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The Close-Packed-Spheron Theory
and Nuclear Fission

Close packing of spherons provides a simple explanation
of nuclear properties, including asymmetric fission.

Twenty-five years ago a phenomenon
of tremendous importance was discov-
ered, the phenomenon of nuclear fis-
sion. A striking feature of the fission
of the uranium nucleus and other
very heavy nuclei is its asymmetry:
fissioning to produce a lighter and a
heavier nucleus, with mass ratio about
2/3, occurs several hundred times as
often as fissioning to produce two nu-
clei with about equal mass. Various
efforts to explain asymmetric fission
have had only limited success, includ-
ing those based on consideration of
energy release, of shell effects, of the
shape of the energy function of the
deformed nucleus in the saddle-point
region, and of the penetration through
rather than passage over the energy
barrier. In this article I describe an
extension of the theory of nuclear struc-
ture that provides a simple explana-
tion of asymmetric fission and of some
other properties of nuclei.

Theories of Nuclear Structure

During recent decades a great
amount of knowledge about the prop-
erties of atomic nuclei has been gath-
ered. An extensive theory of nu-
cleonic interactions and nuclear struc-
ture [liquid-drop theory (/), shell
theory (2, 3), unified theory (4), clus-
ter theory (5-7)] has been developed
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that accounts reasonably well for many
of these properties: the general de-
pendence of the normal-state energy
on the mass number A, nuclear di-
ameter and charge distribution, spin
and magnetic moment, energies of ex-
cited states, nature of beta decay, rate
of nuclear fission and dependence on
the energy and nature of bombarding
particles, and several others. Some
properties, however, including asym-
metry of fission, mentioned above, have
not hitherto been encompassed by the
theory in a satisfactory way.

Recent theoretical treatments of the
structure of nuclei have involved the
approximate or iterative solution of
the eigenvalue equation for each nu-
cleon in a potential determined by its
interaction with the other nucleons.
The potentials have the Yukawa form
beyond internucleonic distance about
0.5 fermi (f, 0.5 X 10—13 cm), corre-
sponding to nucleonic core radius 0.25
fermi, and involve singlet and triplet
central forces, tensor forces, and spin-
orbit forces. These treatments (8) of
finite nuclei and infinite nuclear mat-
ter (with proton-proton repulsion ig-
nored) have provided calculated values
of some properties in reasonably good
agreement with experimental results.
The proton and neutron densities are
given by the theory as approximately
constant throughout most of the volume
of the nucleus; they then decrease
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rapidly, the thickness of the skin (90
to 10 percent of maximum) being
about 2.4 f. The density of nucleons
is about one nucleon per 6 f3. These
properties are essentially as found by

_electron scattering experiments (9).

For H2, HS3, He3, and He?, the
nucleons can be described approxi-
mately as occupying ls orbitals. The
core repulsion suggests that H2® and
He? have a triangular structure and
that He* has a tetrahedral structure.
The observed binding energies for
A = 2, 3, and 4 are 2.2, 8.1 (average
of 7.7 and 8.5), and 28.3 Mev, respec-
tively. These are in the ratios
1:3.7:13, deviating from the ratios
1:3:6 of the number of internucleonic
interactions in the direction correspond-
ing to stronger bonds (smaller inter-
nucleonic distance) in the helion (10)
than in the deuteron. In Het the nu-
cleonic valences are nearly saturated:
a fifth nucleon (proton or neutron)
has negative binding energy, and in
the most stable larger nuclei the bind-
ing energy per nucleon is only 25 per-
cent greater than in the helion.

The polyhelion model (alpha-par-
ticle model) of the nucleus (7, 11)
has been made the basis of a useful
theory. In this theory O is de-
scribed as a tetrahedron of four
helions (6) and Mg2¢ as an octahedron
of six helions. (The tetrahedron, octa-
hedron, and icosahedron are the regu-
lar triangular polyhedra—their faces
are equilateral triangles and their cor-
ners are equidistant from a center,
which gives them a roughly spherical
shape, as shown for the icosahedron
in Fig. 1.)

