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Calculated Half-Lives of Superheavy Nuclei near 3%[126]
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For nuclei in the region of of 126 protons and 228 neutrons we use the macroscopic-mi-
croscopic method to calculate fission barriers, a-decay energies, and g-decay energies,
as well as half-lives with respect to spontaneous fission and « decay. The nucleus 3*4[126)
is found to be B stable, but its spontaneous-fission half-life is only 39 ms and its a-de-

cay half-life is only 18 yr.

Many theoretical calculations!™® have indicated
the possibility of an island of relatively stable
superheavy elements (half-lives ~10°-10'° yr)
near the predicted magic proton number Z =114
and magic neutron number N =184, The nucleus
294[110] is predicted to be the most stable nucle-
us in this region when spontaneous fission, o de-
cay, and 3 decay are all considered. Half-lives
have also been calculated for much heavier ele-
ments, for example, nuclei near 472[164], with
somewhat diverse results,*™®

Despite considerable efforts, such superheavy
elements have not been found in nature or pro-
duced in the laboratory.”® However, recently
some proton-induced x-ray spectra from micro-
scopic crystalline monazite inclusions in biotite
mica were interpreted as evidence for the exist-
ence of primordial superheavy elements® with Z
=127, 126, 124, and 116. Although this interpre-
tation is highly inconclusive,!® it has nevertheless
spurred a theoretical interest'' ™! in the region of
Z =126 and N =228, which corresponds to the next
magic neutron number beyond 184, (Nuclei with Z

~ 126 and N ~ 184 lie far above the extrapolated
line of B stability and are also expected to decay
rapidly by a emission.)

These recent studies investigated possible
mechanisms which could make these superheavy
elements sufficiently stable to be observed in na-
ture. For example, Wong'? considered the possi-
bility of toroidal nuclei, and Andersson et al.®®
considered the possibility that the nuclear surface
diffuseness readjusts itself to produce a large
proton gap at Z =126, However, with the excep-
tion of Ref. 13, half-lives for nuclei in this new
region were not calculated. Furthermore, be-
cause of the neglect in Ref. 13 of the large macro-
scopic restoring force against changes in the sur-
face diffuseness, the half-lives calculated there
should be regarded as extreme upper limits.

Here we take an alternative approach and cal-
culate in a conventional way the half-lives of sup-
erheavy nuclei in this new region. For this pur-
pose we use a macroscopic-microscopic model
that has been successful'®!® in calculating fission
barriers, ground-state deformations, and masses
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FIG. 1. Calculated single-particle levels for the

spherical nucleus %%2[124]. The 228-neutron gap is 2.8
MeV wide, but there is no shell closure at 126 protons.
Instead, a gap of 0.6 MeV occurs for 124 protons.

in the actinide region,

The potential energy of deformation is calculat-
ed for a sequence of y-family shapes'” leading
from a spherical ground-state shape to prolate
saddle-point shapes and beyond. The potential
energy is given by the sum of a macroscopic part
and microscopic shell and pairing corrections.

For the macroscopic part we use the droplet
model of Myers and Swiatecki,!® which should be
more satisfactory than the liquid-drop model®
for extrapolating into new regions of nuclei. The
reason is that the droplet model reproduces such
properties as nuclear sizes and the dependence
of actinide fission-barrier heights upon neutron
number more satisfactorily than does the liquid-
drop model,

The microscopic corrections are calculated by
use of Strutinsky’s method?® from single-particle
levels in a diffuse-surface single-particle poten-
tial of the folded Yukawa type.!” The values of the
single-particle potential parameters are taken
from Ref. 15; they have been determined by
means of statistical-model calculations?®! and ad-
justments to experimental single-particle levels
in actinide nuclei. Because the potential radius
and depth determined in this way are consistent
with known nuclear properties, they can be ex-
trapolated to new regions of nuclei with greater
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FIG. 2. Calculated fission barriers for superheavy
nuclei near **[126], plotted as functions of the distance

between the centers of mass of the two halves of the
system. The dashed curves give the droplet-model
contributions, and the solid curves give the total poten-
tial energies.

confidence than can parameters whose values are
determined solely by adjustments to experimental
single-particle levels.

The calculated single-particle levels for the
spherical nucleus 3%?[124] are displayed in Fig. 1.
Our levels are very similar to those calculated
by Wong,'? although his 228-neutron gap is only
2.0 MeV wide, whereas ours is 2.8 MeV wide.
However, for N =228 Wong calculates a shell cor-
rection of only —1.48 MeV, whereas we obtain
-8.61 MeV. Neither we nor Wong obtains a pro-
ton shell closure at Z =126, The closure occurs
instead at Z =124, with a gap of only 0.6 MeV in
our calculation and 0.4 MeV in Wong’s, Our pro-
ton shell correction is slightly positive for val-
ues of Z near 124, it decreases monotonically
with decreasing Z until we reach Z =114, for
which it is —4.8 MeV.

These results for the proton levels are signifi-
cantly different from those obtained by Petrovich
et al.,' who find a 1,3-MeV proton gap at Z = 126.
The primary reason for this difference is that
the interaction strength and radius of the spin-
orbit potential used by Petrovich et al. are sub-
stantially smaller than those commonly used.

