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Abstract

Formation of the neutron valence bands (NVB) below zero in transition-metal hydrides is verified by quantum
mechanical calculation of interaction between lattice nuclei and occluded protons or deuterons. The local coherence
of neutron Bloch waves in the NVB results in formation of high-density neutron liquid (NL) and neutron drops
(ND) in boundary regions. The NL and ND interact with lattice nuclei, protons (or deuterons) and minor nuclei in
boundary regions to produce cold fusion phenomenon (CFP) in which large change of nucleon and proton numbers
of nuclei occur with dissipating channels of liberated energy rather than gamma emission

1. Intreduction

The nuclear structure of isolated nuclei ;X has
been thoroughly investigated in about sixty years since
the discovery of the atomic nucleus in 1911 in order to
achieve fundamental understanding in the energy
region up to several hundred MeV'?. The global
features of the exited levels of nucleons and their
energy distribution seem to be fairly well described by
the Fermi gas mode, while the results have had been
mainly confined to light nuclei and a quantitative
analysis is plagued with difficulties in the description
of the reaction mechanism.” This is true even now
especially for excited levels with energies very close to
the zero level; which corresponds to the neutron level
with a binding energy of zero in the nucleus AX, or to
the state where a neutron and the separated nucleus
A1 X remain still. (We use this energy standard in this
paper unless otherwise stated.)

Therefore, it is interesting to investigate some
phenomena that are directly related with the excited
levels of nucleons at around zero energy in medium
and heavy nuclei.

In this paper, these features of excited states of
nuclei in solids are semi-quantitatively investigated on
the knowledge of nuclear structures established in
nuclear physics and apply them to cold fusion
phenomenon (CFP). We use the Fermi gas model for
nucleons in a nucleus throughout this work.

2. Excited States of Neutrons and its Density of
States in Medium and Heavy Nuclei
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It is a common knowledge in nuclear physics that
average properties of the excitation spectrum are given
by the Fermi gas model as a result of dominance of the
particle degrees of freedom over the number of
collective modes.”

In the Fermi gas model, nucleons in a lattice nucleus
at a; is treated as independent particles and their
quantum states % (X, a;) are specified by quantum
numbers {n} = (n, [, m,s);

Vinyx, @) =V (umsy(x —a;, O). 1)
The wave function of a neutron in a nucleus AZX,
however, extends far away from the nucleus when the
energy E of the state is less than but close to zero and
then the wave function outsides the nucleus
approximated by

VP fmsy(x —@;, T)=cje “rkmdly, (6,09 1(0),(2)
where = 1 ([E]) is a damping factor of the radial
wave function depending on the energy assumed for

is

simplicity to be independent of quantum numbers, and
(8, ;) are angles measured from the lattice point a;.
In the following treatment, we use the wave function
(1) until we need the wave function (2).

The result of the calculation of the total level density
for the Fermi gas in a nucleus A, X is given as:"
D(NZ, €)= (6"g0/12(g0 € ) )exp(4 T */6)go €)'

w2 ©)

where € is the excitation energy measured from the
ground state level and g, is the one-particle level
density at the Fermi energy gy, representing the sum of
the proton and neutron level densities

8o = g(&p) =(3/2)A4/ € ), @




for a case Z = N = A/2. These levels seem very sharp
and have fairly long lifetime, which we take as an
infinite in the following treatment.

The energy range, where the above formula is
applicable, is determined by a relation
tpid K E g4 )
where € 37 MeV for heavy nuclei.” This relation
gives an energy range 0.4 — 170 MeV of applicability
of the relation (3) for nuclei with mass numbers A4
100.

High density of nuclear levels at high excitation
energies, amounts of the order 10° times higher than
that corresponding to single-particle motion, has been
revealed by densely spaced, sharp resonances in the
slow neutron capture reactions and results in formation
of the compound nucleus in a nucleus with A
100."” The figure 10° will be increased further by
several orders when the energy of the slow neutron
1 eV. In the
following discussion, we will take this factor as 10° at

capture reactions goes down to

its maximum suggested by experimental data for Ag in
the range of 2 to 8 MeV™ considering later application
to Pd isotopes in the energy range up to 10 MeV.