The shell theory has had great suc-
cess in accounting for many nuclear
properties (3). The principal quantum
number n for nucleons is usually taken
to be n. + 1, where n,, the radial
quantum number, is the number of
nodes in the radial wave function. (For
electrons n is taken to be n, + 1 +1;
! is the azimuthal quantum number.)
Strong spin-orbit coupling is assumed,
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Fig. 1 (left). The arrangement of 45
spheres in icosahedral closest packing. At
the left there is shown a single sphere,
which constitutes the inner core. Next
there is shown the layer of 12 spheres, at
the corners of a regular icosahedron. The
third model shows the core of 13 spheres
with 20 added in the outer layer, each in
a triangular pocket corresponding to a
face of the icosahedron; these 20 spheres
lie at the corners of a pentagonal dodeca-
hedron. The third layer is completed, as
shown in the model at the right, by adding
12 spheres at the corners of a large icosa-
hedron; the 32 spheres of the third layer
lie at the corners of a rhombic triaconta-
hedron. The fourth layer (not shown) con-
tains 72 spheres.

splitting each subshell into a more stable
subsubshell with j = I + 1 and a
less stable subsubshell with j=1— 15;
j is the total angular momentum num-
ber for a neutron or proton. The
sequence of subsubshells assigned to
both neutrons and protons is given
in Fig. 2, as indicated by the observed
values of spin and parity of nuclei.

The Close-Packed-Spheron Model

I assume that in nuclei the nu-
cleons may, as a first approximation,
be described as occupying localized 1s
orbitals to form small clusters. These
small clusters, called spherons, are
usually helions, tritons, and dineutrons;
in nuclei containing an odd number of
neutrons, an He3 cluster or a deuteron
may serve as a spheron. The localized
Is orbitals may be described as hy-
brids of the central-field orbitals of the
shell model.

The close-packed-spheron model dif-
fers from the conventional liquid-drop
model of the nucleus in having spher-
ons rather than nucleons as the units.
This is a simplification; ¢,Gdgy1%4, for
example, is described in terms of 45
spherons, rather than 154 nucleons.

The nature of spheron-spheron in-
teractions is such that maximum sta-
bility is achieved when each spheron
ligates about itself the maximum num-
ber of neighbors, to produce a nucleus
with a closest-packed structure. A sim-
ple argument (I2) leads to the con-
clusion that the spherons in a nucleus
are arranged in concentric layers. The
packing radius of a spheron varies
from 1.28 f for the dineutron to 1.62
f for the helion. The radius (to nu-
cleon density half that of the inner
region) of the largest nucleus is 6.8 f
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(1.07 A1/8 f), four times the helion
radius. The thickness of the nuclear
skin corresponds to the nubbled sur-
face of the outer hemispheres of an
outer layer of spherons. In a large
nucleus the region within the outer
layer would be lined with another layer
of spherons, in contact with the outer
layer, and within this layer there might
be a central spheron or layer of
spherons.

In a three-layer nucleus the outer-
most layer may be called the mantle
and the other two the outer core and
the inner core, to avoid confusion with
the shells of the shell model.

The general geometrical problem of
the packing of spheres has not been
solved. An example of closest packing
of atoms with some variation in ef-
fective radius is the icosahedral pack-
ing found (I/3) in the intermetallic
compound Mgz (ALZn),, (Fig. 1).
The successive layers in this structure
contain 1, 12, 32, and 117 spheres.
These numbers are reproduced (to
within =1) by the empirical equa-
tion (/2)

ne = (nd 4+ 1.30)° (1)

in which n, is the total number of
spheres and n; is the number not in-
cluding those in the outermost layer.
The number 1.30 represents the ef-
fective thickness of a layer; the form
of the equation corresponds to the as-
signment of equal volumes to the
spheres.

I have assumed that this equation
applies to structures with two or more
spheres in the central layer (as well
as with one, as in icosahedral pack-
ing), and have applied it in the cal-
culation of the ranges of values of
the neutron number N in which suc-
cessive subsubshells are occupied (12).
(In this calculation the difference in
radius of the different kinds of spher-
ons is taken into consideration.) The
assignment of quantum numbers is
made with use of the following as-
sumptions (I14):

1) Those subshells that occur (are
occupied) with only the value 1 for
the principal quantum number n con-
tribute only to the mantle.

2) Those subshells that occur with
two values of n contribute to the man-
tle and the next inner layer, and so on.

3) For given n, the subshells are
filled in order of increasing /, and for
given ! in order of increasing n.

