposed four main mechanisms of the track formation by incident
heavy ions, a) displacement cascade (spike) theory, b) “electron thermal spike” theory,
c) “ion explosion” theory and d) “direct ionization damage” theory.
a) Displacement cascade (spike) theory
The energy loss of a heavy ion passing through a material is expressed by a term
(dE/dx)e due to electronic processes (ionization and excitation) and another (dE/dx)n due
to elastic nuclear collision (Coulomb scattering) as mentioned in Section 2. In the case
of the fission fragment in mica, a large part (~ 95%) of the energy loss is by the
electronic process and the remaining part by the nuclear process. Furthermore, the latter
is eminent at the final part of the track where the knocked out atoms collide with other
atoms causing the displacement cascade and finally the displacement spike [Silk 1959].
b) Electron thermal spike theory
The energy loss of heavy ions in a material is caused mainly by the electronic
processes and the energy transferred to electrons may be consumed to heat up the
crystal lattice along the particle tracks. The formation of nuclear tracks by this
mechanism is called the electron thermal spike theory.
c) Ion explosion theory
Fleischer at al. [Fleischer 1965] proposed a mechanism of track formation by heavy
ions as follows: A heavy charged particle passing through a material knocks out
electrons along its path forming cylindrical region occupied by ions. The ions in this
cylinder repel each other out from this region forming a cylinder made of vacancies
surrounded by interstitial atoms (nuclear track) [Fleischer 1965].
d) “Direct ionization damage” theory.
To explain the nuclear track formation in organic materials, characteristics of the
organic molecules have been taken into consideration. The broken bonds of organic
molecules due to the ion propagation may be activity centers for etchant and molecular
fragments produced by breaking bond may be more soluble by etching [Fleischer 1965].
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Afterward, there have been proposed two new mechanisms by Katz and Kobetich
[Katz 1968] and by Benton and Nix [Benton 1969] supplementing the theories
explained above.
A recent work on the CR-39 detector by Yamauchi et al. [Yamauchi 2005] has given
concrete data on the broken bond and molecular fragments in the detector (cf. Sec.
2.2.3).
In conclusion, there are proposed several theories or criterions for nuclear track
formation in materials, especially in organic materials, to understand this complicated
phenomena related to the interaction of incident charged particles and target materials
which is sensitively dependent on the energies of the incident particles.
We have to careful to apply these theories to the CFP not falling into mistakes
committed by blind people as told in a Buddhist parable [cf. Appendix].
2.2.2 Track Formation and Detection of Charged Particles
It should be noticed that we can not say at present which one of these mechanisms
proposed is an appropriate one to explain the phenomena occurring in trajectory
formation by heavy ions in solids. Especially, the trajectory formation by heavy ions in
organic materials has been discussed thoroughly in relation to their application to
detectors.
There have been proposed also several mechanisms including the “primary
ionization” mechanism by Fleischer, Price and Walker [Fleischer 1965], the “electron
thermal spike” theory by Chadderton, Morgan, Torrens and Van Vliet [Chadderton
1966], the “specific energy loss along the track” mechanism by Katz and Kobetich
[Katz 1968], and the “restricted energy loss” mechanism by Benton and Nix [Benton
1969].
The latter two have been proposed to remedy the defect of the mechanism proposed
by Fleischer et al. Doke [Doke 1969] commented his feeling to favor the mechanisms
proposed by Katz et al. and Benton et al. rather than that proposed by Fleischer et al.
Anyway, the method of heavy ion identification and energy determination by the etch
pit methods is not so simple in principle and in application and should not be considered
as a completed method without reservation.
A charged particle suffers inevitably deceleration in their passage from its origin to a
detector by strong electromagnetic interaction with charged particles on the route in the
target. Therefore, it is very difficult to identify the nuclear reaction causing the emission
of the charged particle even if the existence of the nuclear reaction is confirmed.
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2.2.3 Track Formation related to CR-39
We review the data of charged particles obtained extensively by CR-39 track
detector in the cold fusion phenomenon (CFP) from about the year of 2000 in another
paper presented at JCF13 [Kozima 2013]. In this section, we cite a recent remarkable
paper on the CR-39 detector which shed a light on the discussion of the track formation.
Yamauchi et al. [Yamauchi 2005] investigated the chemical phase of track formation
process by observation of CO2 formation and scissions at ether bonds along nuclear
tracks in CR-39. Their overview on the nuclear track formation process in CF-39 at
present is summarized as follow:
(a) The parts between the two carbonate ester bonds should be segmented into small
molecules, including CO2 gases, along the particle trajectory;
(b) After the segmentation, the CO2 gases were diffused away and a lower density
region with chemically active end-points was formed simultaneously (the role of the
other small molecules is unknown);
(c) Subsequent chemical modifications, including a reaction with dissolved oxygen,
derived an OH group as new end-points in the polymer network.
This is surely one of steady steps to the determination of characteristics of the detector
for identification of charged particles and determination of their energies.
Anyway, the method of heavy ion identification and energy determination by the
etch pit methods depends sensitively on the target material and is not so simple in
principle and in application and should not be considered as a completed method
without reservation.
2.3 Etching of nuclear tracks does not give definite values of parameters of the
incident particle
Etching of nuclear tracks in a target material is another process than the formation of
latent nuclear tracks. In addition to the etching technique of latent tracks in a material,
there is a fundamental problem about the mechanism of track formation as explained in
Sec. 2.2. There are proposed several mechanisms for the formation of nuclear tracks in
the target solids by incident heavy charged particles. Therefore, the analysis of the
nuclear tracks in relation to the characteristics of the unknown incident particle is
inevitably performed by analogy to a standard (or reference) track generated by known
incident particles.
The etching process will give new data related to its formation process but give
another problem than the formation of nuclear tracks. By using various etching
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techniques, we can obtain necessary information related to the mechanism that produced
the nuclear tracks. If we know some factors of the incident particle out of the etched
track, we can guess some unknown parameters related to the particle which produced
the latent tracks. However, the latent nuclear tracks are results by complex interactions
between the incident particle and the target and, therefore, the information we can get
from the etched tracks is complex function of the parameters of the incident particle
even if we know everything about the target. The information obtained from the latent
tracks is inevitably qualitative and we have to rely on analogy between a calibration
data (or reference) obtained by a known incident particle and experimental data
registered by unknown particles which we want to identify.
2.3.1 Revealing nuclear tracks by etching
The observation of the nuclear tracks of fission fragment from uranium was made
by Silk and Barnes on the mica films in 1959 [Silk 1959]. This experiment accelerated
the use of nuclear tracks as a detector of charged particles in physics and astronomy.
Furthermore, the etch pit method developed by Price and Walker [Price 1962] made
the observation of the nuclear tracks tractable with optical microscopes and the use of
nuclear track detector prevailed to wider fields of researches including nuclear physics,
nuclear chemistry, atomic power, cosmology, archeology etc.
2.3.2 Track-Diameter Kinetics in Dielectric Track Detectors [Somogyi 1973]
The diameters of the etched tracks are specifically sensitive to the parameters
characteristic of the nuclear particles (the energy and the type of particle). The
experimental methods based on the determination of the lengths (track-length method)
and diameters (track-diameter method) of etch-pits can be regarded as natural
complements of each other only when the etched tracks are completely determined
throughout its length. Then, the track-diameter method is useful, in particular when
track-length measurements give less reliable results, in the case of particles causing
ionization energy losses near the so-called critical primary ionization (dJ/dx)c,
determining the detection limit [Somogyi 1973].
Concerning the track-length method several detailed theoretical and experimental
works are available even if there are several assumptions about the mechanism of track
formation. As is explained in Section 2.1, the mechanism of stopping power depends on
the charge and the velocity (or the energy and the mass) of the incident particle and on
the charge of target nucleus, and therefore the mechanism of track formation is too
complex to be approximated by a specific assumption. We have to be cautious to apply
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the formulae obtained on rather simplified assumptions to a real situation too arbitrarily.
As Somogyi et al. have discussed [Somogyi 1973], the introduction of the
parameters Rc, V(x), the range R0 and the angle θ is completely sufficient for the
theoretical description of the most general details of track-diameter kinetics where Rc is
the critical residual range along which the track etch rate ratio V = VT/VB > 1 is fulfilled
(VT and VB are track and bulk etch rates, respectively), V(x) = VT(x)/VB where VT(x) is
the track etch rate varying along the particle trajectory, R0 is the etchable range of the
solid detector from the original surface to the end of track, and θ is the incident angle
measured from the original surface plane.
The function V(x) is not definitely determined by experimental data and assumed
rather arbitrary as the constant average value V of V(x) for a shorter etched track portion
of a length L defined as
V–1 = (1/L) ∫0L V(x) –1 dx.
In addition to introducing these parameters Rc, V(x), R0 and θ, some basic
assumptions must be set up for isotropic and anisotropic solids separately to deduce
relations describing etch-pit geometries and charged particle parameters.
Using these assumptions on the model of the latent tracks and etched tracks,
Somogyi et al. deduced the relation between the etch-pit diameter and particle
parameters for isotropic and anisotropic solids. Then, we can evaluate V, θ and R0 from
the experimentally measureable curves d(h, θ) and D(h, θ) using the theoretically
obtained relations where d(h, θ) (D(h, θ)) is the minor (major) axis d (D) of an etch-pit
as a function of the surface removal h at an entrance angle θ.
Furthermore, it is necessary to make a standard (or reference) sample for
comparison by irradiating know species of charged particles on the detector solid to
evaluate V and θ distributions from tracks generated in the detector.
Thus, they have shown that the changes of the etch-pits revealed in dielectric track
detectors through chemical etching can be described on the grounds of geometrical
considerations and on some physically realistic basic assumptions. On the strength of
this model, explicit relations and/or general methods can be given for the determination
of the minor and major axes of the track pits in solids displaying isotropic and
anisotropic etching properties.
If it is possible to determine the minor and major axes of the pit and the thickness of
the layer removed from the detector surface accurately, we may be able to determine the
values of the particle parameters inherent in the etch-pits as far as the conditions of the
model satisfied. We have to be nervous to use the track-diameter method for
identification of unknown charged particles in relation to the applicability of the model
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especially when there are several unknown particles to be identified.
2.3.3 Difficulty in Simultaneous Determination of Species and Energies of Incident
Particles
Fleischer et al. say as follows [Fleischer 1965]:
“In short, widespread technical use is being made of defects whose real nature is
relatively incompletely known. There are several levels on which we would like to
develop our understanding of particle tracks.
Most of the existing work has taken its incentives from the desire to use tracks with
more quantitative rigor, for example to identify individual particles and to measure their
energies. Success here would lie in finding for each detector a precise function that
relates etching rates to the velocity and nuclear species of the track-forming particle.”
However, the track formation of the incident particle in the target solids is governed
principally by the charge and the velocity (or the energy and the mass) of the incident
particle and the charge of the target nucleus as shown in Sections 2.1.1 and 2.1.2.
Therefore, the following condition expressed by Fleischer et al. is not easily satisfied
experimentally even now: “- - - in finding for each detector a precise function that
relates etching rates to the velocity and nuclear species (charge and mass) of the
track-forming particle.”
The recent work by Yamauchi et al. (cf. Sec. 2.2.3) [Yamauchi 2005] has shown
clearly the difficulty in determination of the precise function that relates etching rates to
the velocity and nuclear species of the track-forming particle. Therefore, we have to
compare the tracks observed in the experiments with the standard (or reference) tracks
obtained using a known particle and deduce our conclusion by analogy while we do not
know the precise function. The conclusion thus deduced is not necessarily quantitative
but qualitative. One of the most quantitative experiments we know at present is
introduced in Section 3 where iron isotopes of known energy are discriminated their
mass as precisely as 0.22 ± 0.03 amu in rms [Kodaira 2007]. So, we have to be similarly
cautious to use the solid-state particle detector in the CFP quantitatively as the case of
the mass resolution by Kodaira et al.

3. Application of Solid-State Track Detector to Several Problems
There are many applications of the solid-state track detector to problems where we
want to know the energies and species of charged particles influencing target materials.
We choose only two cases of these applications of CR-39 to show one for precision
measurement with it and another used in the cold fusion phenomenon (CFP) where
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there are many difficulties due to the existence of several unknown particles with
various possible energies.
3.1 Identification of Heavy Ion Isotopes using CR-39: An Example of Precision
Measurement using CR-39 by Kodaira et al. [Kodaira 2007, 2008]
To determine chemical compositions of trans-iron nuclei (Z ≥ 30) in galactic cosmic
rays precisely, Kodaira et al. [Kodaira 2007, 2008] improved the accuracies of
microscopic image analysis and detector thickness measurement of the CF-39 track
detector to obtain the mass resolution for iron isotopes of 0.22 ± 0.03 amu in rms. To
confirm this accuracy, they used 56Fe and 55Fe beams from the heavy ion accelerator
HIMAC (Heavy Ion Medical Accelerator in Chiba) of the NIRS (National Institute of
Radiological Sciences).
It is expected that the CR-39 detector will have better resolution of particle
identification because the CR-39 detector essentially responds to only low-energy
δ-rays (electrons emitted by the incident charged particle with energies enough for
secondary ionization of atoms in the target) ejected by the “distant-collisions” in
ionization energy loss [Benton 1969].
The range of a particle with a definite charge and velocity (energy) is proportional to
tits mass. This is the principle we can determine the mass of charged particles
To improve the mass resolution of 0.28 ± 0.12 amu in rms for iron nuclei in the
CR-39 detector, they improved their measuring system for 1) the “surface position” of
the latent tracks (radiation damage trails) and 2) the “CR-39 sheet thickness.”
Improving their measuring apparatus for these two error causes, they obtained the
mass resolution for iron isotopes in the CR-39 detector of 0.22 ± 0.03 amu in rms. It
should be helpful to understand what the precision determination of parameters of an
incident charged particle means by citation of essential parts of their experiment
[Kodaira 2007]
A swift charged particle passing through the SSTD (solid-state track detector) leaves
a radiation damage trail called a "latent track," that can appear by chemical etching in a
suitable etchant. The etchant removes material in a very narrow region around the latent
track at rate Vt, while it also removes material from undamaged regions at bulk etch rate
Vb. As a consequence of chemical etching, a conical etch pit appears in the SSTD, as
shown in Fig. 1 [Kodaira 2007].
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Fig. 3.1 Schematic cross-sectional view of etch pit geometry. An etch pit grows along the track
with length L at etch rate Vt for the amount of bulk etch B at rate Vb [Kodaira 2007].

The track registration sensitivity (S) is defined as the ratio of etch rates (Vt/Vb – 1),
and is thought to be a function of the restricted energy loss (REL) of the incident
charged particle. REL is defined as the energy loss rate along the track core region near
the particle trajectory. Namely, this criterion for track registration assumes that δ-rays
with energies greater than the cut off-energy (ω0) carry away their energy from the track
core region and hence do not contribute to latent track formation. For the CR-39
detector, the cut-off energy (ω0) has been considered to be 200 eV. By using the
measurable parameters, that is the cone length (L) of the etch pit and amount of bulk
etch (B), the track registration sensitivity (S) is obtained by
S = (L/B) – 1.
Here, L is a function of REL of the incident charged particle. The range of a particle
with a definite charge and velocity is proportional to its mass. In this work, the mass of
an incident charged particle is determined from the variation in the cone length (L) of
the etch pit produced in the detector as a function of its residual range (R), as shown in
Fig. 2 [Kodaira 2007], which shows the schematic drawing of the trajectory of stopping
particles from the stopping layer (i = 0) to the upstream layers (i > 1) in a stack. In
general, the so-called “L-R” technique in the SSTD is analogous to the ∆E – E
technique in the Si detector telescope.
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Fig. 3.2 Schematic drawing of etch pits produced in each CR-39 detector layer. Cone length (Li)
in the i-th layer is defined as the distance between the etched surface and the tip of the etch pit
as shown in the figure. Residual range (Ri) is the distance from the stopping point in part of the
spherical end to the center point of the cone length. In this work, only Li produced in the
upstream surface is measured [Kodaira 2007].

The incident angle θ is given by
θ = sin–1{(4B2 + d2)/[16D2B2 + (4B2 – d2)2]}
D and d denote the major and minor axes of the elliptical opening mouth of the etch pit
on the detector surface, respectively, as shown in Fig. 4 and B is the amount of bulk etch
as shown in Figs. 3.1, 3.2 and 3.3 [Kodaira 2007].

Fig. 3.3 Schematic drawing of geometrical structure of etch pit with incident angle θ [Kodaira
2007].

3.2 Identification of Charged Particles in the Cold Fusion Phenomenon (CFP)
We give here a short introduction of researches in the CFP using CR-39 to identify
emitted charged particles from cold fusion (CF) materials composed of mainly
transition metals and hydrogen isotopes. Details of the use of CR-39 detector in the CFP
will be discussed in another paper presented at JCF13 and published in Proc. JCF13
[Kozima 2013].
The first use of a plastic track detector CR-39 in the cold fusion research was
performed by Chinese scientists [Li 1991] in the early days of cold fusion research after
the discovery of the “cold fusion” by Fleischmann et al. [Fleischmann 1989]. In these
researches, they have confirmed the nuclear nature of curious events related to
extravagant excess energy and unbelievable generation of new nuclides occurring in
cold fusion materials composed of transition metals and hydrogen isotopes.
After an interval of about ten years, there is a revival of the use of CR-39 in the cold
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fusion research to identify charged particles emitted from CF materials. Several of
excellent works with CR-39 detector were reported by Mosier-Boss et al. [Mosier-Boss
2009] to confirm energetic neutrons emitted from a Pd/D co-deposition sample and
Aizawa et al. [Aizawa 2012] to show two kinds of charged particles from NiDx and
NiHx (x < 1.0) samples in electrolytic systems Ni/Li2SO4 + D2O (H2O)/Pt and Ni/LiOH
+ D2O (H2O)/Pt. Other experiments with CR-39 performed to detect charged particles in
the CFP be given in the paper given in JCF13 and published in Proc. JCF13 [Kozima
2013].

4. Conclusion
In the long investigation of the cold fusion phenomenon (CFP) since 1989, we have
tried to make clear the nuclear feature of the various events observed in CF materials
mainly composed of transition metals (and carbon compounds) and hydrogen isotopes.
The enormous amount of excess energy inexplicable with chemical reactions and
generation of neutron, proton, tritium, alpha and transmuted nuclei with atomic numbers
up to 92 are evidences showing the nuclear character of reactions occurring in the CF
materials. It has been eager desire to detect charged particles with large energies of the
order of several MeV emitted from CF materials which give also a decisive evidence of
the nuclear nature of reactions in the CFP.
The solid-state nuclear track detectors, especially CR-39 used frequently recent
years in this field, will be powerful tools to give us the above mentioned evidence to
support our premise that the various events in the CFP are induced by some kind of
nuclear reactions occurring in the CF materials at near room temperature without any
artificial acceleration mechanism.
The detection of charged particles in the CFP is characterized by following points:
(1) proximity of the source of charged particles to the detector and necessarily therefore
a large variety of incident angles in the case of experiments at ordinary ambient
conditions, (2) a variety of particles from proton, deuteron, triton, 32He and 42He
expected by presumed nuclear reactions to unexpected ones, (3) necessity to
discriminate species of charged particles incident to the detector and to determine their
energies simultaneously, and accordingly (4) necessity to discriminate two kinds of
particles, one generated by nuclear reactions and another accelerated by the former.
It is necessary to use the solid-state track detectors carefully to give persuasive data
for people who are not necessarily favorable for the existence of the CFP. To do so, the
careful use of the CR-39 detector given by Kodaira et al. in the determination of iron
isotopes introduced in Section 3 is suggestive [Kodaira 2007]. We have to remember the
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fundamental nature of the radiation damage in solids by incident charged particles and
characteristics of complex processes from latent track formation to the visualization of
latent tracks by chemical etching.
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Abstract
We summarize experimental data sets of charged particle emission obtained after 1990 and investigate
them from our point of view that the whole experimental data obtained in the CFP from excess energy to
nuclear transmutation through emissions of neutron and light charged particles should be interpreted
consistently if these phenomena have a common cause in the physics of the cold fusion phenomenon.
Based on the TNCF model proposed by us in 1993 at ICCF4 held in Hawaii, USA, we have given a
consistent explanation of the data of charged particles emitted from CF materials in accordance with other
data obtained in the CFP from excess energy generation to nuclear transmutation through neutron
emission.
We confine our investigation in this paper to the experiments where are used no artificial excitations
by such particles as proton, deuteron or photon with energies higher than 1 keV. In our opinion, the
physics of events caused by energetic particles in CF materials belongs to the low energy nuclear physics
under the influence of CF materials even if it is a part of the solid-state nuclear physics or condensed
material nuclear science.

1. Introduction
The cold fusion phenomenon (CFP) is a name used to express nuclear events as a
whole including excess energy production and nuclear transmutations occurring in
condensed materials composed of host elements (transition metals; Ti, Ni, Pd, and
carbon) and hydrogen isotopes (H and D). The cold fusion is the name used to express
the events observed by pioneers in this field at the earlier stage from 1989 and the name
CFP stands for the field born from the original concept of the pioneers.
The most solid evidence of nuclear reactions is the change of a nucleus to another
and this is detected by observing the change itself (nuclear transmutation) and emission
of neutron and charged particles accompanied to the transmutation. The experimental
data sets including the nuclear transmutation and excess energy production obtained
mainly in 20th century had been analyzed successfully by our TNCF model [Kozima
1998, 2006] assuming a new state of neutrons in solids composed of host elements and
hydrogen isotopes.
On the other hand, detection of the charged particles has been one of main targets
for confirmation of nuclear reactions involved in the CFP. The detection of charged
particles as they are emitted from nuclei has difficulty in elimination of severe influence
of charged particles surrounding the cold fusion (CF) materials with little success. So,
the observation of tritons and alpha particles has been mainly done as detection of
tritium (31H) and helium-4 (42He) in CF and surrounding materials in electrolytic
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systems. Another problem related to the charged particle observation is difficulty to
measure other observables simultaneously to identify nuclear reactions causing the
emission of the charged particle and the other observables.
However, the use of CR-39 solid-state particle detector in the CFP proposed by
Chinese group in 1989 [Li 1990] made the measurement of charged particles practical
and applied frequently in recent years. Frequency and accuracy of detection of charged
particles in electrolytic systems have been extensively increased in these several years
by the use of the CR-39 detector even if there remains ambiguity in identification of
charged particles and determination of their energies.
The CFP has been investigated for more than 20 years in various materials mainly in
transition-metal hydrides and deuterides and sometimes in proton conductors and such
organic compounds as polyethylene. And we know much about its complicated effects
from excess heat generation to heavy nuclides production by nuclear transmutations
through emissions of proton, deuteron, neutron, alpha-particle and gamma and X-ray
from CF samples in non-equilibrium condition without artificial excitation.
On the other hand, there are trials to check effects of external excitations on the CFP.
To enhance the nuclear reactions in and accompanying emission of charged particles
from CF materials, artificial excitation by energetic particles (electron, proton and
deuteron) and laser beams has often been applied. The results obtained by these
experiments have shown enormous enhancement of the d-d fusion reaction by
sometimes 9 orders of magnitude by 1 keV deuteron irradiation on PdD samples.
The artificial excitation not only surely enhances the cause-effects relation in the
CFP but also add complex factors to the analysis. Each effect obtained in these
experiments with artificial excitations is a part of the CFP but with complication
including an extra factor to the original cold fusion phenomenon. So, we will confine
our discussion in this paper only to the genuine CFP without artificial excitation by
particles and photons with energies larger than 1 keV.
In this paper, we give a review on the experimental data of charged particles
emission from CF materials leaving the explanation of CR-39 track detector to another
paper presented at this conference [Kozima 2013a]. We explain our TNCF model in
relation to the charged particle emission in the CFP. We will then give finally a
consistent explanation of the data of charged particles emitted from CF materials based
on our model in accordance with other data of neutron emission and nuclear
transmutation in addition to the excess energy generation in the CFP.

2. Emission of Charged Particles in the CFP and Use of CR-39
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The detection of the charged particles has been one of main techniques for
confirmation of nuclear reactions involved in the CFP as explained in the Introduction
of this paper. The detection of charged particles as they are emitted from nuclei has
difficulty to avoid the severe influence of charged particles surrounding the cold fusion
(CF) materials. Therefore, the observation of tritons and alpha particles has been mainly
replaced by detection of tritium (31H) and helium-4 (42He) in CF and surrounding
materials in electrolytic systems. The first trial to detect tritium in the electrolytic
system where observed tremendous excess heat was performed by the pioneers of this
field and the result was reported in the first paper announcing the cold fusion
phenomenon in a PdDx system [Fleischmann 1989]. The experimental data sets
reporting observation of tritium were compiled in our books [Kozima 1998 (Sec. 6.4).
2006 (Sec. 2.6)]. On the other hand, the first detection of helium atoms in Pd samples
which generated excess heat was reported by Morrey et al. in 1990 [Morrey 1990]. The
experimental data sets reporting observation of helium were compiled in our books
[Kozima 1998 (Section 6.5), 2006 (Sec. 2.8)].
Direct detection of charged particles from CF samples has been performed in
systems without liquids, i.e. in systems in vacuum (See Sections 2.2 and 2.3). However,
the use of the solid-state particle detector made possible detection of charged particles
in gaseous and liquid systems. The first proposal to apply the solid-state particle
detector CR-39 in the field of the CFP was made by Chinese scientists as early as 1991
[Li 1991]. It is emphasized that CR-39 has high sensitivity and low background and
need not any high voltage power supply; therefore, it has low electronic noise and is
particularly suitable for experiments in the high pressure vessel such as that used by
Frascati group in Italy (e.g. [De Ninno 1989]).
Recently, the CR-39 has been used frequently due to its advantages of high
sensitivity and low background rather easily and some easy conclusions seem to be
deduced. We have to be careful to deduce a conclusion from limited data as always
noticed in our daily experience as typically expressed in the famous Buddhist parable
for our self-reproach [Appendix Tittha Sutta].
One of the most important demerits of the use of CR-39 detector is the limitation to
simultaneous use of this detector with apparatuses to observe other observables such as
excess energy, neutron, tritium and nuclear transmutations. With several quantities
observed simultaneously, we can access the entity of the physics occurring in the
material more effectively. Another demerit is the lack of time resolution for the
occurrence of nuclear reactions (cf. next section).
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2.1 Experimental data of charged particle emission in the CFP research
From the first stage of the investigation of the cold fusion phenomenon (CFP), the
charged particles, proton, triton and helium-3 and helium-4, expected from the
presumed nuclear reactions between deuterons are main targets of search. While
Chinese scientists noticed efficacy of the use of CR-39 for the CF research as early as
1991 [Li 1991], they have recognized the qualitative nature of this detector. Therefore,
quantitative investigation of the emitted charged particles in the CFP did not make great
progress as summarized in this Section.
2.1.1 Merits and demerits of CR-39 detector in the CFP
As is discussed in our previous paper [Kozima 2013a], there are several difficulties
to be overcome in identification of charged particles and their energies by using the
CR-39 detector at present.
Besides these difficulties, there are other problems inherit in the CFP where we do
not know physics of the nuclear reactions in CF materials at present. Therefore, it will
be useful to recognize the characteristics of the plastic solid-state particle detector
CR-39 in relation to the CF researches. Because we do not know the true mechanism of
the cold fusion phenomenon (CFP), it is necessary to obtain as many observables as
possible, hopefully them simultaneously. Merits and demerits of the CR-39 detector
necessarily relate to these points.
Merits.
As is expressed in the paper by X.Z. Li, CR-39 detector has high sensitivity and
high efficiency without dead time and needs no any high voltage power supply resulting
in low background noise [Li 1991]. In addition to these characteristics preferable for the
CF research, it is very convenient to measure several charged particles simultaneously
such as protons, deuterons and tritons expected from the d-d reactions (3.6) and (3.7)
below. The CR-39 detector is also easy to use close to CF materials where occur nuclear
reactions, minimizing the energy loss by interaction with other particles.
Demerits.
First of all, the complex mechanisms of latent track formation in the detector make
the identification of charged particles and determination of their energies qualitative.
In principle, the CR-39 detector has cumulative nature and needs a definite length of
time to accumulate signals of charged particles emitted by reactions in CF materials. It
is, therefore, not possible to determine the temporal characteristics of events in the CFP.
Also, this characteristic is not compatible with simultaneous measurements of such
dynamical variables as rates of excess energy production and of neutron emission.
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2.2 First experimental data obtained by Chinese researchers with CR-39 detector
The CR-39 plastic track detector was used first by several research groups in China
for qualitative determination of the nuclear character of the CFP [Li 1991, Mo 1991,
Shangxian 1991, Wang K.L. 1991, Wang S.C. 1991].
In the experiment by Mo et al. [Mo 1991], Pd and Ti foils in a stainless steel vessel
were deuterized by D2 gas with a pressure of 1 atm. The plastic track detector CR-39
and thermoluminescence detector (TLD) were used for the energetic charged particles
and for the low energy EM radiation (the precursor of the former), respectively. They
observed peaks corresponding to energies of about 5 MeV which does not fit with any
conventional binary D-D reaction.
In the experiment by Shangxian et al. [Shangxian 1991], they observed intense
bursts of charged particles which were reproducibly detected by using CR-39 detector
during either a high voltage discharge between deuterated Pd electrodes or a
non-equilibrium out-diffusion of deuterons in Pd.
In the experiment by S.C. Wang et al. [Wang S.C. 1991], CR-39 detector has been
used in search for charged particles from PdDx and TiDx foils. From a Pd and Ti foils,
they found etch pits on the detector whose track parameter suggested the charged
particles with charges Z = 2 and Z = 3 are responsible for the etch pits. In order to
identify the charge Z more accurately, they needed further calibration of the response of
CR-39 using alpha particle irradiation under the condition of high-pressure D2 gas and
temperature cycle.
X.Z. Li reported a review article on the use of CR-39 in China together with his data
[Li 1991]. He is not using the CR-39 detector recently for years due to its demerits
(especially its qualitative nature and lack of time resolution) listed up above [Li 2012].
Their experimental data are tabulated in Table 2.1 and depicted in Fig. 2.1.

Table 2.1 Experimental data obtained by Chinese researchers
Authors and References

Species

Energies of observed particle

[Mo 1991]

?

5 MeV

[Shangxian 1991]

Bursts

?

[Wang K.L. 1991]

?

?

[Wang S.C. 1991]

?

2 and 3 MeV

[Li 1991]

?

Z > 1, E > 5 MeV
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Charged particles observed by
Chinese researchers using CR-39
25
20
15
10
5
0
0

2
4
6
8
10
12
x ≡ 10 log (AZ+ 1). Unidentified particles are at x = 11.

Fig. 2.1 Charged particles observed by Chinese researchers in 1990 – 1991 using CR-39 for the
first time in the research of the CFP. The abscissa is x = 10 log (AZ + 1) and the ordinate is the
energy E in MeV. Proton, deuteron, triton, 3He and 4He correspond to x = 3.01, 4.77, 6.02, 8.45
and 9.54, respectively. Data of unspecified particles are placed at x = 11 and unidentified
energies are at E = 20 MeV. Marks on the abscissa are for identification of particles.

2.3 Experimental data sets showing emission of charged particles in the CFP
Emission of heavy charged particles is a decisive proof of nuclear reactions in the
cold fusion phenomenon (CFP) and therefore has been investigated from the first stage
of the research in this field. Several methods have been used for the detection of
charged particles appropriate for the experimental setup. It is natural that the emitted
charged particles were measured mainly in vacuum systems where the energy losses of
the particle seem negligible.
2.3.1 Beddingfield et al.
Beddingfield et al. [Beddingfield 1991] have observed intense bursts of charged
particles from thin Ti foils (Ti662 sample containing 6% V, 6% Al and 2% Sn) loaded
by deuterium. The dimension of the foil was 1 cm ☓ 2 cm ☓ 100 μm.
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Fig. 2.2 SIMS profile of elements in one of the Ti-D samples [Beddingfield 1991]. The
maximum sputtering time of 100 min. corresponds to a depth of about 2 μm.

