
Predictions for
superheavy nuclei
The quest for ever-heavier nuclei turns to heavy-ion accelerators
that could produce hundreds of excited short-lived species
—and possibly a few, in their ground states, that live for years.

James Rayford Nix

A frantic search for nuclei considerably
heavier than any known up to now has
been going on for the past five years.
The search for these "superheavy " nuclei
has included attempts to produce them
artificially, as products of various re-
actions at accelerators throughout the
world, as well as attempts to find them
in nature. Man's quest in nature has
led him from a 14th-century Russian
Orthodox church to the ocean floor off
the Fiji Islands, from California plati-
num and gold mines to meteorites and
moon rocks. None of these attempts
have yet resulted in any conclusive
evidence for the existence of superheavy
nuclei. But with the Berkeley Super-
HILAC now joining accelerators in the
USSR and France that are potentially
capable of producing them, the coming
years will witness a renewed search for
these nuclei, whose existence was pre-
dicted seven years ago.

Why are such nuclei expected to be so
stable against their various modes of
decay? What are the best methods for
trying to produce them? And if we are
able to produce them, what will be their
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chemical and physical properties?
These are the topics I shall discuss here.

Qualitative considerations

One finds in nature some 300 nuclei,
representing isotopes of elements con-
taining from one to at most 94 protons.
These naturally occurring nuclei are
seen in figure 1, along with some 1200
additional nuclei that have been made
artificially in the past 50 years; the
heaviest nucleus produced to date has
105 protons and a mass number of 262.

This "peninsula" of known nuclei
terminates because of nuclear fission.
As we move along the peninsula toward
heavier nuclei, the disruptive Coulomb
forces grow faster than the cohesive
nuclear forces, and spontaneous fission
becomes a rapid mode of decay. In
addition, the large Coulomb forces cause
heavy nuclei to decay rapidly by the
emission of alpha particles.

If spontaneous fission and alpha de-
cay become so likely for heavy nuclei,
how can we hope to find an island of still
heavier nuclei past the end of the penin-
sula? The answer lies in the extra
stability that arises from the closing
of a proton or neutron shell. As we
increase the particle number of nuclei
along the peninsula, successive protons
and neutrons go into definite single-
particle orbits. When a given shell of

protons or neutrons is completely filled,
that nucleus has relatively lower energy,
that is, extra binding and hence in-
creased stability. Elements corre-
sponding to the closing of proton shells
are indicated in the figure.

The magnitude of this extra binding
can be seen in figure 2. The points
represent the difference between the
measured ground-state masses of nuclei
and the smooth contribution to the
masses from the liquid-drop model, or
in other words, the experimental effect
of single particles on the ground-state
energy.1 The single-particle effect
is plotted against proton number 1
and against neutron number N. We
see empirically that the closing of a
single major shell leads to some 5 MeV
additional binding energy, and the
closing of both a proton and a neutron
shell, such as at Pb208 (Z = 82, N = 126),
to over 10-MeV extra energy. It turns
out that to a fairly good approxima-
tion the height of the potential barrier
against fission is increased just by the
amount of this additional binding.

The next shell closures beyond lead
are predicted to occur at 114 protons
and 184 neutrons, corresponding to a
mass number of 298. In the absence of
single-particle effects, the fission barrier
of such a superheavy nucleus would be
vanishingly small. But this closing of
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two shells leads to a fission barrier some
10 MeV high. Now, this is a substantial
barrier: For comparison, the barriers
of conventional nuclei such as uranium
are only about 5 MeV high! Thus
superheavy nuclei with nearly closed
proton and neutron shells should be
relatively stable against spontaneous
fission, even though nuclei between the
end of the peninsula and the island
are not.

The extra binding also increases nu-
clear stability against the emission of
alpha particles but only for the closed-
shell and lighter nuclei. The alpha-
emission probability is actually in-
creased for heavier nuclei decaying to-
ward a closed shell; 'this increased
probability is responsible for the absence
of naturally occurring nuclei just heavier
than lead. We therefore expect nuclei
in the center and in the lower left-
hand part of the island to be relatively
stable against alpha decay, but nuclei
in the upper part of the island should
decay rapidly by alpha emission.