Let us again take 4Gdy, as an
example. Its 45 spherons (each con-
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taining two neutrons) are expected to
be distributed in layers 1, 12, 32, as
shown in Fig. 1. There are three lay-
ers, and one pair of neutrons in the
inner core; hence 1s2, 2s2, and 3s2

the outer core we need 1p¢ 1410 1f6,
in addition to 2s2. The neutrons in the
mantle then are 3s2 2p® 2410 2f6
178 1g18 1414,

The sequence of neutron-occupancy

occur. To obtain the 12 spherons of ranges found in this way (/2) is
Table 1. Nucleon configurations for the magic numbers.
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Fig. 3. Diagram showing the ranges of values of neutron number N in which spin-
orbit subsubshells of the mantle, outer core, and inner core are occupied, as calculated

with use of the spheron-packing equation.
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Fig. 4. The magic-number structures of nuclei.

Fig. 5. Limiting stable arrangements of spherons around a central spheron. (Left)
Nine outer spherons (KM structure); (right) 12 outer spherons (icosahedral structure).

Fig. 6. Arrangement of 16 spherons around four spherons. (Left) The four inner
and four of the 16 outer spherons; (right) the completed structure.
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shown in Fig. 3. It closely resembles
the level diagram found by Mayer and
Jensen by analysis of observed nuclear
properties, with the help of the cal-
culated level sequences for harmonic-
oscillator and square-well potential
functions, but it differs from their
diagram (Fig. 2) in that subsubshells
are assigned to the separate layers and
that overlapping ranges of N and Z
for their occupancy are shown.

The observed values of spin and
parity indicate that Fig. 3 (like the
Mayer-Jensen level diagram) applies to
protons as well as to neutrons.

Structural Basis of Magic Numbers

Certain numbers of neutrons and
protons were recognized by Elsasser
(I15) as conferring increased stability
on nuclei. These numbers are 2, 8, 20,
50, 82, and 126. (The set is some-
times considered to include 28 also.)
It was in part their effort to account
for these numbers that led Mayer and
Haxel, Jensen, and Suess to propose
their shell model with spin-orbit cou-
pling.

The close-packed-spheron theory
leads to a simple structural interpreta-
tion of the magic numbers (76): they
are the numbers at which each layer
of the nucleus achieves completion of
a shell (K, L, M, . . ., with 2n2
neutrons or protons), or at which each
core layer achieves completion of a
shell and the mantle achieves comple-
tion of a shell and a j =1 + 15
subsubshell.

It is to be expected that the energy
gap following completion of a core
shell would be greater than that fol-
lowing completion of a mantle shell;
hence 50 is a magic number and 38 is
not. The magic-number configurations
are given in Table 1 and Fig. 4.

The Local Environment of

Inner-Core Spherons

The magic number 20 corresponds to
the KM structure, which is also the
structure of the core for magic num-
ber 82. This structure, shown in Fig.
5 (left), involves nine spherons ligated
about a smaller central spheron. Its sta-
bility may be attributed to its double
completed-shell character.

As many as 12 spherons can be
closely packed about a central spheron.
The icosahedral arrangement of 12
about one is shown in Fig. 5 (right).

SCIENCE, VOL. 150



Two limiting structures with four
spherons as core or inner core are
shown in Figs. 6 and 7. The structure
shown in Fig. 6 has the central tetra-
hedron of four spherons surrounded
by a larger tetrahedron of four and a
truncated tetrahedron of 12, a total
of 16 spherons in the outer layer. The
packing is triangular. This is the struc-
ture of the core for magic number
126. It has double completed-shell char-
acter, LN.

An interesting and possibly signifi-
cant aspect of this structure is that
each of the four spherons of the inner
core has ligancy 9 (its neighbors are
the three other inner-core spherons,
three of the outer tetrahedron, and
another three of the outer layer). Each
of these four inner-core spherons with
its nine neighbors can be described as
forming a KM complex, and the LN
core can be described as four inter-
penetrating KM complexes.

The conclusion that each inner-core
spheron in a stable core should ligate
its neighbors about itself in a way
corresponding to local stability is a
reasonable consequence of the self-
generating character of the potential
energy function for nucleons in nuclei
(mutual interdependence of structure
and potential energy function) and the
short range of internucleonic forces.

The arrangement of 22 spherons
around an inner tetrahedron of four
spherons shown in Fig. 7 involves
icosahedral packing: each of the four
inner spherons is surrounded by an
icosahedron of 12, three of which are
the three other inner spherons. This
structure (26 spherons, 52 neutrons)
with one spheron missing may be as-
signed to magic number 50. The com-
plete structure, with 26 spherons, cor-
responds to the stable nucleus ,Ru;.,
as discussed in the following section.

