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GLOBAL CALCULATIONS OF FISSION BARRIERS AND 
BETA-DECAY PROPERTIES OF NEUTRON-RICH NUCLEI 

PETER MOLLER AND ARNOLD J .  SIERK 
Theoretical Division, Los Alamos National Labomto y, Loss Alamos, NM 87544 

TAKATOSHI ICHIKAWA AND AKIRA IWAMOTO 
Tokai Research Establishment, .Japan Atomic Energy Research Irastitute(JAERI) 

Tokai-mum, Naka-gun, Ibaraki, 31 9-1 1 ,Japan 

Recently we have performed largescale calculations of fission barriers in the 
actinide region based on fivedimensional deformation spaces with more than 
3 000 000 deformation points for each potential-energy surface. We have det,er- 
mined new model constants. We have also extended our model to axially asym- 
metric shapes. We apply these techniques to the calcrilations of fission barriers of 
heavy nuclei from the line of beta stability to the r-process line. The aim is to study 
fission near the end of the r-process. We have also extended our model of 8-dwny 
so that allowed Gamow-Teller transitions we treated in a quasi-particle random- 
phase approximation as earlier, but we now also consider first-forbidden transitions 
in the statistical gross theory. We discuss the properties of this enhanced model 
and present results of global calciilations. 

1. Introduction 

Relative to other fields of physics, astrophysics is probably unique in its 
requirement that a very large number of physical environments be modeled 
to achieve a satisfactory description of the phenomena under study. The 
dynamics of the cosmos is governed by interactions that span a vast range, 
from subniicleon, nucleon and nuclear distances to distances affected by 
the gravitational interaction, which extends over t,he width of a galaxy and 
beyond, to the edge of the universe. It is the nuclear proccqses that provide 
much of tohe energy that drives the macroscopic behavior of the cosmos. 
Through this energy release the behavior on the very small scale is coupled 
to the very largescale behavior. 

On the nuclear level, cross sections, nuclear decay energies and nuclear 
decay paths are but a few examples of quantities that, are of paramount im- 
portance in astrophysical models. Because nuclei of extreme composition, 
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quite different, from what may be studied on earth, exist in st,ellar envi- 
ronmenhs, an understanding of the nuclear structure properties of these 
nuclei may only be obtained through theoretical means. This presents a 
continuing, stimulating challenge to the nuclear-physics community. 

In our macroscopic-microscopic approach1i2 we can calculate a substan- 
tial number of nuclear-structure quantities for nuclei from l60 to the heavi- 
est known nuclei and also beyond. Examples of quantities that can be calcu- 
lated are nuclear ground-state masses, nuclear ground-state shapes, single 
particle levels, fission-barrier heights, and P-decay half-lives and P-delayed 
neutron-emission probabilities. It, has been shown that for nuclear-mass- 
related quantities the model is about as reliable for recently observed nuclei 
that were not known when the model parameters were determined as it is 
in the region of nuclei where the model parameters were determined’*2t3. 

In our presentation here we focus on recent development8 in the area of 
fission-barrier calculations and P-decay properties, with a special emphasis 
on astrophysical applications. 

2. Fission-Barrier Studies 

In nuclear fission t,he nucleus evolves from a single ground-state shape 
into two separated fission fragments. During the shape and configuration 
changes that occur during this process the total energy of the system ini- 
tially increases up to a maximum, the fission-barrier height,, then decreases. 
The txansition configuration between a single shape and two separated frag- 
ments is the scission configmatoion. At, this configuration the “neck” radius 

’ is zero. Beyond the scission configurat,ion the separated fragments are ac- 
celerat,ed by their mutual Coulomb repulsion and reach kinetic energies in 
the range 150-240 MeV for actinide fission. 

Calculations of fission barriers involve the determination of the total 
nuclear potential energy for different nuclear shapes. Such a calculation 
defines an energy landscape as a function of a number of shape coordinates. 
The fission-barrier height is given by the energy relative to the ground state 
of the most favorable saddle point, that has to be traversed when the shape 
evolves from a single shape to separated fragments. These landscapes are 
often displayed in terms of energy contour diagrams versus two shape co- 
ordinates with one shape coordinate corresponding to elongation and the 
other to the nuclear neck dimension, for example. However, in contrast to 
a geographical landscape the fission-energy landscape needs to be analyzed 
in terms of more than two coordinates. It is a difficult problem to identify 
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the relevant, saddle points in these multidimensional spaces, and many in- 
correct approaches have appeared and still do appear in the literature. We 
use here a technique borrowed from the area of geographical topography 
studies, namely imaginary water f l o ~ ~ 1 ~ 1 ~ 1 ~ ,  to determine the structure of 
multidimensional fission-energy landscapes. 