3. Effective Potential for the Super-nuclear
Interaction between Neutrons in Adjacent Lattice
Nuclei of Metal Hydrides and Deuterides

In the transition-metal hydrides MeH,, on the other
hand, the crystal structure is dependent on the
concentration x of hydrogen isotopes which can be
introduced into the crystal lattice of the metal Me
continuously until a definite limit and kept stably there
(occluded).*” We confine our investigation to crystals
of stoichiometric compounds PdH for our object in the
following treatment. In this compound, hydrogen
atoms occluded in the crystal are ionized and occupy
octahedral interstices having six Pd atoms each as
nearest neighbors on the crystallographic axes half
way of the lattice constant a. The lattice constant a of
the compound PdH, depends on the composition and
that of PdH is a little larger than that of Pd crystal 3.89
A.Inthe following treatment, however, we ignore the
dependence of a on the composition x and use the
value for Pd crystal as for the compound PdH.

Dynamical behavior of the proton occluded in
transition-metal hydrides is described as a harmonic
oscillator in its ground and lower excited states. The
wave function, ¢ ,(R-b;,0), of a proton in a state
specified by quantum numbers p = (n,,,m,s;) at an
interstice b; can have finite probability density at
nearby lattice point at a; a nearest neighbor of b,
especially when the proton is in its excited states. If we
ignore mutual interaction of Z protons on different
interstices, the total proton wave function may be
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expressed as a product of wave functions on the
interstices (neglecting anti-symmetrization),

Ppa)Xi Xz Xz)= ;0 {p}R; b, ), (6)
where {pa} E{Pbl’z, ’pz}-

The overlapping of the proton wave function ¢
{pij}(R; - b)) on the interstice b; with a nucleon
(neutron) wave function® {n}(r - a;), Eq. (1), of an
adjacent lattice nucleus at a; results in the
proton-neutron interaction through the nuclear force.
The nuclear interaction is expressed by a potential
whose form is taken, for example, as the square-well

type;

Vir-R)=-V9, (r-Rj<b) )
=0, (r-R >b)
where ¥ 35 MeV and b 22 X102 cm?

The choice of this potential out of several possible
types does not make a large difference to the result for
low energy phenomena we are considering in this
paper.

This interaction pulls two neutron states in different
lattice nuclei into coupling as shown below that we
will call the "super-nuclear interaction." In the
following investigation, we concentrate on excited
neutrons in lattice nuclei than protons, which needs
more energy to be raised to the excited levels with the
same energy than neutrons due to the fact Z < N.
(InPd,Z=46 and N = 56 - 64.)

Let us consider a neutron in an excited state {n} of
one of lattice nuclei. The regularity of the crystal
lattice determines the coefficients of the linear
combination as required by the Bloch's theorem.”
Then in a periodic potential of lattice nuclei, a neutron
in an excited state {n} of a lattice nucleus at a; should
be expressed by a Bloch function (omitting the spin
part)
by = Z;e¥ Y (r-a). ®
Therefore, the total wave function of the system
composed of a neutron Bloch wave ¥ 4(r) and z
occluded protons in the state {p,} = {p,, p2, ,
P} at interstices is expressed as (omitting spin parts)
Yip(Ry R, | R)

=%ur) PpoyX, Xy, Xz). &)
The total energy Ey, ., of this system in the
second-order perturbation approximation is expressed
as follows taking the square well potential for the
nuclear interaction:

Exipay =Efnpa)

+ D jexp(-itka; - kK’a;)v, (i), (10)
vap(ii7)
=2 p{(<p;ij[VIn'p'sij><n'psi§IVInp;i5>)(E iy = Egnpy),
=E(p')*(p)P S dEp X
(<op;ijVin'pij><n'pijlinpsij>)(E+ € ), (11)
Eppay =Em®, Z;& 5, V() = Vi(r), (12)
<npijVin'p5ij> = S drdR; % *y(r - a) & *{p}(R; -b;,)

X



X Vs(r - R) I/) (,,')(I' - ai) d’p’(Rj —bj,), (13)
where summatjons over i and i’ in (10) are only over
the nearest neighbor lattice points a; and a; of an
interstice b;, 0 4(E) is a density of states for neutron
quantum states, €., =&, —&,, and E =E;; -
E(ny.  Further, the summation over {p’} reduces to a
factor, (n,+1)(ny+2), the degeneracy of the energy € ,,,
E{n}(p) is an energy of a neutron in an excited state 7
(ny{r — a;) in a lattice nucleus at a; when occluded
protons are in states {p,}, and € in (12) is an
energy of a proton in a state @ ,(R; -b;,) at an interstice
b, We ignore, however, p-dependence of E(n}(p)
hereafter in this work.

