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The possible formation of the neutron drop n,_zpz
composed of N, = A — Z neutrons and N, = Z protons in
metal hydrides and deuterides is discussed on the basis
of experimental facts using the evaporation model of the
decay of the compound nucleus. Exotic nuclei and the
neutron drop will be formed at a region with a high neu-
tron density in crystals including hydrogen isotopes. Suc-
cessful explanation of the anomalous nuclear reaction
phenomenon in solids by models assuming neutrons in a
solid lattice is legitimated.

|. INTRODUCTION

As is well known in nuclear physics,! several fea-
tures of nuclear reactions at an intermediate-energy range
are explained using an evaporation model analogous to
the evaporation of molecules from a condensed phase.

It is natural to consider the reverse process, conden-
sation, in the case of molecules that balance the evapo-
ration in equilibrium of two phases on the earth. The
nuclear matter, however, has been a special state on the
earth, with a high number density of nucleons of an or-
der 10°® cm™ 3 higher by a factor 10'¢ than those of atoms
and molecules of ~102? cm™? in condensed matters. In
the present state of the earth, evaporation of the nuclear
matter is realizable only in nuclei excited by an incident
particle, but condensation has been considered unrealis-
tic, beyond our access.

In the course of investigating various events in the
nuclear reactions in solids, i.e., in the anomalous nuclear
reaction so-called cold fusion phenomenon (CFP), it has
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been noticed that an assumption of high-density neu-
trons in metal hydrides or deuterides is effective as a cause
of these events to give consistent and unified explana-
tion.? The assumption of high-density neutrons in metal
hydrides (deuterides) used to explain the experimental
data of the CFP is beyond our common sense in physics:
A neutron in free space decays into a proton with a time
constant of 887.4 + 1.7 s even if there are many ambient
neutrons on the earth both with thermal and epithermal
energies and a flux density of ~102 m 2.5 ! each.?

After the discovery of the neutron by Chadwick in
1932, neutrons have been used in many ways: as a tool
to bombard nuclei, as a catalyst to induce nuclear chain
reactions of 2*3U, as a wave for structure analysis of
materials, and so on. The source of neutrons for these
applications has been nuclei-emitting neutrons spontane-
ously or by activation. The ambient neutrons have not
been purposefully utilized even though tritium on the earth
is produced mainly by them through collisions with deu-
terons in heavy water—a minor component of water on
the earth, with a relative concentration of 0.015%.

There are two successful explanations of the anom-
alous nuclear reaction phenomenon using neutrons in sol-
ids. One is the TNCF for various events in the CFP,
assuming many stable trapped neutrons in solids but the
possibility of making reactions with nuclei in the bound-
ary region. The reactions in this mode! have been limited
to those initiated by single neutron absorption followed
by disintegration or fission of the compound nucleus. Var-
ious events measured with qualitative reproducibility have
been explained consistently with values of the single ad-
justable parameter n, of the model in the range of 10° to
102 ¢cm ™3 depending on the experimental condition. The
source of the trapped neutron, although it is not relevant
to the explanation of events by the model, is supposed to
be ambient neutrons® and neutrons emitted by induced
nuclear reactions in solids.*>

The other is the liquid-drop model for the mass spec-
trum® of nuclei produced by nuclear transmutation (NT)
in electrolytic systems. In explaining the observed mass
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spectrum, Fisher” assumed the existence of the polyneu-
tron and also extremely neutron rich nuclei, i.e., exotic
nuclei, in the system. The observed mass spectrum was
qualitatively explained by these assumptions as a result
of nuclear transmutation by a fission (NTg), i.e., of fis-
sion reactions of transmuted nuclei formed of exotic nu-
clei absorbing several neutrons from a polyneutron.

The assumption of the exotic isotopes of matrix nu-
clei in Fisher’s model is based on the recent observation
of exotic nuclei, 'He, ''Li, 3Na (Refs. 8, 9, and 10,
respectively), etc., in free space, by collision experiments
in these 10 yr, while the neutron drop has not been de-
tected. Existence of these exotic nuclei in free space will
give a rather wide possible variety of them in specific
regions of materials where there are high-density neutrons.

The success of the two models to explain the CFP
suggests that neutrons play a key role in the anomalous
phenomenon in solids, called the CFP, which is difficult
to understand from conventional solid-state physics and
nuclear physics without a new factor(s) not noticed until
now, i.e., without a missing factor. In this context, neu-
trons in solids are the missing factor for the CFP in these
models.