A number of models for the total nuclear potential energy exist. We use 
here the FRLDM macroscopic-microscopic model to calculate fission and 
fusion potential-energy landscapes. 

2.1. Shape Parameterization 

Because fragment shell effects strongly influence the structure of the fis- 
sion potential-energy surface long before scission, often in the outer saddle 
region, it is crucial to include in calculations the nascent-fragment deforma- 
tions as two independent shape degrees of freedom. In addition, elongation, 
neck diameter, and mass-asymmetry shape degrees of freedom are required, 
at  a minimum, to adequately describe the complete fission potential-energy 
surface. For nascent-fragment deformations we choose spheroidal defor- 
mations characterized by Nilsson’s quadrupole 6 paramet,er. This single 
deformation parameter is sufficient because higher-multipole shape-degrees 
of freedom are usually of lesser importance in the fission-fragment mass 
region below the rare eart,hs. 

The three-quadratic-surface parameterization (3QS) is ideally suited for 
the above descriptionsjl. In the 3QS the shape of the nuclear surface is 
specified in terms of three smoothly joined portions of quadratic surfaces 
of revolution. We use here 15 points each in the neck diameter and left 
and right, fragment deformations, 20 points in the mass asymmetry, and 
41 points in the nuclear elongation. This leads to a space of 2767500 grid 
points. However, as explained elsewhere7 some grid-point coordinate val- 
ues do not correspond to physically realizable shapes; therefore the actual 
number of grid points considered are 2610885. 

2.2. Global Barrier Studies 

In general our calculated potential-energy surfaces exhibit a complex struc- 
ture with multiple minima, maxima, saddle points and valleys. Structures 
significant in fission are extracted by use of the water immersion techniques 
outlined above. For nuclei in the radium through light actinide region we 
find consistently that beyond the second minimum the potential-energy sur- 
faces are dominated by two valleys leading to symmetric and asymmetric 
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Figure 1. Fiwion harriers for symmetric and asymmetric fission modes for 2n2Th. The 
ridge h e t m n  the two valleys is also shown. The s h a w  shown correspond to saddle 
points and minimaalong the two fission barriers. The entry waddle point to the symmelric 
valley is 2.17 MeV higher than the entry saddle point to the asymmetric valley. The 
highest point on the separating ridge is 1.56 MeV higher than the symmetric saddle. 
All energiw are given relative to the spherical macroscopic energy. The calculation was 
done with the FRLDM (1992) parameter set. 

division into two fragments. The two valleys are separated from the second 
minimum by dafewnt saddle points and from each other by a ridge. We 
find that for 22RRa the ridge peaks at 2.47 MeV above the entrance saddle 
to the symmetric valley, whereas for 232Th it p e d s  at, 1.56 MeV. For 234U 
the ridge only rises marginally above the entrance saddle to the symmetxic 
valley. For still heavier systems such as 240P~1 we find that the symmetric 
valley emerges as a “side valley” to the asymmetric valley at some point 
beyond a single outer saddle at the beginning of the asymmetric valley. Cal- 
culated features of the five-dimensional potential-energy surface for ‘“Th 
are illustrated in Fig. 1. 

Because fission saddle points in our five-dimensional deformation spaces 
are systematically lower than in earlier, lower-dimensional spaces a re- 
adjustment of the macroscopic-model constants is necessary to avoid sys- 
tematic errors in the calculated fission-barrier heights. We have performed 
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Figure 2. Comparison of calculated and experimental fission-barrier heights for nuclei 
throughout, the periodic system, after a readjustment of the macroscopic model constants. 
It is assumed here that the saddle-point shapes are not affected by the readjustment. 
Experimental barriers are well reproduced by the calculations, the rms error is only 
0.999 MeV for 31 nuclei. In the actinide region it is the outer of the two peaks in the 
“double-humped” barrier that is compared to experimental data. 

such a, read~ustment~ in a manner similar to how our FRLDM (1992) con- 
stants were determined]. Only 6 constants are varied; the others remain 
unchanged. In the FRLDM (1992) the mass-model error was 0.779 MeV, 
and the barrier rms error was 1.40 MeV. We now obtain a mass-model error 
of 0.752 MeV, and a barrier rms error of 0.999 MeV for the same experi- 
mental mass-data set but for a larger and slightly different barrier-data set. 
Calculated barriers for the 31 nuclei used in this constant determination 
are compared to experimental data in Fig. 2. 
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Figure 3. Calculated outer fission-barrier heights for a .sequence of uranium isotopes. 
Also shown is the neutron separation energy for the A + 1 system. When the separation 
energy is higher than the fission barrier, fission is possible when a neutron is captured 
during the r-process. 