Finally, from the trend of the penin-
sula you would expect the line of sta-
bility against beta decay to pass almost
precisely through the center of the
island. This means that at least some
of these nuclei should also be stable
against beta decay (including electron
capture).

We have seen simple, qualitative
arguments for expecting nuclei in the
region of H4X29S to be relatively stable
with respect to spontaneous fission,
alpha decay and beta decay, the three
relevant modes of decay. How has the
search for these supposedly stable
superheavy nuclei proceeded?

Historical comments

Although the possibility of super-
heavy nuclei had been considered much
earlier, the modern widespread interest
in them began seven years ago in Berke-
ley as a result of two independent devel-
opments.2 The first of these was the
estimate by William Myers and Wlady-
slaw Swiatecki that the fission barrier
of a superheavy nucleus should be sev-
eral MeV high, and the second was the
suggestion by Heiner Meldner that the
next closed proton shell after 82 is 114.
It had always been thought before, in
analogy with the case for neutrons, that
126 would be the next closed proton shell.
The Coulomb force, which becomes
increasingly important for heavier nu-
clei, is responsible for this difference.
Additional evidence that 114 is the next
closed proton shell was provided soon
by several other calculations.

Shortly after these two initial develop-
ments, Vilen Strutinsky developed an
improved method for calculating the

Location of sought-for superheavy nuclei
relative to observed nuclei. Each nucleus
is positioned according to the number of
protons and the number of neutrons it
contains. The known nuclei are seen to
form a "peninsula," and the superheavy
nuclei that we may be able to produce lie
on an "island" well beyond the tip of the
peninsula. Heaviest points represent
naturally occurring nuclei, middle-size
points represent nuclei with halflives greater
than one year, and lightest points represent
nuclei with halflives less than one year.
Figure 1
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Increased stability of nuclei near closed
shells. The measured ground-stale masses
of nuclei relative to a smooth liquid-drop
mass formula show characteristic
fluctuations that arise from single-particle
effects. Note especially the increased
binding energy of nuclei that contain
approximately 82 protons or 126 neutrons;
a similar increase is expected to appear
again at 114 protons and 184 neutrons.
Figure 2

potential energy of a nucleus as a func-
tion of its shape,3 and he and his co-
workers used the method to calculate
the fission barriers of several superheavy
nuclei.4 Then, Sven Gosta Nilsson and
his coworkers applied Strutinsky's
method to a generalized harmonic-
oscillator single-particle potential' to
make the first systematic survey of the
expected stability of superheavy nu-
clei.5 More recently, several other
groups have also begun to consider this

problem. I cannot here review every-
one's contributions but instead will
describe those results that best illus-
trate the physical principles involved
and our current expectations concerning
superheavy nuclei. (Exhaustive ref-
erences to both the early and more
recent work on superheavy nuclei can
be found in reference 6.)

Nuclear stability

As we have seen, one of the possible
modes of decay of a superheavy nucleus
is spontaneous fission. During fission
the shape of the nucleus changes in a
way that is illustrated on the left-hand
side of figure 3. To determine the sta-
bility of the nucleus against fission, we
must calculate its potential energy as a
function of deformations such as these.

How should we go about doing these
calculations? Should we not start with
a fundamental nucleon-nucleon inter-
action derived from scattering data and
solve the appropriate many-body equa-
tions in some approximation, for ex-
ample the Hartree-Fock approxima-
tion? These procedures are very basic
in principle, but in practice they have
difficulties even describing such essen-
tial properties as the total binding
energy and radii of spherical nuclei.
In addition, such first-principles cal-

culations have not yet been carried out
for the large deformations that are
encountered in fission.

Fortunately, an alternative method
has been developed that overcomes
these difficulties. This method is a
two-part approach, with the smooth
trends of the potential energy taken
from a macroscopic model and the local
fluctuations from a microscopic model.
The basic idea is that a macroscopic
approach such as the liquid-drop model
describes quantitatively the smooth
trends of the nuclear potential energy
but not the local fluctuations, whereas
a microscopic approach such as the
single-particle model describes the
local fluctuations but not the smooth
trends. So, why not synthesize the two?
The combined macroscopic-microscopic
method should then, we hope, reproduce
both the smooth trends and the local
fluctuations. The steps involved in
calculating the potential energy by this
method are:
• Specify nuclear shape
• Calculate macroscopic (liquid-drop)
energy
• Generate single-particle potential
felt by nucleons
• Solve Schrodinger equation for single-
particle energies
• Calculate the appropriate micro-
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corresponding spin-independent nuclear
single-particle potentials, for deformation
varying from zero (spherical) through 0.4.
The equipotential curves are shown for 10
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the well depth. The total potential felt by a
nucleon also contains a spin-orbit term and,
for protons, a Coulomb term.
Figure 3

scopic (shell and pairing) corrections.
• Add results of second and fifth steps
to obtain total potential energy

