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%e propose to overcome the present difficulties of superheavy-element production by
utilizing neutron capture at time constants between those associated with "prompt" and
"rapid" processes, i.e., by employing suitably controlled thermonuclear explosives.

Despite all efforts, the production or detection
of superheavy elements has so far proved impos-
sible. ' Recent results of conservative step-by-
step approaches with heavy-ion accelerators are,
however, cause for optimism; e.g. , odd-A Rf and
odd-odd Ha isotopes have unexpectedly long over-
all half-lives. One can therefore expect a marked
increase in stabilization at odd nucleon numbers
for the superheavy elements. This corroborates
our prediction' that it will be an odd-odd super-
heavy nucleus —such as "~111, "'113—which is
most stable (provided that its P decay does not
dominate strong decays).

Theoretical work has now converged to a point
where practically all approaches agree in the pre-
diction of a shell closure at 2 = 114, which was
first suggested over six years ago. ' Experimen-
tal nonconfirmation of 114 would establish com-
pletely unexpected effects, i.e., strong nonlinear-
ities absent in our present shell-structure theory.

Standard heavy-element production methods in-
volving heavy-ion fusion suffer from two basic
difficulties in all possible compound nuclei pro-
duced, viz. , (1) strong neutron deficiency, and
(2) high excitation energy. Attempts to overcome
the first of these by accelerating neutron-rich
fission fragments have been done at low flux with
Cf fragments. 4 Two-step fission-fusion processes
might also be realized with nuclear reactions at
energies above several GeV. Some of the neu-
tron-rich "chips" produced in proton or heavy-ion
induced reactions at very high energies will be in
the appropriate range of charge/mass and kinetic
energy for fusions with other nuclei in a (thick)
target, thereby forming superheavy compound
systems. '

It is, of course, quite possible that no com-
pound nuclei can be formed with sufficiently low
excitation by any of the above methods. This dif-
ficulty is crucial. It is only a shell closure that
can create a superheavy element "island" of rel-
ative stability. Gross structure stabilizations
are negligible in this area compared to shell ef-
fects—the latter being at best of order 10 MeV

in nuclear (spectral) gape or fission barriers.
According to recent estimates, ' any compound
nucleus —formed in reactions similar to Ge+ Th—will have an excitation energy of the order of
30. to 80 MeV. Empirical evidence unfortunately
points to at least 60 MeV'—wiping out possible
shell-structure stabilization and optimism for
producing superheavy elements this way.

The above difficulties could be avoided by
prompt-to-rapid' capture in a "laboratory super
r process" simulating to some extent the condi-
tions of the transuranium or transeinsteinium
part of the astrophysical r process' (and thus pro-
ducing similar capture/decay paths). Such ex-
periments certainly pose formidable technologi-
cal problems; we have no comment on this part
of the method except to mention that some experts
give it a reasonable chance. '

The major nuclear theoretical question is
whether capture chains of useful length can be
realized at high Z. In all previous experiments,
the terminal point proved to be "'Fm. High neu-
tron flux can dramatically improve the yield, as
was shown with the Hutch device, "but does not
lead to charges higher than those produced in
low-flux exposures or even reactors. The main
hurdle is the increase of the strong decays along
capture chains, especially the instability with
respect to neutron-induced fission. This trend
is suggested by conventional mass formulas with
surface symmetry terms. " Fission barriers de-
crease more rapidly than neutron separation
(threshold) energies with increasing neutron ex-
cess. The region useful for rapid-to-prompt cap-
ture/decay production paths is thus a band moved
to the neutron-rich side of the P-stability line by
normally more than 10 neutron numbers with a
width of 10 to 20." The most detailed investiga-
tions that have so far been published about this
apply to the astrophysical ~ process. "4

For the type of experiment we propose here
capture of neu—trons from thermonuclear explo

sions controlled to allozo some intermediate P de-
cay&—the maximum neutron excess limit is prac-
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tically the same as in the r process. (It is not
exactly the same due to different average neutron
temperatures and fluxes in prompt and rapid cap-
ture. ) The total bandwidth could unfortunately be
much less than 20 neutrons since the minimum
neutron excess limit has to be moved up to a
point where P decay is not much slower than the
longest achievable total exposure time or the
longest time lapse between (hot) multiple expo-
sures.