The Proton-Neutron Ratio

The proton-neutron ratio in nuclei
has been discussed for over 50 years.
Long before the neutron had been
shown to exist Harkins (/7) attempted
to draw some conclusions about nu-
clear structure from the observed ex-
cess of neutrons over protons (he used
the name neutron for a hypothetical
unit of a proton combined with an
electron). The course of the proton-
neutron ratio is now well understood
in relation to the energy change ac-
companying emission of an electron
or positron from the nucleus (that is,
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Fig. 7. Arrangement of 22 spherons around four. (Left) The four inner and ten of
the 22 outer spherons; (right) the completed structure.

conversion of an intranuclear neutron
to an intranuclear proton, or the re-
verse), but no reasonable correlation
with the structure of the nucleus has
been published.

Let us consider the nucleus Ruj..
As discussed above, it is assigned 26
spherons, of which 22 are in the man-
tle and four in the core. From Fig. 3
we might assign 37 protons to the
mantle and seven to the core. This
assignment gives a mantle of 11 helions
and 11 tritons and a core of three
helions and one triton.

However, the Coulomb repulsion of
protons may be expected to cause the
proton orbitals to have a greater radial
extent than the corresponding neutron
orbitals, and to overlap spherons of

more than one layer. We may con-
sider that for the ,Ru;., nucleus
there is resonance between the helion-
triton structure described above and
a helion-dineutron structure, with the
helions all in the surface layer. This
structure has 22 helions in the mantle
and four dineutrons in the core.

Structures of this sort, with a mantle
of helions and a core of neutrons, have
minimum Coulomb energy. We may
expect these structures to have the
minimum neutron excess compatible
with stability; any more protons would
be forced from the mantle into the
core. In fact, ,Ru;, has the largest
atomic number for which N — Z
equals 8 for a stable isotope.

The proton number equal to the
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Fig. 8. A curve of proton number Z as a function of neutron number N, calculated
as described in the text. The horizontal lines show the ranges of stable isotopes for
alternate Z-even elements (for large Z the four most stable isotopes).
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number of neutrons in the mantle may
accordingly be expected to represent
the high-Z boundary of the region of
stability of nuclei. The curve shown in

i

Fig. 9. Arrangement of 11 (left) and 17 (right) spherons about an inner core

Fig. 8 has been drawn through points
corresponding in this way to the neu-
tron configurations of Table 1. The
horizontal lines are the observed

of two spherons. Each inner-core spheron shows KM ligation at left and icosahedral

ligation at right.

Fig. 10. Arrangement of 18 (left) and 24 (right) spherons about an inner core

of five spherons with the configuration of a trigonal bipyramid.

5
S

Fig. 11. (Left) An outer core of 16 spherons surrounding an inner core of three,
in a linear arrangement. (Right) The same core with a portion of the mantle of the
elongated nucleus. (The difference in relative sizes of core and mantle spherons is
exaggerated in this and some of the other figures.)
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ranges of stability for alternate even-Z
sets of isotopes (for large Z the four
isotopes with the smallest half-lives).
It is seen that, in accordance with
the foregoing argument, the low-N
ends of these horizontal lines lie close
to the curve (mean deviation, 1). The
conclusion may be drawn that the
structures of stable nuclei involve a
significant contribution of structures
with a pure neutron core and a pure
helion or nearly pure helion mantle.

Permanent Deformation of Nuclei

Observed properties of many nuclei
have been interpreted as showing that
the nuclei are not spherical but are
permanently deformed (4). The prin-
cipal ranges of deformation are neu-
tron numbers 90 to 116 and 140 to
156. Most of the deformed nuclei are
described as prolate ellipsoids of revo-
lution, with major radii 20 to 40
percent larger than the minor radii.

A simple explanation of the existence
of deformed nuclei in these ranges is
provided by the close-packed-spheron
theory (I4); it is that the inner core
(of two or five spherons) in these
ranges has an elongated structure, and
that this elongation is imposed by the
inner core on the two surrounding lay-
ers.

The most stable core configuration
for an inner core of one spheron is
KM, with an outer core of nine
spherons. For icosahedral packing the
outer core contains 12 spherons. These
structures, which we may take as
defining the limits of stability for a one-
spheron inner core, have been dis-
cussed in the preceding section.