For the neutron wave function (1) in the Fermi gas
model, we can describe wave functions % ,(r — a;)
by those determined in the nuclear harmonic oscillator
potential in a nucleus to calculate matrix elements (13)
in the above equation (11):

Zpnlms(rr 0 ’ (b’ U)

=Ra(Y,"(0,0)x(0), (m| =1) (14
Enms= @+ 32)W2T) W+ A E s 15)
where A € s expresses the [ s and other coupling
energies taken symbolically into consideration to
distinguish energies of the states with the same n and
different /, m, and s, w, is the circular frequency of
the harmonic oscillator and Y,"( 8 , ¢ ) are the
spherical harmonics.

In nuclei of palladium isotopes, we can use an
excited neutron state 2f;; as shown by shell model
calculation with a Woods-Saxon potential” for the
order of magnitude estimation of (14):
1/)2{7/2ss (r’e,d)’a)

=R(2)Y5"(0,0)x (o), (m[= 3)  (16)
Rsy(2) = Co(32/210)22%(1 - (219)2)e™2, 17)
Co=2@Ba/m)" z=2a, a,= Tmwyh,
where m, is the mass of the neutron and ,_.41/AY*
MeV.?

For the interstitial proton wave functions @ ,{(R; -b;,)
in PdH, on the other hand, we can use a wave function
@ 14R,©,P) in a lattice harmonic oscillator potential
centered at an interstice determined by diffusion data;”
¢p'(Rj) = CZS"P[,M'(R, 0,0,0 p)

= £ ®)Yin(©,2) (0}, (<D (18)

€ woim = 270 (1, + 3/2)h W, 19)
®1a(R, O,P) =& 1y(2)Y2(0,P),(n=2)  (20)
& 1((Z) = C,(4/15)*Zexp(-Z/2), (21

C,=28a /)", Z=20a,R, a,={m,7wyh},
w, = (Kim,)"?,

or by Hermite polynomials H,( £ );'”

cbp’(Rj _ij Up) = unx(x) uny(y) unz(z) X s( Up)v (22)
Un(x) = NpHy( @x)exp((1/2) ¢ ), 23)
at=47 mKM* N, = (a/m 212,

where R = (R, ©,®), n, is an integer, [ = n, and |
=!I, € .m is the proton energy of the state & ,,(R),

0

w, = (K/m,,)”z, m, is the mass of the proton, K is the
force constant, and n; (i = x, y, z) are integers.

The proton wave functions thus determined include
already effects of screening by itinerant electrons and
electrons bound in atoms, and also the effect of
Coulomb repulsion by lattice nuclei.

The analysis based on the diffusion data® showed
that appropriate wave functions for a proton in the
NbH is that with n = 2 in the above equation and the
corresponding force constant K is given as

Ky =144 X10" eV/m* (NbH) (24)
We use this value for PdH to make an
order of magnitude estimation in this
paper.

A concrete expression of the matrix element (14)
for PdH is expressed as follows using wave functions
(15), (19), and others:

LA 1dsij V2P (a2 28515>

=- §drdRRs3(z)Y30(0 1, @) X 14(Z)Y2,( O}, D))

XVr - R)Rsi(z)Y10(0 &) X %(Z) Yool O; L),
(25)

zi= 20 -af, Z=2alR-bJ,

where a; is a nearest neighbor lattice site of an

interstice by, K = Ky in @, in Eq.(22), and (6 ;,®;) and

(®;,®;) are angles measured from origins at a; and b;,

respectively.

To estimate an order of magnitude of the effective
potential v (iij) (11), we utilize the property of the
densely spaced excited states explained before and
ignore rules associated with single
configurations. Furthermore, we put the numerator of
(11) as a constant and take it as the value of the matrix
element (25) for PdH.