It is very interesting to notice that they observed changes of density of the minor
elements as shown in Fig. 2.2 [Beddingfield 1991 (Fig. 3)]. The decreases of Al, V and
Sn in the surface region of a width of about 0.4 μm observed by Beddingfield et al.
remind us the similar data obtained by Okamoto et al. [Okamoto 1993]. Okamoto et al.
observed a decrease of Al and an increase of Si in the surface region of width about 0.5
μm which were explained by the nuclear transmutation catalyzed by trapped neutrons
according to our TNCF model [Kozima 2003]:
(2.1)
n + 2713Al → 2813Al* → 2814Si + e– + νe
where νe is the antiparticle of the electron neutrino.
Similarly, the observation by Beddingfield et al. will be explained by the reactions
(2.2) – (2.4):
n + 2713Al → 2813Al* → 2814Si + e– + νe,
(2.2)
51
52
52
–
n + 23V → 23V* → 24Cr + e + νe,
(2.3)
n + 12050Sn → 12150Sn* → 12151Sb + e– + νe,
(2.4)
while they did not check increases of the elements Si, Cr and Sb corresponding to the
observed decreases of Al, V and Sn, respectively.
If the nuclear transmutations expressed by Equations (2.1), (2.3) and (2.4) occurred
according to the assumed formulae in free space, there might be a lot of radiation giving
hazardous effects on people in the laboratory. However, the reactions in CF materials
seem not to emit radiations outside due to absorption by atoms in them (beta decay) or
due to a specific mechanism assumed in Equations (3.1) and (3.2) below (gamma
decay).
It is desirable to check the sample used in the experiment by Beddingfield et al.
repeatedly if it gives a temporal change or not. Such an investigation in any experiment
in this field will give supplementary data to explore the physics of the CFP.
2.3.2 Yamaguchi et al.
The first reliable measurement of charged particles was performed by Yamaguchi et
al. [Yamaguchi 1993] in a vacuum system with a heterostructure of deuterated Pd
(MnOx/Pd:D/Au). They detected α-particles and protons in addition to excess heat and
helium-4. The α-particles with energies of 4.5 – 6 MeV and protons with an energy of 3
MeV were emitted from the oxide surface of their heterostructure sample.
2.3.3 Taniguchi et al.
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Taniguchi et al. observed bursts of charged particles emitted from Pd foil cathodes
of a D2O (LiOD) electrolysis with electrolyte LiOD and Pt anode [Taniguchi 1993]. The
energy of the burst particles corresponds to 0 – 0.3 MeV if they are protons and to 0 –
1.5 MeV range recorded if they are electrons. A NE102a plastic scintillation counter
was used to detect the charged particles.
Taniguchi also measured the strange structures in the charged particle spectrum in 4
– 10 MeV during D2O electrolysis [Taniguchi 1994]. The peak patterns of the strange
structure corresponded neither to that of any back-ground sources nor to that of the D-D
reactions.
2.3.4 Karabut et al.
Karabut et al. [Karabut 1995] observed charged particles from a glow discharge
system with cathodes of Pd, Zr, Nb, Mo and others at discharge voltages of 200 – 600 V.
They used CR-39 and SSB (silicon surface barrier) detectors. Types and energies of
charged particles were determined by the energy shift between the two spectra obtained
by with 2 mm sapphire plate and 0.1 mm aluminum foil. They concluded that
candidates for the charged particles observed were He, Li, B and/or C nuclei with
energies of 5 – 6 MeV.
2.3.5 Keeney et al.
Keeney et al. observed charged particles from 25-micron thick TiDx foil samples
under non-equilibrium conditions using a photo-multiplier tube, plastic and glass
scintillators [Keeney 2006]. The charged particles are identified as protons with 2.6
MeV in one experiment and are coincident charged particles consistent with protons and
tritons in another. Their modest expression “It is possible that other nuclear reactions
besides d-d fusion are involved” is scientific and appropriate in view of their limited
results.
It is interesting to notice that one of the necessary conditions they demand for the
observation of the charged particle emission is the loading of deuterium in the presence
of LiD. This effect of Li on the CFP is also noticed in the experiment by Aizawa et al.
introduced in Sec. 2.4.2 below. Discussion of the effect of lithium on the CFP will be
given there.
2.3.6 Storms and Scanlan
Storms and Scanlan observed emission of charged particles having energy with
peaks between 0.5 and 3 MeV in low-voltage gas discharge in deuterium with cathodes
Al, Cu, Pd, Pd + Pt, Ti, etc. [Storms 2011]. They used a silicon surface barrier (SSB)
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detector and considered the particles to be deuterons.
2.3.7 Jiang et al.
Jiang et al. performed experiments on deuterium loaded Ti foil and powder at low
temperature [Jiang 2011]. The silicon dioxide-passivated ion-implanted detectors with
active area of 600 mm2 were used. The depleted layer of the detectors is 100 μm thick.
The observed charged particle from TiDx foil sample is identified as proton having
energy of about 2.8 MeV.
It is also too hasty in this case to conclude the d-d fusion reactions for the observed
proton only from its energy of 2.8 MeV without detection of triton of 1.01 MeV and
3
2He of 0.82 MeV or neutron of 2.45 MeV.
The data of the charged particles obtained by using detectors other than CR-39
introduced above is tabulated in Table 2.2 and depicted in Fig. 2.3.
Table 2.2 Experimental data of charged particles emitted from CF materials. Charged
particles emitted from CF materials
Authors and References
Species Energies of observed particle
[Beddingfield 1991]

? Burst

?

[Yamaguchi 1993]

α, p

4.5 – 6 MeV, 3 MeV

[Iida 1993]

α, ?

8 MeV, 5 MeV

[Taniguchi 1993]

? (p)

0 – 0.3 MeV

[Karabut 1995]

He

5 – 6 MeV

[Storms 2011]

?

0.5 – 3 MeV

[Jiang 2011]

p

2.8 MeV

[Keeney 2006]

p

2.6 MeV
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E (MeV). Unidentified particles
are at E = 15.

Charged Praticles observed by
SSB et al.
16
14
12
10
8
6
4
2
0
0
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6
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10

12

x = 10 log (AZ + 1). Unidentified particles are at x = 11.

Fig. 2.3 Experimental data of charged particle observation. The abscissa is x = 10 log (AZ + 1)
and the ordinate is the energy E in MeV. Proton, deuteron, triton, 3He and 4He correspond to 10
log (AZ + 1) = 3.01, 4.77, 6.02, 8.45 and 9.54, respectively. Data of unspecified particles are
placed at x = 11 and unidentified energies are at E = 15 MeV. Marks on the abscissa are for
identification of particles.

2.3.8 Data sets obtained by using artificial excitations
There are several experiments with artificial excitation with energetic particles
having energies of higher than 100 keV including the experiments by Iida et al. [Iida
1993] and Kasagi et al. [Kasagi 1993].
Iida et al. [Iida 1993] used 240 keV deuterons to irradiate Ti and Pd foils with
thicknesses of 5 – 25 μm and 5 – 25 μm, respectively, and observed α-particles with
energies of 5 and 8 MeV from Ti foils with Al2O3 layer on the surface after the
deuterium implantation. They used Si surface barrier detector placed behind the foil
sample. Similarly, Kasagi et al. [Kasagi 1993] observed energetic protons with energies
up to ~ 17.5 MeV when 150 keV deuterons were bombarded at highly deuterated Ti
rods.
As noticed above in Introduction, however, we will confine our investigation in this
paper to the cold fusion phenomenon (CFP) without such artificial excitation, while
these experiments with energetic particles have close relation to the CFP and surely
contribute in elucidation of physics of the CFP.
2.4 Experimental Data obtained by using CR-39
Recently, the solid state detector CR-39 used by Chinese researchers in the early
stage of CF research as introduced in Sec. 2.2 has been used fairly frequently in the
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experiments in the CFP to determine emission of charged particles.
One of the wonderful uses of CR-39 is the determination of high energy neutrons by
the observation of charged particles caused by the neutron [Mosier-Boss 2008, 2009,
Kozima 2010]. The triple tracks observed by Mosier-Boss et al. are interpreted as the
detection of the three alphas generated by the breakup reaction of carbon-12 12C(n,
n’)3α with the threshold energy of 9.6 MeV for the neutron to cause this reaction.
Other data to determine the species and their energies of charged particles emitted
from CF materials have been given with an ambiguity as shown below and have to be
contemplated further.
2.4.1 Experimental data obtained by Roussetski and his collaborators
Roussetski and his collaborators have used CR-39 detectors in their works to
investigate nuclear reactions in CF materials. We cite here only a few papers presented
by them. The first paper by Roussetski in 1998 reported detection of charged particles
by CR-39. He measured also neutrons by a plastic scintillation counter with Cd and by
3
2He counter [Roussetski 1998]. He has given a paper at ICCF11 reviewing works done
by his group [Roussetski 2006a]. To confirm validity of their measurements, they
checked their method carefully using calibration tracks (or standards) of protons (up to
2 MeV) and of alphas (up to 20 MeV) [Roussetski 2006b].
Though the elaborate works by Roussetski and his collaborators have shown new
features of the charged particle emission from CF materials of several types sometimes
with artificial excitation, their data need more careful check in relation to other data in
the CFP and in nuclear physics.
First of all, it is necessary to detect triton (1.01 MeV), proton (3.02 MeV) and 32He
(0.82 MeV) simultaneously to conclude the occurrence of the d-d reactions:
d (ε) + d = t (1.01 MeV) + p (3.02 MeV),
(2. 5)
3
= 2He (0.82 MeV) + n (2.45 MeV),
(2. 6)
4
= 2He (76.0 keV) + γ (23.8 MeV).
(2. 7)
–7
The probability ratios of these reactions in free space are known to be 1 : 1 : 10 .
Second, we want to have a consistent explanation of their data claiming observation
of protons and alphas; (1) protons (1.4 – 1.7 and 5.6 – 7.8 MeV) and alphas (9.2 – 14.0
MeV) [Roussetski 2006a] and (2) protons (1.7 – 1.9 MeV) and alphas (10 – 13 and 15 –
17.5 MeV) [Roussetski 2006b].
As we will show in the next section, there are possibilities to expect various
particles emitted and accelerated in CF materials according to our model which has
been successful to give a consistent explanation for various events in the CFP. So, we
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should open our eyes in front of a vast field of unknown events to see a consistent view
in accordance with principles and knowledge in physics not falling into the black hole
where blinds were (cf. [Appendix]).
2.4.2 Heavy and light water electrolysis with Ni film cathode by Aizawa et al.
The CR-39 detector in the CF research is also used by Aizawa et al. in Iwate
University [Aizawa 2012]. They have concluded the detection of charged particles in
the experiment where electrolysis of D2O and H2O solutions is carried out under several
DC current patterns using a Ni film cathode. A CR-39 track detector is set in close
contact with the cathode to detect energetic charged particles. An impressive increasing
in number of etch pits on the detector is occasionally observed without specification of
species and energies of the charged particles responsible to the observed etch pits.
Anomalous increase in the number of etch pits has been observed in 1 out of 7 and 2 out
of 5 runs for D2O and H2O solutions, respectively. The result suggests that the nuclear
reactions have been occurring on the Ni film cathodes during the light water electrolysis
as well as the heavy water one. The common factors to increase the number of the
anomalous etch pits in the CR-39 chip might be the Ni film cathode, the long
electrolysis time and Li in the electrolyte solution. All the results indicate that the
reaction does not always takes place in every electrolysis experiment but occasionally
does under the same experimental condition.
The important role of lithium isotopes for the emission of charged particles observed
in this work reminds us several experimental facts related to the role of lithium
observed hitherto. The nucleus 63Li absorbs a thermal neutron with a fairly large cross
section of 940.4 b to be 73Li* which decays into 42He and 31H (or t) as shown in Eq.
(3.3) given in Sec. 3.1 below. This reaction has been used to explain several
experimental data sets. Two of them are the detection of 42He by Morrey et al. [Morrey
1998, Kozima 2006 (Sec. 2.8)] and depletion of 63Li by Passell [Passell 2003]. Recently,
Keeney et al. have shown important role of Li to give a positive result of charged
particle emission from a TiDx foil as introduced in Sec. 2.3.5 [Keeney 2006].
2.5 Difficulty in simultaneous determination of particle species and their energies
using CR-39
As we have shown in the review paper presented at JCF13 [Kozima 2013a], the
interaction of an incident charged particle with atoms in a target material depends
fundamentally on the velocity v1 (or the ratio of the energy E1 and the mass M1) and the
charge Z1 of the incident particle and the atomic numbers Z2’s of the atoms in the target
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material even if we do not take into our consideration of the atomic structure of the
target which is very important as shown by the recent work by Yamauchi et al.
[Yamauchi 2005].
Therefore, determination of characteristics of the incident charged particle by the
radiation damage or the nuclear track in the target material generated by the incident
particle requires at least three independent physical quantities depending on the
parameters v1 (or the ratio of E1 and M1), Z1 and Z2’s. If we use a calibration (or
standard) nuclear tracks obtained by reference experiments using known particles with a
definite energy, the deduced conclusion should be taken as a qualitative one especially
when we do not know what kinds of particles are emitted.
To determine quantitative parameters of the incident charged particles observed by
experiments [Kozima 2013a], we need elaborate procedure as illustrated experimentally
by Kodaira et al. [Kodaira 2007] and theoretically in the next section in terms of the
TNCF model.

3. TNCF Model and Its Conclusion on the Charged Particle Emission
The cold fusion phenomenon (CFP), a part of which was discovered in 1989 by
Fleischmann et al. at first [Fleischmann 1989] and then by Jones et al. [Jones 1989],
includes various events from excess energy production, neutron emission, and
production of new elements by nuclear transmutation [Kozima 1998, 2004, 2006]. The
events also include production of 4He, emissions of charged particles, gamma and
X-rays with a little probability compared to the events noted above.
The main events of the CFP except the emission of charged particles have been
explained by us using the phenomenological TNCF model including a single adjustable
parameter nn (the density of trapped thermal neutrons); the experimental data sets until
about 2005 have been explained in our books [Kozima 1998, Kozima 2006] and further
explanations of neutron emission [Kozima 2010], nuclear transmutation [Kozima 2009],
localization of nuclear reactions in the CFP [Kozima 2011a] have been given using the
TNCF model. Furthermore, the complexity in the CFP has been pointed out [Kozima
2012] and qualitatively explained in conjunction with the basic assumptions presumed
in the TNCF model [Kozima 2013b].
One of the most interesting results explained by the TNCF model is the ratios of
numbers Nx’s of events X’s observed simultaneously. Determining the parameter nn by
the data of the number Nx of an event X, we can calculate the number Ny of another
event Y using the model and compare the theoretical ratio (Nx/Ny)th thus calculated with
the experimental value (Nx/Ny)ex. As shown before [Kozima 1998 (Section 11.1),
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Kozima 2006 (Section 2.3)], we have obtained fairly good coincidence of these values
within a factor about 3 as expressed by the following relation:
(Nx/Ny)th = α(Nx/Ny)ex
with α ~ 3.
Another quantitative explanation of the experimental data sets where were observed
nuclear transmutations from one nuclide to another has been given by the TNCF model
[Kozima 1998 (Section 9.1), Kozima 2006 (Section 3.3.5), Kozima 2011b]. One of such
quantitative explanations is the variation of Ti isotopes observed in Portland State
University [Kozima 2006 (Appendix C7)]. The changes of the amount of A22Ti’s (A = 46
– 50) during the experiment are consistently explained by adjusting the single parameter
nn .
It is therefore natural to expect an explanation of the emission of charged particles
introduced in Section 2 consistently to other data in the CFP given by our TNCF model.
We give a brief introduction of the model in this section and then an explanation of the
data on the charged particle emission by our model.
3.1 The TNCF model
The TNCF (trapped neutron catalysed fusion) model proposed as early as 1994 at
ICCF4 (Lahaina, Maui, Hawaii, USA, Dec. 6 – 9 (1993)) has been successfully applied
to give a unified understanding of the cold fusion phenomenon (CFP) [Kozima 1994].
The model uses an adjustable parameter nn with several premises based on the
experimental facts and has given semi-quantitative relations between several
observables measured simultaneously. The theoretical relations among observed values
are in agreement with relations deduced from experimental data sets. We will give a
brief review on the expected emission of charged particles from our model to compare
with experimental data. Another important premise of our model is the emission of
phonons in CF materials instead of photons in nuclear reactions in free space. This
premise is based on the fact that there are no photons even if there are many nuclear
products observed in the CFP and is going to be investigated from the quantum
mechanical approach developed recently [Kozima 2008].
3.1.1 Trigger reactions.
A trapped thermal neutron assumed in our TNCF model can fuse effectively in the
free space by the following reactions (3.1) and (3.2) with a proton and a deuteron with
fusion cross sections 3.32 ×10 –1 b and 5.5 ×10 –4 b, respectively:
n + p = d (1.33 keV) + γ (2.22 MeV),
(3.1)
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n + d = t (6.98 keV) + γ (6.25 MeV).
(3.2)
The gammas in these reactions in free space should be read as phonons φs in CF
materials with a reason for this assumption mentioned later. The same translation should
be done in reactions formulae which appear in this section hereafter. The first reaction
(3.1) will be effective in protium systems and the second (4.2) in deuterium systems.
In the electrolytic systems with electrolytes including lithium, the trapped thermal
neutron can fuse with the 63Li and 73Li nuclei in the surface/boundary regions
electroplated on the cathode by the reactions (3.3) and (3.4) below with large cross
sections ≈ 1×103 b and 4.54 ×10 –2 b, respectively:
n + 63Li = 42He (2.1 MeV) + t (2.7 MeV).
(3.3)
7
8
*
8
*
–
n + 3Li = 3Li = 4Be + e + νe + 13 MeV,
(3.4)
8
*
4
4
(3.5)
4Be = 2He (1.6 MeV) + 2He (1.6 MeV)
10
3
When there are other nuclides like 5B and 2He, there will be following reactions (in
free space);
n + 105B = 73Li (1.01 MeV) + 42He (1.78 MeV).
(3.6)
7
*
4
= 3Li (0.85 MeV) + 2He (1.47 MeV).
(3.7)
7
* 7
(3.8)
3Li = 3Li + γ (0.48 MeV).
3
n + 2He = t (0.17 MeV) + n (0.50 MeV).
(3.9)
23
In other electrolytic systems, nuclear reactions n – 11Na [Bush, R.T. 1992], n –
39
88
19K [Bush, R.T. 1992, Notoya 1996], n –
37Rb [Bush, R.T. 1993] participate in the
CFP as trigger reactions.
The thickness of the surface/boundary regions will be assumed as 1 μm throughout
analyses [Kozima 2006 (Premise 8)] although it has been determined as 1 – 10 μm in
experiments (allowing one order of magnitude uncertainty in the determined value of
the parameter nn). Also, the abundance of the isotope 63Li will be assumed as the natural
one, i.e. 7.4 % except otherwise described in our analyses.
As was already explained, the photons generated in reactions (3.1), (3.2) and (3.8) in
free space are supposed to become phonons in CF materials due to strong interactions of
neutrons in them and the liberated energy is thermalized in solids throughout our
phenomenological treatment. This is one of the most serious premises in the TNCF
model and waits quantum mechanical explanation in the physics of the CFP.
3.1.2 Breeding reactions.
The energetic particles generated in the trigger reactions induced by trapped
neutrons in surface/boundary regions in CF materials can induce other nuclear reactions
with nuclides, especially with abundant deuterons/protons in a deuterium/protium
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system.
When there is an energetic neutron emitted by the above trigger reactions, we expect
various reactions including the following elastic collisions, knock out collisions, and
splitting reactions;
n (ε) + p = n' (ε') + p (ε''),
(3.10)
n (ε) + d = n' (ε') + d' (ε''),
(3.11)
A
A
n (ε) + ZX = ZX (ε’) + n (ε’’),
(3.12)
n (ε) + d = n' + p + n'',
(3.13)
A
A–1
n (ε) + ZX = ZX + n + n',
(3.14)
A
A–A’+1
A’
n (ε) + ZX =
(3.15)
Z–Z’X' + Z’X''.
In these equations, we have used a symbol n(ε) for an energetic neutron with an energy
ε to discriminate it from the thermal neutron expressed as n (or n(ε) with ε = 0 later) in
Equations (3.1) – (3.9).
The triton with an energy ε = 2.7 MeV (or 6.98 keV) generated in the reaction (3.3)
(or (3.2)) described as t(ε) can pass through the crystal along the channelling axes on
which is an array of occluded deuterons or can proceed a finite distance determined by
the interaction with charged particles in the crystal. In the process of penetration
through a crystal, the triton can react with a proton or a deuteron by the following
reactions on the path with a length 1 μm [Kozima 2006 (Premise 9)]:
t (ε) + p = 42He (0.09 MeV) +γ (19.9 MeV).
(3.16)
4
t (ε) + d = 2He (3.5 MeV) + n (14.1 MeV).
(3.17)
The cross section of the reaction (3.17) is σt-d ≅ 1.4 ×10―1 b for ε = 2.7 MeV and 3.04 ×
10–6 b for 6.98 keV.
The elastic collisions (3.10) – (3.12) of an energetic neutron having an energy ε with
a nuclide in the sample give energy ε’s to the target nuclei. When ε is 14.1 MeV, the
target nuclei p (11H), d (21H) and 42He will have maximum energy of 14.1, 12.5 and 8.0
MeV, respectively, by a head-on collision. Thus, there is a possibility to detect a recoil
proton with energies lower than 14 MeV or decelerated from the maximum by
electromagnetic interactions with charged particles in the CF material.
One of the flaws in CF researches has been not trying to detect higher energy
neutrons up to 15 MeV expected to be generated in this reaction (3.17) except a few
cases [Kozima 2010]. Recently, Mosier-Boss et al. observed a 12C(n, n’)3α reaction
caused by a high energy neutron with an energy higher than 9.6 MeV as introduced in
the beginning of Sec. 2.4 [Mosier-Boss 2008, 2009].
In these reactions (3.11) – (3.15), the original high-energy neutron loses its energy to
be thermalized or generates another low energy neutron to be trapped in the sample
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(breeding processes Eqs. (3.13) and (3.14)) or generate transmuted nuclei (Equations
(3.14) and (3.15)).
The recoil deuteron having an energy up to 12.5 MeV produced by an elastic
collision with the neutron with 14.1 MeV (Eq. (3.11)) can fuse with another deuteron by
two main modes by the reactions with a fairly large cross section of the order of 0.1 b
each and by a minor mode with a negligible branching ratio about 10 –7:
d (ε) + d = t (1.01 MeV) + p (3.02 MeV),
(3.18)
3
= 2He (0.82 MeV) + n (2.45 MeV),
(3.19)
4
= 2He (76.0 keV) + γ (23.8 MeV).
(3.20)
The branching ratios of these three reactions in the free space with ε up to a few MeV
are, as is well known, 1 : 1 : 10–7.
In the case of solids with protium but deuterium, the following breeding reaction
between the energetic deuteron and a proton is possible (in the free space):
d (ε) + p = 32He (5.35 keV) + γ (5.49 MeV).
(3.21)
The following reaction is also probable with the energetic deuteron:
d (ε) + 32He = 42He (3.67 MeV) + p (14.68 MeV).
(3.22)
Depending on the situation in CF materials, the trapped thermal neutron can induce
such trigger reactions as the reactions (3.1) – (3.9) and the energetic particles generated
in them can sustain the breeding chain reactions (3.10) – (3.22) producing a lot of
excess heat and/or the nuclear products.
The energetic gamma emitted by the reaction (3.15) (and (3.18)) in free space can
induce the dissociation of a deuteron as follows;
γ (ε) + d = n (ε’) + p (ε’’)
(ε > 2.2 MeV)
(3.23)
We have to read the gammas in Equations (3.20) – (3.23) in free space as phonons in
CF materials as explained already above on the end of Sec. 3.1.1.
The particles generated by nuclear reactions catalysed by the trapped neutrons
assumed in the TNCF model are summarized in Tables 3.1 and 3.2 for the trigger and
breeding reactions, respectively. In the tables, the reactions are divided into protium and
deuterium systems and designated by equation numbers in this paper.
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Table 3.1 Reactions Generating Charged Particles in the TNCF Model (Trigger
Reactions). The reaction (4.1) in the 3rd line and a-column in this table will be referred
as 3-a (T4.1) in the following.
a Protium system
b Deuterium system
c Additional Agent
1n

(4.9)*

(4.9)*

3

2He*

2p
3d

(4.1)

4t

(4.3)* (4.9)**

(4.2) (4.3)* (4.9)**

6

3
3Li* 2He**

(4.3)* (4.5)** (4.6)***

(4.3)* (4.5)** (4.6)***

6

7
10
3Li* 3Li** 5Be***

5 32He
6 42He

Table 3.2 Reactions Generating Charged Particles in the TNCF Model (Breeding
Reactions). The reaction (4.18) in the 2nd line and b-column in this table will be
referred as 2-b (T4.2) in the following.
a Protium system
1n

b Deuterium system

c Additional Agent

(4.12) (4.13)* (4.17) (4.19)

A
3
ZX* 2He**

(4.22)** (4.23)
2p

(4.10) (4.22)*

(4.18)

3d

(4.11)

4t

(4.18)

5 32He

(4.21)

(4.19)

4
2He

(4.16)

(4.17) (4.20) (4.22)*

6

3

2He*

3

2He*

To generate some particles in the CF materials composed of a host material and a
hydrogen isotope, it is necessary to have an additional nucleus (or agent) used often in
the experiments as tabulated in the fourth columns of Tables 3.1 and 3.2. The most
famous agent is A3Li (A = 6 and 7) included in electrolyte for electrolytic systems. The
equations including these agents are asterisked in these tables for readers’ convenience.
As seen from the Tables, we can expect emission of various particles from CF
materials where occur cold fusion reactions and we can observe these neutrons and
energetic charged particles if it is possible to catch them before they dissipate their
energy.
The particles expected by the TNCF model to be emitted in the CFP tabulated in
Tables 3.1 and 3.2 are depicted in Fig. 3.1 using an abscissa 10 log (AZ + 1) to
discriminate particles with different proton and mass numbers, Z and A, respectively.
Neutron, proton, deuteron, triton, 32He and 42He correspond to 10 log (AZ + 1) = 0, 3.01,
4.77, 6.02, 8.45 and 9.54, respectively.

93

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

E (MeV)

Emission of neutron and charged
particles expected from TNCF
model
16
14
12
10
8
6
4
2
0
0

2

4

6

8

10

12

x = 10 log (AZ + 1)

Fig. 3.1 Emission of neutron and charged particles expected from TNCF model. The abscissa is
10 log (AZ + 1) and the ordinate the maximum energy E in MeV expected for particles. Neutron,
proton, deuteron, triton, 3He and 4He correspond to 10 log (AZ + 1) = 0, 3.01, 4.77, 6.02, 8.45
and 9.54, respectively. Marks on the abscissa are for identification of particles.

3.2 Explanation of experimental data of charged particle emission in the CFP
Considering the success of unified explanation of various experimental data sets
from excess heat generation to nuclear transmutations through neutron emission by the
TNCF model [Kozima 1998, 2006], we can expect an explanation of charged particle
emissions from CF materials consistent with experimental data of other observables. We
summarize first the probable emission of charged particles given in Sec. 3.1 based on
the TNCF model and then give comparison of the theoretical expectation with the
experimental data.
3.2.1 Probable emission of charged particles from CF materials
From above explanation of the TNCF model, we can deduce possible emission of
charged particles in the CF materials as summarized in Table 3.1 for trigger reactions
and Table 3.2 for breeding reactions. In principle, the charged particles can be emitted
or accelerated by the reactions (3.1) – (3.21) if we do not care their probability. In
reality, we have to consider the probability of particle emission in relation to the
situation of the CF material where occur nuclear reactions. We survey here the possible
emission of charged particles in deuterium and protium systems separately.
(1) Deuterium system
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The most probable trigger reaction in the deuterium system will be the reaction
between the trapped neutron and the occluded deuteron (Eq. (3.2)) with a cross section
5.5 ×10 –4 b (assuming the trapped neutron has a thermal energy) presumably resulting
in a triton (6.98 keV) and phonons (in the CF material) instead of a photon in free space.
The triton thus generated loses its energy by the electromagnetic interaction with other
charged particles in the CF material or makes such breeding nuclear reactions as (3.17)
(and possibly (3.16)) generating secondary nuclides 42He and neutron.
(2) Protium system
The most probable trigger reaction in the protium system will be the reaction
between the trapped neutron and the occluded proton (Eq. (3.1)) with a fairly large cross
section 3.32 ×10 –1 b (assuming the trapped neutron has a thermal energy) resulting in a
deuteron (1.33 keV ) and phonons (in the CF material). The deuteron thus generated
loses its energy by the electromagnetic interaction with other charged particles in the CF
material or makes such breeding nuclear reactions as (3.18) and (3.19) (and possibly
(3.20)) generating secondary nuclides p (11H), t (31H), 32He and n (and 42He).
3.2.2 Explanation of experimental data by the TNCF model
The theoretical expectation of charged particle emissions in the CFP depicted in Fig.
3.1 is compared with experimental data explained in Section 2 and depicted in Figs. 2.2
and 2.3. The data plotted in Figs. 2.2, 2.3 and 3.1 are accumulated in Fig. 3.2.
Figure 3.2 shows that the energies of the observed charged particles (blue points) are
below the expected maximum values (red points) from the TNCF model proposed by us.
It is natural to have experimental points (blue) below the theoretically expected points
(red) because the charged particles lose their energies in the medium before arriving at
the detectors used in experiments.
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Fig. 3.2 Comparison of experimental data (blue) explained in Section 2 and theoretical
expectation (red) explained in this section of charged particles emitted in the cold fusion
phenomenon (CFP). The abscissa is x = 10 log (AZ + 1) and the ordinate is the energy E in MeV.
Data of unspecified particles are placed at x = 11 and unidentified energies are at E = 15 MeV.
Marks on the abscissa are for identification of particles.

4. Discussion
Number of experimental data sets observing charged particles in the CFP is few
compared to other events due to the difficulty to catch them as they have born. As we
have shown in this paper, we could give a phenomenological explanation for the reliable
data on the emission of charged particles by our TNCF model consistently with other
events in the CFP such as excess energy generation, neutron emission and nuclear
transmutation.
The claims made by some researchers that the d-d fusion reactions in the
CF-materials have been confirmed using only data of protons with about 3 MeV are not
persuasive due to existence of alternative explanations for the data and also to the lack
of simultaneous observation of triton and 32He expected from Equations (3.18) and
(3.19) as we had discussed already.
Confining our consideration for experiments without artificial excitations with
energies higher than 1 keV, we can exclude d-d fusion reactions from fundamental
mechanisms in the CFP by two reasons. The first reason is that the two-body reaction of
independent particles occurs with a probability proportional to square of the density x of
the particle and behaves as x2 as shown in Fig. 4.1 [Kozima 2013b (Fig. 1.3)]. This
dependence of the reaction probability y on the density x has no critical density for the
reaction and is in contradiction with our common knowledge on the dependence of
effects on their causes in the CFP. We can pick up an excellent data set out of many such
examples, i.e. the extensive work of McKubre et al. showing the excess energy
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generation with a critical density of about D/Pd ~ 0.8 [McKubre 1993].

Fig. 4.1 Two-body reaction occurs without a critical density where the reaction rate y of
independent particles is proportional to the square of the density x: y = cx2 [Kozima 2013b].
Some of examples applicable to this relation are the combination of Na and Cl in an aqueous
solution of NaCl and d-d fusion reactions in plasmas and in PdDx lattice)

The second reason is that the detection of the protons with energies of about 3 MeV
is not sufficient to conclude the occurrence of the d-d reactions (3.18) – (3.20) due to
the existence of alternative candidates for them as discussed in Section 3. If we can
observe a triton with 1.01 MeV, a proton with 3.02 MeV and a helium-3 with 0.82 MeV
(and hopefully a neutron with 2.45 MeV) simultaneously in an experiment without
artificial excitation, then it is possible to conclude that the d-d reactions (3.18) and
(3.19) have occurred as fundamental reactions in the CFP. Even in this case, it is
possible that these reactions occurred as a result of the breeding reactions with ε ≠ 0 (cf.
Sec. 3.1.2).
In the CF experiments, there are too many sources to produce charged particles with
energies around 1 – 3 MeV as we have shown in Sections 3.2.1 and 3.2.2. Therefore, it
is very difficult to determine unambiguously the reaction producing charged particles
observed by an experiment.
In the case of neutron with an energy of 2.45 MeV, there are no alternative sources
of neutron emission of this energy and we may be able conclude that the reaction (3.19)
has occurred with little ambiguity.
It is somewhat strange to seek fanatically the d-d fusion reactions for explanation of
the CFP in deuterium systems discarding the fact that there are a lot of examples of the
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CFP in protium systems as we have often claimed (e.g. [Kozima 1998 (Chap. 7), 2006
(Sec. 2.2.1)]. In particular, Hioki et al. [Hioki 2013] have shown recently excess energy
generation in PdHx and PdDx systems in the same apparatus interchanging hydrogen
and deuterium successively. This is decisive evidence showing existence of another
cause (or other causes) resulting in the excess energy generation than d-d fusion
reactions if we are looking for a common cause of the CFP in both protium (H) and
deuterium (D) systems.
Such episodes as the conclusion of d-d fusion reactions by Roussetski et al. deduced
from insufficient data and as the long–lasted negligence of PdHx systems by some
researchers in the CFP remind us the Buddhist parable of ten blinds who touched an
elephant cited in Appendix to this paper. At any time, it is necessary to avoid mistakes
due to our narrow-mindedness and shortsightedness. Especially in scientific research,
we would like to realize our standpoint clearly in the investigation of such complex
phenomenon as the cold fusion one occurring in multi-component, non-equilibrium,
open dynamical systems [Kozima 2013b].
The cold fusion phenomenon (CFP) including various events from excess energy
generation to nuclear transmutation through particle emissions of neutron, proton,
deuteron, triton and alpha is challenging us to give its scientific explanation that is too
difficult for many scientists who gave up their trial to enjoy the effort to give consistent
understanding of the complex events in the CFP.
We have tried to give a phenomenological explanation of the CFP using a model
(TNCF model) with an adjustable parameter nn which is determined by an experimental
data of an observable and gives a consistent explanation of another observable when
there are several observables measured simultaneously [Kozima 1998, 2006, 2008]. It
seems that the TNCF model is fairly successful by now to give a unified understanding
of various events in the CFP.
If a model is effective to give a unified understanding of a new phenomenon
including various events, the CFP in our case for example, we might be able to consider
that the model will be reflecting some truth hidden behind the phenomenon observed by
experiments. It is therefore valuable to check the model a little further. The most serious
assumptions of the TNCF model are 1) existence of the “trapped neutrons” and 2)
nuclear reactions with emission of phonons in solids but not photons in free space.
The existence of the trapped neutrons in CF materials has been explained by
possible formation of neutron bands mediated by occluded protons or deuterons in our
works [Kozima 2004, 2006 (Sec. 3.5.2), Kozima 2009a].
The nuclear reactions with emission of phonons but not photons, on the other hand,
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have been left untouched by now.
We can see the problem in the physics of the CFP from a different point of view,
physics of neutrons in solids. There have been several fields of works related to this
problem classified into four themes;
1. Neutron trap by stratified structures [Kozima 2004 (Sec. 1), Ebisawa 1998]
2. Neutron guide similar to the wave guide for electromagnetic waves [Kozima
1998 (Sec. 12.3), Abele 2006]
3. Neutron bands mediated by hydrogen isotopes and trapped neutrons in them
4. Nuclear reactions catalyzed by the trapped neutrons with emission of phonons
but not photons
The third one has been discussed in our papers [Kozima 2006 (Sec. 3.5.2), Kozima
2009a].
The fourth one is related to the assumption made in Eqs. (3.1) and (3.2), for example,
that the gammas emitted in free space by these reactions are replaced by phonons in CF
materials. This assumption may have a close relation to the assumption of the drastic
shortening of lifetimes made to explain such nuclear transmutations as from 4019K to
40
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20Ca, from
46Pd to
47Ag, etc. [Kozima 2006 (Sec. 2.5.1.1)]. It should be explained
by the interaction of trapped neutrons in the neutron valence bands with exotic unstable
nuclei and phonons but is not accomplished yet. From our point of view, this is the most
important remaining problem in the solid-state nuclear physics related to the CFP.