This macroscopic-microscopic meth-
od has already helped solve longstand-
ing puzzles in fission, such as the divi-
sion of heavy nuclei into fragments of
unequal size, as well as more recent
problems, such as spontaneously fission-
ing isomers. The same method can also
be used to discuss in a unified way such
related areas as heavy-ion reactions and
nuclear ground-state masses and defor-
mations. There are still difficulties in
justifying the method from basic prin-
ciples. But at present it is the only
practical way to calculate fission bar-
riers, and the method has now been
used by some half-dozen groups through-
out the world.

An example of these calculations is
shown in figure 4, which summarizes
the fission barriers for superheavy nuclei
that Mark Bolsterli, Edmund Fiset,
John Norton and I have calculated
recently at Los Alamos.7 The liquid-
drop contributions to the barriers are,
we see, very small. Stability against
fission arises primarily from the nega-
tive single-particle correction for the
spherical shape.

The barrier for the doubly closed-
shell nucleus u4X2 '98 is 13 MeV high.

As neutrons are added beyond 184, the
barrier height decreases drastically.
Subtracting neutrons also lowers the
barrier but not as much as if the same
number were added. When a small
number of protons are added beyond
114, the barrier height actually increases
slightly. When protons are subtracted,
the barrier is again lowered.

Spontaneous fission is a tunneling
process through potential barriers such
as these. However, the stability of a
nucleus with respect to spontaneous
fission is determined not only by its
potential barrier, but also by the inertia,
or effective mass, associated with the
deformation. The inertia can be deter-
mined semiempirically by adjusting
its value to reproduce known spon-
taneous-fission halflives of actinide
nuclei, or alternatively it can be cal-
culated by means of the microscopic
"cranking" or "pushing" formalism.
In this latter method the nucleus is
forced externally into a given type of
collective motion, and the inertia is then
deduced from the increase in energy
arising from this motion.

Once both the potential barrier and
the inertia are known, the spontaneous-
fission halflife is determined by use of
the WKB (quasiclassical) approxima-
tion for penetrability through the bar-

rier. The halflives calculated for these
barriers and a semiempirical estimate
for the inertia are given in figure 5.8

These results are for even nuclei, that is,
nuclei that contain even numbers of
protons and neutrons.

As we move away from the doubly
closed-shell nucleus with 114 protons
and 184 neutrons, the calculated spon-
taneous-fission halflives decrease from
1015 years for nuclei along the inner
contour to 10~5 years (about 5 min)
for nuclei along the outer contour.
With respect to spontaneous fission, the
island of superheavy nuclei is a moun-
tain ridge running north and south,
with the descent down to the sea of
instability most gentle in the northwest
direction.

The peak at n4X2 9 8 in the spontane-
ous-fission halflives is connected topo-
logically to the peninsula of known nu-
clei by a saddle point of height 1013 years
at 108 protons and 184 neutrons. Thus,
along the 184-neutron shell the spon-
taneous-fission halflives increase as the
proton number decreases below 108,
whereas to either side of 184 neutrons
they drop off precipitously. These
neutron-rich nuclei are of course beta
unstable.

Figure 5 also shows the calculated
halflives with respect to alpha decay
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and beta decay for even nuclei.8 These
half lives are determined, by fairly
standard approximations, from the
energy released in the decays; this
energy is found from the calculated
ground-state masses of the nuclei in-
volved. As we increase the proton
number, the calculated alpha-decay
halflives decrease from 1015 years for
nuclei along the bottom contour to 10""15

years (about 30 nanosec) for nuclei along
the top contour. The discontinuities
arise from the effects of closed neutron
and proton shells and the transitions
from spherical to deformed nuclei.
As we move away from the beta-stable
nuclei, which are indicated by the
points, calculated beta-decay halflives
decrease from one year for nuclei along
the inner contours to 10 "7 years (about 3
sec) for nuclei along the outer contours.

