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1. Introduction

Relative to other fields of physics, astrophysics is probably unique in its requirement
that m very large number of physical environments be modeled to achieve a satisfactory

description of the phenomena under study. The dynanica of the cosmoo is governed by

interactions that span a vast range, from subnucleon, nucleon and nuclear distances to

distances affecml Ly the gravitational interaction, which extends over the widih of m

gahcy and beyo,l d, to the edge of the universe, It is the nuclear processes that provide

much of the energy th~t drives the macroscopic behaviour of the cosmos. Through this
energy rele~e the behaviour on t!ie very small scale is coupled io th ‘,’ery large-ocde

behaviour.
On the nuclear level, cross sectione, nuclemr decay energies and nuclear decay patha

are but a few examples of quantities that are of paramount importance in aatrophysiccd

m~ilels. Becaume nuciei of extreme composition, quite different from what can be etud-
ied on earth, exist in otellm environmental an understanding of the nuclear structure

properties of these nuclei can only be obtained through tlwwetical means, This presents

a continuing, stimulating challenge to the nuclear-physics community,

liere we present calculated results on such diverse properties m nuclear energy levels,
ground-stntc nmmes and shapes, o-decay propcrtiem and fissiun-barrier heighto. Our

approach to theoe c:dculationo in to usc n uliified theoretical ‘ramewmk within which

the above properties can aIl be fitudied, The results me ohtnined in the macroncopic-

microocopic npproach ‘‘3) in which n micrmcopic nuc.lctw-structure single-particle model

with rxtcmiom is c(mlhined with n mwcrooc(q)lc mo(lcll tiuch as the liquid-drop model.

In this lxlfJdfd the totnl potentinl mcrgy of thr nllcirll~ ran be calculmtcd as a fuucti(m
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Figure 1: Calculated proton single-particle levels in the 2*2Fm region. The nuclear shapes, cor-

responding to those mhownat the top of the figure, are labelled by their component of spheroidal
deformation ea. The aphcncal magic proton numbers 82 and 114 at lead and the superheavy

island, respectively, are clearly visible. For deformed shapeo the proton number Z = 100 corre-
sponds to a particularly stable configuration.

cJf shape. The maxima and minima in this function correspond to such features au the
ground state, fission saddle points and bhape-isomeric states. Varioue transition-rate

matrix elcmentc are determined f.lJm wave {unctions calculated in the single-particle
rno(lel with pairing and other rclcwmt rcsidunl intcractluns t~ken into account.

2. Cnlculatcd rcnult~

2.1. SINGLE-PARTICLE MODEI,
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Figure 2: Difference between experimental and calculated ground-state mwes (bottom part

of figure). The deviations in the vicinity of neutron number N = 132 are mootly removed if
oct upcde shape degrees f freedom are considered when the potential ●nergy is minimized.

endpoints. The actuai shapes are obtained by rotating the two-dimensional cuts in the
top part of the figure about the horizontal symmetry axis. The figure showe eeveral eig

nificant featuree, notably the gaps at the spherical ehape and the gap at proton number
Z = 100 for deformed shapes. For shapes with C2 S 0.20, C4is zero; beyond thie value C4

increaaee lkarly to 0.08 at q = 0.60 to allow for a suitable neck formation, The figure

indicatee that Z = 114 ie the next magic proton number beyond the gap Z = 82 at

lead. Gaps in the deformed region euch M the 2 = 100 gap give rke to extra stability

at the corresponding ehnpe and counteract the liquid-drop-model driving force towards

spherical shapee. The end result is that m~st nuclei in regions between magic numbers

are deformed in their ground state.

2,2. GROUND-STATE MASSES AND MICROSCOPIC CORRECTI(jNS

‘1’uAtmin the putentid energy of the nucleus at m specific ehapc the microscopic

shell and pmiring corrections are determined from the mingle-particle level spectm for

protons and ncutrcms by uee of ~trutinsky ’a methm.i and mddcd to the mmrrmmpic
clmtrihution mlcul~tmi in n liquid-drop model. ‘[’he minimum IM n functi~)n of slli h()f

this sum clcfines the nuckar ground-ntak mans mnd corrcaponding ntmpe co(mlinatcn,

‘1’twdiffcrrnce lmtwrm the expcrimcntd nlnm nnd the theorctirnl mnml m cnlculntc(l in
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the macroscopic model only, is defined as the experimental m.icrosco~ic correction. We

show such microscopic corrections in the top part of fig. 2, taken from ref. 4). The middle
part shows microscopic corrections calculated from levels obtained in a folded-Yukawa
single-particle potential. Lines connect isotopes of the same clement. The bottom part

shows the difference between the calculated and experimental microscopic corrections,

which is equivalent to the difference between the calculated and experimental ground-

state mzsses.
Rather than embarking on a detailed discussion of the deviations between experi-

mental and theoretical masses We direct the reader to ref. 4). However, we wish to point

out a few important features, First, one should note that the model used in the cal-

culation contains only about 20 parameters, a very limited number 5, when compared
to most other nuclear mass models. Second, in contrast to other maas models in the

1988 compilation 5), our approach, with the above limited parameter set, can alao be

used to determine nuclear ground-state shapes, rotational band-head energies and spins,
~-decay rates and fission-barner structure.