5. Conclusion
There are many trials to elucidate fundamental mechanisms of nuclear reactions in
the CFP in this research field since its discovery in 1989 by Fleischmann, Pons and
Hawkins [Fleischmann 1989]. In these trials we have had a few cases in which the
conclusions have been deduced from biased selection of experimental data ignoring
characteristics of the CFP as a whole, especially its lack of quantitative reproducibility
and variety of products not only in deuterium but also in hydrogen systems. This
situation reminds us a famous parable told in Buddhist scriptures of the blind people
who observed an elephant by hands [Tittha Sutta, Appendix]; Some said “The elephant
is just like a water jar,” some said “The elephant is just like a winnowing basket,” some
said “The elephant is just like an iron rod,” some said “The elephant is just like the pole
of a plow,” and so forth depending on where they touched the elephant on.
The essential points of investigation of unknown phenomenon in common life and
in science are the same. We have to collect as many facts as possible to give a consistent
explanation for the whole facts and then look for a fundamental principle (or principles)
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for the explanation that is applicable also to other phenomena. Even if the heap of bricks
are not a building itself, we may be able to construct a building out of the bricks heaped
up by laborious efforts of our pioneers.
Thus, the next work we have to do in this field should be excavation of physics of
the cold fusion phenomenon (CFP) hidden behind the premises of the TNCF model that
have been successful to give a unified and consistent qualitative and sometimes
semi-quantitative explanation of the CFP.
The premises of the existence of trapped neutrons and the phonon emission in CF
materials instead of photons in free space are based on the experimental facts. The
former is based on the absence of the CFP without thermal neutrons [Kozima 1998
(Chapter 8), 2006 (Sec. 2.2.1.1 and Appendix D (Topic 8), 2010] and the latter is on the
data of no photon emission corresponding to other nuclear products. The latter premise
should be investigated consistently with the former of trapped neutrons with a density nn
and the first steps for it have been given using an idea of the super-nuclear interaction
between lattice nuclei mediated by interstitial hydrogen isotopes [Kozima 2006, 2009a].
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Appendix, “Tittha Sutta: Various Sectarians (1)” (Ud6.4)
I have heard that on one occasion the Blessed One was staying near Savatthi, in Jeta's
Grove, Anathapindika's monastery. Now at that time there were many brahmans,
contemplatives, and wanderers of various sects living around Savatthi with differing
views, differing opinions, differing beliefs, dependent for support on their differing
views. Some of the brahmans and contemplatives held this view, this doctrine: "The
cosmos is eternal. Only this is true; anything otherwise is worthless."
Some of the brahmans and contemplatives held this view, this doctrine: "The cosmos is
not eternal"... "The cosmos is finite"... "The cosmos is infinite"... "The soul and the
body are the same"... "The soul is one thing and the body another"... "After death a
Tathagata exists"... "After death a Tathagata does not exist"... "After death a Tathagata
both does and does not exist"... "After death a Tathagata neither does nor does not exist.
Only this is true; anything otherwise is worthless."
And they lived arguing, quarreling, and disputing, wounding one another with weapons
of the mouth, saying, "The Dhamma is like this, it's not like that. The Dhamma's not like
that, it's like this."
Then in the early morning, a large number of monks, having put on their robes and
carrying their bowls and outer robes, went into Savatthi for alms. Having gone for alms
in Savatthi, after the meal, returning from their alms round, they went to the Blessed
One and, on arrival, having bowed down to him, sat to one side. As they were sitting
there, they said to the Blessed One: "Lord, there are many brahmans, contemplatives,
and wanderers of various sects living around Savatthi with differing views, differing
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opinions, differing beliefs, dependent for support on their differing views... and they live
arguing, quarreling, and disputing, wounding one another with weapons of the mouth,
saying, 'The Dhamma is like this, it's not like that. The Dhamma's not like that, it's like
this.'"
"Monks, the wanderers of other sects are blind and eyeless. They don't know what is
beneficial and what is harmful. They don't know what is the Dhamma and what is
non-Dhamma. Not knowing what is beneficial and what is harmful, not knowing what is
Dhamma and what is non-Dhamma, they live arguing, quarreling, and disputing,
wounding one another with weapons of the mouth, saying, 'The Dhamma is like this, it's
not like that. The Dhamma's not like that, it's like this.'
"Once, in this same Savatthi, there was a certain king who said to a certain man, 'Gather
together all the people in Savatthi who have been blind from birth.'"
"'As you say, your majesty,' the man replied and, rounding up all the people in Savatthi
who had been blind from birth, he went to the king and on arrival said, 'Your majesty,
the people in Savatthi who have been blind from birth have been gathered together.'
"'Very well then, show the blind people an elephant.'
"'As you say, your majesty,' the man replied and he showed the blind people an elephant.
To some of the blind people he showed the head of the elephant, saying, 'This, blind
people, is what an elephant is like.' To some of them he showed an ear of the elephant,
saying, 'This, blind people, is what an elephant is like.' To some of them he showed a
tusk... the trunk... the body... a foot... the hindquarters... the tail... the tuft at the end of
the tail, saying, 'This, blind people, is what an elephant is like.'
"Then, having shown the blind people the elephant, the man went to the king and on
arrival said, 'Your majesty, the blind people have seen the elephant. May your majesty
do what you think it is now time to do.'
"Then the king went to the blind people and on arrival asked them, 'Blind people, have
you seen the elephant?'
"'Yes, your majesty. We have seen the elephant.'
"'Now tell me, blind people, what the elephant is like.'
"The blind people who had been shown the head of the elephant replied, 'The elephant,
your majesty, is just like a water jar.'
"Those who had been shown the ear of the elephant replied, 'The elephant, your majesty,
is just like a winnowing basket.'
"Those who had been shown the tusk of the elephant replied, 'The elephant, your
majesty, is just like an iron rod.'
"Those who had been shown the trunk of the elephant replied, 'The elephant, your
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majesty, is just like the pole of a plow.'
"Those who had been shown the body of the elephant replied, 'The elephant, your
majesty, is just like a granary.'
"Those who had been shown the foot of the elephant replied, 'The elephant, your
majesty, is just like a post.'
"Those who had been shown the hindquarters of the elephant replied, 'The elephant,
your majesty, is just like a mortar.'
"Those who had been shown the tail of the elephant replied, 'The elephant, your majesty,
is just like a pestle.'
"Those who had been shown the tuft at the end of the tail of the elephant replied, 'The
elephant, your majesty, is just like a broom.'
"Saying, 'The elephant is like this, it's not like that. The elephant's not like that, it's like
this,' they struck one another with their fists. That gratified the king.
"In the same way, monks, the wanderers of other sects are blind and eyeless. They don't
know what is beneficial and what is harmful. They don't know what is the Dhamma and
what is non-Dhamma. Not knowing what is beneficial and what is harmful, not knowing
what is Dhamma and what is non-Dhamma, they live arguing, quarreling, and disputing,
wounding one another with weapons of the mouth, saying, 'The Dhamma is like this, it's
not like that. The Dhamma's not like that, it's like this.'"
Then, on realizing the significance of that, the Blessed One on that occasion exclaimed:
Some of these so-called brahmans & contemplatives are attached. They quarrel & fight
— people seeing one side.
"Tittha Sutta: Various Sectarians (1)" (Ud 6.4), translated from the Pali by Thanissaro
Bhikkhu. Access to Insight, 12 February 2012,
http://www.accesstoinsight.org/tipitaka/kn/ud/ud.6.04.than.html .
Retrieved on 5 July 2012.

107

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

Computer Simulation of Hydrogen States near T site in Pd Metal

Hidemi Miura
Izumi-ku, Sendai. Japan
Abstract: We simulated the hydrogen (H) states in palladium (Pd) metal using a quantum molecular
dynamics on a personal computer. We calculated the total energy, charge density and electronic structure
of Pd bulk metal by a computer simulation program within Density Functional Theory based on the local
density approximation using pseudo-potentials and a plane-wave basis. Calculations were done about four
H atoms near a T site of Pd metal filled with H atoms in all O sites deforming the tetrahedron surrounding
the T site. The periodic boundary conditions were imposed on the calculating 2x2x2 super cell of 28 Pd
atoms and four vacancies next to some O sites. When an impurity atom of lithium (Li) or calcium (Ca)
enters into the T site of Pd metal lattice, it seemed to be improved in the deformation range of atomic
vibration at room temperature that four H/D atoms (applying the results to deuterium (D) atoms) are
drawn toward the T site to cause condensations and nuclear fusion and/or nuclear transmutation.
Keywords: computer simulation, quantum molecular dynamics, tetrahedron, Pd, H states

1.

Introduction

Nuclear fusion and nuclear transmutation phenomena have been reported in many
experiments of deuterium (D) and hydrogen (H) with condensed matter. In order to
examine what kind of conditions cause two and more H/D atoms to gather in condensed
matter such as metals and to squeeze into condensations and these nuclear reactions, we
have simulated the hydrogen states in palladium (Pd) metal of face centered cubic
lattice using a quantum molecular dynamics on a personal computer.
We carried out simulations of four H atoms surrounding a tetrahedron in the 2x2x2
super cell of Pd atoms filled with occluded H atoms in all O sites, following the last
simulation of those surrounding an octahedron without occluded H atoms 1). Four of 32
occluded H atoms near the T site were located outside, on or inside the triangular
lattices of the tetrahedron composed of four Pd atoms deforming the tetrahedron.
Imposing the periodic boundary conditions on the super cell, we calculated the total
energy, charge density and electronic structure of Pd bulk metal at temperature 0 K by a
computer simulation program within Density Functional Theory based on the local
density approximation.
We investigated the energy differences between the total energy with an impurity
atom of H or alkali/alkaline-earth metal such as Li, Na, K, Mg, Ca which entered into
the T site of Pd metal lattice and the total energy without it. We observed the impurity
Li or Ca atom could move from O sites to T sites under the small lattice deformation
such as atomic vibration at room temperature, and the Li atom could hop out from the T
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site pushed by weak force and the Ca atom could hop out by strong force. It seemed that
the Li atom could draw four H/D atoms (applying the results to D atoms) surrounding
the tetrahedron and leave them to cause mostly nuclear transmutation/fusion, and the Ca
atom could draw four D atoms and leave them to cause mostly nuclear transmutation.

2.

Calculations

We made the quantum electronic state calculations under the lattice deformation
changing the interatomic distances of the tetrahedron composed of four Pd atoms
around a T site near the center of 2x2x2 super cell. And we obtained the total energy,
charge density and electronic structure of the simulation system of 28 Pd atoms with
four vacancies and occluded 32 H atoms in all O sites at temperature 0 K, that is, we
took no motion of the atoms in the simulation system into account.
(1) Hardware and Software Used for Calculation
We used a personal computer which had 4 core / 8 way CPU and 16 GB main
memory. And we used the first principles electronic state simulation program ABINIT
which was using plane waves for the basis function and norm preservation type
pseudo-potentials2, 3), and we used VESTA for visualization of the charge density of
calculation results4).
(2) Restrictions of the Arrangement of Pd Atoms and Four H Atoms
We applied the following restrictions for the arrangement of Pd atoms and four H
atoms because of computational complexity and calculation time.
① Four vacancies are located at four of 32 Pd atoms, which are on the four edges of the
large tetrahedron circumscribed around the concerned small regular tetrahedron in
the 2x2x2 super cell.
② The locations of Pd atoms outside the concerned small tetrahedron are not altered
even when the interatomic distances of the tetrahedron are changed.
(3) Locations of Four of 32 H Atoms
Under the restriction mentioned above, the quantum electronic state calculations of
total energy, charge density and electronic structure were made for the bulk Pd metal
system in the following four cases of locations of the four of 32 H atoms outside, on or
inside the deforming tetrahedron. And each calculation was done when the impurity
atom of H or alkali/alkaline-earth metal entered or not entered into the T site in the
tetrahedron.
① Keeping tetrahedral symmetry, the four H atoms are located at the four centers of
octahedrons (original O sites) adjacent to the tetrahedron respectively.
② The four H atoms are located at four halfway points (O(1/2) points) between the O
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sites mentioned above ① and four P points mentioned below ③ respectively.
③ The four H atoms are located at the four centers of triangular lattices (P points)
which compose the boundary planes between the four octahedrons mentioned
above ① and the tetrahedron respectively.
④ The four H atoms are located at four quarter distance points (T(1/4) points) between
the P points mentioned above ③ and the T site respectively.
(4) Relation between T sites, P points, O(1/2) points, O sites and Pd Atoms
The P points, O(1/2) points and O sites where the four H atoms located were
geometrically related to the T site in the tetrahedron, the Pd atoms which composed it
and the octahedrons which adjacent to it as Fig. 1 shows. When the lattice constant was
supposed to be 1 and the coordinates of two Pd atoms on the diagonal of the unit lattice
were supposed to be described as (0, 0, 0) and (1, 1, 1) respectively, the coordinates of
the representative T site, P point, O(1/2) point and O site were described as (1/4, 1/4,
1/4), (1/3, 1/3, 1/3), (5/12, 5/12, 5/12) and (1/2, 1/2, 1/2) respectively, and the ratio of
distances to each position from coordinates (0, 0, 0) was 3 : 4 : 5 : 6.

Figure 1 Relation between the T site, T(1/4) point, P point, O(1/2) point, O site and Pd atoms.
(The lattice constant is supposed to be 1.)

The four T(1/4) points mentioned above (3) - ④ are significant for this H(D)
condensation because the distance of two H atoms next to each other in our simulation
system is close to the nuclear distance of H molecule (74pm), and because the edge
length of the cube which is circumscribed around the tetrahedron of four H atoms in our
simulation system is close to the critical length of Takahashi’s TSC (Tetrahedral
Symmetric Condensation) Theory which supports H/D-cluster condensation to cause
nuclear reactions in condensed matter5,6).
(5) Deformation of the Tetrahedron
The deformation of the tetrahedron ⊿d/a was defined as the ratio of the edge
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length change of the unit cell (⊿d) to the lattice constant (a), and varied from -0.1 to
0.1 in 11 steps changing the interatomic distances of the tetrahedron. Fig. 2 shows the
charge density distribution when an impurity Ca atom at the T site (yellowish green
surface at lower left front corner) of 2x2x2 super cell of 28 Pd atoms with the four
vacancies and H atoms occlude in all O sites at the deformation ⊿d/a = 0.00.

Figure 2 Charge density distribution in Pd lattice of 2x2x2 super cell.
(Red indicates high electron density and blue indicates low.)

3.

Results and Discussion

(1) Binding Energy of Four H Atoms around the T site
We calculated the total energy of 28 Pd bulk metal with the four Vacancies, 32
occluded H atoms in the O sites, deforming the tetrahedron when the four of 32
occluded H atoms were located at the original O sites, O(1/2) points, P pointes,
T(2/8(=1/4)) points and T(4/8(=1/2)) points around the T site. Where T(4/8) or T(1/2)
denotes the halfway between the T site and P point. Fig. 3 shows the energy differences
between the total energy with the four H atoms around the T site and the total energy
without them respectively by solid lines. Also it shows those with/without the four H
atoms around the O site by broken lines which are the last simulation results 1). These
energy differences due to the four H atoms around the T/O site would mean the binding
energy of them, because we carried out the simulations at temperature 0 K, that is, we
took no motion or kinetic energy of atoms into account.
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Figure 3 Binding energy of the four H atoms on the original O sites, O(1/2) points,
P points, T(1/4) points and T(1/2) points around the T site and the O site.

The state in which all occluded H atoms are at O sites under no contraction or
expansion of the tetrahedron/octahedron can be regarded as the basis. The binding
energy of the four H atoms located at the four original O sites, O(1/2) points, P pointes,
T(1/4) points and T(1/2) points are larger in the order of their increasing Coulomb
repulsive forces. The graphs show that the four H atoms around the T site would need
about 10 eV to transfer from the original O sites (dark blue solid line) to the P points
(dark green solid line) at the deformation ⊿d/a = 0.00. And the four H atoms around
the O site would need about 3 eV to transfer from the original O sites (light blue broken
line) to the P points (light green broken line). Since it must be difficult for mere atomic
vibration at room temperature to add thus large energy to the four H atoms
simultaneously, some kind of proper mechanism would be necessary to make it.
(2) Total Energy of Pd Metal Lattice with Impurity Atom at the T/O Site
Next, we calculated the total energy of the Pd bulk metal lattice with the same
simulation system as mentioned above, placing an impurity atom of H, Li, Na, K, Mg or
Ca on the T site. Fig. 4 shows the total energy with the impurity atom of Ca of the T site
by marked solid lines as an example, comparing the total energy without the impurity
atom by solid lines, when the four of 32 occluded H atoms are located at the original O
sites, O(1/2) points, P pointes and T(1/4) points outside, on or inside the tetrahedron
respectively.
Although the total energy of the four H atoms located at the four original O sites,
O(1/2) points, P pointes, T(1/4) points and T(1/2) points with the impurity Ca atom of
the T site are larger in the order of their increasing Coulomb repulsive forces as
mentioned above (1), the total energy with the impurity Ca atom change more rapidly
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than those without it and cross them.
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Figure 4 Total energy of 28 Pd bulk metal lattice with the impurity Ca atom in the T site,
with the four vacancies, 32 occluded H atoms in the O sites and
the four H atoms located at the original O sites, O(1/2) points, P pointes and T(1/4) points.

Since the lattice deformation of atomic vibration at room temperature is about 0.1
Å (|⊿d/a| 〜 0.02), the total energy when the four H atoms are located at the four
original O sites with the impurity Ca atom of the T site crosses the total energy without
it at the deformation ⊿d/a 〜 -0.01 within the deformation range of the atomic
vibration. It would mean that when the tetrahedron expands in the atomic vibration the
impurity Ca atom could enter into the T site at the deformation ⊿d/a > -0.01, and when
the tetrahedron contracts the impurity Ca atom could hop out from it at the deformation
⊿d/a < -0.01.
(3) Effects of Impurity Atom on Total Energy
It would be thought that impurity atoms in the bulk metal lattice move from
vacancies to other ones shaken by atomic vibrations or other impulses passing through
O sites and T sites in a while.
Then, we considered how the impurity atom entered into the T site and hopped out
from it. Fig. 5 shows the energy differences between the total energy with an impurity
atom of H, Li, Na, K, Mg or Ca of the T site or the O site and the total energy without it,
which are the effects of impurity atom on the total energy, when the four H atoms are
located at the original O sites in the in-phase contraction or expansion of the tetrahedron
by solid lines and the energy differences of the octahedron by broken lines. Fig. 6 shows
the same energy differences in the opposite-phase contraction or expansion of the
tetrahedron and the octahedron similarly.
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Figure 5 Energy differences between the total energy with the impurity atom and those without it
in the in-phase contraction or expansion of the tetrahedron and the octahedron.
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Figure 6 Energy differences between the total energy with the impurity atom and those without it
in the opposite-phase contraction or expansion of the tetrahedron and the octahedron.

When the tetrahedron and the octahedron next to each other contract or expand in
the in-phase mode (Fig. 5) that is the extreme long wave length vibration, the energy
differences of the tetrahedron with each impurity atom do not go under those of the
octahedron in the deformation range of atomic vibration at room temperature (|⊿d/a| <
〜 0.02). It seems to be impossible for the impurity atom to move from the O site to the
T site by the atomic vibration. In contrast, when the tetrahedron and octahedron next to
each other contract and expand in the anti-phase mode (Fig. 6) that is the extreme short
wave length vibration, the energy differences of the tetrahedron with each impurity
atom go under those of the octahedron in the deformation range of the atomic vibration.
It seems to be possible for the impurity atom to move from the O site to the T site by the
atomic vibration.
Since the energy difference with the impurity Na or K atom of the T site or the O
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site is positive in the deformation range of atomic vibration at room temperature (|⊿d/a|
< 〜 0.02), it could not stay on the T site or the O site until the total energy would
lowered by some way like electrolytic voltage. However, since the energy difference
with the other impurity H, Li, Mg or Ca atom of the T site or the O site is negative in
most of the deformation range of the atomic vibration, it could stay on the T site or the
O site. At that time, since the energy difference of the expanding tetrahedron goes under
the energy difference of the contracting octahedron in the deformation range of the
atomic vibration, the impurity atom could move from the O site to the T site.
Especially since the energy difference of the contracting tetrahedron with the
impurity Li atom becomes positive slowly at the deformation ⊿d/a < -0.01, it could
hop out from the T site and even from the O site pushed by weak force. And since the
energy difference with the Ca atom becomes positive rapidly at nearly the same
deformation region, it could hop out from the T site and even from the O site pushed by
strong force. But since those with the H and Mg atom become positive only at the
deformation ⊿d/a < -0.07 and ⊿d/a < -0.03 respectively, the H and Mg atom would
be difficult to hop out from the T site by the deformation of mere atomic vibration at
room temperature.
(4) Binding Energy of Four H Atoms around the T site with Impurity Atom
We also calculated the binding energy with an impurity H, Li, Na, K, Mg or Ca
atom of the T site when the four H atoms are located at the original O sites, which are
the energy differences between the two kind of total energy estimated similarly with Fig.
3 of (1). Fig. 7 shows this binding energy by broken lines. And it shows also the same
binding energy of the four H atoms around the T site by solid lines as Fig. 3.
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Figure 7 Binding energy of the four H atoms on the original O sites with an impurity atom.
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The difference between the binding energy with the impurity K or Ca atom of the T
site (light violet or light green broken line) and the binding energy without it (dark blue
solid line) when the four H atoms are located at the original O sites is even about 8 eV
at the deformation ⊿d/a = 0.00, which is close to the binding energy without it when
the four H atoms are located at P points (dark green solid line). However, the difference
between the binding energy with the other impurity H、Li、Na or Mg atom and the
binding energy without it is only about 1 eV at the deformation ⊿d/a = 0.00.
(5) Hopping out of Impurity Li/Ca Atom to Cause Nuclear Fusion/Transmutation
When the tetrahedral symmetrical arrangement of Pd atoms is broken slightly by
non-breathing mode atomic vibrations or other cause, the impurity atom of the T site
would receive unsymmetrical forces from surroundings and hop out from the T site. At
that time, it might be occurred that tetrahedral symmetrical four H atoms around the T
site would be drawn toward it and condense based on TSC Theory if the Coulomb
repulsive forces were shielded appropriately by some way.
According to the discussions mentioned above (1)〜(4), results of which could
apply to the case of D atoms, although the impurity Li atom would have small
momentum and energy when it hops out from the T site, four light H atoms drawn
toward the T site would get rather rapid movement recoiled by the Li atom to cause
mostly nuclear transmutation through collision against the other atoms in/of Pd metal
because of the imperfect short time condensation, and four heavy D atoms would get
slow movement recoiled by the Li atom to cause mostly nuclear fusion through no
collision against the other atoms in/of Pd metal because of the perfect long time
condensation. On the other hand, since the impurity atom Ca has large momentum and
energy when it hops out from the T site, four light H atoms would get too rapid
movement recoiled by the Ca atom to cause any nuclear reaction, and four heavy D
atoms would get rapid movement to cause mostly nuclear transmutation. This is,
however, the only hypothetical scenario and the detail mechanism is not known to us.

4.

Summaries

We carried out the simulation of H states in Pd metal using the first principles
electronic state simulation program on a personal computer. And we investigated the
energy differences between the total energy with the impurity H, Li, Na, K, Mg or Ca
atom of the T site and the total energy without it. It seemed to be improved in the
deformation range of atomic vibration that the impurity Li or Ca atom would draw four
H atoms toward the T site to cause condensations and nuclear fusion and/or nuclear
transmutation. We will carry out the same simulation with Ni metal.
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In the case where H atom itself acted as an impurity, it could not hop out from the
T site until the lattice contraction deformation of Pd bulk metal became considerably
large. This would give us the expectation that an impurity H atom could hop out from
the T site in the deformation range of atomic vibration at room temperature which might
be large enough in nano-particle metals.
Until now, we have used the simulation program available even to a personal
computer to investigate H states near the T site or the O site in the symmetrically
deformed octahedron or tetrahedron at 0 K in fragment calculation like a snap shot of
the situation because of computational complexity and calculation time. Then hereafter,
we will have to improve the precision of simulation considering how this octahedral or
tetrahedral symmetrical deformation will take place in the bulk metal and even in the
nano-particle metal based on the lattice vibration and impulse propagation theory at
proper temperatures.
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Proposal to extend the nuclear physics to include the magnetic
monopole as an additional ingredient
Tetsuo Sawada
Institute of Quantum Science, Nihon University,Tokyo, Japan, 1018308
It is proposed to extend the nuclear physics to include the magnetic monopole as an additional
component to the (p, n) system. The additional interaction of the super-strong magnetic Coulomb field
produced by the magnetic monopole *e and the magnetic dipole moments of the nucleons give rise to
various new processes which do not appear in the ordinary nuclear physics, whose basic interaction is
the short range nuclear potential. Because the *e-p system has the extra angular momentum, which is
perpendicular to the orbital angular momentum, we have to generalize the spherical harmonics to the
monopole harmonics. As the first step to construct the magnetic monopole-nucleus system, the equation
for the *e-N system is solved and it is found that the “hedgehog” state is the ground state of such a system.
As the next simpler problem, the binding energy of the *e-d system is calculated and it is found that the
binding energy is large enough to close the channels d+d → t+p and d+d→ 3He+n enegetically, which
are the main channels in nuclear physics in vacuum. Other new phenomena, which are characteristic to
*e-A system, are investigated.

1. Introduction
In 1960's nuclear physics was extended to include the hyperons such as Λ as the
additional ingredient. At that time, the main motivation was to check the SU3 symmetry
of the hadron system. However today it grows up to become an important branch of
nuclear physics: physics of hyper-nuclei. Although the addition of the new ingredient
opens up new branch, mismatch of the characteristic scale of length often leads to the
system which is not very interesting or which we know already. For example, the
addition of the electron to the proton and the neutron leads to simply the atomic or the
molecular system. Our proposal is to add the magnetic monopole (*e) to the protonneutron system. The interaction potential of the magnetic dipole moment of the nucleon
in the magnetic Coulomb field is

*e eD (σ ⋅ rˆ )
V *e − N = κ tot
F ( r ) with
2m p
r2
(1)
F ( r ) = 1 − (1 + ar + a 2 r 2 / 2 ) exp[ − ar ] ,
where F(r) is the form factor of the nucleon and a = 6.04 μπ . From the charge
quantization condition, *ee is 1/2. On the other hand, the magnetic charge number D is
1 and 2 for Dirac and Schwinger magnetic monopole respectively. In general when the
added ingredient is more "peculiar", we can expect to encounter what is surprising.
In the next section, a brief review of the magnetic monopole is given. In order to
symmetrize the Maxwell equations with respect to the electricity and the magnetism,
the terms of the magnetic charge density *ρ and its current density *i are added to the
equations. After such a symmetrization, we can consider a system where the magnetic
charge *Q and the electric charge Q coexist. When we compute the total angular
momentum Lextra stored in space in the form of the electromagnetic field, it becomes
(*QQ/c)(r/r) where r is the position vector connecting two charged particles (from *Q
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to Q). If we combine it with the quantum condition that a component of an angular
momentum can assume only the integer multiple of (ħ/2), we obtain the charge
quantization condition of Dirac: *QQ/ ħc=n/2 with integer n. This condition not only
implies the discreteness of the electric charge Q in Nature, but also fixes the value of the
magnetic counterpart of the "fine structure constant": *e2/ħc = 137/4, which should be
compared with the ordinary fine structure constant e2/ħc =1/137, where *e and e are the
smallest values of *Q and Q respectively. Therefore since *ee/ħc =1/2, the potential
between the magnetic monopole *e and the proton is V*e-p(r)= -14.5 MeV. at r=1.41
fm., which is the Compton wave length of the charged pion. This value is the same
order of magnitude as the nuclear potential VN(r) at the same separation. Therefore our
extension of the nuclear physics goes rather smoothly as in the case of the hyper-nuclei.
One of the important features of such an extension is that the nuclear fusion reaction
such as d+d → 4He or t+p → 4He can proceed even at the zero incident energy. In
vacuum such reactions cannot occur because of the Coulomb repulsion, in fact the
penetration factors are T=5.33×10- 106 and T=6.78×10- 92 respectively for (d+d) and
(t+p) reactions. On the other hand, if there is a magnetic monopole *e, it can attract the
fuel nuclei whenever they have the magnetic dipole moment μ. What is important is
that the attractive potential V*e-p(r) is not the short range type but its asymptotic form is
1/r2, and which can compete with the repulsive Coulomb potential at large separation
effectively. On the other hand, since the spin of the produced 4He is zero, it is not
attracted by the magnetic monopole. In this way the magnetic monopole plays the roll
of the catalyst of the nuclear fusion reaction at zero incident energy.
Furthermore there is an additional roll of the magnetic monopole *e to facilitates
nuclear fusion reaction. It is known that the Dirac equation of the electron in the
external magnetic Coulomb field has a solution whose orbital size is the same order of
magnitude as the electron Compton wave length ħ/mec. Therefore in the electron-rich
circumstance, it can shield the trapped first nucleus and make it easier for the second
nucleus to penetrate to the location of *e. When the two nuclei are trapped by the same
magnetic monopole whose orbital radii are several fm., the system becomes unstable
and they fuse to become the more stable alpha particle. Since α does not have the
magnetic moment, it must leave the magnetic monopole, and there remains a fresh
magnetic monopole *e, and which must attract the surrounding fuel nuclei again. In this
fashion, the chain reaction of the nuclear cold fusion proceeds.
As the first step of the construction of the *e-A system, we shall consider the *e-p
and *e-n system. In section 3, the monopole harmonics Yq ,,m (θ , φ ) will be introduced
as the generalization of the ordinary spherical harmonics Y ,m (θ , φ ) . In section 4 the
combination of the monopole harmonics and the spin will be considered and the
"hedgehog state" will be introduced, and which appears in the ground state of the *e-p
system. As the simplest case to construct the *e-A system, the eigenstates of the
nucleon in the magnetic Coulomb field are calculated. In section 5, the Dirac equation
of the electron in the magnetic Coulomb field is solved. The *e-d system, which is
simple next to the *e-N system, is considered in section 6. It will be found that the
binding energy of *e-d exceeds the critical value 2.03MeV.. So if the d+d reaction starts
from the doubly bound state (d-*e-d), it is energetically impossible to transit to t+p or to
3
He+n, which are the main channel of the d-d reaction in vacuum. The only channel of
the final state stays open is 4He. Section 7 is devoted to remarks and comments.
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2. Charge quantization condition of Dirac
The Maxwell equations are the fundamental equations of the electromagnetism,
however they have a strange feature that the electricity and the magnetism are not
treated on the same footing, namely they do not have the duality symmetry. For
example, although the electric flux density D has the source ρ: div D =ρ, the magnetic
flux density B does not have its source term *ρ: div B = 0, in the Maxwell equations.
This natural law is the result of the induction from experiments to separate the north
and south poles by cutting a magnet. Since the amount of energy poured in the
separation experiments in 19 century were limited, it is questionable to use these
experiments to establish the fundamental law, instead we may rely on the higher
symmetry of the fundamental equations. After Dirac let us modify the Maxwell
equations by adding the terms of the magnetic charge density *ρ and its current density
*i. They become

div D = 4 π ρ

div B = 4 π * ρ
and



1 ∂D
4π 
rot H −
=
i
c ∂t
c



1 ∂B
4π
rot E +
= −
*i .
c ∂t
c
These equations are invariant under the duality transformation:






E → E '= H ;
D → D '= B






H → H '= − E ;
B → B '= − D

(2)

(3)



ρ → ρ '= ∗ρ ;
i → i '= ∗i



∗ρ → ∗ρ ' = − ρ ;
∗i → ∗i ' = − i .
When the magnetic charge and its current do not exist, the equations reduce to the
ordinary Maxwell equations, however the equations can describe something new. We
can consider a system where a particle with the electric charge Q and another particle
with the magnetic charge *Q coexist. What is important is that such a system has the
angular momentum even if these particles are not moving. To see this we must
remember the momentum density P of the electromagnetic field: P=S/c2 =(E×H)/4πc,
where S is the Poynting vector. If *Q is fixed at the origin r'=0, and the particle Q is at
r'=r, then the total angular momentum of the electromagnetic fields are the integration
of r'×P:

 


  r'
*QQ
( r '− r ) 
*QQ r
3

L em =
d
r
'
r
'
×
×
=
−
.
(4)
 3
 
4π c 
| r '− r | 3 
c r
 r'
The appearance of this extra angular momentum is remarkable and this is also obtained
by examining the conservation law of the angular momentum of the system.
Let us consider a system where a particle of mass m with the electric charge Q
moving in the magnetic Coulomb field produced by the magnetic charge *Q which is
fixed at the origin. The equation of motion is
and
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Q 
*Q r

,
(5)
m r =
r ×
c
r3
and if we make the vector product r ✕ of the equation of motion, we get the
conservation law of the angular momentum:

 