The real capture-chain cutoffs, of course, have
shell structure" and are much sharper than ex-
pected from average trends due to strong odd-
even effects in the high-Z region: For example,
the overall half-life of '"Fm is ten orders of
magnitude shorter than that of its odd-A. neighbor,
"7Fm. Similarly increased odd-even effects are
exhibited in the half-lives of the heaviest ele-
ments produced so far, e.g. , in Hf and Ha iso-
topes, as mentioned earlier. Thus, even-even
(ee) isotopes constitute a major set of hurdles in
the region of interest: Not only is P decay slow-
est, but (strong) nuclear decay is enhanced by
many orders of magnitude. This causes neutron
capture-decay chains to be strongly depleted or
even terminated when passing through high-Z, ee
nuclei. A sizable part of the staggering observed
in prompt-capture yield curves might therefore
be due to odd-even effects in the fission competi-
tion, as was suggested some time ago by Dorn
and Boff." Fortunately, we can construct many
capture/decay paths that circumvent ee nuclei,
as indicated in Fig. 1: Favored are all cases
where even numbers of neutrons are captured at
odd Z alternating with even numbers of intermedi-
ate P decays.

Present capture data indicate an additional help-
ful nonmonotonic behavior with increasing neutron
excess, namely, the existence of unlinked islands
of relative stability in transuranium isotopes.
As was pointed out in Eccles's review, "the use
of targets of Np, Pu, and Am showed that each
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FIG. 1. Capture/decay paths circumventing even-
even nuc1ei.

of these Z & 92 capture chains suffered from fis-
sion to a significant degree. On the other hand,
the production of elements up to "'Fm from U

targets after prompt capture —through a baryon
number conserving reaction —must pass through
isotopes which all have strong decay half-lives
that are sufficiently long to allow P-decay compe-
tition.

These findings imply that, everywhere along
capture chains with 92 «Z «100 and A & 258, the
spontaneous fission lifetimes are long. For suf-
ficiently large neutron excess, additional neutron
capture does not lead to high excitation so that
(low-energy) neutron-induced fission should not
be much faster than spontaneous fission (at N+1)
at least for even N isotopes. This suggests the
existence of several unlinked or "island" Am and
Pu isotopes of relative stability disconnected
from the Am/Pu chains by (4 2 247) isotopes with

strong decay half-lives which are too short for
P-decay competition. Similar areas of stability
were introduced in calculations of x-process su-
perheavy-element production. '"

On the basis of the above, we suggest the fol-
lowing two stages for prompt-to-rapid-capture
superheavy-element synthesis:

First, a Hutch-type experiment arranged to
allow quick access to the milligram quantities
produced by Es and Fm isotopes. Capture in U

targets is well understood" and, in fact, singu-
larly effective in yielding macroscojic quantities
of Es/Fm. In all previous experiments, over 90%
target material losses were due to the initial fast
(14-MeV) neutron-induced fission. Additional
yield improvements might therefore be possible
by the use of effective fast-flux shielding or mod-
eration.

The second stage would be the exposure of Es/
Fm targets to thermonuclear fluxes in an arrange-
ment that allows fast intermediate P decays; for
example, by catching a part of the plasma emerg-
ing from an initial shot at the site of a subsequent
explosion ("sequential exposure") or by extending
the duration of just one low-energy, 20-keV equi-
valent, neutron flux exposure, or by combining
these methods.