Naturally, one wants to obtain as good agreement as possible between calculations
based on this model and experimental data. However, it is counterproductive to strive

to reach this goal by introducing a multitude of parameters or by using parameter
vidues that lack a sound physical basis. l’he absence of correlated deviations between

experimental data and model results that is nften the outcome of such an approach leaves
the scientist unable to gain new insight by interpreting such remaining deviations in
terms of new physical effects. Figure 2 provides an interesting illustration of this point.

In the analysis of the original calculation it was realized that the low-lying xiegative-

panty states in the region around Af = 132 suggested that the deviations here might be

rem! )ved if octupole shape degrees of freedom were taken into account. A minimization
of the potential energy with respect to this degree of freedom was performed and showed

that this interpretation was indeed correct 4). The octupole degree of freedom almoct

entirely removed the discrepancy between calculated and experimental masses in the
vicinity of 222Ra, This observation provided the seed stimulus for a revived and rqpidly

growing interest in the propertied of nuclei in this region ‘).

The model used in the 1980 mass calculation has been uned with some improvements

in the pairing model and some other minor modifications to calculate nuclear masses in

the region between the proton and neutron drip lines from 180 to A = 339, In fig, 3

we show preliminary microscopic corrections obtained in this calculation, The doubly

maglr rcgione with their high degree of stability st,~nd out m Iightcr shrdml arcw in t]]is
figure. Of particular interest is to observe tile sl]pcrhcavy region c.enterc(.f at Z - 114
and fV .= 178 and the extcn Eion of this regivn tf~wnrds the last known clcn~rnts .n terms

of a pclllnsula of relatively Inrge microscopic corrccti(ms. It is the tip of this pcninsllla
that l)M I)ccli I]robcd thruugh the discoveries itt {;S1 7’) ,~f elemrnts with Z -= 107, 1C8
nnd li)!l Some of the most ncutrcm-rich nuclei thnt nrr [low xccsslblc for study Iic in

131Sn wbrre, fr)r Pxamplc, thr hnlf-life of thethe vi(:inity of the doubly inagic nucleus ,

r-jm}ccss waiting nucleus l~’’(j(l has been dctrrlnlllr(l “). Nllcici on the proton f!ril] Iinc

nrr stlltllcd IJvcr n large Nrpn uljovc l(MSII,
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Figure 3: Calculated ground-state microscopic correction from the proton drip line to the
neutron drip line. Lighter shades of gray indicate more stable configurations,

2.3. BETA-DECAY PROPERTIES

The structure observed experimentally in Gamow-Teller #-strength functions very

directly reflects the underlying microscopic structure of the nucleus, To obtain a satis-
factory theoretical descriptioil of the observed et ruct ure featuree in the strength func-
tions, one must base theoretical studies on a microscopic model of the nucleus in which

deformation is accounted for in a consistent manner. With this aim the earlier work on

~-strength functions for spherical nuclei by Hamamoto ‘o), Halbleib and Sorensen 11) and
others waa exended to deiormed nuclei in the early 1980’s by Krurnlinde and Moller 12113)

and Alkhazov et al. 14), These models use a deformed single-particle model to obtain

the energies and wave functions that serve as the starting point for calculating the ini-

tial state in the mother nucleus and the final st~te in the daughter nucleus. In this
approach the important pairing and Gamow-’rcller residual interactions are albo taken

into account. As discuweci by K]apdvr m this conference thin deformed QR?A model

developed in the early 1980’s is practically idctttical to the approach now used by him.
Iiowevcr, there are nignificr,nt differences in how the Klapdor group and we obtain the
parameters of our respective models. Whereas for the Gatrmw-’reller coupling conntant

~ wc uec the value 23/A McV through[mt the pmi(~dic system 16)) the Klapdor group 10)
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Figure 4: Illustration of different structure of GamomTeiler P-strength function for decays
fro-m excited and ground states of 77Ge.

for each individual isotope chain USGS
duces the observed #-decay hti-lives,

the value for which the model
leading to, in our opinion, an

optimally repro-

excessivel} large

number of parameters. As examples of calculated ~-strength functions and the sigm.
cance of low-energy structure in these strength functions, we show in fig. 4 calculated

‘Ge from the ground-date configuration and from onestrength functions for decay of

excited configuration, with other cams shown in figs. 5 and 6. For ‘Ge both the 1/2-
ground-etate decay with a half-life of 82.8 m and the 7/2+ isomer decay with a half-life
of 48 s have been observed. The isomenc state is ordy a few keV above the ground
state, so it is tl,e different quantum numbers of the isomeric and ground-state configu-

rations that so dramatically influence the decay half-lives. We see from fig. 4 that the

calculated ground-state strength function corresponds to a half-life in excess of 100 h.
However, just a small shift in the calculated energy of the peak just below the Q6 value
would yield a half-life in agreement with experiment. The calculated strength function

for decay from the isomer shows strength for decay to the ground state and nearby

energies, resulting in substantially lower half-lives than occurs in decay from the parent

ground state. The calculated isomer-decay half-life of 99 s is in reasonable agreement
wiih the experimental value of 48 s.