*Q Q r × ( r × r )
*Q Q d  r 
d 
(r × m r ) =
=
(6)
  .
dt
c
r3
c dt  r 
Therefore what is conserved in time is the sum of the orbital angular momentum Lorb
and the extra angular momentum L em. These angular momentums are perpendicular to
each other. In the quantum theory, a component of the angular momentum can assume
only the integer multiple of (ħ/2), if we choose (r/r) as the quantization axis we obtain
the charge quantization condition of Dirac [1] :
*Q Q
n
(7)
=
with
n = 0 , ± 1, ± 2  .
c
2
However Schwinger claimed that, since the extra angular momentum has the classical
correspondence, its component can assume only the integer multiple of ħ rather than
that of ħ/2. In order to cover both cases, we write the charge quantization condition, by
using the magnetic charge number D, as
*Q Q
D
(8)
=
n with n = 0 , ± 1, ± 2 
c
2
where D=1 and D=2 for Dirac and Schwinger magnetic monopole respectively. If we
write the smallest values of the charges *Q and Q as *e and e respectively, from Eq. (8)
we can derive the discreteness of the electric charge Q in Nature:
D c
(9)
Q =
n with n = 0 , ± 1, ± 2  ,
2 *e
which is known experimentally for long time. Furthermore Eq. (9) indicates the equality
of the electric charges of the electron ee and the proton ep up to sign, because the pitches
of the levels of the electric charges are common. Experimentally the equality is known
with very high accuracy: |ep-|ee||/ep<10- 21.
Another important implication of the charge quantization condition Eq. (8) is that
the magnetic Coulomb field of the magnetic monopole is super-strong. By the
substitution *Q → *e, Q → e and n → 1 in Eq. (8), we obtain the magnetic counterpart
of the "fine structure constant":
*e 2 D 2 e 2 137.036 2
(10)
=
/
=
D
c
4 c
4

3. Change from spherical harmonics to monopole harmonics
It is well-known that in the quantum mechanics when we describe the motion in
the central force potential V(r), the wave function has the form Ψ = R ( r ) Y ,m (θ , φ ) ,

where Y ,m is the spherical harmonics and which is the eigen-function of L(orb) 2 and
)
L(orb
with the eigen-value (  + 1) and m respectively. Let us start by considering the
z
motion of a point charged particle with mass M and the electric charge Ze in the
Coulomb magnetic field B=*Q r/r3 produced by magnetic monopole *Q fixed at the
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origin. The standard procedure to include the effect of the magnetic field is to make the
gauge substitution p → (p - (Q/c)A) , where A is the vector potential whose rotation is
magnetic field B. In particular, magnetic Coulomb field satisfies

div B = 4 π *Q δ 3 ( r )
(11)
and if we substitute B = rot A into Eq.(11) we obtain a contradictory equation, because
(div rot) is identically zero if A is regular. The standard choice of the vector potential is
to use two functions A(n) and A(s) defined in the north and south hemisphere respectively,
which are connected by the gauge transformation: A'=A+ grad(χ), where χ is an
arbitrary scalar function. The following functions written in the spherical coordinate
system do the job [2]

(1 − cos θ ) 
A ( n ) = *Q
eφ
( north )
r sin θ
and
(12) and (13)

(1 + cos θ ) 
A(s) = − * Q
eφ
( south )
r sin θ
since if we remember the formula in the spherical coordinate system
  
∇× A = er

∂A   1  1 ∂Ar ∂
∂A 
1 ∂
  1 ∂
− (rAφ ) + eφ  (rAθ ) − r 
（Aφ sinθ）− θ  + eθ 

∂φ 
∂θ 
r sinθ ∂θ
r sinθ ∂φ ∂r
r ∂r


the rotation of A becomes the magnetic Coulomb field namely (*Q / r2) er. Furthermore
since the gradient in the spherical coordinate system is
  ∂  1 ∂

1
∂
∇ = er
+ eθ
+ eφ
,
(14)
∂r
r ∂θ
r sin θ ∂φ
difference of the two vector potentials of Eq.(12) and (13) is



1 
(15)
A( s ) − A( n ) = −2 *Q Q
eφ = ∇( −2 *Q Qφ ) ,
r sin θ
therefore they are connected by the gauge transformation with the gauge function
χ = −2 *Q Qφ and describe the same magnetic field. Although the vector potentials
Eq.(12),(13) have the string singularity (Dirac string) on the half z-axis, each vector
potential is regular in its respective domain of definition.
The Hamiltonian of the system of a particle of mass M and charge Ze in the
magnetic Coulomb field produced by a magnetic monopole *Q=*e D is
2 
Ze  2
H0 = −
(∇ − i
A)
(16)
c
2M
in which A is given in Eq.(12) and (13). Let us find the solution of H0Ψ = EΨ in the
separable form Ψ=R(r)Y(θ,φ). In the spherical coordinate system, if we use the angular
momentum L, which is defined by:
   Ze 

DZ
(17)
L = r ×(p −
A) − qer where q = D *eZe =
c
2
the Hamiltonian becomes
1  ∂2 2 ∂
1 2 2 2
+
H0 = −
−
(L −  q ) .
(18)
2 M  ∂r 2 r ∂r 2 r 2

]

122

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

In Eq.(17), q is the magnitude of the extra angular momentum and which is
perpendicular to the orbital part of the angular momentum. The explicit form of L2 and
L z are:

1 
∂
1
∂
1 ∂2
 1 ∂
L2 = − 2 
 2iq
− 2q 2
(sinθ ) + 2
2
1 ± cosθ 
1 ± cosθ ∂φ
∂θ sin θ ∂φ
 sinθ ∂θ
(19)

and

∂
 q,
∂φ
where ± sign corresponds to the north and south hemisphere of the domains. The eigenfunction of Lz must have the form Y=Θ(z)exp[ i (m ± q)φ], where z=cos θ. The equation
for Θ (z) is
2

d
1
2 d
z
(
1
−
)
− 2z −
(m + qz) 2 + ( + 1) − q 2 Θ( z) = 0 ,
(20)

2
2
dz 1 − z
dz

whose solution can be written by using the Jacobi polynomials. However it is more
convenient to write the result by using Wigner's d-function of the rotation matrix,
because most of the text book of the nuclear physics contains the tables of the dfunction. The monopole harmonics Y becomes:
2 +1 +iqφ ()
π
Yq(,n),m (θ, φ) =
e d −q,m (θ ) e+imφ in 0 ≤ θ < + ε
4π
2
Lz = −i

]

and

Yq(,s),m (θ , φ) =

2 +1 −iqφ ()
π
e d−q,m (θ ) e+imφ in
−ε < θ ≤ π ,
4π
2

(21)

with

 =| q |, | q | +1, | q | +2,  and m = −, −  +1, , + ,
which is the generalization of the spherical harmonics Y ,m .
From Eq. (18), the equation of the radial function R(r) is the Bessel type:
1 d 2 d
( + 1) − q 2 

(
r
)
+
−
R( r ) = E R( r )
 2 Mr 2 dr
dr
2 Mr 2 
and the solution which does not blow up at the origin r = 0 is
1
R(r) =
Jμ (kr)
kr

(22)

(23)

where

k = 2ME and μ = ( +1) − q2 +1/ 4 = ( +1/ 2)2 − q2 > 0 .
For E < 0, there is no meaningful solution, and therefore no bound state. So this wave
function describes the motion of the spin zero charged particle such as the charged pion,
and also in some approximation we can use it for the alpha particle.

4. Nucleon in the magnetic Coulomb field
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As the first step to construct the nuclear system in the external magnetic Coulomb
field, let us start by considering the system of the nucleon in the magnetic Coulomb
field produced by the magnetic monopole *eD fixed at the origin. The first thing to do is
to make the spin-angular functions from the 2-component spinor and the monopole
harmonics, because J = L+ σ/2. Since the spin of the nucleon is 1/2, for given  there
exist two states of j: j=  +1/2 and j=  -1/2. However since j is what is conserved, it is
more adequate to reverse the variables in classifying the states, namely for given j there
are two states of  :  =j‑1/2 and  =j+1/2 except for the smallest j state (j = |q|-1/2 ).
After Yang, it is convenient to call the former doublet states type-A and the latter
singlet state type-B. As usual the combination of two angular momentums is done by
using the Clebsch-Gordan coefficients. For given j, there are two types of states :
 1
 0
j+m
j −m
Yq, j−1/ 2, m−1/ 2   +
Yq, j −1/ 2, m+1/ 2  
Φ(j1,)m =
2j
2j
 0
 1
 j+m

Yq, j−1/ 2, m−1/ 2 

2j

=
 j −m

 2 j Yq, j −1/ 2, m+1/ 2 



(24)

and
Φ(j2,m) = −

0
1
j + m +1
j − m +1
Yq, j+1/ 2,m+1/ 2  
Yq, j+1/ 2,m−1/ 2   +
2j +2
2j +2
1
0


 j − m +1
(25)
Yq, j+1/ 2,m−1/ 2 
−
2
2
j
+

=

 j + m +1
 2 j + 2 Yq, j+1/ 2,m+1/ 2 


for j ≧|q|+1/2 (type-A). On the other hand for j=|q|-1/2 (type-B), Φ(1)j,m of Eq.(24)
vanishes, and there remains only one state Φ(2)j,m of Eq.(25). It is convenient to
introduce a new notation to the type-B state:


| q | −m + 1 / 2
Yq , |q|, m −1 / 2 
−
2 | q | +1
.
ηm = 

 | q | +m + 1 / 2
(26)
Yq , |q|, m +1 / 2 

+
q
2
|
|
1


The importance of the type-B state comes from the fact that the ground state is always

type-B state, and that it is the eigen-state of the (pseudo-)scalar operator (σ ⋅ rˆ) with the
eigen-value q/|q|, and it is sometimes called "hedgehog state" since the spin direction is
outward and spherical.
The Hamiltonian of the proton in the magnetic Coulomb field is:


1
1 b(r ) 
H =
( − i∇ − e A ) 2 − 2
(σ ⋅ rˆ ) ,
(27)
2m p
r 2m p
where the form factor function is
b(r) = b F (r) = b {1 − e −a r (1 + ar + a 2 r 2 / 2)}
(28)
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with
b = κtot | q |= 2.7928| q |, q = D / 2 and a = 6.04μπ .

(29)
2

2

The parameter a relates to the proton radius, which is 0.811 fm., by < r >= 12 / a ⋅
For the type-B amplitude
g (r)
(30)
Ψ=
ηm ,
r
the equation of the radial function g(r) becomes
 d2
(| q | −b(r))
2
2
(31)
 2 −κ −
 g(r) = 0 with κ = −2mp E .
2
r
 dr

For ar >> 1, b(r) becomes a constant b and the equation reduces to the Bessel equation,
the solution, which damps for large ar, is
g ( r ) = κ r Kiμ (κ r ) with iμ = | q | (1 − κ tot ) + 1 / 4 .

Since the behavior of g(r) at the origin C1rα is determined by the index relation
α = 1 / 2 + | q | +1 / 4 , we integrate Eq.(31) to the matching point ar = arm >> 1 . The
binding energies of the ground states turn out -E = 0.1882MeV. and 2.4065MeV. for
D=1 and D=2 magnetic monopoles respectively, whereas the radii of the orbits of the
ground states are r = 11.0 fm. and 3.67 fm. respectively. -E of the first few excited states
are given also in the Tables below for D=1 and 2. In the same Tables, the values of the
parameters μ and C1 which appear in the infinitely many binding energy levels
2π
− E = C1 exp[ −
(n − 1)] with n = 1, 2, 3  ,
(32)

μ

where n is the principle quantum number, are also given. The level structure of Eq.(32)
is the characteristic feature of 1/ r2 potential. [3]
Although we considered the system of the proton and the magnetic monopole
*eD, we can also apply the same technique to other small nuclei of spin 1/2 such as
triton (t) and 3He as long as the deformations of the nuclei in the magnetic Coulomb
field are negligible, by simply changing the parameters such as the mass m, charge Z,
magnetic moment κtot and a , which relates to the radius of the nucleus r by
a 2 = 12 / r 2 . In the Table 1 and Table 2, the binding energy and the orbital radius
< r 2 > of ttiton and 3He are given in addition those of the neuteron and the proton.
Among them n and t have the type-A bound states of the form
ψ = [ f ( r )Φ (j1,m) + g ( r )Φ (j2,m) ] / r , whose radial functions f (r) and g(r) satisfy:

[

d2
R f
+ 2ME − 2 ]   = 0
2
dr
r g

where


 ( j + 1 )( j + 1 ) − q2 + b( r ) 2q
2
2
2 j +1
R=
2
2

(2 j + 1) − 4q
 − b(r )
2 j +1




2 j +1


1
3
2q
2
.
( j + )( j + ) − q − b( r )
2
2
2 j +1
− b( r )

2
2
( 2 j + 1) − 4q
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Table 1. The first few binding energies -E and the orbital radii < r2 >1/2 of the n, p, t
and 3He in the Coulomb field produced by Dirac's magnetic monopole (D=1). n is the
principal quantum number.
D=1
q
j (type)
n
-E
< r2 >1/2
37.37 eV.
n
0
1/2 (A)
1
647.7 fm.
-6
2
1.375✕10
8.57✕106
┇ eV.
fm.
∞
( C1=37.37 eV.)
(μ=0.3670)
0.1882 MeV.
p
1/2
0 (B)
1
11.00 fm.
70.046 eV.
2
547.6 fm.
0.03069 eV.
3
27257. fm.
┇
( μ=0.8040 )
∞ (C1=0.1884
MeV.)
1.516 MeV.
t
1/2
0 (B)
1
3.820 fm.
58.085 keV.
2
19.36 fm.
2.226 keV.
3
98.89 fm.
┇
( μ=1.9263 )
∞ (C1=1.516
MeV.)
2.178 keV.
t
1/2
1 (A)
1
79.19 fm.
24.366 eV.
2
748.7 fm.
0.02725 eV.
3
7079. fm.
┇
C1=2.1783 ( μ=1.3984 )
∞ (
eV.)
3
0.2484 MeV.
He
1
1/2 (B)
1
7.371 fm.
2.7413 keV.
2
70.36 fm.
30.047 eV.
3
672.15 fm.
┇
( μ=1.3921)
∞ (C1=0.2502
MeV.)
Table 2. The first few binding energies -E and the orbital radii < r2 >1/2 of the n, p, t
and 3He in the magnetic Coulomb field produced by Schwinger's magnetic monopole
(D=2). n is the principal quantum number of the infinitely many energy levels which
converge to -E=0.
D=2 q
j (type)
n
-E
< r2 >1/2
0.8003 MeV.
n
0
1/2 (A)
1
5.728 fm.
1.115 keV.
2
158.97 fm.
1.542 eV.
3
4139.3 fm.
┇
(C1=0.8040
( μ=0.9545 )
∞
MeV.)
p
1
1/2 (B)
1
2.4065 MeV.
3.666 fm.
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2
3
┇
∞
t

1

t

1

t

3

1

He

2

1/2 (B)

3/2 (A)

5/2 (A)

3/2 (B)

1
2
3
┇
∞
1
2
3
┇
∞
1
2
┇
∞
1
2
3
┇
∞

15.457 keV.
98.231 eV.

47.70 fm.
598.42 fm.

(C1=2.4322
MeV.)
4.366 MeV.
0.5479 MeV.
57.766 keV.

( μ=1.2421)

(C1=5.4085
MeV.)
1.203 MeV.
73.162 keV.
4.2423 keV.

( μ=2.7697)

(C1=1.2696
MeV.)
0.5342 eV.
8.465✕10-8 eV.

( μ=2.2042)

2.779 fm.
8.464 fm.
26.31 fm.

4.651 fm.
19.20 fm.
79.88 fm.

3169.1 fm.
7.961✕106
fm.

(C1=0.53418
eV.)
1.063 MeV.
51.115 keV.
2.3239 keV.
(C1=1.1259
MeV.)

(μ=0.4013)
4.596 fm.
21.50 fm.
100.9 fm.
( μ=2.0312)

5. Dirac equation of the electron in the magnetic Coulomb field
In the previous section, we studied the system of the spin 1/2 particle in the
external magnetic Coulomb field. Such a system has the interaction potential of the
form C/r2, which is too singular at r=0 to solve the Schrödinger equation. For the case of
the nucleon this difficulty was avoided by introducing the form factor F(r) as in
Eqs.(27) and (28). However what happens, as in the case of the electron, if it reduces to
a point particle F=1 or a tends to infinity. As a increases, the binding energy -E also
increases and becomes the order of magnitude of the electron mass, so the nonrelativistic Schrödinger equation is not adequate and we have to solve the relativistic
Dirac equation in the external magnetic Coulomb field.
In the natural unit of  = c = 1 , the Dirac Hamiltonian is [4]
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H = α ⋅ ( − i∇ − e A ) − β M + κ a


where

 
σ ⋅ B
e
β
2 M  0

0 
  
σ ⋅B
(34)



σ


0 
I
rˆ
 and B = *eD 2 .
 , β =  2
0
r
 0 − I2 
κa is the anomalous magnetic moment of the electron in the unit of the Bohr magneton
e/2M, namely κa=κtot-1, and its numerically κa ≈e2/2π=0.00116, and I2 is the 2✕2
unit matrix. We are going to find the type-B solution of the form:
 f ( r )ηm 
Ψ( B ) = 
(35)
 ,
 g ( r )ηm 

where ηm is introduced in Eq.(26), which is the eigen-state of (σ ⋅ rˆ) with the eigenvalue q/|q|. It is convenient to write the Hamiltonian in the matrix form:


0

α =  
σ





0 

σ ⋅ (−i∇ − ZeA) κ a q σ ⋅ rˆ
M


H =
 
−
2 
−M
σ ⋅ (−i∇ − ZeA)
 2Mr  0 − σ ⋅ rˆ
and if we use a relation, where f(r) is an arbitrary radial function



σ ⋅ ( −i∇ − ZeA) f ( r )ηm = −iq | q |−1 (∂ r + r −1 ) f ( r )ηm
we obtain the eigen-value equations for radial functions f(r) and g(r):
[M − E − κ a | q | (2Mr 2 ) −1 ] f (r ) − iq | q | −1 (∂ r + r −1 ) g (r ) = 0

(36)

(37)

(38)

and

− iq | q | −1 (∂ r + r −1 ) f (r) − [M + E − κ a | q | (2Mr 2 ) −1 ]g (r ) = 0 .
If we introduce new functions F(r) and G(r) by
κ q F (r )
G (r )
f (r ) = a
and g ( r ) = −i
,
| κa q | r
r
the equations become simpler:
( E − M )κ a | κ a q |
dG ( r )
= [−
−
] F (r )
dr
|κa |
2 Mr 2

(39)

(40)

and
( E + M )κ a | κ a q |
dF ( r )
=[
−
] G (r ) .
dr
|κa |
2 Mr 2

If we change the variable to ρ defined by r =| κ a q | ρ ( 2 M ) −1 , the equations become
more transparent:
dG
dF
1
1
= ( A − B − 2 ) F and
= ( A + B − 2 )G ,
dρ
ρ
dρ
ρ
where
(41)
κ |q|
κ |q|
A= a
and B = a
E.
2
2M
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We must find functions which damp for ρ → ∞ and zero at ρ = 0 namely F(0)=0 and
G(0)=0 by changing the energy variable B. The result is
1
B = 0 , F = −G = exp[ − Aρ − ] .
(42)

ρ

Or in terms of r, Eq.(42) becomes
κ
|κ q |
(43)
E = 0 , F = −G = exp[ − a M r − a ] ,
|κa |
2 Mr
and this solution satisfies the requirement at r infinity as long as κ a > 0 , and the actual
e2
electron has such a property: κ a ≈
> 0 . In the relativistic theory, E=M is the
2π
starting point of the continuous spectrum of the positive energy levels, therefore E=0 is
the middle point of the positive and negative energy spectra. In the electron rich
circumstance, this orbit is occupied by an electron whose charge density is
F 2 + G 2 ≈ exp[ −2 Mr ] . Since M is the electron mass, the orbital radius of the electron
trapped by the magnetic monopole *e is  /( 2 Mc ) = 193.1 fm. .
It is well-known that the penetration factor T of the nuclear fusion reaction at zero
incident energy is too small (T= 10-91 〜10-105) in vacuum, so in practice it does not
occur in nature. On the other hand when the fusion reaction of the hydrogen isotopes (p,
d or t) proceeds under the influence of the magnetic monopole *eD, the penetration
factor changes drastically because the repulsive Coulomb is shielded by the electron
cloud mentioned above and because of the attractive potential between magnetic
monopole and the magnetic dipole moment of the nucleus when its spin orients properly.
The formula to evaluate the penetration factor T at zero incident energy E=0 in the
WKB approximation is
b
1
− 2τ
T =e
with
τ =  2 μ red V ( x ) dx ,
(44)
 a
where μred is the reduced mass and [a,b] is the domain of the penetration. The first step
of the nuclear fusion reaction goes rather freely since it is the process where the first
nucleus is trapped by the magnetic monopole and to form the bound state *e-A1. In the
second step, the second nucleus A2 approaches to the bound system (*e-A1), and the
potential felt by the second nucleus is:
e2
e *eD 1
V2 ( x ) = + exp[ −2 M e x ] − κ tot
(45)
x
2M p x2
when the orientation of the magnetic dipole moment of A2 is the direction opposite to
the location of the magnetic monopole. After the penetration two nuclei are trapped by
the same magnetic monopole whose orbital radii are several fm.. If the doubly bound
states are (d-*e-d) or (p-*e-t), they must transit to a more stable nucleus 4He and *e.
When we evaluate the penetration factor T, it depends on the order of the trapping.
So let us introduce the notation such as (p-*e)-t, which means that the proton is trapped
first by *e and the triton is penetrating to the bound system (p-*e). If we use the
potential V2(x) of Eq.(45) for V in the penetration formula Eq.(44), the penetration
factors T are obtained for D=1 (Dirac) and D=2 (Schwiger) magnetic monopoles,
respectively:
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(t − *e) − p
D =1

( p − *e) − t
−7

T = 2.93×10

−4

(d − *e) − d
−4

T = 6.22 ×10−9

−3

−7

T = 5.39 ×10

(46)

D=2
T = 1.22 ×10
T = 8.04 ×10
T = 1.43 ×10
This list should be compared with the penetration factor T in the vacuum:
t+ p
d +d

(47)
T = 6.78 × 10−92
T = 5.33 × 10−106
To understand the roll of the magnetic monopole, it is interesting to compare V2(x) of
Eq.(45) with the repulsive Coulomb VC(x)=e2/x. V2 has two roots a and b, numerically
for the proton a=22.85fm. and b=614.9fm., when D=1, the middle region [a,b] is
repulsive. The peak of the repulsive region occurs at xp=41.2fm., and the peak value is
only V(xp)= 10.72keV., and this value should be compared with that of the purely
Coulomb case, where the peak value is around 1 MeV.. This lowering of the repulsive
peak and the narrowing of the penetration region [a, b] is the reason why the nuclear
fusion reaction at zero incident energy becomes possible.

6. Hamiltonian of the nucleus in the magnetic Coulomb field
When we extend the nuclear physics to include the magnetic monopole *e, for
definiteness we shall set the mass of the magnetic monopole infinity, although
Schwinger's estimation is 8GeV., it must be a good approximation when we consider a
small nuclear system ( A < 5 ). Our restriction of nucleon number to A < 5 is that we
can apply the well-established technique of the few-body system to calculate the
matrices of the nuclear reaction from the first principle on one hand, and A is still large
enough to include the interesting nuclear fusion reactions such as (p+t → 4He) and (d+d
→ 4He) on the other hand. Merits of this small system is that we can carry out the
calculation with the well-established rules of the quantum mechanics, when the
Hamiltonian of the system is given. Our Hamiltonian is
A


1
1 κ ( j)q 
H = [
( − i ∇ j − Z j e A j ) 2 − 2 tot (σ ⋅ rˆj ) F ( r j ) ] +  V i ,( jN ) ,
r j 2m p
j =1 2 m j
i> j
(48)

where

F ( r ) = 1 − e − ar (1 + ar + a 2 r 2 / 2 ) with a = 6 .04 μ π ,
in which q=DZj/2 and Zj is 0 for neutron and +1 for proton. V(N)i,j is the nuclear
potential written symbolically. As a simplest application, we shall consider the system
of the deuteron and the magnetic monopole *eD. Since in vacuum the
deuteron is a
loosely bound particle ( B =2,23MeV. ) whose radius is 4.32fm., we cannot treat it as a
one particle of spin 1 with κ tot = 0.8574 by simply changing the spin matrix σ of spin
1/2 to Σ of spin 1 in Eq.(27). Therefore we must solve the Schrödinger equation with
hamiltonian of A=2 of Eq.(48) honestly.
To estimate the binding energy of the ground state of the *e-d system, we have
recourse to the variational calculation by minimizing < ψ | H |ψ > / < ψ |ψ > , where ψ
is the trial function, in which we applied the Gaussian expansion method (GEM). In
GEM, the trial functions are the sum of the Gauss functions of various Jacobi
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coordinates, in which the range parameters aj of Cjexp[-ajx2] form the geometric series.
In general, for the 3-body system there are 3 pairs of Jacobi coordinates. However when
the mass of a particle, let us call it the particle 0 and fix it at the origin, is infinity, the
Jacobi coordinates reduce to two pairs. If the position vectors of the proton and the
r1 and r2 measured from the particle 0, Jacobi coordinates are
neutron are respectively
 
 

(r1, r2 ) and ( R, r ) ≡ ((m1r1 + m2 r2 ) /(m1 + m2 ), r2 − r1 ) , namely the position of the center of
the mass point and the relative coordinate. The result of the search of the binding energy
(n)
of the ground state is 4.76MeV. for κ tot
= 0 whereas 4.45MeV. for the actual value of
(n)
the neutron magnetic moment namely κ tot
= −1.913 . Since the zero of the binding
energy is chosen as the state where p, n and *e are separated infinitely, if we remember
the binding energy of p and n (namely d) is 2.22MeV., the binding energy of d-*e
(n)
(n)
system is -E*e-d =2.54 and 2.23MeV. respectively for κ tot
= 0 and for κ tot
= −1.913 . It
is remarkable that if d+d reaction starts after the two deuterons are trapped by the same
magnetic monopole *e, they cannot energetically transit to t+p state as long as the
binding energy -E*e-d exceeds the critical value 2.03MeV., because the binding energy
of the triton is B=8.50MeV.. Likewise since the binding energy of 3He is B=7.95MeV.,
the critical value of the binding energy of d-*e is -E*e-d =1.75MeV.. Since in general, the
variational calculation gives the lower bound of the binding energy -E*e-d ,which is
2.23MeV. in our case, the true value could be slightly larger. Even so the fact that the
the binding energy -E*e-d exceeds the critical value does not change, therefore channels
t+p and 3He+n stay closed. The only channel, which stays open, is 4He. However since
spin of 4He is zero it is not attracted by *e, but the alpha particle must be emitted with
the kinetic energy (22.3MeV.-2(-E*e-d)). The magnetic monopole, which is left alone,
proceeds to next job to attract the surrounding fuel nuclei.

7. Remarks and comments
The purpose of this article is two-fold that we provide the necessary tools to
describe the nucleon-magnetic monopole system, and point out the existence of various
processes which look "peculiar" from the point of view of the nuclear physics where
only the protons and the neutrons are the building blocks. In the previous sections, we
observed new phenomena which come to exist only when the nuclear reaction proceeds
under the influence of the super-strong magnetic Coulomb field produced by the
magnetic monopole, briefly. However it is important to point out that the set of these
new processes are sufficient to materialize the nuclear fusion reaction at zero incident
energy (cold fusion), which cannot occur in the nuclear physics.[5]
There are three main mysteries of the nuclear fusion at zero incident energy, when
we see it from the nuclear physics in vacuum. It is well-known experimentally that
the final states of the low energy (d + d) reactions in vacuum are (t + p) and ( 3He + n)
with 50% each in the branching ratio. We can understand this fact simply by the energymomentum conservation and the isotopic invariance. Whereas in the nuclear fusion
with zero incident energy, the reaction changes to d + d → 4He. We can divide the
change of the channels into two mysteries: (1) how the channel d + d → 4He opens, and
(2) why the main channels ( t+p) and (3He+n) are closed. Moreover the third mystery
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is (3) why the deuterons of zero incident energy can come close and fuse
notwithstanding Coulomb repulsion. Let us consider how these mysteries are resolved
when the reaction proceeds under the influence of the super-strong magnetic Coulomb
field produced by the magnetic monopole *e.
In general, the reaction of (two-body → one-body) type in vacuum is forbidden ,
when the reaction is exothermic (Q > 0), since this reaction cannot satisfy energy and
momentum conservations simultaneously. To see this, let us consider the reaction in the
center of mass system, from the momentum conservation the momentum of the final

state particle is pf = 0, whereas the energy conservation reqires | p f |= 2M 4 Q , where
M4 is the mass of the final state particle, therefore the two conservation laws are not
compatible in vacuum. On the other hand, if there is an external potential V(r), the
momentum conservation is recovered by making the momentum transfer q= ‑pf to the
potential V(r). The probability of the momentum transfer is the square of the scattering
amplitude a(q), which relates to V(r) by:

 
a (q) = − (2m / 4π )  d 3 r ' exp[i q ⋅ r ' ] V (r ' ) .
4

(49)

In particular for (d + d → He), numerical value of the momentum transfer is
|q|=422.MeV./c, which corresponds to the wave length λ=3.0fm.. Since Eq.(49) is
essentially the Fourier transformation, there is the “uncertainty relation” q⋅ Δ r ≈ ħ
between q, where a(q) has appreciable value, and spread Δr of the potential, in which
the potential makes appreciable variation. Therefore the large momentum transfer q
means sharply localized potential of the size λ/2π , which is around 0.5fm.. It is
remarkable that the potential V*e-p of Eq.(1), which is the interaction energy of the
magnetic dipole moment of the proton in the super-strong magnetic Coulomb field,
satisfies the requirement to cause such a large momentum transfer. So the mystery (1) is
resolved if the reaction (d + d → 4He) proceeds under the influence of the magnetic
monopole.
In section 6, it was explained in some detail how to resolve the mystery(2), by
evaluating the binding energy of the *e-d system and by comparing it with the critical
values of the thresholds of the continuous spectra of the (t+p) and (3He+n) channels,
in which they are 2.03MeV. and 1.75MeV. respectively. In the end part of section 5,
how the penetration factors of the second nucleus change, is explained. So the
mystery(3) is resolved.
Finally, it is interesting to consider how the kinetic energy of the emitted αparticle is transfered to the lattice. Since the stopping range of 4He is around 100μm,
the part of the lattice of this size must be heated up and becomes the hot spot. However
the trapping potential of the magnetic monopole by the lattice is proportional to
1 / k BT , the magnetic monopole must hop to the neighbouring cooler points when its
temperature T goes up. In fact we observe the discrete hot spots spreading on the
surface of the cathode if we observe it by using the infra-red camera.
Since the nuclear fusion of the zero incident energy relies on the floating
magnetic monopole, which is the rare particle, we cannot start the reaction on demand,
but it starts rather sporadic manner. Once the reaction starts it continues for relatively
long period until it leaves the trapped cathode. Since the magnetic monopole is the
catalyst of the nuclear fusion of zero incident energy, the most important thing is to
learn how to control the magnetic monopole.
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Cold Fusion Phenomenon in Open, Nonequilibrium, Multi-component
Systems – Self-organization of Optimum Structure
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Abstract
The cold fusion phenomenon (CFP) is known to occur only in specific systems (CF materials)
satisfying several necessary conditions. One of the most important characteristics, which is sometimes put
aside not taken into consideration explicitly, is that the system is open, nonequilibrium, multi-component
one where complexity reveals various characteristics including the self-organization to realize an
optimum structure favorable to some effects. There have been discovered three empirical laws in the CFP;
(1) the stability effect on nuclear transmutation products, (2) the 1/f dependence of the frequency of
occurrence on the intensity of excess energy production, and (3) bifurcation of the intensity of events
(neutron emission and excess energy production) in time. Referring to the suggestion given by the three
laws that the cold fusion phenomenon belongs to the complexity induced by nonlinear interactions
between agents in CF materials (systems composed of regular arrays of transition metals interlaced with
those of hydrogen isotopes), such characteristics of the CFP confirmed by experiments as the threshold
value of the ratio of D/Pd or H/Ni about 0.8, favor for higher temperature of the system, occurrence of
positive feedback, are explained by self-organization of the superlattice composed of a sublattice of the
host element (transition-metal or carbon) and another of the hydrogen isotope (p or d) where the
super-nuclear interaction of lattice nuclei mediated by interstitial hydrogen isotopes works to realize the
neutron bands.