The total halflives are determined
by considering all three decay modes.
For even nuclei the halflives decrease
from 105 years for nuclei along the inner
contour to 10 ~15 years for nuclei along
the top contour. For nuclei with odd
numbers of protons or neutrons, the
spontaneous-fission and alpha-decay
halflives increase relative to the values
for even nuclei, but the beta-decay
halflives decrease. After odd-particle
effects are taken into account, the even
nucleus noX294 has the longest calcu-
lated total halflife, which is 109 years.
(The superheavy nuclei included in
figure 1 have total halflives longer than
10 ~5 years.)

Methods of production
By this point, we should all be hopeful

that some superheavy nuclei are going

to be relatively stable if they can be
formed in their ground states. But
before I describe the two general meth-
ods by which this may conceivably be
done, we should remind ourselves that
there may be defects in any theory.
For example, in a recent synthesis of an
isotope of fermium,9 the experimentally
determined halflife was only about
10~8 times that predicted, and it is not
yet clear where the error in this case lies.

The two methods for producing super-
heavy nuclei are multiple capture of
neutrons and a reaction involving two
fairly heavy nuclei. The former meth-
od, which is like trying to swim over
to the island, would produce nuclei in
the southeastern, or neutron-rich side
of the island. There are two major
variations, the so-called "r" process
and nuclear explosions. In the r process
(duration about ten seconds), a given
nucleus successively increases its mass
by capturing one or more neutrons and
its proton number by emitting a beta
particle, and so on. Many naturally
occurring nuclei were made in super-
novas by this process. In a nuclear
explosion (duration less than or equal to
about 10~6 sec), everything occurs so
quickly that a nucleus does not have
time to beta decay and then capture
more neutrons; instead, the nucleus
must initially capture sufficient neu-
trons that subsequent beta decays would
take it to the region of superheavy nu-
clei.

Unfortunately, both these variations
are fraught with the same basic limita-
tion: Intermediate nuclei formed be-
tween the peninsula and the island end
the process by undergoing fission.

Calculated fission barriers for superheavy
nuclei. The colored curves give the liquid-
drop contributions, and the black curves
give the total potential energies.
Figure 4

Although this conclusion is not defi-
nitely established, it appears unlikely
that superheavy nuclei can be made by
either the r process in nature or arti-
ficially by nuclear explosions.

This prospect, then, leaves heavy-ion
reactions as the primary hope. The
method, which is like trying to fly over
to the island, produces nuclei in the
northwestern, or neutron-deficient side
of the island. Two fairly heavy nuclei
are brought into contact by accelerating
one of them in a heavy-ion accelerator
such as the Berkeley SuperHILAC.
These two nuclei could combine to form
a superheavy nucleus, plus some addi-
tional particles that carry off surplus
energy.

There are several ways to classify the
different types of heavy-ion reactions
for producing superheavy nuclei; I shall
classify them here according to the
reaction mechanism involved. The
possibilities are compound-nucleus for-
mation, direct transfer reactions and
fission. In compound-nucleus forma-
tion, a target and projectile are brought
together to form an excited compound
nucleus. In most cases this nucleus
will undergo fission, but there is also
some probability that it will instead de-
excite by the emission of neutrons. In
a direct transfer reaction, the target
and projectile do not completely fuse,
but instead a light particle is released
during the original interaction. This
light particle can carry away some en-
ergy and angular momentum that would
otherwise.remain as undesirable excita-
tion energy and rotational^- nergy.
In the. fission mechanism, a heavy
target and projectile, such as uranium
plus uranium, fuse to form a massive
excited nucleus. This nucleus then
undergoes fission, the hope being that
one of the fission fragments will be a
superheavy nucleus.