For ‘eNi one has observed decay from the 9/2+ ground state, with a half-life of 11,2s,
With Nilsson-model wave functions, calculated results give a half-life of 18.9 s for decay

from the ground ~tate and 0.545 s from a close-lying 1/2- isomenc state with energy 10



P. Miller, J. R. Niz, K. -L. Kratz

[“lheVl

and W. M. Howard/Nuclear

Ground Stole—--- ---
l/[LoLwl

199s

j3_
5.1\

&

.0

=’- Xtvl. pi,, :
- Ufs,l. pl,l
m S.M,-Or,qn :

6.7 [Luh]

[huh I

[301%1

:Jlz%l—— -

[1121111

Excited stole---- -—
v[nol~l1

0.5L5S

5.1 :

~

.—
TTl— NIP

s

;
=

5,2 [121%1

L,9 [12110]

[101%1

[30W 1

aRPA$Ml HoM

Structure . . . 7

Figure 5: Experimental level scheme for 6eCu with log~t values for decay from the ground state

of 6*Ni (left). A calculated decay scheme for decay from the ‘eNi ground state is ahown in the
middle. On the right we show the calculated ~ecay scheme for decay from a low-lying 1/2-

excited state from which decay is allowed ta the daughter ground etate.

keV. In stellar environments the ieomeric state would be populated to a considerable
degree. In fact,id typical temperatures of 109 ‘K, the stellar half-life would be only

about one tenth the terrestrial half-life. In the left-hand column of fig. 5 we show

the experimentally determined level scheme for ‘gCu with log~t values corresponding to

decay from the ‘Ni ground state. The middle column shows a corresponding calculation
for decay from the mother ground date and the right-hand column chows the calculated

result for decay from the se-yet unobserved 1/2- iaomeric state. In the ieomeric decay,

bet a transitions to the ‘9CU ground date are allowed, leading to the considerably lower

half-life.
It haa been observed for a considerable time that in some nuclei the magnitude of

the rotational moment of inertia varies dramatically between rotational bands. This fea-
ture hae been interpreted ae evidence for shape coexistence, corresponding to eeveral

minima in the nuclear potential-energy eurface, upon which neparate rotational bands
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Figure 6: Experimental /.?-decay scheme compared to calculated strength functions for ‘3Fe.

The weak transition to the ground state and the absence of strength below 1 MeV in tht
experimental data indicates a low overlap between the initial 7/2- state in the mother nucleuc

and the find daught:’ state. This is interpreted M evidence for shape coexistence, with decay

to a aphticd daughter ground rotate and deformed excited statea.

can be built. Shapecoexistencedeo adde comple+ty to the structures obeerved in ~
decay. As au example we show in fig. 6 calculated and observed level spectra and log~t
values for /3 decay from ~Fe to ‘Co, The theoretical model, by construction, aesume’

identical deformations for mother and daughter nuclei, The strong, calculated ground-

state to ground-state transition with a calculated log~t value of 3.9 in only present aa
a much weaker tramition in the experimental spectrum, where there is a gap of about

1 MeV between the ground state and next populated group of “evelss, This suggeets

that experimentally the ground ntate corresponds to a spherical configuration whereae

the levels above 1 MeV correspond to levels in a c!eformed, secondary minimum. This

interpretation is strengthened by the observation that experimentally the logjt value for

the ground-state transition is M low M 5.5. This low value may arise because different

deformations give a low overlap between the m(’Lher and daughter 7/2- wave functions.



P. Miller, J. R. Niz, K.-L. Kratz and W. M. Howard/Nucl~ar Siructure . . .

N

100

90

80

Fission-barrier height (MeV)

-12

16

148 150 160 170 180
Neutron Number Al

Figure 7: Calculated fission-barrier heights for even nuclei at the end of the r-process path.

Relative to those in earlier calculations the barriers for neutron-rich nuclei are higher in thin
calculation, leading to less neutron-induced tissiofi and less /3-delayed fission,

2.4. HEAVY-ELEMENT FISSION BAR.RIZRS

The production ratios of cosmochronornetnc pairs in the actinide region depend on

the degree of depletion of the ~-decaying A chaine that occurs through fission and neu-

tron emission during the decay back from the r-process line towards stabdity. It is the
interplay between fission-barner heights and structure in the ~-strength functions that

determines the ,magnitude of ~-delayed fission channels. Figure 7 shows fission-barrier

heights calculated in the macroscopic-rnicroscopic model discussed in ref. 4). The pn-

rarneter space explored 17) includes Cal C4and C3,so that rnaas-asymmetric shape degrees

of freedcm have been included. ,fxiall~ asymmetric shapes have not been taken into
account in this study. They are expected to be of maximum importance in the vicinity

of ‘saFm. Relative to those in earlier fission-barner calculations ls), the barriers here

are several MeV higher in the neutron-rich actinide region. As a consequence, /3-delayed

fission is found to be of minor importance 19),
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