1. Introduction
The science of complexity has developed in the last half of the 20th century to give a
rather more complete perspective of the whole nature including human beings than that
depicted by the physical science of simple systems developed since the birth of modern
science in the 16th century.
Now, our understanding of nature is not confined to the traditional area of natural
science described by linear differential equations but extend to the events determined by
nonlinear dynamics without quantitative reproducibility.
As we know from the beginning of the research in the cold fusion phenomenon
(CFP), there is no quantitative reproducibility and this fact is used sometimes to
denounce the value of the investigation in the CFP. This situation is unreasonable if we
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recollect the fact that the qualitative reproducibility or probabilistic law is popular in
nuclear physics. One of these examples is the α-decay of 22688Ra nucleus; We can not
predict when a specific nucleus 22688Ra under investigation will decay to 22286Rn by
emission of 42He but we know the constant of the decay describing a statistical law for
the temporal variation of the number of 22688Ra nuclei in a system.
It is interesting to notice the existence of several empirical laws or regularities for
physical quantities observed in the CFP [Kozima 2006, 2009, 2010, 2012a]. These laws
suggest statistical nature of the events in this field. The laws or regularities can be
divided into three; (1) the stability effect on nuclear transmutation products, (2) the 1/f
dependence of the frequency on the intensity of the excess energy production, and (3)
the bifurcation of the intensity of events (neutron emission and excess energy
production) in time. Recognizing the existence of these laws in this field, we might be
able to take a correct point of view for the science of the cold fusion phenomenon
(CFP).
In the investigation of events observed in the CFP, we tend to be fascinated by
wonderful facts exceeding our common sense in physics and chemistry and to forget
fundamental laws in physics underlying the observed events. One of such laws
governing the world of the CFP is thermodynamics. Distribution of interstitial atoms
(hydrogen isotopes) in an fcc (or hcp) lattice of a host metal (e.g. Pd and Ni or Ti) is
determined by a condition that the Helmholtz free energy F should be minimum in the
equilibrium condition of a closed system. The Helmholtz free energy F(V, T) is
expressed by energy E, entropy S and temperature T of the system as
• F (V, T) = E – TS.
(1.1)
In a closed equilibrium system at a constant volume and temperature, the state with
minimum free energy F is the most stable one and realized at last. When temperature T
is zero, the most stable state is that the energy E minimum. However, a higher entropy
state with a higher energy is favorable if temperature T is finite.
Therefore, the distribution of deuterons in an fcc Pd lattice in a PdD system (cf. Fig.
1.1) is not confined only to octahedral sites but also to tetrahedral sites at finite
temperature and the regular distribution of deuteron is not realized even when the Pd
lattice is perfect. This fact should be remembered to investigate multi-particle reactions
for nuclear transmutations in the CFP.
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Fig. 1.1 Interstitial sites [octahedral (O) and tetrahedral (T) sites] in fcc, hcp, and

bcc lattices [Fukai 2005]

Another fundamental law closely related to events in the CFP is the density
dependence of effects in general. It is easy to illustrate several examples of the
dependence of an effect y on the density x of an agent causing the effect with a constant
c as follows.
1. Single-particle event: y = cx (single-particle events such as the decay of a
radioactive nucleus, e.g. α-decay of 22688Ra)

Fig. 1.2 y = cx. In the single particle events such as the decay of a radioactive nucleus, the
effect y of the event (e.g. emission of alpha particle) is proportional to the density x of the
element (e.g. 22688Ra) causing the effect with a constant c

The effect y (e.g. emission of alphas) is proportional to the density x of the element
(e.g. radium nuclei) in the system.
2. Two-body reaction: y = cx2 (e.g. the reaction of two independent particles as (a) the
chemical reaction of H and Cl in an aqueous solution of HCl and (b) d-d fusion
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reactions in PdDx lattice)

Fig. 1.3 y = cx2. In the cases where the event is caused by two independent elements, the
effect y is proportional to the square of the density x of the element with a constant c
irrespective of the mechanism causing the event

The effect (e.g. the production of the molecule of HCl in an aqueous solution of HCl
or proton and triton pair by a d-d fusion reaction) increases as the square (or product) of
density (or densities) as shown in Fig. 1.3 without the critical density for the effect.
Existence of the critical density in the CFP has been observed in the many experiments
and is considered a characteristic of the CFP as illustrated in Fig. 1.7.
3. Four-body reaction: y = cx4 (four-body reaction of independent and equivalent
particles in optimum geometrical distribution). Irrespective of the fusion mechanism
among four particles (e.g. deuterons) distributed on symmetrical sites, the fusion
probability is proportional to x4 where x is the occupation probability of a particle at
the site.

Fig. 1.4 y = cx4. In the cases where the event is caused by four independent elements, the
effect y is proportional to the fourth power of the density x of the element with a constant c
irrespective of the mechanism causing the event
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In this case, the effect remains very small until the density of the agent participating
to the reaction reaches at about 0.7 and increases gradually until x = 1 and then abruptly.
This tendency is rather pronounced in the following cases of six-body and eight-body
reactions illustrated only by figures.
4. For six and eight elements (particles) distributed symmetrically, the fusion
probabilities are proportional to x6 and x8, and are depicted in Figs. 1.5 and 1.6,
respectively.

Fig. 1.5 y = cx6. In the cases where the event

Fig. 1.6 y = cx8. In the cases where the event

is caused by six independent elements, the

is caused by eighth independent elements, the

effect y is proportional to the sixth power of

effect y is proportional to the eighth power of

the density x of the element with a constant c

the density x of the element with a constant c

irrespective of the mechanism causing the

irrespective of the mechanism causing the

event

event

In the cold fusion phenomenon (CFP), we have observed many examples of
effect-density relations in this almost a quarter of a century since 1989. The
experimental data obtained in this field do not meet with these dependences without
criticality shown above in Figs. 1.2 – 1.6 but show the critical behavior that the effect
occurs only when the density of H or D in the CF materials exceeds a critical value.
This is an obvious indication that the CFP is a cooperative phenomenon but not
individual particle one.
An example of typical experimental data of critical behavior showing existence of
cooperative phenomenon is the data obtained by an extensive experiment by McKubre
et al. [McKubre 1993] shown in Fig. 1.7 where the abscissa is extended to left until
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D/Pd = 0.77 to show the criticality more clearly. The compound PdDx has several
phases and α’ phase stable at room temperature exists from about x = 0.6 to x = 1 as
seen in Fig. 1.8.

Fig.1.7 Experimental data of excess power vs. D/Pd ratio obtained by McKubre et al.
[McKubre 1993]. The abscissa of this figure is extended to left until D/Pd = 0.77 from 0.85 of
the original one to show clearly the critical nature of the excess energy generation

Fig. 1.8 Phase diagram of the Pd-H system which is very similar to that of the Pd-D system
[Fukai 2005]

Comparison of Fig. 1.7 with Fig. 1.3 for y = cx2 shows clearly that the reaction
resulting in this excess energy generation is not the simple d-d fusion reactions often
assumed easily in investigations in this field.
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Brief survey of the experimental data obtained in the CFP in relation to fundamental
laws of physics given above shows us necessity of cooperative consideration for the
physics of nuclear reactions in transition metal hydride and deuteride.
We have used phenomenological approach to the CFP for almost more than 20 years
using the TNCF model [Kozima 1994] and have given several semi-quantitative
explanations for events in this field [Kozima 1998, 2006]. The fundamental premises of
the model have been assumed based on the experimental data. The premises on the
other hand have been investigated quantum mechanically using such novel knowledge
of nuclear physics as exotic nuclei and also of transition metal hydrides as non-local
wavefunction of hydrogen isotopes obtained in the last half of 20th century.
One of the fundamental premises of the TNCF model, existence of the trapped
neutrons in the metal hydrides, is explained by the neutron band formed as a result of
the super-nuclear interaction between lattice nuclei mediated by interstitial protons or
deuterons [Kozima 2004, 2006]. As was shown in the trials for neutron band formation,
the super-nuclear interaction between neutrons in different lattice nuclei mediated by
interstitial protons or deuterons gives an essential effect in the CFP. The super-nuclear
interaction, the key concept of the calculation is realized when the superlattice is formed
where the sublattice of host metals is interlaced by a sublattice of proton (deuteron) on
interstitials. This optimum structure may be realized by self-organization mechanism in
the open, non-equilibrium system locally in the CF material but not as a whole. The
localization of nuclear reactions observed in the CFP will be related to the localized
formation of the optimum superlattice by the self-organization.
We will show indirectly the possible formation of the superlattice by
self-organization mechanism in the CFP using known facts related to the complexity.

2. Three Empirical Laws in the CFP deduced from Experimental Data
and Their Explanation by Nonlinear Dynamics
In the vast amount of information about events of the CFP obtained in these more
than 20 years since 1989, we can recognize several regularities or laws between
observables in the CFP. The three laws we have figured out are specified as follows
[Kozima 2006, 2008a, 2009, 2010, 2012a]; (1) The stability effect on nuclear
transmutation products, (2) the 1/f dependence of the frequency of observation on the
intensity of the excess energy production, and (3) the bifurcation of the intensity of
events (neutron emission and excess energy production) in time. We give a brief
explanation for them in this section.
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2.1 Stability Law on Nuclear Transmutation Products
If we survey numbers of a specific element produced by the nuclear transmutation in
the CFP, we notice that the frequency obtaining the element corresponds to the amount
of the element in the universe (e.g. [Suess 1956]). Plotting (i) the number of
experiments Nob(Z) where observed an elements ZX according to its proton number Z
together with (ii) the relative amount H(Z) of the element in the universe in logarithmic
scale, we obtain a diagram shown in Fig. 2.1 [Kozima 2006, 2012a]. The coincidence of
the numbers (i) and (ii) gives the stability effect on nuclear transmutation products. We
may call this regularity the “stability law” for nuclear transmutation in the CFP.
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Fig. 2.1. Correspondence between the frequency Nob(Z) observing elements in the CFP and the
relative abundances log10H(Z) of elements in the universe [Suess 1956]: (a) Z = 3 – 38 and (b) Z
= 39 – 83 [Kozima 2006]

Another example of this law has been observed by several researchers including Hora et
al. [Hora 1998] as shown in Fig. 2.2.
The maxima of N(Z) in many experimental data sets including the data shown in Fig.
2.2 [Hora 1998] rather agree with the magic numbers with exception of the magic
number 20 where a clear minimum of N(Z) was observed in all cases. This coincidence
of the maxima of N(Z) and the magic numbers is another example of the stability effect
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on the nuclear transmutation in the CFP. The exceptional case of Z = 20 needs another
factor for explanation.

Fig. 2.2 Measured production rate N(Z) of the atom with a proton number Z for the nuclear
transmutation vs. the atomic number Z in PdHx where exponential decay of the maxima on Z
follows a relation of an equation N(Z) = N’exp(–Z/7.86) with N’ = 3.56 ×1017 atoms/cm3s
[Hora 1998 (Fig. 1)]. The maxima of N(Z) agree with the magic numbers except Z = 20.

This law (Stability Law) shows that the stability of a nucleus reveals its nature in the
cf-material composed of high density neutrons in the neutron valence band [Kozima
2006 (Sec. 2.4.2)] and spring out as a nucleus just as in the case of nuclear
transformation in stars
2.2 Inverse Power Dependence of the Frequency of Observations on the Intensity
of Excess Energy Production
In several experimental data sets, we are able to count numbers NQ of experiments
where observed a specific amount Q of excess energy per a definite number of host
atoms in CF materials. When we plot them as a function of Q, we obtain NQ vs. Q plots
[Kozima 2006 (Sec. 2.12), 2008a, 2008b, 2012a]. The first plot was obtained for the
data by McKubre et al. [McKubre 1993] as shown in Fig. 2.3. This plot clearly shows
that there is an inverse power relation of frequency vs. intensity with an exponent of 1.0
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famous in the field of complexity [Milotti]. This regularity may be called the “inverse
power law” for the frequency on the intensity of the excess energy production.

Inverse-Power Law of Excess Heat Generation
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Fig. 2.3. Inverse power law revealed by excess power generation measured by McKubre et al.
[McKubre 1993]

Another example of this law is obtained for the data obtained by Kozima et al.
[Kozima 2008c] as depicted in Fig. 2.4. In this case, the exponent of the dependence is
2.

Fig. 2.4. Distribution of the frequency Np (= y) producing excess power Pex (= x). To depict
log-log curve, values of Np and Pex were arbitrarily multiplied by 10n (x = 100 in this figure
corresponds to Pex = 1 W) [Kozima 2008c]

On the other hand, H. Lietz [Lietz 2008] tried to check the inverse power law using
the data accumulated by E. Storms in his book [Storms 2007]. The resulting plot by H.
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Lietz is given in Fig. 2.5 which shows the exponent of 1.0.
157 Excess Power results (Storms 2007: fig.39) (log. bins)
approx. Fit by power law (exponent ≈ 1)

Frequency
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1

10

100

1000

Excess Power

Fig. 2.5. Distribution of 157 excess energy results by Lietz [Lietz 2008] using the data collected
by Storms [Storms 2007]. Values have been stored in bins of size 10. The line shows a
power-law fit to the binned data with an exponent of 1.0 (r2 = 90%) (Fig. 3 of [Lietz 2008])

Therefore, we may conclude that the excess energy generation in the CFP satisfies
the inverse power law and is governed by a statistical law popular in complexity.
2.3 Bifurcation of the Intensity of Events (Neutron Emission and Excess Energy
Production) in Time
The third law in the CFP is a little subtle compared with the former two [Kozima
2012a]. Even if the number of examples is scarce, we have several fortunate data sets of
temporal evolution of effects in the CFP. The first one is that of neutron emission from
TiDx obtained by De Ninno et al. in 1989 [De Ninno 1989]. The data are shown in Figs.
2.6 and 2.7.

Fig. 2.6. Diagram showing the time evolution of the neutron emission from TiDx sample
during the run A (April 15-16, 1989). The values indicated are integral counts over periods of
ten minutes [De Ninno 1989]
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Fig. 2.7 Diagram showing the time evolution of the neutron emission counts (ordinate) during
the run B (7-10 April, 1989) by De Ninno et al. The values indicated are integral counts over
periods of 10 minutes [De Ninno 1989]

Another data set is the excess energy generation observed by McKubre et al. as
shown in Fig. 2.8 [McKubre 1993].

Fig. 2.8 Variations of Excess Power, Uncertainty and Loading ratio [McKubre 1993].

Furthermore, we can cite another example of the temporal evolution of excess
energy generation measured by Kozima et al. in Fig. 2.9 [Kozima 2008c].

Fig. 2.9 Excess power pulses during a 14 hour period of an experiment (070108) of Kozima et
al. which lasted 12 days as a whole [Kozima 2008c]
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By the nature of events in complexity, we can give only qualitative explanation of
experimental result [Kozima 2008a, 2008b] in analogy to the mathematical results of
numerical calculations using the logistic difference equation [Gleick 1987]. The
analogical explanations of the laws observed in the CFP will be given in the next section
using the nature of an equation of nonlinear dynamics and Feigenbaum’s theorem
[Feigenbaum 1978].

3. Cold Fusion Material as Open, Nonequilibrium, Multi-component
System
We have had enough experience to deduce a few general conclusions on the
behavior of cold fusion materials where occurs the cold fusion phenomenon (CFP), i.e.
phenomenon including nuclear reactions and accompanying events occurring in solids
with high densities of hydrogen isotopes (H and/or D) in ambient radiation belonging to
Solid-State Nuclear Physics (SSNP) or Condensed Material Nuclear Science (CMNS).

Several of their characteristics may be listed up as (1) co-existence of host transition
metals (or noble metals or carbon) and hydrogen isotopes (protium and/or deuterium),
(2) higher ratio of hydrogen to host concentrations, (3) nonequilibrium situation, (4)
existence of thermal neutrons, (5) higher temperature of the sample, (6) positive
feedback to enhance effects [Kozima 2012b].
The similarity of some behaviors of events in the CFP to those of the nonlinear
dynamics shown in the preceding section gives us temptation to investigate the cold
fusion materials from a viewpoint related to nonlinear dynamics resulting in complexity.
Some characteristics of complexity we have met in natural phenomena are listed up
as follows in relation to the CFP. (i) Self-organization in open, nonequilibrium systems
(cf. Sec. 3.3), (ii) bifurcation of possible states (cf. Sec. 3.2), (iii) chaotic behavior of
events lacking quantitative reproducibility (cf. Sec. 3.2). The well-known examples of
the first are the convection (Bénard) cells in fluid dynamics and Zhabotinsky reaction in
chemical reaction. An example of the bifurcation is given by a simple logistic difference
equation (l.d.e.) as shown in Fig. 3.4 below. A typical example of the third characteristic
is the so-called “butterfly effect” showing uncontrollable effects of a minor change of a
part of a system on the tremendous change on the long-range behavior of the system.
We investigate the characteristics of CF systems from the viewpoint of complexity.
3.1 High D/Pd and H/Ni Ratios and High Temperature of Samples
It is fairly well known that it is necessary to have a higher D/Pd (or H/Ni) ratio than
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a critical (or threshold) value around 0.8. One of the best known examples was given
very early in this field by McKubre et al. (cf. Fig. 1.7) [McKubre 1993]. On the other
hand, as we know from many experimental data, it is desirable to have higher
temperature of samples to realize pronounced effects in the CFP (e.g. [McKubre 1993]).
One of the recent data is given by Celani et al. [Celani 2010].
Furthermore, it is noticed that there is a preferable combination of host metals and
hydrogen isotopes; Pd and D, Ni and H, Ti and D are best combinations of elements for
the CFP [Kozima 2000].
In the experimental data obtained in metal-hydrogen systems, we have vast number
of experimental results concerning properties of hydrogen isotopes in transition metals.
We can cite here data on the diffusion of D and H in Ni and Pd as shown in Figs. 3.1
and 3.2, respectively [Birnbaum 1972].

Fig. 3.1 Diffusion coefficients of hydrogen, deuterium and tritium in nickel
[Birnbaum 1972]

It is seen in Fig. 3.1 that protium diffuses faster than deuterium in Ni as usually
expected by the lighter mass of the former in the whole temperature range from 200 to
about 1000 ºC. On the other hand, as we see in Fig. 3.2, the situation in the case of Pd is
very different from that in Ni and other ordinary metals. In this case, deuterium is more
diffusive than protium in the room temperature range from –73 up to about 200 ºC but is
normal in higher temperature range than 200 ºC.
This peculiar behavior of deuterium in Pd is closely related to the CFP in palladium
hydrides and deuterides from our point of view. Usually, the CFP is observed in the
latter and the former is sometimes used as the blank for the latter. In the higher
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temperatures than 200 ºC, however, we can expect the CFP in the former as well as
latter which will be checked easily. This point has been partially confirmed by Hioki et
al. by experiments using Pd nano-particles in zeolite and FSM (Folded Sheet
meso-porous Material) [Hioki 2013]. They observed excess energy production in both
hydride and deuteride specimens a little higher value in the latter at room temperature.
This fact clearly discards the d-d fusion reactions as the principal cause of excess energy
generation in the CFP which are not effective in transition-metal hydrides.

Fig. 3.2 Diffusion of isotopes of hydrogen in palladium [Birnbaum 1972]

Therefore, we have to rely on another mechanism effective for explanation of
various events both in deuterium and protium systems such as proposed by us [Kozima
1998, 2006]. The proposed mechanism becomes effective when there is a regular
superlattice composed of interlaced sublattices of the host metal (e.g. Pd or Ni) and the
hydrogen isotope (D or H). The self-organization of Pd-D or Ni-H lattice in an open,
nonequilibrium condition of gas-contact or electrolytic systems serves to realize the
superlattice favorable for the mechanism proposed in our papers for the CFP [Kozima
2006 (Sec. 3.7)]. The investigation of the condition to make the self-organization
process effective to obtain more complete superlattice structure of interlaced sublattices
of host and hydrogen isotope is inevitably qualitative due to the nature of complexity as
we know well.
3.2 Positive Feedback for Nuclear Reactions
The change of surface morphology and rare experiences of explosion in CF
experiments discussed in other papers [Kozima 2007, 2010, 2011, Smedley 1993] may
be an evidence of positive feedback of a parameter (or parameters) for the CFP.
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It is possible to contemplate a mechanism of positive feedback of nuclear
reactions, if we can identify the parameter nn in the TNCF model with the variable xn of
the logistic difference equation (l.d.e.);
xn+1 = b xn(1 – xn) (n = 0, 1, 2, ---)
(3.1)
used to describe the bifurcation diagram by J. Gleick [Gleick 1987] (cf. Fig. 3.4).
The scenario goes as follows. By any chance, we have a situation in a CF material in
which cf-material is formed in a localized region at surface layers. An alien nucleus in
one of the regions interacts with a neutron or a neutron-proton cluster AZδ and liberates a
definite energy [Kozima 2011]. The liberated energy heats up the temperature of the
region increasing the value of nn. The elevated value of nn increases the reaction
probability and the temperature is elevated further. However, this feedback process does
not continue without limit. If the temperature becomes too high, the favorable
superlattice of the interlaced sublattices of host and hydrogen isotope is destroyed by
thermal motion of the nuclei. This destroys the super-nuclear interaction between
adjacent lattice nuclei and decreases nn. This variation of the parameter nn should be
similar to the variation of the recursion function f (p) depicted in Fig. 3.3 (cf. Eq. (3.3)).

Fig. 3.3 Dependence of the recursion function f in the recursion relations f(p) = p・beff(p) on the
variable p [Gleick 1987]

The relation
f(p) = p・beff(p)
(3.2)
depicted in Fig. 3.3 reduces to the l.d.e. (3.1) xn+1 = b xn(1 – xn), if we take
beff(p) = b(1 – p).
(3.3)
Then, the Feigenbaum’s theorem says that the bifurcation diagram depicted in Fig.
3.4 describes possible behavior of the CFP assimilated by Eq. (3.1). The parameter b in
the l.d.e. (3.1) may be determined by atomic and nuclear states of the surface region of
CF materials. The appearance of different features in the CFP as shown in Figs. 2.6 –
2.9 corresponds to different values of the parameter b depending on each situation. It
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will be the next step of our future work to clarify nature of the parameter b in the CFP
and to control the phenomenon as freely as possible.

Fig. 3.4 Bifurcation diagrams to show period-doubling and chaos [Gleick 1987]. The main
figure depicts x∞ vs. parameter b, x∞ on the ordinate (x∞ is xn at n = ∞) and b of the logistic
difference equation, xn+1 = b xn (1 – xn) (0 < x0 < 1), on the abscissa. The inserted figures, a)
Steady state, b) Period two, c) period four, and d) chaos, depict variations of xn with increase of
suffix n (temporal variation if n increases with time) for four values of b; a) 1 < b < 3, b) 3 < b <
3.4, c) b ≃ 3.7, d) 4 < b The region a), b) and d) correspond to “Steady state”, “Period two” and
“Chaotic region” in the main figure, respectively [Kozima 2012a]

3.3 Self-organization of Optimum Structure (Superlattice) of CF Materials
In the equilibrium state at T ≠ 0, a state with the entropy S > 0 is favorable even if
the energy E of the state is higher than the state with S = 0 because the equilibrium
condition demands that the Helmholtz free energy F(V, T) minimum at constant
temperature and volume (Eq. (1.1) recited as Eq. (3.5)) :
dF = – p dV – SdT = 0,
(3.4)
F (V, T) = E – TS.
(3.5)
In an open, nonequilibrium condition, it is possible to realize a state with S = 0, or a
state with perfectly regular array of atoms by self-organization at finite temperature.
There are several examples of self-organization in physics, chemistry, biology, and
others as illustrated below.
In the open and non-equilibrium dynamical system where energy and component
materials are fed from outside, there appears patterns energetically unstable compared to
the homogeneous structure without any structure. We can give several examples
observed in nature as illustrated in Figs. 3.5 – 3.7.
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Fig. 3.5 Two views of convection (Benard)
cells (a) and (b) and complexity and
long-range order out of molecular chaos in a

Fig. 3.6 Belousov-Zhabotinski (BZ) reaction

system under nonequilibrium constraint (c)

[Nicolis 1989]

[Nicolis 1989]

Fig. 3.7 Cell populations of Dictyostelium
discoideum on an agar surface [Nicolis 1989]

In the case of the CFP, the optimum superlattice of the host lattice nuclei (e.g. Pd) and
hydrogen isotopes (e.g. D) is apt to be formed in localized regions at surface layers with
a width of about several microns where the number ratio η= Nd/NPd of the hydrogen
isotope d and the host metal Pd is expected higher than other parts of the sample.
Experimental data show that the formation of superlattice is possible when η becomes
larger than ~ 0.8. The superlattice may be localized in small region with a diameter of
about several micrometers as experimental facts show.
We can give a schematic structure of the superlattice in Fig. 3.8. In reality, the
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wavefunctions of hydrogen isotopes (d or p) centered at interstitials overlap with
nuclear wavefunctions of lattice nuclei Pd (Ni) centered at lattice points. Then, the
contact nuclear interaction between them makes possible the super-nuclear interaction
between neutrons in the lattice nuclei on lattice points as explained below in Fig. 3.9
[Kozima 2006 (Sec. 3.7)].

Fig. 3.8 Schematic diagram showing the optimum superlattice of host nuclei (Pd or Ni) at lattice
points and hydrogen isotopes (d or p) at interstitials formed by self-organization in the open,
non-equilibrium condition. Nuclear wavefunctions with extension of only a few femtometers of
lattice nuclei are exaggerated largely to be seen on the figure. The extension of deuteron
(proton) wavefunctions centered at interstitials is represented by a single circle in contact with
nuclear wavefunctions at nearest lattice points

When the superlattice is formed at localized regions in the surface layer, it is
possible to appear the neutron valence band by the super-nuclear interaction between
neutrons in different lattice nuclei mediated by interstitial hydrogen isotopes as
illustrated in Fig. 3.9 [Kozima 2006].

Fig. 3.9 Super-nuclear interaction of two neutrons in different lattice nuclei at site i an i’
mediated by interstitial protons at sites j's [Kozima 2006]
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The number of states in a neutron valence band formed in a localized cube with side
lengths of 10 μm (10–5 cm) is about 109 because it is the number of neutrons from the
lattice nuclei with a lattice constant of 1 A (= 10–8 cm) and it should be the number of
states in the band (for instance [Seitz 1940 (Sec. 60)]). So, the neutron state density Nn
in the localized superlattice is ~ 109 ☓ 1/(10–5 )3 = 1024 cm–3 when the band is fully
occupied by neutrons. The TNCF model comparison with experimental data sets has
given the neutron number density nn of about 107 ~ 1010 cm–3 for the CFP [Kozima 2006
(Table 2.2)] which seems not inadequate in view of the number of states in the neutron
valence band formed at the localized superlattice.
This ratio nn/Nn = 10–17 ~ 10–12 is consistent with the assumption of the TNCF model
that the trapped neutron behaves as thermal neutrons in the nuclear reactions with other
nuclei (cf. electrons in a conduction band of intrinsic semiconductors).
The choice of the side length of 10 μm (10–3 cm) for the localized superlattice is
based on the experimental facts that nuclear products observed in the CFP are localized
in areas of width about a few micrometers in surface layer of a few micrometer depth.
Recent experimental data obtained by Hioki et al. suggest Pd nanoparticles with
diameters of a few nanometers occluding H or D atoms have shown excess energy
generation [Hioki 2013]. This data may suggest existence of the superlattice of Pd-D
and Pd-H in surface regions with rather small diameters of about a few nanometers.
When the optimum superlattice is formed at least locally by the self-organization
mechanism as observed in the complexity, the super-nuclear interaction illustrated in
Fig. 3.9 generates the neutron balance band and realizes the trapped neutrons in the
band as assumed in the TNCF model for the CFP.

4. Conclusion
The non-equilibrium condition, one of the necessary conditions for the CFP in the
transition-metal hydrides and deuterides, has been investigated from our point of view
that the CFP is a phenomenon realized as a complexity consistently with other
knowledge of physics of the CFP related to the situation where occurs various nuclear
events in the CF materials.
The three empirical laws [Kozima 2012a] explained in this paper suggest that the
cold fusion phenomenon (CFP) is characterized by complexity [Gleick 1987]. One of
the characteristics of complexity is qualitative reproducibility which is also recognized
as a characteristic of the CFP.
The characteristics of complexity include self-organization, bifurcation and chaos.
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We have shown examples of experimental events observed in the CFP for the latter two
characteristics in our papers [e.g. Kozima 2012a] and also in Sec. 2 of this paper. The
first one, however, is not observed directly in the CFP by experiment. Formation of
favorable structure for the CFP in the open and nonequilibrium systems (CF materials)
may be closely related to the self-organization of a superlattice (double regular arrays)
composed of sublattices of host nuclei and hydrogen isotopes, e.g. PdD or NiH, from
our point of view. If this is the true scenario for the CFP, it is understandable that the
occurrence of the events in this field is subtle and is only qualitatively reproducible as
our experience in this field tells us.
It might be possible to show possible realization of super-nuclear interaction
[Kozima 2004, 2006] between neighboring lattice nuclei by computer simulation. A
simplified schedule can be realized by assuming an fcc sublattice of a host nuclei AZX
interlaced by another sublattice composed of protons (or deuterons) at octahedral
interstitials of the former sublattice. The nucleus AZX has a neutron in the evaporation
level with a wavefunction ψn extended out beyond ordinary nuclear radius R0. The
proton (or deuteron) centered at an interstitial point is assumed in a level with a
wavefunction φp (or φd) extending out to overlap with the neutron wavefunction ψn. The
super-nuclear interaction between adjacent lattice nuclei mediated by interstitial proton
(or deuteron) is a key factor for the explanation of the CFP common in protium and
deuterium systems. It is desirable to check this possibility by simulation to develop the
physics of the CFP and will be one of our future projects.
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Macroscopic view of electrified and magnetized interface under
long-term evolution of deuterium in 0.1M LiOD
-Evaluation of electrode potential and magnetic flux density of
electrode/electrolyte interfaceHiroo NUMATA
Tokyo Institute of Technology, 2-12-1, O-okayama, Meguro Tokyo 152-8552 Japan

Abstract: In the cold fusion experiment, there observed vortex patterns on a thick Pd electrode surface
during long-term electrolysis in 0.1M LiOD. To understand the peculiar phenomenon, we had proposed
N-cycle model, which is composed of four sequential processes including the CF reaction. Supposing
that the hypothetical particles mass evolved due to the CF reaction energy, we performed PC numerical
simulation to obtain vortices pattern in the simulation space. In the simulation, the electric and magnetic
field of the electrode/electrolyte interface play an important role. To evaluate such influences on the CF
reaction, we have examined the structures of the electrode/electrolyte interface with and without
deuterium bubble formation. More data compilation with respect to the magnetic property and that of the
sub-surface layer is required to perform more accurate simulation incorporating the structure of the layer
and the influence of the magnetic field.
Key words: Cold fusion, Nuclear reaction cycle model, vortex, electric field, magnetic field,
electrode/electrolyte interface

1

Introduction

During long-term electrolysis for well annealed thick Pd rod (9.0 mmφ) in 0.1M
LiOD, vortex pattern was observed on the electrode surface1-2). The morphology of
postelectrolysis Pd revealed the two long faults without any cracks on the surface. Since
the formation of this peculiar pattern of vortices can be highly plausible to the result of
the Cold Fusion (CF) reaction, the precise mechanism of the vortices formation must be
elucidated in relation with the solid-state phenomenon accompanied with long-term
evolution of deuterium in the Pd cathode in 0.1M LiOD. An in-situ measurement of the
solid-state properties of dilation, resistance and electrode potential revealed that the
thick Pd rod electrode was composed of the core structure enveloped by the sub-surface
layer. The latter exhibits the characteristics of non-equilibrium deuterium
absorption/desorption reaction. Then, the conceptual model to explain the CF
experiments comprehensively was proposed. N-reaction cycle model 3-4) is composed of
four sequential processes: in-taking and compression — triggering (the CF reaction) —
scavenger. There the last process: scavenger shows the traces of vortex on the electrode
surface as a consequence of the process continuation. In that model, the important role
of sub-surface layer was involved. In the last papers5-6), the vortex pattern was
successfully obtained in 2D space analyzing the dynamics of the hypothetical particles
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mass by a numerical simulation
Table 1 Experimental conditions of Exp.1.
method: Lattice gas cellular
Run
Pretreatment
Current,
automata (LGCA) numerical
No.
mAcm - 2
simulation. Next we performed
-6
1 st
0.05- 40
Cast, 800°C anneal (10 Torr)
the numerical simulation using
40- 500
discretization method for 3D 2nd
40
Polishing,
Acid
treatment,
gas
charge
Evacuation,
D
dynamics of the hypothetical
2
Evacuation,
Polishing,
3rd
40
Acid
particles mass (HPM) in the
7)
treatment
sub-surface layer . However,
4th
40
Evacuation,
Polishing,
Acid
there has been unsolved yet in
treatment
obtaining the real vortex patterns
using PC numerical simulation.
Further development of this research motivates us; it is necessary to analyze such
motion of HPM influenced by a magnetic field induced by a current flow and electric
field also.
In this study, firstly, the experimental results of the morphology: vortex or vortex
thread is briefly described, and secondary we discuss the structure of the electrified
interface under an influence of a magnetic field induced by a current flow.

2 Experimental
2.1 Experimental results of vortex for N-reaction cycle model
As shown in Table 1 the electrolysis for deuterium absorption was conducted as
follows; the electrode was removed from the cell and carefully re-installed four times
during which the diameter of the electrode was measured at three positions (top, middle
and bottom). During 1st run, the dilation at the bottom end shows 7 % while those of
2nd - 4th runs the values at these positions approached asymptotically to 7.8 - 8.3 %.
Figure 1 shows a significant morphology of a thick rod Pd electrode observed on the
surface after long-term electrolysis in 0.1M LiOD 1-2, 8). It is not the substance adhered
on the surface, but is a material on which the pattern was deeply impressed in a shape of
a ditch. This is the morphology which formation mechanism will be elucidated in the
present study. Alternatively, we have investigated the microscopic structural change of
Pd at absorption/desorption of deuterium by electrolysis as a fundamental study of
deuterium absorption behavior. Although a precise description is not shown in this paper,
structural change of discrimination of the sub-surface and the bulk was developed by
the deformation during prolonged deuterium absorption9-10). The above results with
respect to the structural change of Pd must be useful in the elucidation of intake of
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Figure 1 Vortex appeared on Pd electrode surface after long-term electrolysis in
0.1M LiOD (a), Duplicate of SEM picture (b).

reactant followed by compression of N-cycle model (see Ref 9).