As we see in Table 1, the most likely
reaction mechanism for producing a
superheavy nucleus is expected to
change from compound-nucleus forma-
tion to a direct transfer reaction to
fission as the total mass of the combined
system increases, although there is
considerable overlap in these mecha-
nisms.
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Table 1. Heavy-Ion Reaction Mechanisms for Producing Superheavy Nuclei

Mechanism

Compound-nucleus
formation

Direct transfer
reaction

Fission

M Th 2 3 2 -

eoNd150 +

94PU244

7 8 Pt 1 9 8 -

92U2 3 8

1- 32Ge76

eoNd'50

+ 4oZr96

1- 78Pt198

+ 92U238

Examples

^ y308*

^ y300^

1 1 4 A T 20^o

—116 X3 0 0* + 2 0 Ca 4 8 * +

— 184X 4 7 6 *— 1 1 4 X 2 9 8 *

2 0 C a 4 8 *

+ 70Yb178*

Neutron-
proton
ratio

Poor

Poorest

Fair

Good

Good

Angular
momentum

Moderate

Large

Moderate

Large

Moderate

Internal
excitation

Moderate

Lower

Low?

Low?

?

Nuclear
distortions

Smaller

Moderate

Small?

Small?

Large?

Inherent heavy-ion problems

Table 1 also lists the four major dif-
ficulties that plague attempts to pro-
duce superheavy nuclei by heavy-ion
reactions. These difficulties concern
forming a system with a sufficiently high
neutron-proton ratio, with only a small
amount of angular momentum, with
only a small amount of excitation energy
and in a nearly spherical shape. Un-
fortunately, none of the reaction mecha-
nisms overcome all these difficulties:
The mechanism that is best for one pur-
pose is usually worst for another.

The first difficulty arises because
beta-stable nuclei become increasingly
neutron-rich with increasing mass
number, so that it is difficult to obtain
a sufficiently large number of neutrons
in the final system. The second dif-
ficulty results from the unusually large
angular momentum involved in heavy-
ion reactions; this reduces the effective
height of the fission barrier and con-
sequently hinders or even prevents
altogether the formation of a superheavy
nucleus.

The third difficulty is the effect of the
internal excitation energy on the fission
probability. To form a superheavy
nucleus, this energy must be dissipated
through the emission of neutrons (or
alpha particles) and gamma rays before
the system undergoes fission. Unfor-
tunately, the probability for this hap-
pening is very small even for moderate
excitations, because the high fission
barrier for a superheavy nucleus in its
ground state is created by protons and
neutrons occupying closed shells. At
high excitation energies, many particles
are elevated to higher states, which re-
duces the effects of the closed shells.
This in turn reduces the barrier height
(in a loose manner of speaking) and
hence greatly increases the fission
probability.

The fourth difficulty comes about
because a relatively small distortion
can initiate fission in a superheavy
nucleus. The fission barrier of a super-
heavy nucleus is much thinner than the
barrier for a conventional nucleus such
as uranium: Uranium does not undergo
fission until it is deformed past a very

g 114

108 -

172 178 184 190 172 178

NEUTRON NUMBER N

184 190

Halflives calculated for even superheavy
nuclei. The numbers shown are the
halflives in years against spontaneous
fission (a), alpha decay (b), electron
capture and beta decay (c) and all decay
processes (d). In the last part we have
divided the beta-stable nuclei into two
groups: those nuclei with total halflives
that are longer than one year (black points)
and those nuclei with total halflives that are
shorter than one year (colored points).
Figure 5
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Two heavy-ion reactions of the compound-
nucleus type. Calculations show that, in
most cases, the excited nuclei that are
formed fission rapidly (upper curves).
There is a very small probability that they
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neutrons and some gamma rays (straight
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successive electron captures followed by
spontaneous fission of the final nucleus
112X

288 ends the series.
Figure 6

elongated saddle-point shape, but a
superheavy nucleus will undergo fission
once it is deformed past a saddle-point
shape of very small eccentricity. There-
fore, a superheavy nucleus must be
formed in a nearly spherical shape if it
is not to undergo fission immediately.