Then, the order of magnitude of the effective
potential v, (ifj) given in Eq.(11) is estimated as
follows: the proton wave function ¢ ,{(R) is slowly
varying in the range of the nuclear force, and the
nuclear wave function ¥ (r) is approximated by a
delta-function. Then, an order of magnitude of the
matrix elements <np;ij{V|n'p';ij> is given as
|<np;ijlVn'p';ij>|

§ %" B r)r<V>0,(R) *¢,(RIQ (26)
1X{4/3} 70 r6® X Juy(en) Plug(0)Pluo(O)
=32 X107 eV, 27
where Qis the volume of the Pd nucleus, <V> =

Vo= 3.5 MeV (Eq.(7)), ¢ ,(R) is taken as
u(x)ug(y)up(z) and xy - 1.95A is the position of the
lattice nucleus measured from the interstice.

Putting this value (30) into Eq.(11), we can estimate
the effective potential v, (ii’j) as a function of the
principal value of the integration appeared in that
equation, assuming the insensitiveness of the matrix
elements to the energy:
vp(iif)  1X1077 eV,

selection



I = P (0 (EYE)E. (28)
We can estimate the approximate value of the

integral /, taking following values 0 ,(E) 10°keV ™),

6 & 10°keV,and A€ 1keV on the assumption

that single particle energy level difference is 1 keV

and the level density increases to 10° times larger than

that of single particle motion:

I (p(e)yde) Ae =10"ev.

vee(iif) 1 X107'2 (eV), (29)

4. Tight-Binding Neutron Bands in Metal Hydrides
and Deuterides

The effective super-nuclear interaction energy
obtained above is used to calculate band structure of
neutron energy in transition-metal hydrides that is
originated in the excited states of neutrons in lattice
nuclei and mediated by occluded hydrogen isotopes.

To show briefly crystal-structure dependence of the
bandwidth, we will make a simplification of the
super-nuclear interaction (11) between adjacent nuclei
at a; and a; assuming that it depends only on the
magnitude of the vectora, = a; - a;.

Then, we can rewrite the total energy (10) and have
energy spectrum of the neutron Bloch waves in the
face centered cubic (fcc) lattice (a is the side of the
lattice cube);”

E = Epqy — @- 2X47 (cos(1/4)kya cos(1/4)ea +
cos(1/4)k,a cos(1/4)k.a + cos(1/4)k.a cos(1/4)k,a)
— 27 (coskya + coskya + cosk,a)  (fee) 30)
Eppay =Egm + 255

- a = Vnp(0)7 -7 = vnp(ii'j)’ (31)
The factor 2 in the third term on the right comes from
the fact that nearest neighbor lattice nuclei are
mediated by two protons at different interstices while
next nearest ones are by only one. A characteristic of
this energy band formation is the contributions from
nearest neighbors ((0, *£a/2, *a/2) etc.) and also
from next nearest neighbors ((%a,0,0) etc.) to the
k-dependent terms.

The neutron energy bands originating in the excited
states of lattice nuclei are located below zero energy in
contrast to those originating in free neutron states
above zero worked out in a previous paper.'" The
former could be called neutron valence band and the
latter neutron conduction band to distinguish them in
the following discussion of the nuclear reactions in
solids.

Using the value of v,(ii'j) given in (29), we obtain a
semi-quantitative estimation of the valence band width

A from Eq.(30):
A =24v,(iij) 10°  (meV) (PdH). 32)

Thus, it is concluded that the matrix elements (25)
should be 10° times larger than the values estimated in
(27) to substantially keep the neutron bands below

~1

zero which was determined to form in solids with a
width A 25 meV that is not destroyed by the
thermal motion of ions at room temperature. This is
realized only when the neutron wave function (1)
extends out as the wave function (2) from a lattice
nucleus to regions where a wave function of the
occluded proton (23) has a larger value by a factor 10°
than that at the lattice nuclei. The main term of the
proton wave function relevant to this behavior is the
exponential factor exp{— @*%2} in (23) and it gives
this value at xo = 1.43 A from an interstice (or 0.52
A from a lattice point). If this behavior is coupled
with an extension of the neutron wave function (2),
then the neutron-proton interaction can contribute to
formation of a neutron valence band with a width of
A 25meV.