It should be mentioned that there are other approaches
to the CFP with mechanisms using lattice effects to over-
come the Coulomb repulsion between charged nuclei.
Two examples cited here are by the authors of Refs. 11
through 15.

In the paper by Hora et al.,'' a model of field-
screened, long-range nuclear reactions has been con-
firmed from the isotopes produced by nuclear reactions
in a film-excited complex using Ni and Ni/Pd films. On
the other hand, the papers by Hora et al.,'> Hora and
Miley,'? and Hora et al.'* have explained a large number
of nuclides observed in cold fusion experiments based
on data, i.e., a sequence of nuclear reactions including
virtual states (compound nuclei) in a d + d endothermic
branch with final exothermic sums of reaction energy.

Li'3 has discussed possible fusion without strong nu-
clear radiations using a concept of the long lifetime nu-
clear active state created after the resonance penetration
of the Coulomb barrier in the d + d system in terms of
the lattice-confined deuterons.

It is a main theme of this paper to show a possible
state of neutrons in metal hydrides or deuterides, the neu-
tron drop ns_zp, composed of (A — Z) neutrons and Z
protons (Z < A — Z), using ordinary quantum mechan-
ics and to verify the CFP by these models with the as-
sumed existence of neutron-rich particles in specific solids
consistent with experimental results.

Il. CHARACTERISTICS OF THE ANOMALOUS NUCLEAR
REACTION IN SOLIDS (OR CFP)

Several characteristics of the CFP are related to the
assumed existence of neutrons in the CFP materials. First,
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there is a consistent explanation of several events (the
excess heat Q, tritium ¢, neutron n, and *He) observed
in a system. Several of the data by Fleischmann et al.'®
(Q,1,n),Morrey et al.!” (Q, “He), Chien et al.!® (*He, ),
Takahashi et al.'® (¢, n), Miles et al.2° (Q, *He), Oka-
moto et al.2! (Q, NT), and Cellucci et al.22 (Q, *He) are
explained by the TNCF model.? Second, the widespread
mass spectrum of nuclear products in electrolytic exper-
iments® is explained as results of nuclear fission (NTx)
of nuclei formed from exotic nuclei by absorption of sev-
eral neutrons in the polyneutron’ using the liquid-drop
model. Third, there is some decisive evidence of null re-
sults in situations without background neutrons.?3:24
Fourth, there are several data showing a decrease of back-
ground neutrons when there are CFP (Refs. 25 and 26).

In addition to the data showing the participation of
neutrons in the CFP, there is an important characteristic
in this phenomenon: irreproducibility of events. Even
though one carries out procedures that seem to be the
same every time, the result is different: null or positive
with a difference in values obtained. This characteristic
may be called the qualitative reproducibility>* resulting
from the stochastic nature of the atomic processes in ma-
terials during the experiments.

The missing factor responsible for the CFP should
be related to the stochastic process if the qualitative re-
producibility is essential to the CFP, as is considered at
present. Then, formations of the trapped neutrons in the
TNCF model?*> and of the polyneutron and exotic nu-
clei (extremely neutron rich nuclei) in the liquid-drop
model explanation of the mass spectrum’ should be re-
sults of atomic processes in CFP materials during exper-
iments. The variations of the time needed to realize the
CFP seem to be an evidence of this nature.

Another important characteristic of the CFP, ob-
served especially in NT, is locality of the cold fusion re-
action. Nuclear products have been detected in a narrow
surface layer with an ~1-um width®!727-32 [at most up
to 40 um (Ref. 17)]. Also, several data show localiza-
tion of nuclear reactions in a definite area of the sample
surface. 283031

These data showing localized nuclear reactions and
the success of theories using neutrons participating in the
CFP should be combined to form a unified system of ex-
planation based on the present knowledge of nuclear phys-
ics and solid-state physics using quantum mechanics.

Il. CONDENSATION OF NEUTRONS IN BOUNDARY
REGIONS OF METAL HYDRIDES (DEUTERIDES)

In this section, we give a qualitative explanation of
condensation of the trapped neutrons in the boundary re-
gion of metal hydrides and deuterides responsible for the
experimental data explained in Sec. II.

The thermal neutron in solids has an energy spec-
trum with a band structure,?? and the local coherence’ of
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wave functions, therefore, exists in the boundary layer
where the neutron wave is reflected. If the crystal contains
many nuclei of hydrogen isotopes as metal hydrides or
deuterides used in the CFP experiments, the high-density
neutrons in the boundary region can form exotic nuclei
grown up from one of lattice nuclei or neutron drops
na-zpz grown up from a n-p or n-d cluster.