To do this in a heavy-ion reaction, we
start with two spherical (or slightly
deformed) nuclei at infinity and bring
them together by accelerating one of
them. At the moment of first touching,
the two nuclei are still nearly spherical
and are moving fairly slowly, because
most of their original kinetic energy
has been converted into Coulomb po-
tential energy. After the nuclei have
touched, there are strong forces perpen-
dicular to the path that leads from the
configuration of two tangent spheres to
a single sphere. Therefore, to reach the
single-sphere configuration, the two
nuclei must be brought together with
somewhat more energy than is needed to
make them just touch. If the energy
is too low, the dynamical path will bend
back around toward immediate fission.
If the energy is too high, the path will
overshoot and then lead to fission. If
the energy is just right, the system will,
we hope, reach the single-sphere con-
figuration and start oscillating about it.
The presence of a finite nuclear viscosity
converts the energy in these oscillations
into internal excitation energy, which
must be dissipated rapidly through the
emission of neutrons before the nucleus
fissions.

The first reaction mechanism that has
been tried experimentally, and that will
continue to be tried for some time, is

compound-nucleus formation with a
heavy target and light projectile.10-11

In addition to its own relative attractive-
ness, as predicted by theory, this choice
is technologically easiest because it
requires accelerating lighter ions.
Figure 6 illustrates the possible fate of
two such reactions.8 In both cases the
excited compound nuclei will usually
undergo fission, but there is also a very
small probability they will de-excite by
emitting about four neutrons and some
gamma rays. When this occurs, the
resulting nuclei in their ground states
are predicted to decay primarily by the
rapid emission of a series of high-energy
alpha particles. However, once the
closed proton shell at Z — 114 is reached,
electron capture becomes the predomi-
nant decay mode. After two successive
electron captures, the final nucleus
112X288 terminates the series by under-
going spontaneous fission with a half-
life of 0.8 hours.

Reactions in which the excitation
energy is carried off by an alpha particle
and two neutrons rather than by four
neutrons are also possible. The decay
paths for such reactions are similar to
those shown in figure 6 but are dis-
placed two neutrons to the right. The
final nucleus 112X290 in this decay chain
has a spontaneous-fission halflife of 0.2
years. If the decay path involves nuclei
with an odd number of neutrons or pro-
tons, then the enhanced probability for
electron capture relative to spontaneous
fission and alpha decay can lead to final
nuclei that are even more long-lived.
For example, reactions in which the
excitation energy is carried off by three

neutrons (with or without the prompt
emission of an alpha particle) lead pri-
marily to the final nucleus noX28a,
which decays by spontaneous fission
with a halflife of 1.6 years.

The reactions that already have been
tried experimentally10-11 are somewhat
less favorable than these. Although
no conclusive evidence was found for the
formation of superheavy nuclei in their
ground states, measurements of the
kinetic energies of the resulting frag-
ments in some cases suggest that the
targets and projectiles do indeed suc-
cessfully complete the first step, namely
fusing to form a single nucleus.11 How-
ever, the nuclei that are produced are
highly excited and deformed, and they
probably undergo prompt fission into
two fragments of comparable size,
rather than de-exciting by neutron
emission.

Predicting the properties

Suppose that we are ultimately suc-
cessful in producing superheavy nuclei
by one means or another. What chemi-
cal and physical properties should they
have? Figure 7 is a periodic table that
includes elements heavier than those
already discovered. Elements are ar-
ranged in a periodic table according to
the order in which the electrons—rather
than the nucleons—fill their orbits.
This order can be learned by doing self-
consistent calculations for the electrons
surrounding the nuclei, for example
relativistic Hartree-Fock calculations.

Such calculations have been per'
formed by several groups at Los Alamos
and elsewhere, and the results indicate
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that the order of filling electronic orbits
is somewhat more complicated than had
been supposed. For example, we had
always thought that elements 103
through 120 would fill their orbits in the
analogous way to those in the preceding
row in the periodic table, but Joseph
Mann's recent calculations suggest that
there are exceptions at elements 103,
110 and 111. Also, beginning with
element 121 the order of filling the
shells is different from the order in the
actinide elements.12 These differences
arise from relativistic effects associated
with the higher charge of these elements.
Therefore, whereas element 114 and
lead, for example, should have anal-
ogous chemical properties, the chemical
properties of some of the other super-
heavy elements and their lighter homo-

logs should be somewhat less similar.
Electronic self-consistent field cal-

culations can also be used for predicting
other chemical and physical proper-
ties,12-13 such as we see in Table 2.
The electronic ground-state configura-
tion of element 114 is, we have already
noted, analogous to that of lead; the
electrons are simply filling the next
shell. But lead is primarily divalent
and is sometimes tetravalent, where-
as element 114 is expected to be purely
divalent. The ionization potential for
element 114 should be only slightly
higher than that for lead, but the x-ray
energies will be substantially higher.
Element 114 should be somewhat more
dense than lead. Finally, the melting
and boiling points for element 114 are
predicted to be substantially lower than
those for lead, but these predictions
arise from a complicated extrapolation
and consequently are more uncertain
than the other results-13