2.3. Barriers of r-Process Nuclei 

In Fig. 3 we show for a sequence of uranium isotopes the calculated height 
of the outer peak in the barrier. In the vicinity of A = 260 the calculated 
outer barrier height is lower than 5 MeV. In a 3D calculation in a defor- 
mation grid appropriate for studies of the first peak in the fission barrier 
we find that its height is also below 5 MeV. Thus the r-process could be 
terminated here by neutron-induced fission. However, for a more complete 
description it is necessary to calculate barriers for the entire neutron-rich 
heavy-element region and follow ,%decay to stability and determine the 
associated B-delayed neutron-emission and B-delayed fission branching ra- 
tios. These studies are in progress. However, we can already note that 
in thermonuclear explosions designed to generate particularly high neutron 
fluences only nuclei with mass number A up to A = 257 were produced 
with uranium targetdo. This is in qualitative agreement with Fig. 3, where 
the calculated neutron separation energies become close to the calculated 
barrier heights just below A = 260. Calculations of all fission barriers above 
A = 190 are in progress. 
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3. ,&Decay Properties 

In @-decay nuclei decay from a parent nucleus to accessible states in the 
daughter. We have previously only considered Gamow-Teller P-decay and 
developed a model in which decay rates from mother ground states (or 
specified excited states) to accessible states in the daughter could be ob- 
tained. The decay rates were obtained as matrix elements of the Gamow- 
Teller operator between parent and daughter states in a quasi-particle 
random-phase approximation (QRPA) . The model is extensively described 
in elsewhere”>’2*2. Recently we have made two enhancements to this model. 
The new approach combines calculations within the quasi-particle random- 
phase approximation (QR,PA) for the Gamow-Teller (GT) part with an 
empirical spreading of the QP-strength and the gross theoryI3*l4 for the 
first-forbidden (8 part of @--decay. Relative to the allowed Gamow-Teller 
strength which over a given energy range is represented by relatively few 
st,rong peaks, the first forbidden figstrength with its numerous small densely 
spaced peaks to a good approximation constitutes a “smooth background”. 
It, is therefore a reasonable approach to calculate the GT txansitions in a mi- 
croscopic QR.PA approach and the fltransitions in a macroscopic statistical 
model, in analogy with the macroscopic-microscopic method in which the 
nuclear energy as a function of shape is calculated as a sum of a liquid-drop- 
type model t,hat varies smoothly with proton number, neutron number, and 
deformation and a shell-correction part that, exhibits rapid variation in these 
variables. Strictly speaking the Fermi function f(2, R, €0)  is different for 
allowed and first forbidden transitions. Here we use the same f(2, R, fa) 
in both cases, contributing a negligible error in our statistical model of the 
first-forbidden decays. 

We show in Fig. 4 for “Fib an example of the effect, of our two model 
enhancements on the strength functions, half-lives and 8-delayed neutron- 
emission probabilities . The top subplot shows the original model, the mid- 
dle subplot, the effect of spreading the transition strength, and the bottom 
subplot, the effect of also including fi transitions. 

We have chosen 92R.b as an illustrative example for two reasons. First, in 
the standard model calculation, illustrated in the top subplot, SI, sits just 
below the first major peak in t,he strength function, with some strength, 
not, discernable on this plot, occurring below the oneneutron separation 
energy. This leads to a very high delayed-neutron emission probability, 
in contradiction to experiment. Second, most of the strength occurring 
within the &a window lies just below Qa. Therefore we obtain a half-life 
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Figure 4. Calculated B-strength functions, corresponding half-lives and delayed-neutron 
emission probabilities for "Rb in three sitccffsiwly enhanced models. The narrow arrow 
indicates the Qs d u e ,  the wide arrows snccessive neutron-separation energies; the lowst 
arrow SI", the second l o w t  Szn, and RO on. 

in t,he order of hours, again in contradiction with experiment. Already 
after imp1ement)ing the first model enhancement,, the spreading of the GT 
strength the agreement with experiment improves considerably: the half-life 
is reduced by a factor of 6.5 and the delayed-neutron emission probabiliky 
by a factor of 20! In the next, step there are even more dramatic changes in 
the calculated half-life and neutron-emission probability and the agreement, 
with experiment, is now quit,e good. 