3 Results and discussion
3.1
Electrochemical
characteristics
and
structure
of
electrode/electrolyte interface during deuterium evolution in 0.1M
LiOD
As tentative macroscopic structural model is required to determine precise
characteristics of the electrified and magnetized interface consisted of working media,
solid, liquid and gas, we will presume distributed tunnels inside the electrode and
gaseous bubbles on the electrode surface. Here, the electrochemical characteristics
involve the variance of the electrode potential differences across the interface vs. the
distance from the electrode surface to the bulk electrolyte. Moreover, the electrode
potential distribution obtained shows well-defined supplied current dependency,
nevertheless those data are related with the given interface structure, electrolyte, metal
and reaction.
It is a key point of the CF research to keep high loading of deuterium in Pd during
long-term deuterium evolution in 0.1M LiOD. It means that the supply of a negative
current has been continued to keep the electrode be subjected to violent deuterium
evolution, during which the Pd electrode is actually covered by deuterium bubbles. As
another important point, it is insisted that deuterium evolution: one chemical reaction,
has no relation with such peculiar morphology but may be concerned with the structure
of the electrolyte phase. With these in view, we elucidate the electrochemical
characteristics and structure of the electrode/electrolyte interface and that covered by
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deuterium bubbles. The structure of the sub-surface layer will be discussed more in next
issue.
The total reaction in which deuterium is evolved from alkaline heavy water is
2D2O + 2e- → D2 + 2OD- .
(1)
The product of deuterium gas: D2 is first absorbed in a Pd electrode, and then this leaves
from a solution as bubbles, namely, deuterium evolution reaction. Here, we define
stationary
Cascade of vortices
Vortex to surface
“deuterium
Inner surface
Forward transportation
electrode/electrolyte
Reaction site
interface”
without
bubble formation and
Non-equilibrium state
“deuterium bubble
Electrode
Forward transportation
surface
electrode/electrolyte
interface”
Flow of HPM
Sub-surface
accompanied
with
layer
Backward transportation
bubble
formation
Equilibrium state
11)
(Appendix A) .
Figure 2 Motion of HPM, transportation phenomenon and
After
long-term
evolved cascade vortices in the sub-surface layer
evolution
of
deuterium, the structure of the Pd electrode has consisted of the sub-surface layer with
voids and/or tunnels and the inner bulk region (the boundary between these two regions
is indicated as inner surface in Fig.2 9-10)). The sub-surface layer might be caused by
accumulation of mechanical stresses due to the electrode dilation/contradiction during
deuterium evolution. Figure 2 shows the schematic structure of the sub-surface layer,
which shows a hexahedron faced by two parallel rectangular plates: inner and electrode
surfaces. In Fig.2, there the vortices appeared on the electrode surface (see Fig.1) as a
result of the CF reaction; hence the hypothetical particles mass can be transported
through the sub-surface layer from the reaction sites (indicated as Flow of HPM in the
figure). So far, the precise mechanism of the vortices formation has been the subject of
our study employing PC numerical simulation. However, they have been questions
posed; what causes such a peculiar morphology; how it moves as for the space with a
given electric and magnetic field.
In general, for a moving particle with velocity v and charge q its motion is described
by a kinetic equation, where Lorentz force F exerts
F = qv × B.

(2)
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While magnetic field B coexists with electric field E, it is further generalized as
F = q(E + v × B).

(3)

Thus, since the moving particles mass through the interface experiences the influence of
the field, it is important to clarify the microstructure or morphology of the
electrode/electrolyte interface accompanied with such an electric and magnetic field.
Although postelectrolysis Pd is used to reveal heavily deformed features, such as
blisters, voids, Li deposition, etc.; the microstructural change is here limited to voids
and tunnel formation in the sub-surface layer.
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Figure 3 Structure of deuterium electrode/electrolyte interface. The arrow indicates
vector of magnetic flux density (a), and electrode potential and magnetic flux density
distributions of deuterium electrode/electrolyte interface (b).

3.2 Electrode potential and magnetic flux density distributions of
deuterium
electrode/electrolyte
and
deuterium
bubble
electrode/electrolyte interfaces
Prior to describing the interface microstructure, note that unavoidable situation of
bubble evolution on the electrode surface might be different from that of the electrode
thoroughly absorbed by deuterium. This study involves the results of the
electrode/electrolyte interface without bubble and that with bubbles adhered on the
electrode surface. Figure 3 (a) shows schematic of well-known electrified
metal/electrolyte interface as the deuterium electrode/electrolyte interface, where the
following phases are situated in parallel: charged metal (indicated as electrode surface
in the figure), electric double layer and electrolyte. It is noted that an electrified
interface is given as a capacitor and resistor connected in parallel as an equivalent
circuit. In addition, the position of the sub-surface layer locates more left hand side to
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the electrode surface. While Fig. 4 (a) shows how deuterium bubbles disturb the
stationary electrode reaction resulting in different magnetic and electric fields.
Figure 3 (b) shows the electrode potential distribution of the deuterium
electrode/electrolyte interface vs. the distance from the electrode surface to the bulk of
the electrolyte, where the potential is calculated by eq. [4] as shown below. Here, the
longitudinal axis is the electrode potential referred to that of the bulk of the electrolyte.
In Fig. 3(b) the magnetic flux density distribution is also plotted referred to on the right
hand axis, where for convenience, the arbitrary magnetic flux density is plotted together
with the electrode potential distribution (Appendix B).
As for a planer electrode, the electrode potential distribution with respect to diffuse
layer is given by the Poisson’s equation

ρ (r )

ε 0 = - ∇・[ε (r )∇φ (r )] ,
ρ (r) = ρ (r) electrolyte + ρ (r) electrode,

(4)

where the charge density (taken as plus or minus for cations or anions): ρ (r ) is the
sum of those at electrode and electrolyte, ε 0 and ε (r ) are the permittivity of free
space and the dielectric constant of material, respectively, φ (r ) is the potential
difference referred to that of the bulk solution, and r is the distance from the electrode
surface towards the bulk of the electrolyte. In eq. [4] E = - ∇φ (r ) is applied, and hence
the potential distribution of an individual layer can be calculated based on, e.g. GCS
model and the potentials of the boundaries of each layer are estimated from given
experimental conditions. Here, the charge of the electrolyte distributes on the Outer
Helmholtz Plane (OHP) and that of the diffuse layer spreads into the electrolyte bulk
obeying Gouy-Chapman theory (Appendix C).
As shown in Fig.3 (b), almost potential drop develops within the electric double layer,
so for ions’ movement the influence of acceleration or deceleration due to this electric
field is taken into account. On the other hand, the magnetic flux density was calculated
12-13)
using the 3D FEM program (ANSYS). For the analysis of magnetic flux density
near the electrode surface and at the electrolyte bulk, the amplitudes of those vectors
were averaged where the cell geometry was made for the boundary conditions.
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Figure 4 Structure of deuterium bubble electrode/electrolyte interface. For clarification the size of bubbles has
been here chosen arbitrarily. The arrow indicates vector of magnetic flux density (a), and electrode potential
and magnetic flux density distribution s of deuterium bubble electrode/electrolyte interface (b).

Figure 4 (b) shows schematic of the electrode potential and magnetic flux density
distributions, where there may be no significant difference in the values of the magnetic
flux density. Considering that these properties correspond to just on the bubble, the rest
of the electrode surface behaves similar to the electrode free from bubble adhesion. As
far as the electrode surface is not covered completely by bubbles, no distinct difference
is seen between these two cases.
On focusing deuterium bubble, there exist significant potential differences within
bubble itself and somewhat on the bubble/electrolyte interface. In the latter, the charge
of the electrolyte is induced by the electrified solid particles where the potential
difference is measured as Zeta potential. In the case of the bubble/electrolyte interface,
it amounts to several 10-1 V for the ordinary electrolyte solution. Opposite side at the
interface is occupied by deuterium gas resulting in the charged state; the polarization of
molecule may be accomplished by deviation of electron clouds from one to another
atom. Because of not strong dielectric characteristics, accompanied with the values of
Zeta potential, electric discharge might not occur in a bubble. This conclusion is
consistent with the experimental observation.

4

Summary

The structure of the electrode/electrolyte interface during deuterium bubble evolution
in 0.1M LiOD was discussed by referring knowledge regarding the structure of the
electrified electrode/electrolyte interface and bubbles adhered thereon. The electrode
potential distribution is consistent with the experimental results, however, determining
the magnetic flux density distribution awaits further compilation of knowledge and
numerical calculation results.
The hydrogen (deuterium) evolution reaction has been widely studied but the
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magnetic property of the electrode/electrolyte interface during the reaction occurrence
will be new topics in interdisciplinary fields.

Appendix A (Electrochemical kinetic equation of deuterium evolution
reaction)
When a current (negative current) i is supplied from a connecting wire to an
electrode/electrolyte interface, a unique η (overpotential) is settled obeying the
Butler-Volmer equation,

where i 0

i = i 0 e [ − β Fη / RT ]
(at η ≥ 0.1 V ) .
(5)
is the exchange current density, β is the symmetry factor, which decides

how much of the electrical energy Fη at the interface is available for the rate of the
electrode reaction. As shown in eq. [5], the Butler-Volmer eq. describes the relation
between the velocity of electronic current i and the potential difference η at an
electrified interface. Since the potential difference across the electrode/the connecting
wire can be zero, a potential drop arises between an electrode and in bulk of an
electrolyte.

Appendix B (Plot of magnetic flux density)
The magnetic flux density of the electrode/electrolyte interface was calculated by
multiplying the magnetic field using the magnetic permeability of materials. First, the
magnetic field distribution calculated using commercial software was plotted on the
cylindrical coordinate system. On the calculation a stationary cathodic current was
supplied to the apex of the cylindrical electrode, subsequently the whole current
distributed homogeneously towards every electrode surface area. Hence, the current
passed at the apex amounts the whole value and they gradually decrease with a decrease
in the height of the electrode (the height above the base plane of the cylinder was used
in this case).
In this paper, the calculation was conducted incorporating the above specified
conditions, however the result was expected to show some deviation from that obtained
for a thick cylindrical electrode with infinitely large length. Apart from above
inconvenient situation, it gives an apparent variation with respect to r. Raw data from
commercial software were, then averaged over the corresponding space (defined by
specifying the variable r) at every position along the height of the cylindrical electrode.
For overall evaluation, the magnetic flux density at the apex was chosen as data in Figs.
3(b) and 4(b); hence we can estimate only maximum value of the magnetic flux density
distribution. Since this electrolysis apparatus was modeled as the cylindrical electrode
supplied by a stationary negative current, the vector of the magnetic flux density was
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directed from the front side to back one, as shown in Figs. 3(b) and 4(b).

Appendix C (Eq. [4])
For the electrolysis apparatus employed here, the cylindrical coordinate system can be
assigned, and consequently eq. [4] regarding a planer electrode can be derived provided
that the following considerations are made:
On the cell design and setting up the apparatus, the cylindrical electrolysis apparatus
was employed; a Pd cylinder electrode was set in the center of a cylindrically-shaped
mesh counter electrode, and hence the distances between the Pd surface and the counter
electrode remained strictly same throughout the experimental periods. Taking into
account the electrolysis apparatus ( see the dimensions and arrangement of the cell13)),
and considering the whole structure of the electrolysis cell analogous to a coaxial cable,
the supplied currents to the cylindrical electrode flow towards the counter electrode
surface with axial symmetry. That is, the direction of every current vector distributes
equally 2πwith same given current density in magnitude, thus the dependency of these
current vectors on azimuth angle was negligible. Furthermore, the equations with the
potential distribution on the cylindrical coordinate system can be reduced to a one
dimensional equation with the only variable r. This is valid only when the areas
concerned with this study are microscopic (that is, in the vicinity of given r) and the
distance from the electrode center possesses a comparably large value, because the
mathematical simplification including the boundary conditions can be available.
In addition, the following assumptions have been made:
• electrolysis at a negative stationary current is performed under a steady-state
condition; so a potential drop arises at an electrode/electrolyte interface obeying
•
•

the Butler-Volmer eq. (Appendix A),
only deuterium evolution reaction occurs,
an electrode exhibits a uniform current density distribution.

References
1) H. Numata et al.: Proc. Conf. Science of Cold Fusion, Vol.33, pp.71, T.BRESSANI
et al. eds., SIF, Bologna, Italy (1991).
2) R. Takagi et al.: Fusion Technol., 19 (1991) 2135.
3) H. Numata et al.: Proc. Mini. Symp. Cold Fusion, Tokyo Metropolitan Univ., pp.129
(1990).
4) H. Numata: Proc. Conf. 3rd New Hydrogen Energy Basic Research, (1996)55.
5) H. Numata and M. Ban: Proc.JCF9, pp.74 (2009).
6) H. Numata and M. Ban: Proc.JCF10, pp.68 (2010).

166

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

7) H. Numata and M. Ban: Proc.JCF11, pp.70 (2011).
8) H. Numata and I. Ohno: Fusion Technol., 38, 206(2000).
9) H. Numata and I. Ohno: ICCF6, Toya Japan, vol.1, pp.213 (1997).
10) H. Numata and M. Ban: Proc.JCF7, pp.6 (2006).
11) J. O’M. Bockris and A. K. K. Reddy, “Modern Electrochemistry Volume 2,”
Plenum Press, N.Y. (1970).
12) H. Numata and M. Ban: ICCF12, Yokohama, pp.411-420(2005).
13) H. Numata and M. Ban: Proc.JCF6, pp.32 (2005).

Acknowledgements
The authors thank S. Numata for the preparation of conference fee.

167

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

Measurement of Low Energy Nuclear Reaction in Deuterium
Discharge Experiment
S. Narita, H. Yamada, A. Tamura, R. Omi
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Iwate University, Morioka, Iwate, 020-8551, Japan

ABSTRACT
The rate of a low energy DD reaction in a metal needs to be studied to clarify the mechanism of cold
fusion phenomenon. In this study, we carried out long-term discharge experiment with a Pd cathode in
deuterium atmosphere, and tried to find particles that result from a DD reaction using a CR-39 track
detector. In the analysis, we considered triple-tracks that were supposed to be due to the carbon breakup
reaction by a high energy neutron generated by a series of reactions of DD followed by a DT. We found a
total of 11 triple-tracks that were registered on the CR-39 after 150 hours of discharge experiment.
Keywords: DD reaction, DC glow discharge, CR-39, triple-tracks.

1

Introduction

Investigation of the rate of a low energy DD reaction in a metal is necessary for
clarifying the mechanism of cold fusion phenomenon. Several researchers have reported
the existence of non-negligible screening effects in low energy DD reactions, which
were observed in deuterium bombardment of solid state targets. Kasagi et al. used an
accelerator beam with the energy of Ed = 2.5 keV to measure the DD reaction rate in
several metal and metal-oxide targets [1]. When Pd was used as a target, the screening
potential was found to be 310 eV, which was much larger than that measured for
gaseous targets. Although the accelerator experiment is a useful method for studying the
DD reaction systematically, the range of deuteron energies is limited above Ed > 2.0
keV owing to the drastic decrease in the beam current with decreasing Ed. Alternatively,
a deuterium discharge experiment is a suitable method that allows measuring the DD
reaction at energies below 2.0 keV. Lipson et al. used a Ti cathode to measure the
screening energy in a deuterium glow discharge, and found it to be 610±150 eV for
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Figure 1. The discharge cell.

deuteron energies in the range of 0.5 < Ed < 2.45 keV [2]. However, it is interesting to
investigate the low-energy DD reaction under different conditions.
In this study, we carried out a long-term discharge experiment with a Pd
cathode in deuterium atmosphere, and we measured the DD reaction that was induced
on the cathode. Based on the results of this experiment, we discuss the probability of the
reaction.

2

Experiment

A Pd foil of dimensions 10 mm × 10 mm × 0.1 mm and purity of 99.95% was
washed in the acetone for 20 min and then was transferred into an evacuated cell (~10-3
Pa) and annealed for 10 h at 900 °C to create uniform crystallographic structure. After
the sample was taken out from the cell, it was washed with aqua regia to remove
metallic impurities, and ultrasonic cleansing was performed for 20 min using ultra pure
water.
In the discharge experiment, the sample was placed on the cathode of the
discharge cell shown in Fig. 1. The anode and the cathode were made of stainless steel
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Figure 2. Temporal variation of voltage and current.

Figure 3. Integrated fluence of D ions.

(SUS304). The side surface was covered with quartz cylinder. After evacuating the cell
to a pressure of 10-3 Torr, deuterium gas was supplied until the internal pressure rose to
~1 Torr. At this stage a DC voltage was applied, and the sample was exposed to the
discharge. In each experimental run, the discharge continued for 3 h. Thus far, we have
performed 50 experimental runs, totaling 150 h of discharge. The bias between the
anode and the cathode, the current on the cathode, and the cathode temperature were
monitored during the experiment. Figure 2 shows typical time dependence of the
monitored voltage and current. Since the sample placed on the cathode easily moved in
the discharge and the inside pressure of the cell increased gradually due to air leakage,
the discharge was not stable. Therefore, we needed to adjust the applied voltage
continuously during the experiment to keep the discharge going. This resulted in
step-like changes in current, as shown in Fig. 2.
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Figure 4. Arrangement of CR-39 (Top view of the discharge cell).

The integrated fluence of D ions can be calculated if we assume that the
currents that were monitored were generated by the impinging D ions. Figure 3 shows
the integrated fluence as a function of elapsed time. In a total of 150 h of discharge, the
total fluence was 4.9 × 1021 /cm2.
The CR-39 track detector (BARYOTRAK; Nagase Landauer Ltd.) was used to
detect the radiation. As shown in Fig. 4, four pieces of CR-39 were placed around the
cathode sample to detect the radiation. The detection area of each piece was 1 × 1 cm2.
Two of these pieces, A-1 and A-2, were replaced after every run, and the other two
pieces, B-1 and B-2 were used in all 50 runs. The detector is made of
diethyleneglycol-bis-allylcarbonate and has a thickness of 0.9 mm. When a charged
particle or a neutron crosses the detector, the material is damaged along the trajectory.
Because the velocity of etching in the chemical reagent for the damaged zone is larger
than that for other areas, a track pit appears after etching. In the present study, the
etching was done using 5 N NaOH solutions at 70 °C for 8 h. After etching, the surface
of the CR-39 was surveyed using a digital microscope to observe the pit tracks.
In principle, CR-39 can detect the charged particles and neutrons generated by
the following DD reaction:
D + D → T (1.01 MeV) + p (3.02 MeV)
→ n (2.45 MeV) + 3He (0.82 MeV)

(1)
(2)

However, it is very difficult to distinguish the tracks due to the objective particles from
background events. This is because in the current experimental conditions, the reaction
is rarely induced, even if we consider a recoil track.
The following secondary reaction is expected to occur on the cathode:
D + T → α (6.7-1.4 MeV) + n (11.9-17.2 MeV)
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135 μm

Figure 5. Triple-tracks observed in a set of CR-39 A-1 and A-2 (indicated in a red circle).
Numbers shown in each figure are just markers in the microscope view.

Figure 6. Number of tracks observed in CR-39 A-1 (left) and A-2 (right).

Then, a high energy neutron (E > 9.6 MeV) generated in this reaction causes the carbon
breakup reaction 12C(n,n’)3α in the CR-39, and the fragmented α particles can be
registered as a triple-track (three clustered tracks) in the CR-39 [3-5]. In condensed
matter nuclear science studies, this method is often used to identify a neutron emission
reaction [6,7]. Therefore, we searched for such triple-tracks on the CR-39 to specify the
occurrence of a DD reaction, and tried to estimate the reaction rate.
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135 μm

Figure 7. Triple-tracks observed in a set of CR-39 B-1 and B-2 (indicated in a red circle). The
numbers shown in each figure are just markers in the microscope view.

3

Results and Discussion

In the 150 h of discharge, we found 6 triple-tracks on a set of CR-39 A-1 and
A-2, which were replaced after every run. The images of the triple tracts are shown in
Fig. 5. The size of a cluster was 10–20 μm. Figure 6 shows the number of tracks
observed on the CR-39 A-1 and A-2 for each run. Note that no data was found in Runs
#39 and #40 because we failed to process the CR-39 for these runs. The red-colored
runs in the histogram indicate the runs in which a triple-track was observed. For runs in
which the triple-tracks were observed, we did not see any peculiarities in the number of
tracks. We analyzed 96 pieces of CR-39 (i.e. 2 pieces × 48 runs) and found 1920 tracks
in total. The averaged density of tracks on a CR-39 was 20 /cm2. Most of these tracks
were considered to be the background ones. In general, the background tracks could be
formed mainly as a result of the environmental radiation, the latent defects in the
constituent molecules of CR-39 [8], or the accidental surface damage during the
experiment. Such background tracks should appear consistently in every run. However,
we found a large variation in the number of tracks observed. We could not clarify the
reason for this variability.
We also analyzed a set of CR-39 B-1 and B-2, which were fixed in the cell for
50 runs, and found 5 triple-tracks shown in Fig. 7. The number of triple-tracks is
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consistent with what was observed on A-1 and A-2. Thus, we observed 11 triple-tracks
in total.
Now we estimate the reaction probability. We assume that: 1) the current
monitored is generated by the impinging ions, 2) the entire cathode area was uniformly
exposed to the discharge, and 3) an α particle always generated a track in CR-39. As
mentioned above, after 150 h of discharge, we found 11 triple-tracks, and if we consider
the detector’s coverage, we can estimate these triple-tracks to be caused by ~1100
events. The total fluence for the 150 h of discharge was ~5 × 1021 /cm2, and the
branching ratio of the reaction in Reaction (1) is 0.5. Therefore, the DD reaction
probability P can be expressed as:
1
P ~ 4 ×10 −19

ε 1ε 2

where ε1 and ε2 are the reaction probabilities of D+T → α+n and 12C(n,n’)3α,
respectively. In a rough estimation, it is supposed that the reaction rate of Reaction (2) is
on the order of ~10-5 and the cross section of the carbon breakup reaction 12C(n,n’)3α is
0.2–0.3 barn [9]. Note that the DD reaction cross section with gas targets was calculated
to be much smaller than 10-8 barn at this energy range [10].
Now, we should consider the possibility that fake tracks were counted as
candidates. In order to identify which of the candidate triple-tracks are the true tracks,
statistics needs to be improved by iterating the experiment to accumulate a sufficient
number of objective events. In addition, we may obtain kinematical information of a
particle if we reconstruct its three-dimensional trajectory in the CR-39. Since the energy
of neutron generated in the process of DD followed by the DT reaction is in the range of
11.9–17.2 MeV, such topological analysis can help us examine whether the triple-track
observed is caused by the neutron. Furthermore, it is still necessary to understand
systematic uncertainties such as the energy spread of ions exposed to the discharge, the
properties of the impinging ions (that is D+ or D2+), and the relation between the fluence
and the monitored currents.

4

Summary

We investigated a low energy DD reaction by DC glow discharge in deuterium
atmosphere using a Pd cathode. We found 11 triple-tracks registered on CR-39, which
were considered to be due to the carbon breakup reaction by a high energy neutron
generated by a series of reactions (DD followed by DT). In order to be able to precisely
determine the DD reaction rate, we should continue the experiment and accumulate a
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sufficient number of triple-track events to allow the analysis of systematic uncertainties.
It is also necessary to improve the track-characterizing technique of the CR-39 to be
able to identify the true events.
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Verification of excess heat from PdDx irradiated by infrared laser
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Abstract
Numerical analysis of the phonon shows that there is the triple deuterium counter oscillation mode in
PdD0.75 where D atoms are located at the tetrahedral-site. The result of the numerical simulation also
shows that its frequency range is 19 ~ 24 THz. If this phonon mode can be excited, the triple D reaction
may be occurred. The frequency of the CO2 laser is around 28.5 THz, which is suitable for exciting such
phonon mode, taking possible deviation of the simulated frequency from the experimentally obtained
frequency into consideration. To test this hypothesis, we made an experimental apparatus using a CO2
laser and measured the temperature elevation in PdDx. The excess heat was measured and verified by
the theoretical heat flow analysis.

1. Introduction
The reaction rate of the nuclear fusion which produces 4He such as the D-T reaction
is generally high. To produce 4He using only deuterium, we assume that the triple
deuterium reaction described as D + D + D → 4He + D plays a key role because of
the law of conservation of momentum. In this case, one of three D atoms acts just as a
catalyst. However, the probability of the simultaneous collision of three D atoms in the
plasma gas is extremely low because of the random motion of plasma particles. On the
other hand, D atoms dissolved in Palladium are arranged at the specific site and they
vibrate around these lattice points coherently. If a specific mode of the phonon can be
excited in PdDx , the triple D reaction may possibly occur. Of course, its reaction rate
is very low because vibration energy is very small, but its collision rate is very high
because of the harmonic oscillation of D atoms.
In this paper, we will introduce results of the numerical analysis of the phonon in
PdDx first, and then discuss the excess heat measured experimentally from PdDx
irradiated by an infrared laser. Similar experiment has been done by Hagelstein et al
[1]. But the target band of phonon is different from that in our study and they don’t
mention about the triple deuterium reaction.

2. Numerical Analysis of Phonon in PdDx
D atoms dissolved in palladium are arranged at the specific site of the face-centered
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cubic (fcc) cell. In general, it is said that D atoms in palladium are located at the
octahedral site (o-site) [2]-[3]. However, the numerical simulation using CASTEP [4]
shows that the tetrahedral site (t-site) of fcc also traps D atoms. Figure 1 shows the
location of D atoms in a unit cell of palladium in both cases of the o-site and the t-site
when four D atoms are stored in it. Dark blue spheres are Pd atoms and white spheres
are D atoms. The lattice parameter and the dissolution energy obtained by the
numerical simulation are shown in Table 1. Parameters for the simulation are also
shown in the table. The functional used in the simulation is GGA-PBE [5] and the
ultra-soft pseudo-potential are used for core electrons. From these results, it seems that
the dissolution energy in the case of the t-site is a little larger than that in the case of
the o-site. However, when the LDA-PBE [6] functional is used, it is known that the
dissolution energy of the o-site becomes large. This shows the precision limit of the
simulation using CASTEP. At least, it can be said that D atoms can be located not only
at the o-site but also at the t-site. Figure 2 shows the location of the D atom in the case
of both the o-site and the t-site using primitive cell expression. From these two figures,
it can be seen that there is no physical obstacle between two sites. This allows the
migration of the D atom between two sites relatively easily. The transition diagram of
the SCF energy from the o-site to the t-site obtained by using CASTEP is also shown
at the lower side in the Fig. 2. The activation energy is 0.262 eV. In this model,
because of a restriction of CASTEP, the lattice is rigid and can’t expand while D atom
goes through. It is reasonable to think that the practical value of the activation energy
is lower than 0.262 eV. This means that the D atom trapped at the o-site has a good
chance to move to the t-site in a usual high temperature condition around several
hundred K.
In the numerical analysis mentioned above, Pd4D4 (or PdD) is used for convenience.
However, it is very difficult to realize PdD state in a normal condition. Figure 3 shows
the p-x-T diagram of PdHx [7]. ‘p’ means “pressure”, ‘x’ means the loading rate, and
‘T’ means “temperature”. From this diagram, it is found that the loading rate is at most
~0.75 at room temperature and 0.2~0.5 MPa (white area). Figure 4 shows the phonon
density of states (DOS) diagram of PdD0.75 (o-site) calculated by CASTEP. The lattice
group of PdD0.75 (o-site) is Pm3m. The major domain of the phonon DOS is located
around 3 ~ 5 THz. On the other hand, the lattice group of PdD0.75 (t-site) is P43m and
the phonon DOS diagram is very different (Fig. 5). There are two major domains of
the phonon DOS. One has almost the same range to that of PdD0.75 (o-site), but the
other domain is located around 19 ~ 24 THz. Additional vibration analysis shows that
only D atoms can oscillate in this range. Furthermore, a counter-oscillation mode by
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three D atoms is also included in it. Its location is estimated in the neighborhood
indicated by the yellow arrow in Fig. 5. This means that the harmonic oscillation by
three D atoms may be excited effectively from the external source and the triple D
reaction described as D + D + D → 4He + D may occur. Figure 6 shows the electron
DOS diagram of PdD0.75 (t-site). A dashed vertical yellow line indicates the Fermi
level. It is found that PdD0.75 (t-site) is an electric conductor judging from this diagram.
From these results, one excitation scenario for the triple D reaction can be made.
Figure 7 shows the flow chart of this process. First, the CO2 laser (28.5 THz) is
irradiated to palladium in which D atoms are dissolved (PdDx). The laser photon is
absorbed by electrons in the conduction band. The energy transfer occurs from
electrons to D atoms. Only D atoms start their oscillation and the mode transfer will
occur. Finally, there may be the triple D reaction excited by the CO2 laser.

3. Experimental apparatus
Figure 8 shows a schematic diagram of the experimental apparatus to verify that the
excess heat is generated from PdDx, or not. There is a sample Pd powder (100 mesh
size, 99.9% purity and 0.1g weight) with an SUS304 hexagonal Petri-dish in an
SUS304 pressure vessel. A K-type thermocouple is attached on the bottom of the
Petri-dish to measure the temperature of the sample. The CO2 laser beam comes from
the top of the pressure vessel through a ZnSe window and irradiates the sample. This
experimental apparatus also has a gas exchange system. Both H2 and D2 gas are
available to compare the heat generation rate.

4. Experimental results
Figure 9 shows the time evolution of the temperature of the sample palladium
powder when the laser beam irradiates it. The orange line shows the temperature of the
sample in which D atoms are not dissolved, and its rate of heating is slow. On the
other hand, the light blue line shows that of PdDx, and the temperature rises very
rapidly. The reason of this difference can be thought as follows. The energy of the
laser is absorbed by electrons in both cases. However, in the former case, the absorbed
energy can’t be transferred effectively to Pd atoms because of the difference of their
energy level. Then the greater part of the absorbed energy is reradiated by the electron.
On the other hand, in the latter case, the laser energy absorbed by the electron is
quickly transferred to the D atoms and the phonon is generated effectively, and then
the temperature rises very rapidly. This experimental result supports the scenario
mentioned in the previous section. Table 2 shows the averaged elevated temperature of
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each case when the laser power (180 mW and 220 mW) and a kind of the gas (H2 and
D2) are selected as parameters. When the laser power is selected as a parameter, it is
found that the elevated temperature of PdDx is larger than that of PdHx in both cases.
Then, it seems apparently that the excess heat occurs in PdDx. However, the sample is
exposed to H2 or D2 gases during the experiment. The heat conductivity of the H2 gas
(λH2) is different from that of the D2 gas (λD2), and λH2 is larger than λD2 generally. For
example, values of λH2 and λD2 are 0.1684 Wm-1K-1 and 0.1306 Wm-1K-1, respectively
at 273 K and 0.1 MPa. Therefore in this stage, it is too early to conclude that the
excess heat is generated in PdDx irradiated by the CO2 laser.

5. Theoretical analysis of heat transfer
The theoretical analysis of the heat transfer is needed to verify if there is the excess
heat from PdDx irradiated by the CO2 laser or not. Figure-10 shows a cylindrical
model for the heat-flow analysis. In the figure, P0 is the laser power. Q is the heat flow
from the sample to the inner wall of the vessel. Pn is the excess heat from the sample if
it is generated. TS and T0 are the temperature of the sample and the wall of the vessel,
respectively. S is the surface area of the sample. From equation of continuity and
Fourier’s law, the temperature elevation (ΔT) at the thermal equilibrium state is led
theoretically by the following numerical formula in the cylindrical coordinate system.
≡

−

+

=

≡

,

,

where, κ is the laser absorption rate of the sample, rS is the distance from the surface
of the sample to the wall of the vessel, r0 is the radius of the vessel and λ is the heat
conductivity of the atmosphere (H2 or D2) in the vessel. Using the above formula, the
temperature elevation for each H2 and D2 are expressed as follows.
=

∙

=

∙

+
+
+

.
,

where, λm is an additional heat conductivity value which originates in the heat
conduction of the holder of the Petri-dish mainly. However, there are still unknown
values. It is difficult to estimate values of rS in rcyl, S and λm. Then, a peculiar
performance index α is defined to eliminate these unknown values.
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If it is assumed that the heat conductivity, such as λH, λD and λm, and the absorption
rate such as κD and κH, are almost constant in the temperature range of the experiment,
α is described as a function of P0.
+
=
.
≡
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≈
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The differential coefficient of α by P0 indicates important information for the
is defined by the following formula to
generation of the excess heat. If
estimate its rate of monotonic increase,
≡

,
the differential coefficient of
≡

=

=
.,
by P0 becomes,
−1

.

If γ > 1, which means the accelerated monotonic increase of
,
becomes
larger than 0. On the other hand, if γ = 1, or
= 0,
becomes 0.

6. Estimation of excess heat
Experimental results were investigated using the performance index α defined in
the previous section. Table 3 shows performance indices α obtained from experimental
results (ΔTD and ΔTH) and μ values. In the experiment, the Ag powder was also used to
get reference data for comparison. It is well known that H2 or D2 gas cannot be
dissolved in Ag, therefore the excess heat never occurs. The table shows three sets of
data. First row shows values of α and μ in the case of Ag and two lower rows are in
the case of Pd. Two sets of data in the case of Pd were measured on different days. In
the case of Ag, there is no excess heat generation basically, then μ is almost equal to
zero. The value of -0.05 is caused by the measurement error. On the other hand, the
values of μ in the case of Pd are clearly different from zero and are enough larger than
the error value. This shows that there is the excess heat from PdDx irradiated by the
CO2 laser, and the excess heat increases with P0 at an accelerated rate.