The properties I shall consider last
are associated with the fission of a
superheavy nucleus.14 Because of the
increased Coulomb energy that arises
from the higher charge of superheavy
nuclei, substantially more energy is
released when a superheavy nucleus
divides than when a conventional nu-
cleus divides. For example, as we see in

Table 3, the energy release per binary
fission is expected to increase by over
50% from plutonium to element 114.
(Actually, more energy is released for
nuclei heavier than rare-earth nuclei
if the division is into three fragments
rather than into two. This of course
does not mean that superheavy nuclei
will divide predominantly into three
fragments, but the frequency of ternary
divisions should be higher for super-
heavy nuclei than for conventional
nuclei.) The larger fraction of this
energy is the translational kinetic energy
of the centers of mass of the fission frag-
ments themselves. The remaining por-
tion is excitation energy of the frag-
ments; this energy is dissipated pri-
marily through the emission of neutrons.
The excitation energy is roughly three
times as large for superheavy nuclei
as for Pu240. In addition, less energy
is needed to emit a neutron from a frag-
ment that results from the fission of a
superheavy nucleus, because these frag-
ments are more neutron-rich than those
from Pu240. The two effects combined
mean that almost four times as many
neutrons should be released in the
fission of a superheavy nucleus as in the
fission of Pu240! For example, on the
average 2.8 neutrons are released when
Pu240 undergoes fission, but we expect
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Anode Dark
Volts/ Current
Overall NanoampsDia.

2"

3"

3.5"

4"

5"

Type
No.

9656R

9708R

Amps/
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50

50

1150

1250

9531R 200

9732R 50

9709R 50

1300 25

1250 10

1350 15

Note that the anode dark current is given for the
overall voltage at the specified overall sensitivity.
The maximum overall sensitivity is 10 times the
values given above. Each Tube is individually cali-
brated and data is supplied with the tube.
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and technical information on the complete range
of EMI photomultipliers.
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Table 2. Comparison of Predicted Chemical and Physical Properties
of i,4X298 with Observed Values for Pb208

Property Pb208
4X298

Electronic ground-state
configuration

Oxidation state

lonization potential (eV)

KQ1 x-ray energy (keV)

Density (grams/cm3)

Melting point (deg C)

Boiling point (deg C)

Xecore + 4 f u 5d 1 0 6s 2 6p 2

+ 2 (+4)
7.4

75

11

327

1620

Rn core + 5f146d107s27p2

+ 2
8.8

174

14

67

147

Table 3. Comparison of Predicted Fission Properties of Superheavy Nuclei with
Observed Values for Pu240

Fissioning
nucleus

iuX298

1 1 OX 2 9 4

Pu240

Energy release
per fission

(MeV)

317

290
205

Translational
kinetic energy

(MeV)

235
216
178

Excitation
energy
(MeV)

82
74
27

Number of
neutrons per

fission

10.5
10.6

2.8

some 10.5 neutrons to be released in the
fission of i^X298 . This predicted in-
crease is providing the basis for several
experimental searches for superheavy
nuclei in nature.

The coming years will witness the for-
mation of hundreds of excited super-
heavy nuclei that live for a few nuclear
periods. But can any of these nuclei
escape a rapid death by fission and suc-
cessfully de-excite to become long-lived
ground-state nuclei? This is the ques-
tion we are waiting for the experimental-
ists to answer.

This article is an updated adaptation of talks
presented at the Spring Meeting of the Amer-
ican Physical Society in Washington, D. C,
April 1970, and at the International Confer-
ence on the Properties of Nuclei Far From the
Region of Beta-Stability in Leysin, Switzer-
land, August-September 1970. The work
was performed under the auspices of the US
Atomic Energy Commission.
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