As indicated schematically in Fig. 2, a typical
double shot, with time lapse &10 ' sec, should
allow about four intermediate P decays, thus
yielding neutron-rich Lr and Rf isotopes which,
upon capture of about fourteen neutrons, can de-
cay to Z -111. Sequential exposures introduce
large losses. However, useful yields are still
possible because of the macroscopic nature of
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such experiments (producing up to 10"times as
many nuclei as heavy-ion reactions).

The lowest useful exposure-time extension is
determined by the fastest realizable P decays for
transcalifornium elements up to Rf with A - 273
to 281. Our lower-limit estimates range from 17
to 0.5 msec according to the simple formula of
Ref. 9, using the P energies of a recent mass-
formula extrapolation" which is consistent with
current nuclear matter theory. Extension by a
factor of 10' relative to normal (20-keV equiva-
lent prompt neutron) flux duration is therefore
the very lowest reasonable limit. A possible
advantage is that multimillisecond exposures can
be successful at neutron fluxes an order of mag-
nitude below those of Hutch. " The extended ex-
posure allows smaller bandwidth capture/decay
paths, more "zig zags" than Fig. 2, which is de-
sirable in order to minimize strong decay deple-
tion at the neutron-rich corners.

The upper limit for the time lapse beween sub-
sequent exposures depends on the intermediate
depletion that can be tolerated. This time con-
stant is therefore given by the fastest strong de-
cays for the non-ee neutron-rich isotopes of ele-
ments with 99 Z 105. The uncertainty in the
fission lifetime extrapolations based on Nilsson-
Strutinsky calculations" and other current phe-
nomenologies is so large that it automatically
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FIG. 2. Paths in a "double-shot" experiment. Two
sequential nuclear explosions are used to provide in-
tense neutron fluxes that are separated in time by about
0.01 sec. During this time, some of the neutron-rich
nuclei produced in the first irradiation should undergo
about four P decays. This leads to moderately unstable
heavy nuclei with large proton numbers that serve as
targets for the next irradiation. In this two-step, or a
more general multistep, process, the magnitude of
{IV-Z) /A (governing fission depletion) for the most
neutron-rich nuclei that must be produced in order to
reach the island of superheavy nuclei is much smaller
than in ordinary one-step nuclear explosions.

embraces the range of practical interest, namely,
10 "' sec; i.e., one order of magnitude above
fastest P decays, and of the order of shock-wave
travel times for the usual distances (cf. the Mar-
vel event" ").

Note: The more or less prompt methods pro-
posed here can tolerate competition of much fast-
er strong decays than conventional r processes—hypothesized to reach the superheavy island. '
Heavy-ion fusion might succeed earlier in "nam-
ing" some short-lived neutron-deficient super-
heavy elements. However, neutron capture from
explosives could very well be the only method
reaching the center of the predicted island while
yielding man oscopic quantities of superheavy
elements.

I am greatly indebted to Professor Edward Tel-
ler for encouragement and discussions during
which he suggested many of the ideas described
here.
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Direct calculations of the nuclear surface energy are made for a Hamiltonian contain-
ing the Skyrme nucleon-nucleon interaction. A plane surface separating nuclear matter
and a neutron gas or a vacuum is considered in Hartree-Fock and Thomas-Fermi ap-
proximations. These surface energies are incorporated in the compressible liquid-drop
model to obtain properties of neutron-star matter. The Hartree-Fock results lead to g
values for the nuclei roughly constant at around/ 36-38.

Neutron-star matter at densities between 4X10" the atomic number Z is directly proportional to
gm/cm' and approximately nuclear densities con- the energy per unit area of the nuclear surface.
sists of neutron-rich nuclei immersed in a gas of In the calculation of Baym, Bethe, and Pethick
pure neutrons. The size of the nuclei is deter- (BBP) the surface energy inserted into their com-
mined by competition between the nuclear surface pressible liquid-drop model was estimated on the
energy and the electrostatic Coulomb energy, and basis of dimensional arguments. The resulting