Some properties of the neutron drop can be investi-
gated with the evaporation model of nuclear reactions.'
In an equilibrium state, evaporation and condensation are
reverse processes in balance, and the same situation is
also in the quasi-equilibrium state we consider hereafter.

In the evaporation model, the evaporated neutron
from a nucleus has the Maxwell energy distribution char-
acterized by a temperature ©® defined by the level density
of the residual nucleus. The thermal energy of ~ 75 €V in
CFP experiments is very small, on a scale of that in nu-
clear reactions, and the temperature ® is almost constant
for a neutron drop, a group of many neutrons and a few
protons or deuterons, supposed to be in the boundary re-
gion. The evaporation channel of the neutron drop is
not known at present, and we have to guess it from ex-
perimental data obtained in cold fusion experiments if
possible.

The story of formation of the neutron drop ny_,p,
(N, =Z < N,=A— Z), or the neutron cluster including
several protons, is considered as follows. As the exotic
nuclei are formed from ordinary nuclei in solids at the
crystal boundary where high-density neutrons are lo-
cated, the neutron drops can be formed there from p or d
as a seed when sufficient neutrons are supplied to in-
crease the neutron number N, in the drop. One-body ap-
proximation that concluded local coherence of neutron
waves in a band loses its validity if the strong interaction
between nucleons is taken into consideration.

To consider growth of the neutron drop as a result of
condensation and evaporation processes of neutrons in a
quasi-equilibrium state, we assume a situation in which
there is a neutron drop with a number density of neu-
trons in it n; and a radius R[(47/3)R3*n; = N, ] in a bound-
ary region of a solid where the neutron density is n,,. The
motion of neutrons in and out of the drop is treated clas-
sically in this calculation, and the motion of N, protons
in it is neglected. Then, the rate P. of condensation of
neutrons from outside is expressed as follows:

P, = 0.35n,v,4mR*n , (1)

where 0.35n,,v, is the neutron flux (cm~2-s~ ') onto the
drop in the boundary region and 7 is a factor between 0
and 1 characterizing the rate of capture by the drop.

On the other hand, the rate P, of evaporation from
the neutron drop in the evaporation model is written as
follows':

= de | 2
P, Eh‘,th(é)e ()
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where the distribution function G,(€) is the number of
neutrons emitted through a channel b with an energy be-
tween € and € + de. The sum is extended over all channel
b, and the integration is over the energy € of the particle
in the channel ». We do not have any information about
the function G,(€) at present and have to take an approx-
imate form for P,. Considering the complex energy de-
pendence of the neutron capture cross section of many
nuclei* in the thermal energy region and the reciprocity
theorem of nuclear reactions, we can only guess a strong
dependence of G,(€) on e.

It is natural, then, to assume that the neutron drop
becomes less stable with an increase of the radius R or of
the number of neutrons N, in it. We, therefore, assume
that P, measures the stability of the neutron drop and
reaches the limit at a definite maximum value R,; of R
depending probably on the number of protons N, in the
drop. We assume the following dependence of P, on R:

R \B
R,:0.35ndvd47TR2<R—> (R=Ry). ()

M

where B is a constant depending probably on N, to be
determined later using experimental data, and n; and v,
are the density and velocity of neutrons in the neutron
drop, respectively (47R3n,/3 = N,).

Putting P. = P, in the quasi-equilibrium state, we ob-
tain a relation between characteristic quantities of the neu-
tron drop in the boundary layer with a neutron density n,,:

R \B
nnvnn:ndvd<R_> . 4)

M

If the temperature in the drop is the same as that of
neutrons in solids, i.e., v, = vy, the radius of the drop is
given as

nn, \'P nn, \'8
R = ( > Ry = Nolmro > (5)
hy ny

where N is the maximum number of N, or the number of
neutrons in the largest drop with a radius Ry, and ry is a
constant with a value 1.5 X 1073 cm = 1.5 fm,

RM = rOI\IOl/3 s (6)

if we assume the same density for the drop as the ordi-

nary nuclei, and R, and 8 depend naturally on the num-

ber of protons N, in the drop as explained already.
Then, we can express R as follows:

3 }
R= () Pr PN (R=Ry) . ()
v

It is probable that Ny ~ 27 or N3/* ~ 3 when N, = 1, and
then we have

9
R~ — (mn,)"Pre® V% (R=Ry) , (8)
4
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where R is insensitive to N,,. If we take Ny = 8, then the
factor of this relation shifts by a factor of % and becomes
(6/4).