It. is not our aim here to make a detailed analysis of each individiial 
nucleus, but instead to  present, an overview of the model performance in 
a calculation of a large number of P-decay half-lives and delayed neiit,ron- 
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Figure 5. to 
the heaviest known in our previous and current models. The p-decay rate.. of r-process 
nuclei are normally shorter than 150 ms. 

Ratio of calculated to experimental B--decay half-lives for nuclei from 

emission probabilities. In Figs. 5 and 6 we compare measured P--decay 
half-lives and P-delayed neutron-emission probabilities with calculations 
based on our two models, for nuclei throughout the periodic system. TO 
address the reliability versus distance from stability, we present the ratio 
between the calculated and experimental quantity versus the experimental 
quantity, that is Tfi,calc/Tfi,exp versus T’,exp in Fig. 5 and Pn,calc/Pn,exp 
versus Pn,exp in Fig. 6. Because the relative error in the calculated half- 
lives is more sensitive to small shifts in the positions of the calculated 
single-particle levels for decays with small energy releases, where long half- 
lives are expected, one ca.n anticipate that, half-life calculations are more 
reliable far from stability, where the P-decay Q-values are large, than close 
to P-stable nuclei. 



.January 15, 2004 18:9 Proceedings Trim Size: 9in x 6in 

t 
E Total Error = 3.52 

a 

I I 1 1 1 1 1 1  I 1 , 1 1 1 1 1 1  I 1 1 1 1 1 1 1 1  1 1 I I 

Moller-omegO3 

10 

1 o3 1 1 , 1 1 1  I , 1 1 1 1 1 1 ,  , , 1 1 1 1 1 1 1  I I , , I  

a 

1 o2 a 0- decay (Theory: GT 

10‘ 

1 oo 
lo - ’  

a 3 
d 10-3 2 i o 3  
G 102 

I O ‘  

1 oo 

lo- ’  

1 



January 15, 2004 18:9 Proceedings Trim Size: gin x 6in Moller-omeg03 

11 

in particular for long half-lives, as expected, because for the small decay Q 
values here the fltransitions are relatively more important. In addition one 
is left, with the impression that the errors in our calculation are fairly large. 
However, this is partly a fallacy, since for small errors there are many more 
points than for large errors. This is not clearly seen in the figures, since 
for small errors many points are superimposed on one another. A more 
extensive analysis of the error in the calculation is presented el~ewhere’~. 

For delayed-neutron emission there are fewer data points available than 
for P-decay half-lives. However, the more than 100 data points16 are suffi- 
cient to allow us to draw several conclusions. First, just as for the half-lives 
we find that the calculations are more accurate for decays corresponding to 
large Qa values, that is far from stability where data are often not avail- 
able. Large &a values usually correspond to large P, values. Second, we 
find also here that including fl transitions in the simple statistical gross 
theory model considerably improves the calculations. 

The calculated half-lives and /3-delayed neutron-emission probabilities 
in the enhanced model described here are available through a Los Alamos 
National Laboratory web locationI7 on the T-16 site. 

’ 

4. Summary and Conclusions 

A comprehensive understanding of the r-process needs to include model- 
ing of fission, P-decay half-lives, P-delayed neutron-emission probabilities, 
neutron separation energies, and P-decay Q values at the end of the r- 
process in the heavy-element region. Our macroscopic-microscopic model 
of the nuclear potential energy allows the calculation of all these quantities 
within a unified framework for all nuclei heavier than 1 s 0 1 3 2 .  Comparisons 
between calculated masses and masses that were measured after the calcu- 
lated mass tables were published show that the model is reliable for masses 
and associated Q values also far from ~ t a b i l i t y ~ ? ~ .  Applications of our re- 
cently enhanced model of P-decay to studies of t,he r-process also yields 
encouraging results15. 

Over the years several fission-barrier calculations for r-process applica- 
tions have been published1a~19*20~4~21. However, none of these are based on 
mass/fission models that have been as extensively tested globally as our cur- 
rent fission model. Furthermore they all consider very limited deformation 
spaces. In contrast we have shown that our current model reproduces to 
within 1 MeV fission-barrier heights over the entire periodic system, and in 
detail many actinide fission properties’. Our first results here for neutron- 

- 
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rich uranium isotopes are in qualit,ative agreement with isotope production 
in thermonuclear explosions. Because of these promising results we are 
proceeding with a largescale calculation of the  fission barriers of all nuclei 
with A > 190. 

This  research is supported by the US DOE. 
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