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Maasgses and Decay Properties of Nuclel Far from Stabllity!

P Maller and J.R. Nix
Theorstical Divisjon, Los Alamoe National Laberatory, Los Alamos, NM 87545

W. D. Myers and W. J. Bwiatecki
Nuclear Science Division, Lawrence Berkele - Laboratory, Berkeley, CA 94720

In 1981 a macroscopic-microscopic calculation of 28 fission barrius and 4023 nuclear masses throughout
the periodic systeun was parformed with a folded-Yukawa single-particle potential and a Finite-Range
mlicroscoplc model[1,2]. A detailed analysis of the results showed that the model described well nuclear
masses far from stability (1] as wall as other nuclear proparties, for example the onset and magnitude of
ruclear deformation|3).

The above model has recently becn applied to a study of the stability of ilements in tha heavy and
superheavy regions[4,5]. We show to resulte from this calculation. In fig. 1 we show calculsted neutron
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Figure 1 Figure 2

single-particl lavels for the spherical nucleus 19X (middle), compared to results from an earliar version
of the folded-Yukawa single-particle potential(8,7] (right) and to the results of a Woods-Saxon model(8].
Cuk:ulated ground-state ahell corrections are shown in fig. 3. For each mucleus the energy has been
minimised with reepect to the deformation coardinates ¢; aad ¢. We note in fig. 3 that the largest
shell cortection occurs at Z=114 and N=178, although the largest gap in the middle set of levels iy
fig. 1 bo st N 184, The reason s that the set of highly degenerate leveis above the Nm184 gap pushms
the minimum of the shell correction to the Jower neutron number N=178. Ralative to the calculations
with the sarlier model|7], whosc level predictions are seen in the right part of ig. 1 we get considerabls
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changes for the predicted properties of the elements in the superhravy region. In particular we now
predict 238X and 733X to be the most stable elements in this region, both with a half-life of 200 days.

Another interesting feature in fig. 2 is the small Jocal minimum arcund T=110 and N=162. This
minimum corresponds to deformed shapes and to an N=162 gap in the deformed neutron single-particle
level spectrum. The half-life of 2]3X is predicted to be 40 milliseconds. In snalogy with the character-
isation of the region around 73¢X as the superbeavy island the region around 7]3X has been baptised
the “rock®. It has been suggested that the rock has been thrown out by God from the superkeavy
island for man to step on, in his quest to reach that bigger but more distant isiand of stability.

One may ask about the reliability of the half-life predictions made above. This iu prunarily a question
about the reliabliity of the nimss model itself. With the measure

a_ )¢ 3
o = ﬁ E(Millc - M:xp) (1)

(m]

for the error of the mass formuls one obtained|[1] 0=0.835 MeV for the 1323 masses in the known region
to whick the mndel paramaters were adjurted. Later, Haustein|9] has studied the ability of varocs mass
models to predict masses in regions to which its parameters were nct edjusted. For the above models
he obtained o=0.97 MeV, for & set of 213 new masses, suggesting a divergence in the resuits far from
stability. Howevar, one may obsarve that in this set the element }{Na bas an experimental error of 3.5
MeV, and ito messured mess diffars from our prediction by 7 MaV. If this single pucleus is removed
from the set of 213 masees a o of 0.825 MeV is obtained for the reraining set of 212 masses. To avoid
such arbritrarinus in the determination of o, cne may proceed as follows. We 1atroduce

N
{ = Ewi(M:d: - M:rp)’ ' (2)
iml
where
v - __51 (8)
) ﬂ.h’ +01“ ’

If all the A/’ are independent snd M, and M/ _ we Gaursian with the same mean value, so that the
mean of M7, — M}, is sero, and with standard deviations 3,) and O4xp then £ is distrit v «<cording
to the x? distribution with n degrees of freedom. We shall assume (Lat tae above assumptrons hold. It
then followe that the mear and the variance of £ are given by

m=E(x’(n)) = n and % = D?(x?(n)) = 2n . (4)

Here we have for the numbaer of degrees of freedom for the x? distributina that n = N - p where p is
the number of linear dependencien Introd'iced through adjustmant of the irodel coefficients to the data
points M{_  occuring iz Eq.(2). There is nne unknown parameter 7,y in our expressions. One general
mathod for deterinining an unknown paramater of a distribution function is the mazsmurn — lik~IiAood

method. Hera we pre_ead slightly differently. The average of N{;x’ b 1 and we determine o,y by
assuming we have observed this average valua and solve