7. Discussion
The excess heat generation from PdDx irradiated by the CO2 laser was verified
qualitatively by the theoretical analysis and the experiment. However, there are several
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assumptions in the theoretical analysis of the heat flow. Therefore, it is difficult to dare
to say that it is the excess heat by the “nuclear reaction”. The best way to say that the
nuclear fusion occurs is to show the products by the nuclear fusion. However, we
don’t have means to detect them at present. Our hypothesis mentioned first is that
there occurs the triple Deuterium reaction in PdDx by irradiating it by the CO2 laser.
Further investigation to detect He atoms, especially 4He atoms is necessary in the
future.
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Figures and Tables

Fig. 1

Location of D atoms in a unit cell of palladium (the left figure shows “o-site”
and the right figure shows “t-site”)

Table-1 Lattice parameter and dissolution energy
Software : CASTEP
Functional : GGA-PBE
Location of D atom

o-site

t-site

Dissolved Energy

1.02 eV/cell

1.09 eV/cell

Lattice Size

4.11 Å

4.22 Å
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Fig. 2

Transition diagram of the SCF energy of PdD per primitive cell from the
o-site to the t-site

Fig. 3

p-x-T diagram of PdHx
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Fig. 4

Phonon DOS diagram of PdD0.75 (o-site)

Fig. 5

Phonon DOS diagram of PdD0.75 (t-site)
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Electron DOS diagram of PdD0.75 (t-site)

Irradiate CO2 laser（28.5 THz）
to PdDx
Electrons in the conduction
band of PdDx absorbs photons
Electrons transfers their energy
to D atoms
Harmonic oscillation by three D
atoms occurs
Fig. 7

Flow chart to excite triple D reaction

185

55

10
10

15
15

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

CO2 laser

ZnSe window

SUS304 pressure vessel
100 mesh Pd powder (99.9 %)
SUS304 hexagonal Petri dish
K-type thermocouple

gas valve
vacuum
pump

hydrogen cylinder

H2
D2

Fig. 8

Schematic diagram of the experimental apparatus to measure excess heat

Fig. 9 Time evolution of temperature of palladium powder irradiated by CO2 laser
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Table 2

Matrix table of averaged elevated temperature (ΔTD and ΔTH) for each case

Laser Power

Gas

180 mW

220 mW

H2

7.866 ºC

8.598 ºC

D2

9.174 ºC

10.370 ºC

Fig. 10

Cylindrical model for heat-flow analysis

Table 3

Performance indices α obtained from experimental results and μ values

P0 = 180 mW

P0 = 220 mW

μ

Ag

1.236

1.234

-0.05

Pd - No.1

1.165

1.202

0.91

Pd – No.2

1.168

1.202

0.86
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Characterization of deuterium loading/unloading behavior
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†
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ABSTRACT
We performed deuterium loading/unloading experiment with various types of multi-layered metal sample
to characterize deuterium dynamics in each sample, which is supposed to be concerned with a trigger
condition of a low energy nuclear reaction in condensed matter. We found the sample with CaO
membrane had higher D/Pd, and it seemed to be likely to hold D atoms. The sample with Pd membrane
promotes the deuterium desorption effectively.
Keywords: multi-layered metal sample, deuterium, loading ratio, desorption

1. Introduction
Charged particle emission and anomalous heat evolution have been observed in a
deuterium desorbing process with a multi-layered Au/Pd/MnO sample by Yamaguchi et
al. [1]. Besides, a selective transmutation was observed in deuterium permeation with
multi-layered Pd/CaO complex sample by Iwamura et al. [2]. These phenomena were
supposed to be attributed to a low energy nuclear reaction in condensed matter. In
addition, anomalous heat evolution was found in deuterium loading/unloading
experiment with Pd-Ni binary nano-particles by Kobe-Technova group [3]. Considering
these experimental results, we performed deuterium loading/unloading experiments
using various types of multi-layered metal samples such as Au/Pd/CaO, Pd/CaO/Pd/Au,
Pd/CaO, Pd/Ni, Pd/Ag.
In this paper, we report the characteristics of the deuterium loading/unloading behavior,
which is supposed to be closely connected with the trigger condition for inducing a
nuclear phenomenon, for various types of multi-layered sample.
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2. Characteristics of the metal for hydrogen/deuterium diffusion
In general, metals are classified into exothermic and endothermic absorbers of
hydrogen. Table 1 shows heat of hydrogen dissolution for several types of metals. Pd
and Ti, which have a negative value of hydrogen solution, are exothermic absorber for
hydrogen dissolution and Au, Ni, Ag, and Al are endothermic one.
Hydrogen/deuterium diffusion rate is the other important factor to define
hydrogen/deuterium dynamics in metal. A hydrogen/deuterium diffusion rate is
expressed as follows;
D=D0exp(-Ea/kT)

(1)

where Ea is the Activation energy of a specified metal, k is the Boltzmann constant,T is
temperature and D0 is the diffusion coefficient of hydrogen [6].
Figure 1 shows diffusion rates as a function of temperature for several metals. Pd is
found to have the highest diffusion rate, and Ni has the lowest rate. In a multi-layered
sample, local hydrogen/deuterium density in the interface of the composite metals is
supposed to be concerned with the difference of the diffusion rate between them. We
may expect higher hydrogen/deuterium density at the boundary of Pd-Ni binary metal
since a difference of their diffusion rate is larger.
Table 1. Hydrogen heat of solution of the metal
value of the heat of
solution [kJ/molH]
Pd

-10

Au

36

CaO

―

Ni

16

Ag

68

Al

67

Ti

-53
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Pd

Au

Ni

Ag

Al

Ti

1.0.E+01
1.0.E+00
1.0.E-01
D［10-7m2/s］

1.0.E-02
1.0.E-03
1.0.E-04
1.0.E-05
1.0.E-06
1.0.E-07
1.0.E-08
1.0.E-09
0

1

2
1000/T ［1/K］

3

4

Fig 1. Rate of diffusion of deuterium in the metal

3. Experiment
In this study, we investigated deuterium loading/unloading behavior for multi-layered
metal samples as follows: Au/Pd/CaO, Pd/CaO/Pd/Au, Pd/CaO, Pd/CaO complex
(MHI-type sample), Pd/Ni and Pd/Ag. The sample was prepared by the following
procedure. The Pd foil (10 mm x 10 mm / 4 mm x 25 mm, t = 0.1/0.3/0.5 mm,) was
washed by acetone followed by being annealed at 900 ℃ for 10 hours. After annealing,
the surface contaminants were removed by aqua regia again. Then, each type of layer
was deposited onto the sample surface by Ar ion beam sputtering, as shown in Fig. 2.
The thickness of each layer is also shown in Fig.2.
Then, the deuterium loaded sample was exposed to 5 atm D2 gas for 20 hours. The
weight of the sample was measured before and after loading, and the loading ratio
(D/Pd) was calculated from the weight difference. Note that the loading ratio of
complex sample was calculated assuming to be composed of Pd only. After loading, the
sample was set into the chamber which has a cylindrical shape with a volume of 880
cm3 equipped with a turbo-molecular evacuating pump. The sample was left in the
chamber evacuated to less than 10-3 Pa for 24 hours in the unloading test. In some
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experiments the sample was heated by applying DC current to prompt unloading of
deuterium. In order to investigate nuclear phenomena, we measured sample temperature
with a thermo-couple and charged particle emission by CR-39 track detector.

Au(600nm),Pd(200nm)
CaO(200nm),Ni(150nm)
Ag(150nm)
(b)

(a)

5 layers

(c)

(d)
Fig. 2. Sample structure

Fig 3. Experimental apparatus
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4. Results and Discussion
Table 2 shows D/Pd before and after unloading test for each multi-layered sample.
Table 2. Average value of D/Pd ratio
D/Pd after unloading

Number

D/Pd After

of run

loading

Current application

No current application

Au/Pd

11

0.64

0.07

0.59

CaO/Pd

10

0.69

0.05

0.57

CaO/Pd/Au

9

0.71

0.03

0.56

Pd/Pd

4

0.13

－

0.11

Pd/Pd/Au

4

0.23

－

0.01

Pd/Au/Pd/Au

3

0.19

－

0.01

Pd/CaO/Pd/Au

20

0.36

－

0.14

CaO/Pd(MHI-type)

28

0.68

0.07

0.59

Ni/Pd

36

0.67

0.01

－

Ag/Pd

24

0.64

0.10

0.59

sample

Figure 4 shows D/Pd just after loading for various multi-layered samples. The mean
D/Pd ratios of the samples except for ones containing Pd membrane were typically
0.6-0.7. The D/Pd for the sample with CaO membrane layer is found to be relatively
higher. One can suppose a coupling of D and O atoms. Considering the following
processes, D atoms may be present in the sample as D2O and Ca(OD)2.
CaO → Ca + O
2D + O → D2O
CaO + D2O → Ca(OD)2

(2)
(3)
(4)

However, taking into account the thickness of the CaO and the number of O atoms,
contribution of the D atoms in the compounds is very small for D/Pd. It is estimated to
be 10-5. Therefore, there might be other properties of CaO to achieve higher D/Pd.
We also found that the D/Pd for the sample with Pd membrane was varied. Even just
after loading experiment, quite low D/Pd can be observed. The D/Pd for the sample
with Pd membrane was lower. It was supposed that loaded gas was desorbed before
weighing the sample due to high activity in diffusion in the Pd membrane and
recombination on the surface of the Pd membrane. Deformation of the sample was
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observed at the same time. All sample containing Pd membrane bent by a thin film on
the inside (Fig. 5). This may indicate that deuterium has been released from a certain
direction. These properties are considered to be due to differences in the surface
structure of the thin film and bulk.

1.0
0.9
0.8
0.7

D/Pd

0.6
0.5
0.4
0.3
0.2
0.1
0.0

Au/Pd
Pd/Pd
Pd/CaO/Pd/Au

CaO/Pd
Pd/Pd/Au
CaO/Pd(MHI-types)

CaO/Pd/Au
Pd/Au/Pd/Au
Ni/Pd

Fig 4. D/Pd ratio for each multi-layered sample

(a)

(b)

(c)

(a) Pd thin film samples before loading, (b) Pd/Pd samples after loading, (c)Pd/Pd/Au
samples after loading
Fig 5. Deformation of the sample
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0.9

with applying current in unloading test

0.8

D/Pd after the experiment

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.0

Au/Pd

0.1

CaO/Pd

0.2

0.3
0.4
0.5
0.6
D/Pd before the experiment

CaO/Pd/Au

0.7

CaO/Pd（MHI-types)

0.8

Ni/Pd

0.9

Ag/Pd

0.9

without applying current in unloading test

0.8

D/Pd after the experiment

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.0

0.1

Au/Pd
Pd/Pd
Pd/CaO/Pd/Au

0.2

0.3
0.4
0.5
0.6
D/Pd before the experiment
CaO/Pd
Pd/Pd/Au
CaO/Pd(MHI-types)

0.7

0.8

0.9

CaO/Pd/Au
Pd/Au/Pd/Au

Fig 6. D/Pd before and after unloading test with applying current (top)
and without applying current (bottom)
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Figure 6 shows the change of D/Pd ratio before and after desorption experiment. Most
of samples show that deuterium was not remained in case of applying DC current in the
unloading test. However, we found that it remained for a few samples. This may
indicate that just a small difference in the surface condition may affect the deuterium
loading/unloading behavior. In the unloading test without applying the current, the
sample with CaO and/or Au membrane shows high D/Pd even after the experiment. It is
supposed that such samples are capable to keep D atoms inside.
Although we expected locally high D/Pd for Pd/Ni samples, as mentioned above, we
could not confirm such tendency from the results.

5. Summary
We have examined the deuterium loading/unloading behavior for various types of
multi-layered metal sample. We found the sample with CaO membrane had higher D/Pd,
and it seemed to be capable to hold D atoms. The sample with Pd membrane promotes
the deuterium desorption effectively. At the same time, significant deformation of the
sample is observed in unloading process. Understanding the unique properties of each
multi-layered metal sample in deuterium dynamics is necessary to clarify the
mechanism inducing nuclear reaction in the material.
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Increase of Transmutation Products in Deuterium Permeation
Induced Transmutation
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Yokohama, 220-0012, Japan

Abstract
Low energy nuclear transmutations have been observed in the nano-sized Pd complexes, which are
composed of Pd and CaO thin film and Pd substrate, induced by D2 gas permeation.

In order to

increase the transmutation products, we tired two types of experimental approaches.

One is the

electrochemical deuterium permeation method to increase the surface deuterium density near the
surface of the nano-structured Pd multilayer film.

The other is the laser irradiation method for

making electron rich state near the surface. The electrochemical deuterium permeation method
gave us increased transmutation products, although the effect of the laser irradiation method was
not clear.

Many kinds of transmuted products were obtained and gamma-ray emissions were

observed by the electrochemical deuterium permeation method.
INTRODUCTION

Transmutation reactions in nano-structured material have been observed in
nano-structured Pd multilayer thin film which is composed of Pd and CaO thin film and
Pd substrate, induced by D2 gas permeation[1]-[5]. Experimental data that indicates the
presence of transmutation have been accumulated and experimental conditions for
inducing low energy transmutation reactions are gradually becoming clear, although
systematic experimental study is still insufficient. Replication experiments have been
performed by some researchers and similar results have been obtained [6]-[8]. Potential
applications would be expected as an innovative nuclear transmutation method of
radioactive waste and a new energy source.
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Fig.1 Experimental Method for Permeation Induced Nuclear Transmutation.
Figure 1 shows schematic of our experimental method. Our approach can be
characterized by the permeation of D2 gas through the nano-structured Pd complex and
the addition of an element that is specifically targeted to be transmuted. Permeation of
deuterium is attained by exposing one side of the Pd multilayer thin film to D2 gas while
maintaining the other side under vacuum conditions. The surface of the plate was
covered by layers of CaO and Pd, which were obtained by five times alternately
sputtering 2-nm-thick CaO and 20-nm-thick Pd layers. Then a 40nm-thick Pd layer was
sputtered on the surface of the CaO and Pd layers. These processes were performed by
the Ar ion beam sputtering method. After fabricating a Pd complex, Cs was deposited
on the surface of the thin Pd layer. After fabricating a Pd complex, Cs, Ba, or other
element is deposited on the surface of the top thin Pd layer. The added elements can be
transmuted.
Reactions observed so far in our group are shown in TABLE 1. Based on these
experimental results, alkali elements seem to be transmutable by our method. In other
words, chemically active elements that can easily emit electrons might be transmutable.
And the obtained experimental results so far suggest that a certain rule seems to exist.
We can notice that 2d, 4d or 6d look like reacting with deposited elements. Multi-body
reactions like 2d, 4d and 6d require sufficient number of d. Therefore we can see that
sufficient deuterium density would be important to induce transmutation reactions.
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TABLE1 [1]-[5]
TYPICAL REACTIONS OBSERVED SO FAR
Elements
Assumed Reactions
Cs

4d

Ba

6d

W

4d

133
55

Cs →

138
56

or 2d

4 d ( 2α )

182
74

6 d ( 3α )

Ba →

4 d ( 2α )

W →

141
59

150
62

190
78

Pr
6 d ( 3α )

Sm

137
, 56

Pt ,

186
74

Ba →
2 d (α )

W →

149
62

190
76

Sm

Os

Table 2 shows correlation between intermediate material in Pd multilayer film and
transmutation results. If we replaced CaO with MgO, we did not obtain any positive
transmutation products; we could not observe any transmutation reactions. It means that
MgO cannot work instead of CaO. Three cases out of the three experiments using MgO
show no Pr by ICP-MS measurements, although D2 gas Flow rates were enough
(2-3sccm) in all cases. However, if we replaced CaO with Y2O3, we could observe
transmutation reactions from Cs to Pr. Y2O3 works like CaO. Work functions for
MgO, Y2O3 and CaO are shown in the Table 2. Although it is difficult to make
conclusive results, the existence of low work function of intermediate material might
have some effects to induce transmutation.
TABLE2
CORRELATION BETWEEN INTERMEDIATE MATERIAL IN PD MULTILAYER FILM AND
TRANSMUTATION RESULTS

Intermedia Work
Results for analysis after
te Material Function permeation
(eV)
CaO

1.2

Pr detected >100cases

Y2O3

2.2

Pr detected >10cases

MgO

3.3

No Pr (3cases)

The permeation induced transmutation technology would be expected as an
innovative nuclear transmutation method for radioactive waste and a new energy source.
However, it is necessary to increase the amount of transmutation products for
commercialization.
The author is now assuming that the following two conditions are important to
increase up transmutation products based on the experimental results.
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i) Local deuterium density is sufficiently high.
ii) Electron rich state is important.
According to these assumptions, we tried to increase the amount of transmutation
products by the increase of deuteron density and the excitation of surface Plasmon on
the Pd multilayer.

INCREASE OF DEUTERON DENSITY USING AN ELECTROCHEMICAL METHOD
Figure 2 shows the transmutation products dependence on D2 gas pressure in the case
of Cs transmutation into Pr. Conversion rate means how much portion of initial Cs was
transmuted into Pr. Amount of Pr is expressed as the mass of Pr divided by the
permeated surface area. Typical permeated surface area is about 1.0cm2.
It is possible to see that the amount of Pr and conversion rate increase as the D2 gas
pressure increase. It is reasonable that multi-body reactions observed in the permeation
induced transmutation require sufficient number of deuterium. Therefore we need
high D2 gas pressure since it gives much deuterium near the surface.

Fig.2 Pr

Dependence on D2 gas pressure.

An electrochemical method is applied to increase deuterium surface density as shown
in Fig.3. A photo of our apparatus is shown also in the Fig.3. If we apply this
method, we can provide very high deuterium density by controlling applied voltage
between the Pd/CaO multilayer thin film and the anode made of Platinum. Simple
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pressurization is, off course, one of the solutions which give high deuterium density,
however, it needs relatively large-scale apparatus. Therefore we choose this
electrochemical method for giving high deuterium density to the Pd surface, taking into
the consideration of future commercialization.

Fig.3 Electrochemical Deuterium Permeation Apparatus aiming the Increase of
Deuterium Density.
An example of experimental results is shown in Figure 4 and 5. A 0.1M CsNO3-D2O
solution was used for this experiment. Purity for both NO3 and D2O is more than
99.9%. Mass distributions by SIMS (Secondary Ion Mass Spectrometry) are plotted in
the Fig.4 and mass distributions by ICP-MS (Inductively Coupled Plasma Mass
Spectrometry) for the same sample: E006 are shown in Fig.5.
We can postulate that nuclear transmutation reactions occur at the permeated part of
the Pd multilayer sample (center), however, no reactions occur at the part where no D
permeated (corner). In advance, Cs ion implantation (20kV, 1016 ions/cm2) were
applied to Pd multilayer.
SIMS counts are plotted in a logarithmic scale in Fig. 4(a). SIMS analysis was
performed by O2+ ions and the analyzed area was circle in 60 m diameter. Mass 133
corresponds to Cs and SIMS counts for mass 133 of E006-corner are larger than those
of E006-center as shown in Fig. 4(a). It means that 133Cs decreased at the center of
E006. On the contrary, SIMS counts around mass 140 of E006-center are larger than
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those of E006-corner. It means that elements or molecular compounds that have mass
number around 140 increased at the deuterium permeated point where SIMS analysis
was performed. As a reference, SIMS mass distributions for no Cs implantation
sample are plotted for both center and corner. The increase of SIMS counts around
mass 140 cannot be seen as for the no implantation sample.
The magnified mass spectra from mass 130 to mass 150 is shown in Fig 4(b) where
SIMS counts are plotted in a linear scale. It can be seen that SIMS counts around mass
140 are greatly increased only for the E006-center.
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(a) Wide SIMS Spectra in a logarithmic scale

(b) Magnified SIMS Spectra from mass 130 to mass 150 in a linear scale.
Fig.4 Comparison of SIMS Mass Spectra between E006 and No Cs Implantation
sample.

202

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

We performed ICP-MS analysis to confirm the obtained results by SIMS analysis.
Basically, the mass information obtained by SIMS is at the analyzed small point. In
contrast, the information obtained by ICP-MS is from the sample surface because mass
distribution was analyzed for the HNO3 solution that contains the surface of Pd
multilayer thin film. In the ICP-MS analysis, we cut a permeated Pd multilayer
sample into 1/4 size and put it into 68% high purity HNO3 solution and analyzed the
HNO3 solution that contained the surface part of it.
Figure 5 (a) shows ICP-MS results for E006 and the no Cs implantation and D
permeated sample. ICP-MS counts around mass 140 of E006 are larger than those of
no Cs implantation sample. It means that elements or molecular compounds that have
mass number around 140 increased on the dissolved surface by HNO3. The magnified
mass spectra from mass 130 to mass 150 are shown in Fig 5(b) where ICP-MS counts
are plotted in a linear scale. It would be possible to say that Fig.4 and Fig.5 are similar
around mass 140, although the difference of signals between E006 and no Cs
implantation is smaller for Fig.5. It is reasonable because SIMS data is taken from the
point where transmutation reactions were supposed to occur, however, ICP-MS results
contained corner part where no D was permeated and therefore no transmutation
reactions were supposed to occur.
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(a) Wide ICP-MS Spectra in a logarithmic scale

(b) Magnified SIMS Spectra from mass 130 to mass 150 in a linear scale
Fig.5 Comparison of ICP-MS Mass Spectra between E006 and No Cs Implantation
sample.
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Next we examined the formations of compound species for mass 139 and 140 that
large increases were observed. Possible compounds for mass 139 and 140 are shown
in TABLE 3. If we carefully examine and take natural abundances for each element
into consideration, mass 139 and 140 cannot be explained by these compounds.
Therefore mass 139 and 140 would be 139La and 140Ce, respectively. Off course, it is
preferable to make cross check by the other analysis methods that have other
measurement principle, for example, XRF or XPS. It is the next step work to confirm
these results by the other methods.
TABLE 3
POSSIBLE COMPOUNDS FOR MASS 139 AND 140
Possible compounds for mass 140
133
138

Ba(71.7%)D

109
106

102
105

7

Cs (100%) Li
(92.4%)

34

Pd Si(4.3%)

31

110

33

102

Pd Si(0.8%)D

30

Pd Si(3.1%)

104

36

Pd Ar(0.33%)

P(100%)

38

Pd Ar(0.06%)

Ag(48.1%)

110

28

108

36

102

Pd Si(92.3%)D
Pd Si(0.02%)D

30

Pd Si(3.1%)D
36

Pd Ar(0.3%)D

Possible compounds for mass 139
137

106
110

Ba(11.2%)D

104

27

106

33

105

Pd Si(0.8%)D

6

Cs (100%) Li
(7.6%)

33

Pd Si(0.8%)

Pd Al(100%)D

104

133

110

35

102

31

105

32

102

Pd Cl(75.8%)
Pd P(100%)D
Pd Si(94.9%)D

29

Pd Si(4.7%)
37

Pd Cl(24.2%)
32

Pd S (94.9%)D
35

Pd Cl(75.8%)D

According to our experimental results using D2 gas permeation, we usually observed
transmutation of Cs into Pr, in other words, mass 133 decreased and mass 141 increased.
In this new apparatus, however, mass 139, 140, 141 and 142 increased while mass 133
decreased. The differences between D2 gas permeation and electrochemical D
permeation can be attributed to the effective deuterium density and/or source of
deuterium.
Let us consider about contamination due to the CsNO3-D2O solution. If we analyzed
the CsNO3-D2O solution, we could not see any mass numbers of 139, 140, 141, 142 (La,
Ce, Pr). Furthermore, we make comparison between E006 and the D permeated
sample. The D permeated sample was contacted with CsNO3-D2O solution and almost
the same current was applied. The other experimental conditions except Cs
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implantation were all the same. However, the only permeated part of E006 has different
mass distribution as shown in Fig.4 and 5. So it is very difficult to assume that obtained
mass difference between D2 gas permeation and electrochemical D permeation are
derived from the contamination of CsNO3-D2O solution. Therefore we might consider
the effective deuterium density make effects on the transmutation reaction pass.
Anyway, we should make more experiments using the other measurement methods and
improve the reliability of our experiments.

Fig.6

Time variation of Applied Voltage, Current and Pressure during an experiment
E16.

Let us move onto the next point. We describe an example of gamma-ray detection
during an electrochemical D permeation experiment. In the Fig.6, applied voltage and
corresponding current between Pd multilayer thin film and Pt anode, pressure at the exit
side of Pd multilayer cathode are plotted as a function of time. Deuterium permeation
rate is proportional to the pressure described here. At the beginning of the experiment,
applied voltage was 3V and the current was low. If we increased the voltage up to 4 V,
the current increased and permeated D increased correspondingly, as shown in Fig.6.
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If we increased the voltage up to 4.5V, current amounted to 70mA and deuterium
permeation increased, however, the current and D permeation decreased gradually even
though we did not change the applied voltage.
In this experiment, Pd/Y2O3/Pd multilayer thin film with Cs implantation and 0.5M
CsNO3-D2O solution were used.

(a) Gamma-ray Energy Spectrum emitted during Period 1

(b) Gamma-ray Energy Spectrum emitted during Period 2
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(c) Gamma-ray Energy Spectrum emitted during Period 3
Fig.7 Gamma-ray Emissions during an electrochemically D permeation experiment
E16.
Gamma-ray measurements using a Germanium detector were performed during
electrochemical D permeation experiments. In this experiment (E16), gamma-ray
energy spectra were obtained for 3 periods shown in Fig.6. We deducted background
energy spectra from obtained gamma-ray spectra during period 1, 2 and 3.
Emitted gamma-ray spectra are plotted in Fig.7 (a), (b) and (c), which correspond to
period 1, 2 and 3, respectively. Standard deviations are also plotted for each point in
all spectra. During period 1, very low current and low permeation rate, a clear
gamma-ray peak around 609keV exceeding statistic error was detected. During period 2
and 3, relatively high current and large amount of D permeation, the 609keV
gamma-ray vanished and a peak around 511keV was detected. There was no 511keV
peak during period 1.
Gamma-rays were not always detected. Energy spectra, in most cases, were exactly
the same as background spectra, which were taken several times using the same set-up
without D permeation. In the case of experiment E16, as well as a few experiments,
gamma-rays exceeding statistical errors were detected. Ge detector and experimental
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apparatus were fixed during the experiments, off course.
We could not observe clear gamma-ray emissions for D2 gas permeation experiments
for long time. What does it mean that we can observe weak gamma-ray emissions
recently from the electrochemical D permeation? The electrochemical D permeation
method gives us more transmuted products than D2 gas permeation method. Detection
of gamma-ray might be correlated to the increase of the transmuted products. The
511keV gamma-ray is closed to annihilation energy and we might have some unstable
nuclear species that emit positron. Further study is necessary to identify the source of
the gamma-ray emitter. We are now planning to suppress the background gamma-rays
in order to obtain better statistic results.

EFFECT OF LASER IRRADIATION
As I described in the TABLE 2, work function of the intermediate layer seems to be
important. Then we assumed that electron rich state was important. In order to make
electron rich state near surface of the Pd multilayer thin film, we tried to use laser
stimulation method that was reported by Letts [9] to enhance excess heat generation.
If we irradiate the surface of the Pd multilayer, surface Plasmon is excited. So we
would have a lot of high electron density region by the Plasmon excitation. As the
Plasmon has pico-second order wave and typical nuclear reaction occurs within the
order of femto-second, high electron density region would be kept high during nuclear
transmutation reaction proceed. Therefore it might be possible to enhance the rate of
nuclear transmutation reaction by laser irradiation.
Figure 8 shows a schematic of the experimental set-up for Plasmon excitation by
laser irradiation. A fiber UV-laser that has 355nm wave length was applied. The
multilayer Pd complexes are Pd/CaO/Pd and D2 gas permeation experiments with laser
irradiation were performed 3 times.
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Fig.8 Schematic of the Experimental Set-up for Plasmon Excitation by Laser
Irradiation.
An example of experimental results is shown in Fig.9. SIMS spectra for the
permeated with laser irradiation and no permeation samples are plotted. As you can see,
133
Cs decreased and 141Pr emerged in a very similar way to the original D2 gas
permeation experiments. According to this result, we cannot find enhancement by
laser irradiation.

Fig.9 SIMS Spectra for the Permeated with Laser Irradiation and No Permeation
Samples.
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Fig.10 Effect of Laser Irradiation on D2 Gas Permeation Rate
The effect of laser irradiation on D2 gas permeation rate is shown in Fig.10. The
laser irradiated periods are painted with blue color. D2 gas permeation rate decreased
when the laser was irradiated for all the cases as shown in the Fig.10. The mechanism
for this phenomenon is not clear but deuterium absorption process might be influenced
by laser irradiation. D2 gas permeation rate is one of the important factors to induce
permeation transmutation reactions [4]; laser irradiation method is not so desirable in
the view of the permeation rate.
CONCLUDING REMARKS
We tired two types of experimental approaches in order to increase transmuted
products in the deuterium permeation induced transmutation reactions. One is the
electrochemical deuterium permeation method to increase the surface deuterium density
near the surface of the nano-structured Pd multilayer film. The other is the laser
irradiation method for making electron rich state near the surface. The electrochemical
deuterium permeation method gave us increased transmutation products, although the
effect of the laser irradiation method was not clear. Many kinds of transmuted
products were obtained and gamma-ray emissions were observed by the electrochemical
deuterium permeation method. It is necessary to perform more experiments from
different viewpoints using the other measurement methods and improve the reliability
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of our experiments.
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Abstract: We observed anomalous excess heat release from the Ni-based nano-compound samples at
temperatures higher than 500K. The η value defined as the output energy per one hydrogen isotope atom
absorbed/adsorbed showed anomalously large values exceeding 100 eV/atom-H for the Cu-Ni/ZrO2
samples, and the integral output energy reached 800 eV/atom-Ni. Since such a large excess energy cannot
be caused only by chemical reactions, it is strongly inferred that some kind of nuclear process participates
in the phenomena.
Keywords: Ni, Cu-additive, nano-compound, anomalous excess heat, protium-absorption

1. Introduction
Recently, several researchers claimed excess heat from Ni-based binary-metal
nano-meter-size samples under application to gas-phase protium absorption experiments
instead of expensive Pd-based nano-compounds [1,2]. In our past study, Pd1Ni7
nano-particles dispersed in a ZrO2 supporter (PNZ2B), supplied by B. Ahern, showed
excellent characteristics for anomalously large excess heat release and H/Ni loading
ratios under hydrogen absorption at room temperature [3]. Although the sample of
Ni-nano-particles alone in ZrO2 supporter did not absorb hydrogen isotopes at room
temperature, it was found that the small amount of Pd additive-atoms acted as a strong
catalyst for hydrogen absorption of the Ni nano-particles.
From a practical industry application point of view, Pd is too expensive to be used
as the component-material of energy source device. In the present study, we examine
possibility of substitution of Cu for Pd as the catalyst, and try to find better
concentration of Cu as additive atoms for the better catalytic activity.

2. Experimental apparatus and procedure
Physical properties of the samples used in the present study, Ni(0.36)/ZrO2 (NZ),
Cu(0.08)⋅Ni(0.36)/ZrO2 (CNZ) and Cu(0.214)⋅Ni(0.215)/ZrO2 (CNZII), are tabulated in
Table 1. The molar fraction is the fraction of metallic elements only.
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Table1. Physical properties of the used NZ, CNZ and CNZII sample.
NZ 20[g]
CNZ 10[g]
CNZII 20[g]
Ni ZrO2 Cu
Ni ZrO2 Cu
Ni ZrO2
23.3 --6.8 24.5 --- 24.2 18.2 --35.8 64.2 7.9
36 56.1 21.4 21.5 57.1
5.4 14.6 0.49 2.07 7.44 2.64 2.44 14.9
27.6
45.3
44.2

Cu
--0
0

Average grain size(nm)
Molar fraction(%)
Weight content(g)
2

Specific surface area(m /g)

We have used a twin absorption system consisting of two equivalent chambers for
hydrogen isotope gas absorption / adsorption experiments. Figure 1 shows a schematic
of one-part of the twin system. The samples are put in the reaction chambers, and the
outer chambers are evacuated for thermal insulation during hydrogen isotope absorption
/ adsorption. Sheath heaters with resistance of 37.9 Ω and 53.8 Ω wound around the
reaction chambers in the A1 and A2 systems, respectively, are used for sample baking
and also for sample heating in the cases of absorption runs at elevated temperatures.

‘Super needle’
Pin
valve

Vacuum pump
Tsurface
Reaction
chamber

Pｒ

Reservoir
tank

Cold Trap

Heater
Sample

Vacuum
pump

Vacuum chamber

D2 or H2
6ml/min

Vacuum pump
Tout
Chiller

Tin

Fig. 1. Functional view of the system A1. Water cooling of the reaction
chamber with a flow rate of 6 ml/min was done only in the #1 run at room
temperature, while the pipe was emptied in the #5 runs at elevated
temperatures without cooling.

Alumel-chromel thermo-couples are used to measure temperatures. In order to
make influence of environmental temperature change as small as possible, only the
outer vacuum vessel was cooled with water at constant temperature (regulated within
0.1 °C variation) and the experimental room was air-conditioned to keep temperature
change within 0.1 °C.
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Figure 2 shows the experimental procedure. The reservoir tank is filled with D2
(H2) gas at a pressure of 0.3 MPa, typically, before an absorption run starts. The reaction
chamber and the outer chamber are evacuated, and the coolant water is run for the outer
chamber. The reaction chamber is then heated to a prescribed temperature. When the
chambers attain the constant temperature, the D2 (or H2) gas is fed with a flow rate
adjusted and regulated through a "Super Needle" valve.

Fig. 2. Flow chart of the experimental procedure.

The run number is designated as “G-PN#M”, where G is the gas species (D or H);
P the type of the powder (PZ, NZ, CNZ, etc.); N the powder identification number; and
M the type of the run, e.g., #1 for a virgin sample at room temperature and #5_TK for a
used sample run at an elevated temperature of T K. When the same sample was
subjected to a run with the same condition, a letter “_n” is appended. Thus, for example,
“H-NZ2#5_523K_2” designates the second protium run at an elevated temperature of
523 K using the sample NZ2. Using the A1-A2 twin system, we perform the runs for
protium and deuterium simultaneously, which will be expressed as, e.g., “runs
D(H)-NZ1(2)#5_523K_2”

3. Results and discussion
3.1. Runs at room temperature
Figure 3 shows typical variation of the heat output powers, WD(t) and WH(t),
pressures in the twin reaction chambers, PD(t) and PH(t), the loading ratios, LD(t) and
LH(t), in the hydrogen isotope absorption run at 293 K for as-received samples,
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Fig.3. Time dependence of D2/H2 absorption parameters for Ni⋅Zr (upper) and
Cu⋅Ni⋅Zr (lower) oxide compounds; the run numbers are D(H)-NZ1(2)#1 and
D(H)-CNZ1(2)#1, at 293 K (room temperature).