Calculated fission barriers for twenty nuclei in
this region are plotted in Fig. 2 as functions of 7,
the distance between mass centers of the two
halves of the system.'® The highest barrier oc-
curs for the magic numbers Z =114 and N =228
and is 11.8 MeV high. (We assume that the ground
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state lies at an energy of 0.5 MeV above the min-

imum to take into account the zero-point energy
in the fission direction.) As we either increase
or decrease the proton or neutron number from
these values, the barrier height decreases. The
barrier for Z =126 and N =228 is 5.2 MeV high.

In a one-dimensional WKB (quasiclassical) the-

ory the spontaneous-fission half-life is related
to the penetrability P through the barrier by!?

Tsf: 10“28.04 yr/P,

where we use the value w,=1 MeV/# for the fre-
quency of assaults on the barrier. The probabil-

ity P of penetrating the barrier V(») at a penetra-

tion energy E, is given by*?
P(1+expK)™!,

where

K= 2/ 72{ 2B;i'2(7)[V(r)-Eo]} v dr.

The limits of integration », and », are the points
of entrance and emergence, respectively, into
and from the barrier, at a penetration energy E,
that lies 0.5 MeV above the minimum in the bar-
rier. The function B,(») is the inertia with re-
spect to » associated with motion in the fission
direction.

We relate the inertia B, to the inertia B,!" cor-
responding to irrotational flow by?

B,-u=k(B," - p)

’

where u is the reduced mass of the final frag-
ments and # is a semiempirical constant, The
calculated irrotational inertia? is approximated
by

Bir_, =17 o [_E§<L_§>]
r TEE e TR, "))

This is similar to the approximation used by
Randrup and co-workers,*? but unlike Randrup
and co-workers we choose the coefficient of the
exponential to reproduce the leading term in the
irrotational inertia for spheroidal distortions.
The radius R, of the spherical nucleus is taken
to be!®

R, =(1.175 fm)AY?,

The constant 2 is determined to reproduce
optimally the spontaneous-fission half-lives of
the five nuclei >**Pu, 2*'Cm, 2*Cf, 2*Fm, and
22Fm, For the value k=16, the resulting root-
mean-square deviation between the logarithms of
the calculated and experimental half-lives is 2.5.
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FIG. 3. Contour plots of calculated spontaneous-fis-
sion and a-decay haif-lives for even-even superheavy
nuclei near 354[126}. The solid points indicate even-
even nuclei in the limited region Z <128, N =220 that
are calculated to be p-stable.

In a similar study performed with a modified
harmonic-oscillator single-particle potential,?®
it was found that the absolute mean deviation be-
tween the logarithms of the calculated and experi-
mental half-lives of thirty actinide nuclei is 1.7
(the analogous root-mean-square deviation was
not calculated),

The spontaneous-fission half-lives calculated
in this way are shown for even-even nuclei in the
lower part of Fig. 3. The maximum value of 10%°2
yr occurs for Z =114 and N =228. The addition or
subtraction of either protons or neutrons relative
to these values decreases the calculated spontan-
eous-fission half-lives. This decrease is most
gentle in the direction of increasing neutron num-
ber. The calculated spontaneous-fission half-life
for Z =126 and N =228 is only 38 ms. This short
half-life arises partly because the barrier for
354[126] is only 5.2-MeV high, but also because
the barrier is relatively thin. In particular, in
terms of the coordinate », the barrier for 3°4[126]
is only 0.5 as thick as the barrier for 34?[114].

The upper part of Fig. 3 shows a-decay half-
lives for even-even nuclei, which are calculated
from Viola’s and Seaborg’s semiempirical rela-
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tionship®?

In(T,/sec) =A4(Q,/MeV) Y2+ B,
where

A,=2,11329Z -48,9879,
and

B,=-0,390040Z -16.9543.

The a-decay energy @, is determined from the
ground-state masses of the nuclei involved, which
are calculated for y-family distortions,’” As ex-
pected, for a fixed number of neutrons the a-de-
cay half-lives decrease with the addition of pro-
tons, Also, the a-decay half-lives of nuclei with
N > 228 are substantially smaller than those of
nuclei with N <228, The calculated a-decay half-
life for Z =126 and N =228 is 18 yr.

Finally, we show by the solid points in the up-
per part of Fig. 3 the even-even nuclei in the lim-
ited region Z <128, N = 220 that are calculated to
be 3-stable. For these nuclei the calculated -
decay energy Qg and electron-capture energy Q..
are both negative, As seen in the figure, the nu-
cleus with Z =126 and N =228 is calculated to be
B-stable, although the extrapolated line of g8 sta-
bility passes somewhat to its left.

The uncertainties associated with the half-lives
shown in Fig. 3 are moderately large. For ex-
ample, for the nucleus **126] the calculated
spontaneous-fission half-life is changed by a fac-
tor of 10** if the ground-state energy is changed
by 1 MeV, and by a factor of 10*? if the inertial
constant k£ is changed from its value of 16 by 6
units. Similarly, its calculated a-decay half-life
is changed by a factor of 10*° if the a-decay en-
ergy @, is changed by 1 MeV.,

In summary, by use of conventional methods of
extrapolation we find that although the nucleus
354(126] is B-stable, its spontaneous-fission half-
life is only 39 ms and its a-decay half-life is
only 18 yr, with uncertainties that are several
powers of ten. In order for the half-life of this
nucleus to be sufficiently long for it to be ob-
served in nature (= 10% yr), major changes would
be required in either the single-particle poten-
tial, the droplet model, or the nuclear inertia
that we have used. This is certainly a possibility,
but to us a far more likely explanation for the
spectra of Ref. 9 is y rays and/or K x rays from
contaminants.
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