From a point of view of the isolated nucleus treated
in conventional nuclear physics, this is an
unconceivable situation. While, the extension of a
neutron wave function (2) far away to 0.52 A=52X
107° cm over the nuclear extent range of ry = 10783 cm,
ie. 10* times longer than ry, is not absurd in the
situation we are considering here.

As was shown by numerical calculation in a
previous paper,'” the energy of thermal neutrons
interacting with lattice nuclei by attractive nuclear
force is pulled down below zero; the states of
propagating waves then become quasi-localized states
around lattice nuclei with a damping factor depending
on the strength of the attractive interaction. The same
situation is also realized from opposite direction as a
limit of highest bound states as shown in Eq.(2). We
consider here an s-type wave function for the state, for
simplicity:

Y ,(r- a;) = ciexp( -i N | — ail). (33)
To extend the neutron wave function to the range of
A=52 X107 cm referred above, the decay constant
of the state 7 (|E) = 1/A should be 1.9 X10% cm™
and this corresponds to an energy E:

E|= (W87 myn(E)} =74 (V) (34)
below zero, where m, = 1.67 X107 g is the neutron
mass. In other words, the excited states of isolated
lattice nuclei with energies of from zero to 7 eV can
participate to the neutron valence band, or the neutron
bands below zero, in transition-metal hydrides
considered above.

If the state has less energy, i.e. far from zero, and
the extension of the state is less than 5.2X107° cm, the
band state fails to be substantially formed even in PdH
and neutrons are essentially in single particle states in
isolated lattice nuclei.

5. Discussion
When there are many neutrons in a neutron band,



there appear interesting features of neutron's behavior
at boundaries that reflect neutrons back into the
crystal; "local coherence" of neutron Bloch waves, and
therefore, high densities of neutrons (neutron liquid)
appear there.'? High-density neutrons in the boundary
region'? or in neutron star matters 1%
formation of "neutron drops" (or clusters of many

induce

neutrons and a few protons and corresponding
electrons) in a thin neutron background. These neutron
liquid (NL) and neutron drops (ND) in a thin neutron
background interact with nuclei to produce new
nuclear effects in the boundary region.

Scenario of the CFP will be written down as follows.

The background thermal neutrons in ambience trapped
in a sample of the transition-metal hydrides or
deuterides are in a neutron conduction band. Their
density at boundary region becomes high due to the
local coherence but may be not so large and not
enough to form neutron drops. The neutrons in the
band, however, can reacts with nuclei in the boundary
region and the reactions are the trigger reactions.!®!”
The nuclear products of the trigger reactions induce
breeding reactions resulting in multiplication of the
number of neutrons in the conduction band and also
excitation of neutrons in lattice nuclei.

The latter effect makes possible formation of
neutron valence bands (NVB) in the CF matter we are
now considering. The density of neutrons in the NVB
will be very large enough to form neutron liquid (NL)
and neutron drops (ND) in the boundary region. The
ND thus formed may be in a lattice (a Coulomb lattice)

A - . :a

proton numbers from lattice or minor nuclei in the CF
matter and the latter gives a possibility to stabilize
excited states of nuclides without emission of r -
rays.

In our treatment of experimental data sets in
CFP,'"121%18) e have applied the TNCF model to
various events only using reactions where occurs
absorption of a neutron by a nucleus followed by (-
or - decay or by fission to explain various products
with successful results. The nuclear transmutations,
however, have shown large changes of mass numbers
up to several tens in the experiments showing NT¢'**
and recent experiment of NT,*?” which needs
possibility to absorb large number of neutrons or
sometimes the n-p clusters simultaneously. The
formation of NL and/or the neutron drops (ND) gives
natural explanation of these absorptions.

As we have seen in this paper, CFP is a wide spread
phenomenon including excess heat generation, three
types of NT, production of light elements, *H and *He,
emissions of neutrons, gammas and X-rays with
various energies up to about 10 MeV, and decay-time
shortenings'®®*>? occurring in complex systems
composed of transition-metal hydrides and deuterides
and others at about room temperature in ambient
radiation.

The events with large wvariety from nuclear
transmutations to emissions of light particles and 7
-rays are evidences of nuclear reactions occurring in
surface layers of especially
transition-metal hydrides and deuterides, intermittently
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