The upper limit of neutron number
for one spheron as inner core is 90,
corresponding to the icosahedral pack-
ing shown in Fig. 1. In the range be-
ginning at about N = 90 we assign
two spherons to the inner core. With
KM ligation about each, as shown in
Fig. 9, the core contains 26 neutrons;
and with icosahedral ligation about
each, also shown in Fig. 9, it contains
38 neutrons. These values correspond
to the range for N from about 90
to 122 (Fig. 3).

Nuclei with an inner core of three
spherons would have oblate deforma-
tion, rather than prolate. The packing
is somewhat less satisfactory than for
one, two, or four spherons, except for
ligancy 10 (18 spherons in the outer
core), which corresponds to 42 core
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neutrons, and thus lies in the LN core
range. We conclude that the inner core
contains 1, 2, or 4 spherons, in the
range N = 82 to 126, and that only
prolate deformation should occur.

An ellipsoidal nucleus with two
spherons in the inner core has major
radius greater than the minor radii by
the radius of a spheron, about 1.5 f,
which is about 25 percent of the mean
radius. The amount of deformation giv-
en by this model is accordingly in
rough agreement with that observed
(18). In a detailed treatment it would
be necessary to take into account the
effect of electrostatic repulsion in caus-
ing the helions to tend to occupy the
poles of the prolate mantle, with tritons
tending to the equator.

In the region N = 140 the inner
core is a trigonal bipyramid of five
spherons, surrounded by an outer core
of 18 to 24 spherons (Fig. 10). The
deformation is prolate, and about as
great as for the region 90 to 120,
in agreement with experiment.

The wave functions for the two inner-
core spherons can, of course, be de-
scribed as the symmetric and antisym-
metric combinations of 1s and 1p,
functions. The Nilsson (/9) treatment
of neutron and proton orbitals in de-
formed nuclei is completely compatible
with the foregoing discussion, which
provides a structural interpretation of
it.

Symmetric and Asymmetric

Nuclear Fission

The foregoing considerations provide
the basis for a discussion of the mecha-
nism of nuclear fission.

Let us consider first the low-energy
fission of the lighter fissionable ele-
ments, in the neighborhood of Pb208,
These elements (gold, thallium, lead,
bismuth), when bombarded with par-
ticles such as 20-Mev deuterons, under-
go symmetric fission, the distribution
function of the products having a half
width at half maximum of 8 to 15
mass-number units (20).

These fissioning nuclei (such as
g4P0127%11, formed by reaction of
Bi2®® and a deuteron) have a nearly
spherical normal-state structure, resem-
bling that of the doubly magic nu-
cleus gPb;5¢2%8 with an outer core
of 16 spherons and an inner core of
4 spherons, shown in Fig. 6. The nu-
cleus is excited, with vibrational energy
about 25 Mev (for bismuth bombard-
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Fig. 12. (Left) An outer core of 21 spherons surrounding a linear inner core of four.
(Right) The same core with a portion of the mantle, illustrating asymmetric fission.

ed with 20-Mev deuterons). The vi-
brational deformation involves a change
in the structure of the core, from a
tetrahedral (nearly spherical) core of
20 spherons to a prolate ellipsoidal core
with the same or nearly the same num-
ber of spherons.

The principles discussed in the fore-
going sections strongly suggest that the
deformed core has the structure shown
on the left in Fig. 11. In the
outer core there are rings of 3, 5, 5,
and 3 spherons. The inner core con-
sists of three spherons, in the inter-
stices between pairs of rings. The cen-
tral inner-core spheron has ligancy 12;
it is surrounded by an icosahedron
formed by the ten spherons of the two
middle outer-core rings and the other
two inner-core spherons. Each of these
two inner-core spherons has ligancy 9;

%o

with its neighbors it constitutes a KM
complex.

I assume that in the process of fis-
sion both the mantle and the core un-
dergo splitting. The core could split
between the two middle rings, which
would result in symmetric fission.