On the other hand, the neutron drop reduces to an
ordinary nucleus when A — Z = Z, or N, = N,,, and R
should be larger than r:

nn, \'/P
No”rg > ry )
hy
or
1 g 3 }N /3 (10)
N, > — ——= ~ —— 1y Ny .
n N dan 0

From our analysis of the experimental data> in the CFP,
we can take the maximum value of n,, as 103! cm~3, and
from empirical formula in nuclear physics, n; ~
10%® cm ™3, and then the foregoing relation gives a rela-
tion of N, and 8B:
NE? ~10"7p7! (11)
If we take the maximum number N, of the neutrons in a
drop with N, =1 as 27 as assumed earlier, Eq. (11) gives
3£ ~10"n""or Blog3 ~ 7 — log u:
B~ 147

(whennp =1) . (12)

It is interesting to note that the average distance of
~0.5 pm suggested by the maximum value 103! cm™3 of
n, is very close to the characteristic distances of 1 pm
obtained in the models of Hora and Miley!? and Li.

IV. CONCLUSION

By the success of the TNCF and the liquid-drop
models in the analysis of the data in the CFP, it is prob-
able that there are high-density neutrons in the samples
with positive results if we confine our consideration to
models with neutral particle assisted reactions. We could
give some information about a possible state of neutrons
in the metal hydrides or deuterides, the neutron drop with
radius R determined by parameters of the system as
Eq. (7). The numerical factor 8 defined in Eq. (3) was
determined by experimental facts as in Eq. (12), show-
ing a very strong dependence of the evaporation rate on
the radius of the drop. These conclusions depend strongly
on the assumption made about the nature of the neutron
drop and should be considered tentative.

With these reservations of the quantitative conclu-
sions, we may be able to discuss the qualitative nature of
the neutron drop. The neutron drop ny_zp, (Z << A — Z)
and the exotic nuclei (extremely neutron rich nuclei) are
states of neutrons in the boundary region of metal hy-
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drides (deuterides) formed through their interaction with
protons and ordinary nuclei, respectively. It might be
rather probable to form an exotic nucleus than a neutron
drop if we consider the probability of neutron capture
by a deuteron (cross section = 5.5 X 10~ b) with that
by appropriate nuclei in the material, i.e., 33Ti, 3¢Ni, and
19¢Pd with cross sections of 7.8, 4.5, and 8.5 b, respec-
tively. This tendency is, probably, the cause of frequent
observations of products of NT compared with tritium
(and *He) in systems without §Li in recent experiments.
Further, interaction of the neutron drop with the exotic
nucleus should be taken into our consideration to under-
stand the CFP as a whole, as Fisher’ did in the explana-
tion of NTx.

The estimation given in this paper is based on the
assumption that the CFP is real and indicates some states
of matter described by quantum mechanics. A new phe-
nomenon, if it is really new, should inciude one or more
factors not previously noticed related to the phenom-
enon. This factor is not known or missing in the past and
may be called a missing factor, as noted already. The CFP
should be resolved by a missing factor if it is a real one,
according to the author’s viewpoint. The missing factor
of the CFP is trapped neutrons from the viewpoint of the
TNCF model,>*> and it is the polyneutron in Fisher’s
liquid-drop model’ for NTp.

The existence of the trapped neutrons has been in-
vestigated from a microscopic viewpoint>*> using such
concepts in solid-state physics and nuclear physics as the
neutron band; neutron Cooper pair; the neutron affinity;
and the neutron drop, which is explained in this paper.
The neutron drop is a combination of two concepts:
trapped neutrons in the TNCF and the polyneutron used
by Fisher.” It should be mentioned here that a similar idea,
a superhydrogen isotope TH (n > 4), has been used by
Yabuuchi in the construction of his philosophical model?>
for the CFP.

The tentative estimation of several properties of the
neutron drop in metal hydrides and deuterides based on
experimental data in the CFP and given in Sec. III should
be revised by more elaborate calculations of the many-
body system with neutrons, hydrogen isotopes, and lat-
tice nuclei distributed heterogeneously in a solid.

There is much room to develop new solid-state nu-
clear physics if the existence of the neutron drop and the
extremely neutron rich nuclei (exotic nuclei) is con-
firmed in the boundary region of CFP materials, with pos-
itive results. The application of this science raises the great
possibility of new energy and material sources.

One of the effective methods to verify the existence
of the neutron drop is in the author’s point of view neu-
tron diffraction investigation of CFP materials, which
showed positive results. Another will be nuclear mag-
netic resonance investigation of trapped neutrons in the
boundary region. Any method other than those used in
cold fusion experiments will substantiate the results ob-
tained hitherto in this field.
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