1
N_pz—a:_aij(mdf" c-p), ' (5)

(mi T1b wmp

The precise procedure s to minimise Eq.(2) with an initial guess for o4, (?) to find Initial values of the
model parameters, then to keap the model parametere fixed and find 7,,(*) fion Eq.(5) und perform
this iteration until convergence. Gnly two iterations are mequired if the initial guess of v\, W =orrect to
vithin 30%. For comparison we alro define two other qnantities, namaely

N
1
C’mnv1 - ﬁ Z(m‘“ - M \2 (d)
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and

N

va? = —— 3 wil My, - M) 7
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Here con: stands for conventional, wt for weighted and w; is given by Eq.(3). We also determine error

Limits by cteerving that the standard deviation of 4x? is /2/n. Thus by soiving Eq.(5) for 1+ 1/2/n

in the left msmber, we determine error limits for o).

For the model discussed here|[1,2] with its original set cf constants we find from solving Eq.(5) with
p="5 that o\p=9.83252301%8 MeV, and by evaluating Eqs.(6,7) that 04,=0.8346 MeV and ocony=0.8348
MeV. We now study the ability of the model to predict new masses by considering the new mauasses in
the Wapstra and Audi 1983 mass evaluation|{10]. Precisely, we do the following. Only mnsses with 2
and N equal to or greater than 8 are considered. The new masses arc the masses in ref.[10] that are
not in ref.(11). The latter is the data set considered by refs.{1,2). TL~re are 219 such new masses. In
addition there are two masses in the 1977 evaluation with an error larger than 1 MV, which were
excluded in (he 1981 adjustment. These two masses cre in the 1983 evaluation, still with an error larger
than 1 MeV, like one additional mass, pamely J$Na. These cause no dificulty when oyp is calcnlated
by solving Eq.(5), and are included in our new set of masses giving a total of 221 masses, a slightly
different set from the one considered by Haustein[9). With the original set of constants and with p=0
in this case, we find from Eqs.(5,6,7) tha! 0,,=0.8098723423 MeV, 0, =0.8272 MeV and 0. on.=1.0064
MeV.

These results show the inadequacy of using ¥.q.(6) as a 11eanure of the error in mass formulae. In
addition we observe that o, is the same in the region where the parameters were determined and in
the new region, withiu the error imits. Qur interpretation is that the errors are random. We cannot
calculate massas casctly, so some terms or rome othar features are missing from the model, but the
effect of their abeeuce is random on the errors in the predictioze of the model. In particular the terms
that are presant in the model have not been forced to reprodace the effect of the missing terms by a
spurious choice of values for the adjusable parameters. Howevar, this is obviously the case for some of
the multiparameter models as is shown in the survey by Haustein(9], siice for those models the errors
are much larger for new masses outside the region to which the model parameters were adjusted than
for the region of adjustment.

We are currently ilavestigating the possibilities for improving furtber both the macroscopic and
microscopic parts of the models. Lo the earlier calculation[1,2] levels ware datermined only for single
particle wells corresponding to s set of 15 nuclei on the Lne of § stability. The microscopic corrections
were then calculated by filling up levels to the appropriate N and Z values and by using wn interpolation
procedure. In fig. 3 we show the result of calculating the microscopic correction for single-particle walls
appropriate to each individual nucleus. This means that a diagonalisation has to be done for each
nucleus. In addition we have in fig. 3 adjusted to the 1983[1C] mass table and changed the reference
point fur the odd-particle corections from odd-even to even-even nuclel. We see that this has increased
owp 10 0.882 MeV. However, compared to the earlier|1,2] results the errors are moie bunched together
and even more correlated to the positions of the magic numbers in tho sense that “ne errors are largest
coming ir and going out of magic nuclei, that is the errors are largest fo. soft, transivional nuclei. This
suggests that some new faature is required in the model to describe this c'vas of nuclei better.

The I»3t Ggure, fig. 4, shows results ubtained with tLe (dentical micre sopic corrections as used in
fig. 3, but with the Finite-Range Droplet model (FRDM) for the macroscnpic energy. The FRDM is
discuseed in ref.[12]. In the FRDM the folding model for the surface energy has been incorporated into
the Droplet model. In addition the calculation of the Coulomb energy has besen improved, and a new
tar m aflecting the compresibilivy of light nuclel » as baen added. The erior is now o,,=0.784 MeV,
considerably better than for the Finit-Range (Yukaws-plus-exponential) modal used in fig. 3.

We are at present assesning the significance these new features we have cliscuased hare have for mors

reliable predictions by mass formulae of masses out to the proton and neu.ron drip lines and masses in
the superhaavy regioa.
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