In the process of fission the increas-
ingly prolate deformation of the man-
tle could cause an equatorial fissure to
occur in the mantle, as indicated on
the right in Fig. 11. Before the fissure
occurs there would be rings of spherons
in the mantle between every adjacent
pair of rings in the outer core. In the
course of the vibration leading to fis-
sion the spherons of the mantle would
be crowded toward the two poles. At
the value of the reaction coordinate
corresponding to the configuration
shown at the right in Fig. 11 the nu-

I !
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Fig. 13. Yields of nuclei in the fission of U®?, as a function of mass number. The
points are averages of reported experimental values, and the curve is the result of a
simple theoretical calculation described in the text.
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cleus might be described as two smaller
nuclei in contact; the ten spherons of
the middle rings of the core of the
original nucleus have become part of
the mantles of the two daughter nu-
clei. This configuration would need only
a small additional deformation to reach
the saddle point in the energy surface.

The observed width of the distribu-
tion functions in mass number of the
fission products indicates that the
spherons that lie in the plane of the
fissure are essentially randomly dis-
tributed between the two daughter nu-
clei, as discussed below for asymmetric
fission.

A heavy fissionable nucleus, such as
U236 (formed by combination of U233
and a neutron), undergoes asymmetric
fission. This property can be related
to the structure assumed by its core in
the course of its prolate deformation.
In its normal state the nucleus has an
inner core of five spherons and an outer
core of 20 spherons (Fig. 3), with a
moderate prolate deformation, corre-
sponding to the trigonal bipyramidal
structure of the inner core (Fig. 10).
The instability resulting from Coulomb
repulsion of the protons leads to fur-
ther prolate deformation and to fission,
as described in the discussions based
on the liquid-drop model. These discus-
sions can be refined by consideration
of the change in structure of the core
with increasing prolate deformation of
the nucleus.

To within its reliability of one or
two units, the packing equation applies
to ellipsoidal as well as to spherical
nuclei. The more highly deformed core
of ¢U1442%¢ assumed in the course
of the fission reaction accordingly con-
tains about 25 spherons. The structural
principles discussed above lead to the
assignment to this core of the structure
shown at the left in Fig. 12. The outer
core consists of five rings, containing
3, 5,5, 5, and 3 spherons, with a
linear inner core of four spherons, in
the interstices of pairs of rings of the
outer core. By applying the chart of
Fig. 3 to protons, we identify the
spherons of the outer core and the
two central spherons of the inner core
as tritons; the two end spherons of
the inner core are dineutrons. The con-
figuration of each end spheron of the
inner core and its neighbors is the
KM configuration, and that of each of
the two others with its neighbors is
the icosahedral configuration.

The spherons of the mantle, 22
helions and 25 tritons, may be de-
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scribed as forming four rings, in the
grooves between pairs of rings of the
outer core, and two caps, one at each
end. The structure can be represented
by the following diagram, where A
represents the inner core, B the outer
core, and C the mantle.

A: n? t t n?

B: 3t 5t St 5t 3t

C: 6a  Sa,3V%t 9t 9t Sa, 3Vt ba
T

Plane of fission

In this assignment the assumption is
made that the 22 helions of the mantle
occupy the end regions of the highly
deformed nucleus, as a result of their
strong Coulomb repulsion.

The greater stability of the core than
of the mantle requires that fission oc-
cur along a plane between layers of
the core. The number of layers is odd
(five); accordingly the fission is not
symmetric, as for the lighter fissionable
nuclei (with four layers in the core),
but is asymmetric.

The proposed mechanism of fission
of U238 and other heavy fissionable
nuclei is illustrated in Fig. 12. The
nine tritons initially in the ring in the
plane of fission crowd into the two
end regions of the mantle, leaving a
circular fissure, as shown in the figure.
(This crowding is accompanied by the
motion of one or more spherons from
the poles of the mantle into the end
regions of the core.) Each of the two
outer-core rings of five spherons that
determine the plane of fission may then
be described as forming a part of the
mantle of a daughter nucleus, and the
large deformed nucleus may now be
described as a smaller and a larger
daughter nucleus in contact over the
surface area of five or six spherons.

Eleven of the 25 core spherons of
the parent nucleus thus become mantle
spherons of the daughters (ten in the
two rings of the outer core and one in
the inner core), leaving 14 for the
cores of the daughters. These cores
are seen from Fig. 3 or Eq. 1, how-
ever, to contain about 16 spherons, over
a range of partitions of the 144 neu-
trons between the two daughters. The
process of fission thus involves the
transfer of two (or perhaps three)
spherons from the mantle to the two
cores. This transfer could take place
in three ways (2, 0; 1, 1; 0, 2) for
two spherons and in four ways for
three spherons. The partition between
the two daughters of the nine tritons
of the ring initially in the fission plane

would be largely influenced by the na-
ture of the two cores. We are thus led
to a structural interpretation of alter-
native channels for the fission reac-
tion, which may account for the ob-
served fine structure in the distribution
function of fission products; the ob-
served peaks at A= 100 and 134 may
be ascribed to the transfer of two
spherons to the smaller core, to give
fission products with cores of six and
ten spherons.