D(H)-NZ1(2)#1 and D(H)-CNZ1(2)#1, respectively. We have observed negligible
absorption of hydrogen isotopes accompanied by very small exothermic temperature
change, confirming that nickel doesn’t absorb hydrogen at room temperature.
Activation of the H(D)-gas absorption reaction is expected at higher temperature.
Therefore, the experiments were also conducted at elevated temperatures up to 573 K
with use of the heater input power of up to 105 W.
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3.2. NZ samples at elevated temperatures
All traces for runs at elevated temperatures shown below are corrected for
temperature variation due to introduction of cool gas by subtracting the temperature
traces obtained in “blank” runs which should give null output power. As the blank run at
each temperature, the reaction chamber was filled with helium gas. Figure 4 shows an
example of the variation of the temperatures in the He blank run for the CNZ sample at
573 K. Taking account of difference in heat capacity between He and hydrogen isotopes,
the temperature decreases are subtracted from the traces obtained in the
CNZ**#5_573K runs.
1.0

A1
A2

WHe (W)

0.5
0.0
-0.5
-1.0
-1.5
-10

0

10

20
30
Time (hr)

40

50

60

Fig. 4. Temperature variation in the He blank run operated at 573 K.

Figures 5-(a) through (d) show typical variation of the heat output power. In
evaluating the runs, we take notice of the fact that the runs for the present Ni-based
nano-compound samples have a phase after tentative saturation of the pressure in which
appreciable absorption or even desorption takes place. We call the period before the
tentative saturation the transition(T)-phase, and that after the saturation the
saturation(S)-phase.
At 373K and 473 K, we didn’t observe appreciable exothermic temperature
change exceeding an error range of ± 0.2 W determined from the temperature variation
in blank runs introducing He gas instead of D2/H2. It should be noted, however, that
appreciable increases in the loading ratios, LD(t) and LH(t), occur in the S-phase.
In the protium absorption run at 523K an exothermic tendency with the maximum
output power exceeding 1.0 W (0.2 W/g-Ni) was registered. Although it is only a small
change compared with the input heater power of 70 W, it continued for about 40 hours.
It is rather interesting that the loading ratio was almost same as that in the
H-NZ3#5_473K run, H/Ni = 0.21. It is even smaller than that in the deuterium run
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D-NZ4#5_523K; D/Ni = 0.26.
In the second protium run at 573 K, the excess power increased gradually to reach
about 2 W (0.4 W/g-Ni), and the exothermic tendency continued for 250 hours.
However, the sample absorbed deuterium with much less output power, and sometimes
even endothermic phenomenon was seen. The loading ratio there was larger than those
in any other runs, i.e. H(D)/Ni = 0.68(1.0) or would have been much larger, if the run
would have been continued further. The observed specific output energy EH exceeding
2×102 eV/atom-Ni for the S-phase is too high to be explained only by known chemical
processes of heat release.
It is worthwhile to note that the samples show significant hydrogen absorption
also in the T-phase at 573 K with appreciable output power reaching 0.5 W (0.1
W/g-Ni). The above observations are in contradiction to our knowledge that nickel as a
bulk sample does not absorb hydrogen. The experimental evidences indicate that nickel
as a nanoparticle sample has absorption or/and adsorption sites which are activated at
the elevated temperatures. In other words, the activation energy, or the barrier potential
at the surface, is rather high.
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Fig.5. Time-dependent absorption parameters for Ni⋅Zr oxide compound samples;
the run numbers are (a) H(D)-NZ3(4)#5_373K, (b) H(D)-NZ3(4)#5_473K, (c)
H(D)-NZ3(4)_523K, (d) H(D)-NZ3(4)#5_573K_2.
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3.3. CNZ samples at elevated temperatures
Figures 6-(a) through (d) show

the

absorption

parameters

of

the

Cu(0.08)⋅Ni(0.36)/ZrO2 samples in the runs D(H)-CNZ1(2)#5_373K through
D(H)-CNZ1(2)#5_573K. Both at 373K and 473K, we didn’t observe exothermic
temperature change. It is similar to the case of the NZ sample, although at 473K, the
loading ratios had very large values reaching about 1.0. At 523K, the loading ratios
were one-fifth of those at 473 K. However, the exothermic temperature change appeared
clearly in the protium run and continued for about 180 hours. The excess power
increased gradually to reach about 2 W (1.0 W/g-Ni). The observed specific output
energy EH approaching 3×102 eV/atom-Ni for the S-phase was very large and even
increasing in view of the continued positive power.
Also at 573K, although the loading ratios remained almost same as those at 523K,
the sample absorption of protium continued for about 100 hours with the maximum
output power reaching 2.0 W (1.0 W/g-Ni). The specific output energy EH exceeding
6×102 eV/atom-Ni in the S-phase is too high to be explained only by conventional
chemical processes of heat release. This is about twice as large as that of the NZ sample
at the same temperature. We infer that the Cu additive-atoms may act as a strong
catalyst for hydrogen absorption of the Ni nano-particles.
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(a)

(b)

(c)

(d)

Fig.6. Time-dependent absorption parameters for Cu⋅Ni⋅Zr oxide compounds;
the run numbers are (a) D(H)-CNZ1(2)#5_373K, (b) D(H)-CNZ1(2)#5_473K, (c)
D(H)-CNZ1(2)_523K and (d) D(H)-CNZ1(2)#5_573K.
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Quantitative reproducibility of the heat output is not always good. We repeated the
CNZ runs to confirm the qualitative repeatability of the phenomena. The reaction
chambers A1 and A2 were exchanged for this purpose. Figure 7 shows traces of the
absorption parameters in the H(D)-CNZ3(4)_573K run after the exchange. We find that
the protium run using A1 chamber yet yields higher power than the deuterium run using
the A2 chamber, making us confirm the existence of the exothermic phenomenon in the
protium charged sample.

Fig.7. Time-dependent absorption parameters for Cu⋅Ni⋅Zr oxide compounds;
the run numbers are H-CNZ3#5_573K_2 and D-CNZ4#5_573K_2.

The heater power was intentionally off during the periods from 45 hr to 115 hr
and from 373 hr to 454 hr. The data logger failed to retrieve the data of the heater input
power in the period from 115 hr to 230 hr. Time-integrated parameters shown below for
this run don’t include the period from 115 hr to 369 hr.
The loading ratio was H(D)/Ni = 0.60(0.47) at 650 hr, and still increasing. The
exothermic temperature change with the maximum output power exceeding 4.0 W
continued for long time. The observed integrated value of specific output energy EH
exceeding 8×102 eV/atom-Ni in the S-phase is again too high to be explained only by
known chemical processes of heat release.
3.4. CNZII samples at elevated temperatures
Now we examine a sample containing almost equal amount of Cu and Ni. Figures
8-(a) through (d) show the absorption parameters in the runs, H(D)-CNZII1(2)#5_373K
through H(D)-CNZII1(2)_573K.
Net hydrogen absorption by this sample was observed to begin at lower
temperature. At 373K, the loading ratio was H(D)/Ni = 0.42(0.30). These values are
larger than those for the NZ and the CNZ samples at the same temperature. However,
we didn’t observe exothermic tendency at this temperature similarly to the NZ and CNZ
samples.
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(a)

(ｂ)

(ｃ)

(d)

Fig.8. Time-dependent absorption parameters for Cu⋅Ni⋅Zr oxide compounds;
the run numbers are (a) H(D)-CNZII1(2)#5_373K,
(b) H(D)-CNZII1(2)#5_473K, (c) H(D)-CNZII1(2)#5_523K, and
(d) H(D)-CNZII1(2)#5_573K_2.
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At 473 K, similar amounts of the loading ratio, H(D)/Ni = 0.35(0.33), were
observed with appreciable output power of about 0.5 W which is larger than the error
range. And at 523 K, the excess power increased to 1 W for the deuterium run, and
continued for more than 120 hours, while the loading ratios were almost same as those
in the 473 K run. At 573 K, both the loading ratios and the excess power increased
further; H(D)/Ni = 0.57(0.67), and WH(D) ≈ 1.5(1.0) W for more than 130 hours.
The above-mentioned heat release of the Cu(0.214)⋅Ni(0.215)/ZrO2 samples were
smaller than those of the Cu(0.08)⋅Ni(0.35)/ZrO2 sample at temperatures higher than
500 K. The PNZ2B sample which showed prominent heat release and absorption
characteristics has similar composition with a rather small amount of Pd;
Pd(0.04)⋅Ni(0.29)/ZrO2. Therefore, we infer that the molar ratio of the additive element
of binary nano-particle having the catalytic activity should have the optimum portion
value of around 1/4 ∼ 1/8.
3.5. Pretreatment
In the course of the elevated temperature runs, we have noticed that the
temperature and the pressure change in the first 573-K runs showed anomalous behavior.
The first 573-K runs for the NZ, CNZ and CNZII samples are shown in Figs. 9-(a)
through (c). There are seen negative spikes in the traces of the excess power that are
coincident with positive spikes in the pressure traces which are considered to be a result
of instantaneous desorption. This kind of behavior of the temperature was never
observed in other runs.
It seems possible to assume that there occurs endothermic emission of host atom
clusters to produce vacancy clusters in the Ni substrate. Another reason for the negative
spikes could be that the samples undergo self-organization or self-reconstruction from
isolated particles of Ni(O), ZrO2 and Cu(O) to a merged structure suitable for hydrogen
absorption during the first 573-K runs. Anyway, we regard the first 573-K runs as
pretreatment. Necessity of pretreatment, though only thermal treatment without
hydrogen, is also claimed by Celani et al. [2] for their Ni⋅Cu⋅Mn alloy micro-wires to
yield several tens of watt under protium absorption.
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(a)

(b)

(c)

Fig.9. Time-dependent absorption parameters for Ni⋅Zr oxide compounds;
the run numbers are (a) H(D)-NZ3(4)#5_573K (b) H(D)-CNZ3(4)#5_573K (c)
H(D)-CNZII1(2)#5_573K.
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The desorption process is better analyzed with use of the time-resolved specific
sorption energy, or differential heat of hydrogen uptake, ηD(H), which is defined as the
output energy per one hydrogen isotope atom absorbed/adsorbed;
t +Δt

η(t ) ≡

t

Wtrue (t )dt

L (t +Δt ) − L (t )

t +Δt

≈

t

W (t τ
, )dt

L (t +Δt ) − L (t )

t +τ


, )= t
, where W (t τ

Wmead(t )dt
τ

It should be noted that η(t) is positive also for the endothermic desorption process.
The time-variation of ηD(H)(t) values in the H(D)-CNZ3(4)#5_573K_2 runs are
shown in figure 10. Very large values of ηD(H)(t) ranging from 100 eV/H to 600 eV/H
and exceeding 100 eV/D are too high to be explained by simple chemical desorption
mechanism. We infer that these are the energy necessary for the self-reconstruction or
the merging to some nanocomposites of Cu, Ni and ZrO2 assisted by hydrogen
incorporation. We may consider also the possibility of some kind of nuclear events.
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4. Summary
Hydrogen isotope absorption runs showed chemical-like heat release in the
T-phase and anomalous excess heat in the S-phase. Figures 11-(a) and (b) are
histograms showing the specific output energy in the S-phase of the four runs operated
at temperatures 373K through 573K. The following conclusions are derived.
- The Ni-based nano-compound samples showed apparent heat release at
temperatures higher than 500 K. As the sample temperature was made higher, the
heat release became larger.
- The exothermic tendency was more prominent in the protium runs than in the
deuterium runs.
- The integrated heat release of the CNZ and CNZII samples were larger than NZ
samples. The optimum value of the Cu/Ni content ratio appears to lie in a range
between 1/4 to 1/8 for Cu additive-atoms to work catalytically for the heat release
under hydrogen isotope absorption.
-

In the 573-K run of the CNZ sample ηH reached 600 eV/H with EH ∼ 800
eV/atom-Ni. These large values can never be explained by known chemical reaction.
Although some kind of nuclear process seems to be involved in these phenomena,

there have been observed no increase in counting rates of neutrons and γ rays over
natural background levels up to now.
In the above discussion, we have ignored a possibility that the ZrO2 matrix could
have some contribution to the heat release. In view of the fact that silica-included Pd
(PS), or silica-included Pd⋅Ni (PNS) samples show hydrogen absorption characteristics
equivalent to those for ZrO2-based samples [4], we can assume that the ZrO2
contribution is not so large at least at room temperature. However, we have no
comparison to mention the possibility of ZrO2 contribution at elevated temperatures. We
are now undergoing measurements using NZ samples with various Ni/Zr ratios, the
results of which would give a solution to this problem.
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(a)

(b)

(c)

Fig. 11. Specific output energy in the S-phase of the sample (a) H(D)-NZ, (b)
H(D)-CNZ and (c) H(D)-CNZII. The graphs include the pretreatment runs which
give negative thermal output power as explained earlier.
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The effect of mesoporous-silica-inclusion of Pd nanoparticles (PSII sample) and Pd⋅Ni nanoparticles
(PNS sample) on repeated use for hydrogen absorption characteristics has been examined. The roomtemperature runs of as-received PSII samples showed very large loading ratio D(H)/Pd reaching 3.5 and
1st-phase absorption energy E1 exceeding 2.5 eV/atom-Pd. Based on observation that contribution of the
reaction of oxygen pickup from PdO to the loading ratio and the first phase output energy is small, the
time-resolved specific sorption energy is evaluated to reveal very large values of about 1 eV/atom-D (or
H). It has been confirmed that silica-inclusion of Pd nanoparticles is effective to make the sample
reusable to the hydrogen isotope absorption / adsorption.
The PNS samples subjected to room-temperature runs have shown that Pd atoms are acting as a
catalyst for hydrogen absorption of Ni nanoparticles, and the energy level of the hydrogen absorption
sites, -1.0 eV for H and -1.2 eV for D, is deeper than those in other samples ever tested. Elevatedtemperature runs of the PNS sample have revealed existence of another absorption site with rather high
barrier energy which causes higher temperature to fill the sites with hydrogen isotopes.
Keywords -- hydrogen isotope absorption, inclusion, nanoporous-silica, Pd⋅Ni nanoparticles, .

I. INTRODUCTION
It is well known that Pd nanoparticles clump together to become agglomerated,
when simple nanoparticle samples of Pd are subjected to repeated use for gas-phase
hydrogen isotope absorption experiments including baking-out processes. This causes
substantial decrease in absorbed amount of hydrogen isotopes and induced heat release
in the subsequent use. It has been reported that large heat release with isotopic
difference was observed under hydrogen isotope absorption by Pd nanopowders
included in the basket structure of mesoporous materials, i.e., zeolite [1], alumina [2]
and silica [3, 4] Purpose of inclusion in the basket structure is to prevent agglomeration
of nanoparticles of Pd under repeated use.
On the other hand, it has been found that addition of a small amount of Pd to the
Ni nanoparticle sample changes the absorption characteristics of Ni drastically to
enhance the loading ratio and heat release [5, 6]. The additive Pd atoms are considered
to work as a catalyst for hydrogen isotope absorption of Ni nanoparticles.
In the present study we have tested mesoporous-silica-included Pd⋅Ni nanoparticle
(PNS) samples manufactured by Admatechs Co., Ltd., and compared the hydrogen
absorption characteristics with those of mesoporous-silica-included Pd nanoparticle
(PSII) samples used in references [3, 4] and those of the PNZ2B sample used in
references [5, 6, 7]. The PNS sample was fabricated to have a mixture of Pd and Ni with
a molar fraction of about 0.01 and 0.06, respectively, in expectation of the similar
function of the Pd atoms in the PNZ2B sample.
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II. EXPERIMENTAL APPARATUS AND PROCEDURE
We have used a twin absorption system consisting of two equivalent chambers for
hydrogen isotope gas absorption / adsorption experiments. Figure 1 shows a schematic
of one-part of the twin system. The samples are put in the reaction chamber, and the
outer chamber is evacuated for thermal insulation during hydrogen isotope
absorption/adsorption. Sheath heaters with resistance of 37.9 Ω and 53.8 Ω wound
around the reaction chambers in the A1 and A2 systems, respectively, are used for
heating samples in the cases of baking, forced deoxidation, forced oxidation and
absorption runs at elevated temperatures. Alumel-chromel thermo-couples are used to
measure temperatures.
For the PSII samples, mass flow calorimetry had been employed. The coolant
water temperature is maintained constant (within ±0.1 °C) at near-room-temperature
with a chiller, and the flow rate is controlled with a digital coolant feeder at a rate of 12
cc/min, which recovers heat with an efficiency of 90.0 ±1.7 %. Calorific power is
calculated from temperature difference between the exit and the entrance of water
coolant. There is a delay in the response of the temperature difference due to the indicial
response with a time constant of 2.2 minutes. The calibrated conversion factor is 0.929
W/K.
Pressure
gauge
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Needle’
valve

Pressure
gauge
Vacuum
pump

Reservoir
tank

Heater
Reaction chamber
Sample
Insulation chamber
Ts

Liq. N 2
trap
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Vacuum
pump
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Fig. 1. Schematic of one-part of the twin system.

On the other hand, since we expected that the PNS sample exhibits better
performance at elevated temperatures [5], the power measurement in the PNS
absorption runs were performed by isothermal calorimetry. In this case, water was taken
out of the coolant pipe, and the output power was deduced from the relation between the
temperature of the reaction chamber wall and the thermal power input. The
thermocouples were rearranged to measure the temperatures of the surface of the
reaction chamber at the bottom, the side and the top.
This relation was obtained beforehand in the calibration runs using the power
supplied to the heater, and is shown in Table 3 of ref. [8]. The conversion factor to the
power depends on temperature, and is 0.16 W/K at room temperature, and about 1.0
W/K at 573 K. Since the major path for the heat loss is absent, the time constant
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becomes much larger than in the case of the mass-flow calorimetry. It was measured in
the above calibration using a stepwise variation of the heater power to reveal two
components in the temperature decay curve with time constant of 16 min and 45 min
due to radiation and conduction, respectively. The chamber temperatures were corrected
for fluctuation of the heater input power due to instability of AC 100-V power line. The
range of this correction was within 0.5 W at the highest.
Figure 2 shows the experimental procedure. The run number expresses the
conditions of the sample used in the run, using the letters defined in Table 1. The asreceived sample is baked at 440 K for 2 hours in vacuum, and subjected to the D2 (H2)
absorption run (#1 run). The sample is reused either without any treatment (A or B run)
or after the specified treatment; forced deoxidation (#2 run) or forced oxidation (#3 run)
or passive oxidation (#4 run). The run at an elevated temperature of T K is designated as
“#n_TK” run.
Sample setup
Evacuation
Forced reduction
{D2(H2) gas
charging at 570 K
for 24 h}
Baking
(570 K, 0.5 h vac.)

(#2 run)

Baking (440 K, 2 h in vac.)
Forced
oxidization
{O2 gas filling
at 570 K}

Natural
oxidization
{O2 gas filling
at 370 K}

Evacuation
(#3 run)

(#4 run)

(#1 run) (A/B run)
(#5_**K run)
Absorption run with D2(H2) gas charging
Data acquisition: Temp., Pressure, Radiation (neutron, γ)

Fig.2. Flowchart of the experimental procedure.
Table 1. Nomenclature for the run number.
#1
#2
#3
#4
#nA
#nB
#n(N)d
#5_TK

Absorption run using a virgin sample
Absorption run after forced deoxidation
Absorption run after forced oxidation
Absorption run after natural oxidation
Absorption run following #n without baking
Absorption run following #nA without baking
Desorption run by evacuation
after an absorption run #n(N)
Absorption run at an elevated temperature of T K

The detailed descriptions of the run procedures are found in other papers; e.g., ref.
[4] for the room-temperature runs with mass flow calorimetry, and ref. [8] for the hightemperature runs with isothermal calorimetry.
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Figures 3 and 4 show TEM photographs of the PSII sample and the PNS sample,
respectively. The PSII sample is composed of mesoporous silica particles with a mean
size of 4 μm and nanoparticles of Pd with the size ranging from about 3 nm to 150 nm,
with 90 % being 3 - 10 nm. In the PNS sample having a composition with a molar ratio
of Pd(0.011)Ni(0.062)Si(0.927), the particle diameter of Pd and Ni ranges from about 3
to 80 nm.

1.0 μm

100 nm

Fig. 3. TEM photographs of the PSII sample.

100 nm

20 nm

Fig. 4. TEM photographs of the PNS sample.

III. RESULTS AND DISCUSSION
A. PSII sample at room temperature
First we review the absorption characteristics of the PSII sample, showing only a
few examples of the figures cited from our earlier papers [3, 4]. Figure 5 shows as an
typical example of evolution of the heat output, WD(t) and WH(t), pressure in the
reaction chamber, PD(t) and PH(t), and the time-dependent loading ratio, LD(t) and LH(t),
in the hydrogen isotope absorption run for as-received samples, D-PSII3 and H-PSII4,
respectively. The D(H)-PSII3(4)#1 runs have extraordinary large loading ratios LD(H)(t)
which reach LD(H)sat (= D(H)/Pd) ≈ 3.6 (3.5) at the end of the exothermic phase. This
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phase is thought to be dominated by chemical processes, and is called the first phase in
the present work.
The specific heat release, is also very large; E1 ≈ 2.7 (2.4) eV/atom-Pd for D (H).
The values of the loading ratio are more than 4 times larger than the maximum value of
0.85 ever observed for loading bulk Pd metal, while the values of the specific heat
release evaluated as energy per one D (H) atom absorbed give 0.75 (0.69) eV/atomD(H), which is also about 4 times larger than 0.2 eV/atom-H for bulk-Pd metal, and
even a factor of 1.5 (1.4) larger when compared with the surface adsorption energy of
0.5 eV/atom-H for bulk-Pd metal.

4.0

0.6

3.0

W-H
W-D
P-H
P-D
L-H
L-D

0.4
0.2

2.0

L D(H)

0.8

1.6

5.0

(a)

1.0

0.0

0.0

-0.2

-1.0
-50

0

50

100

150

200

250

W D(H) (W), η D(H) (eV/D(H))

W D(H) (W ), P D(H) (M Pa)

1.0

Time (min)

η-D

1a-phase

1.2

W-D
W-H

1b-phase

1.0
0.8
0.6
0.4
0.2
0.0
0

300

η-H

(b)

1.4

100

200
300
400
Flowrate*time (Scc)

500

Fig. 5. (a) Evolution of thermal power WD(H), pressure PD(H) in the reaction chamber
after introduction of D2 (or H2) gas, and the time-dependent loading ratio LD(H) ; (b)
Time-dependent absorption energy, ηD(H), in comparison with WD(H) in the runs
D(H)-PSII1(2)#1.

It has been assumed here that the oxygen pickup reaction contributes almost
nothing to the energy E1 as described in ref. [7]. It is inferred that the oxidation energy
QO becomes much larger than 0.886eV for the bulk value due to a size effect of a
nanoparticle to reduce the oxygen pickup reaction energy substantially. Physical basis
of this claim is consistent with our claim that the hydridation energy becomes much
larger than those (0.2 eV/atom-D(H) for absorption and 0.5 eV/atom-D(H) for
absorption) for the macroscopic particles.
The time-resolved specific sorption energy, or differential heat of hydrogen
uptake, ηD(H)(t), defined as the output energy in a time-interval Δt divided by the
number of hydrogen isotope atoms absorbed / adsorbed during the same time-interval Δt
[7], is also shown in Fig. 5 as a function of the time-integrated amount of gas flow.
Temporal variation of ηD(H)(t) is very similar to that for the PZ sample [4]. In the #1 run
the first phase is clearly divided into two sub-phases, 1a and 1b. In the 1b-phase both ηD
and ηH values are nearly equal to about 0.2 eV for the bulk Pd, while they are
extraordinarily large in the 1a-phase. However, the #2 run loses the 1a-phase. And in
the #3 absorption run of the oxidized sample, the 1a-phase with the large values of ηD(H)
≈ 1.0 eV/atom-D(H) is recovered. As for the isotope effect, the value of ηD/ηH
sometimes exceeds unity especially in the beginning of the 1a-phase of the #1 runs, and
also in the 1a-phase of the #3 run. It seems that ηD/ηH exceeding about 1.1 can hardly
be explained solely by chemical isotope effect.
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Figure 6 shows the time-resolved relation between the loading ratio LD(H)(t) and
the pressure PD(H)(t) for the PSII in comparison with the PNZ2B samples. The latter is a
sample of nanoparticles of Pd⋅Ni compound dispersed in ZrO2 prepared by B. Ahern
with the melt-spinning method [5]. The hydrogen absorption characteristics of the
PNZ2B sample was described in ref. [7] in detail. Here we refer only to the PD(H)(t)LD(H)(t) diagram. After hydrogen isotope gas introduction, pressure increases without
significant increase in LD(H)(t) up to about 50 kPa, at which the pressure abruptly
decreases down to 7 - 8 kPa, making a pressure hump. This pressure hump is considered
to be typical of supersaturation followed by condensation of the D(H)2O vapor into
liquid with a vapor pressure of about 4 kPa at room temperature.
(a)

(b)

Fig. 6. Comparison of the L(t)-P(t) diagram between the D(H)-PSII1(2)#3 runs (a)
and the PNZ2B#1 runs (b).

On the other hand, the pressure hump is not observed in the PSII sample runs.
After LD(H)(t) increased above 1.0, PD(H) rose above 10 (4) kPa with a large isotope
effect, which seems to be never related to oxygen pickup reaction, but is common to
bulk absorption [2, 5]. The isotope effect in the pressure could be explained by the
difference in velocity leading to a difference in probability of tunneling through the
periodic potential barriers between the lattice atoms. It is therefore inferred that
D2O(H2O) formation is negligible for the present PSII sample.
Figures 7 (a) through (f) show the parameters D(H)/Pd, E1 and QD(H) for runs #1
through #4_3 as histograms, which show that the PSII sample can be reused with little
deterioration. The PSII sample serves our purpose.
(a)
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(b)

(b)

(c)

(c)

Fig. 7. Loading ratio D(H)/Pd (a), specific heat release E1 (b), and hydridation
energy QD(H) (c) of the samples D-PSII3 (left) and H-PSII4 (right).

B. PNS samples at room temperature
The isothermal calorimetry has been employed in absorption runs for the PNS
samples including the room-temperature runs. Figure 8 shows evolution of the
absorption parameters in the room-temperature runs using 10-g aliquots of the PNS
sample containing 0.78 gram of the Pd1Ni6 nanopowders.
1st phase

2nd phase

(a)

(b)
LD, LH
PD, PH
WD, WH

Fig. 8. (a) Time-dependent absorption parameters of the PNS samples in roomtemperature runs, D-PNS1#1 and H-PNS2#1. The isothermal calorimetry was
employed to obtain the thermal power, WD(H). (b) Time-resolved relationship
between the loading ratio LD(H)(t) and the pressure PD(H).

We see clearly sharp 1st-phase peaks of the thermal output power WD(H)(t) with a
width of about 35 min, which are coincident with sharp rising-up of the loading ratio
LD(H)(t) to the saturation value LD(H)sat (= D(H)/Pd⋅Ni) = 0.43 (0.39). The powers are
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integrated to give the specific output energy E1D(H) = 0.51 (0.39) eV/atom-M, where M
stands for the metal host atom with the averaged composition of Pd1Ni6. These are
reevaluated as the energy per one hydrogen isotope atom absorbed to be QD(H) = 1.2
(1.0) eV/atom-D(H).
The absorption parameters of the PNS sample are compared with those of the PSII
and the PNZ2B samples in Table 2. The values of LD(H)sat and E1D(H) evaluated as per
one host metal atom (M) are rather modest in comparison with those for the PSII sample.
Here Pd and Ni atoms are assumed to act equivalently in hydrogen absorption. However,
if we assume that Ni atoms had no effect on the hydrogen absorption, the values would
have been seven times larger, which would be unacceptably large.
Moreover, the LD(H)(t)-PD(H)(t) diagrams shown in Fig. 8(b) indicate absence of the
1b-phase, which was observed in most Pd-containing samples, PZ, PP, PB and PSII,
with unique exception of the PNZ2B sample [7]. the LD(H)(t)-PD(H)(t) diagrams for the
PNS samples are very similar to those for the PNZ2B#2 runs. The PNS sample is
considered to be qualitatively different from PZ, PP, PB and PSII samples, and similar
to the PNZ2B sample in this regard. It is easy to deduce that the major constituent Ni is
absorbing hydrogen isotopes. We can conclude therefore that the Pd atoms in the
present configuration are acting as catalyzer for hydrogen absorption of Ni
nanoparticles.
It is also interesting to note that QD(H) for the PNS samples are larger than those
not only for the PSII sample but also for the PNZ2B sample. The energy level of the
hydrogen absorption sites in the present configuration of the PNS sample is deeper than
those in the PSII and the PNZ2B samples.
Table 2. Comparison of the absorption parameters at room temperature.

M
LDsat (= D/M)
LHsat (= H/M)
E1D [eV/atom-M]
E1H [eV/atom-M]
QD [eV/atom-D]
QH [eV/atom-H]
1b-phase

PSII
(Pd/SiO2)
Run #1
Pd
3.3
3.5
2.5
2.5
0.76
0.72
yes

PNS
(Pd1Ni6/SiO2)
Run #1
Pd⋅Ni
0.43
0.39
0.51
0.39
1.2
1.0
none

Run #1
3.3
3.3
1.4
1.3
0.43
0.40
none

PNZ2B
(Pd1Ni7/ZrO2)
Run #2
Pd⋅Ni
2.6
2.5
1.4
1.3
0.52
0.51
none

Run #3
2.8
3.3
1.4
1.4
0.48
0.41
none

C. PNS samples at elevated temperatures
Generally, Ni-based samples are known to produce heat at elevated temperatures.
We then expected even better absorption characteristics at elevated temperatures also
for our PNS sample. Absorption runs at temperatures of 373 K, 473 K, 523 K and 573
K were performed similarly to those for the NZ and the CNZ samples [8, 9]. The
absorption parameters are shown in Fig. 9.
In the low temperature runs, the time-dependent loading ratio LD(H)(t) rises up in
the beginning of the run, the transition phase (T-phase), to reach saturation in the
saturation phase (S-phase). As the temperature goes up higher, absorption in the S-phase
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becomes prominent, and the temperatures become noisy, even though the signals from
the thermocouples are averaged over periods of one hour. Moreover, the temperatures
go down to negative values.
T-phase

S-phase

T-phase

S-phase

PNS1(2)#5_323K

PNS1(2)#1
LD, LH

PD, PH
PD, PH
LD, LH
WD, WH
WD, WH

PNS1(2)#5_373K

PNS1(2)#5_473K
LD, LH

WD, WH
WD, WH
PD, PH

LD, LH

PD, PH

PNS1(2)#5_573K

PNS1(2)#5_523K
WD, WH

WD, WH

LD, LH

LD, LH
PD, PH

PD, PH

Fig. 9. Time-dependent absorption parameters of the PNS samples in elevated
temperature runs at 343 K, 373 K, 473 K, 523 K and 573 K. Those in the roomtemperature runs, H(D)-PNS1(2)#1 are also shown for comparison.

The physical reason of the anomalously endothermic tendency, which seems to
continue further, is not known at the moment. We stopped the runs, however, before
observing strict saturation of both the loading ratio and the temperature to see the
magnitude of the anomaly. The loading ratio H(D)/Pd⋅Ni at the end of the T-phase and
at the moment we finished the run are shown in Fig. 10 as a function of temperature

238

Proceedings of JCF13, Dec. 8 - 9, Nagoya., Japan

together with time-integrated temperature change, which is regarded as the absorption
energy and evaluated per one atom of Pd or Ni. Note the two-orders-of-magnitude
difference in the ordinate between the graphs for the T-phase and the S-phase.
T-phase

S-phase

T-phase

S-phase

Fig. 10. Temperature dependence of time-integrated absorption parameters of the
PNS samples in the elevated temperature runs including the #1 runs at room
temperature.

The loading ratio in the T-phase decreases at elevated temperatures, and keeps a
constant value of about 0.2, while that in the S-phase grows at elevated temperature
with apparent threshold temperature of about 400 K. This infers that the PNS material
has another absorption site. The high threshold temperature means that the activation
energy for the absorption is rather high, or the absorption site has rather high barrier
energy. The energy level of this second site appears to be positive, since we have
negative absorption energy in the S-phase except for D-PNS2#5_523K as seen in the
figure.
It is, however, premature to conclude the last point of negative absorption energy.
The reasons are that the value of the energy depends not only on the temperature but
also on the duration of the run, and that the negative value itself exceeding -200
eV/atom-Pd⋅Ni is far beyond the chemically possible one and is not explainable by any
nuclear process. Determination of the energy level of the 2nd site requires extended
experiments with higher S/N ratio.
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IV. CONCLUSION
--For 1 phase heat evolution in room temperature runs of the PSII samples, we repeat
here the conclusion given in ref. [4]:
(1) The as-received PSII samples showed very large loading ratio reaching 3.5 and
absorption energy exceeding 2.5 eV/atom-Pd, both being much larger than other Pd
nanoparticle samples ever used [7].
(2) Subsequent runs without baking and runs after forced de-oxidation showed almost
the same characteristics; D(H)/Pd ≈ 1.0, and E1 ≈ 0.2 – 0.3 eV/atom-Pd. These are
slightly larger than or equal to those of bulk Pd. However, forced oxidation
recovered large values of D(H)/Pd exceeding 2.2 and E1 exceeding 1.3 eV.
(3) Silica-inclusion of nanoparticles of Pd is effective to make the sample reusable to
the hydrogen isotope absorption / adsorption without substantial deterioration.
(4) The isotope effect in the heat release in the first phase is rather large.
(5) It has been inferred that contribution of the reaction of oxygen pickup from PdO to
the observed loading ratio and the first phase output energy is small. This means that
both loading ratio D(H)/Pd and the hydridation energy QD(H) are rather large
compared with bulky Pd samples.
--The PNS samples have also shown interesting absorption characteristics at room
temperature:
(6) Pd atoms are acting as a catalyst for hydrogen absorption of Ni nanoparticles.
(7) The energy level of the hydrogen absorption sites, -1.0 eV for H and -1.2 eV for D,
in the present configuration is deeper than those in other samples ever tested.
--The PNS samples have been operated also at elevated temperatures to reveal that;
(8) The sample has another absorption site with rather high barrier energy; Absorption
into this site requires elevated temperature higher than 400 K.
st
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