Instead of attempting to introduce
such refinements, I shall report the re-
sult of a very simple statistical treat-
ment of the fission-product distribution
function. The location of the plane of
fission for U236 shown in the diagram
is such as to assign 1lq, 16%2¢, and
one dineutron to the lighter of the
two daughter nuclei (assuming equal
partition for the ten tritons in the fis-
sion plane). With one neutron prompt-
ly emitted by the light nucleus and 1.5
by the heavy nucleus, the average mass
numbers are 94.5 and 139, in close
agreement with experiment. The aver-
age charge of the light nucleus is
38.5, which is 1.2 larger than for con-
stant charge/mass ratio. This difference
has the correct sign but is larger than
the observed value (about 0.8). The
disproportionately large charge of the
light fission products results from their
larger share of the mantle.

The partition of the ten tritons in
the fission plane is, of course, dif-
ferent for different fission channels.
The curve in Fig. 13, corresponding
to random distribution of the ten tri-
tons, has been calculated with the de
Moivre approximation to the binomial
distribution function. The approxima-
tion to the experimental points (27)
suggests that good agreement could be
obtained by a more refined calculation
involving consideration of the various
channels for the fission reaction men-
tioned above.

The kinetic energy (22) of fission
products of U236 corrected for ioni-
zation defect, has the value 166.9
Meyv, which is the Coulomb energy of
the charges of pairs of daughter nu-
clei at the distance 18 f. This value is
not in disagreement with the proposed
mechanism of fission. The distance be-
tween the centers of the nuclei, con-
sidered as spheres, is 13 f, calculated
with the formula 1.35 A* f for the
contact radius. Coulomb repulsion
causes the nuclei to be distorted, how-
ever, and, moreover, the helions, carry-
ing much of the charge, are repelled
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to the opposite polar regions of the
two mantles, thus causing the distance
between the two centers of charge to
be somewhat larger than 13 f.

There is no structure for an elongated
core intermediate between that shown
in Fig. 11, with three inner-core spher-
ons, and that shown in Fig. 12, with
four. The transition between these struc-
tures is calculated by use of Eq. 1,
with n; = 22, to occur at n, = 69,
that is, at N = 138. It is accordingly
an expectation from the close-packed-
spheron theory that, as observed,
90AC13:227 (formed by bombardment of
Re?2¢ with 11-Mev protons) gives a
three-humped fission product distribu-
tion curve (23), which has been inter-
preted (24) as showing that both sym-
metric fission and asymmetric fission
occur.

Asymmetric fission is observed in
the spontaneous decomposition of
9sCf1562%% and other very heavy nu-
clei. We may ask when the transition
to symmetric fission would begin. The
next elongated core, in the series repre-
sented in Figs. 11 and 12, would con-
tain 31 spherons, and the transition to
it should occur for 28 spherons in the
core of the undistorted nucleus, that is,
at N = 163 (calculated with use of
Eq. 1). We conclude that 15,Lw,42%8
and adjacent nuclei should show both
asymmetric and symmetric fission.

Conclusion and Summary

The close-packed-spheron theory of
nuclear structure may be described as
a refinement of the shell model and
the liquid-drop model in which the
geometric consequences of the effec-
tively constant volumes of nucleons (ag-
gregated into spherons) are taken into
consideration. The spherons are as-
signed to concentric layers (mantle,
outer core, inner core, innermost core)
with use of a packing equation (Eq. 1),
and the assignment is related to the
principal quantum number of the shell
model. The theory has been applied in
the discussion of the sequence of sub-
subshells, magic numbers, the proton-
neutron ratio, prolate deformation of
nuclei, and symmetric and asymmetric
fission.
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in the terminal sugar, N-acetylgalac-
tosamine in A and p-galactose in B;
otherwise, the chains are identical.
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liar enanthiomorph of glucose, some-
thing “rout autre que le glucose,” at
a time when he began to focus his in-
terest on the study of sugar fermen-
tation. This period of Pasteur’s life
coincided with circumstances which,
according to Dubos (2), contrib-
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